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Abstract

Goal orientation is a common characteristic of human behavior, which is closely linked
to problem solving in novel situations. Oftentimes, efficient problem solving
performance indicates mental planning of appropriate behavior prior to the execution
by mentally denoting a concept as well as the associated outcome (Goel [2002]).
Regularities of such cognitive processing might be reflected in overtly observable eye
movement patterns (Nitschke et al. [2012]), which can easily be observed by tracking
eye movements during problem solving tasks. One type of such tasks are disk transfer
tasks like the Tower of Hanoi, of which a modified version was used in this study.
During the planning process of this task eye movements were recorded and compared
to a very basic strategy. This strategy postulates that every action that is planned
requires a fixation of the area in which the action takes place. Over the course of this
experiment this strategy was found in more than one third of the trials, with an
increased usage in trials of higher complexity. In addition, this study found that there
is a lower number of errors in trials where this strategy was used. Overall, a high
variance in a wide range of parameters was found across participants, which indicates
the usage of multiple different eye movement strategies. Those different strategies

need to be subject of additional research.



Kurzfassung

Zielorientierung ist ein gemeinsames Merkmal menschlichen Verhaltens, welches in
engem Zusammenhang zum Problemldsen innerhalb neuer Situationen steht. Haufig
deutet effizientes Problemlésen auf mentales Planen von angemessenem Verhalten,
bei dem, vor der eigentlichen Durchfihrung, mental ein Konzept sowie das
entsprechende Ergebnis aufgestellt wird, hin (Goel [2002]). Regelmalligkeiten
innerhalb solcher kognitiven Verarbeitungen kodnnten in offen beobachtbaren
Augenbewegungsmustern (Nitschke et al. [2012]), welche mit Hilfe von
Blickregistrierungssoftware einfach wahrend Problemlésungsaufgaben aufgezeichnet
werden konnen, wiedergespiegelt werden. Eine Art solcher Aufgaben sind
Scheibenverschiebungsaufgaben wie die Tirme von Hanoi, wovon eine modifizierte
Version innerhalb dieser Studie verwendet wurde. Wahrend des Planungsprozesses
dieser Aufgabe wurden Augenbewegungen aufgezeichnet und mit einer sehr
einfachen Strategie verglichen. Diese Strategie geht davon aus, dass jede geplante
Aktion eine Fixierung des Gebietes voraussetzt, in dem die Aktion ausgefuhrt wird.
Wahrend dieser Studie konnte der Einsatz dieser Strategie in mehr als einem Drittel
der Durchgédnge bestétigt werden, hierbei erhtéhte sich die Anwendung mit der
Komplexitat der Durchgénge. Zusatzlich zeigte diese Studie, dass die Fehlerzahl der
Probanden in Durchgéngen in denen die Strategie eingesetzt wurde geringer ausfiel.
Insgesamt wurde zwischen den Probanden eine hohe Varianz in einem Grol3teil der
Parameter festgestellt, was darauf hindeutet, dass mehrere verschiedene
Augenbewegungsstrategien Anwendung fanden. Diese unterschiedlichen Strategien

missen noch Thema weiterer Untersuchungen sein.
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1. Introduction

1.1. Problem solving and disk transfer problems

Although goal orientation is a common characteristic of human behavior, goals often
cannot be achieved directly because previously approved behavioral schemata might
not be suitable or applicable (Ward and Morris [2005]). Such novel situations lead to
problems that can be resolved in different ways, the simplest being a problem solving
behavior solely relying on trial and error. In many cases efficient performance serves
as an indicator for an identification of appropriate behavioral sequences by means of
mental planning prior to the execution. Therefore, mental planning is a form of problem
solving, which denotes the mental conception and behavioral evaluation as well as

the associated outcomes before their execution (Goel [2002]).

A large portion of past research on planning focused on disk transfer tasks like the
Tower of London or Tower of Hanoi (figure 1.1.1.). These tasks consist of well defined,
knowledge-lean problems with definite solutions. Within such tasks, experimental
variation of the problem structure allows systematic manipulations of planning
demands and task complexity (Kaller et al. [2004]). While such tasks are commonly
used for neuropsychological assessments, for example for patients with dysfunctions
and frontal lobe lesions (Cockburn [1995]), schizophrenia (Morris et al [1995]) or
Parkinson disease (Dagher et al. [1999]), they also find application in cognitive
research, especially for behavioral and neuroimaging studies (Morris et al. [1993],
Baker et al. [1996] and Lazeron et al. [2000]). For these purposes, a broad range of

different variations of disk transfer tasks were developed.
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a) Tower of Hanoi b) Tower of London

Figure 1.1.1.: Basic configurations of the Tower of Hanoi (a) and the Tower of London
(b). Both tasks require to efficiently transform a given starting state into a specified goal
state. The Tower of Hanoi (a) consists of three or more disks of different size that are
distributed across three equally sized rods. The goal is to find the optimal solution with
the minimum number of moves while moving one disk at a time and without placing
larger disks on top of smaller ones. In contrast, the original version of the Tower of
London (b) consists of three differently colored balls placed on three rods of different
heights. A large variety of Tower of Hanoi and Tower of London tasks found application
in past research.

Participants of such tasks were often instructed to plan their strategy mentally before
execution (Gilhooly et al. [2002]), what lead to better results in comparison to studies
were no instructions were given. Ward and Allport [1997], as well as Unterrainer et al.
[2003], showed that longer preplanning time is correlated with better performance. In
addition, evidence that strategic eye movement patterns during the planning phase
serve as good indicators of participants being efficient problem solvers was given by
Hodgson et al. [2000].

1.2. Eye movements and the VSTM

Visual behavior is guided by image information, which is acquired and maintained by
gaze shifts and the visual short-term memory (VSTM). The VSTM is a subdivision
within the visual part of the working memory (Baddeley [1992] and Baddeley [2003]),
which is characterized by a limited storage capacity (Phillips [1974]). There might be
an upper limit on storage in terms of the total amount of information, which is
characterized through a functional dependence between the total number of objects
that can be stored and their complexity (Alvarez and Cavanagh [2004]). If the storage

capacity is exhausted, gaze shifts can be used to gain information that is not currently
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represented in memory. Inamdar and Pomplun [2003] varied the distance between
relevant image regions to demonstrate a trade-off between gaze shifts and VSTM

storage.

Nitschke et al. [2012] assumed that regularities in cognitive processing are reflected
in overtly observable eye movement patterns. Therefore, eye movements were
recorded while participants worked on Tower of London (TOL) problems, in which
different task demands were experimentally manipulated. Single-trial saccade-locked
analysis showed that problems with higher demands on forming internal
representations are associated with an increased number of gaze shifts between the
presented start state and goal state, whereas no effect was found in terms of

inspection durations.

