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Abstract

Mobile navigation apps like Google Maps and Apple Maps predominantly use turn-
by-turn (TBT) instructions for pedestrians, a paradigm originally designed for vehicu-
lar navigation. However, many users actively choose the simpler route preview (RP)
mode, which displays only the mapped route without real-time guidance features.
This research employs a three-study mixed-methods approach to investigate whether
RP could serve as an effective alternative to TBT for pedestrian navigation. Study 1
surveyed user preferences (n=222), revealing that 44% prefer RP despite its limited
features, rising to 76% in familiar environments. Study 2 compared actual navigation
performance (n=195), finding no significant differences between modes across key
metrics: navigation errors, phone glances, and spatial learning, with RP on par and
even better for some key metrics. Study 3 was a co-design workshop (n=>5) to iden-
tify priority enhancements, including landmark integration, intention-based routing,
and subtle orientation aids. Overall, these findings challenge the assumption that TBT
represents optimal pedestrian navigation design. Instead, they demonstrate that RP,
with its cognitive engagement benefits and user autonomy, performs comparably to
TBT despite fewer features. When enhanced with targeted improvements, RP could
better serve diverse pedestrian needs than current TBT-dominant interfaces. This
work provides evidence-based guidance for developing more versatile, cognitively
engaging pedestrian navigation systems.

1 Introduction

Google Maps and Apple Maps have become indispensable tools for navigating our
cities, used by millions of pedestrians daily. These applications offer turn-by-turn
(TBT) navigation as their default mode—providing step-by-step directions with voice
guidance to lead users along their routes. Yet surprisingly, many users ignore these
sophisticated features and instead use the simpler route preview (RP) mode, which
merely displays the path on a map without any active guidance. This widespread
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behaviour raises a fundamental question: Is TBT navigation, initially designed for
driving, actually the better approach for pedestrian wayfinding?

Current mobile navigation apps follow a two-step process: first, calculating and
displaying routes as a preview on the map (sometimes with alternatives), then provid-
ing TBT instructions with auditory or multimodal feedback. While this approach works
well for vehicular navigation, where drivers must follow fixed roads, pedestrians have
fundamentally different needs and freedoms. Recent research increasingly questions
TBT’s suitability for walking.

Existing research highlights the limitations of current turn-by-turn (TBT) naviga-
tion systems in pedestrian contexts. Pielot et al. [1] emphasise that these systems
prioritise speed and direction over exploration, while Rousell and Zipf [2] note their
limited adaptation to pedestrian preferences, such as landmarks. Basiri et al. [3]
further argue that TBT systems inadequately account for pedestrians’ greater move-
ment freedom. Supporting this, Savino et al. [4] show that Google Maps users spend
most of their time scrolling through the map, suggesting a desire for exploration and
autonomy, which positions route previews (RP) as a promising and simple alternative
to guided TBT navigation.

Extending these observations, Toups Dugas et al. [5] analyse mobile maps
through reflective auto-ethnography, identifying limitations such as poor vertical
representation, missing local detail, inaccurate sensor data, and ineffective path
generation. Similarly, Mazurkiewicz et al. [6] note that navigation assistance systems
may impair spatial cognition due to the divided attention required. They propose Free
Choice Navigation, which balances user decisions, route length, and instructions,
and show through agent-based simulation that users can make independent choices
at most junctions while reliably reaching their destinations. Together, these studies
emphasise the need for navigation systems that support exploration, autonomy, and
engagement with the environment.

Navigating extensive and unfamiliar virtual environments poses considerable chal-
lenges. Vinson [7] proposes a set of design guidelines intended to enhance naviga-
tional performance within such environments. The recommendations focus primarily
on the design and strategic placement of landmarks. These guidelines are grounded
in extensive empirical research on navigation in real-world contexts, reflecting the
assumption that human navigational behaviour exhibits significant parallels across
virtual and physical spaces.

Still, the RP lacks certain features that are present when using TBT navigation
across many mobile navigation applications. For example, TBT automatically rotates
the map so that it always faces forward, which helps users align themselves with the
map and reduces the mental effort needed to navigate [8].

Another feature missing in current implementations of RP is adequate feedback
from the user interface. The user’s location indicator moves, but the rest of the
interface does not update to reflect the progress made on the route, which conflicts
with standard user interface design principles [9]. Estimated times of arrival (ETAS)
also remain static, as the RP mode appears to be designed primarily for initial route
planning rather than active navigation.
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Based on the identified gaps in pedestrian navigation literature, we formulate three specific research questions:

* RQ1: What are the stated preferences of pedestrians regarding route preview (RP) versus turn-by-turn (TBT) navigation
modes, and how do contextual factors influence these preferences?

* RQ2: How do RP and TBT navigation modes compare in terms of objective performance metrics (navigation errors,
attention demands, spatial learning) when used by pedestrians?

* RQ3: What design enhancements could improve RP navigation to better serve pedestrian needs while maintaining its
cognitive benefits?

These questions address the gap between the theoretical advantages of survey knowledge (promoted by RP)
and the practical dominance of TBT in current pedestrian navigation systems. While TBT navigation remains
the prevailing approach in practice, it is important to consider that RP navigation may offer distinct cognitive
benefits.

This increased cognitive activity likely leads to better spatial learning outcomes [10]. Similarly, Bakdash et al. [11]
demonstrate that active decision-making enhances environmental engagement and spatial knowledge acquisition.
Thus, RP as a navigation mode facilitates richer cognitive engagement, better spatial understanding, and greater
flexibility in navigating around potential barriers or following personal preferences.

Previous research suggests that TBT instructions may not be the most suitable navigation mode for pedestrians, and
we employed a three-stage study design. In this paper, we present the results of a representative online survey (n=222),
a navigation field study (n=195), and a design studio workshop (n=5).

Through our online survey (n=222) in Study 1, we found that a surprising 44% of users stated that they prefer using the
RP mode for navigation, despite it not being a primary feature designed for this purpose in mobile navigation apps. For
familiar environments, this preference was even more pronounced, with 76% of users opting for RP. While the RP merely
provides an overview of the route and allows users to choose the desired route options, many users prefer this feature for
their active navigation tasks, ignoring the TBT navigation feature entirely.

