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CHAPTER 1
The Nature of Scientific Knowledge

Theory → Hypothesis → Experiment

In 1915, Albert Einstein produced his general theory of relativity. In 1917, Einstein 
announced an amazing new hypothesis: according to the theory, light traveling 
through space bends as it passes near a star. In 1919, this hypothesis was confirmed by 
teams under the leadership of Sir Arthur Eddington, using photographs taken of stars 
positioned near the sun in the sky during a solar eclipse.

The image above is a positive created from one of Eddington’s negatives.
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OBJECTIVES
After studying this chapter and completing the exercises, students will be able to do 
each of the following tasks, using supporting terms and principles as necessary:

1. Define science, theory, hypothesis, and scientific fact.
2. Explain the difference between truth and scientific facts and describe how we 

obtain knowledge of each.
3. Describe the difference between General Revelation and Special Revelation and 

relate these to our definition of truth.
4. Describe the “Cycle of Scientific Enterprise,” including the relationships between 

facts, theories, hypotheses, and experiments.
5. Explain what a theory is and describe the two main characteristics of a theory.
6. Explain what is meant by the statement, “a theory is a model.”
7. Explain the role and importance of theories in scientific research.
8. State and describe the steps of the “scientific method.”
9. Define explanatory, response, and lurking variables in the context of an 

experiment.
10. Explain why experiments are designed to test only one explanatory variable at 

a time. Use the procedures the class followed in the Pendulum Experiment as a 
case in point.

11. Explain the purpose of the control group in an experiment.
12. Describe the possible implications of a negative experimental result. In other 

words, if the hypothesis is not confirmed, explain what this might imply about 
the experiment, the hypothesis, or the theory itself.

1.1 Modeling Knowledge

1.1.1 Kinds of Knowledge
There are many different kinds of knowledge. One kind of knowledge is truth. As Chris-

tians, we are very concerned about truth because of its close relation to knowledge revealed 
to us by God. The facts and theories of science constitute a different kind of knowledge, and 
as students of the natural sciences we are also concerned about these.

Some people handle the distinction between the truths of the faith and scientific 
knowledge by referring to religious teachings as one kind of truth and scientific teaching 
as a different kind of truth. The problem here is that there are not different kinds of truth. 
There is only one truth, but there are different kinds of knowledge. Truth is one kind of 
knowledge, and scientific knowledge is a different kind of knowledge.

We are going to unpack this further over the next few pages, but here is a taste of where 
we are going. Scientific knowledge is not static. It is always changing as new discoveries are 
made. On the other hand, the core teachings of Christianity do not change. They are always 
true. We know this because God reveals them to us in his Word, which is true. This differ-
ence between scientific knowledge and knowledge from Scripture indicates to us that the 
knowledge we have from the Scriptures is a different kind of knowledge than what we learn 
from scientific investigations. 

I have developed a model of knowledge that emphasizes the differences between what 
God reveals to us and what scientific investigations teach us. This model is not perfect (no 
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model is), nor is it exhaustive, but it is very useful, as all good models are. Our main goal in 
the next few sections is to develop this model of knowledge. The material in this chapter is 
crucial if you wish to have a proper understanding of what science is all about.

To understand science correctly, we need to understand what we mean by scientific 
knowledge. Unfortunately, there is much confusion among non-scientists about the nature 
of scientific knowledge and this confusion often leads to misunderstandings when we talk 
about scientific findings and scientific claims. This is nothing new. Misconceptions about 
scientific claims have plagued public discourse for thousands of years and continue to do so 
to this day. This confusion is a severe problem, one much written about within the scientific 
community in recent years.

To clear the air on this issue, it is necessary to examine what we mean by the term truth, 
as well as the different ways we discover truth. Then we must discuss the specific character-
istics of scientific knowledge, including the key scientific terms fact, theory, and hypothesis.

1.1.2 What is Truth and How Do We Know It?
Epistemology, one of the major branches of philosophy, is the study of what we can 

know and how we know it. Both philosophers and theologians claim to have important 
insights on the issue of knowing truth, and because of the roles science and religion have 
played in our culture over the centuries, we need to look at what both philosophers and 
theologians have to say. The issue we need to treat briefly here is captured in this ques-
tion: what is truth and how do we know it? In other words, what do we mean when we say 
something is true? And if we can agree on a definition for truth, how can we know whether 
something is true?

These are really complex questions, and philosophers and theologians have been work-
ing on them for thousands of years. But a few simple principles will be adequate for our 
purpose.

As for what truth is, my simple but practical definition is this:

Truth is the way things really are.

 Whatever reality is like, that is the truth. If there really is life on other planets, then it 
is true to say, “There is life on other planets.” If you live in Poughkeepsie, then when you say 
“I live in Poughkeepsie” you are speaking the truth.

The harder question is: how do we know the truth? According to most philosophers, 
there are two ways that we can know truth, and these involve either our senses or our use of 
reason. First, truths that are obvious to us by direct observation of the world around us are 
said to be evident. It is evident that birds can fly. No proof is needed; we all observe this for 
ourselves. So the proposition, “Birds can fly,” conveys truth. Similarly, it is evident that hu-
mans can read books and birds cannot. Of course, when we speak of people knowing truth 
this way we are referring to people whose perceptive faculties are functioning normally.

The second way philosophers say we can know truth is through the valid use of logic. 
Logical conclusions are typically derived from a sequence of logical statements called a syl-
logism, in which two or more statements (called premises) lead to a conclusion. For exam-
ple, if we begin with the premises, “All men are mortal,” and, “Socrates was a man,” then it 
is a valid conclusion to state, “Socrates was mortal.” The truth of the conclusion of a logical 
syllogism definitely depends on the truth of the premises. The truth of the conclusion also 
depends on the syllogism having a valid structure. Some logical structures are not logically 
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valid. (These invalid structures are called logical fallacies.) If the premises are true and the 
structure is valid, then the conclusion must be true.

So the philosophers provide us with two ways of knowing truth that most people agree 
upon—truths can be evident (according to our senses) or they can be proven with reason 
(by valid use of logic, starting from true premises).

Believers in some faith traditions—including Christianity—argue for a crucial third 
possibility for knowing truth, which is by revelation from supernatural agents such as God 
or angels. Jesus said, “I am the way, and the truth, and the life” (John 14:6). As Christians, 
we believe that Jesus was “God with us” and that all he said and did were revelations of truth 
to us from God the Father. Further, we believe that the Bible is inspired by God and reveals 
truth to us. We return to the ways God reveals truth to us at the end of this section.

Obviously, not everyone accepts the possibility of knowing truth by revelation. Specifi-
cally, those who do not believe in God do not accept the possibility of revelations from God. 
Additionally, there are some who accept the existence of a transcendent power or being, but 
do not accept the possibility of revelations of truth from that power. So this third way of 
knowing truth is embraced by many people, but certainly not by everyone.

Few people would deny that knowing truth is important. This is why we started our 
study by briefly exploring what truth is. But this is a book about science, and we need now 
to move to addressing a different question: what does science have to do with truth? The 
question is not as simple as it seems, as evidenced by the continuous disputes between 
religious and scientific communities stretching back over the past 700 years. To get at the 
relationship between science and truth, we first look at the relationship between proposi-
tions and truth claims.

1.1.3 Propositions and Truth Claims
Not all that passes as valid knowledge can be regarded as truth, which I defined in the 

previous section as “the way things really are.” In many circumstances—maybe most—we 
do not actually know the way things really are. People do, of course, often use propositions 
or statements with the intention of conveying truth. But with other kinds of statements, 
people intend to convey something else.

Let’s unpack this with a few example statements. Consider the following propositions:

1. I have two arms.

2. My wife and I have three children.

3. I worked out at the gym last week.

4. My car is at the repair shop.

5. Texas gained its independence from Mexico in 1836.

6. Atoms are composed of three fundamental particles—protons, neutrons, and electrons.

7. God made the world.

Among these seven statements are actually three different types of claims. From the 
discussion in the previous section you may already be able to spot two of them. But some of 
these statements do not fit into any of the categories we explored in our discussion of truth. 
We can discover some important aspects about these claims be examining them one by one. 
So suppose for a moment that I, the writer, am the person asserting each of these statements 
as we examine the nature of the claim in each case.
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I have two arms. This is true. I do have two arms, as is evident to everyone who sees me.

My wife and I have three children. This is true. To me it is just as evident as my two arms. 
I might also point out that it is true regardless of whether other people believe me when 
I say it. (Of course, someone could claim that I am delusional, but let’s just keep it simple 
here and assume I am in normal possession of my faculties.) This bit about the statement 
being true regardless of others’ acceptance of it comes up because of a slight difference here 
between the statement about children and the statement about arms. Anyone who looks at 
me will accept the truth that I have two arms. It will be evident, that is, obvious, to them. 
But the truth about my children is only really evident to a few people (my wife and I, and 
perhaps a few doctors and close family members). Nevertheless, the statement is true.

I worked out at the gym last week. This is also true; I did work out last week. The state-
ment is evident to me because I clearly remember going there. Of course, people besides 
myself must depend on me to know it because they cannot know it directly for themselves 
unless they saw me there. Note that I cannot prove it is true. I can produce evidence, if 
needed, but the statement cannot be proven without appealing to premises that may or may 
not be true. Still, the statement is true.

My car is at the repair shop. Here is a statement that we cannot regard as a truth claim. 
It is merely a proposition about where I understand my car to be at present, based on where 
I left it this morning and what the people at the shop told me they were going to do with it. 
For all I know, they may have taken my car joy riding and presently it may be flying along 
the back roads of the Texas hill country. I can say that the statement is correct so far as I 
know.

Texas gained its independence from Mexico in 1836. We Texans were all taught this 
in school and we believe it to be correct, but as with the previous statement we must stop 
short of calling this a truth claim. It is certainly a historical fact, based on a lot of historical 
evidence. The statement is correct so far as we know. But it is possible there is more to that 
story than we know at present (or will ever know) and none of those now living were there.

