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Preface
How to Use This Book

"I understand the material but I just can't do
the problems."

"I can do the homework problems but the
problems on the test are just too different."
"If I only knew the right formula, I would
have gotten that problem right."

"I recognized that problem but I just couldn't
remember the solution."

If you have ever felt that way about
physics problems, this booklet is for you. It
is intended to provide guidance for students
wishing to develop a technique for solving
physics problems similar to that used by
experts. The technique is based on research
describing how experts in many fields solve
real problems. You will not find clever
procedures to shorten the solution of certain
types of problems in this booklet. No
mathematical tricks are presented. Instead
we try to explain how to use a general
strategy that works for physics and all other
fields that use systematic problem solving.

No matter what your field of interest,
problem solving consists of approximately
the same steps: recognize the problem
(what's going on here?), describe the problem
in the terms used by your field (what does
this have to do with what I know?), plan a
solution (where do I go from here?), execute
the plan (what's the answer?), and evaluate
the solution (can my answer be true?).
Although an expert might accomplish some
of these steps mentally, a non-expert does not
yet have the years of practice needed to
develop the necessary memory structure.

The non-expert can implement the process
using writing as an extension of memory. A
logical, well organized written analysis of the
problem is the most important tool in
problem solving. As most students know, the
most difficult part of solving a problem is
getting started on the right track. The
problem solving technique in this booklet is
designed to help you do just that.

The booklet is not really designed to
be read from beginning to end. It is more
like a reference book which can be entered
anywhere. We suggest reading Chapter 1 to
get the overall picture of the strategy. Then
try working out some of the problems for
which complete solutions are given. We
have given solutions to typical textbook
problems which occur at the beginning of an
introductory physics course. Once you catch
on, you should be able to apply this problem
solving technique to any situation on your
own. If you have trouble applying any of the
problem solving steps, read the appropriate
section in Chapter 2. If you have trouble
with the specific approaches of kinematics,
dynamics, or conservation, read the
appropriate parts of Chapter 3, 4, or 5.

Problem solving is a skill and, as with
any skill, the best technique often seems
"unnatural." Just think about your favorite
sport. With practice you will get better and
more efficient. After a while, this technique
will become "second nature" to you. Practice
is the key. But practice is only useful if you
are always practicing the same thing. Pick
plenty of your own exercises from your
textbook. Practice writing down all of the
steps of the general problem solving strategy



even if you know an "easier" way of solving
the problem. After practicing on the "easy"
textbook exercises try some of the "realistic"
problems in this booklet. Only a few
solutions are given but, if you are good at
using the problem solving strategy, you will
know if you got them right.

Many people have contributed a great
deal to the evolution of this booklet. First we
thank the numerous researchers in expert-
novice problem solving upon whose work
this booklet is based. Pure research is always
the basis for sound practice. Many graduate
students in both physics and science
education at the University of Minnesota
have made very important contributions. We
especially wish to thank Ron Keith who was
responsible for much of the original draft of
the booklet. Bruce Palmquist, Scott
Anderson, Doug Huffman, Jennifer Blue and
James Flaten then extended and refined the

work. Many physics teaching assistants have
contributed to the development and testing of
the general problem solving strategy and the
evolution of this booklet. We are also
grateful to the many undergraduates who
have participated in the courses through
which this booklet was developed. Finally
we thank Professors Charles Campbell,
Clayton Giese, Walter Johnson, Roger Jones,
and Konrad Mauersberger at the University
of Minnesota for their comments and
contributions in the development of this
booklet.

Kenneth Heller,
Astronomy
Patricia Heller, Department of Curriculum
and Instruction

School of Physics and

University of Minnesota, 1995



Chapter 1

A Logical Problem Solving Strategy

Introduction

At one level, problem solving is just that,
solving problems. Presented with a problem
you try to solve it. If you have seen the
problem before and you already know its
solution, you can solve the problem by recall.
Much of the time, however, you have never
experienced this situation before (if you had,
you would not call it a problem). Solving real
problems involves making a logical chain of
decisions which lead from an unclear situation
to a solution. Solving physics problems is not
very different from solving any kind of
problem. In your professional life, you will
encounter new and complex problems (after
all if they knew how to solve them, why
would they pay you?). The skillful problem
solver is able to invent good solutions for
these new problem situations. But how does
the skillful problem solver create a solution to
a new problem? And how do you learn to be
a more skillful problem solver?

The purpose of this booklet is to provide
you with some guidance for solving physics
problems. The technique given in this booklet
is based on research done in a variety of
disciplines such as physics, medical diagnosis,
engineering, project design and computer
programming. There are many similarities in
the way experts in these disciples solve
problems. The most important result is that
experts follow a general strategy for solving
all complex problems. The following sections
in this chapter describe the characteristics of
this general problem-solving strategy. In
Chapter 2 this general strategy is elaborated in
a way that makes it particularly useful for

solving the physics problems you will
encounter in this course. Chapters 3, 4, and 5
describe how to use the problem solving
strategy to solve problems using kinematics,
dynamics, and conservation ideas. These
chapters also include example textbook
problems with solutions and some additional
problems for you
to practice solving using the problem solving
strategy. If you learn this strategy you will be
successful in this course. In addition, you will
become familiar with a general strategy for
solving problems that will be useful in your
chosen profession.

A Logical Problem-Solving Strategy

Experts solve real problems in several
steps. Getting started is the most difficult
step. In the first and most important step, you
must accurately visualize the situation,
identify the actual problem, and identify
information relevant to the problem. At first
you must deal primarily with the qualitative
aspects of the situation. You must interpret
the problem in light of your own knowledge
and experience. This enables you to decide
what information is important, what
information can be ignored, and what
additional information may be needed, even
though it was not explicitly provided. In this
step drawing a useful picture of the problem
situation is crucial to getting started correctly.
A picture is worth a thousand words (if it is
the right picture). In the second step, you
must represent the problem in terms of formal
concepts and principles, whether these are
concepts of engineering design, concepts of
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medicine, or concepts of physics. These
formal concepts and principles use the
accumulated knowledge of your field and thus
enable you to simplify a complex problem to
its essential parts. Frequently, your field has
developed a formalized way to diagram the
situation which helps show how the concepts
are usually applied to a problem. Third, you
must use your representation of the problem to
plan a solution. Planning results in an outline
of the logical steps required to obtain a
solution. In many cases the logical steps are
conveniently expressed as mathematics.
Fourth, you must determine a solution by
actually executing the logical steps outlined in

your plan. Finally, you must evaluate how
well the solution resolves the original
problem.

The general strategy can be summarized
in terms of five steps.:

(1) Comprehend the problem.

(2) Represent the problem in formal

terms.

(3) Plan a solution.

(4) Execute the plan.

(5) Interpret and evaluate the solution.
The strategy begins with the qualitative
aspects of a problem and progresses toward
the quantitative aspects of a problem. Each
step uses information gathered in the previous
step to translate the problem into more
quantitative terms and to clarify the decisions
which you must make. These steps should
make sense to you. You have probably used a
similar strategy, without thinking about it,
when you have solved problems before.

The Importance of Writing

Solving a problem requires that you
constantly make decisions. This is very
difficult to do if you must also remember

many pieces of information and the
relationships  between those pieces of
information. Soon you overload your brain

which has only a small number of short term
memory locations. You could forget
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important parts of the problem or the steps in
a mathematical procedure. The chain of
decisions you construct may even have logical
flaws. Drawing pictures and diagrams and
writing your procedures using words,
symbols, and mathematics makes the paper a
part of your extended memory. Your brain is
then free to deal with the decision-making
process. The single biggest mistake of novice
problem solvers is not writing down enough in
a form which is organized to be a useful aid to
their memory. If you have had the experience
of understanding how to solve a problem
when someone shows you how but “getting
lost” when you try to do a similar problem
yourself, the effective use of writing could be
your primary trouble.

A Physics-Specific Strategy

Each profession has its own specialized
knowledge and patterns of thought. The
knowledge and thought processes that you use
in each of the steps will depend on the
discipline in which you operate. Taking into
account the specific nature of physics, we
choose to label and interpret the five steps of
the general problem solving strategy as
follows:

1. Focus the Problem: In this step you
develop a qualitative description of the
problem. First, visualize the events described
in the problem using a sketch. Write down a
simple statement of what you want to find out.
Write down the physics ideas which might be
useful in the problem and describe the
approach you will use. When you finish this
step, you should never have to refer to the
problem statement again.

2. Describe the Physics: In this step you
use your qualitative understanding of the
problem to prepare for a quantitative solution.
First, simplify the problem situation by
describing it with a diagram in terms of simple
physical objects and essential physical




quantities. Restate what you want to find by
naming specific mathematical quantity(ies).
Using the physics ideas assembled in step 1,
write down equations which specify how these
physical quantities are related according to the
principles of physics or mathematics. The
results of this step contains all of the relevant
information so you should not need to refer to
step 1 again.