We conducted a navigation study (study 2) to investigate navigation performance under both modes. We measured
navigation errors, the times participants looked at their phones while running a mobile navigation application, and partici-
pants’ ability to correctly draw the route after arriving at the predefined destination of their route. The results we obtained
are surprising. Despite the widespread implementation of TBT in major mobile navigation applications, we found no
significant difference between the two modes in terms of navigation performance, attention during navigation, and spatial
learning.

However, we found that, across both modes, participants who were more unfamiliar with the environment had to look at
their phones more often. Participants who use mobile navigation apps more regularly were better at indicating the correct
turn directions during the route sketching task.

Based on this result, we see potential for improving the design of current RP implementations. With the incorporation
of additional features currently present in the TBT navigation method, we argue that RP navigation has the potential to
enhance the user experience and conceivably surpass TBT navigation in performance. Therefore, in the last step, we con-
ducted a design studio workshop (study 3). During the workshop, participants envisioned and designed critical features
to enhance the usefulness of the RP mode. Among the most favoured features were the incorporation of landmarks and
ETA/progress updates into the RP navigation mode.

By recognising and making use of the unique advantages offered by RP, designers and developers are presented with
an opportunity to design mobile navigation applications that are more versatile, adaptable, and tailored to the needs of
pedestrians, rather than being clones of what is used for in-car navigation these days.
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The remainder of this article is organised as follows. Section 2 reviews related work examining how humans, and
pedestrians in particular, navigate through environments and the types of information they use for wayfinding and ori-
entation. This review informs the identification of relevant features for the further development of Route Preview (RP)
navigation for pedestrians. Section 3.2 presents the results of Study 1, an online survey designed to explore individuals’
stated preferences for either RP or Turn-by-Turn (TBT) navigation modes. Section 3.3 reports Study 2, a field experi-
ment that investigates actual navigation performance differences between RP and TBT. Section 3.4 describes Study 3,
a design studio workshop conducted to identify and develop critical features to enhance the usefulness and potential of
the RP mode. Section 4 presents the overall findings, with a focus on the role of RP and its design implications. Finally,
Section 5 provides the conclusion.

2 Literature review

In this section, we present research on how humans, and pedestrians in particular, navigate through known and unknown
environments, as well as the information they use to plan and orient themselves during this process. This foundational
understanding will help us identify relevant features to further develop the RP navigation for pedestrians.

2.1 Wayfinding strategies

When humans attempt to navigate an environment, they utilise elements from that environment to orient them-
selves. Famously, Lynch [14] outlined five urban elements — edges, paths, landmarks, districts, and nodes — that
aid in creating a mental image of a city, with landmarks playing the most important role in spatial knowledge
acquisition and wayfinding [15], as navigators use visible landmarks to orient themselves [16,17]. While there are
various definitions of landmarks, the most relevant characteristics during navigation are visual importance, his-
toric or cultural importance, and structural importance [18]. Furthermore, landmarks should be permanent, visible,
unique and in the right location in relation to the user [19]. Landmarks that fulfil these criteria can aid in wayfind-
ing, especially if no digital aid like mobile navigation applications are used. Beyond using landmarks to help with
navigation, there is also route-based navigation, which involves remembering the sequence of paths, including
turns and intersections, between landmarks [16]. Route knowledge is quickly obtained even after walking a route
just once without any other distractions [20]. While this can be very efficient, using guided navigation through
modern mobile navigation applications [4,12,21], people acquire less route knowledge than participants with low
or non-automated navigation tools [22]. Lastly, there is survey knowledge. Survey knowledge relies on a cogni-
tive map of the environmental layout, often acquired by a birds-eye view map, allowing navigators to understand
the relationship between urban elements [23,24]. This type of knowledge allows individuals to construct cognitive
maps, which are essential for understanding the configuration of streets, landmarks, and other key features within
a city [25]. By facilitating an overarching view of the environment, survey knowledge empowers pedestrians to
navigate more flexibly, making it easier to plan routes and adapt to changes without relying on TBT directions [26].
Interactive maps that allow users to explore the area by zooming and panning can help develop these cognitive
maps, enabling users to understand the spatial layout and anticipate the position of landmarks [27]. This is par-
ticularly beneficial in unfamiliar environments, where survey knowledge supports better orientation and decision
making [25].

Naturally, these wayfinding strategies do not appear in isolation, but rather in combination with each other, as peo-
ple switch and combine strategies during a wayfinding task [28]. This means that a good navigation application should
be based on all three strategies: landmark-knowledge, route-knowledge, and survey-knowledge combined to offer the
best user experience. Nowadays, no navigation mode for pedestrians fully implements all three concepts. While in some
modes, survey knowledge is more promoted (e.g., RP navigation), others depend fully on route-based navigation (e.g.,
TBT navigation), and landmarks are only rarely used during active navigation in such systems.
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2.2 Map rotation

Traditional maps (e.g., paper maps) are designed so north is up [29]. This convention provides a consistent reference
point, aiding in the standardisation of maps as research has found that during navigation, where the view of the map (the
world-centered reference frame, or WRF) does not correspond with the forward view of users (the ego-centered reference
frame, or ERF), they are more likely to make errors [30]. This is caused by the task of aligning two different reference
frames in a mental transformation to navigate successfully [31-35]. Aretz and Wickens [36] provided evidence that mental
transformation happens in two mental rotation stages. The first one is to mentally rotate the map so that the top aligns
with the forward direction. The second one is to mentally tilt the map 90°, so that the mental image of the map aligns with
the forward view. In north-up maps, it is almost always the case that the two mental rotations must be done to align the
WRF and the ERF. In comparison, a forward-up map, which aligns the map orientation with the user’s direction of travel,
reduces cognitive load [37,38] because it eliminates the first mental rotation to match the map to their physical orientation.
As a solution to this problem, automatic map rotation in digital maps enhances the user’s sense of direction. It is a feature
where the map orientation adjusts so that the user’s forward direction is always up. Aretz findings show that ERF tasks,
which pedestrian navigation is all about, are performed more effectively with automatic map rotation [39]. In an experiment
conducted by Wickens et al [40], it was discovered, that the error rate of a tracking task was substantially lower with rotat-
ing maps than fixed maps. Rodes and Gugerty [41] confirmed these findings with their research on forward-up or track-up
maps. Participants performed consistently better on tasks involving cardinal directions and route following. Even though
automatic map rotation enhances the performance of route-following tasks, it can hinder the formation of a cognitive map
due to its inconsistent display of the map [39,41]. Thus the two different map orientations can serve two different use
cases, namely active navigation with a forward-is-up map and map exploration and overview tasks with a north-is-up map.