Atoms are composed of three fundamental particles—protons, neutrons, and electrons.  
This statement is, of course, a scientific fact. But like the previous two statements, this state-
ment is not—surprise!—a truth claim. We simply do not know the truth about atoms. The 
truth about atoms is clearly not evident to our senses. We cannot guarantee the truth of any 
premises we might use to construct a logical proof about the insides of atoms, so proof is 
not able to lead us to the truth. And so far as I know, there are no supernatural agents who 
have revealed to us anything about atoms. So we have no access to knowing how atoms 
really are. What we do have are the data from many experiments, which may or may not 
tell the whole story. Atoms may have other components we don’t know about yet. The best 
we can say about this statement is that it is correct so far as we know (that is, so far as the 
scientific community knows).

God made the world. This statement clearly is a truth claim, and we Christians joyfully 
believe it. But other people disagree on whether the statement is true. I include this example 
here because we soon see what happens when scientific claims and religious truth claims 
get confused. I hope you are a Christian, but regardless of whether you are, the issue is 
important. We all need to learn to speak correctly about the different claims people make. 

To summarize this section, some statements we make are evidently or obviously true. 
But for many statements, we must recognize that we don’t know if they actually are true. The 
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best we can say about these kinds of statements—and scientific facts are like this—is that 
they are correct so far as we know. Finally, there are metaphysical or religious statements 
about which people disagree; some claim they are true, some deny the same, and some say 
there is no way to know.

1.1.4 Truth and Scientific Claims
Let’s think a bit further about the truth of reality, both natural and supernatural. Most 

people agree that regardless of what different people think about God and nature, there is 
some actual truth or reality about nature and the supernatural. Regarding nature, there is 
some full reality about the way, say, atoms are structured, regardless of whether we currently 
understand that structure correctly. So far as we know, this reality does not shift or change 
from day to day, at least not since the early history of the universe. So the reality about at-
oms—the truth about atoms—does not change.

And regarding the supernatural, there is some reality about the supernatural realm, re-
gardless of whether anyone knows what that is. Whatever these realities are, they are truths, 
and these truths do not change either.

Now, I have observed over the years that since (roughly) the beginning of the 20th cen-
tury, careful scientists do not refer to scientific claims as truth claims. They do not profess 
to knowing the ultimate truth about how nature really is. For example, Niels Bohr, one of 
the great physicists of the 20th century, said, “It is wrong to think that the task of physics is 
to find out how nature is. Physics concerns what we can say about nature.” Scientific claims 
are understood to be statements about our best understanding of the way things are. Most 
scientists believe that over time our scientific theories get closer and closer to the truth of 
the way things really are. But when they are speaking carefully, scientists do not claim that 
our present understanding of this or that is the truth about this or that.

1.1.5 Truth vs. Facts
Whatever the truth is about the way things are, that truth is presumably absolute and 

unchanging. If there is a God, then that’s the way it is, period. And if matter is made of at-
oms as we think it is, then that is the truth about matter and it is always the truth. But what 
we call scientific facts, by their very nature, are not like this. Facts are subject to change, 
and sometimes do, as new information comes becomes known through ongoing scientific 
research. Our definitions for truth and for scientific facts need to take this difference into 
account. As we have seen, truth is the way things really are. By contrast, here is a definition 
for scientific facts:

A scientific fact is a proposition supported by a great deal of evidence.

Scientific facts are discovered by observation and experiment, and by making infer-
ences from what we observe or from the results of our experiments.

A scientific fact is correct so far as we know, but can change as new information be-
comes known.

So facts can change. Scientists do not put them forward as truth claims, but as proposi-
tions that are correct so far as we know. In other words, scientific facts are provisional. They 
are always subject to revision in the future. As scientists make new scientific discoveries, 
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they must sometimes revise facts that formerly were considered to be correct. But the truth 
about reality, whatever it is, is absolute and unchanging.

The distinction between truth and scientific facts is crucial for a correct understanding 
of the nature of scientific knowledge. Facts can change; truth does not.

1.1.6 Revelation of Truth
In Section 1.1.2, I describe the ways we can know truth. Here we need to say a bit more 

about what Christian theology says about revealed truth. 
Christians believe that the supreme revelation of God to us was through Jesus Christ 

in the incarnation. Those who knew Jesus and those who heard Jesus teach were receiving 
direct revelation from God. Jesus said, “Whoever has seen me has seen the Father” (John 
14:9).

Jesus no longer walks with us on the earth in a physical body (although we look for-
ward to his return when he will again be with us). But Christians believe that when Jesus 
departed he sent his Holy Spirit to us, and today the Spirit guides us in the truth. According 
to traditional Christian theology, God continues to reveal truth to us through the Spirit in 
two ways: Special Revelation and General Revelation. Special Revelation is the term theolo-
gians use to describe truths God teaches us in the Bible, his holy word. General Revelation 
refers to truths God teaches us through the world he made. Sometimes theologians have 
described Special and General Revelation as the two “books” of God’s revelation to us, the 
book of God’s word (the Bible) and the book of God’s works (creation). And it is crucial to 
note that the truths revealed in God’s word and those revealed in his works do not conflict.

Truth is not discovered the same way scientific facts are. Truth is true for all people, all 
times, and all places. Truth never changes. Here are just a few examples of the many truths 
revealed in God’s word:

• Jesus is the divine Son of God (Matthew 16:16).

• All have sinned and fall short of what God requires (Romans 3:23).

• All people must die once and then face judgment (Hebrews 9:27).

• God is the creator of all that is (Colossians 1:16, Revelation 4:11).

• God loves us (John 3:16).

Examples of Changing Facts 
In 2006, the planet Pluto was declared not to be a planet any more.

In the 17th century, the fact that the planets and moon all orbit the earth changed to the pres-
ent fact that the planets all orbit the sun, and only the moon orbits the earth.

At present, we know of only one kind of matter that causes gravitational fields. This is the mat-
ter made up of protons, electrons, and neutrons, which we discuss in a later chapter. But sci-
entists now think there may be another kind of matter contributing to the gravitational forces 
in the universe. They call it dark matter because apparently this kind of matter does not reflect 
or refract light the way ordinary matter does. (We also study reflection and refraction later 
on.) For the existence of dark matter to become a scientific fact, a lot of evidence is required, 
evidence which is just beginning to emerge. If we are able to get enough evidence, then the 
facts about matter will change.
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Each of these statements is true, and we know they are true because God has revealed 
them to us in his word. (The reasons for believing God’s word are important for all of us to 
know and understand, but that is a subject for a different course of study.)

1.1.7 Relating Scientific Knowledge and Truth
There are two ways in which our discussion of scientific knowledge relates to our dis-

cussion of truth. First, we have seen that one way to know truth is by direct observation. We 
have also seen that scientists use observation as a way of discovering scientific facts. How 
do these two uses of observation relate to each other?

Imagine a scientist studying tigers who observes a tiger eating the meat of another ani-
mal. The scientist can say, “It is true that this tiger eats meat.” The scientist might observe 25 
other tigers exhibiting this same behavior. She can then say, “These 25 tigers all eat meat.” 
So far, all the scientist has done is to say things that she has found to be true by direct ob-
servation.

But now suppose the scientist takes this information and makes a general claim about 
tigers: “It is a scientific fact that tigers are carnivores.” The scientist has now made a leap 
from tigers she has directly observed to many other tigers she has not directly observed. 
Who knows whether there might be a species of vegetarian tiger somewhere out there? We 
have no way of knowing the eating habits of every single tiger. This is why we cannot say 
that meat eating is a truth about all tigers. We can only say that it is a scientific fact about 
tigers. The scientific fact about tigers is a statement based on a lot of evidence that is correct 
so far as we know, but it may need to be changed if further research shows that there are 
species of tigers that do not eat meat.

Second, we have studied tigers for a long time and are pretty sure that the statement, 
“all tigers are carnivores” is true. We are so sure that most of us probably do regard this 
statement as true. This is fine, but we must keep in mind that it is always possible that a 
scientific claim may turn out to be false.

1.2 The Cycle of Scientific Enterprise

1.2.1 Science
Having established some basic principles about the distinction between scientific facts 

and truth, we are now ready to define science itself and examine what science is and how it 
works. Here is a definition:

Science is the process of using experiment, observation, and logical thinking to build 
“mental models” of the natural world. These mental models are called theories.

We do not and cannot know the natural world perfectly or completely, so we construct 
models of how it works. We explain these models to one another with descriptions, dia-
grams, and mathematics. These models are our scientific theories. Theories never explain 
the world to us perfectly. To know the world perfectly, we would have to know the absolute 
truth about reality just as God knows it, which in this present age we do not. So theories 
always have their limits, but we hope they become more accurate and more complete over 
time, accounting for more and more physical phenomena (data, facts), and helping us to 
understand creation as a coherent whole.
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Scientific knowledge is continuously changing and advancing through a cyclic process 
that I call the Cycle of Scientific Enterprise, represented in Figure 1.1. In the next few sec-
tions, we examine the individual parts of this cycle in detail.

1.2.2 Theories
Theories are the grandest thing in science. In fact, it is fair 

to say that theories are the glory of science, and developing good 
theories is what science is all about. Electromagnetic field theo-
ry, atomic theory, quantum theory, the general theory of relativ-
ity—these are all theories in physics that have had a profound 
effect on scientific progress and on the way we all live.1

Now, even though many people do not realize it, all scien-
tific knowledge is theoretically based. Let me explain. A theory is 
a mental model or explanatory system that explains and relates together most or all of the 
facts (the data) in a certain sphere of knowledge. A theory is not a hunch or a guess or a wild 
idea. Theories are the mental structures we use to make sense of the data we have. We can-
not understand any scientific data without a theory to organize it and explain it. This is why 
I write that all scientific knowledge is theoretically based. And for this reason, it is inappro-
priate and scientifically incorrect to scorn these explanatory systems as “merely a theory” or 
“just a theory.” Theories are explanations that account for a lot of different facts. If a theory 
has stood the test of time, that means it has wide support within the scientific community.