1.3. Cognitive stages in mental planning

It is well known that the dorsolateral prefrontal cortex (dIPFC) plays an important role
in the cortical network involved in planning and problem solving (Owen et al. [2005]).
In a more recent functional magnetic resonance imaging study (fMRI), Kaller et al.
[2011] used a Tower of London task to show a double dissociation between the left
and right dIPFC and two cognitive aspects of problem solving. They found that a
stronger activation of the left dIPFC is a sign of higher demands on the structural
analysis of information, whereas stronger activation of the right dIPFC is associated
with higher demands on integrating information into a sequence of actions. These
findings suggest that there might be separable cognitive stages to which the left and
right dIPFC contribute differently. During the first stage a mental representation is
established, while during the second phase the actual planning process takes place.
Earlier, based on the assumption that cognitive processing is to some extend reflected
in eye movements, Hodgson et al. [2000], as well as Kaller et al. [2009] proposed that
those stages might follow an at least partially sequential order with an internalization
process to construct a mental problem before the planning process to solve the
problem. More recent data provided by experiments like Kallers’ fMRI study [2011]

yielded additional support for the assumptions of a functional, as well as temporal,
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separation of internalization and actual planning.

1.4. Aim of this study

Previous studies showed that mental planning is a form of problem solving (Goel
[2002]), which often was subject of research in the context of disk transfer tasks like
the Tower of Hanoi (TOH) problem. While Unterrainer et al. [2003], as well as Ward
and Allport [1997] showed that longer preplanning times during such experiments
correlate with better performance, Hodgson et al. [2000] provided evidence that eye
movement patterns during this planning phase also serve as good indicator for
performance. It was postulated that regularities in cognitive processing are reflected
in overtly observable eye movements (Nitschke et al. [2012]) and based on such an
assumption Hodgson et al. [2000] and Kaller et al. [2009] proposed a temporal and
functional separation of two stages of mental planning: An internalization process

followed by an actual planning process.

The aim of this study was to investigate more closely the actual planning process and
the importance of eye movements during that process. For this purpose, based on the
TOH a disk transfer task was created, during which the participants’ eye movements
were recorded. To solve those TOH problems a very basic strategy was postulated
and translated into respective eye movements. The assumed eye movements were
compared to the participants’ actual eye movements to test for the strategies’
application. Therefore, the aim of this study was to show the utilization of a simple eye
movement strategy during the actual mental planning process of Tower of Hanoi

problems.
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2. Methods

The experiment consisted of three different tasks that were conducted by 17
participants, six females and 11 males, with age varying from 21 to 28 years. All
participants had normal or corrected to normal vision with only contact lenses allowed.
The three tasks were solved in one sessions with short breaks of up to five minutes

between each tasks. Subjects were naive to the purpose of the experiments.

2.1. Hanoi task

The Hanoi Task is the main experiment of this study. It is based on the mathematical
puzzle “Towers of Hanoi” that was invented by Edouard Lucas in 1883. In the following
sections the eye tracking setup used during this task as well as the task itself and the

experimental procedures are described.

2.1.1. Experimental design

During each trial an image was displayed showing a puzzle similar to “Towers of
Hanoi”. On the image three poles were shown, whereby two were colored in brown
and the rightmost was colored in grey. In addition, three disks of different sizes and
colors, a small blue one, medium sized green one and large red one, were distributed
across the poles (figure 2.1.1.a). As in the original TOH, the objective of the task was
to move the disks around ending with a tower, whereby the disks were sorted by size
and color and were located on the grey pole on the right hand side. The goal state
was a tower with the large, red disk at the bottom, followed by the medium sized, green

disk in the middle and the small, blue disk on top (figure 2.1.1.b).
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A i

Figure 2.1.1.: An example starting state (a) of the TOH used during this study, as well
as the goal state (b) used for all trials. In this version of the TOH the differently sized
poles were also color coded with red for the largest disk, green for the medium sized
one and blue for the smallest disk. The goal rod was also emphasized with grey color,
unlike the two other rods that were colored brown. For the starting state 4-move, 6-move
and 7-move problems were designed. Except for the set number of moves necessary to
reach a solution these didn’t follow any rules. The goal state (right) didn’t vary between
trials and was only explained to the participants before the experiment started.
Therefore, participants had to remember this state without getting feedback later on.

The standard Tower of Hanoi shown in figure 1.1. has two internal rules: (1) only one
disk can be transferred at a time; (2) a disk can only be transferred to a pole on which
it will be the smallest. This TOH also has one external rule: (3) only the smallest disk
on a pole can be transferred to another pole. In this case, the third rule doesn’t need
to be stated explicitly because the structure of the disks and poles coupled with rule 1

guarantee that it will be followed.

In this study the following rules were used:

Rule 1: Only one disk, which has to be the topmost of its pole, can be transferred at a
time.

Rule 2: The disk, that is about to be transferred, can’t be placed on top of a smaller

disk. (i.e. in order from large to small on each pole)

Both rules were internal rules that were explicitly stated as written propositions in the
instructions of the experiment and had to be memorized by the participants. To create
a larger variety of trials different disk starting positions were used. The second rule
had no influence on those starting disk configurations, therefore, in the beginning
larger disks could be located on top of smaller disks but the participant was not allowed

to recreate such configurations.
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During this study, participants were only shown images of the tasks, as a consequence
they were not able to solve the puzzles by moving the disks around. Instead, the
participants had to solve the problems mentally and verbally report the lowest number
of moves necessary to create the goal state. Supportive movements with hands or
mouse as well as active speech were not allowed during this experiment. Furthermore,

the participants were instructed to solve the problems as fast and precise as possible.

In total subjects had to solve 21 trials. Those were separated into three different
groups of seven trials, each having its own minimal solution of four, six or seven
moves. These three conditions will be referred to as complexity 4, 6 and 7 and were
established by a preliminary experiment with seven participants, aged between 22 and
26 years. The order of the trials was pseudorandomized in the beginning and was the

same for each participant.

2.1.2. Experimental procedure

In the beginning of the TOH task the participants received a written instruction (figure
A.1l.) explaining the Hanoi task. After reading the instructions the participants were
asked to briefly explain the rules in their own words to ensure the correct
understanding of the tasks. In case of misunderstandings or questions the participants
were emended verbally. After the rules and procedure were understood the subjects’
head was placed on the fixator in front of the computer screen and the eye tracking
calibration started. After a successful calibration the participant had to press space to
continue. Before the Hanoi image was shown, for every trial a fixation cross appeared
in the middle of the screen for three seconds, which had to be focused by the subjects.
After this time the cross disappeared, the trial image was shown and the eye tracking
as well as the time recording started. The participant now solved the task mentally and
was instructed to press the space bar as soon as a solution was found. When the
space bar was pressed the image disappeared and the eye tracking, as well as time
recording, stopped. Now the subject had to report verbally how many moves were
necessary to build the tower and afterwards continue with the next trial by pressing

space again.
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After 10 trials the first part of the TOH task ended and the subject was allowed to
remove their head from the fixator and take a short break. Afterwards the second patrt,
consisting of 11 trials, was done, starting with a recalibration of the eye tracking

system.

2.1.3. Eye tracking

Eye movements are subject of scientific studies since the 19th century, when the first
studies were made using direct eye observations. Already in 1879 fixations and
saccades were described for the first time by Louis Emile Javal, who observed the
eyes of subjects while reading. These findings raised many important questions like
on which words do the eyes stop and for how long which then became subject of
scientific study. One of the first eye trackers was built by Edmund Huey in 1908, who
connected some sort of contact lens with an aluminum pointer that moved according
to the eye. In the 1970s and 1980s eye tracking research expanded quickly due to the
highly discussed eye-mind hypothesis as well as the rise of computers that allowed

using eye tracking results in real time.

