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—— Abstract

Understanding the cognitive processes involved in wayfinding is crucial for both theoretical advances
and practical applications in navigation systems development. This study explores how gaze
behavior and visual attention contribute to our understanding of cognitive states during wayfinding.
Based on the model proposed by Downs and Stea, which segments wayfinding into four distinct
stages: self-localization, route planning, monitoring, and goal recognition, we conducted an outdoor
wayfinding experiment with 56 participants. Given the significant role of spatial familiarity in
wayfinding behavior, each participant navigated six different routes in both familiar and unfamiliar
environments, with their eye movements being recorded. We provide a detailed examination of
participants’ gaze behavior and the actual objects of focus. Our findings reveal distinct gaze behavior
patterns and visual attention, differentiating wayfinding stages while emphasizing the impact of
spatial familiarity. This examination of visual engagement during wayfinding explains adaptive
cognitive processes, demonstrating how familiarity influences navigation strategies. The results
enhance our theoretical understanding of wayfinding and offer practical insights for developing
navigation aids capable of predicting different wayfinding stages.
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1 Introduction

Navigation, a fundamental human cognitive skill, involves goal-oriented movement through
space and is comprised of two components: wayfinding and locomotion [35]. Wayfinding
in particular requires strategic planning and decision-making to reach the destination.
Understanding the cognitive resources underlying this component is important to better
grasp how people perceive their environment and interact with it (see [14] for a review). This
knowledge is also essential for the development of tools and technologies to aid navigation in
today’s increasingly complex environments.

Numerous theories have explored the cognitive processes behind wayfinding [7, 12, 32, 38|,
contributing significantly to our understanding of its cognitive dimensions. However, empirical
validation remains necessary, highlighting the importance of testing these theories in practice.
Among these proposed theories, the model by Downs and Stea [12] has become a key part
of wayfinding research, providing a detailed breakdown of the process into four stages:
Orientation (also referred to as Self-Localization), Route Selection (or Route Planning),
Route Control (or Monitoring), and Recognition (or Destination/Goal Recognition). Its
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fine-grained distinction between the processes involved in wayfinding not only advances
our theoretical understanding but also enhances the potential for practical application by
providing a structured approach to empirically investigate these underlying processes.

Empirical research on wayfinding has evolved considerably, especially with the advent of
eye-tracking technology. These studies focus on a variety of tasks related to wayfinding (e.g.
self-localization, direction finding, searching for an object on the map or in the environment,
etc. [10, 11]) and investigate eye movements to decode cognitive processes during navigation.
Recent developments in deep learning have further improved the analysis of eye-tracking data
and provide a more detailed understanding of what and how people focus visually during
wayfinding [23]. While these studies have made important contributions by focusing on
specific aspects of wayfinding, there remains room for comprehensive empirical research that
spans the entire wayfinding stages.

In this work, we report on the behavioral data from 56 participants who performed
wayfinding tasks in a real urban environment based on Downs and Stea’s four-stages model.
The focus lies in analyzing participants’ eye-tracking recordings during wayfinding in familiar
and unfamiliar areas. Using a deep learning-based software system [3], the eye-tracking data
was automatically annotated, enabling us to examine the participants’ visual attention and
gaze behavior in a content-dependent manner, particularly in relation to their familiarity
with the environment. We primarily investigated how participants’ gaze behavior, focusing
on patterns of gaze movements irrespective of the semantics of observed objects, and visual
attention, concerning the actual objects observed by the participants, evolve across the four
stages of wayfinding. Additionally, considering the known effects of familiarity on wayfinding
and gaze behavior (see e.g., [1, 4, 30, 50, 54]), we investigated the influence of familiarity
with the environment to see how these visual and cognitive processes differ between the
familiar and unfamiliar groups during wayfinding.

The results of our study show that distinct gaze patterns emerge at different stages
of wayfinding, some of which are significantly influenced by how familiar individuals are
with the environment. These results improve our understanding of the visual cognitive
mechanisms that are crucial for wayfinding. By shedding light on the stages of wayfinding
from the perspective of visual cognition, this study expands our understanding of the dynamic
interplay between vision and cognitive processes and the way we approach wayfinding tasks.

2 Related Work

In this section, we explore the existing body of literature from three aspects: initially, we
review the theoretical foundations underlying wayfinding. Following that, we move on to
relevant empirical research aimed at deepening our understanding of wayfinding behaviors
and the factors affecting them, in particular familiarity. Lastly, we examine studies that
utilize eye-tracking and its measures to explain different aspects of cognitive processing.

2.1 Theories of Wayfinding

Exploring wayfinding from a theoretical aspect has been approached from various disciplines,
each contributing to our understanding of how humans navigate in and interpret their
environments. Lynch [32] was among the first to suggest that the way we see and remember
our surroundings helps us navigate. He argued that these mental images — comprised of
paths, landmarks, nodes, districts, and edges — serve not just as a practical tool for navigation
but also form a deep emotional connection between individuals and their environments. This
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foundational idea suggested that the way we perceive and remember our surroundings plays a
critical role in how we navigate, combining sensory inputs with memories to create a mental
map that guides us through the physical world.

Building on Lynch’s conceptual framework, Downs and Stea [12] later introduced a more
structured approach to wayfinding, breaking it down into four measurable stages: Orientation/
self-localization (figuring out where you are), Route Selection/ Route Planning (choosing
a path to the destination), Route Control/ monitoring (keeping track of the journey), and
Recognition/ Goal Recognition (recognizing the destination). Their model also emphasized
the role of environmental cues and personal experiences in shaping mental maps, offering
insights into the cognitive processes that undergo spatial navigation. This approach provided
a clear framework for understanding wayfinding, highlighting how individuals interact with
their environments by processing information, making decisions, and adjusting their routes
based on ongoing feedback from their surroundings.

