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Preface





  Scientific terminology and scientific claims surround us, and many of today’s important political issues revolve around science. Should we change our economy to prevent global warming or has the threat been exaggerated? What should we do with nuclear waste? How should health authorities deal with infectious diseases like AIDS, tuberculosis, and malaria? Is money spent on space exploration being wasted? The debate on these and other similar questions is often surprisingly superficial, primarily because few people know how to read and interpret reports of scientific results even when they have been written by competent journalists and science writers. Fewer still can analyze public debates among scientists holding different opinions on a subject.




  In order understand scientific issues, you have to have a clear picture of what science is and what scientists do. Some people claim that the theory of evolution is “just a theory.” What exactly is a scientific theory? Advertisements claim that a certain laundry liquid or headache remedy has been “scientifically proven” to be better than a competing product. What, if anything, does it mean for a claim to be scientifically proven? A research report claims that eating a certain food will “reduce the chance” of suffering a heart attack by 14 percent. How is such research performed and what is the relevance of a 14 percent chance?




  The aim of this book is to provide a modern overview of the nature of science, so that you can understand and analyze scientific results and debates that you are exposed to every day. It will help you distinguish claims that are provisional and debatable, from claims that are so well established that rejecting them drives one over the border that divides real science from pseudoscience, which are activities that illegitimately wrap themselves in the mantle of science. To achieve this aim, we must examine the nature of science in depth, in order to transcend the naive image of a man in a lab coat comparing laundry detergents.




  The explosion of scientific knowledge in the twentieth century was accompanied by deep thinking and extensive research on the nature of science, traditionally divided into the philosophy, history, and sociology of science.




  The philosophy of science focuses on epistemology, the branch of philosophy that deals with the concept of knowledge. What is scientific knowledge? Few people appreciate that modern science is quite limited in scope and restricts itself to description and explanation of natural phenomena; on purpose, science does not deal with purpose. How is scientific knowledge obtained? Is there a scientific method that will lead inexorably to truth? If so, can this method be applied to nonscientific fields? What demarcates scientific knowledge from nonscientific knowledge? The issue of demarcation is particularly important, because of the pretensions of non-scientific activities to be scientific. Pseudosciences such as astrology are enormously popular. Though sometimes harmless, pseudosciences pose a potential danger to individuals and to society when crucial decisions are based on claims that totally lack empirical evidence.




  At its core, science is ahistorical, so that if all books and Web pages were to be destroyed except for a handful of “dry” textbooks of mathematics, physics, chemistry, and biology, science would not be hopelessly impoverished in the way that culture would be impoverished if the plays of Shakespeare or the paintings of Monet were destroyed and all we were left with were textbooks describing these works. However, we do live within a historical context and a study of the history of science is just as much a part of our heritage as the study of political, economic, or social history. The study of science without its history might not damage our knowledge of its results, but it is likely to impair our ability to teach science and to relate to science as it affects our lives.




  The third aspect of the nature of science is the sociology of science, the study of which is relatively recent. Science is “done” by individuals, but these individuals work in groups and have different roles: they are professors, graduate students, research scientists, laboratory technicians and engineers. They work in universities and in industrial and governmental research institutions. Sociologists and anthropologists can investigate the institutions and culture of science using the same methods and tools that they use to investigate any society and culture. Unfortunately, some of the postmodernist study of the social aspects of science has degenerated into antiscience, claiming that science is a purely social activity and that the “real world”—if it even exists—is irrelevant to the practice of science. Any discussion of the nature of science has to explain how to integrate the epistemological claim that science can discover the truth about the universe with the practice of science by fallible humans who are members of social institutions and cultures.




  The book starts with a discussion of a widely held caricature of the process of science, the naive inductive-deductive method. Then we will extensively explore the concept of a scientific theory and explain why it is the central concept of the nature of science. We will illustrate the concept with two examples: the theory of gravitation and the theory of evolution by natural selection and explain why both have achieved the (high) status of theories. Next, we will examine the basic terminology used by scientists and show how it differs from the day-to-day use of the same terms. The excursion into the philosophy of science continues with Karl Popper’s principle of falsification, which leads naturally into a discussion of pseudoscience. Then we turn to Thomas Kuhn’s 1962 book The Structure of Scientific Revolutions, which was instrumental in initiating the study of the sociology of science. We summarize Kuhn’s ideas and refute the postmodernistic denigration of science that grew out of an aberrant interpretation of Kuhn.




  The book continues with a survey of the modern viewpoints concerning the relationship between science and religion. Then we discuss the relationship between the various sciences, especially the concept of reductionism; a misunderstanding of reductionism is used to justify some claims of pseudoscience and postmodernism. The next three chapters provide more detail on the nature of specific scientific topics: statistical methods such as those used in medical science, logic, and mathematics—the languages of science, and a case study of the nature of science as typified by modern theories in geology. Finally, we summarize speculation on the future of science.




  Interspersed between the chapters, we present biographical vignettes of some famous scientists, in order to illustrate that science is done within a cultural and historical context, and—contrary to the stereotype—by scientists of widely varying personalities.




  The technical content of the book is held to an absolute minimum so that it will be accessible to a wide audience. Occasionally, I have not been able to resist the temptation to include a bit of mathematics or technical detail. Except for Maxwell’s and Schrödinger’s equations—included only for their visual effect—the mathematics is at a high-school level. This technical material has been set off in sidebars that can be safely skipped.




  There are excellent books accessible to the nonspecialist on each of the topics mentioned, and an annotated reading list has been provided in order to enable you to pursue these issues in depth.




