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Abstract

The Traveling Salesman Problem (TSP) is a classic NP-hard
problem, and research on its cognitive decision-making often
focuses on internal factors like memory and experience, while
neglecting the influence of the problem’s structural character-
istics. This study identifies that potential linear features in the
TSP point distribution (such as implied paths formed by vi-
sual aggregation) may significantly impact human path selec-
tion strategies. To test this hypothesis, we propose a method
for quantifying the Line Stylization Degree and generate dif-
ferent TSP instances with varying characteristics by introduc-
ing disturbances. These are then combined with experimental
analysis of participants’ decision-making patterns. The results
show that participants tend to plan paths along implied lines,
and this strategy may reduce cognitive load. The contribution
of this paper lies in revealing the shaping role of visual struc-
tural features on cognitive decision-making, providing theoret-
ical support for designing human-centered path planning algo-
rithms.
Keywords: TSP,Line stylization features,Cognitive Decision
Making,Human Performance

Introduction
The Traveling Salesman Problem (TSP)(Flood, 1956), a clas-
sical NP-hard problem in computer science and operations
research, holds significant theoretical importance and serves
as a canonical example in path planning studies. The inherent
complexity of TSP has established it as an ideal benchmark
for testing and optimizing diverse algorithms, while its broad
applicability extends to real-world domains such as logistics,
transportation, and network design. Consequently, research
on TSP not only carries profound academic implications but
also demonstrates substantial practical value.

In cognitive science research on the Traveling Salesman
Problem (TSP), numerous scholars have investigated the
strategic choices humans employ when solving it, particu-
larly the roles of cognitive factors such as memory, attention,
and experience. For instance, studies indicate that humans
often rely on heuristic strategies to simplify the problem-
solving process, applying rules to reduce computational com-
plexity(Bickley & Torgler, 2021). However, existing research
has predominantly focused on behavioral patterns, strategy
selection during problem-solving, and how these strategies
are influenced by intrinsic cognitive factors(MacGregor &
Ormerod, 1996; Graham et al., 2000; Vickers et al., 2003;
Dry et al., 2006; MacGregor et al., 2006). Comparatively few
studies have explored how the structural features of TSP in-
stances themselves(MacGregor et al., 1999)—especially the

geometric properties of spatial node distributions—may im-
plicitly shape human decision-making processes.

We have observed that in TSP instances with a large num-
ber of cities, the spatial distribution of nodes may form latent
line stylization features through visual aggregation effects.
Specifically, certain discrete point arrays may be perceptually
organized into implied linear structures—patterns not explic-
itly defined as paths but emerging from aggregated visual per-
ception. For example, when confronted with a problem con-
figuration as illustrated in Figure 1, humans might adopt the
path-crossing avoidance strategy previously identified in TSP
studies, potentially favoring the connection scheme shown
in Solution A to minimize path intersections(Rooij et al.,
2003). However, we note that the problem configuration
inherently contains latent line stylization features. If paths
are connected according to these linear patterns, intersec-
tions would inevitably arise. This raises the question: which
scheme—adherence to line stylization features or strict avoid-
ance of crossings—would yield higher efficiency in such sce-
narios?

This phenomenon raises two critical questions: First, when
the spatial distribution of nodes in a TSP instance exhibits
line stylization features, do participants exhibit a tendency
to align their route planning with these implied linear pat-
terns? Second, does adherence to such latent linear structures
during path selection lead to improved task efficiency or re-
duce cognitive load for participants when solving the prob-
lem? To address these questions, we designed and conducted

Figure 1: When faced with the TSP problem in the diagram,
would you choose option A or option B?

a series of experiments. First, we quantified the degree of
line stylization in the spatial distribution of nodes within TSP
configurations. By introducing controlled perturbations of
varying magnitudes, we generated TSP instances with sys-
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tematically modulated line stylization features. These per-
turbations enabled precise control over the salience of line
stylization characteristics, thereby allowing systematic eval-
uation of their impact on path selection. Subsequently, we
recruited multiple participants to solve TSP problems under
these distinct configurations and performed detailed analyses
of their decision-making processes and path selection strate-
gies. Specifically, we examined whether participants exhib-
ited a tendency to align their routes with perceived linear pat-
terns during problem-solving and whether such strategies en-
hanced their task efficiency or solution accuracy.