2.3 Estimated time of arrival

Goodchild [42] emphasises the role of real-time data in volunteered geographic information, highlighting how it enables
users to contribute timely and relevant data that enhances the accuracy and usability of navigation systems. This inte-
gration of real-time data enables dynamic updates that reflect current conditions, such as traffic congestion or street
closures, which are crucial for effective route planning. Similarly, Zheng et al. [43] discuss the importance of real-time
data in computing, illustrating how it can benefit navigation apps by incorporating live information from various sources,
including GPS, sensors, and user reports. This real-time integration supports more efficient and responsive navigation,
offering users optimised routes that consider current traffic conditions, thereby reducing travel time. In the field of HCI,
real-time feedback is identified as a principle of user interface design. Djajadiningrat et al. [9] emphasise that real-time
progress updates are essential for helping users understand their status and the next steps to take. This principle is cru-
cial for adaptive navigation systems, enabling dynamic rerouting in response to changes in the user’s environment, such
as unexpected obstacles or shifts in pedestrian traffic. Don Norman’s Seven Stages of Action [44] further underscores the
importance of continuous information flow between the user and the system. Norman highlights that users need to con-
tinuously perceive, interpret, and evaluate their actions to achieve their goals. Real-time location updates are vital in this
process as they provide users with the necessary information to adjust their actions based on current conditions. Thus,
the accuracy of the ETA is crucial in pedestrian navigation, particularly for users planning, e.g., to catch public transporta-
tion. Precise ETA information enables users to make informed decisions about their routes and thus ensure timely arrivals
[45]. It furthermore enables transportation efficiency, through reducing travel costs, saving energy, and overall contributing
to lower air pollution [46]. Updated ETA features align with standard design principles, significantly enhancing the user
experience by enabling efficient route planning, delay avoidance, and informed decision-making. Minimising error rates in
real-time information is crucial for pedestrian navigation apps, as inaccuracies significantly impact user satisfaction and
effectiveness. Gooze et al. [47] found that users expect high accuracy, with a margin of error of only 4—6 minutes. There-
fore, precise real-time data is essential for user trust.
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These findings suggest that integrating real-time progress updates and accurate ETA information is crucial for pedes-
trian navigation apps, enhancing usability, adaptability, and overall user satisfaction. This paper identified these and more
relevant improvements to the RP navigation mode to make it a viable and effective alternative to the currently used TBT
navigation mode for pedestrians.

Based on the introduced wayfinding strategies and the reviewed literature, a navigation app for pedestrians should
integrate the following key features to enhance user experience: First, it should incorporate landmarks, route-based navi-
Second, it should feature automatic map rotation to align with the user’s direction of travel, thereby reducing cognitive
load [39]. Third, accurate ETA and real-time progress updates should be included to enhance user satisfaction and trust
[45-47]. The RP mode, which provides an aerial (bird’s-eye) view of the entire route, enables pedestrians to see key land-
marks and their spatial relationships along the way. This visual context is essential for effective wayfinding as it enhances
spatial knowledge and helps build a cognitive map [10]. Despite extensive research suggesting that the birds-eye view of
the RP mode should be a viable alternative for pedestrian navigation, the focus of the industry clearly remains on the TBT
mode.

3 Studies

In this paper, we therefore investigate people’s stated preferences for, as well as their performance when adopting,
the RP mode over the standard TBT navigation mode with three studies. To examine the relationship between users’
preferences, navigation performance, and design opportunities, this research was structured into three complemen-
tary studies. Study 1 investigated users’ stated preferences for Route Preview (RP) and Turn-by-Turn (TBT) naviga-
tion modes through a large-scale online survey conducted with a representative United States sample. This survey
provided an initial understanding of users’ attitudes, preferences, and self-reported behaviours when engaging with
different navigation methods. Study 2 extended this investigation by assessing actual navigation performance and
spatial learning outcomes in a controlled field experiment with student participants at Monash University. This study
aimed to determine whether the RP mode, despite requiring greater user engagement, performs comparably to or
better than the standard TBT mode in real-world conditions. Finally, Study 3 explored the design potential of the RP
navigation mode through a participatory co-design workshop. In this study, users were actively involved in identifying
and prioritising interface improvements that could enhance usability, comprehension, and engagement. Together, the
three studies offer a comprehensive examination of how individuals perceive, perform with, and envision improve-
ments to the RP navigation mode, providing valuable empirical and design-based insights for the development of
future navigation systems.

3.1 Methods and ethics

Our research was reviewed and approved by the Monash University Human Research Ethics Committee (Project Title:
Exploring Navigation Skills Using Different Methods, Project ID: 23126). The Committee confirmed that the research
meets the requirements of the National Statement on Ethical Conduct in Human Research. All participants provided
informed written consent prior to taking part in the study. We outline the specific methods used in subsections of the three
studies.

3.2 Study 1: Understanding stated preferences

To understand people’s preferences for either the RP or TBT navigation mode, we conducted an online survey with a
representative U.S. sample of 298 participants through Prolific (https://www.prolific.com/) on June 27, 2024. The survey
consisted of one open and fifteen closed-ended questions about people’s navigation behaviour, their preferences, and
demographic information.
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While self-reported preferences may not fully align with actual behaviour, this initial survey provides an essential base-
line for understanding users’ perceived needs and attitudes toward different navigation modes. To reduce the gap between
stated and actual preferences, the survey questions were designed around specific and concrete scenarios rather than
abstract evaluations. This limitation is explicitly recognised and subsequently addressed through behavioural observation
in Study 2.

3.2.1 Method. The survey was built in Unipark (https://www.unipark.com/en/) and is structured in four parts: navigation
behaviour description, navigation mode preference, navigation frequency and demographics. Two attention checks were
built into the survey to verify that participants gave valid answers. The full questionnaire can be found in Appendix.

