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Abstract. Eye tracking technology is a prospective tool for augmenting cogni-
tion in real-time in response to screen navigation and other eye movements that 
can be monitored. This paper examines eye movements associated with differ-
ences in problem complexity. The experiment utilized constraint satisfaction 
problems of differing difficulty measured by the number of steps necessary to 
complete and the relative time required to solve it. Participants were observed 
and tested through an eye-tracking experiment to see if correlations between 
visual navigation and problem complexity were present. Eye movement pat-
terns, in particular pupil size, have been used to measure cognitive load in other 
contexts [6-9].  The results showed overall increases in fixations and pupil size 
that corresponded to increases in problem complexity.  
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1   Introduction 

This paper explores the consequences of different levels of complexity on screen 
navigation during problem-solving tasks. Participants were observed and tested 
through an eye-tracking experiment to determine whether correlations between visual 
navigation and problem complexity could be detected and measured.  In addition, 
individual differences in domain expertise, short-term memory, spatial ability, cogni-
tive style and learning preference, which are thought to affect internal and external 
problem representation and comprehension of prepared external representations of 
problems, were measured [1-5] for possible affect as well.  Eye movement patterns, in 
particular pupil size, have been used to measure cognitive load in other contexts [6-9]. 
If differences in visual navigation and other measures such as the duration and loca-
tion of fixations and changes in pupil size can be observed using eye tracking, these 
differences can be used to augment cognition or customize views appropriately as eye 
tracking and other monitoring devices improve. Changes in pupil size are easier to 
track with eye tracking cameras because calibration is not required. 

To better understand how increases in cognitive load due to an increase in task  
difficulty are present in the visual process and the strategy of the individual, the  
following question was considered. Do different eye tracking patterns occur for dif-
ferent levels of complexity in analytical reasoning?  This was examined within sub-
ject as well as between subjects to see if measurable trends exist that could be used to 
augment cognition and lessen cognitive overload for a specific user.  This would be 
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particularly important for kiosks and computers in schools and public places that are 
used by people of varying levels of expertise.   

In order to measure changes related to increased cognitive load, eye movements 
were tracked as participants attempted to find a missing entry on a series of five sim-
ple 2x2 sudoku puzzles.  The placement of the missing entry ranged in difficulty by 
the number of entries that must be remembered in order to deduce the missing entry.  
The goal was to see if changes in visual process corresponding to changes in com-
plexity could be detected from eye movement patterns within subjects. 

Problem complexity was defined in two basic ways in the study.  Initially, prob-
lems were ranked for complexity according to the number of steps necessary to solve 
them. All of the problems were constraint satisfaction problems and grouped accord-
ing to this definition of difficulty.  The second measure of difficulty was calculated by 
the actual time taken to complete the problem and they were ranked accordingly. This 
method allowed for each participant to have his or her own unique ranking, but prob-
lems were also averaged over all participants to give an overall difficulty ranking 
based on duration. These rankings were used to compare visual navigation of similar 
problem types based on these two measures of difficulty. 

Measuring and understanding differences that correlate to changes in complexity 
during problem solving can further our understanding of how representations can be 
customized to improve problem solving and recognize cognitive load for individuals 
and groups.  The ability to identify cognitive load levels using a passive monitoring 
technique or sensors would benefit interface design and artificial intelligence in a va-
riety of fields including education and business.  

2   Previous Research 

Cognitive overload presents problems for users as well as learners. As problem com-
plexity increases, adequate problem representation becomes very important and often 
determines how successful the person will be in solving a problem [1, 2].  Jonasson 
states that qualitative representation of a problem prior to the quantitative solution 
indicates deeper conceptual understanding of the problem, whereas attempting to ap-
ply formulas without a qualitative and structural understanding of the problem is less 
effective and typical of novices[3]. Differences in visual navigation can indicate 
whether the problem solver is using a strategy that indicates structural understanding 
of the problem, leading to lower cognitive load from more efficient visual navigation 
and problem solving. Also, when problems require collaborative and interdisciplinary 
solutions, successful communication of a problem representation grows in importance 
[4, 5]. This research can also lead to better understanding of the effectiveness of  
representations for visual communication.  If cognitive overload can be measured 
automatically, the information can be used to mitigate this through various techniques 
such as scaffolding, multiple problem representation, worked problems, etc. 

Eye tracking represents a promising technique for measuring cognitive load. It is 
thought that fixation duration is a measure of difficulty of information extraction and 
interpretation; while the number of fixations in a region indicates level of interest [6]. 
The pupil size can also indicate things about the viewer and level of cognitive  
activity. Eye movements and changes in pupil size can reveal whether a person is  
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experiencing cognitive overload [7]. Kahneman's theory of attention is partially based 
on the relationship between cognitive activity and pupil dilation [8]. Differences in 
pupillary response is seen as the most promising physiological indicator of cognitive 
load, although it may be less reliable for older users [9]. This methodology was  
further investigated using sudoku puzzles, which are examples of diagrammatic  
constraint satisfaction problems. Since they require no reading to complete, they are 
useful for measuring cognitive load in diagrammatic contexts, yet the semantics and 
rules are very simple and easy to remember.  

3   Methodology  

Eye movements were tracked and analyzed as seven university students completed a 
series of five simple sudoku analytical problems of varying complexity. The partici-
pants were also tested for other individual differences related to diagrammatic com-
munication and reasoning, such as working memory capacity, visual and verbal  
preferences for learning and thinking, and spatial ability. This information was used 
to analyze possible correlations between these factors, strategies used, and indications 
of resulting cognitive load.  

