Using math in physics:
What’s the problem?
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This is an interactive talk!

If you have Chrome, Firefox, or Safari browser
on a tablet, or laptop, send it to

http://app.tophat.com/e/132795

or scan the QR code at the right.

Then choose to log in as a guest
(button on the lower right of the screen);
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Who are we?



At what level do you currently teach?

1. Pre-college

2. Community college
3. 4-year college

4. University




What population of students do you teach?
(Select all that apply.)

High-school students

Mixed population of college students
Physics majors at the intro level
Physics majors at the advanced level
Engineering students at the intro level
Life science students at the intro level
Non-major specialized course

N U s W E




Do we have a problem?

| often find that my students have difficulty
using math in physics.
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A problem my life-science students
have trouble with



A problem my life science/pre meds
have trouble with

*What is 3% divided by }?




A problem they don’t have trouble with

* For the faculty-student get together you ordered 4 small pizzas
divided into quarters. The faculty ate two slices.
How many students can have a slice?
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A problem my engineering students
have trouble with



A problem my engineers have trouble with

* The Electric field is defined by
E=F/q

where q is the charge on the test (probe) charge.
*If g is replaced by g/3 what happens to E?




A problem my physics majors
have trouble with



A problem my physics majors
have trouble with*

* A square loop of wire is centered
on the origin and oriented as in
the figure. There is a space-
dependent magnetic field

— A

B = B,yk

e [f the wire carries a current, |,
what is the net force on the wire?
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* @riffiths, Introduction to Electrodynamics (Addison-Wesley, 1999).
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Two paths to a solution

m Student A m Student B
m Huh! Looks pretty I'm pretty sure they
simple — like a want us to do the
physics 1 problem. vector line integral
m [he sides cancel around the loop. From a video of
so | can just do F= g[)ldL X B two physics majors
L L. ’ working together
F=ILXB It's pretty to solve a problem

in a third-year
E&M course.

on the top and bottom straightforward.
where B is constant. The sides do cancel,

but | get the top and
. bottom do too, so the
F = IL?B,j answer is zero.

8 What do you think happened next? 14

m Gonna get
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What do you think happened next?

1. Student A (it’s simple) immediately yields to student B
(1 did the integral).

2. Student B (I did the integral) immediately yields to student A
(it’s simple).

3. They said, “Let’s figure out why these don’t agree,”
and worked together to resolve the discrepancy.

4. They immediately gave up and called a TA over and asked what the
answer was.




No argument!

e Student A immediately folded his cards
in response to student B’s more mathematically
sophisticated reason and agreed she must be right.

* Both students valued (complex) mathematical reasoning
(where they could easily make a mistake)
over a simple (and compelling) argument
that blended math and physics reasoning.

* The students’ expectations that the knowledge
in the class was about learning to do complex math
was supported by many class activities.



What’s missing in all three examples

*|In each case, students fail to “make the blend”
— combining information
about mathematical symbols

with knowledge about
what those symbols represent.



Do we care?



Mathematical modeling is an essential part of
learning to do and understand science.

* For physics majors, it’s fairly obvious.
Every advanced class is about the heavy
use of math to describe physical systems.

* For engineers, it’s fairly obvious. They use
math to describe physical systems.

* For life science students and pre-meds,
it’s dicey. They rarely use math
to describe physical systems in intro classes.
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Physics is the best place to learn to reason about

—_——r

the world mathematically! l"
However...

* Many non-physics STEM majors succeed
in their intro level courses by memorizing

facts, algorithms, and heuristics. It's not just
IPLS students!
* Most have never seen an example Chemists and

where using math engineers too!
improves their professional understanding.

* We need to negotiate a change in student expectations

10/23/21 AAPT Chesapeake Section 20


Presenter Notes
Presentation Notes
SFFP explicitly wants these students to learn to reason quantitatively.


®
The Math:
Some observations from ed research with life science students

* My students often see math as inappropriate in biology.
* As a result, they often resist thinking about the math.

» My students often find that despite A’s in calculus, [AbAdHA
, instructors out
they can’t do the math | ask them to do. there seeing
* Even though the math is trivial algebra? What’s up with that? this as well?