The data collected through the survey were analysed using descriptive statistics and binomial tests to examine prefer-
ences in navigation modes across various scenarios. While the initial sample was representative of the U.S. population,
some participants were excluded from the final analysis based on specific criteria to ensure the relevance of the data
to pedestrian navigation. Participants who never used navigation apps (37), indicated that they didn’t see a difference
between the two navigation modes (10), never walked as a mode of transportation (40), or never used navigation apps
while walking (48) were excluded from the final sample. These exclusions were necessary to focus the analysis on par-
ticipants with relevant navigation experience and understanding. After applying these exclusion criteria, the final sample
consisted of 222 participants (75% of the original sample). This final sample was used for all subsequent analyses.

Demographics: The survey was completed by 222 participants: 101 female, 115 male, 5 diverse, and 1 preferred not
to state their gender. The mean age was 43.9 years, ranging from 18 to 74 years (median = 43.0, SD = 15.1). Regarding
formal education, 49.6% had a bachelor’s degree, followed by a high school diploma (29.7%) and a master’s degree
(16.7%). 3.6% had a doctoral degree, and only one person had no formal education (0.45%). With 55.9%, the leading
operating system used by the participants is iOS by Apple. The use of an Android system was reported by 44.1% of the
participants. Regarding the navigation app, 74.8% of the participants reported using Google Apps. Apple Maps is used by
20.7%, and “other” apps by 4.5% of the respondents. A majority of the participants (56.3%) self-reported their proficiency
using navigation apps as advanced. Intermediate was the second most given answer (22.5%), while expert was the third
most picked option (20.3%). Only 2 participants (0.9%) self-reported as beginners.

To increase ecological validity, participants were asked to recall their most recent navigation experience before answer-
ing preference questions, grounding their responses in actual use cases rather than hypothetical scenarios.

Frequency of Transportation Modes: Table 1 presents the responses of participants regarding how frequently they
use different modes of transportation and how often they use navigation apps while moving. The “never” category for
walking and use of navigation apps while walking shows 0% due to the data preparation that was mentioned before. The
results show a clear contrast between the two transportation modes. While driving is a daily activity, walking isn’t as com-
mon. Additionally, navigation apps are used less frequently while walking, with most individuals relying on them only occa-
sionally. In contrast, driving sees a higher dependency on these apps, with a majority of respondents using them regularly.

3.2.2 Results. In this subsection, we present the results of the survey, which include the 222 participants remaining
after the previous data preparation step.

Mode Preference: 43.7% (97 participants) of the respondents chose the RP as their preferred navigation mode, and
56.3% (125 participants) selected TBT. A binomial test showed no statistically significant (p = 0.068) for the observed pref-
erence. For Apple Maps, the preference for TBT is higher than across the full sample, with 69.6%, while for Google Maps,
it is slightly lower, with 53.0% preferring TBT navigation. To examine if the preferred navigation mode differs significantly
between demographic groups and navigation scenarios, we conducted a series of Chi-Square and binomial tests. We
tested for differences based on age groups, gender, user operating system, and type of navigation app (Apple Maps vs.
Google Maps). None of these factors showed statistically significant differences in navigation mode preference.

Mode Preference in Scenarios: When navigating in familiar areas, a majority of participants (169 / 76.1%) pre-
ferred the RP mode, while a minority (53 / 23.9%) chose the TBT mode. A binomial test found a significant preference
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Table 1. Study 1: Frequency of transportation mode usage and navigation app use.

Question Response Participants
Mode of transportation: Walking Daily 32 (14.4%)
Several times a week 80 (36.0%)
Once a week 43 (19.4%)
Once a month 67 (30.2%)
Never 0 (0.0%)
Use of navigation apps while walking Always 8 (3.6%)
Often 35 (15.8%)
Sometimes 111 (50.0%)
Rarely 68 (30.6%)
Never 0 (0.0%)
Mode of transportation: Driving Daily 95 (42.8%)
Several times a week 87 (39.2%)
Once a week 24 (10.8%)
Once a month 7 (3.2%)
Never 9 (4.1%)
Use of navigation apps while driving Always 27 (12.2%)
Often 91 (41.0%)
Sometimes 80 (36.0%)
Rarely 15 (6.8%)
Never 9 (4.1%)

https://doi.org/10.1371/journal.pone.0340711.t001

for RP mode in familiar areas (p < 0.001). In unfamiliar areas, the preference shifted, with 156 participants (70.3%)
preferring the TBT mode and only 66 people (29.7%) choosing the RP mode. A binomial test found a significant
preference for TBT mode in unfamiliar areas (p < 0.001). These results suggest that the familiarity of the area has a
strong influence on users’ navigation mode preferences, with a clear tendency towards RP in familiar areas and TBT
in unfamiliar areas.

For longer routes than usual (based on the participants’ self-assessment), 116 participants (52.3%) preferred the TBT
mode, whereas 105 participants (47.3%) selected the RP mode. This difference was not statistically significant
(binomial test, p = 0.491). Similarly, when navigating shorter routes than usual (based on the participants’ self-assessment),
117 respondents (52.7%) preferred the RP mode, compared to 104 participants (46.8%) who chose the TBT mode, again with
no significant difference (binomial test, p = 0.409). For the total of 222 participants using pedestrian navigation apps, 14.4%
prefer exclusively RP and 12.6% prefer exclusively TBT navigation. The remaining 73.0% of participants changed their pre-
ferred navigation mode based on different scenarios.

Features for Route Preview: Lastly, we asked participants to report features that would improve upon the current
implementations of the RP mode. We performed a frequency analysis on the answers. Landmarks were by far the most
desired features by the respondents, while the other four top features were mentioned only a few times.

1. Landmarks (mentioned 27 times)

2. Street View (mentioned 8 times)

3. Points of Interest (mentioned 7 times)
4. Customisable (mentioned 5 times)

5. Automatic Map rotation (mentioned 3 times)

PLOS One | https://doi.org/10.1371/journal.pone.0340711 March 23, 2026 8/21



https://doi.org/10.1371/journal.pone.0340711.t001

PLO\Sﬁ\\.- One

Summary: The survey revealed that a considerable share of participants actually preferred the RP mode over the TBT mode.
While this preference suggests potential areas for enhancing current RP navigation designs and justifies further exploration, our
subsequent study first examined whether there are measurable differences in performance between the two navigation modes.