Method
To investigate our research questions, we designed and im-
plemented a series of TSP problem configurations and ap-
plied perturbations of varying magnitudes to generate con-
trol groups with significantly distinct degrees of line styliza-
tion. By manipulating the geometric properties of point dis-
tributions, these configurations exhibited varying levels of vi-
sual line stylization features. We designed two experiments:
Experiment 1 aimed to quantitatively measure the changes
in the ”degree of line stylization” of the designed TSP in-
stances before and after perturbation. We developed a novel
method to perform quantitative analysis of point arrays across
configurations, deriving specific numerical values for the de-
gree of line stylization. Experiment 2 was designed to mea-
sure human performance levels on the constructed TSP prob-
lem set. Based on the TSP-solving process, we developed
an experimental procedure to test participants’ performance
and efficiency in solving TSP problems under different con-
figurations.This experiments were conducted with prior ap-
proval from the institutional ethics review board (Grant No.
JNU202409RB0028).

TSP Set Design
In this experiment, a total of 30 TSP problem configurations
were used (see Figure 2), including one set of original config-
urations and two sets of configurations perturbed to varying
degrees. Each set contained 10 problem instances. The orig-
inal configurations were generated by discretizing symbols
and lines of varying complexity to ensure moderate structural
complexity and visual discernibility. The perturbed configu-
rations introduced distinct line stylization features by either
enhancing or reducing the interconnectivity between points.

To investigate the influence of the degree of line styliza-
tion in point arrays on TSP problem-solving, we designed two
categories of perturbations with distinct magnitudes to gener-
ate experimental configurations exhibiting different line styl-
ization features. By introducing perturbations, we systemat-
ically altered the structural properties of point arrays while
preserving the overall TSP problem configuration, thereby
enabling controlled manipulation of the degree of line styl-
ization. Specific perturbation methods included random point
deletion and random positional shifting of points, As shown
in Figure 3.both of which induced varying degrees of line
stylization feature alterations.

Figure 2: The specific distribution of the 30 TSP prob-
lem lattice configurations used in the experiment, where
each column represents three configurations for a single
problem, numbered from C1 to C10.”Orig” represents the
Original group, ”RD” represents the RandomDelete group,
and ”RP” represents the RandomPosition group.The Fleiss’
Kappa value for this configuration is annotated at the bottom
of the figure.

Figure 3: An example of the perturbation of the original TSP
problem configuration.

Participants
Experiment 1 involved 130 undergraduate students, while Ex-
periment 2 had 17 participants, all of whom were adults over
the age of 18. None of the participants had been exposed
to the TSP problem configurations used in the experiments
prior to the start, and all possessed a certain level of com-
puter proficiency. Before the experiments began, we provided
detailed operational instructions to the participants, ensuring
they fully understood the task requirements and process, and
were able to use the experimental program proficiently.

Experiment 1: Quantification of Line Stylization
Degree in TSP Task Sets
Experimental Objective and Design The objective of this
experiment was to measure the degree of line stylization in
point arrays within each TSP problem configuration. To op-
erationalize this measurement, we first defined it as a sub-
jective quantity and adopted the following core principle: A
set of points is considered to exhibit a high degree of line
stylization if multiple human observers consistently perceive
and connect the points into linear structures, with significant
agreement in their connection patterns.

Guided by the aforementioned principle, we instructed par-
ticipants to annotate ”lines” within the TSP problem set pro-
posed in this study. Each participant connected clusters of
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points they perceived as belonging to the same linear structure
through line-drawing based on their cognitive judgments. By
analyzing the consistency of participants’ line categorizations
across each problem configuration, we quantified the degree
of line stylization for each configuration and assigned a spe-
cific line stylization score. This quantification method serves
as the foundation for subsequent decision-behavior analyses
and facilitates understanding of how distinct line stylization
features may exert latent influences on path-planning strate-
gies.

Procedure The experimental interface is illustrated in Fig-
ure 4. In each experimental stage, after entering personal
information, participants were presented with randomly or-
dered point array configurations of varying line stylization
features. Each participant completed 26 annotation tasks.
Detailed operational instructions were displayed on the right
side of the interface to guide participants through task proce-
dures. This approach enabled participants to externalize their
visual and cognitive judgments, thereby generating data to
quantify the degree of line stylization in the point arrays.