Researchers like Passini [38] and Golledge [20] expanded the discussion to include the
problem-solving nature of wayfinding and the role of cognitive maps — mental representations
of spatial environments that guide us in unfamiliar settings. These developments have
enriched our understanding of wayfinding, depicting it as a dynamic interaction between
cognitive processes, memory, and the physical act of moving through spaces, ultimately
splitting wayfinding into three processes: decision-making, decision execution, and information
processing. The discussion on wayfinding took a further step with the introduction of Klippel’s
concept of wayfinding choremes [29] — primitive conceptual elements that form the basis of
spatial understanding and map construction. This idea relates cognitive processes with the
physical representation of space, focusing on how individuals conceptualize and navigate
through environments by identifying structural and functional aspects of the landscape.
From the psychological perspective, Montello [36] defines wayfinding and locomotion as two
main components of navigation. Wayfinding involves knowing where to go and how to get
there, requiring goal orientation and decision-making, and is largely coordinated beyond our
immediate sensory reach. He explores the psychological, environmental, and technological
factors impacting wayfinding, including orientation, attention, environmental differentiation,
visual access, layout complexity, and the design of information displays in navigation systems.

Among the numerous insightful theories, Downs and Stea’s theory [12] stands out not
only as a widely recognized ground in wayfinding research but also as it provides a detailed,
step-by-step breakdown of the wayfinding process. Despite these stages being ongoing and
overlapping throughout the wayfinding process, their distinct separation makes the model
particularly valuable for empirical testing. Its structured approach allows researchers to
examine each aspect of wayfinding in detail, making this model particularly suited for
empirical investigation.

2.2 Analyzing Wayfinding: Empirical Insights and Influencing Factors

Numerous empirical studies have explored various aspects of wayfinding. One example is
Kiefer et al. [28]’s investigation into the self-localization process. They employed mobile eye-
tracking technology to analyze how individuals identify their location on a map by aligning
visible landmarks with map symbols in an urban environment. The results indicated that
effective self-localization is associated with increased visual focus on relevant map symbols
and an increased shift of attention between these symbols and their actual environmental
counterparts. To better understand what information wayfinders need to orient themselves
using Augmented Reality (AR) navigation tools, Yang et al. [53] investigated how different
combinations of AR information affect pedestrian self-localization efficiency and success rates
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in augmented environments. Using eye-tracking technology, the study found that among AR
navigation aids, directional guidance is the most comprehensible and landmarks significantly
improve safety, while road names offer little benefit and may worsen cognitive load.

Dalton [9] reported on an experiment recording route choice decisions at road junctions,
illustrating that such decisions can be quantified as the sum of choices made throughout a
journey. Statistical analysis suggested a tendency among participants to maintain linearity
in their routes while minimizing angular differences between route choices and the perceived
direction of the wayfinding goal. Wiener et al. [51] presented three experiments to explore
how people navigate and plan routes in a virtual setting. Their research demonstrated that
when planning routes, humans favor connections between regions rather than just connections
between individual places, take into account the location of several targets, and evaluate the
complexity of different potential routes.

Recently, Hegarty et al. [21] explored the different strategies humans and animals use
for wayfinding in familiar environments, distinguishing between routine routes (response
strategy) and innovative routes derived from the use of spatial knowledge of the environment’s
layout (place strategy). Utilizing Marr’s multilevel theoretical model [34] — which includes
the computational, representational /algorithmic, and implementation levels — they examined
the process through which intelligent beings manage complex navigational tasks. They
highlighted individual, sex, and age differences in strategy preference, with men and older
adults showing tendencies towards place and response strategies, respectively.

Several studies have focused on the classification of familiarity, utilizing behavioral
correlates to distinguish familiar from unfamiliar settings. Alinaghi et al. [1] used eye-tracking
to predict, through different machine learning models, the turn decisions of wayfinders at
intersections by analyzing gaze and environmental features as well as participants’ familiarity
with the surroundings. Their research also distinguishes between the gaze behavior of familiar
and unfamiliar navigators and finds that familiar individuals exhibit more confident behavior
at no-turn intersections, while unfamiliar individuals exhibit more searching behavior [4].
Savage et al. [45] employed Bayesian techniques to assess place familiarity by integrating
Foursquare visit data with Facebook profiles and GPS trajectories. Liao et al. [30] applied a
Random Forest approach to classify familiarity through gaze behavior in real-world navigation,
with data from 38 participants walking routes in familiar and unfamiliar environments.

While these studies offer valuable insights into various aspects of wayfinding, there is a
noticeable gap in the literature when it comes to a thorough exploration of all wayfinding
stages. Our work aims to complement these studies by providing a detailed examination of
the complete wayfinding process, an area not fully covered in existing research.

2.3 \Visual Attention and Cognitive Processes

When analyzing the four stages of wayfinding through gaze behavior and visual attention
analysis, it becomes crucial to decode the specific information conveyed by each gaze pattern
and metric. This understanding helps us to interpret the gaze behavior observed in our study.
Therefore, in this subsection, we gather findings from fields such as psychology, neuroscience,
and eye-tracking research to understand the meaning behind different gaze patterns.

Gaze events such as fixations and saccades are widely recognized for their reflection of
cognitive processes, scene comprehension, and visual search (see Chapters 11 to 13 of [25]).
Key metrics related to fixation include duration or dwell time (the period when the eye
remains relatively still), frequency (the number of fixations divided by time), and dispersion
(the maximum horizontal and vertical distance covered by the gaze positions in a fixation as
defined by [44]), offering insights into cognitive engagement and scene perception. Irwin et
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al. [26] provided a comprehensive review of significant contributions to the field, illustrating
how fixation distribution and duration play critical roles in the perception and representation
of real-world scenes and sentence production. Schwedes et al. [47] further demonstrate the
influence of memory on fixation duration and rate, especially in the context of early memory
effects where familiar stimuli attract longer second fixations than unfamiliar ones. Nakayama
et al. [37] looked into the impact of task difficulty and eye-movement frequency on oculo-
motor performance, using indicators like pupil size, blink rate, and eye movements. They
suggested that oculomotor responses are finely tuned to the complexity of tasks, revealing
the sensitivity of gaze behavior to cognitive demands.

