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Introduction 
 

Problem solving consists of actions performed for a goal (Anderson, 1985). This ability 
has been at the core of mathematics education since it reflects the ability to cope with problems 
in and outside school (NCTM, 2000; Simsek, Uygun, & Güner, 2020). The actions taken to 
solve a problem are related to cognitive processes (Metallidou, 2009). Researchers proposed 
various explanations for these processes and stages of problem solving. Lin and Lin (2014b) 
listed these processes that a solver must comprehend the initial text and the diagram, search for 
overlapping information with existing one, make a deduction, and do calculations to reach a 
solution. Correspondingly, Gal and Linchevski (2010) indicated that geometry tasks include 
consecutive phases from neural processes to higher cognitive ones such as reasoning and 
deduction. Epelboim and Suppes (2001) stated these stages, respectively, as reading the text, 
creating a diagram, looking for familiar patterns, recalling relevant information, and reaching 
a solution. Students might have difficulty while activating required cognitive processes in 
problem solving. Representations such as diagrams, graphs, tables, and charts are frequently 
used to help students to understand mathematical ideas within the problem solving context 
(Bolden, Barmby, Raine, & Gardner, 2015). It has been shown that diagrams presented by 
geometry problems aid students' understanding of mathematical concepts and problem 
statements (Brenner et al., 1997) and leading them to a solution (Greeno & Hall, 1997). They 
play a role in representing and explaining the mathematical ideas required to solve problems. 
Students should be able to gather properties and relevant information from the diagram and use 
them while solving geometry problems (Laborde, 2005). However, it is not certain that they 
can obtain the necessary knowledge (Pape & Tchoshanov, 2001), and they might have 
difficulty in making correct inferences during this process.  

Students use a variety of strategies during problem solving processes. This variation 
might derive from task characteristics (Gluck & Fitting, 2003). These strategies have different 
descriptions and classifications. Mayer defined a problem solving strategy as a guideline which 
not always lead to a solution (as cited in Gick, 1986, p.100). Dividing problems into parts is a 
common technique used in problem solving regardless of the domains. Another general 
strategy used by Simon and Newell (1971) is called as means-ends analysis. It includes filling 
the gap between the initial state and the aim of the problem. Assessing and evaluating students' 
problem solving processes provides information about their views about the context, 
difficulties, understanding, thinking methods, and strategies (Hegarty & Kozhevnikov, 1999; 
Simsek, Uygun, & Güner, 2020). However, it is critical to select assessment tools to reveal this 
information. Prior studies frequently used self-reports and interview methods to assess problem 
solving processes and analyze students' strategies used during these processes (Huang, 2017) 
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and considered solution time and accuracy as problem solving measures which generate weak 
information about the internal cognitive process (Knoblich, Ohlsson, & Raney, 2001). 
However, it requires more influential techniques due to its complex nature. Eye tracking 
technology has the potential to observe problem solving processes in depth by capturing 
information people are attending during working on a task (Andrá et al., 2015). The 
explanations based on eye movement measures might differ according to the context of the 
study. As an example, Duchowski (2007) specified that as the complication of problem 
increase, fixation number, and duration increase in that vein. However, problem difficulty 
cannot be the reason for the higher duration that individuals spend while looking at a point and 
higher times they look at that point in all conditions. In the study conducted by Lin and Lin 
(2014a), solvers good at geometry spent more time in an output area since they desired for 
more plausible answers. Therefore, it is essential to investigate the changes of eye movements 
measures and target specific explanations for these changes. Moreover, there have been various 
research studies about eye tracking and problem solving in different contexts; however, 
problem solving process itself needs to be investigated as Schindler and Lilienthal (2019) 
suggested. 

 
Methodology 

 
Eye tracking, which facilitates objective and assessment in an educational context was 

used in the study. The data of eye tracking was supported by Spatial Ability Test (SAT) results 
and transcripts of think aloud and interviews. The purpose of the study was to provide an 
overall analysis of the participants’ problem solving processes. Mainly, this study was 
conducted to examine the following research questions: 
 

 What are the problem solving strategies that high school students are using during 
problem solving in geometry? 

 How do eye movement measures change during problem solving processes at different 
problems and different parts of the problems? 

