What is science?  Some viewpoints from the perspective of the theory of science  - John Hutchinson




Disclaimer: This is a gross generalization of what science is about; science is actually much more complex than how it is described here, but this will give you a basic background if you need it. 

1) Science is a human endeavor; scientists are all human, with the typical faults and foibles that non-scientists have. Sociology, politics, psychology, and similar aspects of human nature all have a profound influence on how science is conducted. 

2) Science follows certain rules and guidelines. Exactly what these rules and guidelines are depends on what area of science a specific scientific procedure falls within. The scientific method (i.e. hypotheses are formulated from observations, and theories develop from these hypotheses), sometimes cited as the one and only way that science is conducted, is not the paradigm that scientific inquiry must always follow, but it often is the best objective procedure. Science is not so monolithic and mechanical; it defies simple explanations, just like many other human endeavors. 

3) Facts versus opinions. An important distinction to make clear when science is an issue is the difference between fact and opinion. "Fact" in a scientific context is a generally accepted reality (but still open to scientific inquiry, as opposed to an absolute truth, which is not, and hence not a part of science). Hypotheses and theories are generally based on objective inferences, unlike opinions, which are generally based on subjective influences. For example, "I am a humorous person" is certainly an opinion, whereas "if I drop this glass, it will break" could best be called a hypothesis, while "the Earth orbits the Sun", or "evolution occurs over time", or "gravity exists" are all today considered to be both facts and theories (and could possibly turn out to be wrong). 

Opinions are neither fact nor theory; they are not officially the domain of science (but don't go thinking that scientists don't have opinions -- they are only human, and opinions often help to guide their research). Thus, science cannot directly address such issues as whether God exists or whether people are good or bad. 

4) Science generally uses the formulation of falsifiable hypotheses developed via systematic empiricism. Hypotheses that cannot ever be disproved are not real science. Hypotheses are generally formed by observing whatever it is you are studying, with the objective of understanding the nature of the subject (this is systematic empiricism). Many scientists hold the belief that a hypothesis cannot ever be proven, only disproved. This especially holds in historical sciences like paleontology, where a time machine would be the only true way to prove a hypothesis. 

5) Acceptance of scientific ideas is based on a process of publication and peer review. To become a legitimate theory (but still not established fact), a hypothesis must be subjected to the approval of a scientist's peers and published in an accredited scientific journal. This process keeps the charlatans out of science (well, it is supposed to, at least). Most significantly, this helps to maintain science as a process rather than a gradual accumulation of facts, ever creeping forward towards omniscience. Theories tend to persist until a better theory is proposed and gains broad acceptance, rather than new theories being proposed for every tiny fact that is deduced. 

6) Replication is also vital to good science - for the scientific community to accept a finding, other investigators must be able to duplicate the original investigator's findings. Thus, you cannot make up your data; other scientists must be able to follow the same methods you used (whether experimentation, mathematical calculations, formulating major concepts, measuring data, or whatever) and come up with the same results. 



Even among paleontologists studying dinosaurs, these principles are sometimes violated. A prime example, pervasive throughout evolutionary thought, is the adaptive story. Adaptive stories take a mysterious feature whose origin is not well understood, and propose an un-falsifiable hypothesis to explain it. For example: We do not yet understand why feathers were evolved somewhere along the non-avian theropod to bird transition. An adaptive story to explain it would be that the feathers were evolved to catch insects with, and then were "co-opted" for flight. Sounds convincing (as many such stories do), but still just a story. The sad truth is that many such problems are essentially unsolvable; we will never know exactly how or why feathers evolved. "Why" questions are some of the most difficult questions to answer when referring to evolution; evolution does not ask why. That is the frustrating reality that makes paleontology hard work. 

Another brief example of non-science is the unpublished hypothesis. Wild, controversial hypotheses (often in the form of television "sound bites") are hungrily accepted by the public (who cannot be blamed for not knowing better). For ideas to become accepted in the scientific community, ideas must be published (undergoing the process of peer review) to separate the good science from the bad science. Even still, some not-so-good science still leaks into publications, so scientists must think critically when reviewing other's work. 

Drawings of reconstructed dinosaurs and other depictions of them in the media are not pure science, but a blending of inference from scientific data with a dose of imagination and speculation. We don't know if some non-avian dinosaurs had feathers, but some artists do choose to illustrate them so. Science cannot say whether they did have feathers or not unless it has evidence. 

   



What is the "scientific method"? - http://home.xnet.com/~blatura/skeptic.shtml#intro

The scientific method is the best way yet discovered for winnowing the truth from lies and delusion. The simple version looks something like this: 

1. Observe some aspect of the universe. 

2. Invent a theory that is consistent with what you have observed. 

3. Use the theory to make predictions. 

4. Test those predictions by experiments or further observations. 

5. Modify the theory in the light of your results. 

6. Go to step 3. 

This leaves out the co-operation between scientists in building theories, and the fact that it is impossible for every scientist to independently do every experiment to confirm every theory. Because life is short, scientists have to trust other scientists.  So a scientist who claims to have done an experiment and obtained certain results will usually be believed, and most people will not bother to repeat the experiment.  Experiments do get repeated as part of other experiments. Most scientific papers contain suggestions for other scientists to follow up. Usually the first step in doing this is to repeat the earlier work. So if a theory is the starting point for a significant amount of work then the initial experiments will get replicated a number of times. 

