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CHAPTER TEN

How PHYSICISTS KNOwW
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10.6 Induction and Deduction
10.7 Induction in Seince
10.8 Deduction in Science
10.9 The Hypotheticoleductive Method
10.10 Empiricism and Science
10.11 Scope and Limitation of Scientific Knowledge
10.12 Implications for Teaching High Schdehysics

Scientific inquiry is only one epistmlogical approach to knowledge. In order to better understand how
scientists in general and physicists in particular come to know things, the author addresses several ways of
knowing and contrasts them with other approaches to knowledge. Attentiondhdpier is focused on the
processes of induction and deduction, observation and experimentation, and the development amd testing
hypothess and theories. This chapter takes a physicistOs practical approach to epistemology and avoids
such statements @3the transcendental deduction of the synthetic a prioriO more typical of philosophers.
Implications for teaching high school physics areluded

10.1 Epistemology

Epistemology concerns itself with ways of knowing and how we know. The word is ddrosedthe Greek words
epistZmeandlogosDthe former term meaning OknowledgeO and that lattemesningOstudy ofO. Hence, the word parsed
into English implies the nature, source, and limitations of knowledge. As such, the study of epistemologglhidtas dealt
with the following fundamental questions:

* What is knowledge, and what do we mean when we say thiahevesomething?
* What is the source of knowledge, and how do we know ifriéliable?
* What is the scope of knowledge, and what arkrit#ations?

Providing answers to these questions has been the focus of attentmrvdoy long time More than 2,000 years ago
Socratesd. 469 B&B99 BC) Plato(428/427 BCD 348/347 BC)and Aristotle (384822 BC) wrestled with various answers to
thesequestions, but were never able to resolve them. At best they were able only to provide Opartial® answers that we
attacked time and again by later philosophers the likes of Des¢aB@8b 1650) Hume (1711 B1776) and Kant(1724D
1804) Not even thes giants of philosophy were able to provide lasting answers to these questibnsmdeed, the discussion
continues down to the present day. Even a more recent solution to the definition of knoldefjeing knowledge as
justified true belief (see Csholm, 1982Phas failed in the light of arguments proposeadlierby Gettier (1962).
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10.2 Philosophy and Science

Philosophy often interacts with scienbeespecially physic® at many points and in countless ways. Scientists are often
confronted withthe question, OHow do you know?O Providing an answer to that question frequently is not easy and ofte
moves such a discussion into the field of scientific epistemology. Addressing this subject matter in a brief chapter is a task «
great delicacy becausi order avoid being entirely superficial, one must strongly limit the subject matter that one touches
upon and the deptm which it is addressed. Authors such as Galileo, Newton, Bacon, Locke, Hume, Kant, Mach, Hertz,
PoincarZ, Born, Einstein, Plank, gpe@r, Kuhn, and many, many others have written tomes in this area of the philosophy of
science. The present author has been selective in choosing from amaranthiepics addressed by these authors on the basis
of that which will be most suitable for psigs teaching majors, and addressing these topics at a level consistent with their need
for understanding. Science teachers need to understand the types of arguments that scientists use in actual practice to su:
the subject matter that they claim a®wtedge.

Science is more than a conglomeration of facts, and teaching consists of more than just relating the facts of scienc
Science is a way of knowing that requigestrong philosophicajjrounding One cannot assume that students who understand
the facts, principles, laws, and theories of science necessarily know its processes and their philosophical und&hg@gning
cannot be assumed to learn the philosophy of science by osmosis; it must be taught. It is hoped that the prospective phys
teachewill, as a result of reading this chapter, more fully understand the nature and dilemmas of Hciemgectedhat
this understandingyill impacts hisor her teaching for the better. The author also hopes that this chapter sparks the interest in
reackrs to the extent that they will find their way to reading more broadly in this critically important area.

10.3 Knowledge versusaith

When historians say that they know something, is their type of knowledge the same as that of scientists whethghey say
they know something? Do sociologists speak with the same surety as scientists? When a theologian makes a proclamation
the degree of certitude the same as that of a scientist? Frankly, the answer to all theses guidéstibe negative. Science,
sociology, history, and religioeachhave their owrways of knowing and different types of certitude.

One fundamental question with which all scientists ultimately must reckon is how they aktuallgnything. Consider
for instance the following statemts:

e The Earth is a spheroid.
* TheEarth spins daily on its axis.
*  TheEarth orbits the Sun annually.

Most readers will agree with these assertions, but how many of them akn@hNyhat the Earth is a spheroid, spins daily
upon its axis, and orbits ti&un annually? Do theynowthese statements becorrect, or do they merebelievethat they are
correct? The fact of the matter is that the vast majority of even physics majors will not know the basis for these statements th
took several thousand ymafor scientist talevelop The sources to these understandings are by no meanslotiEsad, the
philosopherscientist Aristotle argueslo eloquently against the motion of the Eatftlat his reasoning held sway for nearly two
millennia. He arguedhat constant motion is not natural. He further argued thtte Earth were spinninge should feel the
motion, encounter prevailing easterly winds, see the oceans cast off at the equafimg dmat projectilesare left behind
when thrown into the albyet we see none of these! So, on whasisdo current scientists make the above three claims? How
do theyknowthe answers; how do thystify their beliefs?

If a person claims t&know something rather than merehave faith in something, then that persshould be able to
provide evidencdo supportthe claim. If there is no support for the claim, then one has omnéon and not knowledge.
Anyone who claims to know something should always be ready, willing, and able to answer the question, OHow do yo
know?O Scientist®as should alscience teache® must always be watchful of embracing unjustified beliefs for in doing so
they aremerely embraiag opinion and teaching on the basis of faitkccording to Blaise Pascal, OOpinion is the mistress of
error; she cannot make us wise, only content.O

10.4 The Nature of Knowledge

What then is knowledge? It appears that knowledge is to some e)xtestifiad belief.In the not too distant past efforts
were made to expand upon this definition by including @diteonal descriptor as ijustified true belief.Such a definition
stated that we know X if, and only if,

X is true;
We believe X; and
We are justified in believing X.
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LetOs look at an example by considering the following argument:

When someone jumpsaibof an open windowhe persoralls to the ground.
We believe that when someone jumps out of an open winth@\persorfalls to the ground.
We are justified in believing that when someone jumps out of an open witld®wersoffalls to the ground.

