Traveling salesman problem: The human case
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In the field of human cognition, performance and optimization behavior in the TSP has mainly been investigated by means
of visual versions in which humans are confronted with a number of dots on a computer monitor. Their task is to connect
these dots by a straight line such that the resulting path is optimal with respect to overall length. Path planning tasks similar
to the TSP are quite common also in everyday navigation, for example, in shopping routes. In this paper, we systematically
disentangle the cognitive processes and the range of external factors that influence problem solving in tasks that resemble the
classical TSP, covering the area so as to include everyday human navigation tasks. We identify those areas for which human
heuristics and strategies are already known and work out hypotheses concerning the generalizability of results gained within

particular subfields of the area.

1 The traveling salesman problem

Imagine a salesman who has the task of visiting a range of cities
in order to sell his goods. He will probably start from a specific
location to which he will also return after visiting each place just
once. His route will be planned in a way that avoids detours and
unnecessary effort; in short, the experienced traveling salesman
will aim for the shortest possible route. Motivated from such
scenarios, the well-known generalized traveling salesman prob-
lem (TSP) is formulated as follows: Given a number of target
places and the costs of traveling from any target to any other
target, what is the cheapest round-trip route that visits each
target place once and then returns to the starting place? The
TSP has been shown to be NP-complete; it becomes increasingly
complex and computationally expensive with increasing numbers
of targets. The only solution to the TSP that guarantees find-
ing the optimal tour is to calculate and compare the length of
all possible permutations, i.e. ordered combinations. Consider-
ing that the number of permutations is n! (the factorial of the
number of places to visit), the TSP rapidly becomes impracti-
cal: while the number of permutations for visiting 6 places is
720, for 11 places it is already 39 916 800. However, several
heuristics have been developed, some of which are introduced
below, that greatly reduce computational effort while still re-
sulting in near-optimal solutions. The TSP has received much
attention since it was first introduced as a mathematical problem
in the 1930ies. In fact, it is one of the most intensively studied
problems in computational mathematics, yet no efficient solu-
tion method is known for the general case. From the point of
view of cognitive science, this problem is of interest because hu-
mans quickly find good solutions to TSPs with, for instance, 11
target places, evidently without computing all possible permu-
tations. Also, there are a number of related problem scenarios
such as the “open TSP” in which the starting point is not visited
again, the “orienteering problem” which involves different tar-
get weightings, further sequential path decision problems, and
search and exploration issues that in crucial respects resemble
the TSP. Nevertheless, in spite of the intuitive name of the TSP,
there are few attempts to establish the relationship to human
navigation in natural environments. In this article, we compare
various different versions of the original computational TSP for

the human case, including more naturalistic human behavioral
variants in similar tasks (such as shopping routes), and discuss
how different methodologies may shed light on different aspects
involved in such a task.

1.1 Strategies

Visual versions of the TSP. A great amount of attention and
a broad range of experimental studies have been devoted to vi-
sual versions of the TSP (e.g., [11, 12, 18, 8, 19]). In these
experiments, participants are usually confronted with a num-
ber of points on a computer monitor. Their task is to connect
these points such that the resulting path is optimal with respect
to the overall length. Generally, results from such experiments
demonstrate that the participants are impressively good at solv-
ing visual TSPs, that inter-individual performance differences
are rather small, and that performance is influenced both by the
problem size and by the distribution of the targets. Performance
is measured by relating the chosen solution to the optimal solu-
tion and is expressed as percentage above optimal (PAO).
There is an ongoing debate on the strategies participants ap-
ply in such experiments. It has, for example, been proposed that
humans apply the convex hull method [11]. The convex hull is
easily visualized by imagining an elastic band stretched open to
encompass all dots; when released, it will assume the shape of
the convex hull, touching all boundary dots of the TSP (the re-
maining dots are referred to as interior places/dots). Afterwards,
the segment of the elastic band which is closest to an uncon-
nected dot will be stretched to include that dot into the tour.
This latter step is repeated until all points are incorporated in the
overall tour. This heuristic has been further refined with respect
to the exact method of incorporating interior points, either by
identifying minimal distance (cheapest insertion criterion) or
by relying on angles (largest interior angle criterion) [12]. The
fact that a tour that follows the convex hull method is by defi-
nition free of crossings and that humans tend to avoid crossings
is seen as one important piece of supporting evidence for the
convex hull method [11]. This line of argumentation, however,
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also works the other way around: if humans know that crossings
will result in sub-optimal solutions they will consequently avoid
crossings when solving TSPs, rather than following the convex
hull method [18]. Tours or paths that result from convex hull
strategies and crossing avoidance strategies are often very simi-
lar, if not identical.