3. Plan_the Solution: In this step you
translate the physics description into a set of
equations which represent the problem
mathematically by wusing the equations
assembled in step 2. Each equation should
have a specific goal to find a single unknown
quantity in the problem. An equation thus
used may involve a new unknown quantity
which must be determined using another
equation. In other words, solving the original
problem usually involves creating and solving
sub-problems. As you do the mathematical
operations to isolate your unknown quantities,
you create an outline of how to arrive at a
solution. You will find that most of your effort
will go into deciding how to construct this
logical chain of equations with less effort
spent on mathematical operations.

4. Execute the Plan: In this step you
actually execute the solution you have
planned. Plug in all of the known quantities
into the algebraic solution, which is the result
of step 3, to determine a numerical value for
the desired unknown quantity(ies).

5. Evaluate the Answer: Finally, check
your work to see that it is properly stated, not
unreasonable, and actually answers the
question asked.

Consider each step as a translation of the
previous step into a slightly different
language.

You begin with the full complexity of real
objects interacting in the real world and
through a series of decisions arrive at a simple
and precise mathematical expression.

The solution to the following problem
illustrates each step. On the right side of the
page is the actual solution, as you might
construct it. On the left side of the page are
brief descriptions of each step of the solution.
We have used a familiar situation so that you
can concentrate on understanding how the
strategy is applied. In later chapters, we will
consider each of the steps individually and in
more detail.

Problem Solving Strategy

| Problem Statement|

N

Focus the Problem ]l

v

Describe the Physics]

v

Plan the Solution ]

v

Execute the Plan ]l

Evaluate the Answer ||




Example 1: Jeff and Scott are first rate runners. Jeff's best time in the mile is 4 min, 57 sec.
Scott's best time in the mile is 4 min, 38 sec. If Scott and Jeff raced each other at
their best in a mile run, by how far would Scott beat Jeff?

(1) Focus the Problem:

i‘ 1 mile -
Visualize the events described in the problem Jeff !
and draw a sketch. —> —> |

, | 4 min 38 sec 4 mid 57 se:
Write down what you want to find. | | |

=9

. ) . <d_>
Write down the physics ideas that help you Scott |
understand the events and describe the E— |
approach you will use. | | 4 mip 38 se

Start Finish

Question: What is the distance between the runners when Scott crosses the finish
line?

Approach: Use the definition of average velocity to relate the runner’s
displacement to the elapsed time.

Assume that Jeff’s average velocity is the same for this race as for the
entire mile.

(2) Describe the Physics:

| Jeff | Voo

Simplify the problem by describing it in terms ’_) Y [ ! |
of simple physical objects and physical Scott
quantities. Usually this requires defining a —_ > e d -
coordinate system. Restate what you want to | Vs I r +x
find in terms of a target quantity. Write down X, X, X,
how these physical quantities are related by to < =0 0 tg t 11 "

incipl finitions of physics. N T = L mil
principles and definitions of physics tgz 0 ti 4 min 38 s 27%?25

1 mile 1 mile

v =, V =
J.Ave 297 sec S,Ave 278 sec
Target Quantity: d

Quantitative Relationships: V pye ZE

d=x-x1



(3) Plan_the Solution:

Translate the physics description into a set of
equations which relate specific physics
quantities. Determine if the equations will
allow you to find the answer you want. Check
to see that there are no left over unknowns.
Check the units.

(4) Execute the Plan:

Put in known values of quantities to determine
the numerical solution.

(5) Evaluate the Answer:

Check your work to see that it is properly
stated, not unreasonable and that you have
actually answered the question asked.

unknowns
Find d: d
d =x,-x,
Find X, X1
X1 =X, X4
Vi Ave= =

t|—t, t

X] =Vy ave b1
d =X —=Vj ave t

Check Units: [mi]— [:;l] [sec]=[mi] oK

1 mile

(278 se9=0.064 mi
7 sec

The unit of distance is miles.

The answer is reasonable since the distance between
them is a small fraction of the total distance.

The answer is the distance between the two runners

at the finish.




In Example 1, you can clearly recognize
the logical flow of the problem solving steps.
In the first step, you focus your mental
processes by expressing the problem in
everyday terms in the form of a sketch,
extracting a question and stating your
approach. In the next step, you translate this
information into important physical quantities
and the relationships which characterize the
physics of the problem. Then using this
information, you construct a specific set of
equations that relate the unknown physics
quantities to those that you know and combine
them to solve the problem. Before going to
the next step you check your units to make
sure you haven’t made a math mistake. Next,
you follow your plan by plugging in numbers
to obtain a numerical solution. In the final
step, you check your work, and consider how
well the numerical solution answers the
original problem. The solution is complete
when you are convinced that you have an
answer, and that the answer is a good one.

Example 1 serves to illustrate the steps of
the strategy but not its value. Although you
can understand the logical steps, you might
question its usefulness. Perhaps after reading
the problem, you knew just what equations
you would use to solve the problem. You
didn't need to reason through each step of the
strategy. That is because this situation is
simple enough that it is not a real problem for
you. It does show a technique which will help
you solve real problems, those you don’t
already know how to solve. This is the
method that experts use to confront problems
that they don’t know how to solve. Expert
problem solvers employ this strategy because
it is the most effective and efficient way to
solve realistic problems. Of course, those
problems require many more steps and many
more decisions. To prepare for the real world,
you will need to master this powerful problem
solving technique.

The five-step strategy represents an
effective way to organize your thinking to
produce a solution based on your best
understanding of physics. The quality of the
solution depends on the knowledge that you
use in obtaining the solution. Your use of the
strategy also makes it easier to look back
through your solution to check for incorrect
knowledge or assumptions. That makes it an
important tool for learning physics. If you
learn to use the strategy effectively, you will
find it a valuable tool to use for solving new
and complex problems and for learning
physics.

Problem Difficulty

Throughout this course you will
encounter problems whose difficulty ranges
from the simple to the quite complex. Some
straightforward, but not necessarily easy
exercises (called problems) are given at the
end of each chapter in your textbook. These
exercises allow you to practice using the
physics principles presented in the chapter.

Exercises are wusually (but not always)
characterized by certain features:
* They may involve only a single

application of one major principle, so that
deciding on an approach to the problem is
simple.

* The question is clearly stated as the need
to find some specified physics quantity,
e.g. velocity, energy, force, so that the
relevant physics description is often
suggested by the problem statement itself.

e Just enough information has been
provided for you to determine a
numerical value for the desired quantity,
so that describing the situation and
problem approach are simplified.

+ All quantitative information is given in a
simple set of units, so that if the correct
principle is applied, the numerical
solution will be correct. This simplifies
evaluation of the solution.

* They often resemble other exercises



which you have recently encountered.
Because the objects described in the
exercise and their relationships are
similar to other examples given,
visualization of the problem is simpler.

It is strongly recommended that you use
the five-step strategy when you are solving
these textbook exercises. This will help make
the strategy feel natural to you when you use
it on real problems. Although the textbook
exercises are straightforward, the physics
principle and/or mathematical technique used
may be new to you. Using the five-step
strategy helps you learn the physics principle
or mathematical technique because it provides
a logical structure and organization to guide
your thinking. Before you can solve the kinds
of problems you might encounter in real life,
you have to first practice your skills in simple
situations, and then in increasingly complex
situations as your skills improve.

Such well-focused exercises are not the
only kind of problems that you will encounter
in this course. On tests, you will be asked to
solve more realistic types of problems that can
be complex in several possible ways:

» The problems may require the application
of multiple principles and/or multiple
applications of the same principle.

* The question may not be stated as the
need

to find any particular quantity, much less

a specified physics quantity; the problem

may ask for a judgment, in which case

you must decide what quantities you need
to find in order to make a good judgment.

* The problem statement may include
information which is not useful at all. On
the other hand, some important
information may not be expressly
provided; you will have to provide that
information from your own general
knowledge.

* Quantitative information may be provided
in unfamiliar or inconsistent units.

* The objects or interactions described in
the problem situation may appear new to
you; it may appear that you never have
seen or solved a similar problem.

Problems with the above characteristics are
similar to the problems that you will
encounter in your chosen profession. It is
important for you to practice on the simple
textbook problems so that you develop the
knowledge and skills required to solve
realistic problems.

Next we give an example of a slightly
more difficult problem. As before, on the
right side is the actual solution, as you might
construct it.  On the left side are brief
descriptions of what is being done at each step
of the solution.



Example 2: Just as you turn onto the main avenue from a side street with a stop sign, a city
bus going 30-mph passes you in the adjacent lane. You want to get ahead of the
bus before the next stoplight which is two blocks away. Each block is 200-ft long
and the side streets are 25-ft wide, while the main avenue is 60-ft wide. If you
increase your speed at a rate of 5S-mph each second, will you make it?

(1) Focus the Problem: In this step of the problem solving strategy construct your initial
qualitative understanding of the problem situation. Write down what you know, what you want
to know, the physics you will use, and the assumptions you will make. This understanding can
be usefully expressed as follows:

Picture & Given Information:

What's happening? Visualize the problem
situation and make a sketch of the important | Vpus = 30 mph | | ap,=0 |
objects and events. '

us —pm — —-
— S N /=y
. o . car
Decide which given information may be = =7 Vear =
useful and write it down on the sketch. Vear=0 Ay stop light

8gar =5 mph/ sec1 |

200 ft 251t 200 ft

Question(s):
What is(are) the question(s)? Express it as Find the distance the car travels to catch up to the
some quantity to be found. bus. See if it is less than 425 feet.
Approach:
Use the definition of average velocity for the bus
What approach shall I take? Outline the since it travels at constant velocity.
concepts which can relate the given
information to the question. Use the relationship between acceleration and

position for the car since it travels at constant
acceleration.

