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Introduction


I. The Nature, Object, and Systematic Structure of the Dialectics of Nature

The dialectics of nature is the science of the universal laws governing the natural world and the development of natural science, and it is a branch of Marxist philosophy. It is at once the view of nature and the view of natural science of Marxist philosophy, and the methodology for understanding and transforming nature.

Philosophy is the generalization and summation of knowledge of nature, knowledge of society, and knowledge of thought. On the one hand, one of the foundations of philosophical theory is natural science; on the other hand, philosophy in turn gives natural science guidance, as a whole, in worldview and methodology. The dialectics of nature, as a branch of philosophy, stands precisely in the position of a link between philosophy and natural science (including technology) and plays an important role as a bridge. Through it, the results of natural-scientific research are absorbed and generalized and raised to the level of theory, which can greatly enrich and develop dialectical materialism, just as Engels pointed out: “With each epoch-making discovery even in the sphere of natural science, materialism has to change its form.”1 At the same time, natural scientists will also seek an intellectual weapon from philosophy by way of the dialectics of nature. In fact, every major achievement in natural science in the history of science has been the result of the conscious or unconscious application of materialism and dialectics.

The dialectics of nature takes the natural world and natural science as its object of study; that is, what it studies are the most general laws of the natural world and of people’s understanding and transformation of nature. This is entirely consistent with the disciplinary character of the dialectics of nature itself as a branch of Marxist philosophy. Such a character and object in turn determine the content of this discipline, which mainly comprises the view of nature, the view of natural science, and the methodology of natural science.

On the basis of the relevant expositions of the revolutionary teachers and the actual state of current research, this textbook is presented in the following three parts.

Part I, The View of Nature, consists of six chapters. Chapter 1 describes the historical development of views of nature; the historical development from antiquity through the Middle Ages to the modern age shows that the emergence of the dialectical-materialist view of nature was a great revolution. Chapter 2 deals with the unity of the natural world. It elucidates the unified picture of the natural world, the hierarchical structure of matter in the natural world, and the unity of time, space, and matter. This is the point of departure of the entire system of the dialectics of nature. Chapter 3 depicts the dialectical development of the natural world. From the unified evolution of celestial bodies on the large scale, the evolution of the elements and stars, the changes in the motion of the Earth’s crust, and the transformation of the inorganic world into living matter, to human evolution, it describes the dialectical process of the existence and evolution of the natural world and displays the objective dialectics of nature. Chapters 4 and 5 reveal the fundamental laws and the general tendencies of the development of the natural world. Chapter 6 expounds the dialectical relationship between humanity and nature; this is the inevitable destination of the Marxist view of nature. These six chapters together constitute a rigorous system of the materialist-dialectical view of nature.

Part II, The View of Natural Science, consists of three chapters. Chapter 1 is an overview of natural science. It first discusses the history and present condition of the development of natural science, then studies the nature, characteristics, and role of natural science, and on that basis points out the features and trends of the development of modern science. Chapter 2 deals with the dialectical development of natural science. It reveals the social factors in the development of natural science, as well as its internal driving force, its unevenness, and its accelerating development. Chapter 3, in connection with the modernization of our army, concentrates on the relationship between the development of natural science and progress in military technology. Through these three chapters, we strive to make clear the regularities in the development of natural science and thereby to provide a dialectical-materialist view of natural science.

Part III, Methodology of Natural Science, consists of six chapters. Chapter 1 briefly introduces the object of study and basic tasks of the methodology of natural science and the significance of studying methodology. Chapter 2 deals with the selection of research topics. Chapter 3 discusses empirical methods. Chapter 4 discusses methods of rational thinking; in this chapter, besides scientific abstraction and logical methods, we have also included scientific hypotheses, scientific theories, and creative thinking. We consider that this content can also fall within the scope of methodology and is beneficial for cultivating the thinking ability of students. Chapter 5, considering the important position of mathematical methods and the practical needs of students, gives a concentrated introduction to mathematical methods. Chapter 6 deals with cybernetic methods, information methods, and systems methods. In the concluding summaries of the methodology part, we have described as far as possible the overall characteristics of the various methods of natural science and the interrelations among them. In short, in Part III we strive to reveal the general methodological principles that should be observed in natural science and in the application of technology, to outline new advances in modern natural-scientific methods, and to elucidate the general epistemological principles of natural-scientific research, so as to provide a scientific methodology.



II. The Founding and Development of the Dialectics of Nature

The founding of the dialectics of nature was the product of the union of Marxist philosophy with the various natural sciences, and it is the most brilliant crystallization to date of humanity’s research on nature, natural science, and methodology.

The formal birth of the dialectics of nature as a theoretical form of science was marked by Engels’s pioneering work Dialectics of Nature. The dialectics of nature as a body of learning also has its own historical origins and a concrete process of evolution. It basically passed through the naive view of nature, view of science, and methodology of antiquity; the metaphysical view of nature, view of science, and methodology of the modern age; and the historical development of the modern dialectical-materialist view of nature, view of science, and methodology. This fully shows that the dialectics of nature is the inevitable result of the development of human rational thought.

Limited by the level of social production and of the development of science and technology, the people of antiquity could only, on the basis of their own experience, reduce the essence of nature to some one or several specific “primordial” substances. This naive-materialist and dialectical view of nature sketched a general picture of the natural world as a whole and was correct in essence, but it was intuitive in character and lacked scientific demonstration. Because the level of productive forces at that time was low, although the ancients created brilliant science and technology, exerted a profound influence on the development of human civilization, and left a precious heritage to later generations, ancient science did not undergo systematic and comprehensive development and did not form a system in its scientific form, to say nothing of a systematic view of science. Hence the ancient view of science was for the most part intuitive; it had the superficiality of experience, but also the merit of holism in observation. Although the research of ancient science sometimes used some primitive experimental methods, on the whole it relied mainly on the method of observation and the method of deduction, and formed an experimental method centered on observation and a logical method centered on deduction. Like their view of nature and view of natural science, these too had the features of intuitiveness, speculativeness, and primitive synthesis; although they contained positive elements of dialectics, they had not yet formed an independent scientific methodology and were basically subordinate to philosophy.

Modern natural science was the foundation for the emergence and development of the dialectics of nature. With the rise and development of modern experimental science, the materialist view of nature, view of science, and methodology also developed to a new stage. The materialist view of nature of the early modern period was consistent with the level and characteristics of the natural science of the time. On the one hand, it overcame the defects of the ancient view of nature, had a firmer scientific foundation, and surpassed antiquity in its knowledge of the details of nature; but on the other hand, its view of the natural world as a whole fell below that of antiquity, and it formed a metaphysical conception. When people observed and explained nature, they always imagined the universe and models of the various natural systems in terms of mechanical devices, regarded the natural world as a kind of static, unchanging “mechanical blueprint,” and often measured everything by the yardstick of mechanics and explained all natural phenomena by the principles of mechanics. At that time most branches of natural science were still in the stage of inception and of collecting empirical material, and the research methods adopted by natural scientists were mainly observation and experiment, dissection and analysis, and inductive reasoning. They broke down the various things of the natural world and analyzed and studied them by branch and category, which played a positive role in enabling people to clarify the characteristics and essence of various things. But the natural scientists of the time were like anatomists: it was as if a scalpel had been fitted in their minds, with which they sharply cut apart complex phenomena and severed connected things with a single stroke. This method of analysis made them form a habit, namely, of studying only the parts and not the whole, only the individual and not the general, and of regarding the various things of the natural world as things isolated from one another and unconnected with one another.

In the nineteenth century, the development of natural science entered a stage of theoretical synthesis, chiefly the organization of empirical material, and the trend toward mutual combination and mutual conversion between natural science and technology grew stronger. This situation, on the one hand, required a transformation of people’s view of nature, view of science, and modes of thinking, and on the other hand, the development of science and technology itself supplied an ever-increasing body of factual material for this transformation. Thus the replacement of metaphysics and mechanism by dialectics became a historical necessity.

However, the founding and development of the dialectics of nature was not a spontaneous process; it was the result of people’s conscious, creative research and generalization. Proceeding from the needs of the proletarian revolution, Marx and Engels, in the course of establishing Marxist theory, comprehensively, systematically, and profoundly generalized the achievements of the science and technology of their time, critically absorbed the rational elements of their predecessors, especially of Hegel’s philosophy, and founded the science of the dialectics of nature. In works such as Capital, Anti-Dühring, Dialectics of Nature, and Ludwig Feuerbach and the End of Classical German Philosophy, they expounded the dialectical-materialist view of nature, view of natural science, and methodology of natural science.

Dialectics of Nature, written by Engels from 1873 to 1883, systematically expounded the dialectical-materialist view of nature, view of natural science, and methodology of natural science, and thereby established the scientific system of the dialectics of nature. In Dialectics of Nature, Engels used the historical development of natural science to demonstrate the inevitability and necessity of the dialectical-materialist view of nature replacing the metaphysical view of nature. Engels gave a profound philosophical generalization of the achievements of the natural science of his time and established the main content of the new view of nature together with its laws of dialectics and a number of categories. Starting from the study of the history of science and technology, Engels summed up the regularities of the development of natural science. Engels also, on the basis of the agreement of objective dialectics with subjective dialectics, expounded the basic content of the methodology of scientific cognition and a number of categories of dialectical logic. Applying the standpoint and methods of the dialectics of nature, Engels explained some major difficulties in the theoretical natural science of the time and drew profound scientific conclusions and brilliant predictions.

In the twentieth century, rapid scientific and technological revolutions carried humanity’s knowledge of nature from the former macroscopic, low-speed domain into the domain of high-speed processes and of the microcosm and the cosmos, and put forward a series of novel insights in scientific concepts, scientific principles, and scientific thought, compelling people to change their traditional view of nature, view of science and technology, and modes of thinking. The extremely rich and fresh material provided by the revolution in physics and by other revolutions in natural science and technology—such as the new discoveries at the two levels of matter of the atomic nucleus and the elementary particles, the establishment of relativity, quantum mechanics, molecular biology, cybernetics, information theory, and systems theory—has eloquently proved the correctness of the dialectical-materialist view of nature and has further enriched and developed the content of the dialectics of nature. In the view of nature, it has deepened humanity’s overall view of the natural world; in the view of natural science, it has deepened people’s understanding of the nature and laws of natural science; in methodology, it has greatly enriched and developed traditional methods and strengthened humanity’s ability to understand and transform nature.



III. The Significance and Method of Studying the Dialectics of Nature

The study of the dialectics of nature should serve the better implementation of the “Three Orientations” and the promotion of the Four Modernizations of the motherland.

What the dialectics of nature studies are the laws of the natural world and of natural science. Only by being oriented toward modernization, toward the world, and toward the future can it give full play to the role of the dialectics of nature in understanding and transforming the world. Our country is today building a new world, socialism, and the most fundamental task of the socialist stage is to develop the productive forces. Only by adhering to and carrying out the “Three Orientations” can the dialectics of nature better promote the construction and development of the great cause of the Four Modernizations of the motherland.

Studying the dialectics of nature helps in establishing a correct view of nature and thereby in further establishing the proletarian worldview.

The worldview is people’s general and most fundamental view of the world as a whole. The world as a whole includes not only the social realm and thought, but of course also the natural world. Moreover, people’s worldviews are all formed on the basis of social practice such as the struggle for production, class struggle (in class society), and scientific experiment. The establishment of an individual’s proletarian worldview depends not only on political study and education in social-scientific knowledge, but also requires the study of natural-scientific knowledge and the guidance of the dialectics of nature. For the dialectics of nature, as the Marxist view of nature and view of science and technology, is a component part of the proletarian system of thought. Having studied the dialectics of nature, people can deepen their understanding of the laws of development from natural history to social history, and can then correctly handle the relationships between humanity and nature, between philosophy and science and technology, between theory and practice, and between inheritance and innovation; they can also raise their ability to recognize and resist the encroachment of idealist and metaphysical thinking, better adhere to the Marxist ideological line of our Party, seek truth from facts, break down superstition, emancipate the mind, and consciously strive for the cause of socialist modernization.

Studying the dialectics of nature is conducive to mastering the methodology of natural science, promoting the development of science and technology, and speeding up the modernization of our army.

Our army is carrying out revolutionization, modernization, and regularization. These “three transformations” are interconnected and mutually promoting, and none of them can be dispensed with, but modernization is the center. The degree of modernization of our army is not high; compared with the developed countries, the modern scientific and cultural level of our army is limited and its weapons and equipment are relatively backward. To change this situation, we must master scientific methods and quicken the pace of construction. In doing anything, one must have a clear grasp of the situation and great determination, and in addition the right method. The methodology of natural science reveals the laws of the general methods of scientific and technological research and discusses the content, characteristics, role, and principles of application of the different methods used at different stages of research, which provides us with a powerful cognitive tool. It enables us to proceed more consciously from objective reality, to analyze and synthesize dialectically the material on the development of the natural world and of natural science and technology, to reduce or even avoid subjectivity, one-sidedness, and blindness in methods of thinking, to take fewer detours, to raise efficiency, to promote the development of science and technology, and to speed up the modernization of our army.

The study of the dialectics of nature must be closely linked with reality and must aim at application, so as to achieve the dual purpose of raising ideological understanding and developing the intelligence of students.

The principles of the dialectics of nature all come from the objective reality of the natural world and of natural science. If we truly want to understand it, master it, and learn it thoroughly, we must study and think about it in connection with objective reality. We must also see that applying the principles of the dialectics of nature to natural science and to our engineering and technical management is both a form in which it performs its own function and an essential link leading to its service to practice. Therefore, we must closely link our study with reality and learn for the sake of application—applying in the course of learning and learning in the course of applying.

In the new historical period, a student who is to train himself into a qualified person for the building of the army must not only acquire knowledge but also raise his mental capacity and strengthen his intelligence; that is, he must cultivate and improve his powers of observation, memory, thinking, imagination, and operation. (Among these, creative ability, composed of creative thinking and creative imagination, is especially important.) If the first four abilities are cognitive factors, then operational ability is the intellectual factor in transforming the world. With cognitive ability alone and no operational ability, scientific creation, scientific application, and the mastery of technology are all difficult to accomplish. The development of modern society calls even more for talents who use hand and brain together. Studying the dialectics of nature in close connection with our ideological and work realities will surely benefit the development of our intelligence.









1. Engels, Ludwig Feuerbach and the End of Classical German Philosophy, People’s Publishing House, 1971 edition, p. 19.





Part I The View of Nature




Chapter 1 The Historical Development of Views of Nature


Section 1 The Ancient Naive View of Nature


I. The Emergence of the Ancient Naive View of Nature

The so-called view of nature refers to people’s overall outlook on the natural world. The ancient naive view of nature took shape gradually on the basis of the development of production and of science and technology in ancient society. The emergence of mental laborers was the prerequisite and necessary condition for the emergence of humanity’s view of nature.

Humanity’s various kinds of knowledge about nature arose in labor and became ever more complete. The earliest knowledge of nature was interwoven with material labor; it was merely “empirical knowledge” and could not yet be counted as science. For experience to become science, it must first be theorized, and it must also be relatively separated from material labor. This step began only with the advent of civilized society, when certain people who specialized in mental labor appeared. These mental laborers summed up and generalized empirical knowledge and theorized it, and thereby opened the road leading to science. Therefore, the emergence of mental laborers in society was not only the prerequisite for the emergence of the various natural sciences, but also a necessary condition for the emergence of the view of nature.

The natural science of antiquity did not receive comprehensive and systematic development. Those fields that then possessed preliminary theoretical knowledge were limited to astronomy, mathematics, and mechanics. Ptolemy’s geocentric theory was the most systematic astronomical theory of antiquity, Euclid’s geometry was the most rigorous mathematical theory of antiquity, and Archimedes’ statics was the most complete mechanical theory of antiquity. The intuitive character of these theories is very evident. They took direct observation as their foundation, and offered only a description of phenomena and a rough, general understanding of the natural world. Against such a historical background, ancient philosophers likewise explored the mysteries of nature mainly by means of intuition and contemplation. Even materialist philosophers, although they were able to proceed from the experience of life and practice, could only make a series of brilliant conjectures in their overall view of natural phenomena.



II. The Content and Characteristics of the Ancient Naive View of Nature

The view of nature of the ancient spontaneous-materialist, naive dialectics comprised two aspects of content. The first aspect proceeded from a spontaneous materialist tendency and reduced the primal origin (benyuan) of the world to one or several concrete forms of matter. For example, the ancient Chinese theory of primal qi (yuanqi) held that “qi” is the common primal origin of the natural world. Wang Chong of the Eastern Han said, “Before the primal qi had divided, chaos was one,” and “The birth of the myriad things all draws upon primal qi.” The Five Phases theory regarded metal, wood, water, fire, and earth as the five material primal elements composing the myriad things. In ancient Greece, Thales held that the primal origin of the natural world is water, Anaximenes said it is air, and Heraclitus said it is fire. The one that had the greatest influence on later natural science and philosophy was the atomic theory founded by Leucippus and Democritus, which held that the primal origin of all matter is the atom, and that the atoms of different substances have no qualitative differences, only differences in size, shape, and position. The second aspect of content of the ancient view of nature proceeded from naive dialectical thought and held that the primal origin of the world, or of what composes the world, is in a state of development through motion and change. Some also saw the two aspects of contradiction in the natural world, and regarded the unity and struggle of opposites as the motive force of the development of things. The “yin-yang doctrine” of ancient China embodied this dialectical thought: it called the regular changes of the natural world “yin and yang in due order,” and called abnormal phenomena of the natural world “yin and yang out of balance.” All things develop and change within the contradiction of yin and yang. In ancient Greece, Heraclitus likened the whole world to a living fire, saying: “The world is a whole that embraces everything; it was not created by any god or any man. It was, is, and will be an eternal living fire, kindling according to law and going out according to law.” He also held that the natural world too pursues opposites, and that it creates harmony out of opposites, not out of identical things.

The ancient naive view of nature contained elements of spontaneous materialism and naive dialectics. It sketched a general picture of the natural world as a whole, and regarded the natural world as a material whole, interconnected and continually developing and changing. This was essentially correct, and it was also extremely valuable. But because the ancients did not yet have the conditions to gain an in-depth understanding of the various parts of the natural world, and had not yet carried out separate, classified study of the various forms of motion of matter, they could only explain the natural world in a general and vague way on the basis of intuition and conjecture, and could not explain it scientifically and concretely. The characteristics of the ancient naive view of nature are manifested in the following:

First, intuitiveness. In the ancient naive view of nature, the things regarded as the primal origin of the world were all things bearing the closest relation to people’s daily life. The advantage of intuitiveness lies in taking the material unity of the natural world to be self-evident, since this is readily proved by people’s personal experience. Its shortcoming lies in reducing the natural world to certain concrete substances, and being unable to explain scientifically the unity of the natural world’s diversity.

Second, speculativeness. The ancients regarded the natural world as moving and developing, and this understanding was the result of speculation. But such speculation often, on the basis of simple reasoning, regarded the motion and change of the natural world as a cycle that ends and begins anew. For example, Heraclitus held that “all things turn into fire, and fire turns into all things.” Such a simple cycle cannot profoundly reveal the internal process of connection among the various forms of motion of the natural world.

Third, conjecturality. The advantage of conjecturality lies in the fact that natural philosophers put forward many brilliant foresights. For example, the yin-yang doctrine of ancient China regarded natural phenomena as the result of the interaction of opposites. Anaximander of ancient Greece proposed that “man came from fish,” which contained the idea of biological evolution. The shortcoming of conjecturality lies in the lack of sufficient factual basis; therefore truth and falsehood often exist side by side, and the reasonable and the erroneous coexist, bearing not a little mystical coloring.

The above three characteristics also reflect the limitations of the ancient spontaneous-materialist, naive-dialectical view of nature. Because the naive view of nature lacked a rigorous experimental foundation and scientific argumentation, it could not withstand the assault of idealism. After the entry into feudal society, the religious-theological view of nature came to occupy the ruling position.




Section 2 The Medieval Religious-Theological View of Nature

Ancient China had already entered a centralized feudal society after the Qin dynasty, much earlier than Europe. Europe established the feudal system only after the fifth century, and the thousand years or so of history from the fifth to the fifteenth century is generally called the Middle Ages. The main economic form of feudal society was small-peasant economy based on ownership by feudal lords and on the manual labor of peasants and serfs. The power of European feudal lords was relatively dispersed, and in the early Middle Ages no unified nation-states had in fact yet formed, which allowed the power of the Church to expand. In the eleventh and twelfth centuries, when the power of the Western European popes was at its height, they could even influence politics and interfere in military affairs. This backward mode of production and the prevalence of religious superstition created the social foundation for the formation of the religious-theological idealist view of nature.


I. The Content of the Religious-Theological View of Nature

Although the religious-theological view of nature has different forms of expression, all of them hold that the natural world has a supermaterial primal origin, and is ruled by a personified supreme sovereign, a god. Feudal rulers were said to be the incarnations or agents of god, their special position was eternal and unchanging, and the natural world is, at bottom, forever unchanging. The doctrine-like teachings advocated by the Western Han scholar Dong Zhongshu of China, centered on such ideas as “the mutual responsiveness of Heaven and man,” “the divine bestowal of the ruler’s authority,” and “Heaven does not change, and neither does the Way,” were in fact likewise the view of nature that the feudal class believed in.

In medieval Europe, the theological idealist view of nature influenced the whole of society through the form of the Christian scriptures. Christianity arose in the Middle East around the second century AD. At the beginning of the third century, the Romans conquered Greece, and Christianity gradually came to occupy the ruling position in Europe. The “Scholastic philosophy” that appeared after the eighth century systematically expressed the religious-theological view of nature, and its representative figure was Thomas Aquinas. Scholastic philosophy advocated the “theory of creation by God,” holding that the natural world was created out of nothing by God (or a deity). The universe is finite, space and time are finite, and God is eternal. The fate of humanity is also in the hands of God. According to the Bible, the earliest ancestors of humanity, Adam and Eve, stole the fruit of wisdom in the Garden of Eden in Paradise, committed a sin, and were punished by being sent down to the world, and their descendants naturally are sinful as well. Hence humanity can only perform good deeds to atone for its sin, and only after death can the soul ascend to Heaven. This preaching of submission to the will of Heaven could, on the one hand, numb the people and make them willingly endure the sufferings of this world; on the other hand, it also found a so-called “scriptural” basis for the feudal ruling class’s suppression of the forces of science and progress.

Scholastic philosophy also held that everything God created in the world is “purposeful”: cats were created in order to eat mice, and mice were created in order to be eaten by cats. Fish are purposefully suited to swimming in water, birds to flying in the air, and the entire biological world accords with the purpose of the Creator. Proceeding from the idealist “anthropocentrism,” they made one-sided use of the doctrines of influential scholars of ancient Greece such as Aristotle and Ptolemy, raising them almost to the status of religious creeds. For example, the theory in Ptolemaic astronomy that the Earth is the center of the universe was used to depict the theological picture of Heaven, the human world, and Hell. The view in Aristotle’s mechanics that the motion of objects requires an external force to push them was used to argue for the religious creed that the motion of the celestial bodies is pushed by God. Aristotle’s physics held that all objects have a nature of returning to their “natural place.” This nature causes heavy things to fall and light things to rise. Scholastic philosophy regarded this explanation as an unquestionable and absolutely correct doctrine. The medical theory of Galen, the famous physician of the Roman era, held that the human brain produces “the spirit of wisdom,” the lungs produce “the spirit of life,” and the liver produces “the natural spirit,” and that these “three spirits” are the foundation of life. Scholastic philosophy incorporated this doctrine into the creed of the “Trinity” of Holy Lord, Holy Father, and Holy Son. Because of this ossification and distortion, the reasonable components in ancient science were obscured. In its overall understanding of the natural world, the religious-theological view of nature actually regressed from the level of the ancient naive view of nature.



II. The Essence of the Religious-Theological View of Nature

The religious-theological view of nature runs counter to science. It disparages reason, propagates superstition and blind obedience, and advocates that “theology is above philosophy, and philosophy is the handmaid of theology.” It says such things as “It is precisely because it is absurd that I believe,” and “I believe, and only then can I understand, rather than first seeking to understand and then believing,” thereby covering up the contradictions in its doctrines that cannot be made self-consistent. Thus there appeared such preposterous things as the manifestations of the holy spirit and holy water that cures a hundred diseases. Under conditions in which science and technology were extremely backward, it was difficult to expose these frauds clearly for the time being. This kind of benighted propaganda was precisely an important spiritual instrument by which the feudal ruling class maintained its despotic rule. The combination of these two forces, superstition together with violence, produced the “Dark Age” of the development of science in European history. Therefore, the religious-theological view of nature is an idealist view of nature that represents feudal despotic rule and is adapted to the backward social mode of production. It denies the materiality of the natural world, denies the internal laws of motion of the natural world, and also denies the possibility and necessity of humanity’s knowing the laws of nature. Under the rule of this view of nature, the development of science was seriously obstructed.

But natural science does not terminate its own development because of this. Natural scientists continually broke through the shackles and persecution of religious forces and boldly sought scientific truth. The ruling class carried out cruel persecution of scientists who dared to violate religious doctrine. In the thirteenth century, Western Europe began to establish the Inquisition, which, in the name of trying “witches,” cruelly persecuted anyone who dared to offend religious doctrine. It is estimated that in medieval Europe more than five million people were sentenced to be burned to death, and among them were not a few natural scientists and people who propagated the materialist view of nature. Even so, people’s doubt, criticism, and struggle against religious-theological idealism never ceased. Roger Bacon, a forerunner of modern experimental science in Europe, sharply criticized Scholastic philosophy, holding that there are four obstacles to attaining truth, namely excessive reverence for authority, the force of habit, prejudice, and the conceit of knowledge. These four obstacles cause human ignorance and sin. He attacked the arrogance, luxury, and greed of the clerical class of his day, and advocated that the only method of proving truth is observation and experiment. He also carried out a great many scientific experiments concerning optics, magnetism, gunpowder, and the like. The religious authorities regarded him with intense hostility, and he was imprisoned behind the high walls and deep courtyards of a church prison for as long as twenty years. But these scientific propositions and experimental achievements of Roger Bacon, which contained materialist thought, exposed the essential falsity of despotism and superstition, and foreshadowed that the dark and bitterly cold period in the development of science was about to pass.




Section 3 The Modern Metaphysical View of Nature


I. The Historical Background of the Emergence of the Modern Metaphysical View of Nature


	The promoting role of the Renaissance in the emergence of modern science.



The objective foundation that led to the emergence of the metaphysical, mechanical-materialist view of nature was the appearance of capitalist relations of production and the rise of modern experimental science and industry; but the direct impetus that broke the situation in which Christianity had monopolized the whole of society, culture, and spiritual life since the Middle Ages, and that led to the emergence of modern natural science and the view of nature, was the great “Renaissance” movement.

The Renaissance movement inherited the achievements of ancient scientific research that had been abandoned in the Middle Ages, giving the development of scientific culture a new starting point; the Renaissance movement restored the materialist spirit of science, negated the dogmatic and trivial Scholastic philosophy, and turned scientists toward the natural world and real social life; the Renaissance movement restored and promoted the spirit of free inquiry, creating an academic atmosphere conducive to it. In short, the Renaissance movement was a turning point in European history; it laid the foundation for the development of Western bourgeois scientific culture. Its greatest merit was breaking the situation in which Christianity monopolized culture and social life, and opening the road for the formation and development of modern natural science and the materialist view of nature.


	Modern natural science was the knowledge foundation of the metaphysical view of nature.



Modern natural science first achieved a breakthrough in astronomy. In 1543 the Polish astronomer Copernicus put forward the “heliocentric theory,” negating the “geocentric theory” that had held sway in the West for more than a thousand years. This was a great revolution in astronomy; it caused a major renewal of humanity’s view of the universe and dealt a heavy blow to feudal theocratic rule. From then on, natural science was liberated from Scholastic philosophy. Owing to the limitations of his age, Copernicus’s “heliocentric theory” retained the notion of so-called “perfect” circular orbits, and still could not explain why people cannot feel the motion of the Earth. These limitations were subsequently corrected by Galileo and Kepler.

The results obtained by Galileo’s telescopic observations confirmed Copernicus’s theory. The principle of relativity in mechanics that he put forward explained why people cannot feel the motion of the Earth. Kepler put forward the “three laws of planetary motion” (the law of orbits, the law of areas, and the law of periods), which explained that the planets revolve around the Sun along elliptical orbits at varying speeds, completely negating the notion that the most perfect and sacred celestial bodies move in uniform circular motion, and placing the “heliocentric theory” on a firmer scientific foundation.

In the field of mathematics, the British mathematician Napier devised logarithms in 1614. The French mathematician Descartes founded analytic geometry in 1637. The greatest achievement of modern mathematics was the birth of the calculus. While studying kinematics in 1665–1666, Newton invented the calculus in order to express the speed added by motion. While studying problems such as tangents in 1672–1673, Leibniz invented a calculus more concise than Newton’s mode of expression.

The most mature branch to develop in modern natural science was mechanics. Galileo was the forerunner of classical mechanics and experimental physics. He overturned Aristotle’s statement, long revered as authoritative, that “the speed at which an object falls is proportional to its weight,” and established the law of free fall. He also discovered the law of inertia of objects, the principle of isochronism of pendulum oscillation, and the theory of the trajectories of projectiles, and he established the principle of relativity in mechanics.

The one who brought classical mechanics to its culmination was Newton. He established the three basic laws of motion (the law of inertia, the law of acceleration, and the law of action and reaction) and the law of universal gravitation, thereby erecting the theoretical system of classical mechanics, unifying the two mechanical worlds of “the heavens” and “the human world,” and achieving the first great synthesis of modern natural science.

In this period natural science was mainly in the stage of collecting materials; people had carried out relatively in-depth study only of mechanics, and the development of the other sciences was still slow, so it was easy to explain all natural phenomena by means of the theories of mechanics. Correspondingly, there took shape the metaphysical, or mechanical-materialist, view of nature.



II. The Basic Points of the Modern Metaphysical View of Nature


	The mechanical picture of the world. Descartes held that it is most appropriate to regard the natural world as a “machine.” He said that even if the natural world differs from machines in some respects, it is only that the parts of the natural world are things so small that the eye cannot see them. If one speaks in terms of the action of the parts, they are all mechanical. Moreover, he regarded animals and the human body as merely machines slightly more complicated than “clocks, fountains, windmills, and the like.”


	A single form of motion. To conceive of all things in the natural world in terms of mechanical devices necessarily denies the multiplicity and diversity of the forms of motion of the natural world, and recognizes only mechanical motion as the sole form of motion, that is, it recognizes that the motion of all objects is a mechanical displacement produced by the pushing of an external force, together with an exchange of their momentum.


	The overall view that the world is absolutely unchanging. Since mechanical motion is the only form of motion, and the cause of motion lies not within things but outside them (that is, in the pushing of an external force), any change and development in the natural world is thereby negated; all things merely stand side by side in space, without development in time, which is the so-called view that “there is nothing new under the sun.” Linnaeus was a believer in the immutability of the universe, holding that “there are as many species now as the different forms the Creator originally created.”




The modern metaphysical view of nature, taking experimental scientific material as its foundation, basically overcame the defective parts of the three characteristics of the ancient view of nature, namely intuitiveness, speculativeness, and conjecturality, and strove to explain natural phenomena with relatively mature scientific knowledge; this was undoubtedly a step forward. But because the modern view of nature lacked dialectics and regarded the natural world as fixed and unchanging, it was a step backward compared with the ancient view of nature, which regarded the natural world as continually developing and changing.

The emergence of the metaphysical view of nature was a direct product of the development of modern natural science; likewise, with the further development of natural science, what would replace it must be the dialectical-materialist view of nature, which accords better with the achievements of modern natural science.




Section 4 The Contemporary Dialectical-Materialist View of Nature


I. The Crisis of the Metaphysical View of Nature

After a process of nearly four centuries of collecting material, modern natural science only then began to enter the stage of systematically organizing material and rising to theoretical generalization, and this led to many epoch-making major discoveries in the field of natural science. It was precisely these major discoveries of natural science that opened one breach after another in the ossified metaphysical view of nature, and added one foundation stone after another to the formation of the dialectical-materialist view of nature.


	The Kant–Laplace nebular hypothesis in astronomy. The nebular hypothesis arose and took shape in the latter half of the eighteenth century. The nebular hypothesis holds that the solar system developed gradually from diffuse matter (the nebula), through its own laws of motion, under the interaction of attraction and repulsion, condensing continually by virtue of attraction and undergoing rotational motion by virtue of repulsion, from an original chaotic state into an orderly system of celestial bodies. This theory, in analyzing the origin and development of celestial bodies from the unity of opposites of attraction and repulsion possessed by matter itself, was clearly an enormous advance.


	The three great discoveries in chemistry. In 1803 Dalton’s atomic theory revealed the common basis of the chemical elements; from 1824 to 1828 Wöhler synthesized two organic substances, oxalic acid and urea, from inorganic substances, proving chemically the material unity of the world; in 1869 Mendeleev put forward the periodic law of the chemical elements, revealing the periodic relationship between changes in the properties of the various elements and their atomic weights, which is an excellent proof of the dialectical relationship between quantitative change and qualitative change.


	Lyell’s theory of gradual geological change in geology. In 1833 Lyell published the book Principles of Geology. With abundant material, this book refuted the “catastrophism” then in vogue and argued the theory of gradual change of the Earth’s surface, providing a powerful basis for the dialectical-materialist view of nature. Engels pointed out: “Only Lyell first brought reason into geology, for he replaced the sudden revolutions arising from the whim of the Creator with the gradual action of the slow transformation of the Earth.”1


	The cell theory and the theory of biological evolution in biology. Schleiden and Schwann put forward the cell theory in the 1830s, revealing the unity of structure of animals and plants and clarifying the laws of the differentiation of organisms. In 1859 Darwin published The Origin of Species, systematically putting forward the theory of biological evolution; with a great many facts it showed that any species in the biological world has its history of origin, development, and extinction, and pointed out that modern plants and animals, humans included, are all the result of the long-term evolution of the natural world, thereby revealing a natural picture of organisms developing and changing from the simple to the complex, from the lower to the higher.


	The law of conservation of energy in physics. In the middle of the nineteenth century, Mayer, Joule, Grove, Helmholtz, Colding, and others almost simultaneously, by different paths, reached the general conclusion of the law of conservation of energy. The law of conservation and transformation of energy provided natural-scientific foundations for the philosophical argument for the indestructibility of motion and for the principle of the mutual transformation of forms of motion.




After the nineteenth century, the general characteristic of the development of natural science was the passage from research in single fields to research on problems common to many fields, from the stage of collecting material to the stage of theoretical generalization and abstraction of essence, and from the study of mechanical motion to the extension of research to heat, electromagnetism, chemistry, and biological motion. This promoted the rise of theoretical modes of thinking, caused the dialectical elements in natural-scientific theory to develop continually, and fundamentally shook the metaphysical view of nature.



II. The Founding of “Dialectics of Nature” and the Birth of the Dialectical-Materialist View of Nature


	The natural-scientific and philosophical background at the time “Dialectics of Nature” was founded.



Although the development of natural science had prepared conditions for the emergence of a new view of nature, and some natural scientists had, within their own fields, spontaneously come to possess certain dialectical ideas, the dialectical-materialist view of nature had not formed spontaneously and could not have done so. On the contrary, many scientists at that time, under the influence of philosophies such as vulgar materialism and neo-Kantianism, still fell into intellectual confusion. For example, the cellular pathologist Virchow asserted that “the cell is the only form of life”; the thermodynamicist Clausius also wrongly extended the second law of thermodynamics to the infinite universe, spreading the “heat death of the universe”; Helmholtz described human sensation as something purely subjective; and Wallace, who put forward the theory of evolution together with Darwin, even believed in the anti-scientific practice of spiritualist séances. The above fully exposed, at that time, the contradiction between natural scientists’ scientific achievements and their world outlook.

In response to the above situation, in order to defend and develop Marxist philosophy, Engels, in his two brilliant works Dialectics of Nature and Anti-Dühring, made a high-level philosophical generalization of the natural-scientific achievements of the time.


	The content of the view of nature in Dialectics of Nature and Anti-Dühring.




	It expounded the relationships of matter to motion, to space and time, and to consciousness, and scientifically revealed the material unity of the world.


	It scientifically demonstrated a series of dialectical processes of development of the natural world, from the origin of celestial bodies to the emergence of humanity.


	It expounded the basic forms of motion and their interrelations.


	It made brilliant predictions about the future development of certain natural sciences. For example, it put forward that the atom is divisible; that life is the mode of existence of albuminous bodies; and, on the basis of the interconnection and transformation of the forms of motion, it foretold that some new borderline disciplines would inevitably arise, and so on.




In short, these two brilliant works of Engels already laid the foundation for the dialectical-materialist view of nature.


	The development of modern natural science and the dialectical-materialist view of nature.



The dialectical-materialist view of nature was born in the 1870s and 1880s. Immediately afterwards, at the end of the nineteenth century and the beginning of the twentieth, a revolution in physics was set off by the study of radioactive phenomena and the discovery of the electron, and thus the limits of Newton’s classical mechanics were broken through. Since this century, the development of science and technology, whether in speed and scale or in breadth and depth, has undergone unprecedented changes, of which four great achievements are especially prominent, greatly enriching the dialectical-materialist view of nature.


	The establishment and development of the theory of relativity revealed that many basic properties of natural matter, such as motion, time, space, mass, and energy, are not isolated from one another, but form a dialectical system.


	The discovery of atomic structure and elementary particles and the establishment of the theory of quantum mechanics proved the infinity of the hierarchical structure of matter and clarified the principles of the world’s development and the material unity of the world.


	The achievements of molecular biology, especially the discovery of the molecular structure of nucleic acids, the genetic material, and of the genetic code, scientifically explained the process of heredity in terms of its material causes, and enriched the view of life and the view of matter.


	The invention of the electronic computer and the establishment of cybernetics, information theory, and systems theory revealed the consistency of the three domains of nature, society, and mind, and concretely demonstrated the material unity of the world.




Therefore, in studying the dialectical-materialist view of nature today, we should take the basic principles expounded by Engels in Dialectics of Nature and other works as our guide, and summarize and generalize the new achievements of natural science, so as to sketch more fully the picture of the dialectical development of the natural world and establish a scientific view of nature.










1. Selected Works of Marx and Engels, vol. 3, People’s Publishing House, 1972 edition, p. 451.





Chapter 2 The Unity of the Natural World

The question of the unity of the natural world has always been one of deep concern to philosophers and natural scientists, and Engels regarded it as the core of the dialectical view of nature. With the development of modern science and technology, the mysteries of great Nature are being unveiled day by day, and the unified picture of the world is becoming ever clearer. As the dialectics of nature that studies the general laws of development of the natural world, it is only natural that it should summarize and generalize the research results of modern natural science concerning the unified picture of the world.


Section 1 The Unified Picture of the Natural World

Engels pointed out: “The real unity of the world consists in its materiality, and this is proved not by a few juggler’s phrases, but by a long and protracted development of philosophy and natural science.”1 The natural world in the broad sense can refer to the whole of all the various material systems interconnected and interacting with one another, but the “natural world” we speak of here refers to great Nature as the object of study of natural science. Hence the study of the material unity of the natural world is closely connected with, and yet also distinct from, the study of the material unity of the world in philosophy. Dialectics of nature mainly proceeds from the commonality of the material basis of the natural world, from the wholeness manifested by the rich and colorful great natural system composed of these substances in mutual connection, mutual constraint, mutual interaction, and mutual transformation, and from the various mutual ways of acting in the natural world, in order to display the unified picture of the natural world; hence it also differs from the descriptions that the various natural sciences make of concrete forms of matter and their laws of motion.


I. The Unity of the Material Basis of the Natural World

Modern natural science has proved that, however endlessly varied the material forms of the natural world may be, and whether they are natural objects or man-made ones, they can ultimately all be reduced to two most basic material forms: one is substance (shiwu), the other is the field. Substance is composed of particles, but cannot do without the action of fields. More than three hundred kinds of elementary particles are currently known; they compose the 108 chemical elements, of which 94 are naturally occurring. The fields currently recognized in natural science include the gravitational field, the electromagnetic field, the meson field, the gluon field, and so on. The common attributes of substance and fields are that both possess mass, energy, and momentum, and both obey the relevant conservation laws. But these two material forms are also different. Substance is a form of material aggregation existing in discontinuous form, having the property of mutual exclusion in its spatial distribution; a field is a material form continuously dispersed throughout the whole of space, and possesses superposability. Substance has rest mass, whereas a field has no rest mass, only mass of motion. Substance and field are also unified. This unity is manifested not only in their possessing common basic material attributes, but also in their mutual dependence and, under certain conditions, their mutual transformation. Every substance has one or several fields connected with it; substance is always within fields and interacts with other substances through certain fields as intermediaries. Every field is likewise the field of the mutual connection and mutual interaction of corresponding substances. Under certain conditions, substance can be transformed into fields; for example, in high-energy physics experiments, particles and antiparticles with a certain energy can be transformed into an electromagnetic field through the process of “annihilation.” Quantum chromodynamics holds that quarks can obtain from the gluon field the field matter and energy corresponding to antiquarks and convert it into hadrons; this means that, under certain conditions, fields too can be transformed into particles.

With the development of natural science, the scope of humanity’s knowledge of the natural world has continually expanded, and the natural information obtained has become richer and more reliable. Up to now, it has been proved that the material elements existing in the observable universe are consistent with the chemical elements on the Earth. In 1969, the American “Apollo” 11 manned spacecraft for the first time sent people onto the surface of the Moon and brought back 22 kilograms of lunar material; after research from many angles, it was proved that the chemical elements contained in the lunar rocks are all ones already found on the Earth. Probes of Mars, Venus, and other planets made with automatic spacecraft have confirmed that, although the chemical composition of the surfaces and atmospheres of the other planets of the solar system differs from that of the Earth’s surface, the elements they contain have all already been found on the Earth. One of the major discoveries of modern astronomy is that, by using the method of radio spectral analysis, water and several dozen kinds of organic molecules, such as formaldehyde (HCHO), methanol (CH₃OH), and ethanol (C₂H₅OH), have been discovered in interstellar space; their chemical constitution is likewise the same as that of the corresponding substances on the Earth. Even the spectral analyses made of extragalactic galaxies have not discovered any further material elements. This evidence all proves that, whether in the heavens or on the earth, from elementary particles to the observable universe, there is indeed a common material basis.



II. The Unity of the Various Different Natural Systems

The unity of the natural world is not a mechanical, monotonous unity, but a unity of infinite diversity. Because the various parts of the natural world differ in internal structure and in external function, each has its own particularity. They can in turn be distinguished into different natural systems. For example, from the relationship between humanity and nature, one can distinguish naturally occurring natural systems and artificial natural systems; and from the standpoint of the living world and the cycles of matter and energy in the environment in which it exists, one can distinguish ecosystems, and so on. Systems display, from the vertical aspect, the connection and unity among the parts of the natural world. Natural systems can also be divided into the organic world and the inorganic world. The sun, moon, stars, and celestial bodies, together with the atmosphere, hydrosphere, lithosphere, and so on of the Earth, compose the inorganic world. The parts of the inorganic world are interconnected and mutually constrain one another, forming an intricate and complex system. For example, the Sun provides the Earth with a source of light and heat and causes the flow and change of the atmosphere on the Earth, so that changes in various climatic phenomena such as wind, rain, snow, and frost appear. Changes in climate in turn affect the Earth’s hydrosphere, producing evaporation, precipitation, drought, and flood, and the rivers, oceans, and tides formed by the gathering of precipitation in turn alter the lithosphere, bringing about the great vicissitudes of the Earth. The motion and change of the lithosphere, such as volcanic eruptions and crustal movements, in turn act back upon the atmosphere. Circulating ceaselessly in this way, they constitute the chain of the inorganic world.

After life, and eventually humanity, appeared on the Earth, the organic world, ever generating and regenerating, also formed a natural organic chain with each link interlocked with the next. The ecosystems of the natural world vividly show that this natural chain is linked together on the basis of the “food chain.” In the natural world, the chains of organisms formed among plants and animals, and among different kinds of animals, through the relationship of “eating” and “being eaten” are called “food chains.” The food chain is the basic structural form of the ecosystem, while the transmission of energy and the cycling of nutritive materials are the function of the ecosystem. Green plants use solar energy to carry out photosynthesis, transforming carbon dioxide and water into energy-rich organic matter. They are the principal producers on the surface of the Earth that convert light energy into chemical energy. The organic matter produced by plants, apart from being used for their own growth and metabolism, is mainly consumed by animals. Herbivores eat plants, carnivores prey on herbivores, large animals swallow small animals…… Whether plants or animals, their remains after death will be decomposed by saprophytic organisms, and in this way the complex organic molecules sealed within the remains are in turn transformed into simple inorganic compounds, returned to the soil and the atmosphere for plants to use again, with energy released at the same time. Cycling in this way, they constitute the biological chain of the natural world. This chain makes the biological world present a unity of diversity.

The systems of the inorganic world and the systems of the organic world together in turn compose the great natural chain. The whole history of natural development shows that the motion of the Earth’s crust is related to the motion of celestial bodies. Changes in the motion of the crust give rise to continental drift, the uplift of mountain ranges, and the expansion of oceans. And the redistribution of sea and land on the Earth’s surface in turn changes the Earth’s atmospheric circulation, altering the climate. The evolution of climate in turn directly affects the evolution of plant communities and the evolution of animals. Since the nineteenth century, the development of organic chemistry and the chemical industry has eliminated the gulf between organic and inorganic matter. Certain inorganic substances can be transformed into organic substances through simple heating. The theory of molecular evolution has further proved that the transition from organic macromolecules to living matter does not require the manipulation of a mysterious “vital force.” Organic or inorganic substances, if placed in an environment with a relatively suitable source of energy, can regularly possess the capacity for “self-organization,” and produce nonlinear ordered structures in states far from thermal equilibrium. Next, the maintenance of sustained organic chemical reactions often requires specific substances as catalysts. But in certain “hypercycle” reaction systems, the cyclic reaction of each stage may provide catalytic substances for the chemical reaction of some other cycle. Once such a hypercyclic reaction system is generated in a favorable environment, it has the ability to survive. Hence, from the chemical point of view, a living system is nothing more than an open chemical reaction system possessing a self-organizing function and a hypercyclic structure. Such systems can arise anywhere in the natural world where conditions are suitable, and it is also possible to create them artificially by creating the conditions. In research in modern life science, the artificial transformation of nonliving matter into living matter is still at the stage of simulation. But both theoretical progress and experimental achievements further prove that, viewed from the developmental series of the material natural world, the living system and the nonliving system are a unity that is interdependent, interconnected, and yet mutually transformable under certain conditions.



III. The Unity of Interactions in the Natural World

“Interaction is the first thing we encounter when we examine the whole of moving matter from the standpoint of modern natural science.”2 Modern natural science reduces the interactions (forces) between particles of substance to four kinds:


	Strong interaction: the short-range force by which the nucleons (protons and neutrons) within the atomic nucleus combine into the nucleus; the effective range of its action is about 10⁻¹³ cm. The field that transmits the strong interaction is the meson field, and the intermediate particle is the π meson.


	Electromagnetic interaction: the interaction among all charged particles and photons; theoretically, its effective range of action is infinite. The electromagnetic field serves as the medium for transmitting the action, and the photon is the mediating particle.


	Weak interaction: except for the photon, all particles can take part in the weak interaction, which is manifested mainly in the decay processes of particles. The mediating particles that transmit the weak interaction are the W± and Z⁰ particles, which are collectively called intermediate bosons.


	Gravitational interaction: this is the most universal of the interactions in the natural world, and all particles take part in the gravitational interaction. Gravitation is a long-range interaction, but the strength of its force is much smaller than that of the other interactions. In the interactions of microscopic particles, gravitation can usually be left out of consideration. But for macroscopic objects, and especially for celestial bodies at the cosmic scale, the gravitational interaction not only cannot be neglected but often occupies the dominant position.




A comparison of the order of strength of these four interactions is given in the table below:




	Interaction
	Strength





	Strong interaction
	1



	Electromagnetic interaction
	10⁻²



	Weak interaction
	10⁻¹²



	Gravitational interaction
	10⁻³⁸





Unifying the manifold and complex interactions of the natural world into the above four forces is a great advance by natural science in understanding the unity of the causes of the motion of matter in the natural world. But some scientists, guided by the idea of a still greater unity of the natural world, have tried to describe several of these forces with a single unified theory. Among these efforts, the unified theory of the weak interaction and the electromagnetic interaction put forward by the Nobel Prize winners Weinberg, Salam, and Glashow and others in the late 1960s (abbreviated as the electroweak unified theory) is generally recognized as a relatively successful theory. This theory predicted the existence of the mediating particles W± and Z⁰ that transmit the weak interaction. In 1983, at the European Organization for Nuclear Research, these particles were successfully found in experiments, and their masses agreed very well with the theoretical predictions. This is an enormous encouragement to the scientists who are seeking to unify the four interaction forces still further in a “grand unified theory.” The “grand unified theory” also holds out hope of solving the problem of the origin of baryon number in the early evolution of the universe, making the connection between the cosmic scale and the microscopic scale more concrete. Viewed philosophically, the electroweak unified theory reflects the close connection and mutual transformation between the weak interaction and the electromagnetic interaction. This is not only more elegant and harmonious in its form of description, but at the same time reflects the inner unity of the various interactions, foretelling that under certain conditions they are one unified force. The conditions for such unification may have existed in the very earliest period of the evolution of the universe. Cosmologists call that time the “grand unification era.” To reveal this mechanism of unification further will provide new natural-scientific arguments for the basic viewpoint of the dialectical view of nature concerning the unity of the natural world.




Section 2 The Hierarchical Levels of the Material Structure of the Natural World

Hierarchical structure displays, from another aspect, the unity of the diversity of the natural world. Every natural level coexists within a single unified whole. Nor are the different levels of matter isolated from one another; the various levels of matter and material systems interlace with one another, constituting a three-dimensional picture of the universal connection of the natural world.


I. The Infinity of the Levels of the Natural World

Engels pointed out: “Matter is divided, according to the relative magnitude of mass, into a series of larger, easily distinguishable groups, so that the component parts of each group stand, among themselves, in definite, finite ratios with respect to mass…… The visible stellar system, the solar system, the bodies on the Earth, molecules and atoms, and finally ether particles, each form such a group.”3 According to the spatial scale occupied and the magnitude of mass, the natural world can be divided into three levels: the cosmic, the macroscopic, and the microscopic, and each level is in turn composed of countless subordinate levels.




	Level
	
	Mass (g)
	Scale (cm)





	Cosmic
	Metagalaxy
	
	above 1.5 × 10²⁸



	
	Galaxy
	10³⁵—10⁴⁵
	10²⁰—10²³



	
	Star
	10³²—10³⁵
	10⁶—10¹⁴



	Macroscopic
	Macroscopic objects
	10⁻¹⁰—10²⁴
	10⁻⁵—10⁷



	Microscopic
	Molecule
	10⁻²²—10⁻¹⁵
	10⁻⁸—10⁻⁶



	
	Atom
	10⁻²³—10⁻²¹
	10⁻⁸—10⁻⁷



	
	Atomic nucleus
	10⁻²³—10⁻²¹
	10⁻¹³—10⁻¹²



	
	Elementary particle
	0—10⁻²³
	10⁻¹³






	The cosmic level



This includes the various celestial systems of very large scale: nebulae, stars, galaxies, groups of galaxies, and supergalaxies, up to the extent of the universe reached by our present observations, the Metagalaxy. In such vast space there are also filled cosmic rays, gravitational fields, and so on, existing in the form of fields and particles. Since the mass of matter contained within a range of such large scale is enormous, the gravitational effects of general relativity must be taken into account.

Nebulae: the nebulae ordinarily observed are galactic nebulae. They are cloud-like celestial bodies of very low density composed of gas and dust, but because their volume is very large, their total mass may still be several times, or even more than a thousand times, that of an ordinary star. The temperature of nebulae is very low, and therefore they cannot emit light themselves; they can only reflect the light emitted by nearby stars or be excited to emit light, appearing as faintly bright regions. If there are no bright stars nearby, a nebula, by blocking the luminous surface of distant background celestial bodies, appears as a dark region (such as the Horsehead Nebula and the Coalsack Nebula). There is also another class of nebulae, the extragalactic nebulae, which are ordinarily celestial bodies at the level of the galaxy and which, owing to their great distance, form a blurred mass (such as the Great Nebula in Andromeda).

Stars: these are the most common celestial bodies within the range of the universe known at present, possessing considerable mass and very high temperature, and able to emit light themselves. In astronomy, stars are divided into several apparent magnitudes according to the strength of their apparent brightness; they can also be distinguished by the color type of their spectra into the spectral types O (blue), B (blue-white), A (white), F (yellow-white), G (yellow), K (orange), M (red), and so on. The apparent brightness of a star depends not only on the star’s own luminosity but also on how near or far it is from the Earth. Generally speaking, stars that look relatively bright are all at positions within the Milky Way relatively close to the Sun. The color of the spectrum is determined by the temperature of the star’s surface. The Sun is a yellow star, with a surface temperature of about 6000°C. Therefore, within this level of stars, smaller levels can in turn be distinguished according to different attributes. Around some stars there are also planets, and around the planets there can in turn be satellites of their own.

Galaxies: galaxies can be distinguished by differences in structure into elliptical galaxies, spiral galaxies, and barred spiral galaxies. The solar system is located within the Milky Way. The Milky Way is a spiral galaxy, about 100,000 light-years in diameter, with a mass about 140 billion times that of the Sun. The galaxies outside the Milky Way are the extragalactic galaxies. Within the range of the currently observable universe there are at least one billion galaxies. Many galaxies are relatively concentrated in one region of the sky and form groups of galaxies; the Milky Way is located in the Local Group. On a still larger scale, the Local Group in turn belongs to the Local Supercluster. The Metagalaxy is the largest celestial system known to us at present. Although the range of astronomical observation is continually expanding, the edge of the Metagalaxy has not been discovered up to now. In fact, the Metagalaxy is only one component part of the infinite universe.


	The macroscopic level



The objects included in the macroscopic level are also very wide-ranging. The Earth on which we live is also a celestial body, but in celestial mechanics the study of the laws of motion of the planets in fact treats them as macroscopic bodies. The smallest distance that the human eye can resolve is about 0.1 millimeter. Down to the size of the Brownian particle, the effects peculiar to the motion of microscopic objects begin to be clearly displayed. In fact, the scale and mass of a Brownian particle are still much larger than those of a molecule. Organisms existing on the Earth, and nonliving things above the microscopic scale, can all be treated as macroscopic objects. Natural science always, according to the needs of research, further divides the macroscopic level or the macroscopic natural systems subordinate to it into many small systems or levels. For example, organisms are divided into animals or plants. Animals and plants can in turn be divided into many phyla and subphyla, and under each phylum, the classes, orders, genera, and species. It is also possible, in terms of scale, to divide the biological system according to its composition into levels such as cell, tissue, organ, system, individual, community, ecological group, and biosphere.


	The microscopic level



Objects belonging to the microscopic level possess a distinct wave–particle duality, and they obey the laws of quantum mechanics.

Molecule: this is the smallest unit by which matter retains its chemical properties. But it is in turn composed of particles of a smaller subordinate level, atoms. The level of the molecule can in turn be distinguished into multiple levels according to differences in structure and chemical properties. For example, according to whether a molecule is composed of atoms of the same kind of element or of atoms of different kinds of elements, molecules can be distinguished into simple substances and compounds. Compounds can in turn be distinguished, according to differences in composition and properties, into organic compounds and inorganic compounds. Both of these two classes of compounds include very many kinds of types.

Atom: composed of a positively charged atomic nucleus and negatively charged extranuclear electrons. Atoms of the same kind are called an element. Mendeleev’s periodic table of the elements, according to differences in the physical and chemical properties of atoms, divides the elements into several groups according to the magnitude of the nuclear charge. Each element in turn has its own isotopes.

Atomic nucleus: the atomic nucleus is composed of protons and neutrons, and for this reason they are called nucleons.

Elementary particles: these include the more than three hundred kinds of particles known at present. They are divided into the photon family, the lepton family, the meson family, and the baryon family. No subordinate hierarchical structure of photons and leptons has yet been discovered. However, quantum chromodynamics (QCD) holds that hadrons (including mesons and nucleons) are composed of quarks, and the exploration of the sub-quark level of material structure continues.

Facts prove that the hierarchical structure of matter in the natural world is universal. Any concrete material system is composed of its subordinate levels, and is itself in turn a part of a higher level. Judging from the magnitude of mass and the magnitude of scale, there is neither an apex of a highest level nor an end of a lowest level. Hence the levels of the natural world are infinite. Next, the division into levels is not only a quantitative division made according to the magnitude of scale and mass, but also involves qualitative differences in the attributes of matter and in the laws of motion. Under certain conditions, every kind of qualitative difference can serve as a basis for dividing levels. Throughout the whole natural world, the various parts and various forms of matter possess an infinite qualitative diversity, and hence the bases and modes of dividing levels are also infinite. Each field of natural science, according to its own different cognitive tasks, divides the relevant objects of study into levels; this is a necessary step in analyzing and knowing things. With the expansion of the scope of our knowledge of the natural world and the deepening of our understanding of its internal essence, natural science will concretely reveal more and more levels, thereby further proving that the infinity of levels exists objectively. But we cannot possibly exhaust, at any particular stage in the development of science, our knowledge of all the levels. At the present stage, the natural levels that we have come to know are still finite.



II. The Dialectical Character of the Division of Material Levels

Since the hierarchical character of matter is a basic attribute objectively existing in the natural world, the division of levels must accordingly have a scientific basis and objective criteria: the material objects of each level have particularities that differ from those of other objects; on the other hand, different levels coexist under the premise of the unity of the natural world. Therefore, in coming to know the hierarchical character of the natural world we must dialectically understand the relationship of the unity of opposites contained within it.


	The relationship between the diversity and the wholeness of levels:



The wholeness of the material levels of the natural world is manifested first in the fact that the matter within each level must have some commonality occupying a dominant position, for example, commonality in scale and mass, or commonality in laws of motion. Knowledge of such commonality gives the natural-science disciplines that study the material objects of different levels a relative independence. For example, modern cosmology concentrates on studying the evolution and laws of motion of large-scale cosmic celestial bodies as a whole. Newtonian mechanics studies the laws of mechanical motion of macroscopic objects, whose speeds of motion are usually far less than the speed of light. Quantum mechanics studies the laws of interaction of microscopic objects. Biology studies the common laws of biological systems at the macroscopic level, and so on. Next, wholeness is also manifested in the fact that material objects of different levels also all obey the unity of the natural world, including the common material basis and the common attributes of motion.

But no material level is a mechanical unity or a monotonous whole; its interior contains all manner of differences. It is precisely these differences that make it possible for each level to be divided into subordinate levels, down to infinite divisibility. Diversity is manifested not only in the infinite differences in the spatial scale of natural levels, but also in the fact that matter possesses many-sided attributes. For example, the biological world alone includes more than 400,000 species of plants and more than 1,000,000 species of animals, and the individuals of each kind of animal and plant are not entirely identical, so that the German philosopher and mathematician Leibniz asserted: “There are no two things in heaven and earth that are entirely identical with each other”; one cannot find two entirely identical leaves. This difference is also the basis of the infinite diversity of levels. To understand dialectically the relationship between the diversity and the wholeness of levels requires that we neither use the differences existing within a level to deny commonality, nor absolutize wholeness so as to fail to see the richness of the levels of the natural world.


	The relationship between the stability and the changeability of levels.



In terms of its existence and development, every material level of the natural world is relatively stable; otherwise it could not constitute a level. The atmosphere at the Earth’s surface seems to flow ceaselessly, but according to changes in altitude, density, and temperature it can be divided into the troposphere, the stratosphere, the mesosphere, the thermosphere, and the exosphere, and the characteristic indices of each layer lie within a definite range. But adjacent atmospheric layers are always continually exchanging matter, and the height of the troposphere can differ greatly above different regions of the Earth’s surface (ranging from 8 to 12 kilometers). Hence levels are also changing.

The changeability of levels is also manifested in the mutual transformation of different levels under certain conditions or to a certain degree. The atmosphere, hydrosphere, lithosphere, and interior matter of the Earth are constantly and unceasingly in a state of mutual exchange and transformation. The Earth’s crust is a relatively stable sphere of the Earth’s surface, yet volcanic eruptions still transform matter from the Earth’s inner layers into part of the crust, while the motion of subducting plates in turn carries crustal matter down into the mantle. The metaphysical view of nature sees only the side of the stability and unchangingness of material levels. As Engels pointed out, in the natural science before the nineteenth century, the view that the natural world is “absolutely unchanging” impeded the further development of science. This view holds that the various levels of the natural world have, since their emergence, always kept their present appearance: the family of stars, the division of sea and land, mountain ranges and rivers, climatic zoning, the species of plants and animals, and so on, are all unchanging since time immemorial. This view has already been negated by the development of science. Many new disciplines have been established precisely by studying the connections and transformations among different natural levels, and this kind of “borderline discipline” is still continually emerging.


	The relationship between the absoluteness and the relativity of the division of levels.



Regarding the division of natural levels there are also two one-sided views: one holds that between the material systems of different natural levels there lies an insurmountable gulf, so that in dividing levels it can only be “either this or that”; the other regards the division of material levels as a simple quantitative dividing of one into two, failing to see qualitative differences. Because the division of any material level is based on some qualitative difference, the boundaries between different levels are definite. But in the quantitative transition between different levels, their boundaries are so indefinite that one can always find intermediate links that are “both this and that.” Therefore, the division of the levels of the natural world is both absolute and relative. Manifested in material form, levels are a unity of the continuous and the discontinuous. Any material level is a concrete form in which substance and field coexist, and the discontinuous levels of substance are always linked together through the continuous field.

Taken as a whole, hierarchy is a universal attribute of the material structure of the natural world. The dialectical conception of levels further holds that there are no absolutely unchanging levels. In the analytical stage of knowing the things of the natural world, it is necessary for us to give weight to examining the differences among the levels and their respective particularities, and at this time the connections between different levels may be temporarily severed; whereas in the stage of synthesis of the levels as a whole, one must take care to restore the connections and mediations inherent in the things of different levels and to grasp the unity of the natural world, because the hierarchical character is an expression of the unity of the diversity of the natural world.




Section 3 The Unity of Space, Time, and Matter

Dialectical-materialist philosophy holds that any part of the natural world, in its existence, motion, and development, must occupy a certain space and pass through a certain time. Space and time are forms of existence of matter. This shows both the objectivity of space and time and the unity of space, time, and matter. This scientific view of space and time, representing the modern level of the historical development of humanity’s conceptions of space and time, has been proved by more and more achievements of natural science.


I. A Historical Review of Conceptions of Space and Time

In ancient Chinese philosophy, the view of space and time and the view of the universe were treated almost as equivalent. The Huainanzi, “Qisu xun,” says: “The ancient past and the coming present are called zhou; the four quarters, above and below, are called yu.” Here is contained the idea of uniting the infinite material natural world, the universe, with time and space. The famous Song dynasty philosopher Zhang Zai held that there is no space in which there is nothing at all. “Knowing that the Great Void is qi, there is no ‘nothing.’” “Qi” is the continuous material form he described; the Great Void is both space and the form of existence of material substance. He maintained that matter and space are a unity. The ancient Greek atomists likewise maintained that matter can move only in space. Leucippus and Democritus held that the universe is composed of atoms and void, and that atoms move in the void. Hence being has two forms, one the “full” and the other the “void.” The Euclidean geometry that arose in the Alexandrian period is in fact an abstract expression of flat, straight two-dimensional space, and it had a relatively great influence on the later mechanical conception of space and time. The understanding of the relationship among space, time, and matter in ancient philosophy and natural science contained elements of naive materialism and dialectics, but lacked the foundation of experimental science.

With the emergence of modern natural science, people’s exploration of space and time advanced a step. In the seventeenth century, Newton, in his works, systematically expressed the metaphysical view of space and time, or the absolute view of space and time. Newton defined: “Absolute space, in its own nature, is unrelated to anything external and is forever the same and immovable.” And “Absolute, true, and mathematical time passes of itself, and by its own nature passes uniformly and unrelated to any other external thing.”4 Put in popular terms, in Newton’s view space is like a large empty box; whether objects are put into it or taken out, the nature of space is not affected. Time is like a uniformly flowing river, gone never to return; whether or not events occur, and whatever state of motion objects take, the nature of time is not affected.

Newton held that space is three-dimensional flat space, and that time is one-dimensional and identical for any frame of reference. Hence, the transformation between two frames of reference in mutual uniform rectilinear motion obeys the Galilean transformation. Suppose there are two coordinate systems S (x, y, z, t) and S′ (x′, y′, z′, t′), with S′ moving relative to system S along the x axis at speed V. At the instant t = 0 the origins of the two coordinate systems coincide, and at any instant t the relation between the two coordinate systems is

x′ = x − vt
y′ = y
z′ = z

The concrete space attached to these coordinate systems Newton called relative space, to distinguish it from absolute space, which is forever at rest and motionless.

Taken as a whole, Newton’s view of space and time acknowledges that space and time are objective, and recognizes that the various concrete spaces and times possess unity, thereby abstracting the concepts of space and time; this was a step forward in the development of humanity’s conceptions of space and time. However, Newton’s view of space and time has mechanical and metaphysical limitations, which are manifested in the following:


	Newton regarded space and time as mutually independent.


	The measurement of absolute space and absolute time is unrelated to the state of motion of objects. For example, in measuring the length of a moving train, the result obtained by a person on the train and by a person on the platform using the same ruler is the same.


	Absolute space and absolute time are unrelated to matter. Newton held that if matter disappeared, space and time themselves would still exist as the stage on which physical events are performed.




Because of these limitations, Newtonian mechanics encountered difficulties when applied to describing systems moving at high speed. Einstein put forward the special theory of relativity and the general theory of relativity and established the relativistic view of space and time, bringing about a major revolution in humanity’s conceptions of space and time.



II. The View of Space and Time in the Special Theory of Relativity and Its Philosophical Significance


	The proposal of the special theory of relativity:



At the end of the nineteenth century, classical electromagnetism discovered that light is a kind of electromagnetic wave. Newtonian mechanics holds that any wave motion can propagate only in a certain medium. At that time the medium that propagates light was called the “ether.” But according to the principles of Newtonian mechanics, to explain the high speed at which light moves in the “ether,” 3 × 10¹⁰ cm/s, the density of the “ether” medium would have to be extremely great, while at the same time it would also have to be very transparent and without resistance; this is obviously very contradictory, and it is the famous “ether crisis” of classical physics.

Furthermore, according to the “ether” theory, the “ether” is at rest relative to Newton’s absolute space. Suppose that, in accordance with the generally accepted Copernican “heliocentric theory,” the “ether” is at rest relative to the Sun; when the Earth revolves around the Sun, it then passes through the “ether ocean.” At this time, an observer on the Earth ought to be able to find some way to detect the “ether wind.” This is like the way that, on a windless day, when we travel forward in a vehicle we feel a wind blowing backward. By this reasoning, it was inferred that the “ether wind” on the Earth is opposite to the direction of the Earth’s motion. Experiments done by the nineteenth-century French physicist Fizeau showed that when light propagates in a medium at relative rest (such as water), the speed of light measured in all directions is equal; when light propagates in a medium flowing in a definite direction, the light propagating along the direction of the medium’s motion propagates somewhat faster owing to the dragging of the medium. (But the Fizeau experiment measured the speed of light propagating in water, so even the speed of light measured along the direction of the water’s flow is still less than the speed of light in a vacuum.) In this case, the speed of light propagating in different directions on the Earth’s surface should be different. In order to measure this difference in the speed of light, scientists carried out a series of experiments. The most refined among them was the experiment done by the American scientists Michelson and Morley, and the results all proved that when light propagates in a vacuum, its speed is equal in all directions. This amounted to a negation of the “ether hypothesis” built on the foundation of Newton’s absolute conception of space and time, and thereby created a difficulty that Newtonian mechanics could not resolve. For according to the Galilean transformation, imagine a train moving at speed v, and a lamp turned on aboard the train; seen from the train, the speed at which the light it emits propagates forward and backward is c. But in the view of a person on the ground, the speed of the light moving forward is c′ = c + v > c, and the speed of the light moving backward is c″ = c − v < c, which seems to accord with the habits of classical mechanics. But, the Michelson experiment precisely negated this point, confirming that c′ = c″ = c. It can be seen that, in the case of high-speed motion, the limitations of Newton’s view of space and time are very clearly exposed.

Einstein established the special theory of relativity by taking two basic postulates as his starting point:


	The special principle of relativity: all inertial frames of reference in mutual uniform rectilinear motion have equal status.


	The principle of the constancy of the speed of light: the speed of propagation of light in a vacuum is constant.




The first of the above basic postulates negates the existence of an absolutely stationary coordinate system belonging to a special position, which is a revolution in the mechanical view of space and time. Once these two postulates are granted, it can be deduced mathematically that the transformation between two coordinate systems in mutual uniform rectilinear motion is the Lorentz transformation, which passes over into the Galilean transformation only in the case v ≪ c. According to the Lorentz transformation, the distance between two points, when measured in inertial systems of different velocities, gives different results. Suppose the results obtained by measuring the same ruler in systems S and S′ are l and l′ respectively; then:

l′ = l √(1 − v²/c²) < l

This is called the Lorentz–FitzGerald contraction, that is, the length measured in a coordinate system with relative speed of motion v is smaller than the length measured in the coordinate system at relative rest. This is usually called the “length contraction effect.” By the same reasoning, the relation between the time intervals in the two coordinate systems can be obtained:

Δt′ = Δt / √(1 − v²/c²) > Δt

That is, the time interval lengthens and the rhythm of the clock slows. This is usually called the “clock slowing effect.”

According to the principle of the special theory of relativity and the principle of conservation of motion, the famous mass–energy relation E = mc² can be obtained, where E is the energy corresponding to an object of mass m. The correctness of this relation has been strongly confirmed by the success of the atomic fission reaction.

The special theory of relativity abandons Newton’s absolute view of space and time, and points out that the attributes of space and time are inseparably connected with the motion of objects, the speed of motion determining the results of the measurement of space and time. Space and time are also not isolated from each other; they constitute a unified “four-dimensional space-time” that mutually constrains and mutually interacts. This interconnected unity is expressed in mathematical quantitative form in the Lorentz transformation. This quantitative relation also shows that, although the measures of space and time are related to the state of motion of objects, the relativity of this measurement in no way indicates that space and time are subjective. Quite the contrary: since the motion of any object must obey certain objective laws, the relation between the measures of space-time and motion is also objective and not arbitrary. This relation is reflected in the form of the laws of physics and has been verified experimentally, which is a further proof of the objectivity of time and space.



III. The General Theory of Relativity and the Unity of Time, Space, and Matter

Einstein’s aim in establishing the general theory of relativity was to seek the unity of the laws of mechanics over a wider range, describing the motion of inertial systems and non-inertial systems with the same physical laws. This idea is expressed as the “general principle of relativity,” which is one of the basic postulates on which the general theory of relativity was established. Its other basic postulate is the “principle of equivalence,” that is, the view that the two basic kinds of force in Newtonian mechanics, gravitation and inertial force, are equivalent. This point can be understood through the following “thought experiment”: imagine that an astronaut in a spacecraft flying at uniform speed is in a state of weightlessness; when the spacecraft flies upward with an acceleration of 9.8 m/s², the change the astronaut feels is almost no different from returning to the gravitational field at the Earth’s surface. In fact, inside such a non-inertial system, the observer cannot distinguish these two states of motion, and hence gravitation and inertial force possess equivalence. From the above two basic postulates and the view of space and time of the special theory of relativity, one can draw the conclusion: the existence of the mass of matter, like non-inertial motion, can cause non-uniformity in the measures of space and time (that is, the “curvature effect” of space). Einstein used the corresponding mathematical means to derive the quantitative relation between the gravitational field and the effect of space curvature, and on this basis explained why, in the elliptical orbital revolution of Mercury in the gravitational field near the Sun, the gravitational effect causes the perihelion of Mercury’s orbit to undergo an observable precession. The calculated result agrees with actual observation. The general theory of relativity thus explained and cleared up this long-standing puzzle in astronomy. Einstein also calculated that, owing to the attraction of the Sun’s gravitational field on the light of background stars, light rays would reach the observer on the Earth along a slightly curved path. During a total solar eclipse, the image obtained of a background star hidden by the eclipse would have a position slightly deviating from the position at which the image of that star is photographed in the sky under ordinary conditions. Eddington and others successively made several such observations of total solar eclipses. Because of the considerable difficulty, errors arise easily. Most people still consider that the results agree fairly well with the calculations made from the inferences of the general theory of relativity.

In recent years, astronomers have observed a “double quasar,” two adjacent objects with similar spectra and equal redshifts. This is yet another confirmation of what the general theory of relativity predicted. Quasars are peculiar celestial bodies very far from the Milky Way. According to Hubble’s law, quasars with equal redshifts are equally distant from the Sun. Astronomers consider that a “double quasar” is not composed of two adjacent quasars, but is two images of one and the same quasar. As shown in the figure, when the light rays emitted by quasar A pass near a galaxy B of enormous mass, the light rays are bent by the gravitational effect, and an observer on the Earth will see two images A₁ and A₂ produced by the bent light rays; this kind of phenomenon is called the “gravitational lens effect.” This is exactly the phenomenon that Einstein had predicted at the outset.

[Figure, book p. 45: schematic of the gravitational lens effect. Quasar A at left; the massive galaxy B lies near the line of sight; light paths bend around B toward the observer at right, producing two apparent images labeled A₁ and A₂ (upper and lower dashed lines).]

The space-time effects of relativity are difficult to observe directly under ordinary circumstances. Precisely for this reason, the laws of Newtonian mechanics are sufficiently accurate where the mass of matter lies within the macroscopic range and the speed of motion is far less than the speed of light. Relativity reveals the unity of the natural world over a wider range. It not only achieves the unification of the laws of mechanics describing high-speed and low-speed motion in inertial systems, and the unification of the laws of mechanics describing inertial and non-inertial motion, but also proves a basic idea of the dialectical view of nature, namely: matter and motion are inseparable. The motion of matter must in turn take a certain space-time form; not only do space and time constrain the motion of matter, but the existence and mode of motion of matter in turn constrain the attributes of space-time. The properties of space and time are determined not only by the quantity of matter existing in them, but the measures of space and time also depend on the state of motion of matter. The space-time theory of relativity joins matter, motion, space, and time into a unity that is interconnected and mutually interacting.
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Chapter 3 The Dialectical Development of the Natural World


Section 1 The Evolution of the Universe and the Elements

The universe spoken of in modern astronomy refers to that part of the whole infinite universe which we can at present reach by observation; in fact it means the Metagalaxy, with a scale of 15 billion light-years and above. The use of this concept has been accepted by most natural scientists. The new discoveries of modern natural science have provided abundant evidence for the dialectical view of nature in depicting the laws of motion of the observable universe as a whole.


I. The Basic Picture of the Evolution of the Universe

Modern cosmology is a theory of the evolution and overall laws of motion of the Metagalaxy, built on Einstein’s principles of the general theory of relativity and on theories generally acknowledged to be mature in statistical thermodynamics and high-energy physics. Owing to the self-consistency of this theoretical system, the results it obtains from theoretical calculation are supported by a series of observational evidence, and it is therefore regarded as “standard cosmology.”

In 1929, the American astronomer Hubble, on the basis of the statistical regularity obtained from spectral observations of extragalactic galaxies, concluded that there is a proportional relation between the distance r of a galaxy from us and the amount z by which its spectral lines are shifted toward the red end:

z = (H₀ / c) r

H₀ is called the Hubble constant, and c is the speed of light. The most reasonable and at the same time simplest explanation of this phenomenon is, according to the principle of the Doppler effect in acoustics, to hold that, owing to the motion of the wave source itself away from the observer, the inherent frequency of the wave it emits is shifted toward the direction of low frequency . As far as light waves are concerned, the spectrum emitted by a receding light source is observed to become red. This phenomenon is called the redshift of the spectral lines of extragalactic galaxies. From this it is inferred that the universe we observe is at present expanding, and that its density in the past must have been greater than now. Tracing back through history, the universe must have evolved from matter in a superdense state. The expansion of the universe is an adiabatic expansion, and hence is a process in which the temperature continually falls as the volume expands; from this, the very early universe must have been in a state of high temperature and high density. The range of applicability of modern physical theory reaches, in temperature, to an absolute temperature of 10¹² degrees (T ≈ 10¹² K). The range of applicability of the general theory of relativity reaches, in the density of matter, to 10⁹⁴ g/cm³; such a high density occurs at about 10⁻⁴⁴ to 10⁻⁴³ seconds after the Big Bang. The evolution after this is roughly divided into three stages:


	The very early period (the hadron era and the lepton era)



When the temperature is above 10¹³ K, the four interaction forces now existing in the natural world are still one unified force. All matter exists in the state of isolated quarks, antiquarks, photons, and leptons, which are in a state of thermal equilibrium. When the temperature falls to 10¹² K, the four interactions separate, neutrinos radiate in large numbers, and the temperature continues to fall.


	The early period (the era of nucleosynthesis)



According to theoretical calculation, within 4 seconds after the explosion the temperature of the universe had already fallen below 5 × 10⁹ K; at this time protons and neutrons had already formed, and they could still be transformed into one another, and hence could not combine stably. Because positive and negative particles continually annihilated through collisions, a large amount of radiation was produced. At 3 minutes, the temperature fell to 10⁹ K. The protons, electrons, photons, and so on remaining after annihilation, composing a plasma and photons, were in a state of equilibrium, which was maintained until the temperature was 4 × 10³ K. After this, protons and neutrons could form stable atomic nuclei, at which time the number of protons was far greater than the number of neutrons. Neutrons first combined with protons to form deuterium (an isotope of hydrogen) nuclei; then these combined further into helium nuclei. Neutrons are unstable and cannot exist for long in the free state; when all the free neutrons had combined into hydrogen and helium, the number of these two kinds of atomic nuclei in the universe was in a ratio of about 3:1. This point is consistent with the abundance of hydrogen and helium in the composition of the material elements of the existing universe as confirmed by astronomical observation. The large amount of radiation produced in this stage lowered in temperature as the expansion process continued; this “microwave background radiation” is at present confirmed to be about 3 K, basically in agreement with the results of theoretical calculation.


	The formation of galaxies:



The material gas composed in the previous stage contracted into clumps through the action of self-gravitation, forming star clusters, galaxies, and stars. As to the concrete process by which matter clumped in this stage, present understanding is not yet unanimous, and it is also one of the difficult problems still remaining in cosmology.



II. The Evolution of Stars

The hydrogen and helium formed in the early evolution of the Metagalaxy are the main material components composing the first generation of stars. Primordial stellar matter gathered into clumps from a diffuse state, and in the course of contraction the temperature rose accordingly. When the “ignition temperature” necessary for thermonuclear reactions (about 10 million degrees) was reached, the star became a celestial body that emits light by itself. The evolution of a star passes through four stages:


	The primordial star stage:



The self-attraction of the primordial star makes it contract toward the center; in the course of contraction, gravitational potential energy is transformed into rotational kinetic energy and thermal energy, so that the primordial star rotates faster and its temperature rises.


	The main-sequence stage:



This is the relatively stable stage, lasting the longest and in the prime of its vigor, in a star’s life. The energy source that sustains the burning and luminosity of a main-sequence star is mainly the thermonuclear reaction in which four hydrogen nuclei fuse into one helium nucleus. Because the radiation pressure produced by hydrogen burning reaches a dynamic equilibrium, the density, luminosity, temperature, and other physical characteristics of the star in the main-sequence stage do not change greatly, relatively speaking. The Sun stays in this stage for about 10 billion years, of which 5 billion years have already been passed. The greater the mass of a star, the faster the burning rate and the higher the temperature; because the radiated energy is violent, in the main sequence stage the time of stay is instead the shorter. In the late main-sequence period, when the hydrogen in the core part has all been converted by burning into helium nuclei, the nuclear reaction at the center tends to cease. The outward radiation pressure from the center can no longer hold up the inward self-attraction, so the core of the star begins to contract, and the contraction causes gravitational potential energy to be transformed into heat once again; the central pressure and temperature rise again and can reach 100 million degrees. In the outer layer of the core a hydrogen–helium fusion reaction occurs, and in the core part there occurs a process of helium burning in which three helium nuclei fuse into one carbon nucleus. The enormous energy released by this simultaneous burning of hydrogen and helium causes the star’s body to expand sharply; because the expansion of volume consumes energy, the surface temperature of the star falls, and the light emitted is mainly red light. Such a red star, huge in volume and unstable in luminosity, is called a red giant. Evidently, at this time the star has already entered its late-life stage.


	The red giant stage



In helium burning, the chemical element carbon is formed. Three helium nuclei collide and combine into a carbon nucleus, emitting radiation at the same time:

3 ⁴₂He ⟶ ¹²₆C + γ

The carbon nucleus is a stable nucleus; after being formed it further undergoes fusion with a helium nucleus to become an oxygen nucleus:

¹²₆C + ⁴₂He ⟶ ¹⁶₈O + γ

The energy provided by these nuclear reactions can enable the red giant to be sustained for a period ranging from several million years to several hundred million years, and at last, after a supernova explosion, it enters its final years.


	The superdense star stage:



In the late period of a star’s life, a series of thermonuclear reactions must occur inside its core in order to provide energy further and sustain the star’s declining years like a candle in the wind. But the ignition temperatures required are higher and higher. For example, carbon burning after helium burning requires 600 million degrees, and oxygen burning requires 1 billion degrees. Thus, a star of relatively small mass cannot reach such a high temperature at its center, and the thermonuclear reactions will soon stop, so that it enters the white dwarf stage. A star of relatively large mass collapses and becomes a neutron star. For a star whose mass exceeds three times that of the Sun, the central part may collapse into a “black hole.” A black hole has an extremely great gravitational field, and matter of whatever form, such as particles, rays, fields, and so on , once they fall into the gravitational field of the black hole, will all be “eaten up.” But the increase of the black hole’s mass in turn creates conditions for its transformation in the opposite direction; in the end, it must still, in a renewed explosion, collapse completely and be transformed into diffuse matter, rejoining the new cycle of cosmic matter, only that this process of transformation is inconceivably long.

The picture of the evolution of a star’s whole life can be summarized as shown in the figure below:

Interstellar cloud → Primordial star → Main-sequence star → Red giant → [Supernova explosion] → White dwarf / Neutron star / Black hole
        ↑                                                                                               |
        └────────────────────  Second-generation interstellar matter  ←──────────────────────────────────┘

Figure: Schematic diagram of the main stages of stellar evolution.

The history of the evolution of the universe and of stars shows that the 94 naturally occurring elements of the natural world originated in the processes of the evolution of the universe and the evolution of stars. Among them, the two elements hydrogen and helium, which account for the absolute majority of the matter in the universe, were mainly formed in the early period of the evolution of the universe, while elements such as carbon, oxygen, and iron were synthesized from hydrogen and helium in the burning of stellar matter in the late period, and the still heavier elements are products of supernova explosions. From the analysis of the composition of the chemical elements of our Earth and of the whole solar system, especially the content of heavy elements, it can be inferred that the Sun very probably belongs to the second generation of stars since the beginning of the evolution of the universe.



III. The Mechanism of Evolution

Concerning the structure and evolution of the observable universe, there have been various models and hypotheses. For example, the hierarchical universe model holds that the universe is constituted by celestial bodies and clusters of celestial bodies of different ranks extending without limit. The steady-state universe model holds that the universe is stable and unchanging over a large range, and that matter maintains isotropy in its spatial distribution, although continually expanding outward, atoms are continually created out of the “void” at a certain rate to make up for the effect caused by the expansion. Although these models and hypotheses can explain certain features of the structure and motion of the Metagalaxy, all of them have serious contradictions and insurmountable difficulties. The hierarchical universe model sees only the mechanical motion of celestial bodies and the phenomenon of clumping at certain scales, and carries a coloring of mechanism. Although the steady-state universe model explains the expansion of the universe and the isotropy of the distribution of matter on a large scale, the doctrine of “atomic creation” that it supposes is completely lacking in scientific basis. The overwhelming majority of astronomers hold a negative attitude toward it. By comparison, although the hot Big Bang universe model is still not exact enough in some of the terms it uses, and its theoretical description of the very early period of the Metagalaxy and the stage of galaxy formation still lacks the necessary observational information as a basis, on the whole its basic idea contains reasonable dialectical elements. First, this theory, on the basis of the new evidence obtained from modern astronomical observation and by applying the most mature theories of modern physics, depicts the history of the observable universe as a dynamic picture of evolution driven by the contradictions contained within it. This evolutionary process is not a mere change in quantity or a mechanical displacement of position, but a process that passes through a variety of violent transformations from quantity to quality. That such a complex and long natural picture is brought to unity and harmony is regarded as a miracle in the history of science. Second, the attraction of this theory lies also in the fact that it depicts the evolution of the elements in the microscopic world and the evolution of celestial bodies in the cosmic world as one unified process, not only explaining well the unity of the material basis of the natural world, but also, from the process of historical evolution, explaining the quantitative relations in the distribution of the existing elements of the universe, and revealing the connection between particles and the universe. Third, the inferences made according to this theory have obtained further confirmation from observation.

Modern cosmology holds that any concrete cosmic celestial body has a process of emergence, development, aging, and extinction. Although the period of this process is astonishingly long, relative to the infinite universe and the still longer great cycle of the natural world it is still a relatively brief process. In these evolutionary cycles, transformation of the elements is simultaneously accompanied by cycling. Under certain conditions, quarks can compose hadrons, hadrons compose atomic nuclei, and atomic nuclei and electrons compose the atoms of the various elements; in a certain part of the universe (for example, on our Earth) atoms can further compose molecules and new forms of matter more highly ordered in structure and qualitatively leaping in function, such as organic matter and living things, up to humanity. Conversely, under other conditions, a celestial body may also, in a supernova explosion, cast its outer shell into space and transform it once more into diffuse nebular matter or interstellar dust, while the various elements in its inner core must also be reunified in the “remains” of the star at the end of its life, for example returned to the simply degenerate neutron state in a neutron star or to the unknown superdense state of matter in a black hole. In short, this is a natural cycle of a series of negations of negations.

Engels pointed out: “The basic form of all motion is approach and separation, contraction and expansion — in a word, the ancient polar opposition of attraction and repulsion.”1 Modern cosmology depicts every part of the universe as in the eternal motion of ceaseless contraction and expansion, approach and separation, and in this it has found, in the interaction of matter, the ultimate cause of the evolution of the natural world. Whether the medieval theory of the creation of the world by God, Newton’s eighteenth-century “first impulse,” or Clausius’s nineteenth-century “heat death of the universe,” these idealist and metaphysical conceptions of the universe all lose their ground here.




