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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. 

ey ords  Problem Solving  

Mathematics te tboo s se a ide variety of vis al representations, incl ding diagrams, tables, graphs, 
decorative images, and photographs. Given st dents  fre ent se of te tboo s and the large n mber of 
vis al representations in these te tboo s, nderstanding ho  different types of vis al representations affect 
problem solving and learning is critical.  

Most research on the effects of vis al representation has been cond cted sing scientific te ts. t has 
foc sed primarily on diagrams and ill strations accompanying e pository te ts abo t ca sal phenomena. 
n s ch conte ts, graphically integrating vis al and verbal information is fo nd to be beneficial, as is 

removing irrelevant information e.g., Mayer, 2009 . o ever, mathematical and scientific problem 
solving differ in many important ays, incl ding different emphases on ca sality, spatial relationships, 
proced ral and concept al no ledge, and analytic methods. h s, findings from research on science 
learning may not apply straightfor ardly to math.  

isting research abo t the effects of vis al representations in mathematics is based primarily on 
st dies ith elementary age st dents, and it presents a comple  and mi ed pict re. Some st dies s ggest 
that conte t al ill strations h rt performance for partic lar s bgro ps of st dents e.g., erends  van 

iesho t, 2009 . ther st dies s ggest that decorative ill strations do not affect performance e.g., erends 
 van iesho t , or that certain types of ill strations can benefit performance e.g., egarty  
o hevni ov, 1999  Mc eil, Uttal, arvin,  Sternberg, 2009 . Many st dies also s ggest that the 
sef lness of vis al representations depends on st dents  ability levels e.g., ooth  oedinger, 2011  
erends  van iesho t . 

Theoretical Frameworks 

n ma ing sense of research on vis al representations, t o theoretical frame or s are partic larly 
relevant  the Cognitive heory of M ltimedia earning e.g., Mayer, 2005, 2009  and Cognitive oad 

heory e.g., S eller, 2004, 2005 . oth theories address the processing and learning of information 
presented in different formats.  

he Cognitive heory of M ltimedia earning e.g., Mayer, 2009  is based on three ass mptions  
a  a limited capacity for processing information, b  separate vis al and verbal path ays thro gh hich 

information enters the cognitive system, and c  meaningf l learning arising from active processing. 
Cognitive oad heory e.g., S eller, 2005  foc ses on the cognitive load the mental effort from the tas  
itself, the processing re ired to integrate ne  and old material, and the processing re ired to or  ith a 
tas s format. verall, one idea is that the str ct re of the cognitive system imposes limits on ho  learners 
select, organi e, and integrate information. hese approaches have been sed to g ide instr ctional design.  
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o principles derived from these theories are partic larly relevant to the research reported here. he 
multimedia effect holds that ords and pict res are better than st ords e.g., tcher, 2006  Mayer  
Anderson, 1992  based on the ass mption of separate vis al and verbal channels hich can then be 
integrated for deeper learning. he coherence effect capt res the performance benefits that occ r hen 
e traneo s or sed ctive feat res of the material are eliminated e.g., arp  Mayer, 1997, 1998 . Adding 
interesting b t irrelevant material can overload the vis al or verbal path ays or create too m ch 
e traneo s load, thereby disr pting learning S eller, 2005 . he coherence effect applies to both te t and 
vis al material.  

Contextualization Perspective 

Another theoretical perspective applicable to the c rrent st dy foc ses on ho  conte t ali ing or 
gro nding  math problems in real orld scenarios can help learners Goldstone  Son, 2005  oedinger 
 athan, 2004 . Conte t ali ation is tho ght to help st dents b ild a model of the sit ation nderlying a 

problem. n addition, realistic content or greater familiarity ith the content may promote generali ation or 
facilitate reasoning beca se it fosters integrating the c rrent problem ith prior no ledge. Some st dies 
have s ggested that conte t ali ation is more beneficial for simpler problems oedinger, Alibali,  

athan, 2008 , hereas other st dies have s ggested that it is more beneficial for diffic lt problems or 
lo er ability st dents Wal ington, 2012 . his body of research has typically involved conte t ali ing 
problems by adding verbal information to te t, b t conte t ali ation can also be accomplished thro gh 
accompanying vis al representations. 