The first statement clearly has been the case since windows were invented or one can legitimately make that argumel
However, might one not be equally justified in saying that someone who jumps out of an open window will fall to the ground
until next Tuesda at noon after which time people will then fall into the skyi@ inferential process based on expecie

could support both claimanless one makes @resumptionabout thenature of the world: the laws of nature are forever
constant and apply the samewta all matter across both time and space. This principle is knoWnig@mmity of Nature, and

is one upon which all science and scientists rely. It is based on a long human record of experiences with nature, and
supported even in our observationsooter space that show the same physical principles in operation over the entire universe
and throughout all time.

10.5 How We Know in General

There are several ways of knowing things in general, but not all ways would be considered OscientificgstSpciolo
historians, and theologians know things in ways quite different from that of scientists. Sociologist might refer to surveys anc
draw conclusions from demographic data. Historians might refer to primary sources such as written documents an
eyewitneses; theologians might rely on scripture considered inspired or the wardodfor on thdogical work of a highly
distinguished theologian. Scientists, however, would not nthlse sort of claimas no scientist or scientific writing is
consideredhe ultimate authority All paths to knowledge, however, do applynmanreasonto a greater or lesser extentas
generic way of knowing.

Adherents ofrationalism believe that logic is the source of knowled@gyllogisms,one form of logic, can be used to
derive knowledge if applied properly. Here we use a formeaoningis known to logicians as Omodus ponesydldgism
(There is an opposite form logical construct not dissimilar to this known as the Omodus tollensO that denies a particul
conclusion, but itvill not be dealt with here.) The modus ponens syllogism takes the following form.

If A, then B;
A,
Therefore, B.

The first step of this logical argument is called the major premise; the second step is the minor premise; the third step is tt
conclusiam. Consider the following argument that illustrates the modus ponens type of logical argument. If humans are cut
they will bleed. | am human. Therefore, when | am cut | will bleed. Sounds reasonable. But what is the problem with the
following argument?

If | can locate the North Star, | can use it to find north at night.
| can locate the North Star because it is the brightest star in the night sky.
Therefore, the brightest star in the night sky shows the direction north.

Many people will agree with theonclusion of this statement. If you are skeptical, go out and try this line of reasoning on a
number of people. You will be amazed with how many will find the argument and conclusion perfectly acceptable. The
problem with this statement, as you may vkelbw, is that the conclusion is completely wrong. The major premise is correct;
the minor premise is a broadly held misconception that leads to an incorrect conclusion. The North Star, Polarid" is the 4¢
brightest star in the night sky. Sirius, the DdgrSis the brightest star in the night sky. Sirius rises roughly in the southeast and
sets in roughly the southwest for observers in the mid northern latitudes where the North Star is plainly visible about half wa
up in thenorthernsky. Sirius is likelyto OpointO southeast or southwest near its rising and setting respectively, and south whet
it is highest in the sk Scientists tend to avoid the syllogistipproach to knowledge, as it is OemptyO. The conclusion cannot
state more than what has been dadtethe premises, and thus only makes explicit what has been stated previously.

Reasonalone without the support of evidencés quite limited and subject to error. For example, consider the claim by
Aristotle that heavier objects fall faster than ligshbbjects. This makes perfect sense in light of natural huesson If a
larger force is applied to an objedtacceleratesat a higher rateNow, if the earth is pulling on one object more than another,
doesnOt it make logical sense that the heabject should fall faster? But despite human reason, experimentahegighows
that this is wrong. Barring frictiorgll objects fall at the sameteaindependent of their weighf. Aristotle had only known
about NewtonOs second law, he would have stubet that greater mass requires greater force to accetettats canceling
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the OadvantageO of weight over mass. Another example of thedfile@ason can be exhibited in responding to the question,
OWhat is the weight of smoke?O One might weiglbgetdefore burning it and then measure the weight of the ashes. The
difference between the two tke weight of the smokd&.he process fails becausalites notake into account the addition of
oxygen from the air when it enters into the burning pracess

We must keep in minthat oneOs outloals well as lack of understandingn sway reason. As anyone wiasexamined
the religious and politicarenaswill be aware, we tend to believe what we want to believe, and take facts as opinions if we do
not agee, and opinions as facts if we do agree. We sometimes gain false impresB@msve prgudge someone or
something on the basis of prior impressiowsth all these critiques of pure reasdmow can anyone actually ever know
anythingusing the approaatf rationalism alon@

Adherents ofreliabilism say that they are justified in knowing something only if thatnethingis arrived at using a
reliable cognitive process that extends beyond mere human reason. Less subjective than human reason acictmsefubije
deception or human bias astificial inferencesuch as the rules of mathematicsBaolean logic. These arigleal approaches
for deriving knowledge. Structured logic is teime qua norof reliabilists. Consider for instance, the following kredge
derived from the axiomatic proofs of mathematics. From the relationship24= 10 one can follow the rules of algebra to
reliably conclude thax = 2. No question about it. But what can we conclude from the following manipulatierex is a
varigble andc a constarit

X=c¢C
Now, multiply each side by.
X = cx
Next, subtract? from each side.
X2 Bc? = cxbc?

Factor.
(x + c)(xbc) = c(xbc)
Cancel the common ter(m Bc).

X+c=c
Substitutec for x and combine.
2c=c
Cancéthe common terna.
2=1

Now, does 2 really equal 10f course not. But tw not? Clearly, we have arrived at a false conclusion because we have
violated one of the rules of algebra. Can you tell which one? The point is thpeisoris using artificial hference to derive
knowledge, one must be exceedingly careful not to broach any of theofulegthematics and logi® assuming that all are
actually known.

Adherents ottoherentisnmbelieve that knowledge is secure when its ideas support one anothenta logical construct,
much like bricksand mortaiof a building suppoitg one another to form an edifice. Knowledge is certain only when it coheres
with similar information.To this means of knowinginiversal consentan prove to be fruitful.

Becaus OeveryoneO believes something to be true it must be so. No one in their right mind would dispute the statemel
that Indiana is located between Ohio and lllinois, and that the Eiffel Tower is located in Paris. Many there are who have
traveled to Indianand Paris and know from personal experience the locations of the state and th&émides, there are
books and globes and maps and Internet references that all say the santevidrymneand everythingit seems, agrees with
these statements. But loareful. Just because OeveryoneO believes something, doesnOt necessarily make it so. It was ol
believed by nearly everyone that diseases resulted from humans having displeasured the gods, that the Earth was flat, and
the Earthstood unmovingat thecenter of the universe.