Section 2 The Evolution of the Earth

The primordial Earth was produced in the process of the formation and evolution of the solar system. The Sun is a main-sequence star of medium mass, around which there are nine planets and many minor planets, the Earth being one of the planets. The Sun has existed for about 5 billion years. The age of the Earth measured by the method of geochronology is about 4.6 billion years, from this it is inferred that they were basically produced at the same time.


I. The Process of the Evolution of the Earth

The evolution of the Earth can be divided into two major stages.


	The astronomical period



In the process of the formation of the solar system, the nebular matter composing the Earth gathered in a ring on the equatorial plane of the solar nebular disk, at a position relatively close to the Sun. When the nebular matter reached a certain density, it gradually contracted under the action of self-gravitation into an Earth embryo and continually attracted the matter around it, revolving around the Sun in a stable elliptical orbit at a mean distance of 150 million kilometers from the Sun.

The first stage of the evolution of the primordial Earth was the process of the differentiation and formation of its spheres. The early Earth was a simple unified body, with all kinds of matter in a chaotic state; owing to rotation and gravitational contraction, gravitational potential energy was transformed into heat. At the same time, the heat produced by the decay of radioactive elements in the Earth’s matter accumulated inside the Earth and the temperature rose, so that the Earth’s matter was in a molten state and underwent differentiation: light elements such as silicon and aluminum floated upward, while heavy elements such as iron and nickel sank downward. After the gravitational contraction ceased, the Earth’s surface cooled and condensed into a crust. Water vapor and gases such as CO, CO₂, and NH₃ released by the Earth’s matter in the course of high-temperature reactions mixed to form the primordial atmosphere. About 4 billion years ago, oceans formed on the Earth’s surface. After several hundred million years of evolution, there formed on the Earth’s surface an atmosphere averaging three thousand kilometers in thickness and a hydrosphere averaging more than two thousand meters in depth. The relatively hard crust of the Earth’s surface has an average thickness of 33 kilometers. Below the crust is the relatively soft matter of the mantle, with a thickness of 2,900 kilometers. The radius of the Earth’s core is about 4,370 kilometers, and it is in a red-hot fluid state. With the end of the astronomical period, the evolution and motion of the Earth still continue, and this period is called the geological period.


	The geological period



The Earth in the geological period is still very active. Volcanic eruptions and earthquakes are still very frequent, and the crust also undergoes large-scale vertical and horizontal movements, causing changes of sea and land and the succession of strata.


	Vertical movements of the crust: In the history of geological ages there have been many “orogenic movements” (mountain-building movements). Among them, those for which there is reliable information include the Caledonian movement of 400 million years ago, which occurred in the early Paleozoic, formed the ancient mountain systems of Northern Europe, and affected such mountain systems of our country as the Qilian Mountains and the Nanling. The Hercynian movement (or Variscan movement) of the late Paleozoic, 270 to 225 million years ago, formed our country’s Tianshan and Altai Mountains, the Ural Mountains of Europe and Asia, the Appalachian Mountains of North America, and other mountain ranges. From 180 to 70 million years ago, in the Mesozoic and Cenozoic, the Alpine movement occurred, affecting the Alps, the Himalayas, and both shores of the Pacific. In the Cenozoic, 40 million years ago, from the Mediterranean coast of Europe to Indonesia, the strata underwent intense folding and uplift, and are still intensely active today. The vertical movements of the crust involve not only the uplift of mountain ranges but also the subsidence of sea and land; it is truly “several vicissitudes of mulberry fields turning into sea.”


	Horizontal movements of the crust: The above vertical movements of the crust cannot possibly proceed in isolation; they must be connected with horizontal movements. Modern geological theory holds that the present state of the continents and oceans on the Earth is the result of the movement and evolution of the crust over several hundred million years. A series of evidence shows that after the Carboniferous period, 200 million years ago, what is now the continent of North America was joined with the continents of Asia and Europe, called the Laurasian continent; South America, Africa, Australia, Antarctica, and India composed the Gondwana continent, which was connected with the Laurasian continent, so that the whole world was in fact one continent, called collectively Pangaea. After 20 million years of horizontal movement, the Laurasian continent and the Gondwana continent separated. After several tens of millions of years more, Antarctica and Australia broke away, and India drew close to the Eurasian continent; by 135 million years ago, all the present continents had already separated, and they are still moving to this day.


	Climatic fluctuations in the geological period: Global climatic fluctuations in the geological period formed alternating changes of cold and warmth; the relatively cold periods are called “ice ages.” The glaciers formed in the ice ages influenced the landforms and left characteristic traces in the strata. Among them, the relatively distinct ice ages number three, and between each two ice ages there are in turn several interglacial (sub-ice) periods. A great global ice age appeared 600 million years ago; an ice age occurred in the Southern Hemisphere in the Carboniferous, 200 to 300 million years ago. The most recent ice age occurred 2 million years ago, that is, the Quaternary ice age. During an ice age, air temperatures generally fell, and precipitation covered cold regions in the form of ice and snow, causing the sea level to fall, so that some continental shelves were exposed and straits were joined into land bridges. With the coming of an interglacial period, the climate turned warm and the sea level returned to its original level. This change had an important influence on the evolution of the ecology of the Earth’s surface. Whether in an ice age or an interglacial period, the global climate still shows periodic changes of cold and warmth.




Today’s Earth is still in the prime of life of its whole evolutionary history, and is still full of vitality. But after several more billion years, when the Sun moves toward old age, it will become a red giant whose volume expands enough to include the whole of the Earth’s orbit, and the Earth will be enveloped by the Sun’s high-temperature gas, negated by a new unity, ending its life. Although this outcome is extremely remote, it is unavoidable. Of course, the end of the Earth’s life that we speak of is entirely different from the end of the world preached by religious theology. The dialectical-materialist view of nature holds that what appears to be annihilated in one place must certainly be born again in some way in another place, and that the motion and transformation of the natural world are infinite.



II. The Mechanism and Motive Force of the Evolution of the Earth

Concerning the mechanism and motive force of the motion of the Earth’s surface, and especially of the crustal movements involved in the geological period, there have been disputes among a variety of different theories.


	On the cause of the formation of rocks: the dispute between Neptunism and Plutonism.



The leader of “Neptunism” was the German geologist Werner (1750–1817). He held that in the early period of the Earth’s formation its surface was entirely covered by a primordial ocean, and the minerals in the seawater dissolved and then precipitated. Among these dissolved substances, what separated out first was a very thick layer of granite, which was spread over the Earth’s “core,” and afterward layer upon layer of crystalline rock was deposited; these were the “primitive strata,” and they are the oldest rocks on the Earth. As for basalt, they held that it was ash burned from sediments through the catching fire of underground coal seams, and not a lava flow. From the latter half of the eighteenth century to the beginning of the nineteenth century, “Neptunism” occupied a dominant position in the theory of geological science.

The leader of “Plutonism” was the British geologist Hutton (1726–1797). He held that granite, composed of the crystals of many minerals including quartz, could not be minerals crystallized out of an aqueous solution of mineral matter, but was a crystalline rock body formed by the cooling of a high-temperature melt. Afterward the American geologist Hall was inspired by the slow cooling of glass; he obtained some lava from the craters of Vesuvius and Etna, melted it in the blast furnace of an ironworks, and then let it cool slowly, and obtained crystals like basalt; this simulation experiment was very successful. Later geologists traced back from basalt discovered in ore, and finally found the volcanic crater, proving that basalt is indeed a kind of igneous rock. In fact, the rocks of the Earth include both aqueous rocks and igneous rocks.


	On the mode of evolution: the dispute between catastrophism and gradualism.



At the end of the eighteenth century, the French naturalist Cuvier put forward the “catastrophe theory” of the evolution of the Earth. He held that the changes in the Earth’s history were caused by enormous catastrophes brought about by very powerful forces on many occasions. With each catastrophe there occurred the rise of new mountain ranges and the sinking of old ones, so that the organisms of the Earth were annihilated. After that, the Earth entered a period of calm, and a new batch of organisms entirely different from the former ones was produced anew. In the middle of the nineteenth century, Lyell put forward “gradualism,” maintaining: 1. that changes on the Earth’s surface are the result of the long-term action of various natural forces; 2. that the rising and sinking of the crust are the result of the motion of the Earth; 3. that the differences in structure between older and newer rocks were caused by history. Gradualism regards the geological movements on the Earth as a process of development and change, and attributes the motive force of this evolution to causes within nature itself; this dialectical understanding is a great advance in geology. “Only Lyell first brought reason into geology, for he replaced the sudden revolutions arising from the whim of the Creator with the gradual action of the slow transformation of the Earth.”2 But gradualism regards the evolution of the Earth as the repetition of one and the same mode of motion, and denies that there are relatively violent and relatively calm stages; this too is one-sided.


	On the mechanism of crustal movement: the dispute between fixism and mobilism.



“Fixism” holds that the crust has only rises and falls in the vertical direction, and no large-scale movement in the horizontal direction. The “geosyncline–platform theory” put forward in the nineteenth century by such people as the French geologist Haug and the American geologist Dana maintained that the platform (or continental platform) is a relatively stable region on the crust, while the geosyncline is a strongly depressed part in which there are very thick sediments and in which intense folding is formed. At the beginning of the twentieth century, the German geologist and meteorologist Wegener put forward the hypothesis of “continental drift.” This “mobilist” view of the crust developed very rapidly in geology after the 1950s. Owing to the development of paleomagnetism, the restoration of the continents to the same geomagnetic pole according to the remanent magnetic directions of the ancient crust proved that the ancient continents did indeed have large-scale horizontal movement. This point is consistent with the evidence obtained from the comparison of the shapes of the continental coastlines and from the comparison of ancient animal fossils and stratigraphic structures. In order to explain the motive force of continental drift, in 1928 the British geologist Holmes put forward the “mantle convection theory,” holding that the thermal convection of the matter of the mantle pushes the hard crust into drifting. In the 1960s, the American scholar Hess put forward the “theory of sea-floor spreading.” He called his own doctrine “a poem of the Earth,” to show that his doctrine was rich in bold imagination. The “theory of sea-floor spreading” holds that the upwelling of mantle matter at the mid-ocean ridges pushes the oceanic crust apart toward both sides of the ridges, causing the spreading of the sea floor and the drifting of the continents. Afterward, the “theory of plate tectonics” in turn regarded the crust as composed of a number of relatively moving integral plates, between each of which the interaction is closely connected with a series of geological phenomena on the Earth’s surface. The successes of these doctrines lie in the fact that they uniformly explain the organic connections among the distributions of volcanoes, seismic belts, mountain systems, island arcs, and ocean trenches on the Earth, and predicted that at the mid-ocean ridges in the oceans, owing to the upwelling of mantle matter, there should be more geothermal flow and relatively young strata, and moreover that the age of newly formed strata should become somewhat older with increasing distance from the mid-ocean ridge. Deep-sea surveys and deep-sea drilling have confirmed that the inferences of the theory of sea-floor spreading accord with the facts. As for why the matter of the mantle should form convective motion, so that it rises in some places and sinks in others, this can be explained by the ordered honeycomb structure formed by Bénard convection in fluid mechanics. In addition, geologists have applied plate theory to prospecting for ore and have also achieved some successes. Hence “mobilism” is regarded as a modern geological theory with very good prospects for development.

Our country’s geologist Li Siguang used changes in the speed of the Earth’s rotation to explain the motive force of crustal movement; the “geomechanics” and the theory of geological structure that he founded once made important contributions to petroleum geological exploration in our country.

The history of the Earth’s evolution revealed by the development of geology shows that the Earth has been in motion and change throughout the 4.6 billion years since its formation, and that the motive force of its motion comes mainly from the contradictions within the Earth. These include: the interaction among the core, the mantle, and the crust; the interaction between the vertical motion and the horizontal motion of crustal matter; the interaction of oceans and land, and the action among the various relatively fixed parts of the crust, and so on. These interactions generally develop from inconspicuous, gradual accumulation of quantity to conspicuous motion of a sudden-change kind. The alternation of these two states of motion has a certain periodicity. Besides the interaction among the various parts of the Earth itself, the Sun’s gravitation and the Sun’s periodic activity, and the Moon’s tide-raising force, also produce influences of different degrees on the activity of the Earth. The different schools in geology all lean toward examining and describing the evolution of the Earth from one particular aspect, but all of these understandings still remain to be deepened and unified.




Section 3 The Origin of Life and the Evolution of Organisms

The biosphere on the Earth is the product of the long-term development and evolution of the Earth’s matter. In this sense, the origin of life on the Earth and the evolution of organisms are a component part of the chain of the Earth’s evolution. But viewed from the whole evolutionary series of the natural world, the emergence and development of the material forms of life belong to a higher stage compared with the natural environment in which they live. Hence the process of the evolution of life has a more complex evolutionary picture and a very special mechanism.


I. The Origin of Life


	The material basis of life



The progress of modern biology and chemistry has provided abundant grounds for scientifically answering the riddle of the origin of life. The basic unit of life is the cell. The substances composing the cell are of many kinds: proteins, nucleic acids, carbohydrates, lipids, water, and so on. But the most important components are proteins and nucleic acids. Proteins are high-molecular organic compounds composed of amino acids. In a living body there are many kinds of proteins, differing in structure and function. Nucleic acids are mainly of two kinds: one is ribonucleic acid (RNA), which contains oxygen in its molecule, and the other is deoxyribonucleic acid (DNA), which does not contain oxygen in its molecule. Molecular biology has found that DNA is the carrier of the genetic information that gives life its capacity for self-replication. In the 1950s of this century, Watson, Crick, and others discovered that the DNA molecule has a double-helix structure. Later it was further made clear that its molecule is composed of phosphoric acid forming the “sides of a ladder,” with four different bases pairing to form the “rungs,” and the long chain of this “ladder” is in turn twisted into a spiral. The so-called “genetic information” is contained in the variation of the order in which the base molecules pair. The normal DNA molecule has the function of issuing instructions to “messenger RNA,” and the messenger RNA selects the various amino acids needed to make protein molecules and assembles them into protein molecules. When necessary, the DNA molecule itself can also replicate itself. This function of biological macromolecules dispels the mystery of the “vital force,” showing that it exists in the motion and transformation of the matter of the natural world.


	The basic course of the evolution of living matter



Judging from the chemical composition of the macromolecules of living matter, they are mainly composed of the elements carbon (C), hydrogen (H), oxygen (O), nitrogen (N), sulfur (S), and so on. These elements existed in large quantities, in the form of inorganic compounds, in the atmosphere and soil of the primordial Earth. There was no free oxygen in the primordial atmosphere, and the ozone layer had not yet formed. Solar ultraviolet light shone directly onto the ground, and together with radiation and lightning, created an environment favorable to the formation of organic compounds. In fact, some organic compounds exist even in present interstellar matter. After a long period of action, a variety of amino acids, nucleotides, simple sugars, and organic phosphorus compounds were formed. This possibility was confirmed by the simulation experiments done in the 1950s by the American scholar Miller. These organic molecules fell to the ground with rain and gathered in the water, and precipitated in the primordial ocean or in lakes; on reaching a certain concentration, it became possible to synthesize larger organic molecules, especially proteins and nucleic acids. Proteins with different functions aggregated together and might gradually evolve into proteinaceous bodies with the characteristics of life. Some simulation experiments carried out by the American biochemist Fox proved that amino acids may also polymerize into protein-like macromolecules in the dry, hot volcanic ash on land, and then be washed into water to form “microspheres,” which already show certain characteristics of life and already possess the basic conditions for evolving into primitive life. 3.2 billion years ago, the earliest life on the Earth, microorganisms, appeared.

The evolutionary process of the origin of life can be briefly summarized as in the figure:

Inorganic small molecules        Organic small molecules         Biological macromolecules        Multimolecular systems                Primitive life
(the primordial atmosphere  →    (amino-acid small molecules,  → (protein macromolecules,     →   (relations formed among proteins,  →   contains methane, ammonia,       nucleotide small molecules)     nucleic-acid macromolecules)     nucleic acids, and other hydrogen, nitrogen, water,                                                                        necessary substances) carbon dioxide, etc.)


	A discussion of the origin of life



How did life originate? This question has also long been in dispute. The focus of the dispute is concentrated on two questions. First, was primitive life foreign in origin, or did it arise from the Earth? Second, has life always existed, or is it a product of the natural world’s development to a certain stage?

The theory of the extraterrestrial origin of life holds that life on the Earth reproduced and developed from “cosmic germs” from space falling onto the Earth. Although some people still adhere to this doctrine today, not much scientific basis has been found for it. Most scientists maintain that life on the Earth originated on the Earth. Those who hold this view have also passed through a tortuous process of understanding regarding the mechanism of the origin of life. Before the nineteenth century, when experiments in biological science were relatively backward, people’s understanding of the origin of life inevitably had the nature of conjecture. The “theory of spontaneous generation” held that life arises directly and naturally from nonliving matter. The ancient Chinese had the sayings “rotting meat generates maggots” and “withered grass turns into fireflies.” The ancient Greeks held that frogs could be born from mud. As late as the seventeenth century, the Belgian scientist Van Helmont maintained that if ragged clothes and wheat were put together, after a period of time mice could grow out of them naturally. The “theory of spontaneous generation,” also called the “theory of abiogenesis,” although it contains the conjecture that “life comes from nonliving matter,” is in essence different from the scientific theory of the origin of life. In the nineteenth century the famous French biologist Pasteur proved by experiment that only a broth contaminated with bacteria would breed bacteria and make the broth spoil. Hence he advocated “biogenesis” and declared that “life can only come from life.” Pasteur’s experiments forcefully refuted “abiogenesis,” but he recognized only the relation of transformation of living bodies at one link, and did not solve the problem of the origin of the whole chain of the evolution of life.

Engels for the first time correctly elucidated the essence of life from the height of philosophy. “Life is the mode of existence of albuminous bodies, and this mode of existence consists essentially in the continual self-renewal of the chemical constituents of these albuminous bodies.”3 Engels was the first to determine life as a special form of manifestation of the motion of matter, and its important significance lies in the following: first, it pointed out that the material basis of the motion of life is the albuminous body (protein body). Second, it made clear that the most fundamental characteristic of the material form of motion of life lies in the continual self-renewal of the albuminous body. Third, it made clear that the special material form of motion of life is closely connected with chemical motion. Therefore, in exploring the question of the origin of life, Engels put forward the valuable scientific foresight of synthesizing proteins by artificial methods. Up to now, what natural science can affirm is that the origin of life was realized by a chemical route. Since the twentieth century, the rise of biochemistry, and especially the development of protein chemistry, has made it possible for biochemists to put forward more concrete hypotheses to explore the evolutionary process of living matter. Some have proposed that the simplest life may have been self-catalyzing molecules. Provided that the time is long enough, in the primordial ocean molecules possessing metabolic, regulatory, and emergent attributes can be produced through the interaction of atoms and molecules. In 1924 the Soviet biochemist Oparin and others put forward the hypothesis of “chemical evolution.” He held that, under the conditions of the primordial Earth, after a long span of years, nonliving matter could first combine into a kind of protein-like “coacervate.” Since the 1950s, artificial synthesis of proteins and nucleic acids has continually made new progress. These achievements all confirm the correctness of the principled foresight of Engels.



II. The Evolution of Organisms

The evolution of organisms is the continuation of the process of life’s evolution and development to a higher level.


	The basic course of the evolution of organisms




	From the primitive form of life to the cellular form: Life in its primitive form, whether coacervates or microspheres, had not yet a stable form and did not have an independent nutritive capacity. It could maintain itself only by assimilating the various organic substances accumulated in the surrounding environment. Later, the atmosphere of the primordial Earth began to form an ozone layer, and part of the ultraviolet irradiation was absorbed by the ozone layer; this environment was no longer favorable to the direct synthesis of organic matter, and the sources of energy for primitive life decreased, which impelled primitive life to develop its own mitochondrial organization, which contained chlorophyll and was able to carry out photosynthesis. After primitive life had passed through such a long evolution, owing to the selection and elimination of natural conditions, those individuals whose internal proteins had a stronger adaptive function survived and could multiply through their own division. In order to resist the pressure of environments unfavorable to survival, they gradually formed protective membranes around themselves. This was the rudimentary form of the primitive cell.


	The evolution from primitive cellular organisms to eukaryotic cellular organisms: The primitive cell is an anucleate cell, also called a prokaryotic cell; its structure is relatively simple, and its level of cellular differentiation is low. With the increase in the degree of differentiation of internal structure and function, the cell nucleus became relatively independent and became the carrier of the genetic material, and the cytoplasm became the center of metabolism. The evolution from the primitive cell to the eukaryotic cell was a leap in evolution toward higher biological forms. Higher multicellular organisms are all eukaryotic cellular organisms, while all prokaryotic organisms have always remained at the primitive stage.


	The evolution from unicellular organisms to multicellular organisms: After eukaryotic cellular organisms appeared, there gradually differentiated two classes of organisms with different modes of life, primitive animals and plants. The earliest eukaryotic cellular organisms may have combined the two functions of autotrophy and heterotrophy. For example, they could both carry out photosynthesis to synthesize organic matter directly and assimilate other cells. But when these two functions were unbalanced, the differentiation of animals and plants would occur: in one part the autotrophic function developed and the heterotrophic function receded, and they differentiated into plants; in another class the autotrophic function receded and the heterotrophic function strengthened, and being able to swim about in water, they differentiated into animals; several eukaryotic cellular organisms with functional tendencies different from one another might gather together, each developing its own strong point in function, and after a certain period of evolution, some multicellular combinations would become stable.


	The evolution of biological lineages: Owing to the continual evolution of the functions and structures of organisms, the adaptability of multicellular organisms to the surrounding environment also became ever more perfect. Owing to changes in natural conditions on the Earth and the contradictory action within the organisms’ bodies, the structure and function of organisms changed. Plants developed in the evolutionary direction of bacteria and algae → bryophytes → pteridophytes → gymnosperms → angiosperms. Animals developed in the direction from invertebrates to vertebrates, and from aquatic to terrestrial life. The appearance of the vertebral column was a great leap in the evolution of animals toward higher animals. Because vertebrates had a complete central nervous system, their capacity to perceive information from the outside world and to give feedback was strengthened, and they could adapt better to the environment. This branch developed in the direction of fishes, amphibians, and reptiles, and then differentiated into birds and mammals. Mammals are the highest animals. Humanity evolved from a branch of the mammals.





	The motive force of the evolution of organisms



The study of biological evolution as a scientific problem began with the evolutionists in biology. In the eighteenth century the French naturalists Buffon and Lamarck both put forward the idea of biological evolution. Lamarck’s thought had a great influence on later evolutionary theory. He held that when organisms are acted on by the environment and their habits of life are changed, this can cause changes in the corresponding organs, and that the acquired characters thus obtained can be passed on to descendants. The defect of this doctrine is that it simplified the mechanism by which hereditary characters are acquired. Darwin’s theory of evolution attributed the leading force of biological evolution to natural selection. Because Darwin used a great quantity of observational and experimental results to demonstrate his theory of evolution, his summation of the laws of biological evolution truly reached the level of modern science, dealing a heavy blow to the metaphysical doctrine of the immutability of species and to idealist creationism. On the whole, Darwinism mainly seeks the fundamental motive force of evolution from the action of the external environment.

Modern molecular biology studies the mechanism of biological evolution from the microscopic molecular level, holding especially that mutations in the structure of biological macromolecules such as nucleic acids cause variation in the macroscopic characters of organisms. Modern Darwinists have absorbed some of the achievements of molecular genetics and hold that mutations of hereditary genes and chromosomal aberrations are the material basis of evolution. Owing to the combined action of changes in the environment, the height of the mutation rate, the intensity of selection, and hybrid-vigor factors, the differentiation of biological populations under geographical isolation is promoted, so that new species continually appear. This evolutionary doctrine is also called the “synthetic theory of evolution.”

Non-Darwinists, on the basis of certain other facts, have given very different explanations of the mechanism and motive force of biological evolution. Molecular biology has found that the serial relationships in which animals developed in the history of evolution have a startling connection with the differences in the structure of their protein molecules. Comparing the hemoglobin molecules of humans and of animals such as the horse, mouse, chicken, lizard, carp, and shark, it was found that, on the α peptide chain composed of 141 amino acids in all, the numbers of amino acid molecules that are arranged differently are, respectively, 16, 18, 35, 62, 68, and 79. It can be seen that the numbers of differences in amino acids on the α peptide chain of the hemoglobin molecules of the above animals and humans are precisely a reflection of the order in time of the branching of their lines in the history of evolution. Similar relationships can also be found from comparisons of the structure of other protein molecules. This seems to indicate that only through the cell’s molecules can the secret of biological evolution be found. Research in molecular biology has also found that organisms have a constant speed of evolution at the molecular level, with no clear sign of being swayed by the environment. For example, the 23 different amino-acid positions on the α peptide chain of the hemoglobin molecules of humans and dogs make up 16% of the total number of amino acids on the α peptide chain; if humans and dogs evolved in the history of evolution from a common ancestor that divided and evolved in different directions, then for each of the two 8% of the positions evolved in its own direction. It is inferred from fossil research that humans and dogs branched apart about 80 million years ago, which means that 1% of the amino-acid positions evolve every 10 million years. Studying the speed of evolution of the amino acids on the α peptide chain of the hemoglobin molecules of various animals, it is found that this speed of evolution is roughly the same in all animals, and this is something that the environmental determinism of Darwinism cannot explain. The speeds of evolution of different kinds of protein molecules differ from one another; for example, for every 1% of amino-acid positions evolved, fibrin takes 1.1 million years and insulin 25 million years, and so on. The theory of molecular evolution also explains what Darwinism found difficult another problem: why organisms called “living fossils,” such as elephant sharks, sea urchins, and sharks, have for more than 200 million years shown no change in biological characters. Research has found that this is because the positions of their molecular evolution do not occur at the places that change the arrangement of amino acids, and hence cannot cause variation of species. Non-Darwinists use “neutral mutation” and “genetic drift” to explain the cause of biological evolution, which differs greatly from Darwinism in philosophical viewpoint. Although understanding of the problem of the motive force of biological evolution is still not sufficiently unified, it has undoubtedly been gradually deepening.

Taken as a whole, we should, from the aspect of the unity of the microscopic and the macroscopic, come to know the motive force of biological evolution from the interaction of internal causes and external causes. For whether it is the mutation of molecular structure at the microscopic level or the change of the macroscopic characters of organisms, both are objectively existing facts. The internal connection between these two aspects remains to be further revealed. How does the “natural selection” of the environment come to act through evolution at the molecular level? With the development of biology, this understanding will be raised to a new stage.




Section 4 Human Evolution

The origin and development of humanity is the highest stage in the history of natural evolution. The evolution from the ancient ape to humanity can also be regarded as the continuation of the whole chain of biological evolution; the internal mechanism of evolution has commonality with the evolution of organisms, but also has special motive forces.


I. From Ancient Ape to Human

About 30 million years ago, from the primitive primates there evolved a kind of ancient ape living in the forests; they were the ancestors of our humanity. In their developmental series, they were much earlier than modern primates such as the chimpanzee, the gorilla, and the gibbons. The limbs of the ancient ape began to have differentiation, the forelimbs being used for gathering food. This vertical posture of the body promoted changes in their bodily form, and their movements became more agile. In the early Miocene, about 20 million years ago, owing to changes in landforms and climate throughout the world, the varieties of plants evolved and changed, which promoted the differentiation of the forest apes. 14 million years ago, one branch of the forest apes, Proconsul (that is, a kind of ancient ape earlier in degree of evolution than a chimpanzee named Consul in the London Zoo), differentiated into Sivapithecus and Ramapithecus, of which Ramapithecus was the direct ancestor of humanity. Ramapithecus lived from 14 to 8 million years ago; they had already come down from the trees to live on the ground, which promoted the further differentiation of the upper and lower limbs, and they learned to walk upright. Fossil excavations and research show that Ramapithecus was already able to use natural tools for defense and hunting, for example using stones to smash open the bones of animals; traces of smashing and cracking were seen on the fossil skeletons of animals in the living zone of Ramapithecus discovered at the same time. A branch of Ramapithecus, the southern ape (Australopithecus, abbreviated “the southern ape”), evolved further toward humanity. The Australopithecines lived from 5 million to 1 million years ago. Inferred from the shape of the skeleton, the Australopithecines were already upright and good at running, and used natural tools. The Australopithecines used branches and stones more often than the apes before them to pick fruit and dig tubers, engaging in “useful” labor of an instinctive nature. In this long process of using natural tools, some ancient apes discovered that stones with a cutting edge worked better, and so tried to use stones to make stone tools. When this activity advanced from the unconscious stage to the conscious stage, the leap from ape to human, marked by the making of tools, was realized. From the unconscious, instinctive use of natural tools to learning to make tools consciously took about 10 million years.

The earliest ape-men were discovered in Tanzania and Ethiopia in East Africa, and lived more than 3 million years ago. At this time the morphological structure of the ape-man’s leg bones no longer differed greatly from that of modern humans, proving that they could already walk normally. Moreover, inferred from the shape and structure of the skull, these ape-men already had consciousness and a primitive “language.” In Yang County, Hebei Province, in our country, stone tools and bone tools made by ape-men have been discovered, dating to more than 2.5 million years ago. Inferred from the level of manufacture and the richness of the tools , the ape-men living at that time already had a certain social organization and fairly rich hunting experience. In Yunnan Province the dwelling site of Yuanmou ape-man of 1.75 million years ago was discovered, and traces of the use of fire have already been found. These are the earliest ape-men known to have used fire. The use of fire was another major invention of humanity after the invention of stone tools; it meant that humans had shed the animal instinct of fleeing from fire, passing from fear of nature to the use of natural energy, so that natural energy for the first time became one of the means of humanity’s “liberation.” The use of fire enabled humans to eat cooked food, thereby raising the quality of food and enriching nutrition, which has great significance for strengthening physique and promoting the development of the brain. Fire could be used for illumination, for keeping out the cold, and for hunting, giving humanity yet another new means of survival and development.

After more than 2 million years of evolution, the early ape-men reached the stage of the late ape-men. The late ape-men lived roughly from 500,000 to 1,000,000 years ago, and were distributed over the continents of Europe, Asia, and Africa. The famous Peking Man discovered in our country lived in this period and is a typical representative of the late ape-men. Judging from the fossils obtained from the excavated sites, Peking Man led a life combining gathering and hunting, and could hunt large animals such as horses, deer, and elephants, proving that their abilities had already made great progress compared with the early ape-men. They had already mastered the laws of the use of fire and led a socialized life, with a brain capacity reaching two-thirds of that of modern humans.

400,000 years ago, humanity entered the stage of early Homo sapiens (or archaic humans). Humanity at this stage is represented by the Neanderthals of Europe. Archaic humans were already able to use composite tools. There are several places in our country where ape-man fossils belonging to this period have been discovered, such as the Hexian ape-man of Anhui, the Dali man of Shaanxi, and the Xujiayao man of Gaoyang County, Shanxi. Early Homo sapiens learned to make fire artificially, labor already had a definite division, and the clan commune was established. By 40,000 to 50,000 years ago, archaic humans had evolved to the stage of late Homo sapiens (new humans); the new humans were very close to modern humans in body structure and cranial capacity. They created tools for making tools and began to make pottery. Humanity at this time was already fully detached from the animal world, socialized humanity.



II. The Motive Force of Human Evolution

Before Darwin, on the question of the origin of humanity, the religious-theological viewpoint occupied the dominant position. According to the account in the Christian Bible, the history of humanity is only a little over six thousand years. Even in the eighteenth century Linnaeus, the founder of modern biological taxonomy, still adhered to this view, holding that the number of species created by God is unchanging. He placed humans and apes both in the order Primates. Buffon, a contemporary of Linnaeus, had already put forward the evolutionary view of the “common origin of humans and apes.” But under the pressure of religious forces, he was forced to announce the abandonment of his own view. Somewhat later, Lamarck developed Buffon’s evolutionary viewpoint and put forward the “theory of the transformation of ape into human.” But “in Lamarck’s time, science was still far from possessing sufficient material to be able to give, to the question of the origin of species, an answer that was not merely a prediction, a so-called anticipatory answer.”4 This prevented Lamarck’s doctrine from producing a wide social influence at the time.

In the middle of the nineteenth century, Darwin, Huxley, and others made major contributions to the establishment and propagation of the theory of evolution. Through research in comparative anatomy, embryology, paleontology, and other fields, they put forward the theory of the “common ancestry of humans and apes,” so that the question of the origin of humanity received a scientific explanation, and carried on a prolonged and fierce struggle with the doctrine of God’s creation of the world. The outstanding merit of Darwin’s doctrine lies in the fact that, relying on a great many observed facts, it scientifically summed up the common laws of the evolution of species and of the evolution of form in the biological world. But on the question of the motive force of evolution, Darwinism absorbed the factor of the struggle for existence in Malthus’s “theory of population,” emphasizing the role of food, competition for mates, and natural selection. When this phenomenon was later applied without analysis to explaining social phenomena, it developed into what is called “social Darwinism.” Marx once made a pointed and bloody criticism of this limitation of Darwinism.

Engels scientifically demonstrated the dialectical-materialist viewpoint that labor is the main motive force of human evolution. He pointed out that labor played the leading role in three key links in the evolution from ape to human.


	The division of labor between hands and feet, and upright walking



Among the modern apes we can still see the transitional stage from walking on four limbs to walking on two feet. But all apes walk on two feet only when they have no alternative, and hence in the end they did not complete the “decisive step in the transition from ape to man.” The necessary precondition of the division of labor between hands and feet is that the hand must more and more be engaged in gathering food, building nests, or using natural tools (branches, stones, and so on) to ward off enemies. These activities all have the character of instinctive labor; this activity of using the hands at first only gradually became a custom, and later developed into a necessity. The original hind limbs became legs used mainly for walking, and the structure of the hand also gradually evolved to suit the needs of instinctive labor; the hand gradually became free and could continually acquire new skills, and this dexterity was bound to accumulate from generation to generation. Hence “the hand is not only the organ of labor, it is also the product of labor.”5


	The emergence of language and consciousness



The division of labor between hands and feet and upright walking brought about major changes in the bodily form of the ancient apes, and also caused changes in the shape and structure of the head, the spinal column, the pelvis, and so on. Since the ancient apes needed to cooperate with one another in instinctive labor, the information they passed to one another increased, and its content also became richer. It was precisely the needs of this budding social labor that brought the ancient apes to the point where “they had something to say to one another,” and the upright carriage of the head and neck gave the human larynx the conditions for producing distinct syllables; at this time the necessity and the possibility for the emergence of language arose. The emergence of language in turn raised the collective labor capacity of the ape-like humans, and jointly promoted the development of the human brain.

From the capacity of sensation to the capacity of abstraction, development was bound to follow the needs of labor, survival, and the struggle with the environment. The raising of labor capacity could in turn increase the food of the ape-like humans, and consciousness, which at the animal stage was already in a budding state, developed relatively fast at this time. The ape-like humans learned to compare and to reason; from the labor of long use of natural tools there arose the intention of making tools, and they inevitably made repeated attempts.


	The use of tools and the making of tools



First, the tool, as the means of labor, has the most direct connection with labor. Afterward, the tool appeared as the product of labor, and this is the main mark of humanity’s detachment from the animal world. But only when labor changes from blind instinct into planned, purposeful, conscious behavior, and only when humans not only utilize nature through individual activity but also, through social cooperation, produce the initiative to dominate nature, is such labor truly human labor. Human labor not only “created man himself,” but also propelled primitive humanity to evolve to a higher stage. This scientific summation of the motive force of human evolution has been confirmed by more and more new discoveries in such fields as paleoanthropology, ethology, and modern psychology. Scientific research has found that chimpanzees, under the influence of an artificial environment, have the ability to communicate by using simple language. This shows that the evolution from animal to human is a process of gradual “elevation” through one’s own activity and labor under the action of the environment.

The dialectical view of evolution also solves the problem of the unity of opposites between the biological attributes and the social attributes of humanity. Humans possess both biological attributes and social attributes. Hence the question of the origin of humanity and of the motive force of evolution is not only a question of natural science but also one of social science; it is the connecting link between these two disciplines. Modern scientific research shows that in studying the question of the origin of humanity, we must both give weight to the study of the evolution of the biological series and not remain merely in the purely natural domain, but must also take into account the socializing factors of humanity.

The development of human labor in depth and in breadth also propels humanity to evolve to a higher level. The races of some primitive tribes have always remained in a closed small area environment, in which productive activity and the exchange of information were both severely restricted; this not only caused the development of social productive forces to tend toward stagnation, but also greatly restricted the development of the tribes themselves, and some have even perished under the pressure of modern capitalist “civilization.” This is a problem that should be pondered deeply from both the anthropological and the sociological sides.

To emphasize the leading role of labor in the process of the emergence and evolution of humanity does not deny the role of natural selection. Natural selection is an important, always-present motive force for the evolution of all organisms, but the factor of natural selection alone obviously cannot explain the qualitative leap by which humanity detached itself from the animal world.
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Chapter 4 The Laws of Development of the Natural World


Section 1 The Internal Contradictions of the Natural World

What is the motive force of the motion of the natural world? The religious-theological view of nature attributes it to the mastery of a supernatural god; the metaphysical view of nature attributes it to the pushing of a mechanical external force. Neither can explain the motion and development of the natural world, so ever-changing and of infinite diversity. Marxism holds that the law of the unity of opposites is “one of the basic mysteries of the natural world.”1 This unity of opposites is manifested in the universal connection and interaction among the material systems, the material levels, and the various parts of the natural world. And “interaction is the true final cause of things,”2 and constitutes the motion of the natural world. Interaction must be the opposition and struggle of the two sides of a contradiction, the mutual propulsion and mutual transformation of opposites. This is not only the manifestation and content of the motion of the natural world, but also the source and motive force of motion. Certain so-called “modern Western Marxists” attempt to deny the inherent contradictoriness objectively existing in the natural world and to deny that the natural world possesses an internal motive force of motion; this position cannot stand.


I. The Common Contradiction of the Nonliving World

The contradiction of attraction and repulsion is the common contradiction of the nonliving world. Engels pointed out: “All motion exists in the interaction of attraction and repulsion.”3 But this pair of contradictions may take different forms of manifestation at different material levels, and the different forms of material motion each have their own particular contradictions.

According to the picture of evolution depicted by modern cosmology and astrophysics, the Metagalaxy entered the stage of expansion from a superdense state of matter in which attraction held the dominant position in the very early period, through an explosion. After this, repulsion has on the whole held the dominant position. At present, the universe we observe is still expanding. But in celestial regions of different scales, owing to the predominant action of universal gravitation, diffuse matter can condense into clumps, forming clusters of galaxies, galaxies, and stars. According to theoretical calculation, within a local range gravitation can hold an absolute superiority and cause the cores of stars and galaxies to collapse into superdense celestial bodies, or even to form “black holes.” Of course, whatever the state of a celestial body, it does not mean the end of the contradiction of attraction and repulsion. Quantum black-hole theory holds that the matter of a black hole is still in intense contradiction; through the “evaporation” action caused by quantum effects, the surface temperature rises and the mass diminishes, which will finally lead to a renewed explosion.

The whole life of the evolution of a star is always in the interaction of attraction and repulsion. Attraction mainly refers to the universal gravitational action among the parts of the star, that is, self-attraction. This action gives the star a tendency to contract toward the core. What is called repulsion mainly refers to the plasma gas pressure produced by the thermal motion of microscopic particles and the electromagnetic radiation pressure inside the star. This action gives the star a tendency to expand. The interaction of these two forces and the transformation of their positions determine the basic characteristics and developmental tendency of each evolutionary stage of the star. To study the evolution of a star as a whole is mainly to analyze the particular manifestations of this pair of contradictions at different stages and the process of transformation of the principal aspect of the contradiction. This transformation marks the end of a stage and the arrival of a new stage. If problems are not analyzed from this dialectical viewpoint, insurmountable difficulties will be met on the question of the motive force of the evolution of celestial bodies. Newton could not explain the question of the source of the tangential force of the rotation of celestial bodies. Kant’s nebular hypothesis contained dialectical elements. He pointed out that the particles in the nebula gathered because of attraction and rotated because of repulsion , and hence “great Nature developed of itself, and there is no need for a god to rule it.”4

Attraction and repulsion not only govern the evolution of the star itself, but also govern the interaction between the star and its family of planets. When the primordial solar system was forming, on the one hand the Sun contracted under the action of its own gravitation and its rotation speed increased; on the other hand, the acceleration of rotation in turn caused the Sun to throw off matter violently and emit radiation, and this repulsive action in turn caused angular momentum to be transferred to the planets. This explains the “angular momentum difficulty” that had long been hard to understand (the total mass of all the planets of the solar system is less than one seven-hundredth of the mass of the Sun, yet their angular momentum accounts for more than 99% of the total angular momentum of the solar system).

The revolution of the planets around the Sun lies in the mutual contradiction between the universal gravitation and the repulsive action caused by inertia, which makes the planets perform periodic motion along elliptical orbits. According to Kepler’s laws of planetary motion, the areas swept out by the radius vector of a planet in equal times on its orbit are equal; hence the orbital linear speed of a planet changes periodically. When a planet moves from perihelion toward aphelion, its linear speed gradually becomes slower, and the dominant position of repulsion gradually yields to attraction. After passing the aphelion, gravitational potential energy is once again transformed into kinetic energy. An artificial celestial body launched from the Earth is on the one hand subject to the repulsive action that makes it leave the Earth, and at the same time subject to the attraction of the Earth. According to the magnitude of the repulsive force provided by the carrier rocket’s engines and the time of its action, artificial celestial bodies move along ellipses, parabolas, and hyperbolas respectively, at different cosmic velocities.

In the motion of microscopic particles, the unity of attraction and repulsion is manifested first in the dynamic equilibrium between the internal cohesion among particles and the corresponding repulsive forces, which enables particles to combine into a definite material form. The transformation of states of matter is caused precisely by changes in the attraction and repulsion among the molecules composing the matter. At relatively close distances , there is a binding force between molecule and molecule, while at the same time, owing to their own thermal motion, they collide, repel, and move apart. If the binding force between a molecule and the other molecules around it holds the dominant position, this dominant action binds the molecule near its equilibrium position, and repulsion can only make the molecule perform thermal vibration near the equilibrium position; at this time the matter presents the solid state. If repulsion (as by heating) severs the attractive connection among the molecules, the matter presents a flowing state owing to the sliding of the layers over one another; at this time the matter presents the liquid state. When the repulsion produced by thermal motion holds the dominant position, the molecules present a state of free motion, and they can diffuse into any space within the container, becoming a gas.

In sum, throughout the whole nonliving world, whether at the cosmic, the macroscopic, or the microscopic material level, the contradiction of attraction and repulsion is universal; in essence this is the unity of opposites of the two opposing factors contained in the interaction of the things of the inorganic world. However, its forms of manifestation are of many kinds. In mechanical motion, it is manifested as approach and separation; in thermal motion, as contraction and expansion, condensation and diffusion; in electromagnetic interaction, it is manifested as the repulsion between like electromagnetic poles and the attraction between unlike poles; in chemical motion, the interaction of attraction and repulsion is concretely manifested as the particular contradiction in the chemical process of combination and decomposition. In the systems of atoms and molecules participating in a chemical process, on the one hand the atoms attract one another because of the electromagnetic attraction of different electric charges, or because electrons of different spin directions come near one another; on the other hand, the repulsion between like charges within atoms or ions and the thermal motion of the atoms in turn produce mutual repulsion. When the two actions reach dynamic equilibrium, stable chemical bonds can form between atoms, combining into molecules. In the course of a chemical reaction, if the chemical bonds between the atoms in a molecule are broken and repulsion exceeds attraction, the molecule decomposes. At the same time the dissociated atoms recombine under electromagnetic attraction or the collisions of thermal motion, combining into new molecules. Hence decomposition and combination always occur simultaneously, opposing and complementing each other. Therefore “all chemical processes are reducible to a process of chemical attraction and repulsion .”5 This shows that in analyzing the contradictions contained in objective natural processes, we cannot treat contradiction in a simple, mechanical way. On the premise of upholding the principle of the universality of contradiction, we should reveal in depth the particularity of contradiction in concrete material levels and concrete forms of motion; only in this way can a scientific explanation be given of the motive force of the motion of the natural world.



II. The Basic Contradiction of the Living World

The various contradictions of the nonliving world also exist in the living world. But the motion of life is a higher form of motion, and the common contradiction peculiar to the process of life’s motion is the contradiction of assimilation and dissimilation. Assimilation refers to the biochemical process by which an organism takes from the external environment the substances it needs. The substances taken in are, through a series of transformations, incorporated into the material system within the body or become energy stored in the body. Dissimilation refers to the process by which the substances within an organism’s body continually decompose under its own regulation, producing energy to supply the organism’s physiological activities and at the same time discharging useless substances. Assimilation and dissimilation are two opposite processes, but they take effect at the same time and depend on each other. The unity of opposites of assimilation and dissimilation, on the one hand, reveals the basic motive force of the movements of self-renewal, self-replication, and self-regulation within the organism’s body; on the other hand, it is also the way in which the living body is connected and interacts with the external world. A living body is an open system, which has an inseparable connection with the surrounding environment. Assimilation is the living body’s absorption of matter and energy from the environment; dissimilation is accompanied by the living body’s release of matter and energy to the external world. Assimilation and dissimilation are precisely the metabolism of matter and energy between the living body and its environment. This includes not only the respiration, feeding, and excretion of organisms, but also other physiological activities, and even the processes of human thinking activity and physical labor. Some cells in the human body are aging and dying, while others are continually growing and dividing. Water, proteins, and other chemical elements have their molecules continually renewed. “Life… consists first of all in this: that a protein is at each moment itself and at the same time something else.”6

If a living body is examined solely from the standpoint of matter and energy, then this assimilation and dissimilation seem to be merely a chemical process. But the organic macromolecules of life (nucleic acids, proteins, and so on) possess special structures and functions that ordinary chemical molecules do not have. In structure, they not only have a much larger molecular weight but also display a higher ordered state of organization, and the quantity of information they contain is far higher than that of nonliving molecules. The existence and development of any life is not merely the activity of the individual living being, but also the continuation, development, and organic coexistence of countless biological species and populations. Apart from the relations of populations and ecological relations, neither the assimilation nor the dissimilation of life can be carried out. In the evolution of the series of life, and in the continuation and development of the species and populations of the living world, the contradiction of assimilation and dissimilation is also manifested as the contradiction of heredity and variation. Heredity refers to the passing of the characters of the parental generation to the descendants through hereditary information, so that the descendants keep characters similar to those of the parents. Variation is the appearance in the descendants of characters different from those of the parents, and is a phenomenon of dissimilation in biological populations. According to the viewpoint of Darwinism, the change of the hereditary characters of organisms is for the sake of adapting to changes in the environment; in this sense, the dissimilation of species is in turn the result of assimilation to the environment. From the standpoint of modern molecular biology, the contradiction of heredity and variation in living bodies is in essence the contradiction between the replication and the mutation of the DNA molecule in the nucleic acid–protein system. The hereditary information inherent in DNA, through the process of replication, transcription, and decoding under the control of proteins (enzymes), determines that the hereditary characters of organisms are maintained. If the structure of the DNA molecule undergoes mutation, new hereditary information different from that of the parental generation is produced, so that the descendant organisms acquire new characters. Therefore, variation is in essence brought about by the dissimilation of hereditary information. Heredity and variation are a process of informational metabolism, a phenomenon of the assimilation and dissimilation of information, and this pair of basic contradictions of contradictions propels the development and evolution of biological populations. Organisms of different characters can, through hybridization and improvement of varieties, add new hereditary information to their descendants, thereby obtaining new varieties better adapted to the environment and better suited to human needs. This process is both the assimilation of the hereditary information of the individual species of organism and its own dissimilation. Using this law, broad prospects have been opened up for the development of bioengineering. For example, by the method of genetic recombination, the assimilation and dissimilation of the hereditary information of organisms can be artificially promoted, and the qualities and characters of animals and plants changed according to human needs, so that organisms of higher economic value can be bred.

The assimilation and dissimilation of a living body include the processes of metabolic transformation of matter, energy, and information. The unity of opposites of assimilation and dissimilation runs not only through the whole process of the individual’s life, but also through the series of the continuation and evolution of the biological system. The living world, as a component part of the natural world, moves and develops ceaselessly precisely under the domination of this pair of basic contradictions, assimilation and dissimilation, evolving from primitive life into higher organisms and then producing humanity, and thereby becomes ever richer and more perfect.

To sum up, the various motions of the two great material systems of the natural world are all in the unity of opposites of the two sides of contradictions inherent in themselves. The universal contradiction and the particular contradiction are both distinct from each other and mutually transformable, and the conditions of transformation are possessed by the natural world itself, needing no pushing from any external force.




Section 2 The Conservation of Material Motion and Transformation in the Natural World

The natural world that we face is a unified and harmonious whole, but it is at the same time in ceaseless development and change. How are we to understand the relationship between these two mutually contradictory basic attributes? Materialist dialectics holds that the material systems of the natural world all have the two aspects of quality and quantity, and that their motion and change also take the two different forms of quantitative change and qualitative change. In the stage of quantitative change, a material system maintains the relative stability of its quality, while the transformation of quality is in turn the necessary result of quantitative change reaching a certain degree. Hence, in this transformation, one can always find the root of qualitative change in the transfer of some quantity. Although the natural world is in ever-changing flux, matter and motion are indestructible in both quality and quantity. This conservation of transformation is one of the basic laws of the natural world.


I. Conservation and Transformation in the Natural World

Conservation refers to the invariability and indestructibility of material systems and their attributes. Transformation refers to the qualitative change that occurs in the natural world.

Natural science’s understanding of the relationship between conservation and transformation in the natural world was summed up from a great many experiments. The various conservation laws in natural science are the concrete manifestations of this relationship. Although in ancient philosophy there were various conjectures about the indestructibility of matter and the indestructibility of motion, all of them lacked rigorous scientific demonstration and a quantitative experimental basis. In the seventeenth century, the French philosopher Descartes summed up from experiments on the collision of bodies the principle of the “conservation of quantity of motion,” holding that the quantity of the motion of matter (that is, momentum) neither increases nor decreases, and that if the quantity of motion decreases in one part of matter, the quantity of motion in another part increases correspondingly. In the eighteenth century, Lavoisier concluded from chemical experiments that although matter undergoes transformation of form in chemical reactions, the total quantity of matter taking part in the reaction remains unchanged before and after the reaction. This is the law of conservation of mass expressed in precise quantitative form. In the middle of the nineteenth century, some scientists, by different paths, almost simultaneously arrived at the law of conservation of energy. This was a major advance in understanding the law of the indestructibility of motion. Taken as a whole, natural science’s understanding of the indestructibility of matter and motion in the natural world developed from the vague qualitative stage of antiquity to the stage of quantitative analysis and synthesis.

But conservation and transformation in the natural world are interdependent and occur simultaneously. From the standpoint of the state of existence of a material system, the reason why it has invariability under a certain state is that the transformation internal to the material system under that state is still in the stage of quantitative change; but when this quantitative change reaches a certain quantitative limit, the material system will undergo a qualitative transformation as a whole, its original constancy will be destroyed, and conspicuous transfer of matter and transformation of energy will occur. From the standpoint of the motion and development of material systems, to discuss the conservation of quantity in any single form of motion is meaningless; the conservation of motion is always manifested in the transformation of forms of motion. For example, the conservation of mechanical energy is always manifested in the mutual transformation of kinetic energy and potential energy. The principle of conservation of momentum is likewise always manifested in the process of interaction in which different bodies exchange momentum, and so on. Therefore, conservation always contains a specific relation of transformation. But transformation is not the annihilation of matter and motion, so conservation is in turn the premise of transformation.



II. The Absoluteness and Relativity of Conservation in the Natural World

The relationship between the absoluteness and relativity of conservation contains the following two senses. First, the conservation of any concrete material system and finite process in the natural world is relative, while the indestructibility and uncreatability of matter and motion in the infinite series of development and transformation of the whole natural world is absolute. Second, although the law of conservation of the natural world as a whole is absolute and universal, the concrete stage that natural science’s understanding of the various laws of conservation has reached is relative. In principle, the validity of the conservation principles in natural science is conditional. For example, the principle of conservation of mechanical energy applies only to conservative systems. For a conservative system that does no work on the external world, when a body loses a certain quantity of kinetic energy it must gain a corresponding quantity of potential energy, and the sum of mechanical energy remains unchanged. Where frictional force exists, part of the kinetic energy is transformed into heat through friction, or work is done on the external world (positive or negative), and then mechanical energy is not conserved. Conservative systems in fact do not exist in the natural world, and hence, for a concrete, individual system, conservation has relativity. But when we consider the system and the environment together as a whole and take into account the relations of transformation among mechanical energy, thermal energy, and other forms of energy, the broken conservation of mechanical energy will be replaced by the broader conservation of energy. Extending this by inference, the matter and motion of the whole natural world neither perish nor are created; their conservation is absolute. The mutual transformations of the various forms of motion, such as mechanical motion and thermal motion, mechanical motion and electromagnetic motion, electromagnetic motion and nuclear motion, thermal motion and chemical motion, chemical motion and biological motion…… and so on, all obey their respective laws of conservation in their mutual transformation. It is only on the basis of a great deal of knowledge of the conservation and transformation relations of these concrete material forms and forms of motion, by applying dialectical rational thinking, that the general conclusion about the indestructibility of matter and the indestructibility of motion is arrived at.

The principle of the indestructibility of matter and motion has universal significance for studying the motion of the natural world; it is a concrete embodiment of the principles of materialism and dialectics. From the height of the view of nature, this principle has guided natural scientists to obtain many major achievements, while every attempt that violated this principle met with failure. For example, in view of the fact that the designs for “perpetual motion machines” in history all failed to succeed, people no longer believe the myth of the “perpetual motion machine.” In 1932, in order to explain the contradiction between the continuous distribution of the energy spectrum of β particles and the quantization of the energy levels of the atomic nucleus, Bohr once tried to amend the law of conservation of energy, holding that this law does not strictly hold in the microscopic domain but obeys statistical regularity. This would mean that the principle of the indestructibility of motion can be broken in the microscopic domain. Pauli, however, firmly believed that the law of conservation and transformation of energy remained valid, and sought another way to solve the difficulty of the β energy spectrum. For this purpose he put forward the “neutrino” hypothesis. He held that, along with the β particle, an extremely small neutral particle not yet detected was radiated from the atomic nucleus and carried away part of the energy, so that the energy of the β particle lost the characteristic of quantization. But at that time the neutrino had not yet been discovered. Not until the 1950s was the existence of the neutrino confirmed by experiment, and Pauli’s prediction was proved. At the same time this further confirmed the universality of the law of conservation and transformation of energy.

Since the principle of conservation has become the firm conviction of most scientists, in the exploration of unknown domains the various hypotheses put forward under the inspiration and guidance of this principle have become more and more numerous. For example, in the study of elementary particles, the symmetry of elementary particles is expressed as invariance under spatial inversion, that is, conservation of parity (P). In addition there are conservation of charge (C), invariance under time reversal (T), conservation of baryon number and of particle number, and so on. The proposal of each of these conservation principles has a certain experimental basis. But further research has found that different conservation principles apply to different ranges or to certain interaction processes, and their degrees of universality differ. In 1957, Tsung-Dao Lee and Chen-Ning Yang proposed that parity is not conserved in weak-interaction processes, and this was confirmed experimentally by Chien-Shiung Wu. In 1964, Fitch, Cronin, and others further pointed out the problem of the partial violation of the CP conservation principle, and put forward the combined conservation of CPT, which was later also supported by experiment. These explorations are of great importance not only for understanding the laws of motion of particles, but also have philosophical significance. They show that the conservation possessed by concrete material systems in the natural world is always relative, and hence the range of applicability of a conservation principle summed up regarding some particular attribute or particular motion of a material system is limited, whereas the transformation of different things and different forms of motion is eternal.



III. The Eternity of Transformation in the Natural World

In the broad sense, transformation is motion. Hence transformation in the broad sense is absolute. But the transformation of concrete states of matter and forms of motion is in turn conditional and directional. Spontaneous thermodynamic processes in an isolated system always proceed in the direction of increasing entropy; work can be entirely transformed into heat, but it is impossible for heat to be entirely transformed into work without causing any change in external conditions. The “perpetual motion machine of the second kind” regarded the transformation of concrete forms of energy as unconditional, and as a result could not succeed. But as far as the whole natural world is concerned, the conditions bringing about the transformations among the various motions are possessed by the natural world itself, and hence transformation has eternity.

Transformation exists not only as the opposite of conservation; it also has in itself a profound significance more worthy of study. In fact, our purpose in understanding conservation is precisely to reveal the relations of transformation and the conditions of transformation in the natural world, to know the laws of transformation, and to promote the transformation of the things of the natural world in the direction we anticipate. Hence modern natural science not only pays attention to studying the conservation and symmetry of the natural world, but also attaches importance to studying transformation and the breaking of symmetry. In the development and evolution of material systems, transformation and the breaking of symmetry are often of key significance. For example, on the problem of the evolution of the very early universe, if the symmetry of particles were absolute, then all particles and antiparticles should have annihilated one another completely, and the existing natural world of substance would no longer exist; this is the problem of the origin of baryons raised by “spontaneous symmetry breaking.” The problem of the breaking of symmetry is involved in the study of crystal growth, the origin of life, the functions of the brain, and even in questions of cognition. For example, the left and right hemispheres of the human brain and the functions of the left and right hands of a person are asymmetric, and the breaking of this invariance under spatial inversion becomes conspicuous with the process of the development of the brain. In the period of infancy, this asymmetry is not obvious.

Transformation also means the alteration of a closed, isolated state, so that new qualities appear in the connection of one thing with other things. Symmetry breaking is the breaking of equilibrium, so that directionality and asymmetry appear in the development of things; only in this way can a new, higher quality appear. Of course, the various parts and various links of the natural world do not necessarily all develop from the lower to the higher; they also include the death and disintegration of old things and the reversal and recurrence of some developments. But in the evolutionary history of the Metagalaxy that we have come to know up to now, and especially in the evolutionary history of the material systems on our Earth, the overall trend of transformation is development from the lower to the higher and from the simple to the complex. Precisely because more and more things possessing new qualities have appeared in the natural world in the course of transformation, it obviously cannot be a simple process of quantitative change, but a series of qualitative leaps. The history of the development of natural science also proves that it is not enough to understand the indestructibility of the motion of the natural world merely in quantitative relations; one must also, from the infinite possibility of qualitative transformation of the natural world, understand the indestructibility of motion in “quality.” The “law of conservation of energy” put forward in the nineteenth century only explained the indestructibility of motion in quantity, and did not explain its indestructibility in quality. For the root that causes the mutual transformation of forms of motion lies in the mutual connection and mutual interaction among bodies, and in the unity and struggle of the aspects of contradiction contained in things. Engels scientifically generalized the “law of conservation of energy” as the “law of conservation and transformation of energy”; in this way, it embraces without omission the conservation, in both the quantitative aspect and the qualitative aspect, of the transformation of the forms of material motion in the natural world. The so-called indestructibility in quality of the various forms of material motion means that any form of motion has the capacity to be transformed into another form of motion, that this capacity is produced by matter itself, and that it will never be lost. Hence Engels emphasized: “The indestructibility of motion cannot be conceived merely quantitatively, it must also be conceived qualitatively.”7 It is precisely because of the conservation of the transformation of material motion that the whole natural world is guaranteed to be in a process of eternal motion and infinite development.

The relationship of unity between the conservation of the quantity of matter and motion in the natural world and the indestructibility of quality is one of the main points of the dialectical-materialist view of matter and view of motion. From the height of philosophy it resolves the perplexities caused historically by the influence of idealism and metaphysics. For example, Clausius’s “heat death of the universe” theory of the nineteenth century regarded the natural world as an isolated, closed system and regarded the conservation of the motion of the natural world merely as conservation of quantity, and hence held that the overall direction of transformation of the natural world is toward a thermal equilibrium state of high symmetry. Modern thermodynamics, studying the laws of motion of open systems far from the equilibrium state, has made some new discoveries. Energy science and materials science, studying the transformation of different forms of motion and different material forms, have revealed almost unlimited potential. These achievements not only further prove the objective dialectics of the natural world, but also have important enlightening significance for our in-depth understanding of the laws of transformation of the natural world.




Section 3 The Periodicity of Change and Development in the Natural World

Periodicity is dialectical circularity and the rhythmicity of motion. It is a universal form of the change and development of the motion of matter in the natural world. It is concentrated in the manifestation that the development of things, at a higher stage, repeats certain features of a lower stage; it is manifested as a winding, wave-like process of infinite development from the simple to the complex, and as a spiral upward motion from the lower to the higher. The entire universe develops infinitely in the eternal cycle of the motion of matter.


I. The Universality of Periodic Motion

The reason why the motion and change of matter in the natural world have periodicity is that it is the result of the interaction of the contradictions contained within it. Lenin said: “Generally speaking, motion and destruction and creation may not repeat themselves, may not return to the starting point. In such a case, this motion would not be the identity of opposites. But whether it be celestial motion, or mechanical motion (on the Earth), or the life of plants, animals, and man — they instill into the human mind not only the idea of motion, but precisely the idea of motion that returns to its starting point, that is, dialectical motion.”8 That is to say, rectilinear development is not the dialectics of the objective natural world, and is not a unity of opposites; whereas “motion that returns to its starting point” is the objective dialectical motion of the natural world and is a unity of opposites. In studying the basic internal contradictions of the natural world, we have found that, whether the contradiction of attraction and repulsion in the nonliving world or the contradiction of assimilation and dissimilation in the living world, the positions of the two sides of the opposition are neither absolutely balanced nor fixed and unchanging, and that changes in the principal aspect of the internal contradiction determine the transformation of the state of motion of the material system. But for any concrete material system, its internal principal particular contradiction has a limited range within which it takes effect. When the positions of the two sides of the basic contradiction are transformed once again, certain features of the material system return in form to the starting point. At this time, the motion of the thing is manifested as one cycle. But the action of the contradiction has not come to an end; with the continuation of the process of interaction of the opposites, the above form of development of motion, the negation of the negation, will continue. For example, the motion of the Earth in an elliptical orbit around the Sun is an annual motion. It is the result of the interaction in which the universal gravitation (attraction) between the Sun and the Earth and the inertial motion (repulsion) of the Earth along the tangent direction of the orbit, away from the Sun, alternately wax and wane. When attraction holds the dominant position, the Earth moves from aphelion toward perihelion; afterward, the side of repulsion holds the dominant position, and the Earth moves from perihelion toward aphelion. The periodicity of the Earth’s rotation and revolution has to a very great extent influenced the activities of organisms living on the Earth. The assimilation and dissimilation within an organism likewise show this process of alternating waxing and waning in each cycle of life. Owing to this dialectical action, although the natural world is infinite in spatial scale and in temporal series, this infinity can by no means be a simple repetition or a mechanical continuation, but moves with the rhythm inherent in the different material levels.


	The cosmic domain. Every celestial body both rotates on its axis with a certain period and revolves around some central celestial body with a certain period. All celestial bodies pass through a continually repeated process of their emergence, development, and extinction. A star passes, in its evolution, through the stages of primordial star, main-sequence star, red giant, white dwarf, neutron star, and so on; in the late period, a supernova explosion occurs and a large amount of matter is thrown outward. The stellar matter is in turn transformed into interstellar matter, that is, forms the nebular matter of the next generation of stars. The new nebular matter in turn forms new primordial stars through the motion of attraction and repulsion; this is the great cycle of the universe. The universe develops infinitely in the eternal cycle of the motion of matter.


	The macroscopic domain. The sunspot activity of the Sun has a period of about 11 years. The appearance of the famous Halley’s Comet has a period of 76 years. The material motion of the ecosystems on the Earth is realized in the form of the cycling of matter and the flow of energy. Through long historical evolution, organisms and the environment have established a dynamic equilibrium system. The material motion in an ecosystem begins with the photosynthesis of plants; through photosynthesis, plants capture solar energy and transform the carbon dioxide, water, and other inorganic substances taken from their surroundings into organic matter. Through the food chain, organic matter is passed on through animals at every level. Finally the dead bodies of plants and animals are decomposed by microorganisms, and carbon dioxide and other substances return to the environment to be used again by green plants. In this way, the cycling of matter and the flow of energy among plants, animals, and microorganisms and the nonliving environment constitute the process of the infinite development of the ecosystem. The sources of all life on the Earth are mainly the carbon cycle and the oxygen cycle, and next the cycles of such elements as nitrogen, phosphorus, calcium, and iron. All the elements composing organisms are continually cycling among the atmosphere, the soil, the water, and organisms. It is reported that, through biological processes, the carbon dioxide on the Earth cycles once every 300 years, oxygen once every 2,000 years; the water of the entire hydrosphere is split by plant cells and recomposed by animal cells, and the completion of one cycle requires two million years. The cycles of other elements also require a very long time. The material motion of the ecosystem is precisely such a process of the infinite development of the cycling of matter and the transformation of energy.




In fact, the material motion on the whole Earth is also a process in which the Earth’s matter, obeying the law of conservation and transformation of energy, continually carries out the cycling of matter and the transformation of energy. Moreover, this process is continually changing in the evolution of the whole Earth. Later, mainly through chemical change processes, life arose on the Earth. The cycling of matter and the transformation of energy in the ecosystem supplemented the geophysical–chemical processes of the Earth. Finally, with the emergence of humanity, a new special form of material motion appeared — the process of human material production and consumption. It has greatly promoted the cycling of matter and the flow of energy on the Earth, has greatly promoted the evolution of the Earth’s matter, and has an increasingly important significance in the material motion of the Earth.

Among the species of plants, animals, microorganisms, and humans, every individual organism has its physiological activities, functions, and behavior moving according to a certain natural rhythm (that is, the biological clock). The precision of their rhythmic periods is quite astonishing. After each biological species has formed, its hereditary genes are extremely stable, so that the characteristics of the species can be passed on from generation to generation until the extinction of that species.


	The microscopic domain. The nitrogen atom in the ammonia molecule vibrates 23,870,100 times per second (as printed), and this is very accurate. Precisely for this reason, the scientific definition determined for one second is the time required for the nitrogen atom in the ammonia molecule to vibrate 23,870,100 times. This standard of calculation is now often called the atomic clock. There is in addition the cesium atomic clock.



Any atom is composed of a number of negatively charged electrons moving around a positively charged atomic nucleus. Moreover, the nucleus and the electrons themselves both have spin. The various elementary particles also move at fixed frequencies. All of this shows that periodicity is a universal form of the motion of matter in the natural world. It also shows that the periods of material systems at different levels are different, and that the manifestations of periodicity of different forms of motion are also different; hence periodicity is both universal and rich in diversity.



II. The Diversity of Periodic Motion

As to the nature of cyclic motion, there are celestial cycles, mechanical cycles, physical cycles, chemical cycles, geological cycles, meteorological cycles, ocean-current cycles, physiological cycles of organisms, cycles among biological populations, large-scale ecological cycles, information feedback, and so on.

As to the scale of cycles, there are single cycles, compound cycles, inner cycles, outer cycles, large cycles, small cycles, long-term cycles, short-term cycles, finite cycles, infinite cycles, and so on.

As to the technical performance of cycles, there are benign ones, vicious ones, natural ones, artificial ones, and so on.

As to the direction of cycles, there are forward cycles, reverse cycles, reversible cycles, irreversible cycles, and so on.

Every cyclic motion of the natural world turns on the concrete nature, characteristics, and conditions of that cycle, has a vivid form, and contains rich content. The reason for this is the nature of the particular contradictions internal to the material systems of the natural world and the complexity of their mode of interaction. As long as new contradictory factors appear in the course of the motion of a material system, this motion cannot possibly return without the slightest deviation to its original starting point. The universal connection among the various material systems of the natural world means that in any process of motion new contradictions will appear, and this determines that every cyclic motion is approximate. The appearance of a new factor is a deviation from the starting point of the cycle, and is development and ascent. The metaphysical theory of cycles simply reduces the rich and colorful natural cycles to mechanical cycles, taking the repetition of the spatial position of things as the sole characteristic of a cycle. In this way, the cycle becomes setting out from one point and returning, round and round, to the original starting point. The study of the diversity of cycles helps people to study concretely the many forms of the motion of matter, and to study the concrete material motion of the various sciences as well as such problems as ecological consequences.



III. The Infinity of Periodic Motion

The theory of the periodic motion of matter is precisely the dialectical-materialist theory of infinite development.

First, periodic motion is open, not closed. This is manifested mainly in two respects: (1) Periodic motion is not entirely reversible, and in it new qualities are produced. The path of a period is not an absolutely closed curve but an approximately spiral curve. Although the temporal points on the curve have a certain similarity and recurrence, they will not coincide absolutely. For example, the Earth rotates on its axis day after day and revolves around the Sun year after year; when we attend to the temporal and spatial characteristics of its rotation and revolution, we shall at the same time find its geological, meteorological, physical, chemical, and ecological changes: the tide goes out and the tide comes in, winds rise and clouds surge, the blue sea turns into mulberry fields, and life is born and reborn without cease. The Earth is constantly new every moment. Again, for example, the nebula formed by a supernova explosion in the late period of stellar evolution is no longer the original nebula. Having passed through a series of nuclear reactions in the process of stellar evolution, some light elements decayed into heavier elements. The star formed from it is also not the original star, but a new star. Therefore, their temporal curves cannot be absolutely closed. (2) No periodic system is an absolutely closed system. A closed system, owing to the principle of entropy increase, cannot carry on periodic motion continuously. For a system to carry on periodic motion, it must exchange matter, energy, and information with the external world, so as to overcome the increase of entropy and thereby maintain and raise the orderliness of the system.

Second, the natural world is a great periodic system composed of periodic motions of infinitely many levels, and the finite process of development of any celestial body is closely bound up with the infinity of the universe. After the connection between the inorganic world and the organic world on the Earth was discovered, Engels went on to link the finite process of development of the Earth with the infinite process of development of the whole universe. He said: “This is an eternal cycle in which matter moves… In this cycle, every finite mode of existence of matter, whether sun or nebular vapor, single animal or genus of animals, chemical combination or decomposition, is equally transient. … However often, and however relentlessly, this cycle is accomplished in time and space; however many millions of suns and earths may arise and pass away; however long it may last before the conditions for organic life develop, in one solar system and on one planet only; however innumerable the organic beings that have to arise and to perish before animals with a brain capable of thought are developed from their midst, and for a short span of time find conditions suitable for their life, only to be exterminated later without mercy — we have the certainty that matter remains eternally the same in all its transformations, that none of its attributes can ever be lost, and therefore, also, that with the same iron necessity that it will exterminate on the Earth its highest creation, the thinking mind, it must somewhere else and at another time again engender it.”9 This is the thoroughgoing dialectical-materialist view of cycles.
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Chapter 5 Some Categories of the Natural World

The categories of the dialectics of nature reflect the common contradictions of the natural world in some particular respect, and are a supplement to the universal laws of the natural world. Since our understanding of the natural world is continually developing, natural science’s revelation of the laws of motion of the natural world is also continually developing. By using the philosophical viewpoint of dialectical materialism to sum up the common attributes and laws of the natural world revealed by natural science, we can continually develop the system of categories of the dialectics of nature, and use it to guide our understanding of the concrete laws in the various special domains of the natural world.


Section 1 System and Element


I. The Meaning of System and Element

A system is a whole composed of a number of mutually connected and mutually interacting elements, possessing a specific function and laws of motion. The whole as a system in turn possesses new functions and characteristics that the individual elements composing it do not have. In the universe, from elementary particles to extragalactic galaxies, from human society to human thought, from the inorganic world to the organic world, from natural science to social science, systems are everywhere. They can be roughly divided into natural systems, artificial systems, and composite systems. The system is a phenomenon universally existing in the objective world, and is a manifestation of the objective reality of things. System and matter are an inseparable dialectical unity. There is no matter apart from systems, and there is no system existing independently outside matter.

An element is each of the component factors that constitute a whole. The composition of an atom elements are the atomic nucleus and electrons, and the component elements of an organ are cells. A strategic ballistic missile includes three major parts: the rocket engine (which provides flight power for the missile), the guidance system (which controls the missile’s flight), and the warhead; these three major parts are the elements of the strategic ballistic missile.



II. The Dialectical Relationship between System and Element

The dialectical relationship between system and element is manifested first in the interdependence of the two. An element is always an element of a certain system, and apart from the system it ceases to be an element; likewise, a system is always a whole constituted by the organic connection of its elements, and a system without elements does not exist. But a system is not equal to the simple sum of its elements. This is because, when elements constitute a system, a factor of organic connection among the elements is added, and this connection may be called “structural information.” A person is an organic system, but the value and function of the elements composing a person, carbon, oxygen, nitrogen, and so on, when existing as inorganic matter cannot be compared with those of a person as a living body. The “value” of the elements in the whole gives rise to the dialectical systems view that “the whole is greater than the sum of its parts.”

System and element are also always in interaction. When the wholeness of the system holds the dominant position, the system’s control over the elements is effective; the elements will obey the goal of the system as a whole, and be coordinated and consistent, and the system is in a stable state and develops in an orderly direction. Conversely, when the action of the elements has exceeded the limit of effective control by the system as a whole, the system cannot be coordinated, so that it will lose balance and may even move toward disintegration and extinction.

The relations between system and element, and between element and element, as well as the position and role of each element in the system, are none of them fixed and unchanging, but change with changes in conditions. This is because the composition of a system has many different levels. For example, neutrons and protons are component elements of the atomic nucleus, and of course also component elements of the atom. But when we study only the structure of the level of the atom , there is no need to subdivide further to the level of neutrons and protons. Again, for example, war is a system as a whole. Modern conventional war is a systemic whole of joint operations by many services and arms; to learn the enemy’s situation requires the use of reconnaissance troops, while destroying the enemy’s positions requires reliance on tanks and infantry. The reconnaissance troops, air force, artillery, tanks, infantry, and so on here are all elements composing the systemic whole that is war. These different elements, as the course of the war advances, have different positions and roles in the system of war. In addition, if the need arises we can regard the air force, the artillery, the infantry, and so on each as a system, and they in turn each have their own component elements…… That is to say, no system is isolated, but is mutually connected and mutually constrained with the surrounding environment, that is, with other systems. A large system composed of many mutually connected systems is in turn composed, together with many other large systems, into a still larger system. Conversely, within a large system there are subsystems, and within a subsystem there are still smaller systems, so that there is formed a multi-level, three-dimensional network of longitudinal and transverse interlacing.



III. The Significance of Studying the Relationship between System and Element

Owing to the development of modern science and technology and the growing complexity of the objects of human understanding, understanding the unity-of-opposites relationship of the pair of categories, system and element, is of great significance for developing the epistemology and methodology of natural science, for enriching and developing Marxist philosophy, and thereby for guiding people’s practical activities.

A system is a material object, but it is not identical with a material object; it already contains an abstract understanding of the material object and dialectical analysis–synthesis, thereby discarding the details and many local aspects of complex things, concentrating strength on grasping the aspects most closely related to the goal of cognition, and grasping the laws of essence more deeply from the aspect of the mutual connection and mutual interaction of things, so that cognition turns from the center of the substance to the center of the system. Hence it makes the basic principles of materialist dialectics concrete, and may become the mediation of the connection between philosophical principles and natural-scientific principles. Since system and element also provide some new principles, such as the principle of wholeness and the principle of optimization, the systems method has also become a new scientific method adapted to the needs of the development of modern science and technology.




Section 2 Structure and Function


I. The Meaning of Structure and Function

The concepts of structure and function are relative to the system.

Structure is the form of the mutual connection and mutual interaction of the various constituent elements within a system. The connections of things are intricate and complex, and the structures of things are also of many kinds. The particles within the atom, such as electrons, protons, neutrons, and neutrinos, according to such interrelations as electromagnetic interaction and strong interaction, constitute the structure within the atom. The structure of matter has the following universal characteristics: (1) Hierarchy. The structure of matter can be divided into many levels. For example, in nonliving structures it can be divided into layer-particles (quarks), elementary particles, atomic nuclei, atoms, molecules, macroscopic objects, the Earth, stars, galaxies, the Metagalaxy, and so on. In living structures it can be divided into subcellular structures, cells, tissues, organs, systems, individuals, populations, communities, ecosystems, the biosphere, and so on. Material structures of different levels have different characteristics and laws. (2) Typology. The structure of matter can be divided into many types. For example, according to the forms in which matter exists, it can be divided into spatial structure, temporal structure, and space-time structure. According to the state of aggregation of matter, it can be divided into gaseous structure, liquid structure, and solid structure, and so on. (3) Symmetry. Symmetry universally exists in the structure of matter. The structure of the human body presents a harmonious bilateral symmetry. Crystalline substances, atoms, and atomic orbitals all have different symmetrical structures. The symmetry of material structure is supplemented by asymmetry. For example, a person’s heart is inclined to the left and the liver to the right, and the liver and spleen are single, and so on. (4) Orderliness. The structure of some matter is ordered, and is called an ordered structure; conversely, that without order is called a disordered structure. Ordered and dis order are not absolute, and can be transformed into each other under certain conditions. (5) Stability. The interaction of the constituent factors of matter must produce a certain structural energy, so that the different factors are combined together and form a certain structure.

Function refers to the characteristics and capacities displayed, in internal and external relations, by a thing possessing a specific structure. For example, nuclear weapons differ in structure from ordinary bombs, and their capacity to kill and injure also differs. An ordinary bomb mainly relies on flying fragments to kill, injure, and destroy. When a nuclear weapon explodes, it mainly relies on the shock wave (this is the most important killing and destructive effect of nuclear weapons), light radiation (the intense light and heat produced in a nuclear explosion), early nuclear radiation (or penetrating radiation, mainly neutrons and gamma rays with great penetrating power), radioactive contamination, electromagnetic pulse, and so on, to kill, injure, and destroy.



II. The Dialectical Relationship between Structure and Function

Structure and function are interdependent, mutually opposed, and mutually transformable under certain conditions.

Structure and function are merely two different aspects of the same system. In objective things, an isolated structure or function does not exist at all. Function is the function of a certain structure, and structure necessarily has a certain function. On the one hand, structure is the basis of function, and structure determines function; on the other hand, function is the manifestation of structure, and the realization of a specific function is a necessary condition for the system to maintain the stable state of its own structure and to carry on appropriate exchange activities with the external world.

Structure and function also have a relative independence. This is manifested in the fact that the same function can often be realized by different structures. For example, the human brain and the computer differ greatly in structure, but both have the capacity to process information mechanically. Solid rocket engines and liquid rocket engines are different in their power devices (a liquid rocket engine has a special tank for storing the propellant. The propellant enters the engine’s combustion chamber through pipes, and thrust is produced after combustion. In a solid rocket engine , the propellant is cast directly in the combustion chamber of the engine), but both can launch missiles. Understanding this relatively independent relationship between function and structure, and its limits, has important significance for the emergence and development of systems science.

The boundary between structure and function is changeable. Structure and function, relative to a system, are divided according to the division of the system. For a complex system having many subsystems, if we set one of these systems apart on its own, then the relation that originally served as structure between this subsystem and the other subsystems and the whole system becomes a functional relation between it and the external medium. For example, when electrons bound in the structure of an atom become free electrons, a metal possessing free electrons has the function of conducting electricity.



III. The Significance of Studying the Relationship between Structure and Function

Understanding the unity-of-opposites relationship of structure and function has important significance in epistemology.

Since structure is the form of manifestation of the mutual relations among the elements within a system, understanding structure is understanding the regularity of the organic connections among the various parts within a thing. According to the principle that structure determines function, once the structure of a system has been grasped, its function can be foreseen. This raises the foresight and effectiveness of theories, plans, and designs, better brings into play the initiative of humanity in the practical activity of understanding and transforming nature, and makes plans and designs scientific. For complex objects of cognition, this understanding is especially necessary. Hence structural analysis is the concrete embodiment of the principle of dialectical analysis. For example, the hereditary mechanism of organisms is a very complex problem. But modern science, on the basis of analysis of the structure and function of biological macromolecules such as proteins and nucleic acids, has preliminarily cleared up the mystery of the “genetic code,” not only resolving a series of difficulties concerning biological heredity and variation, but also opening broad prospects for such new technical fields as bioengineering. This shows that understanding the dialectical relationship of this pair of categories not only enriches the philosophical system of categories in theory, but also, as a method of natural science, has practical significance. For what structure studies is not the concrete content and particular motion of a material system, but the grasping of the commonality of a certain class of things; although the material contents of these things are very different, if they have a common form in structure, it is bound to be possible to obtain a commonality in their function. The method of functional simulation in natural science arose on this basis. In the new technological revolution, the applications of computers, robots, intelligent robots, and various simulation experiments will become ever more widespread, showing that such methods as structural analysis, function, simulation, and functional analogy are scientific research means adapted to the needs of the development of modern science and technology.




Section 3 Continuity and Discontinuity

Materialist dialectics holds that the natural world is continuous and also discontinuous; it is a unity of opposites of continuity and discontinuity.


I. The Meaning of Continuity and Discontinuity

Discontinuity refers to the relative rest in the motion of things, and is the finite determination in the quality of things. Any thing has its own boundary in time and in space, and it is precisely this boundary that distinguishes this thing from other things and forms the infinite variety of the things of the natural world. The different structure of each chemical element determines its own unique properties, displaying the discontinuity of chemical elements. The living world has species of a great many kinds, reflecting the discontinuity of living matter and making discontinuity a necessary condition for the existence of species. Without discontinuity there would be no differences in the various qualities of things.

Continuity refers to the persistence of the motion of things, to the capacity of things for infinite transformation, and to the ceaseless overcoming by the motion of matter of the limitations of space and time. The infinite development of the natural world makes its various historical stages and its various material systems constitute a mutually connected whole, which produces the continuity of the natural world. The continuity of this great continuous system of the natural world is the basis of the stability of the qualities of things. The various forms of motion of matter in the natural world, although each has its own particular essence, all pass through a historical process of development from the lower to the higher and from the simple to the complex. Celestial bodies, the Earth, organisms, and humanity all have a continuous process of evolution.



II. The Dialectical Relationship between Continuity and Discontinuity

Continuity and discontinuity reflect, from two different sides, the common attributes of natural things. Philosophers of ancient East and West each laid particular stress on one of these two sides in their understanding. The ancient Chinese “theory of primal qi” emphasized the side of the continuity of matter. The Northern Song thinker Zhang Zai held that “the Great Void cannot be without qi, and qi cannot but gather to become the myriad things, and the myriad things cannot but disperse to become the Great Void,” holding that the primal origin of the natural world is a matter in a continuous form. The ancient atomists held that matter is composed of particles, and emphasized the side of the discontinuity of the forms of matter.

The natural world is a unity of discontinuity and continuity. (1) The continuity and discontinuity of the forms of existence of matter in the natural world. The various kinds of objects in the natural world, from elementary particles to celestial bodies, from unicellular organisms to humans, are different forms of matter. Modern natural science shows that the most basic forms of existence in the natural world are substance and the field. Every concrete material form is a unity of opposites of substance and field. At the level of the structure of matter, for each specific level, matter is finite and discontinuous; but the various material levels of the natural world are not isolated from one another; viewed as the totality of their mutual connection, they are in turn continuous and infinitely divisible. Viewed from the differences in the existence of matter at different levels, there is a side of “either this or that”; but viewed from the connections and transitions among different levels, there also exist intermediate links that are “both this and that.” “These intermediate links only prove that there are no leaps in nature, precisely because nature is composed entirely of leaps.” In sum, the continuity and discontinuity of the material forms of the natural world are unified in the hierarchical structure of matter.


	The continuity and discontinuity of the forms of motion of matter in the natural world. The forms of the motion of matter in the natural world are many and various, but every form of motion is a unity of continuity and discontinuity. Lenin said: “Motion is the essence of time and space. Two fundamental concepts express this essence: (infinite) continuity (Kontinuität) and ‘punctuality’ (= negation of continuity, discontinuity). Motion is the unity of continuity (of time and space) and discontinuity (of time and space). Motion is a contradiction, a unity of contradictions.”1 Viewed from the whole process of the motion of matter it is continuous, but viewed from the concrete states of the motion of matter it is in turn discontinuous. The motion of matter is precisely this unity of opposites of process and state, of continuity and discontinuity. The qualitative determinacy among the various forms of motion in the natural world shows the discontinuity of the forms of motion of matter. But the various forms of motion are also unified through their mutual connection, mutual interpenetration, and mutual transformation, and thus also manifest continuity. The forms of the motion of matter in the natural world are a unity of continuity and discontinuity. (3) Continuity and discontinuity in the process of development of the natural world. All things in the natural world are in continual change, and any thing passes through the processes of quantitative change and qualitative change, of continuity and discontinuity. Quantitative change and qualitative change are different stages in the process of the development of things, but are closely connected and inseparable. The natural world develops in the process of quantitative change — qualitative change — new quantitative change, that is, it continually develops in continuity — discontinuity — continuity — discontinuity.



The pair of categories, continuity and discontinuity, manifested in the form of the development and change of the natural world, is the unity of opposites of gradual change and sudden change. Gradual change is the slow, steady, gradual form of continuous change that matter displays at some particular level. Sudden change is the violent form of motion that occurs rapidly, and is an interruption of the process of gradual change. Examples of the former are evaporation, oxidation, the weathering of rocks, the condensation of nebulae, and so on. Examples of the latter are volcanic eruptions, earthquakes, combustion, supernova explosions, the mutation of the genes of organisms , and so on. Gradual change generally has a longer history; sudden change occurs relatively within a short time, with intense action and conspicuous degree of change. These two forms of change both widely exist in the natural world; the two are clearly distinguished, but the two opposing sides also have unity. First, this unity is manifested in the relativity of gradual change and sudden change. Take the mutation of the genes of organisms at the molecular level: viewed from the microscopic structure of the molecule, the change is conspicuous; but viewed from the macroscopic characters, the change is not necessarily global, and the variation of an individual is, relative to the change produced in a biological population through long-term variation and accumulation, negligible. It can be seen that there is no absolute boundary between gradual change and sudden change. Second, gradual change and sudden change are also interdependent. Every sudden change must have some process of gradual change to prepare the conditions for it, and gradual change in turn always develops into a relative sudden change. What looks like a process of gradual change from a higher level contains sudden changes when viewed from the level below. Moreover, gradual change and sudden change can be transformed into each other under certain conditions. The evolution of organisms is slow under natural conditions, but under artificial intervention conspicuous and rapid change can be produced. Modern bioengineering, using the method of genetic recombination, can breed brand-new variant individuals in only one generation and make the variant characters heritable to the next generation. Conversely, some sudden natural disasters, such as hail, floods, earthquakes, and landslides, can within a certain range or to a certain degree be slowed or avoided by scientific means.



