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Rest

l i h What would you do?

Exercise

I ,“_,/“'J e

ajpheart.physiology.org

Question: Will the average number of hours exercised in a week affect the
heart rate recovery rate after exercise?

-

Prediction: Subjects who exercise more have faster recovery rates than those
who do not exercise as often per week.

Excerpted data

Subject # Exercise Decrease in heart

(hours/week) rate at 2 minutes
(bpm)

1 5 10

2 4 15

3 3 21

4 5 34

5 4 30

THINK: What type of graph would you use to represent these data?
Why?


http://ajpheart.physiology.org/content/285/1/H145

Genesis of this work: Undergraduate student graphing

In my Physiology class students design and execute experiments
and analyze and present their data.
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Function of graphs (Tufte, 1983)

Graphical displays should:

= Show and reveal the data

= Focus the viewer's attention on the
display

= Avoid distortion of the data

» Present large numerical data sets in a
small space

= Make large data sets coherent

= Encourage visual comparisons

» Reveal the large and fine trends in the
data

= Serve a clear purpose

» Be integrated with statistical and
verbal descriptions of the data
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Basic graph construction knowledge and skills
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Undergraduate student graphing

* Reforms to STEM education at both the high school and undergraduate levels stress
science process and practices
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1) AVAAAS

 Students will be making decisions about data analysis and representations

« However, more emphasis has been placed on interpreting graphs and not creating
them (e.g. AP Biology up to 2012)

« Students are competent plotting points and identifying coordinates

 Students struggle with important concepts related to experiments, data analysis, and
graphing



A call for better representations by practitioners (2014 -present)
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Existing graph choice and construction resources

= Generic guidelines on
proper graph choice and
construction

= Materials not situated in the
context of experiments for
science/biology

Hannah Webber, Sarah J. Nelson, Ryan Weatherbee, Bill Zoellick, and Molly Schauffler

FWILEY ‘

= No empirical investigation F——
. . - —s—— Creating More
on reasoning with graph 1 Effective Graph:

. . F e |—— eoe o
choice and construction 3.0 -

NAOMI B. ROBBINS "I‘hc \"'I-SUJ] ],A)ISPIJ_\

of Quantitative Information
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Motivating question and objectives

Overarching research question:

What are the reasons biology students struggle with graphing and how can we
help them?

Objectives: Evidence-based
» Evaluate the graph construction practices instraeton
in biology '
= Reveal the reasoning that people use when \ e

competence Data from basic
with biology <«———» | research and the
concepts classroom

creating graphs in biology
» Use those data to improve classroom
instruction and student proficiency with

graphing /

Instructional
practices

and
practices

//

Model inspired by: The Research and Redesign
Wheel from Redish, E. F. (2003).

| o



Early insights from clinical interviews

Aakanksha Angra

= Semi-structured think-aloud interviews
= Pen-and-paper graph choice and construction

task

= Participants from Department of Biological

= Biology Professors (N=7) /
= Graduate students (N=12)

¥ ”»
= Undergraduate students (N=33; n=12 upper / \

level and n=21 lower level)



Graph attributes vary by participant group

Bacterial growth scenario

UGNRI1 2nd year

UGR2 4th year

GS1 3" year

P2 Behavioral ecology

13T,

Plant growth scenario

UGNR5 1styear

UGR1_4" year

GS2_4t year

P5 Neurobiology

1




Novice

*Minimal to no planning prior to
construction

*Meticulous graph construction
*Raw data often used in graphs
*Data considered independent of
experimental context

*Variability in experimental data
not considered

*Graph choice not based on
question and/or hypothesis
*Intuitive reasoning about data
variables and experimental
replicates

*Reflection focused on superficial
graph features and aesthetics

Angra and Gardner, 2017 CBE-Life Sciences Education



Guides to Improve Graph Choice and Construction

| use these with students in all my classes!