  The days are long gone when a lone “amateur gentleman” can make a significant contribution to science or even understand the details of modern scientific theories and results. Nevertheless, science is not a secret society based upon arcane rituals; science is a search for truths about the universe, and its basic principles are accessible to any educated person. This book will have served its purpose if will help you to keep an open mind, but not so open that your brains fall out.1




  Acknowledgments: I would very much like to thank Michael Matthews, William McComas, Edmond Schonberg, and Peter Slezak for reading and commenting on drafts of the book. Needless to say, they will not agree with everything I have written, and the mistakes that remain are my responsibility.




  Moti Ben-Ari




  Rehovot, Israel
March 2005
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Naive Induction: What People Think Scientists Do




  


  




  




  A screenplay




  Galileo Galilei (1564–1642) is considered to be the first modem scientist. Here is an imaginary screenplay describing his activities as a scientist:




  Galileo Galilei climbs up the Leaning Tower of Pisa carrying a bunch of objects: some shaped as balls, some as cylinders, and some as cubes; some large, some small, and some in between; some made of stainless steel, some of titanium, and some of plastic; some painted black, some painted white, and some chrome-plated (altogether, 3 x 3 x 3 x 3 = 81 objects, one with each possible combination of these properties). Galileo had obtained a governmental grant for a long-term research project, intended to decide once and for all if the time of the fall of an object depends on its weight or not. A careful experimenter, Galileo arranges for a robot arm to push pairs of objects off the parapet of the tower in order to ensure that the objects are dropped simultaneously and not affected by his conscious or subconscious actions. The computer-generated signal to the robot arms also starts an electronic clock at the instant the objects fall. When the objects hit sensors on the ground, signals are generated that cause the time of the fall of each object to be stored in the memory of the computer. The experiments takes years to carry out, not only because of the vast number of tests to be run (there are 81 x 80/2 = 3,240 different pairs of objects), but also because Galileo had to cancel his experiments in inclement weather in order to ensure that neither rain nor wind would compromise the accuracy of his results.




  Following years of painstaking measurements, Galileo creates a database and writes a computer program to analyze the mountain of data that he has collected. A couple of years later, after the program has been debugged, graphs and charts spew forth onto Galileo’s desk. Galileo spends months examining them and then calls a press conference to announce to the world: all objects dropped from a given height hit the ground at the same time. Several years later he is granted the Nobel Prize for Physics, and after accumulating a comfortable nest egg earned by giving lectures and making TV appearances, he withdraws to a comfortable retirement at his villa on the shores of beautiful Lake Como in northern Italy. (End of screenplay).




  How many anachronisms are there in the above screenplay? I am sure that you picked up that there were no computers, no titanium balls, no robots, and no Nobel Prizes in the seventeenth century. You may also know that Galileo was tried by the Inquisition and spent his final years under house arrest near Florence, not strolling in gardens, admiring the scenery at Lake Como. But in fact, the entire story is a literary exercise: There is no evidence that Galileo ever dropped anything off the Leaning Tower of Pisa, certainly not in a public demonstration intended to show that other scientists were mistaken. In his Dialogues Concerning Two New Sciences, Galileo admits to having performed experiments that showed differences between the time of fall of heavy and light objects, but he clearly understood that the differences were negligible, and due to confounding factors like air resistance. More importantly, however, Galileo did not base his claim about falling bodies directly upon experimental evidence. Although he did perform experiments rolling balls down ramps, he only used the results to guide his theoretical thinking and mathematical demonstrations. His books contain no large sets of data convincingly presented in spreadsheets and graphs; in fact, they contain no data whatsoever.




  Galileo, the first modern scientist




  Galileo was responsible for two of the most important conceptual advances that led to the development of modem science. He was the first person to formulate universal mathematical laws to describe the motion of objects. From the time of the Greeks, mathematics had been used in astronomy: planets were assumed to move in circles around the Earth, and the problem was to find an arrangement of circles that would fit the data. Later, Nicolaus Copernicus (1473–1543) proposed that all planets, including the Earth, rotate around the Sun, and Johannes Kepler (1571–1630) found that ellipses are superior to circles for describing planetary motion. But only from the time of Galileo did scientists begin to formulate mathematical laws that were supposed to be universally valid so that they could used to make accurate predictions. By establishing that objects fall with constant acceleration, Galileo was not just describing the motion of a certain ball dropped off of a certain tower; instead he enabled scientists to compute the motion of any object dropped from anywhere.




  The second conceptual advance attributed to Galileo is the introduction of idealizations in order to make scientific problems tractable. In the seventeenth century, it was totally impossible to perform very precise and repeatable experiments on falling objects. It was not just that they didn’t have computer-controlled robots and sensors; they did not even have clocks that could measure time with reasonable accuracy and precision. The best one could do was to allow water to drip out of a container through a small orifice and then weigh the water. Galileo approached the problem of analyzing motion by performing experiments with inclined planes, as motion on a plane was slower and easier to measure than the fall of an object. Then he imagined what motion would be like if the inclined plane were frictionless and showed mathematically that motion on an inclined plane was equivalent to the motion of a falling object under the influence of gravity.




  There are two idealizations here. The first is to describe motion in a nonexistent situation and then to claim that the description can be usefully applied to a real situation. Galileo described the motion of objects falling in a vacuum or rolling down frictionless ramps, and then applied the results to real situations by assuming that air resistance and friction are negligible, or alternatively, that they can be accounted for by appropriate corrections. The second idealization is to use the abstract language of mathematics for analyzing the situation, and then to claim that the equations that result could be used in real situations.




  Galileo’s great achievement was to identify the correct idealizations: acceleration as the rate of change of velocity per unit of time, gravitation as exerting a constant acceleration per unit of mass, and the concept of inertia, the tendency of a body to continue in motion unless acted upon by a force.