III. The Significance of Studying the Relationship between Continuity and Discontinuity

Understanding the dialectical relationship between discontinuity and continuity has important methodological significance. Discontinuity and continuity are the contradictory manifestations of the motion of things. Discontinuity manifests the differentiation and distinction of things, and continuity manifests the linkage and development of things. Understanding the discontinuity and continuity of things is conducive to grasping the distinctions and connections of things and to understanding the developmental motion of things better.

In the history of science, owing to differences in the angle and level from which things are known, many times there have appeared disputes between the viewpoints of continuity and discontinuity, of gradual change and sudden change. Examples are the dispute between gradualism and catastrophism in the theory of biological evolution, the dispute between uniformitarianism and catastrophism in geological history, and so on. As natural-scientific theories exploring the forms of manifestation of quantitative and qualitative change in the natural world, the concrete studies made from both viewpoints are meaningful. Since the nineteenth century, the viewpoint of gradualism has had a fairly great influence in biology and geology. But modern catastrophe theorists have made deeper studies of the mechanisms of change of such natural phenomena as fracture, landslide, and genetic mutation; in particular, the mathematical models of catastrophe and the related theory that the mathematician Thom put forward by using modern mathematical means have attracted wide attention and demonstrated the potential of research in this area. In fact, one-sidedly stressing one form of development while denying another form of development cannot attain a unified and comprehensive understanding of things. If they are regarded as categories that are dialectically unified and mutually connected, then deep inspiration can be gained from them.




Section 4 The Finite and the Infinite


I. The Meaning of the Finite and the Infinite

The finite refers to what is conditional, has a certain limitation in space and time, and has a beginning and an end.

The infinite refers to what is unconditional, has no limitation in space and time, and has no beginning and no end.

The things of the natural world are intricate and complex, infinitely various, and changing in a thousand ways. Viewed from the fact that any thing exists, moves, and develops as matter, they are infinite. But every concrete form of matter has its own particular determinacy of quality, and the determinacy of quality is precisely the limitation of the thing. It is precisely this determinacy of quality that distinguishes things from one another. Within the range of a certain determinacy, a thing is always specific and concrete, and hence also finite.

The finite and the infinite, as a pair of categories in dialectical unity, reflect the motion of matter and the objective connection of the absoluteness and relativity of its development. And to truly understand its correct meaning, one must grasp the dialectical relationship between them.



II. The Dialectical Relationship between the Finite and the Infinite

The material world is a dialectical unity of the finite and the infinite. (1) The infinite contains the finite. The world as a whole is infinite, but the existence of every concrete thing in the world and its process of development are finite in space and time. The infinite is purely composed of the finite; the infinite can exist only through the finite, and it manifests its own diversity through the finite. The universe is infinite, but what people can come to know is always finite. (2) The finite contains factors of the infinite. Every concrete thing is finite, but in respect of its materiality, eternal motion, change, and development it is in turn infinite. Elementary particles are finite, but their changes are inexhaustible; the solar system is finite, the solar system will perish and the Earth will perish, but new celestial bodies will surely be born, and this capacity for transformation is infinite. Because all things in the universe have birth and death, beginning and end, the whole universe can be without birth and death, without beginning and end. (3) The transition from the finite to the infinite contains a series of leaps and qualitative changes. The infinite is not a simple, mechanical sum of the finite.



III. The Significance of Studying the Dialectical Relationship between the Finite and the Infinite

Correctly grasping the dialectical relationship between the finite and the infinite is of great significance for our understanding of the natural world. For a long time, the dispute over the finiteness and infiniteness of the universe has run through the whole history of science. In antiquity Aristotle and Ptolemy maintained that the universe is finite; the universe depicted by Copernicus was also merely the solar system; Bruno maintained that the universe is infinite, but the infinite universe he imagined was still a mechanical extension of the solar system. In the nineteenth century, the theory of the finite universe raised two famous difficulties:


	If the universe is infinite, the sky should be equally bright in every direction, and the night should be as bright as the day. Why is this not actually so? This is called Ol bers’ paradox.


	If the universe is infinite, the gravitation of distant celestial bodies on the Earth should have a serious influence. If the distribution of matter is not uniform, the gravitational action in some direction must be quite considerable. Even if the distribution of matter is absolutely uniform in all directions, the Newtonian gravitational potential in an infinite universe has no finite solution. This is called Seeliger’s paradox.




Olbers’ paradox and Seeliger’s paradox are in fact difficulties of the mechanical theory of the infinity of the universe. Modern cosmology holds that the observable universe, or a certain part of the universe, can in a certain sense be regarded as closed and finite; the mass contained in a certain part of the universe causes an effect of the curvature of space sufficient to make the space closed and finite. As for what the structure of the universe outside this finite part is, a definite answer can be given only as the level of understanding rises. In fact modern cosmology itself is still developing; for example, it was originally held that the “black hole” celestial body, owing to its extremely great density of matter, lies in an absolutely closed space, but afterward the American physicist Hawking and others combined the general theory of relativity with quantum theory to solve the “black hole” problem, holding that a black hole is not an absolutely closed or forever unchanging celestial body. The achievements of modern cosmology in fact tell us that the whole universe is infinite not only in time and space, but that the existence, mode of composition, and laws of motion of its various parts are also infinitely diverse. The natural view of the infinity of the universe cannot take the place of natural science’s understanding of the infinite diversity of the universe; it can only guide us not to take the concrete, individual, finite understanding of the universe as ultimate understanding, and thereby to produce stagnation and ossification in thinking.

The dialectical relationship between the finite and the infinite also touches on the question of the infinite divisibility of matter in the microscopic world. Here the metaphysical viewpoint has two manifestations: one is to regard the particles at a certain level as the limit of the divisibility of matter. The atomic theory from antiquity down to Dalton in modern times held that the atom cannot be divided further, and in the present day some hold that the “elementary particle” cannot be divided further; this has already been proved wrong by the development of science. The other manifestation is to understand the infinite divisibility of matter as mechanically “dividing into two halves,” seeing no qualitative differences of division at different levels. Engels pointed out: “In chemistry, divisibility has a definite limit, beyond which bodies can no longer act chemically. … Similarly, in physics we are compelled to assume the existence of a certain smallest particle — as far as observation in physics goes.”2 The differences in the qualities of the divisibility of matter precisely show the infinitely rich diversity of the natural world. At present, hadrons are held to be composed of quarks, but because the gluon field binding the quarks together is very strong, free quarks have so far not been obtained at the energy levels of existing accelerators, and particle physicists have on this basis put forward the problem of “quark confinement.” Furthermore, protons and neutrons are each composed of three quarks or antiquarks, which is again hard for the thought of mechanical division to understand. But it is precisely these new achievements of natural science that enrich the content of the pair of categories, the finite and the infinite.




Section 5 Order and Disorder


I. The Meaning of Order and Disorder

Order and disorder are categories describing the relations among objective things and among the various elements within things.

Order refers to a regular connection or transformation among the elements within a thing and among things. For example, the planets and stars revolve regularly, the electrons in an atom are divided into different shells according to different energy levels, atoms combine into molecules in a certain sequence, amino acids form protein macromolecules according to a certain order of arrangement, and so on. In sum, when things carry on regular arrangement, combination, motion, and transformation according to a certain objective order, they are said to be ordered.

Disorder refers to an irregular combination among the elements within a thing or among things, and to irregularity in the motion and transformation of things. For example, a dish of scattered sand, a heap of rubbish, a tangled mass of hemp, or again the molecules in rubber arranged in confusion, the thermal motion of atoms and molecules, and so on. Such a state or motion without regularity is disordered.



II. The Dialectical Relationship between Order and Disorder

Order and disorder are a unity of opposites. (1) Order and disorder are relative. The ordered structures of the natural world can be divided into two major classes, namely periodic order and non-periodic order. The former is manifested as regular ordered structures, the latter as chaotic ordered structures. In its evolutionary history, the Metagalaxy transformed from the thermal equilibrium state of the very early period into ordered galaxies and stellar systems, passing through hydrodynamic processes in between. Turbulence is relatively disordered relative to a regular stable structure, and is ordered relative to the irregular motion of the thermal equilibrium state. (2) No thing can be absolutely ordered or absolutely disordered. In ordered things there often exist factors that destroy their regular arrangement or process of motion, such as interference and noise. Absolutely disordered things also do not exist; for example, the irregular thermal motion of atoms and molecules displays a certain regularity or order at the macroscopic level. (3) Order and disorder can be transformed into each other under certain conditions. For example, a boundless diffuse nebula can form an ordered solar system, and beautiful, regular snowflakes, when heated, become water molecules, liquids of irregular motion, gases, and so on. The problem of the transformation of disorder and order has always been a problem frequently explored by philosophy and natural science.

There indeed exists in the natural world a tendency of development from disorder to order, and from lower order to higher order. From the diffuse nebula there develop ordered galaxies; simple hydrogen develops through a series of fusion reactions into complex elements; the primordial Earth, through a long course of development, formed a complex, ordered layered structure of spheres, and then simple organisms were produced on the Earth; simple organisms, through a series of developments from lower order to higher order, finally produced the highly ordered human being; human society also passes through a process of development from lower order to higher order.

Darwin’s evolutionary thought maintained that the tendency of development of the world is from the simple to the complex, and from disorder to order. It held that species evolve and have a common origin, and that evolution is realized through the evolution of species. This evolution is the process by which organisms develop from disorder to order, and from lower order to higher order.

But the opposite process of development also universally exists in the natural world. In 1850, the second law of thermodynamics put forward by Clausius pointed out that in an isolated system heat always passes spontaneously from a body of high temperature to a body of low temperature; this is also called the principle of the increase of entropy.3 The process of entropy increase is the process by which order spontaneously changes into disorder. For example, if alcohol and water are placed in a trough separated in the middle by a partition, alcohol and water are then in a relatively ordered, separated state; but once the partition is drawn out, the water molecules and alcohol molecules will spontaneously change their ordered separated state, quickly and spontaneously mix with each other, and can never again spontaneously separate from each other. There are many similar examples.

Clausius also extended his second law of thermodynamics to the universe. He held that, according to the principle of entropy increase, the whole universe will spontaneously change from order to disorder; as the entropy of the universe tends to a maximum, after the fuel of the Sun and other stars has been burned up, all things in the universe will reach thermal equilibrium, at which time all motion will stop, and the last day of the universe will have arrived. This is the so-called “heat death theory.” Obviously, this runs completely counter to the conclusion of the theory of evolution. Engels’s criticism of the “heat death theory” is well known.

In recent years, the Belgian scientist Prigogine has put forward the theory of dissipative structures, which has preliminarily unified the contradiction between the theory of evolution and the second law of thermodynamics. This theory points out that an open system far from the equilibrium state, by exchanging matter and energy with the external world, may under certain conditions cause the system to develop from a chaotic, disordered state into a stable, ordered structure. Every organism is an open system far from the equilibrium state, and only by continually exchanging matter and energy with the surrounding environment, that is, by metabolism, can it maintain life. The orderliness of organisms is an orderliness in structure and at the same time in function; if it changes from order to disorder and from a nonequilibrium state to an equilibrium state, this means the end of life and the arrival of death.



III. The Significance of Studying the Relationship between Order and Disorder

Understanding the dialectical relationship between order and disorder also has guiding significance, in the view of nature, for our activity of understanding nature and transforming nature. As far as human cognitive activity is concerned, the degree of order of the things of the natural world has now been understood as the quantity of information, and initiative itself is in turn a special function possessed by a material ordered structure once it reaches a certain degree; the human brain is precisely a highly ordered, finely structured material system. The general aim of humanity’s activity of transforming nature is to make nature become more ordered through human activity. People sum up the characteristic of the future development of science and technology as “informationization,” which shows that continually deepening the understanding of the orderliness of the natural world, and raising, through human subjective initiative, the degree of orderliness of the material structure of the natural world (including humanity itself), have become an important mark of the level of development of science and technology and of productive forces. The higher the level of technique, the greater the depth of processing of natural raw materials, the higher also the degree of order of the products obtained, and the greater the quantity of information needed to engage in such activity. Furthermore, order is also the mark of the degree of organization of all systems of coordinated motion. The higher the degree of organization of a system of coordinated motion, the higher its degree of order also, and correspondingly, the greater the quantity of information needed to maintain this coordinated motion. This has enlightening significance for our improving the command and communication systems of modern warfare. A modernized army should be a highly organized and ordered system, and modern war is human activity of a higher degree of coordination.










1. Lenin, Philosophical Notebooks, People’s Publishing House, 1974 edition, p. 262.



2. Engels, Dialectics of Nature, People’s Publishing House, 1971 edition, p. 222.



3. Entropy: in thermodynamics, the physical quantity expressing the thermal state of a material system, usually denoted S. The definition of entropy is dS = dQ/T, where dQ is the heat added to the matter and T is the absolute temperature of the matter.





Chapter 6 The Dialectical Relationship between the Natural World and Humanity

The relationship between humanity and the natural world is one of dialectical unity. The unity of humanity and the natural world is manifested, first, in the fact that humanity is a constituent part of the natural world, a product of the natural world’s own evolution to a certain stage. Second, humans live within the natural world and can survive and act only by depending on the various conditions the natural world provides. After the natural world differentiated humans out of itself, a contradiction between humanity and nature appeared, and humanity in turn exists as the opposite of the natural environment. This is manifested in the fact that human activity is purposeful, active cognitive activity and social practice; what distinguishes human activity from animal activity is that humans are not content with the ready-made things nature provides, but seek to use their own wisdom and physical strength to dominate the natural world and make it adapt to the needs of their own survival and development. Hence humans in turn regard the natural world as the object of their action. Engels pointed out: “We by no means rule over nature like a conqueror over a foreign people, like someone standing outside nature — but, on the contrary, we, with flesh, blood, and brain, belong to nature and exist in its midst; and all our mastery of it consists in the fact that we have the advantage over all other creatures of being able to know and correctly apply its laws.”1 Therefore, correctly understanding the dialectical relationship between the natural world and humanity helps us consciously grasp the lawfulness of the natural world as a whole; this is an organic component of the dialectical-materialist view of nature.


Section 1 Humanity’s Position in the Natural World

From the process of the evolution of the Earth, the origin of life, the evolution of organisms, and the evolution of humankind revealed by natural science, we know that humans, like other living things, are the product of the long-term development and transformation of nonliving matter in the natural world. At the same time, humans created themselves, and transformed and elevated themselves, in the labor of utilizing nature and struggling with the natural world. Because humans engage in productive labor that transforms the natural world, they enter into definite social relations. In other words, only because there is the relation between humans and nature is there the mutual relation between human and human (including relations of production, class relations, political relations, and ethical and moral relations). But once the social relations among humans have formed, they in turn react upon the relation between humans and nature, influencing and constraining the action of humans upon nature: “Only in society does nature exist for man as a bond with man.”2 The essence of the human being lies in his conscious initiative and his sociality. After human society appeared, humans consciously created their own history through social productive labor, so that they finally broke away from the animal kingdom in respect of species relations and achieved an “elevation” in respect of natural relations. Owing to this change, in the relation between humans and nature, humans became able gradually to turn from slaves of nature into masters of nature. This is the summary we make, from the standpoint of natural history and the view of nature, of the dialectical understanding of humanity’s position in the natural world within historical and real relations.

After humans were raised out of the animal kingdom, although the relation between humans and nature underwent a qualitative change, humans still retain a relation of dependence on nature. Humans must always depend on the various resources and the living environment that the natural world provides. One class is inorganic natural resources such as light, heat, air, water, soil, and minerals; the other class is biological resources such as plants, animals, and microorganisms. These two great resource systems are in turn unified; they are interconnected and interpenetrate each other, forming the cyclic chain of the natural world, and humankind stands at one link of this chain. The position of humans in the overall mutual transformation of the natural world is thus likewise one link in the unified chain of nature.

After humans arose from the natural world, a contradiction between humans and the natural world appeared in turn. Labor not only transformed the human limbs and body form but also transformed the human brain and gave rise to consciousness. As the structure and function of the human brain were continually perfected in labor, the level of consciousness of the human brain continually rose. By using their own highly developed intelligence to make up for the insufficiency of bodily strength, humans raised their active position in the relation with the natural world. In the mutual contradiction between humans and the natural world, humans occupy the active side of the contradiction. This initiative is manifested in the fact that humans can react upon nature, change the face of the natural world, and create for themselves new and increasingly civilized conditions of existence. “Only man has succeeded in impressing his stamp on nature, for he has not only changed the position of plants and animals, but also changed the appearance and climate of the places where they live, and he has even changed the plants and animals themselves….”3 Taken as a whole, humanity’s utilization and transformation of nature has produced two kinds of results. One is the material products that humans have created by applying intelligence and physical strength, that is, the material conditions of human existence created by humans themselves, which we may call artificial nature. The other is the summing-up of the activity of understanding and transforming nature, namely natural science, which is an important component of the achievements of human spiritual civilization. Natural nature is a component of nature as a whole, a “thing-in-itself” that already existed before humans appeared. This natural part not only produced humans themselves but also provided the other material conditions for humans to build artificial nature. Artificial nature, in turn, consists of the material civilization — never present in natural nature — that socialized humans, in order to obtain from the natural world the conditions necessary for their own survival and development, have created by purposefully applying science and technology, utilizing natural conditions, and actively exploiting, controlling, and transforming nature (including controlling and transforming humans themselves). Clearly, natural nature and artificial nature are both interconnected and distinct from each other. Compared with natural nature, artificial nature contains the crystallization of human wisdom, and artificial natural systems have special structures and functions; but natural nature is in turn the basis of artificial nature, artificial nature is transformed from natural nature, and in terms of its source, artificial nature is an imitation of natural nature. Natural nature is constantly moving and changing, but by comparison the change and expansion of artificial nature is far more rapid. Where natural conditions such as geography, climate, and resources are the same or similar, the efficiency of the material products created differs greatly according to the different modes of production adopted and the different means used in exploiting and transforming nature. This requires us to accelerate the development of science and technology, to adopt advanced material and technical means as quickly as possible, and to advance in the depth and breadth of the exploitation of nature.

The movement and development of the natural world has no end, and the human effort to understand and transform nature is in fact likewise endless. Hence the potential for the transformation of natural nature into artificial nature is almost unlimited. Before humans have understood and mastered the laws of the natural world, natural laws are merely a blind “necessity”; only by using natural science to unveil the “riddles of nature” and converting this knowledge into material and technical means can humans possess more freedom in changing their environment of existence and creating artificial nature. The new scientific and technological revolution reveals to us that energy, materials, and information are the intermediaries linking natural nature and artificial nature, making the movement of the natural world and human activity one. Because information itself has the property of proliferation and displays outstanding potential, humanity, by converting natural information into knowledge information, creates new energy sources, new materials, and new types of devices for the acquisition, transmission, storage, and processing of information, and thereby exerts an enormous influence on the transformation of the productive forces. These achievements not only enrich the dialectical view of nature but also raise before us more and more new problems. The dialectical view of nature should not be regarded as merely an unchanging dogma; it should be used to effectively guide our practical activity of understanding nature, exploiting nature, and transforming nature, and to be continually enriched and developed in that practice.

In understanding the mutual relationship between humans and nature, we must also take care to guard against the influence of idealism and the metaphysical view of nature. The religious-theological idealist view of nature not only completely denies that humans are a product of nature but also entrusts the fate of humans to the dominion of supernatural forces. Denying human initiative, it makes humans into slaves of nature who can do nothing. In our country the influence created by the consciousness of the long feudal society in history should not be underestimated even today, because it seriously obstructs the application of emerging natural science and technology and forms a tradition of clinging to the old ways. Subjective idealists exaggerate the subjective role of humans and distort conscious initiative into subjective arbitrariness, regarding the natural world and natural science as things that can be interpreted at will according to the wishes of certain individuals or a certain class, and attempting to transcend the objective possibilities constrained by natural laws. Guiding practice by such a viewpoint cannot possibly achieve the desired ends and will only meet with failure in practice. The metaphysical view of nature looks at the relation between humans and nature only from the standpoint of the part and of certain links; it considers only the partial interests and immediate needs of certain people and neglects the overall situation and long-term interests, or else confines the potential of humans to understand and transform nature within some absolute limit, marking off all sorts of “forbidden zones of science.” These viewpoints, which violate scientific laws, obstruct humans in their activity of transforming nature and lead to all kinds of mistakes, and humans therefore inevitably suffer retaliation from the natural world. In socialist modernization, the great mass of contradictions we face are contradictions between humans and nature; we should sum up, from the height of the view of nature, past experience and lessons in handling the relation between humans and nature, and recognize that humans are the masters of nature. We cannot sit waiting for the bounty of nature, but should emancipate our minds and actively engage in the activity of understanding nature and transforming nature. At the same time, we must also soberly recognize that humans are not beings standing outside nature; humans are at all times constrained by nature and must accept the challenge of nature.



Section 2 The Coordinated Development of Humanity and Nature

A great many facts show that, in the process of actively acting upon nature, humans have brought about a state of extreme disharmony in the relation between humans and nature. The appearance of this state has causes not only in the view of nature but also profound social causes. The comprehensive solution of these problems depends not only on the development of natural science and technology themselves but also on the transformation of social relations; that is to say, it depends on “elevating” humans out of the animal kingdom in respect of social relations.

Animals, too, can change the external natural world through their activity, only that in degree it is far from comparable to human activity, and moreover animals “abuse resources” in their own activity. Engels once cited such examples: the wolf does not spare, as the hunter does, the doe that would bear fawns the next year; the goats of Greece eat up the tender shrubs before they can grow up. This action and influence of animals on their surrounding environment is, moreover, accidental and unconscious behavior. “But the further removed men are from animals, the more their effect on nature assumes the character of premeditated, planned action directed toward definite, preconceived ends.”4

Under the capitalist system, social production has always been blind in character. Because the aim of capitalist production is to pursue maximum profit, when new scientific and technological means are used to exploit nature, it always tries to extract, as cheaply as possible, natural resources greater in quantity and variety. This has finally caused the desertification of vast tracts of land, the increasing depletion of petroleum resources and other nonrenewable energy sources stored on the Earth, a decline in the quantity and quality of biological output, a sharp reduction in forest area, and the mass extinction, or near-extinction, of many species; ecological imbalance affects the climate, water, and atmosphere, and all sorts of pollution and abnormal phenomena appear. In the course of industrialization, developing countries, often owing to lack of experience, population expansion, and shortage of resources and advanced technical means, likewise exploit nature in a crude manner, which likewise brings all sorts of disharmonious consequences. Whether in history or in contemporary society, poverty still threatens tens of millions of people, and natural disasters and famine occur from time to time. This shows that the blindness of human activity has caused not only non-negligible “natural effects” but also serious social effects. When Europeans spread the potato from South America to Europe, they at the same time brought a kind of scrofula associated with the potato. Even in the middle of the nineteenth century, when European capitalism was already highly developed, English workers still took the potato as their staple food. In 1847, because the potato crop was struck by disease, a great famine broke out in Ireland, in which a million poor people starved to death and two million fled overseas. This retaliation suffered by humans has not only natural causes but also deeper social causes. Engels pointed out: “All modes of production that have existed up to now have aimed only at the nearest, most direct useful effect of labor. The further consequences, which appear only later and become effective through gradual repetition and accumulation, were completely neglected.”5 The accumulation of this effect has turned the harmonious relation between reasonable needs and supply, as between humans and the natural world, into opposition.

How can the coordinated development of humans and nature be realized? First, the dialectical view of nature must be established. This view of nature regards humans and the natural world as an organically connected whole, and regards the various parts of the natural world as an organically connected whole. Humans are both a constituent part of the natural world and the subject that actively influences nature. With the progress and development of society, and with the elevation of humans out of the animal kingdom, humans will better embody the principle of coordination in understanding and handling their relation with nature; taking this as one of the goals of action, they will raise consciousness, planning, and foresight, and overcome all kinds of blindness. This blindness may be manifested as anarchism in production, or as subjective plans divorced from reality and management systems lacking flexible feedback and the vitality of reform. The dialectical view of nature and the dialectical view of social history are unified. For humans and nature to attain true coordination and agreement, we must rely not only on developing science and technology to understand nature as a whole and to gain greater “freedom” from the natural world, but must also transform capitalism and all old modes of production and establish, in social relations, a conscious society able to produce and distribute in a planned way; and this is precisely the objective law of the development of human society revealed by the dialectical-materialist view of history.

Second, we must vigorously carry out the scientific and technological revolution. Science and technology are the tools for coordinating the relation between humans and nature. The various disharmonious problems of the natural world created by humans in the activity of transforming nature have not only sounded a warning to humans but also brought information about nature. Studying the coordination of the relation between humans and nature has promoted the mutual combination and mutual interpenetration of the different disciplines of natural science, and has also promoted the mutual interpenetration of science and technology and of natural science and social science. These new features of contemporary science and technology further influence the revolution in the view of natural science.

The question of the dialectical relationship between the natural world and humanity is also the intermediary linking the view of nature and the view of social history. Correctly understanding this relationship helps us further understand the place of dialectics of nature in Marxist philosophy and the integrity of the system of dialectical-materialist philosophy. Looking toward the far-off goals of humanity’s future, we should correctly recognize the dialectical relationships between transforming nature and transforming society, and between transforming the objective world and transforming the subjective world, and strive to be defenders, builders, and reformers of modern society.
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Part II The View of Natural Science

The view of natural science is people’s general outlook on the nature, characteristics, and role of natural science and the laws of its development. In the course of exploring the concrete phenomena, properties, and laws in the various domains of the natural world, people have summarized the knowledge they obtained into a systematic theoretical system — natural science — and have then studied it as a whole, gradually establishing a view of natural science. Before Marxism there existed all sorts of views of natural science: some regarded natural science as a rational activity of knowledge for the sake of knowledge; others said that the birth and development of natural science was a free creation of the minds of a few men of genius; and so on. These views departed from an examination of the material causes of the emergence and development of natural science, and therefore could not correctly explain the historical development of natural science.

Marxism holds that natural science is a social-historical phenomenon, a special kind of historical activity by which humanity understands and transforms nature. It therefore insists on using the method of the unity of the historical and the logical to study its emergence and development, to clarify the nature, characteristics, and role of natural science and the general laws of its development, and thereby establishes a scientific view of natural science.




Chapter 1 Overview of Natural Science

To study the dialectical development of natural science, we must correctly understand the nature of natural science and its position and role in the development of society as a whole; at the same time, we should also understand the characteristics of the development of modern natural science and the system and structure of modern natural science. This will be very beneficial for our grasping the historical trends in the development of natural science and establishing a scientific view of natural science.


Section 1 The Historical Development of Natural Science

Natural science is humanity’s system of knowledge about the phenomena, properties, and laws of development of the natural world. As a social phenomenon, its development has passed through a long process. In order to correctly understand the nature, characteristics, and role of natural science and the general laws of its development, it is necessary to give a brief historical review of the major achievements natural science has made at the different stages of human understanding.


I. Ancient Natural Science

The history of humanity’s understanding of nature began in the age when humans separated from the apes. In the struggle in which humans fought for the right to survive against the natural world, every struggle, whether it succeeded or failed, deepened people’s understanding of natural phenomena and natural objects. Engels said: “The rise and development of science has from the beginning been determined by production.”1 The productive activity of primitive humans directly gave birth to the budding germ of early natural science. The making of tools of labor gradually gave people some knowledge of the working of materials. Hunting and animal husbandry gradually taught them the habits, forms, and characteristics of animals and the corresponding knowledge of domestication. Agricultural production gradually enabled them to master the properties of the land and the laws of the growth and development of crops. The use of fire not only favored the development of the human brain and the raising of the capacity for thought, but directly led to the emergence and development of pottery-making and metal-smelting techniques. And the invention and use of writing, which originated in productive practice, was both a result of the development of human activity and intelligence and a powerful lever promoting the rise of ancient science and an important precondition for the scientization of knowledge of nature. But on the whole, the simple empirical knowledge humans acquired in this period was of a very low level and fused completely with the production process. It was the germ of natural science; it may be said that natural science as a form of ideology had not yet come into being.

After entering slave society, with the expansion of the scale of production, handicrafts, commerce, and navigation developed alongside the traditional agriculture and animal husbandry. In particular, the appearance of a stratum engaged in mental labor powerfully promoted the development of natural science. Certain branches of science, such as mathematics, astronomy, and mechanics, began to take shape. The development of natural science in this period reached a peak in ancient Greece, producing such things as Euclid’s Elements, Apollonius’s Conic Sections, Aristarchus’s heliocentric theory, Ptolemy’s geocentric theory, Archimedes’ law of buoyancy and principle of the lever, Democritus’s atomic theory, and Hippocrates’ system of medicine. These achievements were not only a systematic summing-up of humanity’s earlier knowledge of nature, but also exerted a major influence on the later development of natural science.

In feudal society, with the progress of production, natural science developed further. While idealist philosophy and religious obscurantism were prevalent everywhere in Europe, scholars of the Arab and Central Asian Islamic countries of the East made important contributions to the development of natural science. They preserved, translated, and absorbed the science and culture of ancient Greece, promoted cultural exchange between East and West, and made considerable progress in mathematics, astronomy, and other fields, creating conditions for the Renaissance that began in Europe in the fourteenth century. In this period the development of science and technology in China occupied a special place in the history of world science and technology. China was the earliest country in the world to enter feudal society; in the two thousand and more years from the turn of the Spring and Autumn and Warring States periods in the fifth century BC to the outbreak of the Opium War in 1840, China’s science and technology had many brilliant achievements, and before the fifteenth century surpassed the contemporary West in many respects. Especially worth pointing out are the four great inventions — gunpowder, the compass, printing, and papermaking — which are not only rich fruits and conspicuous marks of ancient Chinese technology, but also provided the necessary preconditions for the rise of modern European civilization and the development of capitalism. But whether in the West or the East, on the whole the development of natural science in feudal society was extremely slow. The true leap forward of natural science still had to await the arrival of a brand-new era, the era in which capitalist production comprehensively replaced the traditional production of feudalism.



II. Modern Natural Science

Modern natural science is the inheritance and development of ancient natural science. It includes two stages of development that are both connected and distinct: the period of formation, from the latter half of the fifteenth century to the eighteenth century, and the period of all-round flourishing, from the latter half of the eighteenth century to the end of the nineteenth century. The formation and development of modern natural science were closely bound up with the emergence and development of the capitalist mode of production.

From the latter half of the fifteenth century to the eighteenth century was the age in which the feudal system decayed and headed toward collapse, and the capitalist system grew strong and won victory. In the unyielding struggle to obtain its position of rule, the rising bourgeoisie first used a new cultural movement to oppose the ideology of feudalism, which included using the power of science to oppose religion. The Renaissance of the fourteenth to sixteenth centuries was an intense and profound ideological contest in which the rising bourgeoisie opposed theocratic rule, the system of religious law, asceticism, and obscurantism. It was of the greatest importance for liberating people’s minds, and it also cleared away obstacles for the progress of natural science. Modern natural science won its independent position precisely in this struggle. On the one hand, it inherited and developed the best part of the science and technology of ancient Greece — the highly rational and logically rigorous scientific tradition represented by the Euclidean geometric system; on the other hand, it also fully absorbed the rich practical scientific and technical knowledge of ancient China, India, the Arab lands, and other countries, and on this basis finally formed modern natural science, characterized by the close union of theory and experiment.

The major innovations of modern natural science in its initial stage were the heliocentric theory, the laws of planetary motion, the principle of inertia, the law of universal gravitation, and the concept of chemical elements, the phlogiston theory, and the theory of the circulation of the blood, put forward by Copernicus, Kepler, Galileo, Newton, and others. The publication of Copernicus’s On the Revolutions of the Celestial Spheres marked not only a major revolution in astronomy but also a change in the position of natural science as a whole, which turned from its former position as the handmaiden of theology toward independent development. The formation of Newton’s system of classical mechanics was an important mark of the maturity of modern natural science; it was the first great leap and great theoretical synthesis in the history of human understanding of nature, and had an enormous influence on the later development of science.

But until the latter half of the eighteenth century, the speed of development of natural science was still not fast enough and its level was rather low; many branches were still at the stage of laying foundations. With the rise of the industrial revolution in the major capitalist countries, capitalist free competition reached its peak in the nineteenth century. The development of large-scale machine industry demanded the conscious use of science, and provided large numbers of precision instruments and powerful experimental means for exploring the laws of nature. As a result, all the main branches of natural science displayed an unprecedented flourishing, and passed from the accumulation of material to a stage dominated by theoretical synthesis that organizes material. Engels made a very apt summary of this. He pointed out: “Empirical natural science has accumulated such a vast mass of positive knowledge that the necessity of ordering it systematically and in accordance with its inner interconnection in each separate field of investigation has become simply unavoidable. … Thus natural science enters the realm of theory.”2

The main theoretical achievements of the nineteenth century include the atomic-molecular theory, the discovery of the law of conservation and transformation of energy, the uniformitarian theory of geological evolution, the cell theory, the theory of evolution, the discovery of the periodic law of the elements, and the establishment of Maxwell’s equations. These major theoretical syntheses differed from the creations in individual disciplines in the seventeenth century: in every field of natural-scientific research there were epoch-making theoretical breakthroughs, and there also took shape overall principles running through several fields of natural science. In this way they provided the preconditions for a fundamental change in the human mode of thinking and for the emergence of the dialectical-materialist view of nature and view of science, and at the same time provided theoretical guidance for the technological revolutions that followed. From this time on, the role of natural science in promoting economic progress and even the progress of society as a whole became increasingly evident.



III. Contemporary Natural Science

The emergence of modern (contemporary) natural science was based on the scientific advances of the modern period, especially of the nineteenth century. The progress of modern natural science provided the theoretical preconditions, experimental conditions, and research methods for breaking through its own limits. From the end of the nineteenth century, on the basis that natural science had fundamentally achieved theoretical synthesis in the macroscopic domain, another great transformation appeared. Humanity began to understand the microscopic and cosmic domains, so that the whole face of natural science was renewed.

The mark of the rise of modern natural science was the three great discoveries in physics at the end of the nineteenth century, namely the discovery of the electron, X-rays, and natural radioactive substances. The development of modern natural science that began then, although it has lasted less than a hundred years, has produced unprecedented achievements. The development of modern natural science, whether in speed and scale or in depth and breadth, is beyond comparison with any earlier historical period. Since the beginning of this century, people’s understanding of the natural world has become not only more comprehensive and profound in the macroscopic, low-speed domain, but has also penetrated into the microscopic, high-speed, and cosmic domains, revealing the original face of nature and its laws over a deeper and wider range. The beginning of the twentieth century was the period in which the foundational theories of modern science were laid. The theory of relativity and quantum theory born in this period are the two great theoretical pillars of modern natural science. The 1930s were a period of rapid development of synthetic chemistry, in which many new materials and drugs were artificially synthesized. The 1940s and 1950s were a period of great development of modern science and technology, especially of cutting-edge technology. The three great modern cutting-edge technologies represented by atomic energy, the electronic computer, and space technology, as well as automation technology, semiconductor technology, and so on, were all products of this period. This also brought about the third technological revolution, marked by the application of atomic energy and the electronic computer. In this period brand-new scientific theories such as cybernetics, information theory, and systems theory also appeared. In the early 1950s, the discovery of the double-helix structure of DNA, the genetic material, had epoch-making significance in the development of modern biology. In the 1960s and 1970s, the intensive development of all kinds of science and technology brought a rapid rise in the social productive forces and increasingly profoundly affected every aspect of human production and life. With the aid of modern science and technology, people are exploring some more fundamental theoretical problems. Elementary particles, the evolution of celestial bodies, and the origin of life, as the three great frontier sciences, are brewing new major breakthroughs.

Owing to the rapid development of modern natural science, the wide application of the computer, and the rise of new technologies such as genetic engineering, optical fibers, lasers, and ocean development, a new worldwide technological revolution has arrived. This new worldwide trend requires us both to stand on the present and to look at the world and face the future, paying attention to the new trends in the development of the world economy and of science and technology and to the new demands these trends place on our country’s construction, so as to seize the opportunity, meet the challenge, and make the contribution we should make toward catching up with the advanced world level of science and technology.




Section 2 The Nature, Characteristics, and Role of Natural Science

Dialectical materialism holds that the reason one thing can be distinguished from other things is that they differ from one another in their qualitative determinacy. By comparing them with one another and finding the different characteristics of one thing and another, we can deepen our understanding of the essence of that thing.

Natural science, being determined by its object of study and its content, has a nature and characteristics different from those of other sciences; at the same time, natural science, as the means by which people understand nature and transform nature, has very evident economic and social functions.


I. The Nature and Characteristics of Natural Science

The object of study of natural science is the whole natural world. It is a system of theoretical knowledge about the phenomena, properties, and laws of the natural world. As an achievement of cognition, it belongs to the form of knowledge. This knowledge comes from productive practice and scientific experiment; once it has arisen, it in turn serves production, guides production, and promotes the development of production. Sooner or later, all scientific achievements will be applied in production and play a role there. Therefore, regarding the characteristics of natural science, we may sum up as follows: it is both a special ideology and a special productive force.

As an ideology, the particularity of natural science is manifested in the following respects:


	Natural science itself has no class character. What natural science studies is the natural world; what it involves is the relation between humans and the natural world, and it directly reflects people’s understanding of the laws of development of the natural world. These laws already existed before human society appeared. Therefore, generally speaking, natural-scientific theories that reflect the laws of nature do not reflect class relations or the interests of any particular class, but are a spiritual wealth common to all humankind, which can be used by any class. Of course, in class society those who study natural science have a class character, and their class consciousness may also permeate natural-scientific theories, so that different conclusions are drawn. But this is not an essential attribute of natural science itself.


	Natural-scientific theory has a very strong historical continuity. Natural science is a social-historical phenomenon; it is not the product of the specific economic base of a particular era, but a spiritual wealth jointly created by different countries and different peoples. Hence Marx said that it is “the product of the general process of historical development, and it expresses in the abstract the quintessence of this whole process of development.”3 Therefore natural-scientific theory does not perish with the perishing of the economic base, nor with the passing of the era in which it arose. Any concrete achievement of natural science, no matter in which country or under which social system it was obtained, so long as it has been tested by practice and proved to be true knowledge, is irrefutable. Whatever class one belongs to, one can directly inherit it, continue to let it play its role in guiding people’s practical activity, and make it a new starting point of human scientific knowledge.


	The objective laws reflected by natural science can be verified repeatedly. The laws of nature reflected by natural science are established on the basis of objective facts. All formulas and laws of natural science that have been proved by experiment will necessarily yield the same results for anyone, at any time and place, so long as the same conditions are present and practical testing is carried out. Otherwise, they will not win social recognition.




These particular properties of natural science distinguish it from ideologies of the social superstructure such as philosophical, political, moral, legal, religious, and artistic viewpoints. For in class society, ideologies such as philosophy, politics, and morality always arise on a definite economic base and represent the fundamental interests of a definite class; although in certain non-essential respects they have a certain historical continuity, they must undergo thoroughgoing criticism and revolutionary remolding. Moreover, because social-historical phenomena can hardly repeat themselves completely, social sciences and other ideologies are also distinguished from natural science by the characteristic that the objective laws it reflects can be repeatedly verified.

As a productive force, the particularity of natural science is manifested in the following respects:


	Natural science belongs to the category of the “general social productive force.” Before natural-scientific theory is infused into the production process, it is only a “spiritual potential of production” or a “productive force in the form of knowledge.” Marx said: “The production process becomes the application of science, and science in turn becomes a factor, a function, so to speak, of the production process.”4 That is to say, once natural-scientific theory is applied in the production process, it is transformed into a direct productive force. Therefore, when we say that natural science is a direct productive force and appears as a decisive factor in the development of modern productive forces, what is meant is not science itself, not the product of mental production, but only natural science by virtue of its application.


	That natural science becomes a direct productive force through its application does not mean that natural science has been converted into a fourth element of the productive forces. What is meant here is that natural science organically runs through the whole process of productive labor and fundamentally transforms the components of labor: the instruments of labor, the objects of labor, and the direct laborers who take part in the production process. Hence Marx said: “The productive forces of course include science.”


	Because of the organic union of natural science with the elements of the productive forces, the productive forces themselves come to exert a greater and greater influence on natural science; that is, the level of development and the demands of the productive forces not only determine the direction of the development of natural science but also provide feasible conditions for its research. This is another special manifestation of natural science as a category of productive force.




Because natural science is at once a special ideology and a special productive force, this determines that, whether in the domain of the superstructure or in the domain of the economic base, it plays a major role in promoting the progress of society and the development of production.



II. The Role of Natural Science

Natural science, which correctly reflects the laws of motion of matter, plays a very great role in the process of transforming nature and transforming society. The role of natural science is manifested first in the fact that it can resolve the contradiction between humans and nature and strengthen humanity’s capacity to transform nature and adapt to nature. But its role is not confined to the natural domain. The progress and development of natural science and its wide application will also, in different ways and through various channels, influence society, bringing about changes in politics, economy, culture, education, and human life, and promoting social transformation. Therefore the revolutionary teachers Marx and Engels held: “Natural science is a revolutionary force acting as a driving force in human history.”5


	Natural science is a powerful force promoting the development of social production.



The development of social production is prominently manifested in the raising of the level of the productive forces. The social productive force is humanity’s capacity to transform nature, the capacity in which the material factors and human factors of the production process are combined. The conversion of natural science into a direct productive force is realized through these two aspects, things and people. On the one hand, natural science can, by way of technological invention and creation, be “materialized” into instruments of production (such as machines), applied in the production process, and thereby raise labor efficiency, expand the range of the objects of labor, and change and improve the quality of the objects of labor, so as to raise productive forces. On the other hand, through education and study, natural-scientific knowledge is mastered by laborers and turned into their skills, thus creating a higher labor productivity in production; this also includes enabling managers to raise their level of management, so as to raise collective labor productivity.

With the constant accumulation of human productive experience, and the constant growth of scientific and technical knowledge and its increasingly wide use in production, natural science is converted on a larger scale into a direct productive force and becomes a powerful force promoting the rapid development of production. Especially today, when natural science is combined more and more closely with the production process, major scientific discoveries and major technical inventions often bring about astonishing rises in the level of the social productive forces. According to statistics, the ratio of the productivity brought about by science and technology in Britain to the productivity of manual labor was 4:1 in 1770 and became 108:1 in 1840. In the latter half of the nineteenth century, owing to progress in electricity and the application of electric power, the total industrial output value of the whole world increased nearly twentyfold in about a hundred years. Beginning in the 1940s, modern science made a new leap forward and produced a series of new disciplines, opening up new industrial fields such as polymer synthesis, atomic energy, electronic computers, semiconductors, astronautics, and lasers. In particular, the development of automation technology has often raised labor productivity dozens or even hundreds of times over what it was before. It can be seen that the role of natural science in production is growing ever greater.

However, the development of natural science and its application in production are always carried on under definite social relations of production and are constrained by definite relations of production. Under different social conditions, the purposes and consequences of the application of natural science differ. In capitalist society, “natural science is used by capital as a means of getting rich.”6 “Within the capitalist system all methods for raising the social productiveness of labor are put into effect at the cost of the individual laborer; all means for the development of production transform themselves into means of domination over, and exploitation of, the producers.”7 The anarchy of monopoly capitalist production and the constantly erupting economic crises have both brought serious obstruction to the development of natural science and its application in production. This shows that the conversion of science and technology into a direct productive force under capitalist society has very great limitations. Only in socialist society, where science and technology are mastered by the people, do they truly become a powerful means of bringing benefit to the masses of the people. The socialist system opens broad prospects for the rapid development of science and technology and its conversion into a direct productive force.


	Natural science is a revolutionary force promoting the development of society.



The social productive force is the fundamental motive force and decisive force promoting the development of society; this is a basic principle of historical materialism. Natural science is constantly converted into productive force, and its development will inevitably lead to fundamental changes in the mode of production and in the nature of society. In human history, major developments in natural science have always brought about corresponding changes in social and economic relations. Marx once pointed out: “The hand-mill gives you society with the feudal lord; the steam-mill, society with the industrial capitalist.”8 The technological revolution brought about by modern science caused feudal relations of production to be completely replaced by capitalist relations of production. This revolution began with the working machine, replacing manual operation with machines, and then improved the motive machine, replacing human power, animal power, and water power with steam power, so that the productive forces rose to an unprecedented height. This technological revolution not only improved the relation between humans and nature but ultimately brought revolutionary changes in the system of production, the organization of labor, and the relations of production. Marx pointed out: “In large-scale industry the revolution in the mode of production takes as its starting point the revolution in the means of labor (chiefly the instruments of production), and the change of the means of labor from hand tools to machines is a revolution in the means of labor that changes the mode of production and hence also the relations of production.”9 The development of natural science and the technological revolution brought highly developed productive forces, which both promoted the development of capitalist relations of production and at the same time sharpened the basic contradiction of capitalism and provided conditions for the socialist revolution. Hence Engels said: “Those who, in the seventeenth and eighteenth centuries, labored at the creation of the steam engine did not suspect that they were producing a tool which, more than anything else, would revolutionize the social conditions of the whole world; especially in Europe, by concentrating wealth in the hands of a minority and leaving the immense majority without any property, it would first give the bourgeoisie social and political rule, and then give rise to a class struggle between bourgeoisie and proletariat which can end only in the fall of the bourgeoisie and the abolition of all class antagonisms.”10 This shows that science and technology as a productive force, in their development, “create with ever greater rapidity the material possibilities for social revolution, that is, for replacing capitalist relations of production with communist ones.”11 Therefore, considering only from the standpoint of natural science’s promotion of social development, we can also see that the replacement of the capitalist system by the socialist system is a historical necessity, an objective law that does not shift according to human will.


	Natural science is a powerful factor promoting the progress of human thought and morality.



Natural science not only, by being converted into direct productive force, becomes a material force that transforms nature and promotes social development, but also, as a form of knowledge, takes part in people’s spiritual life and becomes a spiritual force by which people understand nature and understand society. People’s thought and morality are of course determined by the material conditions of social life and constrained by definite social and economic relations, but thought and morality themselves after all have their relative independence, and within a certain scope they can be continually raised under the impetus of science. This is because natural science can provide true and precise material for people’s cognitive activity; the knowledge of nature revealed by natural science often determines people’s understanding of other activities; and natural science always excludes and opposes, without the slightest ambiguity, all unscientific and antiscientific factors in other kinds of knowledge. Therefore, when people form some advanced thought and morality, or discard some backward thought and morality, they always rely on a certain amount of natural-scientific knowledge. For example, the rise and development of modern natural science struck fiercely at feudal superstition and feudal theological moral concepts, and thereby promoted the establishment of humanist thought and bourgeois moral concepts.

Of course, we should also see that the influence of natural science on people’s thought and moral concepts is a rather complex social process, constrained by the social system and other factors. For example, under the capitalist mode of production, “science appears, in relation to labor, as an alien, hostile, and dominating power.”12 “The machinery, gifted with the wonderful power of shortening and fructifying human labor, we behold starving and overworking it. The new-fangled sources of wealth, by some strange weird spell, are turned into sources of want. The victories of art seem bought by the loss of character. At the same pace that mankind masters nature, man seems to become enslaved to other men or to his own infamy. Even the pure light of science seems unable to shine but on the dark background of ignorance.”13 The bourgeoisie’s use of science and technology to spread its decadent thought and morality and poison the people is not a result of natural science itself but a crime of the capitalist system. Under socialist conditions, the broad masses of the people consciously strengthen the building of spiritual civilization, and the development of natural science and the raising of people’s level of thought and morality complement each other, just as Marx said: “Only the working class can … turn science from an instrument of class rule into a force of the people … only in the republic of labor can science play its true role.”14




Section 3 The System and Structure of Natural Science

All things and phenomena in the objective material world are not accidental, chaotic heaps, but unified wholes that have structure, system, and levels. The various branches of natural science, formed on the basis of humanity’s long practical activity of understanding and transforming the objective world, are all summings-up of knowledge about the material forms or laws of motion of the different structures, systems, and levels of the objective world. With the development of human practice and cognition, the knowledge of the branches of natural science has gradually become systematized, and the organic connections among the disciplines have gradually been revealed, so that the overall structure of the system of natural science has been formed. Once this structure has formed, it becomes an objective existence that does not shift according to people’s will, and is the concentrated embodiment of the inner logical structure of natural science. Studying and discussing the formation and development of the system and structure of natural science is beneficial for revealing the inner connections among the disciplines and for grasping, from the whole, the characteristics and trends of the development of natural science, and is beneficial for drawing up far-sighted strategic plans for the development of science.


I. The Formation of the System and Structure of Natural Science

Natural science, as a special ideology, has also passed in its development through a historical process from the simple to the complex and from the lower to the higher. Because of the limits of their cognitive capacity, the ancients’ knowledge of the natural world remained at the level of vague general concepts; they could only explain the unity of the natural world from an intuitive, perceptual angle, and could not scientifically explain the concrete course of development of the natural world. At the same time, because of the limits of the scale and level of production, and the lack of precise scientific experiments and instruments, people’s exploration of the natural world could not reach the level of systematic, concrete, thorough, and detailed research, and naturally an independent system and structure of natural science could not be formed.

From the latter half of the fifteenth century, with the emergence of the capitalist mode of production, modern natural science developed at a speed never known before. In order to make concrete and in-depth investigation of the various domains of the natural world, it was necessary to divide natural things and phenomena into different branches and to carry on research branch by branch. After the efforts of several centuries, the various branches of specialized knowledge finally separated one after another from the formerly unified philosophy and became independent disciplines. The emergence of these independent disciplines aroused people’s desire to explore the system and structure of natural science as a whole.

The first to try to describe the system and structure of modern natural science was the seventeenth-century English philosopher Bacon, who divided philosophy or science into first philosophy, natural science, and the human sciences. Natural science is the science concerning the natural world, and he divided it into a theoretical part (including physics, concerning the motion of matter, and metaphysics, concerning ultimate causes), a practical part (including mechanics corresponding to physics, and chemical technology), and mathematics (including pure mathematics, geometry, arithmetic, and applied mathematics). The human sciences consist of the sciences that study the human body (such as medicine), the sciences that study the human mind (logic, linguistics, and so on), and the sciences that study society. Bacon’s basic ideas were accepted by the French Encyclopedists. Down to the end of the eighteenth century, when the victory of the bourgeois revolution promoted the development of production and science made further progress and differentiation, “the demand arose to make an encyclopedic summary of the whole of natural science of the old Newtonian-Linnaean school, and two of the most brilliant men took up this work: Saint-Simon (unfinished) and Hegel.”15 Saint-Simon correctly put forward the principle of objectivity in the classification of the sciences, holding that the classification of the sciences should proceed from the simple to the complex; Hegel brought the idea of development into the classification of the sciences, so that the system of classification passed from external features to the interior of science.

But all the thinking about the system and structure of natural science up to this time still contained many problems, included metaphysical components, and even had an idealist coloring. They either isolated the things and processes of the natural world, made the boundaries between them absolute, and failed to see the connections and transformations between them; or they noticed only the connections among the phenomena of the natural world, but lacked an examination of the essential relations of the phenomena themselves. In Hegel’s system, although some reasonable conjectures were made about the connections among the sciences, there was also a good deal of fabrication, and his description of the system and structure of natural science was built on an objective-idealist foundation. Hence, on the whole, all of these were unscientific. The emergence of a correct theory of the system and structure of natural science also depended on the formation of the object of the theory itself.

In the middle of the nineteenth century, the development of natural science entered a new period, and several notable features appeared in the system and structure of natural science. First, theoretical natural science had been systematically developed and had gone from describing natural phenomena to inquiring into the essence and laws of the natural world, so that the inner connections among the disciplines became increasingly evident. Second, the applied sciences displayed the extremely notable feature of separating from the production process and being guided by theoretical science, thereby becoming applications of theory and developing into genuine applied sciences. Third, by means of the inventions and creations of technical experience, technology not only greatly increased its own complexity but also played an increasingly direct role in promoting the development of theoretical science. Thus the development of natural science in this period provided a solid objective basis for the scientific description of its system and structure, and it was on this basis that Engels, guided by dialectical materialism, founded the correct theory of the scientific classification of the sciences according to the forms of motion of matter.

After critically remolding the classification ideas of Saint-Simon and Hegel, Engels, on the basis of the level of development of science at that time and the materials he had at his command, arranged the branches of learning according to the order of development of five forms — mechanical motion, physical motion, chemical motion, biological motion, and human society — and for the first time correctly described the system and structure of science. Engels organically unified the principle of objectivity and the principle of development in the method of scientific classification, and to this day it remains the basic guiding thought by which we grasp, from the whole, the system and structure of natural science and the laws of its evolution.



II. The System of Modern Natural Science and Its Development

At the end of the nineteenth and beginning of the twentieth century, natural science entered the period of modern development. Although the development of modern natural science has covered a history of only some eighty years, the results achieved are beyond comparison with any earlier period. Modern natural science has already formed a fairly complete system and also possesses powerful material means in technology. The result of the interaction of science and technology has been to form a new structure of close connection between them, leading to the rapid development of production technology and the appearance of a series of new and numerous disciplines. This shows that modern science has revealed the natural world as an organic whole of unity in diversity, and that a truer and more complete description of the system and structure of modern science must be made in the light of the level and characteristics of the development of modern science.

The system of modern natural science has an extremely complex internal structure; divided by different levels, it can roughly be divided into the structure of categories, the structure of disciplines, and the structure of knowledge.


	The structure of categories



The structure of categories is the first-level structure of natural science. Modern natural science, according to the differences in the objects and aims of research of its various parts, the differences in the degree of role they play in social production, and the differences in the position they occupy in the structure of the system of science, can be divided into three great categories: basic theoretical science, technical theoretical science, and applied engineering technology.

Basic theoretical science comprises the disciplines that take the various forms of motion of the natural world as their objects of study; they mainly reflect the properties and laws of change of natural things, and answer the questions of “what” and “why” of natural processes. Technical theoretical science began to arise before this century and emerged in great numbers in the twentieth century; it studies the basic theories of application and is applied research on the achievements of basic theoretical science. The formation of this kind of discipline is a major change in the form of science in the modern age. Applied engineering technology studies the problems of technique and so on in the design, construction, and development and manufacture of various specialized productions. Technical theoretical science and applied engineering technology both belong to applied science.

The relations among the categories of natural science are as follows: basic theoretical science is the cornerstone of the structure of modern science, the theoretical basis of technical theoretical science and applied engineering technology, and also the “thought engine” of scientific invention. Technical theoretical science is the intermediate link between basic theoretical science and applied engineering technology, and also the tie that combines science with production. Practice shows that the promoting effect of science on production is realized only through basic theoretical science being converted into technical theoretical science. Applied engineering technology is directly connected with the production process; it is the key link in realizing the research aims of technical theoretical science.

The three great categories of modern natural science interact with and promote one another. The exploration of basic theoretical science constantly opens up new fields of research, and with its results guides applied research. At the same time, technical theoretical science and applied engineering technology are in turn a necessary condition for the development of basic theoretical science; the large numbers of new problems arising in application and the new means of research they provide in turn push forward research in basic theoretical science. Therefore, in the strategic planning of the development of science, attention should be paid to the coordinated development of both basic science and applied science.


	The structure of disciplines



The structure of disciplines is the second-level structure of natural science. If we subdivide each category in the structure of categories further, we find that they are all composed of rather complex disciplines and branch disciplines. For example, basic theoretical science at present includes: mechanics, which studies the laws of mechanical motion of bodies (celestial and terrestrial); physics, which studies the macroscopic physical laws of matter and the microscopic structure and laws of motion of matter; chemistry, which studies the chemical motion of matter at the level of the atom and the molecule; biology, which studies the laws of the motion of life; geology, which studies the structure, composition, evolution, and laws of motion of the Earth; and astronomy, which studies the structure, evolution, and laws of motion of the celestial bodies of the universe. Each of these categories of basic theoretical science is in turn composed of many branch disciplines and newly arising marginal disciplines. For example, biology, according to the particularity of the contradictions of its objects of study, can be divided into virology, microbiology, botany, zoology, and anthropology. When a comprehensive method is adopted to study different objects at the same structural level, it can further be divided into quantum biology, molecular biology, cell biology, tissue and organ biology, individual biology, population biology, community biology, ecosystem biology, and so on.

The distinctions among the six great basic theoretical sciences are not absolute. The development of modern natural science has caused the direct linear connections among the original basic sciences to vanish, and a criss-crossing network structure has appeared. For example, physics is linked with chemistry through chemical physics and physical chemistry, with biology through biophysics, with geology through geophysics, with astronomy through astrophysics, and so on. The various basic sciences interpenetrate and transform into one another through these branch, marginal, and transitional disciplines, and thereby join one another into a whole. In particular, the three great frontiers of modern basic theory — elementary particles, the evolution of celestial bodies, and the origin of life — have not only broken down the boundaries among the six great basic sciences, but have also directly linked basic theoretical science, technical theoretical science, and applied engineering technology. As for technical theoretical science and applied engineering technology, the number of their disciplines and the multiplicity of their names are even more beyond comparison with basic theoretical science. Yet however complex they are, they too have a definite structural system and inner laws of development. So long as we correctly apply the basic principles of the Marxist classification of the sciences, we can give a reasonable account of the internal structure of the various disciplines.


	The structure of knowledge



The structure of knowledge is the third-level structure of the system of natural science. Any concrete science is composed of many mutually independent theorems and laws, and the theorems and laws are in turn composed of a certain number of basic concepts combined under the guidance of the basic ideas on which the whole theoretical system rests. The so-called basic ideas of science are basic concepts and basic hypotheses that cannot be further simplified logically; they are the intermediate link connecting experience and theory. They make up the fundamental part of theory and play the role of the “axiomatic foundation” of science. For example, the basic ideas of the classical mechanics established by Newton are mainly: the idea of mass or particles, the idea of the interaction of forces, and the causal view of absolute space and time and determinism. Einstein once pointed out: “In establishing a physical theory, basic ideas play the most important role. Physics is full of complicated mathematical formulas. But all physical theories originate in thought and ideas, not in formulas.”16 Only after the basic ideas have been established do people adopt mathematical formulas to express the theory in quantitative form, so that it can be compared with experiment.

The basic ideas of science, the various theorems and laws, and the basic theories constructed from them often serve as the “hard core” of a system of science. The diffuse, freely drifting scientific concepts form an “atmosphere” of knowledge around the hard core. Between the hard core and the atmosphere there are also many hypotheses and theories not yet recognized by society; they debate and contend with one another and interpenetrate and flow into one another, constituting the “knowledge mantle.” Thus, from hard core → knowledge mantle → knowledge atmosphere, a knowledge structure of a concrete discipline is formed, running from the hard to the loose. In the atmosphere of knowledge, flashes of thought, concepts, judgments, inferences, guesses, and other fluctuations of intelligence are everywhere; propelled by social practice, through repeated condensation and refining, they are cast into new scientific concepts and hypotheses and enter the knowledge mantle. The knowledge mantle is the medium linking the individual development (concepts) and the systemic development (theory) of knowledge, and also the transitional layer by which knowledge goes from “soft” to “hard.” The toughness it possesses gives it both the capacity to absorb the strengths of many schools and the function of protecting the “hard core” from shocks. The reason a theoretical system is not destroyed by individual experimental facts is precisely thanks to the toughness or suppleness of the knowledge mantle.

But the knowledge mantle is also a region where schools of thought stand thick as a forest and a thousand peaks rise. All kinds of viewpoints, theories, and doctrines engage here in close-quarters combat. When the constantly increasing empirical knowledge can still be accommodated within the framework of the original ideas, the development of science is manifested as the gradual accumulation of knowledge, and the enrichment and perfection of theory presents an atmosphere of tranquil progress. Once a hypothesis based on new scientific facts defeats the various other theoretical explanations and gains a dominant position, a scientific revolution that directly shakes the original basic ideas of science arrives. In a scientific revolution, the empirical knowledge of the past is neither changed nor discarded; only the criteria for understanding this knowledge and the framework that composes this knowledge into theory are changed — that is to say, only the basic ideas of science are changed. With the change of the basic ideas of science and the establishment of a new hard core of knowledge, a new knowledge mantle and knowledge atmosphere form again around the new ideas, and the development of science begins a new cycle. Therefore, a correct understanding of the knowledge structure of natural science helps us understand the essence of both the gradual progress and the revolutions of scientific development.

In sum, modern natural science has already formed an objective structure that does not shift according to people’s will. These structures are multi-level and criss-crossing. As internal causes, they determine to a great extent the speed and direction of the development of modern natural science, and together with social, economic, and political conditions, form the powerful impetus of scientific development. At the same time, we should also see that the system and structure of natural science is always the product of a definite stage of historical development. With the leap and bound of modern natural science, the system and structure of science will inevitably tend toward perfection, will be continually enriched and developed in reflecting the new level and new characteristics of modern science, and will exert a still greater promoting effect on the progress of modern natural science.




Section 4 Characteristics and Trends in the Development of Modern Natural Science

Modern natural science, on the basis of a series of major breakthroughs in the twentieth century, is developing rapidly with a brand-new face, and shows characteristics and trends of development unknown in any earlier period. These are: modern natural science is at once highly differentiated and highly integrated, and is increasingly becoming a whole; the guiding role of science over production is increasingly evident, and scientific research is increasingly socialized; quantitative analysis is widely adopted, and the development of the whole of natural science is increasingly mathematized. Grasping these characteristics and trends is beneficial for our timely adjustment of the main direction of scientific research, so as to obtain still greater results in scientific research at the modern level.


I. Integration

A striking characteristic of the development of modern natural science is that it is at once highly differentiated and highly integrated, but the trend of integration has come to occupy the dominant position, and the continued differentiation of science has in fact become another form of expression of scientific integration. Therefore, research in modern natural science presents this kind of situation: the more precisely we understand the various aspects of the whole, the closer we come to grasping in an integrated way the results obtained by each branch of science. The rapidly differentiated branches of science do not stand side by side, isolated and by themselves, but exist as organic parts of one and the same unified edifice of natural science.

The deep consistency of the high differentiation and high integration of modern natural science has led to the trend of the integration of the development of modern natural science into a whole. This trend is mainly manifested in the following two respects:


	The various natural sciences interpenetrate and interweave with one another, forming a unified and complete system of natural science.



Natural science is people’s reflection of the laws of development of the natural world. The natural world is both a unified whole and a complete network of many levels, many structures, and many sequences; this determines that natural science must be a scientific system that is both hierarchical and complete. This complete system is manifested not only in the ever finer differentiation of the disciplines, but also in their constant integration and ever closer connection. At the modern stage of the development of natural science, the more deeply people study some part or some aspect of the natural world, the more they feel how very closely connected are the various things and phenomena, and so they are impelled to break through the specialized boundaries between the traditional disciplines and to explore intermediate fields between disciplines that are adjacent or even rather far apart. The result of this exploration has led to the emergence of large numbers of marginal disciplines. For example, modern people, exploring the mutually adjacent fields of the original basic disciplines of physics, chemistry, biology, geology, astronomy, and so on, have produced marginal disciplines such as physical chemistry, chemical physics, biochemistry, biophysics, geochemistry, geophysics, astrophysics, biomechanics, and cosmic biology. All these new disciplines produced in the process of the continued differentiation of science, far from deepening the separation among the original disciplines, have on the contrary enlarged their mutual connection and mutual interpenetration. They put into communication the fields that were formerly separated from one another, and thereby fill in the broken places among the basic disciplines, so that the various disciplines form a closely connected organic whole. The great emergence of marginal disciplines on the one hand accelerates the process of scientific differentiation, and at the same time is also an important embodiment and cause of modern science’s increasing tendency toward integration.

Besides marginal disciplines, new comprehensive disciplines have also appeared in modern natural science. Comprehensive disciplines are those that take specific objects of the natural world as their objects, and use the theoretical knowledge and methods of many disciplines to study certain complex natural phenomena from various different sides. Environmental science, for example, is a science that studies the quality of the human environment and its protection and improvement. Its field of study is very broad, including not only various natural factors but also certain social factors. Taking ecology and geochemistry as its main basic theories, it makes full use of the disciplinary theoretical knowledge and techniques of chemistry, biology, geology, medicine, engineering, and other fields to make systematic and comprehensive research on environmental problems such as air, water, land, and organisms caused by human activity. Similar to environmental science are such comprehensive disciplines as space science, ocean science, energy science, and materials science. Their appearance is a reflection of the objective dialectics of the mutual connection and mutual transformation of the various forms of matter and their forms of motion in the natural world.

Research on the various things of the natural world and their forms of manifestation can proceed in two directions. One is to conduct in-depth investigation, within a longitudinal, deep field, of a certain thing or form of motion of matter; the other is to take certain common attributes and universal connections existing among various things and forms of motion of matter as the object of study, so as to grasp the general laws of the motion of matter from the transverse direction. The category of disciplines that studies the natural world from the transverse direction is called cross-cutting disciplines. Cybernetics, information theory, systems theory, and the like, which have arisen since the 1940s of this century, are just such disciplines. Unlike other disciplines, they do not take one material structure of the objective world and its form of motion as their object of study, but take a certain specific common aspect within many material structures and forms of motion as their object of study. Hence their field of study is extremely broad; cybernetics, for example, studies the laws of regulation and control in life phenomena, human society, machine systems, thought, and all possible general structures. These processes, which alone possess the functions of regulation and control that cybernetics studies, differ in nature from one another, but are similar in their quantitative form and can be dealt with in a unified way. Therefore the concepts, theories, and methods of this kind of discipline all have a strong methodological function and the possibility of wide penetration into every field. Cybernetics, information theory, and systems theory abstract the common features of one aspect from extensive natural phenomena and study them; on the one hand they are all products of the integration of modern science and technology (cybernetics itself, for example, is the product of the mutual interpenetration of automatic control, electronic technology, radio communications, neurophysiology, mathematical logic, statistical mechanics, and many other sciences and technologies), embodying the trend of science’s constant movement toward integration; on the other hand they can extend their own theories, concepts, and methods widely into the fields of the other natural sciences, the social sciences, and the science of thinking, so that the whole of science has common concepts and methods, that is to say, the disciplines are firmly linked together in concepts and methods. Thus, with the appearance of marginal disciplines, comprehensive disciplines, and cross-cutting disciplines, the development of modern natural science unfolds as a complex picture of criss-crossing.


	The increasingly close union of modern natural science with production has formed a complete “science–technology–production” system.



The close union of modern natural science with production owes to the appearance, since the latter half of the nineteenth century, of applied sciences such as technical science. Before this, science and technology were separate, and their development was often out of step. This lack of coordination was manifested, on the one hand, in the fact that things not yet clarified in scientific theory could be realized in technology, and on the other hand, in the fact that things already discovered in science could not be applied in technology for a long time. For example, Watt developed the modern steam engine in 1763, whereas the thermodynamic theory of energy conversion was established only in the 1840s and 1850s. Faraday discovered the phenomenon of electromagnetic induction in 1831, but not until 1866 was the Siemens generator developed. Modern technology is a different case: it is entirely built on the foundation of scientific theory. Today, to realize in technology first what has not been clarified in science is becoming more and more difficult, and even impossible. Meanwhile, scientific discoveries can very quickly find application in technology. The scientization of technology and the technologization of science are striking characteristics of modern science and technology. At the same time, production now depends more and more on science. Although modern science needs modern production as its own basis, what is more urgently required is that science walk in front of production and guide it. Therefore, the union of science, technology, and production into one body has become an inevitable trend. To conform to this trend, many countries in the world have already established a complete system of science–technology–production and taken care to give basic-science research the leading position. Some production departments have also rationally fixed the ratio between production and scientific research, achieving coordination and mutual promotion among basic science, technical science, specialized technology, scientific research, and production. The result is that basic science develops steadily and continuously, and the speed at which science is converted into technology and the results of scientific research are converted into direct productive force has been greatly accelerated. Formerly, it took about fifty years for electromagnetism to be transformed into electrical engineering and applied in industry; whereas after the fission of uranium was discovered in 1939, an atomic reactor was built three years later and an atomic power station fifteen years later, and put to use in production. Laser technology took in fact only one year from research to application in production. This transformation from production → technology → science to science → technology → production has greatly promoted the development of social production.

In sum, the integration of scientific knowledge is an important trend in the development of modern natural science; this trend determines the direction of development of the various sciences and the forms of their interaction and their position in the overall system of science, and puts forward a series of brand-new principles for such work as the organization and management of scientific research and the training of scientific and technical personnel. On the basis of these new principles, constantly adjusting and reforming the organizational forms and management methods of scientific activity and reforming the educational system for scientific and technical cadres will enable our work to conform better to the requirements of the trend of the integration of modern science.



II. Socialization

The further development of the mutual relationship between modern natural science and society has formed two extremely important historical trends. On the one hand, natural science, as a special ideology and a special productive force, widely permeates the industry, agriculture, military affairs, transportation, service trades, and even the various departments of the superstructure of a country, and deeply influences all aspects of people’s daily life, thereby creating a brand-new situation of the scientization of society. On the other hand, the result of the scientization of society is that the development of natural science is more and more valued by the whole of society, and it becomes possible for more members of society to devote themselves directly or indirectly to scientific research activity; this closely links the development of natural science with the political, economic, and cultural-educational conditions of society over an unprecedentedly enlarged scope, and has led to an important trend of the socialization of scientific research. This trend is manifested in the following:


	The scale of scientific research is growing larger and larger.



In human history, the scale of research in natural science has passed through a process of development from individual → group → nation → international. Early research work in natural science, such as Copernicus’s study of the motion of celestial bodies, Newton’s study of universal gravitation, and Watt’s study of the steam engine, was carried out mainly by individuals, or with the participation of a few necessary assistants. At the same time, transitional forms from individual research to collective research also appeared, namely scientific and technical societies, such as the “Academy of the Lynx” (Lincei) founded in Rome in the sixteenth century, the Accademia del Cimento in Italy in the seventeenth century, the Royal Society of England, and the “Lunar Society” of eighteenth-century Britain. From the latter half of the nineteenth century, with the increase in the number of disciplines, the solution of major scientific and technical problems by relying on individual scientists or loose learned-society organizations could no longer meet the new demands, and so there appeared collective research institutions that organized scientists for definite research aims, such as Britain’s Cavendish Laboratory, America’s Bell research system, and the Menlo Park laboratory founded by Edison, which in history led to many major scientific discoveries and inventions. After the 1930s of this century, owing to the appearance of various highly comprehensive scientific research projects, such as high-energy accelerator technology, atomic energy technology, and space technology, research forms on a national scale arose. This kind of national-scale scientific research activity was first initiated in the military and scientific research center Germany set up to manufacture missiles; afterward there appeared America’s Manhattan Project, the Apollo moon-landing program, and so on, whose scale far exceeded that of any scientific research activity in history. With the vertical and deep development of modern science and technology, some research projects, because of their wide reach and large volume of information, have crossed national boundaries and formed international research modes, such as the “International Geophysical Year” organized by sixty-six countries at the end of the 1950s, and the “International Year of the Quiet Sun” and the “Solar Maximum Year” of the 1960s. The spacecraft America has launched in recent years have had their components or ground stations supplied by several dozen countries, and have therefore been called “an unprecedented-scale result of international cooperation.”

The ever-expanding scale of scientific research means that the high development of social production plays a prerequisite role here; at the same time, the obtaining of scientific research results requires the investment of more and more forces. Therefore, the present state of the development of natural science permits the assertion that the age of the “knight” in the history of science has passed. What the new trend demands of natural-science workers is, most important of all, not a “solo” but an “ensemble”; only within a fully coordinated and unified system of scientific research organization can the heroic march of the development of modern natural science be better played.


	The number of scientists and the funds for scientific research have increased sharply as never before.



The unprecedented growth in the number of scientists and in scientific research funds is one of the important marks of the socialization of modern scientific research. According to UNESCO statistics, since the 1950s the number of scientific researchers in the world has doubled every ten years. At the beginning of the twentieth century there were only 15,000 scientists; in 1967 there were three million; in 1977 the number rose again to five million; the scholars and scientists now living exceed 90% of the total number of scientists in history. Now the number of doctors and professors in the whole world alone reaches several hundred thousand, and the scale of scientific research has grown nearly a millionfold over that of Newton’s time. At the same time, the scientific research funds of the various countries have also grown rapidly; in developed countries they roughly double every five years, four to five times higher than the growth rate of gross national product. In the United States, for example, the funds used for scientific research in the whole country in the first hundred and fifty years of its history totaled about one billion dollars, whereas from 1960 to 1969 scientific research funds reached 190 billion dollars. The Soviet Union announced its 1976 scientific research funds as 17 billion rubles.

Owing to the unprecedented expansion of the scale of scientific research and the unprecedented growth of scientific research personnel and funds, modern scientific research has in fact become a huge-scale social movement and has formed a vast social system, becoming an important component of the whole social system, with a function so great and a position so high that it far exceeds that of any era in history. It can be predicted that, with the progress of human society, this trend of the socialization of science will be further strengthened.



III. Mathematization

All things in the natural world have not only qualitative determinacy but also quantitative determinacy. Any natural-scientific theory must attend to the analysis of quantity in order to grasp accurately the quality of things. Mathematics is both an independent discipline that reflects the quantitative relations of objective things and the laws of their change, and a tool and method with which other sciences carry out quantitative research and analysis. Therefore, in research in natural science, whether in observation and experiment or in scientific abstraction, mathematics must be used. It is not without reason that people regard mathematics as a key that opens the treasury of science. Marx put it still more clearly: a science can be said to have truly developed only when it has reached the point of being able to make use of mathematics.17

Mathematics has rigorous logic, a high degree of abstraction, and wide generality of application. Any material form of the objective world and its form of motion has quantitative relations; this determines that the method of quantitative analysis can in principle be applied to any science. The history of science shows that the more science develops, the greater the scope of applied mathematics. The mathematization of the whole of natural science has now become a very evident trend.


	The mathematization of modern natural science is manifested first in the ever-widening scope of the penetration of mathematics. More than a hundred years ago, Engels described the state of the application of mathematics in natural science at that time thus: “In solid mechanics it is absolute, in the mechanics of gases it is approximate, in the mechanics of liquids it is already rather more difficult; in physics it is for the most part tentative and relative; in chemistry it is of the simplest equations of the first degree; in biology it equals zero.”18 Now the situation has changed greatly. Throughout mechanics and physics, quantitative analysis has become indispensable, and when physicists engage in theoretical work, a large part of their labor is the derivation and calculation of various quantitative relations. Modern physics has penetrated into domains in which the objects it studies can no longer find the intuitive forms required by everyday experience. And the three basic methods adopted by modern theoretical physics — field theory, the S-matrix method, and group theory — have both enabled physics to obtain very great results and caused modern mathematics to be constantly verified and perfected.



The same situation appears in biology. The age in which living things were thought to be mainly a matter of qualitative description has passed. The present state of biology clearly shows that the transition from the “age of physics” to the “age of biology” has already begun. The deciphering of the genetic code (the most outstanding achievement of twentieth-century biology), the establishment of the law of the rate of growth of animals, and so on are all results of quantitative analysis. A brand-new discipline such as mathematical biology has also appeared. Divided by the mathematical tools used, there are biostatistics, bio-operations research, biological information theory, biocybernetics, biological equations, biogeometry, and so on. Thus, in exploring the mysteries of the phenomena of life, the mutual interpenetration of biology and mathematics has raised humanity’s understanding of nature to yet another brand-new stage.

In the other fields of natural science, the penetrating role of mathematics is also markedly strengthening. In chemistry, for example, the application of mathematics has long exceeded the scope of elementary calculus, and branches such as quantum chemistry, which requires advanced mathematical tools, have developed. In astronomy, Kepler once used mathematics to “legislate” for the heavens and established the three laws of planetary motion, and the modern study of the origin and evolution of celestial bodies is even less separable from mathematics. The situation is the same in geology and the other disciplines of natural science. Therefore the wide penetration of mathematics has become a notable mark of the mathematization of science.


	The mathematization of modern natural science is also manifested in the increasing role of mathematical language in science. Besides the language peculiar to it for stating the results of observation and experiment and expressing the structure of its theories, every science must also adopt the mathematical language of formulas, equations, inequalities, and operators — for example, using functions to express the dependence relations among various factors, using differential quotients to express rates of change, and using the Maxwell equations to describe the basic laws of classical electromagnetic theory. Since the beginning of the twentieth century, a new symbolic-algorithmic language has begun to form within mathematics itself, and this language is widely used to describe problems of mechanics, physics, evolutionary biology, genetics, and even economics and linguistics, and has had an enormous influence on the research and application of the theories of the various sciences. It not only greatly simplifies people’s thinking activity and makes scientific theory further formalized, thereby creating conditions for automatic processing such as computation and reasoning by computer, but also helps scientific exchange among countries (because it is conventional and international). Without mathematics, relying only on everyday natural language, even simple laws of nature are now hard to state clearly, still less can the inner connections of complex phenomena be described. Thus the wide use of mathematical language also provides an important basis for quantitative analysis and in-depth research in the field of natural science.


	The mathematization of modern natural science is also manifested in the fact that mathematics has become an important tool of abstraction and reasoning in the research of every natural science. Propositions and formulas in mathematics can be established only after they have been proved rigorously in logic. Mathematical reasoning must obey the basic laws of formal logic. Thus, when mathematics is used to seek unknown quantities and relations from known quantities and relations, there is logical reliability. In the theoretical research of modern natural science, mathematics has become an effective tool of reasoning and proof, and is increasingly valued by people. In medicine, for example, using statistical principles to study the process of the spread of epidemic diseases has already achieved success. In hemodynamics, in the transmission of information by nerves, and in the principles of muscle contraction, the application of mathematical tools has also achieved a certain effectiveness. Since the twentieth century, new insights about the gravitational field can be described at a glance by non-Euclidean geometry; and quantum mechanics, which studies the laws of motion of particles in the microscopic domain, has also developed greatly after acquiring such a mathematical tool as Hilbert space. In addition, in recent years highly abstract pure mathematics such as fuzzy mathematics, pattern recognition, catastrophe theory, and topology has also been widely used in natural-scientific research, further accelerating the process of the mathematization of modern natural science.




In sum, integration, socialization, and mathematization constitute the important characteristics and trends of the development of modern natural science, and indicate the path and direction of effort by which every scientific and technical worker can succeed, but these are far from being the whole matter. How to grasp, to a higher degree and in a more profound sense, the ins and outs of modern natural science is not only the basic task of dialectics of nature, but also the basic task of natural science as an object itself.
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Chapter 2 The General Laws of the Development of Natural Science

The development of natural science, like that of anything else in the world, has laws inherent in itself. This lawfulness is manifested chiefly in the relations between natural science and the various social factors and in the internal contradictory movement of natural science. This chapter will set out the general laws of the development of natural science from these two aspects respectively, striving to show that internal contradictory movement is the fundamental motive force of the development of natural science, while the social environment also has a decisive influence on it. If people understand and grasp the general laws of the development of natural science and strive to create social conditions suited to them, they can consciously promote the high-speed development of natural science.


Section 1 Social Factors in the Development of Natural Science

Natural science, as a social phenomenon, inevitably enters into connection with all sorts of social factors, and this connection reflects the necessary course of the historical development of natural science. In the view of Marxism, natural science is a special social system within society; although it has its own special structure, functions, and characteristics of development, it must obey the general laws of social development. Therefore, a concrete examination of the movement and development of natural science within the social system is an important aspect of our inquiry into the laws of the development of natural science.


I. Natural Science and Social Production

Productive labor is the essential characteristic of humankind, and social production is the material basis on which humans live and develop. Scientific activity arises and develops as a product of people’s material and practical activity; therefore, among the social factors that determine the development of natural science, social production is the most important and most fundamental.


	Social production is the basis of the emergence and development of natural science.



Productive labor is the practical activity by which humans utilize nature and transform nature; in the earliest productive experience there was already contained the germ of later natural science. With the development of production, the understanding of nature constantly deepened, and natural-scientific knowledge was accordingly constantly enriched and developed. Of course, after human society had developed to a certain historical stage, the sources of natural-scientific knowledge were no longer limited to direct production technique and labor experience; the results of scientific experiment gradually became the basic, direct source of natural-scientific knowledge. But scientific experiment is a product of the development of production, differentiated out of production, a special form of production. Therefore, in the final analysis, the emergence and development of natural science are still determined by production.

Beginning in modern times, although scientific experiment has played a greater and greater role in supplying new scientific knowledge and promoting the high-speed development of science, and many new facts obtained through scientific experiment could not have been provided directly by productive experience, still, down to the present, the perfecting and development of much scientific knowledge depends on the degree of accumulation of productive experience, and scientific experiment cannot completely replace direct productive experience. For example, the development of geology is closely connected with the productive experience of mining and hydraulic engineering; botany and zoology are closely connected with the productive experience of planting and breeding; metallurgy and mechanics are closely connected with the productive experience of smelting and machine building. Examples of this kind all show that productive technique and labor experience are not only an important root of the emergence of natural science but also an important source of its further enrichment and development.


	The needs of the development of social production are the main motive force of the development of natural science.



The history of social development and of the development of natural science shows that the needs of production pose many-sided problems for natural-scientific research; the more urgent the need, the more it can move the state and society to concentrate large amounts of manpower, material resources, and financial resources on research, and hence the more it accelerates progress and breakthroughs in scientific and technological research. Hence Engels said: “If, as you say, technology depends largely on the state of science, science depends far more still on the state and the requirements of technology. If society has a technical need, that helps science forward more than ten universities.”1 In fact, the needs of social production not only determine the development of natural science as a whole, but also determine why the order of development of the various branches of natural science is this way and not that. In antiquity, astronomy developed first because agricultural production needed to determine the seasons. Mathematics arose and developed out of the needs of astronomy, of measuring land, and of gauging water levels. Mechanics arose because of the needs of construction, handicrafts, navigation, and hydraulic engineering. Modern mechanics and thermodynamics were able to develop first because modern capitalist large-scale production needed to raise the efficiency of the steam engine. The development of modern energy science and computer science is owing to the special needs that modernized large-scale production has for them. Therefore, the history of social development and of scientific development both prove eloquently that the needs of the development of production are the most fundamental, most enduring, and most powerful motive force driving natural science constantly forward.

Of course, when we say that the needs of social production are the main motive force of the development of natural science, it does not mean that they are the only driving force. Engels once said that “the needs of man” are the cause of the rise of “all science.”2 Human needs include both material needs and spiritual needs. The pursuit of knowledge, and of the causes of and answers to phenomena not understood, has always been an important spiritual need in human life. With the development of production and the raising of the standard of living, this spiritual need has also become greater and greater. However, in order to satisfy the needs of life and such spiritual needs as culture, it is generally still necessary to solve them by producing a certain amount of products. Therefore, ultimately speaking, the needs of production remain the main motive force of the development of science.


	The development of social production can provide natural-scientific research with a large amount of new observable facts and new materials, and with increasingly advanced means of observation and experiment.



The obtaining of major results in scientific research depends not only on the talent of scientists but also on the level of material means such as scientific instruments and equipment. The further science advances, the higher the demands it makes on the means of research, and this can be solved only by the development of production. With the development of production, more and more observable material is supplied in production, and all kinds of means of observation and experiment become more and more advanced; this provides a solid material basis for the progress and development of natural science. The productive capacity of modern human society has already extended to the interior of the Earth, the depths of the oceans, and outer space, and is supplying people with a large amount of observational material never seen before, and thus will inevitably promote still greater development of natural science. Engels once placed the many new facts arising from the development of modern industry, and the large amount of observable material they supply, alongside the new experimental means supplied by industrial development, and held that they were the reasons why natural science “developed with marvelous rapidity”;3 this thought is profound.


	The capacity and level of social production constrain the speed of development of natural science.



The capacity and level of social production constrain the speed of development of natural science, specifically as follows. First, they affect the support in manpower, material resources, and financial resources needed for developing natural science. Only when production has developed can more funds be provided for education and more talent trained; only then can more material means and funds be provided for scientific research activity. Second, they determine the possibility and speed with which scientific results are converted into direct productive force. The more production develops, the more it can, to a greater degree, digest, absorb, and utilize new achievements of science and technology, so that they are rapidly converted into direct, real productive force. Third, the capacity and level of production determine the scale and organizational form of production, and hence affect the scale and organizational form of scientific research. In antiquity and the Middle Ages, because the level of productive forces was very low and tools were simple, the scale and organizational form of production were basically labor organizations founded on the simple cooperation of individuals, families, or a few people. Under these circumstances, the scale and organizational form of scientific research were also basically the free exploration and study undertaken by individual scientists or a few people. The emergence and development of modern capitalism caused large-scale machine production to replace small-scale individual production and handicraft workshops, and provided scientific research with increasingly advanced, complex, and precise instruments and equipment, enlarging the scale and organizational form of scientific research. The organizational form of large-scale scientific research is connected with large-scale socialized mass production. With the constant raising of the degree of socialization of production, and with the constant enlargement of the scale and organizational form of production, the organizational form of scientific research has gradually developed from the individual to the collective, and from the collective to the national and even international scale, so that natural-scientific research has become a public undertaking of all society and all humankind, promoting the rapid development of natural science over a still wider scope.

From the above points it can be seen that social production is the fundamental basis and precondition of the emergence and development of natural science; this is an objective law of the development of natural science. But it should be pointed out that this law is examined from the standpoint of the active influence of social production on the development of natural science, and looks at the dependence of natural science on social production over the whole course of historical development; it must by no means be taken to mean that natural science is always in a passive and dependent position toward social production. In fact, in the course of historical advance, the influence of natural science on social production has become greater and greater, and has even come to walk in front of production. Even so, natural science still needs production to absorb and utilize its results, and still needs production to supply it with manpower, material resources, and financial resources. Therefore, on the whole, the conclusion of this law, that social production is the fundamental basis and precondition of the emergence and development of natural science, is still correct. This law of the development of natural science tells us that whenever plans and programs for developing science are drawn up, they must proceed from the needs of production and from the material conditions that production can provide for natural-scientific research; otherwise they deviate from the correct direction of developing natural science and the plans and programs drawn up earlier will also come to nothing. Only by regarding natural-scientific research as an indispensable link in developing production, and by giving it the necessary guarantees of financial resources, material resources, and manpower in accordance with the economic capacity of the state, can natural science be ensured of continuous development on a solid material basis.



II. Natural Science and the Social System

The emergence and development of natural science cannot be separated from definite sociopolitical and historical conditions; it is always carried on under a specific social system. Like other social activities, the development of natural science is inevitably influenced and constrained by the social system. In class society, the social system is the unity of the relations of production and class relations. The nature of the relations of production and the class character of state power determine the nature of the social system, and influence and constrain the development of natural science.