Figure 4: The experimental program interface and operation
instructions for Experiment 1.

Experiment 2: Measuring Human Performance on
the TSP Task Sets
Experimental Objective and Design The objective of this
experiment was to investigate human performance in TSP
tasks under configurations with varying degrees of line styl-
ization.

Procedure The core task of this experiment is to have par-
ticipants draw paths using a computer program, connecting
all the target points in the TSP problem configuration (as
shown in Figure 5). After entering their personal informa-
tion, each participant is randomly presented with a TSP prob-
lem configuration and is asked to connect all the target points
according to what they believe to be the shortest path. To en-
sure that participants can fully explore and optimize their path
planning, they are allowed to undo previously drawn paths
during the process, making it easier to adjust their decisions.

Unlike traditional TSP experiments, which typically em-
ploy mouse-clicking to connect target points, our experimen-
tal design adopted a manual path-drawing approach. This de-
cision was grounded in the hypothesis that freehand drawing
and writing—common activities in daily experience—align

more closely with cognitive mechanisms associated with lin-
ear pattern perception, thereby enhancing the ecological va-
lidity of the task in studying how line stylization features in-
fluence decision-making(Mueller & Oppenheimer, 2014).

Figure 5: The experimental program interface for Experiment
2.

Results and Analysis
Experimental Data Description
In Experiments 1 and 2, the number of human annotations and
solutions obtained for each TSP task was M=44 (SD=±7) and
M=17 (SD=±0), respectively. Each dataset in Experiment 1
included participants’ line annotation data for each TSP task.
Each dataset in Experiment 2 documented participants’ path-
planning processes, path selections, and time spent to resolve
the problem across all 30 problem configurations.

Calculation of Line Stylization Degree
This section aims to calculate the degree of line stylization
for each TSP problem configuration in the proposed dataset.
In Experiment 1, multiple human participants performed line
categorization across different TSP configurations. By quan-
tifying the consistency of participants’ line categorizations
for each configuration, we derived an approximate degree
of line stylization for each problem instance. To formal-
ize this quantification, Fleiss’ Kappa—a statistical method
widely used to assess inter-rater agreement when multiple
evaluators classify categorical items—was employed(Fleiss,
1971; Fleiss et al., 1981). Fleiss’ Kappa extends Cohen’s
Kappa(Cohen, 1960) to scenarios involving more than two
evaluators, measuring the level of agreement among partic-
ipants relative to chance. Specifically, it quantifies the dis-
crepancy between observed agreement and random agree-
ment, thereby reflecting the consensus among participants in
categorization tasks.Est´evez-Almenzar et al. employed the
Fleiss’ Kappa method to assess the level of agreement among
multiple human raters in facial recognition tasks(Estévez-
Almenzar et al., 2025). Similarly, (Goh et al. utilized Fleiss’
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Kappa in their study to evaluate the consistency between hu-
man and machine performance in text classification tasks.
These examples demonstrate that the Fleiss’ Kappa method
is well-suited for assessing consistency in human classifica-
tion tasks(Goh et al., 2020). Additionally, Huang et al. il-
lustrated the constructive role of ”actional involvement” in
line perception by analyzing the dependence, variability, and
dynamic feedback of brushstroke operations in line control.
By applying Fleiss’ Kappa, we rigorously measured the con-
sistency of participants’ line categorizations across all TSP
configurations, generating a numerical line stylization score
for subsequent analyses.First, for each TSP configuration, the
frequency of classification of points within the same line by
all participants is statistically analyzed to calculate their ob-
servation consistency. Then, the average observation consis-
tency across all configurations is computed to evaluate the
overall classification stability. Next, the expected consistency
is calculated based on the probability of random classifica-
tion, representing the baseline level of categorization with-
out any pattern. Finally, Fleiss’ Kappa formula is used to
compare observation consistency with expected consistency,
quantifying the degree of inter-rater agreement.The formula
is as follows:

κ =
P̄− P̄e

1− P̄e
(1)

Where P̄ represents the observed consistency and P̄e repre-
sents the expected consistency. Using this formula, we de-
rived a line stylization score for each TSP problem configu-
ration. These scores quantify the structural characteristics of
the configurations and assess their association with decision-
making behavior.