Coherentismlends itself to yet another way of knowing that can be similarly flawed, thperééct credibility.To the
medieval mind it was only reasonable that the Earth was at the center of the universe, the lowest pomtupdssilthe
heavens. To medieval thinkers humanity was at the center of the uniatisecause of our noble status as the pinnacle of
creation, but because we were so very despicable with our fallen nature. Closer to the center of the univerdbattitll aces
at the very center of the Earth that was reserved for the most despitab®hell. Those not so terribly bad were relegated to
the underworld or Hades upon death, but not hell. This is the reason why the medieval viemgsiohedheave as OupO
and hell as Odown.O Map®sition near or at the center of the universe was not pridelaafe rather, it was a matter of
making perfect sense in manOs relationship with the deities. This belief was perfectly credible. Interpreting tlyiraygen an
way would have made no sense given the thevailing theological understanding. Still, such conclusions were flawed.
Remember, all AristotleOs evidence and argumentation at one time pointed to the fact that the Earth was stationary, but tot
we know that it spins daily upon it axis and revohamuallyaround the Sun which is just one of billions of stars located in a
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typical galaxy, one of billionsf galaxiesseemingly scattered almost entirely at random around a universe that has no evident
centeror edge

Credible authorityis another way of knowinpased on coherentisrand it is the way that almost everyone has come to
OknowO what they claim know about the universe. It is this approach that is often used in schools to teach childadrerThe te
is the authority figure; the children are empty vessels to be filled with OknowledgeO. While this viewpoint is quite wrong (a
will be shown in later chapters of this book), it does have its Bsasd also its limitations. LetOs look at the follawin
questions. What is your name? How do you know@Hsstmasa legal holiday in the USA? How do you know? You know
your name becaugdbose entitled to name you at birth, your parents, did so. They are credible authorities as only parents have
right to rame their childrenPresident Ulysses S. Grant, in cooperation with the US Congress, declared Christmas a national
holiday in 1870.By their legal authority, parents and government have performed an act by the very power vested in them
Relying entirely onthis approach to knowing can be problematic in many situationsotsll authorities are credibl&or
instance, many religious sects claiming to possess the OtruthO preach contradictory beliefs; they canOt all be correct. Psy:
might intentionally mke false claims in order to influence the direction of lives. Financial consultants might seek to mislead
clientsin an effort to achieve financial gain.

There are several unresolved problems associated with coherentism. When ideas or beliefs denfottpdtssible to tell
which one is to be accepted. How do we distinguish a correct idea from an incorrect idea when incorrect ideas sometimes ¢
consistent with what we already knpwar a new idea conflicts with what we OknowO to be cotrent?do wedistinguish a
better or more important idea from one less so? What role doeglbias role in our ability to distinguish corre@ly
Coherentism, it appears, is unable to provide meaningful answers to these quéki®isa fault of coherentism thest so
vile that only major paradigm shifts can overcome it.

Adherents of classicampiricism(a type of empiricism perhaps best suited to teaching high school physiieve that
logic, connected to verification though observation or experimentate@gslto knowledgeThe empirical approach to
knowledge consists of reas@onstrained by physical evidendeor example, reasoim conjunction with observatiohelps
scientists knovthat the Earth isgheroidal Careful observers will note that the NortfaiSdescends below tmerthernhorizon
when crossing fnm north to south of the equatat any longitude, that the masts of ships disappear long after the hull when
ships travel over the horizon in any direction, circumnavigation of the globe beinglpdssiby direction, and the atbw of
the Earth on the moon during an eclipse at any time of night are all pieces of evidence that one can logically use to conclu
that the Earth is roughly spherical. Observation in conjunction with reason will leacbtber conclusion.

In its simplest form, one might know something throygisonal experiencdf oneOs hand is burned by a hot piece of
metal, one knows it and has the evidence to prove it. OneOs hand might be red and painful as with a first degrieteurn
might be blisters with excruciating pain as with a second degree burn, or there might even be charred flesh with an acrid sm
as in a third degree burn. OneQOs belief is substantiatedmgiicalevidence; hence, one can support a beligf witidence.

OneOs belief in a burned hand is not merely a matter of faith; one actually possesses knowledge based on reason sustaine
ample evidenceBelief sustained by physical evidence constitutes scientific knowledge. must be careful, howeverf o
assuming that personal experience is the final arbiter of whether or not an experience provides incontrovertibleSomdence.
concrete experiences can be interpreted or viewed in different ways. The failure of eyewitnesses to provide identice
interprdations is a good example of this. In the case of a robbery, the person who has a gun shoved into his or her face mic
remember things about the perpetrator of the crime quite differently from someone who witnessed the act from a hidde
location. OneOs pective can, indeed, influence what one sees or remembers, or how one interprets evidence. People dor
always draw the same conclusion based on the same evidence either. In the case of the traditional Oboy who called wolfO st
two conclusions can drawnBeither donOt lie, or donOt tell the skemaore than once!

Improvements in technology can lead to increased precision in observations. Refined observations can then lead to ov
turning knowledge based on reason and new observations. This tuétarience is littered with evidend@sed models now
discarded that were once thought to constitute knowledge. A review of the history of scientific Bxtitelsolar system,
evolution, the atom, the nature and origin of the universe, the nature asel afagravitation, predatgrey relationships,
genetics, heat and ener@yall point to the fact that scientistpend a great deal of time building, testing, comparing and
revising models in light of new evidence.

As history shows, even scientific knowlge is tentative. This is so for more than one reason: (1) scientists presume the
Uniformity of Nature pinciple andto the extent that this presumption is wrong, our conclusions based upon it are similarly
wrong; and (2what is accepted at any one pdimttime by the converged opinion of institutional science is what constitutes
established scientific knowledge. Borrowing a page from the book of coherentism, when all the indicators suggest ths
something is correct, it is assumed to be stil mew empiical evidence oveules it. Scientists therefore do not claim to
possess OtruthO as such because this would constitute something that is known now and forever to be correct, and to
consistent with reality. To make a claim of possessing OtruthO veowlor e than presumptuous.