	Generally speaking, the establishment of an advanced social system always promotes the development of natural science. In class society, the replacement of a backward social system by an advanced one is always realized through fierce social revolution. After the revolution, the relations of production that had earlier seriously fettered the development of the productive forces are changed, and in their place arises a new relation of production. Under the new relations of production, the productive forces are liberated, the enthusiasm of the laborers rises as never before, and production develops rapidly. In this way, the development of production resulting from the establishment of the new relations of production promotes the progress of natural science from two most important aspects. First, it poses a series of urgent problems to be solved, making the in-depth development of natural-scientific research necessary; second, it provides the funds, materials, and personnel guarantees that scientific research requires, thus making the further development of natural science possible.



History shows that whether the social system is advanced plays an extremely important role in the development of natural science. One fundamental reason why the take-off of modern natural science in the world occurred in the West, rather than in China, which for a full thousand years had led the world in science and technology, lies in the fact that the social systems of the two regions were already sharply different. China’s feudal system lasted into the twentieth century; compared with the capitalist system that had already been established in the West as early as the seventeenth century, it had become decayed and unbearable, not only seriously obstructing the development of the productive forces, but also, with its huge social superstructure and state machinery, binding people’s hands and feet and seriously obstructing the free exploration of the natural world. Under such a backward social system, one naturally could not expect miracles in the development of natural science.

Different social systems and class interests also determine the different nature and purposes of the utilization of science and technology. Although natural science itself has no class character, because different social systems and different classes have different political and economic interests, the purposes and nature of their utilization of science and technology also differ. Lenin once pointed out: “The marvels of modern technology have become a means for capitalists who grow rich on war to slaughter millions of workers and to squeeze out enormous wealth.”4 In capitalist society, the bourgeoisie holds the power to utilize science and technology. Determined by its class nature of seeking only profit, the bourgeoisie always uses science and technology by every possible means to squeeze the sweat and blood of the laboring people, obtain huge profits, suppress the people’s resistance, and contend for world hegemony. Thus, “in capitalist society the progress of technology and science means progress in the art of squeezing out sweat. … They use every scientific method to squeeze out sweat,”5 and “turn the highest achievements and quintessence of education and science … into instruments of exploitation.”6

Under the socialist system, because the proletariat is the most thoroughly revolutionary class in human history, whose fundamental interests are identical with those of all the people of its own country and with those of all the oppressed peoples and oppressed nations of the world, and whose ultimate aim is to liberate all humankind, the fundamental purpose of the proletariat in developing the cause of science and technology under socialist conditions is to satisfy to the maximum the ever-growing material and cultural needs of the broad laboring people, and to regard it as a powerful means for defeating capitalism, realizing communism, and securing happiness for all humankind. The socialist system is an advanced social system founded on public ownership of the means of production, and its emergence has opened an extremely broad road for the development of natural science. The establishment of the socialist system gave the laboring people a great ideological and political liberation and they began to become the conscious masters of society and nature, creating the social conditions for changing the domination of things over people under capitalism into the domination of people over things. The social laws and natural laws that had always ruled people as alien forces have also begun to be consciously mastered by people. Therefore, only socialism and communism make possible the maximum development of science and technology.


	As regards a specific social system, the interests of the ruling class always constrain the speed and direction of the development of natural science. Because the ruling class, proceeding from the political and economic interests of its own class, decides which kinds of science and technology are to be developed and which are not, which disciplines are to be developed first and with emphasis, and which are to be developed later, generally speaking those departments of science and technology that are closely related to the interests of the ruling class are valued and receive more support in manpower, material resources, and financial resources, and so are developed first.



Under a given social system, the constraint that the interests of the ruling class place on the speed and direction of the development of natural science is realized mainly through the formulation of concrete guiding principles and policies, among which science and technology policy and educational policy play an especially important role.

Science and technology policy consists of the basic principles and measures drawn up to regulate and control the development of science and technology, whose aim is to tap the potential of science and technology so as to accomplish the state’s general task in a given historical period. Historical experience shows that the progress of science and technology in a country depends to a great extent on the rationality of that country’s science and technology policy. For example, the patent system, which was born and developed in capitalist competition, is of great significance for arousing the enthusiasm of scientific and technological invention and for promoting scientific and technological research and exchange, and is a science and technology policy worthy of attention. Again, after World War II, whether in the recovery of the West German economy or the rise of the Japanese economy, an extremely important factor was the adoption of a correct policy for developing science and technology. From the middle of the 1950s, Japan, taking advantage of the favorable conditions of the time, introduced large amounts of advanced foreign technology and digested and absorbed it, with great success. From 1955 to 1978, Japan spent well over ten billion U.S. dollars on the introduction of technology, which played a great role in promoting the country’s economy and science. According to Japan’s own estimate, if all this technology had been developed by the country’s own scientists and engineers, it would have taken at least three times as long and ten times the investment. Of course, science and technology policy under the capitalist system can never escape the prejudices and limitations of the bourgeoisie, but some of its rational components are still worth our study and reference.

Education is a social activity of imparting scientific knowledge and training talent, and it occupies an extremely important place in the development of science. First, education is the foundation of the development of science and is latent scientific capacity. For education, through the reproduction of scientific knowledge, trains new scientific and technical personnel, constantly enlarges the ranks of scientific and technical personnel, and replenishes the productive force of scientific labor; through “re-education” of scientific workers it constantly raises the level of scientific and technical personnel and raises and improves the quality and composition of the scientific and technical ranks; and through popularization it also raises the scientific literacy of all society, and thereby the scientific capacity of all society. Second, education is also the intermediary through which science and technology are converted into direct productive force. Natural science is first of all a spiritual wealth, a productive force in the form of knowledge; for it to become a direct productive force, education is further needed to train people who can master scientific knowledge and who can “materialize” it into instruments of production acting upon the objects of labor. Here education plays an extremely important intermediary role. Precisely because education occupies so important a place in the development of natural science, the cause of education is generally valued by all countries of the world. The funds for education in every country make up a rather large proportion of national income. For example, the Soviet Union in 1975 devoted 7.3%, the United States in 1970 8.6%, West Germany in 1970 5.7%, and France in 1970 5.8%.

Differences in concrete guiding principles and policies have often produced differences in the level of development of natural science under the same social formation in history. For example, although both belonged to feudal society, ancient Chinese natural science was far ahead of the West. Although both belonged to capitalist society, American science and technology later came out ahead of Britain’s. Even under the same socialist conditions, the level of development of natural science among the various socialist countries is also uneven.

Our country’s socialist system has been established, but compared with the developed capitalist countries our natural science is still rather backward, and this raises the problem that under an advanced social system the level of natural science is still lower than under a backward social system. We should make a concrete historical analysis of this problem. Capitalism has a history of four or five hundred years since it began to develop, and its economy and technology have a rather solid foundation. Moreover, scientific results are now applied to production very quickly, so labor productivity keeps rising. But under the capitalist system the development of science and technology is limited. This is because monopoly capitalism, founded on private ownership, has only a limited capacity to accommodate the socialization of science and technology. Monopoly can adjust, to a certain degree, the relations of production to suit the development of science and technology, but it cannot fundamentally resolve the basic contradiction of capitalism, that is, the contradiction between socialized large-scale production and private ownership. After the unprecedented prosperity of the twenty years after World War II, world capitalism entered the 1970s already generally plunged in a crisis of recession, and science and technology also suffered a recession, with no fundamental major breakthroughs or progress. Moreover, under the monopoly capitalist system, the development of science and technology has brought people not only benefits but also a series of serious disasters, such as the problems of unemployment, environmental pollution, the energy crisis, and ecological imbalance, which have become extremely prominent social problems in present-day capitalist society. Therefore we say that although science and technology have an enormous role, they cannot cure the incurable disease of monopoly capitalism. The contradiction between modern, highly socialized large-scale production and capitalist private ownership is growing sharper day by day and is bound to obstruct the progress of science and technology.

Before the liberation of our country, production and science and technology were both extremely backward, and the gap with the capitalist countries was already very large, so catching up with them naturally requires a period of time and a process. At the same time, we should also admit that although the socialist system is essentially superior, it is after all not yet perfect; add to this the influence of the old habitual forces and bureaucratic style left over from the old society, and mistakes in science and technology policy and educational policy and so on are all factors obstructing the development of natural science. Since the Third Plenary Session of the Eleventh Central Committee of the Party, with the establishment of the correct ideological line, our Party, on the basis of fully appraising the position and role of science and technology in the development of the national economy, fully appraising and bringing into play the role of intellectuals, and fully appraising the role of combining experts with the masses and carrying out the “Double Hundred” policy, has formulated a series of rational policies, correctly handled a number of relations in the development of science and technology, gradually increased scientific research funds, vigorously developed all kinds of education, and greatly aroused the enthusiasm of the broad ranks of scientific and technical personnel. So long as we firmly and unswervingly carry out the Party’s guiding principles and policies, the development of science and technology in our country will surely catch up with and surpass the advanced world level.



III. Natural Science and Philosophy

Philosophy is the discipline concerning world outlook and methodology, originating in the understanding of the essence and laws of the objective world. As the highest flower of human wisdom in thinking, philosophy is also the crystallization of all knowledge about nature, society, and thought; when it has synthesized and generalized the large amounts of material of society, nature, science, technology, and of philosophy itself, and formed general concepts and universal laws, it will inevitably feed back upon the various subsystems of society with enormous active force.

The reason natural-scientific research is affected by philosophical thought is as follows. First, in studying the natural world, natural scientists must answer the question of the relation between humans and the natural world, that is, the relation of subjective and objective. Does the natural world exist objectively, or is it the product of spirit? Is the natural world knowable or unknowable? Is the cause and lawfulness of its motion explained by the internal contradictions of the natural world, or sought outside the natural world? Is the criterion for testing the truth of natural-scientific theory practice, or subjective conjecture? And so on. Natural scientists cannot evade these questions and must answer them. And the materialist answer to them is the basic precondition on which scientific research can proceed. Yet in answering these questions, natural scientists have in fact already entered the domain of philosophy and touched upon the fundamental questions of philosophy.

Second, the research work of natural science is in essence a cognitive activity, whose aim is to reveal the objective laws of the various particular forms of matter in the natural world and of their motion. The practical basis of this cognitive activity is mainly observation and experiment. And how to arrange and carry out observation and experiment cannot do without the guidance of definite methods of rational thinking. Moreover, the sorting out and processing of the factual materials of observation and experiment also require the use of such methods of rational thinking as analysis, synthesis, induction, deduction, abstraction, and generalization. The use of methods of rational thinking also embodies philosophy’s guiding role over natural science.

Third, in their research work and in the process of building theoretical systems, natural scientists must use many concepts that have not been subjected to verification, such as time, space, motion, cause, and truth; but whether these concepts are really valid and applicable can be investigated only by relying on philosophy.

Fourth, natural scientists always give a certain theoretical explanation of the results of scientific research, to explain the essence and laws of these results, and to give a theoretical explanation depends on a definite world outlook. Therefore, natural-scientific research is always under the guidance of philosophical thought; the difference lies only in whether one is conscious of it or not.

Examining history, we find that natural science has always been an important domain influenced by philosophical thought. Ancient science and philosophy were one and the same thing, and the philosophers and scientists of the time were usually one person holding both roles. Therefore the natural philosophy of antiquity was the natural science of the time. This situation continued down to the modern period. On the one hand, natural philosophy still had an all-embracing character: Newton, for example, called his work on mechanics Mathematical Principles of Natural Philosophy, and Hegel’s philosophy of nature not only generalized the general laws of nature but also tried to answer concrete questions of physics, chemistry, and biology, setting itself up as the “science of sciences” in specialized knowledge. On the other hand, the mainstream of the time was that natural science was constantly differentiating out of philosophy; modern natural science was no longer an intuition of natural things as a whole and speculative conjecture about the mysteries of nature, but empirical knowledge whose content was the branch-by-branch investigation of the various natural domains. What was differentiated out first was mechanics, optics, and chemistry, and afterward thermal science, electricity, physiology, and so on were also differentiated out. But the differentiation of natural science from philosophy, which made philosophy the discipline specially studying the general laws of nature, society, and human thought, in no way meant that philosophy no longer affects natural science from then on; quite the contrary, this differentiation allowed philosophy and natural science to develop rather fully, and thereby linked the two closely at a higher level and over a broader scope. Historical study shows that the appearance of several peaks of philosophy in the modern world happened to accompany several great shifts of the center of science and technology. Philosophical revolution is not only the forerunner of social and political change but also the beacon of scientific revolution.7 The idea that science needs only observational data, experimental data, and applied benefits, without needing theoretical thinking and philosophical views, is extremely mistaken. Engels once pointed out profoundly: “Whatever attitude natural scientists may adopt, they are still under the domination of philosophy. It is only a question whether they want to be dominated by some bad fashionable philosophy or by a form of theoretical thinking which rests on acquaintance with the history of thought and its achievements,”8 which shows how important it is to accept consciously the guidance of correct philosophical thought for natural-scientific research.

Since the nineteenth century, as the development of natural science entered the period of great theoretical synthesis, all the research activities of natural scientists have in fact been more closely connected with philosophy, especially with materialism and dialectics. This is manifested mainly in the following situations:


	The philosophy of dialectical materialism, as a theoretical system founded on the history and achievements of thought, and as the highest generalization of the achievements of the development of the human spirit, provided by its establishment the theoretical basis for all other cultural activity. The application of its principles at every stage of natural-scientific cognition is not arbitrary but unavoidable, and is a fact. Many natural scientists, consciously guided by the thought of dialectical materialism, have achieved major successes in scientific research. Schorlemmer, for example, applied materialist dialectics to guide chemical research, and his scientific results laid the foundation for the development of organic chemistry. The famous French physicist Langevin was an outstanding representative of consciously applying dialectics in scientific research; he pointed out: “I have come to realize that only after I understood the basic viewpoints of dialectical materialism could I thoroughly understand the history of physics,” and “only dialectical materialism can serve as the guiding line for us.”9



The fundamental reason materialist dialectics, or dialectical materialism, can effectively guide natural-scientific research is, first, that the natural world itself changes and develops according to objective dialectics, and materialist dialectics is precisely the correct reflection of this characteristic of the natural world; second, that people’s understanding of the natural world is a process of dialectical development, and being guided by materialist dialectics helps to overcome relativism and absolutism in the theory of knowledge and helps to promote the deepening of scientific research; and third, that the development of natural science proceeds in accordance with dialectics, and consciously adhering to materialist dialectics can overcome narrowness and one-sidedness in thinking, correctly grasp the trend of the development of natural science, and establish the rational direction of scientific research. Sakata Shoichi once wrote: “If theoretical physicists were aware of the dialectics of nature and had studied advanced logic, they might have walked a smoother road in building quantum mechanics.”10 Physics is like this, and so are the other natural sciences.


	Human cognition has a long historical process. The generalization of the achievements of human cognition at its different stages, or the explanation of how these achievements were obtained from different sides, has formed various different philosophies. Apart from Marxist philosophy, other philosophical thought too contains, to a greater or lesser extent, certain rational components of materialism and dialectics. Some natural scientists are not conscious dialectical materialists but faithful believers in other philosophical thought, and when they consciously apply the rational components of that philosophical thought in scientific research, they too can achieve rather great results. For example, Mach’s philosophical thought gave Einstein great inspiration. In particular, Mach’s severe criticism of Newton’s absolute space and time prepared the ground in thought for the founding of relativity. In an article mourning Mach, Einstein wrote: “As for myself, I know at least this: I have been greatly inspired, directly or indirectly, especially by Hume and Mach.”11 Born, too, was a scientist who paid great attention to discussing philosophical problems of natural science; he studied the philosophical works of many people, widely absorbed the dialectical thought of Kant, Hegel, and others, and made enormous contributions to quantum mechanics. Heisenberg in particular admired classical philosophy, and even held that “a person without knowledge of Greek natural philosophy will find it hard to make progress in modern atomic physics.”12


	There are also some natural scientists who have not clearly expressed a special interest in any philosophy, but this does not mean that they are not guided by materialist thought. For natural science, by its very nature, is compatible only with materialism and not with idealism. The practice of natural-scientific research forces natural scientists to accept certain principles that serve as the basis of materialism, and among them a special form of materialism spontaneously takes shape, the so-called “materialism of the natural scientists.” This is a deep-rooted traditional force, and it is this force that governs the thinking of natural scientists and helps them obtain positive results in research work. Darwin once said, “I worked on true Baconian principles and without any theory collected facts on a wholesale scale.”13 And that he was able to hold to the view that animals and plants were not created by God according to a predetermined purpose, but have their own objective regularities of origin and development, is precisely an expression of the materialism of natural science.




But the materialism of natural science has, after all, very great limitations. It cannot prevent idealist views from arising spontaneously through one-sided and exaggerated development of one feature, aspect, or part of cognition, still less can it effectively resist the attacks of the idealist philosophy that holds the dominant position in modern capitalist society. The so-called “crisis of physics” and “crisis of the foundations of mathematics” that appeared at the end of the nineteenth and the beginning of the twentieth century showed the limitations of this materialism. Hence Lenin said: “No natural science and no materialism can hold its own in the struggle against the onslaught of bourgeois ideas and the restoration of the bourgeois world outlook unless it stands on solid philosophical ground.”14 As for the thought of philosophers other than Marxists, although it contains certain rational components, owing to the limitations of their class it is often incomplete and not thoroughgoing in materialism and dialectics. The possibility of obtaining results by using it to guide natural-scientific research is very limited, and especially in giving theoretical explanations or philosophical generalizations of those results, it is hard to avoid falling into the mire of metaphysics and idealism. Therefore, while we recognize the certain guiding role of the materialism of natural science and of other philosophical thought in scientific research, we emphasize still more that natural scientists should be conscious dialectical materialists, because only dialectical materialism is a thoroughgoing world outlook and methodology free of class limitations; only dialectical materialism can resist the attacks of all kinds of idealism and metaphysics; and only dialectical materialism can truly and effectively promote the development of natural science.

Of course, the connection between natural science and philosophy is a very complex social phenomenon. On the one hand, even Marxist philosophy, as the highest achievement of human cognition to date, must constantly absorb new achievements of human cognition so as to be further enriched and developed. Therefore, our emphasis that natural scientists should be conscious dialectical materialists does not exclude absorbing the rational elements in all other philosophical thought. On the other hand, the development of natural science is often influenced by many factors; besides social production, the social system, science and technology policy, educational policy, and philosophy, such things as war and the scientific capacity of society as a whole also have an important effect on it. Moreover, natural science also has its own inherent internal contradictory movement. The philosophy of dialectical materialism, as one factor, can only provide a possibility for the rapid development of natural science along the correct direction, and whether this possibility can be realized also depends on the degree of maturity of other conditions. Therefore, natural scientists, while striving to become conscious dialectical materialists, should work to create conditions of every kind and promote the development of natural science.




Section 2 The Internal Contradictory Movement in the Development of Natural Science

The development of natural science is subject to the action of various external factors, and also has its own special internal contradictory movement. Only by further studying these special contradictory movements can we understand the general laws of the development of natural science more completely and more deeply and reveal the universal mechanism of the progress of natural science. Among the internal contradictions in the development of natural science, the contradiction between scientific facts and scientific theory is the most basic contradiction. The contradiction between accumulation and transformation and the contradiction between differentiation and integration are the forms of development of the basic contradiction and the embodiment of its process of development. As an organically connected whole, these contradictions promote the development of natural science from within.


I. The Contradictory Movement of Scientific Facts and Scientific Theory

The contradiction between fact and theory is the basic internal contradiction of natural science, and also its internal fundamental motive force of development; it is the concrete embodiment, in the development of natural science, of the law of the unity of opposites of materialist dialectics. Fact and theory, as the two basic factors within natural science, stand in this relation: on the one hand, theory arises on the basis of fact and is a high-level generalization of the essence of fact; on the other hand, theory in turn reacts upon fact, and the discovery and confirmation of facts depend on the guidance of theory. Therefore, theory and fact are both opposed to each other and united with each other, and thereby promote the constant development of natural science.

Scientific facts are the sum total of all properties, characteristics, and phenomena of the things of the natural world grasped in the course of human cognition; they appear as scientific data, figures, images, and so on obtained through observation, measurement, and statistics, and have the following distinct properties:

First, objectivity. Scientific facts are part of the various properties, characteristics, and phenomena of things existing in the objective natural world, and therefore they are objective existences that do not shift according to people’s will. For example, the Earth’s revolution around the Sun in astronomy, the transverse-wave nature of electromagnetic waves in physics, and the composition of water from hydrogen and oxygen atoms in chemistry are all objectively existing facts. The objectivity of scientific facts distinguishes them from all fabrications and fancies, because the latter can find no real prototype in the natural world.

Second, reproducibility. Since scientific facts are objective, and the properties, characteristics, and phenomena of the things of the objective natural world can always be reproduced repeatedly under certain conditions, otherwise they cannot win social recognition and of course cannot be established. This reproducibility of scientific facts distinguishes them from all false so-called “facts” and thereby guarantees the seriousness of scientific research. In history, the famous French physicist Blondlot announced in 1903 that he had discovered a kind of “N-ray.” After the news spread, many laboratories in Europe and America repeated Blondlot’s experiments but could not obtain the results he announced, and the “new discovery” was flatly rejected. Later the German scholar Pringsheim and others further confirmed that Blondlot had made an erroneous assertion by making use of a certain special visual effect associated with critical phenomena at the threshold of visibility.

Third, relativity. A scientific fact is not fixed and unchanging once discovered; it can become a fact by being proved through testing, and it can also, with the development of cognition, cease to be a fact or be not entirely a fact. For example, the ancients all regarded white light as monochromatic as a universal fact, but Newton, by decomposing white light with a prism, established a new scientific fact: white light is compound light. The Galilean transformation of the modern period treated the addition of velocities of moving bodies as an established fact, but the Lorentz transformation showed that in a vacuum the addition of velocities does not hold for the motion of light. Therefore, what counts as a fact at a given moment in a given scientific domain depends on the level of scientific knowledge in that domain, its mutual relations with knowledge in other domains, the testing techniques and testing standards of the time, the methodological principles of the scientific community, and so on.

Fourth, relatedness. The things of the natural world are universally interconnected, so in the natural world there is no absolutely isolated, wholly “in-itself” scientific fact. This requires that people grasp things from the mutual connection and transformation of facts. Lenin pointed out: “There is no more common method, and none more untenable, in social phenomena than to snatch out individual facts and play with examples. … If facts are taken in their entirety, in their connection, they are not only ‘stubborn things’ but also proof without doubt. If they are not taken in their entirety, not in connection, if they are fragmentary and arbitrarily selected, they are merely a game, or even less than a game.”15 The same is true of natural phenomena. For example, people discovered the wave nature and the particle nature of microscopic particles through the interaction of different instruments and equipment with microscopic particles.

Scientific theory is the outcome of people’s cognition of the laws of motion of objective natural matter; it includes such forms as scientific concepts, ideas, doctrines, and hypotheses, and compared with scientific facts it has such characteristics as objective truth, comprehensiveness and systematicness, and relativity; these characteristics determine the position of scientific theory in the contradictory unity it forms with facts.

The interaction between scientific facts and scientific theory is realized through scientific thinking and scientific practice as intermediate links. Thinking is the spiritual, rational activity of science; practice is the material, perceptual activity of science. Thinking includes such forms as comparison and classification, induction and deduction, analysis and synthesis, analogy and association, abstraction and generalization. Practice in science has such forms as observation, experiment, measurement, and statistics. Theory reveals new facts through practical activity, and facts rise to theory through thinking activity. In this way science becomes a contradictory system composed of theory and fact as opposed poles, with thinking and practice as intermediaries.

In the contradictory unity of scientific fact and scientific theory, generally speaking, fact occupies the active position. For scientific facts can verify existing theory, which is the discovery of the individual or particular phenomena and main objects predicted by theory, such as the discovery of Neptune and the discovery of Hertzian waves, which made the foundations of the theory of universal gravitation and of the electromagnetic field theory firmer; scientific facts can also overturn existing theory, which is the discovery of phenomena and objects entirely different from what theory predicted, such as the results of Michelson’s experiment (the discovery of the impossibility of observing the relative velocity of the Earth and the ether), which made the earlier theory something that had to be discarded; and scientific facts can also lead people to establish new theory, which is the discovery of phenomena and objects that the original theory could neither predict nor deny, such as the discovery of electromagnetic induction, the discovery of dinosaur fossils, and the discovery of X-rays, which gave people constantly new understanding. From this it can be seen that scientific facts are the solid basis and foundation of all conclusions of scientific theory; without the systematization and generalization of facts, without logical cognition of facts, no science could exist. As Engels said: “… Both in the domain of natural science and in that of the historical sciences one must proceed from the given facts, and therefore in natural science from the various material forms and forms of motion of matter.”16

But theory itself often exerts a great reaction upon scientific facts. On the one hand, for the same fact, people can perfectly well make different interpretations according to different theoretical backgrounds and beliefs about knowledge. For example, on at least seventeen different occasions between 1690 and 1781, people saw the star now called Uranus, but successively took it for a fixed star, a comet, or a planet. Even for so simple a fact as “a stone falling,” what Aristotle saw was the stone tending toward its natural place, what Galileo saw was the stone moving in a circle like the celestial bodies, what Newton saw was it falling in a straight line under the action of gravitation, and what Einstein saw was the stone taking the shortest path in Riemannian space in the gravitational field. On the other hand, theory often also leads to the discovery of new facts in practice. Because practice is always carried on under the guidance of theory, whether one has correct theoretical guidance greatly affects whether new facts can be discovered in time. In 1932 the French physicists Frédéric and Irène Joliot-Curie, bombarding beryllium with α particles, knocked out of the beryllium a new particle of great penetrating power. The energy of this particle was very high and it was electrically neutral; it was in fact the neutron, but they mistook it for γ radiation. The reason the Joliot-Curies did not recognize the neutron lay mainly in the fact that they confined themselves to the scope of their own experiments, neither knowing Rutherford’s 1920 prediction concerning the neutron nor having gone to hear the lecture in which Rutherford mentioned the neutron again on his visit to France in 1932; lacking the store of knowledge concerning the neutron, they failed to discover the new scientific fact right before their eyes. The British scientist Chadwick, who started later than the Joliot-Curies, quickly proved in 1932 that the high-energy radiation they had found was the neutron, and was awarded the Nobel Prize in Physics in 1935. An important reason for Chadwick’s success was that he had grasped not only the trends of scientific development in various countries but also the scientific thought of Rutherford’s prediction of the neutron. Therefore, when in January 1932 he saw the article by the Joliot-Curies on γ rays, he almost immediately thought that this was the neutral particle he had sought for many years. He redesigned the experiment and discovered the neutron in the Cavendish Laboratory in February 1932. Darwin once said: “To be a good observer one must be a good theorist.”17 This shows that without the prediction and expectation of prior theory it is very hard to obtain new meaningful material from the observation of the profuse and complex phenomena of nature.

In scientific research, differences in the facts relied upon, or in the theoretical explanation of the same facts, have often led to disputes among schools. Examples are the dispute in astronomy between the geocentric and heliocentric theories; in geology between Neptunism and Plutonism; in chemistry between the phlogiston theory and the theory of oxidation; in physics between the corpuscular theory and the wave theory; in biology between the theory of the immutability of species and the theory of evolution. Especially now that science has developed to a broad and many-branched stage, criss-crossing both vertically and horizontally, penetrating deep into the microscopic and expanding into the cosmic, more and more new facts appear that require new doctrines and new theories to explain them, and thus disputes become even more intense. Examples are the dispute in cosmology between the big bang theory and the steady-state theory; in the origin of life between the Oparin school and the Fox school; in modern evolutionary theory between Darwinism and non-Darwinism; and so on. These disputes all arise naturally in scientific practice and are the concrete embodiment of the contradictory movement of scientific fact and scientific theory. They are of great significance for raising scientific creativity, promoting the development of science, establishing truth, and training talent. Hence Comrade Mao Zedong said: “The result of debate among different opinions is that truth develops.”18

In sum, the fundamental motive force of the development of natural science lies in the contradiction between scientific facts and theory. The disputes among different theories and different schools can distinguish their merits and enable each to take the strengths of the others to make up for its own shortcomings only in interaction and mutual transformation with facts; the truth or falsity of different theories needs to be tested in practice (as the intermediary between theory and fact); and the theoretical contradictions among different disciplines are but the reflection of the contradictions between each discipline and scientific facts. Thus all the richness of the progress of natural science unfolds in the contradictory movement of theory and fact, of thinking and practice.



II. The Contradictory Movement of the Accumulation and Transformation of Scientific Knowledge

The contradictory movement of scientific fact and scientific theory, in its form or state of manifestation, is the infinitely repeated process in which the accumulation and transformation of scientific knowledge alternate. And the contradiction between accumulation and transformation is at the same time the concrete embodiment, in the development of natural science, of the law of the mutual transformation of quality and quantity in materialist dialectics.

The development of natural science is realized in the mutual alternation of quantitative change and qualitative change. In the stage of quantitative change in the development of science, although some new facts will also be discovered, owing to the limits of definite historical conditions and of the level of human cognition, and owing to the relative independence inherent in theory, the development of science is often manifested as the ever-increasing perfection of theory and the gradual accumulation of knowledge. Engels pointed out in his 1844 Outlines of a Critique of Political Economy: “The development of science is proportional to the mass of knowledge inherited from the previous generation, so that under the most ordinary circumstances science too develops in geometrical progression.” Later, in the “Introduction” to Dialectics of Nature, he pointed out further that the force gained in the development of science may be said to be proportional to the square of the (temporal) distance from its starting point. The law Engels speaks of here is precisely the law of the exponential development of scientific knowledge, a law established on the important characteristic of the inheritance and accumulation of scientific knowledge.

Since the 1940s of this century, people have made statistical analyses of the quantitative growth of literature, scientific investment, scientific research personnel, scientific results, and many other things, and have found that under general conditions every one of these indicators is regular, doubling about every 10 to 15 years, which not only further verifies Engels’s assertion but also establishes a quantified exponential equation:

B = Ae^kt

where A represents the amount of scientific knowledge at the beginning of a certain stage of the development of science, B is the existing amount of scientific knowledge, e is the base of the natural logarithm, k is a constant determined by differences in country, era, level of development of productive forces, and other conditions, and t is the time interval in years. If B doubles in about 10 years and the value of k is 0.07 (7%), then the above formula becomes:

B = Ae^0.07t

Because actual conditions agreed fairly well with this theory of exponential growth, before the 1960s this theory of the exponential growth of science, built on the accumulation of knowledge, always held the dominant position.

But the above theory has also aroused people’s disputes, which continue down to the present. One important doubt is whether continued development according to the law of exponential growth would not lead to absurd conclusions such as the number of scientists exceeding the total population of the world. In fact this view is mistaken, because any scientific law holds approximately under certain conditions, and if one leaves those conditions and extrapolates a concrete law without limit, one goes to the opposite. It should be seen that the law of exponential growth holds within a certain historical period, and in another period, that is, in an “extraordinary period” of scientific development, it may be destroyed, but in another historical period after the “extraordinary period” it holds again. The reason the exponential law is thus constantly established and constantly destroyed is that the change of science along the time axis is subject to the interaction of accumulation and transformation, of which the former is manifested as gradual change in quantity and the latter as a leap in quality, the so-called scientific revolution. Accumulation and transformation are both opposed and united. In the period of accumulation, the development of science follows the law of exponential growth; in the stage of transformation, the law of exponential growth loses its meaning. In this way, the destruction of the law of exponential growth is no longer a misfortune but one of the important signs of the arrival of a scientific revolution.

A scientific revolution originates in the irreconcilable contradiction that appears between constantly increasing new scientific facts and the old scientific theory; this contradiction puts science in a state of “crisis.” To overcome the “crisis” and make theory conform as far as possible to the facts (including new and old facts), the theoretical system has to undergo fundamental change, and the original basic ideas and principles in the relevant scientific domain have to be thoroughly renewed. This casting off of the old and establishing of the new in scientific theory and scientific thought is the scientific revolution.

In the development of science, if one recognizes only accumulation and inheritance and does not recognize revolution, this view of science is obviously one-sided and does not accord with the historical facts of the development of science. The whole history of science shows that in the process of human understanding and transformation of nature there have always run through it the disputes between correct views and mistaken views, between new thought and old thought, and among the various different schools, and scientific truth has developed gradually in just such struggles. A scientific revolution is but the most concentrated, most acute, and most thoroughgoing form of struggle for resolving the various contradictions in the development of science. For example, the heliocentric theory relative to the geocentric theory, Einstein’s relativity relative to Newtonian mechanics, and quantum theory relative to classical physical theory have all gone far beyond the accumulation and expansion of quantity and are manifested as renewal and transformation in quality. But we cannot understand a scientific revolution as an absolute “rupture” with the previous history, still less can we deny that scientific revolution brings human understanding of the laws of nature closer to truth, and its progressiveness in the development of science. History shows that the accumulation and inheritance of knowledge are the necessary condition and precondition of scientific revolution. Without the high development of classical physical theory in the nineteenth century and the pursuit of refinement in physical experimental technique, the physics revolution at the beginning of the twentieth century could not have appeared at all. Moreover, the new system of scientific theory created in the course of a revolution necessarily still retains the rational and correct components of the old system, otherwise it could not possibly gain a foothold in the scientific field. Therefore we say that scientific revolution is the entirely law-governed and logical result of the previous accumulation of knowledge, a pause in the gradual process, an interruption of the formal-logical sequence of development, a leap in the movement of the history of science.

Concerning the phenomenon of scientific revolution, Dirac, the founder of quantum mechanics, once gave a very good analogy. He said that the development of science can be described as “a fairly stable process of development composed of many small advances, upon which are then superimposed several huge leaps.”19 Obviously, this is a naive, dialectical-materialist view of scientific revolution, but it is rather crude and superficial, and does not touch upon the mechanism and motive force of scientific revolution.

Throughout the world, research on scientific revolution and the laws of its movement has by now put forward many interesting exploratory theories and established various different models of scientific development, of which those with rather large influence are mainly Popper’s theory of continual revolution, Kuhn’s theory of scientific revolution, and Feyerabend’s principles of tenacity and proliferation.

Karl Popper is an Austrian-born British philosopher of science. The model of scientific development he put forward is: problem 1 → conjectural theory → elimination through error → problem 2. That is to say, in order to solve problems, scientists first put forward all sorts of hypotheses, which must undergo critical testing; some are refuted, some prove valid but must still undergo stricter criticism and testing. The growth of scientific knowledge is similar to biological evolution: under conditions of critical selection, the fittest survive and the unfit perish. When a hypothesis that has undergone strict testing is finally proved false, a new problem appears; the new problem demands new hypotheses, followed by new criticism and testing, and so the cycle repeats without end. Therefore, the development of science is not manifested in building and enriching theory by induction on the basis of observation and experiment, but in eliminating falsified hypotheses through “trial and error,” so as to approach truth in the process of “continual revolution” in which hypotheses are falsified. The rationality of Popper’s view of scientific revolution lies in highlighting the critical spirit and breaking the eternal truth of concrete scientific theories. But he regarded the stability of the system of scientific theory as too fragile and regarded scientific revolution as too simple, with the result that he confused the many small advances in the development of science with a few huge leaps. This led to the pitiful logic that “continual revolution” is everything and the accumulation of scientific knowledge is meaningless.

Thomas Kuhn is a famous American philosopher of science and historian of science. He opposes the traditional method of studying science statically, as a “cross-section,” and advocates studying the development and change of science dynamically, that is, historically. The model of scientific development he gives in The Structure of Scientific Revolutions is: pre-science → normal science → anomaly → crisis → revolution → new normal science → …

In Kuhn’s view, the pre-scientific period is a stage of competition among schools, in which the development of science presents a situation of many conflicting opinions and no agreed conclusion. The result of the competition is the formation of a theory universally accepted by the scientific community of the time (the “paradigm”), and science then enters a stage of regular development, when the development of science is realized through gradual “steady accumulation.” With the long, calm development of normal science, “anomalies” often appear, that is, phenomena that the “paradigm” cannot explain, and these “anomalies” increase with the development of science. Once anomalies appear that partly or wholly change the old paradigm, science enters a stage of crisis. Finally, a rather obsolete set of paradigms is wholly or partly replaced by a new, incompatible set, and this is the stage of scientific revolution. The result of a scientific revolution is necessarily that the new school defeats the old school and the new paradigm defeats the old paradigm, so that science passes from one historical stage into another — the period of new normal science. In the new normal science new anomalies will again appear, forming a new crisis and bringing on a new revolution, and so on.

Kuhn’s basic view of scientific revolution is without doubt a creation. In the language of comparative science he expressed the scientists’ naive view of scientific revolution. But he over-emphasized the incommensurability of paradigms and stressed that a scientific revolution ends with the victory of one of the opposed sides; therefore he could not correctly handle the dialectical unity of the discontinuity and continuity of scientific development, nor the dialectical unity of accumulation and transformation, so that he blocked his own road to truth.

Paul Feyerabend is also a famous contemporary American philosopher of science. In his view, science in the course of its development has a certain “tenacity,” that is, within a certain period people always adhere to one theory while disregarding large amounts of counter-evidence. Hence he opposes Popper’s view that theory is always being constantly refuted. On the other hand, because science has tenacity, it allows adjustment of existing theory, even changing its form, or allows different theories to coexist, and this is the so-called “proliferation” of science. From this he in turn opposes Kuhn’s theory of the absolute rule of the paradigm. Feyerabend holds that the tenacity and proliferation of science interact, so scientists must both dare to hold to their own views in the face of difficulties and have the courage to revise their own views and tolerate different theories. On this basis he holds that normal science and revolution are not two different periods of scientific development, but only two factors that act throughout. The picture of the development of science should be the dialectical synthesis of these two different factors.

The above three theories, although different in content, are not wholly incompatible. Popper attends to examining the development of the theories of concrete disciplines, Kuhn looks to inquiring into the evolution of science as a whole, and Feyerabend does not recognize the absolute rule of a theory, which is a supplement to Kuhn’s view, but it cannot thereby be denied that within a certain period and domain one theory holds the dominant position. Obviously, none of these models is very complete, and some of the views are still worth further discussion. We should take dialectical materialism as our guide, critically absorb their rational parts, and explore a model that can better reflect the full picture and essence of the development of science.



III. The Contradictory Movement of the Differentiation and Integration of Natural Science

Differentiation and integration are two important aspects of the process of development of natural science. The so-called differentiation of science means that people make specialized study of the essence of a certain domain or some aspect of the natural world and obtain rather fine specialized knowledge, so that new disciplines are differentiated out of the original disciplines, or relatively independent specialized knowledge is differentiated out within the original domains of knowledge. It is the reflection in the development of natural science of the diversity of the forms of motion of matter and of the differences among levels of matter and their properties. The integration of science, on the other hand, is on the basis of analysis to link together various individual, particular pieces of knowledge and apply them to the object of study, obtaining a comprehensive understanding as a whole of the natural world, or of a form of motion of matter, or of an object of study, thereby producing innovation in science and possibly forming new disciplines. It is the reflection in the development of natural science of the unity of the material world or of a certain object of study.

The reason differentiation appears in the development of natural science is that people’s understanding of the natural processes of natural things must constantly deepen and become ever more concrete, coming to know certain properties of a thing from a specific aspect, and specializing to become expert in one line. Today’s biology, by general division, has many disciplines such as botany and zoology, and botany in turn has plant morphology, plant anatomy, plant taxonomy, plant embryology, plant physiology, plant ecology, plant geography, plant community science, and so on. Zoology can be divided similarly. It can be said that as many kinds of objects as the natural world has, and as many kinds of properties as each kind of object has, there may be that many natural sciences. According to statistics, the branches of contemporary natural science number about two thousand and more.

But the direction of development of natural science is not only a finer and finer division within one department; there is also mutual crossing and mutual penetration among the disciplines, and besides differentiation there is integration. The many-named branches of contemporary natural science include both the specialization of disciplines and their integration. First, the branches within each discipline are increasingly integrated. For example, the establishment of the system of Newtonian mechanical theory combined the laws of motion of terrestrial bodies with the laws of motion of celestial bodies. The electromagnetism of Faraday and Maxwell achieved the integration of optics, electricity, and magnetism. Second, the relations among the different categories of natural science are increasingly integrated. For example, people once held that physical motion is the motion of molecules and chemical motion is the motion of atoms; later it was discovered that physical motion and chemical motion, including biochemical motion, all have common laws of microscopic particle motion, and so physics and chemistry moved toward integration, leading to the appearance of physical chemistry and other disciplines. Finally, natural science and social science are also increasingly integrated. For example, environmental science and psychological science have already combined natural science with social science. And what mathematics, information theory, cybernetics, and systems theory reflect is not only what is common to the natural world and the various natural sciences, but also certain things common in the domain of social life. Since quantity and quantitative relations exist in every natural domain and every natural science, and since processes and systems of information transmission and control exist in the physical world, the living world, engineering technology, and society, the regularities revealed by mathematics and the “three theories” run through all these aspects.

The integration of natural science is realized through many kinds of ways, such as mutual connection, mutual influence, and mutual penetration among the disciplines, chiefly the following. First, the study of the various forms and states of motion of matter by different disciplines is not isolated but interconnected, and some new marginal disciplines appear precisely in these domains of mutual connection. For example, biophysics, biochemistry, chemical physics, geophysics, geochemistry, biogeochemistry, and so on appear in the domains where two or more disciplines are mutually connected. Second, applying the theory and methods of one discipline (or several) to study the objects of another discipline also produces some new disciplines. For example, using the theory and methods of physics to study the laws of motion and change of celestial bodies produced astrophysics. Applying radio methods to observe celestial phenomena gave rise to radio astronomy. Using many theories such as physics, chemistry, and biology to study the oceans produced marine science, and so on. Third, on the basis of the mutual penetration of the original disciplines, studying the forms and states of matter by abstract methods has also produced some new disciplines, such as vibration theory, information theory, and cybernetics.

In the process of scientific integration, leading disciplines play an important role. The so-called leading disciplines are those which, within a certain historical period, establish revolutionary and creative research on the “natural object” and play a pioneering role. According to research by the Soviet scholar Kedrov, in the history of the development of science mechanics was the first leading discipline, leading alone for 200 years. Afterward it was replaced by a group of leading disciplines consisting of chemistry, physics, and biology, whose period of leadership was 100 years. After that, microphysics gradually replaced the above group and became the leading discipline for 50 years. Then came the present age of a group of leading disciplines with cybernetics, atomic energy science, and cosmonautics as the group, with a leading time of 25 years. The next leading discipline is biology, with a leading time of 12 to 13 years. After biology has completed its task of leadership, it will be replaced by a group of disciplines centered on psychology. The appearance of leading disciplines often has an extremely important influence on other disciplines and even on the development of natural science as a whole. It stamps its own brand on some other scientific departments connected with it, making them subject to the influence of its scale and level, transmits the concepts it has formulated, and popularizes the research methods and technical means it adopts, thereby greatly strengthening the connections among the disciplines and branches of natural science. For example, after the theory and methods of physics and chemistry were introduced into the domain of biology, they laid the foundation for the birth of molecular biology. Relativity and quantum mechanics have promoted the emergence and development of astrophysics, nuclear physics, statistical physics, quantum wave mechanics, quantum chemistry, and quantum biology. And some leading disciplines, such as cybernetics and cosmonautics, themselves have very evident integrative characteristics.

Of course, the differentiation and integration of natural science are not isolated from each other. Differentiation is the basis of integration, and integration is the result of differentiation. Within differentiation there is integration, and within integration there is differentiation. Differentiation and integration are a unified process; without differentiation there would be no integration, and without integration there would be no differentiation. Differentiation and integration are an infinitely advancing movement, only that in different periods sometimes differentiation is manifested as the principal aspect and sometimes integration.

Historically, in the early period of human cognition, natural science was dominated by primary integration. This form of primary integration was manifested in the fact that natural-scientific knowledge was still contained within “natural philosophy,” understanding of the natural world was still very vague and general, and its parts and details were not yet understood. From the latter half of the fifteenth century, natural science began to move from a stage dominated by primary integration to a stage dominated by primary differentiation, and single undifferentiated science developed toward numerous specialized sciences, each science studying some aspect of the concrete, complete natural world. This constant differentiation of natural science reached a very fine degree in the first half of the nineteenth century; mechanics, physics, chemistry, biology, geology, astronomy, and other disciplines had each formed a different domain of research, and each discipline could develop forward on its own without connection to the others, the disciplines being mutually unintelligible in language and in method. The world of each scientist was precisely that part of nature on which he spent the energy of a lifetime. Therefore there was no question of any unified world picture of natural science. After the middle of the nineteenth century, natural science on the one hand still continued to differentiate, and on the other hand showed a marked trend toward integration. As scientific experimental activity continued to develop vertically and deeply, human understanding of the natural world constantly deepened; the connections among the various individual and particular phenomena or processes came to be understood more and more profoundly, and a common basis was found on some essential questions, so that an overall understanding of the natural world was obtained. For example, as a result of physical research developing toward the microscopic world, atomic physics appeared, which enabled physics, chemistry, astronomy, biology, geology, and other sciences all to find a common basis in the atomic world, and this greatly accelerated the process of integration of the disciplines. The striking characteristic of the development of modern natural science is that it is both highly differentiated and highly integrated, but the trend of integration has come to occupy the dominant position. The differentiation of disciplines has in fact become another form of expression of integration, because the constant appearance of new disciplines is increasingly eliminating the traditional boundaries among the various disciplines. The understanding of the various phenomena of the natural world increasingly adopts the integrated form of understanding of multidisciplinary methods, which also makes the disciplines connect more closely. The whole of natural science is forming a multi-level, integrated, unified whole whose frontier constantly expands. Thus the development of natural science from antiquity to the present has undergone a process of the negation of the negation: primary integration — primary differentiation — dialectical integration on the basis of high differentiation. In essence this process shows that natural science is constantly developing in breadth and deepening in depth.

The objective necessity of the constant differentiation and constant integration in the development of natural science lies in this: on the one hand, the object of study of natural science is the natural world, and the natural world itself is an organic whole that constantly differentiates and constantly integrates; natural-scientific knowledge is but the correct reflection of the objective things of the natural world. But this reflection gradually expands and deepens, and its manifestation in the process of development of natural science is necessarily the contradictory movement of differentiation and integration. On the other hand, human cognitive capacity also has a process of development. The cognitive capacity of ancient humans determined that they could grasp the natural world only vaguely and as a whole. Modern humans reached the level of cognition at which they could study the parts and details of the natural world branch by branch, and this is manifested in the development of natural science as a form dominated by differentiation. And in the contemporary age, as the dialectical method of thinking has been mastered, people can not only understand the natural world more finely from the parts but also, on the basis of separate understanding, attain a comprehensive understanding of the whole. Manifested in the development of natural science, there appears the dialectical unity of being both highly differentiated and highly integrated. It can be foreseen that natural science will continue in future to develop in the direction of a high unity of differentiation and integration.
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Chapter 3 The Development of Natural Science and Progress in Military Technology

The military domain has always been the domain most sensitive to science and technology, the domain in which scientific and technological results are applied fastest and most extensively, and many scientific and technological results were themselves born in research serving military purposes. The historical fact is that the development of natural science has exerted an enormous influence on the progress of military technology, and the military application of natural science is realized chiefly by way of its conversion into military technology. At the same time, the needs of military warfare and the progress of military technology in turn greatly stimulate and promote the development of natural science.

In his series of writings on the history of military technology and in his polemic against Dühring, Engels gave a rather incisive exposition of the interaction between natural science and military technology, of how progress in military technology leads to transformations in the structure, command, and mode of operations of armies, and of the qualities required of military personnel amid the tide of the scientific and technological revolution. In discussing the relation between the development of natural science and the progress of military technology, we shall rely mainly on these expositions as our most basic foundation. Of course, we also try to make an appropriate generalization of the new characteristics of the development of military technology under the conditions of modern natural science, and of its deeper and more far-reaching influence on modern warfare.


Section 1 The Interaction between Natural Science and Military Technology

Between natural science and military technology there exists a dialectical relationship that is both mutually connected and mutually interacting and transforming. On the one hand, the development of natural science is the precondition of the progress of military technology; on the other hand, the needs of the progress of military technology in turn promote the development of natural science.


I. The Development of Natural Science Is the Precondition of the Progress of Military Technology

The development of natural science is consistent with the level of human cognition, and the military application of the advanced achievements of natural science is the necessary result of the development of class society. Viewed historically, the development of natural science determines not only the qualitative transformation of military technology but also the quantitative expansion of advanced military technology. Therefore, the development of natural science is the precondition of the progress of military technology.

In the early period of human society, weapons and instruments of production were used, with hardly any distinction, both for production and for war. Engels once pointed out: “Judging by the relics of prehistoric man that have been found, and by the way of life of the earliest historical peoples and of the most backward savages of today, what were the oldest tools? Implements of hunting and of fishing, the former at the same time serving as weapons.”1 At that time production technology and military technology were in fact indistinguishable. Only with the progress of human society did military technology detach itself from its earlier mixed state and begin its relatively independent, long historical development.

In the course of the development of military technology, weapons and equipment have always occupied the central position. Therefore the qualitative changes in an army’s weapons become the basis for a scientific division of the eras of the progress of military technology. And the development of weapons from antiquity to the present, if divided according to the different relations of energy transmission or conversion, can clearly be divided into the following three stages:

I. Mechanical energy → ancient cold weapons → mechanical energy


	Chemical energy → modern firearms → mechanical energy, heat energy


	Nuclear energy → modern nuclear weapons → heat energy, light energy, mechanical energy, and so on.




The above division of the development of an army’s weapons into three stages is based on the two great revolutions that weapons themselves have undergone. And the precondition of these revolutions is the raising of humanity’s level of understanding of the different forms of energy at the different levels of matter. Mechanical energy was the first to be used in combat because the ancients’ understanding of motion began with simple mechanical motion, and the corresponding natural science had reached only the level of some rudimentary knowledge of the mechanical properties of things; with the invention of gunpowder and the understanding and mastery of the chemical properties of things, guns and cannon were made, and weapons began to be used consciously to accomplish conversions of different energies, so producing the first great revolution in the history of weapons development. Nuclear weapons, for their part, appeared on the basis of the abundant results humankind has obtained since the twentieth century in research on the microscopic world. Only the full development of atomic physics, nuclear physics, physical chemistry, quantum chemistry, relativity, and other sciences made humanity’s utilization of nuclear energy possible. This in turn led to the second revolution in the development of weapons. (See the figure below.)

The Evolution of Weapons


	Differentiation of tools

	Close-range weapons (clubs → knives, spears, swords, halberds, etc.)

	Long-range weapons (stones → stone-throwers, bows and arrows, crossbows)




	First revolution

	Point-casualty weapons (bow and arrow → rifle)

	Area-casualty weapons (stone-thrower → cannon, bomb)




	Second revolution

	Nuclear fission weapons (atomic bomb)

	Nuclear fusion weapons (hydrogen bomb, neutron bomb)






The two weapons revolutions led to a qualitative change in the whole of military technology, and correspondingly gave rise to such concepts as “military technology of the cold-weapon age,” “military technology of the firearms age,” and “military technology of the thermonuclear age.” People have even called the First and Second World Wars the “chemical war” and the “physical war” respectively, which to a certain extent reflects the pioneering role of natural science in the development of military technology.

In fact, the development of natural science determines not only the qualitative transformation of military technology but also the quantitative expansion of advanced military technology. This is because natural science, as a productive force, in its development necessarily leads to a rise in labor productivity and a high tide in the economic level of all society, thereby providing a solid economic basis for the wide adoption of advanced military technology. At the same time, the development of natural science leads to a rise in the technological level of all society, thereby providing a firm technical basis for the systematic development of military technology, and enabling the production of advanced weapons and equipment to move toward standardization and serialization. Without a strong industrial base built on a certain level of natural science, even if one or two new weapons were invented they could not have much military value. China was the first in the world to invent gunpowder and the cannon, but the development of these technologies was carried on almost in isolation, with neither an industrial base nor supporting technologies, so firearms could not go into mass production, still less be generally used to equip armies; hence in the Opium War China was defeated by the foreign repeating rifles and sharp cannon built on the basis of modern large-scale industry (of course there were other factors as well). In the modern age the role of the economic base and the industrial base in the contest of war has become still more important. Take nuclear weapons for example: some key technologies for making the atomic bomb are now in principle no longer secret, and there is considerable reporting and discussion of the basic principle of the hydrogen bomb. Yet the countries that are really equipped with nuclear weapons are extremely few. The reason is that most countries are limited by their economic strength and their industrial-technical base. More than a hundred years ago Engels pointed out: “The victory of force is based on the production of arms, and this in turn on production in general — thus on ‘economic power,’ on the ‘economic situation,’ on the material means which force has at its disposal.”2 Engels’s assertion not only explains the basis of the victory of force but also indicates for us the only correct direction for developing advanced military technology. In the construction of our country’s four modernizations, the Party Central Committee takes the modernization of science and technology as the key, which reflects not only the position of natural science in socialist construction but also the important role of the modernization of science and technology in the modernization of national defense.



II. The Progress of Military Technology Promotes the Development of Natural Science

The state of development of natural science determines the level of development of military technology. But military technology itself is not entirely passive; it has a powerful reaction upon the development of natural science. The need to improve military technology promotes the development of theoretical research in natural science, and thereby pushes the development of natural science step by step to a new stage.

The needs of the progress of military technology often actively put forward new problems that call for theoretical exploration. The solution of such problems is determined by the following historical facts. First, war, by its own inherent characteristics, attracts the most outstanding natural scientists into the military domain to engage in research on improving military technology, and they become the direct force in the military domain promoting the development of natural science. Bernal once pointed out: “Since ancient times the improvement of the techniques of war has always needed science more than the improvement of peaceful life. This is not because scientists have a bellicose nature, but because the needs of war are more urgent than any others.”3 Second, war teaches people that “the one who gains the upper hand is the one with highly developed technical equipment, organization, discipline, and better machines.”4 This forces the state to attach great importance to the improvement of military technology and to provide the necessary material guarantees for theoretical research in military technology. Progress in theoretical research in the domain of military technology in essence also means progress in natural science.

In history, research on the improvement of the stone-thrower led to the establishment of the principle of the lever. And the improvement of the technique of making swords and spears in antiquity greatly deepened people’s understanding of the properties of various metals. Especially after the appearance of gunpowder, the problems raised around improving the quality of gunpowder, improving the manufacture of cannon, and raising the accuracy of fire became the focus of scientific development at that time. The motion of the cannonball in the air promoted new research on dynamics; the chemical reaction process of explosion impelled people to study the nature of combustion and the properties of gases. This research afterward became the foundation of modern chemical theory in the seventeenth and eighteenth centuries. The manufacture of cannon supplied an enormous impetus to metallurgy and mining and correspondingly promoted the development of inorganic chemistry and metallurgy; and the major technical developments of the eighteenth and nineteenth centuries, especially the method of smelting iron in large quantities with coal and the wide adoption of the steam engine, were all direct results of war’s demand for the manufacture of large numbers of cannon. After entering the twentieth century, the promoting role of military technology in the development of natural science became still more evident: for example, research on explosives and military materials and equipment for synthetic chemistry; research on nuclear weapons for atomic physics, nuclear physics, explosion dynamics, and other disciplines; ballistic missiles for rocket dynamics, ballistics, engine and combustion theory, radio electronics, and automatic control theory; laser weapons for optics, quantum mechanics, chemical kinetics, plasma physics, high-energy physics, and aerodynamics; night-vision technology for radiation theory, luminescence theory, geometrical optics, physical optics, electron optics, fiber optics, thin-film optics, photochemistry, photon science, and so on. This rapid multidisciplinary development driven by military technology has not only induced the emergence of a series of marginal disciplines but has also led to the appearance of such modern comprehensive disciplines as management science and systems science.

On the other hand, the promoting role of military technology in the development of natural science lies also in this: through the conversion of advanced military technology to civilian use it supplies natural science with powerful material means. This conversion can be realized because between military technology and civilian technology there is only a difference in level and degree, not an essential difference. Historical facts show that a country in wartime always gives priority to developing military technology, and once the war is over, restoring production and developing the economy pose decisive demands for the transfer of advanced military technology to civilian use. Through transfer, production develops, the economic level rises, and the development of natural science thereby acquires a firmer foundation.

In antiquity, the conversion to the domain of production of the most advanced metallurgical technology, as reflected in the manufacture of knives, spears, swords, halberds, and other weapons, led to the later appearance of various advanced instruments of production, while the technology of building military ships was even more directly bound up with humanity’s navigation. The steam engine that appeared in the eighteenth century was at first made mainly by skilled craftsmen by hand, with low efficiency and poor precision. Guns and cannon of that time were also made by this handicraft method; their range was neither long nor their accuracy good, and their parts were hard to interchange. For this reason Britain’s Wilkinson designed a precision cannon-barrel boring machine. Watt immediately adopted this new technique invented for making guns and cannon, which ensured the accurate manufacture of the steam cylinder, raised the efficiency of the steam engine, and greatly hastened the popularization and application of the steam engine. In 1855 the British engineer Bessemer pioneered the converter method of steelmaking, opening a new page in the history of the steelmaking process, but the origin was to smelt suitable steel for making the rifled gun barrel that he had invented. After entering the twentieth century, it was precisely the competitive improvement of bombers and fighters that directly promoted the development of modern civil aviation. Some civil aircraft, such as the Soviet twin-engine medium-range turbojet airliner Tu-104, were simply the medium-range bomber Tu-16 with the fuselage and tail refitted. Radar was the earliest cutting-edge military technology to appear and be widely applied in the Second World War; in 1947 the physicist Shockley and others at Bell Telephone Laboratories in the United States, in order to solve the problem of radar detection, set about studying the basic physical properties of germanium, and unexpectedly invented the crystal triode, which fundamentally changed the production of electronic equipment and set off a revolution in the electronics industry. This electronic technology has now penetrated still more deeply into every domain of human social production and life and has been extremely widely applied. Atomic energy technology, developed under the impetus of the Second World War, was afterward successively put into peaceful use by many countries. Up to now, more than twenty countries and regions in the world have built and operate more than two hundred nuclear power stations, with a total installed capacity of over a hundred million kilowatts, making them an important component of the modern energy industry, whose position is constantly rising. The electronic computer was likewise a cutting-edge technology first born in a military department. After the war it widely penetrated every domain of human activity, not only greatly speeding the processing of all kinds of data in modern society but also making information-control technology realizable, thereby bringing a new situation of automated production never seen before, and making it possible partly to replace human mental labor. And laser technology, which appeared in the early 1960s, came about because the American physicist Townes, on the basis of the microwave spectroscopy developed in radar research, invented a new technique applying “microwave amplification by stimulated emission of radiation” to the light-wave band, thereby drawing the attention of the U.S. Department of Defense, whose continued defense investment in research brought rapid results. In addition, the microwave technology aimed at developing military radar also drove the development of such new experimental means as nuclear magnetic resonance and electron paramagnetic resonance. These techniques have now become important experimental means for opening up new frontier sciences.

The history and present state of the conversion of military technology to civilian use allow us to assert with full confidence that many important technical foundations of modern human society were laid in the two world wars or at least were initially connected with military departments, and a very large part of the departments of natural science and technical science today are closely related to military technology. It is precisely on the basis of these objective facts that since the Second World War some countries, the United States included, have begun to put the emphasis of scientific research on “transfer research,” which transplants military technology into civilian production, and on “comprehensive product research,” which applies existing technology in an integrated way. This research on the rapid conversion of military technology into civilian technology has become one of the important characteristics of the development of modern cutting-edge technology.

The history and present state of the conversion of military technology to civilian use also gradually form in us a notion of this kind: expenditure on military-technology research cannot be regarded as purely defense expenditure, because the latent transfer value of military technology is enormous. In a society where classes have not yet been eliminated, military technology will always occupy an important position in the whole of technological development and will drive the constant raising of the level of other technologies, while also often injecting new vitality into the development of natural science.




Section 2 Military-Technological Progress and Changes in Military Organization, Modes of Warfare, and Military Command

Progress in military technology is the most direct result of the influence of the development of natural science on military departments. The importance of this result lies in the following: it is a powerful catalyst for all kinds of transformation in the organizational structure, mode of operations, and command of armies; it is the main reason for the rapid renewal of weapons and equipment; and it is the decisive factor that makes the competition between offensive and defensive weapons unprecedentedly intense and causes important changes in the mutual relations between people and technical weapons in war. Therefore, progress in military technology inevitably leads to changes in military operations, modes of warfare, and other respects.


I. Military-Technological Progress and the Transformation of the Organizational Structure of Armies

The composition, system, organization, organization of cooperative action, and mutual relations of armies inevitably undergo constant transformation with the development of military technology; this is directly determined by the most basic law of war, that is, the characteristic of “destroying the enemy and preserving oneself.” In military operations, with the appearance of new military technology, in order to attack effectively one must establish troops equipped with advanced technology so as to achieve the aim of “appearing where the enemy does not expect and attacking where he is unprepared,” while active defense too requires a corresponding organization, so as to achieve the victorious result of “using the enemy’s own way to deal with him in turn.” Marx once pointed out: “With the invention of a new instrument of war, the firearm, the whole internal organization of the army necessarily changed, the relations within which individuals can constitute an army and act as an army were transformed, and the relations of different armies to one another also changed.”5 Military history entirely proves this scientific assertion of Marx.

China invented the chariot as early as the beginning of the Xia dynasty; by the turn of the Xia and Shang, chariot warfare formally appeared, and by the Zhou dynasty specialized chariot units had formed, the war chariot itself becoming a symbol of military appearance and a token of national prestige. Later, with the collapse of the slave system, especially the destruction of the well-field system, the war chariot that “requires knowledge of the terrain” lost its material basis and was gradually replaced by infantry and cavalry. In the more than a thousand years thereafter, infantry, cavalry, and naval forces were always the most basic components of the country’s armed forces. This situation lasted until the appearance of firearms. The invention of gunpowder and its military application brought about major changes in the organization of armies. In the initial stage of firearms, armies added firearm carriers within the original organization, and their numbers afterward gradually grew. From the Song to the end of the Ming, firearm bearers grew to about half, and by the middle of the Qing they exceeded sixty percent. As the power of firearms increased and the technique of handling them became more specialized, artillery separated from the mixed organization with infantry firearms and became an independent arm. For instance, in the Ming “Shenji Battalion,” in the Qing “Wuzhen Chaoha” (Manchu, meaning heavy troops, that is, artillery), and in such organizations as the “Tianyou Army,” the “Tianzhu Army,” and the “Firearms Battalion,” there were artillery units. In Europe, because Chinese firearms spread westward, the organization of armies underwent broadly the same changes. With the development of firearms, the once majestic long-spear formations of antiquity vanished, and the role of cavalry declined day by day: not only were large-scale strategic cavalry no longer seen, but even its use within the scope of tactics decreased.

Since the twentieth century, the appearance of various advanced military technologies has made the organizational structure of armies still more complex. In particular, the invention of the airplane, the tank, the large warship, and the submarine has not only led to an unprecedented new arm of service — the air force — but has also brought enormous changes in the internal structure of the modern army and the modern navy. Based on these changes, the combat forces of the developed countries have generally undergone three or four major reorganizations since the war.

The modern army has developed into a combined service composed of many arms; for example, the Soviet army has motorized infantry, tank troops, rocket (missile) troops, artillery, air defense troops, and such specialized troops as engineers, signals, and chemical defense, whose numbers (including headquarters organs) make up about 57% of the total strength of the whole armed forces. The U.S. Army has mechanized infantry, armored (tank) troops, and such specialized troops as engineers, signals, army aviation, and reconnaissance units, whose numbers make up about 40% of the total strength of the whole armed forces. The armies of these countries constantly add new automatic weapons, tanks with stronger firepower and better armor protection, new artillery systems, mortars, multiple-barrel rocket launchers, recoilless guns, new anti-tank weapons, air-defense weapons, and so on, and the combat power, assault power, firepower, mobility, and capacity for independent operations of their troops have all been markedly raised.

The modern navy, like the modern army, is also a combined service composed of many arms; it includes submarine forces, surface-vessel forces, naval aviation, coastal defense troops, marines, and various specialized service (communications, radar, sonar, oceanographic survey, navigational aids, rescue, chemical defense, engineering, repair, transport, and so on) units. Owing to nuclear submarines equipped with underwater-launched long-range missiles and self-homing torpedoes, surface vessels of various classes, naval aviation with a very large combat radius able to carry missiles, and coastal missile-artillery units and naval marines also equipped with modern weapons and combat-technical equipment, the modern navy has a variety of combat capabilities and can undertake various combat missions, such as striking important enemy strategic targets, conducting naval battles, cooperating with the army and air force in amphibious and anti-amphibious operations, protecting one’s own sea transport and undersea resources, and imposing a maritime blockade on the enemy.

The appearance of the air force was a direct result of the use of aircraft in war; therefore, compared with the army and navy, the air force is a relatively young service. Since the First World War, aviation has become an independent arm and service, directly participating in ground and surface combat, speeding the tempo of operations, raising assault power, and increasing the depth of assault, thereby helping to destroy the enemy more quickly. The modern air force has developed into a comprehensive combat system composed of many units, elements, and organs. According to differences in mission they are divided into a number of arms or units; for example, the Soviet air force is divided into long-range aviation, frontal aviation, and military transport aviation, and the U.S. Air Force into strategic bomber units, tactical air force units, intercontinental ballistic missile units, military transport units, the Air National Guard, air defense units of the homeland, and so on.

Of course, the present organizational structure of armies will also inevitably keep changing with the development of military technology. For the modernization of our country’s national defense, besides the need to establish our own independent advanced system of military technology, there is also the scientific organization of the army, especially strengthening the combined-arms character of the army. In the long revolutionary wars our army fought basically with a single arm, that is, mainly infantry. After the founding of the country, the second step was taken: various technical arms were developed independently and the air force, navy, artillery, armored troops, engineers, signal troops, chemical defense troops, and strategic rocket forces were set up, so that the army developed from a single arm into an army combining many services and arms. After streamlining and reorganization, we are now taking the third step, striving to strengthen the combination of the various services and arms and, in accordance with the principles of fewer but better troops, combined arms, integrating peacetime with wartime, and raising efficiency, strengthening the building of new technical units and reserve forces.



II. Military-Technological Progress and Changes in the Army’s Mode of Operations

Engels once pointed out: “As soon as technical advances can be used for military purposes and have been so used, they immediately, almost forcibly, and often against the will of the commander, cause changes or even revolutions in the mode of warfare.”6 The so-called mode of operations generally means the sum of the ways and methods adopted by armed forces in destroying the enemy on land, in the air, and at sea in war. Historical facts show that progress in military technology, besides causing transformation of the organizational structure of armies, also leads to unavoidable changes in the mode of operations. Brand-new weapons of greater power, equipping armies in large quantities, often directly affect the course of battles, campaigns, and the whole war, the establishment of the army’s deployment, the depth and content of combat missions, the pattern of maneuver, the speed of attack, and the stability and initiative of defense. At the same time, the constantly developing mode of operations also puts new demands on the organization and technical equipment of armies.

In history, owing to progress in military technology, the army’s mode of operations has undergone all sorts of changes, but on the whole the trend of this change has been from dense to dispersed, from planar to three-dimensional, from single-arm operations to combined operations of many arms, and from a simple contest of military strength to total war.

In ancient warfare, weapons such as the knife and the spear had a short killing range, and an individual far from the group lost combat effectiveness and moreover was in danger of being caught in a pincer. The bow and arrow had too low a hit rate, and only when a multitude of arrows were loosed together could one kill the enemy amid the confusion of arrows. So armies generally adopted the mode of dense operations. After the appearance of firearms, the rifle made it possible to kill the enemy accurately and quickly at long range. The cannon, with its threat of killing over a large area, directly shattered the combat distance among the soldiers of the local formation. If the dense mode of operations were still adopted at this point, it could only raise the enemy’s hit rate, and so the demand for dispersed-troop warfare was raised. But the improvement of firearms and their use in equipping armies proceeded slowly, and so the transformation of the mode of operations was also very slow. Down to the early eighteenth century, European armies still used linear tactics and the square formation. In battle the infantry moved in even order at a slow pace, and the battle formation could not be changed. Later, in the American War of Independence, insurgents who had never undergone drill, relying on rifled guns and with swarms of agile skirmishers, attacked from concealed forests the British troops in linear formation. At this point the linear formation was powerless, and so skirmish warfare was invented. The change in the mode of operations that began with the American Revolution was completed by the French Revolution. Engels carefully analyzed French skirmish warfare and pointed out: “This new mode of warfare was based on the combination of skirmishers with infantry columns, and on the division of the army into independent divisions or army corps composed of all arms; it was developed to perfection by Napoleon in both tactics and strategy. This mode of warfare became necessary, first of all, because the composition of the soldiers of the French Revolution had changed. But it also required two very important technical preconditions: first, the lighter field-gun carriage designed by Gribeauval, which enabled field guns to be moved at the speed now required; second, the curved gunstock adopted in France in 1777, modeled on the hunting gun (formerly the stock, as an extension of the barrel, was straight), which enabled the marksman to aim at an individual person without repeatedly missing. Without these advances it would have been impossible to conduct skirmish warfare with the old weapons.”7 This profoundly illustrates the major influence of firearms and their progress on the mode of operations of modern armies.

In the twentieth century, especially since the First World War, with the improvement of aircraft and various modernized means of communication and transport, the mode of operations of armies has again undergone major changes, that is, it has developed from the former planar operations to modern three-dimensional operations. This is manifested chiefly in the following respects. First, the modern deep offensive has become a three-dimensional offensive. The modern offensive is the combination of three things: the nuclear strike and the violent fire assault of artillery and aviation; the rapid advance of tanks and armored infantry under air support from aircraft and armed helicopters; and the bold action of airborne troops and helicopter-borne landing forces in the depth and on the flanks of the enemy. Under the threat of the three-dimensional offensive, modern defense has also developed into three-dimensional defense. The defending army must set up a defense system of depth and echelons combining ground and air, maneuver forces and weapons on the ground and in the air, and resist the enemy’s offensive with ground and air forces and firepower. Even modern reconnaissance, command, and logistical support are three-dimensional. Both offense and defense can carry out ground reconnaissance, and can also carry out aerial reconnaissance with aircraft, helicopters, and remotely piloted vehicles and even satellites; they can fire reconnaissance shells into the air with artillery, and can also drop various sensor reconnaissance systems from the air to the ground; on the ground there are fixed command posts and mobile command posts set up in armored vehicles, in the air there are airborne command posts set up in helicopters, and logistical support can use combat vehicles or can also use airdrops. It can be seen that modern operations have a very evident “three-dimensional” character: combat action is carried out in depth, along the front, and in the air. This is a major development of modern war.

After the Second World War, nuclear weapons, strategic missiles, strategic bombers, nuclear-powered ships, aerospace weapons, laser weapons, satellite reconnaissance means, radio communications equipment, modern means of transport, and other equipment and troops, up to and including the direct application of basic natural-scientific knowledge to war, have also given modern war the marked characteristics of combined warfare and total war.

By combined warfare is meant that what formerly was single-arm operations or small-scale, small-range coordinated operations has developed into large-scale, wide-range, whole-process joint operations of the various services and arms. The Fourth Middle East War was a fairly typical combined war. On the afternoon of 6 October 1973, nearly two thousand five hundred guns of Egypt and Syria suddenly opened an offensive against Israel. Two hundred and twenty Egyptian aircraft entered the depth of Sinai from ultra-low altitude and made an all-round assault on Israel’s main military targets, destroying many Israeli artillery positions, air-defense missile positions, and airfields. Several hundred Egyptian assault troops, riding helicopters, landed swiftly in the depth of the Israeli area and carried out sabotage and raids on the Israeli supply lines. Under cover of guns and aircraft, an Egyptian vanguard of about eight thousand soldiers crossed the Suez Canal quickly in assault boats, destroyed many Israeli tanks, and covered the river crossing of the following units. Engineers rapidly breached the embankment and threw up floating bridges, ensuring the smooth passage of heavy equipment such as tanks. By the afternoon of the 7th, some sixty thousand Egyptians and five hundred tanks had crossed the canal. Naval vessels also bombarded the Israeli forces with ship-borne guns in the Mediterranean and the Gulf of Suez, supporting the ground forces, while at the same time engaging the Israeli navy in naval battles in several sea areas, coordinating with the army’s actions. In less than 24 hours the Egyptian army broke through Israel’s solid line of defense, forcing Israel to beg the United States for aid. The main reason Egypt advanced so fast in this war was that it fairly well realized the joint operations of the air force, navy, artillery, engineers, infantry, and armored troops. Countries all over the world now generally emphasize giving play to the overall power of coordinated operations of the various services and arms, making army organization and combat formation more combined. The Soviet motorized division is organized with motorized infantry, tank troops, artillery, engineers, air-defense troops, chemical defense troops, and signal units (sub-units). A U.S. Army division is organized not only with the above arms but also with air cavalry units (helicopter units). Thus from large campaigns to small ones, all will be joint operations of the various services and arms.

By total war is meant that war is not only a contest of military strength but also a total contest of the political, economic, scientific-technological, diplomatic, and other factors related to war. That is to say, once war breaks out, the state quickly shifts the armed forces of the whole country from a peacetime state into a wartime state, and in a unified way allocates, commands, and manages all available manpower and material resources, making political, economic, military, scientific, cultural, and other activities submit to the needs of war and bringing the material and spiritual forces of the whole country into the fullest play.

In sum, with the rapid development of modern military technology from day to day, the suddenness of modern war has greatly increased, its destructiveness is more serious, its scale and scope are broader, the mobility of armies has been greatly raised, and dependence on logistical support is also greater. All this inevitably brings about transformations in strategy, tactics, and modes of operations, and at the same time puts higher demands on operational organization and command under the conditions of modern war.



III. Military-Technological Progress and the Transformation of Army Command

Military action cannot do without command, which is an important factor affecting victory or defeat in war; under the impetus of constantly advancing military technology, and under the conditions of the corresponding changes in the organizational structure and mode of operations of armies that result from it, army command too must inevitably change.

In the long practice of war, army command has gradually formed a complete work procedure. It is usually divided into three stages: first, collecting enemy intelligence and information related to operations; second, analyzing this intelligence and information and then drawing up the operational plan and operational orders; third, issuing these plans and orders to the troops and carrying out uninterrupted command. Today, this procedure is still indispensable for army command, but the change in its concrete content is already far beyond what it once was.

The process of command in ancient armies was accomplished entirely by human physical strength and intelligence. Reconnaissance of the enemy relied on “scouts,” the drawing up of operational plans relied on the experience and wisdom of the military commander and military counselors, and the transmission of operational orders relied on couriers running back and forth. Even the supreme commander himself had to lead the way and charge into the ranks in front of his soldiers, or exercise command on the battlefield by beating drums and sounding horns. From the middle of the nineteenth century, with the rapid development of military technology, the growth of the size of armies, and the raising of mobility, the commander’s command position gradually withdrew from the direct battlefield into the operations room where maps were laid out. At the same time, the invention of the telegraph gave a chance on the European battlefield to adopt a central command method, which is precisely what Engels described in 1851: “strategic action — the coordination of the movements of the army groups — should be directed from a central point by telegraph lines”; “and without the telegraph it would be absolutely impossible to command them.”8

By the time of the two world wars of this century, the scale of mobilization of armies and the mobility brought by the appearance of aircraft, warships, tanks, and various transport vehicles had been raised to a still higher level, and radio communications technology enabled the headquarters command mode to be further perfected. But on the whole, operational command at that time still basically remained at the level of manual work.

After the Second World War, owing to the unprecedented raising of the level of military technology and the ever-faster changes in the organizational structure and weapons and equipment of armies, effective operational command could no longer be carried out by manual methods relying on human effort alone. Modern war puts higher demands on army command, which are prominently manifested in the following:

First, the amount of intelligence the commander needs to make a decision to fight has greatly increased. Now every day thousands of reconnaissance satellites search over the Earth for all sorts of information related to military activity. Reconnaissance aircraft, reconnaissance ships, reconnaissance vehicles, and countless radars are spread over the globe, watching the actions of armies at every moment. Underwater sonar can expose submarines in the depths of the ocean, and various night-vision devices can bring military targets within a certain distance into full view in the dark of night. In this way, from outer space to the air, from the ground (water) surface to underwater, from day to night, there is reconnaissance equipment ceaselessly gathering military intelligence, so that the quantity of intelligence obtained by the commander grows rapidly. Take the U.S. Strategic Air Command headquarters for example: the intelligence it now has to process averages over 815,000 items per month, nearly 26,500 items a day. If so much intelligence were analyzed and processed by human effort alone, even thousands of people working day and night without stopping would probably find the task beyond them.

Second, the rapid development of missiles and nuclear weapons has not only changed the scale of war but also made human control and command of weapons ever more complex. For example, a modern intercontinental missile can hit a target several thousand kilometers away thirty minutes after launch. From its launch to the determination of the effect of the strike, a great deal of data must be calculated, and if processing is at all delayed it is hard to exercise effective control and command over it. For the side under attack, the problems to be handled are still more complex. From distinguishing real from false warheads to organizing active defense and counterattack, this process contains still more complex computations and must be completed in an extremely short time, otherwise a moment’s hesitation would lead to unthinkable consequences. Obviously, doing all this by relying solely on the commander’s brain to calculate, operate, analyze, judge, and react quickly is also completely impossible.

Third, modern war is three-dimensional war, combined war, and total war. Once war breaks out, it is very likely that satellites in outer space, aircraft in the air, combat vehicles on the ground, warships at sea, and submarines underwater will all act together, with both front and rear being battlefields. The commander must survey the whole situation of the war, quickly understand the ever-changing state of the battle, and command the coordinated and consistent action of the various services and arms in time and accurately; if he relied solely on his own intelligence and thinking, this too would be impossible.

The above demands that modern war places on the commander, taken together, are for speed. To greatly raise the efficiency of operational command and give the army’s actions greater suddenness and reaction speed is by human effort alone no longer possible, and this raises the objective requirement that new technical means must be adopted to transform the mode of command of armies.

Owing to the development of computer technology, a comprehensive electronic system with the electronic computer as its main body has now appeared in the mode of command. It closely links the three basic elements of the modern army’s command system — command, control, and communications — in order to help the commander accomplish such tasks in the command process as the collection and processing of intelligence, the drawing up of operational plans, and the transmission of operational orders, thereby leading to a major transformation in army command. The essence of this transformation is to turn the command organ from a combination of people into a combination of people and machines. Because the first letters of the three English words command, control, and communications are all C, abroad they are abbreviated as the C³ system. We generally call it the automated command system. Using this system can provide fairly accurate operational intelligence, make correct judgments, improve coordinated action, and shorten the time of organizing campaigns and battles, thereby assisting the commander, on the whole, in commanding the coordinated operations of the various services and arms.

The practice of military development shows that, owing to constant progress in military technology, the combat capability of armies keeps increasing, and the demands placed on army command are also continually rising. Therefore, improving army command will be a continuous process. In future, in order to go on transforming army command to meet the needs of the development of modern war, a series of theoretical, organizational, and technical problems must also be solved in an overall way.




Section 3 The Basic Qualities of Military Technical Personnel

The development of modern military technology has had an enormous influence on modern war, and at the same time has put higher demands on the qualities of military personnel. Marxism has always attached importance to the role of weapons and equipment, but it has never neglected the position of people in war. The wide application of modern science and technology in the military in no way means a decline of the subjective initiative of people. Engels once pointed out: “The whole organization and mode of warfare of armies, and with them victory or defeat, prove to be dependent on material, that is, economic conditions: on the human material and the weapon material, hence on the quality and quantity of the population and on technique.”9 Obviously, people and weapons and equipment, and their organic union, are the two basic elements that determine the strength of an army’s combat power. Here the political qualities and the qualities of scientific knowledge of military technical personnel are of particular importance. For military technical personnel are not only the main masters of existing advanced military technology, but also the main inventors and creators of future advanced military technology. Therefore, continually raising the qualities of military technical personnel is a very important question for strengthening the combat power of the army and accelerating the modernization of national defense.


I. The Political Qualities of Military Technical Personnel

The political qualities of military technical personnel include such aspects as a high degree of class consciousness, a correct view of war, and a spirit of courageous devotion in military struggle. What it must resolve are the questions of “why do military technical personnel make military weapons?” and “for whom are these weapons used?” The Marxist analysis of class and war, and of the essence and origin of the state, provides the fundamental basis for our solution of these questions.

Marxism holds that class and class struggle are a social-historical phenomenon. They have neither existed from the beginning nor will they exist forever, but are a product of human society’s historical development to a certain stage. War, as the highest form of class struggle, arises with the emergence of classes, and can be eliminated only with the elimination of classes. Comrade Mao Zedong pointed out: “War, this monster of mutual slaughter among mankind, will be finally eliminated by the progress of human society, and in the not distant future too. But there is only one way to eliminate it, and that is to oppose war with war, to oppose counter-revolutionary war with revolutionary war, to oppose national counter-revolutionary war with national revolutionary war, and to oppose class counter-revolutionary war with class revolutionary war. … When human society advances to the point of eliminating classes and eliminating the state, there will be no more wars of any kind … this will be the era of permanent peace for mankind.”10

Wars in history can be divided into two kinds according to their different roles in social development: “one kind is just and the other unjust. All wars that are progressive are just, and all wars that impede progress are unjust. We Communists oppose all unjust wars that impede progress, but we do not oppose progressive, just wars. Not only do we Communists not oppose the latter kind of war, we actively participate in it.”11

Establishing a correct view of war is of great significance for the building of the country’s armed forces and for the development of military technology.

Today, all the advanced achievements of science and technology are directly or indirectly connected with the military. But we should also see that the degree and purpose of the utilization of these achievements depend entirely on the nature of the sociopolitical system and the level of economic development. State power, representing the fundamental interests of the ruling class, can use scientific and technological achievements to satisfy the needs of the people, increase social wealth, and consolidate national defense, and can also use them for the completely opposite purposes of intensifying the exploitation and oppression of the working people, stepping up aggression against small and weak countries, and so on. In capitalist society, in order to consolidate the system of exploitation or to wage wars aimed at plundering and enslaving other nations, imperialism and the superpowers all maintain huge armed forces, unscrupulously militarize the national economy, and create tense situations everywhere internationally. Their war policies and their policies for developing military technology naturally meet the opposition of the people of the whole world, including the opposition of the broad masses of the people of their own countries. In socialist countries, developing military technology and strengthening the building of the people’s army is done only out of the need of national defense. The history of the past tells us: so long as classes exist in the world, and class oppression and class exploitation exist, the threat of war will never disappear. The existence of modern imperialism and hegemonism is precisely the source of new world wars. Therefore, to avoid and even eliminate war and safeguard genuine world peace, we have only one choice, which is to eliminate counter-revolutionary war with revolutionary war and to eliminate aggressive war with anti-aggression war. The demand to oppose all wars in the abstract and in general is fundamentally incompatible with the basic viewpoint of Marxism; it is tantamount to demanding that, in the face of the enemy’s aggressive onslaught, one first disarm oneself and wait bound hand and foot for death. Lenin put it well: “Socialists, if they still want to be socialists, cannot be against all wars.”12

Under the present conditions in our country, military technical personnel should not only establish a correct view of war and be clear about the nature and purpose of developing military technology, but should also possess a high degree of communist ideological consciousness, which mainly includes the lofty communist ideal, communist morality, and the revolutionary discipline of the state, the Party, and the army.

An ideal is the spiritual pillar of a country, a nation, an army, and down to each individual, and is a powerful spiritual force. Establishing the lofty communist ideal does not negate or exclude each person’s determining personal aspirations according to his own conditions, but requires linking and unifying personal aspirations with the communist ideal. Only by realizing this unity will concrete personal aspirations be more lofty and more full of vitality. Firmness in the correct political direction is the first political quality that every military technical worker must have.

Military technical personnel take wholehearted service to the people as their sole aim and the realization of communism as their highest ideal, and should naturally regulate their words and deeds by communist morality. Especially in handling the relations between personal interests and revolutionary interests, between immediate interests and long-term interests, between partial interests and overall interests, in handling relations between superiors and subordinates, and in the matter of rewards for scientific research results, they must keep the whole situation in view and grasp the general picture, and consciously oppose such bad tendencies as greed for pleasure and contention for credit while shifting blame. The various regulations and rules of our army embody the requirements of socialist spiritual civilization, and our military technical personnel must resolutely carry them out.

Military technical personnel should observe the revolutionary discipline of the state, the Party, and the army, and observe the various secrecy systems. For discipline is itself a kind of combat power and is one of the powerful weapons by which we unite ourselves and defeat the enemy. We are to build a modernized, powerful socialist country and to build a regularized, modernized people’s army; without discipline it would be impossible to concentrate will and strength and act in unison, and without various secrecy measures it would be impossible to build our own independent advanced system of military technology. Our discipline is built on the basis of consciousness, but discipline always has a compulsory character; it is a unity of consciousness and compulsion, and everyone must observe it, with no exception for anyone. Military technical personnel should be models in observing discipline.

The intellectuals of our country have always had the fine tradition of patriotism. Military technical personnel under socialist conditions should love their motherland still more. Patriotism is “the deepest feeling for one’s own fatherland, consolidated over hundreds and thousands of years,” and it has different content under different historical conditions. In the past, the patriotism of the Chinese people was manifested mainly in heroic resistance to foreign invaders and in the arduous struggle against the rule of feudalism and bureaucrat-capitalism that oppressed the broad working people. In the socialist period, patriotism is embodied mainly in loving the socialist motherland, the socialist system, the Party, and the people, in loving the great achievements of socialist construction, and in contributing all one’s strength to socialist construction. Our country’s constitution stipulates that loving the socialist motherland is a duty every citizen should fulfill, and is also the most basic consciousness of the Chinese people. Therefore, whether one has the spirit of patriotism has become the basic principle for measuring whether each military technical worker has communist morality.