Some people talk about "Kuhnian paradigm shifts". This refers to the observed pattern of the slow extension of scientific knowledge with occasional sudden revolutions. This does happen, but it still follows the steps above. 

Many philosophers of science would argue that there is no such thing as the scientific method. 

 1.2: What is the difference between a fact, a theory and a hypothesis? 

In popular usage, a theory is just a vague and fuzzy sort of fact. But to a scientist a theory is a conceptual framework that explains existing facts and predicts new ones. For instance, today I saw the Sun rise. This is a fact. This fact is explained by the theory that the earth is round and spins on its axis while orbiting the sun. This theory also explains other facts, such as the seasons and the phases of the moon, and allows me to make predictions about what will happen tomorrow. 

This means that in some ways the words fact and theory are interchangeable. The organization of the solar system, which I used as a simple example of a theory, is normally considered to be a fact that is explained by Newton's theory of gravity. And so on. 

A hypothesis is a tentative theory that has not yet been tested. Typically, a scientist devises a hypothesis and then sees if it "holds water" by testing it against available data. If the hypothesis does hold water, the scientist declares it to be a theory. 

An important characteristic of a scientific theory or hypotheis is that it be "falsifiable". This means that there must be some experiment or possible discovery that could prove the theory untrue. For example, Einstein's theory of Relativity made predictions about the results of experiments. These experiments could have produced results that contradicted Einstein, so the theory was (and still is) falsifiable. 

On the other hand the theory that "there is an invisible snorg reading this over your shoulder" is not falsifiable. There is no experiment or possible evidence that could prove that invisible snorgs do not exist. So the Snorg Hypothesis is not scientific. On the other hand, the "Negative Snorg Hypothesis" (that they do not exist) is scientific. You can disprove it by catching one. Similar arguments apply to yetis, UFOs and the Loch Ness Monster. See also question 5.2 on the age of the Universe. 

 1.3: Can science ever really prove anything? 

Yes and no. It depends on what you mean by "prove". 

For instance, there is little doubt that an object thrown into the air will come back down (ignoring spacecraft for the moment). One could make a scientific observation that "Things fall down". I am about to throw a stone into the air. I use my observation of past events to predict that the stone will come back down. Wow - it did! 

But next time I throw a stone, it might not come down. It might hover, or go shooting off upwards. So not even this simple fact has been really proved. But you would have to be very perverse to claim that the next thrown stone will not come back down. So for ordinary everyday use, we can say that the theory is true. 

You can think of facts and theories (not just scientific ones, but ordinary everyday ones) as being on a scale of certainty. Up at the top end we have facts like "things fall down". Down at the bottom we have "the Earth is flat". In the middle we have "I will die of heart disease". Some scientific theories are nearer the top than others, but none of them ever actually reach it. Skepticism is usually directed at claims that contradict facts and theories that are very near the top of the scale. If you want to discuss ideas nearer the middle of the scale (that is, things about which there is real debate in the scientific community) then you would be better off asking on the appropriate specialist group. 

 1.4: If scientific theories keep changing, where is the Truth? 

In 1666 Isaac Newton proposed his theory of gravitation. This was one of the greatest intellectual feats of all time. The theory explained all the observed facts, and made predictions that were later tested and found to be correct within the accuracy of the instruments being used. As far as anyone could see, Newton's theory was the Truth. 

During the nineteenth century, more accurate instruments were used to test Newton's theory, and found some slight discrepancies (for instance, the orbit of Mercury wasn't quite right). Albert Einstein proposed his theories of Relativity, which explained the newly observed facts and made more predictions. Those predictions have now been tested and found to be correct within the accuracy of the instruments being used. As far as anyone can see, Einstein's theory is the Truth. 

So how can the Truth change? Well the answer is that it hasn't. The Universe is still the same as it ever was, and Newton's theory is as true as it ever was. If you take a course in physics today, you will be taught Newton's Laws. They can be used to make predictions, and those predictions are still correct. Only if you are dealing with things that move close to the speed of light do you need to use Einstein's theories. If you are working at ordinary speeds outside of very strong gravitational fields and use Einstein, you will get (almost) exactly the same answer as you would with Newton. It just takes longer because using Einstein involves rather more math. 

One other note about truth: science does not make moral judgments. Anyone who tries to draw moral lessons from the laws of nature is on very dangerous ground. Evolution in particular seems to suffer from this. At one time or another it seems to have been used to justify Nazism, Communism, and every other -ism in between. These justifications are all completely bogus. Similarly, anyone who says "evolution theory is evil because it is used to support Communism" (or any other -ism) has also strayed from the path of Logic. 

 1.5: "Extraordinary evidence is needed for an extraordinary claim" 

An extraordinary claim is one that contradicts a fact that is close to the top of the certainty scale discussed above. So if you are trying to contradict such a fact, you had better have facts available that are even higher up the certainty scale. 