This section describes the eye tracking setup, including the hardware and the software
that was used to record eye tracking data during the Hanoi task, as well as the
recording procedure will be explained.

2.1.3.1. Eye tracking setup

In this study participants had to solve tasks on a 19-inch monitor with a resolution of
1280x1024 on which a Guppy Pro camera was attached. This camera was focused
on the participants’ right eye and recorded its movement. The setup was connected
to a Windows 7 computer with EGServer (LC Technologies, 2000-2005) software,
which directly sent the data to MATLAB Software R2015a, version 8.5.0.197613 (The
MathWorks Company, Natick, USA). During the task, the seated subjects’ heads were
placed on a fixator and they were instructed to keep it there and try to move as
sparsely as possible. The fixator was placed in approximately 50 cm distance to the

screen and adjusted to a height that places the subjects’ eye pointing to the middle of
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the screen.

Eye tracking loss was indicated by the tracker by a zero value for the pupil diameter.
This was resulting from eye blinks or a loss of the Purkinje reflex or of the pupil. Trials
would have been excluded if the percentage of eye tracking loss exceeded 15% of all

time, but this was not true for any trial.

2.1.3.2. Calibration

To guarantee a reliable recording of eye movements the eye tracking system had to
be individually calibrated. The calibration tool was an integrated part of the EGServer
tracking software. It showed a black screen with a yellow dot moving around the
computer screen and stopping at specified locations. The subject had to follow the dot
with its eyes and based on the recorded eye movement and the dot location the
recorded data was be adjusted during the trials. In cases were the difference between
the yellow dot position and the assumed fixation position was too large, the calibration
was restarted automatically. After about half of the trials the subject was allowed to
leave the fixator and take a little break, therefore the calibration had to be repeated

before the start of the second part of the trials.

2.1.4. Data analysis

Data analysis was conducted using MATLAB Software R2015a, with the Psychtoolbox
version 3.0.12. After preprocessing the result data, information about the duration,
location and order of gazes was extracted. Gazes with a duration of at least 120ms
were termed fixations. In addition, the task image was divided in three separate zones,
1, 2 and 3 along the x-axis, each containing one of the three poles. All of those zones,
which are shown in figure 2.1.2., was 315 pixels wide and centered on the respective

pole.
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Figure 2.1.2.: The working space was separated along the x-axis in three different
zones, 1 to 3. These zones were centered around the three poles and were used to
classify the fixations into three categories. Consecutive fixations that occurred within
the same zone were combined by averaging the x- and y-coordinates and adding up
their durations up. This resulted in combined fixations, which resemble gaze shifts
between the three zones.

Successive fixations that occurred in the same zone were combined by averaging the
x- and y-locations and adding the durations up (figure 2.1.3.b). The order of those
combined fixations, further called gaze shifts, now showed the shifts between the three
zones and allowed the establishment of a gaze path (figure 2.1.3.c). This path
illustrated the order, in which each participant focused on the different poles, and could

be denoted as a string, which was termed working string (figure 2.1.3.d).
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Figure 2.1.3.: Data processing from fixations (a) to combined fixations (b), the gaze path
(c) and the working string. Figure a) illustrates example data of a solution to a 7-move
problem. Here, the gaze data was already reduced to fixations of a duration of 120ms
or longer, which are shown in order. After reducing the gazes, the resulting fixations
were combined according to the three zones as well as their time of occurrence (b). The
order of those fixations now revealed the gaze shifts between the zones, which could
be illustrated as a gaze path (c) or as a string (d).

To analyze the working strings further, target strings were defined for each trial. For
these strings it was assumed that there was a gaze shift for each picking up, as well
as placement of a disk. Therefore, for trials of complexity level 4, target strings with a

length of 8 were defined, for complexity level 6 the length was 12 and for level 7 it was
14.

Eye movements support mental processing in Tower of Hanoi problem solving




Methods 14

In the following analysis the Levensthein distance was used to compare the target and
working strings of each trial. This was done by scanning the working string with the
target string. For this, the target string was first compared to the first segment of the
working string, which length equaled the target string length. If the resulting edit
distance was equal or lower than a specified threshold a match was found. This
threshold was defined separately for every complexity level and is the equivalent of a
random string conformity rate of less than 5%. In case of a match, the scanning
position was shifted by a number of position equal to the target string length, otherwise
the scanning position was shifted by one. This procedure was repeated until the end

of the working string was reached, an example can be seen in figure 2.1.4.

Eye movements support mental processing in Tower of Hanoi problem solving




Methods 15

Replacement only

Target string: 2-3-1-2-1-3-
Working string: [1-2-3-1-3-3-
Edit distance: 5x replacement (1) = 5

3
3

2 —
2-3-3-2-3-2-3-1

Subtraction and addition

Subtraction: 1-2-3-1-3-3-2-3-3-2-3-2-3-1
Addition: 2-3-1-3-1-3-2-3-3-2-3-2-3-1
Target string: |2-3-1-2-1-3-2-3

Edit distance: 1x subtraction (1) + 1x addition (1) + 1x replacement (1) = 3

An edit distance of 3 is still above the 4-move threshold of 2 and the target string is
moved by 1 position.

Target string: 2-3-1-2-1-3-2-3

Working string: 1-2-3-1-3-3-2-3-3-2-3-2-3-1
Addition: 1T-2-3-1-3-1-3-2-3-3-2-3-2-3-1
Target string: 2-3-1-2-1-3-2-3

Edit distance: 1x addition (1) + 1x replacement (1) = 2

A match was found and the target string is moved a number of steps equal to its length to
scan for additional matches.
Target string: 2-3-1-2-1-3-2-3
Working string: 1-2-3-1-3-3-2-3-3-2-3-2-3-1
An overlap of 3 forces 3 additions and therefore a string distance of at least 3. This is
above the threshold and the scanning is stopped.

Figure 2.1.4.: Example of the string scanning procedure of a 4-move problem. First the
target string was compared to a number of positions of the working string equal to its
length. In this case, there were five differences and therefore 5 replacements, which
were each valued with a cost of 1. The resulting edit distance was 5. The Levenshtein
distance also allows subtractions and additions, which were both valued with a cost of
1. Usage of these operations reduced the edit distance to 3, what was still above the
threshold for 4-move problems (2). Therefore, the target string was moved along the
working string by one position. On this new position only one addition and one
replacement was necessary to match the strings, resulting in an edit distance of 2 and
therefore a match was found. In this case, the target string was moved a number of
positions equal to its length (here 8). Now three positions exceeded the working string,
what resulted in the need of three additions and therefore a minimum edit distance of 3.
Hence, no more matches could be found and the scanning procedure was stopped.