Taze Advantages Disadvantages The purpose of this tableis to guide you through the data commmicationphases. g::'ﬁ:ﬁ“ﬂ;ﬁﬁx"m‘ e GR‘\‘_Fﬂl
Tatampmtamgum.ld.uﬁm Easy to interpret Stacked bars | Does not convey more _ — Absent/Tnspprapriste (X ! BA TN NI
‘mityle gow or shading oF bars cnbe wsed | iformarion a3 ble Phases 1-3 E.lemems Notes for your Experiment 7
TEDIESEN: 2 CATEEANY, o distinguich :echﬂmnt tmless nmltiple groups are 1. Planning- In this phase, | Step 1- Revisit yourresearch . i e famm of 3 et b 5,20 ) include relvant
‘hﬂﬂdbﬁmm’ e cat Mﬂ;;e lavels within the data. ™ éfml_);-‘e‘* M‘?bi’fmm; youmust organizeyowr | questionand hypothesis and ask okt mﬁﬂ_\“’;‘;“;‘fﬁ;’m‘kd hone e
aromd” The mdependent vand sribulion of Caks et dataanddecideonthe | yourself, whatis it that youwant memnu zim)
‘s cogorial md te dependent ofdats poiars, and their J e T e s ; sl e
variable i contimuons. values. ! message youwant to the graph to show? T ra;lﬁwmnmrumdd 'f mamzpm N
commumcate in your Step 1. Identify yourindependent » NI Ithe label s missine any ope of the pai
To E;nm'd:snhu:onofdrsﬁum Shows and conpares Shmﬂdnmbeusentc_r small graph. Tthelps to first and dependent variables. : . “p; ;:mu s i for e eparie I i [r—
one” o mlfiple groups ™ dsimbuion:of bge detasets.” Doss 1ot show conceptualize the whole | Step 3- Classify yourvaniables - e it bem‘mmng\ i
datssets. individual dm(map[ for ) =
outers) task before executingit aseuh&]mcalm
| -
Esogam S e W [ e e — R PP ey Step'by'step gUIde
iisely to avoid mfnencing
H fhe shape being too h
Guide to data =i to grap
ficpersed. ™
- -
2
displays construction
Line Graph fate o o )
‘multyle varisbles Changes over | befoveen them Teprasenting sverages of a .
e o~ ez GRAPH1
Neels Impl:r\anm o
Step 8- Adjust the scale of axes Tasatifctory 0= ps T [N U
into appropriate increments for T T
the data. + Eltegbiestsialyls =
Dot Flot To show dibuion ofswal G| Shows all s Fom mkile | Nt appropie o Step 9-Inchide a key it Djmates v o giblesize ot
sets from multiple groups . The | catezories and the distrbution | representing a large data set appropriate
. independent varisble & categorical | within esch category. becanse tha plot will bacoms _ . i 0 ke s 1) e st il
and the dependent variable is clutered and it will be Step 10-If yon are displaying the m;lmmb_lm fnss OR &) demems ofchart jk-
ER contimons difficult o ses the individual graphin areport, include a figure - Ifthe zaghhs -~
.ot poinss. " legend s of Understanding- Take mmlg
. Step 11-Include a descriptivi E-Ifthe Zaphis sund 4t dlow fa clear srtingof ends and take b mesmee
tep 11-Include a descriptive L Wb i 0 famuzs 2
title + U-Ifihe ghi attg da rends and oke bome g,
- - T Ty T, scater, dot_ bax s whidk
Scatmion “Toshon mvial oz ponts | Shows e ety Ty be Al o exact 3. Reflectionand Step 12-Check the alignmentof R A "rﬂ:,,,mffu i vl i e
from bivarizte data.” May ormay | between varisbles. ** Shows | individual data points if they Tl Phase-In vourr with your dat 'Refa“n’m\‘hidgﬁfml ’
. ‘ot include 3 regression line ~ trends in the data and amy fall on the same or nearby - - H . - . iphis z) nat suitable for either thedependent or imdspendent exper variztls OR )
: noficesble ouiers, coordizates ¥ this phase, youwill research question and hypothesis
. critically reflect onyour | Step 13-What arer.he advantages .
graphchoice, mterpret | ofthe rep E ) el e u:mim:
yowrgraph, andexplain | Step 14-What are the label lthe 2 avazges, b i acomyenied wif, STDEV o arrr bas.
youranswers to disadvantages ofthe o 'm’ ki "-‘"“‘-“‘E“”mm‘;fm’“""’
‘To summarize findings, compare | Summerizes main points in ‘Should not be used for questionsposedin steps Tepresentation? “Ah:mmt“ (@ ki e F d  Typofesiz Vet o can B8
Various aspects in astudy, display | one figwre ]:Ilusmespre:m showing small amounts of 13-16 T - axploraary, . .
demographic information, listraw | quandimtve values data fhat can be summarized Step 1}'“]3:;:1“}“ laker}.wn:e + E-Fiheg _" 2 Jﬁn_éi-ﬂ"l'”‘* seard andir bypothesi In oftersiords the independent
data obtained from experiments. | well-orzanized 1 ﬂbhahm in the main text “ Tables may message of the representation. e o
: - . '[tha b parily linad i he resarh quasion andor ypot o v Segphis
Ees\lymmmumep.\mmm 'make jt difficult to interpret Step 16-What are some other {1e ) hlkfﬂ lizned with f&rq\em lor Iypofists Tn other wards, fhe zraph is mising
the dara.” the take home message if not waysthat vou could have ith hares lhwaam and or hypothesis
organized property.* M iy 10pts
FLR PRy represented your data? 1‘,_5';.“

