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EFFECTS OF DIAGRAMS AND ILLUSTRATIONS 

Jennifer L. Cooper 
University of Wisconsin±Madison 

Mcooper4#Zisc.edX 

Martha W. Alibali 
University of Wisconsin±Madison 

mZalibali#Zisc.edX 

Many types of visual representations are used in math textbooks but not all of them contain mathematically 
relevant information. Little research directly addresses the effects of different types of representations on 
mathematics performance. Theories offer differing perspectives about how visual representations such as 
illustrations influence student learning. Here, we investigated the effects of diagrams and contextual 
illustrations on trigonometry problem solving. Diagrams helped all students, but the effect of contextual 
illustrations depended on students’ backgrounds. Additionally, not all subgroups of students accurately 
assessed the effect of illustrations on their performance. We emphasize the need to consider how different 
types of visual representations interact with student characteristics and the problem-solving task. 

.eyZords� Problem Solving  

Mathematics te[tbooNs Xse a Zide variety of visXal representations, inclXding diagrams, tables, graphs, 
decorative images, and photographs. Given stXdents¶ freTXent Xse of te[tbooNs and the large nXmber of 
visXal representations in these te[tbooNs, Xnderstanding hoZ different types of visXal representations affect 
problem solving and learning is critical.  

Most research on the effects of visXal representation has been condXcted Xsing scientific te[ts. ,t has 
focXsed primarily on diagrams and illXstrations accompanying e[pository te[ts aboXt caXsal phenomena. 
,n sXch conte[ts, graphically integrating visXal and verbal information is foXnd to be beneficial, as is 
removing irrelevant information �e.g., Mayer, 2009�. +oZever, mathematical and scientific problem 
solving differ in many important Zays, inclXding different emphases on caXsality, spatial relationships, 
procedXral and conceptXal NnoZledge, and analytic methods. 7hXs, findings from research on science 
learning may not apply straightforZardly to math.  

([isting research aboXt the effects of visXal representations in mathematics is based primarily on 
stXdies Zith elementary�age stXdents, and it presents a comple[ and mi[ed pictXre. Some stXdies sXggest 
that conte[tXal illXstrations hXrt performance for particXlar sXbgroXps of stXdents �e.g., %erends 	 van 
/ieshoXt, 2009�. 2ther stXdies sXggest that decorative illXstrations do not affect performance �e.g., %erends 
	 van /ieshoXt�, or that certain types of illXstrations can benefit performance �e.g., +egarty 	 
.o]hevniNov, 1999� Mc1eil, Uttal, -arvin, 	 Sternberg, 2009�. Many stXdies also sXggest that the 
XsefXlness of visXal representations depends on stXdents¶ ability levels �e.g., %ooth 	 .oedinger, 2011� 
%erends 	 van /ieshoXt�. 

Theoretical Frameworks 

,n maNing sense of research on visXal representations, tZo theoretical frameZorNs are particXlarly 
relevant� the Cognitive 7heory of MXltimedia /earning �e.g., Mayer, 2005, 2009� and Cognitive /oad 
7heory �e.g., SZeller, 2004, 2005�. %oth theories address the processing and learning of information 
presented in different formats.  

7he Cognitive 7heory of MXltimedia /earning �e.g., Mayer, 2009� is based on three assXmptions� 
�a� a limited capacity for processing information, �b� separate visXal and verbal pathZays throXgh Zhich 
information enters the cognitive system, and �c� meaningfXl learning arising from active processing. 
Cognitive /oad 7heory �e.g., SZeller, 2005� focXses on the cognitive load²the mental effort from the tasN 
itself, the processing reTXired to integrate neZ and old material, and the processing reTXired to ZorN Zith a 
tasN¶s format. 2verall, one idea is that the strXctXre of the cognitive system imposes limits on hoZ learners 
select, organi]e, and integrate information. 7hese approaches have been Xsed to gXide instrXctional design.  
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7Zo principles derived from these theories are particXlarly relevant to the research reported here. 7he 
multimedia effect holds that Zords and pictXres are better than MXst Zords �e.g., %Xtcher, 2006� Mayer 	 
Anderson, 1992� based on the assXmption of separate visXal and verbal channels Zhich can then be 
integrated for deeper learning. 7he coherence effect captXres the performance benefits that occXr Zhen 
e[traneoXs or sedXctive featXres of the material are eliminated �e.g., +arp 	 Mayer, 1997, 1998�. Adding 
interesting bXt irrelevant material can overload the visXal or verbal pathZays or create too mXch 
e[traneoXs load, thereby disrXpting learning �SZeller, 2005�. 7he coherence effect applies to both te[t and 
visXal material.  