This is not to say that scientific knowledge is OweakO. The vast majority of what we teach in high schodD science
especially physic®is not likely to change. Quit® the contrary. Our understanding of momentum, energy, Qlectricity,
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magnetism, and such, is extremely well supported and there is no reason to believe that it ever should change. It is for tt
reason that scientists say they their knowledge is tentative, while at the same time durable.

10.6Induction, D&luction, and Abduction

Logical aguments are the heart of empiricismrguments consist of one or more premises and one conclusion. A premise
is a statement that is either correct or incorrect that is offered in support of the claim being made. Thanclzéneither
correct or incorrect depending upon the premises. There are two types of arguments, inductive and deductive. An inductiy
argument is an argument which has premises that provide, or appear to provide, some degree dd buppess than
complete suppord for the conclusion. A deductive argument is an argument which has premises that provide, or appear tc
provide, complete support for the conclusion.

In the process of induction, one generalizes from a set of specific cases; in the pfodedsction, one generates
specifics from a general rul;duction can be thought of as a search for generality; deduction can be thought of as a search foi
specificity. A very simple example will suffice to explain the concepts of induction and deduction

Suppose a person goes to a roadside fruit stand wanting to buy sweet apples. The fruit stand owner offers up some slices
apples as samples. Taking a bit of one sample our shopper finds that it is sour. He examines the apple and sees that it is t
and green. He then takes another sample and finds that it too is hard, green, and sour. Before picking a third sample ¢
shopper observes that all the apples are hard and green. He departs having decided not to buy any apples from this fruit st
concluding they are all sour.

Granted, two samples is a very minimal basis for performing induction, but it suffices for this example. If one were to
examine the thought process that was used by our wuliliyer, one wouldeterminethat this is how he reasoned

All hard and green apples are sour;
these apples are all hard and green;
therefore, these apples are all sour.

We have seen this form of reasoning before and recognize it as a modus ponens form of syllogism. Our shopper hi
performed an inductive peess that relied on specific cases of evidence to generate a general rule. Note then the next lines ¢
the shopperOs reasoning:

Because all of the apples are sour,
| do not want to purchase any of these apples.

When the shopper decides to depart the ftaird without purchasing any applée does so on the basis of deduction. Using
the conclusion established via induction,nhade a decisiomia deductiorto leave without purchasing any apples.

Scientists rarely use thsyllogistic process when they dewith the subject matter of science because they are not
interested in drawing Oempty conclusionsO about material objects. For instance, OAIl light travels in straight lines; we ha
light; therefore, what we have is traveling in straight linesO corgsndthing to scientific knowledge or understanding. To
justify the claim that light travels in straight lines we must make observations that lead observers to this conclusion. Dat
related to the phenomenon must be accounted for in terms of this principle

Abductionis at the heart of generating explanations in science. It is the process of creating hypotheses. The formulation ¢
hypothese® constructs designed to proeigredictions and explanations. Hypothesis generation does not merely constitute
Oaneducated guessO as is so frequeltind incorrectlyb stated. Itbegins with examination of available evidence and
devising an explanation for them.

Abduction can sometimeelies upon analogies with other situations. In the above example, one mightdeofrom
knowledge that sugar gives the taste of sweetness to those things that contain it, that natural sugars are absent in hard gl
apples. This would explain the lack of sweetness in the apples sampled at the fruit stand. The statement e bapley
are sour because they lack natural sugars present in sweet apples ihadiypetrived by abduction. Thgpothesis serves to
explain why the samples of ttagreen apples all tasted sour, and provides a means for scientific testing.

Some auiors have falsely claimed that hypotheses are generated from the processes of induction. This is incorrec
Inductive processes can only provide general statements and, as such, cannot explain anything. The relationships betw«
induction, deduction, andduction are shown in Table 10.1.

Intellectual processes and their connections to science

Inductionis most closely related to the generation of principles and laws in sddgeciples identify general relationshij
between variables such as OWhenewe heated in an open container, it evaporates.O Laws identify specific relat
between certain observable quantities such as OThe period of a pendulum is proportional to the square root of
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Principles and laws are descriptive, almo#thaut exception can be stated in a single formulation, and have no expla
power. Laws and principles are established on the basis of direct evidence. Principles and laws are resilient becau
based directly observational evidence and notupdiypothesis or theory. Even when a hypothesis or theory that ex
them is proven false (e.g., WienOs displacement law with the failings of classical electrodynamics, BalmerOs spectra
light of the failed Bohr model), principles and laws\dve the demise of the hypothesis or theory.

Deductionis most closely related to the generation of predictions in sctiee process of using principles, laws, hypothe
or theories to predict some observational quantity under certain specfiddians.For instance, if a suitable balloon is fillg
with hot air, its overall density will decrease allowing it to float upward in the air. NewtonOs second law can be used
the acceleration of a body given an applied net force and the mthesabject in question. BalmerOs spectral law can be
to predict the existence of hitherto unseen spectral lines.

Abductionis most closely related to the generation of hypotheses in sdideogative explanations that almost always con
of sydgem of several conceptual statements; a hypothesis, because it often deals with unobservable elements, ofter
directly tested via experiment. An example of this would be electron theory that notes that electrons are carrig
elementary chamy the assumption of which served as the basis of the Millikesirail experiment. Sometimes, the sole bg
for accepting them is their ability to explain laws, make predictions, and provide explanations. For instance, N
formulation of gravity wasccepted on the basis that it was able to account for KeplerOs three laws of planetary mot
was with Copernican theory, the corpuscular theory of light, atomic theory of the Periodic Table, and the kinetic |
gases. BohrOs model for thenatand EinsteinOs special and general theories were similarly accepted on the basig
ability to make accurate predictions and provide explanations.

Table 10.1Connections between intellectual processes and scientific nomenclature

10.7Inductionin Science

Central to the inductive process scienceis observationObservationis key to many sciences. Biologists, for instance,
learn about the lives and behaviors of animals by making observations. They accumulate a large amount of datg about, s
gorillas, and how they interact under certain conditions. Geologists likewise collect data by studying minerals and maps
examining rock formations, and reviewing earthquake data from their seismographs. Meteorologists similarly collect date
about the wather such as temperature, barometric pressure, relative humidity, wind speed and direction, and so forth
Scientists do not stop there, howev&stronomers gather data about individual stars and group them in graphs such as the
HertzsprungRussell diagnm. From the resulting patterns the draw conclusions and implicaikave.data per se are of little
use, and no scientific journal will publish long lists of data. Scientists are not merely OcamerasO expected to record da
Rather, it is only when they sthesize conclusions based on observateor analysis of datidat they are doing the work of
scientists. (See sidebar story #1.)

