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Abstract. In this contribution, we investigate the interrelation between visual 
focus and higher-level cognitive processing during diagrammatic problem 
solving. It is argued that eye movement data can be employed for the detection 
and prediction of model selection in mental model-based reasoning contexts. 
The argument is substantiated by results from an explorative eye tracking study. 
Implications for the role of cognitive models in human-computer collaborative 
reasoning and potential application domains are discussed. 
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1   Background 

Mental shifts of attentional focus have frequently been related to ‘a moving of the 
mind’s eye’. There exists broad psychological, functional anatomical, and neural 
evidence linking attentional processes to processes in eye movement control. 
Consequently, it has been argued that both sets of processes should be regarded as 
interdependent and that attentional shifts may even be fundamentally oculomotor in 
nature (e.g. [5]; [17]).  

Attentional and eye movement patterns may form part of the memory of a spatial 
scene or configuration (e.g. [13]) and they may influence subsequent memory access 
and mental reasoning [11]. To some degree, eye movements are also indicative of 
higher-level cognitive control processes such as in diagrammatic problem solving and 
of changes of related mental foci. Eye movement data may help assess which spatial 
or logical problem parts are attended to at which moment during diagram-based 
problem solving and which mental reasoning strategies are employed ([2]; [10]). 
Conversely, actively directing a person’s visual attention through visual cues can 
affect his performance in mental problem solving [6]. 
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2   General Approach 

This paper reports on the development of a methodological approach that aims at 
creating a more appropriate coupling of human and computer-generated reasoning 
during joint diagram-based problem solving. Example domains include spatial 
configuration or design tasks. The goal is to enable the computational partner to better 
adapt to current mental processes and states of the human partner, and thus to allow 
for more efficient and effective collaboration to emerge. 

2.1   Collaborative Human-Computer Problem Solving 

Collaborative human-computer reasoning involves a human and a computer-based 
system that share and manipulate a common representation (e.g. a diagram) while 
jointly solving a reasoning problem. The setting is asymmetrical in that the parties’ 
reasoning strategies and processing capacities differ [1]. Consequently, good 
collaboration quality and satisfactory productivity do not come for free. One way to 
achieve complementarity is to anticipate the other partner’s actions; for the 
computational reasoner this could mean to (a) monitor the human reasoner’s actions 
(e.g. his eye movements or actions on external diagrammatic media), (b) include a 
cognitive reasoning model with the computer-based system and feed it with the action 
data, (c) generate hypotheses from the model about the human’s current and imminent 
mental states and likely next actions, and (d) adjust the actions of the computational 
reasoner accordingly. Among others, hypotheses may address cognitive parameters 
(e.g. working memory loads or targets of attentional foci), problem parameters (e.g. 
complexity with respect to mental reasoning), and mental problem solving properties 
(e.g. current, individual, or general preferences in mental model construction). 

2.2   Multi-solution Configuration Problems 

Specifically, we address diagrammatic spatial configuration problems that each allow 
for multiple solution models to be constructed (see Fig. 1 for an example problem). In 
other words, these problems are underdetermined in that some of the spatial relations 
involved can be instantiated in more than one way. Research on diagrammatic 
reasoning as well as psychological research on mental problem solving suggests that 
with such class of problems the problem solving will be model-based and that a 
human reasoner will likely not construct all possible solution models. Instead, the 
construction of a concrete instance (e.g. a variant of one of the possible solution 
models) will be preferred (e.g. [8]; [9]).  

We argue that for well-coupled human-computer reasoning it is a central issue to 
robustly discriminate which model currently is in the focus of the human’s mental 
reasoning, and to also establish this mental model’s main structural and functional 
properties. If information on the human’s currently most probable mental model were 
readily available at any time, the computational reasoner could generate predictions 
on further courses of reasoning and on the solution model to be most likely 
constructed in the end. The more accurate these predictions, the better could 
computational actions and reactions be then adjusted to the human’s reasoning.  
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Fig. 1. A topological configuration problem of the kind addressed in this contribution. Left: 
Given are four regions A – D and three topological relations (1) – (3): non-tangential proper 
part (A, B), partial overlap (A, C), and disconnected (C, D) (given in the RCC-8 calculus; [15]). 
Right: Four different solution models which implement the three relations. 