3.3 Study 2: Understanding actual navigation performance

To warrant substantial changes and improvements to the RP navigation method, it is not sufficient to just show that many
people prefer this navigation mode, especially in familiar environments. It is also necessary to show that this navigation
mode does not negatively affect navigation performance. In this second study, we investigated the differences in naviga-
tion performance between RP and TBT navigation modes with 195 participants in a field study.

3.3.1 Method. This section outlines the methodology employed in our study, detailing our study design, metrics, data
preparation and further statistical foundation.

Study Design & Procedure: We recruited 218 students who had recently enrolled at Monash University in Melbourne,
Australia, as our participants. All participants took part in the experiment within three weeks to ensure similar outdoor and
infrastructural conditions between the 21st of March 2023 and the 11th of April 2023. We followed a citizen-science approach
[49,50], where the participants would perform the experiment on one another: one being the navigator using the app, the other
monitoring the navigator (i.e., the “experimenter”). To ensure the reliability of the experiment, we conducted a pilot to verify that
the instructions were easy to follow. We also prepared video tutorials for each task and made both a briefing session and assis-
tance available to anyone unsure about the requirements. This is in line with best practice for citizen science experiments [51].

Our participants were assigned to one of two conditions: TBT navigation or RP navigation. Participants were randomly
assigned one of 20 predefined routes located near the campus. The 20 routes were selected using the Google Maps API,
with the route length kept between 1400 and 1600 meters, featuring 9—11 manoeuvres—a common setup for outdoor
navigation studies [13] to ensure consistency. A manoeuvre is defined as a navigation action to take for the current step
(e.g., turn left, merge, straight, etc.). The experiment was conducted using the current version of Google Maps (version
11.69.0401 for Android and version 6.57.0 for iOS), which was used by all participants. A GPS recording of the route
navigated was taken in the background, using OSMAnNd. Whilst travelling the route, experimenters were instructed to walk
within 10 meters of the participant and monitor them closely. They noted down any navigation error, where a participant
accidentally left the route, as well as the number of times participants looked at their smartphones. Immediately after com-
pleting the journey, the navigator was asked to complete a route sketching task [52,53], where they would sketch the route
as they remembered it. The participants also completed a demographic survey, whose results are summarised in Table 2.

We recognise that TBT navigation was not originally developed to support spatial learning, as it was designed primarily
for in-car navigation. Previous research indicates that TBT requires relatively low cognitive engagement compared with
RP, which involves more active processing of spatial information and may therefore facilitate stronger spatial learning
outcomes. Nevertheless, our comparison reflects realistic navigation conditions, in which users are often required to recall
routes regardless of the navigation mode employed. To ensure a comprehensive and balanced evaluation, several meth-
odological controls were implemented.

First, we selected performance metrics capturing both navigation efficiency, including Navigation Errors and Phone
Glances, and spatial learning, assessed through the Route Sketching Task using the metrics Correctly Indicated Turns
and Correctly Indicated Directional Changes. Second, we recruited participants with minimal familiarity with the study
area, focusing on students who had recently enrolled at Monash University. Third, a pre-study familiarity assessment
(summarised in Table 2) indicated that 44.11% of participants rated themselves as unfamiliar or very unfamiliar with the
routes and over 69.2% including the neutral participants. Finally, we controlled for familiarity effects through multiple linear
regression analysis (Table 3), which confirmed that increased familiarity was significantly and negatively associated with
the number of phone glances, providing a validity check for our data. Although the Route Sketching Task may inherently
favour RP due to its interface encouraging higher cognitive engagement and spatial encoding, it also reflects a realistic
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Table 2. Study 2: Participant demographics, preferences, and age statistics.

Metric Description/Response Participants

Age Mean: 19.38 years, Median: 19, Std Dev: 1.87 195

Gender Male 138 (70.77%)
Female 57 (29.23%)

Navigation app usage More than once per week 75 (38.46%)
Once per week 49 (25.13%)
Every Day 40 (20.51%)
Once per month 28 (14.36%)
Never 3 (1.54%)

Familiarity with route Unfamiliar 73 (37.44%)
Neither familiar nor unfamiliar 49 (25.13%)
Familiar 46 (23.59%)
Very unfamiliar 13 (6.67%)
Very familiar 14 (7.18%)

Navigation preference TBT navigation 102 (52.31%)
Route Preview 93 (47.69%)

https://doi.org/10.1371/journal.pone.0340711.t002

Table 3. Study 2: OLS regression results. The regression analysis tested the significant influence of confounding variables in our study. This
analysis included gender, age, familiarity with the experiment environment, the frequency of how regularly participants use mobile navigation

apps, and their personal preference for TBT or RP navigation. Statistically significant results are marked with asterisks:

xp <0.05,xxp <0.01.

Variable

Navigation Condition

Gender

Age

Familiarity

Frequency

Navigation Preference

Navigation Errors

0.2395 (0.308)

-0.1441 (0.483)

-0.0987 (0.051)

-0.0399 (0.651)

-0.0035 (0.970)

0.0180 (0.939)

Phone Glances

1.9508 (0.313)

-2.2200 (0.190)

-0.5127 (0.217)

-2.2918 (0.002)**

-0.2860 (0.712)

-3.2453 (0.094)

Turns

-1.2160 (0.727)

-2.2429 (0.463)

0.4857 (0.516)

-0.1223 (0.926)

2.0508 (0.144)

-0.9695 (0.781)

Directional Changes

-3.0843 (0.329)

5.3317 (0.055)

0.3966 (0.558)

0.0453 (0.970)

3.0503 (0.017)*

-1.7433 (0.581)

https://doi.org/10.1371/journal.pone.0340711.t003

situation in which users must navigate without digital assistance or communicate routes to others. This measure is there-
fore critical for evaluating spatial knowledge acquisition, which represents a central advantage of the RP mode.

Metrics: Our primary goal was to understand how navigation performance, attention during navigation, and spatial
learning differ between TBT navigation and RP navigation. Given mixed findings in the literature in terms of the perfor-
mance of those two modes, we did not setup specific hypotheses. However, we define four key metrics that will serve as
performance indicators common for navigation experiments [12,52,54-56]:

» Navigation Errors: This metric quantifies the number of mistakes made by the participant during the navigation task.
An error is defined as any deviation from the predefined route. A lower number of errors indicates higher navigation

performance.