Contextualization Perspective 

Another theoretical perspective applicable to the cXrrent stXdy focXses on hoZ conte[tXali]ing or 
³groXnding´ math problems in real�Zorld scenarios can help learners �Goldstone 	 Son, 2005� .oedinger 
	 1athan, 2004�. Conte[tXali]ation is thoXght to help stXdents bXild a model of the sitXation Xnderlying a 
problem. ,n addition, realistic content or greater familiarity Zith the content may promote generali]ation or 
facilitate reasoning becaXse it fosters integrating the cXrrent problem Zith prior NnoZledge. Some stXdies 
have sXggested that conte[tXali]ation is more beneficial for simpler problems �.oedinger, Alibali, 	 
1athan, 2008�, Zhereas other stXdies have sXggested that it is more beneficial for difficXlt problems or 
loZer ability stXdents �WalNington, 2012�. 7his body of research has typically involved conte[tXali]ing 
problems by adding verbal information to te[t, bXt conte[tXali]ation can also be accomplished throXgh 
accompanying visXal representations. 

Current Study 

,t remains an open TXestion as to hoZ the mXltimedia principle, the coherence principle, and the notion 
of conte[tXali]ation apply to visXal representations Xsed in mathematics. 7he cXrrent research involves 
trigonometry problems accompanied by 4 types of visXal representations� combining diagram presence �or 
not� Zith the presence of conte[tXal illXstrations �or not�. 7he conte[tXal illXstration coXld add e[traneoXs 
details throXgh the graphics, bXt it also coXld groXnd the problem sitXation. We Xse the term contextual 
illustration since the illXstrative featXres correspond to the spatial layoXt necessary to solve the problem. 
7he perspectives discXssed above vary in their predictions aboXt Zhich visXal representations Zill be most 
helpfXl �see 7able 1�. We consider these effects in terms of stXdent performance and evalXations of the 
problems. 

Table 1: Predictions from Applicable Theoretical Frameworks 

 7heoretical Prediction 

MXltimedia Principle 9isXal representations Zill 
help � 7e[t by itself Zill be hardest 

Coherence Principle ([traneoXs information 
hXrts performance � Problems Zith illXstrations Zill be 

harder 

MXltimedia � Coherence 
Principles 

Provide visXals bXt avoid 
e[traneoXs information � Diagram by itself Zill be easiest. 

Conte[tXali]ation 
Perspective 

,llXstrations fXrther groXnd 
problem solving � Problems Zith illXstrations Zill be 

easier. 
    

Method 

Participants 

Participants Zere 93 XndergradXates, Zho received credit in introdXctory psychology for their 
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participation. 7he maMority �63�� had completed middle school math in the United States. 2f those Zho 
had not, most �82�� had their earlier math edXcation in an Asian coXntry. 2ver tZo�thirds �69�� intended 
to maMor in a math or science field. 

Participants Zere divided into sXbgroXps based on their intended maMor �math�science field or not� and 
Zhere their previoXs math edXcation occXrred �U.S. or non�U.S.�. StXdents Zho Zere math�science maMors 
Zere fairly evenly split into those Zho Zere previoXsly edXcated in the U.S. �n   34� and those Zho Zere 
previoXsly edXcated oXtside the U.S. �n   30�. 7he vast maMority of participants Zho Zere not math�science 
maMors Zere edXcated in the U.S. �n   25�. 2nly 4 participants previoXsly edXcated oXtside the U.S. Zere 
not math�science maMors� this small groXp Zas e[clXded from the analyses reported here. 

Design and Materials 

(ach participant received 4 problems based on a 2 �Diagram Presence� ��2 �,llXstration Presence� 
Zithin�sXbMects design, yielding 4 conditions� te[t alone, diagram alone, illXstration alone, and illXstration 
Zith diagram overlay �see 7able 2�. Condition order Zas coXnterbalanced across participants. 