SIDEBAR STORY #1
Induction and the Genius of Isaac Newton

Isaac Newtor{16431727, Julian calendat)sed induction at #hbasis of what is known today as his theory of gravitation.
Now, the story of Newton sitting under an apple tree seeing an apple fall and thinking about the form of gravitation is probably
apocryphal. Nonetheless, it could have occurred to Newton thédltlod an apple is not unlike the fall of the Moon as it orhits
the Earth. It was the fact that he was able to understand the relationship between the MoonOs and the appleOs acceleration t
constitutes the genius of Isaac Newton. Couched in modesnr8$ tandising the simplifying assumption of circular motion,
this is what Newton did. First, he realized that the acceleration of, say, an apple near the surface of the Earth was

m
a. =9.8—
SZ

He then calculated the centripetal accelerabibthe Moon in its orbit around the Earth by using an equation first provided by
the Dutch scientists of his day:
o
a =—
r

The speed of the MoonOs motion was easily derived from the relationship into which he put the proper valoebifak the
radius of the Moon and its orbital period (both known witelatively high degree of precision in his day)
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_d _ circumference _ 2"r _ 2" (384,000,000m) _
Ve—=——— =" = =1020m/s
t period P 2,360,000s

Using the equation for centripetal acceleration, he then came up with the value of the déoongzsalacceleation

2
_ _(A020n79)" 4 500710 /2

a- =
384,000 000m
He then compared the acceleration of objects near the EarthOs surface with that of the Moon in orbit and found

2
a _ 98m/s — 3600

as 000271m/s*

He then realized th&600 could well represertheratio of the MoonOs orhitradius(measured from the center of the Eatth
the Earth radius squarethat is,

12
a. $r
= =3600=60? =&*)
a, %

From thisformulation, Newton surmisetthat the acceleration ai object (be it the Moon or an apple)risersely
proportional to its distance frorhe center of the Earth squared. That is,

Using the his second law of motidh= ma, Newton concluded that the force required to hold the Moon in its orbit aroun
Earth wasalsodependent upon the mass of the maonThat is,

m
r

FII

N

Because gravity is responsible for the perceived weight of objects, and would likely be proportional to the mass of the
M, as well as the moon, Newtfurtherhypothesizd that,

Mm
]‘TOC—2

r

Inserting the proprtionality constantk, gave Newton his final formulation for the force due to gravity.

Fag i
:

It wasnOt untthe 17971798 experimental work of Henry Cavendish (1-AB1.0)that the value ok was determined. Once h
did so, theék wasreplaced with & giving us the now familiar expression

~ GMm

r2

F

So, it should be evident from this work of induction that NewtonOs act of creative genius was in the fact that he w|
use observational evidence to formulate a hygtithl relationshifgo determinghe nature of the central force required to ke
objects in orbital motionEdmund Halley (164@742) used NewtonOs formulation of gravity and observations of an earli
bright comet to predict its return. That comet, nawkn as HalleyOs Comet, returned as predicted in the year 1758. Lat

d the

Earth,

1%

as able

UrbainLeverrier (1811-1877)and John Couch Adam&§191892)independentlusedNewtonOs formulation of gravity
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analyze the irregular motions of the planet Uranus, and pribdidtcationof a hitherto unknowmplanetbNeptuneb
discovered in 1846

Principles and laws are inferences that result from the generalization of different types of data. Principles are gener:
relationships between observable properties. As the day psegresd the land warms, warm air rises over the land and is
replaced by cool breezes that blow from the sea to the land. We see that when air warms, it expands and thereby gaini
buoyancy. We see that living organisms require energy in order to survivese@/the conservation of energy in its many
forms. We see that objects fall to the ground when left unsupported. We conclude that light travels in straihebeesie
all principles of scienceLaws of scienceare more abstract than principles ire teense that they typically incorporate
mathematics in their expressiorsxamples of laws in physics are numerous, and would include such things as the law of
levers, the law of pulleysthe law of mechanical advantagbe laws of kinematics and dynamidbe laws of thermal
expansionthe conservatiodawsin mass, energy, and chardéewtonOs second law of moti@hmOs law, the laws for series
and parallel circuits, the thin lens formula, SnellOs law, and the laws of relating to heat and charggeBof/ktéts lavand
the ideal gas lawAll relate mathematical variables in precise ways. These are all OsimpleO examples of induction based ¢
experimentation.

There are many examples of more sophisticated forms of induction where scientists havardiakexd physics to arrive
at new and more meaningful understandinigaac Newton did this by linking motion to force; Michael Faraday did this by
connecting electricity with magnetismdlames Clerk Maxwell did this by unifying electromagnetism with Jighiert Einstein
did this by interfacing time with space, mass with energy, and force with geometry. It was the ability of these scientists to mak
sense of information that gave value to their ideas, and allow us to call themegenius

10.8 Deduction in 8ence

One of the main goals of scientisind engineers is to perforeductive procegs Scientists usenductive processes to
formulate principles and laws fromvhich they can then deduce predictions. For example, applications of various empirical
laws such as F = ma, V = IR, aadl = oL, AT can be used to predict future situations under certain conditions. Oygiveam
the force on and mass of a vehicle, predict its acceleration. Applying a voltage across an electrical network with a know
resistanceone can predict the consequent current. Heating a particular rod of known length and composition by a certail
degree, one can determine in advance what the change in length will be. Almost every piece of technology that we have tod
has been designeding the deductive process. This is true on a vast scale, from nanotechnology to an aircraft carrier.

Astronomers are observationalists par excellence and are very good at applying what they know friiasEdrstudies
to deduce knowledge aboatlestialobjects. They cannot bring planets, comets, stars, nebulae, or galaxies into the laboratory
for experimentation. They do, however, apphnciples, laws, hypotheses, and theotiesheir observations in order to learn
about celestial objects. For insten&dwin Hubble was able to use the distances and motions of remote galaxies to determine
theageof the cosmos. Using variants of the HertzsprRugsell diagram, astronomers were able to deduce how it is that stars
are born, live out their lives, and d&en though the process can tak#élions or billions of years. Using the laws of
thermodynamics and nuclear theory, astronomers have been able to discover how it is that stars operate. Earlier than any
these examples, astronomers made usgrafity and observations of an orbiting moon to deduce the mass of Jupiter. (See
sidebar story #2.)