The main saccadic features are saccade duration (the time taken to move between two
fixations), saccade amplitude (the distance traveled by a saccade), saccade rate (the number
of saccades per second), and saccade direction or orientation (the direction of the saccadic
movement). In exploring these features, Foulsham et al. [15] reported a preference for
horizontal over vertical movements, highlighting the influence of visual stimuli on saccadic
direction. Further investigations into cognitive states through saccadic behavior, such as
those by Xin et al. [52] in healthcare training, Vrij et al. [49] in deception, and Schleicher
et al. [46] in sleepiness, enrich our understanding of how gaze patterns, in particular
saccadic behavior, correlate with cognitive processes and psychological states. These studies
collectively emphasize the multifaceted nature of gaze behavior as a window into human
cognition, task difficulty, and psychological conditions, underscoring the value of integrating
gaze metrics into the broader landscape of behavioral research.

3 Wayfinding Stages: Analysis of Gaze and Visual Attention

This section first explains the methods used for data collection and the initial processing
techniques used to prepare the data! for our in-depth analysis. Between August 2021 and May
2023, we conducted extensive data collection in Vienna to study different aspects of human
outdoor wayfinding behavior, particularly concentrating on the four stages of wayfinding
introduced by Downs and Stea [12]. Our focus was on understanding the emergence and
interrelationships between these stages and analyzing the transitions between them. Following
the two-step data collection (online and on-site), we thoroughly analyzed the collected data,
relying on relevant literature and pursuing the core objective of our study: to investigate
patterns of visual attention and gaze behavior throughout the wayfinding process and to
examine the effects of spatial familiarity on these patterns. This section continues by
providing a detailed overview of the analytical strategies employed to extract key features of
the two main aspects of visual engagement: gaze behavior, i.e., fixation and saccade patterns
independent of the content or semantics of the observed objects, and visual attention, i.e.,
examination of the content or semantics of the observed objects.

3.1 Data Collection and Preparation

Participant recruitment was conducted through a snowball sampling method, initiating
with personal contacts and extending the invitation through their networks. In the online
step, 84 individuals registered for the study, with 67 participants attending the on-site
part. However, due to sensor failures, data from 11 participants were lost. Ultimately,

L The processed data can be accessed via https://geoinfo.geo.tuwien.ac.at/resources/
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56 individuals (meanqgge = 31.1 years, stdgge = 5.9), consisting of 22 females and 34 males,
successfully completed both study phases and form the study population of this paper. After
the experiment, a 400 EUR-prize lottery was conducted as an appreciation for participation.

The online step involved collecting demographic information, preferences for navigation
aids, responses to the Santa Barbara Sense of Direction (SBSOD) questionnaire [22], and
the BigFive personality test [39], all submitted via an online registration form. Participants
also rated their familiarity with various areas in the city on a 5-point scale, ranging from 1
(completely unfamiliar) to 5 (fully familiar, denoting areas of residence, work, or frequent
visitation in which they can easily find their way relying on their spatial abilities). These
areas were defined by two levels of hexagonal tessellations (see Figure 1a): inner city parts
with cells spanning 1 km? and outer parts with cells spanning 7 km? (with the option of being
subdivided into seven smaller cells). Participants assigned a familiarity score to each cell.
This dual-level approach aimed to ensure a detailed familiarity assessment of the inner city
and increase the chances of finding both familiar and unfamiliar areas for all participants
within this city section, avoiding the impact of diverse urban designs. Despite ratings being
collected on a 5-point scale, familiarity was simplified to a binary measure for analysis in
this paper.

(a) The tessellation design allowed participants (b) Participant equipped with the sensors for

to assess their familiarity with the study city. It the study, including an eye-tracker, an IMU
featured larger cells dividable into smaller ones, attached to the cap, a GPS receiver on the back-
ensuring a consistent detailed rating for inner pack, and a handheld clicker connected to an
city areas while allowing personalized refinement LED light attached to the backpack.

for outer areas.

Figure 1 Spatial familiarity assessment as part of the online step (1la), and sensor equipment
(1b) for the on-site step of the study.

For the on-site step, participants were randomly assigned to start from either the most
familiar or the most unfamiliar location to overcome the learning effect. These locations
were determined based on the participants’ ratings from the online step: The cell with the
highest rating was selected as the familiar location, while the cell with the lowest rating was
chosen as the unfamiliar location. If multiple cells shared the same highest or lowest rating,
selection prioritized environmental and urban similarities, using the district as a reference
based on [42] which suggests that considering the building age districts 1, 3, 4, 5, 6, 7, 8, 9 in
Vienna are similar. During the on-site step, participants were equipped with several sensors,
including PupilLabs Invisible eye-tracking glasses set, recording gaze movement at 200 Hz
(see Figure 1b that shows the complete setup of the sensors). They also received a customized
Google Maps application on an 11-inch 2560 * 1600 LCD display tablet, which disabled
real-time location tracking and search functionality and included a route-drawing tool. The
map defaulted to a zoomed-in view of the participant’s current cell. All participants had a
short training session on how to use this map.
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Participants were assigned various tasks: First, they were instructed to identify and
mark their current location on the map which was zoomed by default to the selected cell
where the person was located. This task served as the ground truth for the self-localization
stage. Second, they were shown a destination within a 7-10 minute walking distance on
the map and asked to draw a preferred route, establishing the basis for the route planning
stage. The destinations were pre-selected from local points of interest with the Open Street
Maps (OSM) amenity tag of sustenance, which includes bars, cafes, restaurants, etc. The
selection of origin-destination pairs ensured that the connecting route would include at least
two turning junctions, avoiding straight routes. This choice aligned with findings from [4],
highlighting varied wayfinding behaviors at turning versus non-turning intersections. Third,
participants proceeded toward the destination, exhibiting their natural walking behavior,
with this segment serving as ground truth for the monitoring stage. Participants were
informed that map use was not restricted during this and all other stages. The final task
involved pressing a button (Figure 1b) upon first sighting and recognizing the destination
as such, marking the goal recognition stage. The on- and off-sets of all tasks were recorded
by the experimenter. Reaching the destination would end the first trial. To account for
learning effects, a cognitive reset technique was used before the tasks on the second and third
routes began. Participants were asked to read a written text aloud while being guided by
the experimenter to a new location within 2-3 minutes of walking. This technique served
as a cognitive reset before participants were led to a new location to start a second route
and repeat the same tasks. Using this technique, we were able to run three routes per
participant in both locations, resulting in six routes per participant (in some cases, one
route was omitted due to experimental issues). Once data collection was complete, the gaze
recordings, including scene videos and gaze positions, were extracted for each route and the
on- and off-set of each stage was marked on them.