2.3   General Preferences for Specific Solution Models 

It is not only on an individual basis that humans prefer the mental construction of 
certain models over that of other models when solving underdetermined problems: It 
has been shown that preferences in mental model construction also exist on a general 
basis across individuals (e.g. [9]). Causes for these preferences have among others 
been linked to issues of problem complexity, such as to the number of relations that 
need to be mentally instantiated in a specific model [7]. While such general 
considerations can certainly help understand mental problem solving mechanisms as 
such, they are not sufficiently informative for any concrete setting in which an 
individual tries to solve a specific problem. Would he construct a model that is 
preferred by most people, or wouldn’t he? The answer can only be provided by 
looking at the individual and at his reasoning situation. 

2.4   Visual Focus and Mental Focus in Diagram-Based Problem Solving 

Looking into a reasoner’s mind, however, is not easily done, even for restricted 
domains and tasks. In Section 1, we have discussed a few interrelations between 
visual focus (as made explicit by fixations of the eye) and mental focus of attention. 
While attentional and visual foci generally coincide during normal visual perception 
(overt attention) the two can be separated to some extent during a fixation (covert 
attention; [14]).  

There exist comparatively few investigations into the interrelations between 
attentional and visual foci during complex, higher-level, and cognitively demanding 
tasks, such as with spatial or insight problem solving. It seems safe to assume a 
somewhat looser connection than exists with strongly data-driven activities (e.g. 
scene perception or even during object recognition). During problem solving with 
diagram-based spatial configuration tasks one can expect phases of more data-driven 
activities (e.g. inspection of a diagram’s content) to occur next to phases in which eye  
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Fig. 2. A configuration problem that requires mentally modifying a geometric arrangement of 
matchsticks 

movements reflect aspects of higher-level cognitive activities (such as of application 
of problem solving strategies or shifts of attentional control). 

3   Eye Movements During Mental Problem-Solving – An 
Explorative Study 

In a recent eye tracking study, 18 participants were presented with a series of 
geometric arrangements of matchsticks (see Fig. 2 and 3 for an example). They were 
asked to mentally reconfigure the arrangements, one at a time, to fit given verbal 
descriptions. All problems had multiple solutions, and the participants’ eye 
movements were recorded during mental problem solving. Each participant was asked 
to indicate the point in time when he thought that he had found a solution to a 
problem. The discovered solution model was subsequently recorded. 

3.1   Findings 

The study was primarily aimed at detecting general problem solving mechanisms and 
eye movement patterns that the subjects employed. The measures that were used in 
the analysis included relative proportions of time and fixations over problem parts 
(over the entire duration as well as partial) and relative frequencies of 2- and 3-
fixation sequences across parts. The analysis was performed after the experiments. 

Frequently, the constructed model was found to be a function of the distribution of 
relative fixation frequencies over parts as well as of relative frequencies of part-part 
transitions (both for 2- and 3-fixation sequences). Subjects differed qualitatively in 
their problem solving styles, as well as in their overall performance levels. There is 
ample evidence for segmented problem solving processes. 

Fixation Frequencies for Problem Parts. Simply taking measure of the differences 
in relative fixation frequencies over different parts of the diagram often seems to be a 
good indicator for the solution that was mentally constructed. For example, with 
problems in which matchsticks had to be simply added (such as in case of the problem  
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Fig. 3. Four different solution models α – δ for the matchstick problem of Fig. 2 

in Fig. 2), fixation frequencies were often higher at places at which matches were 
eventually added. This effect was found to increase toward the end of a problem 
solving episode (for an individual problem), thus being in-line with other research 
results which suggest that while problem inspection may occur mostly early in the 
process, solution construction activities are reflected more in eye movements towards 
its end [10]. 

 
Fixation Frequencies for Part-Part Transitions. Measures which compare relative 
frequencies of series of two or three consecutive fixations over different parts seem be 
able to give stronger predictions of the constructed solution model than measures 
which simply look at individual problem parts. One hypothesis is that these patterns 
reflect phases in which a mentally constructed solution is checked against the external 
configuration, and in which diagram parts (matches or squares) are counted. Also, 
repetitive region spanning saccades could be used to bind together commonly 
manipulated diagram parts during mental imagery (e.g. in order to prevent image 
decay in the perceptual presence of the external diagram).  

 
Differences in Problem Solving Styles. Individuals sometimes differed in problem 
solving styles. For example, with problems that required to subtract a certain number 
of items, some subjects were found to focus mostly on those parts that they were to 
subtract (two to three times more fixations than on parts that stayed) while other 
subjects focused significantly more on parts that stayed than on parts that they were to 
subtract. Interestingly, this preference seems to be somewhat consistent for an 
individual across different tasks, potentially reflecting more general differences in 
strategy or ability across different problem solvers. 