* My students are desparate to put numbers in right away

and hate doing symbolic problems without numbers.
* And they want to drop the units, only putting them in at the end. (Engineers too)

* My students prefer lots of plug-and-chug “practice problems”
rather than a few “thinking problems.”
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Presenter Notes
Presentation Notes
These are biologists and pre-meds, but does any of this resonate with your engineers?


So let’s add to our learning goals

 Students will learn to use math effectively
in science, including being able to:

 Calculate the value of simple expressions and
solve simple equations when the equations are given.

* Work with equations in symbolic form including manipulating
them and interpreting them for physical implications.

* Generate appropriate symbolic equations describing physical
situations for which no explicit numbers are given.

* Reason about physical situations using symbolic How often

mathematics both qualitiatively and quantitatively . ENIEE
. our IPLS students

to do more
than the first?
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Presenter Notes
Presentation Notes
As physicists, we know the value of using symbolic math as part of our reasoning about and modeling the real world. A physics class is an appropriate place for life science students to learn this.


What's going on?



Math in science is not the same as math in math

* Math in math classes tends to be about numbers
(and the structure of abstract relationships).
Math in science is not.

* Math in math classes tends to use a small number of symbols
in constrained ways. Math in physics uses lots of symbols
in different ways.

* The symbols in science classes often carry meaning

that changes the way we interpret the quantity. When we do a derivation

* In introductory math, equations of an equation we are
are almost always about solving and calculating. Rl BTl le R L) B
In physics it’s often about Intro physics students

explaining and making meaning. rarely understand that
this is what we are doing.
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Meta-misconceptions

* While some students may indeed lack mathematical skills,
many (in my experience) can “do the math”
when it’s expressed as math.* (At least after a brief review.)

* More serious problems (that are not easy to remedy
by a review class or by math “drill-and-kill” activities)
are students’ inappropriate expectations about

* the nature of the knowledge they are learning
(epistemological misconceptions)

* the nature of what mathematical symbols
are being used to represent
(ontological misconceptions)

* Torigoe & Glasdding, AJP 79 (2011) 133-140
Meltzer, King, & Jones, many AAPT talks (2016-2020)




The key
* The critical difference in the way we use math in science ™
Is that our symbols do not just represent numbers.

* In physics, symbols represent a mapping of physical meaning
into mathematical symbols that blends together
e our conceptual knowledge of the physical content and

 our structural knowledge of mathematical relationships
and processes.

* Making this blend is a non-trivial mental process
that is rarely taught explicitly.
How can we teach it?



What can we do about it?



Teaching the blend '@ﬂ‘y“

* One way to begin to approach teaching the blend
Is to be more explicit about identifying and teaching
the core types of reasoning we use in the blend.

* | have created a math-in-science toolbelt
with specific analytic and problem solving strategies.

* | teach these tools (“epistemic games”) explicitly .

* Every time | use them (in class or in the text)
students see an icon that appears
to remind them that we are using that tool.



We can teach the blend through -}Egu-s
general purpose tools / strategies

Reading the physics

Dimensional analysis

in a graph
Estimation ‘Q Telling the story
Functional dependence/ Diagrams

scaling

Special and extreme cases

Anchor equations

L
\Qg Building equations

Toy models from the physics

10/23/21 https://www.compadre.org/nexusph/course/Building_your_mathematical_toolbelt



https://www.compadre.org/nexusph/course/The_repackaging_tool_Changing_physics_equations_to_math_(and_back)

Skills apply to all topics.

* Adding a focus Light
on developing math skills Oscillations
doesn’t add new topics. Electricity

* [t modifies the way we teach Fluids
topics we already include. Thermodynamics =4

Mechanics

* It does require us to be “meta”
— to be explicit about tools
since students don’t easily

generalize.

10/23/21
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Presenter Notes
Presentation Notes
Not time to talk about all of these. Let’s pick a couple to give some examples of how this works.


These are discussed

The ontological tools: in detail in my papers
What kinds of things are our symbols?

B L RN A
\L Dimensional

. , I .
T~ analysis _

At Not numbers!

>3 M Measurements!
Q Units matter!

in the 9/21 & 10/21 TPT.
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Without the skills of dimensional analysis and estimation,
10/23/21 the numbers in our problems have no physical meaning!




Reading the physics in a graph //

* One of the best ways to help students build the blend
is through interpreting graphs.