Figure 2 presents the line stylization scores for the 30 TSP
problem configurations in Experiment 2. These scores re-
flect the degree of line stylization in point array configura-
tions under different perturbation conditions and provide a
foundational basis for subsequent analyses of path-planning
efficiency.

Impact of Line Stylization Features on Human
Performance
This section aims to explore the impact of line stylization fea-
tures on human performance in solving the Traveling Sales-
man Problem (TSP). To rigorously evaluate the quality of
human-generated solutions, we assessed each solution based
on two metrics: the PAO value (Percentage Above Optimal)
of path length (i.e., the percentage deviation of the path length
relative to the optimal path length) and the number of path in-
tersections. The PAO value quantifies the excess path length
compared to the optimal solution(MacGregor & Chu, 2011;
MacGregor, 2015; Rach & Kirsch, 2016), with its core pur-
pose being to measure the proximity of the current solution
to the theoretical optimum. This metric is commonly used
to evaluate solution efficiency. Since our TSP instances do
not guarantee optimal solutions, the PAO value serves as a
standardized measure to normalize performance across dif-
ferent problem configurations, enabling a unified assessment

of human participants’ performance. The Lin-Kernighan-
Helsgaun (LKH) algorithm, one of the most powerful and ef-
ficient algorithms for solving TSP(Helsgaun, 2000; Zheng et
al., 2023; Kerschke et al., 2018), consistently produces near-
optimal solutions in most TSP tasks. Therefore, we adopted
the shortest path obtained from the LKH algorithm as the ref-
erence optimal path length for each TSP problem.

Statistical Analysis of PAO Values and Cross Points

Prior to data analysis, we conducted normality tests on the
PAO values and intersection counts across all solutions and
individual grouped solutions. The results indicated that none
of the datasets adhered to a normal distribution for either PAO
values or intersection counts. To evaluate changes in human
performance before and after perturbations, we employed the
Wilcoxon signed-rank test to compare differences between
paired groups. The Wilcoxon signed-rank test(Wilcoxon,
1945, 1947), a non-parametric statistical method, is robust
for analyzing differences in paired datasets when normality
assumptions are violated, making it suitable for assessing the
impact of perturbations on task performance.Furthermore, we
computed the effect size of the comparative results using Co-
hen’s d as the metric. Cohen’s d measures the magnitude of
the difference between the means of two groups relative to
the standard deviation of the data. In our analysis, it serves as
an effective indicator for quantifying the degree of difference
between each pair of groups.
Line Stylization Degree Differences Across Groups To
verify whether the grouped configurations generated through
different perturbations exhibited significant differences in the
degree of line stylization, we performed Wilcoxon signed-
rank tests on the line stylization scores (Fleiss’ Kappa values)
across groups. The results indicate that the Fleiss’ Kappa val-
ues of the problem configurations subjected to random point
deletion significantly differ from those of the original config-
urations (z = 9.495, p <.001***, d = 1.136). Similarly, the
configurations subjected to random point displacement also
show a significant difference in Fleiss’ Kappa values com-
pared to the original configurations (z = 11.322, p <.001***,
d = 2.028). Moreover, a significant difference in Fleiss’
Kappa values was also observed between the random dis-
placement group and the random deletion group (z = 11.322,
p <.001***, d = 1.903). These results indicate that applying
distinct perturbations (e.g., point deletion or positional shift-
ing) successfully altered the degree of line stylization in the
TSP point arrays. Figure 6a illustrates the distribution of line
stylization degree differences between any two groups.
PAO Values and Cross Points Analysis After verifying
the differences in line stylization degrees across groups, we
further conducted Wilcoxon signed-rank tests on the experi-
mental data to analyze PAO values under different line styl-
ization groupings. The results revealed significant differences
in PAO values between the original configurations and those
perturbed by random point deletion (z = -1.983, p = .047*,p=-
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0.026), as well as between the original configurations and
those perturbed by random positional shifting (z = -2.167, p
= .03*,d=-0.086) (see Figure 6b for details).