SIDEBAR STORY #2
Deduction of the Mass of Jupiter

A generation before Newton, Johannes Ke(&71-1630)enunciated three planetary laws of motion based upon
observations of the planet Mansade earlier by Tycho Bral{&5461601) Kepler stated these lawsughly as follows

1. Planets move in elliptical orbits around the Sun with the Sun located at one of the foci.

2. The radius arm between a planet and the Sun saagpequal areas in equal time intervals.

3. The period of a planet expressed in years squared equals thmagmaxis of the orbit expressed in astronomical units
(equal roughly to the average EaBhn distance) cubed. That is,

p2=r3
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If the units other than years and astronomical units are used (e.g., Sl units), then the form of the equation would be e
as

P? = (constant)r®

where the value and units of the constant would depend upon the units employed in the eqtia¢iondmbles. At this poin

Newton, with his second law, the definition of centripetal acceleration, and his new formulation of gravity, was able to
F - ma M _ Mm
r r?

Substituting foiv (2"r/P) and simplifying the two rigtmost components of this equation, Newton arrived at the following
relationship

4 2.3
P’ = ]kTMr = (constant-®

which is KeplerOs third or harmonic law! NewtonOs formulation of the law of gravity therefore was able to explain the
the harmonic la®itOs due to the fact that gravityan inversesquaredorce NewtonOs hypothesis then, with this firm
underpinning, was on its way to becoming theory.

It should be noted, too, that NewtonOs more detailed analysis of the central force problem reguiéeliciiva of

elliptical motion. That is, when gravitational force is assumed to drop off with in inggqsse of the distance, then elliptical

motion results. This is precisely what Kepler observed. NewtonOs formulation of gravity was also useith tiéeptptds law
of equal areas. These derivations are beyond the scope of this book, but provide additional bases that led to the univg
acceptance of his formulation of gravity.

Note that this formulation is for the simple case that assumes pureljacineotion. In reality, the solar systemOs moor
and planets move with barycentric motion. Taking this consideration into acemghtgtaining our assumption of circular
motion for simplicity, Newton was able to derive a more precise form of the Hamben

o2 3
M +mp2=2""R+1"
k

This relationship later was used to measure the masses of various solar system bodies using solar mass units for
astronomical units for distance of measure long before the space age. For instance, if the mass aff dupiterm, is taken
to be very small in relation to the mass of Juplk&rand the distance of Jupiter from its barycen®mnery small in relation tg
the distance of the moon from its barycentgrtben we can simplify the above relationship

w2,3
MP? = kr (assumingn<<M andR<<r)

In more modern form, the relationship can be written at follows:

47?3 .
M = T (assumingn<<M andR<<r)

A series of observations of the Jovian moon Ganymede shows that it has an orbital period o§6§18,380ays) and 3
mean orbital radisi of 1,070,000,00€. Putting these data into the equation with the proper value and unsrémults in a
mass for Jupiter of 1.89 x 4Bg. Hence, the mass of Jupiter has been deduced from theoretical considerations integra
observations. Fipy missions to the planet later confirmed this deduction.

pressec

write

origin of

prsal

mass a

ted with

Deduction takes different forms, from the mundane to the complex. These extremes are typified by usmgaatdo

predict the acceleration resulting from net force applied to a twodging obsefrational evidence and a hypotheses or theor

y to

determine the mass of Jupiter. Deduction sets itself apart through two logical conditions (Nagel, 1961): (1) the premises mu
contain at least one universal law, hypothesis, or theory whose inclusion nsiaddee the deduction, and (2) the premises
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also must contain a suitable number of initial conditions. These latter conditions constituteDahe®® combination. For
instance, if the voltage is V and the current | in an electrical circuit, therifdoive resistance must be V/I.

Observations inform us about the past and present, and reason in the form of a logical deduction can predict the future. T
law of levers can be used to predetermine combinations of force and distance that will balamac®tbae In a more
sophisticated sense, a knowledge of NewtonOs secorfeHaa, can be used to predict the first and third laws as special cases
of the more general form of the second law.

The knowledge of the past and present is known with relatistaicty compared to knowledge of the future. Still, if we
are willing to accept the assumptions aboutuh#ormity of nature(causality, universality, etc.), then we must conclude that
the predictive methods of science are tenable, and we can in afemsee and foretell the future. The worth of any such
prediction can only be measured in relation to its verification. If a prediction is verified, this lends credence to the universa
law, hypothesis, atheoryupon which the prediction was made.

10.9 The Hypotheticedeductive Method

Closely linked withthe scientistsO useinfluction and deduction is the process of hypotheadieduction. This is a simple
and effective method of advancing the frontiers of science and, in many cases, increasing rstangiag of nature. The
basic gist behind this method is the formulation and testing of hypotheses. That is, hypothesegecanabedrom simple
observations. Hypotheses, tentative explanations, then result in predictions that necessarily musbrfioléotwpothesis, and
if corroborated with empirical evidence, sus&nAs Popper (1962) noted, scientific hypotheses are conjectures that have a
potential for being refuted. If the evidence disconfirms the hypothesis, the hypothesis is either ogjectelified. Welt
sustained hypotheses become thegriks value of which can be judged only in relation to their abilitynttke further
predictions andexplain more observatioria order toaccount for diverse physical phenomeHgpotheses are well thight
out explanations that incorporate evidence, not mere guesses as is all too often implied by the use of this term in the vernacu
Also to be avoided is the phrase Oeducated guessO which a hypothesis clearly is not. Neither are hypothesesetbviighconfu
predictions, as is too often the case in even the science classroom.

To help clarify the meaning of a hypothesis and relate it to predictions, consider the following very simple example. A
physics student who has just completed a study of eteolig at the following kinemtics relationship and thinkbeGee®a
conservation principleontained within it

v2n vg =2ad

Working under the hypothesis th#tis kinematic lawderived from observation bathe form it does becauseit
incorporates conservation of energy, the following prediction is mafi&inematic laws hold because they are basedhen
conservation of energy, then kinematic laws should be derivable from the statem&Bt We workenergy theoremThe
student sets to work making the following calculations.