1 The term law is just a historical (and obsolete) term for what we now call a theory.

Theory

Fact

Our best explanation 
at present

Fact

Fact

Figure 1.1. The Cycle of Scientific Enterprise.
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It is popular in some circles to speak dis-
missively of certain scientific theories, as if they 
represent some kind of untested speculation. 
It is simply incorrect—and very unhelpful—to 
speak this way. As students in high-school sci-
ence, one of the important things you need to 
understand is the nature of scientific knowledge, 
the purpose of theories, and the way scientific 
knowledge progresses. These are the issues this 
chapter is about.

All useful scientific theories possess several 
characteristics. The two most important ones 
are: 

• The theory accounts for and explains most 
or all of the related facts.

• The theory enables new hypotheses to be formed and tested. 

Theories typically take decades or even centuries to gain credibility. If a theory gets 
replaced by a new, better theory, this also usually takes decades or even centuries to happen. 
No theory is ever “proven” or “disproven” and we should not speak of them in this way. We 
also should not speak of them as being “true” because, as we have seen, we do not use the 
word “truth” when speaking of scientific knowledge. Instead, we speak of facts being cor-
rect so far as we know, or of current theories as representing our best understanding, or of 
theories being successful and useful models that lead to accurate predictions.

An experiment in which the hypothesis is confirmed is said to support the theory. 
After such an experiment, the theory is stronger but it is not proven. If a hypothesis is not 
confirmed by an experiment, the theory might be weakened but it is not disproven. Scien-

Key Points About Theories 
1. A theory is a way of modeling nature, enabling us to explain why things happen in the 

natural world from a scientific point of view.

2. A theory tries to account for and explain the known facts that relate to it.

3. Theories must enable us to make new predictions about the natural world so we can 
learn new facts.

4. Strong, successful theories are the glory and goal of scientific research.

5. A theory becomes stronger by producing successful predictions that are confirmed by 
experiment. A theory is gradually weakened when new experimental results repeatedly 
turn out to be inconsistent with the theory.

6. It is incorrect to speak dismissively of successful theories because theories are not just 
guesses.

7. We don’t speak of theories as being proven or disproven. Instead, we speak of them in 
terms such as how successful they have been at making predictions and how accurate 
the predictions have been.

Figure 1.2. Key points about theories.

Examples of Famous Theories
In the next chapter, we encounter Ein-
stein’s general theory of relativity, one of 
the most important theories in modern 
physics. Einstein’s theory represents our 
best current understanding of how grav-
ity works.

Another famous theory we address later 
is the kinetic theory of gases, our present 
understanding of how molecules of gas 
too small to see are able to create pres-
sure inside a container.
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tists require a great deal of experimental evidence before a new theory can be established as 
the best explanation for a body of data. This is why it takes so long for theories to become 
widely accepted. And since no theory ever explains everything perfectly, there are always 
phenomena we know about that our best theories do not adequately explain. Of course, 
scientists continue their work in a certain field hoping eventually to have a theory that does 
explain all the facts. But since no theory explains everything perfectly, it is impossible for 
one experimental failure to bring down a theory. Just as it takes a lot of evidence to estab-
lish a theory, so it takes a large and growing body of conflicting evidence before scientists 
abandon an established theory.

At the beginning of this section, I state that theories are mental models. This statement 
needs a bit more explanation. A model is a representation of something, and models are 
designed for a purpose. You have probably seen a model of the organs in the human body 
in a science classroom or textbook. A model like this is a physical model and its purpose 
is to help people understand how the human body is put together. A mental model is not 
physical; it is an intellectual understanding, although we often use illustrations or physical 
models to help communicate to one another our mental ideas. But as in the example of the 
model of the human body, a theory is also a model. That is, a theory is a representation of 
how part of the world works. In physics and chemistry, scientific models generally take the 
form of mathematical equations that allow scientists to make numerical predictions and 
calculate the results of experiments. The more accurately a theory represents the way the 
world works, which we judge by forming new hypotheses and testing them with experi-
ments, the better and more successful the theory is.

To summarize, a successful theory represents the natural world accurately. This means 
the model (theory) is useful because if a theory is an accurate representation, then it leads 
to accurate predictions about nature. When a theory repeatedly leads to predictions that 
are confirmed in scientific experiments, it is a strong, useful theory. The key points about 
theories are summarized in Figure 1.2.

1.2.3 Hypotheses
A hypothesis is a positively stated, informed prediction 

about what will happen in certain circumstances. We say a 
hypothesis is an informed prediction because when we form 
hypotheses we are not just speculating out of the blue. We 
are applying a certain theoretical understanding of the subject to the new situation be-

fore us and predicting what will happen or what 
we expect to find in the new situation based on 
the theory the hypothesis is coming from. Ev-
ery scientific hypothesis is based on a particular 
theory,and competing theories can lead to differ-
ent hypotheses.

Often hypotheses are worded as if-then state-
ments, such as, “If various forces are applied to a 
vehicle, then the vehicle accelerates at a rate that 
is in direct proportion to the net force.” Every sci-
entific hypothesis is based on a theory and it is the 
hypothesis that is directly tested by an experiment. 
If the experiment turns out the way the hypothesis 
predicts, the hypothesis is confirmed and the the-

Key Points About Hypotheses 
1. A hypothesis is an informed pre-

diction about what will happen in 
certain circumstances.

2. Every hypothesis is based on a par-
ticular theory.

3. Well-formed scientific hypotheses 
must be testable, which is what 
scientific experiments are de-
signed to do.

Figure 1.3. Key points about hypotheses.

Hypothesis
An informed prediction, 

based on a theory
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ory it came from is strengthened. 
Of course, the hypothesis may not 
be confirmed by the experiment. 
We see how scientists respond to 
this situation in Section 1.2.6.

The terms theory and hypoth-
esis are often used interchangeably 
in common speech, but in science 
they mean different things. For this 
reason, you should make note of 
the distinction.

One more point about hypoth-
eses. A hypothesis that cannot be 
tested is not a scientific hypothesis. 

For example, horoscopes purport to predict the future with statements like, “You will meet 
someone important to your career in the coming weeks.” Statements like this are so vague 
they are untestable and do not qualify as scientific hypotheses.

The key points about hypotheses are summarized in Figure 1.3.

1.2.4 Experiments
Experiments are tests of the predictions in hypotheses, under con-

trolled conditions. Effective experiments are difficult to perform. Thus, 
for any experimental outcome to become regarded as a “fact” it must 
be replicated by several different experimental teams, often working 
in different labs around the world. Scientists have developed rigorous 
methods for conducting valid experiments. We consider these in Sec-
tion 1.3.

1.2.5 Analysis
In the Analysis phase of the Cycle of Scientific 

Enterprise, researchers must interpret the experi-
mental results. The results of an experiment are es-
sentially data, and data must always be interpreted. 

Analysis
Are the experimental results 

consistent with the theory we 
started with?

Yes

No

Experiment
Putting the hypothesis 

to the test

Theory

Fact

Our best explanation 
at present

Hypothesis
An informed prediction, 

based on a theory

Fact

Fact

Examples of Famous Hypotheses 
Einstein used his general theory of relativity to make an incredible prediction in 1917: that 
gravity causes light to bend as it travels through space. In the next chapter, you read about the 
stunning result that occurred when this hypothesis was put to the test.

The year 2012 was a very important year for the standard theory in the world of subatomic 
particles, called the Standard Model. This theory led in the 1960s to the prediction that there 
are weird particles in nature, now called Higgs bosons, which no one had ever detected. Until 
2012, that is! An enormous machine that could detect these particles, called the Large Hadron 
Collider, was built in Switzerland and completed in 2008. In 2012, scientists announced that 
the Higgs boson had been detected at last, a major victory for the Standard Model, and for 
Peter Higgs, the physicist who first proposed the particle that now bears his name.
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The main goal of this analysis is to determine whether the original hypothesis is confirmed 
by the experiment. If it is, then the result of the experiment is new facts that are consistent 
with the original theory because the hypothesis is based on that theory. As a result, the sup-
port for the theory is increased—the theory was successful in generating a hypothesis that 
was confirmed by experiment. As a result of the experiment, our confidence in the theory 
as a useful model is increased and the theory is even more strongly supported than before. 

1.2.6 Review
If the outcome of an experiment does not 

confirm the hypothesis, the researchers must 
consider all the possibilities for why this might 
have happened. Why didn’t our theory, which is 
our best explanation of how things work, enable 
us to form a correct prediction? There are a num-
ber of possibilities, beginning with the experi-
ment and going backwards around the cycle:

• The experiment may have been flawed. Scientists double check everything about the 
experiment, making sure all equipment is working properly, double checking the cal-
culations, looking for unknown factors that may have inadvertently influenced the out-
come, verifying that the measurement instruments are accurate enough and precise 
enough to do the job, and so on. They also wait for other experimental teams to try the 
experiment to see if they get the same results or different results, and then compare. 
(Although, naturally, every scientific team likes to be the first one to complete an im-
portant new experiment.)

• The hypothesis may have been based on a incorrect understanding of the theory. May-
be the experimenters did not understand the theory well enough, and maybe the hy-
pothesis is not a correct statement of what the theory says will happen.

• The values used in the calculation of the hypothesis’ predictions may not have been 
accurate or precise enough, throwing off the hypothesis’ predictions.

• Finally, if all else fails, and the hypothesis still cannot be confirmed by experiment, 
it is time to look again at the theory. Maybe the theory can be altered to account for 
this new fact. If the theory simply cannot account for the new fact, then the theory 
has a weakness, namely, there are facts it doesn’t adequately account for. If enough of 
these weaknesses accumulate, then over a long period of time (like decades) the theory 
might eventually need to be replaced with a different theory, that is, another, better 
theory that does a better job of explaining all the facts we know. Of course, for this to 
happen someone would have to conceive of a new theory, which usually takes a great 
deal of scientific insight. And remember, it is also possible that the facts themselves can 
change.