Military technical personnel are both an important force in the building of national defense and direct participants in modern war. As combatants, military technical personnel must also possess resolute courage. Resolute courage is the driving force for mastering modern war. It is concretely manifested in the following. First, stability of emotion. Lenin pointed out: “In any war, the question of to whom victory will belong is in the last analysis decided by the mood of the masses who shed their blood on the battlefield.”13 In modern war, whether emotions are stable still has an important influence on military action. Second, tenacity of will. Modern war is not only a contest of manpower, material resources, and intellectual strength, but also a confrontation of strength of will. Military technical personnel must have a fighting spirit of going forward without fear and of tenacity that does not yield, and a strong will that overcomes every difficulty, in order to meet all kinds of hard and difficult emergencies. Third, decisiveness in decision. Under conditions where all kinds of technical weapons are highly developed, the war situation is ever-changing and the opportunity for battle slips away in an instant. If technical personnel are soft and indecisive and hesitate, unforeseen consequences may result. Fourth, heroic courage and spirit. The lethality of modern new weapons grows several times, dozens of times, even hundreds of times; under the fierce fire assault of both sides, what is tested first is people’s courage and spirit. If military technical personnel lack the devoted spirit of regarding death as going home and the heroic spirit that could swallow mountains and rivers, then even if they master modernized weapons and equipment they can only be beaten passively.

To sum up, the basic principles of Marxism-Leninism, a high degree of communist ideological consciousness, unswerving patriotic fervor, and resolute courage of going forward without fear constitute the basic political qualities of military technical personnel. Only with these qualities can military technical personnel devote themselves more consciously to the cause of national defense modernization and actively give play to initiative and creativity in modern war, in order to win victory in war.



II. The Qualities of Scientific and Technical Knowledge of Military Technical Personnel

Under the conditions of modern war, people are still the subject of war, and compared with weapons the human factor is still first. But we should have a comprehensive understanding of the human factor, which includes not only people’s courage, consciousness, and spirit of sacrifice, but also people’s wisdom and ability, including people’s mastery and application of science, culture, and technology. Any modern advanced technical equipment, even such technology as the electronic computer, reconnaissance satellites, and spaceships, must be operated by people; and no sophisticated weapon can guarantee a hundred hits in a hundred shots, a very important factor being the scientific and technical level of the operator. Lenin pointed out: “Modern war, like modern technology, demands high-quality human material.”14 For military technical personnel, the requirement of a certain scientific and cultural knowledge and qualification would seem to go without saying. But because modern military technology develops from day to day and all kinds of weapons and equipment grow more complex, this requirement is becoming higher and higher.

The military technical personnel of our country are a precious force in the building of our country’s national defense modernization, and strengthening their qualities of scientific knowledge is an important guarantee for consolidating a powerful national defense and catching up with and surpassing the advanced world level of military technology. Therefore, the military technical personnel of our country should have a strategic vision that faces the world, faces the future, and faces the construction of the four modernizations.

First, military technical personnel must possess the qualities of scientific knowledge to master the existing military technology and be very familiar with the state of development of modern military technology in the world.

Viewed on a worldwide scale, the military technology of many countries, especially developed countries, has changed fundamentally compared with the Second World War, mainly showing several very important characteristics. First, systematization. To begin with, offensive military technology has gone from close-range shooting to long-range destruction of targets, and from conventional weapons to nuclear weapons; defensive technology has gone from static defense to dynamic defense and even offensive defense; and mobility and communications technology have formed a tight system from land, sea, and air to outside the atmosphere. Next, a single advanced technical invention has already been applied systematically to every aspect of weapons and equipment. For example, the electronic computer has been widely used in the military for numerical calculation, information processing, simulation tests, logistical management, automatic control, and building automated military command systems. Finally, any class of weapons and equipment is a result of synthesizing a great deal of scientific and technical knowledge, a highly complex technical complex. Second, automation. The development of modern military technology has shown the distinct characteristic of a high degree of automation. The wide adoption of electronic computer technology and systems theory, cybernetics, and information theory has raised the offensive, defensive, and maneuver capabilities of armies as never before; especially in the developed countries, the military equipment and combat action of the army, navy, and air force have basically been automated. Third, instantaneity. On the basis of automatic control and command, the mobility of the weapons and equipment of the modern army has correspondingly been raised, and the time factor has become more important. Not only does the army possess the ability to strike at long range, but the time taken by the various weapons from receiving an order to responding and then to completing the task is also very short. This characteristic of modern military technology has caused astonishing military consumption even in short wars, and has also led to a style of war of quick battles and quick decisions. Fourth, precision. Owing to the development of computer technology, laser, infrared, and other technologies are used for guidance. From conventional weapons to nuclear weapons, all have a fairly accurate ability to hit their targets. Surveillance and control technology have also developed correspondingly; for example, the American phased-array radar can detect a target the size of a basketball at a distance of 3,200 kilometers and track more than 100 targets at the same time. Reconnaissance means have been further raised with the aid of aerospace technology. Fifth, diversification. The wide adoption in modern military affairs of the results of all the latest achievements of natural science has led to the characteristic of diversification of military technology. On the basis of inheriting and developing all kinds of earlier technology, there have now also appeared environment-destroying weapons, directed-energy weapons, and satellite weapons, and attempts to make “genetic weapons” have begun. The appearance of these new military technologies will give modern war still more marked characteristics of complexity and variability.

In the more than thirty years since the founding of our country, under the leadership of the Party, through the self-reliant and arduous struggle of the people of the whole country, we have created and developed our country’s cause of national defense. We already have a fairly solid national defense science and technology and national defense industrial production capacity. Our army has developed from a single land force into a combined army including the air force, navy, and other technical arms. Our weapons and equipment have developed from the millet-plus-rifle of the past to the possession of modern military technical means such as the atomic bomb, the hydrogen bomb, and missiles. These undoubtedly put higher demands on military technical personnel. But we must clearly recognize that our present military technology still has a great gap when compared with the advanced world level. Because our country’s foundation was thin and the original level of technology low, and moreover we were for a long time under the influence of mistaken “Left” thinking and the “decade of internal turmoil,” we lost a stretch of precious time, and our army’s weapons and equipment remain rather backward. We must also see that, compared with the demands of the development of advanced world military technology, the level of cultural and scientific knowledge of our army is generally still rather low. Officers in the developed countries have now basically all received a university education, and soldiers have basically all received a high-school education. By the middle of the 1970s the Soviet army had almost all commanders at brigade level and above, 90% of regimental commanders, and all first- and second-grade ship commanders having received higher military education. Soldiers were 100% educated to secondary level. American officers are almost all university students or university graduates, 89% of them with degrees. Among the soldiers too there are university students and graduates, some of whom have even obtained bachelor’s, master’s, or doctor’s degrees. And the proportion of engineering and technical personnel in the armies of developed countries has also markedly grown. In the middle of the 1950s engineering and technical personnel accounted for about 28.5% of Soviet army officers, and by 1977 this had risen to 50%. Among the Strategic Rocket Forces and the Homeland Air Defense Forces, engineering and technical officers make up over 80%; a quarter of the political and engineering officers have earned the title of engineer, and about two-thirds of the soldiers have mastered specialized techniques. The situation in the U.S. armed forces and those of other developed countries is broadly the same. The great majority of the civilian personnel within the armed forces are also engineering and technical personnel and technical workers, and a considerable part of them are scientists, professors, engineers, economists, or other specialists with degrees or expert titles. These people have a rather high level of science and culture, are familiar with their work, and work with rather high efficiency, and have played an important role in promoting the modernization of the armed forces.

Based on the above situation, how to quickly change the backward state of our army in the cultural quality of its weapons and equipment and its personnel has become a very urgent task facing the construction of our country’s national defense modernization. This task requires that the existing military technical personnel not only master skillfully the operation and maintenance skills of our army’s existing weapons and equipment, but also continually raise their qualities of scientific knowledge and actively give play to their creative talent, so as to contribute to eliminating the gap in level between our country’s military technology and that of the developed countries.

Second, military technical personnel should also possess the qualities of scientific knowledge to perceive the new trends in the development of modern military technology and to make breakthroughs and innovations in establishing our country’s system of military technology.

Generally speaking, preparation for war always has a marked component of military forecasting. Military technology research, as part of the preparation for war, is of course no exception. So long as war has not yet arrived today, all the operations of the military machine and all the efforts of the army from top to bottom are to deal with the events of tomorrow. Under conditions of leaps and bounds in science and technology, military technical personnel should of course understand in depth the new trends in the development of modern military technology; otherwise, ignorant of the future, their research work will be short-sighted, and in future wars they will find it hard to avoid falling into the predicament of hesitation and paralysis.

The new trend in the development of modern world military technology is that nuclear technology has developed from the fission to the fusion stage, and nuclear weapons are developing from large to small. In recent years miniaturized nuclear weapons have in fact appeared, such as tactical nuclear missiles, nuclear aerial bombs, nuclear shells, and nuclear land mines and other tactical nuclear weapons, which can be used directly in battlefield operations. In order to deal with blitz attacks by masses of Soviet tanks, the United States has recently developed a new type of nuclear weapon, the neutron bomb. It is a small hydrogen bomb of special structure that kills living forces mainly by high-energy neutron flux, and can penetrate armor of a certain thickness so that tank crews lose their combat capability. In addition, according to scientists’ analysis, with the progress of high-energy physics research a new type of nuclear weapon much more powerful than existing nuclear weapons may soon be made. For example, when a particle and an antiparticle meet, the process in which they annihilate and are converted into other particles (photons, mesons, and so on) releases enormous energy. The antimatter weapon made using this principle will have destructive power a thousand times greater than existing nuclear weapons. At the same time, laser fusion weapons are also under research, whose basic principle is to use a laser to trigger the fusion of two isotopes of hydrogen. The imagined laser fusion weapon, the micro hydrogen bomb, is smaller than a sesame seed.

Along with the development of nuclear weapons, the technologies of the tools for installing, launching, carrying, and delivering nuclear weapons, such as rockets, missiles, jet aircraft, submarines, and aerospace satellites, are also developing rapidly. The rocket, as the main component of the missile, has developed from single-stage to multi-stage and from liquid fuel to solid fuel, and has already broken through the limits of the intercontinental and the interstellar. Owing to the increasingly perfect guidance systems, missiles have acquired all-round capability for operations in the strategic and tactical scope on land, sea, and air battlefields, with types adapted to a variety of situations. Among them, ballistic missiles are developing in the direction of continuing to raise accuracy, raise the degree of combat readiness, increase power, adopt multiple warheads, and strengthen survivability on the launching sites and in flight. Jet aircraft for military use have developed in the direction of using atomic energy as power, in order to fly at high altitude for a long time without landing. Submarines, besides using atomic energy as power, are also developing in the direction of increasing displacement, raising weapon power, increasing speed and diving depth, and lowering the noise of the power plant. At present the military uses of aerospace technology are also growing day by day, and some countries are developing aerospace equipment to support the combat action of troops and fleets, in order to raise the degree of combat readiness and the combat power of the various services. The main forms are: space reconnaissance, early warning, navigation, communications, meteorological observation, and interception of enemy satellites. The adoption of space navigation systems can raise the hit accuracy of strategic missiles severalfold.

In other respects, with the constant new breakthroughs in the domain of natural science, a series of new cutting-edge weapons may appear within this century, such as directed-energy weapons (including high-energy laser weapons and charged-particle-beam weapons), of which the high-energy laser weapon has gradually approached the practical stage in the late 1970s and may formally enter service in the 1980s, while the charged-particle-beam weapon may become an effective weapon for intercepting missiles and satellites. Acoustic weapons achieve the aim of causing casualties by acoustic vibration (such as ultrasound and infrasound), and can also cause the enemy army to disintegrate through nervous disorder and inability to control its own behavior. The result of applying meteorology to the military is the use of methods of changing the weather and environment to achieve the aim of putting the enemy to death. It is now technically possible to use nuclear explosions to change the direction of typhoons, melt icebergs, and induce earthquakes and tsunamis, and to launch into outer space substances that absorb sunlight or hinder the dissipation of the Earth’s heat, so as to lower or raise the Earth’s temperature, and to use physical or chemical methods to open a gap in the ozone layer above the Earth so that strong solar ultraviolet rays pass through the hole directly to the ground and injure the people and organisms in a predetermined area. In addition, work is also under way on applying genetic engineering to the military to manufacture genetic weapons.

The appearance of nuclear weapons and the development of various cutting-edge military technologies have also caused major changes in conventional weapons. To meet the requirements of campaign and tactics under atomic conditions, the direction of development of conventional weapons will be to strive to reduce weight, increase power, simplify structure, and increase mobility. For example, infantry light weapons have already changed to plastic gunstocks and caseless ammunition, and there have appeared weapon families, versatility, miniaturization, and the integration of point-and-area killing with armor piercing; the design and manufacture of tanks has moved toward reducing weight, reducing body size, strengthening protection, and increasing speed and firepower, in order to raise survivability, firing accuracy, and assault capability; field artillery will use more recoilless guns so as to accompany infantry in combat; self-propelled guns will be produced in large numbers in order to develop the ability for rapid assault in great depth. At the same time, large-caliber long-range heavy guns, high-angle guns, long-range bombers, and the like will be replaced by atomic guns and missiles. Thus on the battlefield of the future there will appear a complex situation of the combination of long-range and close combat and the integrated application of nuclear weapons, conventional weapons, and other military technology.

The new trends in the development of world military technology undoubtedly give military technical personnel a very clear direction for constantly strengthening their qualities of scientific knowledge. But people have now recognized that in the development of military technology the practice of tailing behind (copying or imitating) and mirroring (making one to counter whatever weapon the other side has) tends to leave one in a passive, beaten position. Therefore, developing and developing advanced military technology, although it costs a great deal of manpower, material resources, and financial resources and may not be as economical as buying from abroad, is, from a long-term point of view, such that without establishing and developing one’s own independent system of military technology one will be forever at the mercy of others in military affairs. This requires that military technical personnel, besides grasping the trends of development of modern military technology, still more important, should at all times follow the major breakthroughs appearing in the domain of natural science and possess the creative talent to apply the latest achievements of natural science to the military rapidly. Especially when the tide of the new technological revolution surges in, Engels’s analysis of the situation of European armies in the nineteenth century will have lasting guiding significance for us: “It is not likely that we shall now find another domain that is so revolutionary as the military”; “when the tide of technological revolution is surging all around … we need renewed, bolder minds.”15
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Part III Methodology of Natural Science

The methodology of natural science is an important component of the entire disciplinary system of dialectics of nature. The methodology of natural science is the doctrine and theory concerning the general methods of research in natural science; it can also be said to be a system of knowledge that studies the regularities of the general methods of natural science.

The general methods in natural-scientific research have, on the one hand, the characteristics of a high degree of generality and a wide scope of application, and are methods commonly adopted in the research of every natural science; on the other hand, all general methods are permeated with the basic viewpoints of the dialectical-materialist theory of knowledge and of materialist dialectics. Therefore, the methodology of natural science, which takes these general methods as its object of study, inevitably becomes the link and bridge connecting Marxist philosophy and natural science. This particular position also determines that in-depth study of the methodology of natural science can not only strengthen philosophy’s guiding role over natural science and promote the development of natural science, but also plays a role that cannot be overlooked in enriching and developing dialectical-materialist philosophy. Especially today, when modern natural science is deepening vertically and linking horizontally, at once highly differentiated and broadly integrated, conscientiously studying the methodology of natural science has direct and practical significance for developing intelligence, improving the structure of knowledge, producing qualified scientific and technical personnel, and meeting the challenge of the new scientific and technological revolution.




Chapter 1 Overview of the Methodology of Natural Science

The methodology of natural science, as a relatively independent component within the structure of the system of dialectics of nature, has its own overall structure, its specific object of study, and its inner logical connections. This chapter focuses on examining, from an overall standpoint, the object of study and the basic tasks of the methodology of natural science, as well as the practical significance of studying it.


Section 1 The Object of Study of the Methodology of Natural Science

The scientific labor by which humanity explores the secrets of nature and comes to know the laws of nature is always tied to certain methods of research. Because the levels of natural phenomena are numerous and extremely complex, the methods involved in scientific research must likewise be diverse and multi-layered. Divided according to their scope of application and degree of generality, they can generally be distinguished into three levels: namely, the most universal and most general methods provided by philosophy; the general methods widely adopted in natural-scientific research; and the concrete, special methods adopted in the research of each individual natural science.


I. Philosophical Method Is the Theoretical Foundation of the General Methods of Natural Science

As is well known, the object of philosophical study is the whole world, including nature, human society, and thought. Philosophy, by means of extremely high-level abstraction, sets aside all concrete forms of matter and reveals, from the standpoint of essence, the origin of the world and the most universal laws of the motion of matter. Because philosophy studies problems from the highest level, philosophical methodology necessarily possesses the most universal and most general character, and has guiding significance for all other fields without exception. The method of Marxist philosophy is materialist dialectics; it is the theoretical foundation and methodological principle universally applicable to the domains of nature, human society, and thought.

Scientific research, as one of the basic practical activities of humanity, must obey the general laws of development of the objective world. Therefore, materialist dialectics, which reflects the most general laws of nature, human society, and thought, is necessarily also the fundamental guiding method of all scientific research. That is to say, the principles, laws, and categories of materialist dialectics have universal guiding significance in scientific research activity. Therefore, the study of the methodology of natural science must likewise take Marxist philosophy, and especially the methodological principles of dialectical materialism, as its guiding thought and theoretical foundation. In this sense, the methodology of science is precisely to inquire into how materialist dialectics is to be concretely applied in scientific research, so that the general methodology may exert its guiding role over general scientific methods and, in turn, over concrete scientific research work.



II. The General Scientific Methods of Natural-Scientific Research Are the Main Object of Study of the Methodology of Natural Science

The methodology of natural science can also be understood as a theoretical generalization concerning the paths, means, and modes of natural-scientific research activity. Any piece of natural-scientific research work generally has to proceed, on the basis of the work of predecessors, through one’s own scientific labor, to collect perceptual material, organize perceptual material, construct scientific theory, and so on. In the above process, the various natural sciences universally apply a series of common basic methods, such as observation, experiment, scientific abstraction, hypothesis, traditional logical methods, dialectical-logical methods, mathematical methods, the modern “Three Theories” methods, and methods of creative thinking. Among the above general research methods, some have been summarized, generalized, and developed from the special research methods of the various natural sciences. For example, the method of scientific experiment is generalized on the basis of such concrete experimental methods as physical experiment, chemical experiment, and biological experiment; the methods of the thought experiment and of scientific hypothesis are methods universally adopted by the various natural sciences; some methods (such as the method of dialectical logic) are in themselves components of the method of Marxist philosophy; and as for logical methods, mathematical methods, the modern “Three Theories” methods, and the like, although they are not methods peculiar to natural science, because they are widely applied in natural-scientific research, play a prominent role, and possess such features as a high degree of abstraction and a high degree of generality, they are likewise studied as general methods of natural science.

The general methods of natural science are an intermediary level between philosophical method and the special research methods of the various natural sciences. In scientific research they have a cross-disciplinary character, and yet are directly governed and influenced by philosophy. That is to say, they have natural science as their solid foundation and also have a distinct philosophical character. For example, the method of simulation experiment is based on similarity theory in natural science, and also relies on the philosophical principle of the unity of the diversity of matter. In view of the important position and special attributes of the general methods of natural science, people have always taken them as the main body of study of the methodology of natural science.

In connection with the cognitive process and contradictory movement of natural-scientific research, and with the application, development, and evolution of the general methods of natural-scientific research, the methodology of natural science also examines such main contents as the basic process of scientific research, the selection of research topics, the principles of applying general scientific methods, the dialectical development of the various general scientific methods, and the historical development of scientific methods.



III. The Mutual Relationship between the Methodology of Natural Science and the Special Research Methods of Natural Science

The study of the methodology of natural science inevitably touches upon the concrete, special methods employed in the various natural sciences. But the special methods of natural-scientific research are not developed as the basic content of the methodology of science. On this question, what the methodology of science emphasizes is the guiding significance of general methods for special methods and the foundational position of special methods with respect to general methods. In a word, it fixes its attention on the interaction between general methods and special methods.

In each natural science there are its own special, concrete methods. For example, in chemistry there are colorimetry, titration, chromatography, electrophoresis, and so on; in physics, electrical experiments, spectral analysis, and so on; in biology, the classification of species, comparative anatomy, ecological surveys, isotope tracing, and so on; and even, in military technology, the commonly used statistical simulation, ballistic measurement, and so on. These special research methods are determined by the special contradictions, essential characteristics, and inner laws of the concrete objects of each field of research, and are products of the combination of the theory and practice of each science with the aims of research. Therefore, the purely specialized study and improvement of the special methods of natural science is the task of the relevant branches of natural science or of specialized courses such as instrumental analysis and experimental methods.

The special methods in natural-scientific research have a limited scope of application and belong to the lower levels of the entire system of methods. But this by no means implies that they are merely simple techniques or things possessing only individuality. On the contrary, they contain reason within technique and universality within individuality. The things of universal character generalized from them become the general methods of natural science; and the distillation and development of the rational elements within them become components of the methodology of natural science. Precisely for this reason, the general scientific methods that arise on the basis of the special methods of natural science, and especially the methodology of natural science, must exert a proper guiding role over concrete natural-scientific research work.

In sum, among the three levels of philosophical method, the general methods of natural science, and the special research methods of the various natural sciences, there exists a relationship from the general to the special; likewise, between the doctrines or theories that study the methods of these three levels respectively, there is embodied a relationship of guiding and being guided. They are at once distinct from one another and interconnected, mutually interpenetrating, and mutually transforming. In the above dialectical relationship, the general methods of natural science occupy an intermediary position, linking what precedes with what follows; they are the main object of study of the methodology of natural science.




Section 2 The Basic Tasks of the Methodology of Natural Science

The basic tasks of the methodology of natural science include: examining the dialectics of the historical emergence, formation, and development of the general scientific methods, revealing the dialectical development of the process of scientific cognition, studying the content, characteristics, and role of the various general scientific methods, as well as the mutual relations among them, and so on.


I. A Historical Examination of the General Research Methods of Natural Science

Humanity has a history of the development of natural science, and correspondingly a history of the development of the research methods of natural science. Making a historical examination of the general scientific methods is one of the important tasks of the methodology of natural science.

Viewed as a whole, productive practice and scientific practice are the fundamental motive force of the development and evolution of the general methods of natural science; major breakthroughs in science and technology, the emergence of new disciplines, the creative activity of famous scientists, and the systematic summarizing and generalizing of concrete research methods are important conditions for the formation and development of the general scientific methods. At the same time, the development of the general research methods of natural science has always been closely linked with the development of natural science and of philosophy, presenting the basic trend of interaction and coordinated development.

The history of the development of the general research methods can be roughly divided into the following three stages.


	Ancient times. The productive forces were low, natural science was very undeveloped, and natural science was contained within a unified natural philosophy. People’s understanding of the natural world relied mainly on certain facts of direct observation and on simple logical inference. In method, they grasped the interconnected, ceaselessly changing material world from a vague and indistinct whole; Engels called this method “the brilliant intuition of natural philosophy.”1 In this stage, Democritus wrote the book On Logic, which studied and summed up the problems of the inductive method; Aristotle wrote the Organon, which studied the syllogism in the deductive method. Euclid, applying the axiomatic method, wrote the Elements of Geometry, which became an immortal classic for more than two thousand years.


	Modern times. With the rise and development of capitalist production, the various natural sciences differentiated themselves out of philosophy and carried out research on nature by separate branches and categories. In accordance with the needs of production and of the development of science, the experimental method was widely applied, and was gradually combined with mathematical methods, so that nature could be studied quantitatively. In this stage, logical methods also underwent major development. Bacon, “the true progenitor of English materialism and of all modern experimental science,” in his chief work the Novum Organum, stressed the importance of the inductive method. He held that all knowledge originates in sensation, that sensation is reliable, and that in organizing perceptual material science uses such rational methods as induction, analysis, and comparison. Descartes, in his book Discourse on Method, particularly stressed the role of the deductive method and of mathematical methods. Although he and Bacon each made contributions to the study of the deductive method and the inductive method respectively, both erred through one-sidedness.




By the nineteenth century, natural science had passed from research by separate branches and categories into the stage of systematically organizing material and revealing the connections among the various processes of nature, and the traditional research methods of natural science all received fuller development. The materialist dialectics founded by Marx and Engels laid the theoretical foundation for the correct study of the methodology of natural science. In Dialectics of Nature, Engels made a thorough and detailed examination of such research methods as observation, experiment, induction and deduction, analysis and synthesis, the unity of the historical and the logical, and scientific hypothesis.


	Contemporary times. Since the twentieth century, natural science has entered a stage of integration characterized by a high degree of differentiation and a high degree of synthesis; the various traditional research methods have all made new progress; the mutual interpenetration and transplantation of the research methods of the various disciplines has become increasingly prominent; the trend of mathematization of modern science has become increasingly marked; and in particular the emergence and development of systems methods, cybernetic methods, and information-theoretic methods reflect still more concentratedly the integration of modern science and the needs of large-system and super-large-system projects in modern engineering and technology, have greatly changed the face of the traditional research methods, and are of major significance in the development of methodology.



The above historical development fully shows that the needs of the development of practice are the foundation of the development of the research methods of natural science; that the research methods of natural science have passed through a development of negation of the negation, “synthesis — analysis — synthesis”; and that the history of the research methods of natural science is closely bound up with the history of the development of natural science and the history of the development of philosophy.



II. The Role of the General Research Methods of Natural Science in Scientific Cognition

People’s cognition of the natural world is an extremely complex process. It must follow the most general laws of human cognition, and it also has certain special laws of its own. The entire cognitive process of natural science should be regarded as a system, and this system is composed of a series of cognitive links according to a certain logical structure. The primary task of the methodology of natural science is to inquire, within the whole system of scientific cognition, into the characteristics and role of the various general methods.

Speaking in general terms, the cognitive process of natural science is a process of constant oscillation from the empirical level to the theoretical level, rising in a spiral. This fully accords with the most general laws of human cognition. But as far as the concrete process of natural-scientific cognition is concerned, it often takes a relatively special form: generally, first, new scientific facts appear in productive practice and scientific experiment that cannot be explained by the existing theory or that contradict it; when these accumulate to the point where the “basic framework” of the existing theory must be broken through, people carry out, by means of intuition, analogy, thought models, and various forms of the inductive method, mathematical methods, and so on, a series of scientific abstractions (from the abstract in thought to the concrete in thought), and put forward a scientific hypothesis. Next, in order to confirm and judge the truth of the hypothesis, it is again necessary to rely on the combined application of various research methods. For example, among logical methods, it is necessary to use the deductive method to develop the hypothesis and derive a series of inferences, and then to test these inferences so as to judge the predictive power of the hypothesis; it is necessary to use the method of ascending from the abstract to the concrete, as well as analysis and synthesis, to carry out logical demonstration of the hypothesis, and so on; in the experimental method, it is necessary to carry out the relevant experiments according to the inferences and predictions of the hypothesis (hypothesis and experiment often have a dual connection and a relation of mutual constraint); and the other methods, such as the thought-experiment method, mathematical methods, and the modern “Three Theories” methods, are all mutually dependent and applied interactively. Once the truth of a hypothesis is confirmed, it is transformed into a scientific theory. Finally, because of the contradiction between the infinity of the development of objective things and the finitude of human cognition under certain historical conditions, any scientific theory is a dialectical unity of absolute truth and relative truth and is in a process of forward development. Therefore, on the basis of the existing theory, a scientific hypothesis at a higher level will again arise in accordance with new scientific facts, and when it is confirmed, this higher-level hypothesis is transformed into a still more universal theory. This is so of the passage from Newtonian mechanics to relativity, and likewise of the passage from classical physical theory to quantum theory. Moreover, dialectical materialism holds that all these milestones in the ever-developing science of humanity’s cognition of nature are provisional, relative, and approximate in character. The above is the basic process of the dialectical development of natural-scientific cognition from the empirical level to the rational level.



III. The Content, Characteristics, and Role of the General Methods of Natural Science

The general scientific methods, taken as a whole, have their own peculiar role and laws in scientific cognition. At the same time, each general scientific method has its own content, characteristics, and role. Inquiry into questions of this kind is beneficial both to giving fuller play to the role of these research methods and effectively guiding natural-scientific research work, and to enriching and developing the theoretical system of the methodology of natural science and deepening people’s understanding of methodology as a whole. Therefore, the methodology of natural science emphasizes analyzing and demonstrating, from the height of the unity of world outlook and methodology, the objective basis and scope of application of each general scientific method, studying the various dialectical relations existing within them, putting forward the basic principles for the correct application of these methods, and grasping the trends of their development.

For example, as for logical methods, originally “every science is applied logic,”2 and natural science is of course no exception. But as the methodology of natural science, we shall concretely study the objective basis for the application in natural-scientific research of the methods of formal logic and dialectical logic, such as comparison, classification and analogy, induction and deduction, proof and refutation, analysis and synthesis, the abstract and the concrete, and the unity of the historical and the logical. At the same time, we must also study the manifestations and characteristics of the above logical methods in natural-scientific research and, in conjunction with the history of the development of science, elucidate the evolution of the position and role of the various logical methods in natural-scientific research, as well as the dialectical relations among them. Again, in examining mathematical methods, we not only study the objective basis for applying mathematical methods in modern science and introduce the various commonly used mathematical models, but also, through the development of modern mathematical methods and the trend toward the mathematization of contemporary science, further reveal the tremendous role of mathematical methods in natural-scientific research.

In sum, the basic task of the methodology of natural science is, on the one hand, through historical and overall examination, to deepen people’s understanding of the nature, position, and role of the methodology of natural science, and, on the other hand, through separate examination of the various general research methods of natural science, to guide people to apply these methods more consciously and more effectively, and to promote natural-scientific research work.




Section 3 The Significance of Studying the Methodology of Natural Science


I. Promoting the Development of Science and Technology and Speeding Up the Construction of the Four Modernizations

Studying and researching the methodology of natural science is conducive to promoting the development of science and technology and accelerating our country’s construction of the four modernizations. The history of science shows that every natural science, and every step of scientific research, is connected with certain scientific methods. Many natural scientists who have made major contributions to science, apart from conditions such as the level of development of production and of science and technology at the time, were also inseparable from the correct methods they employed. Therefore, whether the research method is correct directly affects the success or failure of scientific research and the speed of the development of science and technology.

As military engineering and technology institutions, we are to train and develop military technical personnel who suit the needs of modern war and meet the requirements of the modernization of national defense. Therefore, studying and researching the methodology of science, and understanding the influence and role of modern scientific methods on military warfare, has an especially prominent role in building a modernized national defense and mastering modern war. The basic characteristics of modern war are that it is three-dimensional war, combined-arms war, and total war, with great suddenness and great consumption. Take the Fourth Middle East War: although it lasted only eighteen days, the losses of the two sides were both above US$5 billion, the loss of aircraft was equivalent to a year’s losses in the Second World War, and the loss of tanks amounted to one third of the tanks possessed by the NATO countries in the European theater. This shows that, for the sake of future wars against aggression, our army must be built into a powerful, modernized, regularized revolutionary army, and at the same time we must vigorously develop national defense scientific research and the national defense industry, constantly improve weapons and equipment, and realize the modernization of weapons and equipment. This arduous task also requires us to study and research the methodology of natural science conscientiously, and to apply the various general methods of natural science consciously and rationally, so as to promote research work in national defense science and technology. For example: using the ideas and methods of systems theory to unify basic research, applied research, and research-and-development from an overall standpoint, closely linking up research, testing, production, and use, and striving so that the research and development of weapons can meet the requirements of high precision, great power, fast rate of fire, good maneuverability, and strong resistance to interference. Doing so can often greatly raise the efficiency of scientific research, taking as few detours as possible, or none at all.



II. Cultivating the Capacity for Dialectical Thinking and Meeting the New Technological Revolution

The characteristics of the development of modern science and technology are integration and high speed. People’s understanding of things constantly deepens, often proceeding from the abstraction of first-order essence to the abstraction of second-order and third-order essence, and from theoretical generalization at one level to that at a higher level, which greatly requires a relatively high capacity for theoretical thinking; that is to say, ever higher demands are being placed on methodology. Engels said: “A nation that wants to stand at the summit of science cannot do without theoretical thinking for a single moment.”3 Einstein also said: “The aim of science is, on the one hand, a comprehension, as complete as possible, of the connection between the sense experiences in their totality, and, on the other hand, the accomplishment of this aim by the use of a minimum of primary concepts and relations. … The logical basis is getting ever further removed from the facts of experience, and the path of thought from the fundamental basis to those derived propositions that are connected with sense experiences is constantly becoming harder and longer.”4 Studying and researching the methodology of natural science is an effective way of cultivating people’s rational thinking.

Recently, discussion of the new technological revolution has been extremely heated. The leading comrades of our Party and state have already pointed out, with lofty vision and farsightedness, that attention should be paid to studying the world’s new technological revolution and our countermeasures, and have called on us to “face modernization, face the world, face the future.” Earnestly studying the fresh things that have appeared in the world, and analyzing in depth the various discussions of foreign scholars, enables us to discern the trends of a thing while it is still stirring “at the tip of the green duckweed,” and to adopt the necessary countermeasures. To this end, we must study and research the methodology of natural science, cultivate and raise people’s capacity for dialectical thinking, and meet the challenge of the new technological revolution.



III. Criticizing Idealism and Metaphysics, and Enriching and Developing Marxist Philosophy

Studying and researching the methodology of natural science is conducive to identifying idealist and metaphysical viewpoints in scientific research. For example, correctly elucidating the relationship between the instruments and apparatus and the objects of experiment in the experimental method helps in seeing clearly the error of indeterminism in quantum mechanics. Correctly understanding the relationship by which a scientific hypothesis, once tested, is transformed into scientific theory helps in identifying the erroneous views of the absolutists and the relativists on the question of truth. Correctly elucidating the objective reality reflected by mathematical symbols helps in drawing a line of demarcation against the idealist tendency that attempts to use scientific symbols in place of scientific theory, and so on.

Studying and researching the methodology of natural science can enrich and develop Marxist philosophy. Engels said: “With each epoch-making discovery even in the sphere of natural science, materialism has to change its form.”5 Einstein also said: “The results of scientific research often make it necessary to change philosophical views on problems whose scope extends far beyond the limited domain of science itself. … The generalizations of philosophy must be founded on scientific results. But once these generalizations are widely accepted, they often prompt the further development of science, because they can indicate to science which of the many possible courses it should take. When such an accepted view is overthrown, there will again be an unforeseen and wholly different development, which in turn becomes the source of a new philosophical viewpoint.” The above statements about the relationship of “guidance” and “foundation” between philosophy and natural science are undoubtedly correct; from the personal experience of natural scientists, they reveal the important significance of studying the methodology of natural science for enriching and developing philosophical theory.
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Chapter 2 Selection of Research Topics

Selecting and determining the research topic is an important component of the whole process of scientific research, and moreover is a primary problem that must be solved before scientific research work is fully launched. Whether the selection of the topic is appropriate bears directly on the pace of research, the success or failure of the work, the size of the results, and the level attained. Therefore, the selection of research topics can be regarded as a strategic decision within scientific research work. From the standpoint of the methodology of science, a systematic examination of the significance of topic selection, the general principles of topic selection, and the tactical problems of topic selection is not only beneficial to the broad ranks of scientific and technical personnel, but also has practical significance for graduate students in appropriately choosing degree-thesis topics and cultivating the capacity for independent research.


Section 1 The Significance of Selecting Research Topics

In the fields of productive practice, science and technology, and military affairs, humanity constantly encounters all sorts of cognitive contradictions. When these contradictions take a certain organized form in thought, they become research topics. A research topic is the subjective reflection of an objective contradiction. It is by no means something that people fabricate and conceive at will, but the necessary product of social production, science and technology, and military warfare at a certain stage of development. In other words, at different historical stages different research topics arise accordingly. Before scientific and technical workers in each field, many topics often exist at the same time. Under such circumstances, to make a wise choice according to actual needs and subjective and objective conditions is what is called correctly determining the research topic. Below, we examine, from an overall standpoint, the significance of the selection of research topics for scientific research work.


I. Topic Selection Is the Starting Point of Scientific Research Work

Scientific research is in essence a continuous process of discovering problems, studying problems, and solving problems — that is, the process of the arising, development, and resolution of subjective-objective contradictions. In the above process, the discovery and selection of the research topic is undoubtedly the starting point of the entire research work. This starting point not only signifies the beginning of a certain time sequence, but also marks the establishment of the main direction of attack and the research goal, and the choice of the corresponding research methods and approaches. It may be said that the selection of the research topic is the strategic starting point and an important decision of the entire research work. Therefore, correct topic selection is at the same time the starting point of the scientific and technical worker’s advance toward success. This is exactly as in an offensive battle: once the correct breakthrough point is chosen, the prerequisite for victory in the battle is created.

In fact, a scientific and technical worker can clarify the aim of research and make the research work advance along a set direction only after having chosen the research subject; only after having chosen the research subject does he know what methods and means should be adopted to complete the research work; only after having chosen the research subject can he adjust his own structure of knowledge in a planned way to suit the needs of the research work; and only after having chosen the research subject can he rationally allocate the necessary research equipment and create the necessary material conditions. For example, the American biologist Watson and the British physicist Crick, at a time when topics were as thick as a forest in the fields of biology and physics, and when the great significance of DNA was not yet sufficiently recognized, resolutely chose the molecular structure of DNA as their joint research topic. With the goal fixed, they also settled on a research line taking X-ray diffraction photographs of DNA and the like as the main data and the building of models as the main method, and carried out highly fruitful research work. In less than two years they revealed such secrets of nature as the double-helix structure of DNA and its important role in biological heredity. Their success eloquently shows that correct topic selection is the beginning of victory.



II. Topic Selection Bears on the Level of Scientific Research

Einstein once said: “The formulation of a problem is often more essential than its solution, which may be merely a matter of mathematical or experimental skill. To raise new questions, new possibilities, to regard old problems from a new angle, requires creative imagination and marks real advance in science.”1 This statement, on the one hand, points out the difficulty of choosing research topics of strategic significance, and on the other hand also reflects the major influence of the level of topic selection on the level of scientific research and even on the development of science.

In actual work, the selection of research topics is generally divided into different levels: national, local, departmental, institute (laboratory), and individual. This division into levels can generally be regarded as a sign of the level of the topic, and will also have a direct influence on the level of the research and the value of its results. But the above division into levels can only be relative, and is not directly equivalent to the level of research. Moreover, even within the same level there is still the question of the angle and the height of topic selection. Even for problems belonging to the level of a unit or an individual, as long as the topic has considerable social significance, high-level research results can likewise be obtained.

At present, we are in an important period of accelerating the construction of the four modernizations and meeting the challenge of the new technological revolution. As a scientific and technical worker, one should consciously choose one’s research topics around the major topics urgently awaiting solution in the construction of the four modernizations and the relatively weak problems of basic theory. For scientific and technical personnel of the army, the primary task is to select research topics around the modernization of national defense. Only in this way can our scientific and technical research work be closely combined with the needs of society, can our research results have greater social significance, and can our level of research and its value more readily win social recognition. Especially under the favorable circumstances of invigorating the domestic economy and opening to the outside world, our country’s scientific and technical workers should have the strategic vision of “facing modernization, facing the world, facing the future,” and take this as the guiding thought in the selection of research topics. Choosing research topics from such a height will surely be of major significance for changing the backward state of our country’s science and technology.

To raise the level of research topic selection, one should have some understanding of topic patterns. According to the forms in which cognitive contradictions unfold, research topics are generally divided into three types: the ladder-shaped topic pattern, the tree-shaped topic pattern, and the net-shaped topic pattern.

The ladder-shaped topic pattern is the vertical unfolding of the contradictions that people recognize in nature, generally manifested as a series of levels of different depth. This series of levels is built on the basis of the different forms of motion of matter and the different levels of material structure. In this type of topic pattern, generally speaking, the deeper the level of topic selection, the more valuable the research results obtained.

The tree-shaped topic pattern is the horizontal unfolding of the contradictions that people recognize in nature, generally manifested as different branches of learning at the same level. The formation of these research-topic patterns is just like a tree that puts out branches from its nodes and forks again on the branches: through the contradictions of different fields at the same level, different research topics are revealed and differentiated out. In this topic pattern, the frontier of differentiation is often the region in which high-level topics arise, and selecting topics of this type is often conducive to raising the level of research.

The net-shaped topic pattern is the combination of the horizontal unfolding and the vertical unfolding of the contradictions that people recognize in nature. The topics of this pattern are the intersection points formed by the differentiation of contradictions at different levels in the various fields, and thus are woven into a net of topics criss-crossing vertically and horizontally and interconnected. Through the mutual interpenetration and expansion of different disciplines and different levels, large numbers of cross topics, marginal topics, and comprehensive topics are produced. In accordance with the trend of development of science and technology, topics of this kind will appear more and more in future research. They are of great significance for raising the level of research.

Once we understand the patterns by which these topics are formed, we can, in the course of becoming familiar with a disciplinary field, more accurately predict the new contradictions in that field. In this way, it helps in discovering new fields of research more quickly, so that research topics may be selected from a suitable angle and at a higher level, and the level of scientific research effectively raised.



III. Topic Selection Bears on the Success or Failure of Scientific Research

Correct topic selection makes success easy to achieve and can speed up the development of science and technology. The battle line along which people advance against great nature has never been a neat and straight line, but a curved advance, uneven with projections and recesses. This battle line may contain some zones that jut forward, where topic selection and research often make rapid progress, and where the front against the unknown field is comparatively easy to break through. In the domain of science there are likewise zones of this kind in which people have run into a blind alley, are caught in theoretical or practical difficulties that for the time being cannot be overcome, and the battle line stagnates and makes no headway. Then, if one does not make an effort to expand at the places where a breakthrough is possible, but insists on assaulting those fields that for the time being cannot be taken, this is obviously not a wise act. Selecting those fields that can advance rapidly and pushing forward in them will also help to resolve the contradictions in those fields that are harder to break into. The resolution of contradictions in these scientific fields is undoubtedly conducive to still faster development of science and technology. There is also the following kind of situation: because of the obstruction of a certain research project or of an individual technical problem, a considerable scientific field is unable to make progress. Electricity in the latter half of the eighteenth century was in just such a state, and it was only the discoveries of Galvani and Volta that rescued it from this state. In the nineteenth century, before the invention of the achromatic microscope, biology had made no progress. Genetics, for want of any means of analyzing causes, remained at a standstill until 1900. In such circumstances, it is quite necessary to select in good time those stubborn hilltops and concentrate forces to attack them. And the capture of these hilltops will drive a considerable number of scientific branches to develop with irresistible momentum. There are also some people who failed to choose their research topics correctly, and as a result went the road of failure. Even now, among the younger generation of scientific and technical workers, correctly selecting research topics is still an important problem. Some graduate students, at the thesis stage, hesitate and look on for half a year or even a year without being able to determine a research topic, with the result that the speed of writing the thesis and the quality of its completion are affected. There are also some who have chosen topics lacking even the minimum conditions for research, and in the end have accomplished nothing.

In sum, whether scientific research topics can be selected correctly has a major influence on the whole situation with respect to the success or failure of scientific research work, the speed of the research process, the size of scientific results, and the height of the level of research. As the famous physicist Bernal said: “The formation and selection of topics, whether as an external economic and technical requirement or as a requirement of science itself, is the most complex stage in scientific research. … Therefore the evaluation and selection of topics becomes the starting point of research strategy: one must pick out the topics with substance from a great heap of topics, and cannot mix them together with topics without substance.”2




Section 2 General Principles of Selecting Research Topics

Although the selection of research topics has no fixed, unchanging pattern, there are some universal principles that must be followed. Only by selecting topics within the scope prescribed by these principles can scientific research work proceed smoothly and obtain relatively good research results. According to the enlightenment of the history of science and the practical experience of researchers, topic selection should mainly follow the following three basic principles, namely, the principle of necessity, the principle of feasibility, and the principle of creativity.


I. The Principle of Necessity

The principle of necessity in the selection of scientific research topics mainly means that topic selection must have a clear purposiveness. The most fundamental embodiment of this principle is that scientific research work must serve social production. For our country, the topics selected by scientific research must be the various scientific-theoretical and technical problems in the present and long-term construction of the four modernizations, and scientific research work must serve economic construction and national defense construction. Engels pointed out: “If society has a technical need, that helps science forward more than ten universities.”3 The needs of social production practice are the most basic motive force of the development of science and technology. Selecting research topics according to the needs of social production can win social recognition and social support, and hence can more easily bring success to scientific research work. On the contrary, selecting topics divorced from social needs can only be a castle in the air without foundation, cannot obtain social recognition, and can hardly achieve results. The principle of necessity embodies the ultimate purpose of scientific research work. Scientific and technical workers of socialist China must take adaptation to the needs of the construction of the four modernizations as the primary criterion for selecting their research topics.

The other aspect of the meaning of the principle of necessity in the selection of scientific research topics is that the selection of research topics must also obey the needs of the development of natural science itself. Natural science, in the course of its development, has its own contradictory movement, such as the contradiction between old theories and new facts, and the contradictory movement among the various disciplines and the various schools. These contradictory movements all influence and promote the development of natural science. Conforming to the trend of development of natural science, and selecting research topics from the needs of the development of natural science itself, enables research work to have a higher footing, and the research results will have stronger vitality, rather than being passing clouds that vanish in an instant. Although the development of natural science has a certain relative independence, there is no contradiction between the needs of natural science’s own development and the needs of social production. Every research field of natural science is directly or indirectly connected with the practice of social production. The objective laws of the material world revealed by natural science provide people with a powerful weapon for understanding nature and transforming nature, and open up new paths for the development of social production; the selection of research topics, while adapting to the needs of science’s own development, also promotes the development of social production to varying degrees. Therefore, that the selection of research topics obeys the needs of the development of natural science is, in the final analysis, still in service of social production.

Whether it is the needs of social production or the needs of the development of natural science itself, in terms of time there is a question of long-term needs and near-term needs. Some subjects can directly serve current economic construction, national defense construction, and the development of science and technology, while some topics seem on the surface to have little connection with actual social needs. Research in basic theory, for instance, is highly general and has a comparatively wide range, and seems to be only for the systematization of theory itself. But we cannot conclude from this that research in these areas is wholly unnecessary. Although such scientific projects are not necessarily directly connected with any concrete productive practice, they often embody the focal points of the contradictions in people’s understanding of nature. The resolution of these contradictions has a profound influence on the development of science and technology, can greatly push people’s cognition forward, and thus has universal significance for guiding the practice of economic construction and national defense construction. There are also some research topics for which, whether considered from the needs of social production or from those of the development of natural science, there is no real and pressing need. In selecting topics one must also note that research topics differ not only qualitatively as to whether they possess necessity, but that their necessity itself also differs quantitatively in size. Therefore, in selecting research topics we must have a strategic vision, take both the near term and the long term into account, fully consider the needs of social production, national defense construction, and the development of natural science, and carry out the principle of necessity in topic selection with due measure.



II. The Principle of Feasibility

The principle of feasibility in the selection of scientific research topics means that in selecting scientific research topics certain subjective and objective conditions must be present. Some research topics, although in conformity with the principle of necessity, will find the will willing but the strength insufficient if the necessary subjective and objective conditions are absent. Research projects of this kind either cannot be started, or are cut off midway, or else become a burden that produces no results for a long time. Therefore feasibility is likewise an indispensable principle in the selection of research topics.

The subjective conditions for carrying out scientific research work mainly refer to the researchers’ store of knowledge, working ability, scientific style, spirit of dedication, and so on. The most important of the subjective conditions is the researchers’ store of knowledge, which is the foundation for completing a research topic. As far as researchers are concerned, it is not enough merely to have a store of knowledge; it must also be related to the research topic chosen. If one lacks knowledge in a certain field, one cannot select research topics in that field. Of course, people’s structure of knowledge is not fixed and unchanging either. In the study of certain necessary topics, researchers can study according to actual needs, fill certain gaps in their own knowledge, and adjust their own structure of knowledge. Wegener, the founder of the theory of continental drift, was originally a meteorologist. In order to explore the secrets of continental drift, he supplementarily learned some geology, paleontology, biogeography, geodesy, and other knowledge that he had not originally possessed, and finally wrote the book The Origin of Continents and Oceans. Researchers’ store of knowledge, for a given research topic, must be not only relevant in quality but also sufficient in quantity. Carrying on research work under conditions of insufficient store of knowledge will meet difficulties that are hard to overcome. Einstein, the greatest scientist of this century, from the 1920s devoted more than thirty years to research on the unified field theory. Although he made precious and arduous explorations, he in the end did not reach the anticipated goal. This was because at that time only electromagnetic force and universal gravitation were known, while the strong force and the weak force had not yet been discovered, and Einstein did not have knowledge in this respect. Under such circumstances, his effort in studying the unified field theory was premature. The selection of research topics must take into account the researchers’ store of knowledge, and this is especially important for young people who have just stepped through the door of science. There have been young people who, lacking even basic knowledge of number theory, eagerly wished to try solving the Goldbach conjecture, and some even proclaimed that they had completed a proof of the Goldbach conjecture. Of course, all this could not possibly succeed. Many scientists advocate that beginners, in topic selection, proceed from the shallow to the deep and step by step according to their own subjective conditions. Our country’s famous mathematician Hua Luogeng said: “Go step by step! The road I have walked is a road of going step by step.” Those who have just begun scientific research should select topics that are easy to yield results within the range of their own knowledge and ability, and, on the basis of having gained some experience and richer knowledge, then boldly climb toward the peaks of science.

The objective conditions of scientific research topic selection first of all refer to the objective material basis such as financial and material resources. To carry out scientific research activity one must use certain instruments and equipment and expend certain funds. Of course, for some disciplines and some projects the requirements for funds and equipment may not be large, while some research projects require the expenditure of large amounts of funds and the use of large quantities of instruments and equipment. Research in mathematics was long thought to require only paper and pen, but now it too depends more and more on equipment such as electronic computers. The proof of the “four-color problem” is a mathematical result obtained by using an electronic computer. As for research in high-energy physics, it requires the building of large accelerators. In order to carry out research projects in this area, some countries in Europe pooled a considerable amount of financial and material resources and jointly established the European Nuclear Research Center. Research on topics of such enormous cost is beyond the capacity of a single unit, a single institution, or even a single country. At present, with our country not yet very rich, we must all the more give full play to the effect of limited research funds and materials. In carrying out research work concretely, we must pay attention to economic rationality in order to avoid pointless waste, and the selection of research topics must be made on the basis of the financial and material resources that are available.

The selection of research topics also includes certain invisible objective conditions, namely the objective laws of nature. If the selection of a research topic violates the objective laws of nature, the research can only be labor in vain. In history there were not a few people who persistently studied “perpetual motion machines”; even in the 1970s the Chinese Academy of Sciences still received large quantities of material concerning inventions of “perpetual motion machines.” Yet this kind of so-called research, which violates the law of conservation of energy, besides wasting the time and energy of the researchers for nothing, can only leave records of failure in the history of science. This invisible objective condition, the laws of nature, governs the fate of scientific research work, and a topic selection that violates objective laws is bound to be infeasible. Of course, scientific research work is itself the exploration of objective laws, but it explores unknown objective laws standing on the firm foundation of known objective laws. Only by diligent plowing on the soil of known objective laws can one reap rich fruits in exploring the unknown world.



III. The Principle of Creativity

Scientific research is people’s advance into the unknown domains of nature, which requires continual innovation on the basis of inheriting the work of predecessors. The principle of creativity in the selection of research topics embodies the fact that scientific research walks a road never walked by predecessors, and that, within the dialectical unity of inheritance and innovation, it continually opens up new paths for understanding nature and transforming nature.

To select topics in accordance with the principle of creativity, one must possess creative thinking and be good at discovering new situations and new problems in the domain of science. The facts of the development of science prove that “letting a hundred schools contend” in scientific research can greatly stimulate people’s creative thinking. Competition on the same track allows people’s creative ability to be given full play; an atmosphere of arbitrary and domineering monopoly only stifles the buds of creative thinking, and creative topic selection then cannot even be spoken of. The principle of creativity is also connected with the laws of the development of science itself. Therefore, in following the principle of creativity in selecting research topics, one should pay attention to selecting topics at the frontier of scientific development, in the fields where the contradiction between old theories and new facts is sharp, at the junctions of the various disciplines, and at places where accidental clues appear. Although in some research directions others have already worked or are working, this does not mean there is no room left for creativity. Carrying out careful selection, earnest exploration, and deeper excavation along these research directions will likewise yield unique views different from those of the crowd.

In actual scientific research activity, some topics seemed at the time to possess a certain creativity, but after they were finished it was discovered that others had long since produced results on the same topic, and topics selected in this way thus lost their creativity. This is often because scientific and technical intelligence was not well utilized and the exchange of scientific research information was insufficient. Therefore, in order to select scientific research topics creatively, one must attach importance to using scientific and technical intelligence and strengthen the exchange of scientific research information. Making full use of scientific and technical intelligence can not only avoid duplicating others’ research topics and reduce the waste of manpower and financial resources, but can also discover from it new trends in the development of science and technology, and enable one to select creative topics in good time for in-depth research.

The principle of necessity, the principle of feasibility, and the principle of creativity in the selection of scientific research topics are an organically connected, unified whole, and each principle is indispensable for the selection of scientific research topics. In selecting scientific research topics one must consider these principles comprehensively, and must never attend to only one aspect while neglecting the others. Only by following the principles of necessity, feasibility, and creativity in selecting scientific research topics can one take well the step of strategic significance in the course of scientific research and lay a good foundation for the implementation of the research work.




Section 3 Tactics of Topic Selection

Correct selection of scientific research topics requires that general principles alone are not enough; it must also be accompanied by flexible and mobile tactics of topic selection, so that topic selection can proceed smoothly. According to people’s experience, the following technical problems are very useful in topic selection.


I. Pay Attention to Discovering Virgin Lands and Marginal Zones in Natural Science

Wiener, the founder of cybernetics, once pointed out that the fields in which the greatest harvest can be obtained in the development of science are the “no-man’s-lands of science” between the various already established departments. The contemporary trend of mutual interpenetration and broad synthesis among the natural sciences vividly shows that the borders between disciplines have become the zone where people of insight concentrate their topic selection. Therefore, we should pay attention to studying trends in the development of the various disciplines, and promptly discover those marginal fields and blank areas that have not yet attracted people’s attention but have broad prospects for development. Selecting topics in these fields can often make original contributions.

To find marginal regions of this kind, relying merely on individual hard thinking and meditation is often difficult to accomplish. Even so outstanding a scientist as Wiener did not discover and occupy new territory in scientific research relying merely on individual intelligence and wisdom. In the course of conceiving and founding cybernetics, he regularly held discussions with the engineer Bigelow, the biologist Rosenblueth, and others, pooling wisdom from many minds, and made accurate judgments and choices about the fields that should be explored. As a result, all three of them achieved considerable accomplishments in the fields they had carefully chosen. This shows that giving play to collective wisdom and developing full academic discussion are of great help in discovering and fixing upon advantageous fields of research. Take also the case of our country’s scientific and technical worker Luo Liefan, who selected the sterilizing effect of combining ultrasound and laser as his own research topic. Previously people had only studied the sterilizing action of laser or ultrasound separately, and combining the two was still a blank area, and also very novel. He himself designed a set of acousto-optical sterilization equipment, whose sterilization efficiency reached as high as 100%, whereas the sterilization rates using ultrasonic waves or laser alone were 33% and 22% respectively. Encouraged by his success, he also applied the acousto-optical combined technique to brewing, and likewise obtained success. This example shows that although contemporary science is already quite developed, there are still many blank areas and matters of detail that have been neglected. As long as we take care to discover and boldly explore, it is entirely possible to open up new scientific domains and reap rich fruits that others have never thought of.



II. Be Good at Finding the Growing Points of New Disciplines, New Topics, New Inventions, and New Technologies

The development of contemporary science is very uneven: some disciplines have for a long time had no major breakthroughs, while some fields of science and technology develop vigorously. For example, in the field of engineering technology, the combination of electronic computers with traditional technology is transforming traditional modes of production; the extensive penetration of physics and chemistry into biology has led to the rise of molecular biology; the application of optical fibers has greatly improved the functions of communications systems …. These vigorously developing fields of science and technology are all knots where many kinds of scientific and technical branches interact, and all of them have the important characteristic of being growing points of emerging disciplines. Again, the combination of research on the human brain and the electronic computer will very likely lead to major breakthroughs in artificial intelligence and give rise to a batch of new disciplines.

In view of the fact that a whole series of the most promising new disciplines, new topics, new inventions, and new technologies all grow up in the knot regions where many disciplines interact, in selecting scientific research topics we should therefore consciously go to these regions to tackle key problems and seize the banner. Only in this way can we make our due contribution to changing the backward state of our country’s science and technology.



III. Follow and Pursue on the Basis of Existing Scientific and Technical Achievements

Generally speaking, our country’s science and technology lags behind the developed countries by about twenty or thirty years. Under such circumstances, if we repeat the roads of others and select research topics following the old road of foreign scientific and technical development, that in fact amounts to being content to lag behind, and it is hard to shorten the gap in science and technology with the developed countries. Therefore, we must select topics proceeding from our own actual national conditions and the level of development of contemporary science and technology. In some fields, select following-type topics — the research and development of sophisticated weapons is of this kind; in other fields, select intercepting-type topics — in fields such as the breeding of certain crops and the artificial synthesis of biological macromolecules there are topics of this kind; in a few fields of enormous cost where the conditions for research are hard to have for the time being, carry out monitoring research, so as not to be caught unprepared should a dark horse suddenly arise — space exploration is just such a case. To sum up, it is a matter of making the most of the scientific and technical achievements of the developed countries and, proceeding from our country’s actual situation, forming our own tiered structure of research topics. Doing so with discrimination in what to take and what to leave, with both catching up and surpassing, having both our own characteristics and “grab-ism” (nalai zhuyi), and selecting and fixing research topics in this way, after several years of hard effort we shall form our own scientific and technical strengths.



IV. Accept the Inspiration and Guidance of Philosophical Thought

Philosophy is the science that studies the most general laws of the entire material world, and it has an active guiding role for natural science. Using philosophical viewpoints to inspire people in selecting research topics is precisely an important embodiment of the guiding role of philosophy. The brilliant conjecture of the ancient Greek philosophers about the atom once gave important inspiration to research on the modern atomic-molecular theory; the thought in Marxist philosophy about the infinity of the structure of matter inspired people to explore in depth the internal structure of elementary particles; the topic studied by our country’s mathematicians Yang Le and Zhang Guanghou, on the connection between deficiency values and singular directions, was selected under the guidance of the philosophical thought of the principle of the unity of the world; Bertalanffy, the founder of systems theory, engaged in research on general systems theory precisely out of dissatisfaction with mechanism and inspired by dialectics; the famous Japanese modern physicist Sakata Shoichi called Engels’s Dialectics of Nature “my classic.” The above examples fully reflect that accepting the guidance of dialectical-materialist philosophy and critically inheriting the philosophical legacy of antiquity have an important inspiring and guiding role for the selection of topics in natural-scientific research. Therefore, we should follow the basic principles of Marxist philosophy, pay attention to accepting the inspiration of the philosophical legacy of China and abroad, and constantly raise the skill and level of research topic selection.



V. Carry Out Topic Conversion Flexibly and Nimbly

The conversion of topics is an important aspect of the tactics of topic selection, and it has a twofold meaning: first, before research has begun, converting and choosing among existing topics; second, converting a research topic one is currently pursuing but which there is no longer any need to continue, which is in fact a process of re-selecting a topic. The forms of topic conversion mainly include the following:

“Big into small.” For some research topics involving a relatively large scope, if under one’s existing conditions one cannot study the whole of it, one may as well turn to studying one part of it, so that the research topic shifts to a deeper level and a more specialized field. Especially where research materials are limited, “big into small” can avoid the defects of vagueness and shallowness.

“Small into large.” For some research topics of relatively narrow scope, if one has sufficient material, or if research requires it, the range of study can also be enlarged. “Small into large” is not merely a form of extending the topic outward; one can also adopt the method of enlarging its intension, which is the so-called “making a big job of a small topic.”

“Displacement.” This is a way of converting the field of research of a topic at the same level, so that people’s cognition extends and spreads in different fields. After science has made a major breakthrough, carrying out topic displacement is an action of extending the fruits of victory, and the extension of these fruits in turn brews the conditions for the next major breakthrough.

“Reversal.” For certain research topics, it is sometimes entirely possible to study them from the opposite angle, which is especially common in the military field where offense and defense confront each other. For example, a topic such as “research on the armor-piercing capability of anti-tank missiles,” after reversal, becomes “research on the protective capability of tank armor.” The reversal of topics is extremely beneficial for inspiring people’s creative thinking. In reversing, one must be sure to choose the center of reversal and avoid errors of reversal.

The forms of topic conversion also include “merging,” “dividing,” “changing the angle,” and so on. Whichever method of conversion is used, one must pay attention to concrete analysis of concrete conditions. One should consider a rational mode of conversion according to the content of the research topic, so that the conversion of the topic suits the research work itself, in order to produce results quickly and produce more results.

The tactics of topic selection require constant scientific research practice in order to be gradually and skillfully mastered. Faced with a nature of infinite mystery, the topics that need to be studied likewise emerge one after another without end. In the domain of science, where the sea is wide and the sky high, as long as each person exercises his wisdom and talent, he can always find a suitable breakthrough point and select a research topic that gives play to his own abilities.
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Chapter 3 Empirical Methods

Scientific research is a cognitive activity of humanity toward unknown things. In the process of scientific cognition, a primary link is to obtain perceptual material about the object of research through such channels as observation and experiment. The empirical methods of observation, experiment, and the like are basic practical activities in scientific research. They are at once the basic channels for collecting scientific material and the practical foundation for testing and developing scientific theory. Therefore, the empirical methods such as observation and experiment occupy an extremely important position among the various cognitive methods of natural-scientific research. In-depth examination of the theoretical questions concerning the characteristics, role, and principles of implementation of the methods of observation and experiment has direct and practical significance for the development of natural science and engineering technology.


Section 1 The Method of Observation


I. The Method of Observation and Its Characteristics

The method of observation in scientific research is distinct from observation in everyday life.

Observation in the ordinary sense, from a narrow angle, is often limited to the use of the visual organs to collect certain information about the object of observation. Hence in everyday life people often treat “observation” and “looking” as synonyms. But the method of observation in natural-scientific research goes far beyond the above meaning.

The so-called method of scientific observation refers to a research method in which people, using the sense organs or with the aid of certain instruments, under conditions of natural occurrence, purposefully and according to plan examine and describe various natural phenomena and obtain scientific facts. The application of this method in the fields of science and technology is quite extensive. For example, the observation of such meteorological elements as air temperature, air pressure, humidity, and wind, cloud, rain, and snow in meteorology; the observation of terrain, landforms, and stratigraphic structure in geology; the observation and measurement of the positions, brightness, and motion of celestial bodies, and of their spectral composition and spatial distances, in astronomy; and the “inspection, listening and smelling, inquiry, and pulse-taking” of traditional Chinese medicine, and so on — these all belong to concrete applications of the method of observation.

Combining the above examples in analyzing the definition of the method of observation, we can see that the method of observation has the following characteristics.


	Observation is multidimensional. The method of observation, as a scientific method of universal significance, must comprehensively utilize people’s various senses to carry out multidimensional perception of the objective object. The human sense organs mainly include the receptor organs of vision, hearing, smell, taste, and skin sensation, which people summarily call the eye, ear, nose, tongue, and body. In the actual process of applying the method of observation, one can use the eyes to observe the shape, color, magnitude, texture, and so on of the object; use the skin to perceive information such as pressure of touch, temperature, and vibration; use the ears to distinguish sounds; use the nose and tongue to learn odors and tastes; and so on. The information that people collect with the above receptor organs is synthesized in the central nervous system, forming a comprehensive perception of the object of study. This multidimensional information is precisely the important foundation and raw material for the further application of rational methods. Recognizing the multidimensionality of the method of observation can not only deepen our understanding of the method of observation and strictly distinguish it from “looking” in the ordinary sense, but also enables us to give play more consciously to the role of the various senses and more fully to bring into play people’s subjective initiative in observation.


	Observation must be carried out under conditions of natural occurrence. In the process of observation, people cannot carry out artificial control or interference with the natural object. This characteristic is one of the important distinctions between observation and experiment. Because of the above attribute of observation, it has outstanding significance in certain fields where humans cannot intervene. At the same time, it is also convenient for perceiving and describing natural phenomena according to the original appearance of the object of study. Conducting research and examination under conditions of natural occurrence is often relatively simple and easy to carry out. Therefore, many scientific achievements of antiquity were obtained by using the method of observation. The above characteristic of the method of observation correspondingly requires that the instruments and equipment adopted by people in observation be used mainly to extend the human senses, and not to transform the object of observation. The microscopes, telescopes, and various automatic recording instruments frequently used in observation serve only to raise the precision of observation, enlarge the range of observation, or replace people in capturing natural information. But a considerable part of the instruments and equipment used in experiment is used to transform the object of study, to change environmental conditions, and even to produce phenomena that do not exist in nature, so as to create conditions more favorable for observation or to study certain natural laws more deeply. From these concrete differences, we can have a more profound understanding of this characteristic of the method of observation, that it is carried out under conditions of natural occurrence.


	Observation has clear purposiveness and planning. The method of observation is a purposeful practical activity of humans. The collecting and recording of factual material in observation is to provide perceptual material for further in-depth study in natural-scientific research, or to verify the truth of certain hypotheses. To achieve the above aim, observation in turn needs to be carried out according to plan and step by step. The purposiveness of observation is embodied in the organic connection of the three elements: the observer, the object of observation, and the mode of observation, while the planning of observation is the necessary stipulation for making the work of observation proceed effectively. The unity of purposiveness and planning is an indispensable and important condition of successful observation.






II. Types of the Method of Observation

We can classify the method of scientific observation from different angles. For example, divided according to the main purpose to be achieved by observation, we can divide it into two major types: qualitative observation and quantitative observation (also called observational measurement). Divided according to the mode of observation, it can be distinguished into two major types: direct observation and indirect observation. The former distinction is relatively easy to understand; below we focus on examining the second distinction.


	Direct observation



This is the direct perception of objective things by means of people’s sense organs, thereby obtaining perceptual material. In direct observation, the information of the object of observation acts directly on people’s sense organs, and between the observer and the object of observation there is no artificial intermediary. In antiquity, because the levels of production and science were low, the main channel by which people came to know nature and obtained empirical knowledge was this kind of direct observation. For example, direct observation of the sun, moon, and stars gave rise to the astronomy of antiquity; direct observation of mountains, rivers, and streams gave people preliminary knowledge of geography. In modern and contemporary times new means of observation have appeared, but in quite a few cases this method of direct observation is still adopted. Because direct observation is relatively convenient and can be carried out at any time. Moreover, because the sense organs act directly on the object, with no intermediate link, some unnecessary errors of information transmission are also avoided. In such fields as medicine, geology, and biology, some direct observation still exists.

The effect of direct observation depends mainly on the sensitivity of the sense organs. The limits of human physiological conditions also limit the scope in which direct observation can be used. The limitation of direct observation arises chiefly from the thresholds of the sensitivity of the sense organs to information from the outside world; for instance, human vision can perceive only electromagnetic waves with wavelengths between 3000 Å and 7800 Å, and is blind to infrared and ultraviolet rays. The range of human hearing is sound waves from 16 hertz to 20,000 hertz, and ultrasound and infrasound are heard as nothing. People’s senses of smell and taste also each have certain thresholds of sensation for different substances. For example, the absolute olfactory threshold for fruity ethyl acetate is 0.0036 mg per liter of air. The absolute taste threshold for cane sugar is a concentration of 0.01 gram-molecule. The existence of thresholds of human sensation makes it difficult for people’s direct observation to describe and record objective natural phenomena promptly and accurately. People’s sensory thresholds are again closely related to people’s practical activity, and different practices of observation make people’s sensory thresholds differ greatly. The ordinary person’s vision can see only a gap of 0.01 mm, whereas a grinder with work experience can see a gap of 0.0005 mm. In black cloth that looks all the same color to untrained people, a dyeing expert can distinguish 40 to 60 shades of black. A musician can distinguish 20 to 30 intermediate tones between two adjacent keys of a piano. An experienced pilot can immediately detect the extremely slight abnormal running sounds of an aircraft engine. All these show that the thresholds of human sensation are highly variable. People can, through the observational practice of applying the senses, train their own senses, constantly raise the functions of the senses, reduce the influence of the limitations of the senses, and improve the capacity for direct observation.

It must be pointed out that people’s attempts in observational practice to overcome the limitations of the senses have not relied mainly on improving the functions of their own senses, but have raised the capacity for observation through the development from direct observation to indirect observation.


	Indirect observation



With the development of production and of science and technology, people invented and made certain instruments and equipment for observation. Indirect observation is the method by which people, with the aid of instruments and equipment, observe, perceive, and describe natural phenomena of the external world in their natural state, and obtain perceptual material. In indirect observation, the instrument, as the intermediary between the observer and the object of observation, converts the various kinds of natural information that the senses cannot directly perceive into perceptible form, or magnifies it to the perceptible range. In this way, phenomena that cannot be observed directly with the senses are made to show themselves, and things that could not be distinguished in the past become clear. Compared with direct observation, indirect observation has enormously raised, in breadth and in depth, the capacity to perceive the various things of the external objective world and their attributes, and has brought people’s understanding of nature into a new stage. The role in observation of telescopes, microscopes, the various techniques of remote sensing, detectors, and other observational instruments is beyond the reach of the human senses. Astronomy, during a fairly long history of direct observation with the naked eye, did not even touch upon celestial bodies fainter than the sixth magnitude, whereas today’s radio telescopes have enabled people to observe pulsars, which visual sense could not possibly observe directly. Semiconductor temperature detectors can perceive the temperature of distant objects; recording equipment can record the waveforms of people’s voices and can analyze the most minute differences in sound. Because indirect observation can supply relatively reliable standards of measurement and accurate means of recording, the observational material people obtain becomes more true and comprehensive, which has greatly enriched the content of perceptual cognition.

Direct observation and indirect observation can be transformed into each other under certain conditions. For example, people’s direct observation of the moon could be replaced by the indirect observation of the telescope; owing to the development of space technology, direct observation by landing on the moon has in turn become a reality. In continual practice, people skillfully combine and apply direct observation and indirect observation, which opens up broad prospects for further raising people’s capacity for observation.



III. General Principles of the Method of Observation

The method of observation seems at first glance to be relatively simple, something everyone can do. But in fact this is not so; in carrying out observation, people often make errors of sensation and errors of thought. Especially since “it is extremely difficult to make precise observations of complex situations, and the observer often unconsciously falls into error.”1 In order to guarantee the correctness and reliability of the results of observation, we should follow the general principles of the method of observation.


	Adhere to the objectivity of observation



Adhering to the objectivity of observation is the basic premise for guaranteeing the truthfulness of the results of observation. Marx pointed out: “An unprejudiced examination will not be deceived.”2 Lenin, in the Philosophical Notebooks, listed “the objectivity of observation” as the first of the sixteen “elements of dialectics.”3 From this it can be seen that adhering to the objectivity of observation is extremely important.

The principle of the objectivity of observation is determined by the fundamental purpose of observation. People’s intention in carrying out observation lies in collecting true information about the object of study according to the original appearance of nature. To achieve the above aim, observation must be carried out according to plan and purposefully. But the process of observation is a unity of the subjective and the objective, of the physiological and the psychological, and any one of the factors in it may affect the reliability of the results of observation. For example, some people unconsciously form preconceptions from the purposiveness of observation; some have the reliability of observation hindered by the interference of psychological factors; some affect the accuracy of the results of observation by being careless and coarse; and so on. Therefore, it is necessary for us to analyze the sources of observational errors, find ways of correcting them, and strive to adhere consciously to the principle of the objectivity of observation.

One source of observational errors is a physiological cause, namely the limitation of the human sense organs. This limitation makes people unable to perceive the presence or absence of certain attributes of objective things and unable to distinguish differences in certain properties of objective objects, so that illusions are often produced. For example, when people touch spring water they feel it warm in winter and cool in summer; this is because changes in the temperature of the environment make people’s cold and heat receptors err. Some geometric figures can also cause visual illusions. As in figure (1) below, the straight line DC looks curved, while in figure (2) people would think that AX lies on one straight line, when in fact BX lies on one straight line. People’s various sensations can all produce certain errors. And scientific instruments and equipment, as an extension and perfection of the human senses, can to a certain extent overcome the limitations of the senses and bring people closer to objective reality. Therefore, to avoid illusions of the senses and guarantee the objectivity of observation, one should use advanced means of observation as far as possible and adopt certain necessary observational instruments and equipment.

[Figure, book p. 258: two geometric illusion diagrams, labeled (1) and (2). In (1), many straight lines radiate from a single central point, crossed by the straight line D–C, which appears curved. In (2), two parallel horizontal lines bound a band; two closely spaced oblique lines A and B approach the band from above, and a line X emerges below it; A–X appears to lie on one straight line, when in fact B–X does.]

Another main source of observational errors is a psychological cause, namely the past experience in people’s brains, or what is called preconception. The perceptual material obtained through observation is the reflection of the external world by the brain, and whether this reflection is correct or not is related to the initial state of the brain. People in observation often judge the things observed on the basis of the past experience and conscious hopes in the brain. Because the experience and theories stored in each person’s brain differ, different reflections of the same objective thing result. In recent years, in Beijing, Guangxi, Hubei, and other places, some peanut-shaped stony objects were found. To ordinary people they looked very much like fossils of peanuts, and even some professionals of not very rich experience appraised them as “fossil peanuts of a hundred thousand years ago.” However, after careful observation by the relevant experts, it was found that they were nothing more than some exquisite handicraft articles — hard pottery imitations of peanuts. Although they were made so skillfully that they looked real, the experts, by means of the knowledge of plant morphology and other relevant experience in their brains, could still see the marks of artificial processing on these so-called “peanut fossils.” Although ordinary people and experts faced the same object of observation, the ceramic peanut, and the information transmitted by the senses to the brain was basically the same, the conclusions of the two kinds of observers were widely different because the initial states of their brains were different.

To overcome observational errors produced in this psychological process, it is necessary to increase the observer’s store of experience and theory, and to expand as much as possible the possibility of brain experience that can be coupled with the observed facts. This requirement can be met through various avenues of study and through direct and indirect observational practice. The richer a person’s knowledge, the more easily he can avoid fixed patterns of thinking and eliminate the interference of preconceptions. In addition, one must also attend to the training of methods of thinking, guard against subjective arbitrariness, and correct such practices as proceeding from subjective prejudice, looking at the object of observation according to one’s fancy, and following conventions and stereotypes. To guarantee the objectivity of observation, besides raising the qualities of each observer as far as possible, one can, where possible, adopt the method of eliminating the “personal equation” (ren cha), that is, having different people repeat the same process of observation. To a certain extent this can eliminate individual psychological bias and reduce errors in observation.


	Adhere to the comprehensiveness of observation



Objective things are extremely complex. Among the multitude of natural phenomena, false appearances are also often mixed in. Although they too exist objectively, they reflect objective things in a distorted way. It is in this sense that Darwin humorously said: “Great Nature will lie at the first opportunity.”4 For instance, the sun’s rising in the east and setting in the west as seen by intuition, and phenomena such as mirages, all belong to false appearances among natural phenomena. If the observer is limited to these and believes them to be true, he will build his conclusions on the basis of false appearances and produce errors. The famous “contest of water and fire” in the history of science over the origin of rocks was directly related to one-sided observation and the limits of cognition.

The comprehensiveness we speak of includes many aspects of meaning. First, it means carefully observing the same object of observation from different angles, striving to obtain more comprehensive perceptual material; second, it means appropriately increasing the number of observed samples, striving to obtain perceptual material of universal significance; third, it means broadening the field of observation, so as to observe in the connections between the object of observation and other things, which is very necessary for distinguishing false appearances and obtaining true perceptual material; and so on.

In sum, comprehensive observation can enable people to see through phenomena and discover essence, and guarantee the truthfulness and reliability of the results of observation. Only thus can one grasp the various factors, various relations, and various determinations of the objective object, and provide a solid foundation for understanding the essential laws of things. Of course, comprehensiveness can only be relative; absolute comprehensiveness does not exist. But as Lenin said: “To know an object, we must embrace, study, all its aspects, all connections and ‘mediacies.’ We shall never achieve this completely, but the demand for all-sidedness is a safeguard against mistakes and rigidity.”5


	Adhere to the systematic character of observation



The systematic character of observation mainly refers to the orderliness of the process of observation in time and space. First, one should expand the objects and angles of observation in an orderly way, that is, the spatial orderliness of observation. The discovery of Brownian motion is a successful example of systematically expanding the objects of observation. The botanist Brown, when observing under the microscope granules of plant pollen suspended on the surface of still water, found that these tiny granules were ceaselessly making irregular motion. After repeated observation he concluded that this irregular motion belonged to the pollen granules themselves. In order to further confirm this view, Brown extended the object of observation to the pollen of other living plants and found that the same motion existed; at that time he conjectured that it might be the result of male-female mating of plant reproductive organs. But Brown did not stop observing. He went on selectively enlarging the objects of observation, and found that not only pollen has this motion, but the fragments of dead plant leaves likewise exhibit irregular motion. He extended the objects of observation again and again, from living things to nonliving things, from organic matter to inorganic matter. Through systematic observation, Brown found that the tiny granules of all substances suspended on the surface of still water make ceaseless irregular motion. Through analysis he concluded that this irregular motion of material particles is caused by the unbalanced collisions of liquid or gas molecules from all sides, thereby unveiling the secret of the molecular motion universally present in nature (that is, “Brownian motion”).

The systematic character of observation requires not only an orderly expansion of the objects of observation and a change of angles of observation, but also orderly observation in the course of time. The orderliness in time of the process of occurrence of natural phenomena manifests a certain causal relation in the internal motion of objective things, and systematic observation in time can better reveal the essence of natural phenomena. Our country’s climatic geographer Zhu Kezhen, in order to study the laws of change of phenology, carried out systematic observation, day after day for several decades, of meteorological elements such as air temperature, air pressure, wind direction, and temperature, and of phenological phenomena such as freezing and thawing, plants flowering, swallows returning, and the cuckoo’s first call. Relying on the large amount of systematic data accumulated over several decades, he summed up the laws of periodic change of organisms and environmental conditions. The systematic character of observation also requires that in observation great attention be paid to the observation of details, so that natural objective things maintain their temporal and spatial wholeness and continuity and are not distorted themselves.


	Adhere to the dialectical character of observation



Adhering to the dialectical character of observation means guiding the whole process of observation with materialist dialectics. First, attention must be paid to the conditionality of observation. One must see that any observation is always carried out within certain conditions and a certain range. Therefore any observational result has its limitations, and one must never go beyond the dialectical unity of the observational conclusion and the concrete conditions, arbitrarily extending or extrapolating it; otherwise one-sided or erroneous conclusions will result. Second, attention must be paid to the typicality of observation. That is, one must follow the dialectical relation between the general and the particular, the group and the individual, take care to select typical objects and conditions, draw representative samples, and strive, through limited observation, to capture characteristics of universal significance. Third, attention must be paid to the randomness of observation, promptly capturing those special phenomena that “depart from the routine” and not letting slip opportunities that are easily overlooked. This is very important for enlarging the fruits of observation and making new discoveries. Fourth, one must strictly distinguish the boundary between “fact” and “inference,” and attend to the standardization of description and expression, so as to raise as far as possible the scientific value and the range of acceptance of the results of observation.

In sum, in observation we must adhere to objectivity and guard against subjectivity; adhere to comprehensiveness and guard against one-sidedness; adhere to systematic character and guard against arbitrariness; adhere to dialectical character and guard against simplification. Only in this way can very rich material that accords with reality be collected, laying a solid foundation for revealing the essence and laws of the object of study.



IV. The Role of the Method of Observation

The role of the method of observation in natural-scientific research is obvious and easy to see. Most of the scientific achievements of antiquity were obtained by means of the method of observation. After the rise of modern experimental science, observation has still not ceased to be an important method of natural-scientific research. Especially in certain fields where it is difficult for humans to intervene and control, observation still holds the dominant position. In modern scientific research, the method of observation is still indispensable. In a certain sense, one of the important roles of experiment lies precisely in producing states available for observation. It may be said that scientific observation is at once an ancient and a basic empirical method. Its role in natural-scientific research can be summed up in the following three points:


	The method of observation can collect perceptual factual material. Scientific research must fully possess material; “facts are the scientist’s air. … Without facts you can never take flight.”6 The history of science shows that only by carrying out objective and comprehensive observation of the various determinations, relations, and aspects of natural things, and by possessing rich and systematic perceptual material, can one penetrate through phenomena into essence, reveal the secrets of great nature, and form the corresponding scientific theory. Astronomy, for example, comes directly from people’s long-term systematic observation of the sun, moon, and stars, year after year, day after day. The British primatologist Jane Goodall, in order to unveil the secrets of the chimpanzee community and seek clues to the origin of certain human psychological phenomena, went deep into the African jungle and lived among the chimpanzee community. Through long and careful observation of the chimpanzee community she mastered a great many facts and obtained first-hand material on the social life of primates. In military affairs, the method of observation is likewise applied on a large scale. The “Xia Beihao work method” in air-force aircraft maintenance requires inspecting aircraft so as to “see, hear, smell, and touch”; this is, under conditions in which there are not many advanced observational instruments, giving as much play as possible to people’s subjective initiative and obtaining, through the method of direct observation, a basic understanding of the condition of the aircraft. The main military application of the method of observation is as a means of military reconnaissance. In the past people mainly used direct observation and used spies to probe the enemy’s military situation. In modern times, observation in military affairs uses many advanced technical devices for indirect observation: under the water there is sonar, on the ground there is radar, and in the sky there are reconnaissance satellites. The appearance of radar in air warfare — the early-warning aircraft — has greatly reduced the concealment of low-altitude surprise penetration. Experts hold that in the Falkland (Malvinas) Islands war between Britain and Argentina, if the British forces had had early-warning aircraft, they could have observed the movements of enemy aircraft from a greater distance, and ships such as HMS Sheffield might not have been sent to the bottom of the sea. Military reconnaissance satellites enable people to carry out effective observation of the enemy’s strategic targets and military actions on a global scale. In the Middle East war of 1973, American military reconnaissance satellites supplied Israel with intelligence that the junction of the Egyptian Second Army and Third Army was undefended; Israel immediately sent out an armored vanguard to carry out a deep penetration in great depth, took advantage of the gap to cross the canal, broke into Egypt’s rear, destroyed many Egyptian anti-aircraft missile launch sites and artillery positions, and threw Egypt’s anti-aircraft fire network along the canal into a paralyzed state. Israel also cut the supply line and line of retreat of the Egyptian Third Army, leaving more than twenty thousand Egyptian troops in a predicament.


	The method of observation can lead directly to scientific discoveries. For example, all astronomical discoveries so far have been obtained by means of astronomical observation. In research on elementary particles, through long-term and systematic observation of cosmic rays, the positron, the μ meson, the π meson, the K meson, the λ hyperon, the Σ hyperon, and so on were discovered one after another. In recent years, our country’s scholars, through biological observation and ecological survey, confirmed that Poyang Lake in our country is the world’s main wintering ground for the white crane, thus unveiling the secrets of the present numbers, wintering places, and laws of migration of the white crane, which is on the verge of extinction. Especially with the development of modern means of observation and measurement such as space technology, remote-sensing technology, and deep-diving technology, the method of observation is developing day by day, and is continually obtaining important scientific discoveries that are hard to obtain by traditional means.


	The method of observation is one of the means of testing people’s cognition.




The method of observation, as one of the basic practical activities in scientific research, has the character of universality and direct actuality in cognition, and at the same time also has the role of testing human cognition. In the domain of natural science, “the reason a theory can be established lies in its being connected with a large number of individual observations, and the ‘truth’ of a theory lies precisely here.”7 For example, Einstein, on the basis of his special theory of relativity, made three famous predictions, which were later confirmed one after another by scientific observation, and this undoubtedly had an important role in proving the truth of the special theory of relativity. As regards the position of the method of observation in testing people’s cognition in the domain of natural science, it plays a decisive role in astronomy, a leading role in geology, and an important role in biology; in physics and chemistry it exists mainly in the form of observation and measurement in the various empirical links, and is an indispensable part of the empirical links. In sum, the method of observation, in the domain of natural science, occupies an important position in testing human cognition and plays a role that other methods cannot replace.

The role of the method of observation in natural science must not be underestimated. At the same time, we must also see that it has certain limitations. Because observation examines natural phenomena under conditions of noninterference with them, the essence of things that natural phenomena do not reveal cannot easily be known by the method of observation. The essential connections of some things have to be grasped with the aid of means that transform the objective object, and some have to rely on methods of rational thinking; in such cases the method of observation appears to be beyond its strength. As in the study of certain compounds that do not exist in nature, one must resort to methods of chemical experiment to synthesize and examine them. This is just as Engels pointed out: “Experience gained from observation alone can never adequately prove necessity.”8 The method of observation, like any scientific method, cannot possibly comprehensively explain all things or know the whole world; all have certain limitations and have their own scope of application. And the method of observation likewise, within its own scope of application, plays a positive role that other methods cannot replace.




Section 2 The Method of Experiment


I. The Method of Experiment and Its Characteristics

The so-called method of experiment is a research method in which people, according to certain aims and plans, use material means such as instruments and equipment to obtain scientific facts under conditions in which natural phenomena are artificially controlled, transformed, or simulated.

The method of experiment developed on the basis of the method of observation. Compared with the method of observation, the method of experiment is a more perfected, more penetrating, and more important method of collecting perceptual material. It can artificially control or simulate the conditions of research and interfere with or transform the object of study, and thus can give fuller play to people’s active role, collect factual material more effectively, and make a unique contribution to scientific research. The method of experiment, as a practical activity of controlling and transforming nature, embodies the greater freedom humanity has won in the face of nature. Therefore the emergence and development of the method of experiment marks an enormous advance in the methods of scientific research.

The main characteristics of the method of experiment are:


	Scientific experiment is carried out under conditions in which natural conditions are artificially controlled or simulated and the object of study is interfered with or transformed; this is its most important characteristic. In scientific experiment, people can, according to need, use material means such as instruments and equipment to bring the object of study under control, so that in a specific environment it displays certain characteristics in simple form. By artificially controlling the experimental conditions, people can not only simplify and purify natural processes or production processes and exclude the interference of accidental, secondary, and irrelevant factors, but can even reproduce natural phenomena that vanish in an instant; and can also create special conditions that are hard to come by in the natural state or in production processes — high voltage, high vacuum, ultra-high speed, ultra-low temperature, ultra-high purity, ultra-high intensity, and so on — intensifying or reproducing certain natural phenomena, thereby creating the sufficient and necessary premises for experimental research and obtaining factual material of special value. For example, in 1957 [printed as “1975” in the source], Chien-Shiung Wu [printed 吴建雄 for 吴健雄] cooled cobalt-60 to 0.01 K, basically excluding the interference of thermal motion. She then measured the angular distribution of the electrons in its β decay and examined the symmetry of the angle between the direction of nuclear spin and the electron momentum, confirming the principle of “parity nonconservation” of microscopic particles under the weak interaction put forward by Tsung-Dao Lee and Chen-Ning Yang. This is a typical example of scientific experiment purifying the conditions of research. As for people studying the properties of conductors at ultra-low temperature and discovering the “superconductor,” this can be regarded as a typical illustration of the method of experiment intensifying natural conditions and grasping the properties of an object under special circumstances. Again, the famous Miller experiment of continuous electrical discharge in a primitive atmosphere synthetically embodies the special function of scientific experiment in intensifying, simplifying, and simulating natural conditions.