Current Study 

t remains an open estion as to ho  the m ltimedia principle, the coherence principle, and the notion 
of conte t ali ation apply to vis al representations sed in mathematics. he c rrent research involves 
trigonometry problems accompanied by 4 types of vis al representations  combining diagram presence or 
not  ith the presence of conte t al ill strations or not . he conte t al ill stration co ld add e traneo s 
details thro gh the graphics, b t it also co ld gro nd the problem sit ation. We se the term contextual 
illustration since the ill strative feat res correspond to the spatial layo t necessary to solve the problem. 

he perspectives disc ssed above vary in their predictions abo t hich vis al representations ill be most 
helpf l see able 1 . We consider these effects in terms of st dent performance and eval ations of the 
problems. 

Table 1: Predictions from Applicable Theoretical Frameworks 

 heoretical Prediction 

M ltimedia Principle is al representations ill 
help � e t by itself ill be hardest 

Coherence Principle traneo s information 
h rts performance � Problems ith ill strations ill be 

harder 

M ltimedia  Coherence 
Principles 

Provide vis als b t avoid 
e traneo s information � Diagram by itself ill be easiest. 

Conte t ali ation 
Perspective 

ll strations f rther gro nd 
problem solving � Problems ith ill strations ill be 

easier. 
    

Method 

Participants 

Participants ere 93 ndergrad ates, ho received credit in introd ctory psychology for their 
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participation. he ma ority 63  had completed middle school math in the United States. f those ho 
had not, most 82  had their earlier math ed cation in an Asian co ntry. ver t o thirds 69  intended 
to ma or in a math or science field. 

Participants ere divided into s bgro ps based on their intended ma or math science field or not  and 
here their previo s math ed cation occ rred U.S. or non U.S. . St dents ho ere math science ma ors 
ere fairly evenly split into those ho ere previo sly ed cated in the U.S. n  34  and those ho ere 

previo sly ed cated o tside the U.S. n  30 . he vast ma ority of participants ho ere not math science 
ma ors ere ed cated in the U.S. n  25 . nly 4 participants previo sly ed cated o tside the U.S. ere 
not math science ma ors  this small gro p as e cl ded from the analyses reported here. 

Design and Materials 

ach participant received 4 problems based on a 2 Diagram Presence  ��2 ll stration Presence  
ithin s b ects design, yielding 4 conditions  te t alone, diagram alone, ill stration alone, and ill stration 
ith diagram overlay see able 2 . Condition order as co nterbalanced across participants. 

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

 No Diagram Diagram 

No 
Illustration 

he par s department is p tting a stat e 
on a base. he stat e is some distance 
a ay, and yo  are in a helicopter, eye 
level ith its top. he angle of depression 
to the bottom of the stat e i.e., the top of 
the base  is 35 degrees. he height of the 
stat e is 50 feet. f someone ere to 
stretch a string from the bottom of the 
base directly to yo , it o ld be 100 feet 
long. o  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 re ired 
applying trigonometric relations to overlapping right triangles to solve for an n no n dimension. he 
different stories had varied combinations of sides and angles, s ch that the sol tion processes ere not 
identical for any t o problems. hese types of problems ere selected as they lend themselves ell to 
concrete sit ations and are at an appropriate diffic lty level for ndergrad ate participants. he order of 
the cover stories and th s of the mathematical sol tions  as held constant across participants. ach 
problem as on its o n page, ith the te t and vis al representation if present  at the top of the page. 
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he ill stration corresponded to the problem sit ation. As sho n in able 2, altho gh it did have 
decorative feat res, it as also mathematically relevant beca se it indicated the spatial layo t of the 
components of the story problem. 

Procedure 

Participants received a reference hando t ith te t and e ations b t no diagrams  of information 
abo t triangles and trigonometric form las. he information as available thro gho t the st dy, and 
participants ere told that not all of it o ld be needed. Participants or ed thro gh each of the fo r 
problems at their o n paces. After completing the problems, they rated ho  diffic lt each problem as, 
ho  clear it as, and ho  illing they o ld be to do more problems li e it. hey assessed these 
characteristics on a 5 point i ert scale. While ma ing these ratings, participants ere permitted to loo  
bac  over the problems b t not to change any of their ans ers. Finally, participants completed a 

estionnaire abo t their attit des to ards mathematics, their math abilities, and their math bac gro nd. 

Results 

A si eable proportion of participants ans ered all or none of the problems correctly, and these rates 
depended on participant s bgro p. For instance, 40  of the st dents ho ere not math science ma ors 
ans ered no problems correctly and 30  of the math science ma ors ho received their previo s 
ed cation o tside of the U.S. ans ered all the problems correctly. he res lts belo  incl de all 
participants  ho ever, the patterns also hold for the s bset of participants ho did not perform at floor or 
ceiling i.e., correctly ans ered 1 3 of the 4 problems . 