* Graphs are a powerful tool for making sense of what'’s
happening physically, but many students see a graph
as an answer — something the teacher assigned them

to do.

* Learning how to interpret graphs both physically and
mathematically is something they need to learn.


Presenter Notes
Presentation Notes
One of the tools that helps students to both focus on reasoning using powerful general principles and learning to make the blend are identifying anchor equations.


A tilted airtrack has a spring at one end. A cart on it is pressed ":9
against the spring and released. The cart bounces up and down. |

The graph represents the velocity of the cart as a function of time
starting at the moment of release. Positive is to the left of the diagram &

=

Which of the letters on the graph can D”‘ ﬁ._._-|?*'““g--- \
identify an instant of time - i
at which the cart is

g

. e

glider | Tl |

‘— lair track |

1. instantaneously not moving
in contact with the spring

- o =

moving down the track

o Q

at its highest point on the track

-

bk W N

has an acceleration of zero.


Presenter Notes
Presentation Notes
An example of reading multiple physical bits of information off a graph. Very challenging if you haven’t made the blend since this is a velocity graph. Students often want to read it as a position graph.

https://www.compadre.org/nexusph/course/Reading_the_physics_in_a_graph

Toy models

* One of the most powerful tools we use in physics
in learning to make sense of the world with math are toy models.

* We consider the simplest possible example that

shows a phenomenon and beat it into submission

— until we understand it completely.
* These are extremely valuable starting points

for building more complex models of realistic situations.

* The problem is that biologists
(and engineers) tend to want to
focus on realistic situations.

s UGH. -

WHERE HM_I? 1
Q F/0000 005»%’

This leads them to see toy models

as bogus and irrelevant.

wHAT HELF’ =
g ol &
HUH, LOOKS LKE PHYSCS
\ PROFESSORS DONT LIKE
WORKING IN FRICTIONLESS
up.cums HFTE_R ALL.
THE«RE
o5 SIS
207 W || oo |2 A



Presenter Notes
Presentation Notes
Biologists use toy models in intro classes but tend not to admit it!


Q. .Real springs only follow the Hooke's law model
@ " for small displacements around their rest length. ;
Which graph might represent T (tension — @
pos for stretch, neg for squeeze)
vs L (length) for a real spring?

ey

A real spring behaves as follows:

* stretching from its rest length, L L
it obeys Hooke's law for a small stretch.

* As you stretch it further, it gets stiffer
as the coils begin to bend.

* Eventually it straightens out into a long straight @ | @ m
wire which is very hard to stretch.

* |f you keep pulling harder, the wire suddenly
stretches easily and breaks.

together and you can squeeze very hard without
getting much compression.

* |f you try to compress it, the coils get pushed o ' | ' / ; -


https://www.compadre.org/nexusph/course/Reading_the_physics_in_a_graph
https://www.compadre.org/nexusph/course/Toy_models

Anchor equations

Ny

* Anchor equations provide stable starting points

for thinking about whole blocks of p
* They are the central principles that

nysics content.

orovide a foothold

— a starting point for organizing our understanding

of an entire topic.
* Coding for conceptual knowledge

* A good starting point for unpacking
other relevant knowledge

* A good starting point for solving problems


Presenter Notes
Presentation Notes
One of the tools that helps students to both focus on reasoning using powerful general principles and learning to make the blend are identifying anchor equations.


An example: Kinematics concepts (blended) i

* The average velocity is given by the change in position
(How far did you move?) divided by the time interval
(How long did it take to do it?).

* The average acceleration is given by the change in velocity

(How much did it change?) divided by the time interval
(How long did it take to do it?).

- >_Ax _dx
Y VT e
Av dv
<a>=— a = —

At dt



Unpacking
the anchor equations

For a uniform rate of
change, average is half
the sum of initial + final.

1
(v) =5 Wi+ vr)

(a) =ay

When there is no change,
the average is equal to
the constant value.

The change in a quantity
is the final value minus
the initial value.

Ax = x; — x;
Av = v —
At = tr —t;

Using these equations,
problems are solved by:

1. Identifying relevant quantities
in the physical problem
(mapping physics to symbol)

2. Calling on relevant math
concepts and matching them
to the identified physical values

3. Identifying knowns and
unknowns and manipulating
to get solvable equations

4. Solving the problem



Packing Concepts into Equations:

When we just write "F=ma”
our students often miss the rich

Equations as a conceptual organizer set of conceptual associations

10/23/21

. hidden in the equations
Force is what :
you have to pay Cmd mis-use them

attention to when What matters is
considering motion the sum of the forces

on the object
being considered

These stand for 3 equations
that are independently
true for each direction.