According to Downs and Stea [12], the four stages mentioned do not necessarily occur
sequentially; rather, they can recur, and the transitions between them remain unclear.
However, from an empirical perspective, the collected ground truth data for each stage,
while not capturing every instance of each stage (as, for example, route planning and self-
localization can occur mentally without physical representation during the whole navigation
task), represents the cleanest manifestation of that stage in the context of the experiment.
Additionally, what we define as monitoring, starting after route planning and continuing
until the individual sees and recognizes the destination, may include other stages as well.
Given these considerations, for the purposes of this paper’s analysis, we regard the collected
ground truth as the available and measurable representative of these stages.

3.2 Content-Independent Analysis: Gaze Behavior

Measures such as fixations and saccades can be extracted independently of the visual content.
These content-independent measures are crucial in analyzing gaze behavior. To compute
these, we implemented the Identification by Dispersion-Threshold (IDT) detection algorithm
by [44]. The parameters, i.e., the gaze-dispersion threshold and the temporal threshold were
set to 0.02deg and 100ms respectively, aligning with recommendations from [17, 18].
Considering the mobile aspect of our study, which allowed participants to move their
heads and bodies freely while walking, it was necessary to adjust the saccade calculations
for these movements, as the literature reports that saccades are significantly influenced
by head movements [13, 2]. We adopted the method proposed by [2], which uses image
processing to estimate rotation angles from head movements. In this method, video frames
containing fixations that form a saccade are stitched together, applying the Random Sample
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Consensus (RANSAC) algorithm to estimate a homography matrix for the stitching process.
This matrix, which replicates head movements, is applied to each fixation in the saccade
calculation, resulting in corrected fixation coordinates in the stitched frame’s reference system.
Saccades are then recalculated with these adjusted coordinates. This technique, though
computationally demanding, is essential for accurate measurements. Once accurate saccade
and fixation data were obtained, four metrics - the duration and frequency of both fixations
and saccades - were computed separately for each trial and each wayfinding stage.

3.3 Content-Dependent Analysis: Visual Attention

Content-dependent measures, which consider visual content or Areas of Interest (AOIs),
provide crucial insights into the semantics of objects viewed by people. These measures enable
the definition and detection of events like AOI hits and transitions, transforming recorded
data into formats like strings, transition matrices, and time-based proportion graphs [25].
The simplest measure, a hit identifies the fixated object, such as “car” if the object fixated
upon is a car. Transitions, or gaze shifts from one object to another (e.g., “car” to “building”),
are often presented as matrices (if the from-to order matters), or as a count of changes in hit
(if the order is irrelevant), indicating, for example, the number of transitions from “car” to
“building” and vice versa. Calculating all these measures requires fixation annotations with
semantic information, a very labor-intensive task often done manually, thus impractical for
large-scale studies like ours.

We utilized a deep learning-based method, called MYFix, proposed by [3], for automatic
fixation annotation. This method provides a late fusion of two pre-trained foundation models
with distinct approaches: Yolo [41] for object detection and Mask2Former [6] for semantic
segmentation. Mask2Former, pre-trained on the Cityscapes dataset [8] comprising labeled
urban scenes from European cities and covering 30 unique classes, aligns well with our
study’s focus on urban elements. The Yolo model version 8, pre-trained on the MS COCO
dataset [31], detects 80 classes of everyday objects and is particularly useful for identifying
the tablet used as a navigation aid in our study. MYFix includes a mask coverage check
to differentiate closely situated or overlapping objects at varying depths which commonly
appear in real-world scenes. Inputs to the model are fixation locations along with scene video
frame numbers in a CSV file, and the scene video. Frames corresponding to the fixations are
processed through Yolo and Mask2Former, with the output being a CSV file listing detected
labels by these two models, along with various confidence measures recommended for a
final label selection. The accuracy of this method evaluated against two human-annotated
datasets is reported to be approximately 81% and 89% for a controlled data collection and a
real-behavior dataset collected in a highly complex urban environment.

MYFix outputs separate predictions from each of the two models, and the article [3]
provides general guidelines on selecting a definitive label for each fixation. Our decision-
making process was tailored to these guidelines and our analysis’s specific goals. Our method
involved: choosing the matching label where both models agreed, choosing the prediction of
one model if the other failed (commonly Yolo), and as suggested by this article, we decided
to use Yolo’s predictions of laptop, cell phone, tv, or monitor as proxies for our tablet device,
since Yolo is not specifically trained to identify tablets and often categorizes them as one of
these objects?. Finally, for all other frames, we applied Yolo’s confidence and mask coverage
metrics, setting a 70% threshold for label determination when the two models’ predictions
disagreed. Figure 2 depicts some exported frames from MYFix.