* Phone Glances: This metric measures the frequency with which participants looked at their smartphones during the
navigation task. Frequent glances may indicate greater reliance on the navigation system and potentially reduced
awareness of the surrounding environment.

» Correctly Indicated Turns: This metric gauges the accuracy of the participants’ route sketching task by counting the
number of turns (left, right, etc.) correctly indicated on their sketched maps. A higher number suggests better spatial
learning and memory of the route.
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» Correctly Indicated Directional Changes: Similar to “Correctly Indicated Turns,” this metric also evaluates the accu-
racy of the participants’ route sketching task. However, it focuses on capturing broader directional changes, such as
merging or going straight, as opposed to just turns. Like the previous metric, a higher count suggests better spatial
understanding and memory of the route.

These metrics collectively provide insights into the navigation performance, attentional engagement, and spatial
learning outcomes of participants, thereby enabling a comparison of the effectiveness of TBT navigation and RP
navigation.

Data Preparation: Before our evaluation, we used a two-step approach to clean and prepare our data. In the first step,
we removed entries identified as faulty data due to participants not having thoroughly recorded or submitted their data.
For this, we used indicators such as map sketch results of 1000% or over 100 navigation errors. For each such value that
we noticed, we reviewed any comments made by the experimenter that suggested there had been an execution error with
the experiment. Only if these two indicators matched were we able to remove the participants from the dataset. Further-
more, we removed entries that stated they had to use a custom route instead of the provided ones, due to participating
remotely, which resulted in routes with different lengths and numbers of manoeuvres outside the defined range for our
study. After cleaning the data, 208 out of 218 participants remained in the dataset. In a second step, we identified outliers
and removed those with a Z-score above 3 to exclude extreme outliers for statistical significance testing. After removing
these outliers, 195 participants remained in the final dataset. All statistical tests in our analysis were conducted on both
the raw and cleaned datasets, yielding consistent results.

Statistical Methods: To test our data for normality, we applied a Shapiro test to our data for each condition and metric,
which resulted in a p—value < 0.01for all results. Thus, we assume that our data is not normally distributed. Since our
data are also unpaired, the Mann—Whitney U test was used to compare results between the two conditions, unless other-
wise specified. Effect sizes are calculated using the rank-biserial correlation (denoted with rin the results). Furthermore,
we used multiple linear regression to understand the relationship between the predictor variable (the experiment condi-
tion), our dependent variables, and other covariates.

Power Analysis: We used the G*Power software to conduct a power analysis for our study. According to Robertson
and Kaptein [57], effect sizes for non-parametric tests like the Mann-Whitney U test typically range from 0.1 for a small
effect, 0.3 for a medium effect, and 0.5 for a large effect. Given our study design and common assumption for power and
significance, detecting a large effect would require 134 participants, a medium effect would require 368, and a small effect
would require 3290.

With 195 participants, our study is sufficiently powered to detect a large effect. We chose to focus on detecting
a large effect because TBT navigation is the default and far more prevalent mode in mobile navigation apps com-
pared to RP. Thus, only a large difference in effectiveness between these modes would warrant the current design
choice of TBT being the default. A small or medium effect, while potentially statistically significant, would not be
sufficient to advocate for such a decision; it would rather argue for the co-existence of both modes to cater to user
preferences.

Balanced Random Assignment to Conditions: Our study utilised random assignment to distribute participants
across two distinct navigation conditions: RP and TBT. To validate the effectiveness of this randomisation process, we
examined key demographic and behavioural variables. The mean age in the RP condition was approximately 19.24 years,
while it was 19.45 years in the TBT condition (T = —0.90, p—value = 0.37). Both conditions displayed a balanced gender
distribution between each other with around 30% females and 70% males. 78% of participants in the RP condition and
81% in the TBT condition preferred the navigation method they were assigned to. Although this could be influenced by the
timing of the post-experiment demographic questionnaire, it is noteworthy that about 20% of participants in each condition
preferred the opposite navigation method. This suggests that any potential bias introduced is likely balanced across both
conditions. Overall, these findings affirm the success of the random assignment to conditions.
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3.3.2 Results. After cleaning the data and removing extreme outliers, a total of 195 participants (out of the initial 218)
contributed valid data to the study. Their demographic information and participant preferences are summarised in Table 2.
In the following section, we present our results of the study.

Navigation Errors: During the navigation task, the experimenter noted any navigation errors made by the participant.
On average, participants made more errors in the TBT condition (mean = 1.27, median = 1, SD = 1.41) compared to

the RP condition (mean = 1.05, median = 1, SD = 1.13). Even though this was not statistically significant (U = 5010,
p—value = 0.49, r = -0.06), there is a trend towards TBT navigation resulting in more errors (see Fig 1). In a OLS regres-
sion model, none of the variables were found to be statistically significant control variables for navigation errors. For
detailed coefficients and p-values, please refer to Table 3.

Attention During Navigation: The experimenter noted down the number of times the participant looked at their phone.
On average, participants looked at their phone more often in the RP condition (mean = 13.08, median = 11, SD = 11.61)
than in the TBT condition (mean = 13.01, median = 11, SD = 10.25). While this was not statistically significant (U = 4528,
p—value = 0.58, r = 0.05), we see an indication that RP navigation results in more attention on the mobile navigation device
(see Fig 1). This observation, however, fits the notion of related work that RP navigation might demand more elaborate pro-
cessing of spatial information [10] and thus lead to more increased phone glances. An OLS regression model for the phone
glances (looks at the navigation device) found that the variable ‘Familiarity’ was statistically significant (p < 0.01)
and negatively correlated with the number of glances at the phone. This suggests that participants who are more familiar
with the area tend to look at the navigation device less frequently, which is a logical finding and thus serves as a sanity
check for our data. Table 3 shows a complete list of coefficients and p-values. A subsequent correlation analysis revealed a
statistically significant negative correlation between ‘Familiarity’ and the number of ‘Phone Glances’ at the navigation device
(r=-0.234, p < 0.001). This suggests that as participants’ familiarity with the area increased, they tended to look at the
navigation device less frequently.