  When Galileo presented his results, he rarely referred to experimental results and never provided appendices full of tables and graphs. Instead, he used thought experiments and mathematical arguments to convince the reader of the correctness of his claims and of their applicability. Here is an adaptation of his thought experiment that showed that the time of the fall of an object under the influence of gravity is independent of the mass of the object.




  Let us imagine that two objects, one light and one heavy, are simultaneously dropped from a tower. How can we show that they will both arrive at the ground at the same time? Let us suppose to the contrary that heavier objects fall faster than light objects and show that this leads to an absurd situation. Imagine now that halfway through its fall, the heavy object breaks apart into two pieces of equal size. Well, light objects are assumed to fall slower, so somehow the two pieces “understand” that they are no longer part of a heavy object and stomp on the brakes! That is totally absurd because an object can’t slow down without force being applied and there is no reason to assume that a part of an object “knows” that it belongs a larger object.




   



  Galileo’s Thought Experiment




  Suppose that heavy objects fall faster than light ones, so that a 20 kilogram object hits the ground 15 seconds after being dropped from a tower, while a 10 kilogram object takes 30 seconds. Consider a 20 kg object constructed of two 9.9 kg balls and a thin, but strong, bar weighing 0.2 kg (9.9 + 9.9 + 0.2 = 20). The center of the bar is fitted with a separation device, which can break the object into two pieces without significantly changing its downward motion. Let us activate the device just after the 20 kg object is released, turning it into two objects of 10 kg each. How can each ball suddenly “know” that it is no longer connected to its twin and thus decelerate so as to arrive at the ground after 30 instead of 15 seconds?
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  Once you know the principle, it is obvious that you have seen the effect before: you throw a snowball or clod of dirt into the air and even if it breaks apart, all the pieces reach the ground more or less together. Conversely, if two snowballs suddenly meet in midair like the rendezvous of two spacecraft, it is inconceivable that the speed at which they fall should increase, merely because some flakes stick together with no force applied in the vertical direction.




  
The scientific method




  If you ask most people to define the scientific method, you would most likely receive a description of something akin to the naive inductive-deductive method:
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  Science proceeds in a well-structured manner consisting of four successive and distinct stages. First, the scientist observes the universe, recording her observations as facts. Then, she performs a process called induction: by examining the facts, she develops a generalization called a theory that can account for these facts. Next, in the second, deductive stage, the scientist uses logic to predict consequences of the theory and then she carries out experiments to see if these predictions do in fact occur. If the experiments are successful, the theory has been confirmed; if not, the theory has been shown to be incorrect. Let us examine the elements of this portrait one by one.




  Observation




  I have portrayed observation as unstructured. The scientist walks along, examining rocks and plants or gazing at the stars, notebook in hand, writing down his observations. Or perhaps, he scoops up a sample of water to examine under the microscope back in his laboratory. But this makes no sense at all. There are too many things to observe: people, plants, animals, rocks, stars, rivers, the wind. Inevitably, a scientist’s observations are focused on a topic of interest. Furthermore, the observation is not passive; the scientist will actively seek out interesting phenomena. But how does he decide what to focus on? How does he decide what is scientifically interesting? Is it simply a matter of personal preference?




  When Charles Darwin (1809–1882) was young, he was a passionate collector of beetles. He was quite a competent observer, learning how to identify and classify them. But this made him a beetle collector, not a scientist. Observations in science must be made within a framework if they are to have any significance. Darwin spent five years as a naturalist on the ship HMS Beagle as it traveled around the world. He performed observations in geology and biology, gathering and preserving samples, and sketching and describing the terrain that he saw. In contrast to his beetle-collecting days, Darwin’s geological observations were conducted within a framework called uniformitarianism that had been proposed by Charles Lyell (1797–1875). According to uniformitarianism, the geological formations that we observe were formed by gradual processes that continue to this day. Any geological observation that Darwin made could be interpreted by him as evidence in favor or against Lyell’s theory.




  But in biology there was as yet no theory that could help Darwin focus his observations. Plants and animals do not lie around saying, “Observe me: I can be used in the inductive stage of the formulation of the theory of evolution!” To his eternal regret, when Darwin collected the famous finches from the Galapagos Islands that would be critical in his development of the theory of evolution, he did not think to label them with the name of the specific island from which they came. At that time, naturalists saw their task as one of collecting and identifying organisms, and of comparing their structures, rather than of analyzing their relationships to the environment.




  You cannot observe and record everything; an evaluation of the importance of an observation can only be made within a framework and if that does not yet exist, you are liable to make mistakes. In 1888 when Heinrich Hertz (1857–1894) was attempting to produce the first radio waves, he did not think that the size of his lab or the color of the paint on its walls were relevant to his experiments; he knew from James Clerk Maxwell’s (1831–1879) theory of electromagnetism that radio waves were likely to exist, but he could not know that—while the color of the paint was not significant—the size of the lab was because of echoes from the walls.




  Theory-laden observation




  We can summarize the above discussion by stating that, contrary to a naive concept of induction, in science, observation is theory-laden, that is, the theoretical framework within which the observer works is critical to the observations themselves. This is not meant to imply that an observer may not see something that appears in front of his eyes; rather, it means that what the observer notices, remembers, and considers relevant depends on the existence of a theory that guides the observation. Galileo was the first to “observe” the moons of Jupiter and the mountains on the Moon through his telescope. If other people looking through the telescope did not make these observations, it was not because Galileo had better eyesight or because they were being unreasonably obstinate. When you look up into the sky, there are no legends (like the balloons containing conversation in cartoons) that tell you what you see: “Hi, I’m Europa, a moon of Jupiter!” To identify these points o(light as stars or planets, you have to know what you are looking for. If this sounds somewhat circular, it is, and it can help explain why scientific advance is difficult.