Did Visual Condition Affect Accuracy? 

We analy ed the dichotomo s meas re of acc racy on each problem sing mi ed models logistic 
regression ates  Maechler, 2009  in . he best fitting model incl ded the fi ed factors of diagram 
presence, ill stration presence, ed cational bac gro nd  ma or henceforth participant subgroup , and the 
interaction bet een ill stration and participant s bgro p. We also incl ded 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 able 3. 

Table 3: Coefficients from Regression Model for Accuracy Ratings 

Fi ed effects  
stimate 
logit  S  dds z val e Sig 

ntercept 0.53 0.68 0.59 0.78 0.44 
Diagram  no eference 
Diagram  yes 1.49 0.28 4.42 5.23 .0001 
ll stration  no eference 
ll stration  yes 0.996 0.47 2.71 2.1 0.04 

S bgro p  o tside US  math science ma or eference 
S bgro p  US  math science ma or 0.39 0.64 0.68 0.61 0.54 
S bgro p  US  not math science ma or 1.15 0.70 0.32 1.65 0.10 
ll stration  yes   

S bgro p  US  math science ma or 0.62 0.64 0.54 0.96 0.34 

ll stration  yes   
S bgro p  US  not math science ma or 1.56 0.73 0.21 2.13 0.03 
 
Model  Acc racy  DiagramPresence  ll strationPresence  S bgro p  1  CoverStory   1  D  
 

andom effects ntercepts  ariance of participant  3.26  ariance of cover story  0.91  
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Participants performed significantly better on problems ith diagrams than itho t, p  .0001 see 
Fig re 1  SE are corrected via proced re in Morey, 2008, to reflect ithin s b ects design . his effect 
e isted for all three s bgro ps and did not interact ith ill stration presence.  

o ever, the effect of ill stration varied across participant s bgro ps. Participants ho received their 
math ed cation o tside the U.S. and ere also math science ma ors  performed significantly better ith 
ill strations p  .04  than itho t. his improvement differed significantly p  .03  from the slightly 
negative effect of ill stration on the US s bgro p not ma oring in math science. he acc racy level of the 
s bgro p ho ere not math science ma ors as significantly lo er than the acc racies the other t o 
s bgro ps hen there as an ill stration ps  .02 , b t this pattern did not reach significance hen there 

as no ill stration.  
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Figure 1: Average accuracy (+/– SE) 

Did Visual Condition Affect Participants’ Ratings of the Problems? 

We combined participants  ratings of each problem s clarity and diffic lty reverse coded  as ell as 
their ratings of ho  illing they o ld be to do more problems similar to those completed. his composite 
meas re offered an assessment of a participant s overall favorability to ards a problem type. Correlations 
among the three meas res ranged from .34 to .56, ps  .0001. he best fitting mi ed effects model for 
participants  ratings incl ded the fi ed factors of diagram presence, ill stration presence, and participant 
s bgro p. We also incl ded participant and cover story as random factors  cover story significantly 
improved the model s fit p  .001 .  

As sho n in Fig re 2, participants vie ed problems ith diagrams significantly more favorably than 
those itho t, and they vie ed problems ith ill strations significantly more favorably than those 

itho t  respectively, each of these factors improved the fit of the model, �2 1   7.79, p  .005 and �2 1  
 10.5, p  .001. o ever, the magnit de of these effects as relatively small. Comparisons of the 

s bgro ps indicated that participants ho ere not math science ma ors rated the problems significantly 
lo er than participants ith math science ma ors ts  2.71 , hose s bgro ps did not differ from one 
another t  1.70 .  
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Figure 2: Average favorability (+/– SE) 

Discussion 

n this st dy, participants performed more acc rately on trigonometry problems ith diagrams. he 
effect of ill strations as mi ed. ll strations yielded a slight improvement in performance for st dents 

ho intended a math science ma or, b t ill strations slightly h rt performance among st dents ho ere 
not intending to ma or in a math  or science related field. hese findings highlight that ability differences 
affect the se of vis al representations.  