Angra A and Gardner SM (2016). Development of a Framework for Graph Choice and Construction. Advances in Physiology Education 40: 123-128.
doi:10.1152/advan.00152.2015

Angra A and Gardner SM (2018) The Graph Rubric: Development of a Teaching, Learning, and Research Tool. CBE-Life Sciences Education 17: ar65 doi: 1187/cbe.18-
01-0007



The Guide to Data Displays

4| Table1- Summaries the

Descriptive Title| 8 |

Key| 7 |

-]

Y axis label (units)

.luunuﬁn-}q

Data PointsE]

I N BN BN B El

X axis label (units)
3] [a]

(2]

Box plots

Box plots are a statistical plot that allows you to provide very detailed descriptive statistics about a datasetina
concise visual. Themedian ofthe data set (line in the middle ofthe box)is detenmined and thenthe datasetis
divided into four, equal parts (quartiles) along the range ofthe datawalies. The number of data points that fall
mto each ofthose quartilesisrepresented by the size ofthe box (for the two middle quartiles aroundthe mediar
or whisker forthe outer quartiles. The meanis often denoted with an asterizsk or other symbeal.

— 89 3
E‘ To T g Fe ]
g e B . Figure 5. Example ofa box plot (From:
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Graph Type

] A‘rnta

e, advanta

Q

Disadvantages

Bar Graph

To compare categorical data
from one or multiple
groups.** Each bar
represents a category; shape
can be changed by moving
the categories around’.

Easy to mterpret.
Stacked bars or shading
of bars can be usedto
distinguizh the differsnt
levels within the data **

Does not convey more
mformation than a table
unless multiple groups are
comparad.*<

Box and Whisker Plot | To show distribution of data | Shows and compares Cannot be used for small
from ons' or multipls distributions of large datasets. Doss not show
langh groups”. datasets. imdividual data{except for
n |— n outliers)."?
Histogram To portray a sampling Shows the shapeof the | Mustchoose the bin size
distribution with 2 distribution of data with | wisely to avoid mfluencing
continuous mdependent 2 continuous varizble.* | the shape being too

varizhle '? Uses numerical
data instead of categorical
data *.

compressad of too
dispersed

Lme Graph To showhow 2 smgle Shows data values and | Not appropriate for
varizble or multiple slope between them * representing averages of 2
varizbles change over time.’ group.

Pie Graph Effective a2t presenting Good for presentztions™. | Selitary pie graphs are
relative frequencies or Multiple pie charts may | redundant with tables *2.
percentapes **# Each pottray smetging Cannot communicats
segment represents a pattems that may not be | distribution, uncertzmty,
proportion of the wheole ezsily portrayed by 2 and canmet be usad for
pie®* table. displaying nested data®

Multiple pies are
meffective at comparmg
proportions that vary
greatly.?

Seatterplot To show mdividual datz Preserves dimensions of | Pemts that £=21 on the same

points from bivariate data.
May or may not mclude a
regression line.'?

data and individual
points, and shows the
relationship between the
varizbles. **

of close coordimates may
or may not be
distinguished ezsily.'?