  In Galileo’s time, people observed the sky within the framework of the Ptolemaic system (named after the Egyptian astronomer Ptolemy—Claudius Ptolemaeus [ca. 100–170]) that identified the Sun, the Moon, five planets and many fixed stars. This framework had been built up from observations patiently accumulated over centuries. People believed that the heavenly bodies were composed of an incorruptible material that was different from terrestrial material. It was in the nature of heavenly bodies to move in circular orbits, while it was in the nature of objects on Earth to seek to reach its center. Put yourself in the position of someone handed this new gadget, the telescope, and told to look to the sky. This fellow Galileo points out Jupiter, which you recognize because you are also an astronomer, and asks you to notice a few points of light in its vicinity. For all you know, the points of light could be caused by dust on the surfaces of the lenses or imperfections in their manufacture, or by reflections from other stars or from the candle on your neighbor’s balcony. Even in the unlikely case that you have had experience with telescopes, such experience would have been entirely limited to terrestrial objects, and you would have no reason to believe that it performs similarly on heavenly objects. Furthermore, everyone knew that all moving heavenly bodies had already been identified. So, even discounting for jealously and narrow-mindedness, it was entirely reasonable for Galileo’s colleagues to be skeptical of his announcement.




  Galileo, however, was making these observations from within a different framework. About a hundred years before his time, Nicolaus Copernicus had proposed that the movement of the Sun, Moon, and planets upon the field of the fixed stars could be better explained by assuming that the Earth and all the planets revolved around the Sun, rather than by assuming that the Sun and planets revolved around the Earth. Furthermore, Kepler had discovered that a description of planetary orbits in terms of ellipses was more successful and elegant than a description in terms of circles. Galileo, a first-class mathematician, did not assume that heavenly bodies were necessarily constructed from a more perfect material moving in perfect circular orbits. When he saw a few extra points of light in the vicinity of Jupiter, Galileo was sufficiently intrigued that he continued his observations for several days, recording the positions of the points of light. Only after proposing and rejecting several alternatives, did he convince himself that the best explanation of his observations was that the points were in fact small objects—moons—orbiting around Jupiter. This explanation could only have been made by someone thinking within the new Copernican framework that dethroned the planets from their previous nature.




  Clearly, science must start with observation, but once some initial observations have been made, a circular process takes place. Observations lead to theories, which guide further observations, which influence the theories. The presentation of the process of science as initially and primarily inductive is so oversimplified as to be useless. There are serendipitous discoveries in science, in which observations truly instigate the development of theories, but they inevitably occur to those who have the necessary framework within which to understand the importance of what they are observing.




  In 1896, Henri Becquerel (1852–1908) discovered radioactivity in a truly serendipitous manner. He was investigating phosphorescence (materials that glow when exposed to light) and he once left a piece of uranium mineral on top of a covered photographic plate. When the plate was later developed it showed signs of having being exposed; this Becquerel interpreted as resulting from radiation emanating from the mineral. Becquerel certainly did not awake that morning and say to himself: “This morning I intend to observe a new scientific phenomenon.” But at that time, Becquerel was thoroughly familiar with the recently discovered x-rays, so he was thinking within a framework that allowed for invisible rays. Therefore, it is not particularly strange that he considered the possibility that uranium ore emitted some mysterious rays. The mere observation of the fogged plate did not constitute the discovery of radioactivity. Another person, carrying out observations from a different theoretical perspective, would have thrown the plate out as an experimental error, or blamed his assistant for carelessly developing the plate, or tried to return it to the manufacturer as faulty. Instead, Becquerel began a systematic study of the new rays and was awarded the Nobel Prize for Physics in 1903 for the discovery of radioactivity. (The award was shared with Marie [1867–1934] and Pierre Curie [1859–1906].) Yes, Becquerel was lucky, but he made his own luck by pursuing scientific research within a framework that enabled him to appreciate the significance of a serendipitous observation.




  The reliability of observation




  The second problem with naive induction as the basis for science is that observation is not reliable; what you see is not always what you get. The entertainment industry is full of very talented, reputable professionals who make their living from the creation of unreliable observations—we call them stunt performers, special-effects artists, and magicians. For some psychological reason, we seem to enjoy having our senses, in particular our sense of sight, fooled, and we are willing to pay good money to the artists who create the action TV shows, science-fiction films, and magic shows that never fail to excite us.




  There are people who thrive on creating unreliable observations, from criminals, confidence men and women, who use deceptive manipulations to defraud their victims, to professionals like spiritualists who pray on gullible individuals in distress. Magicians, in particular, are incensed at such people whom they believe sully the reputation of their honorable profession. Magician James “the Amazing” Randi (1928–) writes of spoon-bender and telepathist Uri Geller (1946–): “[I]f he’s using divine power, he’s doing it the hard way.”1




  Thus far we have seen that it is not correct to portray the work of a scientist as one who straightforwardly collects observations. Observations can be unreliable; for example, the Moon looks larger on the horizon than it does when it is high in the sky, but that is purely an optical illusion. Observations can also be unreliable because of the limits of technology. For example, if planets revolve around the Sun rather than around the Earth as predicted by Copernicus, the apparent diameter of Venus and Mars should change with the relative positions of these planets with respect to the Earth. But these changes were not observed when Copernicus first proposed his theory and this was taken as evidence against the theory. It was not until the use of telescopes for astronomical observation that reliable measurements of the diameters of these planets could be made and the predictions of the theory confirmed. Nevertheless, observations are the basic stuff from which science is made, and scientists make every effort to ensure that observations are reliable. Great scientists are those who are able to look in novel and imaginative ways at observations that are potentially available to everyone.