	The method of scientific experiment has a stronger planning and purposiveness, which is another characteristic in which it is superior to the method of observation. Artificially controlling the experimental conditions and actively interfering with or transforming the object of study gives the researcher greater initiative and creativity. As seen in the experimental process, this shows up as a high degree of purposiveness and strong planning. Correct selection of the experimental topic, a rigorous experimental plan, ingenious experimental design, and careful experimental operation are enough to guarantee the reliability and accuracy of the experimental results. All these are beyond comparison with the method of observation.


	Scientific experiment generally requires the use of certain instruments and equipment. This is yet another feature distinguishing scientific experiment from observation. The experimental means, as a real element in scientific experiment, has the function of transmitting the action of the experimenter to the object of the experiment and obtaining the relevant information. It is not only an extension of the human senses, but also an extension of the human organs of labor and even of the organs of thought. In this sense, the functions of the experimental means and of the means of observation differ markedly, the role of the former far exceeding that of the latter. In general, the level of scientific experiment is very closely related to whether the experimental means used are accurate, advanced, and reliable. Any new experimental method must have new experimental means as its material basis, which further embodies that instruments and equipment are a necessary condition of scientific experiment.




In sum, the above characteristics of the method of experiment prominently reflect that humanity has acquired greater initiative in collecting natural information and exploring the secrets of nature. The method of experiment, as a more effective method of obtaining perceptual material, has a more marked cognitive function in humanity’s activity of scientific cognition.



II. Types of the Method of Experiment

The method of experiment can be distinguished into different types of experiment according to different standards of classification. In order to avoid confusion of classification, we adopt one standard of classification at the same level and different standards at different levels.

First, according to the position of the object of study in the experiment, the method of experiment can be divided into two major types: direct experiment and indirect experiment.

Direct experiment refers to the experimental examination and study that people carry out directly on the objective object; the subject and object of the experiment establish a direct material connection, and the experimental means interacts directly with the object of study. In direct experiment, we can further divide experiments, according to the main purpose of the experimental examination, into qualitative experiments and quantitative experiments.


	Qualitative experiments



These are experiments used to determine what properties the object of the experiment has, what factors exist, and what relations there are among these factors, and so on. The typical result of a qualitative experiment is expressed in the form of affirmation or negation. For example, Hertz’s experiment in physics proving whether electromagnetic waves exist, Lebedev’s experiment proving whether light exerts pressure, and certain qualitative analyses in chemistry all belong to this type. Qualitative experiments can make basic, but not precise, judgments about the internal connections of natural phenomena. Because a precise judgment must be displayed by means of a definite quantitative relation, this must rely on quantitative experiments. But qualitative experiments are the basis of quantitative experiments: only when the nature of certain factors has been determined, the existence of certain factors affirmed or denied, and it has been ascertained whether the various factors are connected can a precise quantitative description of them be made.


	Quantitative experiments



These are experiments used to determine the quantitative relations of certain factors of the object of the experiment. The aim of a quantitative experiment may be to find the numerical value of certain factors, such as Cavendish’s experiment measuring the gravitational constant G and Fizeau’s experiment measuring the speed of light c. A quantitative experiment may also seek the relational formula among certain factors, such as Joule’s experiment measuring the mechanical equivalent of heat (1 calorie = 4.184 joules, 1 joule = 0.24 calorie) and Thomson’s experiment measuring the charge-to-mass ratio of the electron (e/M = 1.759 × 10¹¹ coulombs/kilogram); all of these are quantitative experiments. Through quantitative experiments, people abstract the quantitative relations of objective things and express them in definite mathematical form, precisely revealing the internal connections of objective things. The passage from qualitative experiments to quantitative experiments is a sign of the constant deepening of people’s cognition and the constant raising of people’s capacity to control nature.

In a concrete experiment, the distinction between qualitative and quantitative experiments is often not strict; the two are not sharply separated, and an experiment is often at once qualitative and quantitative. For instance, in the experiment of determining the composition of an alloy by spectral analysis, finding from the characteristic spectral lines whether a certain elemental component is contained is qualitative, while measuring by comparison with the intensity of the spectral lines how much of a certain element is contained is again quantitative. Qualitative experiment determines the quality that distinguishes an objective object from other things. Quantitative experiment determines the different degrees of a certain quality of the object of study. The relation between qualitative and quantitative experiments reflects the relation of quality and quantity in philosophy. Without a certain quality there can be no certain quantity. Apart from concrete things, quantity cannot exist. Therefore qualitative experiment and quantitative experiment are both distinct and interconnected. It may be said that qualitative experiment is the basis of quantitative experiment, and quantitative experiment is the development of qualitative experiment.

As for direct experiments, if divided according to the role of experiment in the process of cognition, they can further be divided into causal-analysis experiments, control experiments, intermediate experiments, and so on.

Indirect experiment is also called simulation experiment. It is a method in which experimental means are used to simulate certain phenomena and processes of nature in order to study the laws of nature. In a simulation experiment, the experimental means does not act directly on the object of study; rather, a model having a certain relation of similarity to the object of study (the prototype) is first designed, and the properties and laws of the prototype are obtained indirectly through the study of the model. The theoretical basis of simulation experiments is similarity theory, their logical basis is analogical inference, and their philosophical basis is the principle of the material unity of the world. The whole world is a unity of the diversity of the motion of matter. This unity determines that among things of the same kind, or among different things, there are always certain points of similarity — either similarity of physical process, or similarity in mathematical relation, or similarity in function and behavior. This is the objective basis on which people carry out simulation experiments. The structure of the simulation experiment differs markedly from that of the direct experiment. In direct experiment, the experimental means interacts directly with the object of study; in simulation experiment, the experimental means acts on a substitute for the object of study — the model. The model, on the one hand, serves as the bearer of the experimental means and, on the other hand, as the intermediary between the experimenter and the object of study, through which people can extrapolate the experimental results to the object of study. According to the different relations of similarity between the model and the object of study, we can divide simulation experiments into the following several kinds:


	Physical simulation



This is an experimental method based on the similarity of natural processes between the model and the prototype. The natural processes here include not only inanimate physical processes and chemical processes, but also physiological processes of the biological world and other processes. The wind-tunnel experiment of aircraft, for example, places the aircraft model in a wind tunnel and blows air at high speed; this simulates the mechanical and thermal physical processes in the flight of the aircraft. In order to examine the natural conditions of the onset of human tracheitis, monkeys were taken as the experimental model, placed in a sealed chamber, and subjected to low temperature and smoke fumigation. After a period of time, pathological morphological examination of the monkeys confirmed that the animal model did indeed develop tracheitis lesions. By extrapolation from this, the conclusion was drawn that low temperature and smoke are also causes of human tracheitis. In the above experiment, low temperature is the simulation of a certain physical process, smoke fumigation is the simulation of a chemical process, and the process of onset of tracheitis is the simulation of a certain physiological process. Battle simulation, military exercises, and range tests in military affairs all belong to physical simulation. To carry out battle simulation is to use such technical means as sand tables, maps, three-dimensional terrain boards, markers, and kill-probability equations to simulate the battle procedure according to given rules and data conditions. The commanders and staff of the two sides in the battle, in separate operations rooms, carry out tactical maneuvers according to the requirements of actual combat. The exercise umpires, in a specially controlled room, combine the pair of tactics of the two sides into one situation and feed it to the operations rooms of the two sides, and the two combatants then begin new tactical countermeasures according to the new situation. In this way the entire battle process is gradually deduced. Battle simulation technology in essence supplies an “operations laboratory.” In this laboratory, by simulating the operational environment, one can test the merits and demerits of battle tactics, evaluate the functions of weapon systems, and inspire new battle thinking. Because physical simulation must satisfy the conditions of similarity of natural processes, and because building the model costs a certain amount of manpower and material resources and the method of measuring unknown quantities has inaccuracy, the scope of application of physical simulation has certain limitations.


	Mathematical simulation



This is an experimental method based on the similarity in mathematical form of certain processes between the model and the prototype. Any two natural processes that differ in essence can be studied by the method of mathematical simulation as long as the laws they obey take the same form in mathematical equations. For example, when the thermal conductivity coefficient R of an object is constant, the source-free steady temperature distribution is Δμ = 0; the equation of the hydraulic head h in fluid mechanics is Δh = 0; and in a source-free electrostatic field, the electrostatic field equation characterizing the distribution of the electric potential V is ΔV = 0. The natural processes they represent are different, but their mathematical forms are the same; all are elliptic partial differential equations, also called Laplace equations. We can therefore use the one that is easier to examine to simulate the others for study. Doing so reduces the complexity of the examination and makes it easy to obtain better research results. With the appearance of the electronic computer, people convert the various factors of certain natural processes into mathematical language, making them into mathematical models, and then simulate the process by electronic computer. This raises the method of simulation to a new level. In the mathematical simulation of the battle process of an anti-aircraft missile system, for example, in order to choose the best deployment plan for anti-aircraft missiles, a certain mathematical model can be formed according to different battle situations. Modern anti-air-raid combat is a fairly complex process, generally containing a great many interwoven random factors. Therefore, a random statistical model can be used and, after simulating its course of progress by electronic computer, the correct result can be obtained rapidly and effectively. Mathematical simulation is a simulation of formal abstraction, and its correctness depends on the precision of the mathematical model and the completeness of the input information.


	Functional simulation



In living things and machines and even in other fields, similarities of function and behavior universally exist. The method of imitating the prototype with a model on the basis of similarity of function and behavior is called the method of functional simulation. The method of functional simulation is a simulation of abstraction in content. The method of functional simulation played a great role in the founding of cybernetics and became one of its points of departure.

The various methods of simulation are not sharply separated either. In actual simulation experiments, the various simulations are often mixed in application, forming comprehensive simulation. Examples are physical-mathematical simulation and mathematical-functional simulation. In recent years, systems simulation technology has connected in series part of the real objects with other simulation equipment, forming a comprehensive physical-mathematical-functional simulation. The method of simulation plays an ever more important role in people’s study of nature.



III. How to Apply the Method of Experiment Correctly


	The basic principles of the method of observation are equally applicable in the method of experiment and must be followed. Since scientific experiment is in essence the creation of more favorable conditions of observation and the obtaining of perceptual scientific material that scientific observation cannot obtain, it must, like observation, follow the basic principles of objectivity, comprehensiveness, systematic character, and dialectical character, and there must be detailed and accurate experimental records and the necessary repeatability.


	Scientific experiment must be guided by certain scientific theories or hypotheses, carry out the experimental design carefully and ingeniously, and attend to the selection of experimental apparatus such as instruments, equipment, and reagents. Before the experiment, carrying out a preliminary experiment is an indispensable link. These requirements, summed up, are that great importance be attached to the theoretical preparation, the material preparation, and the procedural preparation of the experiment. They are important premises bearing directly on the success or failure of the experiment.


	Throughout the whole experimental process, one must always take care to handle well the relation between experimental activity and theoretical thinking. Scientific experiment is a process that unifies the subjective and the objective, theory and practice. In it, one needs both meticulous operation and fine, earnest observation, and also needs to rack one’s brains and actively engage in theoretical thinking. Only those who are diligent in operation and observation and also diligent in reflection can obtain outstanding research results. For example, before 1932 people only knew of using α particles and protons as “shells” for bombarding atomic nuclei, but because they carry positive charge the effect was far from ideal. After Chadwick reported the discovery of the neutron in 1932, Fermi, who was good at reflection, immediately thought that using this uncharged neutron as the “shell” bombarding atomic nuclei would be more ideal. This idea led to the success of the 1939 experiment of bombarding the uranium nucleus with neutrons and to the discovery of the phenomenon of nuclear fission. This example vividly embodies the important role of rational thinking in the method of experiment. Of course, rational thinking must be closely combined with such basic functions of scientific experiment as accurate and faultless operation, earnest and meticulous observation, and detailed and truthful recording before it can play its role better.


	One must evaluate and handle experimental results prudently and objectively. The degree of reliability of any experiment is only with respect to the conditions under which the experiment was carried out. Therefore, one must on no account inject subjective factors into the experimental results, nor arbitrarily exaggerate the experimental results beyond their scope; only by explaining and evaluating calmly and objectively can one stand on invincible ground. In the history of medicine, for example, in the evaluation of the results of animal experiments there once existed a tendency toward simple inference and artificial exaggeration. Because the consistency of humans and animals was inappropriately overemphasized, the results obtained from animal experiments were mechanically extrapolated to the clinic, with the result that many errors and accidents occurred, and even irretrievable losses were caused; lessons of this kind we must earnestly draw.






IV. The Role of the Method of Experiment in Scientific Research

The method of experiment, as an important empirical method, plays in scientific research a role similar to that of the method of observation: namely examining the objective object, capturing natural information, collecting sufficiently reliable perceptual factual material, and providing a solid “material basis” for the formation of theory and the making of discoveries. But because the method of experiment, compared with observation, has its own characteristics, the role it plays in natural-scientific research is also beyond comparison with that of the ordinary method of observation.


	Because the method of experiment is carried out under strictly artificial control of conditions and with artificial transformation of the object of study, it can supply scientific research work with more systematic, more typical, and more precise perceptual factual material. In experiment, people’s subjective initiative can be given fuller play, and so there are more opportunities to collect new facts and to expose the essence and lawfulness of natural phenomena. It may be said that, as regards the function of collecting perceptual factual material, the role of the method of experiment is wider, deeper, fuller, and more effective than that of the method of observation.


	In verifying scientific hypotheses and testing scientific cognition, the method of experiment is more active, more timely, and more effective than the method of observation. As one of the basic practical activities in scientific research, it not only has the character of universality and direct actuality and performs its function of testing truth, but can also give more play to people’s creative spirit and more fully embody people’s requirements of purpose. For some scientific hypotheses, as soon as they are put forward, someone at once designs the relevant experiments to verify them, which greatly speeds up the cycle by which scientific hypotheses are transformed into scientific theories.


	The method of experiment can simulate and reproduce natural processes that humans cannot experience personally or that are difficult for humans to use, and can even create certain processes or objects that do not exist in nature itself, to be examined and used. For this very reason, it is easier than the method of observation to discover new phenomena, new facts, and new laws, supplies extremely favorable conditions for scientific discovery and invention, and also supplies a powerful means for the emergence of new disciplines and new fields. Since the birth of experimental science, natural science has developed rapidly, which is obviously connected with the innovative function of the method of experiment.




Besides the general domain of natural science, the method of experiment also has an important and extensive role in military affairs, and the method of simulation experiment in particular has outstanding significance. For example, in the research and development of conventional weapons and military equipment, people often use the direct method of experiment to test their military performance, supplying an objective basis for revising designs and improving performance. For some large and complex weapons and equipment, and especially for the study of strategy and tactics, the method of simulation experiment is universally adopted. For example, in aircraft research and development, people have built different wind tunnels according to different aims: large wind tunnels were built in order to improve the take-off, landing, handling, and maneuvering performance of high-speed aircraft; supersonic wind tunnels were built in order to study the performance of supersonic aircraft and missiles; hypersonic wind tunnels were built in order to study the reentry problems of warheads, satellites, spacecraft, and aerospace planes; and so on. In addition, battle simulation, military exercises, and range tests in military affairs are all concrete applications of the method of physical simulation. The commonly used battle-simulation techniques include several types: manual battle simulation, computer-aided battle simulation, computerized battle simulation, and military exercises. Many of these tactical simulation techniques in fact make tactical research “laboratory-based.” Since the 1950s, the United States, the Soviet Union, NATO, and Israel, among others, have all attached considerable importance to the study and application of tactical simulation techniques. Israel’s combat plans in the successive Middle East wars, and even the combat plan for the 1976 surprise raid on Entebbe airport in Uganda to seize the Israeli hostages, were all rigorously tested in advance by battle-simulation techniques. At present, operational experiments using tactical simulation techniques are still in a process of constant development.

Marx pointed out: “Research must appropriate the material in full, analyze its various forms of development, and trace out the inner connection of these forms. Only after this work is completed can the real movement be appropriately narrated.”9 The method of observation and the method of experiment introduced above are empirical methods indispensable for collecting and possessing material. At the same time, they also, to varying degrees, combine such functions as arriving at scientific discoveries and verifying scientific hypotheses, and have an important role in technological development and in the military field. Their limitation lies in the fact that their scope of application is restricted by such factors as the conditions of research, the object of study, and the level of development of the existing means of observation and experiment. Therefore, in the practice of scientific research, attention must be paid to the combined application of observation, experiment, and other methods. Otherwise, relying on observation and experiment alone to collect a great many facts, the level of cognition can only remain at the stage of perceptual cognition, and scientific theory cannot be formed.




Section 3 Chance Opportunities in Observation and Experiment


I. Chance Opportunities, Their Roots and Role


	What is a chance opportunity



A chance opportunity (jiyu) refers to accidental or unexpected discoveries that people obtain in observation and experiment, and which thereby lead to new breakthroughs in scientific and technical or theoretical research. In the history of science, the new discoveries, new inventions, and new technologies brought about by chance opportunities are too many to enumerate. For example, in 1895 Röntgen, while conducting a high-vacuum discharge experiment, accidentally discovered an unknown ray that penetrated black paper and excited barium platinocyanide to fluoresce, which led to the discovery of X-rays. In ancient China, people accidentally invented gunpowder in the course of “alchemy.” The Italian anatomist Galvani, in an experiment dissecting a frog, unexpectedly discovered electric current. These cases reflect that chance opportunities exist objectively and have important significance for scientific research and technological development.

Accidentality and unexpectedness are the outstanding characteristics of chance opportunities. By ordinary rule, the scientific practical activities of observation and experiment that people engage in are conduct with a certain purposiveness. This purposiveness makes observation and experiment proceed in a certain direction, and people hope to obtain anticipated results. But the various objective things in nature all contain many complex internal and external factors, and these factors are in constant development and change. People under each concrete historical condition always have limited cognition of the objective things of nature, and so in the process of people’s cognition of the objective things of nature it is unavoidable to meet certain unexpected accidental phenomena. Among these, most accidents lead to failure and a few turn toward success. The chance opportunities in observation and experiment belong to the latter kind of accidental phenomena. In this sense, a chance opportunity refers to those accidental phenomena encountered by people in scientific experiment that can inspire people’s thinking and enable them to obtain scientific results.


	The roots from which chance opportunities arise



The arising of chance opportunities has its objectivity. The occurrence of a chance opportunity is an accidental phenomenon in the material motion of nature, but this accidental phenomenon is built on the basis of the objective lawfulness of material motion, and is itself the result of objective material activity. Therefore the objective conditions for the arising of chance opportunities are already possessed within the scope of scientific practice, and their arising is governed by the objective laws of material motion. Hence chance opportunities are not products of people’s imagination at will.

The arising of chance opportunities also has subjective factors. Chance opportunities arise in a process of practice that combines the subjective and the objective. If a chance opportunity were merely a material activity unrelated to people’s cognition, then such material activity could not be called a chance opportunity. A chance opportunity is relative to scientific prediction. Generally speaking, scientific prediction reflects the necessity of cognition, whereas a chance opportunity reflects the accidentality in the process of people’s cognition. A chance opportunity is a material activity that people have failed to predict, and is due to the limitations of people’s subjective factors. In this sense, as the famous scientist Laplace said: chance is the expression of human ignorance. Hence it may also be said that chance opportunities have certain subjective factors.

Through the above analysis it can be seen that chance opportunities are not mysterious and unfathomable phenomena. Their root lies in the dialectical relation of necessity and accidentality in the process of the origination and development of things; or, one may say, a chance opportunity is in fact something of necessity that shows itself in accidental and unexpected form.


	The role of chance opportunities in scientific research



The role of chance opportunities in scientific research is broadly of two kinds.

The first is that a chance opportunity can become the forerunner of the development of scientific theory, breaking through the old theoretical system to become a new starting point of scientific research. The discovery of X-rays mentioned above, for example, attracted a great many scientists to devote themselves to the study of radioactive phenomena, gradually opened the door to the atomic world, and formed the emerging discipline of high-energy physics. People call the discovery of X-rays, this important chance opportunity, the “trailblazer” of modern science, and it is indeed worthy of the name.

The second is that a chance opportunity can supply clues for natural-scientific and technical inventions, and then give rise to major discoveries and creations in science and technology and in production technology. For example, in 1819 the Danish physicist Oersted unexpectedly discovered in an experiment that a current-carrying conductor caused a change in the pointing of a magnetic needle. He held on to this clue without letting go, and after more than sixty new experiments finally revealed the magnetic effect of electric current, proving that electricity can produce magnetism. Afterwards, through the in-depth study of Ampère, Faraday, and others, it was proved that not only can electricity produce magnetism, but magnetism can also produce electricity, thereby making the practical application of the electromagnetic effect possible.

It should be pointed out that in the above two cases the chance opportunity plays only the role of supplying an opportunity, while further exploration and the formation of theory no longer belong to the scope of the chance opportunity. To put it figuratively, a chance opportunity is only equivalent to the fuse of a bomb; the real explosive power lies not in the fuse but in the explosive. The value of a chance opportunity cannot be separated from continued, penetrating, and arduous research.



II. Types of Chance Opportunities

Chance opportunities can appear in many fields, and their forms of manifestation are also of many types. According to the relation between people’s direction of research in scientific activity and the result produced by the appearance of the chance opportunity, chance opportunities can be divided into four types.


	Co-directional chance opportunities



The result produced by this type of chance opportunity is consistent with people’s direction of research. In a co-directional chance opportunity, the aim of people’s scientific practice is clear, but because it is impossible to have every step of the concrete process clear, the occasion, timing, and manner in which the aim is realized are unexpected. For example, in 1823 someone invented a raincoat coated with rubber, but this raincoat became sticky like glue in hot weather and hard like rawhide in cold weather. People hoped to improve the properties of rubber so that it might serve people better. In 1839 the American inventor Goodyear, in an experiment on improving the properties of rubber, carelessly dropped rubber and sulfur onto a stove hot enough to burn the hand. He hurried to scrape it off with a tool, and unexpectedly found that this heated mixture, though hot, was not sticky. He immediately did the same experiment again and found that when an appropriate amount of sulfur was added to raw rubber, the rubber obtained after heating was always soft and highly elastic. This chance opportunity led Goodyear to invent the technique of rubber vulcanization and improved the working properties of rubber. This kind of purposeful seeking and unconscious finding is just what is meant by “having worn out iron shoes in vain searching, it comes without any effort at all.”


	Analogous-directional chance opportunities



The result produced by this type of chance opportunity deviates from people’s direction of research but still belongs to the same field and has a certain relatedness. The invention of radar is just such a case. In 1922, Taylor and Young of the United States Naval Research Laboratory, while conducting radio communication experiments on the two banks of the Anacostia River, heard from the earphones telegraph signals with abnormal variations in strength. Taylor was annoyed; he shut off the apparatus and went for a walk by the riverside, where he happened to see the ships passing on the river, and it occurred to him whether the reflection of electromagnetic waves by the ships might have caused this phenomenon. So he switched the apparatus on again and listened consciously, and the results of the test confirmed his view. In 1930, Hyland, another researcher of the Naval Research Laboratory, while testing the navigation equipment of an aircraft, happened to have a flight path lying between the navigation station and the aircraft, and as a result Hyland unexpectedly discovered, from the interfering effect of the aircraft on radio waves, that electromagnetic waves could detect aircraft. Through the efforts of Taylor, Young, Hyland, and others, in 1932 the United States built its own first radar.


	Divergent-directional chance opportunities



The result produced by a divergent-directional chance opportunity has little connection with people’s original direction of research and is wholly unrelated to the aim of people’s observation and experiment. One originally sets out to look for some anticipated phenomenon, but the result is the discovery of an entirely different phenomenon. In 1896 [sic; Schönbein’s discovery of guncotton dates from 1845–46] the Swiss chemist Schönbein, while doing experiments on chemical synthesis of macromolecules in the kitchen, carelessly spilled some mixed solution of sulfuric and nitric acids; after he wiped it up with his cotton apron and dried it over a fire, it was burned up completely, and without heavy smoke. Schönbein at once realized the power of this compound, and from this invented smokeless powder, supplying a material basis for the development of blasting technology.


	Contrary-directional chance opportunities



The result produced by this type of chance opportunity has a close connection with people’s original direction of research, but it is a negative relation. The result produced by the chance opportunity is contrary to people’s aim; it often makes those who firmly believed in the original prediction find it hard to believe, but it has profound significance for the development of science. For it shows that people’s original prediction was mistaken. The appearance of a contrary-directional chance opportunity promptly corrects the direction of people’s cognition, making it develop toward the correct goal. In 1896, H. Poincaré put forward in a report that possibly all fluorescent substances emit X-rays after being irradiated by sunlight. The French physicist Becquerel adopted this idea of Poincaré’s. In his experiment to prove Poincaré’s idea, he placed uranium salt irradiated by sunlight together with a photographic plate wrapped in black paper; although the plate had not been directly irradiated by light, the result of development showed that the plate had been exposed. This result seemed to support the claim that X-rays are related to fluorescent substances. But an accidental chance overturned this proof. Becquerel happened to meet with several days of overcast and rain, and he put away together some uranium salt not irradiated by sunlight and a plate wrapped in black paper; when it was later developed, the plate was found to have been exposed all the same. After repeated experiments it was proved that X-rays have nothing to do with whether fluorescent substances are irradiated by the sun. The result of this chance opportunity not only negated Poincaré’s claim but also discovered natural radioactivity, and brought people’s cognition back onto the correct track.



III. Conditions for Catching Chance Opportunities

A great many facts in the history of science show that people’s capacities for catching chance opportunities differ greatly. Some people will recognize a chance opportunity, seize it without letting go, and through in-depth research obtain major gains; others, faced with a chance opportunity, remain unmoved, and the result is that they let a good opportunity slip away and are left full of regret. This shows that recognizing and catching a chance opportunity requires certain conditions. Pasteur’s famous saying expresses the truth of the matter: “In the fields of observation, chance favors only the prepared mind.”10 Generally speaking, recognizing and catching chance opportunities should be based on the following subjective conditions:


	Keen insight



Some people in observation and experiment often do not notice or consider the unexpected, and thus unconsciously lose the good opportunity of an accident. This is precisely a manifestation of lack of insight. It also shows that to recognize an unanticipated new fact, even when this new fact is already quite obvious, is often exceptionally difficult. Therefore we must pay attention to cultivating the quality of keeping the unexpected always in mind, and to forming the habit of earnestly scrutinizing every clue supplied by the unexpected, making “attend to the unexpected and see its important significance” our own motto. Related to this, one must also possess a fine and rigorous good style of work; only so can one perceive subtle but meaningful accidental phenomena among complex natural things. It is recorded that Galvani’s discovery of electric current was because he paid great attention to the brief change, fleeting and gone in an instant, that the contraction of the nerve of a frog’s leg, discovered by chance, was accompanied by the discharge of an electrostatic machine, and perceived its important significance. He therefore concentrated on research at once, making him the first person in the world to discover electric current.


	A high capacity for judgment



To pay close attention to the minor details in which great nature departs from the routine, and to make correct judgments in good time and resolutely throw oneself into research — this talent is a quality common to many famous scientists. Fleming, the discoverer of penicillin, is a typical representative. He was once carrying out staphylococcus plate-culture experiments in a shabby room easily contaminated by stray bacteria, and unexpectedly discovered that the staphylococci around the colony of a certain stray bacterium had been “killed.” At that time many bacteriologists were used to seeing this phenomenon and thought nothing of it. But Fleming judged that the matter was worth in-depth research, and from this came the discovery of penicillin. The key reason Fleming could here “turn misfortune into blessing” was that he did not blindly follow the established views of others, but thought deeply, judged independently, recognized the chance opportunity, and researched it in depth.


	Scientific imagination



Many scientific discoveries resulting from chance opportunities are attributable, to a great extent, to the stimulation that imagination gave the scientists. When they met with chance opportunities in observation and experiment, they used the ladder of imagination to move toward a higher stage of creative research. Chance opportunities always supply people with unknown information in peculiar ways, which is undoubtedly hard to accept for people whose thinking is rigid and who follow old prejudices. Only those with critical minds and rich imagination can break free of the bonds of traditional conceptions and use chance opportunities to make discoveries, make inventions, make creations, and advance. Beveridge put it well: “New knowledge often originates in some unexpected observation or chance phenomenon in the course of research. … To be able to interpret a clue and recognize its possible significance requires knowledge not bound by fixed ideas, imagination, scientific taste, and the habit of thinking about all unexplained observed phenomena.”11


	Rich knowledge and experience



Catching chance opportunities depends both on methods of thought and capacity for thinking, and on having in the brain a sufficient store of knowledge and experience. A chance opportunity, as an accidental phenomenon, is unforeseeable as to when, where, and in what manner it will appear and what natural information it will reveal. If one has broad knowledge and rich experience as a basis, it is possible to catch chance opportunities over a wider range. People with rich knowledge can analyze the connections supplied by accidental phenomena from every side, and see things more comprehensively and objectively; they catch chance opportunities and achieve scientific results more readily than people who have only some single body of knowledge and little experience. In 1609 an apprentice of a lens-grinder in Holland, while playing with lenses, accidentally discovered that if two lenses were pulled apart a certain distance and one looked at things through them, distant objects appeared as if before one’s eyes. But he had little scientific knowledge and could not understand the profound significance of this discovery. Yet when Galileo got news of this accidental discovery, relying on his broad learning and rich experience he at once realized the great significance of this discovery. He built a telescope with a magnification of 30 times and extended his field of vision to many unknown domains of the universe, promoting great development of astronomy.

Finally, it must also be pointed out that chance opportunities always show themselves in the process of practice. Therefore, only by going deep into reality and being bold in practice, up to the point of consciously creating special conditions and special environments, can the frequency with which chance opportunities appear and the possibility of catching them be raised.



IV. Treating Chance Opportunities in Observation and Experiment Correctly

In certain materials chance opportunities are often told of as very marvelous; some also hold that in the face of chance opportunities people can only be passive, or even deny the existence of chance opportunities altogether. Both of these views reflect the lack of an objective and correct understanding of chance opportunities. That chance opportunities have an important role in scientific practice cannot be denied. But if the role of chance opportunities is exaggerated to an undue degree, it will inevitably lead to blind worship of accidentality and to pinning the success of scientific research on luck. This is a foolish act of the “stand by the stump waiting for a hare” type, treating accidentality as necessity, and is a form of manifestation of idealist indeterminism. In fact, when people carry out scientific practical activity they must have a solid subjective and objective foundation. People can make use of chance opportunities, but cannot depend on chance opportunities. If scientific research has no firm foundation and diligent labor, attempting to wait for the bounty of nature will hardly succeed. There is also another erroneous tendency that denies the role of chance opportunities in cognition and holds that everything develops according to fixed patterns, which likewise hinders the exercise of people’s cognitive initiative. Failing to recognize the role of chance opportunities correctly, one cannot make use of chance opportunities in time to achieve results. Denying accidentality in the process of cognition, one likewise cannot come to know necessity from accidentality. This tendency is in fact a manifestation of metaphysical mechanical determinism. In scientific practical activity we must insist on the dialectical-materialist theory of knowledge, oppose idealism and metaphysics, treat chance opportunities correctly, make rational use of chance opportunities, and reveal more of nature’s secrets.
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Chapter 4 Methods of Rational Thinking

The methods of rational thinking are an important group of methods in natural-scientific research. They include scientific abstraction, logical methods, and the construction of hypotheses and theories, and so on. The true task of all scientific cognition is to arrive at rational cognition through perceptual cognition and then to guide practice. Therefore the methods of rational thinking are scientific methods to which every natural scientist must attach great importance and which he must apply skillfully. This chapter introduces, one by one, the content, characteristics, role, and mutual relations of the various basic methods of rational thinking.


Section 1 Scientific Abstraction

The so-called scientific abstraction generally refers to the thought process and method of seeing through phenomena, penetrating to the inner layers, and extracting the essence. Concretely speaking, it is that, on the basis of practice, people carry out scientific reworking and processing of rich and actual perceptual material, forming such forms of thought as concepts, which reflect the essence and laws of things. Scientific abstraction is the necessary road from experience to theory and occupies an important position in natural-scientific research.


I. The General Process of Scientific Abstraction

Dialectical materialism holds that the process of development from perceptual cognition to rational cognition is also the process in which thought goes from the perceptual concrete to the abstract in thought, and again rises from the abstract in thought to the concrete in thought.

[Diagram, book p. 286: a flow chart in two dashed boxes. The left box, “Perceptual cognition,” contains “the perceptual concrete.” The right box, “Rational cognition,” contains “the abstract in thought,” followed by an arrow to “the concrete in thought,” with the note “(unity of diversity)” beneath. An arrow runs from “the perceptual concrete” to “the abstract in thought,” and a further arrow from “the abstract in thought” to “the concrete in thought.”]

Human cognition moves in the form of the opposition of the two poles of the concrete and the abstract. From the perceptual concrete to the concrete in thought there are two great processes of abstraction: the first abstraction brings the perceptual concrete to the abstract determinations in thought; the second abstraction again makes the abstract determinations in thought rise to the concrete in thought. These two abstractions are in fact one continuous and complete process of “discarding the coarse and retaining the fine, discarding the false and retaining the true, proceeding from one thing to another, from the outside to the inside.” “Discarding the coarse and retaining the fine, discarding the false and retaining the true” speaks of the verification, selection, organization, and processing of empirical material; “proceeding from one thing to another, from the outside to the inside” speaks of the work of reworking through which the inner connections among the empirical material are found and, progressively deepening, an essential cognition is obtained. The organic unity of the above links is the general process of scientific abstraction.


	The perceptual concrete refers to the reflection in the human brain of the external unified whole of the object



The perceptual concrete is the presentation (biaoxiang) of the object as a whole that people obtain through the sense organs, and is a reflection of the external characteristics of the object and their connections. The advantage of the perceptual concrete is that it comes directly from objective reality through the sense organs and possesses actuality and directness and reliability. But it is “only a chaotic conception of the whole,”1 reflecting only the external characteristics and connections of the object, without revealing the essence and internal connections of the object. For example, before people had understood the laws of motion of the celestial bodies, although in everyday life they had long since perceived the concrete phenomena of the rising and setting of the sun and the alternation of day and night, this cognition was general and vague. Again, before people had truly understood the concept of the derivative, although they had already sensed that the problem of instantaneous rate of change universally exists in nature, as in the flash of a meteor, the flight of a cannonball, and the motion of a freely falling body, this sensation was extremely superficial and chaotic. Therefore, although the perceptual concrete is the starting point of cognition, in order to obtain true cognition one must rise from the “perceptual concrete” to “abstract determinations,” that is, abstract from a great quantity of perceptual material the determinations of the various attributes of things. This ascent has its objective basis. Because the perceptual concrete itself already contains contradictions: it is concrete, but within the concrete there is abstraction (generality, vagueness); it is perceptual, but within the perceptual there is reason (it manifests itself as presentation, and within the presentation essence and laws lie latent). In sum, the perceptual concrete already contains within it all the content of later development, and so it needs to be developed and deepened.


	The abstract in thought refers to the reflection in thought of the essences (factors, attributes, relations) of the various aspects of the object as abstracted separately



The abstract in thought is abstracted from the perceptual concrete. Through the analytic activity of thought, it decomposes the whole into its parts, removes from them the accidental and nonessential, extracts the necessary and essential, and obtains abstract determinations that separately generalize the essences of the various aspects of a concrete thing. At the stage of the abstract in thought, what rational cognition reflects is fixed, single, undifferentiated determinateness; at this time “thought proceeds as the analytic understanding, and the law of knowledge is identity” (Hegel). This shows that at the stage of the abstract in thought the method of thinking is the method of analysis, and the law of thinking is formal logic. The abstract in thought has a dual character: on the one hand it has already penetrated into the interior of things and reflects the essence of things; but on the other hand, with respect to the objective thing as a whole, what it reflects is the static, abstract unity of the thing, which is impure and incomplete. Therefore it must further develop toward the “concrete in thought.”


	The concrete in thought refers to the reflection in thought of the object as a unified whole of its various determinations



Marx pointed out that the development of thought must pass along two opposite roads. On the first road, one goes from the concrete in presentation to ever thinner abstractions, until one reaches some of the simplest determinations; at this point the full presentation has evaporated into abstract determinations. Then the course of thought turns back from the abstract determinations and begins to take the second road. On the second road, the abstract determinations, through the synthesis of thought, lead to the reproduction of the concrete; this is the concrete in thought. “The concrete is concrete because it is the concentration of many determinations, hence unity of the diverse. It appears in the process of thinking, therefore, as a process of concentration, as a result.”2 It can be seen that the concrete in thought is, on the one hand, different from the perceptual concrete: it has already penetrated into the interior of things and overcome the superficiality and vagueness of the perceptual concrete; on the other hand, it also differs in quality from the abstract in thought: it is not an isolated cognition of the quality of some aspect of a thing, but a comprehensive and profound cognition of the thing. Although the concrete in thought is composed directly of abstract determinations, this composition is not a mechanical addition but an organic unity. What occurs here is not merely quantitative change but also qualitative change. After synthesis, the opposed sides of the contradictions in abstract cognition are unified, forming a contradictory unity of diversity, so that the abstract determinations undergo a qualitative change and are transformed into their own opposite — the concrete in thought. In this way the one-sidedness, isolation, and static character of the various abstract determinations are overcome, and objective things can be reflected more deeply, more comprehensively, and more completely. Therefore, the concrete in thought is the higher stage of rational cognition, and only through it can human thought reflect, in infinite approximation, all aspects and all connections of objective things.

For example, people refined the mathematical relation dy/dx from instantaneous change. This cognition of the laws of instantaneous change already belongs to the concrete in thought. It embodies a unity of diversity. Considered from the quantitative relation, dy and dx are a unity of zero and nonzero; considered from the scope of application, it is applicable both to the general and to the individual, a unity of opposites of the general and the individual; considered from the standpoint of revealing the characteristics of motion, it is a unity of opposites of motion and rest, continuity and discontinuity. In sum, the instantaneous rate of change is a unity of diversity, a concrete reproduction in people’s thought of the instantaneous rate of change of objective things.

The theory of knowledge of dialectical materialism is a theory of practice, holding that human cognition is in the final analysis determined by the development of practice. To whatever level practice develops, to the corresponding level human cognition can attain. Engels said: “We can only know under the conditions of our epoch and as far as these conditions allow.”3 Therefore human cognition can forever have only relative truth and can only approach the object infinitely. In this sense, the concrete in thought can likewise only be an approximate reflection of objective things, and it too is necessarily constantly developing and advancing. Under different historical conditions and on different practical foundations, the concrete in thought will also present different levels of development.

In the process of scientific abstraction, the passage from the perceptual concrete — the abstract in thought — the concrete in thought is a process of negation of the negation. In the end the concrete in thought seems to be a return to the perceptual concrete, but it is an advance on a higher foundation, a spiral-ascending motion of human cognition. It is precisely through scientific abstraction that people’s cognition “reflects nature more deeply, more correctly, more completely.”4



II. Scientific Concepts

A concept is a form of thought that reflects the essential attributes of an object. The results of scientific cognition are all summed up and generalized through concepts, and natural science is no exception. In natural-scientific research, people, through practice, set aside the nonessential attributes among the many attributes of an object, extract the essential attributes, and generalize them into concepts. At the stage of concept formation, people’s cognition has already risen from perceptual cognition to rational cognition and grasped the essence of things. Therefore the formation of all scientific concepts is the result of scientific abstraction on the basis of practice. This is just as Comrade Mao Zedong pointed out: “The concept is no longer the phenomena of things, not their separate aspects, not their external connections, but grasps the essence of things, the totality of things, their internal connections.”5

Practice is not only the source that produces concepts but also the criterion for testing whether the intension and extension of concepts are appropriate; the constant deepening and development of practice will cause concepts to be constantly supplemented and corrected. The arising and development of such concepts as atom, elementary particle, information, feedback, field, and energy are all so.

But concepts are likewise the result of a series of scientific abstractions. Only through scientific abstraction can secondary or nonessential attributes be set aside, and thereby the various concepts reflecting the essential attributes be generalized.

Every concept in itself contains a unity of opposites. This is just as Hegel said: “Contradictory thinking is the essential element of the concept.”6 It is precisely because concepts contain complex and manifold contradictions that the dialectical nature inherent in concepts is determined.

First, the concept is a unity of opposites of objectivity and subjectivity. To begin with, the source and content of the concept are objective. Next, the process of development of the concept is one of ever more deeply revealing the essence of things, constantly approaching objective fact.

The concept has subjectivity. The concept is a form produced by people in the activity of thinking and cognition, something that is objective as regards the subjective. The formation of a scientific concept signifies a qualitative transformation in cognition, and this transformation is often accompanied by the disappearance of concreteness. Therefore the concept itself belongs to human consciousness and is something subjective.

Second, the concept is a unity of opposites of universality and particularity. The concept, as a form of thought, reflects the common essence of things and therefore has universality. But the essence that the concept reveals is again generalized from a great many individual phenomena; it reflects the essence and laws in the various individual things, and therefore also has individuality.

Third, the concept is a dialectical unity of intension and extension. Every concept has the two aspects of intension and extension. Extension refers to the scope of the objects that the concept reflects. Intension refers to the sum of the common attributes of all the things within the scope to which the concept applies. Formal logic reveals the law that extension and intension are inversely proportional. Dialectical logic further points out that the extension of a concept mainly reflects quantity while the intension mainly reflects quality, thereby revealing the relation of unity of opposites of quality and quantity between intension and extension.

Fourth, the concept is a unity of opposites of flexibility and determinateness. The determinateness of a concept means that the concept has relative stability and invariability under certain conditions. The flexibility of a concept means that “concepts are not immobile, but are — in themselves, by their nature = transition — eternally in motion, transforming into one another, flowing over into one another; otherwise they do not reflect living life.”7 The flexibility of a concept is the flexibility of a unity of opposites, and the flexibility of a concept is also embodied in the fluidity of the concept itself.

Besides this, the concept also manifests other characteristics, such as the unity of opposites of abstract and concrete, and of content and form.

The scientific concept, as a form of thought, plays an important role in human cognitive activity. It is not only the result of scientific abstraction and the crystallization of the fruits of cognition, but also the starting point and cell of thought. All of people’s scientific cognition must proceed with the aid of concepts, and the results of people’s scientific cognition are expressed as systems of concepts. Therefore scientific concepts have an extremely important role in scientific cognition and development. Lenin said: “The results of natural science are concepts.”8 The principles, theorems, laws, or regularities in each science are all summed up with the relevant scientific concepts, and a complete system of scientific theory is composed of three things: concepts, the basic laws (judgments) corresponding to these concepts, and the conclusions obtained by logical inference. On this, Einstein said: “The aim of science is, on the one hand, a comprehension, as complete as possible, of the connection between the sense experiences in their totality, and, on the other hand, the accomplishment of this aim by the use of a minimum of primary concepts and relations. … One creates a system comprising a small number of concepts and relations, in which the primary concepts and primary relations of the first layer are preserved as logically introduced concepts and derived relations. This new second-order system, because it has its own basic concepts (concepts of the second layer), has a higher logical unity, but this is at the cost of those basic concepts no longer being directly connected with the complexes of sense experience. The further pursuit of logical unity brings us to the third-order system. …”9 This shows that a rigorous scientific system is formed with concepts as its “cells,” and it has ever higher levels, which in the final analysis is closely related to a series of scientific abstractions.

Since scientific concepts are the “cells” that constitute the scientific system, the development of scientific concepts is of extremely important significance for the development of science. It is concretely manifested in the following several circumstances:


	Distinguishing confused concepts promotes the development of science. For example, Galileo’s distinction between the concepts of velocity and acceleration laid the foundation for dynamics.


	Replacing erroneous concepts with correct ones promotes the deepening of scientific research. For example, Lavoisier replaced the concept of “phlogiston” with “oxidation.”


	Introducing new concepts in the face of new facts makes theory undergo major development. For example, the introduction of such concepts as the “quantum” and the “gene” was of extreme significance for the development of scientific theory.


	The mutual interpenetration of the concepts of the various sciences forms many marginal disciplines. For example, the interpenetration and transplantation of the concepts of quantum mechanics into biology opened up the new field of quantum biology.




In sum, scientific concepts play an extremely important role in the formation and development of science.



III. The Method of Idealization

In scientific abstraction there is a commonly used and very important method, namely the method of idealization. The so-called method of idealization is the method in which, in thought, the interference of secondary factors is completely excluded and the object of study is placed under ideal, pure conditions to be studied. It is conducive to highlighting the principal contradictions of things and completely excluding the interference of secondary factors, so that the relations among things are greatly simplified and purified, whereby the power of logic and the role of mathematical tools can be better brought into play, and the inner lawfulness of objective things effectively explored.

The method of idealization includes: establishing ideal models and designing ideal experiments.


	Ideal models



An ideal model is an ideal object which people, using thought, highly simplify and purify from the object in ideal form, and use to explore the essential characteristics and laws of change of objective things. The “mass point,” “rigid body,” and “absolute black body” in physics, the “model cell” in biology, the “point, line, and plane” in mathematics, and so on, all have the nature of ideal models.

The main reason people establish ideal models is the complexity of real objects. The relatively complex objects in nature all have countless characteristics of diversity, inexhaustible levels, connections of the essential and the nonessential, the interweaving of the accidental and the necessary, the mutual interpenetration of the various internal and external interactions, and so on. In order to facilitate the study of complex objects, people adopt the method of the ideal model, and, through a high degree of scientific abstraction, first make the object purified and idealized. For example, in studying the flight of a shell in military science, as a first-order approximation its rotational motion can be ignored and the shell idealized as a “mass point”; as a second-order approximation its elasticity can be ignored and the shell regarded as a rigid body. This greatly simplifies the problem. Second, it makes the object pictorial and intuitive. Ideal models are mostly based on analogy and pictorial simulation and so have the characteristics of being intuitive and pictorial. The “solar-system model” or “planetary model” of atomic structure, the “black hole” and “white hole” models, and so on, all render abstract concepts and theories pictorial, which is extremely beneficial for scientific research. Third, it makes some attribute of the object extremal. The more basic purpose of idealizing the object is to make, in thought, the attribute, factor, or relation under study reach some extreme. For example, in order to study uniform rectilinear motion in an inertial system, one reduces in thought the force acting on the body to zero, making its trajectory straight and its curvature zero, and obtains an inertial system moving absolutely uniformly or in an absolutely straight line in the absence of any force, taking this in place of the actual system of motion, but they retain similarity of essential attributes. Fourth, the ideal model must be constantly perfected and made more precise. On the basis of constant testing in practice, the ideal model can be continually corrected and supplemented, gradually perfected and made more precise, constantly approaching the object. For example, Copernicus’s circular orbit of the earth was gradually corrected into an elliptical one. In addition, when for certain reasons a single model cannot explain in full detail the structure, attributes, and behavior of the object, supplementary models can be established. In nuclear physics, for example, there are many mutually complementary models such as the liquid-drop model, the shell model, the optical model, and other nuclear models.

The ideal model has a close relation with the scientific hypothesis, but also great differences. Their common points are: both have a certain predictive character — the modern cosmological model, for example, is both a model and a hypothesis, and the quark model and the brain model are likewise so; both are intermediaries between scientific practice and scientific theory, and their position and role in scientific cognition are basically the same; and their logical bases have something in common, such as the application of analogical inference.

Their differences are: their roles in the theory of knowledge are not entirely the same. The hypothesis stresses conjecture and inference about unknown things, whereas the ideal model stresses the purification and simplification of the object, so that the essence or laws of development of the object can be manifested on the theoretical model in completely pure form; another special function of the ideal model is to serve as the object of study of the ideal experiment, whereas the hypothesis in general does not possess this special function.


	Ideal experiments



An ideal experiment is an activity of abstract thinking in which people, in thought, mold the process of motion of an ideal model under ideal conditions and, using rigorous means of logical inference, carry out theoretical research.

An ideal experiment is not a real material experiment. It is called an experiment because its structure and process are very similar to those of a real material experiment, and it likewise has the corresponding “experimental object,” “experimental conditions,” “experimental process,” and results, and so on.

The main reason people adopt ideal experiments, like that for ideal models, is that nature is universally connected and the essence of objective things and the real process of their motion are often affected or interfered with by many factors. Although scientific experiment can exclude the effect of secondary factors, it cannot do without material means and cannot completely exclude the influence of secondary factors, and it is hard to make the object and process of study reach the degree of complete simplification and purification. By using ideal experiments, one can be free of the restrictions of material and technical conditions and bring things to a very ideal state, thereby revealing the essence of objective things.

The ideal experiment plays an extremely important role in scientific cognition.

First, it can forcefully refute erroneous theories and play the role of “breaking the old and establishing the new.” Because the ideal experiment relies mainly on logical inference, using it to refute untrue theories is in essence applying logical testing. There are many examples in the history of science; the two ideal experiments designed by Galileo, for instance, have always been on everyone’s lips. Of these two experiments, one negated the assertion that “the speed of a falling body is proportional to its weight,” and the other was the inclined-plane experiment negating the assertion that “maintaining the uniform motion of a body requires the continued action of a force.” These two assertions were summed up by Aristotle from experience of life; for more than a thousand years they were accepted by people and were revered by medieval religious theology as sacred articles of faith. Yet they are both erroneous. Against the first assertion, Galileo designed an ideal experiment: body A is heavier than body B; tie A and B together to form A-plus-B, and then let A and B fall. Because A-plus-B is heavier than A, the former should obviously land first. But B is lighter than A, and B should reduce the speed of descent of body A, so A-plus-B should land later than A. This ideal experiment was derived from Aristotle’s first assertion, and a contradiction appeared as a result; this is the famous “paradox of heavy bodies.” This logical contradiction immediately proved Aristotle’s first assertion to be erroneous. After negating this assertion, Galileo studied further and established the law of falling bodies. Galileo’s second ideal experiment is to let a small ball roll down one inclined plane: if there is no friction, the ball should rise on a second inclined plane to the same height as on the first. If the second inclined plane is set horizontal, then when the ball rolls onto the horizontal plane it should continue moving along a straight line at uniform speed without change, with no need of any push from an external force. This ideal experiment developed from scientific experiment, and it negated Aristotle’s second assertion. From this Galileo put forward the principle of inertia. These two ideal experiments of Galileo overturned Aristotle’s assertions, which had lasted for more than a thousand years, and classical mechanics began to develop truly from then on.

Second, it can open up new directions of research. The establishment of any scientific theory and the opening up of any new scientific field must pass through several stages and links such as gestation, budding, and formation. The ideal experiment, as the result of abstraction, has the characteristics of a high degree of purification and pictorial quality, and is therefore more conducive to the play of scientific pictorial thinking and scientific imagination, which often has an important role in the formation of new scientific ideas and theories. In 1871, for example, Maxwell designed the ideal experiment of the so-called “Maxwell’s demon,” raising doubts about the second law of thermodynamics. For more than a hundred years people have widely explored the possibility of this ideal experiment, thereby deepening the understanding of classical thermodynamics, promoting the establishment of statistical mechanics and of the thermodynamics of open systems far from equilibrium, influencing many disciplines such as quantum mechanics and information theory, and making the concept of entropy penetrate into such fields as life and intelligence.

Third, it can supply new experimental means for scientific research in the macroscopic (cosmic) and microscopic domains. The ideal experiment has the characteristic of rendering highly abstract theoretical problems pictorial, and therefore is conducive to the study of problems in fields of extremely large or extremely small scale.

Finally, it can form new scientific concepts and put forward scientific hypotheses, opening new roads for the development of new scientific theories such as modern cosmology.

Although the ideal experiment has such important roles, it can by no means replace scientific experiment, still less can it, like scientific experiment, serve as the criterion for testing truth. Every ideal experiment has its objective prototype, and this prototype is scientific experiment. The relation between scientific experiment and ideal experiment is extremely close and mutually complementary. First, scientific experiment is the basis and point of departure of ideal experiment, and the latter is the extension and development of the former. For example, the inclined-plane ideal experiment developed from the inclined-plane experiment; Maxwell’s ideal experiment in electromagnetic theory developed from Oersted’s experiment and Faraday’s experiment. Second, the ideal experiment is the forerunner of new scientific experiments, and the new scientific experiment is an important fruit of the former. When scientific experiment cannot be realized, an ideal experiment can be designed and a scientific hypothesis put forward according to the results of its inference. After the scientific hypothesis has been established, one then takes the ideal experiment as a clue and gradually creates the material and technical conditions to materialize it into a scientific experiment in order to verify the scientific hypothesis. This is the forerunning role of the ideal experiment; it opens the road for the new scientific experiment. Once the new scientific experiment is realized, it naturally becomes a rich fruit of the ideal experiment, and at the same time also tests the scientific hypothesis.

In sum, the ideal experiment has an important role in scientific cognition. But it cannot be separated from or replace actual scientific experiment. It must both take scientific experiment as its basis and take scientific experiment as the criterion for testing truth-bearing cognition.




Section 2 Logical Methods

Scientific research is an activity of thinking and cognition, and logic is the science that studies thinking and its laws; hence Lenin said: “Every science is applied logic.”10 The content of logical methods is extensive; this section focuses only on studying some logical methods commonly used in scientific research.


I. Comparison, Classification, and Analogy


	The method of comparison



Comparison is the logical method of determining the differences and common points among things. Among any things there exist difference and identity (in phenomenon and in essence), and this is the objective basis of the method of comparison.

“Without comparison there is no discrimination.”11 Cognition develops in comparison, and science advances in comparison. Comparison in scientific research chiefly means being good at seeing “the same in the different” or “the different in the same” — that is, seeing the common points in essence among things that differ greatly on the surface, and seeing the points of difference in essence among things that are extremely similar on the surface.

Comparison is the most basic method of thinking by which humans know things. Its role in natural-scientific research is mainly this: comparison is an important method and condition that people cannot do without in carrying out observation and experiment. The spectral-analysis method in astronomy, the fossil-analysis method in geology, the control experiment in experiments, and so on are all concrete applications of the method of comparison. Comparison is a basic method leading to scientific discoveries. By comparing new experimental facts with existing hypotheses and theories, the latter can be revised, supplemented, and even overturned. Major discoveries can also be obtained through comparison in historical development. Comparison is an effective method for establishing certain scientific theories; comparative anatomy, for example, is founded on scientific comparison. Comparison also has a certain role in the process of demonstrating new theories and negating old ones. Comparison is the basis of such methods as classification and analogy.

The method of comparison is applicable only to things or phenomena that possess comparability. In applying the method of comparison correctly one must note the following: comparison must not be carried out beyond the scope of application of the method of comparison — for things or phenomena with no internal logical connection, and for attributes and things with no practical significance, comparison is impossible (and also unnecessary); in comparing, one must take care to select essential attributes, otherwise it is hard to achieve the anticipated aim; in comparison one must adhere to the same standard and the same conditions, otherwise erroneous conclusions will be drawn; and the field of vision in comparison should strive to be broad, so that one may carry out not only spatial comparison but also temporal comparison, and even carry out temporal and spatial comparison at the same time.

As Lenin said: “Every comparison is imperfect. … Every comparison only takes some one side or several sides of the things or concepts compared and abstracts from the other sides temporarily and conditionally.”12 Therefore we must on no account absolutize or solidify the results obtained from comparison.


	The method of classification



Classification is the logical method of dividing objects of study, according to their common points and points of difference, into different types and into a series of ranks having certain subordinate relations. Classification must be based on comparison, in which the common points and points of difference among things are discovered. On this basis, things are grouped into larger classes according to their common points, and things of the same class are divided into smaller classes according to their points of difference. In a dictionary, for instance, Chinese characters are sorted by radical into several large classes, and the characters of the same radical are then divided into smaller classes by number of strokes. For weapons, people divide them, according to the relation of transmission or conversion of energy, into such large categories as cold weapons, thermal weapons, and nuclear weapons, and within each large category they can again be divided into smaller categories according to purpose, performance, lethality, and so on. The distinctions of phylum, class, order, family, genus, and species in biology are a still more typical application of the method of classification.

The method of classification includes two kinds: classification by phenomena and classification by essence. The so-called classification by phenomena is to classify a number of objects according to a certain standard on the basis of the superficial characteristics of things or of people’s convenience. This method of classification is also called artificial classification. The so-called classification by essence is classification according to the essential connections among the internal parts of things, and is therefore also called natural classification. Classification by phenomena and classification by essence reflect a difference in the depth of cognition.

The method of classification is an indispensable method in natural-scientific research. Its role is mainly this: by applying the method of classification, complex and voluminous material can be put in order and systematized, creating conditions for further research. Scientific classification is also a means of putting forward scientific predictions; when the Russian chemist Mendeleev used the method of classification to construct the periodic law of the elements, for example, he foresaw several unknown elements.

In carrying out classification correctly, the following points must be noted: first, the logical rules relating to classification must be obeyed. For example, the subclasses must be mutually exclusive, the sum of the subclasses must equal the parent class, each classification should follow the same standard, and classification should proceed step by step from large to small. The above logical rules can ensure that the classification becomes a scientific system. Second, dialectical-logical thinking must also be applied. The development from classification by phenomena to classification by essence is itself a dialectical process, and carrying out classification by essence, moreover, cannot be separated from penetrating and concrete analysis of contradictions. Otherwise the internal necessary connections of things cannot be found, and it is hard to establish a scientific system of classification.


	The method of analogy



Analogy is the method of inference that, from the similarity of two objects in a series of essential characteristics, properties, and relations, infers that they may be similar in other respects as well. Its general formula is:

A: a, b, c, and d stand in relation R

B: in relation R there are a′, b′, c′, which are similar to a, b, c

Conclusion: in B there may be a d′ similar to d

In this formula, a, b, c, d represent the various attributes of the object, and R represents the relation among the attributes. Because the relations among the internal attributes of objects take a variety of forms, the method of analogy also has many types, from lower to higher.


	Simple co-existence analogy. Analogy of this type takes the simple co-existence relation as the middle term of the inference. The so-called simple co-existence relation means that the relation among the various attributes of the object consists merely in their all being attributes of the object. That is, in object A, a, b, c and d have a simple co-existence relation; object B has a′, b′, c′ in this relation; therefore object B may have, in co-existence, d′. For example, it is known that the chemical elements hydrogen, lithium, sulfur, … neon, helium, and so on in the sun have a simple co-existence relation; the earth has in this co-existence relation hydrogen, … neon; hence by analogical inference: helium may exist on the earth. On this basis, helium was indeed found on the earth.



Simple co-existence analogy is the lower type of the method of analogy. In this kind of analogy, people still cannot be sure what necessary connection there actually is among a, b, c and d; they know only that they have a relation of simple co-existence, and this co-existence relation may carry a very large accidentality. Originally, people’s extension of the attribute relations of object A to object B is itself an inference of probable character, and since in addition simple co-existence is a relation of low degree of correlation, the reliability of analogical inference of this type is relatively low.


	Causal analogy. This is a method of logical inference based on the same causal relation that the attributes of the two analogized objects may each have. Its formula is: it is known that in object A, a, b, c have a causal relation with d; B has a′, b′, c′ in this causal relation; therefore object B may have d′. For example, sound has such phenomena as rectilinear propagation, reflection, and refraction, and especially it has interference phenomena, the cause of which lies in its wave nature; light in this causal relation also has such phenomena as rectilinear propagation, reflection, and refraction, and especially it also has interference phenomena; therefore light may have wave nature.



In causal analogy, people’s cognition of the internal connections of the various attributes of things or phenomena has deepened. Therefore, conducting analogical inference with this necessary connection as the middle term raises its degree of reliability. But the causal relation in a particular object is after all something particular, and the general significance it contains does not necessarily fit another particular object exactly. The existence of “same effect, different cause” or “same cause, different effect” determines that it is still an inference of probable character. A typical example: astronomers, on the basis of the law of universal gravitation, attributed the anomaly of the orbit of Uranus to the perturbation of an unknown planet, and thereby successfully predicted the existence of Neptune. In 1845 the French astronomer Le Verrier discovered an anomaly in the orbit of Mercury; by analogy with the discovery of Neptune, he also attributed it to the perturbation of an unknown planet, and the result was failure. It was later established that the anomaly of Mercury’s orbit (the advance of the perihelion) was caused by the effect of general relativity. This shows that they were cases of “same effect, different cause.” If it can be proved that a, b, c are the sole cause (or effect) of d, then the inference becomes more reliable.


	Symmetry analogy. In the objective world many things often have symmetry. Therefore analogical inference can be carried out from the symmetry relation between the attributes of two objects. Its formula is: in object A, a and b have a symmetry relation; object B has a′ in this symmetry relation; therefore object B may have b′. For example, the British physicist Dirac, from the equation describing the motion of the free electron, obtained two energy solutions symmetric in positive and negative. The positive energy corresponds to the electron, so what does the negative energy correspond to? People know that electric charge has positive-negative symmetry; since there exist electrons bearing negative charge, do there also exist electrons bearing positive charge? In order to explain the above solutions of the equation, Dirac carried out a symmetry analogy, and successfully foresaw the existence of the positron. The reliability of symmetry analogy is often higher than that of causal analogy, because in a thing, the other side symmetric with one side is only one. But analogy itself cannot prove that the symmetry relation of one object can definitely be transferred to another object, so it is still an inference of probable character.


	Covariation analogy. This is analogical inference based on a certain quantitative comparative change, or functional relation of change, between the attributes that two objects may both possess — that is, a definite covariation relation. This analogy can be divided into two forms: one is to infer, from the similarity of the position and role of the various attributes of two objects in the covariation relation, that their mathematical relational expressions may also be similar. Its formula is: in object A, a, b, c have a covariation relation whose mathematical expression is f(a, b, c) = 0; object B has a′, b′, c′ in this covariation relation; therefore object B may have the mathematical expression f(a′, b′, c′) = 0. The second is to infer, from the similarity of the mathematical formulas of two objects, that they may be similar in other attributes.




Covariation analogy is a step further than the preceding types. In the preceding types the relations among the attributes of the object are qualitative, whereas in covariation analogy they are quantitative; this connection among the attributes of objects is more definite, and so the mathematical forms abstracted from covariation relations often have universality. As Lenin said: “The unity of nature is revealed in the ‘astonishing analogy’ of the differential equations pertaining to various domains of phenomena.”13


	Comprehensive analogy. The relations among the various attributes of a thing are often not merely single relations but many complex relations. Analogical inference carried out according to the comprehensive similarity of the multiple relations of the attributes of objects is called comprehensive analogy. Its formula is: the attributes a, b, c, d of object A that are known, and the multiple relations among them, are comprehensively similar to the attributes a′, b′, c′, d′ of object B and the multiple relations among them; therefore from the values of a, b, c, d the corresponding values of a′, b′, c′, d′ can be inferred.



Comprehensive analogy, on the one hand, synthesizes multiple relations rather than a single relation, and on the other hand, the transfer of these relations from one object to another is comparatively definite; therefore the inference of comprehensive analogy is basically reliable. But it is not entirely reliable either, because in practice it is impossible to synthesize all the relations of the two objects, so its inferences are also often approximate.

The objective basis of the method of analogy is that nature is a unity of diversity, universal connections exist among any things, and the different forms of the motion of matter can again be transformed into one another. Therefore, besides being applicable among things of the same kind, some degree of similarity also exists among different things at different stages of development; things at the higher stage will repeat certain features and characteristics of things at the lower stage, and thus the method of analogy can be applied as well. It can be seen from this that the method of analogy is a method of logical inference with strict objective laws as its basis.

The basic characteristics of the method of analogy are: (1) A logical process from the particular to the particular. Analogy is carried out between two or two kinds of particular things, and has the characteristic of going from the individual to the individual, from the particular to the particular. (2) Pictorial quality of thought. Since analogy is carried out among particular things, it can often absorb the vivid, intuitive images or models of the objects of study. (3) Probable character of the conclusion. Objective things have both a side of similarity and a side of difference. The side of similarity is the objective basis of analogy, while the side of difference has a limiting effect on analogy, giving the conclusion of analogy an unavoidable probable character. But if attention is paid to combining the method of analogy appropriately with other methods of thinking, its important role in scientific cognition can be fully brought into play.

The method of analogy, as one of the important methods of scientific cognition, is applied very widely in scientific research. (1) The method of analogy plays an important role in putting forward and developing scientific hypotheses. (2) The method of analogy is the logical basis of simulation experiment. (3) The method of analogy has a special role in helping people understand or study natural phenomena that cannot be seen. The geological method of “using the present to explain the ancient,” for example, is a concrete application of the method of analogy. (4) The method of analogy has an outstanding role in product design, especially in bionic design. In military affairs, the development of weapons has passed through three stages, from cold weapons to thermal weapons and nuclear weapons, and many of the weapons are directly connected with designs related to analogy, such as simulation and bionics.

Comparison and analogy are also mutually dependent, mutually interpenetrating, and mutually complementary. Comparison is the basis of analogy; only after understanding the similarities and points of difference between objects is it possible to carry out analogy. Analogy is the deepening of comparison, and the result of analogy deepens people’s cognition of the similarities and differences between objects.



II. Induction and Deduction

Induction and deduction are the two logical methods that earliest attracted people’s attention and received full study. Induction is the movement of thought from the individual to the general, whereas deduction is the movement of thought from the general to the individual. From the individual to the general, and again from the general to the individual — this is the general process of motion of human cognition. This process can be represented by the diagram below:

[Diagram, book p. 305: two boxes, “Individual” (left) and “General” (right). An arrow labeled “Induction” runs from the “Individual” box to the “General” box, and a return arrow labeled “Deduction” runs from the “General” box back to the “Individual” box.]

The individual refers to a single, particular thing, or to the individuality of a thing. The general refers to the class to which many individual things belong, or to the commonality of things. The individual and the general are also a unity of opposites. Induction and deduction are two logical methods that, in the unified process of human cognition, are at once mutually opposed and mutually connected.


	The method of induction



The method of induction is a method of thinking, and also a form of inference, in which general principles are generalized from individual facts. The method of induction is generally divided into complete induction and incomplete induction. Incomplete induction is further divided into induction by simple enumeration and scientific induction.

Complete induction is inductive inference which, from the fact that every thing in a certain class has a certain attribute, infers that the class as a whole has that attribute. Complete induction is a kind of determinate inference, and its conclusion is inferred necessarily. But it can be applied only when the objects generalized are few in number. Exhaustive enumeration in mathematics is a kind of complete induction.

Incomplete induction is inductive inference which, from the fact that some things in a certain class have a certain attribute and that no situation contradicting this has ever been found, infers that all the things of that class have the attribute. For example, from the fact that the activities of certain living things (such as the cock’s crowing three times at daybreak, the morning glory opening at dawn, the frog’s awakening from hibernation in spring, wild geese coming in spring and departing in autumn, and so on) change according to periodic changes in time (the alternation of day and night, the succession of the four seasons, or the rise and fall of the tides, and so on), people induce the conclusion about the “biological clock”: “the activities of all living organisms have a rhythm of periodicity in time.” In using this method, one should be good at grasping the essential attributes of things and at the appropriate combination of induction and deduction. Some people often use “all swans are white” to reproach this method, but in fact feather color is not an essential attribute of swans.

Induction by simple enumeration is inductive inference that, from the fact that some of the objects have a certain attribute, generalizes the general conclusion that the objects of that class all have the same attribute. Crop yield estimation, for example, takes the crop yield on a certain area as the standard and determines that the crops of this kind on other fields are all so, and the conclusion is derived thereby.

Scientific induction is usually inductive inference which, from the causes of why some things in observation or experimental analysis have a certain attribute, then infers that all the things of that class have that attribute. Einstein said: “The development of Western science has been based on two great achievements: the invention of the formal logical system (in Euclidean geometry) by the Greek philosophers, and the discovery of the possibility of finding out causal relationships by systematic experiment (at the Renaissance).”14 Scientific induction takes as its basic characteristic seeking the causal connections among things through various experiments. For example, from the fact that some metals expand when heated, one analyzes that the cause is the weakening of the cohesive force of the molecules, and thereby infers the conclusion: “all metals expand when heated.” Scientific induction, through observation and experiment, determines causal connections, so that people obtain an essential cognition of the object examined, and, on the basis of this cognition, make a generalizing conclusion; hence the reliability of its conclusion is higher.

The method of induction as a scientific method has its objective basis, namely that in the objective world there exist objective causal laws, and objective things have the dialectical relations of unity of essence and phenomenon, necessity and accident, and the general and the individual.

All anti-inductionists deny the ontological premise of the method of induction; they hold that “objective causal connections and necessary connections” are things that cannot be proved outside experience, and therefore should not be considered. This is one of the important reasons they have gone astray. It is indeed true that experience alone cannot determine whether objective causal laws exist. But natural science and humanity’s countless practices have proved that there exist in the objective world causal laws that do not shift with people’s wills. To refuse to recognize objective causality and lawfulness amounts to challenging practice, denying at root that practice is the sole criterion for testing truth, and that is bound to fail.

The method of induction is an important method by which the various sciences, on the basis of accumulating empirical material, sum up scientific theorems or principles; the obtaining of many empirical laws and empirical formulas in natural science is inseparable from the application of the method of induction. At the same time, the method of induction can also enable people to see the clues of truth from the examination of individual facts, and thereby put forward scientific hypotheses and conjectures.

But because the essence and phenomenon, the necessary and the accidental, of objective things are in dialectical unity, and essence is manifested through phenomenon, empirical induction alone is not enough; it must also be combined with the method of deduction.


	The method of deduction



The method of deduction is a method of thinking that infers from the general to the individual, also called deductive inference. The connection between its premises and its conclusion is necessary, so it is a necessary inference.

The main form of deductive inference is the syllogism, namely the major premise, the minor premise, and the conclusion.

For example:

Major premise: All metals can conduct electricity;

Minor premise: Iron is a metal;

Conclusion: Iron can conduct electricity.

Because the premise of the inference is general and the conclusion is individual, the general includes the individual. Therefore, in deductive inference, as long as the premises are true and the inference is correct, the conclusion is certainly true.

The method of deduction has an important role in scientific cognition.

First, it is an important method of constructing systems of scientific theory. Any system of theory is a deductive system composed of concepts, judgments composed of these concepts, and conclusions obtained by logical inference. Euclidean geometry, the Newtonian system of classical mechanics, relativity, and so on are all so.

Second, it is a means of making scientific predictions. Applying general principles to concrete situations, the correct inferences made are scientific predictions. Sakata Shoichi, for example, on the basis of Engels’s thought that the levels of matter in nature are infinite, drew the conclusion that the elementary particles are also divisible, and it was just so.

Finally, it is an important tool of logical testing. Experiment is the sole criterion for testing the truth of scientific hypotheses, but logical testing is also an effective auxiliary and supplement to testing by practice. For example, the “perpetual motion machine” violates the law of conservation and transformation of energy, so the idea of a perpetual motion machine cannot be realized at all.

But the method of deduction has nothing to do with empirical facts, and it cannot by itself prove the correctness of the premises of inference. Relying on the method of deduction alone or the method of induction alone cannot supply people with profound scientific cognition.


	The unity of induction and deduction



Induction and deduction are both opposed to each other and in dialectical unity.

In the history of science, over a long period the understanding of the relation between induction and deduction was mostly one-sided. This has profound historical roots. In Aristotle’s time deduction was esteemed because it was then impossible to establish a truly rigorous system of natural science, and people at that time could not yet observe nature precisely or carry out scientific experiment. Therefore a truly scientific system of induction could not be established. From the middle of the fifteenth century to the end of the eighteenth century, natural science was at the stage of collecting material, and people stressed induction; at that time the metaphysical mode of thinking held the dominant position in philosophy and natural science, and people could not yet truly understand the dialectical relation of the individual and the general, which unavoidably led to the absolute opposition of induction and deduction. When natural science gradually passed to systematically explaining the process of formation and development of objective things in nature, metaphysics went bankrupt and dialectical materialism arose. Only then was the question of the mutual relation of induction and deduction scientifically solved.

Induction and deduction are a unity of opposites; the two are mutually dependent, mutually interpenetrating, and, under certain conditions, transform into each other. They complement each other in the whole process of human cognition.

Deduction must take induction as its basis. Because the premises of deduction are obtained by relying on induction. Deduction is a method of thinking from the general to the individual, but deduction cannot prepare by itself the general principles that serve as its point of departure. The great significance of induction lies in generalizing general cognition by observing and studying individual things and phenomena, and generalization occurs only in the process of the movement of thought from the individual to the general; this is an objective law of cognition. This law shows that without induction there can be no deduction at all. Mathematics is a science in which the role of deduction is most prominent, and the deductionists of the past thought it needed no experience or induction. This is incorrect. For example, in mathematics there is this theorem about prime numbers: between any prime number and its double there exists at least one other prime number. The mathematicians who first discovered this theorem about prime numbers did so as a result of applying induction. This shows that even in mathematics deduction needs induction as its basis.

Induction needs deduction as its guide. Because induction by itself cannot solve the problem of the purposiveness and directedness of inductive research. All human activities are carried out under the guidance of certain thought, and the application of the method of induction can of course be no exception. Observation and experiment are the basis of inductive research. People in observation and experiment, in order to generalize general principles from the individual, must rely on general principles; otherwise they will lose their way in the empirical material and cannot correctly understand and evaluate the objects generalized. This is the first point. Second, except for complete induction, the conclusions obtained by applying induction are all of probable nature, and their truth or falsity is still in doubt. In order to confirm that the conclusion obtained is true and to make clear its grounds, one must depend on deductive demonstration. There is an example in mathematics: for F = 991h² + 1, substituting h = 1, 2, 3, … gives in no case a perfect square, but when h = 12055735790331359447442538767 it turns out to be a perfect square. Such a large number h is very hard for people to induce by the method of induction. As for cases in which the number is infinite, that goes without saying. Finally, because humanity’s practical activity is constantly developing, the empirical material on which people rely in induction may be inaccurate or incomplete, and induction itself cannot discover this problem, which calls for deduction. Engels pointed out in this connection: “… in theoretical natural science we often have to calculate with incompletely known quantities, and the consistency of thought must always help out insufficient knowledge.”15 The consistency of thought spoken of here is the application of the method of deduction.



III. Proof and Refutation

Proof and refutation are two comprehensive traditional logical methods, widely and frequently applied in natural-scientific research.


	Proof



The so-called proof is a logical method that uses judgments known to be true to determine the truth of another judgment. When Lobachevsky and Riemann constructed their systems of non-Euclidean geometry, for example, they both widely applied the existing principles of Euclidean geometry to prove that non-Euclidean geometry, like Euclidean geometry, has its own consistency. What they used at that time was the method of interpretive proof. That is, the concepts and relations in non-Euclidean geometry are interpreted in Euclidean geometry, and the theorems of non-Euclidean geometry are reduced to theorems of Euclidean geometry, thereby proving that non-Euclidean geometry, relative to Euclidean geometry, is likewise consistent and true.

A proof is generally composed of three elements: thesis, arguments, and mode of demonstration. Among them, the thesis is the judgment whose truth needs to be proved; the arguments are the grounds used to prove the truth of the thesis; and the mode of demonstration is the logical connection between the thesis and the arguments, that is, the form of inference adopted in the proof. In the preceding example, the consistency of non-Euclidean geometry is the thesis, the principles of Euclidean geometry are the arguments, and the method of interpretation they adopted is the mode of demonstration.

Proof can be divided into several types according to certain standards. According to the logical form taken by the arguments, it can be distinguished into two major types: deductive proof and inductive proof.

According to the mode of proof, proof can further be divided into direct proof and indirect proof. So-called direct proof is to argue directly for the truth of the thesis; so-called indirect proof is to argue directly for the falsity of the proposition opposed to the thesis and thereby indirectly derive the truth of the thesis itself.

The correct application of the method of proof requires following the rules below:


	The thesis must be clear, and remain identical throughout the process of demonstration. Conversely, arbitrarily enlarging, narrowing, or shifting the thesis in the process of demonstration (also called surreptitiously substituting the thesis) directly affects the reliability and persuasiveness of the proof.


	The arguments must be true and sufficient.


	The demonstration must accord with logic.




Proof, as a comparatively complex form of thought, often requires the comprehensive application of various logical methods. Its role in natural-scientific research is mainly of two aspects: first, demonstrating the truth of knowledge. In this process, through the logical connection of arguments and thesis, it further reveals the internal connections among objective things, and also helps discover truth and advance cognition. Second, it is conducive to constructing systems of theory. As the link connecting concepts and judgments, it supplies logical grounds for establishing the conclusions of the theoretical system.


	Refutation



The so-called refutation is a logical method of using judgments known to be true to expose the falsity of another judgment. Refutation is in fact a special mode of proof, namely proving the correctness of one’s own thesis by negating certain theses. In refutation, the thesis, arguments, or mode of demonstration of the object of refutation can all be taken as targets. Among these, refuting the thesis is the main aim, while refuting the arguments or the mode of demonstration also serves to refute its thesis.

There are three commonly used methods of refutation:


	Direct refutation, that is, directly putting forward facts contrary to the proposition being refuted in order to prove the falsity of that proposition. This is the most direct and most forceful refutation, and is especially effective for propositions whose errors are relatively obvious or relatively simple. For example, if someone puts forward the proposition “all weapons are used to kill and wound the enemy,” we need only cite the fact that the shield is a weapon but is not used for killing and wounding in order to refute the above one-sided thesis.


	Indirect refutation, that is, first proving true another proposition that contradicts the opponent’s thesis, and then, according to the “law of contradiction” in formal logic, inferring the conclusion that the opponent’s proposition is false. The story of “self-contradiction” recorded in Han Feizi is a good example of using the law of contradiction to refute indirectly the erroneous claim of the seller of contradictory wares.


	Reductio ad absurdum, which is a special form of refutation. It first extends and derives from the opponent’s thesis an absurd conclusion at variance with the facts, and then turns back to reject the thesis itself.




In applying the method of refutation, one must follow the principle of seeking truth from facts, must on no account surreptitiously substitute the opponent’s proposition, and must take care to persuade people by reason; otherwise one will refute without overthrowing, argue without convincing, and instead expose the weaknesses in one’s own theory and the confusion in one’s logic, and the intended aim will not be reached at all.


	On paradox (banmiu) and falsification



Banmiu, also called paradox (beilun), is a form of refutation opposite to reductio ad absurdum. A paradoxical proposition has a special attribute, namely that from its truth its falsity can be inferred, and from its falsity its truth can again be inferred. Therefore the paradox itself contains an internal logical contradiction. Russell, for example, put forward a famous “barber” paradox. It tells of a certain barber who declares on his signboard: I shave all the men in the town who do not shave themselves, and I shave only those men. This makes the question of who shaves the barber a problem, since whether he shaves himself or asks another to shave him, it does not accord with his declaration. In natural science, through paradox one can expose the objective contradictions implicit in the premises of an inference, check for loopholes in the process of inference, and promote the development of cognition.

Falsification (also called falsificationism) was put forward by the Austrian philosopher of science Popper. He holds that the criterion of scientific character is falsifiability. Falsifiability is the demarcation between science and non-science. The so-called falsifiability is refutability. Popper holds that the task of science lies in putting forward highly falsifiable hypotheses or theories and then striving to prove them false in the strictest way. Hypotheses or theories that have been falsified must be ruthlessly discarded. Science advances constantly through trial and error.

Falsificationism, as a product of the critique of the absolutization of confirmation by inductionism in logical positivism, has a certain significance. Its error lies in not recognizing the existence of objective truth and not understanding the dialectical relation between relative truth and absolute truth. In fact, in the development of science, confirmation and falsification are a unity of opposites, neither of which can be dispensed with; only thus can absolute truth be approached through relative truth.



IV. Analysis and Synthesis

Analysis and synthesis are also a basic logical method of abstract thinking.


	Analysis and its role in cognition



Analysis is a method of thinking in which the various parts and various attributes of the whole of a thing are studied separately, and thereby the basic and essential things that constitute the thing are found.

For example, for a strategic missile system, the first step of study makes clear that it is composed of three major parts: the strategic missile, the launching device, and the ground equipment; the second step goes deeper into the next level, namely that the strategic missile is composed of three major parts: the rocket engine, the braking system, and the warhead; the third step can go deeper into a still lower level, namely studying separately the interior of the rocket engine, the interior of the manufacturing [sic; the text has 制造系统, apparently for the preceding 制动系统, “braking system”] system, and the interior of the warhead, … and continuing in this way, one will have a fairly clear cognition of its various parts. Without such analysis, reliable results cannot be obtained by the method of induction alone. Therefore Engels said: “All the induction in the world would never have helped us to get clear about the process of induction. That could be done only by the analysis of this process.”16

The most basic method of scientific analysis is the method of contradiction analysis. Mao Zedong said: “The method of analysis is the dialectical method. By analysis is meant analysis of the contradictions in things.”17 Analyzing the contradictions in things is analyzing the universality and particularity of the contradictions in things and the respective characteristics of the two sides of a contradiction at different stages of development. Apart from the analysis of the contradictions in things, one cannot know the particularity of the contradictions, nor the essence of things and their lawfulness. The method of contradiction analysis embodies the living soul of materialist dialectics — concrete analysis of concrete problems. Different scientific researches have different objects, and different objects have different contradictions, and hence there are also different methods of analysis.

The basic methods of analysis applicable to the various sciences broadly include such methods as qualitative analysis, quantitative analysis, causal analysis, analysis of structure and function, and analysis of the elementary process. Qualitative analysis mainly determines the various factors and attributes that a thing has. Quantitative analysis mainly determines the numerical values and quantitative relations of the various factors and attributes. Causal analysis mainly determines the causal connections among the various factors and attributes, seeks the roots of the development of things and the laws of their change, and points out the correct road for people’s active intervention in the change and development of things. The analysis of structure and function mainly, through in-depth study of the constituent factors and components of the system of a thing, the relations of mutual connection and mutual constraint among them, and the process of their development and change, grasps the dialectical relation of structure and function and profoundly understands the essence and characteristics of the system. The method of analysis of the elementary process (or infinitesimal-element analysis) is a method of extracting differential elements from certain physical phenomena for study, such as area elements, volume elements, and mass elements. Through the study of the infinitesimal elements, the differential equations of the whole physical process are established.

In addition, in systems engineering the content of analysis is often: needs analysis, capability analysis, feasibility (realistic) analysis, and so on.

In order to realize scientific analysis, the following must be done. First, comprehensive analysis. One must analyze not only what connections a thing stands in under certain conditions, but also, with particular attention, the specific positions of the two sides of a contradiction and their connections of mutual dependence and mutual contradiction, and, within the unity of opposites, grasp all aspects and all connections of the thing. Second, historical analysis. In examining the contradictions of things, one must not forget the basic historical connections, and should analyze their past, present, and future states. Only from the process of the arising, development, and demise of things can the essence of things be revealed and their future development foreseen. Third, concrete analysis. Different things have their own different characteristics of contradiction, and the method of scientific analysis must in different scientific fields be made concrete according to the nature of the object studied, that is, seeking truth from facts and concretely analyzing concrete problems.

The method of analysis also has its limitations. Because it fixes its attention on the parts of a thing, it may take the part for the whole, temporarily severing things that are interconnected and forming isolated and one-sided cognition. For this reason, analysis and synthesis must be unified according to the dialectics of the cognitive process itself and the dialectical relations of objective things themselves.


	Synthesis and its role in cognition



Synthesis is a method of thinking in which, on the basis of analysis, the various parts, various aspects, and various factors of the object are organically combined into a unified whole according to their internal connections.

The material world is a unity of diversity. No thing is a mechanical heap of various factors; each is an organic whole constituted according to certain laws. The various factors and components constituting the whole differ fundamentally from the single factor or component, both in quantity and in quality. Table salt, composed of the two elements chlorine and sodium, differs in properties both from chlorine and from sodium. The structure of a biological macromolecule composed of many elements such as carbon, phosphorus, potassium, nitrogen, and hydrogen differs from the original single elements not only in properties, but can also display a biological energy and biological activity beyond the comparison of the single elements. This is the result of the internal connections, the various relations and actions, that have been established among the various components and factors constituting the unified whole. From inorganic matter to organic matter, from the natural world to human society, every thing is a unified whole formed by the organic combination of many factors or components in different ways. The component parts cannot leave the whole, and the component parts cannot be severed from one another. Synthesis in scientific cognition grasps things as a whole precisely according to the internal organic connections among the parts of the object, and is a unified cognition of the various contradictory aspects of things. Synthesis overcomes the limitations of analysis; its superiority over analysis lies in its grasping the connections and mediations of the thing itself, so that it can reveal the essence of things more profoundly and grasp the laws of motion of things from the whole. Therefore, synthesis is more profound than analysis.

Synthesis is not arbitrary, subjective fabrication, but takes objective reality as its basis. Engels said: “Thought, if it does not commit follies, can combine into a unity only such elements of consciousness in which this unity already existed before, in the elements of consciousness or in their real prototypes. If I combine a shoe brush in the unity of mammals, this does not make it grow mammary glands.”18 Therefore, correct synthesis must be built on the basis of a rigorous analysis of objective reality.


	The unity of analysis and synthesis



Analysis and synthesis are a unity of opposites.

First, analysis and synthesis are mutually dependent and mutually interpenetrating. Analysis is the basis of synthesis; without analysis there is no synthesis. Analysis depends on synthesis, because analysis is analysis of the contradictions of things, but the two sides of a contradiction are after all mutually connected and mutually dependent. Therefore, in the process of analysis there must be an idea of the whole, a rough understanding of what contradictory aspects are contained in the unity. In examining a certain part of a thing, one must note its position in the whole and its connections with the other parts. Otherwise, in analysis one cannot base oneself on the whole and survey the entire situation. Therefore analysis also depends on synthesis.

Second, analysis and synthesis can be transformed into each other. That analysis is transformed into synthesis is easy to understand. People in thought analyze the whole of the objective object into its parts, aspects, and factors and know them separately; once they have grasped the determinations of the various aspects of the objective object, people’s activity of thought will turn from analysis to synthesis, proceeding from the manifold determinations of the objective object and organically combining its various parts, aspects, and factors, forming a synthetic cognition of the unity of diversity of the objective object. The transformation of analysis into synthesis restores in people’s cognition the holistic conception of the original connections of the thing, and deepens cognition by a great step. But people’s cognition of objective things cannot be completed all at once, still less can it be exhausted. Human cognition always goes from phenomenon to essence, from first-order essence to second-order essence, developing from less profound essence to more profound essence. Objective things are constantly developing and changing. Each analysis and the synthetic cognition that follows it is merely a small stage in the process of the development of cognition. Synthetic cognition is at once the end point of cognition at the preceding stage and the starting point of the next stage of cognition. Therefore synthesis too must be transformed toward analysis. People must not only carry out new analysis of objective things, but must carry out the new analysis under the guidance of the previous synthetic cognition.