1.3 The Scientific Method

1.3.1 Conducting Reliable Experiments
The so-called scientific method that you have been studying ever since about 4th grade 

is simply a way of conducting reliable experiments. Experiments are an important part 

No

Review
Reconsider experimental 

methods, appropriateness of 
hypothesis, adequacy of theory
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of the Cycle of Scientific Enter-
prise, so the scientific method is 
important to know. You probably 
remember studying the steps in 
the scientific method from prior 
courses, so they are listed in Table 
1.1 without further comment.

We discuss variables and 
measurements a lot in this course, 
so we take the opportunity here to identify some of the language researchers use during the 
experimental process. In a scientific experiment, the researchers have a question they are 
trying to answer (from the State the Problem step in the scientific method), and typically 
it is some kind of question about the way one physical quantity affects another one. So the 
researchers design an experiment in which one quantity can be manipulated (that is, de-
liberately varied in a controlled fashion) while the value of another quantity is monitored.

A simple example of this in everyday life that you can easily relate to is varying the 
amount of time you spend each week studying for your math class in order to see what ef-
fect the time spent has on the grades you earn. If you reduce the time you spend, will your 
grades go down? If you increase the time, will they go up? A precise answer depends on a lot 
of things, of course, including the person involved, but in general we would expect that if a 
student varies the study time enough we will see the grades vary as well. And in particular, 
we expect more study time to result in higher grades. The way your study time and math 
grades relate together can be represented in a diagram such as Figure 1.4.

Now let us consider this same concept in the context of scientific experiments. An ex-
periment typically involves some kind of complex system that the scientists are modeling. 
The system could be virtually anything in the 
natural world—a galaxy, a system of atoms, a 
mixture of chemicals, a protein, or a badger. 
The variables in the scientists’ mathemati-
cal models of the system correspond to the 
physical quantities that can be manipulated 
or measured in the system. As I describe the 
different kinds of variables, refer to Figure 
1.5.

1.3.2 Experimental Variables
When performing an experiment, the variable that is deliberately manipulated by the 

researchers is called the explanatory variable. As the explanatory variable is manipulated, 
the researchers monitor the effect this variation has on the response variable.  In the example 
of study time versus math grade, the study time is the explanatory variable and the grade 
earned is the response variable.

Usually, a good experimental design allows only one explanatory variable to be ma-
nipulated at a time so that the researchers can tell definitively what its effect is on the re-
sponse variable. If more than one explanatory variable is changing during the course of 
the experiment, researchers may not be able to tell which one is causing the effect on the 
response variable.

A third kind of variable that plays a role in experiments is the lurking variable. A lurk-
ing variable is a variable that affects the response variable without the researchers being 

Figure 1.4. Study time and math grades in a simple 
experimental system.

Experimental System

Study Time
Grades in Math

This is the quantity you adjust.

This is where you look to see the effect.

Table 1.1. Steps in the scientific method.

The Scientific Method

1. State the problem. 5. Collect data.

2. Research the problem. 6. Analyze the data.

3. Form a hypothesis. 7. Form a conclusion.

4. Conduct an experiment. 8. Repeat the work.
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Chapter 1 Exercises
As you go through the chapters in this book, always answer the questions in complete 
sentences, using correct grammar and spelling.

Here is a tip to help improve the quality of your written responses: avoid pronouns! 
Pronouns almost always make your responses vague or ambiguous. If you want to 
receive full credit for written responses, avoid them. (Oops. I mean, avoid pronouns!)

Study Questions
Answer the following questions with a few complete sentences.

1. Distinguish between theories and hypotheses.

2. Explain why a single experiment can never prove or disprove a theory.

3. Explain how an experiment can still provide valuable data even if the hypothesis 
under test is not confirmed.

4. Explain the difference between truth and facts and describe the sources of each.

5. State the two primary characteristics of a theory.

6. Does a theory need to account for all known facts? Why or why not?

7. It is common to hear people say, “I don’t accept that; it’s just a theory.” What is the 
error in a comment like this?

8. Distinguish between facts and theories.

9. Distinguish between explanatory variables, response variables, and lurking vari-
ables.

10. Why do good experiments that seek to test some kind of new treatment or ther-
apy include a control group?

11. Explain specifically how the procedure students follow in the Pendulum Experi-
ment satisfies every step of the “scientific method.”

12. This chapter argues that scientific facts should not be regarded as true. Someone 
might question this and ask, If they aren’t true, then what are they good for? De-
velop a response to this question.

13. Explain what a model is and why theories are often described as models.

where the control group trees are, or, the nutrients in the soil in different locations might 
vary.

In a good experimental design, researchers seek to identify such factors and take mea-
sures to ensure that they do not affect the outcome of the experiment. They do this by mak-
ing sure there are trees from both the experimental group and the control group in all the 
different conditions the trees will experience. This way, variations in sunlight, soil type, soil 
water content, elevation, exposure to wind, and other factors are experienced equally by 
trees in both groups.
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14. Consider an experiment that does not deliver the result the experimenters ex-
pect. In other words, the result is negative because the hypothesis is not con-
firmed. There are many reasons why this might happen. Consider each of the fol-
lowing elements of the Cycle of Scientific Enterprise. For each one, describe how 
it might be the driving factor that results in the experiment’s failure to confirm 
the hypothesis.
a. the experiment
b. the hypothesis
c. the theory

15. Identify the explanatory and response variables in the Pendulum Experiment, 
and identify two realistic possibilities for ways the results may be influenced by 
lurking variables.

Do you know ... Hero Sir Humphry Davy
Sir Humphry Davy (1778–1829) was one of 
the leading experimenters and inventors 
in England in the early nineteenth century. 
He conducted many early experiments with 
gases; discovered sodium, potassium, and 
numerous other elements; and produced the 
first electric light from a carbon arc.

In the early nineteenth century, explosions in 
coal mines were frequent, resulting in much 
tragic loss of life. The explosions were caused 
by the miners’ lamps igniting the methane 
gas found in the mines.

Davy became a national hero when he invent-
ed the Davy Safety Lamp (below). This lamp 
incorporated an iron mesh screen around the 
flame. The 

cooling from the iron reduces the flame tempera-
ture so the flame does not pass through the mesh, 
and thus cannot cause an explosion. The Davy 
Lamp was produced in 1816 and was soon in wide 
use.

Davy’s experimental work proceeded by reason-
ing from first principles (theory) to hypothesis and 
experiment. Davy stated, “The gratification of the 
love of knowledge is delightful to every refined 
mind; but a much higher motive is offered in in-
dulging it, when that knowledge is felt to be prac-
tical power, and when that power may be applied 
to lessen the miseries or increase the comfort of 
our fellow-creatures.”
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Orrery

Orreries, mechanical models of the solar system, were well-known teaching tools in the 
18th century, often forming the centerpiece of lessons on astronomy. They demonstrated 
Copernicus’ theory that the earth and other planets orbit the sun. This example, from 
around 1750, is smaller but otherwise similar to George II’s grand orrery.

This photo of the orrery was taken in the British Museum in London.
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Memorize and learn how to use these equations:

v = d
t   

a
v v
t

f i=
−

After studying this chapter and completing the exercises, students will be able to do 
each of the following tasks, using supporting terms and principles as necessary: 

1. Define and distinguish between velocity and acceleration.
2. Use scientific notation correctly with a scientific calculator.
3. Calculate distance, velocity, and acceleration using the correct equations, MKS 

units, and correct dimensional analysis.
4. Use from memory the conversion factors, metric prefixes, and physical 

constants listed in Appendix A.
5. Explain the difference between accuracy and precision and apply these terms to 

questions about measurement.
6. Demonstrate correct understanding of precision by using the correct number of 

significant digits in calculations and rounding.
7. Draw and interpret graphs of distance, velocity, and acceleration vs. time and 

describe an object’s motion from the graphs.
8. Describe the key features of the Ptolemaic model of the heavens, including all 

the spheres and regions in the model.
9. State several additional features of the medieval model of the heavens and 

relate them to the theological views of the Christian authorities opposing 
Copernicanism.

10. Briefly describe the roles and major scientific models or discoveries of 
Copernicus, Tycho, Kepler, and Galileo in the Copernican Revolution. Also, 
describe the significant later contributions of Isaac Newton and Albert Einstein 
to our theories of motion and gravity.

11. Describe the theoretical shift that occurred in the Copernican Revolution and 
how Christian officials (both supporters and opponents) were involved.

12. State Kepler’s three laws of planetary motion.
13. Describe how the gravitational theories of Kepler, Newton, and Einstein 

illustrate the way the Cycle of Scientific Enterprise works.

2.1 Computations in Physics
In this chapter. you begin mastering the skill of applying mathematics to the study of 

physics. To do this well, you must know a number of things about the way measurements 
are handled in scientific work. You must also have a solid problem-solving strategy that you 
can depend on to help you solve problems correctly without becoming confused. These are 
the topics of the next few sections.
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2.1.1 The Metric System
Units of measure are crucial in science. Science is about making measurements and a 

measurement without its units of measure is a meaningless number. For this reason, your 
answers to computations in scientific calculations must always show the units of measure.

The two major unit systems you must know about are the SI (from the French Système 
international d’unités), typically known in the United States as the metric system, and the 
USCS (U.S. Customary System). You have probably studied these systems before and should 
already be familiar with some of the SI units and prefixes, so our treatment here is brief.

If you think about it, you would probably agree that the USCS is cumbersome. One 
problem is that there are many different units of measure for every kind of physical quan-
tity. For example, just for measuring length or distance we have the inch, foot, yard, and 
mile. The USCS is also full of random numbers like 3, 12, and 5,280, and there is no inher-
ent connection between units for different types of quantities.

By contrast, the SI system is simple and has many advantages. There is only one basic 
unit for each kind of quantity, such as the meter for measuring length. Instead of having 
many unrelated units of measure for measuring quantities of different sizes, fractional and 
multiple prefixes based on powers of ten are used with the units to accommodate various 
sizes of measurements.