  Observation is something that has to be learned, because fruitful and reliable observation can only be done within a framework. This is why it takes years of training to become a radiologist and why they are required to qualify first as physicians before specializing in radiology, although it seems that they are performing a simple task, just looking at images. A radiologist must interpret a fuzzy two-dimensional image in terms of an underlying three-dimensional reality, so she must be intimately familiar with human anatomy and the various pathologies that can occur.




  Theory-laden observation applies not only within science. A book called What Great Paintings Say analyzes a selection of famous paintings both in terms of the details of the scenes portrayed as well as in terms of the underlying social and cultural milieu in which they were painted.2 After reading the book, when I looked at one of those paintings, I “observed” a great deal more that I would have otherwise, although the physical images would be identical in both cases. Far from diminishing the artistic experience by destroying the “holistic” encounter, reading the book served to increase the enjoyment of the experience by drawing attention to aspects that I would not otherwise have observed.




  
Observation with instruments




  Most of us accept that “seeing is believing,” or even that “to see is to know.” The relationship between perception and knowledge has been studied for centuries and I will not pretend that I can summarize the various positions. Let us assume for the sake of argument that if you can see something then you can obtain true knowledge of that thing (subject to the caveats mentioned in the previous sections). Some people hold the converse of this statement, namely, that if we can’t see something, then we cannot obtain true knowledge about it. The famous nineteenth-century physicist Ernst Mach (1838–1916) (who gave his name to the mach number for the speed of sound) refused to acknowledge the existence of atoms because he couldn’t see them.




  Suppose now that you are watching TV and that you “see” an object like a rock on the surface of the Moon or Mars. Do you obtain true knowledge about that object? I am not talking about ridiculous claims of conspiracy theorists that the Apollo moon landings were faked by NASA; instead, I am trying to evaluate what it means to “see.” Well, sunlight reflected from a rock on the surface of the Mars does not enter your eyes directly. The reflected light impinges on an electronic element in a camera where it is converted into a digital signal that is stored in a computer and then transmitted through further electronic circuitry to the Earth. On the Earth, the data representing the picture undergoes computerized enhancement, and is then transmitted to your TV set by another long chain of electronic processing, possibly being sent back into space to be retransmitted by a satellite or converted into light to go through a fiber-optic cable and converted again back into an electronic signal at the end of the cable. Only then, does your TV convert the signal into light that you “see.” So we are not really seeing the rock.




  Very little modern scientific work involves direct sensory experience. Almost invariably, observations and measurements are mediated through chemical markers, electronic signals, and computers. In a trivial sense, thus, modern scientific observation is theory-laden, because you have to understand and accept long chains of reasoning that justify relating the observation to an underlying natural phenomenon. Alan Chalmers (1939–) reports his unease when he supervised a physics experiment in a school lab. The students were measuring the relationship between electric current and magnetic fields, but he knew that the ammeter used to measure the current was based on precisely the phenomenon that the students were supposed to be demonstrating.3 Of course, such an experiment would never be accepted by a practicing scientist who would insist that the current be measured using an instrument not based on the magnetic phenomenon being investigated.




  Normally, however, we don’t worry about the use of instruments, neither in everyday life nor in scientific research. We know that TV cameras, communications satellites, fiber-optic cables, and TV sets faithfully reproduce the images of our favorite soap operas, so there is no reason to doubt that the theory underlying these systems suddenly doesn’t work because it is transmitting an image of a rock on Mars. Similarly, most instruments used in experimental scientific research have been found through extensive use to give reliable observations, and only a novel instrument will be an object of suspicion until its reliability has been confirmed.




  In 1981, Gerd Binnig (1947–) and Heinrich Rohrer (1933–) invented an instrument called the scanning tunneling microscope (STM); a few years later, the atomic force microscope (AFM) was invented by Binnig, Christoph Gerber (1942–), and Calvin Quate (1923–). These ingenious instruments are capable of producing images of individual atoms and molecules. They are even capable of manipulating individual atoms, as was demonstrated when Donald Bigler (1953–) and Erhard Schweizer (1957–) of IBM Almaden labs integrated a nice publicity stunt into their research by using an STM to spell out the letters IBM using 35 atoms of the element xenon:4
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  Ask yourself now: Would Ernst Mach—who did not accept the existence of atoms because they could not be empirically experienced—now agree that atoms exist? Or would he claim that the underlying theory required to support the claim that STMs show images of atoms is so complicated that we still cannot claim to have “seen” atoms and thus verify their existence?




  In fact, the evidence for atoms was already so overwhelming that these visualizations of individual atoms did not contribute to the acceptance of the atomic theory. Instead, the interest was in the instruments themselves and in their potential for the scientific investigation of materials and their engineering applications.




  From observation to theory




  The next step in the inductive-deductive method is to develop a theory. In chapter 2 we will analyze the concept of scientific theory in depth, but for now it is sufficient to define a theory as a set of concepts and laws based on those concepts that enable you to explain and predict phenomena. For example, the theory of gravitation uses the concepts of distance, mass, and force, and a law relating the gravitational force between two objects to their masses and the distance between them.