The thresholds were established by calculating the probabilities for random working
strings to match solution strings of the same length. These calculations showed that
for complexity 4, the chance of two such strings having an edit distance of 2 or less is
below 5%. Since, in contrast of the Levenshtein distance, these calculations did not
regard subtractions and additions of values but replacements only, additional
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simulations were done. Each complexity level was simulated with 1000 random
generated working strings with length equal to the respective target string. These
simulations confirmed the previously assumed thresholds with random match
probabilities below a 5% chance. For 4-move problems an edit distance of 2 or less
was determined as threshold for a match (3.67%), for 6-move problems the string
distance threshold was 4 (4.11%) and for 7-move problems it was 5 (4.21%). Based
on this analysis the match rate was determined, which is the number of trials with at
least one match divided by the total number of trials. In addition to these match rates,
the working string lengths, the position of the first matches and the error rates of each

subject were the most important factors for the further analysis.

2.1.4.1. Statistics
Statistical analysis was done with IMB® SPSS® Statistics, version 23.0.0.0. For the

parameters match rate, working string length, first match position as well as error rate,
repeated measurement analysis of variance were conducted. The complexity levels
4, 6 and 7 served as factors. First, a Mauchly test was performed for each of these
parameters, in case of significance this was followed by a Greenhouse-Geisser
correction. Otherwise a repeated measurements annova was carried out. To analyze
the interrelations between the presence of matches and errors during trials a
contingency table was created (table A.1.) and Pearsons’ chi-squared test was
performed.

In addition, the data was analyzed for correlations between the parameters match
rate, working string length and error rate. These correlations were performed for every
complexity level as well as the combined values across all complexities. Spearman’s
rank correlation coefficient was used to test for those correlations. In addition, due to
the low number of participants, Pearson’s product-moment correlation coefficient was

also calculated. An overview of the statistical test results is given in table A.2.
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2.2. N-back task

The n-back task was one of the two supplementary tasks used in this experiment. It is
a continuous performance task introduced by Kirchner [1958] that is commonly used
as an assessment to measure part of the working memory. During an n-back task,
participants have to keep a representation of recently presented items in mind, which
have to be updated continuously to keep track of the current stimuli. Therefore, during

this task the subject needs to maintain and manipulate working memory information.

2.2.1. Experimental design

Throughout this task, participants were presented a sequence of stimuli and had to
indicate if the current stimulus matched the one shown n-steps earlier in the sequence.
As part of this study two spatial n-back tasks, a 2-back as well as a 3-back task were
performed. For a spatial n-back task the items, in this case letters, modalities are not
important, instead the participant had to decide if the positions of the current letter
matched the position of the one n-steps earlier. While in the 2-back task the item
positions two turns back have to be memorized, it is three turns back for the 3-back
task (figure 2.2.1.).

®
A ®
®

B | 1-back (n-1)
Q Z | 2-back (n-2)
D 3-back (n-3)

Figure 2.2.1.: lllustration of the spatial n-back task. During the spatial n-back task
participants were shown a series of objects (here letters) on different screen locations.
The task was to compare the object position of the current one with the one n images
before and decide if the position was the same or a different one. The n-back task is a
continuous task, therefore the participants were shown a set number of images in direct
succession and had to remember and update information about multiple object positions
and their order.
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After a short explanation each participant started with a short 2-back training
consisting of 10 stimuli. Participants had to either press “j” if the stimuli matched the
position of the one two turns back or alternatively “f” if the position was different. During
the training the letters were shown one second, followed by a three second response
window, during which button input was enabled. For the following 2- and 3-back tasks,
consisting of 52 and 53 stimuli and therefore 50 decisions each, the stimulus time was
reduced to 0.5 seconds and the response window to two seconds. After the training

and between the 2- and 3-back task participants were allowed to take short breaks.

2.2.2. Data analysis

According to the signal detection theory, D-prime values were calculated for both tasks
and each participant. Furthermore, correlation analysis according to Spearman and
Pearson were performed between the D-primes of the 2-back and the 3-back task as
well as with the parameters of the Hanoi experiment. An overview of these correlations

can be seen in tables A.3. and A.4.

2.3. Travelling salesperson task

The final supplementary experiment, a travelling salesperson task or travelling
salesman problem, further denoted as TSP, was first formulated mathematically by
W.R. Hamiltion and T. Kirkman in the 1800s. Combinatorial optimization problems
involve the search for an optimal solution among a discrete collection of possible
solutions. The TSP is a nondeterministic polynomial-hard, or NP-hard, combinatorial
optimization problem in the complexity theory. It has shown that exact solutions lead
to exponential time complexity and as a result, the only practical means for human
solutions to this problem are of a heuristic nature. In general, human solutions of the
TSP have proven to be accurate as well as rapid (Best [2006]). In this study the TSP

was used as an assessment of visual problem solving capacities.
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2.3.2. Experimental design

The Traveling Salesperson task consists of attempting to find the shortest tour through
a series of points, starting and ending with the same points. Participants were shown
10 consecutive images, each consisting of 10 circles on a white background, seen in
figure 2.3.1. Within each image the participant had to choose a starting point, by
clicking on the respective circle with the mouse, and afterwards visit every other circle
ending again at the starting location. This was again done by mouse clicks on the
respective circle, what lead to a line appearing which connected the previous circle
with the current one, so the participants were able to see the route they already took.
After ending on the starting circle the image of the current trial disappeared and the

next trial began.

O O O

Figure 2.3.1.. Example image of the travelling salesperson task used in this study.
Participants had to connect all circles while starting and ending on the same one, which
they could choose freely. They were instructed to connect the circles in a way, that the
resulting route was as short as possible.
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2.3.2. Data analysis

For every trial the optimal route was determined and the proportions of each
participants’ routes to these optimal routes was calculated. From these proportions
the average detour of each participant in relation to the optimal route was extracted.
As in the previous experiments, these detours were used for correlation analysis
according to Spearman and Pearson with the n-back and the Hanoi parameters.

These results can be seen in detail in tables A.3. and A.4.
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3. Results

3.1. Hanoi experiment

3.1.1. Trial complexity and error rates

During the Hanoi task three groups of trials were defined according to the number of
steps necessary for the optimal solution. Based on a short preliminary experiment
these groups were described as complexity levels. Looking at the error rates in figure
3.1.1. this assumption could be confirmed, because the error rate of complexity 4 was
significantly lower than of complexity 6 which again was significantly lower than the
rate of complexity 7 (F(2.32) = 17.279; p <0.001; n?p = 0.519) . The figure also shows
that for complexity 6 and 7 participants often underestimated the number of necessary

steps, whereas both of the errors occurring during complexity 4 were overestimations.

M Below optimum W Above optimum

0,8 L &
2
20,6 *
L.
. | |
@]
S04 W ¥
- |
0,2
0 e -
4 6 7

Complexity

Figure 3.1.1.: Error rates of the Tower of Hanoi experiment depending on the task
complexity. The number of wrong answers increased significantly (F(2.32) = 17.279; p
< 0.001; n?p = 0.519) according to complexity, with the lowest amount for 4-move
problems and the highest for 7-move problems. While both wrong answers given during
4-move problems were overestimations, there were more underestimations for 6- and
7-move problems.
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Looking at the error rates of every participant, which are shown in figure 3.1.2., a high
variance between subjects could be found. While subject 8 and 11 did not give any
wrong answer, subject 4 gave a wrong answer during every trial of complexity 7. Also

there were only two participants that made one error each during complexity 4.
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Figure 3.1.2.: Tower of Hanoi error rates across participants and complexities. The
average data across all n-move problems is shown in figure a), which shows a
variance of wrong responses of 0% to 47%. Looking only at the 4-move data (b), it can
be seen that only two wrong answers were given, each by a different subject. For 6-
move problems (c), the error rates were significantly higher with values up to 57% and
only four people without errors. The error rates were highest during 7-move problems
(c), here only three participants gave the right answer for every trial while one
participant didn’t answer correctly at all.