Shows comparison between
multiple groups, displays
demographic mformation,
lists raw data obtamed from
expariments. ©

TMstrates pracise values
from the data **

Should not be used for
zmall numbers that can be
summarized n 1or2
sentences.t Tables may
also make it difficult to
mterpret the tzke home

MESsage.

| 14




The Step-by-step guide

Phases 1-3

Elements

Notes for vour Experiment

. Planning- In this phase,

you must organize your
data and decide on the
message you want to
communicate in your
graph. It helps to first
conceptualize the whole
task before executing it

Step 1- Revisit your research
question and hypothesis and ask
yourself, what is it that you want
the graph to show?

Step 2- Identify your independent
and dependent variables

Step 3- Classify your vaniables
as either categorical or
continuous.

Step 4- Decide whether or not
you need to manipulate your
data.

Step 5-Decide on a graph type
that will best represent your data.

. Execution- In this phase,

you will actively
construct a graph.

Step 6-Label the axes with your
variables.

Step 7-Add units to the axes, if
necessary

Step 8- Adjust the scale of axes
into appropnate increments for
the data

Step 9-Include a key, if
appropriate

Step 10-If you are displaying the
graph in a report, include a figure
legend

Step 11-Include a descriptive
title

3. Reflection and

Explanation Phase- In
this phase, you will
critically reflect on your
graph choice, interpret
your graph, and explain
your answers to
questions posed in steps
13-16.

Step 12-Check the alignment of
your representation with your
research question and hypothesis

Step 13-What are the advantages
of the representation”?

Step 14- What are the
disadvantages of the
representation?

Step 15- What 1s the take-home
message of the representation?

Step 16-What are some other
ways that you could have
represented your data?

Think-aloud interviews with
expert professors and novice
students

3 Phases:
* Planning
« EXxecution
» Reflection

Scaffolds a systematic and
reflective approach to graphing

3/3/2022 | 15
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Journal dor
Research in
Mathematics
Education
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Key (Gafine: differant data sats that ars plotiad)

Total Points for Machanics: 3.5pts

Sy et ]
s U, ifchart junk iz intarforing with aasa of understanding and

interprstation of dats.
FEase of Understand mg-Take home message

»  E, ifdstatrands are assy to observa of no trands ara spparant

s NI, if data trands ara difficult to obsansa, | S——

* U, ifthe goaph is inaffactive &t communicating data trends and ifit
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Craph Type (Bar, line, scafter, dof, box and whsker)
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indapandant and dapamdant svparimental varisble: {i.2. catagorical and
comtinuous).
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dspandent or indspendent sxperimental varisble.

» U, ifthe graph typeis pot suitsble for the sxperimsntsl varishles.

o e S— Graphs in Textbooks

are plotted. [f the praph is showing averages, then it should slso b
accompaniad with STDEV or Emor bars.

Student Reflections® Femisimssasr And Primary Literature

, if the graph iz aligned with the mesarch question and hypothssiz.
e NI, ifthe graph iz partially alienad with the rasaarch quastion and /ot
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P D Angra A and Gardner SM (2018) The Graph Rubric: Development of a Teaching, Learning, and
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Total Points for AMechanics: 1 Spiy

Excellent(E)=1 pts for each category
Needs Improvement (NI)=1 pis

Unsatisfactory (U)=0pi

fivi o |

C

Ease of Understanding-Assthetics
¢ E ifthe graph iz sesthetically pleasing and devedd of chart junk.
¢ NI if elamemts of chart junk ar= clownding intepeetation of dats
o T, if chart junk iz intsrfering with ea=s of understanding and
interpretation of dats.

Easeof Understanding-Take home message
* E ifdatstrsnds are sy to obsarve of 0o trends are spparant.
# NI ifdats trends are difficult to obsanve.
» T, ifths zraph iz ineffactive at communicating data trends and if it
caesas confision.

Graph Chodee

Graph Type(Bar, line, scatter, dot, box and whisloer)

L] E, for dizplaying datain 3 graph that iz sppropriata for both
independent and dependeant sperimsntsl varisbles {i.e. catagorical and
continwons).

L] WI, for dizsplaying data in a graph that iz not switabls for sither the
dapemdant o independant sxparimeantal varishla.

] T, if tha graph typa i not switshla for tha sxperimental variahlas.