he multimedia principle predicts that problems ith vis al representations o ld be solved more 
s ccessf lly than problems presented as te t only. his as clearly the case for diagrams. he more mi ed 
infl ence of conte t al ill strations can be considered ith respect to the coherence principle and the 
contextualization perspective, hich ma e opposite predictions. ndeed, each prediction fit a s bset of the 
participants. As predicted by the conte t ali ation perspective, having an ill stration benefited 
performance for participants ho ere math science ma ors. n contrast, as as predicted by the coherence 
principle, ill strations h rt performance for those ho ere not math science ma ors. verall, tho gh, the 
effects of ill stration presence ere relatively small.  

hese findings indicate that the coherence principle, hich has been s pported in m ltiple st dies 
sing science material see Mayer, 2009 , may not apply so straightfor ardly in math. o ever, the 

coherence principle stresses the removal of e traneo s details. ot all details are e traneo s, and added 
vis al details do not necessarily harm everyone s performance. his research sed conte t al ill strations 
that co ld have assisted st dents in mapping the problem content to the vis al representation and th s does 
not necessarily contradict the coherence principle. t is also orth noting that the conte t ali ed 
ill strations e sed ere more relevant to mathematics than the ma ority of ill strations that are fo nd in 
American mathematics te tboo s Cooper et al., 2012  Mayer et al., 1995 . Addressing the impact of 
p rely decorative ill strations ill be an important e tension of this research. 

Foc sing on the cognitive load re ired by these problems offers a possible ay to combine the t o 
perspectives on the effect of ill strations and nderstand the dependence of the effect on s bgro p. he 
cost of encoding and integrating the e traneo s information s ch as the design of the base of the stat e  
conveyed in ill strations may o t eigh any possible benefits from conte t ali ation if cognitive load 
s rpasses the available cognitive reso rces. ll strations might be more helpf l for individ als ith more 
math e perience beca se s ch individ als can constr ct a conte t ali ed mental representation of the 
problem scenario itho t e ceeding their available cognitive reso rces. o ever, other research on 
conte t ali ation has fo nd gro nding problems to offer greater benefits for st dents of lo er math ability 
see Wal ington, 2012 .  

Diagram presence increased the favorability ith hich participants vie ed the problems, as did 
ill stration presence. Comparing this ith performance data indicates that all participants  metacognitive 
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beliefs abo t problems ith diagrams matched their act al performance. o ever, only st dents intending 
a math science ma or acc rately perceived the effect of ill stration presence. Participants ho ere not 
math science ma ors performed the same or orse hen an ill stration as present, despite their more 
favorable vie  of these problems. his pattern of findings is partic larly important to consider in light of 
the motivation based arg ment that te tboo  vis als ill help engage learners, partic larly those ith lo  
math interest see D ri   arac ie ic , 2007, for related findings . o ever, it aligns ith the research 
arising from the Cognitive heory of M ltimedia earning and from Cognitive oad heory, hich hold 
that these e traneo s b t interesting details can be problematic for learning. As noted above, this may hold 
tr e especially hen an individ al s reso rces are ta ed, hich is more li ely to occ r for individ als ith 
lo er bac gro nd no ledge.  

he overall differences e observed in acc racy bet een st dents of different bac gro nds are not 
s rprising in light of the ell doc mented finding that st dents from many foreign co ntries o tperform 
American st dents in math Fleischman et al., 2010 . What is more interesting is that st dents of different 
bac gro nds ere differentially affected by vis al representations. he nderlying constr cts tapped by 
o r meas res of st dents  bac gro nds need to be characteri ed ith greater precision. We collected data 
on the intended ma ors and the co ntry in hich they received their middle school ed cation. hese 
meas res may simply red ce to e perience and interest in math  ho ever, f rther research on st dents  
bac gro nds and ho  they affect performance is needed. 

t is also orth noting that overall levels of performance in this st dy ere not high, even in the 
highest performing s bgro p. he problems e sed ere ite comple , and many components needed to 
be performed correctly in order to reach an acc rate final ans er. St dents needed to no  ho  to map 
information from the problem content to the vis al representation and from the vis al representation to 
their mental representation of the problem. St dents also needed to identify hat antity to solve for, 
fig re o t the steps needed to reach the sol tion, and correctly apply the trigonometric form las to reach a 
final ans er. Understanding the differential effects of the type of vis al representation on these different 
components of problem solving is an important arena for f t re research see tcher, 2006  Mc eil et al., 
2009 .  

n s m, this or  highlights the need for a contin ed foc s on the ays in hich vis al representations 
s pport learners  strategic problem solving and learning. ather than as ing simply hich types of 
ill strations serve learners better, it is important to identify ho  learners ith different bac gro nds and 
s ill levels tili e vis al representations hen solving problems. 
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