On the other hand, we also analyzed the number of inter-
sections across different groups. The results showed signif-
icant differences in the number of intersections between the
original configurations and those perturbed by random point
deletion (z = -8.557, p <.001***,d=0.814), as well as be-
tween the original configurations and those perturbed by ran-
dom positional shifting (z = -2.071, p = .038*,d=0.232). Ad-
ditionally, a significant difference was observed between the
random positional shifting group and the random point dele-
tion group (z = -7.628, p <.001***,d=-0.701). The specific
distribution of these results is illustrated in Figure 6c.

Interpretation of Results
From the distribution of line stylization degree differences
across configurations in Figure 6a, we observe that the Orig-
inal group exhibits the highest degree of line stylization,
the RandomDelete group shows an intermediate level, and
the RandomPosition group has the lowest degree. Further
Wilcoxon signed-rank test results indicate significant differ-
ences in PAO values between the Original group and both the
RandomDelete and RandomPosition groups, suggesting that
the degree of line stylization significantly influences human
efficiency in solving TSP problems. We infer that, in TSP
tasks, the line stylization features of point arrays can enhance
human path-planning efficiency, particularly when the paths
exhibit certain regularities.

On the other hand, the analysis of intersection counts pro-
vides another intriguing perspective. While existing studies
suggest that a higher number of intersections correlates with
lower path-planning efficiency(Rooij et al., 2003; MacGregor
et al., 2004), our analysis indicates that the differences in in-
tersection counts are not driven by variations in path quality
but rather by the number of points in the problem configura-
tions. In the experimental design, the RandomDelete group
perturbed the line stylization degree by deleting 70% of the
points, whereas the RandomPosition group perturbed the con-
figurations by shifting point positions, thus maintaining an
equal number of points across both groups. The results show
that the difference in intersection counts between the Original
and RandomPosition groups is less significant, while the dif-
ferences between these groups and the RandomDelete group
are highly significant. This suggests that the number of points
is the primary factor influencing intersection counts, rather
than the line stylization features themselves.

In summary, our analysis validates the hypothesis that the
line stylization features of point arrays in TSP problems
significantly influence human problem-solving efficiency.
Specifically, when point arrays exhibit stronger line styliza-
tion features, participants demonstrate more effective path-
planning strategies, reducing unnecessary decision biases and
thereby improving TSP-solving efficiency. These findings not
only reveal the potential role of visual structures in path plan-
ning but also provide novel insights and methodologies for

future research on cognitive decision-making.

Examining the Mediating Effect of Decision-Making
Style
Based on the experimental results, we propose a tentative hy-
pothesis: a reduction in the degree of line stylization alters
human decision-making strategies, which in turn leads to a
decline in performance levels. In this causal chain, decision-
making strategies serve as the mediating variable, while the
number of intersections acts as a measurable indicator of this
mediation. This section aims to investigate whether the in-
dependent variable (Fleiss’ Kappa) influences the dependent
variable (PAO) through the mediating variable (Intersections)
and to test the significance of this mediating effect,Fleiss’
Kappa corresponds to the degree of line stylization in the
problem configurations.

To this end, we employed the PROCESS Macro
(Model 4)(Preacher & Hayes, 2004) for mediation analy-
sis(A. F. Hayes, 2009; A. Hayes & Rockwood, 2017) and uti-
lized the Bootstrap method to estimate the confidence inter-
vals of the indirect effects (with 5,000 resampling iterations).
Compared to other methods, the Bootstrap method(Baron &
Kenny, 1986) does not require assumptions of data normality
and provides confidence intervals for the results. The model
is shown in Figure 7. The results indicate that the independent
variable Fleiss’ Kappa has a significant effect on the mediator
variable Intersections (β = 5.44, p <.001), and Intersections
in turn significantly affects the dependent variable PAO (β =
0.0171, p <.001). However, the direct effect of Fleiss’ Kappa
on PAO is not significant (β = –0.0526, p = 0.105), suggesting
that the influence of Fleiss’ Kappa on PAO is primarily me-
diated through Intersections. The indirect effect, calculated
via the bootstrap method, is 0.0933, with a bootstrapped con-
fidence interval of [0.0396, 0.1564], which does not include
zero—indicating a significant indirect effect. This confirms
Intersections as a mediator between Fleiss’ Kappa and PAO,
consistent with a full mediation model..