 
 Eight high school students participated in the study with an approval received from 
Middle East Technical University Human Subjects Ethics Committee. Both students and their 
parents signed a consent form to specify voluntary participation and the approval that their 
children participate in the study. All participants first answered Spatial Ability Test (SAT) 
which measures participants’ spatial abilities. Afterward, they tried to solve six geometry 
problems on the computer. They were asked to think aloud, and their eye movements were 
recorded by Tobii X2-60 Eye Tracker during problem solving. In geometry problems posed by 
a diagram, two Area of Interests (AOIs), which are diagram and text, were defined. Diagram 
AOI implies problem figures, while Text AOI refers to written information related to the 
problem. The changes in specified eye movements measures, which are fixation count, total 
fixation duration, and visit count, were analyzed according to these two AOIs. Lastly, an 
interview was done with each student to examine problem solving strategies. Eye tracking data 
was used to decide whether eye tracking measures differ according to variation in problems 
and parts of a problem. The eye tracking data was compared with Spatial Ability Test (SAT) 
to make sense of participants’ eye movements. This data was also supported by think aloud 
protocol and interview method to determine participants’ problem solving strategies of 
geometry. 
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Findings  
 

Spatial Ability Test Scores  
 

Spatial Ability Test designed by Ekstrom et al. (1976) and translated into Turkish by 
Delialioğlu (1996) is used in this study to assess participants' spatial abilities. It includes four 
different tests, which are Card Rotation Test (CRT), Cube Comparison Test (CCT), Paper 
Folding Test (PFT), and Surface Development Test (SDT). First two tests are used to assess 
spatial orientation ability, while last two tests are used to assess spatial visualization. The 
results stated that Participant2 has the highest score in all results, while Participant5 has the 
lowest score. Participants’ Spatial Ability Test (SAT) scores indicated that the highest total 
score out of 282 is 267, which belongs to Participant2. On the other hand, the lowest total score 
is 105. Specifically, the scores range from 11-19 out of 20 in PFT, 26-58 out of 60 in SDT, 24-
33 out of 42 in CCT, and lastly 38-158 out of 160 in CRT. The highest scores for PFT, SDT, 
and CRT belong to Participant2. Participant7 got the highest score for CCT. Participant1, 
Participant3, Participant4, Participant7, and Participant8 gave correct answers to more than 
half of the questions in all parts of the test. Participant5 did not answer all of the questions; in 
fact, she did not make any selection among drawings of a card within 80 items in the second 
part of the CRT. There are more unanswered questions than half of the items, which 145 empty 
questions out of 282. Participant6 has the lowest score for SDT. 
 
Problem Solving Strategies 
 

Table 1. Strategies used by participants 
 Holistic Strategies Analytic Strategies 

 Mereologic 
Way 

Visual 
Strategy 

Preproportional 
Reasoning 

Qualitative 
Proportional 
Reasoning 

Quantitative 
Proportional 
Reasoning 

Participants 
P1 

 
4 

 
2 

 
 

 
 

 
2 

P2 3  1           3  
P3 1 1 1   
P4 3  2  1 
P5  2 2   
P6 
P7 
P8 

 
1 
1 

1 
 
 

2 
2 
1 

 
 
2 

 
1 
 

Total 13 6 11 2 7 
Note: The total number of questions asked in this study was 6. To solve one question, more 
than one strategy could be used.  
 

In response to the first research question, problem solving strategies were analyzed 
under two strategies, which are holistic and analytic strategies. Holistic strategies have two 
subcategories, which are mereologic way and visual in this study. On the other hand, analytic 
strategies have three subcategories, which are preproportional reasoning, qualitative 
proportional reasoning, and quantitative proportional reasoning. As seen in the Table 1, the 
most preferred strategy was the mereologic way. Preproportional reasoning was used at least 
one by all participants except P1 and it was the second most preferred strategy. Quantitative 
proportional reasoning was used seven times while qualitative proportional reasoning was used 
two times by only P8. Lastly, visual strategy was used six times. 
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Eye Movement Measures Changes 
 

To answer the second research question, eye movement measures, which are Fixation 
Count (FC), Total Fixation Duration (TFD), and Visit Count (VC), were analyzed. PFT and 
CCT, parts of SAT, were determined as covariates. The multivariate analysis results indicated 
a statistically significant difference of problems on eye movement measures, Wilk’s λ = .484, 
F (15,221) = 4.432, p= .000. Also, a statistically significant difference of problem parts on eye 
movement measures was acquired, Wilk’s λ = .424, F (3,80) = 36.195b, p= .000. The results 
are shown in Table 2.  
 

Table 2. The Effects of Problem Parts and Problems 
Effect  Value F Hypot

hesis 
df 

Error df Sig. Parti
al 

Eta 
Squa
red 

Noncent
. 