2 This approach was feasible because the tablet was the only electronic device used by our participants.
This method would not be effective if participants used a second device, such as a cell phone.
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Although no method for automatic annotation is perfect and inaccuracies in model
predictions are to be expected, these methods remain the only practical solution for analyzing
extensive datasets, such as the one presented in this work. To minimize the effects of such
inaccuracies and in line with the objectives of our research, we deliberately limited the
annotations by focusing on three categories of objects based on their significant semantic
relevance to the wayfinding task: building (as a proxy for potential landmarks), street sign
(as an explicit environmental navigation aid), and tablet (as the digital navigation aid used
in the study). Additionally, we grouped all other elements in the environment into a single
category named other. This category contains all moving objects (like people and vehicles)
and all static objects other than buildings.

(a) The tablet being detected as a TV by Yolo. (b) The tablet being detected as a cell phone by
Yolo.

(c) The tablet being detected as a laptop by
Yolo. (d) The building detected by Mask2Former only.

Figure 2 Exported frame samples from the automatic fixation annotation system suggested by [3]
are presented, highlighting the primary objects of our study’s interest.

4 Results

In this section, we present the results of our study from two perspectives: gaze behavior
and visual attention. Gaze behavior refers to the analysis of participants’ gaze movement
patterns, focusing solely on the sequence and duration of gaze events recorded. On the other
hand, visual attention involves content-dependent analysis, examining the specific objects
observed by the participants during the wayfinding process. Both aspects of the participants’
interactions with their environment are critical for understanding the cognitive processes
during different wayfinding stages. Before this comparison, we first simply compared the
duration of each stage between the two familiar and unfamiliar groups. The Mann-Whitney
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U test [33] revealed significant differences in all stages: self-localization (p < 0.001), route
planning (p = 0.012), monitoring (p < 0.001), and goal recognition (p < 0.001). These
differences indicate shorter durations of self-localization, route planning, and monitoring for
familiar participants, suggesting their quicker completion of these stages. Conversely, the
duration of goal recognition is longer for familiar individuals, suggesting they identify the
destination earlier. To mitigate the impact of any duration difference, the following measures
are all normalized based on the duration of each route and the duration of each stage in the
whole dataset.

4.1 Gaze Behavior

Our analysis of gaze behavior included the computation of fixation and saccade frequencies
and durations for each wayfinding stage, as shown in Figures 3 and 4. Figure 3 shows
fixation behavior, which serves as a proxy for information processing. It presents notched
boxplots of fixation frequency (A) and mean fixation duration (B), enabling comparisons of
the median and dispersion (interquartile range) across participants who walked in familiar
and unfamiliar environments, and across the four stages of wayfinding. These measures have
been normalized by the duration of each stage to account for variance in stage lengths. In
Figure 4, we illustrate saccadic behavior, which reflects the patterns of visual search. Notched
boxplots of saccade frequency (A) and mean saccade duration (B) are presented to show the
differences between familiar and unfamiliar groups, as well as to highlight distinct behavioral
patterns within the stages of wayfinding. In all boxplots, non-overlapping notches (indicated
by * in the plots) indicate significantly different medians with 95% confidence.

A) Boxplot of Fixation Frequency by Stage

B) Boxplot of Average Fixation Duration by Stage

| | familiarity o familiarity
o [ familiar ) [ familiar
o =3 unfamiliar 051 . [ unfamiliar
— o
50 1 °
8 o
. ns —_ 0.4 4
40 o — —e ° _ o o
o o 0 ]
> ° o —_ &
2 8 o - o o
] 5
g Bo3l B o
£ 399 o 8 ° .
5 < —
2 2 [o}
g ° 8 8 0
= £ 0.2 . o &
201 g 1
8 e o
g 8 g
E 8
10 4 1 0.1
o 1
o

=

0.04

self-localization

route planning

monitering
Stage

goal recognition

T
self-localization

T T T
route planning monitoring goal recognition

Stage

Figure 3 Fixation behavior across different wayfinding stages. Plot A presents the fixation
frequency, while plot B shows the fixation duration across various stages of the task. Values are
normalized based on stage duration. An asterisk denotes a significant difference in the median with
95% confidence. Shorter yet more frequent fixations may indicate heightened visual search compared
to concentrated focus. Further interpretations of this plot can be found in Section 5.

4.2 Visual Attention Behavior

Extending our analysis beyond gaze metrics (content-independent), we examined visual
attention by looking at which objects in the environment participants focused their attention
on. This helps us to understand how they distributed their visual attention to different
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on stage duration. An asterisk denotes a significant difference in the median with 95% confidence.

Longer and less frequent saccades may suggest increased visual focus or a cognitively demanding
task. For additional insights, refer to Section 5.

elements. Figure 5 presents the proportion of attention dedicated to the three primary objects
— tablets, street signs, and buildings — and the category of other. This classification helps
clarify where participants directed their focus during the wayfinding task. Complementing
this, Figure 6 displays the average normalized transitions/shifts in attention between the
tablet and all other environmental stimuli, offering insights into the dynamics of using an aid
across different stages. The normalization allows for relative comparison across the stages,
avoiding misleading interpretations based on absolute values.