Thus, it can be seen that our hypothesis is well supported,
namely, the degree of lineation in TSP configuration fully af-
fects the path length performance in human solutions by in-
fluencing human decision-making.

Discussion and Conclusion
This study investigates the line stylization features of point
array distributions in the Traveling Salesman Problem (TSP)
and their impact on human path-planning decisions. We pro-
posed a method to quantify line stylization features and ex-
perimentally validated their influence on path-planning effi-
ciency across different configurations. The results demon-
strate that the line stylization features of point arrays not only
affect human decision-making processes but also guide path
selection through visual cues, thereby significantly enhanc-
ing path-planning efficiency. By comparing TSP configura-
tions with varying degrees of line stylization, we further elu-
cidate how these visual structural characteristics shape cogni-
tive decision-making processes.
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Figure 6: The box plots of the Fleiss Kappa differences, PAO differences, and Intersections differences between the three
configurations. The significance symbols above the boxes indicate the level of significance of the differences between the two
groups corresponding to each box,*p <.05, ***p <.001,d represents the effect size as measured by Cohen’s d.

Figure 7: The mediation model diagram. The effect of
Fleiss’ Kappa on Intersections is significant, the direct effect
of Fleiss’ Kappa on PAO is not significant, and the indirect
effect of Fleiss’ Kappa on PAO through Intersections is sig-
nificant.

The experimental results reveal that when the point ar-
rays in TSP problems exhibit stronger line stylization fea-
tures, humans demonstrate higher efficiency in path planning.
This phenomenon is particularly evident in fewer path inter-
sections and shorter path lengths. Specifically, configura-
tions with higher degrees of line stylization (e.g., the Orig-
inal group) compared to randomly perturbed configurations
(e.g., the RandomDelete and RandomPosition groups) enable
humans to more easily identify underlying path structures,
leading to more efficient decision-making. In this way, vi-
sual structural features provide cognitive cues for path plan-
ning, assisting participants in identifying optimal paths within
complex problems.

Furthermore, The results indicate that the influence of line
stylization features is primarily mediated by adjustments in
decision-making strategies. Specifically, line stylization fea-
tures do not directly impact path-planning quality but instead
optimize path selection by influencing participants’ cognitive
strategies. we conducted a mediation analysis to examine the
effects of varying degrees of line stylization on the decision-

making process. This finding highlights the critical role of vi-
sual structures in path planning, demonstrating that they not
only affect decision-making efficiency but also indirectly in-
fluence decision quality.

Although this study provides new perspectives on under-
standing the influence of TSP configurations on path plan-
ning, it still has certain limitations. Firstly, the research was
conducted solely within a two-dimensional configuration.
Future studies could extend this to path planning problems
in higher dimensions, exploring how different spatial struc-
tures affect the decision-making process. Secondly, while we
have quantified the impact of Line Stylization Degree, we
have not delved deeply into the underlying cognitive mech-
anisms.Future research could incorporate techniques such as
eye-tracking, the edge detection mechanisms of human vision
to conduct experimental studies with a larger pool of partici-
pants and analyze the resulting data. Such investigations may
further elucidate how the Line Stylization Degree influences
the brain’s decision-making processes through visual path-
ways, thereby deepening our understanding of the cognitive
mechanisms underlying path planning.

In summary, this study quantifies the Line Stylization De-
gree of lattice configurations in the TSP problem and re-
veals how visual structure affects human path planning deci-
sions. The findings of this study hold significant implications
for the field of cognitive science. While traditional TSP re-
search has predominantly focused on computational methods
and path length optimization, this study highlights how the
structural characteristics of TSP configurations—particularly
the line stylization features of point arrays—influence human
decision-making processes at a visual level. This perspective
offers novel insights for cognitive modeling and optimization
in path planning and provides valuable reference for under-
standing how humans utilize visual cues to make decisions
in complex tasks. Additionally, the quantification method we
proposed introduces a new tool for experimental design in
cognitive psychology, enabling future research to more pre-
cisely measure and compare the impact of different visual
structures on decision-making.
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