The mutual transformation of analysis and synthesis is manifested throughout the whole history of human cognition as analysis, synthesis, renewed analysis, renewed synthesis — a spiral ascending motion cycling back and forth in this way. The change of the objective world is infinite, and human cognitive capacity is also infinite; there are only things not yet known, and no things unknowable. But under the historical conditions of a given epoch, people’s cognitive capacity is again finite, and cognition can reach only a certain depth and breadth; this contradiction determines that, in the process of human cognition, the motion and development of analysis and synthesis is an endless process.

In sum, analysis and synthesis are in dialectical unity. They are at once mutually opposed and mutually unified. Only by correctly combining the two can they become truly scientific logical methods. They have an extremely important role in forming scientific concepts, putting forward scientific hypotheses, and developing scientific theory.



V. The Historical and the Logical

In order to grasp the essence of things more profoundly in thought, one must examine not only the present state of things but also the history of things. This requires the application of the historical and logical methods. The unity of the historical and the logical is the basic principle and method that humans must follow in correctly knowing objective things and establishing systems of scientific theory.

The so-called “historical” or “the historical thing” refers to the historical course of development of objective reality (including nature and human society) and the historical course of development of human cognition (including the history of philosophy, the histories of the various sciences, and so on) as a reflection of objective reality.

The so-called “logical” or “the logical thing” refers to the generalizing reflection in human thought of the above course of historical development, that is, the reproduction of the historical thing in theoretical thinking. The generalizing reflection of the logical takes the reflective form of abstract thinking. This reflection is manifested as a theoretical system constructed of a series of concepts, categories, judgments, and inferences. The unity of the logical and the historical is manifested in:


	The unity of logic and the history of the development of objective reality



First, according to the fundamental principle of the primacy of matter and the secondary nature of consciousness, the logic of theory is a reflection of the history of objective reality. Of course, this reflection is a concentrated reflection, in the form of theory, of the laws of historical development, and is not a simple, mechanical reflection. Therefore, the agreement of the logical with the historical means agreement in inner laws and in essence, and is not a mechanical coincidence without any difference. Engels pointed out that logic reflects history, “corrected, but corrected in accordance with the laws which the actual historical course itself provides.”19 This is because actual historical development is an extremely complex process full of twists and turns, containing large numbers of nonessential, non-mainstream accidental factors and minor details; the logical thing, however, breaks free of this natural form of history itself, sets aside the large numbers of secondary accidental things in the course of history, and grasps the internal laws of historical development in a relatively “pure form.” This “corrected” thing is not a distortion of and departure from reality, but in the form of rigorous logic and consistency makes the laws of history itself appear more distinct and more prominent. Therefore it can reflect history more profoundly.

Second, since the original state of the development of things is often the simplest and purest, it often becomes the starting point of our thought, that is, the starting point of logical movement. In this way, the logical course of theory should reflect the historical process of the development of objective things. On this Engels pointed out: in logical thinking, “the logical method of approach was the only appropriate one. But this is indeed nothing but the historical method, only stripped of the historical form and of interfering contingencies. The point where this history begins must also be the starting point of the train of thought, and its further progress will be simply the reflection, in abstract and theoretically consistent form, of the course of history”; this reflection is corrected, but corrected in accordance with the laws of the actual historical process itself.


	The unity of logic and the history of the development of human cognition



In the domain of thought, the agreement of the logical with the historical is manifested chiefly in the following. First, the development of the concepts and categories in the various sciences is in agreement with the process of development of the history of human thought and the history of the development of science. This is because the formation and development of the former are both a generalization and summing-up of people’s cognitive capacity and level under certain historical conditions, constantly innovating and advancing on the basis of scientific achievements already completed and accumulated historically and socially, and therefore are each a link in the spiral-ascending motion of people’s cognition of the external world. Their order in historical development is broadly consistent with their order in the logical structure of science. However, the logical thing does not simply repeat all the details and accidental, tortuous things in the history of the cognition of thought, but reflects in concentrated form the inner laws in the development of cognition. Second, the laws of thinking in the individual person agree with the laws of development of thinking of humanity as a whole. Viewed from the process of development of cognition, the cognition of every individual person begins, on the basis of practice, from the stage of biological intuitive perceptual cognition and gradually develops toward the stage of rational cognition of abstract thinking. And humanity’s cognition of the material world as a whole has likewise gradually passed over from presentational, intuitive cognition toward the higher forms that reflect the objective world, namely such forms of thought as abstract concepts, judgments, and inferences. They are basically consistent. Third, the development of children’s intelligence agrees with the laws of development of thinking of humanity as a whole. The process of development of children’s intelligence likewise develops from vivid intuition toward the process of abstract thinking, which is also a miniature of the process of development of human thinking. Engels said: “Just as the development of the human embryo in the mother’s womb is only an abbreviated repetition of the history, extending over millions of years, of the bodily evolution of our animal ancestors, starting from the worm, so the mental development of the human child is only a still more abbreviated repetition of the intellectual development of these same ancestors, at least of the later ones.”20 In 1981 [sic; Piaget died in 1980], the Swiss child psychologist Piaget wrote the book Principles of Genetic Epistemology. Over many years he carefully examined the various stages of the development of young children’s intelligence, and revealed the astonishing similarity between the mechanism of development of individual consciousness and the mechanism of development of scientific consciousness. Before the age of two, an infant cannot distinguish himself from the environment and is still in a chaotic, self-centered state. He said: “The infant relates every thing to his own body, as if his own body were the center of the universe — but a center which is unaware of itself.” This is the same as humanity’s cognition of nature under the conditions of primitive society. This capacity of humanity for purposeful, conscious activity was formed and developed over a very long history. At the beginning too, humans and nature were merged into one, blindly restricted and dominated by great nature. Afterwards, the development of infant intelligence and the development of humanity’s cognition of the objective world as a whole are broadly similar.


	The unity of the logical method and the historical method



The agreement of the logical with the historical is a universal principle and method existing in people’s cognition. Therefore the logical method and the historical method in science should naturally also be in dialectical unity.

The various sciences adopt different research methods because of their own peculiar objects and aims of research, but none of them can depart from the general principle and general method of the agreement of the logical with the historical.

All movement of thought originates in the movement of objective things. This process of abstract thinking, in which people’s cognition rises gradually from the simplest to the complex, must accord with the historical process of objective development. In deriving one piece of knowledge from another, people need to use the logical tools and methods of thought, but these logical tools and methods are precisely the result of objective realities’ connections having been repeated hundreds of millions of times in the human brain and gradually solidified. At the same time, for this logical deduction to be carried out effectively, it must also follow the laws of development of objective things. Therefore, the agreement of the logical with the historical is, on the one hand, a reflection of the motion and change of objective things, and on the other hand, a summing-up of the laws of people’s cognition. The historical method is the method of studying the laws of history according to the natural course of historical development. The logical method is a method of study that sets aside the tortuous process and accidental factors of historical development, revealing historical laws through a series of concepts and categories, and is the scientific method of establishing a theoretical system according to the different aspects of a problem and the various mutual relations among things. This is the difference between the two methods. But according to the principle and method of the agreement of the logical with the historical, they are again mutually connected and mutually interpenetrating. In the logical method, the recognition of the laws of development of a certain object itself should be taken as the basic premise, and it cannot be understood as a pure abstraction detached from history. On the contrary, in adopting the logical method, one often needs historical corroboration and comparison with reality. In the historical method, one must adhere to the unity of history and theory (shi yu lun), that is, one must strive to find the inner lawfulness in the manifold and complex historical material, and with the aid of this lawfulness analyze the various persons and events of history. Therefore it cannot be separated from logical analysis in the least. A historical method that excludes the logical method is empiricism, while a logical method that excludes the historical method is empty abstraction and idealism; both are one-sided and incorrect.

Adhering to the unity of the logical and the historical has an important role in scientific cognition.

First, it is conducive to establishing systems of scientific theory. A systematic scientific theoretical system should both reflect the historical process of the objective object and accord with the laws of human logical thinking. Only by following the thread of history can a logical system possessing internal connections, rather than a subjectively fabricated one, be established; only a rigorous logical structure can grasp the root of the historical process and have persuasive power of demonstration. The principle of the agreement of the logical with the historical requires both examination from history and study from the present state. Only thus can scientific theory always stand on the foundation of the dialectical unity of history and reality, reflecting not only the history of the development of objective things but also the history of people’s cognition of objective things; not only formulating concepts and categories that reflect the essence of reality, but also establishing its own system of scientific concepts and categories. After a scientific theory is established, it must also be constantly enriched and developed with the development of practice and the raising of human cognitive capacity. The process of the establishment of the theory of classical mechanics was so (from Simon Stevin’s [printed: 西蒙、台文斯] statics, to Galileo’s kinematics, and then to Newton’s dynamics), and the establishment of the system of non-Euclidean geometry was also so (from Euclidean geometry, to Lobachevskian geometry and Riemannian geometry).

Second, it is conducive to revealing the laws of development of objective things. The unity of the logical and the historical is a product of a certain stage of the development of human cognition and a summing-up of the lawfulness of human cognition. But once it has arisen, it can in turn promote the development of human cognition. On the one hand it helps people look back on the history of development of a known object and find the lawful things in it; on the other hand, as a tool of cognition, it guides people in exploring objective truths not yet known.

Finally, it is conducive to adhering to a style and method of work in which subjective and objective, theory and practice, are consistent.

The logical methods introduced above belong to two major types. Among them, comparison, classification and analogy, induction and deduction, proof and refutation, and the like belong to formal-logical methods (also called traditional logical methods); while the method of ascending from the abstract to the concrete, the agreement of the logical with the historical, the unity of analysis and synthesis, and the like belong to dialectical-logical methods. So-called formal logic mainly studies the structure of forms of thought and their laws, and some simple logical methods; so-called dialectical logic does not, as formal logic does, study forms of thought merely from the aspect of the stability relations of the structure of established forms of thought, but goes a step deeper, combining the concrete content of thought to study the internal contradictions of forms of thought, so as to supply forms and methods of thought for obtaining concrete truth. Lenin, in revealing the essence of dialectical logic and its difference from formal logic, pointed out that, compared with formal logic, “dialectical logic demands that we go further. To know an object, we must embrace, study, all its aspects, all connections and ‘mediacies.’ We shall never achieve this completely, but the demand for all-sidedness is a safeguard against mistakes and rigidity. This is first. Second, dialectical logic requires that an object should be taken in development, in ‘self-movement’ (as Hegel sometimes puts it), in change. … Third, the whole of human practice — as the criterion of truth, and also as the practical determinant of the connection of a thing with the point at which man needs it — must be included in the full ‘definition’ of the thing. Fourth, dialectical logic teaches that ‘there is no abstract truth, truth is always concrete’ ….”21 From this it can be seen that, compared with formal logic, dialectical logic has a more important position and role. Therefore, in applying the various logical methods, one must adhere to being guided by dialectics, take care to grasp their mutual connection and mutual interpenetration, and strive to apply them in combination, so that they complement each other.




Section 3 Scientific Hypotheses and Scientific Theories


I. Scientific Hypotheses


	The basic characteristics and role of scientific hypotheses



A scientific hypothesis is a supposed explanation, based on certain factual material and scientific principles, of unknown facts (including lawful connections among phenomena, the existence or cause of things, the occurrence of future events).

The various modern cosmological models of the motion of celestial bodies on a large scale, the various doctrines on the motion of the earth’s crust, the “layer model” of the microscopic domain, and so on, are all scientific hypotheses.

Scientific hypotheses have the following three characteristics:


	A hypothesis is based on certain facts and scientific knowledge. Facts exist objectively and are the phenomena or processes of objective things themselves; scientific knowledge has been tested by practice; therefore the hypothesis has a certain scientific character. It differs both from superstition, idle talk, and guesswork with no factual basis, and from simple conjecture and fantasy lacking scientific knowledge.


	A hypothesis has the nature of conjecture. Although a hypothesis has certain grounds, those grounds are limited and insufficient; therefore hypotheses all have a certain conjectural nature, their truth has not been wholly settled, and they still await further testing and confirmation through practice.




The above two points speak of the content of the hypothesis. A hypothesis has both an objective basis and a subjective conjecture; therefore the hypothesis is a well-grounded conjecture, a dialectical unity of the subjective and the objective, a dialectical unity of scientific character and provisional character.


	A hypothesis has the form of abstract thinking. A hypothesis proceeds from facts, but is not the facts themselves; it is an abstraction and generalization of the facts. It may appear in the pattern of a single viewpoint, a single law, a single event, or a certain prediction, and it may also appear in the pattern of a logical system composed of concepts, judgments, and inferences. Whatever the pattern, the hypothesis is a form of theoretical thinking and a way by which people’s cognition approaches objective truth.



Generally speaking, a scientific theory has been tested by practice and is a correct reflection (though an approximate one) of objective reality, and its content is reliable; a hypothesis, by contrast, is a not-yet-confirmed conjecture, the rudimentary form of a possible future theory.

For example, in 1932 people discovered the neutron in practice, and the Soviet physicist Landau at once conjectured that there might be extremely dense neutron stars in the universe. In 1934 Baade and others in the United States also put forward the hypothesis of the neutron star. They held: “The so-called neutron star is the final stage of a star. It is composed entirely of tightly packed neutrons.” This prediction was based entirely on physical laws that had been tested by experiment. In 1967 pulsars were indeed discovered in astronomical observation, and were later confirmed to be neutron stars.

Scientific hypotheses have a particularly important role in scientific cognition. They are the intermediary and bridge in the formation of scientific theory, and the form of development of natural science.

The process of scientific research is generally: (1) accumulating factual material. (2) Generalizing and abstracting from the factual material a hypothesis with lawfulness; this hypothesis may be correct, partly correct, or completely wrong. (3) Confirming or testing the hypothesis in practice. When the hypothesis is partly overturned, partial revision of the original hypothesis is needed; when the hypothesis is wholly overturned, a new hypothesis must be put forward and a new practical test carried out; when the hypothesis is confirmed by practice, new scientific laws and theory are obtained. Engels made a full estimate of the hypothesis. He said: “The form of development of natural science, in so far as it thinks, is the hypothesis. A new fact is observed which makes impossible the previous mode of explanation of the facts belonging to the same group. From this moment onwards new modes of explanation are required — based at first on only a limited number of facts and observations. Further observational material weeds out these hypotheses, doing away with some and correcting others, until finally the law is established in a pure form. If one should wait until the material for a law was in a pure form, it would mean suspending the process of thought in investigation until then and, if only for this reason, the law would never come into being.”22

To give an example: on the eve of the Second World War, in an air-force exercise held in Britain to prepare for war against Hitler’s fascists by expanding its armaments, a Spitfire fighter suddenly crashed, the aircraft destroyed and the pilot killed. In the investigation afterwards it was found that the main shaft had fractured; on the fracture surface there were many cracks as fine as hairs, and the British government ordered that the cause be ascertained.

Why did cracks appear inside the main shaft? Some thought that austenite remained in the steel, and that when it transformed and produced internal stress it would cause cracks. Others thought that the steel contained impurities, which could lead to concentration of stress and thereby produce cracks. Afterwards, through a great many experiments, it was found that many steel samples containing austenite had no cracks, and that some steel samples containing many kinds of inclusions likewise showed no cracks. The two original conjectures were both negated. Afterwards, from examining the production records of the steel mills, they found a new fact, namely that the quality of the steel was related to the season of production: when the weather was damp the quality produced was poor; when the weather was dry the quality produced was good. Hence a new hypothesis was put forward: the cracks were produced because hydrogen from water vapor had penetrated the steel. To test this supposition, they heated steel samples in high-temperature hydrogen gas so that sufficient hydrogen penetrated the samples, and then quenched them so that the samples retained a certain amount of hydrogen, and at this point cracks were indeed found. The experiment confirmed the new supposition, and thus the famous hydrogen embrittlement theory was formed — because material absorbs hydrogen in smelting, heat treatment, pickling, and electroplating, brittle fracture will occur under the interaction of stress and hydrogen. This vividly shows that the hypothesis is the bridge of transition to theory.


	The conditions under which hypotheses arise



Under what circumstances does a hypothesis arise? This is a rather complex question, because actual circumstances are indeed varied. But to make clear, in broad outline, the general conditions under which hypotheses arise is also very important for raising consciousness in scientific research.

The conditions under which hypotheses arise are generally examined from three aspects: practice, theory, and the relation between practice and theory.


	When practice opens up new fields, the conditions exist for establishing hypotheses. The constant development of human practical activity drives the constant expansion of the domain of human cognition. In new fields of research, the laws of nature often have new characteristics, and even differ greatly from known laws. Under such circumstances, existing theory is generally powerless, while the factual material accumulated in the new field of research is limited; therefore people must, on the basis of limited facts, establish hypotheses and carry out new exploration. A hypothesis arising under such circumstances is often characterized by forming a comparatively small, relatively independent system of its own. This system is often the germ of an emerging discipline in some field of the development of science. For example, within physics, classical mechanics is applicable only to low-speed macroscopic situations; in the high-speed microscopic domain the situation is much more complex: besides quantum electrodynamics, which is suited to electromagnetic interaction, there are also the emerging disciplines of quantum chromodynamics, which is applicable to the strong interaction, and quantum flavordynamics, which is applied to the weak and electroweak unified interactions.


	When a major breakthrough occurs in theory itself, the conditions likewise exist for hypotheses to arise. Scientific theory has relative independence. Therefore, once a scientific theory has been formed, certain hypotheses can be organized and derived on the basis of known scientific principles, to be used to predict phenomena, properties, and laws that may appear. Examples are Newtonian mechanics’ prediction of Neptune; Maxwell’s electromagnetic theory’s prediction of electromagnetic waves; Einstein’s relativity’s prediction of the bending of light rays in the sun’s gravitational field; the prediction of neutron stars after the discovery of the neutron; Dirac’s prediction of the positron on the basis of relativistic quantum mechanics; and so on.


	The contradiction between theory and practice is also a condition for the arising of hypotheses. New facts appearing in scientific experiment can, according to their relation to theory, be broadly divided into two types:




One type is where phenomena that the existing theory (or hypothesis) can neither predict nor negate are discovered (some call this kind of discovery an exploratory discovery, such as the discovery of the μ meson and the like), or phenomena that are accidental or discovered in the company of other aims (some call them “accidental” discoveries, such as the discovery of X-rays and the discovery of superconductors). Both exploratory discoveries and accidental discoveries can lead to the establishment of hypotheses. But discoveries of this type can only show that the existing theory needs to be supplemented and developed, and by no means can simply negate it. Because the existing theory can explain many facts and has been tested by practice, it possesses truth. Under such circumstances the forms hypotheses take are these: either to include the existing theory within themselves as a limiting case, as non-Euclidean geometry does with respect to Euclidean geometry and relativity with respect to classical mechanics; or to attach some new quality to the existing theory so that it is enlarged and developed, as plate tectonics does with respect to the theory of continental drift and the theory of sea-floor spreading.

The other type is where phenomena or objects appear in experiment that are radically contrary to what the existing theory (or hypothesis) predicted; experiments of this type may be called “negating” experiments. Discoveries of this type also necessarily lead to the introduction of hypotheses, whose form often takes the negation of the existing theory (or hypothesis). Examples are the elimination of the “ether” hypothesis and of the “phlogiston theory.”

Besides experiment, contradictions between new facts discovered in other practice and the existing theory can also lead to the appearance of new hypotheses. For example, during the Second World War, the American “Liberty” ships suffered more than a thousand brittle-fracture accidents; from 1938 to 1942 some forty large bridges in Europe collapsed; in 1954 two British “Comet” jet aircraft were lost over the Mediterranean; in the same year the steamship “World Concord” broke in two in the North Atlantic; in 1959 the motor casing of an American Polaris missile suddenly exploded during a launching test. At first people thought these accidents were caused only by some accidental factors, but later similar accidents became more and more numerous and directly threatened the prospects of industrial production, and only then did this attract the attention of the engineering world. After a great deal of practice and statistical investigation, people found that the common characteristic of these accidents was what is called low-stress brittle fracture. Through a great many experiments and dialectical analysis, people found that the hypothesis of the continuity of materials in traditional strength theory was incorrect. Faced with these contradictions, people put forward the opposed hypothesis that the material of structural members is at once discontinuous and continuous, uniform and nonuniform. After testing in practice, a new discipline — fracture mechanics — was born.

The above facts show that the circumstances and conditions under which hypotheses arise are varied. The relation between a hypothesis and existing theory is also complex. A hypothesis may conflict with part of the content of the existing theory, or may conflict with no part of the content of the existing theory; a hypothesis and the existing theory may be mutually independent at one level, yet again mutually unified at a higher level. But in any case, a new hypothesis can by no means be an inference from the existing theory; otherwise it would no longer be a hypothesis.


	The process of formation of a hypothesis



The formation of a hypothesis is a very complex process. It is in essence a process of development of a series of abstract thinking from the perceptual to the rational. This process is full of the character of dialectical leaps; various factors and many methods interpenetrate and interact, and such things as perceptual and rational, concrete and abstract, induction and deduction, intuition, analogy, and the dialectical relation of the new hypothesis to the existing theory are all interwoven. Here we only discuss the different stages in the formation of a hypothesis and their characteristics.

The formation of a hypothesis can generally be divided into the following two stages:


	Making a preliminary supposition. First, on the basis of a small amount of factual material and scientific principles, a preliminary supposition is made through processing in thought (mainly inference).



The main characteristics of this stage are: first, the most important facts must be analyzed in depth. Facts are the basis on which people form hypotheses, and in-depth analysis of the facts is a necessary premise for putting forward a hypothesis. But one must concentrate one’s main energy and grasp the principal contradiction for study. This is the basic point of departure for forming a hypothesis. Second, analogy, analysis, and induction play a relatively prominent role. Third, it is markedly exploratory.


	Forming a logical system of stable structure. On the basis of the preliminary supposition having passed through renewed practice, a logical system of relatively stable structure is gradually formed. The main characteristics of this stage are: first, relying on the basic idea of the original supposition, to explain the existing factual material broadly and comprehensively. Next, applying methods such as deduction and synthesis and applying knowledge of many kinds, to demonstrate the basic idea of the hypothesis fully, making it a relatively complete system. Then, to make the necessary predictions about unknown phenomena and facts. Deriving inferences from the basic idea of the hypothesis and predicting unknown phenomena or facts is a necessary content of a scientific hypothesis. For a hypothesis must be able not only to explain known factual material but also to foresee unknown facts or phenomena. At the same time, only when a series of inferences is derived from the basic idea is it convenient for practice to test and confirm the hypothesis.



Scientific hypotheses differ in complexity and simplicity. Therefore the above division of the formation of a hypothesis into two stages has only relative significance.

Taking the special theory of relativity as an example, its process is roughly:

[Diagram, book p. 332: a left-to-right flow chart of four boxes joined by arrows: “Basic facts” → “Putting forward the basic ideas of the hypothesis” → “Demonstrating the basic ideas of the hypothesis” → “Deriving inferences from the basic ideas.”]

The “basic fact” is to start from the fact that the speed of light is invariant, exposing the contradiction between classical physics and the new fact.

On the basis of the fact of the invariance of the speed of light, the basic suppositions of the special theory of relativity are put forward: the principle of special relativity and the principle of the invariance of the speed of light in a vacuum.

“Demonstrating the basic ideas of the hypothesis” refers to introducing the Lorentz transformation and unfolding the basic suppositions of the special theory of relativity — for example, demonstrating the transformation of distance, the transformation of time, the transformation of velocity, and so on.

“Deriving inferences” means making theoretical predictions according to the basic content of the special theory of relativity — for example, that a moving body contracts in length along the direction of motion, that a moving clock runs slow, that mass increases with velocity, and so on.

Through the above example we can gain some understanding of the basic process of constructing a hypothesis. At the same time, we must fully recognize the general roles of scientific hypotheses in raising consciousness in scientific research, preparing the rough blank for the formation of theory, and so on. As Engels pointed out: “The form of development of natural science, in so far as it thinks, is the hypothesis.”23



II. Scientific Theories


	The transformation of hypotheses into theories



Generally speaking, a scientific hypothesis, after sufficient and necessary testing by practice and after being confirmed, is transformed into scientific theory. On the surface, if the predictions of a hypothesis agree with the facts, it is proved; otherwise it is falsified. It seems that the testing of a hypothesis is an extremely simple matter. But the actual situation is by no means so. To prove or overthrow a hypothesis by practice is a very complex process. The history of science shows that the agreement of a certain hypothesis with certain facts, or even with a great many facts, does not necessarily prove the hypothesis correct — the “geocentric theory” and the “atomic theory,” for example. That the predictions derived from a certain hypothesis agree with certain facts likewise cannot be taken to mean that the hypothesis has been confirmed (such as the phlogiston theory). On the contrary, many highly revolutionary hypotheses at first faced many anomalies but were afterwards finally proved correct. Therefore the testing of hypotheses must not be treated lightly, and still less may a hypothesis be rashly regarded as a scientific theory.


	Practice is the sole criterion for testing the truth of hypotheses. A hypothesis is a well-grounded conjecture by people about objective things. Whether this conjecture is correct can be verified only in social practice, in which the subjective and the objective interact. In the practical activity of testing hypotheses, scientific experiment occupies a prominent position.



The testing of hypotheses by practice is a very complex process. First, practice itself is a process. “Practice, knowledge, again practice, and again knowledge; this form repeats itself in endless cycles, and with each cycle the content of practice and knowledge rises to a higher level.”24 Therefore the testing of a hypothesis by practice cannot be regarded as the simplest thing, completed at one stroke. The theory of plate tectonics, for example, developed on the basis of synthesizing the theory of continental drift and the theory of sea-floor spreading, and passed through the better part of half a century from first to last. Second, one must see both the determinacy and the indeterminacy of the practical criterion. Practice is the objective criterion for testing the truth of a hypothesis; besides it there is no other objective criterion. The objectivity and uniqueness of the practical criterion determine the determinacy of the practical criterion. But practice always is the practice of a certain social and historical setting, and any practice has the limitations of its historical conditions. Therefore the criterion of practice is also indeterminate. Lenin said in this connection: “Of course, we must not forget that the criterion of practice can never, in the nature of things, either confirm or refute any human idea completely. This criterion too is sufficiently ‘indefinite’ not to allow human knowledge to become ‘absolute,’ but at the same time it is sufficiently definite to wage a ruthless fight on all varieties of idealism and agnosticism.”25 For example, the corpuscular theory and the wave theory of light each have their own practical basis, but this practical material is neither sufficient to confirm completely nor sufficient to overthrow completely either hypothesis. Only by connecting them appropriately, adding the new facts supplied by the development of practice, and examining them from their totality was it discovered that the unity of opposites of corpuscle and wave is the true nature of light. Third, a hypothesis is a rudimentary form of theory, and theory has a universal, general character (that is, it has the form of a universal proposition), but the facts used to test a hypothesis are often individual and particular. Thus arises the contradiction between the general and the individual, the universal and the particular. Therefore, in the process of testing hypotheses by practice, one should often supplement it with the necessary logical proof.


	The combination of practical testing and logical proof is the basic route to confirming a hypothesis. Logical proof is the logical method of using known correct judgments and, through inference, determining theoretically the correctness of another judgment. Generally speaking, as long as the premises are correct and the inference accords with the rules of logic, the conclusion is necessarily correct.



Practice is the basis of logical proof, and human logical thinking is an active product of practice. The role of strict, scientific logical proof is an indirect, concentrated manifestation of the role of practical testing. The process of scientific logical proof is by no means carried out in isolation, apart from practice. Therefore, to depart from practical testing and one-sidedly exaggerate the role of logical proof would be to deviate from materialism. But, again, practice depends on the guidance of logical thinking, and logical proof is a powerful supplement to the relativity of the practical criterion. Therefore, to simplify practice and wholly ignore the role of logical proof would seriously hinder the development of scientific theory.

As a method of theoretical thinking, logical proof plays an important role in testing the truth of hypotheses.

First, logical proof is often the prelude and forerunner of proof by practice, and plays a role in exploring truth. Only when a hypothesis is proved to be free of contradiction, reasonable, and valid is it possible to prove its correctness in practice. If a certain hypothesis cannot even pass the barrier of logical proof, then that hypothesis cannot possibly be confirmed in practice.

Second, in the process of practical testing, logical proof also often accompanies it; that is, logical analysis must be done on the results reached by practice. To prove or overthrow a hypothesis by practice is a complex process. Merely from the agreement of a hypothesis with certain facts, one cannot determine whether this agreement is caused by superficial, external connections of phenomena or by the existence of an essential, necessary causal connection. This must rely on logical thinking and on analysis to prove that a necessary connection exists between the hypothesis and the facts — that is, that from a certain hypothesis a certain fact can necessarily be inferred, and that only when this fact is explained by this hypothesis can the determinacy and reliability of the fact’s proof of the hypothesis be assured. This is conducive to resolving the contradiction of the individual and the general, the particular and the universal.

Third, some hypotheses must rely directly on logical thinking for proof. In axiomatized systems or in handling problems of infinity, logical proof is an indispensable tool, because to calculate infinitely many or infinitely large numbers is impossible in concrete practical experience. For these, proof must rely directly on logic. But this does not mean that the truth of problems of this kind need not undergo testing by practice. In the final analysis it must undergo testing by practice. It must be made clear that the testing of truth by practice is by no means completed at one stroke, but is realized in the sum of its infinite aspects and in the endless process of its succession of generations. In addition, the correctness of some complex mathematical hypotheses cannot be tested directly in practice, but can be tested indirectly through their application in other sciences. Euclidean and non-Euclidean geometry are called truths not only because those who founded these doctrines formed rigorous theoretical systems through logical proof, but also because they have been proved by people’s everyday experience and scientific practice in the corresponding real space.

Fourth, logical proof is a necessary tool for establishing systems of scientific theory. Even truths proved by practice must pass through logical demonstration in order to form a rigorous theoretical system.

The ultimate basis of logical proof is still practice. First, the arguments of a logical proof must be judgments proved true by practice. Second, in the process of logical proof, the rules of logic must be strictly observed and the forms of inference correctly applied. And these rules of logic and forms of inference were also formed by humans in long social practice and have been repeatedly proved by practice. Finally, and more importantly, even the most rigorous logical proof cannot replace practical testing. Whether a conclusion obtained through logical proof agrees with objective reality must in the end still depend on practice.

In sum, the prospects of a scientific hypothesis in practical testing and logical demonstration come down to four situations: affirmed, partly affirmed, negated, and pending (left as an open case). It must be pointed out that only the content that has been fully affirmed in testing and demonstration can be transformed into scientific theory. In judging whether a hypothesis has been transformed into theory, we must attend to the following three important signs: first, when the hypothesis is applied in practice, more and more facts agree with it, and no known fact contradicts it; second, the scientific predictions made on the basis of the hypothesis are confirmed; third, decisive experiments confirm that the hypothesis is free of error.


	The basic characteristics of scientific theory




	Truth. As regards the content of scientific theory, it reflects, under certain historical conditions, the essential connections and universal laws of some domain of objects. The difference between theory and hypothesis, from the standpoint of the theory of knowledge, lies in the evaluation of truth. As a scientific theory, it must be grounded in scientific facts tested by practice, be further tested and confirmed in practice, and serve practice directly or indirectly. Of course, while seeing that scientific theory possesses objective truth, we must also recognize that any scientific theory is a unity of absolute truth and relative truth. Human cognition of celestial bodies, of the structure of matter, of life, and so on, is in every case an infinite process of development from relative cognition toward absolute cognition.



The dialectical unity of absolute truth and relative truth is connected with the dialectical unity of the supremacy and non-supremacy of human cognitive capacity and thinking capacity. Human thought, by its nature, capacity, and possibilities, is able to know the endlessly developing material world; this is the supremacy of thought, that is, the infinity and absoluteness of thought. But every person, and even every generation, is limited by such things as the degree to which objective things and their essence are exposed, the level of social-historical practice, subjective conditions, and the finitude of life, so people’s thought is again non-supreme, that is, has finitude and relativity. “This contradiction can be resolved only in the process of an infinite progression, in the, for us at least, practically endless succession of generations of mankind.”26

Both the absolutists and the relativists on the question of truth are mistaken.


	Systematic character. Every scientific theory is a system of knowledge of objective truth. This system has a determinate structure, and its constituent contents, its various components, and its various determinations are synthesized in pure form according to the various factors, various connections, and various attributes and relations of objective things, thereby the essence of things is organized completely as a whole.



The system of knowledge that constitutes a scientific theory should include:

Basic scientific concepts. These usually appear in the form of special technical terms, used to reflect the objects in the field of objects that the theory studies, together with their essential attributes and relations.

Basic principles. The basic principles are the basic grounds of all the theoretical assertions concerned; they reveal most completely and most comprehensively the complex characteristics of the object, revealing the essential features of all its components, aspects, connections, and various relations.


	Logical character. The system of a theory is an organic logical system. Between the basic concepts of the theory and the theoretical assertions there exists a logically necessary connection. With the aid of the rules and laws of logic, some judgments can be inferred from others. The sum of the logical relations between the concepts and assertions of a theory constitutes the logical structure of the theory. This logical structure is, broadly, a deductive system.



The deductive method of establishing scientific theory by no means refers to the speculative method of using some concepts to “generate” other concepts, or to the “self-expansion of the concept,” but is the scientific method of starting from a small number of true premises and, according to the rules and laws of logic, deriving all the judgments (theorems, inferences, and so on) of the theory.

Adopting the deductive method makes it possible for people to narrow the range of empirical material and observational data necessary for the in-depth study of a new theory, and, by testing the reliability of the inferences obtained by the deductive method, to prove the truth of the basic principles from which these inferences are derived; this clearly speeds up the development of scientific theory and makes it more effective and reliable in practical application.


	Relative independence. Scientific theory is a powerful weapon by which people know the world and transform the world. Although it is produced directly or indirectly by practice, once formed it possesses relative independence and can actively guide people’s practice.



The main active role of scientific theory is the understanding and explanation of what objectively exists, and the foresight of the future.

To make a correct explanation and account of the facts of a certain field of objects is an important function of scientific theory. Explanation is the comprehensive analysis of the various essential connections and relations of objective reality and, on that basis, the synthetic reproduction of the object. The multiple levels of the essence of objective things and the diversity of essential connections and relations determine the diversity of types of explanation — for example causal explanation, structural explanation, functional explanation, historical explanation, and so on.

The foresight of science is also an important function of theory. Scientific theory has the function of prophecy, because scientific theory, by the power of logic, profoundly reflects the universal connections in the field of objects and can thereby reveal scientific facts not previously known. Scientific foresight is the most obvious manifestation of the active role of theoretical thinking. In scientific prophecy it is vividly shown that theoretical thinking can clearly surpass the empirical level of cognition. It has major significance for people’s practical activity and for the development of production and society.


	The development of scientific theory



The development of objective things is infinite, whereas “man cannot comprehend = reflect = mirror nature as a whole, in its ‘immediate totality’; he can only eternally come closer to this, creating abstractions, concepts, laws, a scientific picture of the world, and so on.”27 This contradiction determines that any theory will, propelled by practice, constantly develop forward, and that new theories are always being constantly produced and formed in practice.

For a new theory to replace an old theory, it should satisfy the following three conditions:


	The new theory must be able to explain the natural phenomena that the old theory has already explained.


	The new theory must be able to explain phenomena that the old theory could not explain.


	The new theory must be able to foresee natural phenomena that have not yet been observed at present but that can certainly be observed through scientific practice.






III. On Creative Thinking

Scientific research is a creative activity. Whether it be the raising and analysis of research topics, the establishment and verification of scientific hypotheses, the theoretical generalization of research results, and so on, none can do without creative thinking. In view of the important role of creative thinking in natural science, some countries have already specially offered new courses in thinking skills, taking creative thinking as an important content of them.

The so-called creative thinking refers to the thought process and method of imagining on the basis of existing knowledge and experience, conceiving ingeniously, and solving in new ways problems that predecessors have not solved. It is not something mysterious and unfathomable, but is determined by the dialectical nature of cognitive activity and is a concrete embodiment of the active role of human cognition. Imagination, intuition, and inspiration are commonly seen forms of creative thinking.


	What are imagination, intuition, and inspiration



Imagination refers to the activity of thought in which people, on the basis of original perceptual images, through new combination, create new images or evoke association and conjecture. The history of science tells us that all pioneering scientists and inventors have a rich imagination. Einstein once pointed out: “Imagination is a real factor in scientific research.”28

Intuition refers to the extremely keen, penetrating insight, accurate judgment, and essential understanding that people rapidly make of new things and new phenomena that suddenly appear before them. Intuition differs from imagination: it is not a supposition detached from the phenomena before one’s eyes, but a judgment, carrying a conclusion, about the thing before one’s eyes. The rapid seizing and keen understanding of chance opportunities, for example, is one manifestation of intuition.

Inspiration refers to the phenomenon of thought in which people, faced with a problem that they have repeatedly explored without finding its solution, are stimulated by some accidental factor, suddenly awaken to it, and obtain the answer. Materialist dialectics holds that inspiration exists objectively; it is a function of the brain, a complex psychological phenomenon appearing in people’s creative activity. Its general mechanism is that memory traces in the nervous system of the brain are switched through in an instant, leading to sudden enlightenment.

The common characteristics of imagination, intuition, and inspiration are:


	As a cognitive phenomenon, they all cannot be separated from perceptual knowledge obtained in practice, and they are a kind of complex thinking activity carried out on the basis of rational knowledge that has been formed through a certain degree of abstraction, by way of rational thinking such as induction, deduction, analysis, and synthesis, of formal-logical thinking such as concepts, judgments, and inferences, and of certain pictorial thinking.


	They all take as premise intense thinking devoted over a long time to creatively solving certain difficult problems, and arise as the fruits of labor of long creative practice and thinking activity.


	As a special cognitive process and psychological phenomenon, they generally have a sudden character. This suddenness is built on the basis of the white-hot state of intellectual activity (also called the state of high stimulation), and is often embodied as a leap in intellectual activity.


	They are often connected with subconscious activity, and are a kind of use of the clear memories and latent impressions in the human brain to carry out various decompositions and combinations, thereby creating new presentations that break through established views.





	The role of imagination, intuition, and inspiration in scientific research



Imagination, intuition, and inspiration all have important roles in the whole process of scientific research, and their role is especially clear in the formation and development of hypotheses and theories.


	The forerunner role



In science and technology many discoveries, inventions, and creations have been obtained under the inspiration of imagination, intuition, and inspiration. The many brilliant imaginations of the ancient Greek philosophers and the works of famous science-fiction writers such as Jules Verne have all exerted major influence on the development of science and technology; this embodies the forerunner role of creative thinking.


	The bridge role



In natural-scientific research, people often rely on imagination, intuition, or inspiration to link the known field and the unknown field, fill in missing links in cognition, and erect a bridge between subjective cognition and the objective object. Then, through in-depth exploration and verification, major breakthroughs in science are obtained. For example, in 1894 the outstanding Russian scientist Tsiolkovsky, with no airplane and no rocket available, made bold conjectures about building rocket aircraft, setting up earth satellites, landing on the moon, and flying to other planets; the development of aviation and space technology over the following eighty-odd years has been very close to his original imaginings, which fully proves the enormous role of creative thinking.


	The catalytic role



The various forms of creative thinking can, in the process of humanity’s exploration of nature, play the role of a catalyst and greatly speed up the creative process of natural science. The experience of some outstanding scientists shows that the above catalytic role is often produced in a state of temporary relaxation after a long period of tension in thinking activity. Walks, travel, rest, periods of recuperation from illness, and so on may all evoke sparks of thought and promote the solution of difficult problems.


	The cultivation and training of the capacity for creative thinking



The creative methods of thinking such as imagination, intuition, and inspiration are not the patent of individual “supermen,” but common methods that every person with a sound mind can cultivate, train, and adopt. The raising of creative thinking is often related to the following factors:


	Having long preparatory labor. Through long scientific exploration and in-depth thinking, a foundation can be laid for creative thinking. In other words, carrying on sufficient conscious activity is the minimum condition for evoking subconscious attention and realizing creative thinking. This is just as Helmholtz said: first, one must always have considered all aspects of the problem over and over again, so as to grasp “in my head” all the angles and complex aspects of this problem, ….


	Break free of the bonds of habitual procedures of thinking. If one considers problems for a long time along a single line of thought, it easily makes the line of thought blocked and the thinking rigid. Therefore consciously breaking free of habitual thinking is often of great benefit to the progress of research work. When we have thought along a certain line until we can find no solution, we can change to another line and think anew; or we can shelve the problem for the time being, relieve the brain a little, and create conditions for brewing a new line of thought; and, when logical thinking is powerless, we can end conscious thinking at the proper time, jump out of the original framework, and make way for creative thinking, and so on.


	Be good at asking questions and attend to association. In research work, one should note the deviations between actual situations and ideal situations and raise questions from them; at the same time one should keep in mind the related things around one, unexpected matters, and so on, and take care to seek inspiration from them. Legend has it that Lu Ban’s invention of the saw was inspired by the phenomenon of a finger being cut by a blade of cogon grass.


	Cherish the best times and environments. Since creative thinking often occurs in the stage of relaxation after long tension in thinking, such times and environments as before falling asleep, after getting up, walking, conversation, and even riding in vehicles and recuperating from illness should not be lightly let go, but should be regarded as good opportunities for the production of creative thinking and made use of as far as possible.


	Carry paper and pen with you and promptly record the flashes of thought produced in an instant and the novel ideas that suddenly appear, so as to have them for in-depth reflection and for choosing the best among them.




In sum, creative thinking is not mysterious, and imagination, intuition, and inspiration do not in themselves directly supply the results of scientific theory. The formation of any scientific theory is always inseparable from arduous practical activity and rational thinking and the necessary forms of logical expression.
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Chapter 5 Mathematical Methods

The mathematical method is an indispensable means of cognition and auxiliary tool in natural-scientific research. Modern natural science in particular can scarcely take a step without mathematics. Therefore, to examine, from the standpoint of methodology, the characteristics, applications, and trends of development of the mathematical method, and to take the mathematical method consciously as a tool of thought, has direct significance for promoting natural-scientific research work.


Section 1 Characteristics and Role of Mathematical Methods


I. Characteristics of the Mathematical Method

The so-called mathematical method is to use the concepts, theories, and methods that mathematics supplies to carry out quantitative analysis, derivation, or calculation on objective objects, thereby achieving the aim of revealing the internal connections and laws of development of things.

The characteristics of the mathematical method are determined by the object of study of mathematics.

“Mathematics is the science of quantity,”1 and its object of study is quantity. All things in the objective world are a unity of opposites of quality and quantity. Although distinguishing the quality of things is the beginning of knowing things, only by analyzing and studying the quantity of things can one know the quality of things more profoundly and more accurately. Therefore, a science reaches a truly perfected stage only when it successfully applies mathematics. The trend of development of modern science toward ever greater mathematization fully embodies the enormous role of mathematics in the development of natural science.

The quantity that mathematics studies is general, pure quantity. The various numbers in mathematics — natural numbers, integers, rational numbers, real numbers, complex numbers — are pure quantities. The vectors, sequences, matrices, sets, and so on in the various number systems are also pure quantities. The various equations (algebraic equations, differential equations, and so on), the various algebraic structures, the various geometric spaces, the various relational expressions, and so on are all pure quantities.

That the object of study of mathematics is pure quantity determines that it necessarily has a high degree of abstractness, rigorous logical character, breadth of application, and dialectical character of content and method.


	A high degree of abstractness



Every science has abstractness. But the abstraction of the concepts, theories, and methods of mathematics differs markedly from the abstraction of the natural sciences and social sciences. Because the abstraction of mathematics is an abstraction that wholly abandons the qualitative determination of any specific form of the motion of matter, it necessarily appears in “an extremely abstract form.”2

The determination of quantity in the real world is often closely combined with the determination of quality. The abstraction of the natural sciences such as physics, chemistry, geology, and biology always retains some attribute of one particular quality of matter — for example temperature, humidity, concentration, angle of incidence, angle of reflection, charge density, and so on. The abstraction of mathematics, however, sets aside the attributes of the various qualities of the things of the real world, thereby obtaining relations of pure quantity wholly detached from their own content. Therefore mathematics has a higher degree of abstract form than the other natural sciences. The various mathematical concepts, the various mathematical models, the formalized axiomatic method, and so on are all highly abstract. The high abstractness of mathematics enables it to reflect the real world more profoundly, reflecting the essential connections of quantitative relations among many different things and their common laws.

In grasping this characteristic of the abstractness of the mathematical method we must oppose two kinds of one-sidedness. One is to exaggerate one-sidedly the high abstractness of mathematics until it goes to an extreme, which often leads to negating the objective basis of mathematics and gives rise to mathematical idealism. The other is to deny the active role of human thought in reflecting reality, which will fall into the error of mechanical materialism.


	Rigorous logical character



Every science must apply logic. But the requirements that the concepts, theories, and methods of mathematics make on logical character also differ greatly from those of other disciplines. This is because the object of study of mathematics is pure quantity and has an extremely abstract form, so that in expounding mathematical concepts, confirming mathematical theories, and forming mathematical systems it is necessary to rely on rigorous logical structure and logical systems. The earliest science of antiquity to form a comparatively rigorous logical system appeared in mathematics; the earliest science of modern times to be formed with rigorous logical structure, marked by the axiomatic method, likewise appeared in mathematics; and the most effective and widespread application of logical proof and inference is likewise found in the various branches of mathematics. Conversely, logic, in order to reach the rigor of its own system, must in turn rely on the forms of expression of mathematics. In sum, a rigorous logical foundation is a necessary condition for the smooth development of the various branches of mathematics, and is a basic characteristic of the application of the mathematical method in every field.

The rigorous logical character of mathematics and the precision and reliability of its conclusions are indisputable. But the sole criterion for testing the objective truth of mathematical theory is still social practice. The history of mathematics shows that the constant application of mathematical theory in social practice is not only a process of constantly testing the objective truth of the system of mathematical theory but also a process in which mathematics constantly draws nourishment from the real world and advances.


	Breadth of application



Every science has its important value in application. But the scope of application of mathematics is even wider. This is because the quantity that mathematics studies exists not only in some particular field and some particular form of the motion of matter, but universally in numerous fields and in the various forms of the motion of matter. The broad penetration and application of modern mathematics in every field and every discipline is the best illustration.


	Dialectical character of content and method



Mathematics is the reflection in people’s brains of the quantitative side of the real world. The real world is full of contradictions, so mathematics is necessarily also full of contradictions. Not only is higher mathematics full of contradictions; “even elementary mathematics is full of contradictions.”3 In the operations and methods of mathematics there are likewise dialectical relations everywhere. Hence Engels said: “Mathematics: dialectics as an auxiliary tool and mode of expression.”4



II. The Role of the Mathematical Method

The mathematical method has a particularly important role in scientific research.

First, it can supply methods of quantitative analysis and calculation.

Mathematics is the science that studies quantity. The fundamental aim of applying the mathematical method is to know the quality of things more deeply through the study of quantity. Therefore the application of the mathematical method is often an important sign that a science has passed from qualitative description to the precise stage of quantitative analysis.

The “mathematization” of modern science has become an important trend in the development of present-day science. In the nonliving domain, the application of the mathematical method in the various natural sciences is developing in a deeper and broader direction. In the domain of life, biomathematics has already become a brand-new discipline. In the process of biology’s transformation into a theoretical science, mathematics has already brought into play its own peculiar functions and role, as in the interpretation of the genetic code, the establishment of laws of the rate of growth of animals, the application of mathematical methods in medicine, and so on. Future biology, through the introduction of mathematics, will be quantitative biology and precise biology. In addition, mathematics has begun to penetrate the field of the national economy. Marx attached great importance early on to applying mathematics to the study of the social sciences, holding that the mathematical method is a sharp weapon for studying economic processes. The mathematization of the social sciences is at present advancing rapidly internationally; this is because, with the acceleration of the speed at which science and technology are applied in the economy, the strengthening of dynamic connections among economic departments, and the expansion of the sphere of production, there is an urgent demand that the study of social phenomena become more precise and quantified.

Second, it can supply tools of logical inference and scientific abstraction.

The characteristic of the development of modern science is that on the one hand it penetrates into technology and engineering, and on the other hand it develops in the direction of higher and deeper theory, facing a great synthesis of the various scientific theories. To apply the mathematical method to establish the theoretical systems of other sciences, to explore and develop new theories, and to serve as a form of abstraction of the thinking of other sciences — this is a prominent aspect of the application of the modern mathematical method in the new historical stage.

In revealing the laws of development and change of objective things, people often use a series of logical methods. In ascending from the abstract to the concrete, in order to examine the relations, laws, and internal connections among events in a purified state, the application of mathematical means can often form an abstract intuitive pattern. This mathematical idealized form can supply theoretical science not only with the necessary tool of logical inference but also, at the same time, with a set of formalizing means necessary for such inference.

Mathematics has such characteristics as a high degree of abstractness and rigorous logical character; therefore mathematics can construct certain logically noncontradictory structures that remain similar to real structures in essential attributes. In this way it can supply the various concrete sciences with imagined counterparts of new objects, so that they may study their own objects more deeply, and even bring about the appearance of new disciplines.

The axiomatic method, the structural method, the mathematical-hypothesis method, and so on within the mathematical method are all extremely important means of cognition in people’s abstract thinking and powerful tools for all scientific cognition and the development of theory. Apart from applying the mathematical method, people at present cannot yet fully understand the various attributes of the microscopic world, the cosmic world, and the objects of many macroscopic domains that are hard to approach directly.

Finally, the mathematical method can also supply the various sciences with a concise and precise formalized language, and supply scientific research with the “mathematical experiment,” and so on.




Section 2 Applications of Mathematical Methods


I. The Method of Mathematical Models


	What is a mathematical model



A mathematical model is a set of mathematical formulas and concrete algorithms reflecting quantitative relations, summed up from the phenomena observed in the object of study and its practical experience, and used to describe the laws of motion of the object. In every field of natural science, applying the mathematical method requires establishing the relevant mathematical model and, by solving it, making the necessary judgments.

A mathematical model is a mathematical description of the essential characteristics of objective things and their laws of change. The basis of the mathematical model lies in the fact that every thing in the objective world is a unified whole of the opposites of quality and quantity, and therefore can be handled and expressed with unified mathematical tools. A successful mathematical model should satisfy such conditions as universality, precision, and conciseness.


	The basic steps of the method of mathematical models




	The establishment of the mathematical model. To establish a mathematical model is to express some lawfulness of the object of study in mathematical language, mathematical axioms, and so on. Generally speaking, before establishing a mathematical model, people often already possess the necessary empirical material, and can therefore, through analysis and processing of the data and through abstraction, obtain a mathematical mode of expression or concrete algorithm reflecting certain quantitative relations and laws of motion of the object of study. In establishing a mathematical model, the first step is to determine a number of basic quantities to reflect the determinations of quantity of the object system and to describe its state, characteristics, and laws of change; the second step is to carry out the necessary abstraction on the chosen basic quantities and find among them the most important quantities and relations of quantities, that is, to grasp the principal contradiction and the principal aspect of the contradiction — otherwise it is hard to construct a mathematical model reflecting the essential laws of the object; the third step is to simplify and derive further the above principal quantities and relations of quantities so as to make them a perfected mathematical model.


	The testing and solving of the mathematical model. The testing of the mathematical model is first to carry out mathematical analysis of it, using mathematical theory and mathematical language to demonstrate the reasonableness and reliability of the model and to inquire whether a solution exists, the nature of the solution, and so on. Only a mathematical model that has passed mathematical demonstration is worth retaining and solving. The solving of a mathematical model is basically a matter of mathematical operation. After the solution of the mathematical model is obtained, it must also be compared with the results of observation and experiment; this step is the most authoritative test of the mathematical model.


	The interpretation and foresight of the mathematical model. The mathematical model and its derivation and solution are carried out according to the laws of mathematics. But what the practical meaning behind this inference is, and what the results obtained show, all require theoretical interpretation, and on that basis relevant explanations of a predictive kind must be put forward. If establishing a mathematical model is the mathematization of a theoretical problem, then interpretation and foresight are the theorization of the mathematical formulas.





	On deterministic mathematical models and stochastic mathematical models




	Deterministic (or classical) models. The objects to which this kind of model applies are necessary phenomena or deterministic processes in nature — for example, that a year has four seasons, that a day has 24 hours, and so on. The basic characteristic of such processes is that when we know the initial state and the laws of motion of the object of study, we can always calculate its state of motion at future moments. Such processes can be described by the various equations of classical mathematics (algebraic equations, differential equations, integral equations, and so on).



The high abstractness of mathematics reflects the common laws of quantity in concrete objects of various different types. Therefore the various mathematical models have a certain universal significance. For example, a simple quadratic function y = ½ax² can describe the motion of a freely falling body (S = ½gt²), can also describe the kinetic energy of a moving body (E = ½mv²), and in geometry can also express the area of a semicircle (A = ½πr²), and so on.

Again, in military affairs, the vector equation for the motion of the center of mass of a rocket derived by using a mechanical model is: m · (dv⃗ₐ/dt) = ΣF⃗ᵢ + Σp⃗ᵢ, where m = m(t) is the mass of the rocket at time t; dv⃗ₐ/dt is the acceleration of the center of mass in an inertial coordinate system; ΣF⃗ᵢ is the sum of the external forces acting on the rocket; and Σp⃗ᵢ is the sum of the reaction forces.

The common characteristics of deterministic mathematical models are: the object studied, after being purified, can be examined as a separate system or an idealized state, that is, secondary factors are excluded and principal factors highlighted, random factors excluded and factors having definite causal connections highlighted, so that the object of study reaches a purified, idealized state; the state of the object examined or of a certain system can be characterized and described by the values of some mathematical object w (w may be a set of real numbers, or one or several functions, and so on), and in revealing dynamic processes the derivatives, differentials, or differences of these variables are needed for description; the value of w at any moment t (t > t₀, t₀ being the initial moment of the motion) is determined by the one corresponding to t₀ w₀ uniquely: w = F(t₀, w₀, t). Grasping these common characteristics is important for establishing deterministic mathematical models.


	Stochastic mathematical models. Among natural phenomena and social phenomena there are some that, taken individually, are irregular, but which, through a great many experiments or observations, viewed as a whole present a strictly non-accidental lawfulness. These phenomena are called random phenomena, this process is called a random process, and this kind of law is called a statistical law. The statistical law is a concentrated reflection of the dialectical unity of necessity and accident. A typical example of a random process is the Brownian motion of molecules, an extremely irregular motion; we cannot know for certain the state of motion (position, velocity, and so on) of a particular molecule after a period of time, but as a whole it reflects a statistical regularity, namely the equilibrium temperature of the system.



Probability theory and mathematical statistics are the mathematical theories that systematically study random phenomena and establish stochastic mathematical models. In the first half of the nineteenth century people began to study the motion of tiny particles suspended in a liquid or gas (that is, “Brownian motion”). In 1859 Maxwell, using probability theory, established a mathematical model describing the law of distribution of gas molecular velocities. In 1905 Einstein combined statistical methods and mechanical methods and produced the mathematical model of Brownian motion. Afterward, in studying the random process of Brownian motion and other random processes composed from it, people established stochastic integral and stochastic differential equations. During the Second World War, Wiener engaged in research on the automatic control of anti-aircraft guns. He predicted the future data of an aircraft from observed data such as its position and velocity, and then adjusted the bearing of the anti-aircraft gun according to the predicted data, creatively introducing statistical methods into controlling anti-aircraft fire. Afterward he again used statistical methods to predict, or restore as far as possible, a signal stream interfered with by noise, and put forward the famous prediction and filtering theory. Later, with the rapid development of space technology, Kalman and Bucy overcame difficulties in filtering theory and established the Kalman filtering theory, which, with the cooperation of electronic computers, has already found extremely wide application in engineering technology, production, and military affairs, fully showing the powerful vitality of statistical methods.

Stochastic models are concentrated in the various distribution functions and random processes. Statistical theory has found wide application in research in the microscopic domain.

In military technology, a great many computational problems are directly connected with random processes. For example, in the problem of the dispersion of impact points of ballistic warheads, all the interference factors affecting the dispersion of the warhead’s impact points can be divided into two kinds. One kind is the interference factors of the powered (active) segment of the trajectory, mainly caused by errors of the control system, including the unavoidable errors of the various components when working, errors of measuring equipment, errors of the computer, and so on. The other kind is the interference factors of the passive segment (the free segment and the reentry segment), mainly in the atmospheric segment, including deviations in atmospheric parameters (atmospheric temperature and density), wind, deviations in the characteristics of the warhead (weight, geometric shape, center of gravity, aerodynamics, and others), deviations in the initial conditions of the warhead’s angular motion in the atmosphere, and so on. To resolve these deviations, various random functions must be used. In order to determine more rigorously and more precisely the probabilities related to the various interference factors of the passive segment of the trajectory — for example, the probability of detecting a target, the probability of reliable working of weapon components, the probability of hitting a target, the probability of destroying an aircraft or missile, the probability of destroying a target, and so on — statistical test methods are mostly adopted.

The basis of stochastic mathematical models is statistical law. The essential characteristics of statistical law include:

First, objectivity. Statistical law is the reflection, in probability theory and mathematical statistics, of large numbers of random phenomena that exist objectively. Among individual organisms, for instance, variation of the DNA macromolecule is random, but the evolution of the species as a whole is lawful. Again, as regards the impact point of a missile, we cannot determine in advance where a particular missile will land; where that missile concretely falls is a random phenomenon. However, according to the design requirements and production arrangements of the research and development department, the missile cannot fly without bounds (abnormal circumstances excepted), and we can always determine in advance a certain dispersion region of impact points (which may be comparatively large). After several test launches have been carried out, by organizing the test information obtained (including induction, deduction, analysis, synthesis, comparison, and so on), a statistical appraisal of the impact-point accuracy of the new type of missile can be made, thereby improving design and production and continually adjusting the originally stipulated dispersion region so that it meets the stipulated requirements.

Second, precision. This precision first of all refers to wholeness. Mathematical statistics takes probability theory as its theoretical basis, chiefly the law of large numbers. It studies the objective lawfulness of the object from data obtained by observation and statistical experiment, and makes various reasonable estimates and judgments. Next, the meaning of “precise” is only relative, an approximation after neglecting secondary factors; determinate causal laws and statistical laws alike are only approximate reflections of objective processes under certain conditions. Wiener, the founder of cybernetics, once used the flight path of an aircraft as an example: if outside disturbance is not considered, old-style aircraft always fly along a smooth, regular curve, but owing to disturbances such as air eddies, the flight of the aircraft acquires a random component. This is a process dominated by a deterministic process and containing small random disturbances. In processes of this kind, the task of prediction is to filter out interfering factors and foretell the state of the dominant process at future moments. Modern aircraft, especially light fighters, have the characteristics of being more flexible and maneuverable and having variable flight paths, so that the process greatly increases its random component. Therefore, according to the concrete circumstances, one should accordingly decide whether to use causal law or statistical law to describe a particular process of change. With the gradual deepening of people’s understanding of natural processes, within one range it may be possible to study with causal laws, while at another level causal laws are powerless and one must resort to statistical laws, or may even explore in newer directions (such as fuzzy mathematics). This fully shows that statistical laws sometimes manifest themselves in the wholeness of a great many things — for example, the totality of a great many “irregularly” moving gas molecules, the gas, whose macroscopic properties (temperature, pressure, volume) present a certain regularity; and sometimes statistical laws are again manifested in the repeated experiments on individual things. At the same time, with people’s continually deepening understanding of the laws of development of things in nature, causal relations present many different forms, such as one cause with many effects, one effect with many causes, and so on.

Third, wholeness. The statistical method carries out analysis of the total quantity of the object examined, and reflects the universal laws of the sum and development of the whole. What it describes is not the “individual”; the “individual” can clearly deviate from the whole.

From the above analysis it can be seen that the deterministic mathematical model and the stochastic mathematical model are also in dialectical unity. The two kinds of model have both marked differences and yet are mutually dependent and mutually interpenetrating, presenting a relation of unity of opposites.

In recent years, with the development of mathematical theory and the application of the mathematical method to a series of new fields, catastrophe mathematical models specially studying the phenomenon of abrupt change have been formed on the basis of topology, and fuzzy mathematical models studying the great number of fuzzy phenomena in the real world have been formed on the basis of fuzzy mathematics. It can be expected that the method of mathematical models will surely play an even greater role in natural-scientific research.



II. The Axiomatic Method

The axiomatic method is to select and fix a number of the most fundamental propositions as axioms, then introduce definitions and some basic concepts, and then, taking these axioms and concepts as the point of departure, carry out logical deduction, deriving other propositions and theorems so as to form a complete theoretical system. The axiomatic method has an important role both for mathematics itself and for research in the other natural sciences.


	The axiomatic method is the basic tool for establishing scientific systems



Any system of scientific theory is a system of knowledge organized according to a certain logical structure, and is a deductive system.

The Elements of Geometry, summed up and organized by Euclid in the third century B.C., is a typical deductive system; on the basis of a number of definitions of primitive concepts, five postulates, and five axioms, and applying the method of deductive inference, it built a vast and complete edifice of geometry. It has dominated the stage of human history for more than two thousand years. More than a thousand editions have been published since the invention of printing. Although this geometric system does not seem, from the present viewpoint, complete and rigorous enough, it has produced an enormous and profound influence on the development of mathematics and the other sciences.

Afterward, the axiomatic method was widely used by mathematicians to sum up particular branches of mathematics, and the axiomatization of such disciplines as group theory, probability theory, and set theory appeared. In the 1930s the French Bourbaki school found several basic structures throughout mathematics and, on that basis, organized the whole of pure mathematics and established all kinds of axiomatized systems.

The axiomatic method has also been widely applied in the other natural sciences. In the seventeenth century Newton applied the axiomatic method to organize the great mass of mechanical material of the time. In his book Mathematical Principles of Natural Philosophy, he first listed eight “definitions” and three basic laws (which are in fact the definitions and axioms of mechanics) as the grounds of his argument, and then went on to deduce the basic theories and mathematical forms of mechanics, and so on. Subsequently, Lagrange’s Analytical Mechanics in the eighteenth century, Clausius’s The Mechanical Theory of Heat in the nineteenth century, and Einstein’s special and general theories of relativity in the twentieth century were likewise written by applying the axiomatic method to sum up the results of the science concerned. Especially since the twentieth century, the axiomatic method has attracted still more attention. In 1957 and 1959, international academic conferences on the axiomatic method were held in the United States and France respectively, specially discussing the role of the axiomatic method in mathematics and the other natural sciences.


	The axiomatic method is an effective means of developing scientific theory



An axiomatic system is not only a summing-up of past scientific achievements, but can itself also become the starting point of new scientific research; this is quite obvious in the development of mathematical theory. Since the appearance of Euclidean geometry, for more than two thousand years its fifth postulate has been an object of study for mathematicians (chiefly because it involves the problem of infinity, is not as evident as the other postulates, and was used only once in the whole of the Elements of Geometry), but most of the attempts ended in failure. However, once Gauss, János Bolyai, and especially Lobachevsky and Riemann discovered that the fifth postulate is unprovable, and thereby set the fifth postulate aside and introduced new postulates, non-Euclidean geometry came into being accordingly. By the nineteenth century, Hilbert, in order to overcome certain defects in the system of geometric axioms in the Elements of Geometry, put forward in his book The Foundations of Geometry the idea of the formalized axiomatic method and three basic requirements for modern axiomatized systems — freedom from contradiction (consistency), independence, and completeness — making the axiomatic method more scientific, more systematic, and more perfected. Since the twentieth century people have carried out in-depth research around the questions he raised, finally bringing the formalized axiomatic method into being. The formalized axiomatic method will exert a profound influence on modern mathematics and the other natural sciences.

First, in modern mathematics it has already become a very important tool for studying problems of the foundations of mathematics. The study of other modern mathematical theories is also directly connected with the formalized axiomatic method.

Second, the formal systems established by the modern axiomatic method are of important significance for computer mathematics, because the formal languages and algorithms they supply constitute the necessary premise and logical foundation of the computer. This creates favorable conditions for the development and utilization of artificial intelligence.

Finally, by establishing a mathematical system through the formalized axiomatic method, this system can be applied to every area such as natural science and engineering technology.

In order to understand profoundly and apply correctly the axiomatic method, we must fully see that the mathematical axiomatic system is by no means constructed out of thin air; mathematical axioms have their objective basis. First, the reason mathematical axioms are self-evident and need no explanation is precisely that their truth has been so frequently confirmed by experience and practice that there is no need to test them further in each individual concrete case. That is to say, it is precisely because they have been confirmed hundreds of millions of times in practice that they are self-evident, and it is not because they are self-evident that they are true. On this Lenin once pointed out: “Man’s practical activity must lead his consciousness to the repetition of the various logical figures thousands of millions of times in order that these figures can obtain the significance of axioms.”5 Second, the material accumulated by a discipline is the foundation on which the axiomatic system of that discipline is formed. Euclidean geometry is so, and the establishment of the axiomatization of probability is also so. Third, mathematical axioms plainly appear as things that cannot be proved in mathematics, but their truth is “dialectically provable,”6 that is, proved historically and practically. For example, at the time of the initial creation of Lobachevskian geometry, the truth of each of its axioms was naturally something mathematics could not prove. But when the whole of non-Euclidean geometry was confirmed in later practice, the truth of each axiom of this axiomatic system was at the same time dialectically proved. Finally, we must also see that modern mathematics has shown that the total axiomatization of mathematics is impossible. In the final analysis, the freedom from contradiction of mathematical axioms ultimately depends, and must depend, only on the testing of practice.

In sum, the mathematical axiomatic method is a scientific method that reflects reality and accords with dialectical materialism.



III. The Method of Simulation (Simulation Modeling)


	Simulation and its classification



The method of establishing a mathematical model, solving it with a computer, and carrying out mathematical experiment is called the simulation method. Simulation has wide application in modern military affairs.

Simulation generally has four steps: establishing the mathematical model of the actual system; converting the mathematical model into a simulation model that can run on a computer; compiling the simulation program and running the simulation model to carry out experiments; and analyzing the results, evaluating the performance and characteristics of the system, and revising and verifying the model.

Simulation can be divided into simulation of continuous systems (such as the control system of a missile) and simulation of discrete events (such as population systems, market systems, telephone systems, and so on).

Simulation is divided into pure mathematical simulation and semi-physical (hardware-in-the-loop) simulation. Pure mathematical simulation is the realization on an electronic computer of a purely mathematical simulation; semi-physical simulation is the combination of mathematical simulation with direct experiment on the actual system. In semi-physical simulation, one part of the system uses the real object and the remaining part uses a model, and they constitute a closed loop (as in the figure). In the course of the simulation experiment, the output of the real-object subsystem serves as the input of the model subsystem, and the output of the model is in turn fed back into the real-object subsystem. In this way the real object can be used to verify the model, or conversely the model can be used to verify the real object, giving full play to the superiority of simulation.

[Figure, book p. 359, captioned “Schematic diagram of semi-physical simulation”: a large box at the top containing two stacked smaller boxes, “Mathematical model” above “Simulation model.” A closed loop runs from this box down the right side to a box at the bottom labeled “Real object,” and from the real object back up the left side into the large box.]

In the simulation of large continuous dynamic systems (such as space vehicles), semi-physical simulation is very important. For example, when carrying out simulated flight experiments on a missile system, the equations of motion of the missile body are used to describe the motion of the missile body and are solved on the computer, while the control system of the missile is connected to the simulation system as a real object already built. Simulating in this way can imitate the actual flight process of the missile more realistically. Using simulation to conduct test-flight experiments can greatly reduce the number of test flights, thereby saving a large amount of funds.


	The role of simulation



The main advantages of simulation are economy and flexibility. At present simulation has been widely applied in the study of systems. It is an indispensable tool for design, research and development, appraisal, and training in military and weapon systems. Where actual experiments cannot be carried out, computer simulation is the most effective means. For example, the study of an early-warning radar system under a large-scale missile attack cannot be tested in the field and can be realized only through simulation.

Simulation has been used throughout the whole process of the research and development of missile systems: from the demonstration of the missile-system plan to the realization and appraisal of system performance, from the putting of the missile system into combat use to the putting forward of the tactical and technical requirements of the next generation of missile system, simulation is used. The main roles of simulation in the process of missile research and development are: first, through repeated simulated flight experiments on the missile system, to verify whether the design of the missile system meets requirements. Then to determine the test-flight plan and safety report of the missile system; after the test flight, to analyze and process the simulated flight data and the actual test-flight data, guiding the revision of the design plan and thereby making the design still more perfect and reliable. Finally, through parameter-sensitivity simulation, to determine manufacturing tolerances and finalize the design for production.


	The philosophical basis of simulation



The material world is a dialectical unity, and this is the philosophical basis of simulation. From the standpoint of the theory of knowledge, the contradictions in simulation are chiefly the following two:

[Figure, book p. 360, captioned “The position of the simulation system in the process of cognition”: on the left a box “Experimenter” and on the right a box “Object system,” each linked by two-way arrows to a large central box. At the top of the central box is the label “Simulation system”; inside it, stacked vertically, are “Mathematical model,” “Simulation model,” and “Result analysis,” joined by two-way arrows, with a feedback loop on the right side from “Result analysis” back up to “Mathematical model.”]


	The contradiction between the object system and the simulation system.



As shown in the figure, the object system is the object of study, and the model of the simulation system is a reflection of the object system, determined by the object system. At the same time it is also an embodiment of the cognizing subject’s cognition of the object system. It can be seen that the simulation system is a unity of opposites of the subjective and the objective. It plays the role of a logical intermediary in the process by which the subject cognizes the object.

Refining the mathematical model is an extremely important step in simulation. The correctness of the mathematical model bears directly on the success or failure of the simulation. But, conversely, simulation in turn has a positive influence on the mathematical model. Whether the mathematical model established can correctly reflect the object system must be tested through practice. In simulation this is embodied as follows: the mathematical model is converted into a simulation model, the simulation model is run on the computer, and the results obtained are compared and analyzed against the data obtained by other experimental means (such as experiments done directly on the actual system). Through simulation, people can discover problems in the model and revise the model accordingly. Then simulation experiments are carried out again and the model is revised again. This proceeds repeatedly until a mathematical model that meets requirements is obtained. This process can be represented by a diagram.

[Diagram, book p. 361: a flow chart. At upper left a box “Initial model” leads by an arrow to the box “Simulation” to its right. From “Simulation” a downward arrow leads to the central box “Comparison of results.” At lower left a box “Actual system” sends one arrow up to “Initial model” and another arrow to “Comparison of results.” From “Comparison of results,” one arrow rises to the upper-right box “Revised model” (which in turn feeds back by a line along the top to “Initial model”/“Simulation”) and another arrow descends to the lower-right box “Final model.”]

This repeated simulation is not simple repetition, but a process in which people’s cognition is gradually deepened on a new foundation. This process is the embodiment in simulation of the active cognitive process of dialectical materialism.

In semi-physical simulation, the simulation system and the object system interact directly. When a digital computer is used to carry out semi-physical simulation of a continuous system, there is also a contradiction between continuous quantity and discrete quantity. These two kinds of quantity are mutually opposed, but through the special exchange mechanism in the simulation system they can be transformed into each other.


	The contradiction between the mathematical model and the simulation model



In refining the mathematical model, the principal contradiction is whether the mathematical model can correctly reflect the actual system. After the mathematical model has been established, it must further be transformed into a form that is easy to solve computationally, namely the simulation model. The simulation model is related to the concrete simulation computation. For the same kind of mathematical model, the simulation model on an analog computer is different. Even for digital computers, the simulation model may differ. Therefore one mathematical model may have simulation models of many forms.

In content, the simulation model is determined by the mathematical model. When the mathematical model is revised, the simulation model must be revised correspondingly. In form, the simulation model is determined by the concrete electronic computer. It is the intermediary between the mathematical model inside the simulation system and the electronic computer. Speaking of the overall process of cognizing the object system, the experimenter cognizes the object system through the mediating action of the simulation system. And inside the simulation system, the mathematical model in turn becomes the object of study, and the experimenter studies the mathematical model through the mediating action of the simulation model. The simulation model also has a reactive effect on the mathematical model: when errors in the mathematical model are discovered through the running of the simulation model, the mathematical model must be revised.

Others, such as the contradiction between simulation and the capacity of the electronic computer, and the contradiction between speed and precision in the development of computer simulation, also need to be handled correctly.




Section 3 Trends in the Development of Mathematical Methods

The application of the mathematical method in natural-scientific research has passed through a historical process of development from few to many, from low to high, from simple to complex, and from the individual to the universal. With the deepening of humanity’s cognition and transformation of nature, the application of the mathematical method has become ever wider and deeper. Moreover, with the development of mathematics itself, and especially the leap forward in the development of the electronic computer, the mathematical method has become ever more rich, varied, applicable, and effective, thereby opening broad prospects for the application and development of the mathematical method. At present the mathematical method shows a clear trend of vigorous development.


I. The Application of Mathematical Methods Becomes Ever Wider

In recent years the field of mathematics has achieved a series of new results, and the mathematical methods that can be used in scientific research have also become ever richer and more effective. Thus the rich and varied mathematical methods penetrate deeply and broadly into the various natural sciences. In the research work of various different disciplines, the various branches of mathematics are widely used, embodying the trend toward the mathematization of modern science. Even many extremely abstract mathematical theories have found important applications. In the course of mathematics’ penetration into the other domains of natural science, many interlacing new branches have been formed, embodying the law that mathematics and natural science promote each other and develop together.

As regards the spread of the application of the mathematical method, it may be said that “the vastness of the universe, the minuteness of particles, the ingenuity of chemical engineering, the changes of the earth, the mysteries of living things, the multiplicity of daily life — there is nowhere that mathematics is not used.”7 Modern physics is one of the disciplines most closely related to mathematics; many of its major achievements and the perfecting of its basic theory have been accomplished with the aid of the mathematical method. The penetration of the mathematical method into biology is also one that attracts attention one; it is increasingly freeing biology from the situation of merely describing phenomena and gradually turning it from qualitative research to quantitative research.

At the same time, the mathematical method is penetrating into the various domains of the social sciences and every aspect of social life, and plays an ever greater role in the development of the national economy.



II. The Degree of Abstraction of Mathematical Methods Becomes Higher

On the one hand, modern science has developed to a new historical stage of integration and wholeness, and there is an urgent need to establish, theoretically, more rigorous structures and systems; on the other hand, mathematical logic, a marginal science lying between logic and mathematics, has by now been developed quite fully. The vigorous development of mathematical logic makes the mathematical axiomatic method develop in the direction of greater formalization, abstraction, and precision, and at the same time axiomatizes and symbolizes certain forms of human thinking, especially the forms of logical inference, which in turn supplies a theoretical basis for the electronic computer to simulate certain functions of the human brain and processes of thought. So-called mathematical logic, also called symbolic logic, is a discipline that applies the mathematical method to study problems of inference, proof, and so on. Its main contents are propositional calculus, predicate calculus, recursion theory, proof theory, model theory, and set theory.

The development of modern science shows that mathematics has increasingly become the common language of all sciences. Mathematics, as the language of science, is of extremely great significance for the study of the theories of the various sciences and for the application of engineering technology.



III. The Trend Toward the Mechanization of Mathematics Is Increasingly Strengthened

The development of the electronic computer and of computer science has greatly changed the scope and appearance of the application of the mathematical method in the past. Just as the telescope used in astronomy and the microscope used in biology opened up new realms for humanity’s cognition of nature, the appearance and wide application of the electronic computer have likewise opened up extremely broad new venues for the application of the mathematical method.

First, the computer has become a bridge for applying mathematical theory to practice; it not only makes possible the solution of some problems that had long been unthinkable because of the enormous amount of computation, but also supplies mathematical research with a powerful tool, making it possible for mathematics, like the other natural sciences, to join the ranks of scientific experiment.

Second, computers can be used to explore and discover new laws.

In addition, computers can be used to prove theorems — for example, the proof of the “four-color theorem.”



IV. The Trend of Mutual Interpenetration and Combined Application of Mathematical Methods and Other Scientific Methods Is Increasingly Clear

On the one hand, the mathematical method and the general research methods, such as observation, experimental methods, and logical methods, are mutually dependent and applied in combination, and this trend is increasingly strengthened. Mathematics, systems theory, and cybernetics all belong to the cross-cutting (transverse) disciplines. Therefore the mathematical method, the systems method, and the cybernetic method have many common characteristics in the theory of knowledge and in methodology, and stand in an inseparable, close relation in application. The application of the systems method and the cybernetic method must take the mathematical method as its foundation, and the application of the mathematical method in turn must take the systems method and the cybernetic method as its premise.

On the other hand, the mathematical method is again mutually interpenetrating and interleaved in application with the special research methods of the various natural sciences. In the various physical disciplines and astronomical disciplines that study the microscopic domain, for example, one must often first establish the “theoretical model” of the object through the parameters and spectral series supplied by various technical methods, and then, according to the structure and characteristics of the theoretical model, apply the corresponding mathematical methods to carry out deductive inference. Again, the application of the mathematical method in chemistry and biology depends entirely on the transplantation to chemistry and biology of a great many physical methods (such as the methods of quantum mechanics, statistical mechanics, thermodynamics, and so on) and on the combined application of various experimental methods and technical methods. For example, it was only because of the transplantation of the methods of quantum mechanics to chemistry and biology that differential equations, for the first time, entered the fields of chemical and biological research, making it possible for mathematics, as a tool of inference, to describe and reveal the laws of chemistry and biology. The application of the mathematical method in the humanistic sciences, in the engineering technology of large systems, and in the science of enterprise management must often take the physical experimental method, technical methods, and the cybernetic and systems methods as its “carrier,” because what these disciplines study are complex systems with many factors and many variables and with an enormous flow of information.

That the mathematical method shows the above new characteristics and trends in application is by no means accidental; it is closely related to such factors as the needs of modernized productive practice and of the development of engineering technology, the trend of the integrated development of modern science, and the rapid development of the electronic computer.

The mathematical method is not only closely related to, and clearly effective for, general natural science and engineering technology, but also has an outstanding role in such areas as military science and military technology and is held in high esteem. It may be said that the rapid development of modern military technology is closely related to the wide application of the mathematical method. Military operations research has by now been developed quite fully, and probability theory, mathematical statistics, queueing theory, game theory, and the statistical experiment method are penetrating into the various domains of military application.

Military operations research has found wide application in the research and development, production, and use of weapons. First, at the stage of putting forward technical requirements for a new-model product, it is necessary to demonstrate these requirements and choose the optimal weapon-system plan. Next, at the stage of research, development, and experiment on the prototype of a new-model product, it is necessary to compare various different design plans and put forward the arguments for choosing the better plan; to evaluate the quality, reliability, and efficiency of the prototype according to its design data and test results; and to evaluate the economy of the prototype. Finally, in the course of use of the mass-produced product, it is necessary, according to the test and use results of the mass-produced product, to evaluate the quality, reliability, and efficiency of this product; to evaluate the economy of the mass-produced product; to determine the most suitable plan of technical maintenance; and to determine the most suitable scope of use (norms of the state of combat readiness at each level, norms of combat use according to meteorological conditions and target parameters, and so on).

In addition, in the various military systems engineering, in the various battle simulations, in modern command systems …, the mathematical method has found wide application.

In sum, the mathematical method is developing in depth in the direction of wide penetration, high abstraction, aid from the computer, and combined application. Practice shows that all natural-scientific research can in principle solve the relevant problems by the mathematical method; there are only fields in which the mathematical method has not yet been applied, and no field of research in which the mathematical method cannot be applied. In particular, the close combination of the mathematical method with computer technology is carrying out a major transformation of the whole mode of natural-scientific research. This will exert a major influence on natural-scientific research, on humanity’s productive activity, and on people’s social life.
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Chapter 6 Cybernetic Methods, Information Methods, and Systems Methods

After the Second World War, in order to meet the demands of social production and of military affairs, and along with the development of modern science and technology, a number of brand-new disciplines appeared, such as cybernetics, information theory, and systems theory. From different sides they reveal the essential connections and laws of motion of the objective material world, and supply new ideas and new methods for the development of modern science and technology. Some hold that cybernetics, information theory, and systems theory, following relativity and quantum theory, have once again thoroughly changed the scientific picture of the world and the modes of thinking of contemporary scientists. This chapter mainly examines the origins, basic content, characteristics, and role of the methods of the “Three Theories.”


Section 1 The Emergence and Significance of the “Three Theories” Methods


I. What Are the “Three Theories”

The so-called “Three Theories” methods is the abbreviated name for cybernetic methods, information methods, and systems methods. Cybernetics, information theory, and systems theory, as a group of emerging cross-cutting (transverse) disciplines, have theories of a certain universal significance, and their methods are applicable to the research work of every natural science. It may be said that the “Three Theories” themselves have the nature of a general methodology of science, and have especially direct and practical significance for the increasingly complex problems of modern science and technology. The “Three Theories” methods spoken of in this chapter refer concretely to applying, separately or in combination, the principles and methods of the “Three Theories” to study and solve problems in such areas of modern science and technology as planning, research and development, and management.

It is generally held that cybernetics took as the mark of its birth the publication in 1948 by the American mathematician Wiener of the book Cybernetics: or Control and Communication in the Animal and the Machine. The birth of systems theory took as its mark the publication in 1945 by the Austrian-born American biologist Bertalanffy of the article “On General System Theory” and his special lectures on systems theory in the United States in 1947 and 1948. The founding of information theory took as its marks the publication in 1948 by the American mathematician Shannon of “A Mathematical Theory of Communication” and, in 1949, “Communication in the Presence of Noise,” and so on. In view of the fact that Wiener also discussed the problem of information in his research on cybernetics and, from a different angle, obtained the same formula for calculating the quantity of information as Shannon, people list Wiener and Shannon together as the founders of information theory.

As for the significance and concrete content of the “Three Theories” methods, we shall introduce them one by one in the sections that follow.



II. The Historical Conditions for the Emergence of the “Three Theories” Methods


	Social conditions



Since the 1930s, many unprecedented changes have appeared in the development of science and technology. They are mainly manifested in the following:


	The way in which people act upon objective objects of labor has been transformed. In antiquity, people acted upon objects of labor directly through simple tools. After the first industrial revolution, people’s action upon objects of labor was accomplished through the prime mover — transmission — working machine. Afterward, with the raising of the degree of mechanization, the machines that people tended increased in number and the speed of operation of the machines rose, with the result that it became difficult to operate large machines in production relying solely on people’s energy and physical strength. At the same time, production and scientific research expanded toward many domains that humans could not reach or work in. This forced people to develop machines with automatic control and the theory of control, so as to realize effective control of the prime mover, the transmission, and the working machine.


	The role of information has clearly strengthened. Materials, energy, and information are the three major elements constituting the material civilization of society. Since humanity invented smelting technology, and especially iron-smelting technology, materials have no longer been the principal contradiction in the development of the social productive forces. At the time of the first scientific revolution, the main factor affecting the development of the social productive forces was the lack of powerful motive power, so energy was raised to the first position. Although in this period the power of machines grew ever greater, the processing of information in them was extremely simple, and the processing of information in social life and in the management of production was likewise not complex; people did not yet clearly recognize the role and position of information in human life. After the 1920s of this century, the situation underwent great change. In many circumstances, merely increasing the power of machines could no longer solve the problem. The problem of information processing was raised ever more sharply on the agenda and became a prominent problem of social development. Such problems appeared as the “information explosion,” the automatic processing and recognition of communications and pictorial information, and the control of automated systems, especially of large systems. All this shows that, with the ever-widening domain of human activity and the deepening of the problems studied, the role of information has likewise become ever more obvious.


	Major changes have occurred in the mutual relations between science and production technology; science, technology, and production interpenetrate and gradually form a unified organic whole. In the first scientific revolution and technological revolution, science and technology developed in parallel and were not organically connected. The modern scientific and technological revolution is different. On the one hand, the scientific revolution depends on technology and demands that advanced technical equipment and a powerful industrial base be provided for scientific research. This often causes scientific research institutions to cooperate directly with production units, and more and more scientific experimental research-and-development work is realized directly in large enterprises and in the sphere of production. On the other hand, major breakthroughs in production technology can occur only under the direct guidance of scientific theory. The results of scientific research are embodied directly in the products of production. Science has become a direct productive force. The large system composed of science — technology — production, complex systems increasingly become the object of examination of science itself. This requires that people establish a holistic viewpoint and apply the theories and methods of systems.


	The problem of the modernization of management has become increasingly prominent. Because of the mutual interpenetration of modern science, technology, and production, an integrated science — technology — production system has formed and increasingly become an object of people’s study. The specialized division of labor in social production has grown ever finer, the relations of mutual dependence among the departments of the national economy have become closer, and problems that cross departments and cross fields have become more and more numerous; many large and comprehensive projects (such as the development of large oil fields, and the construction of the national power grid and communications network) involve several departments of the national economy, dozens of kinds of work, hundreds of processes, thousands of machines, and tens of thousands or even hundreds of thousands of personnel acting in coordination, and without adopting modernized management techniques and methods, effective work cannot be done. Comrade Qian Xuesen said: in the past a plasterer or tiler who wanted to build a small house could design it himself and build it himself, needing no engineer. But after the nineteenth century, building a modern factory required engineers to design it. By the twentieth century, a large enterprise needs a chief engineer. For a large enterprise such as building satellites or atomic bombs, a chief engineer cannot understand so many specialties and so many aspects, and so a general design department is needed, gathering a group of engineers to study systematically and examine comprehensively. Thus began the study of systems engineering and systems theory and the application of systems methods.