5 Discussion

In this section, we discuss our results by examining them from two angles: first, how gaze
behavior and visual attention evolve during wayfinding at different stages, regardless of
whether participants are familiar with the environment or not, and second, how familiarity
affects these behaviors. Our analysis of each stage shows how participants switch between
using an aid (here provided by a tablet device) and relying on environmental cues as they move
through the different stages. Additionally, by analyzing the differences in visual strategies
between familiar and unfamiliar individuals, we aim to uncover the cognitive adaptations
that familiarity may induce. These two perspectives provide a comprehensive understanding
of the visual and cognitive strategies used in wayfinding, shedding light on the impact of prior
knowledge on how people interact with and perceive their surroundings. Before exploring
the details of gaze behavior and visual attention differences, we summarize various related
interpretations from psychology, neuroscience, eye-tracking research, etc., to understand the
significance of various patterns. This helps us better interpret the gaze behavior observed in
our study:
Fixation Behavior Interpretations: Fixation duration is linked to cognitive processing
(longer durations indicating more intense processing as reported in [26]), scene percep-
tion [40], expertise (leading to shorter durations and more fixations as reported by [16]),
and stress (higher stress leading to longer and more frequent fixation [24]). The number
of fixations is also reported to be associated with semantic importance (more fixations
on more important objects [27]), search efficiency (fewer fixations indicating higher effi-
ciency [19]), and memory build-up (less need for fixations once objects are memorized [48]).
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Figure 5 The stacked bar chart presents the distribution of visual attention across different
semantic categories within the wayfinding task. Each segment’s height indicates the proportion of
gaze fixation on the corresponding objects, normalized by the duration of the stage. Unhatched
bars represent the familiar group, while hatched bars indicate the unfamiliar group, highlighting
differences in their focus during the stages of wayfinding.

Average Normalized Count of Attention Shifts Between Tablet and Environment for Familiar vs Unfamiliar
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Figure 6 This bar chart illustrates the mean frequency of participants’ attention shifts from the
tablet to their environment and vice versa, normalized over time and averaged across individuals
within each familiarity group. Higher values indicate a greater rate of attention switching, with
familiar participants generally showing more frequent shifts in the stages of self-localization and
route planning, while unfamiliar participants exhibit this tendency more in the monitoring stage.

= Saccade Behavior Interpretations: Saccadic duration is reported to be longer for more
challenging tasks [52]. It is reported to be a sign of decreased processing capacity and
higher cognitive loads [37]. It also reflects the nature of inspection (shorter saccades
in more careful inspections versus overview scans as shown by [5]). Saccadic frequency
is also influenced by mental workload, cognitive activation level (the state of cognitive
alertness, engagement, and readiness to process information), and fatigue, decreasing
with increased task difficulty or mental workload [46].
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With these interpretations in mind, we proceed to discuss our specific findings in the
subsequent subsections.

5.1 Wayfinding Stages

Regardless of familiarity, there are distinct visual engagement patterns during the
four stages of wayfinding. Examining the plots we see distinct behavioral patterns between
the stages, however, it is essential to understand the inherent differences between the tasks in
every stage. The given tasks in self-localization and route planning (i.e., “mark your location
on the map” and “draw a preferred route to the destination”) are well-defined and specific,
unlike those in monitoring (which is typically the longest stage) and goal recognition, which
encompass a variety of undefined tasks. In addition, it should be noted that participants’
movement radius was relatively small during the first two stages compared to the later ones,
as they were actively engaged with the map. This lack of motion suggests a static visual
field, allowing for potentially quicker scanning as the range of visual information remains
constant (= 360° around the standing location). However, during the subsequent stages,
as participants begin to walk, the visual environment continuously changes, introducing a
dynamic flow of visual stimuli to navigate and process.

The goal recognition and monitoring stages, which include walking towards

the destination, share similarities concerning visual attention and gaze behavior.

Goal recognition is defined as the period from the point in space where the destination is
first seen and recognized until it is reached. During this walk, one might expect to see more
free viewing as the task’s goal (recognizing the destination) has been achieved, as opposed
to task-dependent gaze behavior. Meanwhile, monitoring can be seen as a combination of
various tasks: staying oriented and localized on the route, keeping the planned route in
mind, and setting intermediate goals. Therefore, gaze behavior in this stage is likely a mix
of constant information searching and processing.

5.1.1 Gaze Behavior: Information Processing and Visual Search

Cognitive task complexity influences gaze behavior: route planning demands
concentrated focus (fewer, longer fixations and saccades), while goal recognition

involves quick, frequent visual searches (more and quicker fixations and saccades).

The data from Figures 3 and 4 reveal a distinct pattern: in the self-localization and route
planning stages, there are fewer but longer fixations and saccades. This trend changes
in the monitoring and goal recognition stages, where fixations and saccades become more
frequent but shorter. Notably, this pattern reaches its peak during the goal recognition stage
and declines in the route planning stage. This suggests that drawing a route on the tablet
demands more focused attention compared to the more dynamic visual search involved in
confirming goal recognition. Furthermore, it can be inferred that once self-localization is
completed, a basic memory of the surrounding space is established, leading to a reduction in
fixation frequency to its lowest point in the route planning stage.

Gaze behavior shifts from information processing in early stages to active
information seeking in later stages, reflecting the cognitive demands and stimuli
density of the environment. Visual search in the monitoring stage is similar to goal
recognition but is less pronounced, possibly due to the involvement of various tasks that
require different cognitive loads. Overall, gaze behavior in the self-localization and route
planning stages seems to be more about collecting and processing information, while the
monitoring and goal recognition stages are characterized by the seeking of information and
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cues. Additionally, a combination of high saccade and fixation frequencies could point to
an environment filled with stimuli, prompting frequent glances around, as observed in the
monitoring and goal recognition stages. In contrast, lower frequencies in both metrics might
indicate an environment with fewer stimuli, leading to less need for constant eye movements.
Moreover, when the goal is reached, shorter saccades are observed, which could be attributed
to a decreased cognitive activation level, as the task is perceived as completed (Section 12.7.1
in [25]).

5.1.2 Visual Attention and Attention Shifts

Participants’ attention shifts from the navigation tool to environmental cues
through wayfinding stages, reflecting a move from digital aid reliance to environ-
mental engagement. Figure 5 demonstrates how participants’ focus on various elements is
distributed through different wayfinding stages. There is a notable transition in attention
from the tablet to buildings and other environmental cues as individuals progress from the
self-localization and route planning stages to monitoring and goal recognition. This shift
likely represents a move from initial reliance on navigation tools to a deeper engagement with
the surrounding environment as the task advances. In addition, during the self-localization
and route planning stages, the tablet is given greater semantic importance as dictated by the
requirements of the task, resulting in more attention being paid to it.