"E=W
1

—mvz#lmvg =Fd = mad
2 2

and,after multiplying bothsidesbyz, shegets
m
v2#veE = 2ad

So, this supports the basic assertion that kinematic laws(imottie absence of frictiorfecause they are based on the
conservation of emgy. But does this derivation OproveO anything? Not necessarily. The outcome is merely consistent with th
assumed basis for this particular kinematic relationd¥qw, if conservation of energy is thedis of kinematic relationships,
then conservationf@energy should also be visible in all other kinem#digs as well. We should be able to derive kinematic
relationshigs from the workenergy theorem and visa versa. Consider the following derivation:
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d :do+V0t+1at2
2
.oy 1 5
(d" dg)=vot +§at
" 1 2
F(d" dg) =mavgyt +Em(at)
and given that v" vy =at

W =mavgyt +%m(v " V0)2

1
W =mavyt +§ m(v2" 2vy+vd)

2.

1 . 1
W =mavgt +—mv=" mvvg +—mv§
2 2

2.

1 1
w =mav0t+§mv "'m(vg t+at)vg +§mv§

1 o2 1
=—my mvgy +—my
2 0 270

w =1mv2" 1mv§
2
W =#E

The working hypothesis thatnematic relationshiphold due to conservation of energy appears to be borne out. The fact of the
matter is that even the definitions of acceleration and average velocity shown in the relatiomshigs at and

d-dy=v(-1ty) alsocan be derived from the wodnergy theorem and visa versa, but thésgvationsare left for the
student. (Reviewer, see the student work on the last page of this document.)

The insight that conservation of energyrésponsible for the form déinematt equations is crucial for their appropriate
application. They are valid only so long as energy is consgthat is, so long as friction does not come into play the
extent that energy is not conserved in aipaldr situationthe kinematic equatiaare invalid. While this is a very simplistic
example of the hypothetiedeductive method, it suffices to show how the process works and to explain some of the
understanding that can be derived from such an approach.

Perhaps a better example of the folation of a hypothesis in physics would be in developing an explanation of the
source of the buoyant forc&d) experienced by objects immersed in a fluid of densitNoting that law that states that
pressuref) increases with depthg= pgd), one can calculate the differences in the forces due to a fluid on the top and bottom
surfaces of an imaginary cube of dimensfo(iF = pA) at different depths. This difference in these two forces amounts to the
buoyant force expeneed, and can even predict the value of the buoyant force from the relationship so derived. That is,
Fp = "Vg. See sidebar story in Chapter X for a detailed explanation.

10.10 Empiricism in Science

Scientific knowledge is belief based agason and empirical evidence; while it is tentative, it is still quite durable and, in
most cases dhe sciencesubject matter addressed in high schaalikely to change. A scientific understanding of nature is an
understanding that has been testedregdhe empirical evidence that nature provides, and not found waasoggntific law,
hypothesis, and theory cée tested against empirical evidence with the use of predictions

Nature itself is the final arbiter in any disagreement between priscifders, hypotheses, and theories developed by
scientists. Prior to the scientific revolution, scientific knowledge was based upon ancient authorities, especially Aristotle.
Religious dogmas, particularly those propobgdrhomas Aquinas (1225274, alsoplayed a pivotal role in the establishment
of knowledge that intruded upon the 1633 trial of Galilafier the scientific revolution, factgrinciples, laws, hypotheses,
and theories were subject to objective judgment in the light of empirical evidence.

GalileoOs observations of solar system objects showed PtolemyQOs geocentric model of the solar system to be wrong, bu
not confirm that the heliocentric model proposed by Copernicus was correct. In fact, later observations showed that eve
Copernicus s incorrect. Neither did GalileoOs observations eliminate a competing model of the solar system, the Tychoni
system, which quite admirably accounted for GalileoOs observations. In this model, the Earth was at the center of the kno
universe and the Surbited the Earth daily. The planets in turn orbited the Sun. GalileoOs observations were not inconsisten
with this alternative model. It wasnOt until adequate observations were made that it became clear that the Keplerian model
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the solar system thaispensed with the perfect circular motion of Copernicus and replace it with elliptical motion, was more
correct.Incontrovertible empirical evidence of the EarthOs motion wasnOt obtained until Bradley observed the aberration
starlight (1729), Bessel disvered the parallax of the double star 61 Cygni (1838), and later empirical evidence in the mid to
late 19" century such as Doppler shifts in stellar spectra and deflections of falling bodies came to bear.

Over the course of the years human ingenuity madon have triumphed over ignorance. Humans have interacted with
nature in a variety of form® the formulations ofprinciples andaws from observations, the creation and development of
hypothesis, and ultimately theory formation. These all requirgicityaand increasingly sophisticated forms of observation
that includes technology, and give rise to a more and more sophisticated understanding of nature. This is in no way more tr
than in the development of theories. Theories are the hallmark ofiicianderstanding. They are consistent with established
knowledge, they unify data and account for hitherto unexplained data, they sometimes point to relationships that previousl
have gone unnoticed, they explain and often predict. These are all kallofabarwinOs theory of Evolution, MendeleevOs
periodic table, WegenerOs theory of plate tectonics, EinsteinOs theory of Special Relativity, and Watson and CrickOs Dot
Helix model of the DNA molecule. The theories of science represent the pinnadiemtific knowledge, yet they all are
subject to correction and revision in light of new scientific evidence.

10.11 Scope and Limitation of Scientific Knowledge

Scientific knowledge, because its conclusions ultimately are based on empirical evidemog, pravide answers to
questions that do not have an empirical basis. Science cannot, for instance, determine the number of angels that can dance
the head of a pin; neither can it prove nor disprove the existenge ethareabod. It cannot deal wh questions of faith or
morals, or controversial subject topics such as eugenics, stem cell research, and so forth. It cannot be used to make hur
value judgments. It can, however, inform these decisions by providing appropriate information that sed be making
decisions about these issues. As science teachers, we must be careful not to overstep the bounds established by relianc
human reason and empirical evidence. We must be careful to avoid letting our students feel as through spieviecah
answers andolve all problems.