\ Fnet

. A The total force
|s “shared” to
m all parts of
Forces change / A the object
an object’s
velocity

Total force (shared over
the parts of the mass) causes
an object’s velocity to change
AAPT Chesapeake Section 39

You have to pick
an object to pay
attention to



These math tools are discussed in detail
in a series of papers in The Physics Teacher
Using Math in Physics: 3& ‘;‘WBW‘

Using Math in Physics: 5. Functional dependence

Edward Redish, Untversity of Maryland - emerttus, College Park, MD

hen students arc learning to usc math in physics,
Wuneuﬁhe most important ideas they need to

learn is that cqum.mnsuc not just calculational
tools: they represent ips between physical variables

i

‘ematical intuition is insufficient to help them make sensc of
what's happening. If math can help them understand a mech-
anism, to see why when they previously only memorized, they
thing of authentic value.
an. mltmt‘wvnﬂn Ashlyn, a biology stu-
ikins and Elby,” quoted in the overview
fn the interview she dismisses mathe-
Ihe analysis of diffusion, saying, “I don't
in terms of numbers and variables™
the specific case of diffusion, where she
n spreading equation that tells us that a

oficn sccihatas

Using Math in Physics: 4. Toy models

Edward Redish, Untversity of Maryland - emeritus, College Park, MD

2. Estimation

Edward F. Redish, University of Maryland - emeritus, College Park, MDY
and cvalnate modelsica contral ol

W carnine tocreate. son. the

Using Math in Physics:

1. Dimensional Analysis
Edward E Bedish, University of Maryland - emeritus, College Park, MD

— O el

Using Math in Physics: Overview

SO

ugh th Ifwe ch

both sides represent the same physical length.
E twith x=3cmand =3 s is nota legitimate

diffe

are freeto), the numbers nolonger match. A

on Into an e-game (eplstemic g
juilding strategy (not an algort
stimation by turning a crank o
1g- You have to evaluate and m{
rthe particular situation you

articular knowledge you bring|
To get students to take estim:
a thread throughout the class|
nd doing it in every context wej
rk contains an estimation pr

‘This 15 a much more success|

ling group,” and their widespread instructional

Using Math in Physics:
3. Anchor equations

O el

Edward F. Redish, University of Maryland — emeritus, College Park, MD

n important step in learning to use math in scicnce is
learning to see symbolic equations not just as calcu-
lational tools, but as ways of expressing fundsmental

In this paper and the next, [ focus on the pedagogical im-
plications of epistemological issucs—issucs about the nature of
knowledge in physics and howit’s structured and used to gen-

schoal teachers. But if you're not teaching a
yol B
hss, how explicit do you need to be about the role

lto be explicit about our use of toy
introductory physics

tstanding of the value and utility of toy modcls
ktemological resource that many of our students
1hodunury;:lllym class. It can be particularly
hon-majors.| When our students come from an-
line, they may bring disciplinary epistemological
it can cause them to be uncomfortable with the

|diffusively only as the square root of the
I\, She says, “[1]f you had a thick mem-
put something through it, the thicker it
Fr it’s gonna go through. But if you want
s is x and that's Dand then thisis . 1
st very unappealing to me”
[rou double the distance diffusion needs
c time it takes to get there (Af) will be
fimmensc importance in biology. The
is responsible for the evolutionary devel-
systems, fractal gas cxchange systems
lelectrical neural signalling, (See the
blem on neurons and Growing a Worm

also equal toa length of 1.181n. A timeof 35 udents to do it occasionally ony relationships among physical itics, of coding concep knowledge. In this paper, I discuss how conceptual hoping they will learn.? For example, my life sci- materials.?)
Edward F Redisf, University of Maryland - emeritus, Callege Park, MD ten at a time of 0.0333 min. While 3 =3, 118 = rm-final-exam-extra-credit qy and of physics dg: lmawledgenbamdwmmandx]mnhpo{phymn] < bring two that suggest to them that toy models appreciate the value of understanding