Although street signs receive less attention overall, their significance as an environmental
aid during self-localization and monitoring is notable, particularly considering their less
frequent presence in the environment and the fact that their information can more quickly
get absorbed. The other category, encompassing a diverse range of environmental features
such as roads, sidewalks, vegetation, people, and vehicles, maintains a consistent level of
attention throughout the monitoring and goal recognition stages. This indicates a steady
awareness of the general environment, reflecting the participants’ ongoing engagement with
both static and dynamic elements around them.

In general, Figure 6 shows a trend where attention shifts are more pronounced during the
initial stages (self-localization and route planning) and then decrease as participants move to
later stages (monitoring and goal recognition). This trend suggests a common pattern of
reliance on the tablet during the early stages of wayfinding, for self-localization and planning,
with a gradual shift to environmental cues as the participant progresses through the stages.
Such a trend could imply a learning curve where participants initially seek guidance and
confirmation but gradually become more adapted to environmental cues as they proceed.

5.1.3 Interplay of Visual Attention and Gaze Behavior

Self-localization and route planning demand focused attention, seen in fewer,
longer gaze events, and more transitions between tablet and environment. In later
stages, an inverted pattern, together with increased reliance on environmental
cues, indicates information seeking and visual search. A high number of transitions
between the tablet and the environment (Figure 6), which indicates frequent shifts in visual
attention, coincides with relatively low but prolonged fixation, as shown in Figure 3. This
would indicate a more concentrated or focused attention strategy for information processing.
Conversely, fewer transitions between the tablet and the environment may correspond with
more frequent fixations on a higher variety of objects, indicating a more dynamic visual
search pattern. The two initial stages, show more visual shifts as they might quickly alternate
between the tablet and environmental cues to orient themselves and plan their route. This
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would be consistent with a higher fixation count on the tablet, as seen in Figure 5. In later
stages, we observe fewer visual shifts which could indicate that wayfinders rely more on
environmental cues they have learned to recognize, as reflected by a higher fixation count on
objects like buildings in Figure 6.

5.2 Influence of Familiarity on Gaze and Visual Attention

We examined the differences between conditions where participants were familiar with the
environment and those where they were not. Analyzing the four figures in section 4, it
becomes apparent that spatial familiarity affects gaze behavior, visual attention,
and the reliance on navigational aids during wayfinding.

5.2.1 Gaze Behavior: Information Processing and Visual Search

In all wayfinding stages, unfamiliar participants show fewer but longer fixations
and saccades, reflecting higher cognitive load due to increased visual search in
the absence of a mental representation. Conversely, familiar participants exhibit
more frequent and shorter gaze events, reflecting efficient information processing.
Figure 3 provides insight into the overall patterns of attentional engagement across different
stages of wayfinding between familiar and unfamiliar groups. Familiar participants represent
more (A) but shorter (B) fixations compared to unfamiliar ones. First and foremost, this
can be an indicator of expertise or prior knowledge [16], which in our case is translated into
familiarity. Additionally, it suggests that the cognitive workload of processing the information
and perceiving the environment is higher for unfamiliar participants as they are more focused
(less but longer fixations) which might reflect a need for more time to process or understand
the information they encounter. This behavior is more pronounced in the self-localization and
route-planning stages when they are actually gathering new information. The longer fixations
observed in the unfamiliar group may also result from increased stress levels, likely due to
their lack of experience in the environment. In contrast, familiar participants show more and
shorter fixations, suggesting faster processing or recognition of necessary information which
could be due to the fact that they know the environment and are then only looking for cues.

Similar patterns are visible in the saccadic behavior. Differences between familiar and
unfamiliar participants in Figure 4 could reflect distinct cognitive strategies between the
two groups. Familiar participants have shorter and more frequent saccades, indicative of
efficient information processing based on prior knowledge or the fact that the task is less
challenging for them. The observation that unfamiliar participants exhibit longer saccades
could also suggest a more overview scan of the environment as the amount of information
to be processed and structured is probably much higher for them than for the familiar
individuals, who already have a mental representation and therefore use a more efficient
search strategy based on more careful inspection.

5.2.2 Visual Attention and Attention Shifts

Familiar wayfinders, despite shifting their attention to the navigation device as
much as or even more than their unfamiliar counterparts, depend less on the
device and focus more on the environment, indicating a more efficient use of both
information. Although gaze behavior, as discussed in the previous subsection, provides
valuable insights, it cannot present a complete picture of visual engagement. Figures 3 and 4
illustrate that, although gaze behavior differs in self-localization and route planning between
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familiar and unfamiliar groups, the fixation and saccade patterns during monitoring and
goal recognition are quite similar (not significantly different). Yet, the visual attention plot
in Figure 5 demonstrates differences in how each group allocates their attention between
environmental elements (i.e., all colors together except green) and the tablet (i.e., green
color), suggesting variations in search strategies and information processing during these
stages. One can see that during goal recognition, the familiar group spends significantly less
time fixating on the tablet (1.0% vs. 8.0% for the unfamiliar group), while showing a similar
amount of shifts (see Figure 6), suggesting a more efficient information-gathering strategy.