 1.6: What is Occam's Razor? 

Ockham's Razor ("Occam" is a Latinised variant) is the principle proposed by William of Ockham in the fifteenth century that "Pluralitas non est ponenda sine neccesitate", which translates as "entities should not be multiplied unnecessarily". Various other rephrasings have been incorrectly attributed to him. In more modern terms, if you have two theories which both explain the observed facts then you should use the simplest until more evidence comes along. See W.M. Thorburn, "The Myth of Occam's Razor," Mind 27:345-353 (1918) for a detailed study of what Ockham actually wrote and what others wrote after him. 

The reason behind the razor is that for any given set of facts there are an infinite number of theories that could explain them. For instance, if you have a graph with four points in a line then the simplest theory that explains them is a linear relationship, but you can draw an infinite number of different curves that all pass through the four points. There is no evidence that the straight line is the right one, but it is the simplest possible solution. So you might as well use it until someone comes along with a point off the straight line. 

Also, if you have a few thousand points on the line and someone suggests that there is a point that is off the line, it's a pretty fair bet that they are wrong. 

The following argument against Occam's Razor is sometime proposed: 

This simple hypothesis was shown to be false; the truth was more complicated.  So Occam's Razor doesn't work.  This is a strawman argument. The Razor doesn't tell us anything about the truth or otherwise of a hypothesis, but rather it tells us which one to test first. The simpler the hypothesis, the easier it is to shoot down. 

A related rule, which can be used to slice open conspiracy theories, is Hanlon's Razor: "Never attribute to malice that which can be adequately explained by stupidity". This definition comes from "The Jargon File" (edited by Eric Raymond), but one poster attributes it to Robert Heinlein, in a 1941 story called "Logic of Empire". 

 1.7: Galileo was persecuted, just like researchers of “X” today. 

People putting forward extraordinary claims often refer to Galileo as an example of a great genius being persecuted by the establishment for heretical theories. They claim that the scientific establishment is afraid of being proved wrong, and hence is trying to suppress the truth. 

This is a classic conspiracy theory. The Conspirators are all those scientists who have bothered to point out flaws in the claims put forward by the researchers. 

The usual rejoinder to someone who says "They laughed at Columbus, they laughed at Galileo" is to say "But they also laughed at Bozo the Clown". (From Carl Sagan, Broca's Brain, Coronet 1980, p79). 

Incidentally, stories about the persecution of Galileo Galilei and the ridicule Christopher Columbus had to endure should be taken with a grain of salt. 

During the early days of Galileo's theory church officials were interested and sometimes supportive, even though they had yet to find a way to incorporate it into theology. His main adversaries were established scientists - since he was unable to provide HARD proofs they didn't accept his model. Galileo became more agitated, declared them ignorant fools and publicly stated that his model was the correct one, thus coming in conflict with the church. 

When Columbus proposed to take the "Western Route" the spherical nature of the Earth was common knowledge, even though the diameter was still debatable. Columbus simply believed that the Earth was a lot smaller, while his adversaries claimed that the Western Route would be too long. If America hadn't been in his way, he most likely would have failed. The myth that "he was laughed at for believing that the Earth was a globe" stems from an American author who intentionally adulterated history. 

 1.8: What is the "Experimenter effect"? 

It is unconscious bias introduced into an experiment by the experimenter. It can occur in one of two ways: 

Scientists doing experiments often have to look for small effects or differences between the things being experimented on. Experiments require many samples to be treated in exactly the same way in order to get consistent results. Note that neither of these sources of bias require deliberate fraud. 

A classic example of the first kind of bias was the "N-ray", discovered early this century. Detecting them required the investigator to look for very faint flashes of light on a scintillator. Many scientists reported detecting these rays. They were fooling themselves. For more details, see "The Mutations of Science" in Science Since Babylon by Derek Price (Yale Univ. Press). 

A classic example of the second kind of bias were the detailed investigations into the relationship between race and brain capacity in the last century. Skull capacity was measured by filling the empty skull with lead shot or mustard seed, and then measuring the volume of beans. A significant difference in the results could be obtained by ensuring that the filling in some skulls was better settled than others. For more details on this story, read Stephen Jay Gould's The Mismeasure of Man. 

For more detail see: 

T.X. Barber, Pitfalls of Human Research, 1976.

Robert Rosenthal, Pygmalion in the Classroom. 

[These were recommended by a correspondent. Sorry I have no more information.] 

 1.9: How much fraud is there in science? 

In its simplest form this question is unanswerable, since undetected fraud is by definition unmeasurable. Of course there are many known cases of fraud in science. Some use this to argue that all scientific findings (especially those they dislike) are worthless. 

This ignores the replication of results which is routinely undertaken by scientists. Any important result will be replicated many times by many different people. So an assertion that (for instance) scientists are lying about carbon-14 dating requires that a great many scientists are engaging in a conspiracy. See the previous question. 