  So what do you do with a bunch of facts obtained from observation? Enter them into a computer and print out a theory? Laws as such are relatively easy to develop, because we humans seem to have an irresistible tendency to see patterns in the natural world and to generalize from a pattern to a law. Most superstitions started this way: someone was startled a couple of times by a black cat, fell down, and injured himself, so he generalized to a law that black cats bring bad luck, and innumerable generations of black cats have suffered ever since. Developing correct scientific laws is a totally different matter. It takes tremendous effort to identify important concepts and to develop laws that are based on these concepts. That is why science took so long to develop and that is why the pioneers of science are justifiably looked upon as geniuses.




  Galileo is admired, not for dropping balls off the Leaning Tower of Pisa, but for being the first to correctly define the concept of acceleration and to realize its central place in a theory of motion. Anyone can observe that an object falls faster if it is dropped from a greater height, but not everyone can develop the mathematical formula that relates the speed at which an object falls to the height from which it was dropped. The most straightforward generalization from the observations is to conclude that the farther an object falls, the faster it travels, or in other words that velocity increases in proportion to distance. It was Galileo’s genius that led him to identify the concept of acceleration, defined as the change in velocity in proportion to time, and that furthermore, to propose the law that states that the acceleration of a falling body under the influence of gravity is constant.




  For all major scientific advances, we can usually identify one scientist who came up with precisely the correct concepts and laws. Yet each of them was working within a milieu of intense effort to understand the scientific problems of their day. Many scientists tried to solve these problems, and their contributions were often significant, but we ascribe the advances to the scientists who had the insight to formulate the crucial concepts. Furthermore, these scientists performed extensive calculations, observations, or experiments until they were personally convinced of the correctness of their theories. It is the publication of concepts together with the convincing arguments, calculations, and observations that constitute a scientific advance.




  A scientist doesn’t collect observations or perform calculations because her job description requires it; being a scientist is not like being a census taker trying to earn a bit of extra money by going door-to-door and collecting facts. A scientist collects observations because she believes that the observations are relevant and will help solve a problem, confirm or refute an existing theory, or develop a new theory. A scientist formulates laws that generalize observations and integrates the laws into theories because she passionately believes that nature can be explained through scientific theories. Performing the “right” observations, experiments, and calculations demands creativity, because there are many ways of doing these activities, and they are all interconnected with one another. It is this creativity that makes science interesting rather than boring.




  Prediction and retrodiction




  Finally, we come to the third and fourth steps of the naive inductive-deductive method: deducing consequences from the theory and checking these predictions by further observation and experimentation. Deduction is complementary to induction: instead of generalizing from a set of observations to a theory, the general theory is specialized to a particular prediction about a particular experiment or observation. Johannes Kepler performed induction when he generalized astronomical observations into laws expressed as simple mathematical formulas for the orbits of planets. Subsequently, these generalized laws (more precisely, the laws of gravitation and mechanics developed by Isaac Newton [1642–1727]) can be used deductively to predict or to retrodict a specific planet’s position at any specific point of time. A prediction is the specification of what will happen, whereas a retrodiction is a specification of what did happen.




  Prediction is, of course, highly useful. Given the initial data concerning a rocket—its position, direction, thrust, and so on—we can precisely predict the future position of the rocket. Dozens of astronauts have entrusted their lives to predictions made from Newtonian mechanics,5 as well as from theories concerning the performance of rocket engines. Closer to home, every time you fly you are implicitly trusting a range of scientific theories that predict mechanical properties like the strength of the aircraft body, aerodynamic properties like lift and drag, the thermodynamic properties that govern the performance of the engines, and the electromagnetic properties used by the radar and communications systems. These predictions are so successful that the overwhelming majority of flights reach their destinations safely, and accidents are attributed to human error in the design or operation of the aircraft, not to a failure of the underlying theories.




  The term retrodiction means “predicting” the past. The concept is not as trivial as it may seem. Obviously, any theory must be consistent with observations that have been performed in the past. But we demand more from a theory—we demand not only that it be consistent with a currently existing set of observations, but also that it be consistent with all new observations, even if they concern events that happened in the past. For example, Newtonian mechanics can be used to predict eclipses of the Sun or the Moon, but it can also be used to retrodict eclipses that occurred in the past. If a reliable historical source is uncovered that reports a solar eclipse, it must be retrodictable by the theory.




  Retrodiction is essential if theories are to be developed for the historical sciences. Many aspects of evolutionary biology and geology involve time scales of millions of years that we can barely imagine, much less observe or re-create in a laboratory. Nevertheless, these fields are well-established sciences because they are able to give precise retrodictions of phenomena that occurred in the past. Retrodiction is not just tinkering with a theory until it fits the extant observations. Theories for historical sciences are quite specific in their retrodictions and if evidence is found that something occurred that contradicts a theory, the theory will have to be modified or rejected.




  Cosmology, the study of the origins of the universe, is a historical specialty in physics, because any theory in cosmology can be practically used only for retrodiction. (Predictions about the future of our solar system and our galaxy a few billion years from now cannot be confirmed or falsified.) Modern cosmology is based on the big bang theory proposed by George Gamow (1904–1968), which claims that the entire universe was created by the explosive expansion of a primeval point. The big bang theory is attractive because it accurately retrodicts the relative amounts of chemical elements that are actually found in the universe. The theory also predicted the existence of background microwave radiation that would be identical in all directions. The subsequent discovery of this radiation by Arno Penzias (1933–) and Robert Wilson (1936–) provided strong evidence that the big bang theory is correct.