Diata Displayed (Baw, Averages, Chanzes, Percen tage)
] E, if the graph indicates the type of data (=t Faw, averazss, b)) that
&= plotted. If the graph iz showing averazs:, then it should slzo be
accompaniad with 3TDEW o1 Ermor bars.
¢ NI if tha graph iz mizzsing on= of points mantionad showva.
" T, if data typs i= inappoopriate for the sraph trpa.

*Alignment* far faast one of the graphs presented showld alisn e iffthe
research question and ipothesis. Other grapis can be axploratory. |
+ E ifthe graph iz sligned with the rezasrch guastion and hypothasiz.
¢ NI, ifthe graph iz partislly aligned with the rezearch question and'or

hypothasis.
o T, ifthe graph iz not dligned with the ressarch guestion snd'or
hypothasis.
Total Points for Graph Choice and Compmnmication: 10pts
Owerall Graph Fresentation Grade: 135 pts

Commyenty:

— Graph

Mechanics

« Descriptive Title
« Axes Labels

« Units

« Scale

* Key

—> Communication

. Aesthetics
. Take home
message

— Graph Choice
« Graph Type
« Data
«  Alignment with RQ
and HYP (and
Prediction) |

Angra A and Gardner SM (2018) The Graph Rubric: Development of a Teaching, Learning, and
Research Tool. CBE-Life Sciences Education 17: ar65 doi: 1187/cbe.18-01-0007



Example activity: Graph evaluation using the

g ra p h r u b rl C Hypothesis/Prediction: You use your

dominant hand more in day-to-day life so
the muscles in your dominant hand are

it likely stronger which would lead to a
Goals Of aCtIVIty' . . greater grip force compared to your non-
* Allow students to become familiar with dominant hand.
the graph ru briC by using it 0 Dominant versus Non-Dominant Grip Strength
* Reveal areas of competence and

challenges

» Guided discussion allows for calibration
of expectations, clarification of
qguestions, and encouraging a critical e

Subjects's Hand

Grip force (Newtons)
)
S & 8
14

- N
@ o
s &
I L 1

@
=}
I

&
=3

and reflective appI’OGCh Prediction: If a subject uses their dominant

hand rather than their non-dominant hand,
then it is predicted that the dominant hand
will produce more grip force.

The quality of student graphs improve

Dominant vs Non-Dominant Grip Strength

over the course of the semester especially o _ -
in graph type and alignment criteria o
(Gardner et al,, 2022 (in press)) £ o

150
100
50



Important limitations of our previous work

Participants all from the same institution

Graphing behaviors with pen-and-paper
may be different than in a digital format

Labor intensive to evaluate

Participants were given a dataset with which
to work

Bacterial and plant growth scenarios:

« Contrived scenario

« Research question and hypothesis are not
explicit

« Simple data set with two, relevant variables

* Time as a variable led to the predominance
of line graphs

Number of Cells

Time [min) 27 °c 10°C
Tube | Tube | Tube | Tube | Tube | Tub
1 2 3 1 2 3
0 2 2 1 2 1 2
30 4 4 2 2 3
60 & g & 2 2 3
90 12 16 12 2 3 4
120 24 30 22 4 5 &

19




Grappling with Graphs - Collaborative project

#1726180

Eli Meir, Co - PI

Stephanie Gardner, PI

27

PURDUE

UNIVERSITY.

Overarching research goal

= Develop digital assessment modules that can be used to reveal
student knowledge and skill and be used without the need for
manual grading of individual work in classroom settings of all sizes.

20

Elizabeth Suazo-Flores Anupriya Karippadath



GraphSmarts biological scenario

Linw dAn MDAce Affart tha Eand Chain®
How do MPAs Affect the Food Chain”

Scientists in Australia have been tracking lobster, urchin, and kelp abundance, as well as lobster fishing patterns, in the MPA and non-MPA
areas of coastal Tasmania. As part of this larger project, scientists reasoned that stopping lobster fishing would increase lobster predation on

urchins and therefore reduce the number of urchins in the kelp forest. Their reasoning is illustrated here

(" \ ) (S 2 Y (s N\ 7 )
?:" ® 1 v ; : /’,/\_—
IS Sl NS Ve B 21 N

= S m—_
MPA Status = No Lobster More/Bigger Fewer More/Healthier
Yes Fishing ) " Lobsters y 9 Urchin ) 9 Kelp g