In fact the existence of known and documented fraud is a good illustration of the self-correcting nature of science. It does not matter if a proportion of scientists are fraudsters because any important work they do will not be taken seriously without independent verification. Hence they must confine themselves to pedestrian work which no-one is much interested in, and obtain only the expected results. For anyone with the talent and ambition necessary to get a Ph.D this is not going to be an enjoyable career. 

Also, most scientists are idealists. They perceive beauty in scientific truth and see its discovery as their vocation. Without this most would have gone into something more lucrative. 

These arguments suggest that undetected fraud in science is both rare and unimportant. 

The above arguments are weaker in medical research, where companies frequently suppress or distort data in order to support their own products. Tobacco companies regularly produce reports "proving" that smoking is harmless, and drug companies have both faked and suppressed data related to the safety or effectiveness or major products. 

For more detail on more scientific frauds than you ever knew existed, see False Prophets by Alexander Koln. 

The standard textbook used in North America is Betrayers of the Truth: Fraud and Deceit in Science by William Broad and Nicholas Wade (Oxford 1982). 

There is a mailing list SCIFRAUD for the discussion of fraud and questionable behaviour in science. To subscribe, send "sub scifraud <Your Name>" to "listserv@uacsc2.albany.edu". 

 1.9.1: Did Mendel fudge his results? 

Gregor Mendel was a 19th Century monk who discovered the laws of inheritance (dominant and recessive genes etc.). More recent analysis of his results suggest that they are "too good to be true". Mendelian inheritance involves the random selection of possible traits from parents, with particular probabilities of particular traits. It seems from Mendel's raw data that chance played a smaller part in his experiments than it should. This does not imply fraud on the part of Mendel. 

First, the experiments were not "blind" (see the questions about double blind experiments and the experimenter effect). Deciding whether a particular pea is wrinkled or not needs judgement, and this could bias Mendel's results towards the expected. This is an example of the "experimenter effect". 

Second, Mendel's Laws are only approximations. In fact it does turn out that in some cases inheritance is less random than his Laws state. 

Third, Mendel might have neglected to publish the results of `failed' experiments. It is interesting to note that all 7 of the characteristics measured in his published work are controlled by single genes. He did not report any experiments with more complicated characteristics. Mendel later started experiments with a more complex plant, hawkweed, could not interpret the results, got discouraged and abandoned plant science. 

See The Human Blueprint by Robert Shapiro (New York: St. Martin's, 1991) p. 17. 

 1.10: Are scientists wearing blinders? 

One of the commonest allegations against mainstream science is that its practitioners only see what they expect to see. Scientists often refuse to test fringe ideas because "science" tells them that this will be a waste of time and effort. Hence they miss ideas which could be very valuable. 

This is the "blinders" argument, by analogy with the leather shields placed over horses eyes so that they only see the road ahead. It is often put forward by proponents of new-age beliefs and alternative health. 

It is certainly true that ideas from outside the mainstream of science can have a hard time getting established. But on the other hand the opportunity to create a scientific revolution is a very tempting one: wealth, fame and Nobel prizes tend to follow from such work. So there will always be one or two scientists who are willing to look at anything new. 

If you have such an idea, remember that the burden of proof is on you. Posting an explanation of your idea to sci.skeptic is a good start. Many readers of this group are professional scientists. They will be willing to provide constructive criticism and pointers to relevant literature (along with the occasional raspberry). Listen to them. Then go away, read the articles, improve your theory in the light of your new knowledge, and then ask again. Starting a scientific revolution is a long, hard slog. Don't expect it to be easy. If it was, we would have them every week. 

Introduction to the Scientific Method

The scientific method is the process by which scientists, collectively and over time, endeavor to construct an accurate (that is, reliable, consistent and non-arbitrary) representation of the world.

Recognizing that personal and cultural beliefs influence both our perceptions and our interpretations of natural phenomena, we aim through the use of standard procedures and criteria to minimize those influences when developing a theory. As a famous scientist once said, "Smart people (like smart lawyers) can come up with very good explanations for mistaken points of view." In summary, the scientific method attempts to minimize the influence of bias or prejudice in the experimenter when testing an hypothesis or a theory. 

I. The scientific method has six steps: 
1. Observation and description of a phenomenon or group of phenomena. 

2. Formulation of an hypothesis to explain the phenomena. In physics, the hypothesis often takes the form of a causal mechanism or a mathematical relation. 

3. Use of the hypothesis to predict the existence of other phenomena, or to predict quantitatively the results of new observations. 

4. Performance of experimental tests of the predictions by several independent experimenters and properly performed experiments.

5. Modify theory in light of results.

6. Go back to number 3.

If the experiments bear out the hypothesis it may come to be regarded as a theory or law of nature (more on the concepts of hypothesis, model, theory and law below). If the experiments do not bear out the hypothesis, it must be rejected or modified. What is key in the description of the scientific method just given is the predictive power (the ability to get more out of the theory than you put in; see Barrow, 1991) of the hypothesis or theory, as tested by experiment. It is often said in science that theories can never be proven, only disproved. There is always the possibility that a new observation or a new experiment will conflict with a long-standing theory. 