Initial time is when the bus and the car are first
together. Final time is when the bus and the car
are next together.



(2) Describe the Physics: In this step use your physics ideas to translate your initial
understanding of the problem into a diagram of the actual problem. This diagram contains only
idealized physical objects and representations of important physical quantities. Identify which of
these physical quantities you need to find to answer the question. Write down the relationships
between the quantities which will help you determine the unknowns. This information can be

summarized with the following items:
Diagram & Define Quantities:
For kinematics problems, use a motion

diagram. This diagram requires:
* Coordinate axes.

* Simplified representations (usually points)

of objects.
* Indication of position, velocity and

acceleration of objects at important times.

Identify known and unknown quantities.

Target Quantity(ies):

Decide which of your unknowns you will
need to find in order answer the problem

question.

Quantitative Relationships:

Decide which physics principles or other
mathematical relationships are applicable

for the situation diagrammed above.

Vb Vb
bus& —> '. —>
I I ch
carg Veo =0, o ——>
—> “c > dc
| ! X
X0 to Xt tf
X, =0 x4 =?
tO:O tf :?
Vco:O Vef =?
vp =30 mph a_ =35 mph/ sec
Xf =9
Xf—X Xf
Vb = 2 = Vb congant

tp—t, ty

Xt :_;acéf _to)Z +Vco€f _to)"'xo
Xf :_;acéf)z

a, condant



(3) Plan the Solution: In this step translate your physics description of the problem into the
particular equations, which will help you solve the problem. Always begin with an equation
from your quantitative relationships containing the target quantity. If that equation contains
additional unknowns, write down another equation from your quantitative relationships
containing one of those unknowns. Continue until you have introduced a new equation for every
unknown in your plan.

Construct Specific Equations:

Use your quantitative relationships to write unknowns
specific equations relating unknown Find Xf Xf

quantities to ones which are known.

i
Find t
Xf
Vi =—
b te
X
tf :_f
Vb
2
Xp==a
£ 2 ¢ Vp
2V§
=X ¢
aC
Check Units:
Make sure the units on both sides of your [mi ]
equation are the same. | hr | ,
———=mi OK
mi
hr?
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(4) Execute the Plan: In this step carry out the mathematics specified in your solution plan in
order to determine a numerical value for your target quantity(ies).

Calculate Target Quantity(ies):

Put numerical values of known quantities
into the equation for the target quantity.
Convert units if necessary and calculate a
value for the target quantity.

i h | -
X ¢ :360(21)5( - ) =—mi

hr/ \3600s 10
Since 0.1 miles is 528 feet, which is more than 425

feet, you do not make it.

(5) Evaluate the Answer: As a result of executing your plan, you have a numerical answer to
the physics problem. In this final step, check that your answer is properly stated, not

unreasonable, and complete.

Is Answer Properly Stated?:
Check that your answer has the appropriate
units and sign.

Is Answer Unreasonable?:
Check that the magnitude of your answer is
not unexpectedly large or small.

Is Answer Complete?:
Check that you have answered the original
question.

Yes, miles are a correct unit for distance.

The answer is only about 100 ft longer than the 2
block distance which is not unreasonable.

The car does not make it. This answers the
question.
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The preceding example solutions intro-
duced the essential features of each step of the
physics problem solving strategy. In the table
below these features are summarized. In the
next chapter, these features are described
more fully and are illustrated by example.

In the third chapter, we will introduce a
format sheet which serves as a guide for
solving problems. Using these format sheets,

we will construct solutions to several
exercises, ranging from intermediate difficulty
to complex.

Finally, we will provide additional
problems so that you can practice using the
strategy. Practice is all important. Problem
solving is a skill which can be developed, but
as with all skills, your improvement depends
upon the effort you invest.

Summary of the Physics Problem Solving Strategy

1. Focus the Problem
¢ Picture & Given Information
* Question(s)
e Approach

2. Describe the Physics
* Diagrams & Define
Quantities
* Target Quantity(ies)
* Quantitative Relationships

Physics

3. Plan the Solution

4. Execute the Plan

5. Evaluate the Answer

o Start with equation which has

target quantity(ies)

e Identify other unknowns in
equation

* Solve a sub-problem for each
unknown

¢ Check Units

e Calculate Target Quantity(ies)

*Is Answer Properly Stated?
*Is Answer Unreasonable?
*Is Answer Complete?
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Chapter 2

The Five-Step Physics Problem Solving Strategy

Introduction

The purpose of this chapter is to clarify the
physics problem solving strategy. This will be
accomplished by addressing each step of the
strategy and illustrating that step by two
examples. The main features of each step are
first discussed, then that step is done for each
example. The two examples are shown below.

Each step of the example solution consists

of two parts: On the left-hand page you will
find the statements, equations, diagrams, and
other information that you might write down
if you were to solve the example using the
five-step strategy. On the right hand page is a
commentary on the problem solving process.
The commentary illustrates questions you ask
yourself and decisions you must make when
you are solving unfamiliar physics problems.

Example 3:

Example 4:

You are a driver who always obeys posted speed limits. Late one night you are
driving on a country highway at 55-mph. Ahead you see a sign that says, "Curve
Ahead 200 ft, Slow to 35 mph." You are 30 feet from the sign when you first see
it. You begin to apply your brakes at the instant you pass the sign. You slow
your car down at a rate of 7-mph each second. As you reach the curve, are you
traveling within the posted speed limit?

Your younger brother is waiting outside for his friends to come over to play
baseball. While he waits, he becomes restless and begins to play catch with
himself with the 4-o0z. baseball. He makes a vertical toss every 3 seconds. The
ball returns to his hand two seconds after he releases it. Does the ball get as high
as the top of your two story house?

1. Focus the Problem

The first and most important step to take
in solving any problem is to understand just
what the problem is. The goal of this step is
to establish a qualitative understanding of the
problem situation. To solve a problem about
the real world, you want to have a clear
mental image of the situation. This helps you
to use all of your general knowledge and
experience, not simply the physics formulas
that you recall. The essential features of this
step are:

Picture and Given Information

Begin by visualizing the events as
portrayed in the problem statement. Identify
the objects and the time sequence of events
which are central to understanding the
situation. Of particular importance are those
times when an object experiences an abrupt
change. A sketch of the situation is a useful
way to focus your mind on the problem. All
of the given information should be added to
the sketch so you can see what is going on at a
glance.



Question(s)

Every problem has a question. After you
have reduced the problem situation to a
sketch, you need to determine the question.
For most textbook exercises this is not too
difficult. Usually there is a direct statement
which tells you what to find. For more
realistic problems, the question may not be
well formulated so that you can answer it with
a calculation. For example, you may be asked
to make a judgment. You must then restate
the question in a form which can be answered
by a physics calculation.  Consider the
following problem:

You and your friend are racing to see
who can be the first to make a
purchase from Burger Bros. Starting

at the same time from the
McDonald's  parking lot in
Dinkytown, you head for the

Roseville store and your friend heads
for the Bloomington store. If you
both agree to obey the speed limits
and all traffic regulations, who will
be the first to make a purchase?

This problem does not directly ask a question
which can be answered using quantities
determined using physics. However, the
question really deals with time, a physics
quantity. The question can be rephrased in
terms of three different questions: "How
much time does it take you to travel the
distance to the Roseville store? How much
time does it take your friend to travel the
distance to the Bloomington store? Which of
these time intervals is greater?" Time and
distance are the basic physical quantities. The
time can be calculated from other physical
quantities such as velocities, positions and
accelerations. It is clear you will have to
make some assumptions about each person’s
average speed which depends on the speed
limit. Rephrasing the question in terms of

time enables you use physics to analyze the
problem quantitatively. In many problems,
success in solving the problem will depend
critically upon your translation of the
question(s) into physics terms.

Approach

Once you have a useful sketch of the
situation and you have identified a question
whose answer should resolve the problem,
you can begin to think about how to approach
the problem: What can physics tell you about
the events? In your approach you gather your
thoughts about how physics can help you
solve the problem. It represents your first
guess as to what facts and physics principles
will be useful in the creation of a solution.
Your approach helps you to make decisions
regarding the following questions: What
given information is potentially useful for
answering the question? What additional
information might I need, even if I have to
estimate  it? What information seems
irrelevant and can be ignored?

In physics, there are a few basic patterns
of explanation, fundamental principles, which
have proved exceptionally valuable for
thinking about natural events. The kinematics
description of motion is one of these.
Newtonian forces and energy conservation
and momentum conservation are other
fundamental ways of thinking about how the
motion of objects is affected by interactions
with other objects. Each fundamental
principle typically relates several physical
quantities through a mathematical
relationship. Selecting one or a combination
of fundamental principles determines your
approach to the problem. Whether or not a
physics principle will prove useful in a given
situation depends upon characteristics of the
problem. In the approach you write down
your best guess of which of these principles
will be most useful, and perhaps easiest for
solving this particular problem.