Paramet
er 

 
 

Observe
d Powerd 

Problem
Parts 

Pillai's Trace ,576 36,195b 3,000 80,000 ,000 ,576 108,585 1,000 
Wilks' Lambda ,424 36,195b 3,000 80,000 ,000 ,576 108,585 1,000 
Hotelling's Trace 1,357 36,195b 3,000 80,000 ,000 ,576 108,585 1,000 
Roy's Largest 
Root 

1,357 36,195b 3,000 80,000 ,000 ,576 108,585 1,000 

Problems Pillai's Trace ,573 3,871 15,000 246,000 ,000 ,191 58,072 1,000 
Wilks' Lambda ,484 4,432 15,000 221,246 ,000 ,215 60,509 1,000 
Hotelling's Trace ,951 4,985 15,000 236,000 ,000 ,241 74,779 1,000 
Roy's Largest 
Root 

,819 13,437c 5,000 82,000 ,000 ,450 67,186 1,000 

 
The results of between subject analysis to conduct the effects on each measure stated 

that there is a significant difference of problems on visit count, F (11,84) = 7.813, p= .000. 
However, there is no significant effect on fixation count, F (11,84) = 1.604, p= .168 and total 
fixation duration, F (11,84) = 1.508, p= .196. Between subject analysis also indicates the effects 
of problem parts on each eye movement measures. There is a significant difference of problem 
parts on fixation count and total fixation duration, F (11,84) = 63.620, p= .000, F (11,84) = 
60.247, p= .000 respectively. However, there is no significant difference on visit count, F 
(11,84) = .988, p= .323. The results of between subject analysis are shown in Table 3. 
 

Table 3. The Effects of Problem Parts and Problems on FC, TFD, and VC 
Source Depe

ndent 
Varia
ble 

Type III 
Sum of 
Squares 

df Mean 
Square 

F Sig. Partial 
Eta 

Squared 

Noncent. 
Paramete

r 

Observe
d Powerd 

Problem
Parts 

FC 1180597,042 1 1180597,042 63,620 ,000 ,437 63,620 1,000 
TFD 85933,831 1 85933,831 60,247 ,000 ,424 60,247 1,000 
VC 322,667 1 322,667 ,988 ,323 ,012 ,988 ,166 

Problem
s 

FC 148839,958 5 29767,992 1,604 ,168 ,089 8,021 ,533 
TFD 10757,239 5 2151,448 1,508 ,196 ,084 7,542 ,504 
VC 12760,500 5 2552,100 7,813 ,000 ,323 39,067 ,999 
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Regarding the problem parts, Table 4 showed that the means of diagram part were 
higher in all eye movement measures when compared to the text part. A statistically significant 
difference was obtained means between the diagram and the text parts on FC, p= .000 and TFD, 
p=.000. However, there was not a significant difference on VC, p= .323. 

 
Table 4. Comparisons of Problem Parts 

Dependent 
Variable 

(I) 
ProblemParts 

(J) 
ProblemParts 

Mean 
Difference 

(I-J) 

Std. 
Error 

Sig.
b 

95% Confidence 
Interval for Differenceb 

Lower 
Bound 

Upper 
Bound 

FC diagrampart textpart 221,792* 27,807 ,000 166,475 277,108 
textpart diagrampart -221,792* 27,807 ,000 -277,108 -166,475 

TFD diagrampart textpart 59,838* 7,709 ,000 44,502 75,174 
textpart diagrampart -59,838* 7,709 ,000 -75,174 -44,502 

VC diagrampart textpart 3,667 3,689 ,323 -3,672 11,006 
textpart diagrampart -3,667 3,689 ,323 -11,006 3,672 

Based on estimated marginal means 
*. The mean difference is significant at the ,05 level. 
b. Adjustment for multiple comparisons: Bonferroni. 
 

Regarding the problems, the results indicated that there was a significant difference in 
visit count between Question 1 and Question 2, Question 2 and Question 3, Question 2 and 
Question 4, Question 2 and Question 5, and Question 2 and Question 6. As mentioned above, 
there were no statistically significant effect of problems on fixation count and total fixation 
duration. Therefore, Table 5 shows the results of visit count. 
 