II. Testing hypotheses

As just stated, experimental tests may lead either to the confirmation of the hypothesis, or to the ruling out of the hypothesis. The scientific method requires that an hypothesis be ruled out or modified if its predictions are clearly and repeatedly incompatible with experimental tests. Further, no matter how elegant a theory is, its predictions must agree with experimental results if we are to believe that it is a valid description of nature. In physics, as in every experimental science, "experiment is supreme" and experimental verification of hypothetical predictions is absolutely necessary. Experiments may test the theory directly (for example, the observation of a new particle) or may test for consequences derived from the theory using mathematics and logic (the rate of a radioactive decay process requiring the existence of the new particle). Note that the necessity of experiment also implies that a theory must be testable. Theories which cannot be tested, because, for instance, they have no observable ramifications (such as, a particle whose characteristics make it unobservable), do not qualify as scientific theories.

If the predictions of a long-standing theory are found to be in disagreement with new experimental results, the theory may be discarded as a description of reality, but it may continue to be applicable within a limited range of measurable parameters. For example, the laws of classical mechanics (Newton's Laws) are valid only when the velocities of interest are much smaller than the speed of light (that is, in algebraic form, when v/c << 1). Since this is the domain of a large portion of human experience, the laws of classical mechanics are widely, usefully and correctly applied in a large range of technological and scientific problems. Yet in nature we observe a domain in which v/c is not small. The motions of objects in this domain, as well as motion in the "classical" domain, are accurately described through the equations of Einstein's theory of relativity. We believe, due to experimental tests, that relativistic theory provides a more general, and therefore more accurate, description of the principles governing our universe, than the earlier "classical" theory. Further, we find that the relativistic equations reduce to the classical equations in the limit v/c << 1. Similarly, classical physics is valid only at distances much larger than atomic scales (x >> 10-8 m). A description which is valid at all length scales is given by the equations of quantum mechanics.

We are all familiar with theories which had to be discarded in the face of experimental evidence. In the field of astronomy, the earth-centered description of the planetary orbits was overthrown by the Copernican system, in which the sun was placed at the center of a series of concentric, circular planetary orbits. Later, this theory was modified, as measurements of the planets motions were found to be compatible with elliptical, not circular, orbits, and still later planetary motion was found to be derivable from Newton's laws.

Errors in experiments have several sources. First, there is error intrinsic to instruments of measurement. Because this type of error has equal probability of producing a measurement higher or lower numerically than the "true" value, it is called random error. Second, there is non-random or systematic error, due to factors which bias the result in one direction. No measurement, and therefore no experiment, can be perfectly precise. At the same time, in science we have standard ways of estimating and in some cases reducing errors. Thus it is important to determine the accuracy of a particular measurement and, when stating quantitative results, to quote the measurement error. A measurement without a quoted error is meaningless. The comparison between experiment and theory is made within the context of experimental errors. Scientists ask, how many standard deviations are the results from the theoretical prediction? Have all sources of systematic and random errors been properly estimated? This is discussed in more detail in the appendix on Error Analysis and in Statistics Lab 1. 

III. Common Mistakes in Applying the Scientific Method

As stated earlier, the scientific method attempts to minimize the influence of the scientist's bias on the outcome of an experiment. That is, when testing an hypothesis or a theory, the scientist may have a preference for one outcome or another, and it is important that this preference not bias the results or their interpretation. The most fundamental error is to mistake the hypothesis for an explanation of a phenomenon, without performing experimental tests. Sometimes "common sense" and "logic" tempt us into believing that no test is needed. There are numerous examples of this, dating from the Greek philosophers to the present day.

Another common mistake is to ignore or rule out data which do not support the hypothesis. Ideally, the experimenter is open to the possibility that the hypothesis is correct or incorrect. Sometimes, however, a scientist may have a strong belief that the hypothesis is true (or false), or feels internal or external pressure to get a specific result. In that case, there may be a psychological tendency to find "something wrong", such as systematic effects, with data which do not support the scientist's expectations, while data which do agree with those expectations may not be checked as carefully. The lesson is that all data must be handled in the same way.

Another common mistake arises from the failure to estimate quantitatively systematic errors (and all errors). There are many examples of discoveries which were missed by experimenters whose data contained a new phenomenon, but who explained it away as a systematic background. Conversely, there are many examples of alleged "new discoveries" which later proved to be due to systematic errors not accounted for by the "discoverers."

In a field where there is active experimentation and open communication among members of the scientific community, the biases of individuals or groups may cancel out, because experimental tests are repeated by different scientists who may have different biases. In addition, different types of experimental setups have different sources of systematic errors. Over a period spanning a variety of experimental tests (usually at least several years), a consensus develops in the community as to which experimental results have stood the test of time. 

IV. Hypotheses, Models, Theories and Laws

In physics and other science disciplines, the words "hypothesis," "model," "theory" and "law" have different connotations in relation to the stage of acceptance or knowledge about a group of phenomena.