Focus the
Problem Statement

~. Problem

construct a mental image

of the sequence of events

described in the problem
statement

l

sketch a picture which
represents this mental
image; include given
information

¢

determine the question

¢

select a qualitative approach
which should lead to a
solution to the problem

* What's going on?
* What objects are involved?
* What are they doing?

* Are all the important objects shown?

* Are the spatial relations between the
objects shown?

* Are the important times represented?

* Are the important motions represented?

* Are the important interactions

] represented?

* Does the question ask about a specific
measurable characteristic(s) about a
particular object(s)? If not, reformulate it
so it does.

* What is the system of interest?

/ » Which physics principles could be used to
solve the problem?

* What information is really needed?

D éescr ib e the P hy \) ics * Are there only certain time intervals

during which one approach is useful?
* Should we make any approximations?



Example 3: You are a driver who always obeys posted speed limits. Late one night you are
driving on a country highway at 55-mph. Ahead you see a sign that says, "Curve
Ahead 200 ft, Slow to 35 mph." You are 30 feet from the sign when you first see
it. You begin to apply your brakes at the instant you pass the sign. You slow
your car down at a rate of 7-mph each second. As you reach the curve, are you
traveling within the posted speed limit?

Focus the Problem

Picture and Given Information:

{ sign

SSmgh' 55 mph |
| S

| <—
ﬁ| Q’I 7 mph/s

Vf——l

_

> | <
Q’I 7 mph/s

~ 30 - 200 ft

P

speed limit 35 mp

Question(s):

What is the speed of the car when it reaches the curve?

Is that speed less than 35 mph?

Approach:

Use kinematics.

Assume the car’s acceleration is constant between the sign and the curve.

For constant acceleration, the average acceleration equals the instantaneous acceleration.

Use the definition of average acceleration to relate the change of velocity to the time interval.

Use the relationship between acceleration and position for constant acceleration.




COMMENTARY

Picture and Given Information:

First visualize the events described.

» What are the important objects and what do they do from beginning to end?
The situation describes a car moving along a highway. The problem begins 30 ft from a
highway sign and ends 200 ft beyond the sign, where a curve in the road begins.

* What is a good perspective from which to sketch the motion?
Use a bird's eye view (view from above) to show the position of the car relative to the curve
in the road.

* Does the motion of the car change between the beginning and the end of the described
motion?
Yes. The speed is constant up to the sign, but decreases thereafter. Put these points on the
sketch as well.

Question(s):

* What do I need to find out?
The question is posed in the last sentence. I must calculate the speed of my car as I enter the
curve and compare it to the speed limit of 35 mph.

Approach:

* Which general concepts and principles are useful for thinking about this problem? What
kind of problem is it?
Applying kinematics seems like a good approach. The final velocity of an object traveling
from point to point depends on its initial velocity, its acceleration, and the distance between
those points. Position, velocity, and acceleration are important quantities. But time is also
an important quantity in kinematics. Since I don’t know the time that the car takes to travel
between the sign and the curve, I may need to use more than one kinematics relationship.

* Is any part of the problem not useful for answering the question?
Yes. We can neglect the motion of the car before it reaches the sign because we know the
speed of the car at this point and we know how far the car is from the curve.



Example 4: Your younger brother is waiting outside for his friends to come over to play
baseball. While he waits, he becomes restless and begins to play catch with
himself with the 4-oz. baseball. He makes a vertical toss every 3 seconds. The
ball returns to his hand two seconds after he releases it. Does the ball get as high
as the top of your two story house?

Focus the Problem

Picture and Given Information:

© A
g¢ OO0 ¢g 2 sec I:I

v(up) TO Oi v(down)

O O
% 4 oz ' |_|
Question(s):

What is the maximum height of the ball?

18 ft

Is it less than the height of the house?

Approach:
Use kinematics.

The ball has a constant acceleration (down) throughout its flight so its average acceleration
equals its instantaneous acceleration.

Use the relationship between acceleration and position for constant acceleration.
The velocity of the ball (but not its acceleration) is zero at its highest point.
Solve motion of ball for two different time intervals

1. Hand to maximum height (Rnow the final velocity)

2. Hand back to hand (Rnow the time interval)

Need to Rnow height of house. Estimate it. Height from _floor to ceiling is about 10 ft. Add
2 feet for floor above ground and space between first and second floor. About 22 ft .

Need to Rnow height of hand when ball released. Estimate it. About 4 ft from ground.
Height of house above release point of ball is about 18 ft.



COMMENTARY

Picture and Given Information:

First visualize the events described.

* What are the important objects and what do they do from beginning to end?
Only the baseball is moving, but its motion is to be compared to the height of the house.
Your brother tosses the ball straight up. After the ball leaves his hand, it travels up, but is
slowing down. The ball reaches some maximum height, before it begins to fall back down to
where he can catch it.

* What is a good perspective from which to sketch the motion?
A side view conveniently shows the position of the ball relative to the height of the house.
Draw the path of the ball down a little offset from its path up.

* Does the motion of the ball change between the beginning and the end of the described
motion?
Yes. From the instant your brother releases the ball upwards, until the instant just before he
catches it again, the ball has a constant acceleration down. That acceleration causes the ball
to slow down as it travels up and speed up as it travels down. At the top of its path, the
instantaneous velocity of the ball is zero but its acceleration is still down. During the actual
throwing and catching, the ball experiences different accelerations but these are not relevant.

Question(s):

* What do I need to find out?
The question is clearly stated in the last sentence. Find the baseball's highest point. Is that
point above the top of the house?

Approach:

» Which general concepts and principles are useful for thinking about this problem? What
kind of problem is it?

Kinematics is a good approach. How far the ball travels depends on its initial velocity and its
acceleration and the time of travel. But the height that it reaches also depends on the height
from which it is tossed. The acceleration is constant the entire time that it is in the air. The
time that it is in the air depends on from what height it is thrown and at what height it is
caught again. It may be useful to break the problem up into 2 time intervals even though the
motion does not change since you are asked for the height up but are given the total time up
and down.

* Do I need to assume any information which is not provided in the problem statement?

Yes. First I need to estimate the height of a two story house. The question asks to compare
the ball's maximum height to the top of the house. Second, I have to make assumptions
about the height from which the ball is thrown. How high the ball gets depends in part on the
height at which he releases the ball upwards. Suppose he releases the ball at shoulder height,
about 4 ft. It is also important to know where he catches the ball. An important piece of
information may be the duration of time for which the ball is in the air. This is affected by
the height at which he catches the ball. For convenience, assume that he catches the ball at
shoulder height.



Summary of Focus the Problem

When you have brought the problem into
focus in your mind and when you have made a
sketch, you have decided upon the essential
features of the problem. Moreover, you know
what you want to find and how you might go
about finding it from the given information. If

this step is completed correctly, you have no
need to refer to the original problem statement
again. In the next step of the problem solving
strategy, you use the ideas, sketch and
information to construct a physics description
of the problem, which in turn makes
determination of a solution easier.

Summary of the Physics Problem Solving Strategy

1. Focus the Problem
¢ Picture & Given Information
* Question(s)
* Approach

2. Describe the Physics
* Diagrams & Define Physics
Quantities
 Target Quantity(ies)
* Quantitative Relationships

3. Plan the Solution

4. Execute the Plan

5. Evaluate the Answer

» Start with equation which has
target quantity(ies)

 Identify other unknowns in
equation

» Solve a sub-problem for each
unknown

* Check Units

* Calculate Target Quantity(ies)

*Is Answer Properly Stated?
*Is Answer Unreasonable?
*Is Answer Complete?




2. Describe the Physics

In the second step of solving a problem,
uses the picture and approach from step 1 to
reduce the problem situation to its essential
physics concepts and principles. This step
involves drawing a physics diagram, defining
the target quantity(ies), and describing the
quantitative relationships that apply to the
problem. Here you specify the object or
objects of interest (the system), the times of
interest, and the positions of interest. You
also specify a coordinate system which will
allow you to define mathematically precise
physics quantities.

Diagram & Define Quantities

The Physics Description reduces the stated
problem to physics quantities which are
related by principles that are expressed
mathematically. Construct this physical
representation of the problem by treating the
real world objects as simplified objects which
can be characterized by a few physics
quantities. Assign unique names to represent
the wvalues of these important physics
quantities at important times. A good diagram
is the most useful tool in physics problem
solving because it provides an easily
understood summary of all the important
information. By carefully examining your
diagram, you can often recognize important
relationships between quantities that might
otherwise be missed.

Although there are different kinds of
diagrams, they all share certain characteristics.
The kind of diagram you use will depend on
your basic approach to the problem. For
example, motion diagrams conveniently
summarize the important information
concerning the motion (positions, times,
velocity, and acceleration) of an object and are
useful in a kinematics approach. Free body
and force diagrams are used for expressing
information about the interactions of objects
and the vector nature of that interaction. They

are useful in an interaction approach using
Newtonian force laws. A good diagram
always has a conveniently chosen coordinate
axes, a simple representation of important
objects, and unique representations of the
values of the relevant physics quantities of the
object at important times.