A second advantage is that since quantities with different prefixes are related by some 
power of ten, unit conversions can often be performed mentally. To convert 4,555 ounc-
es into gallons, we first have to look up the conversion from ounces to gallons (which is 
hard to remember), and then use a calculator to perform the conversion. But to convert 
40,555 cubic centimeters into cubic meters is simple—simply divide by 1,000,000 and you 
have 0.040555 m3. (If this doesn’t seem to click for you, take time to study the unit conver-
sions tutorial in Appendix E.

Another SI advantage is that the units for different types of quantities relate to one 
another in some way. Unlike the gallon and the foot, which have nothing to do with each 
other, the liter (a volume) relates to the centimeter (a length): 1 liter = 1,000 cubic centime-
ters.1 For all these reasons, the USCS is not used much in scientific work. The SI system is 
the international standard and it is important to know it well.

In the SI unit system, there are seven 
base units, listed in Table 2.1. (In this text, 
we use only the first five of them.) There 
are also many additional units of measure, 
known as derived units. All the derived units 
are formed by various combinations of the 
seven base units. To illustrate, below are a 
few examples of derived units that we dis-
cuss and use in this book. Note, however, 
that we won’t be working much with the 
messy fractions; they are simply shown to 
illustrate how base units are combined to 
form derived units.

1 The liter is not actually an official SI unit of measure, but it is used all the time anyway in scientific 
work.

Unit Symbol Quantity

meter m length

kilogram kg mass

second s time

ampere A electric current

kelvin K temperature

candela Cd luminous intensity

mole mol amount of substance

Table 2.1. The seven base units in the SI unit system.
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• the newton (N) is the SI unit for measuring force: 1 N =1 kg ⋅m
s2

• the joule (J) is the SI unit for measuring energy: 1 J =1 kg ⋅m2

s2

• the watt (W) is the SI unit for measuring power: 1 W =1 kg ⋅m2

s3

Using the SI system requires knowing the units of measure—base and derived—and 
the prefixes that are applied to the units to form fractional units (such as the centimeter) 
and multiple units (such as the kilometer). The complete list of metric prefixes is shown in 
Appendix A in Table A.1. The short list of prefixes you must know by memory for use in 
this course is in Table A.2. Note that even though the kilogram is a base unit, prefixes are 
not added to the kilogram. Instead, prefixes are added to the gram to form units such as the 
milligram and microgram.

2.1.2 MKS Units
A subset of the SI system is the MKS system. The MKS system, summarized in Table 

2.2, uses the meter, the kilogram, and 
the second (hence, “MKS”) as primary 
units. Dealing with different systems of 
units can become very confusing. But 
the wonderful thing about sticking to 
the MKS system is that any calculation 
performed with MKS units gives a re-
sult in MKS units. This is why the MKS 
system is so handy and why we use it 
almost exclusively in physics.

Do you know ... Defining  base units
The definitions of the base units are fascinating, 
and they all have interesting stories behind them. 
The official definition of the second is based on 
the waves of light emitted by cesium atoms. The 
meter is defined as the distance light travels in a 
specific tiny fraction of a second (1/299,792,458 
of a second). The kilogram is the only base unit 
that is still defined by a man-made physical ob-
ject. (It is also the only base unit with a metric 
prefix.) The official kilogram is a golf-ball sized 
platinum cylinder kept in a vault in Paris, France. 
There are a number of copies of the official kilo-
gram stored in different countries. One of these 
replicas is shown to the right. In 2014, officials 
decided to explore new possibilities for defining 
the kilogram that use only natural constants.

Variable Variable 
Symbol

Unit Unit 
Symbol

length d (distance)
L (length)
h (height)

r (radius), etc.

meter m

mass m kilogram kg

time t second s

Table 2.2. The three base units in the MKS system.
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To convert the units of measure given in problems into MKS units, you must know the 
conversion factors listed in Appendix A (Tables A.2 and A.3). Appendix A also lists several 
physical constants you must know (Table A.4) and some common unit conversion factors 
that you are not required to memorize, but should have handy when working problem as-
signments.

2.1.3 Dimensional Analysis
Dimensional analysis is a term that refers to all the work of dealing with units of mea-

sure in computations. This work includes converting units from one set of units to another 
and using units consistently in equations. You are probably already familiar with methods 
for performing unit conversions. I have a lot of practice problems cued up for you (coming 
up soon!), but if you need a refresher on using unit conversion factors to convert from one 
set of dimensions to another, please refer to the tutorial in Appendix E.

2.1.4 Accuracy and Precision
The terms accuracy and precision refer to the limitations inherent in making measure-

ments. Science is all about investigating nature and to do that we must make measurements. 
Accuracy relates to error, which is the difference between a measured value and the true 
value of a given quantity. The lower the error is in a measurement, the better the accuracy. 
Error can be caused by a number of different factors, including human mistakes, malfunc-
tioning equipment, incorrectly calibrated instruments, or unknown factors that influence a 
measurement without the knowledge of the experimenter. All measurements contain error 
because (alas!) perfection is simply not a thing we have access to in this world.

Precision refers to the resolution or degree of “fine-ness” in a measurement. The limit 
to the precision obtained in a measurement is ultimately dependent on the instrument used 
to make the measurement. If you want greater precision, you must use a more precise in-
strument. The precision of a measurement is indicated by the number of significant digits 
(or significant figures) included when the measurement is written down (see next section).

Figure 2.1 is a photograph of a machinist’s rule and an architect’s scale placed side by 
side. Since the marks on the two scales line up consistently, these two scales are equally 
accurate. But the machinist’s rule (on top) is more precise. The architect’s scale is marked 
in 1/16-inch increments, but the machinist’s rule is marked in 1/64-inch increments. The 
machinist’s rule has higher resolution, and thus greater precision.

It is important that you are able to distinguish between accuracy and precision. Here 
is an example to illustrate the difference. Let’s say Shana and Marius each buy digital ther-
mometers for their homes. The thermometer Shana buys cost $10 and measures to the near-

est 1°F. Marius pays $40 and 
gets one that reads to the near-
est 0.1°F. Note that on a day 
when the actual temperature 
is 95.1°F, if the two thermom-
eters are reading accurately 
Shana’s thermometer reads 95° 
and Marius’ reads 95.1°. Thus, 
Marius’ thermometer is more 
precise.

Figure 2.1. The accuracy of these two scales is the same, but the 
machinist’s rule on the top is more precise.
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Now suppose Shana reads the directions and properly installs the sensor for her new 
thermometer in the shade. Marius doesn’t read the directions and mounts his sensor in the 
direct sunlight, which causes a significant error in the measurement for much of the day. 
The result is that Shana has lower-precision, higher-accuracy measurements!

2.1.5 Significant Digits
The precision in any measurement is indicated by the number of significant digits it 

contains. Thus, the number of digits we write in any measurement we deal with in science is 
very important. The number of digits is meaningful because it shows the precision present 
in the instrument used to make the measurement.

Let’s say you are working a computational exercise in a science book. The problem tells 
you that a person drives a distance of 110 miles at an average speed of 55 miles per hour 
and wants you to calculate how long the trip takes. The correct answer to this problem will 
be different from the correct answer to a similar problem with given values of 110.0 miles 
and 55.0 miles per hour. And if the given values are 110.0 miles and 55.00 miles per hour, 
the correct answer is different yet again. Mathematically, of course, all three answers are the 
same. If you drive 110 miles at 55 miles per hour, the trip takes two hours. But scientifi-
cally, the correct answers to these three problems are different: 2.0 hours, 2.00 hours, and 
2.000 hours, respectively. The difference between these cases is in the precision indicated by 
the given data, which are measurements. (Even though this is just a made-up problem in a 
book and not an actual measurement someone made in an experiment, the given data are 
still measurements. There is no way to talk about distances or speeds without talking about 
measurements, even if the measurements are only imaginary or hypothetical.)

When you perform a calculation with physical quantities (measurements), you cannot 
simply write down all the digits shown by your calculator. The precision inherent in the 
measurements used in a computation governs the precision in any result you calculate from 
those measurements. And since the precision in a measurement is indicated by the number 
of significant digits, data and calculations must be written with the correct numbers of sig-
nificant digits. To do this, you need to know how to count significant digits and you must 
use the correct number of significant digits in all your calculations and experimental data.

Correctly counting significant digits involves four different cases:

1. A rule for determining how many significant digits there are in a given measurement.

2. Rules for writing down the correct number of significant digits in a measurement you 
are making and recording.

3. Rules for computations you perform with measurements—multiplication and division.

4. Rules for computations you perform with measurements—addition and subtraction.

In this course, we do not use the rules for addition and subtraction, so we leave those for a 
future course (probably chemistry). We now address the first three cases, in order.

Case 1   We begin with the rule for determining how many significant digits there are in a 
given measurement value. The rule is as follows:

The number of significant digits (or figures) in a number is found by counting all the 
digits from left to right beginning with the first nonzero digit on the left. When no 
decimal is present, trailing zeros are not considered significant.
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Let’s apply this rule to several example values to see how it works:

15,679 This value has five significant digits.

21.0005 This value has six significant digits.

37,000 This value has only two significant digits because when there is no decimal, 
trailing zeros are not significant. Notice that the word significant here is a refer-
ence to the precision of the measurement, which in this case is rounded to the 
nearest thousand. The zeros in this value are certainly important, but they are 
not significant in the context of precision.

0.0105 This value has three significant digits because we start counting with the first 
nonzero digit on the left.

0.001350 This value has four significant digits. Trailing zeros count when there is a deci-
mal.

The significant digit rules enable us to tell the difference between two measurements 
such as 13.05 m and 13.0500 m. Mathematically, of course, these values are equivalent. But 
they are different in what they tell us about the process of how the measurements were 
made. The first measurement has four significant digits. The second measurement is more 
precise. It has six significant digits and would come from a more precise instrument.

Now, just in case you are bothered by the zeros at the end of 37,000 that are not signifi-
cant, here is one more way to think about significant digits that may help. The precision in 
a measurement depends on the instrument used to make the measurement. If we express 
the measurement in different units, this does not change the precision. A measurement 
of 37,000 grams is equivalent to 37 kilograms. Whether we express this value in grams or 
kilograms, it still has two significant digits.