An hypothesis is a limited statement regarding cause and effect in specific situations; it also refers to our state of knowledge before experimental work has been performed and perhaps even before new phenomena have been predicted. To take an example from daily life, suppose you discover that your car will not start. You may say, "My car does not start because the battery is low." This is your first hypothesis. You may then check whether the lights were left on, or if the engine makes a particular sound when you turn the ignition key. You might actually check the voltage across the terminals of the battery. If you discover that the battery is not low, you might attempt another hypothesis ("The starter is broken"; "This is really not my car.")

The word model is reserved for situations when it is known that the hypothesis has at least limited validity. A often-cited example of this is the Bohr model of the atom, in which, in an analogy to the solar system, the electrons are described has moving in circular orbits around the nucleus. This is not an accurate depiction of what an atom "looks like," but the model succeeds in mathematically representing the energies (but not the correct angular momenta) of the quantum states of the electron in the simplest case, the hydrogen atom. Another example is Hook's Law (which should be called Hook's principle, or Hook's model), which states that the force exerted by a mass attached to a spring is proportional to the amount the spring is stretched. We know that this principle is only valid for small amounts of stretching. The "law" fails when the spring is stretched beyond its elastic limit (it can break). This principle, however, leads to the prediction of simple harmonic motion, and, as a model of the behavior of a spring, has been versatile in an extremely broad range of applications.

A scientific theory or law represents an hypothesis, or a group of related hypotheses, which has been confirmed through repeated experimental tests. Theories in physics are often formulated in terms of a few concepts and equations, which are identified with "laws of nature," suggesting their universal applicability. Accepted scientific theories and laws become part of our understanding of the universe and the basis for exploring less well-understood areas of knowledge. Theories are not easily discarded; new discoveries are first assumed to fit into the existing theoretical framework. It is only when, after repeated experimental tests, the new phenomenon cannot be accommodated that scientists seriously question the theory and attempt to modify it. The validity that we attach to scientific theories as representing realities of the physical world is to be contrasted with the facile invalidation implied by the expression, "It's only a theory." For example, it is unlikely that a person will step off a tall building on the assumption that they will not fall, because "Gravity is only a theory."

Changes in scientific thought and theories occur, of course, sometimes revolutionizing our view of the world (Kuhn, 1962). Again, the key force for change is the scientific method, and its emphasis on experiment. 

V. Are there circumstances in which the Scientific Method is not applicable?

While the scientific method is necessary in developing scientific knowledge, it is also useful in everyday problem-solving. What do you do when your telephone doesn't work? Is the problem in the hand set, the cabling inside your house, the hookup outside, or in the workings of the phone company? The process you might go through to solve this problem could involve scientific thinking, and the results might contradict your initial expectations.

Like any good scientist, you may question the range of situations (outside of science) in which the scientific method may be applied. From what has been stated above, we determine that the scientific method works best in situations where one can isolate the phenomenon of interest, by eliminating or accounting for extraneous factors, and where one can repeatedly test the system under study after making limited, controlled changes in it.

There are, of course, circumstances when one cannot isolate the phenomena or when one cannot repeat the measurement over and over again. In such cases the results may depend in part on the history of a situation. This often occurs in social interactions between people. For example, when a lawyer makes arguments in front of a jury in court, she or he cannot try other approaches by repeating the trial over and over again in front of the same jury. In a new trial, the jury composition will be different. Even the same jury hearing a new set of arguments cannot be expected to forget what they heard before. 

VI. Conclusion

The scientific method is intricately associated with science, the process of human inquiry that pervades the modern era on many levels. While the method appears simple and logical in description, there is perhaps no more complex question than that of knowing how we come to know things. In this introduction, we have emphasized that the scientific method distinguishes science from other forms of explanation because of its requirement of systematic experimentation. We have also tried to point out some of the criteria and practices developed by scientists to reduce the influence of individual or social bias on scientific findings. Further investigations of the scientific method and other aspects of scientific practice may be found in the references listed below. 

VII. References

1. Wilson, E. Bright. An Introduction to Scientific Research (McGraw-Hill, 1952).

2. Kuhn, Thomas. The Structure of Scientific Revolutions (Univ. of Chicago Press, 1962).

3. Barrow, John. Theories of Everything (Oxford Univ. Press, 1991).

Scientific Laws, Hypotheses, and Theories

Lay people often misinterpret the language used by scientists. And for that reason, they sometimes draw the wrong conclusions as to what the scientific terms mean. 

Three such terms that are often used interchangeably are "scientific law," "hypothesis," and "theory." 

In layman’s terms, if something is said to be “just a theory,” it usually means that it is a mere guess, or is unproved. It might even lack credibility. But in scientific terms, a theory implies that something has been proven and is generally accepted as being true. 

Here is what each of these terms means to a scientist (taken from: http://wilstar.net/theories.htm): 

Scientific Law: This is a statement of fact meant to explain, in concise terms, an action or set of actions. It is generally accepted to be true and universal, and can sometimes be expressed in terms of a single mathematical equation. Scientific laws are similar to mathematical postulates. They don’t really need any complex external proofs; they are accepted at face value based upon the fact that they have always been observed to be true. 

Some scientific laws, or laws of nature, include the law of gravity, the law of thermodynamics, and Hook’s law of elasticity. 