Editor's note: This article ntroduces 2 sarlas of related artices by the aathar that have been accaptad
after pees-review, and are to be pablished In fture tssaes of The Physics Toaker. Stay funed:

he key difference between math as math and math in

science is that in science we blend our physical knowl-

edge with our knowledge of math. This blending
changes the way we put meaning to math and even the way
‘we interpret mathematical equations. Learning to think about
physics with math instead of just calculating involves a num-

Students don't usually learn to do this blending in math
classes, and most students in introductory physics have no.
experience with it. This blending has a lot of structure and
resultsin differences in the ways we use symbols in math and
science.

Incipleis:

Jid equation, the units dort

thinking about x as a distance and ¢ as a time,
hat distance and time are two distinct things.

quate (or add) quantities that are th same
{(have the same dimensionality —that
me way when we change our choice of umit.

atch

+ dorit have to match, but the dimensionalities
at something fundamental is going on. We're

pything in this class that will by
lgnificant fraction of my studey
leing of long-term value.

One of the most rewarding e
istudent “gets” estimation and

1on where they found it valualj
e sclence students cornered m|
ation story: There was going t
afew weeks and, while the co
led space and you needed a tick

In this paper, [ propose "anchar equations” as a construct to
support teaching and learning in introductory physics. I define
anchor equation, provide examples, and suggest ways anchor
‘equations can be used in instruction to support the develop-
ment of students’ mathematical scnsc-making.

are coded i d ati Inthe
next, [ discuss how cquations arc used as a part of the con-
struction of simplificd mental models [hl!spn)\m‘k astarting
peint for thinking about physical systems.

rarely see the central role equations
play in the structure of physics knowledge

Buildinga good understanding of scicnce involves learning
different kinds of knowledge (see Fig. 2):

e
omplex — Living organisms require multiple re-
krd coordinated processes to maintain life; and

Wre determines function — The historical fact of
selection leads to strong relationships between
hcture of living organisms and how they fanction.
ry to simplify an organism, it dies.

flogy students activate these resources in physics

te mathematically in a different context.
plogical Diversity class had construct-
hdel of a horse using dowel legs and a
ck body. The legs supported the body
the lincar dimensions of all the parts
ght increased by a factor of eight, but
|ctions only by a factor of four since the
volume but the strength only by the
‘the legs. That was not enough strength
H the legs broke. Ashlyn was very taken

ber of general scientific thinking skills that are often taken for + Math in math dasses tends o use a small number of  [°™° “P““'&':“" math. Qur symbals are fent to the location where ticke i = e Rl lnted with our highly smplified toy models and,

granted (and rarely taught) in physics classes. In this paper, symbols in constrained ways. Math in physics uses lots  [! 4AWL & ]"“‘:""m“‘“':g::‘“'“‘l"l“"gl nutes before It opened and fo) . I A e g “‘*‘““,m"  dismissive of them, not seeing the value that we ) )

1 give an averview of my analysis of these additional skills. T of symbols in different ways—and the same symbol may | M““‘m” aaitby a factce of b then pady watting Her friend satd, —— /‘ : "“‘“‘n_l ted. {And they rarely recognize a5 toy models the piching a Bill Nyc episode about
propose specific toals for helping students develop these skills have different meanings depending on the context. e "‘i“'”‘imn directly by our [ '-mgh":’gl-dn“‘ “‘5{5‘“ T s o Syathy lificd modcls that arc used in introductory biolo- ::: }“:Bl'"“dd of “au“llﬂ:: it
i pned toa quant! sured ptd, “Wait! utck estf - 1 ks o e ) conmes N and- . But, 1 mcan, visu: ew
in subsequent papers. Fale will changeby a factor of 1/, 1fwe change and didag — Eomci oy Facts and procedures. These arc important, but they're it squares, phiylogenctic trees, oc lock-and lvork when you make ]_mi_ things

Many of the ideas and methods I'm discussing here were
develaped in the context of studying introductory phyn:s
with life science students—first, in algebra-based physics!