Table 2: First Background Story, Shown for Each Visual Condition 

 No Diagram Diagram 

No 
Illustration 

7he parNs department is pXtting a statXe 
on a base. 7he statXe is some distance 
aZay, and yoX are in a helicopter, eye 
level Zith its top. 7he angle of depression 
to the bottom of the statXe �i.e., the top of 
the base� is 35 degrees. 7he height of the 
statXe is 50 feet. ,f someone Zere to 
stretch a string from the bottom of the 
base directly to yoX, it ZoXld be 100 feet 
long. +oZ tall is the base" 

>te[t@ � 

Illustration 

>te[t@ � >te[t@ � 

 

(ach of the 4 problems each participant received involved a different cover story. All reTXired 
applying trigonometric relations to overlapping right triangles to solve for an XnNnoZn dimension. 7he 
different stories had varied combinations of sides and angles, sXch that the solXtion processes Zere not 
identical for any tZo problems. 7hese types of problems Zere selected as they lend themselves Zell to 
concrete sitXations and are at an appropriate difficXlty level for XndergradXate participants. 7he order of 
the cover stories �and thXs of the mathematical solXtions� Zas held constant across participants. (ach 
problem Zas on its oZn page, Zith the te[t and visXal representation �if present� at the top of the page. 
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7he illXstration corresponded to the problem sitXation. As shoZn in 7able 2, althoXgh it did have 
decorative featXres, it Zas also mathematically relevant becaXse it indicated the spatial layoXt of the 
components of the story problem. 

Procedure 

Participants received a reference handoXt �Zith te[t and eTXations bXt no diagrams� of information 
aboXt triangles and trigonometric formXlas. 7he information Zas available throXghoXt the stXdy, and 
participants Zere told that not all of it ZoXld be needed. Participants ZorNed throXgh each of the foXr 
problems at their oZn paces. After completing the problems, they rated hoZ difficXlt each problem Zas, 
hoZ clear it Zas, and hoZ Zilling they ZoXld be to do more problems liNe it. 7hey assessed these 
characteristics on a 5�point /iNert scale. While maNing these ratings, participants Zere permitted to looN 
bacN over the problems bXt not to change any of their ansZers. Finally, participants completed a 
TXestionnaire aboXt their attitXdes toZards mathematics, their math abilities, and their math bacNgroXnd. 

Results 

A si]eable proportion of participants ansZered all or none of the problems correctly, and these rates 
depended on participant sXbgroXp. For instance, 40� of the stXdents Zho Zere not math�science maMors 
ansZered no problems correctly and 30� of the math�science maMors Zho received their previoXs 
edXcation oXtside of the U.S. ansZered all the problems correctly. 7he resXlts beloZ inclXde all 
participants� hoZever, the patterns also hold for the sXbset of participants Zho did not perform at floor or 
ceiling �i.e., correctly ansZered 1±3 of the 4 problems�. 

Did Visual Condition Affect Accuracy? 

We analy]ed the dichotomoXs measXre of accXracy on each problem Xsing mi[ed models logistic 
regression �%ates 	 Maechler, 2009� in 5. 7he best fitting model inclXded the fi[ed factors of diagram 
presence, illXstration presence, edXcational bacNgroXnd � maMor �henceforth participant subgroup�, and the 
interaction betZeen illXstration and participant sXbgroXp. We also inclXded participant and cover story as 
random factors� cover story significantly improved the model¶s fit �p � .0001�. Coefficients and odds for 
the model are reported in 7able 3. 

Table 3: Coefficients from Regression Model for Accuracy Ratings 

Fi[ed effects� 
(stimate 

�logit� S( 2dds z valXe Sig 

,ntercept �0.53 0.68 0.59 �0.78 0.44 
Diagram ± no 5eference 
Diagram ± yes 1.49 0.28 4.42 5.23 �.0001 
,llXstration ± no 5eference 
,llXstration ± yes 0.996 0.47 2.71 2.1 0.04 
SXbgroXp ± oXtside US 	 math�science maMor 5eference 
SXbgroXp ± US 	 math�science maMor �0.39 0.64 0.68 �0.61 0.54 
SXbgroXp ± US 	 not math�science maMor �1.15 0.70 0.32 �1.65 0.10 
,llXstration ± yes [  
SXbgroXp ± US 	 math�science maMor �0.62 0.64 0.54 �0.96 0.34 

,llXstration ± yes [  
SXbgroXp ± US 	 not math�science maMor �1.56 0.73 0.21 �2.13 0.03 
 
Model� AccXracy a DiagramPresence � ,llXstrationPresence 
 SXbgroXp � �1 _ CoverStory� � �1 _ ,D� 
 

5andom effects �,ntercepts�� 9ariance of participant   3.26  9ariance of cover story   0.91  
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Participants performed significantly better on problems Zith diagrams than ZithoXt, p � .0001 �see 
FigXre 1� SE are corrected via procedXre in Morey, 2008, to reflect Zithin�sXbMects design�. 7his effect 
e[isted for all three sXbgroXps and did not interact Zith illXstration presence.  