Case 2   The second case addresses the rules that apply when you record a measure-
ment yourself, rather than reading a measurement someone else has made. When you take 
measurements yourself, as you do in laboratory experiments, you must know the rules for 
which digits are significant in the reading you are taking on the measurement instrument. 
The rule for taking measurements depends on whether the instrument you are using is a 
digital instrument or an analog instrument. Here are the rules for these two possibilities:

Rule 1 for digital instruments

For the digital instruments commonly found in high school or undergraduate science 
labs, assume all the digits in the reading are significant, except leading zeros.

Rule 2 for analog instruments

The significant digits in a measurement include all the digits known with certainty, 
plus one digit at the end that must be estimated between the finest marks on the 
scale of your instrument.

The first of these rules is illustrated in Figure 2.2. The reading on the left has leading 
zeros, which do not count as significant. Thus, the first reading has three significant digits. 
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The second reading also has 
three significant digits. The 
third reading has five signifi-
cant digits.

The fourth reading also 
has five significant digits be-
cause with a digital display, 
the only zeros that don’t count are the leading zeros. 
Trailing zeros are significant with a digital instrument. 
However, when you write this measurement down, you 
must write it in a way that shows those zeros to be sig-
nificant. The way to do this is by using scientific notation. 
Thus, the right-hand value in Figure 2.2 must be written 
as 4.2000 × 104.

Dealing with digital instruments is actually more 
involved than the simple rule above implies, but the is-
sues involved go beyond what we typically deal with in 
introductory or intermediate science classes. So, simply 
take your readings and assume that all the digits in the 
reading except leading zeros are significant.

Now let’s look at some examples illustrating the rule 
for analog instruments. Figure 2.3 shows a machinist’s 
rule being used to measure the length in millimeters 
(mm) of a brass block. We know the first two digits of the 
length with certainty; the block is clearly between 31 mm 
and 32 mm long. We have to estimate the third signifi-
cant digit. The scale on the rule is marked in increments 
of 0.5 mm. Comparing the edge of the block with these 
marks, I would estimate the next digit to be a 6, giving a 
measurement of 31.6 mm. Others might estimate the last 
digit to be 5 or 7; these small differences in the last digit 
are unavoidable because the last digit is estimated. What-
ever you estimate the last digit to be, two digits of this 
measurement are known with certainty, the third digit 
is estimated, and the measurement has three significant 
digits.

The photograph in Figure 2.4 shows a measurement 
in milliliters (mL) being taken with a piece of appara-
tus called a buret—a long glass tube used for measuring 
liquid volumes. Notice in this figure that when measur-
ing liquid volume, the surface of the liquid curls up at 
the edge of the cylinder. This curved surface is called a 
meniscus. The liquid measurement must be made at the 
bottom of the meniscus for most liquids, including water. 
The scale on the buret shown is marked in increments of 
0.1 mL. This means we estimate to the nearest 0.01 mL. 
To one person, the bottom of the meniscus (the black 
curve) may appear to be just below 2.2 mL, so that per-

Figure 2.2. With digital instruments, all digits are significant except 
leading zeros. Thus, the numbers of significant digits in these readings 
are, from left to right, three, three, five, and five.

0042.0 42.00042.0 42,000

Figure 2.4. Reading the significant digits 
on a buret.

Figure 2.3. Reading the significant digits 
with a machinist’s rule.
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son would call this measurement 2.21 mL. To someone 
else, it may seem that the bottom of the meniscus is right 
on 2.2, in which case that person would call the reading 
2.20 mL. Either way, the reading has three significant dig-
its and the last digit is estimated to be either 1 or 0.

As a third example, Figure 2.5 shows a liquid volume 
measurement being taken with a piece of apparatus called 
a graduated cylinder.  (We use graduated cylinders in an 
experiment we perform later on in this course.) The scale 
on the graduated cylinder shown is marked in increments 
of 1 mL. In the photo, the entire meniscus appears silvery 
in color with a black curve at the bottom. For the liquid 
shown in the figure, we know the first two digits of the 
volume measurement with certainty because the reading 
at the bottom of the meniscus is clearly between 82 mL 
and 83 mL. We have to estimate the third digit, and I 
would estimate the black line to be at 40% of the distance 
between 82 and 83, giving a reading of 82.4 mL. Someone 
else might read 82.5 mL, or even 82.6 mL.

It is important for you to keep the significant digits 
rules in mind when you are taking measurements and entering data for your lab reports. 
The data in your lab journal and the values you use in your calculations and report must 
correctly reflect the use of the significant digits rules as they apply to the actual instruments 
you use to take your measurements. Note also the helpful fact that when a measurement 
is written in scientific notation, the digits written in the stem (the numerals in front of the 
power of 10) are the significant digits.

Case 3   The third case of rules for significant digits applies to the calculations (multipli-
cation and division) you perform with measurements. The main idea behind the rule for 
multiplying and dividing is that the precision you report in your result cannot be higher 
than the precision you have in the measurements to start with. The precision in a measure-
ment depends on the instrument used to make the measurement, nothing else. Multiplying 
and dividing things cannot improve that precision, and thus your results can be no more 
precise than the measurements that go into the calculations. In fact, your result can be no 
more precise than the least precise value used in the calculation. The least precise value is, 
so to speak, the “weak link” in the chain, and a chain is no stronger than its weakest link.

There are two rules for combining the measured values into calculated values, includ-
ing any unit conversions that must be performed. Here are the two rules for using signifi-
cant digits in our calculations in this course:

Rule 1

Count the significant digits in each of the values you use in a calculation, including 
the conversion factors you use. (Exact conversion factors are not considered.) Deter-
mine how many significant digits there are in the least precise of these values. The 
result of your calculation must have this same number of significant digits.

Figure 2.5. Reading the significant digits 
on a graduated cylinder.
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Rule 1 is the rule for multiplying and dividing, which is what most of our calculations entail. 
(As I mentioned previously, there is another rule for adding and subtracting that you learn 
later in chemistry.)

Rule 2

When performing a multi-step calculation, you must keep at least one extra digit dur-
ing intermediate calculations and round off to the final number of significant digits 
you need at the very end. This practice ensures that small round-off errors don’t add 
up during the calculation. This extra digit rule also applies to unit conversions per-
formed as part of the computation.

As I present example problems in the coming chapters, I frequently refer to these rules 
and show how they apply to the example at hand. Get this skill down as soon as you can 
because soon you must use significant digits correctly in your computations to obtain the 
highest scores on your quizzes.

2.1.6 Scientific Notation
In this course, we are assuming you already know how to use scientific notation in 

computations. However, you must also make sure you are correctly using the EE or EXP 
feature on your scientific calculator for executing computations that involve values in scien-
tific notation. All scientific calculators have a key for entering values in scientific notation. 
This key is labeled EE  or EXP  on most calculators, but others use a different label.2 It is 
very common for those new to scientific calculators to use this key incorrectly, sometimes 
obtaining incorrect results. So read carefully as I outline the general procedure.

The whole point of using the EE  key is to make keying in the value as quick and error-
free as possible. When using the scientific notation key to enter a value, you do not press the 
×  key, nor do you enter the 10. The scientific calculator is designed to reduce all this key 

entry, and the potential for error, by use of the scientific notation key. You only enter the 
stem of the value and the power on the ten and let the calculator do the rest.

Here’s how. To enter a value, simply enter the digits and decimal in the stem of the 
number, then hit the EE  key, then enter the power on the ten. The value is now entered 
and you may do with it as you wish. As an example, to multiply the value 7.29 × 109 by 25 
using a standard scientific calculator, the sequence of key strokes is as follows:

7.29 EE  9 ×  25 =

Notice that between the stem and the power, the only key pushed is the EE  key.
When entering values in scientific notation with negative powers on the 10, the +/−  key 

is used before the power to make the power negative. Thus, to divide 1.6 × 10−8 by 36.17, the 
sequence of key strokes is:

1.6 EE  +/−  8 ÷  36.17 =

2 One infuriating model uses the extremely unfortunate label x10x  which looks a lot like 10x , a 
different key with a completely different function.
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Again, neither the “10” nor the “×” sign that comes before it is keyed in. The EE  key 
has these built in.

Students sometimes wonder why it is incorrect to use the 10x  key for scientific nota-
tion. To execute 7.29 × 109 times 25, they are tempted to enter the following:

7.29 ×  10x  9 ×  25 =

The answer is that sometimes this works, and sometimes it doesn’t, and calculator us-
ers must use key entries that always work. The scientific notation key ( EE ) keeps a value 
in scientific notation all together as one number. That is, when the EE  key is used, the 
calculator regards 7.29 × 109 not as two numbers but as a single numerical value. But when 
the ×  key is manually inserted, the calculator treats the numbers separated by the ×  key 
as two separate values. This causes the calculator to render an incorrect answer for a calcula-
tion such as

3.0×106

1.5×106

The denominator of this expression is exactly half the numerator, so the value of this 
fraction is obviously 2. But when using the 10x  key, the 1.5 and the 106 in the denominator 
are separated and treated as separate values. The calculator then performs the following 
calculation:

3.0×106

1.5
×106

This comes out to 2,000,000,000,000 (2 × 1012), which is not the same as 2!
The bottom line is that the EE  key, however it may be labeled, is the correct key to use 

for scientific notation.

2.1.7 Problem Solving Methods
Organizing problems on your paper in a reliable and orderly fashion is an essential 

practice. Physics problems can get very complex and proper solution practices can often 
make the difference between getting most or all the points for a problem and getting few or 
none. Each time you start a new problem, you must set it up and follow the steps according 
to the outline presented in the box on pages 32 and 33, entitled Universal Problem Solving 
Method. It is important that you always show all your work. Do not give in to the tempta-
tion to skips steps or take shortcuts. Develop correct habits for problem solving and stick 
with them!