  Deduction




  Deduction is the use of logical reasoning to obtain new statements from existing ones. For example, given the statements: (a) If you touch a hot stove, you will receive a burn, and (b) you touched a hot stove, we can deduce that (c) you received a burn. The justification for the conclusion is that the logical principle we used to carry out the deduction is sound; this means that if the premises (a) and (b) are true, then the conclusion (c) is true. The study of deductive systems goes back to the Greeks, continued through the Middle Ages, and in modern times has become a thriving field of research in mathematics. It is possible to formally define what is meant by a deductive system, what it means for a statement to be true and to prove that deductive systems are sound, that is, any statement inferred within the deductive system is a logical consequence of its premises: if the premises are true, so is the conclusion. While formalized deductive systems are usually only studied by professional researchers in the field of mathematical logic, mathematicians and scientists routinely use informal versions of such deductive systems in their reasoning. It is comforting to know that such reasoning is sound. (Deductive logic is discussed in more detail in chapter 11.)




  
Universal theories




  The reason for the importance of deduction in science is that scientific theories are universal. Newton’s theory of gravitation claims that all pairs of objects in the universe attract each other with a force given by a single law expressed by a mathetical equation (see the sidebar) that enables you to calculate the force given the masses of the objects and the distance between them. Since the theory is universal—a force exists between all pairs of objects whatever their masses and at all distances of separation—we can use deduction to obtain useful results. We do not need to modify the theory for different uses, we only have to “plug-in” the correct values into the law, though as any student of high-school physics knows, it can be quite difficult to figure out what the correct values are.




   



  Newton’s Theory of Gravitation




  Newton’s theory of gravitation includes a mathematical law F = Gm1m2/r2 enabling you to calculate the force F between two objects whose masses are m1 and m2, separated by a distance r. G is a constant, that is, a property of the universe that can be experimentally measured.


  




  When you build a shelf to hold your TV set, you can use the theory to deduce the force of gravity between the TV set and Earth, and then design a shelf that is sufficiently strong to produce an equivalent upward force. If there were a separate theory governing the force between your TV set and the planet Earth, you would have no need to deduce anything: you could just look up the force given by the particular theory governing your TV set and the Earth. Of course a science based on separate (and presumably different) laws of gravitation governing each pair of objects in the universe would be so unwieldy as to be totally useless.




  Similarly, medicine makes sense as a science because theories of biology and chemistry apply universally to all people. Medical science is nowhere near as precise as physics, so that diagnosis and treatment retain a statistical element (see chapter 10) that requires judgment and experience. However, there is enough universality in the anatomy and physiology of humans, so physicians confidently treat new patients based upon what they learned from textbooks and from clinical experience with previous patients. Medical textbooks and clinical guidelines often have detailed charts describing a process of deduction: “given symptom A, perform test B; if the result is C, treat the patient for D, otherwise, perform test E,” and so on. Textbooks do not consist of lists of specific people, and for each one, a list of medical conditions and medications that will’ work for them.




  It is an essential characteristic of scientific theories that they be as universal as possible, otherwise, there would be no point in doing science. Albert Einstein (1879–1955) once said that the most amazing thing about the world is that it is understandable. What he meant was that there is no a priori reason why a few universal theories expressed in concise mathematical equations should govern the universe. Universality is what makes science applicable, and thus different from art or music. You can’t “deduce” anything from Ludwig van Beethoven’s Ninth Symphony; in fact, you don’t even have to appreciate it, and you may not if you grew up in a culture with a different musical tradition. But you can deduce from Newtonian mechanics how to build a shelf or a bridge or how to design a spacecraft, and the same laws are used in all cultures for building shelves and bridges and for designing spacecraft.




  Confirmation and falsification




  Deduction also provides a way to confirm or falsify a scientific theory. It is risky to propose a universal theory, because once proposed, anyone can deduce (specific) consequences from it. By trying to land a spacecraft on the Moon, you are conducting an experiment that tests the theory of Newtonian mechanics. If the test succeeds, you have evidence that confirms the theory. Suppose, however, that the test failed: Although the spacecraft performed flawlessly, it missed the Moon by thousands of kilometers. Such a failure would supply evidence that falsifies the theory.




  There is an inherent asymmetry between confirmation and falsification. You can never truly confirm a theory, because even if you run a million successful tests, you can never be sure that the next one will also succeed. Furthermore, you can always construct an ad hoc theory that fits a finite number of experiments, for example, the six experiments that tested landing a spacecraft on the Moon. But that is not the same as a universal theory that purports to predict and retrodict all motion not just on Earth but everywhere in the universe. For this reason, scientists tend to avoid phrases like “the experiment proves the theory” and prefer to speak in tones that seem to demonstrate a lack of confidence, using wimpy phrases like “I am led to believe that . . .” or “the experiment provides evidence that. . . .” (See chapter 3 for more on the terminology of science.) You may passionately believe in a theory, but there is always the possibility that the next experiment around the comer will falsify it.




  Suppose now that an experiment shows that some prediction (or retrodiction) of a theory, even a single one, is wrong. Let us assume that the deduction of the prediction is sound, and that the experiment has been correctly performed (the equipment is working, the measurements are precise, and all external influences have been accounted for). We must then conclude that the theory itself is wrong, because we deduced a false statement. We say that the theory has been falsified. Science is a risky business that is quite “unfair” to the scientist, because one experiment can falsify a well-loved theory while a million successful experiments cannot absolutely confirm it. (The concept of falsification is rather more involved than this; scientists do not abandon a theory just because of the results of one experiment, but in general it is true that a scientific theory is always in danger of falsification because of experimental results. See chapter 4 for a more thorough discussion.)




  During the two centuries after the 1687 publication of Newton’s opus The Mathematical Principles of Natural Philosophy (usually known as the Principia, from the first word in the Latin title), physicists used his theories of gravitation and motion to predict and retrodict the movement of all the bodies in the solar system. The most famous predictions were those that led to the discovery of the planet Neptune on the basis of apparent deviations in the orbit of Uranus, and later the similar discovery of the planet Pluto. Each such success provided confirmation of Newtonian mechanics, to the point that many believed that the theory was absolutely true.