Route Sketching Task: After completing the navigation task, participants were asked to sketch the route they had
just walked on a piece of paper. The evaluation of the sketch consisted of two parts: the percentage of correctly indicated
turns and the percentage of correctly indicated directional changes.

Correctly Indicated Turns: Participants, on average, correctly indicated more turns in the RP condition
(mean = 87.14%, median = 87.5, SD = 19.57) than in the TBT condition (mean = 86.09%, median = 87.5, SD = 18.48).
There was no statistically significant difference between the two (U = 4632, p—value = 0.77, r = 0.02), but the trend points

Comparison of Key Navigation Metrics Between Conditions

Navigation Errors Phone Glances Indicated Turns Indicated Directional Changes
1.4
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Fig 1. Study 2: Mean values of key navigation metrics between the two conditions: turn-by-turn navigation and route preview navigation.

https://doi.org/10.1371/journal.pone.0340711.9001
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towards RP resulting in better route sketching abilities. The regression model for indicated turns found no variables to be
significant control variables for the correct number of turns indicated. For further details, please see Table 3.

Correctly Indicated Directional Changes: For the correctly indicated directional changes, participants also cor-
rectly indicated more turns in the RP condition (mean = 84.40%, median = 87.5, SD = 16.73) than in the TBT condition
(mean = 81.46%, median = 85.7, SD = 18.28).

An OLS regression model found that the variable ‘Frequency of Using Navigation Apps’ was statistically significant
(p < 0.05) and positively correlated with the percentage of correctly indicated directional changes. This suggests that par-
ticipants who frequently use navigation apps tend to make more accurate directional changes. For additional coefficients
and p-values, refer to Table 3. A subsequent correlation analysis revealed a statistically significant positive correlation
between ‘How often users use mobile navigation apps’ and the percentage of ‘Correctly Indicated Directional Changes’
(r=0.1589, p = 0.02). This suggests that as participants’ amount of general mobile app usage increases, their ability to
correctly indicate turns in our route sketching task improves.

Analysis of Navigation Method Preference: We investigated the potential confounding factor of whether participants
used or did not use their preferred navigation method. To assess the impact of this factor, we conducted Mann-Whitney
U tests for our four dependent variables: number of errors made, number of times the participant looked at the naviga-
tion device, the percentage of correctly indicated turns, and the percentage of correct directional changes. Our analyses
revealed no statistically significant differences between the group of participants who used their preferred navigation
method and those who did not, across all four variables. This suggests that the preference for a particular navigation
method did not significantly affect the outcomes in our study.

Post-hoc Power Analysis: Our analysis across all dependent variables revealed small effect sizes, which have critical
implications for the interpretation of our results. For instance, in the case of navigation errors, a post-hoc power analysis
demonstrated that with an effect size of 0.06 and our current sample size, the achieved power was only 0.07. To detect an
effect of this magnitude as significant, a substantially larger sample size would be required.

Interestingly, the TBT navigation condition actually performed worse than the RP condition, a finding that is surprising
based on current assumptions in the field. However, it is crucial to note that the observed effect sizes are not only statisti-
cally insignificant but also practically negligible. Even if statistical significance could be achieved with a larger sample, the
practical impact of these effect sizes would be minimal. This reinforces the idea that the prevailing implementation of TBT
navigation may need to be re-evaluated, especially given its counterintuitive, poorer performance in our study.

3.4 Study 3: Understanding the potential of route preview

Studies 1 and 2 demonstrated that, first, a substantial proportion of users prefer RP navigation, particularly in familiar
contexts, and second, RP performs comparably to TBT despite the absence of several key features. These findings
prompt a central design question: could RP navigation outperform TBT if supported by appropriate enhancements? Study
3 addresses this question through a co-design process that engages users in identifying and prioritising potential improve-
ments. Rather than implementing researcher-defined modifications, this participatory approach ensures both ecological
validity and user-centred design. The study yields directly applicable insights for practitioners seeking to implement or
extend the RP navigation mode.

3.4.1 Method. We used the design studio method to conduct our workshop [58]. The goal of the design studio was to
develop concrete interface designs for features that participants would like to see in combination with the RP navigation
mode. The workshop was organised into several phases. It began with an introduction by the facilitators, who were two
of the paper’s authors. This introduction included an overview of the workshop schedule and a brief presentation of the
research, summarising the related work discussed in Section 2. During the interactive parts, participants generated ideas,
developed them further, reflected on their relevance, and finally prioritised them. This process resulted in the identification
of the most crucial features for enhancing the user interface. The workshop, which lasted three hours, took place on June
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12, 2024. We recruited five participants [59,60], all of whom signed a consent form. The workshop was audio- and video-
recorded.

Demographics: Participants were, on average, 26.4 years old (min = 23, max = 28). The group consisted of two female
and three male participants. Their educational backgrounds ranged from high school diplomas to doctoral degrees, offer-
ing a diverse range of perspectives. Three participants used Apple’s iOS, while two used an Android system.

3.4.2 Results. This section presents the exploratory findings of the workshop. The following subsections outline the
design implications for Landmarks, ETA Updates, and Map Orientation, beginning with the highest-priority topic identified
by the workshop participants.

Landmarks: Landmarks emerged as a crucial feature in our design studio workshop, with participants unanimously
endorsing their integration into the RP mode. Defined as important spatial features used as reference points [61], land-
marks play a vital role in everyday navigation strategies. Participants recounted using landmarks to orient themselves in
familiar cities and to correct navigational errors:

“When I’'m looking for a restaurant in the city that | haven’t been to before but know the city relatively well, | approach it
differently. In such a case, | would simply open Google Maps, enter the location, switch to satellite view, and then look
for familiar landmarks nearby” (P2).

“Sometimes it shows the wrong direction, but then I look at what buildings are on the map, compare them a bit, and
then | get a sense of direction and follow the route” (P1).

All participants incorporated landmarks into their design sketches, albeit with varying approaches. Some suggested
displaying all landmarks along the route, while others proposed showing only the next landmark to minimise distraction. A
novel “Bubble” concept was introduced, where interactive 360° street view pop-ups would appear at each turn (see Fig 2).
This idea was well-received and further developed:

“ also find it important to show Bubbles at critical locations. For me, | would also like to be able to easily drag and drop
Bubbles onto the user interface” (P1).