2.2 Motion
In this course, we address two types of motion: motion at a constant velocity, when an 

object is not accelerating, and motion with uniform acceleration. Defining these terms is a 
lot simpler if we stick to motion in one dimension, that is, motion in a straight line. So in 
this course, this is what we do.
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2.2.1 Velocity
When thinking about motion, one of the first things we must consider is how fast an 

object is moving. The common word for how fast an object is moving is speed. A similar 
term is the word velocity. For the purposes of this course, you may treat these two terms as 
synonyms. The difference is technical. Technically, the term velocity means not only how 
fast an object is moving, but also in what direction. The term speed refers only to how fast 
an object is moving. But since we only consider motion in one direction at a time, we can 
use the terms speed and velocity interchangeably.

An important type of motion is motion at a constant velocity, as with a car with the 
cruise control on. At a constant velocity, the velocity of an object is defined as the distance 
the object travels in a certain period of time. Expressed mathematically, the velocity, v, of 
an object is calculated as

v = d
t

The velocity is calculated by dividing the distance the object travels, d, by the amount 
of time, t, it takes to travel that distance. So, if you walk 5.0 miles in 2.0 hours, your velocity 
is v = (5.0 miles)/(2.0 hours), or 2.5 miles per hour.

Notice that for a given length of time, if an object covers a greater distance it is moving 
with a higher velocity. In other words, the velocity is proportional to the distance traveled 
in a certain length of time. When performing calculations using the SI System of units, dis-
tances are measured in meters and times are measured in seconds. This means the units for 
a velocity are meters per second, or m/s.

The relationship between velocity, distance, and time for motion at a constant velocity 
is shown graphically in Figure 2.6. Travel time is shown on the horizontal axis and distance 
traveled is shown on the vertical axis. The steeper curve3 shows distances and times for an 

3 The lines or curves on a graph are all referred to as curves, whether they are curved or straight.

Figure 2.6. A plot of distance versus time for an object moving at constant velocity. Two 
different velocity cases are shown.
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Universal Problem Solving Method
Solid Steps to Reliable Problem Solving

In ASPC, you learn how to use math to solve scientific problems. Developing a sound 
and reliable method for approaching problems is crucial. The problem solving meth-
od shown below is used in scientific work everywhere. Always follow every step close-
ly and show all your work.

1. Write down the given quantities at the left side of your paper. Include the variable 
quantities given in the problem statement and the variable you must solve for. 
Make a mental note of the precision in each given quantity.

2. For each given quantity that is not already in MKS units, work immediately to the 
right of it to convert the units of measure into MKS units. To help prevent mis-
takes, always use horizontal fraction bars in your units and unit conversion fac-
tors. Write the results of these unit conversions with one extra digit of precision 
over what is required in your final result.

3. Write the standard form of the equation to be used in solving the problem.
4. If necessary, use algebra to isolate the variable you are solving for on the left side 

of the equation. Never put values into the equation until this step is done.
5. Write the equation again with the values in it, using only MKS units, and compute 

the result.
6. If you are asked to state the answer in non-MKS units, perform the final unit con-

version now.
7. Write the result, with the correct number of significant digits and the correct 

units of measure.
8. Check your work.
9. Make sure your result is reasonable.

Example Problem
If you want a complete and happy life, do ’em just like this!

A car is traveling at 35.0 mph. The driver then accelerates uniformly at a rate of 
0.15 m/s2 for 2 minutes and 10.0 seconds. Determine the final velocity of the car in 
mph.

Step 1 Write down the given information in a column down the left side of your 
page, using horizontal lines for the fraction bars in the units of measure.

vi = 35.0 mi
hr

a = 0.15 m
s2

t = 2 min 10.0 s
v f = ?
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Step 2 Perform the needed unit conversions, writing the conversion factors to the 
right of the given quantities you wrote in the previous step. Use only hori-
zontal bars in unit fractions.

vi = 35.0 mi
hr

⋅1609 m
mi

⋅ 1 hr
3600 s

=15.6 m
s

a = 0.15 m
s2

t = 2 min 10.0 s =130.0 s
v f = ?

Step 3 Write the equation to be used in its standard form.

a =
v f −vi

t

Step 4 Perform the algebra necessary to isolate the unknown you are solving for on 
the left side of the equation.

a =
v f −vi

t
at = v f −vi
v f = vi +at

Step 5 Using only values in MKS units, insert the values and compute the result.

v f = vi +at =15.6 m
s
+0.15 m

s2 ⋅130.0 s = 35.1 m
s

Step 6 Convert to non-MKS units, if required in the problem.

v f = 35.1 m
s
⋅ 1 mi
1609 m

⋅3600 s
1 hr

= 78.5 mi
hr

Step 7 Write the result with correct significant digits and units of measure.

v f = 79 mph

Step 8 Check over your work, looking for errors.

Step 9 Make sure your result is reasonable. First, check to see if your result makes 
sense. The example above is about an accelerating car, so the final velocity 
we calculate should be a velocity a car can have. A result like 14,000 mph is 
obviously incorrect. (And remember that nothing can travel faster than the 
speed of light, so make sure your results are reasonable in this way as well.) 
Second, if possible, estimate the answer from the given information and 
compare your estimate to your result. In step 6 above, we see that 3600/1609 
is about 2, and 2 ∙35.1 is about 70. Thus our result of 79 mph makes sense.

(Optional Step 10: Revel in the satisfaction of knowing that once you get this down 
you can work physics problems perfectly nearly every time!)
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object moving at 2 m/s. At a time of one second, the distance traveled is two meters because 
the object is moving at two meters per second (2 m/s). After two seconds at this speed, the 
object has moved four meters: (4 m)/(2 s) = 2 m/s. And after three seconds, the object has 
moved six meters: (6 m)/(3 s) = 2 m/s.

The right-hand curve in Figure 2.6 represents an object traveling at the much slower 
velocity of 0.5 m/s. At this speed, the graph shows that an object travels two meters in four 
seconds, four meters in eight seconds, and so on.

To see this algebraically, look again at the velocity equation above. This equation can 
be written as

d = vt

Written this way, t is the independent variable, d is the dependent variable, and v serves as 
the slope of the line relating d to t. With this form of the velocity equation, we can calculate 
how far an object travels in a given amount of time, assuming the object is moving at a 
constant velocity.

Now we work a couple of example problems, following the problem-solving method 
described on pages 32–33. And remember, all the unit conversion factors you need are 
listed in Appendix A.

 Example 2.1

Sound travels 1,120 ft/s in air. How much time does it take to hear the crack of a gun fired 
1,695.5 m away?

First, write down the given information and perform the required unit conversions so that 
all given values are in MKS units. Check to see how many significant digits your result must 
have and do the unit conversions with one extra significant digit. The given speed of sound 
has three significant digits, so we perform our unit conversions with four digits.

v =1120 ft
s
⋅0.3048 m

ft
= 341.4 m

s
d =1695.5 m
t = ?

Next, write the appropriate equation to use.

v = d
t

Perform any necessary algebra, insert the values in MKS units, and compute the result.

t = d
v
= 1695.5 m

341.4 m
s

= 4.966 s

Next, round the result so that it has the correct number of significant digits. In the velocity 
unit conversion and in the calculated result, I used four significant digits. The given veloc-
ity has three significant digits and the given distance has five significant digits. Thus, our 
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result must be reported with three significant digits, but all intermediate calculations must 
use one extra digit. This is why I use four digits. But now we have he result, and it must be 
rounded to three significant digits because the least precise measurement in the problem 
has three significant digits. Rounding our result accordingly, we have

t = 4.97 s

The final step is to check the result for reasonableness. The result should be roughly the 
same as 1500/300 or 2000/400, both of which equal 5. Thus, our result makes sense.

2.2.2 Acceleration
An object’s velocity is a measure of how fast it is going; it is not a measure of whether 

its velocity is changing. The quantity we use to measure if a velocity is changing, and if so, 
how fast it is changing, is the acceleration. If an object’s velocity is changing, the object is 
accelerating, and the value of the acceleration is the rate at which the velocity is changing. 
The equation we use to calculate uniform acceleration, in terms of an initial velocity vi and 
a final velocity vf, is

a =
v f −vi

t

where a is the acceleration (m/s2), t is the time spent accelerating (s), and vi and vf are the 
initial and final velocities, respectively, (m/s).

Notice that the MKS units for acceleration are meters per second squared (m/s2). These 
units sometimes drive students crazy, so we pause here to discuss what this means so you 
can sleep peacefully tonight. I mention just above that the acceleration is the rate at which 
the velocity is changing. The acceleration simply means that the velocity is increasing by so 
many meters per second, every (per) second. Now, “per” indicates a fraction, and if a veloc-
ity is changing so many meters per second, per second, we write these units in a fraction 
this way and simplify the expression:

m
s
s
=

m
s
s
1

= m
s
⋅1
s
= m

s2

Because the acceleration equation results in negative accelerations when the initial ve-
locity is greater than the final velocity, you can see that a negative value for acceleration 
means the object is slowing down. In future physics courses, you may learn more sophis-
ticated interpretations for what a negative acceleration means, but in this course you are 
safe associating negative accelerations with decreasing velocity. In common speech, people 
sometimes use the term “deceleration” when an object is slowing down, but mathematically 
we just say the acceleration is negative.

Before we work through some examples, let’s look at a graphical depiction of uniform 
acceleration the same way we did with velocity. Figure 2.7 shows two different acceleration 
curves, representing two different acceleration values. For the curve on the right, after 1 s 
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the object is going 1 m/s. After 2 s, the object is going 2 m/s. After 12 s, the object is going 
12 m/s. You can take the velocity that corresponds to any length of time (by finding where 
their lines intersect on the curve) and calculate the acceleration by dividing the velocity by 
the time to get a = 1 m/s2. The other curve has a higher acceleration, 4 m/s2. An acceleration 
of 4 m/s2 means the velocity is increasing by 4 m/s every second. Accordingly, after 2 s the 
velocity is 8 m/s, and after 3 s, the velocity is 12 m/s. No matter what point you select on 
that curve, v/t = 4 m/s2.