Ina typical algebra.or calculus book, you will find very few
equations with mare than one or two symhols and they tend
to follow a predictable convention—x, 3 z, and  will be vari-

tentimeters to meters | 100 times bigger), the
fign to lengths will get 100 times smaller.
arequations to be physically meaningful (not

My grouping into segments of .
jty argument. “There are 400 t1
pout 150 people on line. Let’s gf

Fig. 1. Some conceptual knowledge caded in Newton's
sacond law.

anly the first steps in beginning to build scicntific skills. Un-
fortunately, much of school and introductary science focuscs
solely on these clements. Since lists offacts and procedures are

bf enzymes.)
a resistance to toy models can be especially
ife scicnce majors, who tend not to use alotof

r had anyone explain to me that
imatical relationship between that,
really helpful to just my general

and then in NEXUS/Physics, an introduc sics course ables; f, g. and hwill be functions; a, b, and ¢ will be constants. pd she was so delighted at bein " a Fintroductory classes, engineering majors can
esigned specificall for lifs scienve major o s Lnaq{pagca]pl.ymmkmwiu rarely find an equation with |1 Tesningful), both sides of the equation he identified as having learned B e S T e e s hegative reaction.* They tend to be motivated of the world. It was, like, mind-
asses ofte th the idea th fewar than three symbols 2nd you will often find ones with s fu the same way when we choose a different Il meabout It mshas i Siplicas s Sust we et mimdlice F = i d may bring the o
classes often struggle with the idea al:ymbolqunmnues fewer than three symbols and you ten find ones with six N e of o of measure: thinking and synthesis in simpler situations than can biology, m“m“m‘c_ and may bring the epistemologic:

in science represent physical measurements rather than num-
bers and that equations ref ip
ways to calculate.

Math in science is different from math in math

In science, symbols stand for & blend —a mental com-
hination of physical knowledge with knowledge ofhow a
mathematical element such as a variable or constant behaves.
Looking at an equation through a lens that blends physics and
‘math changes the way we think about and use .

For example, when we define the dlectric field as E = Frg,
‘we have in mind that F is not just an arbitrary variable but the

rather than

or more. And they won't follow the math conventions. This
makes the equations we use in physics look unfamiliar to stu-
dents and raises their level of discomfort.

* The symbols in science classes often carry meaning that
changes the way we interpret the quantity.

In pure math it doesn't matter what we call something; in
science it does. In science, we choase a symbal for a variable
or constant to give us a hint as to what kind of quantity we are
talking about. We use m for a mass and t for a time—never
the other way round. Even more confusing s the act that ve

specific electric force felt by the test charge q.a
blend of physics and math. In math, we would include the
g-dependence explicitly in our label. In physics, we typically
do not. Rather, we expect the viewer Lo interpret the symbel
as something physical and therefore to realize that when g
changes, so does F. Asa result, when g changes, E does nat
change, surprising students.

+ Math in math classes tends to be sbout numbers. Math
in science is not. Math in science blends physics concep-
tual knowledge with mathematical symbols.

Math in science is about relations among physical quan-
tities that into numbers by
As a result, quantities in science tend to have dlmmsn:ms
and units. These have to be treated differently from ordinary
numbers. Unlike ordinary numbers, different kinds of quanti-
ties can't be equated. Students wonder why equations like x = f
(and 3 cm = 3 5) are forhidden but the equation 2.54 cm = 1in
isallowed. 1 dlscussduimdzhllmdtpap«ou Dimension-

= 102301
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ymbol to mean different things. In my class, the
symbel ¢ can stand for heat, electric charge, or volumetric
flow. T can stand for a tension, a temperature, or the period of
an oscillation.

“You might say, “Well, sure. But the interpretation depends
on the context. Then it's obvious what you mean” True. But
looking for the context means that you are already blending
your knowledge of what the symbols mean physically with
your in physics not
only represent quantitative knowledge of the physical world.
Through the blend, they codify both physical conceptual
knowledge and functional dependence. I discuss these issues
in more detail in the papersin this series on “Anchor Equa-
tions™ and “Functional Dependence.

* In introductory math, symbaols tend to stand for either
variahles or constants. In science, we have lots of differ-
entkinds of symbols and they may shift from constant to
variable, depending on what we want to do.