+oZever, the effect of illXstration varied across participant sXbgroXps. Participants Zho received their 
math edXcation oXtside the U.S. �and Zere also math�science maMors� performed significantly better Zith 
illXstrations �p � .04� than ZithoXt. 7his improvement differed significantly �p   .03� from the slightly 
negative effect of illXstration on the US sXbgroXp not maMoring in math�science. 7he accXracy level of the 
sXbgroXp Zho Zere not math�science maMors Zas significantly loZer than the accXracies the other tZo 
sXbgroXps Zhen there Zas an illXstration �ps � .02�, bXt this pattern did not reach significance Zhen there 
Zas no illXstration.  

0 

0.2 

0.4 

0.6 

0.8 

1 

no diagram diagram no diagram diagram no diagram diagram 

prev ed. outside US & math/
science major 

prev ed. in US &                 
math/science major 

prev ed. in US &             
not math/science major 

Pr
op

or
tio

n 
C

or
re

ct
  

(M
 +

/- 
SE

) 

no illustration 
illustration 

 

Figure 1: Average accuracy (+/– SE) 

Did Visual Condition Affect Participants’ Ratings of the Problems? 

We combined participants
 ratings of each problem
s clarity and difficXlty �reverse�coded� as Zell as 
their ratings of hoZ Zilling they ZoXld be to do more problems similar to those completed. 7his composite 
measXre offered an assessment of a participant¶s overall favorability toZards a problem type. Correlations 
among the three measXres ranged from .34 to .56, ps � .0001. 7he best fitting mi[ed effects model for 
participants
 ratings inclXded the fi[ed factors of diagram presence, illXstration presence, and participant 
sXbgroXp. We also inclXded participant and cover story as random factors� cover story significantly 
improved the model¶s fit �p � .001�.  

As shoZn in FigXre 2, participants vieZed problems Zith diagrams significantly more favorably than 
those ZithoXt, and they vieZed problems Zith illXstrations significantly more favorably than those 
ZithoXt� respectively, each of these factors improved the fit of the model, �2 �1�   7.79, p   .005 and �2�1� 
  10.5, p   .001. +oZever, the magnitXde of these effects Zas relatively small. Comparisons of the 
sXbgroXps indicated that participants Zho Zere not math�science maMors rated the problems significantly 
loZer than participants Zith math�science maMors �ts ! 2.71�, Zhose sXbgroXps did not differ from one 
another �t   1.70�.  
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Figure 2: Average favorability (+/– SE) 

Discussion 

,n this stXdy, participants performed more accXrately on trigonometry problems Zith diagrams. 7he 
effect of illXstrations Zas mi[ed. ,llXstrations yielded a slight improvement in performance for stXdents 
Zho intended a math�science maMor, bXt illXstrations slightly hXrt performance among stXdents Zho Zere 
not intending to maMor in a math� or science�related field. 7hese findings highlight that ability differences 
affect the Xse of visXal representations.  

7he multimedia principle predicts that problems Zith visXal representations ZoXld be solved more 
sXccessfXlly than problems presented as te[t only. 7his Zas clearly the case for diagrams. 7he more mi[ed 
inflXence of conte[tXal illXstrations can be considered Zith respect to the coherence principle and the 
contextualization perspective, Zhich maNe opposite predictions. ,ndeed, each prediction fit a sXbset of the 
participants. As predicted by the conte[tXali]ation perspective, having an illXstration benefited 
performance for participants Zho Zere math�science maMors. ,n contrast, as Zas predicted by the coherence 
principle, illXstrations hXrt performance for those Zho Zere not math�science maMors. 2verall, thoXgh, the 
effects of illXstration presence Zere relatively small.  