Since every participant solved their trials in the same order, a potential learning effect
was investigated. Therefore, an analysis of the error rate over the trial order was done,
which is shown in figure 3.1.3. The figure shows a small tendency for complexity 7,
but no effect for the other difficulties.
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Figure 3.1.3.. Error rates for every trial, separated by complexity and in order of
appearance. While the results for 4- and 6-move problems didn’t improve according to
the number of problems of the same complexity already solved, there was a weak
tendency within 7-move problems. While repetition might improve the participants’
performance of more complex tasks slightly, no clear effect was found during this study.

3.1.2. Match rate

As explained in chapter 2.1.4., the Levensthein distance was used to scan the working
strings of the participants with the target string of the assumed strategy to find
matches. Figure 3.1.4. illustrates the percentage of trials in which at least one match
was found; these values were denoted as match rate. First of all, the figure shows that
matches were found for every complexity and that this match rate varied between
24.4% with a standard error of 3.5% for complexity 4 and 47% (SE 7.03%) for
complexity 7 with a total average match rate of 37.8%. While there was a significant
difference in the match rate between complexity 4 and 6, as well as between 4 and 7,
the match rates of complexity 6 and 7 showed almost no difference (F(2.32) = 9.527,
p <0.001; n?p = 0.373).
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Figure 3.1.4.: Proportion of trials with matches for each complexity. While there were
overall more trials without any match the figure shows that in, depending on complexity,
24% to 47% of trials at least one match was found. In addition, the 4-move problems
showed a significantly lower percentage of trials in comparison to 6-move and 7-move
problems (F(2.32) = 9.527; p < 0.001; n?p = 0.373).

There were also trials with multiple matches, which are matches that occurred after
another one but still within the same trial. While there were almost no multiple matches
for complexity 4 and 6, the number of multiple matches within complexity 7 was
significantly higher at 17.9% of the trials (F(2.32) = 9.503; p < 0.01; n?%p = 0.373).

Overall the percentage of trials with more than one match was below 15%.
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Figure 3.1.5.: Proportion of trials with multiple matches for each complexity. While only
3.45% of 4-move and 2% of the 6-move problem trials contained multiple matches, the
rate of 7-move problem trials with multiple matches was significantly higher with 17.86%
(F(2.32) =9.503; p < 0.01; n?p = 0.373).

The distribution of matches in regards to participants giving correct or incorrect
answers can be seen in figure 3.1.6. It shows the percentages of matches across all
subjects, as well as the errors that were made. Additionally, a high variance between
subjects can be seen: While subjects like number 5 and 11 had very high match rates,
subjects like number 3 and 4 only showed very low numbers of matches. Figure
3.1.6.aillustrates the averages across all complexity levels. Here it is shown that there
were overall more errors during trials with no matches compared to trials with at least
one match. While the amount of errors for complexity 4 (figure 3.1.6.b) was too low for
analysis, the data of complexity 6 (figure 3.1.6.c) and complexity 7 (figure 3.1.6.d)

followed this trend, which is strongest for complexity 7.
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Figure 3.1.6.: Distribution of trials with errors and matches for each participant. Overall
(a) there were more trials without matches and wrong answered trials without matches,
than trials with matches and wrong answered trials with matches. There was also a great
variance between participants concerning the error and match rates. Looking only at 4-
move problems (b) it can be seen that only 2 wrong answers were given, one in a trial
with a match and one in a trial without. In addition, there were some participants with
matches in almost 60% of their trials while others produced no match at all. The 6-move
problems (c) showed an increased error rate for most participants, only 3 gave the
correct answer for every trial (5, 8, 15). While for two of those participants most trials
didn’t contain a match, the data of participant 5 showed matches in all but one trial. The
highest error rates were found for trials with 7-move problems (d), where 4 participants
showed error rates above 50% and participant 4 didn’t answer a single trial correctly.
Additionally, for most participants the highest amount of trials with matches was found
for 7-move problems.

Correlations between the error rates and match rates across all difficulties can be seen
in figure 3.1.7. Here a significant negative correlation (Pearson: R = -0.568; p < 0.05)
between match rate and error rate was found, what illustrates that on average subjects
with higher match rates had lower error rates. Looking individually at the different
complexities, the only significant correlation was found for complexity 7 (R =-0.552; p
< 0.05).
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Figure 3.1.7.: Correlations between error rates and match rates of the Tower of Hanoi
task according to complexity. While the only significant correlation (R = -0.552) was
found for 7-move problems (d), there was a strong tendency (R = -0.460) for 6-move
problems (c) and the combined 6- and 7-move trials (a). Since there were only two errors
during 4-move problems (b) the data was neglected for the combined data (a).

To further analyze these findings, contingency tables with the presence of matches

and errors as variables were created (table A.1l.). These relations were further

evaluated, using Pearson’s chi-squared test. The results show that, across all

complexities, there was a strong tendency of trials with at least one match being

answered correctly more often, than trials were no match occurred (p = 0.061; chi2 =

3.507; df = 1). Since no effect was found for the data of complexities 4 and 6, this is

due to complexity 7, which showed a highly significant effect (p < 0.01; chi?2 = 9.913;

df = 1).
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3.1.3. First match position

After establishing that at least one match occurred in approximately 37% of trials, the
positions of these first matches within each of those trials was examined. Since this
position equals the number of areas the participant looked at until the match occurred,
the starting position of the first match can be subtracted by one to obtain the number
of gaze shifts between the three areas. Figure 3.1.8. illustrates that, although the
average position of complexity 6 was the highest, only the average first match
positions for complexity 4 differ significantly from complexity 7 (F(2.18) = 2.705; p =
0.94; n’p = 0.231).

12 *

10

First match position
[e)]

4 6 7
Complexity

Figure 3.1.8.: Average position of the first match for each complexity. The average
number of gaze shifts between the three zones of the working area before the start of
the first match was significantly higher for 7-move problems than for 4-move problems.
While the average position of 7.964 for 7-move problems was lower than the 8.079 of
6-move problems, there was no significant difference between 4- and 6-move problems
due to the high 6-move standard error of 2.795.

Looking at the data of the individual subjects, which is shown in figure 3.1.9., a great
variance between as well as within subjects can be seen. The average first match
position varied from 1.5 with a standard error of 1.5 for the two matches of subject 4

to an average of 32.167 with a standard error of 9.411 for subject 17. Subject 3 was
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the only subject with only one match, which showed a starting position of 0. This
variance between subjects could again be an indicator for the use of different

strategies, this time in the pre-match phase.
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Figure 3.1.9.: Average position of the first match for each participant. A considerable
variance in the average first match position could be found across all participants, as
well as within some of them. The variance across all participants reached from an
average starting positon of 0 for the only match of subject 3, up to 32.176 with standard
errors of up to 9.411 for subject 17.