Another strategy, the hierarchical nearest neighbor (hNN)
method states that participants first establish clusters of sev-
eral points based on NN distances, which they then link into a
tour, using some variant of the nearest neighbor (NN) algorithm
[19]. The NN-algorithm is one of the simplest procedures to
solve TSPs quickly. From its current location, the start loca-
tion in step one, the NN algorithm repeatedly visits the closest
non-visited target location until all targets have been visited [7].
The NN-algorithm has been recognized for decades and is still
regarded as one of the major options available to problem solvers
in TSP related tasks as it is known to result in reasonably good
solutions, at least, for small TSPs. The hierarchical pyramid
algorithm assumes that from the original stimulus (point pat-
tern) a series of images are generated which are increasingly
blurred and compressed [8]. By these means, a hierarchy of im-
ages is generated in which neighboring dots collapse to clusters.
The algorithm then starts with generating a tour upon an im-
age which is so high in the hierarchy that only 3 clusters exist.
By progressively moving to the next lower layer in the hierarchy
further clusters, and eventually dots, are inserted into the tour.

Both of the latter approaches for solving visual TSPs, es-
sentially reduce the complexity or computational effort of the
planning problem by using hierarchical levels of abstraction that
are used to plan coarse tours that are then refined. By first
planning coarse tours a large number of (usually) suboptimal
solutions is ruled out and search space is substantially reduced.

Navigational versions of the TSP. Path planning and
wayfinding tasks similar to the TSP are quite common also in
everyday navigation, for example, considering a typical shopping
route on which multiple stores have to be visited. Pedestrian
shopping behavior has been investigated with respect to distance
minimization in multi-stop shopping routes [6]. Most shoppers
first chose the location farthest away, probably to minimize effort
to carry bought goods, and then minimized distances locally be-
tween shopping locations. This strategy of minimizing traveled
distances between target places is similar to the NN-strategy.
Our own research uses a smaller-scale scenario involving 25
places marked by uniquely colored symbols, arranged on a regular
grid in a large experimental room [20]. Participants were asked
to visit a given subset of these places. Results show that the
standard NN-strategy is not sufficient to explain planning behav-
ior. Participants combined neighboring target places to clusters
and preferred to visit large rather than small target clusters first
(cluster strategy, cf. [21]). Furthermore, participants demon-
strably used a region-based planning strategy, first planning
a coarse path on the region level and then refining this plan
during navigation by inserting close-by target places (for similar
strategies in large scale spaces see [21]). Such hierarchical plan-
ning schemes allow for the reduction of computational effort and
memory load during planning while still resulting in reasonably
short paths. Our results are supported by linguistic evidence,
i.e., by a close analysis of systematically elicited verbal represen-
tations of the task [16]. These were collected both during and

after the experiment and reflected the participants’ navigational
strategies in several ways.

2 Visual and Navigational TSPs

Specific features of the task presentation and design may ei-
ther highlight or obscure crucial factors of heuristical planning
in TSP-like tasks, they may involve either more or less demands
on memory, and they may trigger or lead to the neglect of certain
cognitive strategies. In the following, we present a systematic
account of the generalized features in which tasks (as employed
in TSP research so far or observable in everyday chores) may dif-
fer. The most crucial difference is clearly posed by the contrast
between visual and navigational versions of the TSP, which we
take as our starting point for closer examination.