  Only one blemish remained and it was hoped that it could be rubbed out in the future: The orbit of the planet Mercury deviated slightly from the retrodiction. Even after taking into account the effect on the orbit of Mercury by the gravitational attraction of the other planets, a minute deviation remained: 43 seconds of arc during an entire century. (This deviation is little more than the apparent diameter of the Moon as seen from Earth.) Nevertheless, this deviation is now regarded as having falsified Newton’s theory of gravitation, which has been replaced by Einstein’s theory of general relativity that successfully retrodicted this deviation. Centuries of confirmation were wiped out by the measurements of one pesky planet! Today, Newton’s theory is regarded as totally superseded by Einstein’s, although Newton’s simpler theory is still used, since for most practical purposes the theories are computationally equivalent (see chapter 13).




  Linear thinking




  One of the strangest criticisms of scientists is that they engage in “linear thinking,” whereas others engage in “lateral thinking.” (Presumably, “lateral” is superior or at least more satisfying than “linear,” though why this should be so is not explained.) The charge derives from a total misconception of the process of science as a literal implementation of the naive inductive-deductive method. A scientist wakes up in the morning, observes some phenomena, induces a theory and then, after lunch, deduces the consequences of the theory and confirms them through experimentation. Any deviation from this linear routine is presumed to be unscientific. Well yes, scientists do make observations and they do perform experiments, and yes, scientists do deduce specific consequences from general laws, but the process is not “linear” and certainly not routine.




  Take again the example of Galileo’s thought experiment that demonstrates that the motion of falling bodies does not depend on their mass. Surely, hundreds, if not thousands, of people had observed projectiles disintegrate in the air, or chamber pots dropped out of high windows with the result that the pots and their, uh, contents hit the ground together. Galileo’s result should have been trivially obvious to the most linear thinker. But it wasn’t. The universe does not come with a set of help screens, listing the steps you must follow in order to make discoveries or to formulate scientific theories. Theories tell you what observations might be interesting and how the observations might be interpreted, while observations buffet theories from all sides. The most important advances are those that identify concepts and principles, and these come from intense mental effort, moving back and forth between theory and observation. Frequently, thought experiments are decisive in identifying the essential concepts, but these clearly involve “thinking outside the box,” as the teenage Albert Einstein did when he wondered what it would be like to ride upon a beam of light.




  The accusation of linear thinking can justifiably be leveled at many science textbooks, especially at the high-school level, which are full of exercises that demand nothing more than setting up the correct equations and solving them, or carrying out the step-by-step instructions in a lab manual. The actual practice of science is quite different, because when you obtain a result from an experiment or a calculation, you can’t ask the teacher for the right answer or look it up in the back of the book. Theoreticians don’t just plug numbers into formulas; instead, they have to construct models of physical phenomena or perform simulations on computers. They must find the correct abstractions and decide upon simplifications that make computations tractable without seriously harming the validity of the theory. Experimenters must not only devise new techniques, but they must be able to prove that confounding factors are not polluting the results. Fortunately, educational activities are being developed that attempt to provide students with a taste of both the frustration and the satisfaction of working out a solution to a scientific problem.




  In chapters 4 and 6 we will describe more sophisticated attempts to define the scientific method, though naive acceptance of these proposals is just as mistaken as a naive acceptance of the inductive-deductive method. The scientific process is a complex web of activities and it is doubtful that it can be described by a simple method or set of rules. However, before continuing the discussion on the methodology of science, we will tum to the central concept of science, the scientific theory.




  
THE NATURE OF SCIENTISTS: THE BIOGRAPHICAL VIGNETTES





  Between chapters we will give short biographical vignettes of some of the most important pioneers of science. This section contains a few general remarks by way of introduction.




  Scientists are popularly looked upon as “nerds” or “geeks” with few interests outside the lab or office. A glance at the biographies of famous scientists reveals that they have a few things in common, but otherwise, they are a diverse bunch of characters who could populate a TV soap opera if given the chance.




  Great scientists were not necessarily good students in school, but what they do seem to have in common is an intense curiosity about the world and the ability to learn by themselves. If you see a high school student spending long hours passively listening to music or watching TV, you can be certain that you have not met a future winner of the Nobel Prize. But an accomplished musician or an avid reader in many subjects might become one, even if today she is not interested in her high school chemistry class. With the advent of monolithic digital watches, we have probably lost one of the main diagnostic tools for prospective scientists: an interest in disassembling and reassembling clocks!




  In the final chapter, we discuss some prognostications concerning the future of science; in particular, we warn that the past will not necessarily repeat itself. This also applies to drawing lessons from the biographies of scientists. The day is long gone when a talented amateur like Michael Faraday (1791–1867) could make important discoveries using homemade apparatuses. To make a new discovery in experimental science requires sophisticated and expensive equipment such as spectrographs, centrifuges, vacuum pumps, lasers, space telescopes, radioactive materials, and deep-sea drilling platforms, and the construction of an experiment and the analysis of the data require extensive knowledge of the underlying theory. In theoretical science, you may need to thoroughly understand graduate-level mathematics just to be able read about current research.




  While the biographical vignettes include the illustrious trio of Isaac Newton, Charles Darwin, and Albert Einstein, biographies of modern scientists have been included. Do not draw too many historical lessons from the success of an untrained scientist like Darwin. Without doubt, future scientists will have to study hard, obtain graduate degrees, and join universities and research institutes.
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