Hypothesis: This is an educated guess based upon observation. It is a rational explanation of a single event or phenomenon based upon what is observed, but which has not been proved. Most hypotheses can be supported or refuted by experimentation or continued observation. 

Theory: A theory is more like a scientific law than a hypothesis. A theory is an explanation of a set of related observations or events based upon proven hypotheses and verified multiple times by detached groups of researchers. One scientist cannot create a theory; he can only create a hypothesis. 

In general, both a scientific theory and a scientific law are accepted to be true by the scientific community as a whole. Both are used to make predictions of events. Both are used to advance technology.  The biggest difference between a law and a theory is that a theory is much more complex and dynamic. A law governs a single action, whereas a theory explains a whole series of related phenomena.  An analogy can be made using a slingshot and an automobile.  A scientific law is like a slingshot. A slingshot has but one moving part--the rubber band. If you put a rock in it and draw it back, the rock will fly out at a predictable speed, depending upon the distance the band is drawn back. 

An automobile has many moving parts, all working in unison to perform the chore of transporting someone from one point to another point. An automobile is a complex piece of machinery. Sometimes, improvements are made to one or more component parts. A new set of spark plugs that are composed of a better alloy that can withstand heat better, for example, might replace the existing set. But the function of the automobile as a whole remains unchanged. 

A theory is like the automobile. Components of it can be changed or improved upon, without changing the overall truth of the theory as a whole. 

Some scientific theories include the theory of evolution, the theory of relativity, and the quantum theory. All of these theories are well documented and proved beyond reasonable doubt. Yet scientists continue to tinker with the component hypotheses of each theory in an attempt to make them more elegant and concise, or to make them more all-encompassing. Theories can be tweaked, but they are seldom, if ever, entirely replaced. 



IS THE WAR BETWEEN SCIENCE AND RELIGION OVER?

Hall, N.F., and L.K.B. Hall. 1986. Is the war between science and religion over? The Humanist: 26-28.

(This copy, adhering to the wishes of the authors, uses the style and wording of the original manuscript, rather than as edited by The Humanist, which substituted "he or she" for almost every personal pronoun.) 

The CBS television news report "For Our Times," which covered a two-week conference on "Faith, Science and the Future" held at the Massachusetts Institute of Technology a few years ago, left the viewer with the feeling that the long conflict between science and religion is at an end. Hundreds of scientists and theologians gathered to discuss issues of science and ethics and proceeded from the assumption that science and religion were two non-conflicting bodies of knowledge, equally valuable complementary paths leading toward an ultimate understanding of the world and our place in it. The conflicts of the past were said to be due to excessive zeal and misunderstanding on both sides. Peaceful coexistence and even a measure of syncretism are now assumed to be possible as long as each concedes to the other's authority in their separate worlds of knowledge: that of matter and facts for science, and that of the spirit and values for religion. 

Let us be blunt. While it may appear open-minded, modest, and comforting to many, this conciliatory view is nonsense. Science and religion are diametrically opposed at their deepest philosophical levels. And, because the two worldviews make claims to the same intellectual territory -- that of the origin of the universe and humankind's relationship to it -- conflict is inevitable. 

It is possible, of course, to define a non-supernatural "religious" worldview that is not in conflict with science. But in all of its traditional Western forms, the supernatural religious worldview makes the assumption that the universe and its inhabitants have been designed and created -- and in many cases, are guided -- by "forces" or beings which transcend the material world. The material world is postulated to reflect a mysterious plan originating in these forces or beings, a plan which is knowable by humans only to the extent that it has been revealed to an exclusive few. Criticizing or questioning any part of this plan is strongly discouraged, especially where it touches on questions of morals or ethics. 

Science, on the other hand, assumes that there are no transcendent, immaterial forces and that all forces which do exist within the universe behave in an ultimately objective or random fashion. The nature of these forces, and all other scientific knowledge, is revealed only through human effort in a dynamic process of inquiry. The universe as a whole is assumed to be neutral to human concerns and to be open to any and all questions, even those concerning human ethical relationships. Such a universe does not come to us with easy answers; we must come to it and be prepared to work hard. 

In order to understand how scientific observations are made, let's follow a hypothetical scientist into her laboratory. Suppose this scientist's task is to measure the amount of protein in a biological fluid -- a common procedure in research laboratories, hospitals, and school science classes. The scientist will proceed by carefully measuring out into test tubes both several known volumes of the fluid and also several different volumes of a "standard" solution she has prepared by dissolving a weighed quantity of pure protein. The scientist will add water to bring all the tubes to the same volume and then add a reagent which reacts with protein to produce a blue color. After the solutions in all the test tubes have reacted for a specified period of time, the scientist will measure the intensity of the blue color with a spectrophotometer. By comparing the color intensity of the unknown solutions, she will be able to calculate how much standard protein is needed to produce the same color reaction as the unknown, and this, the scientist will conclude, is the amount of protein in the unknown sample. 