A good diagram requires coordinate
axes. Coordinate axes provide the reference
which allows you to express positions and
vector directions mathematically. If you
employ more than one axis, then the axes
should be at right angles to each other. Other
than that, the direction of coordinate axes is a
matter of your convenience. You decide
which directions will serve best as the axes,
and you can define the origin of the coordinate
axes as well as the positive direction. This
freedom often enables you to simplify
problems. For example, suppose there is a
problem in which a car slides down a twenty
foot long, icy driveway which is inclined at 10
degrees to the horizontal. You wish to find
the speed of the car at the end of the driveway.
If you choose axes which are horizontal and
vertical, then the problem is difficult because
the car moves along both directions. On the
other hand, if you choose an axis which is
parallel to the driveway then the problem is
simpler because the motion of the car is
entirely along that one direction.

On your diagram important objects
are represented by simple objects, usually
points. More elaborate drawings of the object
provide no useful physics information and
may confuse your mind with irrelevant
information. All of the relevant information
concerning an object and its behavior is
expressed in terms of the interactions of that
object with its environment, and its velocity
and acceleration at each position and time.
For example, in linear kinematics problems,
any object can be considered to be a point.
The size of the object, its shape, or its material
composition are not important. For rotational



motion, on the other hand, the object’s size
and shape may be crucial.

The diagram directly expresses all
useful physics information. For example, a
motion diagram shows the physics quantities
which are relevant to a kinematics description
of a problem. In that description, the motion
of an object is completely determined by its
position, velocity, and acceleration at each
instant of time. In most cases of interest the
motion of an object at one time (final time)
can be predicted from a complete description
of its motion (position, velocity, and
acceleration) at another time (initial time). In
the diagram, the position of an object at the
different times is indicated by separate points.
Next to each point, one arrow is drawn to
indicate the velocity of the object at that
instant. Another arrow is used to indicate the
acceleration of the object at that instant.

Target Quantity(ies)

Once you have constructed a simple
physics diagram, reformulate your original
question in terms of the physics quantities you
have defined. One (or more) of the unknown
quantities in your description represents the
information that you think will answer the
question(s) posed in words in step 1. Identify
that unknown by its symbol.

Quantitative Relationships

The final feature of the physics
description is a list of the quantitative
relationships between the physics quantities
which are applicable to the problem. These
relationships are of two kinds. First, there are
basic principles of physics or mathematics,
which always relate the quantities defined in
your diagram to each other. For example, the
average velocity

is always the change in position of an object
divided by the corresponding time interval to
make that change: vave AX/At.  After
defining the appropriate coordinate axes and
angles the mathematical expression such as
sinb=Vy/V  represents  another  such

relationship. The other type of relationship
which should be included in your physics
description is often referred to as a
relationship of constraint. This relationships
is only true for the specific situation you are
considering.  For example, suppose in a
problem it is stated that the distance traveled
by a car is twice the distance traveled by a
truck.  This establishes a relationship of
constraint between the quantity that represents
the car's position and the one that represents
the truck's positions at some specified time.

In your text you will come across many
equations. Only a few of these, those
corresponding to basic principles and
definitions, belong in the physics description.
Whenever you apply fundamental
relationships to a specific type of problem,
such as those dealing with freely falling
objects, you can develop specialized equations
which are valid only for that problem type.
Since there are many different types of
problems, the specialized equations are not
very useful knowledge, unless you will
encounter that specific situation over and over
again in your work. It is much more practical
to learn the few fundamental relationships and
how to apply them to many types of problems.
Developing the ability to apply fundamental
knowledge to situations you have never
encountered before is the aim of this course
and the emphasis in this booklet.



Focus the Problem

N

construct diagram(s) to
show important space and
time relationships of each
object

#

make sure all symbols
representing quantities
shown on diagram(s)
are defined

¢

state quantitative

relationships from
general principles and

specific constraints

declare a target
quantity

]
]
J
J

e

Plan the
Solution

Describe the
Physics

» What coordinate axes are useful? Which
direction should we call positive?

» Relative to the coordinate axes, where is
(are) the object(s) for each important time?

» Relative to the coordinate axes, what is
(are) the velocity and acceleration for each
object at each important time?
Are other diagrams necessary to represent
the interactions of each object or the time
evolution of its state?

* What quantities are needed to define the
problem mathematically using the
approach chosen?

* Which symbols represent known
quantities?

Which symbols represent unknown
quantities?

* Are all quantities having different values
labeled with unique symbols?

* Does the diagram(s) have all of the
essential information from the sketch?

Which of the unknowns defined on the
diagram(s) answers the question?

What equations represent the general
principle(s) specified in our approach and
relate the physics quantities defined in the
diagram?

* During what time intervals are those
relationships either true or useful?

* Are there any equations that represent
special conditions that are true for some
quantities in this problem?



Example 3: You are a driver who always obeys posted speed limits. Late one night you are
driving on a country highway at 55-mph. Ahead you see a sign that says, "Curve
Ahead 200 ft, Slow to 35 mph." You are 30 feet from the sign when you first see
it. You begin to apply your brakes at the instant you pass the sign. You slow
your car down at a rate of 7-mph each second. As you reach the curve, are you
traveling within the posted speed limit?

Describe the Physics

Diagram & Define Quantities:

X, =0 t,=0 v, =55 mph
Vo Ve
o _— o—> ygf:200ft tf—7 ’Uf—9
- <
a a +x
| | - mph
Xqoto Xg,ty s
Target Quantity(ies):
’(/f =7

Quantitative Relationships:

Since acceleration is constant,

V=T V=170

_tf—to tf

a

instantaneous acceleration equals average acceleration

And

Xf =-;( a)(tf—to)z +“vo(tf—to)ﬂo =%( a)(tf)2 +"°O(tf)



COMMENTARY

Diagram & Define Physics Quantities:
For kinematics problems a motion diagram conveniently shows the velocity and acceleration
of the object at every important position and time. Every diagram has coordinate axes, with
the positive direction clearly indicated, as a reference for defining the positions of the object,
indicated simply by a point (dot), and the orientation of its motion.

* What are convenient coordinate axes?

In this problem, the velocity of the object is always along one direction, so a suitable
coordinate system would be along the direction of the velocity (horizontal) with "+" chosen
to be the direction the object is moving.

* Relative to the coordinate axis where is the object at important times?

Important times and positions are where you know the values of important physical
quantities (velocity and acceleration) of your chosen object, or where you think you may
need to know their value. There are two important positions for the car. Call x, the position
of the car as it passes by the sign, and t, the corresponding time. Call x¢ the position of the
car as it enters the curve, and tf the corresponding time. For convenience take X, to be the
origin of the coordinate system and t, to be the origin of time.

* Relative to the coordinate axis what is the magnitude and the orientation of the velocity of

the object at each important point?
The velocity of the object is parallel to the axis directed to the right. Because the object is
slowing down, the velocity is larger at x, than at xg. Next to each point, add an arrow
indicating the direction and relative magnitude of the velocity of the object at that point.

* Relative to the coordinate axis what is the acceleration of the object at each important point?
The acceleration refers to the change in the velocity. Since the object is slowing down, the
change in velocity is negative, (vf - vo) < 0. Therefore, the acceleration is parallel to the axis
and points to the left.

* For which of the defined quantities do you have a numerical value?

List known values for defined quantities. Also list which quantities are unknown.

Target :
* Of the unknowns defined above, for which do you want to determine a value in order to

answer the question?
Find the speed of the car as it enters the curve. That corresponds to vf.

Quantitative Relationships:
* Which basic physics principles or other relationships of constraint can you use to relate
known quantities to your target ?

In every kinematics problem, the only basic principles are the definition of velocity and the
definition of acceleration. For the special case of constant acceleration, we will use a
relationship derived from those basic principles.

* Are there any conditions which must be satisfied in order for these relationships to be valid?
Yes, the acceleration must be constant.




Example 4: Your younger brother is waiting outside for his friends to come over to play
baseball. While he waits, he becomes restless and begins to play catch with
himself with the 4-o0z. baseball. He makes a vertical toss every 3 seconds. The
ball returns to his hand two seconds after he releases it. Does the ball get as high
as the top of your two story house?

Describe the Physics

Diagram & Define Quantities:

ty
p—l = = ‘-)
yl ’tl__ . V1: 0 Yo 0 to 0 Vo
g¢ Y1 = ? tl =9? V1= 0
y2:y0:O t2:3S V2:?
\A p
=-32
Yol Lo @ gm0y
2 ¢ ¢ v,
gv¥ g Yo is shoulder height
Target Quantity(ies):
y; =? Is it greater than or equal to 18 ft?

Quantitative Relationships:

For constant acceleration
VfE=Vo Vf—7

g

Ctp—t,  ty
A

nd
yf=% 5)(tf —to)Q”o(tf —tO)ﬂo :%( “)(tf )2”"(”)



COMMENTARY

Diagram & Define Physics Quantities:
For kinematics problems a motion diagram conveniently shows the velocity and acceleration
of the object at every important position and time. Every diagram has coordinate axes as a
reference for defining the positions of the object, indicated simply by a point (dot), and the
orientation of its motion.

* What are convenient coordinate axes?

If that the ball travels straight up and down, a suitable coordinate system would be a vertical
axis with the upper side of the origin as chosen as the "+" direction.