2.1 Scale

Navigational TSPs take place at a much larger scale than vi-
sual TPSs, which are usually presented as a simple graphic on
a computer screen. This scale of space is often referred to as
figural space. However, even between various versions of nav-
igational tasks, there may be considerable differences in scale.
Experiments range from indoor vista space (e.g., [20]) to large
scale space such as outdoor scenarios [6]. In figural space all
information is visually accessible at all times. In vista space (de-
scribing the space that is visible from a current location) this is
also the case in principle; however, if the tasks requires active
navigation, relevant information might, at least temporarily, be
out of sight. In large scale navigational spaces, such as cities,
information about the relevant spatial locations can usually not
be perceived directly. Here, navigators either have to consult
external representations of space, such as street maps, or the in-
formation has to come from cognitive-map like spatial memory
(see also Section 2.4). Furthermore, when navigating vista or
large scale spaces, spatial relations between the navigator and
relevant locations constantly change. Accordingly, navigators
permanently have to update the locations of places, deal with
perspective changes, and, in contrast to tasks on the figural
space, they usually do not have an overview over the environ-
ment as a whole.

TSPs in real world large scale spaces furthermore involve
taking multiple alternative paths between target places into ac-
count during planning. In city-like environments it is usually
not possible to navigate via straight lines between places; each
subroute constitutes its own planning problem. The complex-
ity involved here is well proven by the broad range of studies
addressing wayfinding tasks that only concern a start and a sin-
gle goal. Such studies, spanning research on route planning [2]
as well as linguistic route descriptions [4], are typically carried
out in large scale space. For experiments directly addressing
TSP-like tasks, in contrast, this approach is largely unknown.

Up to now, the results in the literature are far from being
systematic as far as the effects of scale are concerned (though
see [13] for a detailed account). Currently, no clear predictions
can be formulated as to the ways in which planning strategies
and heuristics in TSP-like tasks will be affected by scale (and
scale alone, considering that most relevant approaches differ in
many other respects as well). It is conceivable, however, that



the mere fact that the environment is or is not visible at one
glance, or by looking around (within a room), or by traveling
for a few minutes (as opposed to hours, as in travel planning),
fundamentally influences planning strategies, even if the main
task remains constant.

2.2 Goals and distractors

Navigation tasks typically involve a far lesser number of goals
than visual versions of the TSP, in which up to 100 goals are to
be connected [12], such a number would not be feasible when-
ever real navigation is involved. One major feature in which
visual TSPs often systematically differed concerned the distribu-
tion of the goals within the overall field; they may be randomly
distributed, grouped systematically, lined up in rows, spread out
in patterns, etc. In navigational TSPs, as well, the distribution
of goals stands out as a major factor of interest. Typically, this
kind of variability is used as a crucial design feature to identify
humans’ planning strategies in the given task. Certain distribu-
tions of goals may be particularly suitable for triggering a specific
strategy out of a range of options available to humans. Further-
more, distributions can be designed in a way as to disprove that
particular strategies generally dominate users’ behavior [20].

Furthermore, tasks differ crucially with regard to the pres-
ence of distracting places other than the goals. Also, if there
are more places than actual targets to be visited, there may or
may not be a given number or list of goals. In visual TSPs,
usually all presented locations are target places for the current
trial. Everyday navigation tasks such as shopping routes, in con-
trast, take place in complex spatial environments involving many
places and objects. Only some of these need to be visited as part
of a given task scenario, the remaining majority are distractors.
Few experimental studies addressing TSP-like tasks have so far
been designed to address humans’ strategies in naturalistic sce-
narios (e.g., [6, 9]). Other studies take a step in this direction
by purposively involving distractor objects [20, 16].