7hese findings indicate that the coherence principle, Zhich has been sXpported in mXltiple stXdies 
Xsing science material �see Mayer, 2009�, may not apply so straightforZardly in math. +oZever, the 
coherence principle stresses the removal of e[traneoXs details. 1ot all details are e[traneoXs, and added 
visXal details do not necessarily harm everyone
s performance. 7his research Xsed conte[tXal illXstrations 
that coXld have assisted stXdents in mapping the problem content to the visXal representation and thXs does 
not necessarily contradict the coherence principle. ,t is also Zorth noting that the conte[tXali]ed 
illXstrations Ze Xsed Zere more relevant to mathematics than the maMority of illXstrations that are foXnd in 
American mathematics te[tbooNs �Cooper et al., 2012� Mayer et al., 1995�. Addressing the impact of 
pXrely decorative illXstrations Zill be an important e[tension of this research. 

FocXsing on the cognitive load reTXired by these problems offers a possible Zay to combine the tZo 
perspectives on the effect of illXstrations and Xnderstand the dependence of the effect on sXbgroXp. 7he 
cost of encoding and integrating the e[traneoXs information �sXch as the design of the base of the statXe� 
conveyed in illXstrations may oXtZeigh any possible benefits from conte[tXali]ation if cognitive load 
sXrpasses the available cognitive resoXrces. ,llXstrations might be more helpfXl for individXals Zith more 
math e[perience becaXse sXch individXals can constrXct a conte[tXali]ed mental representation of the 
problem scenario ZithoXt e[ceeding their available cognitive resoXrces. +oZever, other research on 
conte[tXali]ation has foXnd groXnding problems to offer greater benefits for stXdents of loZer math ability 
�see WalNington, 2012�.  

Diagram presence increased the favorability Zith Zhich participants vieZed the problems, as did 
illXstration presence. Comparing this Zith performance data indicates that all participants¶ metacognitive 
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beliefs aboXt problems Zith diagrams matched their actXal performance. +oZever, only stXdents intending 
a math�science maMor accXrately perceived the effect of illXstration presence. Participants Zho Zere not 
math�science maMors performed the same or Zorse Zhen an illXstration Zas present, despite their more 
favorable vieZ of these problems. 7his pattern of findings is particXlarly important to consider in light of 
the motivation�based argXment that te[tbooN visXals Zill help engage learners, particXlarly those Zith loZ 
math interest �see DXriN 	 +aracNieZic], 2007, for related findings�. +oZever, it aligns Zith the research 
arising from the Cognitive 7heory of MXltimedia /earning and from Cognitive /oad 7heory, Zhich hold 
that these e[traneoXs bXt interesting details can be problematic for learning. As noted above, this may hold 
trXe especially Zhen an individXal¶s resoXrces are ta[ed, Zhich is more liNely to occXr for individXals Zith 
loZer bacNgroXnd NnoZledge.  

7he overall differences Ze observed in accXracy betZeen stXdents of different bacNgroXnds are not 
sXrprising in light of the Zell�docXmented finding that stXdents from many foreign coXntries oXtperform 
American stXdents in math �Fleischman et al., 2010�. What is more interesting is that stXdents of different 
bacNgroXnds Zere differentially affected by visXal representations. 7he Xnderlying constrXcts tapped by 
oXr measXres of stXdents¶ bacNgroXnds need to be characteri]ed Zith greater precision. We collected data 
on the intended maMors and the coXntry in Zhich they received their middle school edXcation. 7hese 
measXres may simply redXce to e[perience and interest in math� hoZever, fXrther research on stXdents¶ 
bacNgroXnds and hoZ they affect performance is needed. 

,t is also Zorth noting that overall levels of performance in this stXdy Zere not high, even in the 
highest performing sXbgroXp. 7he problems Ze Xsed Zere TXite comple[, and many components needed to 
be performed correctly in order to reach an accXrate final ansZer. StXdents needed to NnoZ hoZ to map 
information from the problem content to the visXal representation and from the visXal representation to 
their mental representation of the problem. StXdents also needed to identify Zhat TXantity to solve for, 
figXre oXt the steps needed to reach the solXtion, and correctly apply the trigonometric formXlas to reach a 
final ansZer. Understanding the differential effects of the type of visXal representation on these different 
components of problem solving is an important arena for fXtXre research �see %Xtcher, 2006� Mc1eil et al., 
2009�.  

,n sXm, this ZorN highlights the need for a continXed focXs on the Zays in Zhich visXal representations 
sXpport learners¶ strategic problem solving and learning. 5ather than asNing simply Zhich types of 
illXstrations serve learners better, it is important to identify hoZ learners Zith different bacNgroXnds and 
sNill levels Xtili]e visXal representations Zhen solving problems. 
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