The unfamiliar group consistently prioritizes buildings as landmarks in all
wayfinding stages, whereas the familiar group engages more extensively with
broader environmental features. Buildings, assumed to serve as landmarks [43], seem to
be more important for the unfamiliar group in all wayfinding stages, while the familiar group
shows greater awareness, focusing on a wider range of environmental characteristics beyond
just buildings. This can indicate deeper engagement with their surroundings. Another
observation is that, although the self-localization and route planning tasks are explicitly
structured to require significant interaction with the tablet, there are still notable differences
between the familiar and unfamiliar groups. As shown in Figure 5, in the self-localization
phase, the unfamiliar group split their attention almost evenly between the tablet (= 51%)
and the rest of the environmental objects (= 48%), out of which buildings accounted for
about 61% and street signs for 14% of their attention. In contrast, the familiar group devoted
less than 45% of their attention to the tablet and focused more on environmental objects
other than buildings. Their frequent shifts to the tablet (Figure 6) indicate an efficient
approach to correlating environmental cues with map information. This is in line with [2§]
reporting that more effective self-localization is associated with increased visual focus on the
map and increased shift of attention between the map and the environment. The unfamiliar
group, however, appears to require more in-depth cross-referencing for self-localization, as
reflected in their focused tablet use and fewer environmental transitions. This pattern is also
observed in route planning, where familiar participants probably rely more on their mental
representation of the environment.

Street signs, despite their infrequent appearance and low visual presence, play
a crucial role as navigation aids, for both groups but particularly for unfamiliar
wayfinders. The attention paid to street signs by this group underlines their usefulness
for wayfinding and particularly self-localization. This observation contradicts the finding
by [53] that street names in augmented reality environments increase cognitive load without
contributing significantly to orientation.

During the monitoring stage, unfamiliar participants exhibit an increased number of
attention shifts, possibly indicating higher uncertainty or a need for more frequent cross-
referencing. In contrast, both groups show fewer shifts in the goal recognition stage, suggesting
a decreased reliance on the tablet as they approach their destination and possibly rely more
on their recognition of the goal location or other environmental landmarks.

5.2.3 Interplay of Visual Attention and Gaze Behavior

Familiarity significantly influences visual attention, gaze behavior, and the ap-
proach to using navigational aids (e.g., tablets or street signs), leading to distinct
information search and processing strategies. Participants familiar with the envir-
onment tend to rely less on the tablet after locating themselves and planning their route,
possibly due to better knowledge or a more accurate mental representation. The more and
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shorter fixations showing efficient search behavior could indicate that familiar wayfinders
perform more efficient environmental scans and more efficient cross-referencing with the
tablet, relying on their mental representation for deeper engagement with their surroundings.

On the other hand, among all the environmental objects, unfamiliar participants focus
more attention on buildings and street signs in all stages compared to familiar participants,
peaking at monitoring and goal recognition. This could be to compensate for their lack of
knowledge using landmarks and explicit environmental cues such as street names. Their
approach is characterized by fewer but longer fixations and longer saccades, indicating a
more cautious and detailed inspection behavior rather than a very efficient one. Overall,
the results highlight the effects of familiarity with the environment on wayfinding behavior
and the information processing and visual search strategies used by familiar and unfamiliar
wayfinders.

5.3 Limitations

Acknowledging the constraints of our research is essential for a thorough understanding of
its extent and implications. Although an outdoor experiment offers valuable insights, it
introduces inherent biases that could be partly mitigated with a larger sample. However,
the challenges of recruiting volunteer participants meeting specific criteria —in our case
such as residency in Vienna for at least three months (to ensure a level of familiarity) and
absence of corrective lenses with dioptre £3.5— pose significant challenges. Additionally,
despite efforts to select familiar and unfamiliar locations with similar environmental and
urban design characteristics, controlling for all external variables is a complex task with
potential impacts on the results. Moreover, navigating city streets involves numerous visual
distractions. Although participants were instructed to maintain their normal navigation
behavior while focusing on the task and avoiding unnecessary interactions, the presence of
distractions remains a consideration.

Since conducting such large-scale experiments is costly (in terms of money, time, effort,
etc.), we used a cognitive reset technique to effectively collect more data from each participant.
However, it is not entirely clear whether this method completely neutralizes the influence of
participants’ memories on subsequent trials while self-localizing. Fortunately, in our study,
the time spent on subsequent self-localization tasks did not noticeably decrease, suggesting
that the reset worked to some extent. We also automated the process of labeling video
data, which is efficient but could be error-prone. Since it is not possible to manually check
every labeling, we randomly checked 10% of the data to ensure its reliability. In addition,
cases where participants needed assistance from the experimenter or made mistakes during
monitoring should be investigated in more detail to understand their impact on the data.

6 Conclusion and Future Work

In this study, we investigated the gaze behavior and visual attention of wayfinders moving
through different familiar/unfamiliar environments, following the theoretical stages of way-
finding proposed by Downs and Stea [12]. By observing 56 participants as they walked three
familiar and three unfamiliar routes, we were able to uncover different gaze patterns that
correspond to the stages of wayfinding and are influenced by both familiarity and the nature
of the tasks. The differences are evident not only in fixation and saccade behavior but also
in the specific visual content that participants engaged with and their patterns of attention
shifting. Our findings open up possibilities for further research: a detailed analysis of the use
of the navigational aid (here a digital map) to understand what participants focus on within
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the map and how this affects wayfinding, as well as an investigation of the other category
in visual attention to identify environmental elements that attract the attention of familiar
wayfinders. Another question would be to investigate the relationship between attention to
specific objects and the ability to learn and memorize routes for future unassisted navigation.
Furthermore, the observed frequent shifts in attention during self-localization and route
planning raise the question of their correlation with cognitive load and perceived difficulty of
navigation. In addition, the complexity of the monitoring stage presents a puzzle. Across
both familiarity levels, this stage showed a wide-ranging distribution of attention, which
could indicate a more exploratory approach or a composition of subtasks within the stage
itself. A more detailed, second-by-second analysis could reveal these underlying tasks. Now
that unique patterns of vision and gaze have been identified for each stage, this knowledge
can be used to improve the recognition of wayfinding stages, which not only enriches our
understanding of spatial cognition during navigation but could also contribute to the devel-
opment of more intuitive navigation systems. These systems could provide stage-specific
assistance customized to the immediate needs of the wayfinder, promoting a more efficient
and user-friendly navigation experience.
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