A further point concerns the nature and features of the
targets. Natural target locations in the real world are associ-
ated with human activities and background knowledge of various
kinds. In a shopping task, for instance, it is a matter of world
knowledge to determine how the goal locations relate to each
other [14]. There may also be various levels of importance or
saliency that influence the planning process [9]. In general terms,
it is likely that grouping processes have an impact on everyday
navigation planning. The importance of such processes in more
abstract TSP tasks was confirmed by our studies [20, 16], where
the different colours and shapes of the symbols played a major
role for the planning process. Such findings cannot be obtained
by studies employing only identical targets, as in the visual TSPs.
Additional effects, for example, of individual associations with
objects or locations can be expected considering humans' par-
ticular choices when given freedom in deciding about the places
to be visited. In this direction, first results involving a travel
planning situation based on a map [15] again indicate effects of
conceptual grouping and regionalization.

2.3 Setting

A visual TSP task, which is maximally abstract and remote from
real navigation settings, does not necessarily involve the notion

of navigation; participants may simply be told to connect the
points by as short a line as possible. Alternatively they may
be asked to find a route (invoking a mental navigation situa-
tion) that visits each place indicated by abstract symbols. This
may take place either on a computer screen or by using paper
and pencil; both of these are common in visual TSP tasks. In
shopping and traveling situations, the people themselves move
around in a large-scale environment, in corresponding experi-
mental tasks, their trajectory is measured.

There are further possibilities, mediating between the highly
restricted figural scale space (e.g., on a computer screen) and
the (non-controllable) high complexity of naturalistic large-scale
environments. On the one hand, a situation close to real naviga-
tion can be created in virtual reality, which provides considerable
flexibility in experimental design [21]. On the other hand, par-
ticipants may be asked to imagine traveling in a large scale area.
In an innovative experimental paradigm [1], blindfolded humans
can imagine any spatial scenario while walking on the spot. A
different approach is to have participants imagine the planning
of complex routes, for example, based on a map. This may in-
volve the mental organization of multiple goals, as in organizing
a busy day in a city [9] or making travel plans for a holiday in
a distant country [15]. In such tasks, participants are asked to
find a solution to a TSP-like problem without actually carrying
out the navigation itself.

Finally, the nature of the representation that is measured
and analyzed towards solving the TSP task may be varied. Usu-
ally, trajectories are measured in some way, by connected lines
or by tracing the paths participants travel. However, further
crucial insights can be gained from the analysis of humans’ lan-
guage about spatial strategies; this has been well investigated
for wayfinding tasks between two locations, involving everyday
human route descriptions [4]. We have started to explore this
approach for TSP-like tasks [16]. Linguistic tasks may involve
thinking-aloud protocols [5, 10], or the participants may be asked
to describe the task as such, give instructions to someone else
(e.g., route descriptions), or discuss it dialogically in various
ways. Each version yields a different text type with systematic
inherent features which need to be differentiated linguistically
from the insights to be gained about the problem solving issue
itself. The investigation of planning strategies solely on the ba-
sis of behavioral data (such as trajectories) has its limitations
if a particular solution can be reached with multiple solution
heuristics. This problem becomes particularly eminent if overall
performance is close to optimal. If, for example, participants
find the optimal solution for a given TSP, and different TSP-
heuristics predict optimal solutions, it is impossible to determine
which strategy participants applied. In such situations, linguistic
data provide insights into underlying conscious or even subcon-
scious heuristics that can be tested in follow-up studies.

2.4 Memory

Differences in the TSP setting can affect the demands posed
on memory. Solving visual TSPs is often thought to primarily
involve perceptual processes, while solving navigational TSPs
usually requires different memory systems, such as a working
and a long-term memory of target positions. Such factors can
be systematically manipulated either by targeted experimental
navigational TSPs or by introducing memory demands in visual



TSPs (see Section 3). Manipulations range from connecting
all targets to marking the relevant targets in the field by the
experimenter to providing the participant with a list of targets
to be visited. In the latter case, further differences in memory
load concern whether the goals already visited may or may not
be marked (ticked off) by the participant, either in the field itself
or in the list, or both. In visual TSPs, the path from the start to
the current location is displayed as a polygonal line segment, and
participants are allowed to correct their choices by undoing links
between points. Both of the latter properties are not available
during real world navigation. Displaying the chosen path up
to the current position provides participants with (i.) visual
information of the overall shape of the trajectory, and (ii.) it
retains spatio-temporal information, i.e. the sequence in which
targets have been visited. Both of these latter factors might
influence the problem solving strategies applied. In all these
respects, navigational TSPs will generally pose higher cognitive
demands on the problem solver than visual TSPs.