	The urgent needs of the development of modern military technology. War is the highest form of class struggle. Therefore, since the existence of classes, the latest achievements of all science and technology have often been applied first and in concentrated fashion in military affairs, and war itself is what most stresses the holistic viewpoint and the viewpoint of the overall situation. Therefore the characteristics of the integration of modern science and the comprehensive, large-scale, and complex character of modern technology are manifested even more prominently and clearly in the application of military technology. In the Second World War, some of the principal belligerent countries mobilized virtually all their scientific and technical forces for the war. First, fascist Germany organized large numbers of scientists to carry out various researches related to military technology. Especially in the research and development of the V-1 and V-2 missiles, talents from all quarters were concentrated and multidisciplinary methods of comprehensive treatment were applied. In the Second World War, Britain’s air-defense early-warning system was successfully developed by applying the methods of systems engineering. In addition, Britain and the United States both used the methods of systems engineering in such military actions as antisubmarine warfare, antiaircraft defense, escorting merchant shipping, and laying naval mines, and achieved good results. In particular the “Manhattan Engineer District” project to develop the atomic bomb, with an investment of US$2 billion and the mobilization of 520,000 people, was likewise the result of the successful application of modern scientific methods. During the Second World War the United States mobilized nearly all its scientific and technical forces, established a huge system of scientific research serving the war, and realized the militarization and modernization of scientific research work.




Cybernetics, information theory, and systems theory were formed and developed under the demands and impetus of productive practice, scientific research, and the development of military technology.


	Theoretical conditions



Science appears in the form of theory and is systematized knowledge about objects. The role of theory is not only to organize knowledge about the objects cognized into a system, but, more importantly, this system must also open up a road toward obtaining new knowledge. Because people’s depth and breadth of cognition of things differ in different periods, the objects, angles reflected by theory, and the modes and methods of description also differ.

On the basis of high differentiation and high synthesis, modern science has shown a trend toward integrated development. The various natural sciences and natural science as a whole are in the process of exploring new theoretical generalizations.

The appearance of such disciplines as cybernetics, information theory, and systems theory is at once a need of the integration of modern science and something that has greatly promoted the integration of scientific knowledge. The theories and methods of these new disciplines differ from those of other disciplines: they do not take some particular material structure of the objective world and its form of motion as their object, but take some particular common aspect of many material structures and their forms of motion as their object of study; and they do not simply adopt the material-entity — structure method and the method of function, but stress the use of the system — function method and the information — regulation method. Hence their fields of study are very broad. Cybernetics, for example, studies the laws of regulation and control in living phenomena, human society, machine systems, thought, and all possible general structures. These processes possessing mechanisms of regulation and control are quite different in nature, but are similar in quantitative form and can be handled in a unified way. The concept of information is likewise a reflection of a characteristic universally possessed by the various phenomena and processes of the objective world. The information method is to set aside the concrete form of motion of the object and abstract the process of motion of a system into a process of information exchange, and therefore one process can be widely used to simulate another process. Systemic character is likewise a common material attribute manifested at all levels of structure developed in the objective world. These disciplines, like mathematics, firmly link the various disciplines together in concepts, language, and methods, and they introduce the method of quantitative analysis into the domains of society and the economy. Modern scientific methods no longer attempt to explain complex systems with simple systems, to decompose complex systems into simple systems, or to explain complex systems approximately with simple systems, but strive to know complex systems as they actually are and to find theories and methods suited to complex systems.


	Historical origins



Although the formation of modern scientific methods took place in the 1940s and 1950s of this century, in terms of the origin of ideas they have quite a long history, and may be said to be the necessary result of the development of traditional methods.

Corresponding to the history of the development of science, the development of the methods of scientific research has likewise passed through three main stages of whole — part — whole (synthesis), and the “Three Theories” methods are precisely the concentrated reflection of the modern synthesis of natural science.

We may take the systems method as an example and trace the historical origins of the “Three Theories” methods. As is well known, humanity in early social practice already produced simple systems thinking. In ancient agriculture, attention had long been paid to studying the dialectical relations among seeds, soil, fertilizer, irrigation, and the seasons. In ancient medicine, the theories of the pulse and its manifestations, the meridians and collaterals, qi and blood, yin and yang, and the five phases likewise proceeded from the whole, and with an approach approximating the systems approach linked the person, the disease, and the symptoms, together with the connection with the environment, to carry out treatment on the basis of dialectical differentiation. The Art of War of Sun Zi stresses that war should be judged by making a comprehensive comparison of the enemy and one’s own side in such respects as politics, weather, terrain, commanders, and legal institutions, so as to analyze victory and defeat. This precisely stresses grasping the opportunity of battle from the standpoint of the overall situation and coordinating the various factors, so as to draw up an operational plan for overcoming the enemy and winning. In the Warring States period, Li Bing and his son of the state of Qin designed and built the vast Dujiangyan water-conservancy project, comprising the three main projects of the “Fish Mouth” Min River water-diversion works, the “Flying Sand Weir” flood-diversion and sand-discharge works, and the “Bottle-Neck Channel” water-intake works, along with 120 subsidiary canal-and-weir works; precisely by proceeding from the whole, and rationally arranging the relations of irrigation, flood diversion, and sand discharge, it formed an engineering whole operating in coordination. Aristotle’s view that “the whole is greater than the sum of its parts” is still today one of the basic viewpoints of systems theory. All this shows that simple systems thinking is rooted in the history of human cognition.

Although the simple systems concepts of antiquity stressed cognition of the wholeness and unity of nature, this cognition was incomplete, having vague, intuitive, and primitive characteristics. With the development of production and the specialization of the division of labor, modern science began to arise from the latter half of the fifteenth century, and this announced the disintegration of the natural philosophy of antiquity. Thereupon abstract analysis replaced vivid intuition, and people began, through experiment, dissection, and observation, to extract the details of nature from the general natural connection and study them by separate branches and categories. Engels said of this: “The analysis of nature into its individual parts, the grouping of the different natural processes and natural objects in definite classes, the study of the internal anatomy of organic bodies in their manifold forms — these were the fundamental conditions of the gigantic strides in our knowledge of nature that have been made during the last four hundred years.”1 The method of scientific analysis is the premise of dialectical synthesis and a necessary stage in the development from simple systems thinking to scientific systems theory. But to absolutize this decomposing and static method of experimental science, and thereby to set aside the general connection and examine things and processes, would inevitably lead to metaphysics. In the seventeenth and eighteenth centuries, metaphysics and mechanical materialism held the dominant position, and their obstructing effect on the development of natural science became more and more evident.

The great achievements of natural science in the nineteenth century made it a historical necessity for the dialectical-materialist view of nature to replace the metaphysical view of nature. The agreement of the systems method with dialectical synthesis precisely reflects the return of scientific method to dialectics.

In the history of modern philosophy, Hegel was the first master of idealist dialectics to use the systems method to construct a philosophical system. Marx inherited the rational systems thought of Hegel and applied it to the domain of social history, making an outstanding contribution. Marx divided the large system of complex society into three basic subsystems, namely the system of the structure of production, the political and legal system, and the ideological system. The development and change of society is the common result of the interaction among these systems and among the elements within each system. Marx pointed out in the Economic Manuscripts of 1857–1859: “An organic system, like every comprehensive whole, has its own presuppositions, and its development toward its totality consists precisely in subordinating all elements of society to itself … In the course of historical development the system maintains its own integrity by this route, and the system formed this integrity to constitute its own elements, structure, processes, and development.” Engels also pointed out: “The whole of nature accessible to us forms a system, an interconnected totality of bodies.”2

Since the twentieth century, the system as an object of study has attracted wide attention internationally. General systems theory was originated by the theoretical biologist Bertalanffy. The early work of systems science mostly came from the hands of electronic scientists and specialists in automatic control theory. Systems theory has attracted scientific workers from numerous fields to engage in some new research. The modern concept of the “system” is a concept of very wide content. It involves a series of emerging disciplines such as information theory, cybernetics, operations research, decision theory, game theory, graph theory, set theory, and network theory. In our country, under the vigorous advocacy of the famous scientist Comrade Qian Xuesen, the development of systems engineering and systems science has in recent years taken on a very good situation, and a contingent of researchers in systems engineering and systems science with genuinely Chinese characteristics has gradually been formed.

From this it can be seen that the “Three Theories” methods are likewise the necessary result of the development of human theoretical thinking and of the methods of scientific research.



III. The Significance of Studying the “Three Theories” Methods


	Raising the efficiency of scientific research



Traditional scientific methods can only solve the problems of simple systems within the macroscopic domain, in states of low-speed motion, of a single level, single variable, static state, and single-valued linear relations, and are powerless before dynamic systems, in the macroscopic and microscopic domains, of high-speed motion, of multiple levels, multiple variables, and multivalued nonlinear relations. The modern scientific methods supplied by systems theory, cybernetics, and information theory, however, with the cooperation of modern mathematics and the electronic computer, can solve such complex system problems smoothly and effectively. Therefore studying and applying the “Three Theories” methods undoubtedly has direct and enormous significance for raising the efficiency of scientific research and speeding up the development of natural science.


	Deepening understanding of the relation of “guidance” and “foundation” between Marxist philosophy and natural science



The theories and methods of cybernetics, information theory, and systems theory need the guidance of Marxist philosophy. For example, their object of study, their basic characteristics, and their position and role in the system of scientific knowledge and in scientific cognition, the problem of their mutual connection with other disciplines and methods, the question of the working and the similarities and differences between the working of the electronic computer and the activity of the human brain, the problem of the social consequences of applying such modern techniques as cybernetics and information theory in the automation of production, management, and planning, and the essence of such basic concepts as “information” and “system” — all these cannot be separated from the guidance of Marxist philosophy.

Modern scientific methods concretely embody some basic principles and categories of Marxist philosophy. For example, the principle of wholeness, the principle of interconnection, and the principle of dynamism in the systems method are concrete applications of the dialectical-materialist principle of the universal connection and infinite development of things. Again, structure and function, information feedback, and so on are concrete applications of such categories of dialectics as form and content, and cause and effect. The regulating system in cybernetics is a special form of resolving the contradictions of necessity and accident, of external causes and internal causes.


	Being beneficial to the development of Marxist philosophy



The modern scientific methods, in their application, also raise some problems that need new exploration and generalization in philosophy, and this will undoubtedly promote the development of dialectical-materialist philosophy.




Section 2 Cybernetic Methods


I. Control and Cybernetics

The so-called control refers to making adjustments in a closed system according to various changes internal and external, constantly overcoming the uncertainty of the system, so that the system maintains a certain particular state. For example, in a modernized automatic control system for air defense, the control process is roughly as follows: the automatic control device equipped with an electronic computer, according to the target position supplied by the radar, automatically calculates the point at which the missile and the target will meet; it makes corrections according to such factors as wind, air density, and the missile’s own condition of motion, and promptly supplies the electronic system controlling the missile with various data such as the enemy aircraft’s altitude, direction, and speed. The electronic system can then automatically launch the missile at the target and control the missile so that it accurately destroys the enemy aircraft.

The so-called cybernetics — Wiener once gave a classic definition, saying that it is “the science of control and communication in the animal and the machine.” For more than thirty years this emerging discipline has developed extremely rapidly and has formed a vast system of thought including such branches as engineering cybernetics, biological cybernetics, and artificial intelligence. Therefore our country’s famous scientist Comrade Qian Xuesen holds that cybernetics is the science that studies the characteristics and laws common to all control systems.

What cybernetics examines is not static systems but dynamic systems; not isolated systems but complex systems whose many parts have close connections. Cybernetics examines from the corresponding connections among the various parts of a complex system, and thereby determines the problems of their nature, behavior, development, destruction, and regeneration. In the above research, its point of focus is the processes of information processing and information transformation in these systems, and thereby the foresight of the behavior of the whole system. Concretely speaking, the cybernetic method has the following three basic characteristics:


	Through functional simulation, realizing the man — machine connection. In cybernetic research, it is necessary to link human behavior and purposes (together called function) and their physiological basis with electronic and mechanical motion, letting the latter simulate the former and possess similar functions. This mode of man — machine connection, from the standpoint of function, breaks through in an entirely new aspect the boundary between the organic and the inorganic world, and opens broad prospects for modern control. This man-machine analogy and man-machine connection is far more ingenious, far more superior, and especially far more practical than the mechanical analogy of the eighteenth-century French materialist philosopher La Mettrie in Man a Machine.


	Through the active process of information processing, resolving the contradiction between the controlling and the controlled. In any system control there exists the contradictory movement between the controlling and the controlled. Because information theory reveals that information connections universally exist among different forms of the motion of matter such as biological organisms, machines, and society, cybernetics examines every control system entirely from the angle of information transmission, and, through the active process of information processing, resolves the contradiction between the controlling and the controlled, so that the controlled system is in the optimal state or a stable state.


	Through the process of control, achieving the functional goal. The cybernetic method has a distinct purposiveness, which must be embodied as a concrete functional goal. The cybernetic method is based on examining the object of study from the whole, from mutual connections, and in motion and change, and on that basis implements certain means. In this way the anticipated goal can be achieved more effectively.






II. Some Basic Concepts of Cybernetics


	Feedback and the principle of feedback



Feedback as spoken of in cybernetics is the process and means by which input information, after acting on the object of control, sends the result produced back again and exerts influence on the re-output of information. Feedback can be represented by the diagram below.

Feedback is the central problem of cybernetics; it is the chief method for making a system reach the target value as quickly as possible. A control system is realized through the process of information transformation and the principle of feedback.

[Diagram, book p. 379: a closed loop. At left an arrow labeled “Input” enters a box “Controlled object,” from which an arrow labeled “Output” leaves at the right; from the output line a branch runs down and back through a box “Feedback information” and returns up the left side to join the input.]

Feedback generally includes two major types: negative feedback and positive feedback.

So-called negative feedback is a mode of feedback that makes the behavior of a system approach the target value; it can make the system reach a stable state, which is precisely what general control systems need. In higher animals, for example, negative feedback is widely used as the balance regulation of the organism; maintaining the stable state of blood pressure, body temperature, and so on relies on this form of negative feedback of self-regulation.

So-called positive feedback is an effect similar to a rolling snowball. In this kind of system each variable exerts a positive influence on another variable, even leading to a step-by-step amplifying effect — this mode of feedback is positive feedback.

Whether positive feedback or negative feedback, both are channels of information connection running in the direction from the controlled object to the regulator. And using this channel of information to realize directional correction in the process of control or regulation is what is called the feedback method. This is the most basic and most important principle in cybernetics; without using the principle of feedback, control cannot be realized. Control or regulation implemented by using the principle of feedback is called feedback control.


	The black box and the black-box method



What is a black box? Simply put, it refers to a thing whose internal structure and mechanism are not yet clear, but whose function and characteristics can be known through external observation and experiment. In fact, many objective things can be regarded as black boxes when people cannot, are not permitted to, or need not go deeply into dissecting their internal details and do not yet clearly know their internal particulars. The black box is an important concept in scientific method; relative to the black box there are also the gray box and the white box. For a television set, for example, the layman only watches the television programs and knows nothing of its internal structure, so it is called a “black box” for him; but for the television expert it is a “white box”; and there are also some people who know a little of television — one or two things — but not very clearly, and for such people it may be called a gray box. With the progress of science, many things that were originally black boxes will also gradually turn into gray boxes, and even white boxes.

What is the black-box method? It is the scientific method in which, without opening the black box, only external observation and experiment are used, and, through inputting and outputting information, the function and characteristics of the black box are studied and its structure and mechanism explored. For example: when a fault occurs inside a rather complicated instrument and it cannot be opened for the time being, one first checks from outside or inputs signals, observes their changes, then analyzes, and finally makes a judgment — this is applying the black-box method.

The black-box method has existed since ancient times. As early as 2,000 years ago, ancient Chinese medicine already stressed diagnosing the condition of an illness from overall function, external behavior, and mutual connections and mutual interactions. Of course, the “black-box method” used in antiquity was after all very primitive.

The depth and breadth of modern scientific research are beyond comparison with the past, and the trend of integrated development of this discipline is markedly strengthened. This objectively requires people to study problems from the whole and from the mutual connections among things, so that the black-box method has obtained rapid development and wide application. In a certain sense, Wiener, in rediscovering the black-box method in the treasure house of human knowledge, was able to disregard internal structures that differ vastly and to fix his attention only on external “behavior” or “function,” and thereby to carry out holistic and effective study, and to make it possible for people to simulate systems whose internal details are not yet known. In cybernetics the black-box method could for the first time be given a scientific description, giving it an important position in the methods of cybernetics.



III. The Method of Functional Simulation and Its Characteristics


	What is the method of functional simulation?



The so-called method of functional simulation is the method that, on the basis of similarity of function and behavior, uses a model to imitate the function and behavior of the prototype. That is to say, functional simulation sets aside the concrete forms or forms of motion of things and is only a simulation of the “function” or “behavior” among things. For example, in 1978 the Institute of Automation of the Chinese Academy of Sciences, the Beijing Second Medical College, the Beijing Hospital of Traditional Chinese Medicine, and other units jointly developed a device of “medical automation systems engineering and an electronic-computer diagnostic program for traditional Chinese medicine,” using it to simulate the procedure by which Guan Youbo, a famous practitioner of traditional Chinese medicine in our country, treats liver disease by dialectical differentiation. After being used and examined from 1978 to 1980, of the 28 patients handled by this “electronic-brain traditional Chinese doctor,” 95% were in agreement with the handling by Dr. Guan; this is in fact a successful application of the method of functional simulation.


	The characteristics of the method of functional simulation



Analogy and simulation methods played a great role in the founding of cybernetics, while cybernetics in turn developed the method of simulation to the new stage of functional simulation. Compared with the traditional method of simulation, it has notable characteristics.


	The basis of simulation differs.



The traditional method of simulation takes similarity of physical processes or mathematical equations as its basis, and its conditions of similarity are strictly required. Functional simulation, by contrast, sets aside the concrete nature of the process and simulates its functions of control and communication. In the interaction of the simulation system with its environment, it is generally not required that the structures of model and prototype be the same.

All control systems have some common features. First, machines and animals have isomorphic nature. Second, whether machines or animals, their mechanisms of regulation are similar; they are all functional systems that move purposefully according to their own performance. The functional characteristics of a system are chiefly manifested through the system’s regulating its own motion in accordance with changes in the internal and external environment. Every control system has information connections with an external environment in which all kinds of accidental factors exist, and on this basis determines and regulates its own motion, maintaining or reaching a relative unity of the system and its environment. This is the objective basis of the method of functional simulation.


	The conditions of simulation differ.



In traditional simulation, when a model simulates a prototype, one can simulate only after understanding the structural form of the prototype. Functional simulation studies only the “function” or “behavior” of the system, and generally does not need to analyze and understand the internal structure of things. Systems whose internal structure is understood can be simulated, and systems whose internal structure is not understood or only little understood can also be simulated. This is the obvious difference between functional simulation and the traditional method of simulation in the conditions of simulation.


	The aim of simulation differs.



In traditional simulation, the model is only a means and intermediary for cognizing the prototype. The aim of functional simulation, however, is not to cognize the prototype through the model, but to study and develop the model itself and establish modernized automatic control systems. This is a return to the intuitive imitation and copying of ancient humanity, and embodies the historical process of development of the simulation method as a negation of the negation.



IV. The Role of the Cybernetic Method


	It supplies effective methods for developing computers and various control machines



In the domain of engineering technology, the cybernetic method has wide application. The appearance of the various automatic control machines has caused humanity to develop from observation with the naked eye and manual control to automatic detection and automatic control, and from simple automatic detection and automatic control to complex pattern recognition and intelligent control. This fully shows the enormous significance of the cybernetic method in production and technological development.

The electronic computer is the crystallization of human wisdom and labor, and is a product of humanity’s using the simulation of the similarity in function between the brain and the computer. With the aid of the electronic computer, people can better study the thinking activity of the brain and its principles of operation; conversely, people’s study of the principles of operation of the brain can better help build new types of electronic computers.

By analogy with the control process of the central nervous system of the human brain, the electronic computer is composed of five basic devices, namely the input device, the computing device (the most important part of the main process), the storage device, the control device, and the output device. From 1946 to the present, the electronic computer has passed through four generations of development. The first generation was assembled from electron tubes, the second from transistors, the third from integrated circuits, and the fourth developed toward large-scale and very-large-scale integrated circuits. After 1970, on the one hand large machines advanced toward giant machines, and on the other hand microcomputers also developed vigorously. According to present trends, it may later become possible to use lasers and holography to store and transmit the information of machines.

At present, the level of research and development, the scale of production, and the breadth and depth of application of electronic computers have become an important sign of a country’s economic strength and level of modernization.

The human brain is the most perfect “natural computer,” possessing unique thinking power and memory capacity. In analyzing problems, the human brain can make broad association and inference. This capacity of humans for precise analysis and synthesis and for abstraction, and the effective methods for processing information inherent in the human nervous system, are beyond comparison with modern control machines composed of electronic computers. Therefore, once the physiological processes of the brain’s thinking and memory are clarified, it will be possible to create biological machines and automatic control devices of superior performance that can simulate the higher nervous activity of humans. Recently someone developed a “flight-vehicle control system” whose main component is a large network composed of 250 artificial neurons. Unlike present electronic computers, it can make correct responses to new situations not entered beforehand in a program, and it will be usable for high-performance aircraft and spacecraft, its reliability being more than ten times higher than that of computer systems.

An artificial-intelligence system with the electronic computer as its core has the functional characteristics of human organs and has greatly extended the limits of human intelligence. Existing pattern-recognition machines can recognize characters, images, and scenes that only humans could recognize. Intelligent robots can understand human verbal commands, recognize the environment, and even make certain limited action decisions by themselves, and can show their skills to great advantage in such areas as the development and utilization of atomic energy. Robot expert consultation systems built on artificial intelligence have also begun to be effective in such areas as medical diagnosis, mineral prospecting, military command, and the determination of the molecular structures of organic compounds.

Others, such as the appearance and application of the various automatic control machines in industrial technology, are also great achievements of the cybernetic method.


	It supplies an important tool for studying the essence of life phenomena and simulating biological control systems



The unity of the world lies in its materiality. The fundamental attribute of matter is motion, and the various forms of the motion of matter all have close connections. The cybernetic method reveals from the standpoint of function the connection between animals and machines, and finds that their regulating systems are all similar. This is both conducive to the rapid development of the biological sciences and opens a broad road of development for bionics.

Applying the cybernetic method to study the regulatory processes and laws of information motion of biological systems helps in exploring the essence of life phenomena. Engels pointed out early that the process of life cannot simply be reduced to a physical — chemical process. Cybernetics concretely reveals that the essence of the life process is not only the metabolism of matter and energy between the organism and its environment, but also the regulation of information within the organism. This process of information regulation depends on the purposive, orderly structure of the cell organelles with the function of self-organization. The process of information regulation includes information transmission inside the living organism and information exchange continually carried on with the outside, which embodies the unity of the living organism and its surrounding environment. The discovery of hereditary information and its material carrier has further revealed the essence of the process of life control.

With the rapid development of modern science and technology, learning and utilizing the superior structure and functional characteristics of biological systems has become a new direction of the technological revolution. Surveying the history of the development of human science and technology, since the appearance of the steam engine, the problems of the utilization, conversion, and control of the energy of machines have basically been solved. Mechanization has gradually liberated humanity from a great deal of heavy physical labor. But with the development of science and technology, machines become more and more complex, their parts more and more numerous, their volume more and more huge. The requirement for the further development of the whole of industrial technology is to solve the problem of making machines achieve a high degree of automation, so that machines can “communicate” with their environment and among their internal parts, and thereby can adapt by themselves to changes in the internal and external environment. For this, effective utilization, conversion, and control of information must be realized. Tempered through the long years of great nature, the biological world is already able to carry on the process of automatic control in a unique manner and in an entirely perfect way. The simulation of the complex control functions of organisms will enable machines to realize such mechanisms as self-adaptation, self-regulation, and self-learning.


	It opens new paths for studying complex social and economic phenomena



In recent years, cybernetics has studied social production management, transportation, power networks, energy management, communications engineering, environmental protection, urban architecture, and even the whole of society as large systems. This research fixes its attention on factors of many aspects such as politics, economics, personnel, and technology, and explores their comprehensive laws of command and control.

Optimal control has already been widely applied in economic systems. In economic systems it is necessary to combine qualitative research with quantitative research, and optimal control is a powerful tool for carrying out quantitative research. For example, how to arrange the ratio of consumption to accumulation so that the national economy develops fastest is a very important problem. Others, such as the problem of the allocation of scarce materials, are a problem of static optimal control; the control of production and inventory systems is a problem of dynamic optimal control; and the decentralized management of multistage industrial processes (a mining-and-smelting system, for example, includes many subsystems such as mining natural ore, smelting it into pig iron, smelting it into steel billets and ingots, and processing it into the various steel products) is a problem of decentralized control belonging to a large system.

In recent years people have been attempting to apply the theories and methods of cybernetics to discuss the problems of the organization and management of a whole country and a whole society. At present our country has also begun to pay attention to the application of control theory and its methods in economics, population, energy, production management, environmental and ecological systems, and so on.

In sum, the study of cybernetics and the application of the methods of cybernetics are in the ascendant, and will play an enormous role in humanity’s productive activity, scientific research, economic management, the protection of the ecological environment, the organization of social life, and other areas.




Section 3 Information Methods

With the rapid development of modern science and technology, the theories and methods of information have widely penetrated into the various domains of technical systems, biological systems, and social systems. Information, together with materials and energy, is listed as one of the three great sciences and technologies, and has become an important sign of modern social civilization and of the level of human intelligence. With the development of microelectronic technology, an information revolution will appear, and human society will enter a highly developed information age.


I. Information and Information Theory


	What is information



In popular, narrow terms, information refers to messages (text, data, intelligence, signals, commands, and so on) that carry new content and new knowledge; in deeper and broader terms, information refers to a mark of the degree of determinacy of a system (degree of specialness, organizational structure, or orderliness). It reflects the degree of nonuniformity of the distribution of matter and energy in space and time and the degree of development and change of processes in the universe.

For example, people were originally unclear about the evolution of fixed stars and the structure of the earth’s crust, did not understand the phenomena of hereditary life, were unclear about the laws of industrial and agricultural production, had doubts about some matter, and so on; at such times uncertainty exists in cognition. After study and investigation, people’s cognition becomes relatively clear or is completely resolved, and thus the “uncertainty” about the thing is reduced or eliminated, that is, information about that thing has been obtained.

Again, the television images sent out by a television station and the programs broadcast by a broadcasting station — their transmission processes are all a series of nonuniform distributions made by electromagnetic waves in time and space. It is precisely by relying on various receiving and restoring devices that people convert the nonuniform distributions such as the changes in the motion of electromagnetic waves into the various images of different colors and shades on a fluorescent screen, or the various sounds of different pitch and speed in a loudspeaker, thereby sending us all kinds of information.

Military radar is a remote-sensing system, but also an information system. A certain target in space (such as an enemy aircraft) is the “information source”; its coordinates, speed, shape, and so on all contain information; the free space through which electromagnetic waves are propagated, transmitted, and received is the “channel”; the radar station can project electromagnetic waves toward the target through its antenna and then receive, through the reflected wave, the information sent back by it, and the radar station is called the “information sink” (receiver). The pattern of a general communication system is:

[Diagram, book p. 388: a left-to-right block diagram of a communication system: “Information source” → (message) → “Encoding” → (signal) → “Channel” → (signal + noise) → “Decoding” → (message) → “Information sink.” A box labeled “Noise” is attached from below, with an arrow pointing up into the “Channel” box.]

Communication is the transmission of information between two systems. Information is sent out by the information source, transmitted through the channel, and then obtained by the information sink (the receiver). This constitutes a communication system.


	The quantity of information



The so-called quantity of information refers to “the amount by which the degree of uncertainty is reduced,” or “the amount by which new knowledge is increased.” The putting forward of this concept has had a decisive role in the development of information theory. It is rather like the significance of temperature for thermodynamics. People are born with sensations of “cold” and “hot,” but only after a method of objectively and quantitatively determining the degree of “cold” and “hot” existed did the study of thermal phenomena become a true science. This milestone was the putting forward of the concept of temperature and the invention of the thermometer.

Today we are already very familiar with temperature and have already linked it pictorially with the alcohol column and mercury column in the thermometer, and can read the temperature value from the scale of the thermometer. But the understanding of the quantity of information is not so intuitive, because what is connected with the quantity of information is an abstract concept.

Shannon, one of the founders of information theory, held that the quantity of information is “the difference between two uncertainties,” that is, the amount by which uncertainty is reduced or eliminated. Uncertainty is measured in mathematics by the concept of probability. Let the probability be P. If P = 0, it indicates the minimum value of possibility, becoming impossible, and there is no informational value. If P = 1, it indicates the maximum value of possibility, becoming necessary, and there is likewise no quantity of information; if it is neither necessary nor impossible, then 0 < P < 1, and this is the range of values we are to study — the quantity of information.

Wiener, one of the founders of information theory, once said, “The quantity of information is a quantity that can be regarded as the negative of the logarithm of a probability; in essence it is negative entropy.” The term “entropy” was borrowed from physics; it expresses the degree of disorder in a system. The entropy of a system is the variable of its degree of disorganization. According to the second law of thermodynamics, a system in an isolated, closed situation always goes spontaneously from order to disorder and its entropy is always increasing, so entropy is the variable of the degree of disorder of a system. In studying the measurement of information, Shannon and Wiener found that the formula for the average quantity of information per message is completely identical with the formula for the entropy of a system in thermodynamics and statistical mechanics. Therefore they introduced the concept of entropy into information theory in order to give a numerical measure to abstract information and uncertainty. In expressing the formula for the quantity of information with the formula for thermodynamic entropy there is one difference, namely that a negative sign must be added to the formula for the quantity of information. Therefore it is opposite in direction to what thermodynamics represents, not expressing the degree of disorder of the system but expressing the degree of order of the system.

According to the views of Shannon and Wiener, the formula for calculating the quantity of information is:

H(x) = − K Σ (i = 1 to n) P(xi) log P(xi)

In the above formula, Σ P(xi) is the sum of all probabilities of some event X;

P(xi) is the probability of event X;

H(x) is the quantity of information of event X.


	Information theory



Information theory is the scientific theory of communication; it is the science that studies the regularities of the transmission and transformation of information in communication. It sets aside the concrete kinds and actual meanings of messages and idealizes and mathematizes the communication system, thereby generalizing the common characteristics of all communication systems and revealing in depth how information is transmitted and transformed in a communication system.

The scope of study of information theory is quite broad; in principle it can be applied to such domains as nature, society, and human thought. Some go further and divide information theory into three levels:

① Narrow information theory, which mainly studies the quantity of information of messages, channel capacity, and the problem of encoding messages. For example, studying how the four bases of nucleic acid are encoded into triplet codes corresponding to the twenty amino acids can be regarded as a topic of narrow information theory.

② General information theory, which mainly studies problems of communication, and also includes such problems as noise theory, signal filtering and prediction, modulation, and information processing. The display and amplification of relevant information actually carried out in many modernized means of testing, the exclusion of irrelevant signals, and so on are all related to general information theory.

③ Broad information theory, which extends the scope of study to all fields related to information, such as from psychology to processes of thought, and so on. It is even possible that the concepts of information theory may be used to make satisfactory new explanations of the research results of certain life sciences and new accounts of disease and treatment. This will undoubtedly promote humanity’s new exploration in the biomedical field.



II. The Information Method and Its Characteristics

The information method is the method of applying the viewpoint of information theory, treating the process of a system as a process of information transmission and transformation, and, through the analysis and processing of information flow, attaining lawful cognition of the process of motion of some complex system. Relating it to people’s cognitive process, the information method can be drawn as the following block diagram:

[Diagram, book p. 390: a left-to-right chain of four boxes joined by arrows: “Information input” → “Information storage” → “Information processing” → “Information output,” with a feedback line from the output returning along the bottom through a box “Information feedback” to the input. Beneath the boxes are labels: under “Information input,” “stage of perceptual cognition”; under “Information storage” and “Information processing,” “stage of rational cognition”; under “Information output,” “practice.”]

From the above diagram it can be seen that the information method differs from theoretical methods: it closely centers on the motion of information inside the system, neither severing the connections of the system nor being a mechanical synthesis, but is a research method that proceeds directly from the whole, uses the viewpoint of connection, motion, and transformation to synthesize the process of the system, and explores the laws of the system. Compared with traditional methods, it has the following characteristics:


	Setting aside the concrete form of motion of the object and abstracting the process of motion of the system into a process of information transformation, and therefore having greater universality in application



Traditional methods all stress the role of matter and energy in the process of motion and change of things, whereas the systems method does not consider the concrete material form inside the system (whether electrical, mechanical, neurophysiological, and so on), and stresses studying the characteristics of the system from the relation of input and output of the information flow between the system and the external environment. The information process exists in all organized systems, and changes in the quantity of information can reflect the goal-function of the system. Therefore the information method has universality of application. For communication, rockets, missile guidance, and electronic computers in technical systems, for metabolism and hereditary variation in biological systems, and for the production processes, economic management, traffic management, and so on of social systems, it is very hard to discover the internal connections among them by traditional methods, whereas applying the information method can reveal their common attributes according to the similarity of their processes of the reception, storage, processing, transmission, and transformation of information.


	Proceeding directly from the whole, using the viewpoint of connection and transformation to study synthetically the process of motion and change of the system



Traditional methods (the method of dissection) often sever the connections of the system and use isolated, local, static methods to study things. Therefore, for complex systems, especially living organisms, they are often powerless. For example, for a huge and complex technical device with hundreds of thousands or millions of components, if one studies it by the traditional method of dissection, then even if each single component that makes up the machine is very reliable and has a very long service life, yet as long as one or several components are damaged, the whole technical device may stop working. A notable characteristic of the information method, however, is to proceed from the whole and use the viewpoint of information to make a synthetic examination, rather than dissecting the components inside the system one by one and then carrying out a mechanical synthesis. In this way, for the complex technical device mentioned above, if the information method is applied to handle and choose the combination form of the whole machine and raise the redundancy of information, so as to ensure within a certain range the normalization of information transmission, then, with the quality of single components unchanged, the reliability of use of the whole technical device can be greatly raised. In the study of living organisms, the information method is especially uniquely effective.


	Comprehensively grasping the interaction of all causes and all results of the system so that cognition is constantly deepened



Traditional methods are often limited to studying individual causal relations inside things, and it is therefore difficult for them to grasp the complex relations of mutual connection and mutual constraint among things. The information method, by using the principle of feedback, can not only reflect the action of cause (input) on result (output) among the parts of the system, but also at the same time reflect the reactive action of result (output) on cause (input) among the parts of the system. This profoundly reflects the nature of mutual constraint among things: that is, party A, as a cause, produces its result in party B, and this result in turn becomes a cause, causing party A, which was originally the cause, to be adjusted or changed. Next, in the process of feedback motion, with the increase and decrease of the quantity of feedback, it can drive the real state of the system’s output to undergo a qualitative leap or abrupt change, vividly embodying the unity of opposites of qualitative change and quantitative change in the process of information regulation and control. Finally, because feedback systems are often accompanied and caused by local or total, temporary or constant oscillation phenomena, this clearly reflects the law of negation of the negation in the development of things.



III. The Role of the Information Method


	The information method reveals the common attributes of all organized systems



From biological populations to social groups, from material structures to machine systems, from the whole earth to galaxies, everything has its own organization. Although their fields differ and their concrete forms of the motion of matter differ, they all have a common process of organization: that is, they all need a certain quantity of information as the intermediary of connection, so that the system, starting from its original unconnected state, excludes other possibilities and selects one or several possible states, changing disorder into order. As Wiener said: “Any organization is able to maintain its own internal stability because it possesses methods of obtaining, using, retaining, and transmitting information.”3

All animals exchange information with their surrounding environment at all times and in all places, realizing the unity of life and environment. Without the transmission and transformation of information, they could not survive. Bees use different dances and sounds to report the direction and distance of a source of nectar and the quality of the nectar, and worker bees can then go and gather nectar according to the floral scent on the scout bee’s body and the information supplied. Birds can transmit information by means of several kinds of “language.” Many insects use chemical information as the intermediary of connection to attract mates, sound alarms, search for food, and migrate to other places. Bats come out at night and hide by day, and their astonishing agility and accuracy in catching prey are due to the fact that their larynx can emit very strong ultrasonic waves, which are projected outward through the mouth and nose, jointly constituting the “transmitter” of the bat’s sonar. Its receiver is the ear. A bat can emit 250 groups of ultrasonic pulses within one second, and can at the same time accurately receive and distinguish the same number of echoes. The marvelous abilities of long-distance navigation of many animals are astonishing and admirable.

The degree of organization of human society is closely related to information connections. The scale of society in which primitive society’s effective collective life could be carried on was restricted by such difficulties as the transmission of information. With the development of human communication technology and other means of information transmission, and especially the wide role of computer technology, humanity has gradually entered a society of information management. People have designed all kinds of information systems and are planning future goals over a wide field, handling all sorts of matters efficiently and accurately. These information systems are systems in which people (decision-makers), computer systems (resources), and processing methods (decision models or algorithms) are combined to process the various data that represent information and form decisions. Decisions may be formed automatically by the system, may be formed through man — machine interaction, or the computer system may supply the necessary information and people form the decisions. Social information systems, classified by application, are rather numerous: such as production management systems, personnel management systems, warehouse management systems, civil-aviation ticket-booking systems, military command systems, and so on. Therefore the information method has extremely wide application in the biological world, human society, and all organized systems. Humanity can use the information method to simulate the human brain, make computers, develop artificial intelligence, and carry on research in bionics.


	The information method can greatly enlarge the horizon of human cognition



Although the human senses are limited, humanity’s cognitive capacity is forever without limit. People can use instruments and equipment that renew themselves with each passing day to strengthen and extend the functions of the senses, obtaining ever more effectively the sources of information of the objective world, causing phenomena that could not be observed in the past to show themselves and things that could not be distinguished in the past to become clear, and continually enlarging their own horizon of cognition in breadth and depth.

In recent years, owing to the rapid development of space technology, telemetry, remote sensing, and remote-control technology, the reception and transmission of information have undergone a revolutionary transformation. These new technologies send the receivers of information (including instruments and even observers) into outer space; on the one hand they shorten the distance to remote celestial bodies and overcome certain limits of the atmospheric barrier, so as to obtain extraterrestrial information that cannot be perceived on the ground; on the other hand they lengthen the distance from the ground before one’s eyes, so as to obtain ground information — resources, weather, large earthquakes, and so on — that cannot be perceived within a narrow field of view.

“Telemetry” technology is closely connected with the information method. The essence of telemetry is to convert the measured quantities that are to be measured at a distance (such as physical quantities: voltage, current, air pressure, temperature, flow, and so on) into electric signals, and then to transmit these electric signals to a remote telemetry terminal to be recorded, processed, and displayed. Space telemetry applies multichannel communication and data-processing techniques precisely to transmit information, closely combining measurement with information processing, which has not only produced a leap in measurement over distance but also a breakthrough in efficiency, saving manpower, enlarging the range, and also raising the quality of management and scheduling. Modern remote sensing uses aircraft, satellites, and spacecraft, through optical, electronic, and electro-optical remote-sensing equipment, to receive electromagnetic information of various wavelengths radiated, reflected, and scattered from objects, converts it into images and data, and then, after analysis and processing, identifies targets on the ground or in the air, thereby revealing the laws of motion and change of objects. Because remote sensing has such characteristics as comprehensiveness, scientific character, and diversity in receiving natural information, it has been widely applied in many domains such as geological survey, astronomical observation, agriculture, forestry, and water conservancy, weather forecasting, ocean development, pollution monitoring, navigation and communications, and military reconnaissance, and is gradually extending to the broad space outside the solar system. Remote control is, on the basis of the combined application of automatic control technology and communication technology, the control of a controlled object over a long distance. Remote control has not only supplied a powerful tool for modern production and management, transportation, and the development and utilization of space, but has also laid the foundation for the effective management and control of certain social problems.


	The information method is an important tool linking practice and cognition, the objective and the subjective



The various organs of the human body are the “receiving devices” of information. Information entering the various senses passes through a series of processes of internal conversion and internal transmission, and the information displaying different spatio-temporal characteristics is fed through the various sensory channels into the brain, synthesized into an image of objective things, and thereupon abstract thinking activity occurs. The whole process of reflection from matter to consciousness, from the stimulation of the senses to the thinking of the brain, is in essence a process of the reception, transmission, and processing of information. The information processed by the brain, on the one hand, is stored to form memory; on the other hand, it is output through the effector organs (mouth, eyes, hands, feet, and so on) to act upon the objective world. In practice one tests whether one’s own cognition correctly reflects the laws of the development of things. The result of testing is again fed back to the brain. The brain, on this basis, again carries out processing and returns to practice for testing. Cycling in this way back and forth, it promotes the agreement of subjective cognition with objective reality. And the information method is precisely an important means of linking cognition and practice, the subjective and the objective. The information flow of cognition and practice is shown in the following diagram:

[Diagram, book p. 396: a left-to-right block diagram. An arrow labeled “External stimulus” enters a box “Sense organs” (sub-label “acquiring information”); an arrow leads to a box “Brain” divided into “storing information” and “processing information”; an arrow leads to a box “Effector organs” (sub-label “outputting information”), whose output arrow is labeled “Response to the external world.” A feedback loop runs beneath, through a box “Practical activity,” returning to the “External stimulus” input.]

The various kinds of information from the object of cognition obtained through the senses (that is, perceptual empirical material) are converted into internally transmitted, transformed, and encoded input to the brain, which corresponds to the stage of perceptual cognition; then, through the thinking activity of the brain, the rich perceptual material embodied in the form of information reaches, through storage and memory, selective abstraction, and logical processing and organization, an essential cognition of objective things, which corresponds to the stage of rational cognition. Acting back upon the external world through the effector organs corresponds to returning from rational cognition to the practice of the object of cognition. In the former stage, humanity obtains information through practice and converts it into cognition; in the latter stage, it uses cognition and information to guide practice. Without practice, it is impossible to obtain information and turn it into cognition; without practice, it is likewise impossible to test information and to distinguish the truth or falsity of cognition. Therefore, using the viewpoint of information theory to explain the cognitive process of humanity does not contradict the Marxist view of the unity of knowing and doing.




Section 4 Systems Methods


I. Systems and Systems Theory


	What is a system



The so-called system refers to an organic whole with a particular function composed of several parts (elements) that interact and are mutually dependent, and this “system” is itself again a component part of a still larger system to which it belongs. For example, a kind of strategic nuclear missile is a complex system composed of such systems as the missile body, the warhead, the engine, guidance, telemetry, extra-ballistic measurement, and launch; it is in turn a component part of the strategic defensive weapon system constituted by nuclear-powered submarines, strategic bombers, and strategic nuclear missiles. Each subsystem of the missile can be divided more finely into a number of devices; the warhead subsystem, for example, is composed of a fuze device, a safety device, a thermonuclear device, and so on. Each device can in turn be divided more finely into a number of electronic and mechanical components. Again, an integrated iron-and-steel complex is likewise a production process and economic management system composed of numerous departments such as mine extraction, ore dressing, smelting, steel rolling, cutting, packaging, and transportation. There are also transportation systems, power systems, environmental protection systems, and so on. If one sets aside the concrete states of the material motion of these systems — military, technical, productive, economic — and examines them only from the mutual relations between the whole and the parts (elements), then one can discover that they have the following three common points: ① each is an organic whole formed by a number of parts (elements) interconnected in a certain structure; ② this whole can be decomposed into a number of basic elements; ③ this whole has new functions different from those of the component parts.


	What is systems theory



Systems theory is a science that studies the problems of the organization and management of complex, huge systems. Bertalanffy, the founder of systems theory, made it clear that the putting forward of the ideas of systems theory was originally opposed to the “then-prevailing mechanistic approach” existing in the theory and research of biology. He said: “Its necessity comes from the fact that the schemes of isolable causal series and of mechanical models treated separately have proved insufficient to solve the practical problems raised by modern technology.” He also said: “At the end of the twenties I wrote that, because the fundamental characteristic of living things is their organization, the traditional methods of studying the parts and processes separately cannot fully describe the living phenomenon … We believe that the attempt to find a theoretical basis for biology will fundamentally change the face of the world. When this viewpoint serves as a methodological basis of research, it may be called ‘organismic biology’; when it is used in the concepts that explain life phenomena, it may be called ‘organismic systems theory.’”

These views of Bertalanffy’s not only have unique theoretical significance in biology but also have profound significance in the theory of knowledge; they laid the theoretical foundation for the formation of general systems theory. After the 1940s, Bertalanffy generalized this organismic theory of his, and went on to explore the structural similarities existing between biological “organisms” and social groups, individuals, technical installations, and so on, holding that the organismic program is also a program of systems theory, and thereupon put forward general systems theory centered on studying the general laws of systems.

The most basic idea of systems theory lies in regarding the object to be studied and handled as a system and considering problems from the whole. Therefore, while attending to analyzing its component parts, systems theory pays especial attention to the organic connections among the parts, regarding all the links and parts inside the system and the internal and external factors of the system, and so on, as mutually connected, mutually influencing, and mutually constraining, thereby rationally and ingeniously using the connections among the various factors and raising the overall level of the system. The establishment of general systems theory has, on the one hand, supplied us with a general method of using the concept of “whole” or “system” to handle problems of complexity in all fields of knowledge; on the other hand, in the process of solving these problems, it displays to people a new picture of the world.



II. The Systems Method and Its Characteristics

The so-called systems method is a method that, proceeding from the viewpoint of systems theory, and stressing the relations of mutual connection, mutual interaction, and mutual constraint between the whole and the parts (elements) and between the whole and the external environment, examines the object synthetically and precisely, so as to achieve the best handling of a problem as a whole. In brief, it is a method of examining the object by placing it in the form of a system.

The systems method is a universally applicable scientific method and can be widely applied to many different domains and objects of study. Although the concrete content and details of study can differ in different domains, as a universally applicable scientific method it has the following basic characteristics (or basic principles):


	Wholeness



Wholeness is to take the object as an organic whole composed of the various parts and to study the composition of the whole and its laws of development.

The reason the systems method, in handling problems, must study the object as an organic whole is that the function of the whole of a system is not equal to the sum of the functions of its component parts; the whole has new functions that the parts do not have. An electronic computer system is by no means the mechanical sum of the many switches formed by each relay. The function of the whole of an organism differs from that of a single cell. The law of development of a society is by no means the accumulation of the behavior of each member.

The fundamental reason that the function of the whole of a system is not equal to the sum of the functions of its component parts lies in the fact that there exist extensive mutual connections and interactions among the parts (elements) inside the system, that is, every element is in certain relations. The behavior of an element in one relation differs from its behavior in another relation. Otherwise, there would be no interaction. The mode in which the elements are connected with one another and interact forms the structure of the system, and the structure of the system determines the function of the whole of the system. For example, the electronic systems of missiles require extremely high reliability, some requiring 0.9999, whereas the electron tubes and other components constituting these systems can hardly all attain such reliability, some having only 0.9. At this point, by appropriately using systems thinking and connecting in parallel four components each with a reliability of only one “9,” a reliability of four “9”s can be attained.

In sum, there is a dialectical relation between the whole of the system and its component parts. The whole of the system has new functions that its component parts do not have; the whole and the parts differ qualitatively, and once the parts have become a whole they discard the functions of the parts. The whole is unified together by the various parts through the intermediary of interaction. The component parts of the system determine the whole through interaction. And the whole of the system in turn dominates and controls the component parts through interaction. Interaction is the real ultimate cause by which the system manifests wholeness. Therefore every system is a unity of opposites of whole and part. Mechanism stresses only the determining role of the parts on the whole and the linear causal relation of the parts to the whole, and fails to see the qualitative leap of the whole, the dominating and controlling role of the whole over the parts, and the relation of dependence of the parts on the whole. “Vitalism” stresses the dominating role of the whole with respect to the parts, wholly obliterating the foundational role of the parts with respect to the whole, as if the new quality and new quantity of the whole arose out of thin air. The principle of wholeness of the systems method precisely fixes on the function of the whole of the system and, from the dialectical relation between the whole of the system and its component parts, concretely analyzes the new characteristics of the function of the whole of the system, studying such questions as how it is determined by the structure of the system and how it changes with changes in the structure of the system.

Wholeness is the basic point of departure and the most fundamental guiding principle of the systems method. Dialectical materialism holds that the material world is a unified whole formed by innumerable things that are mutually connected, mutually constraining, and mutually interacting. Engels said: “The whole of nature accessible to us forms a system, an interconnected totality of bodies.”4 “System” is precisely system, and “interconnection” and “totality” are precisely the two basic viewpoints of modern systems theory; the principle of wholeness of the systems method precisely reflects this basic principle of Marxist philosophy and combines it with modern science and applies it in scientific research.

The principle of wholeness is the most basic characteristic distinguishing the systems method from other traditional methods, which also reflects a major change in humanity’s mode of theoretical thinking in science. For example, in the early 1960s, in order to develop liquid-fuel rocket engines of great thrust, it was required to raise the efficiency of the rocket engine as far as possible. An effective way was to raise the pressure of the combustion chamber. What followed was the need for the turbopump system to raise its pressurizing capacity. But according to the early “open system,” the combustion gas used to drive the turbine was discharged directly outside the engine, so that the energy-conversion efficiency of this portion of the combustion gas was very low; as the quantity of gas needed by the turbopump system increased, the losses brought by the turbine exhaust increased rapidly, so that it was hard to obtain any benefit from raising the combustion-chamber pressure. Later, considering the engine system as a whole, the turbine exhaust was led into the combustion chamber for secondary afterburning, and the “closed system” was developed. But the closed system in turn brought new problems of stability. At this point, using traditional methods to solve local problems, it was hard to improve the performance of the whole system. Later, by using the systems method, proceeding from the whole of the engine and regulating the interactions among the subsystems and components, the engine obtained high performance and good stability as a whole. From this it can be seen that the new functions and new characteristics of the whole lie precisely in the relations of mutual dependence and mutual constraint inside the whole. Only by proceeding from the whole can one fully recognize the new laws that differ from the local ones. This is what traditional methods cannot attain.


	Dynamism



Dynamism is to examine the object in motion, studying the direction and trend of development and change of the various systems, the speed and mode of their activity, and the motive force, causes, and laws of development and change. The principle of dynamism reflects the principle of development of dialectics.

Motion is the fundamental attribute of matter. Every thing develops in mutual connection and interaction. The cause of the arising of a system lies hidden in the mutual connection and interaction of the two sides of a contradiction. The arising of a new system also produces a new form of motion. Once a system has arisen, it must develop forward until the mature state of the system. Development is driven by the contradiction among opposed elements. When the elements composing a system cease to grow, the system will perish, and afterward new systems will arise again. The processes of development of all systems of nature and of society, natural systems and artificial systems, material systems and conceptual systems, are broadly so. From this it can be seen that the motive force of the development and change of a system comes from the struggle and unity of opposites inside the system. Lenin strongly stressed the “self-movement” of all processes. In studying the development and change of systems, one must examine the functions of “self-generation, self-development, self-control, self-regulation, and self-destruction” of every system. One must create various conditions and give full respect to, and strictly follow, this law of the activity of systems, so that the various systems give full play to their own functions.

The principle of dynamism is likewise one of the notable characteristics distinguishing the systems method from the traditional methods that handle problems in a static state, and it is the quintessence of the systems method.


	Optimization



The so-called principle of optimization is to choose, from among the paths of many possibilities, the optimal system plan, so that the system is in the optimal state and attains the optimal effect.

Optimization is a trend of the development of natural systems. Take biological systems as an example: in the long process of biological evolution, the various organisms have formed ingenious and perfected system structures and optimal functions of the whole that best adapt to the surrounding environment. The praying mantis, within one-twentieth of a second, can determine the speed, distance, and direction of an insect flying past and capture it unerringly. This is beyond the reach of modern anti-aircraft-gun tracking systems. The heat-sensing locator organ of the rattlesnake can measure temperature changes of one-thousandth of a degree at a considerable distance, which the infrared tracking system of a missile can hardly attain. The principle of optimization of the systems method is in essence the reflection in people’s thought of the optimization of natural systems.

The principle of optimization of the systems method is closely connected with the principle of wholeness and the principle of dynamism. According to need and possibility, it quantitatively determines the optimal goal and, applying the newest techniques and methods of handling, divides the whole system into different grades and levels and coordinates in dynamic motion the relations between the whole and the parts, so as to attain the optimization of the whole of the system.

The determination of the Apollo moon-landing plan is a typical case of the successful use of the principle of optimization. Three plans were put forward altogether for how to land on the moon. The first was the “direct-ascent method.” The huge Apollo spacecraft, propelled by the Nova rocket, would fly directly to the moon, then use the power plant of the Apollo spacecraft to enter lunar orbit, and finally, with the aid of the braking rockets between the landing legs, make a soft landing on the moon. The advantage of this plan is that the flight process is simple, but it needs an enormous carrier rocket. According to the conception, Nova would be a five-stage rocket that could send a 205-ton payload into earth orbit and could send a 70-ton payload to the moon. The second was the “lunar-orbit rendezvous method.” The Apollo spacecraft is first sent into lunar orbit, and then a small lunar module is separated out to land on the moon. After the lunar landing and lunar exploration are completed, the lunar module rises from the lunar surface, returns to lunar orbit, and rendezvous and docks with the main body of the Apollo spacecraft that has been running in lunar orbit all the while, and then returns to earth. The intuitive impression this plan gives is that its rate of success is small. However, because it no longer needs the huge propulsion system that would make the whole Apollo spacecraft soft-land on the moon, the weight of the space vehicle carried is reduced by nearly half, and a single Saturn-C5 three-stage rocket is sufficient. The Saturn-C5 can send a 46-ton payload into lunar orbit. The third was the “earth-orbit rendezvous method.” Several Saturn-C5 rockets would send the Apollo spacecraft and the escape rocket loaded with propellant, and so on, separately into earth orbit, where they would be made to rendezvous and dock, and then fly to the moon. The following steps are the same as in the direct-ascent method. Among the above three plans, taking the schedule (by calculation, from development to launch, lunar-orbit rendezvous could be realized several months earlier than the other plans), the funds (by calculation, the development cost of the lunar-orbit rendezvous method was ten percent lower than the other two), and the simplicity of development (after comprehensive comparison, the difficulty of the lunar-orbit rendezvous method was smaller than that of the other two) as the main factors considered, the U.S. space agency finally chose the lunar-orbit rendezvous method as the basic plan. The facts proved that the decision on this plan was optimal. In July 1969, Apollo 11 sent two astronauts to the moon and brought them back safely.

With the wide application of the systems method, various optimization theories have gradually developed in recent years, such as the mathematical theories of linear programming, nonlinear programming, optimal control, and decision theory. Optimal control techniques have also been widely applied in every field, such as optimal planning, optimal design, and optimal management.

The principle of wholeness is the basic ground and point of departure of the systems method, and is the core of the systems method. The reason the systems method has become an independent scientific method lies chiefly in the fact that it studies the system as a whole. Without the principle of wholeness one cannot speak of the systems method. The principle of dynamism analyzes the interaction between the whole and the parts in motion and reveals the dynamic process of the development of the system. The principle of optimization is the basic aim of the systems method. People’s aim in designing and applying systems is always to realize optimization, and to accomplish certain work tasks with high quality and high efficiency. Without the principle of optimization, the systems method also loses its significance of existence.

Besides the above three basic principles, the systems method also has such characteristics or principles as mutual connection, comprehensiveness, modeling, and reliability.



III. The Role of the Systems Method

Compared with the traditional methods, the systems method displays its unique role in three respects.


	The role of universal applicability



The systems method concretely embodies the basic principle of materialist dialectics concerning the universal connection and the change and development of things, and is therefore a universally applicable scientific method.

Dialectics is the science of universal connection. The principle of mutual connection of dialectics is a very broad, highly abstract, and general principle. The principle of wholeness of the systems method vividly embodies the mutual connection of whole and part, of part and part, and of whole and environment. Modern systems theory goes further in concretely discussing the diversity of connections: on the one hand, from systemic connection, structural connection, functional connection, origin connection, and so on, it reveals the diversity of connections, breaking through the limitation of the connection of simple factors; on the other hand, it regards connection as an organic connection of many dimensions, many levels, many qualities, and many variables, and not merely as remaining on the connection of two opposed sides.

Dialectics holds that things develop infinitely in interaction, and that the motive force of development comes from the contradiction inside things. The principle of dynamism of the systems method is to examine things in motion and, in the dynamic process, to study the interaction between whole and part, between part and part, and between whole and environment. It is a concrete embodiment of the developmental thought of dialectics. Systems theory holds that the development of a system lies in the interaction among the various elements inside the system and between the system and its environment, and not in the particular functions and attributes of the various elements of the system. Therefore the systems method lays special stress on the study of the structure of the system, because the functions of elements or subsystems can form the function of the whole of the system only through a particular structure. Only with structure and function can things develop and change. Only under the interaction of system and system, system and element, and system and environment do things show a real process of motion and development. From this it can be seen that the systems method is indeed a concrete embodiment of the doctrine of contradiction of dialectics.

Because the systems method concretely embodies the basic principle of the universal connection and the change and development of things of materialist dialectics, it was first applied in some fields of natural science, engineering technology, and economic management, and afterward rapidly extended to such fields as the social sciences, becoming a scientific method applicable to almost all fields. The universal applicability of the systems method has powerfully broken through the traditional boundary between the methods of natural science and the methods of social science. In the history of the development of scientific methods, it is common for a scientific method to be constantly transferred to other fields, but it is extremely rare for one to develop as rapidly into such a universally applicable scientific method as the systems method. Among traditional scientific methods, only the scope of application of logical methods can be spoken of in the same breath as the systems method, but the systems method differs from logical methods. The logical method is only a method of thinking, whereas the systems method is not only a method of thinking but also a unique modern scientific method in which methods of thinking, modern scientific theory, and computer technology are fused into one.


	The role of synthesis



The systems method has the distinct characteristics of dialectical thinking. It organically synthesizes whole and part, analysis and synthesis, induction and deduction, cause and effect, and the structural method and the historical method, bringing about a fundamental transformation in the methods of human scientific thinking.

The traditional method of thinking first analyzes the parts and then synthesizes them into a whole. The limitation of this method of thinking lies in its mechanically severing analysis and synthesis, part and whole, cause and effect. It holds that the parts are the cause, the whole is the effect, and the parts determine the whole. This leads to the logical conclusion that if the parts’ functions are good the whole’s function is certainly good, and if the parts’ functions are not good the whole’s function cannot possibly be good. This does not accord with the facts. For example, the American Jet Propulsion Laboratory had long been studying jet engines, whose performance was not bad; afterward the Army hoped they would develop the “Corporal” missile, but a missile needs not only an engine but also such components as a warhead, a missile body, and a control system, and because at the beginning they did not consider it from the whole and merely pieced together existing components in patchwork fashion, the result was such defects as inconvenient maintenance and high cost. Afterward they demanded to take full part in the design of the missile and demanded to understand the final conditions of use. Only then did they develop the later “Sergeant” missile. The systems method breaks free of the limitations of the traditional mode of thinking; in handling a problem it proceeds first from the whole, carries out systems synthesis to form possible systems plans, and then carries out systems analysis. It analyzes the various elements of the system and their interrelations and establishes models, then carries out systems selection, realizes optimization, and resynthesizes into a whole. Its formula is “synthesis — analysis — synthesis.” In mode of thought, the systems method takes synthesis as the point of departure and the destination, and carries analysis and synthesis through the process from beginning to end. It should be affirmed that this is a major breakthrough by humanity in the mode of scientific thinking.

The systems method also dialectically unifies the structural method and the historical method, opening up a channel for people’s cognition of the qualitative change and development of things. The systems method holds that once the various elements form a system in some way, these elements obtain a new quality in the new relations. With changes in the mode of combination of the elements, that is, in the structure, the system in turn undergoes new qualitative change. All systems possess orderliness, and the development of a system is generally a directed change from a lower state of order toward a higher state of order (and conversely). Without a change in a certain structure or form of combination, there is no qualitative change and development. This is a concrete supplement by the systems method to the law of quantitative and qualitative change of materialist dialectics.

In studying problems, the systems method also organically combines such logical methods as induction and deduction and the ascent from the abstract to the concrete, and thus opens a broad road for applying mathematical logic and the modern electronic computer.


	The role of multiple functions



The systems method is a new scientific method possessing multiple cognitive functions. It combines the determination of goals with the methods of realizing goals, combines qualitative and quantitative methods, and combines the study of the present situation with the prediction of the future.

If the various methods of scientific research are classified according to their functions in the cognitive process, they can generally be divided into two kinds: methods of determining goals and methods of realizing goals. The methods of realizing goals can be subdivided into methods of receiving information, methods of observation and experiment, and methods of processing information (analysis and synthesis, induction and deduction, scientific abstraction, and so on). This system of scientific methodology forms a structure in the vertical direction. The systems method, however, runs horizontally through the various methods and acts within the various methods. The systems method has both cognitive functions, determining goals and realizing goals.

If the methods are divided according to the different functions of the various methods in cognizing the quality and quantity of things, then the various scientific methods can be divided into two kinds: qualitative methods and quantitative methods. Traditional methods realized this respect separately through different scientific methods. The systems method organically combines qualitative analysis with quantitative analysis and realizes the unity of the two. With the aid of modern electronic-computer technology, it takes a series of modern mathematical theories as its foundation, quantitatively describes the system and its dynamic process, and supplies scientific research with a powerful tool possessing both quantitative analysis and qualitative analysis. Therefore handling problems with the systems method is more precise and more reliable than with traditional methods. In rocket-engine engineering, for example, if the systems method is set aside, one can only analyze the influencing factors qualitatively, and the controlled quantities of these factors can only be probed by experiment. Because the laws of quantity of the influencing factors cannot be grasped accurately, many experiments must be carried out. And such experiments in military affairs are astonishing in their consumption of manpower, material resources, and financial resources.

If the methods are divided according to the different functions of the various methods in cognizing the present situation and the future of things, they can also be divided into methods of studying the present situation and methods of predicting the future. Traditional methods are relatively weak in predicting the future. The systems method not only studies the present situation of things, but also, by analyzing such aspects as the history of the development of things, the present situation, and the influence of future factors, makes scientific predictions of future conditions. It is a scientific method possessing both these functions, of studying the present situation and of predicting the future.

Of course, the multiple functions of the systems method are the result of applying various scientific methods, and are a development and innovation of the traditional methods.




Section 5 Application of the “Three Theories” Methods in Military Affairs

A series of new characteristics of modern warfare is closely combined with the application of modern scientific methods in military affairs. Applying modern scientific methods and technical means to military affairs can enable the problems of the organization and command of the army, operational actions, training of personnel, the development of weapons and equipment, logistical support, and so on to be studied and solved more effectively from the whole, thereby supplying the leading departments with a quantitative and qualitative objective basis for choosing the optimal decision.


I. Research and Development of New Weapon and Equipment Systems

With the rapid development of science and technology, modern weapon systems become more and more complex, their destructive power more and more powerful, the investment more and more huge, the development cycle longer and longer, and renewal and obsolescence more and more rapid. Therefore, in order to ensure the integration and optimization of the performance of new weapon systems, the comprehensiveness of technical application, automation, and the scientific character of organization and management, the traditional methods of research of the past can hardly succeed, and one must rely on modern scientific methods.

Concretely speaking, in the course of the research and development of a new weapon system one must adhere to the wholeness of the thinking of research and development, the comprehensiveness of the methods of research and development, the modeling of the means of research and development, the scientific character of organization and management, and optimization over the whole situation.


	The wholeness of the thinking of research and development



The wholeness of the thinking of research and development is concretely embodied in three respects. First, the overall coordination of the new weapon system with the higher-level weapon system to which it belongs must be adhered to. The research and development of any single weapon system must first be demonstrated in general terms from the whole system of weapons and equipment and the country’s guiding principles and policies on the development of military technology, so as to ensure the coordination as a whole of the new weapon system with the many other weapon systems and with the whole weapons-and-equipment system. Second, the overall coordination of the various subsystems and sub-branch systems belonging to it with respect to the new weapon system must be adhered to. All contradictions among the subsystems, and between the subsystems and the system, must be handled with the coordination of the whole of the system as the guiding principle, correctly resolving the relation of unity of opposites of whole and part. Third, the wholeness of the entire process of research and development must be adhered to. The entire process of research and development should be regarded as a whole, and the various work links in the process of research and development, and the various information relations among them, the routes of information transmission, and the feedback relations of information, and so on, should be comprehensively planned and revealed from the whole, striving for the optimization of the work process of research and development as a whole. From this it can be seen that this is entirely a method of dynamic, synthetic research and development that proceeds from the whole and takes the whole as its destination, and it is very different from the traditional thinking and methods of static structural design in which analysis is primary.

The research and development of a military stationary communications satellite is a military systems engineering project of very huge scale and very complex structure, composed of three major systems: the launch vehicle, the satellite, and the ground tracking-and-control station. The large launch-vehicle system must ensure that the satellite is sent accurately into the circular parking orbit and the elliptical transfer orbit. The satellite-borne engine (the so-called “apogee engine”) must accurately supply the speed needed to change the satellite’s orbital plane and make the satellite enter the circular synchronous orbit. The ground observation station should promptly send the observed orbital data to the control center, which calculates the satellite’s orbit and forecasts the time, speed, and altitude at which the satellite will reach apogee in the future. According to these parameters the ignition moment and ignition attitude of the apogee engine are determined, so that the satellite accurately supplies the magnitude and direction of the speed that must be adjusted in changing orbit, finally realizing station-keeping. It can be seen that these three major systems are a unified organic whole, and in research and development dynamic synthetic design must be carried out so as to ensure their coordination as a whole.


	The comprehensiveness of the methods of research and development



The research and development of modernized weapons generally passes through such steps as the determination and selection of goals, systems synthesis (establishing a system structure model), systems analysis, comprehensive appraisal, and decision and implementation. From the standpoint of methodology, it is always based on synthesis. It proceeds first from synthesis, then carries out analysis on the basis of synthesis, and finally returns to a new synthesis. This is very different from the traditional method of first analysis and then synthesis.

The determination and selection of goals are both the precondition and basic ground of systems synthesis and the result of synthesizing the various technical requirements and functional choices which the environment makes upon the new weapon system. For example, the technical specifications of an antiship missile number more than ten, such as launch weight, range, speed, cruising altitude, warhead weight, and so on, and these specifications are often at once interconnected and mutually constraining. Generally speaking, under certain conditions, the warhead weight, flight speed, cruising altitude, and range all have a close relation with launch weight; and speed, altitude, and range are again mutually contradictory. Low altitude generally requires low speed; if low altitude requires high speed (supersonic), then, with the launch weight unchanged, it will be necessary to shorten the range; with the range unchanged, the launch weight must be increased, and so on. If the above technical specifications are considered from the standpoint of function, they are again related to the missile’s hit accuracy and explosive power: the main technical specifications related to hit accuracy are range, speed, cruising altitude, launch weight, and anti-interference capability, and so on; the technical specifications related to explosive power are the weight or equivalent, type, structure, and point of impact of the warhead. With other conditions the same, the greater the range, speed, and anti-interference capability, the higher the hit accuracy; the greater the cruising altitude and launch weight, the lower the hit accuracy. Obviously, the various functions of the missile are likewise both connected and contradictory. Therefore, in the determination and selection of goals, one must, according to a country’s guiding principles and policies for developing military technology and the whole weapons-and-equipment system, base oneself on the whole, plan for the overall situation, and study and handle problems comprehensively. Before the 1970s, the Soviet Union’s choice of function in developing antiship missiles was chiefly for power, whereas Europe, America, and other countries consistently took hit accuracy as the chief, which was related to the application of comprehensive methods of research.

Systems synthesis is, according to the determined goal, to regard the whole weapon system under study as a synthesis and examine it. It studies from the whole the relations of interaction among the various subsystems and sub-branch systems, carries out general demonstration, and establishes the system structure model.

Systems analysis is based on synthesis, and under the guidance of synthesis is carried out according to the characteristics of each subsystem and sub-branch system in the overall structure. It mainly includes the composition of the system, the technologies that can be adopted, the limiting parameters of performance, technical reserves, and so on. Systems analysis must be promptly fed back to the whole so as to ensure the coordination of the whole. For example, according to the structure model of a missile weapon system, one first carries out analysis on such subsystems as the missile body, warhead, engine, guidance, telemetry, extra-ballistic measurement, and launch; each subsystem can in turn be divided, according to the relations of interaction, into a number of sub-branch systems — the guidance system, for instance, is composed of such complex systems as detection equipment, a data-processing device, a command-forming device, and a command-transmission device. Analysis and feedback in this level-by-level manner achieve the aims of overall coordination analysis and of feasibility analysis and stability analysis.

Comprehensive appraisal and decision and implementation, and so on, are the results of the final new synthesis.

In sum, the comprehensive method must run through the whole process of the research and development of the weapon system.


	The modeling of the means of research and development



The research and development of modernized large weapon systems mostly adopts the method of electronic simulation, that is, establishing a simulation model on the electronic computer to carry out experiments, and is therefore also called systems simulation. Simulation has such notable characteristics as economy, safety, flexibility, and predictive power; especially for some new-type weapon systems, direct testing is fundamentally impossible in the course of research and development — the research and development of an early-warning radar system under large-scale missile attack, for example, can be realized only through simulation.

Commonly used in military affairs are pure mathematical simulation and semi-physical simulation. The former is the experiment of a purely mathematical simulation on an electronic computer; the latter is the combination of a mathematical model, a physical model, and direct experiment on the real object. For example, when carrying out simulated flight tests of a missile system, the equations of motion of the missile body are used to describe the motion of the missile body and are solved on the computer, while the control system of the missile is connected to the simulation system as a real object already built; this often imitates the actual flight process of the missile more realistically.

At present, systems simulation has become a necessary means for developing large weapons. Generally, from the demonstration of the weapon-system plan to the experiment and appraisal of system performance, from the putting of the weapon system into combat use to the putting forward of the tactical and technical requirements of the next-generation weapon system, and so on, systems simulation is applied.

The main roles of systems simulation in the process of missile research and development are: ① through repeated simulated flight tests of the missile system, to verify whether the design of the missile system meets requirements; ② to determine the test-flight plan and safety report of the missile system, and, after the test flight, to compare the simulated flight data with the actual test-flight data, so as to make the design still more perfect; ③ through parameter-sensitivity simulation, to determine manufacturing tolerances and finalize the design for production.

Systems simulation includes establishing the system model and carrying out computational simulation. The main task of the system model is to establish the structure and parameters of the system. The correctness of the model bears directly on the success or failure of the simulation, and the speed and precision of the electronic computer bear directly on whether the simulation can be smoothly realized. All these are closely connected with modernized scientific methods.


	The scientific character of organization and management



Modern weapon systems are mostly highly complex technical syntheses, so the units taking part in research and development are many, the various specialized personnel are many, the funds and materials invested are much, and the development cycle is long. In order to give full play to the efficacy of technology, raise working efficiency, and use resources rationally, modernized methods of management must be adopted.

Scientific management includes the analysis of organizational structure, analysis of the establishment of personnel, the layout of work links, the control of the progress of work, the evaluation of effects, and the training plan for personnel, and so on. In recent years the emerging computer management systems can, according to the latest developments in science and technology and to changes in other environmental conditions, constantly coordinate and adjust the internal relations of the work system and promptly raise working efficiency. In the layout of work links and the control of the progress of work, such new methods have recently also been developed as the program evaluation and review technique, task-network planning, multi-objective linear programming, and so on.

Our country’s home-developed “Galaxy” hundred-million-operations-per-second computer was a huge project of wide cooperation and long development cycle, and in the course of its development it was managed by the scientific methods of systems engineering. At the beginning, according to the requirements of the whole task, the connections among the various parts of the work and the linkage between the stages were made clear, and a detailed research-and-development plan was drawn up. At each stage the key points and difficulties were again grasped and a campaign of tackling key problems organized. In the arrangement of the scientific research forces, a tiered structure was adopted, so that every kind of personnel could make the best use of his talents and his abilities, the task and division of labor were clear, responsibility lay with someone at every level, and they formed an organic unified whole. The development of the Galaxy machine’s success filled a gap in our country in the field of giant computers and brought our country into the ranks of the international development of giant computers. This is closely connected with applying the systems method to carry out modernized scientific management.


	Optimization over the whole situation



The ultimate aim of the research and development of modernized weapon systems lies in realizing particular functions in the best way. Therefore there arise a series of problems of optimization such as optimal planning, optimal design, optimal control, and so on.

The modernized weapon system is at once a technical synthesis of huge scale and complex structure, and, according to the law of qualitative change through the combination of system elements and the law of the motion of system levels, its research and development itself contains the objective possibility of development along many paths. Therefore, to realize optimization from among the multi-path development of the weapon system is likewise an objective necessity.

There are three basic factors determining the multi-path development of the weapon system: materials, energy, and information. Materials are the basic substance constituting the weapon system and have an important influence on every aspect of the system. The use of energy often determines the most basic characteristics of the weapon system. Information, again, is the most basic factor determining the various relations inside the weapon system. Different modes of production and formation of information and different means of information processing all exert a great influence on the structure and function of the weapon system. Obviously, this is closely related to applying the methods of cybernetics, information, and so on.

The above shows that the research and development of modernized weapons is inseparable from the application of modern scientific methods.



II. Modern Combat Simulation and Military Decision-Making

Military-technical operations research, statistical simulation methods, systems simulation, and so on have extremely wide application in modernized combat simulation. Modernized combat simulation has already developed from tactical application to strategic application.

Although combat simulation is somewhat removed from actual combat, because electronic computers are used in great quantity, the reaction speed is fast, the parameters and conditions can be changed, it can be demonstrated repeatedly many times, the study is convenient, and it also greatly saves manpower, material resources, and time compared with actual exercises.

The process of simulation of combat includes: establishing the mathematical model of the process of combat, drawing up algorithms, carrying out program design according to the instruction system of the concrete electronic computer, processing and analyzing the results of the simulation, and so on.

According to 1974 statistics of the U.S. Department of Defense, the United States has some 400 to 500 combat-simulation models. The average cost of establishing each model is roughly US$375,000.

The main aim of combat simulation lies in making technical evaluation of weapon systems, evaluation of force structure, and evaluation of operational policy.

The technical evaluation of weapon systems takes existing technology, or technology expected to be realizable, as its basis and, where the military policy and force structure are already fixed, compares and evaluates the combat effectiveness of the weapon systems that the enemy and our side already have or plan to develop, thereby supplying the military-planning departments with military decisions for choosing and designing new weapon systems.

The evaluation of operational policy, under conditions where the weapons and force structure are given, compares the strategic principles and operational ideas of the enemy and our side, studies the coordination of strategy, tactics, and weapon systems and command — control systems, and studies the methods by which manpower and material resources serve military purposes, and so on. For example, regarding the composition of strategic forces (including strategic bombers, ground-to-ground intercontinental missiles, submarine-to-ground intercontinental missiles, and so on), the strategic effects of different configuration patterns and arrangement plans, and the quantities of the various types of weapons that might be consumed under different conditions of attack, and so on.

The evaluation of the force structure of weapons is, under conditions where strategic policy and operational objectives are determined, to evaluate the effectiveness and deficiencies of the weapon force structures of the enemy and our side, so as to seek the best form of combination of forces.

In modern combat simulation it is necessary to apply modern mathematical methods, establish mathematical models, and carry out a series of calculations. For example, regarding the simulation of combat effectiveness, one must mathematize combat actions, that is, use mathematical methods to determine the indices of combat effectiveness. For different battles, although there are different indices of the effectiveness of operational actions, they have many common factors. For example, if the aim of completing a certain operational action lies in obtaining some predetermined result (destroying enemy aircraft, destroying a bridge, sinking an enemy ship, disrupting transportation, and so on), then the effectiveness of the combat action can be expressed by the probability of obtaining the predetermined result or the probability of completing the combat task; if the aim of completing a certain combat action lies in inflicting as great a loss as possible on the enemy — as when missiles are used to attack some huge industrial center of the enemy — then it can be measured by the size of the area damaged on the enemy side, and its effectiveness index should be expressed by the mean value of the degree of damage to the enemy. There is also lethality effectiveness, and so on. Next, in modern combat simulation it is necessary to apply electronic simulation methods and rely widely on electronic computers to carry out fast and precise calculation of various quantities of information. Again, modern combat simulation is work of very huge scale, involving numerous factors and having very strong randomness, and it can succeed only by applying modern scientific methods. Simulation of force strength, for example, involves the various capabilities taking part in the combat — the quantity of the various troops, the quantity of weapons, weapon performance (usually meaning range, field of fire, power, precision, mobility, rate of fire, reliability, and so on), the quality of the troops, the quantity of ammunition, logistical support capability, means of transport, and so on. In the simulation of tactical actions, a series of combat actions are involved, such as how to search for targets, detect targets, select targets, open fire, judge the effectiveness of fire, and tabulate the results to make new combat decisions, and so on. As for the description of human actions in combat simulation, it is an extremely complex dynamic random process. Obviously, apart from modern scientific methods, modern combat simulation simply cannot be carried out.



III. Automated Military Command Systems

After the Second World War, with the appearance of weapons of large-scale killing and destruction, the raising of the army’s reaction capacity and mobility, and the development of airborne vehicles carrying troops in great numbers, there was an urgent need to establish automated military command systems so that, within an extremely short time, precise calculation and rapid processing could be carried out on the information of a great many campaigns and battles. The need for the automation of military command promoted rapid development of military cybernetics and military information theory.

Military cybernetics is the science that studies the universal laws of the command of armies and the control of weapons.

Military information theory is an important theoretical foundation of military cybernetics. The objects it studies are the problems of using communication circuits to transmit information and of the various levels of command organs using various equipment (including electronic computers) to process and organize information. Its main tasks are: ① to make the most effective use of communication circuits to transmit the maximum quantity of information; ② to ensure the reliability of communication links (meaning that communication links can be maintained without interruption throughout the entire combat process) and accuracy (the information is not distorted).

The military automated command system refers to the automated control of operational command, weapon control, combat support, logistical work, personnel training, and military management; it is a complex system including command — control — communications. It has three main links of work: judging the situation, determining the plan, and issuing orders.

Judging the situation is making necessary judgments about the situation of the enemy and our side according to various reconnaissance materials and raw data, and so on. In the stage of combat or campaign preparation, the military command organization must use various means of reconnaissance to grasp the movements of the enemy situation promptly, and send the various intelligence items through the input channels of the automated command system to the computer, which, after analysis and processing by the machine, stores them in the intelligence bank. The automated command system can also output the processed situation in various ways, such as by printer, plotter, CRT display, and so on. The computer can also automatically judge the situation on the ground and in the air, distinguish for the artillery the targets that need to be suppressed, and designate strike regions for the air force, and so on; automatically judge the electronic situation and suppress the enemy’s electronic equipment in a targeted way, such as by releasing electronic jamming, creating electronic camouflage, and so on; control the launching of weapons, identify whether targets are real or false, automatically calculate target flight paths, track targets, and so on; draw up operational plans, judge the air situation, select the targets to be destroyed, and so on.

Determining the plan: the commander, according to the mission received and with the aid of the computer’s judgment of the situation, can put forward several tentative plans. Then the various tentative plans are entered into the computer one by one for “war-gaming deduction,” and at the same time the counterattack plans that the enemy might make under various conditions are entered into the computer in turn. The results of the deduction are automatically transmitted, in the form of charts and text, to the display device, so as to analyze the strengths, weaknesses, and effects of each plan. Finally, after revision, supplementation, and perfecting, the best plan is formed.

Issuing orders: the automated command system automatically writes combat orders, drafts codes, issues orders, decodes, and so on.

From this it can be seen that the establishment of the military automated command system is closely related to military cybernetics, military information theory, and the application of the various modern scientific methods.



IV. Modernization of Military Logistics Work

In modern warfare the consumption of materials is very great and the rate of loss of weapons and equipment is very high. Therefore military logistics work must realize scientific character and automation. The establishment of the various management information systems for modern logistics work also needs to be studied and designed by applying modern scientific methods.

The automation of materials management is the basis of the automation of logistics management. In developing a materials-management information system, one must apply the systems method, the information method, and so on, so as to give full play to such characteristics of the computer as speed and accuracy. To realize the automation of materials management is to let machines replace people’s heavy, repetitive labor, ensuring that the personnel concretely responsible for the business have more energy to study decision-making problems concerning the support of materials and equipment, so that the support of military equipment is more timely, accurate, and rational, to suit the needs of modernized warfare. The concrete function of the materials-management information system lies in processing, at high speed and with accuracy, such tasks as the plan consolidation, balanced allocation, distribution and transfer, budgeting of funds, ordering, day-to-day accounts and inventory management of the directly subordinate warehouses for the various kinds of special equipment, and the emergency transfer of materials needed by the various departments in peacetime or wartime.

The management of the allocation and transfer of materials is the part of the management information system that is used more and whose logical relations are more complex. Therefore in research and development the method of systems design and the method of structured program design are both adopted, and electronic computers are used to carry out simulation. The necessity of electronic simulation lies in the fact that the needs of some supplies of materials, spare parts, and maintenance work often occur at random intervals, and the changes in the rate of demand are also extremely complex. For example, when the number of flights increases, the replacement rate of aircraft engines can decrease over a period of time. Using the method of electronic simulation, one can study most effectively the activities of the different logistics functional departments. The United States has drawn up more than thirty logistics simulation models for modern warfare.



V. Modern Military Forecasting

Military forecasting is an important content of the modern military-technological revolution. In fact, before a war breaks out, the study of the various military problems is a kind of constant forecasting.

The various simulation models of combat all fall within the scope of military forecasting. In 1979 someone estimated that several hundred experts in the United States were engaged in the study of combat models, and if some of the experts taking part in the work are included the total number exceeds a thousand. Among them are people who have received specialized training in mathematics, systems engineering, military operations research, economics, and so on.

The determination of the performance specifications for the research and development of future weapon systems also belongs to the scope of military forecasting. A few years ago, the performance requirements put forward abroad for radar-guided air-to-air missiles of the 1980s were: all-altitude attack capability, especially look-down, shoot-down attack capability; beyond-visual-range attack capability; capability of dealing with multiple targets; “fire-and-forget” capability; anti-interference capability; and capability of dealing with maneuvering targets. The performance requirements for infrared-guided air-to-air missiles were: all-weather usage capability; head-on attack and off-boresight launch capability; anti-interference capability; capability of dealing with maneuvering targets; and the capability of close-range dogfighting while also taking medium-range interception into account.

Grechko, the former Soviet Minister of Defense, once put forward the following three tasks for military forecasting: ① to foresee the possibility of the enemy’s launching a war. ② To forecast major new breakthroughs in science and technology that may be used for military purposes (such as the atomic bomb and missiles in the Second World War, and the satellite weapons, laser and particle-beam weapons, and infrasonic weapons developed after the war, and so on). ③ To forecast the development of strategy, campaigns, and tactics and new, more effective methods of command.

Military forecasting is an arduous and complex task; it requires thorough knowledge of the objective laws of military warfare, the comprehensive application of theoretical knowledge and intelligence materials of many fields and many disciplines, and the application of many different scientific methods.

In sum, the modern military-technological revolution needs modern scientific methods and spurs the rapid development of modern scientific methods; and the wide application of modern scientific methods in turn promotes the development of modern military technology. This is the conclusion we should draw.

Above, we have relatively systematically studied the basic content of the methodology of natural science. On this basis we can draw the following understandings.

First, the various general scientific methods we have studied have an extremely close relation with dialectical-materialist philosophy. The logical system of the whole methodology of natural science was formed and developed under the direct guidance of Marxist philosophy. Among the general scientific methods it studies, some are themselves philosophical methods of dialectical materialism and historical materialism — the dialectical-logical method is so; some were formed under the inspiration or guidance of materialist dialectics — the modern “Three Theories” methods belong to this case; and the application of some methods needs the guidance of philosophical methodology — observation and experiment, induction and deduction, the selection of research topics, hypotheses and theories, and so on are all so. Therefore, to grasp and apply these methods correctly, one must earnestly study the basic principles of Marxist philosophy; apart from the guidance of the dialectical-materialist world outlook and methodology, it is difficult for the general methods of natural science to give play to the role they should. Natural-scientific research work will also find it difficult to reach the anticipated goals.

Second, the formation and development of the methodology of natural science have a direct connection with the historical development of natural science as a whole. The development of natural science breeds new research methods; the application of new research methods promotes the progress of natural science. At the same time, we should also see that the general methods of natural science are by no means applicable only to natural-scientific research; scientific abstraction, logical methods, and the modern “Three Theories” methods, for example, are equally applicable to the research of the social sciences and the science of thinking. Of course, because the various general scientific methods differ in degree of generality, they differ in scope of application. Therefore, in applying these general scientific methods, we must attend to their scope of application and the reliability of the results obtained.

Third, none of the general methods of natural science is isolated from or separated from the others. They are mutually connected, mutually constraining, mutually interpenetrating, and mutually transforming, and form a complete system of the methodology of natural science. As regards the experimental method, for example, whether in the selection of the experimental topic, the design and the process of operation, or in data processing and the analysis of results, observation, comparison, analysis, synthesis, induction, deduction, and the modern “Three Theories” methods are often involved, and they must be combined ingeniously. Only thus can the success of the experiment be ensured and the anticipated effect achieved. As regards the role of the various general scientific methods in scientific cognition, they likewise show internal connections and form an organic whole. Among them, the main task of the methods of observation and experiment is to obtain perceptual material; scientific abstraction, logical methods, and the like are used to organize empirical material; mathematical methods and the modern “Three Theories” methods, as more abstract cross-cutting methods, can refine and generalize the results of scientific research at a higher level; and the hypothesis, as the intermediary of the development of research results toward theory, plays its unique role. The above internal connection of the general research methods of natural science is, on the one hand, consistent with the process, in people’s cognition of things, from vivid intuition to abstract thinking and again from abstract thinking to practice; on the other hand, it basically coincides with the research procedure of natural science. This is precisely a vivid embodiment of the scientific character of the structure of the system of the methodology of natural science.

Fourth, among the general scientific methods, the modern “Three Theories” methods have a unique position and special significance. They are a major breakthrough with respect to the traditional methods, and the new ideas, new theories, and new methods contained in them, together with their nature as highly abstract cross-cutting methods, will surely play a unique role in the great synthesis of modern science and technology. The method by which the modern “Three Theories” examine objects of study from the angles of system, of information, and of feedback control and functional simulation has not only broken down the boundaries among the nonliving world, the living world, and human thought, but has also bridged the gulf between natural science and social science. It has special significance for raising humanity’s cognitive capacity and speeding up the solution of the unknown domains, marginal topics, and comprehensive problems that humanity faces. In particular, the close combination of the “Three Theories” methods with computer technology will bring about a fundamental transformation in the pattern of scientific research formed over a long period by humanity, and reveal a still more beautiful prospect for the research of natural science, social science, and the science of thinking.

In sum, through the study and research of the methodology of natural science, we shall surely raise our capacity for thinking, capacity for cognition, capacity for scientific research, and capacity for actively transforming nature. At the same time, it will exert a major influence on promoting the development of natural science and enriching Marxist philosophy, and on firmly establishing the dialectical-materialist world outlook.
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