3.1.4. Working string length

The working string length is the last factor that was investigated for the Hanoi task. It
equals the number of gaze shifts a participant performed between the three specified
zones during a single trial. Further, by normalizing this working string length with the
optimal solution of the respective complexity the string length ratio was received. The
normalized string length ratio for each subject can be seen in figure 3.1.10., it varied
between 0.796 (SE 0.151) for subject 3 and 2.111 (SE 0.239) for subject 10. This
indicates that the average working string length of subject 3, who had only 1 match,
on average was lower than the respective target string length, while the working string
length for subject 10, with an average match rate of 57.14%, was more than double
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Figure 3.1.10.: Normalized string length for each patrticipant. The string length ratio is
the average length of the working strings normalized by the respective target string
length. The figure shows that, while participant 3 on average didn’t perform enough gaze
shifts to even have the possibility of a match with edit distance 0, participant 10 on
average performed more than twice the number of gaze shifts between zones than was
necessary. Overall there was also a considerable variance between participants.

The string length ratio was also complexity dependent with a significant difference
between the average string lengths of all complexities (F(2.32) = 34.888; p < 0.001;
n?p = 0.686). This, as well as the match rate across all difficulties is illustrated in figure
3.1.11. While the string length ratio as well as the match rate seemed to depend on
the complexity level, the increase in string length ratio towards complexity 7 and the

variances of the string length ratios were higher than the increase of the match rates.
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Figure 3.1.11.: Match rate and string length ratio for each complexity. While there was
only a significant match rate increase from 4-move problems to 6- and 7-move problems,
the string length ratio increased significantly with each increase of complexity (F(2.32)
= 34.888; p < 0.001; n?p = 0.686). Especially the increase of the string length between
6- and 7-move problems was considerable higher than the respective increase of the
match rates.

Since both the string length ratio and the match rate seemed to be complexity
dependent correlation analysis for every complexity was performed. Figure 3.1.12.
shows these correlations, which were only significant for complexity 4 (Spearman: R
= 0.557; p < 0.05), but showed trends for complexity 7 (Pearson: R = 0.324) and
across all complexities (Spearman: R = 0.350). The likelihood of a match occurring
therefore seemed to be higher in trials were the subjects working string length was

longer.
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Figure 3.1.12.: Correlations between match rates and string lengths of the Tower of
Hanoi task. The only significant correlation (Spearman: R = 0.557) was found for 4-move
problems (b). This correlation as well as a trend (Pearson: R = 0.324) for 7-move
problems (d) resulted in a trend (Spearman: R = 0.350) across all complexities (a). For
6-move problems (c) no correlation could be established.

Since it was established earlier that the error rate was also complexity dependent and

a correlation between match and error rate was likely to occur, correlations between

string length and error rate were also expected. Figure 3.1.13. illustrates those

correlations, which showed an opposite effect for complexity 6 and 7. While for

complexity 7 the error rate decreased with larger string lengths, it increased for

complexity 6. Because of the low error rate during complexity 4 no correlation could

be found there.
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Figure 3.1.13.: Correlations between error rates and string lengths of the Tower of Hanoi
task. While the strongest correlation (Pearson: R = 0.457) was found for 6-move
problems (c), the analysis for 7-move problems (d) yielded opposite results (Pearson:
R =-0.274). Since there were only two errors during 4-move problems (b), this data was
neglected for the analysis of the overall data (a), which shows almost no effect.

3.2. N-back task

As explained in chapter 2.2., the n-back task was used as an assessment of the
working memory capabilities of the respective participant. The results were analyzed
based on the signal detection theory. While the average 2-back D-primes of all
subjects can be seen in figure 3.2.1.a, the 3-back data is shown in figure 3.2.1.b. On
average the D-primes of the 3-back task were higher than the ones of the 2-back, what
was expected because 3-back tasks are considered more difficult than 2-back tasks.
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Figure 3.2.1.: D-primes of the n-back tasks for each subject. As expected, the D-
primes of the 2-back task (a) were on average higher than the D-primes of the 3-back
task (b), which is assumed to be more difficult. The 2-back results for most participants
were slightly better than the respective 3-back results and only a few improved during
the second task.

The correlation between the sensitivity indices of the 2-back and 3-back task is
illustrated in figure 3.2.2. As expected, a significant correlation (Pearson: R = 0.731; p
< 0.001; Spearman: R = 0.543; p < 0.05) was found, what confirmed the successful

implementation of the two tasks.
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Figure 3.2.2.: Correlation between the 2- and 3-back D-primes. The data showed a
significant correlation (Pearson: R = 0.731; p < 0.001; Spearman: R = 0.543; p < 0.05)
between the 2-back and 3-back data. Therefore, participants with higher D-primes
during the 2-back task also showed higher D-primes during the 3-back task.
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3.2.1. N-back and Hanoi task

In regards to the TOH data, no significant correlations were found between the n-back
values and the match rate or the working string length. Here the strongest non-
significant correlations were found for the string length of complexity 7 (2-back:
Pearson: R = 0.438; 3-back: Pearson: R = 0.405) as well as overall (2-back: Pearson:
R = 0.350; 3-back: Pearson: R = 0.364), these correlations with the 3-back D-primes
are shown in figure 3.2.3. The figure shows a tendency of participants with better n-

back results making more gaze shifts during more complex trials of the TOH tasks.
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Figure 3.2.3.: Correlations between the 3-back D-primes and the Tower of Hanoi string
lengths. While none of these correlations was significant, strong trends for the 7-move
(d) data (Pearson: R = 0.405) as well as the overall (a) data (Pearson: R = 0.364) could
be found. The 4- (b) and 6-move (c) problems didn’t show enough variance for distinct
trends.
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Correlation analysis between the n-back data and the TOH error rates only yielded
significant results between the 2-back D-primes and the number of errors during
complexity 4 of the TOH experiment (Pearson: R =-0.515; p < 0.05; Spearman: R = -
0.485; p = 0.048). Since only two participants made one error each during complexity
4 of TOH and no other correlations or trends could be identified between n-back data

and TOH error rates, this correlation has to be treated with some reservation.

3.3. Travelling salesperson task

The TSP was used as an assessment of visual problem solving capacities. For data
analysis the length of the participant’s route was divided by the length of the optimal
route and the average detour was calculated in percent. The average detour for each
participant can be seen in figure 3.3.1. Itis illustrated, that the average detour for each
participant was below 5%, what confirms Bests’ [2006] findings, of human TSP
solutions being very accurate. In addition, there is a high variance between subjects,

reaching from a 0% detour for subject 6 to a 4% detour for subject 17.
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Figure 3.3.1.: Average detour of the travelling salesperson task for each subject. The
average detour is the average additional distance the participant chose during the
travelling salesperson task, expressed in a percentage of the optimal route. Hence, an
average detour of 5 denotes, that the participant on average chose routes which are 5%
longer than the respective optimal routes. While the overall results were very accurate
with an error margin below 5% of the optimal routes, there were notable variances
between participants with overshoots from about 1% to 4% of the optimal routes.