Some statements that scientists accept as facts at first appear to be scientific but are not because they can be shown t
neither correct nor incorrect. For instance, consider the following statement derivedhétoction, OAIl copper conducts
electricityO. As surprising as it might seem, this is not a scientific statement because it cannot be refuted. This statement can
proven if and only if all copper everywhere in the universe has been tested. This iscalgrapossibility. The statement that
all copper conducts electricity can be refuted with but a singleRadéch has yet to be found. Still, to find this single case
might take an untold amount of time. Pragmatic vindication of induction, howevposssble. Scientists have decided to
believe that the results of induction are correct because we presume that the entire population has the same traits as exhibite
a sample. This is the Uniformity of Nature principle, and is a presumption upon vihsckeatific knowledge rests.

Even simple scientific laws such @ mOs law/=IR, have their limitations, but these limitation are often left unspoken.
Consider, for instance, a 78Watt bread toaster. At 1AL volts this toaster draws 6.25 amperes inmgyan internal
resistance of 1@. Could one reasonably expect to use a standaalt DC battery to power this toaster? Why or why not? If
one were to use alt DC battery, it would have to supply neaB® amgs of current, something far beyond thepaaity of
the battery to provide. A battewmircuit combinatiorof this type would be considered Or@hmicO as OhmOs law fails to hold
for this combination of circuit elements. Similarly, a light bulb filamPras it passes from a na@fowing state to @lowing
stateb has a significant change of resistance during the Oturn onO phase. The tungsten that makes up the bulb has a resist
that is temperature dependent. Hence, a statement of the resistance of a length of [filamerdross sectioA whose
resistivity is/ would be more complex than the commonly stated law

R:_L
A

Likewise, experimental test results that corroborate a hypothesis or theory do not prove that it is correct; rather, what
implies is that the hypothesis or trg has not yet been shown to be false. When experimental evidence shows that predictions
turn out to be wrong, then the hypothesis or theory from which they are generated is shown to be either incomplete or wron
Like the principles or laws, corroborati@f a hypothesis or theory has nothing to do with its confirmation.

The verification procegsused in sciencaremuch more extensive than in the example with apples. Scientific verification
procedures are intentional, intense, and international inesoblp laws generated through induction must be put to every
conceivable test and under varying conditions on a universal basis before it is said to be worthy of such a name. Even ¢
statements derived from induction will always be subject to doubt andnewmer provide us with absolute certainty.
Nonetheless, we apply principles, laws, hypotheses and theories as though they are correct beyond any reasofdlide doubt.
pragmatic approach is taken because work on gadgy basis does not necessarily elegh upon absolute certainty. Suffice it
to say that established scientific opinion is an adequate basis for most action as evidence has shown.
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Lastly, we must be careful to properly understand an authentic meaning of the word OexplanationO in saiintes om
is stated that the reason an object at rest remains at rest or an object in motion retains the same state of motion unless s
unbalanced force is acting upon is it due to inertia. At other times it is noted that bodies gravitate towardchene a@ad
gravity. Both OinertiaO and OgravityO are pssd@nations. These terms are just different labels for the facts stated in the
principles so expressed. Explanations must in a sense be Omore generalO than the laws being explained (Hagel, 1961).

10.12 Implications for Teaching High School Physics

So what does scientific epistemology have to do with teaching high school physics, or any other sthi@lexel® The
author has heard this question from both physics teacher candidates avidars®ysics teachers. The answer to this question
is very important, and shouldot be left to the inference of the reader. Simply put, the answer isAhisnderstandingf
scientific epistemology should hawae influenceon the way one teaches.

Constler the traditional lecturbased physics classroom. What do we see? In many castadiienal course mostly
appears to revolve around tweachinglearning strategies, lectures by the teaemat reading of the textbook by the studéit
one is luckyin such a classroom, every once in a while there will be a demonstration or a confirmatory lab in which students
replicate an experimeribllowing explicit instructions showing that the instructor or textbook is Ocoriéetd).compare this
to religion. Typically learning is based on teaching from sacred texts (e.g., Torah, Bible, Koran, etc.) and a medawher (
minister or priest, mullah, etc.) explaining the content therein. When science teachers base student learning primarily on &
textbook and lecire, arenOt they essentially preaching OfaithO in science basadthpoty rather than science as an active
mode of inquiry? Science is both a body of knowledge and a way of knowing. To teach the content of science without th
process is to teach hisyg not an active pursuit of scientific knowledge.

If a teacher is to teach in a way that is consistent with scientific ways of knowing, then he or she must help students t
construct knowledge and understanding from their experiences. The teacher(@s simetite consistent largely of asking
questions, and guiding students in such a way as to find answers to their questions. The students will learn when their attenti
is directed to certain points focusing on relevant information, and drawing conclusi@snly when one helps another to see
things with hisor herown eyes thabne can be said to be a teacher. Still, we must be careful not to allow the educational
pendulum swing too far one way. Science teaching should not be thought of as an aitugtion, inquiryoriented versus
transmissiororiented instruction. Both have their place in implementation of the curriculwaching on the basis of
authority, even in science, has its benefits. Nowhere more clearly can this seen thasintrquhsgtory courses in science. It
would be unreasonable in these courses to think that every result should be basedhandfiestperiences and experiments.

At some point students have to understandtti@tonverged opinion of institutional science is, i itain, quite credible, but
this should not be done in an introductory course where teachers need to instruct students in both the content and processe
science.
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Solutions of problems Oleft to the studentO.

v =y, +at d—d0=;(t—t0)

2
Vt = vt + v+
P=Vol+at d—d0=utwhere to=0

1 2
now, d =dy+vot+—at
2 F(d_d0)=wt

2(d - dy) = 2vot +at® 1 1
2(d - dy) - 2vyt = at* W == mvat +— mvoat

hence, vt = vyt +2(d —d,) — 2vyt but, v-v, = at

vt =2(d -dy) - vyt W_l 1
vt + vt =2(d - d,) = Em"(" - Vo) +Emv° (v=vp)

vt Vol 1 2 1 1 2 1
F—+F-2=F(d-d W =—mv" ——mvvy——mvi+—mvy

2 ( 0) 2 2 0 0 2 0
mavt_l_mavot:W W=lmv2—lmv§

2 2 2 2

W =AE

mTat(v+v0)=W

now, v-v, =at

m
E(V—Vo)("+vo)=W
%(v2+vv0—vv0—v§)=w

%(vz—v§)=W

1 1
—mvz——mvg =W
2 2

AE=W
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