 
Segmented Problem Solving. The study provided evidence for distinct problem 
solving phases. Most notably, fixations to parts of the verbal instruction (e.g. to “3 
matches” or “6 squares” in the case of “Add 3 matches to get 6 squares of equal size”) 
were often followed by specific patterns across the diagrammatic parts. A possible 
interpretation for such patterns could reflect functional episodes in which the 
configuration is checked against the specified description. Data on part-part 
transitions provides further evidence for problem solving phases that can be 
functionally distinguished. 
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3.2   Implications for Modeling 

In the light of this exploratory study into the relations between visual focus and 
mental problem solving it seems that there is in fact good justification to assume that 
eye movement data can be used as an input for a robust and dynamic modeling of 
attentional shifts – including shifts that occur during mental problem solving and in 
particular with regard to spatial or diagrammatic reasoning problems. Further studies 
will be required to gradually shed more light on details of how the processing levels 
interact. 

Computational models of how humans reason about diagram-based configuration 
problems can exploit eye movement data on different levels of abstraction. The 
easiest level apparently just requires simple statistics over fixations in different 
diagram parts, more sophisticated levels would include a modeling of functional 
phases and of subgoals during inspection, exploration, and mental construction 
phases, as well as of an interaction between more perceptual- and more reasoning-
driven aspect (for a collection of some ideas on modeling the latter, see [3]). 

Grant and Spivey have recently shown [6] that perception can also influence 
problem solving in that animating the parts of a diagrammatic problem that are crucial 
to finding a solution can in fact lead problem solvers towards finding one. One can 
expect in the same spirit that adding animations or other perceptually noticeable 
changes to a matchstick problem can not only increase or decrease the problem 
solver’s performance level but also influence the model that he will eventually 
construct. Even more if these changes occur at crucial moments during the problem 
solving process (e.g. when visual attention is directed anyway to the location or 
problem part where the changes will occur as compared to attention being dragged 
there by a perceptual stimulus). 

4   Relevance of Problem and of Domain 

Applications that may benefit from a computational modeling of interrelations 
between visual and attentional foci in reasoning include many spatial configuration 
and layout tasks, also in assistive or tutoring settings. Architectural and product 
design as well as land-use planning are domains that will likely increasingly require 
this sort of cognitive adequacy because neither human nor computer can be taken out 
of the related work processes [4]. These domains have in common that their problems 
are partly in diagrammatic form and relate to spatial configurations, that they are 
complex and cognitively demanding and that the typical, professional human involved 
would welcome dedicated computer-based assistance [12]. Yet, for reasons of 
esthetics, implicitness of knowledge, style or preferences neither domain nor tasks can 
be adequately fully formally specified and be handled computationally (cf. partially 
unformalized constraint problems, [16]). Accordingly for much of reasoning in design 
and spatial configuration, good human-computer cooperation and collaboration are 
preconditions for effective work. 
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Fig. 4. The next step: Analysis of eye movements during interactive problem solving with 
matchstick configuration problems  

5   Future Work and Discussion 

There seems to be a connection between the distribution of visual focus over time 
during problem solving and the solution model that subjects ultimately construct. 
More studies are required to investigate further details of this connection, especially 
towards markers (i.e. characteristic eye movement patterns) that help identify distinct 
problem solving phases and measures of the current significance of eye movements 
over problem parts (e.g. does a prolonged fixation signify that a detailed inspection of 
a specific diagram part occurs, or does the subject simply not attend to diagrammatic 
content at the moment, does he ‘blank’, for example during imagery?). Also, further 
investigation is required on how eye movement patterns change when subjects are 
allowed to interact with diagrammatic content (e.g. draw on the board). Last, studies 
of related but more complex tasks are needed to gather information on how the found 
effects scale with problem size (e.g. Can similar effects be found for spatial layout 
tasks that involve areal and heterogeneous objects? In which respect do more complex 
tasks change the modeling requirements and the predictive power?) 

Strategies and other findings from the exploratory study are currently being 
computationally described and are fed back into an interactive spatial reasoning set-up 
that uses spatial configuration tasks similar to the ones used in the study (based on 
electronic whiteboards and mobile eye tracking; see Fig. 4). The aim is to establish 
sets of reasoning and interaction schemes that relate short-term data points to their 
medium-term reasoning contexts. For example, eye fixations can lead to entirely 
different interpretations (and ultimately to different actions of the computational 
reasoning partner) depending on which preferences in mental model construction are 
predicted. 
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