* Relative to the coordinate axis where is the object at important times?

Important times and positions are where you know the velocity and acceleration of your
chosen object, or where you think you may need to know their value. Important positions for
the ball are the positions where it is released, where it is caught, and its highest position.

* Relative to the coordinate axis what are the magnitude and the orientation of the velocity of

the object at each important point?
On its way up the velocity of the ball is parallel to the axis directed upwards. The magnitude
of the velocity during this time decreases because the ball is slowing down. As it falls back
down, the ball's velocity is parallel to the axis directed downwards. The magnitude of the
velocity increases as it falls. At its highest point, the ball's velocity is zero at that instant.

* Relative to the coordinate axis what is the acceleration of the object at each important point?
The acceleration refers to the change in the velocity. Since the baseball is slowing down on
the way up, the change in velocity is down or in the negative direction in the chosen
coordinate system. That is the direction of the acceleration. At its highest point, the ball has
zero velocity at that instant but its acceleration is still down. As the ball moves downward, it
speeds up so the direction of the acceleration is still down.

» For which of the defined quantities do you have a numerical value?

List known values for defined quantities. Assume that the ball is released and caught at
shoulder height, about 4 ft above the ground. This means the ball must go 18 ft to reach the
top of the house.

Target :
* Of the unknowns defined above, which do you want to determine a value for in order to

answer the question?
Find the position of the baseball at its highest point. That corresponds to y; on the diagram.

Quantitative Relationships:
» Which basic physics principles or other relationships of constraint can you use to relate
known quantities to your target?
In every kinematics problem, the only basic principles are the definition of velocity and the
definition of acceleration. For the special case of constant acceleration, we will use a
relationship derived from those basic principles.

* Are there any conditions which must be satisfied for these relationships to be valid?
Yes, the acceleration must be constant.



Summary of Describe the Physics
When you have completed the physics
description, you have reduced the problem to
its essentials. You have defined the quantity
to be found and all of the quantities about
which useful information is known, or can be
reasonably assumed. You have also specified

the quantitative relationships which link
unknown quantities to known quantities. In
the next step of the problem solving strategy,
you translate this physics description into a set
of mathematical equations with a prescription
of how to use those equations to determine the
target quantity.

Summary of the Physics Problem Solving Strategy

1. Focus the Problem
e Picture & Given Information
*  Question(s)
* Approach

2. Describe the Physics
* Diagrams & Define Physics
Quantities
* Target Quantity(ies)
* Quantitative Relationships

3. Plan the Solution

4. Execute the Plan

5. [Evaluate the Answer

 Start with equation which has
target quantity(ies)

* Identify other unknowns in
equation

* Solve a sub-problem for each
unknown

* Check Units

» Calculate Target Quantity(ies)

Is Answer Properly Stated?
Is Answer Unreasonable?
*[s Answer Complete?




3. Plan the Solution

The goal of planning the solution is to use
the quantitative relationships between the
quantities defined in the physics description to
create a set of equations which is sufficient to
determine the value(s) of the target quantity.
In the process of creating this set of equations,
you automatically create a logical chain of
mathematical operations that will allow you to
compute a solution to the problem.

Construct the Solution

Always begin with an equation, one of
your quantitative relationships from the
Physics Description, which contains the target
quantity. This will ensure that your
mathematical efforts will actually solve the
problem you want. After writing this
equation, examine it to see which quantities
are known and which are unknown. It is
useful to keep a list of the unknown quantities
as they occur in the equations. If you only
have one unknown, the target, then you're
done.

Usually there will be more than one
unknown in this equation. If you have more
than one unknown, return to your quantitative
relationships to write down a different
equation which contains this new unknown.
You can consider this the beginning of a new
problem, a sub-problem. To solve your
original problem, you must solve the sub-
problem first. Solving a sub-problem does not
require getting a numerical answer. You only
need to solve for the sub-problem target
unknown in terms of unknown quantities
which have already been addressed earlier in
the problem plan.

Check to see if a new equation introduces any
new unknowns which were not already in
previous equations. If so add them to your list
of unknowns as they occur and solve for each
unknown as a further sub-problem. If not then
combine the equations to determine a value
for the target unknown. If other unknowns

have been introduced, return to your
quantitative  relationships and construct
different equations containing the new
unknowns. And so it goes, until your only
unknown is the problem’s target or you run
out of different equations you can construct.
If you run out of equations, either the problem
has no solution, one of your unknowns does
not actually determine the behavior of the
object and will algebraically cancel out of the
solution, or your Physics Description is
incomplete. Go back and check your picture
and approach to see if there is some
information your left out of your Physics
Description, or if your qualitative physic
reasoning tells you that one of your unknowns
is superfluous.

Remember, the rules of algebra are strict.
You cannot change the equations so that the
math works out. Usually a careless algebra
error is due to not taking enough time with
each step. It happens to everyone. One
technique you can use to find such an error is
to check the units of each term of each step of
your algebra, starting from where you are and
tracing back to the beginning.

Do not waste time plugging in numbers at
intermediate  stages. Sometimes many
potential calculations will cancel out in the
algebra. Of course it is always useful to put in
the value of any quantities that are zero.

Check the Units

After you have an equation in which the
only unknown is the target quantity, check
your units to see if you have made a
mathematical mistake. If you find your units
don’t balance, look back through your plan to
find the mistake and correct it.

The old adage "You can't add apples and
oranges." applies here. All terms which are
added together (or subtracted) in your
equation must have the same type of units.
The earliest step in which this is not true is the
step where you made your mistake. For
example, in the equation:



de type of units. If x is a distance: a, (bc) and
X=a+(bc)+T P (be)

(de/f) must all have the units of distance (e.g.
X, a, (bc), and (de/f) must all have the same

-18

ft, meters, km, mm, inch).

Calvin and Hobbes / By Bill Watterson

QUIZ: How Far apart were Jack
Jack and Joe leave Uheir | and Joe when they started ?
homes at {he same time and
drive toward each ather. Jack J
drives at &0 mph, while Joe

| drives at 30 mph, They pass
| each other in 10 minutes.
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Describe the Physics

N

choose one of the
quantitative relationships
which involves the target
quantity

are there additional
unknowns

choose a new equation from
your quantitative

relationships which involves
the new unknown

solve the equation for
the desired unknown
and substitute into the
previous equation

!

solve for the target
quantity and check the
units of the result

e

Execute the Plan

Plan the
Solution

* Which quantitative relationship includes

the target quantity?
For what object does that equation apply?
For what time interval does that equation

apply?

Are there any unknowns in the equation
other than the target quantity?

Are there any unknowns that cancel out in
the algebra?

Which quantitative relationship includes
the unknown quantity?

For what object does that equation apply?
For what time interval does that equation
apply?

Is this equation different from those
already used in this problem?

What unknown is the target of this specific
equation?

Which previous equations have that
unknown?

Are there any quantities that cancel out in
the algebra?

After all the substitution for unknowns, is

the only unknown left the target quantity?

Are the units the same on both sides of the
equation?



Example 3: You are a driver who always obeys posted speed limits. Late one night you are
driving on a country highway at 55-mph. Ahead you see a sign that says, "Curve
Ahead 200 ft, Slow to 35 mph." You are 30 feet from the sign when you first see
it. You begin to apply your brakes at the instant you pass the sign. You slow
your car down at a rate of 7-mph each second. As you reach the curve, are you
traveling within the posted speed limit?

Plan the Solution

Construct the Solution:

unknowns
Tiﬂde Vf
V¢ —V
a=—2° 1] t,
ty

Xt Z_;( a)@f)szVo(tf) 2]
0:%( a)@f)zwo@f)“xf
—V, i,/voz +2ax ¢

tf:

(a)
Vi —Vo
a= >
—Voi\/v0 +2ax ¢
()
+ 2
—V, vy +2ax¢
a =Ve—V,

(a)

2 ..
T4V +2axs =V velocity is + when car reaches the curve
2
1’V0 +2ax¢ =V¢

Check Units

(mT* [m] - ‘/Fgﬂzjr_rﬂ
\/LSJ T s oK




COMMENTARY

Equation #1:

1) What's a specific equation from your quantitative relationships involving the target quantity?
The definition of average acceleration includes the target quantity vy.

2) Are the signs in front of the quantities in the equation consistent with the diagram?
Yes. The acceleration is negative and the initial velocity and final velocity are positive.

3) Are there any additional unknowns in this equation?
Yes. tris a new unknown. Finding it is a sub-problem.

Equation #2:

1) What's a specific equation from your quantitative relationships involving the new unknown?
For constant acceleration the relationship between acceleration and position includes the
unknown tr.

2) Are there any unknowns in this equation which do not appear in the previous equation?
No!

3) Since there are no additional unknowns, solve the sub-problem. Solve equation 2 for tf and
put it into equation 1.

4) Choose the sign which physically agrees with the solution you desire. The other sign is also a
physical solution to the problem. Understand what it represents also. In this case if the car
continued to move with a negative acceleration, its velocity would change direction and some
time later it would return to the sign moving in the negative direction.

Check the Units:

* Do additive quantities have the same units?
Yes.

* Are the units the same as those expected for the target quantity?
Yes.