What our hypothetical scientist has done is to perform a controlled experiment. She must report it honestly and completely, including a description or a reference to the method. She must also be prepared to say that all variables which could have affected the reported result, to the best of her knowledge and belief, have been kept constant (for example, by using a water bath to maintain a constant temperature) or have been measured (as were the different volumes of the unknown solution and standard solution) or are random (measurement errors or perhaps pertinacious dust particles from the surrounding air). This is the essence of the scientific method. 

Clearly, such a controlled experiment would be impossible if our scientist were required to entertain the possibility that some factor exists that can affect the color in the test tubes but which can never be controlled in these ways -- a factor that cannot be held constant, cannot be measured by any physical means, and cannot be said to act randomly. But that is exactly what the religious, supernaturalist worldview does require. Untestable, un-measurable, and nonrandom occurrences are commonplace in all supernatural religions and pseudo-sciences. 

This fundamental incompatibility between the supernaturalism of traditional religion and the experimental method of science has been, nevertheless, remarkably easy to dismiss. The findings of science over the past three centuries have been eagerly welcomed for their practical value. The method, however, has been treated with suspicion, even scorn. It has been perceived as being responsible for revealing the material workings of ever more of the mysteries of life which used to inspire religious awe. From the point of view of the religious believer, it has seemed as though the goal of science has been to push belief in the supernatural to ever more remote redoubts until it might disappear entirely. 

This is not, and cannot be, the goal of science. Rather, a non-mysterious, understandable, material universe is the basic assumption behind all of science. Scientists do not chart their progress with ghost-busting in mind. Naturalism or material monism is not so much the product of scientific research as it is its starting point. In order for science to work, scientists must assume that the universe they are investigating is playing fair, that it is not capable of conscious deceit, that it does not play favorites, that miracles do not happen, and that there is no arcane or spiritual knowledge open only to a few. Only by making the assumption of materialist monism will the scientist be able to trust the universe, to assume that although its workings are blind and random it is for this very reason that they can be depended upon, and that what is learned in science can, to some degree, be depended upon to reflect reality. 

As evolution is the unifying theory for biology, so naturalism is the unifying theory for all of science. In his book Chance and Necessity, biochemist Jacques Monod called this basic assumption "the postulate of objectivity" since it assumes that the universe as a whole is dispassionate of, indifferent to, and unswayed by human concerns and beliefs about its nature. Its inverse -- in which the universe is passionately involved in, partial to, and swayed by human concerns and beliefs about its nature -- is the basic assumption that underlies the supernatural, religious worldview. We call it the "postulate of design." 

The postulate of a purposefully designed universe, as we have seen, destroys any meaning we might hope to find in the experimental method of science. But in so doing, it also insures that it will never be incompatible with any of the findings of science. This ability of the supernatural view to adjust itself to any finite set of facts has, ironically, made it seem easy to accept both the findings of science and the consolations of spiritualism. Scientists, as human beings, are susceptible to the temptations of these comforts. Some believe that the world of the supernatural lies just beyond where they are performing their controlled experiments, although they usually feel that it is even more evident in fields other than their own. However, we need not reject their results. As long as they are honest -- reporting not only their conclusions but also their methods and reasoning -- such nonmaterialist scientists can still contribute to the progress of science in their own fields of study. 

The issue at stake here is whether or not our worldview is to possess consistency and integrity. Science has worked so well and has been so successful that it is difficult, if not impossible, to live in the modern world while rejecting its findings. But by accepting those findings as a free bounty -- while rejecting the hard assumptions and hard work that made them possible -- the supernaturalist embraces a lie. 

It is often claimed that science can say nothing about values and ethics because it can only tell us what is -- not what ought to be. But once again this is a case of attempting to divorce the findings from the method of science. Properly understood, science tells us not only what is but also how we must behave if we are to understand what is. Science has succeeded as a cooperative human effort by asserting the belief that the universe can only be understood through the values of integrity and truth-telling. In the process it has become a system of values, and it has provided humankind with a language which transcends cultural boundaries and connects us in a highly satisfying way to all the observable universe. It has the potential to be used as the basis for a workable and profoundly satisfying system of ethics. Indeed, it must be so used if we are to accept its findings without self-deceit. 

A naturalistic system of ethics is not likely to be popular, however, until science can overcome the currently evident public attitude of ignorance and hostility. In response to a recent San Diego Union story outlining new developments in cosmological theory, a reader pointed out that "God is in control of the universe, and the sooner these so-called scientists realize this, they will not need to invent hocus-pocus 'dark or unseen matter' as a man-made explanation instead of acknowledging the true source of all things, the all-powerful omnipotent, omnipresent God, the creator." 

He's right, of course. Accept the supernatural and the hard work of making and testing theories becomes a pointless enterprise, along with all human-made explanations and meaning. But if we allow such myths to limit the scope and uses of science, we will do so to our own peril and shame. 

In an article in the October 4, 1985, issue of Science, cosmologist Steven Weinberg said that, even if science manages to trace the materialist explanation back to the first ten-billionth of a second of the existence of the universe, we still don't know what started the clock. "It may be that we shall never know," he wrote, "just as we may never learn the ultimate laws of nature. But I wouldn't bet on it." 

Thank you, Professor Weinberg. We needed that.
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