In everyday path planning (e.g., [17]), navigators are faced
with additional memory tasks that are absent in visual TSPs.
For example, if no external representation of space (e.g., a street
map) is available, the target locations have to be retrieved from
the cognitive map. Additionally, once the targets have been lo-
calized in the cognitive map, they have to be held active in a
working memory representation during the actual planning pro-
cess. Here, it can be assumed that navigators have to deal with
different memory related constraints, such as imprecise spatial
knowledge or capacity limits of working memory [3].

3 Comparing the results

Table 1 sums up the major aspects discussed in the previous
section, abstracting from the gradual differences that are con-
ceivable and that have already been explored in the literature.
While this list is far from being exhaustive, it demonstrates that
solving visual TSPs and navigational TSPs cannot, a priori, be
assumed to be based on the same cognitive principles. However,
there are undeniable parallels especially with respect to the task
itself. Therefore we briefly compare the main results from visual
TSPs and on navigational TSPs, as far as they are available. To
our knowledge, the only real navigation studies so far explicitly
targeting the investigation of human performance and cognitive
strategies underlying path planning in the TSP are [20, 16] for
vista space, [6] for large-scale settings, and a few further studies
that are either not directly concerned with solving the TSP task
or that do not involve real navigation (e.g., [9, 15]).

For both visual and navigational TSPs, planning perfor-
mance decreases with increasing TSP size. However, the overall
performance level is clearly superior in visual TSPs. While this
difference is unsurprising given the mental effort required in each
case, it cannot easily be quantified due to the many factors that
distinguish navigational and visual TSPs. Nevertheless, there
are striking similarities regarding the proposed solution strate-
gies. For visual TSPs, the hierarchical NN strategy [19] and
the hierarchical pyramid algorithm [8] have been proposed (see
Section 1.1). Both strategies essentially state that, based on
perceptual grouping, abstractions of the original problem are
generated and that first coarse tours are planned upon these ab-
stractions. Then, more detailed tours incorporating all targets

are generated based on the coarse path plans. For navigational
TSPs, we have proposed a region-based planning heuristic and a
cluster strategy that are based on similar principles (see Section
1.1). All of these hierarchical strategies are based on chunking
or clustering of spatial information. Furthermore, the " convex
hull” strategy [11] parallels some of our linguistic findings in
[16] in which participants attend particularly to the shape of
the trajectory. Also, the importance of proximity is represented
clearly in our linguistic data, reminiscent of the earlier idea of a
"Nearest Neighbor” (NN) strategy, which is however not suffi-
cient to explain the data as such. In line with this, proximity is
consistently mentioned along with other aspects in our data.

4 Conclusions and future work

According to the overview presented here, the investigation of
TSPs in figural space is not sufficient to understand how the
traveling salesman really solves his problem of finding the short-
est route between a given number of places. In spite of the
various systematic differences between visual and navigational
TSPs that we have pointed out, however, the problem solving
strategies allowing to handle complex and computationally ex-
pensive TSPs may at least be of a similar nature. It will be
a challenging endeavor for future investigations to address sys-
tematically in how far generalizations and transfers can be drawn
from existing computer-based studies to realistic task settings,
and to spell out the differences and their specific reasons. It is
a desirable long-term aim to tease apart the precise impact of
each of the factors involved, including their relation to and inter-
play with each other. To develop an increased understanding of
how the cognitive processes involved in solving visual and navi-
gational TSPs relate to each other, future experiments in both
domains need to be carried out that are matched more closely,
and therefore more directly comparable.
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