The goal of the study was to see if changes in cognitive load corresponding to 
problem complexity could be observed and recognized in eye movement patterns.  
This was analyzed quantitatively in terms of changes in pupil size and the number and 
duration of eye fixations.  It was also analyzed qualitatively in terms of navigation 
patterns and the strategy used to solve problems. These were examined to understand 
the different solution strategies used and how the level of cognitive load impacted the 
strategy or process within and between subjects. 

The following set of hypotheses was used to test for changes in eye-movements 
and pupil size correlating to differences in problem difficulty. The participants com-
pleted one practice sudoku problem and five sudoku problems of varying difficulty. 
Difficulty was measured in terms of the number of steps that must be remembered in 
order to find the correct solution. Problems increased in difficulty level according to 
the number of steps required to solve it.  This was used to see if corresponding differ-
ences in the number of fixations, duration of fixations, average fixation, and average 
pupil size could be measured. These differences were also evaluated in terms of the 
other independent variables, such as the visual-verbal factors from the questionnaire, 
the spatial test and memory test scores. 

 
Ha:  Participants will have more eye fixations while solving higher diffi-

culty problems than lower difficulty problems.  
 
Hb:  Participants will have longer duration of eye fixations while solving 

higher difficulty problems than lower difficulty problems.  
 

Hc:  Participants will have higher average pupil sizes while solving 
higher difficulty problems than lower difficulty problems.  
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Participants completed constraint satisfaction problems using a computer while 
their time per screen, fixation locations and durations, pupil size, and answers to prob-
lems were recorded using EventStream software and an ASL eye tracker. Their eye 
movements were tracked sixty times per second. The information from EventStream 
on the task completion times, answers to problems, and fixation locations, durations 
of fixations by area of screen, and pupil size from the eye tracker was coded by par-
ticipant and kept in spreadsheets for further processing.  The data included the re-
sponse time, accuracy, pupil size, the number of fixations and gazes on different parts 
of the display for each problem. A qualitative analysis was done to understand the 
participant’s strategy and use of the graphic representation in relation to accuracy and 
response time. 

All problems were designed to be solvable while viewing a computer screen with-
out additional notes or calculations, although for increased difficulty some required 
more working memory capacity than others. 

4   Results  

The eye movements showed trends for increased fixations, longer fixation durations, 
and increased pupil size as complexity increased.  Figure 1 shows the increase in fixa-
tions as the problem difficulty increases.  Despite individual differences in the number 
of fixations, an overall trend of the average of all subjects shows an increase as prob-
lem difficulty increased. Figure 2 highlights the increased average fixation duration as 
complexity increased.  Although less pronounced, the tendency is for the duration of 
fixation to increase with problem complexity. Figure 3 shows the change in average 
pupil size for the problems as they increased in complexity. Pupil size is measured 
using a raw data coding to show the relative changes, but since each participant sat at  
 

 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 

 

Fig. 1.  Number of fixations per subject as problem difficulty increased 

Number of Fixations

0

50

100

150

200

250

300

C-1 C-2 C-3 C-4 C-5

Problem in order of Difficulty

ET3-VIF

ET4-VIM

ET5-VIM

ET7-VIF

ET8-VBM

ET11-VBM

ET12-VBF

Overall

 



258 L.A. King 

Average Pupil Size for Fixations
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Fig. 2. Average fixation duration per subject as problem difficulty increased 

 

Fig. 3. Average pupil size per subject as problem difficulty increased 

slightly different distance from the screen, it does not represent an exact measurement 
in millimeters.  

Although, the change in average pupil size is small, there is a consistent upward 
trend for all subjects as the problem difficulty increased. The average was based on 
the pupil size averaged for each fixation. The blinks which caused the pupil size to be 
measured as zero were not used in the calculation. The wider range in pupil size 
seemed to be a better indicator of cognitive load than the average size. 

The pupil size fluctuated throughout the problem solving tasks. The standard 
deviation increased as the difficulty increased as well, but the relationship was much 
noisier. Qualitative examination of the video of the eye movements and the pupil size 
seemed to indicate that the pupil size increased in connection with increased search 
behavior.  However, this relationship is still being researched for a more specific and 
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linkage. Intuitively, reacting to increased cognitive demand by increased search for 
relevant information seems plausible.  

The three hypotheses were supported by the trends in the sample. The differences 
were not great, but there was a consistent increase in the average pupil size as well as 
the gap between the minimum and maximum pupil size. Eye tracking, in particular, 
changes in pupil size, may be feasible for detecting increases in cognitive load for 
augmenting cognition or determining performance level remotely. 

5   Conclusion 

Results showed that increases in cognitive load due to an increase in task difficulty 
were observed in the visual process and strategy of most participants.  There is sup-
port for different eye tracking patterns to occur under increased complexity. This phe-
nomena was examined within-subjects to see if measurable trends existed that could 
be used to augment cognition for a specific user during a visual task that requires rea-
soning. This type of user modeling and detection of cognitive load could be particu-
larly useful for systems and interfaces that are used by people of varying levels of 
expertise, such as in schools and other public places.  

Further research is underway to better understand how this and other visual indica-
tors can be used to augment cognition and improve user experience with information 
and communication technology.  Pupil size changes have potential for use in usability 
testing as well.  Since tracking pupil size requires less calibration and is easier to do 
than eye movement tracking, it has potential for use with Web cameras that have be-
come ubiquitous with Web 2.0 technologies.   
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