\

Students are presented an overarching hypothesis and specific predictions to evaluate
through graphing

Study Plot Month MPA Lobster Density Average Lobster Size  Urchin Density Kelp Abundance
ID Sampled Status (#/m?) () (#/m?) Score
1 Aug YES 1.10 410 9.5 HIGH
2 Sept YES 1.55 445 8.5 MED
Aug NO 1.15 350 12.0 MED
4 O« YES 2.00 4 7 MEL
Aug NO 0.75 385 95 MED

= Two conditions (I\/I'I5A yes/no)
= Nine replicates (plots) for each MPA condition (18 total plots)
= |rrelevant/less relevant variables to test the prediction

21



Student model for graph construction in biology - Handout

Graph Construction Conceptual Model (GCCM)

Category
Data Selection

Data Exploration

Graph Assembly

Graph Reflection

= Based on:
* Literature review
« Our own experiences teaching graphing
 Our research on graphing

* Focus groups with biology (n = 5) and statistics education (n = 3) researchers and

educators
Abraham et al, (in preparation) | 22



Graphing interface

Graphing interface is simple and somewhat constrained

Graph title
Graph type -

1 setY sScale
Add emor bars, best-fit

I Graph Opii ﬁ,;a;.manmkerslu

Q, Explore Data

| SelectY Data

p— e

‘ +" I'm Done

| 23



Types of graphs generated from GraphSmarts scenario

GraphSmarts | I ‘“I “
: | I ||I||||.|

Pen-and-paper

o > -
-~ - J
— e -+

| | 1 = _1
.-I ‘ !
| 8 [¢ 4 [ B (% ala rl -
B WS - L4 ““"‘.&—»TVJL‘ oy l | ' 1
2 - + ! ! J
P C . ~ |
X . C | J
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Important insights from GraphSmarts vs. Pen-and-paper

= Data from GraphSmarts assessment corroborates many of our previous
findings with pen-and-paper graphing

= Similar reasoning for graph choice and construction

= Students rarely aggregate data (i.e. Mean) and when they do they don't include a
measure of variability (e.g. S.D.)

= GraphSmarts...examples of interesting findings
= Students are forced to focus on plotting a small subset of variables

= More students stated the hypothesis/prediction as reasons for variable selection
and graph choice

= Selection of relevant variables for testing a prediction is a challenge for many
students

= Students can quickly iterate on their graphs and try things out (is this necessarily
always a good thing?)

3/3/2022 | 25



Recommendations based on our data and experience

Provide targeted instruction around specific graphing practices:
* Identifying relevant variables to answer questions
» Graph choice

« Data form (i.e. raw or summarized data) and representing variability

Engage students in graphing activities and assessments that allow them
to develop and demonstrate their competence

» Our evidence-based frameworks can help reveal student competence and scaffold
learning

Consider the pros and cons of having students graph by hand vs. with
digital graphing tools

Encourage students to reflect throughout the process of graphing

| 26



Thank you! | -

Current group members
* Anupriya Karippadath
« Sharleen Flowers

* Nouran Amin

Graphing collaborators
*= Dr. Joel Abraham - CSU Fullerton
= Dr. Ryan Baker- UPenn
SimBiotic Software

= Dr. Eli Meir

= Susan Maruca

= Dr. Kerry Kim

= Stephen Allison-Bunnell

= Joshua Quick

Former group members

* Dr. Elizabeth Suazo-Flores

* Dr. Aakanksha Angra - Georgia State University

 Jackie Mercader, Alexandrou Ivan, Mary
Welker, Kenya Lee, Riley Stehr
(undergraduate researchers)

 Mozhu Li, M.S. - 1U School of Medicine

Dr. Joe Harsh - james Madison University

ACE-Bio
= Dr. Nancy Pelaez
= Dr. Trevor Anderson

» Biology Education Area in the Dept. of Biol.
Sciences at Purdue
* Purdue International Biology Education

Research Group (PIBERG) = Dr. YueYin
. 1 P 1346567
? UP}E\:E%PSEII‘EY Biolagy Scholars / % 1726180 | 27




THANK YOU

Stephanie M. Gardner
Purdue University
sgardne@purdue.edu
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