3.3.1. TSP and Hanoi task

Looking at the match rate of the Hanoi experiment, a significant correlation between
the 4-move match rates and the TSP detour could be found (Spearman: R = -0.504;
p < 0.05), which is shown in figure 3.3.2. The figure illustrates that participants with a

lower average detour in the TSP task tended to have more trials with matches during

complexity 4 of the Hanoi task.
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Figure 3.3.2.: Correlations between the average detours of the travelling salesperson
task and the match rates of the Tower of Hanoi task. The figure shows a significant
correlation for the 4-back (b) data (Spearman: R = -0.504; p < 0.05) as well as a trend
for the overall (a) data (Spearman: R = -0.361). Both of these correlations were negative,
therefore participants with better TSP results showed higher match rates during the 4-
move TOH. No correlations could be established for the 6-move (¢) and 7-move (d) data.

The correlation analysis for the average detours with the Hanoi working string lengths

didn’t yield any significant results, but negative trends could be found. While the

strongest tendency was found for 4-move problems (Spearman: R = -0.346), the

tendencies for the overall string length (Spearman: R = -0.277) as well as for
complexity 7 (Pearson: R = -0.281) were less pronounced and no trend was found for
complexity 6. These findings are illustrated in figure 3.3.3., which shows that

participants with a lower detour in the TSP task tended to do more gaze shifts during

the Hanoi task.
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Figure 3.3.3.: Correlations between the average detours of the travelling salesperson
task and the working string lengths of the Tower of Hanoi task. Similar to the correlations
with the match rate, the strongest correlation could be found for the 4-move (b) problems
(Spearman: R = -0.346). While there was no tendency for the 6-move (c) data, weak
effects could be found for the 7-move (d) correlation (Pearson: R = -0.281) as well as
the overall (a) data (Spearman: -0.277).

Finally, the only significant correlation between the average detours of the TSP and
the error rates of the TOH was found for complexity 4 (Pearson: R = 0.574; p < 0.05;
Spearman: R = 0.485; p = 0.05). Like the finding for error rates and the 2-back D-
primes, this correlation needs to be looked at with some reservations, because there

were only two errors made during complexity 4 of the TOH.

3.3.2 N-Back and TSP

Since the n-back task and TSP task were supposed to be assessments for different
parameters, no significant correlation was expected between the data of these two
tasks. While this assumption was true, a negative trend could be found for the 2-back

data (Pearson: R = -0.425). Therefore, participants with high D-primes in the 2-back
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task showed a tendency to find shorter routes during the TSP.
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Figure 3.3.4.: Correlations between the average detours of the travelling salesperson
task and the D-primes of the 2-back task. Contrary to previous expectations, a trend
(Pearson: R = -0.425) of participants with better TSP results having higher D-primes
during the 2-back task could be found. In contrast the 3-back data didn’t show an effect.
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4. Discussion

In conclusion, this study was conducted to investigate the role of eye movements
during the planning process of a visual problem solving task. For this purpose, the
Hanoi task used in this study, during which the participants’ eye movements were
recorded, was designed. After reducing those eye movements to fixations and later
on gaze shifts between three working areas, the resulting path was compared to a
predefined strategy. The results of the present study show that, while being very
simplistic, the postulated strategy was used in many cases, which, especially for trials

of complexity 7, showed a lower error rate.

Previous studies with similar experimental designs, like the Tower of London task,
demonstrated that there are different phases of eye movements during visual problem
solving. Hodgson et al. [2000], as well as Kaller et al. [2009] postulated the existence
of different, sequentially phases, namely an information gathering or scouting phase
and a solving phase. The current study shows that during the planning stage strategies
can be used to enhance performance. For that an exemplary strategy was suggested,
which was used in approximately one third of the trials across all participants, mainly
for higher complexity problems. In addition, high variances were found across
participants in the number of applications of the suggested strategy, the number of
gaze shifts as well as the error rate. These findings give a hint on the existence of
numerous different strategies which were most likely used by different participants.
After establishing that a very basic eye movement strategy is used, further studies are

necessary to look at the spectrum of possible other strategies.

The Hanoi task proved to be an adequate visual problem where distinct complexity
levels can easily be defined. As expected the number of wrong answers increased
with the number of moves necessary to solve the problem; this was also true for the
total number of gaze shifts. Looking only at participants that used the postulated

strategy it was found that an increase in complexity results in an increased number of
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fixations before the first match starts. In addition, for complexity 7 an increased
number of trials with multiple matches was found. This implicates that strategy use is
dependent on the difficulty of the problem and also that more complex problems lead
to longer scouting phases as well as more repetitions to make sure the answer is
correct. However, Kaller et al. [2010] cumulated evidence from a series of experiments
and argued that an approximation of problem difficulty in terms of the minimum
number of moves for goal attainment is too coarse for the underlying cognitive
operations. He explained that to characterize problem difficulty more specifically a set
of structural task parameters like the nature and number of solution paths, the patterns
of intermediate and goal moves as well as the required search depth are required.
Therefore, while the three different complexity levels often showed significantly
different results, they might not represent three distinct difficulties. Further research is
necessary to characterize different task levels which represent difficulty more

precisely than the complexities used in this experiment.

Although, supplementary experiments failed to show significant effects, a number of
strong tendencies could be found between TSP results and Hanoi data. These findings
showed a tendency for participants with good TSP performance to also make less
errors during the Hanoi task. In addition, participants with good TSP performance also
tended to make more gaze shifts and had higher match rates during the Hanoi task.
While none of those trends was significant, the TSP might still be a viable
supplementary experiment for experiments like this. Further experiments with a higher
number of participants might be able to show significant effects between TSP results

and eye movement strategies.

Looking at correlations between the Hanoi data and the n-backs’ D-primes, the only
tendencies were in regards of the working string lengths. Participants with higher D-
primes during the 2- and 3-back showed a tendency to make more gaze shifts during

complexity 4 and 7 of the Hanoi task. This finding is unexpected since better n-back
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performance (Owen et al. [2005]) is an indicator for better working memory
capabilities, which due to the trade-off between working memory and gaze shifts
(Inamdar and Pomplun [2003]) is expected to reduce the need for gaze shifts. A
possible explanation for this finding could be of a motivational nature. Highly motivated
participants, that tend to do better during n-back tasks, might also spent more time to
make sure they have found the correct answer during the Hanoi experiment, what

would lead to an increase of gaze shifts and therefore working string length.

4.1. Conclusion

Overall this study succeeded in showing, on the basis of an example strategy, the
strategic use of gaze shifts during the solving phase of visual problems as well as their
influence on performance. Further studies are necessary to look into and potentially
differentiate different strategies and evaluate their influence on performance. The
choice of strategy as well as its performance might depend on the complexity of the
problem, because strategy use was significantly lower in more simple tasks.
Therefore, looking into a higher number of different complexities might yield interesting
results. Lastly, the travelling salesperson task showed potential as a viable
supplementary experiment, although a higher number of participants might be

necessary to establish stronger effects.