Table 5. Comparisons of Problems 
Dependent 
Variable 

(I) 
Problems 

(J) 
Problems 

Mean 
Difference 

(I-J) 

Std. 
Error 

Sig.b 95% Confidence 
Interval for Differenceb 

Lower 
Bound 

Upper 
Bound 

VC Question1 Question2 -32,938* 6,390 ,000 -52,258 -13,617 
Question3 -8,750 6,390 1,000 -28,070 10,570 
Question4 -10,125 6,390 1,000 -29,445 9,195 
Question5 2,500 6,390 1,000 -16,820 21,820 
Question6 -5,813 6,390 1,000 -25,133 13,508 

Question2 Question1 32,938* 6,390 ,000 13,617 52,258 
Question3 24,188* 6,390 ,004 4,867 43,508 
Question4 22,813* 6,390 ,009 3,492 42,133 
Question5 35,438* 6,390 ,000 16,117 54,758 
Question6 27,125* 6,390 ,001 7,805 46,445 

Question3 Question1 8,750 6,390 1,000 -10,570 28,070 
Question2 -24,188* 6,390 ,004 -43,508 -4,867 
Question4 -1,375 6,390 1,000 -20,695 17,945 
Question5 11,250 6,390 1,000 -8,070 30,570 
Question6 2,938 6,390 1,000 -16,383 22,258 

Question4 Question1 10,125 6,390 1,000 -9,195 29,445 
Question2 -22,813* 6,390 ,009 -42,133 -3,492 
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Question3 1,375 6,390 1,000 -17,945 20,695 
Question5 12,625 6,390 ,773 -6,695 31,945 
Question6 4,313 6,390 1,000 -15,008 23,633 

Question5 Question1 -2,500 6,390 1,000 -21,820 16,820 
Question2 -35,438* 6,390 ,000 -54,758 -16,117 
Question3 -11,250 6,390 1,000 -30,570 8,070 
Question4 -12,625 6,390 ,773 -31,945 6,695 
Question6 -8,313 6,390 1,000 -27,633 11,008 

Question6 Question1 5,813 6,390 1,000 -13,508 25,133 
Question2 -27,125* 6,390 ,001 -46,445 -7,805 
Question3 -2,938 6,390 1,000 -22,258 16,383 
Question4 -4,313 6,390 1,000 -23,633 15,008 
Question5 8,313 6,390 1,000 -11,008 27,633 

Based on estimated marginal means 
*. The mean difference is significant at the ,05 level. 
b. Adjustment for multiple comparisons: Bonferroni. 

Moreover, heat maps which are powerful visualizations for visual attention were 
investigated. As an example, Figure 1 shows the participants’ focus for Q1 and Q2. Heat map 
of Q1 indicates that participants mostly looked at the diagram part compared to text part. Heat 
map of Q2 specifically indicates the focus on the base of the triangle while the focus is gathered 
on the line segment AC and also the point F located on this line segment in the diagram part. 

 
Figure 1. The participants’ focus on Q1 and Q2, respectively 

 
Limitations of the Study 

 
This study is limited to one city of Turkey and only high school students who 

volunteered to participate in the study were targeted. There might be an eye tracking effect 
since students were aware that they are being recorded.  

 
Conclusion and Discussion  

 

The findings of think aloud protocol and interviews indicate that students use different 
strategies during solving process. The mereologic way was the most preferred strategy, while 
qualitative proportional reasoning was the least. This variation in strategies derives from 
problem characteristics (Gluck & Fitting, 2003), difficulty, and complexity (Gitimu & 
Workman, 2007). While the use of strategies led them to a solution, they sometimes had 
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difficulty in solving processes. In some cases, students could not reach the correct answer since 
they missed crucial geometric information to apply their strategies as Lin and Lin (2014b) 
stated. Another reason that some students could not be successful while applying a strategy is 
attributing some label to geometric figures without proof or justification. For example, 
assuming a line is perpendicular or a triangle is an equilateral or isosceles without analyzing 
well and correctly resulted in incorrect solution. Moreover, participants repeated that they are 
not able to remember the question type and how to solve these types of question. It means that 
they focused on the way of solution instead of analysis of the question or use of geometric 
knowledge.  

The eye movement measures findings state that participants have higher fixation count, 
total fixation duration, and visit count in diagram part compared to text part, after controlling 
Paper Folding Test and Cube Comparison Test scores. The finding is in line with the results 
which proposed that participants had longer fixations to the diagram since they required to 
reread the diagram when they felt difficulty (Lin & Lin, 2014a). Just and Carpenter (1976) 
suggested that more fixation count is related to cognitive processes, in this regard extracting 
necessary information from the diagram to solve a problem can be resulted in increasing focus 
on diagram. Questions asked in the study required modifying diagram such as dividing the 
object into parts or exploring geometric relationships such as proportionality. Additionally, as 
mentioned above, some students attempted to recognize and remember the question type while 
looking at the diagram. Therefore, it is reasonable to obtain higher fixation-based measures. 
The present study is also in accordance with results that different Area of Interests and 
problems effect fixation count (Lin & Lin, 2014a).  
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