Example 4:

Your younger brother is waiting outside for his friends to come over to play
baseball. While he waits, he becomes restless and begins to play catch with
himself with the 4-o0z. baseball. He makes a vertical toss every 3 seconds. The
ball returns to his hand two seconds after he releases it. Does the ball get as high
as the top of your two story house?

Plan the Solution

Construct the Solution:

unknowns
Find M . i
y| :5( ‘g)(tl)2+Vo(t1) [1] motion of ball up Vosty
0-v,
g= t
£ =2
g

Find v,

0=3( D6) o) 13

1
0 :E( g)Z Vo

1
'E gh =V,

(-1 )2
- \5 gty
= »
i
=— ot
M| 3 gh
Check Units:

N

T

motion of ball up and back down

OK



COMMENTARY

Equation #1:

1) What's a specific equation from your quantitative relationships involving the target quantity ?
For constant acceleration the relationship between acceleration and position includes the
target quantity yp if we consider only the motion of the ball from the instant after it
leaves the hand until it reaches the top of its path.

2) Are there any additional unknowns in this equation?

Yes. t] and v, are new unknowns. Finding them will give rise to sub-problems.

Equation #2:

1) What's a specific equation from your quantitative relationships involving one of the new
unknowns ?

The definition of average acceleration includes the target quantity t;. We could have
chosen to solve for v, first but either way is OK. Since we want t|, we consider the
motion of the ball from just after it leaves the hand until it reaches the top of its path.

2) Are there any unknowns in this equation which do not appear in the previous equation?
No!

3) Since there are no additional unknowns, solve the sub-problem. Solve equation 2 for t; and

put it into equation 1. Some algebra can now simplify equation 1.

Equation #3:

1) What's a specific equation from your quantitative relationships involving the other of the new
unknowns ?

For constant acceleration the relationship between acceleration and position includes the
unknown v, if we consider only the motion of the ball from the instant after it leaves the
hand until just before it reaches the hand again. Because we are considering a different
part of the ball’s motion than before, this is a “new” equation.

2) Are there any unknowns in this equation which do not appear in the previous equation?
No!

3) Since there are no additional unknowns, solve the sub-problem. Solve equation 3 for v, and

put it into the results of equation 1 and equation 2. This determines the target quantity.

Check the Units:

* Do additive quantities have the same units?
There are no additive quantities this time.

* Are the units the same as expected from the target quantity?
Yes.



Summary of Plan the Solution

The purpose of this step of the problem
solving strategy is to use the quantitative
relationships from your physics description
to generate a set of equations that can be
used to solve for the target quantity. The
result of this plan is the logical development
of a solution which is easy to follow and
check for mistakes. The plan requires
decisions about which relationship to use
when faced with an unknown quantity. As
long as you always use new equations for
each unknown, you will reach the solution.
Unlike the world of consumption, in the
world of physics, recycling a used equation

is a bad idea. Reusing an equation adds no
new information so it cannot give you the
additional help you need to find a new
unknown.

Checking units is important since it will
save you from the algebraic mistakes that
everyone makes. If your solution plan is
neat and logical, you will usually find your
mistake.

So far you have determined what is
needed to solve the problem quantitatively
and how to perform that solution, but no
numerical values have been used. In the
next step you will execute the plan in order
to find a numerical answer to the problem.

Summary of the Physics Problem Solving Strategy

1. Focus the Problem
* Picture & Given Information
* Question(s)
* Approach

2. Describe the Physics
+ Diagrams & Define Physics
Quantities
» Target Quantity(ies)
* Quantitative Relationships

3. Plan the Solution

4. Execute the Plan

5. Evaluate the Answer

e Start with equation which has
target quantity(ies)

* Identify other unknowns in
equation

* Solve a sub-problem for each
unknown

* Check Units

* Calculate Target Quantity(ies)

*Is Answer Properly Stated?
*Is Answer Unreasonable?
Is Answer Complete?




4. Execute the Plan

By the time you reach this step, most of
the work has been accomplished. You have
gone from a qualitative understanding of the
problem to an equation which represents the
mathematical solution to the problem. The
next step is to obtain a numerical value for
your target quantity(ies).

Calculate the Target Quantity(ies)

When you finally have reduced the
problem to a single equation you are ready
to answer the question raised by that
problem by calculating a value for the target
quantity. Your equation consists of physics
quantities which have units. Their value
depends on their units. (12 inches is
certainly different than 12 feet.) Your final
calculation will only be meaningful if all of
the physics quantities are expressed in a
consistent set of units.

For example, suppose you want to
calculate the value of the speed of a child as
she runs a race with her older brother. The
child is given a head start of 20 ft. Her older
brother begins at the starting line of a 50 m
track. She crosses the finish line in 15
seconds. How fast is she running on
average? Using the definition of average
velocity, vave = (Xf - X0)/At. Atis 15 sec, but
what values do you put in for xf and x¢?
You would not subtract 20 from 50 because
the "20" is a number of feet, while the "50"
is a number of meters. You must first
convert the number of feet into its
equivalent number of meters (or vice versa).

Treat the units as if they were algebraic
quantities. The same units in the numerator
and the denominator give you 1 (i.e. the
units cancel).

feet
feet —

But be careful, if you have

feet + meters
feet

You cannot "cancel" the feet. For the above
example, your final equation is:

_ (xr-x0)
Vave ™ (tr - o)

(50 meters - 20 feet)
Vave = 15 s

This equation is completely correct, but you
cannot extract a useful answer as it stands.
If you want an answer in m/s, you must
convert 20 feet to meters. On the other
hand, if you want an answer in ft/s, convert
50 m to feet. Which expression you use
depends on which set of units you want for
your answer.

To change the units of a quantity
without changing it value, you can only
multiply that quantity by 1. You can
express 1 as the ratio of two types of units
whose denominator is the unit you wish to
remove and whose numerator is the unit you
wish to have. For example, to change a time
in minutes to one in seconds multiply by 1 =
(60 s/1 min). In the runner example, change
ft to m by multiplying the quantity in ft by

1 =(1m/3.3 ft):

(50m — (20ft)(%))

v =
ave (ISS)
(50m -6 m)
Vave = 15 s
44m m
Vave =5 =297



T Execute
4 1
o e\’i” ron the Plan

put in the numerical value
and units for each quantity in
your equation for the target
quantity

Y

Yes check that each additive
term of the solution has the
same type of units

* Which values (numbers with units) from
the physics description should be put into
the equation for the target quantity?

* Do you need to convert units?

*No

change additive terms to

same units by multiplying

the term to be changed by

1 expressed as a ratio of
units

Y

calculate the numerical value
of the target quantity by
combining the numbers with
arithmetic and the units with
algebra

* What ratio of units equals 1?

2 A U A

» Use a calculator for the numbers and
algebra for the units.
V * Do any units cancel?
convert units as necessary to
simplify the expression for the
target quantity in terms of an
understandable set of units
and answer the question

.

J
/ * Do we need to convert any units?
» What is the most reasonable set of
Ev a l uate t h e S 0 l U tl' on consistent units for this problem?




Example 3: You are a driver who always obeys posted speed limits. Late one night you are
driving on a country highway at 55-mph. Ahead you see a sign that says, "Curve
Ahead 200 ft, Slow to 35 mph." You are 30 feet from the sign when you first see
it. You begin to apply your brakes at the instant you pass the sign. You slow
your car down at a rate of 7-mph each second. As you reach the curve, are you
traveling within the posted speed limit?

Execute the Plan

Calculate Target Quantity(ies):

‘/v% +2axf =vyr

(ml\
(ssﬂ) 2|7h”|(200ﬁ)—vf

J3025(hﬂ) —2800K rsec)(ﬁ = v,

J3025(””) - 2800\hrsec) (f)=v;
( —
min  hr J(ﬂ) Vs

60sec 60min

Jsozs(m’) - 2800(3600)(}%) (f)=v;

(ﬂ 3 mi
J3025\ ) 2800(3600th2)(f)[5280ﬁ)

( mi mi*
J3025\—) ~1909 =5 | = vy

J3025-1909 (m ) =v/= 33%
r

You are under the speed limit of 35 mph.



COMMENTARY

Calculate Target Quantity(ies):

* Are the additive quantities in the same units?
No. Need to change seconds to hours and feet to miles.
1 = (1 min)/(60 s)
1 = (1 hr)/(60 min)
1 = (5280 ft)/(1 mi)

Final units are in mi/hr to compare with problem question.



Example 4:  Your younger brother is waiting outside for his friends to come over to play
baseball. While he waits, he becomes restless and begins to play catch with
himself with the 4-o0z. baseball. He makes a vertical toss every 3 seconds. The
ball returns to his hand two seconds after he releases it. Does the ball get as high
as the top of your two story house?

Execute the Plan
Calculate Target Quantity(ies):
1,
1= 8b

8
w1l asy

This is less than the 18 ft needed to reach the top of the house.



COMMENTARY

Calculate Target Quantity(ies):

* Are the known values for different quantities in the final equation expressed in units,
consistent with the units you want for the target quantity?
Yes. You want value of the target quantity to have units of feet. The acceleration is given in
ft/s2 and the time is given in seconds.