We must be careful to distinguish between velocity (m/s) and acceleration (m/s2). Ac-
celeration is a measure of how fast an object’s velocity is changing. To see the difference, 
note that an object can be at rest (v = 0) and accelerating at the same instant.

Now, although you may not see this at first, it is important for you to think this through 
and understand how this counter-intuitive situation 
can come about. Here are two examples. The instant 
an object starts from rest, such as when the driver hits 
the gas while sitting at a traffic light, the object is si-
multaneously at rest and accelerating. This is because 
if an object at rest is to ever begin moving, its veloc-
ity must change from zero to something else. In other 
words, the object must accelerate. Of course, this situ-
ation only holds for an instant; the velocity instantly 
begins changing and does not stay zero.

Perhaps my point will be easier to see with this 
second example. As depicted in Figure 2.8, when 
a ball is thrown straight up and reaches its highest 
point, it stops for an instant as it starts to come back 
down. At its highest point, the ball is simultaneously 
at rest and accelerating due to the force of gravity pull-
ing it down. As before, this situation only holds for a 
single instant.

The point of these two examples is to help you 
understand the difference between the two variables 
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we are discussing, velocity and acceleration. If an object is moving at all, then it has a ve-
locity that is not zero. The object may or may not be accelerating. But acceleration is about 
whether the velocity itself is changing. If the velocity is constant, then the acceleration is 
zero. If the object is speeding up or slowing down, then the acceleration is not zero.

And now for another example problem, this time using the acceleration equation.

 Example 2.2

A truck is moving with a velocity of 42 mph (miles per hour) when the driver hits the brakes 
and brings the truck to a stop. The total time required to stop the truck is 8.75 s. Determine 
the acceleration of the truck, assuming the acceleration is uniform.

Begin by writing the givens and performing the unit conversions.

vi = 42 mi
hr

⋅1609 m
mi

⋅ 1 hr
3600 s

=18.8 m
s

v f = 0
t = 8.75 s
a = ?

Now write the equation and complete the problem.

a =
v f −vi

t
=

0−18.8 m
s

8.75 s
= −2.15 m

s2

The initial velocity has two significant digits, so I perform the calculations with three sig-
nificant digits until the end. Now we round off to two digits giving

a = −2.2 m
s2

If you keep all the digits in your calculator throughout the calculation and round to two 
digits at the end, you have −2.1 m/s2. This answer is fine, too. Remember, the last digit of 
a measurement or computation always contains some uncertainty, so it is reasonable to 
expect small variations in the last significant digit. A check of our work shows the result 
should be about –20/10, which is –2. Thus the result makes sense.

One more point on this example: Notice that the calculated acceleration value is negative. 
This is because the final velocity is lower than the initial velocity. Thus we see that a negative 
acceleration means the vehicle is slowing down.

If you haven’t yet read the example problem in the yellow Universal Problem Solving 
Method box on page 32, you should read it now to see a slightly more difficult example us-
ing this same equation.
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2.2.3 Graphical Analysis of Motion
Analyzing motion graphically is a powerful tool. When you understand the graphical 

analysis in this section, you will be off to a solid start in being able to think conceptually and 
quantitatively about motion the way a student of physics should be able to do.

The graphs in Figure 2.9 show representative curves for three different motion states 
an object can be in: at rest (no motion), moving at a constant velocity, and accelerating 
uniformly. Each vertical group of curves depicts distance, velocity, and acceleration as func-
tions of time. In the first group, the object is at rest, which means the distance from the 
object to the “starting line” (from which we measure how far it has gone) is a constant. The 
only way this can happen is for the object to be at rest. (Well, yes, technically the object 
could be moving in a circle, but we are not going to consider that in this course!) 

d = constant
(at rest)

v = constant
(constant velocity)

a = constant
(uniform acceleration)
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Figure 2.9. Graphical depictions of states of motion.
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In the second group, the velocity is a constant (and not zero). This means the distance 
to the starting line is changing at a constant rate, and the object is not accelerating. In the 
third group, the object is accelerating uniformly, which means its velocity is changing at a 
constant rate. Notice that I always start the distance graphs at an arbitrary point. This is just 
to make the curves as generic as possible. When drawing your own curves if you wish to 
start the distance curves at the origin that is fine. However, the origin on a velocity graph 
represents a velocity of zero, meaning the object is at rest. Thus, you can only start a velocity 
graph at the origin if you are depicting an object that is starting from rest.

Interestingly, when an object is accelerating the distance graph is no longer linear. In-
stead, it is a type of curve called a quadratic. We address this type of curve in Chapter 4, but 
essentially it is the type of curve that occurs when the relationship between y and x, that is, 
between the distance and time in this case, can be modeled by an equation such as y = kx 2, 
or, in our specific case, d = kt 2. In an equation like this, k is simply a constant that depends 
on the circumstances.

In these time diagrams, the distance graph is the only one that is ever curved. All the 
others are linear. Also make note that in this course if an object is accelerating the accelera-
tion is always uniform. On graphs like these, this means the acceleration is always a hori-
zontal line. This horizontal line is at a positive value when the object is speeding up and at 
a negative value when the object is slowing down.

As I mention above, when an object is accelerating the graph of the object’s distance 
vs. time has a quadratic curvature. This curvature makes this graph more complex than the 
others, so we now look more closely at this type of graph. There are four ways this graph can 
curve, depending on what the object is doing, shown in Figure 2.10.

The first thing to notice is that if the object is going forward the distance is increasing, 
so the curve slopes upward. If the slope is getting steeper, the object is speeding up. If it is 
getting less steep, the object is slowing down. The only way the curve can slope downward 
is if the object is going backwards, so that the distance to the starting line is decreasing. Just 
as before, if the curve is getting steeper, the object is going faster. If the curve is getting less 
steep (more horizontal), the object is slowing down.

Figure 2.11 highlights additional details of distance and velocity graphs. When a 
distance graph curves all the way over to horizontal it means the object stops. If it stays 
stopped, then the distance graph becomes a horizontal line. A downward sloping velocity 
graph means the object is slowing, but if the velocity curve actually goes below the horizon-
tal axis that means the velocity is negative and the object is going in reverse.

When given a description of an object’s motion for a graphing exercise, your task is to 
piece together segments from different representative curves to represent motion in differ-
ent time intervals. For example, a vehicle could be traveling at one velocity, accelerate for a 
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while, and then travel at a new velocity. In such a case, there are three distinct time intervals 
associated with this motion—one for the constant speed at the beginning, one for the ac-
celeration in the middle, and one for the new constant speed motion at the end.

 Example 2.3

Consider a car driving down the road at a constant velocity. The driver then accelerates 
uniformly to a higher velocity and continues at this new, higher velocity. Draw diagrams 
of d vs. t, v vs. t, and a vs. t de-
picting this scenario. Show the 
time intervals distinctly in your 
diagrams and align your time 
intervals vertically.

There are three distinct time 
intervals in this scenario. First, 
there is a period of time at the 
initial constant velocity. Then 
there is an interval when the car 
is accelerating. Finally, the car 
continues at the new velocity.

The graphical depiction of this 
sequence of events is shown in 
Figure 2.12. The three graphs 
(distance, velocity and accel-
eration vs. time) are drawn 
above one another so the time 
intervals can be aligned in each 
graph. The three time intervals 
are separated by the dashed 
lines. Notice some key details. 
First, on the distance graph, the 
slope is higher in the third in-
terval than in the first because 
the car’s velocity is higher. Sec-
ond, the two linear sections on 
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Figure 2.12. Combining time intervals to make a complete graph of 
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Figure 2.11. Details for distance and velocity graphs.
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the distance graph are smoothly connected to the curved (quadratic) section in the middle. 
There should never be kinks (sharp corners) in a distance graph. The quadratic curvature 
only occurs in the distance graph, and only when the car is accelerating. Finally, the ac-
celeration graph is zero everywhere except in the middle when the car is accelerating, and 
there the curve is a horizontal line representing positive, uniform acceleration.

2.3 Planetary Motion and the Copernican Revolution

2.3.1 Science History and the Science of Motion
People have been fascinated with the heavens since ancient times. God’s people love to 

quote Psalm 19: 

The heavens declare the glory of God, and the sky above proclaims his handiwork.
Day to day pours out speech, and night to night reveals knowledge.

The psalmist tells us that the glory of the stars and other heavenly bodies reveals the glory 
of their creator, our God. This means they convey truth to us, the truth we call General 
Revelation.

The study of motion has always been associated with the motion of the heavenly bod-
ies we see in the sky, so it is particularly fitting in this chapter on motion for us to review 
the history of views about the solar system and the rest of the universe, referred to as “the 
heavens” by those in ancient times. As we will see, the particular episode known as the Co-
pernican Revolution was a pivotal moment in that history and was the setting for the emer-
gence of our contemporary understanding of scientific epistemology—what knowledge is 
and how we know what we know.

As you recall, Chapter 1 addresses the Cycle of Scientific Enterprise and examines the 
way science works. From that discussion you know that science is an ongoing process of 
modeling nature—at least that is the way we understand science now. We now understand 
that scientists use theories as models of the way nature works, and over time theories change 
and evolve as scientists learn more. Sometimes scientists find that a theory is so far off the 
mark that they have to toss it out completely and replace it with a different one.

The present general understanding among scientists that science is a process of model-
ling nature took hold around the beginning of the 20th century. The ideas that led to this 
understanding began to emerge at the time of the Copernican Revolution in the 16th and 
17th centuries. But since natural philosophy was then entering new territory, there was a 
period of difficult struggle that involved both theologians and philosophers.

There are a lot of misconceptions about what happened at that time. The conflict in 
Galileo’s day is often regarded as a fight between faith and science, and these misconcep-
tions have led many people in today’s world to the position that faith is dead and only sci-
ence gives us real knowledge. But that depiction is not even close to what really happened, 
and that belief about science is not even close to the truth. The real issue with Galileo was 
about epistemology. The so-called “faith versus science” debate rages today as much as ever, 
so it is worth spending some time to understand that crucial period in scientific history.