Eye movements support mental processing in Tower of Hanoi problem solving




Appendix

A. Appendix

Towers of Hanoi

Aufgabe

e |hre Aufgabe ist das Losen von Ratseln, angelegt an das Spiel ,Tirme von Hanoi“.
e Hierbei werden bei jedem Durchlauf mehrere, auf 3 Stabe gestapelte, Scheiben angezeigt,
die nach bestimmten Regeln auf einen Zielstabh gebracht werden miissen.
e Die Scheiben sind verschiedenfarbig und haben unterschiedliche Durchmesser, von GroR3
nach Klein: rot = griin = blau
e Der Zielstab ist immer der ganz rechte Stab und ist grau gefirbt (die anderen braun).
e Zielist es die Scheiben nach GroRe geordnet (unten GroR) auf den Zielstab zu stapeln
e Regeln zum Vesetzen der Scheiben
1) Esdarf pro Arbeitsschritt immer nur eine und nur die oberste Scheibe eines Stabes
versetzt werden.
2) Die zu versetzende Scheibe darf niemals auf einer kleineren Scheibe platziert werden
(d.h. Anordnung von GroB nach Klein pro Stab).
e Das Ziel ist es, schnellstmoglich die geringste Anzahl der zur Losung bendtigten

Arbeitsschritte zu hestimmen.

e Nach einer kurzen Kalibrierung des Eye-Trackers abhsolvieren Sie insgesamt 21 Durchl3ufe
(Ratsel).

e 7u Beginn eines Durchlaufes wird in der Mitte des Bildschirms ein Kreuz angezeigt, dass fiir
wenige Sekunden fixiert werden muss, bis das Ratsel eingeblendet wird.

e Dieses gilt es nun gedanklich zu I6sen indem die minimal notige Anzahl an Schritten
bestimmt wird.

e Driicken Sie auf die Leertaste sobald Sie glauben die richtige Antwort ermittelt zu haben. Das
Ratsel wird nun ausgeblendet und Sie sollen dem Versuchsleiter ihre Losung verbal mitteilen.

e Durch Betdtigen der Leertaste wird erneut ein Kreuz in der Mitte des Bildschirmes angezeigt
und es startet der ndchste Durchlauf.

Ablauf

Bitte versuchen Sie beim Losen der Ratsel die minimale Anzahl an Losungsschritten so
genau und ziigig wie moglich bestimmen!

Viel Spal3!

Figure A.1.: Written instructions for the Tower of Hanoi task.
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Figure A.2.: Working strings with matches of the 4-move Tower of Hanoi. The
three zones are color coded in grey, with bright to dark resembling the zones one
to three; matches are highlighted in red.
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three zones are color coded in grey, with bright to dark resembling the zones one
to three; matches are highlighted in red.
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A.l. Statistical data

Table A.1.1.: Contingency table and Pearson chi-squared analysis between matches
and errors of the TOH. Table a) shows the overall data, table b) the 4-move data, table
c¢) the 6-move and table d) the 7-move data.

a) 115 20 b) 29 1
171 51 88 1
chi? = 3.507 chi? = 0.663
p =0.061 p=0.416

c) | 41 10 d) 44 12
54 14 32 31
chi? =0.017 chi*> =9.913
p=0.896 p <0.01

Table A.1.2.: Pearson and Spearman correlation data of the Tower of Hanoi match rate,

error rate and string length.

Error rate String length
Pearson Spearman Pearson Spearman
4-move | R=-0.114 R =-0.075 R = 0445 R = 0.557
p =0.662 p=0.776 p=0.073 | p<0.05
6-move | R=-0.460 | R=-0.446 |R=-0.024 | R=0.037
p = 0.063 p =0.073 p=0.928 | p=0.889
Matchrate [ 7.move | R=-0.552 |R=-0.460 |R=0.324 |R=0.279
p <0.05 p =0.063 p=0.204 | p=0.279
Overall | R=-0.568 | R=-0.477 |R=0.306 | R=0.350
p <0.05 p =0.053 p=0.232 | p=0.168
4-move | R=-0,114 | R=-0,075
p =0,662 p=0.776
6-move | R =0.457 R =0.398
p = 0.066 p=0.114
String length [ 7-move | R=-0.274 |[R=-0.164
p =0.288 p =0.529
Overall | R=-0.098 | R=-0.084
p =0.708 p=0.748
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Table A.1.3.: Pearson and Spearman correlation data of the supplementary
experiments: n-back task and travelling salesperson task.

3-back TSP
Pearson Spearman | Pearson Spearman
2-back R=0.732 |R=0.543 R=-0.425 | R=-0.307
p <0.001 p <0.05 p=0.089 |p=0.231
TSP R=-0.136 | R=-0.033
p =0.604 p = 0.900

Table A.1.4.: Pearson and Spearman correlation data of the Tower of Hanoi parameters
match rate, error rate and string length with the supplementary experiment data.

2-back 3-back TSP
Pearson Spearman Pearson Spearman | Pearson Spearman
4-move | R=-0.515 |R=-0485 |R=-0.249 |R=-0.149 |R=0.574 | R=0.484
p <0.05 p <0.05 p=0.336 |p=0.568 |p<0.05 p <0.05
6-move | R=-0.122 |R=-0.094 |R=-0.256 | R=-0.142 |R=0.355 | R=0.274
Error rate p=0.641 | p=0.720 p=0322 | p=0.586 |p=0.163 |p=0.287
7-move | R=0.201 |R=0.161 R=0.139 |R=0.166 |R=0.279 | R=0.234
p=0.440 |p=0.538 p=0595 | p=0525 |p=0.278 |p=0.366
Overall |R=0.041 |R=-0.044 |R=-0.024 | R=0.019 |R=0.403 | R=0.359
p=0.875 |p=0.868 p=0.927 | p=0.943 |p=0.109 |p=0.158
4-move | R=0.011 |R=-0.060 |R=0.152 |R=0.093 |R=-0.464 | R=-0.504
p=0.968 |p=0.819 p=0561 |p=0.722 |p=0.061 |p<0.05
6-move | R=-0.128 | R=-0,103 |R=0.110 |R=0.014 |R=-0.233 | R=-0.267
Match rate p=0.624 |p=0.694 p=0.676 |p=0.956 |p=0.369 |p=0.301
7-move | R=-0.163 |R=-0.238 |R=0.015 |R=-0.004 | R=-0.126 | R=-0.189
p=0.533 |p=0.358 p=0.955 | p=0.989 |p=0.631 |p=0.467
Overall | R=-0.111 |R=-0.153 |R=0.061 |R=-0.021 | R=-0.329 | R=-0.361
p=0.671 |p=0.559 p=0.816 |p=0.937 |p=0.197 |p=0.154
4-move | R=0.252 | R=0.158 R=0.197 |R=0.152 | R=-0.307 | R=-0.346
p=0.252 |p=0.544 p=0450 |p=0560 |p=0.231 |[p=0.174
6-move | R=0.081 | R=0.022 R=0.145 |R=0.060 |R=0.038 | R=-0.085
String length p=0.757 | p=0.935 p=0578 | p=0.820 |p=0.884 |p=0.747
7-move | R=0.438 | R=0.437 R=0.405 |R=0.382 |R=-0.281 | R =-0.255
p=0.079 |p=0.079 p=0.107 |p=0.130 |p=0.274 |p=0.323
Overall | R=0.381 | R=0.350 R=0.364 |R=0.326 | R=-0.256 | R=-0.277
p=0.132 | p=0.169 p=0.151 |p=0.201 |p=0.321 |p=0.282
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