Summary of Execute the Plan Physics. Now you have a solution to the
physics problem. But is it a good solution?
The result of this step 1is the Addressing that issue is the aim of the last

determination of those unknown quantities step of the problem solving strategy.
that you set out to find in the Describe the

Summary of the Physics Problem Solving Strategy

1. Focus the Problem 3. Plan the Solution
* Picture & Given Information  Start with equation which has
* Question(s) target quantity(ies)
* Approach  Identify other unknowns in
equation
2. Describe the Physics * Solve a sub-problem for each
* Diagrams & Define Physics unknown
Quantities * Check Units
» Target Quantity(ies)
* Quantitative Relationships 4. Execute the Plan

e Calculate Target Quantity(ies)

5. Evaluate the Answer
Is Answer Properly Stated?
Is Answer Unreasonable?
*[s Answer Complete?




5. Evaluate the Answer

When you reach this step, you have
calculated a quantitative solution and
answered the question posed by the problem.
You are not quite done since the goal of
problem solving is to get a correct solution.
In this final step, you evaluate your work by
checking your answer and determining if that
answer actually resolves the original problem.
The important features of evaluation can be
summarized in the following three questions:

Is Answer Properly Stated?

First, you must make sure that the value
you write down is clearly and properly
expressed. Remember that most physics
quantities have units. Check that your
answer has appropriate units. For example, a
quantity which represents a distance or
position should have units of distance (e.g.
meters, feet, miles). Some quantities can be
either positive or negative. Make sure that
you have the proper sign for the value you
obtained. Vector quantities are described
by both a magnitude and a direction. If
your answer is a vector, be sure you give both
its magnitude and direction. Also, make sure
that the direction is defined with respect to
the coordinate system used in your physics
description.

Is Answer Unreasonable?

Second, check if the answer you determined
is unreasonable in either magnitude or
direction. 1f the numerical answer is very
much larger or much smaller than the value
you would have expected from how you know
things work, then you have probably made an
error in your solution. For example, cars do
not travel at 1000 mph and atoms are much
smaller than 1mm. If your plan is logical and
clearly written, you can backtrack and fix the
mistake. A common mistake would be
algebraic or the use of inconsistent units. It is
also possible that the mathematics given in

2-32

your plan is correct and your execution of that
plan is perfect but your application of physics
is incorrect.  This 1is actually the most
common difficulty. An erroneous physics
description usually leads to weird answers. If
your answer 1s unreasonable, check your
physics description. Are all your quantities
given unique names? Do the signs of vector
quantities agree with your coordinate system?
Are all relevant interactions represented on
your diagrams?

Another way to evaluate your answer is
to estimate the value it should have using a
simpler version of the problem. For example,
if the question is to determine how far an
object, accelerating in the same direction as
the velocity, travels over a certain interval of
time, you can ask the simpler question, "How
far would the object travel during that time if
it were moving at its original speed?"
Because the object is accelerating, the answer
to the original problem should be greater than
the answer to the simpler problem.
Sometimes a simpler problem results if you
consider extreme values of some of the
quantities in your problem. For example for
an object moving down an ramp, it should not
accelerate if the ramp were horizontal (ramp
angle equals zero). On the other hand, the
motion should be free fall if the ramp were
vertical (ramp angle equals 90 degrees).

Is Answer Complete?

Third, having determined a numerical
answer which is not unreasonable and is
properly expressed, you need to ask the
ultimate question, "Is your answer a solution
to the problem?" Sometimes the answer to
this question is trivial. For example, a
problem might ask, "What is the frictional
force on the car as it begins to move?" If the
quantity you have solved for represents the
frictional force,

then you are done. However problems often
require comparisons or judgments. In these



cases the numerical answer simply provides Determine whether your numerical value
the information on which you base your resolves the original problem, by quickly read

judgment.

what you have written in that Focus the
Problem step.

Latin comwulsions

Physics § loundering

rT—Tr u'l g

Wood shop apathy Bucic Stupidity

Classroom afflictions



Execute the Plan

\

check that answer
is properly stated

l

OK check that answer
is not
unreasonable

unreasonable

review problem solution

determine if
answer is
complete

1
J
J
J

e

A Good Solution

Evaluate the
Answer

* Do the units make sense?

* Do vector quantities have both magnitude
and direction?
If someone else read just your answer,
would they know what it meant?

* Does the answer fit with your mental
picture of the situation?

* Is the answer the magnitude you would
expect in this situation?

* Do you have any knowledge of a similar
situation that you can compare with to see
if the answer is reasonable?

 Can you change the situation (and thus
your equation for the target quantity) to
describe a simpler problem to which you
know the answer?

* Is your physics description complete?

* Are the definitions of your physics
quantities unique?

* Do the signs of your physics quantities
agree with your coordinate system?

* Can you justify all of the mathematical
steps in your solution plan?

* Did you use units in a consistent manner in
your execution?

* Is there a calculation mistake in the
execution?

Have you answered the question from the
Focus the Problem step?

* Could someone else read and follow the
solution plan?

* Are you sure you can justify each
mathematical step in the plan?



Example 3: You are a driver who always obeys posted speed limits. Late one night you are
driving on a country highway at 55 mph. Ahead you see a sign that says, "Curve
Ahead 200 ft, Slow to 35 mph." You are 30 ft from the sign when you first see it.
You begin to apply your brakes at the instant you pass the sign. You slow your
car down at a rate of 7 mph each second. As you reach the curve, are you
traveling within the posted speed limit?

Evaluate the Answer:

Is Answer Properly Stated?

Yes. A speed has been calculated and the appropriate units are miles/hour.
The positive sign has been chosen to correspond to the situation.

Is Answer Unreasonable?

No. 33 miles/hour is a typical speed for a car on a road. It is less than your
initial speed which is reasonable because you are braking.

Is Answer Complete?

Yes. The car’s speed was compared to the speed limit to answer the question.
All steps in the plan are justified.



COMMENTARY

Is Answer Properly Stated?

* Does the value of the car's velocity include proper units?
Yes, miles/hour corresponds to the units of velocity.
* Does the sign indicate the direction for the car's velocity?

It is clear from the diagram that the velocity should be positive.

Is Answer Unreasonable?

o Is the car's velocity unreasonable in magnitude?
No. The car's final velocity is less than its initial velocity, and is close to 35 mph. You have
direct experience that cars travel at that speed.

Is Answer Complete?

* Does this value of the car's velocity answer the original question?
No, but the question was answered by comparing that value to the speed limit.

*  Could someone else read and follow the solution plan? Can you justify each mathematical
step in the plan?

Yes, all steps are written down clearly and in a logical progression. The goal of each new
equation introduced is given.



Example 4: Your younger brother is waiting outside for his friends to come over to play
baseball. While he waits, he becomes restless and begins to play catch with himself with the 4
oz. baseball. He makes a vertical toss every 3 seconds. The ball returns to his hand two seconds
after he releases it. Does the ball get as high as the top of your two story house?

Evaluate the Answer:

Is Answer Properly Stated?

Yes. The position of the ball is calculated in appropriate units, feet. The
position is positive .

Is Answer Unreasonable?

No. A boy could throw a ball 16 feet straight up.

Is Answer Complete?

Yes. The position is compared to the height of the house.
All steps of the plan are justified.



COMMENTARY

Is Answer Properly Stated?

* Does the value of the ball's maximum height include proper units?
Yes. Feet correspond to units of distance.

* Does the sign indicate the position of the ball's maximum height?

It is clear from the diagram that the sign of y1 should be positive.

Is Answer Unreasonable?
* Is the ball's maximum height unreasonable?

No. You have direct experience with people throwing balls.

Is Answer Complete?
* Does this value of the ball's height answer the original question?
No, but the comparison with the estimate of the height of a two story house is made.

*  Could someone else read and follow the solution plan? Can you justify each mathematical
step in the plan?

Yes, all steps are written down clearly and in a logical progression. The goal of each new
equation introduced is given.



Summary of Evaluate the Answer your answer. Passing these three checks
doesn't guarantee that your answer is

The evaluation performed in this step is a correct, but this step is a very efficient way

good way of preventing many mistakes by of detecting difficulties.

just taking a little bit of time to reflect on

Summary of the Physics Problem Solving Strategy

1. Focus the Problem 3. Plan the Solution
* Picture & Given Information  Start with equation which has
* Question(s) target quantity(ies)
* Approach * Identify other unknowns in
equation
2. Describe the Physics * Solve a sub-problem for each
» Diagrams & Define Physics unknown
Quantities * Check Units
 Target Quantity(ies)
* Quantitative Relationships 4. Execute the Plan

* Calculate Target Quantity(ies)

5. Evaluate the Answer
*Is Answer Properly Stated?
*Is Answer Unreasonable?
*Is Answer Complete?




FOCUS the PROBLEMPicture and Given Information

Question(s)

Approach

DESCRIBE the PHYSICS
Diagram(s) and Define Quantities

Target Quantity(ies)

Quantitative Relationships



PLAN the SOLUTION
Construct Specific Equations

Check Units

EXECUTE the PLAN

Calculate Target Quantity(ies)

EVALUATE the ANSWER

Is Answer Properly Stated?

Is Answer Unreasonable?

Is Answer Complete?

(extra space if needed)