DOL: 10.111905.0021129

a time measurement—we can cnly e
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Ls of an equation (or terms we are adding)
In the same way when we change our choice
pf the measurements. This means that when
asurements—avolumeas a product of three
nents, or a velocity as the ratio of a length

fies of the same type: volumes with volumes,

g how we use symbals to represent a mea-
ffirst step in blending a physical concept with
one. We are assigning a number to asymbal,
d number. What's fixed is a property of the
e are describing, This is a rather dramatic
and one many students have trouble making.”
wctory physics class, [ use five different kinds
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Most students are perfectl;
cent estimations.

Most students have no Ide
When theylearn to do it,
physlcs, but in their lives
Most students don't realizd
entific skill.

chemistry, Earth science, or even engincering, We can shaw
that mechanistic model building and synthesis are often tied
together by powerful equations, so students can learm the vale
of not as somcthing to be ized, but as

Mechanism—building causal stories and extended chains
ofseusaning whero ach step sets up the conditians for the

something to support complex reasoning, analysis, and power-
ful descriptions of physical systems.

Anchor cquations provide stable starting points for thinking
about and synthesizing whole blocks of physics content. For ex-
ample, Newtors second law is an anchor equation. It is both the
central principle that provides .ﬁamnu‘_ astarting
point for our of classical mech
at the introductory level —and a central principle that helps us
build a stable, well -organized conceptual space for thinking
about mechanics and motion. Some of the conceptual ideas
that are coded in this anchor are shown in Fig. 1.

This paper is part of a serics on the topic oflearning to use
mathematics as a thinking tool in science. The first paper (paper
0) gives an overview of the student difficulties involved and the
basic tools for analysis and instruction.? In papers 1 and 2, I dis-
cuss ontalogical issucs—having to do with what kind of a thing

our symhols ina physics equation stand for and honw they are
assigned analysis® and estima-
tion.! These papers focus on helping students cstablish an intu-
ition for the physical meaning of measurement and scales.
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v a part of introductory scicnce classcs.” While
introductory biclogy classes teach a mmber of mult-step
processes, they tend to be learned more asa memorized string
of processes rather than what we would describe in physics as
a mechanism of chained cansality, where cach step produces
the conditions thatlead to the next.*

Fig. 2, A graphical representation of knowledge structure in soi-
ence. In physics, symbalic math end equations play & coordinating
role.

letermined by how useful it is
lour toy models as overly simplificd and theoreti-
fs arcoften mocked by non.physicistsfor working
keal cows™ or “in frictionless vacuums?

ur students understand the value of toy models,
pplain and motivate them, not simply treat d::m

if her introduction to the diffusion
kd indluded its implications for bio-
might have spprociated it morc. This
knce of cxplicitly considering specific

re the natural and obvious way to

fture of mathematical toy models

make a mathematical model of a physical system,
mental spaces: our conceptual knowledge of the

1d and the symbolic structures used in math. Fig-

pre way to begin the blend of 2 physical system

matical mpr:scmmm
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Problem collection

* A collection of problems
designed to help students
develop math-in-science skills
is at the NEXUS/Physics website.

(Solutions by request
or in autograded ExpertTA.)

* http://compadre.org/nexusph/

s

N - o o de Search NEXUS/Physics Search

Home | Table of Contents | Problems | Mavigation Tips | About

» home » Mexus Wiki » Instructor Guide to the MEXUS Physics Problem Collection » Problems - Table of contents

Problems - Table of contents

Problems by Physics | Problems by e Interdisciplinary
Topics cross-cutting _’ﬂraw‘ Problems

skill development

("The mathematical

toolbelt")

s Modeling with Mathematics | » Dimensional analysis and units - « Problems with biological 3
= relevance .

+ Kinematics

» Newton's Laws

» Estimation 5 i
= Models of Forces E— Q.@'\ = Problems with medical “‘-‘%ﬁ“

+ Coherent vs Random relevance t%
Motion

« Solids * Anchor equations
Fluids 'i = Problems with chemical
* Fluids ;‘jl:g

relevance :

» Heat and Temperature

. * Toy Models e
= Mechanical Energy ¢
» Chemical Energy

" Thermocymemics and * Functional dependence
Statistical Physics - m

= FElectricity

* Oscillations * Reading the physics in a graph \

s Waves
e Telling the story &

= Light
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Question for discussion

*The ideas for this talk were largely developed
based on 20 years of research
with algebra-based physics
and life-science (and pre-med) students.

*Do these ideas ring true
for engineers and physics majors?
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