P5 added that it would be helpful to drag the Bubble across the map to get the 360° Street view everywhere the user
wants. However, P4 raised a concern:

“[A user] might miss a landmark that they wanted to see, and it restricts the navigator unnecessarily” (P4).

In the final prioritisation, the “Bubble” feature emerged as the most favoured. In total, landmark-related features
received the overall highest prioritisation, underscoring their perceived importance in enhancing the RP navigation
mode.

ETA Updates: Throughout the workshop, the idea of estimated time of arrivals evolved into a nuanced discussion
about intention-based navigation. While participants didn’t explicitly mention ETA updates in their daily navigation hab-
its, the feature sparked creative ideas during the sketching phase. P5 introduced a novel concept that went beyond
simple ETA updates: P5 introduced a feature where users get different routes and ETAs based on 4 different walking
speed options (see Fig 2). A user who chooses slow walking for example gets a route that guides them through the
most scenic way, while a user who chooses speedwalking will get the fastest route. This idea was well-received, with
P2 commenting:

“Usually, there is a direct route and one that might be a bit slower, similar to what you know from driving a car, but | find
these walking speeds very interesting.”
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Fig 2. Study 3: Sketches from the workshop. (left) landmarks at important turns called “bubbles”, (middle) choosing different walking speeds, (right) a
small arrow to indicate the direction towards the destination.

https://doi.org/10.1371/journal.pone.0340711.g002

P2 also suggested that alternative routes for different speed settings should be visible, allowing users to make informed
decisions based on the path. Furthermore, they commented on how the map could be designed based on the users inten-
tion of discovering the environment or wanting to efficiently reach a destination:

“I have also seen landmarks primarily as orientation aids, in the sense that | only need them at a turn and not other-
wise. However, there may also be the possibility of having this as an option. For example, they could be displayed by
default when | need to turn, but also that | could filter by interests. If | enable discovery mode, additional landmarks may
appear based on my interests. You should be able to switch between an orientation mode and a discovery mode.”

This statement shifted the focus from speed-based navigation to intention-based navigation. It combined elements
of P5’s speed option idea with a new emphasis on user intentions, differentiating between goal-oriented navigation and
exploratory wandering. Further refinement led to the “Discovery or Speed” feature, where users choose between the fast-
est route (Speed mode) or a route showcasing interesting landmarks (Discovery mode). In Discovery mode, a filter would
match personal interests, displaying only relevant landmarks. Speed mode, conversely, would show only navigation-
critical landmarks. While some ideas, such as using a voice assistant for ETA updates or implementing a progress bar,
were proposed and subsequently discarded, the “Discovery or Speed” feature gained significant traction. It transformed
the initial concept of ETA updates into a comprehensive navigation approach that adapts to user intentions, with ETA serv-
ing either as the primary focus or as background information depending on the chosen mode.

Map Orientation: The discussion on map orientation revealed a tension between cognitive load and spatial aware-
ness. During the reflection on personal navigation habits, a clear preference emerged. Four out of five participants (P1,
P2, P4 & P5) described using RP with a north-up map orientation. P5’s description exemplifies this approach:

“I open Google Maps, enter the café or place | want to go to, and search. Then | check if it is the right café that | want,
and if it is, | click on the route. It usually suggests several routes, and then | see if it's correct, and then | head in the
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direction of the route. | don’t click on the start button. Instead, | occasionally take out my phone, check if | walk in the
right direction or see if I've gotten lost.”

Only P3 reported using the turn-by-turn (TBT) mode with automatic map rotation, citing difficulties with spatial orientation:

“I don’t really find my way around places, even those | know well. So, for me, it's the same that whenever | walk from
the university to the train station, | always have navigation turned on”.

The sketching phase revealed diverse approaches to map orientation. While P2, P3, P4, and P5 opted for a north-up
map in bird’s-eye view, P1 proposed a 3D mode as the main navigation tool, with the option to switch to a north-up bird’s-
eye view. From this concept emerged a mini-map feature. P1 described a user interface with two mini-maps at the bottom:
one showing the entire route in bird’s-eye view with the user’s position indicated, and another displaying a fraction of the
route. This idea was well-received, with P2 declaring it “very intuitive and thus a good addition.” P2 proposed a hybrid
approach, suggesting the addition of a TBT arrow to the RP mode (see Fig 2):

“Right now, it's a map oriented to the north, so | still have to adjust a bit. Even though | don’t really like the TBT mode, |
would still like to have an arrow that shows me [...] when to turn right”.

This concept was further developed by P1 and P5, who suggested displaying the arrow on the phone’s lock screen and
having an option for the arrow to always point towards the final destination. During the refinement phase, the group reached
a consensus that a mode switch between north-up and 3D views might be beneficial, though the default setting remained
undecided. The mini-map concept was streamlined to a single map, which could also serve as a progress indicator. In the
final prioritisation, participants showed a clear preference for the mini-map concept and the arrow/compass idea. Interest-
ingly, an initially proposed AR feature, despite initial excitement, was discarded due to a lack of interest. These results, while
based on a smaller sample size, provide valuable exploratory findings suggesting a user preference for subtle, informative
aids like mini-maps and directional indicators over more immersive but potentially overwhelming features like AR.

4 Discussion

Route preview (RP) navigation is just as commonly used compared to the more refined TBT navigation mode in pedes-
trian navigation applications. The results of our online survey supported that in certain scenarios or contexts, like being
familiar with the environment, RP navigation is even more likely to be used. In study 2 involving 195 participants, we sur-
prisingly found that the Turn-By-Turn (TBT) navigation and RP modes did not significantly differ in performance measures
like navigation errors, the number of times participants looked at their phone, or their ability to correctly sketch turns and
directional changes in a map. Even so, the RP mode offers significant less navigation features that are proven to improve
the navigation performance, on the margin, it performed even better than TBT.

This also implies that the RP feature, often considered secondary to TBT navigation, has the potential to serve as a
viable alternative for navigation, supporting a richer cognitive engagement and spatial understanding, as discussed in
previous literature [1-3]. This realisation necessitates the consideration of specific design implications to optimise the
RP feature. We explored such design implications in a design studio workshop with five participants and discussed them
further in the following sections.

4.1 The role of route-preview

The route-preview used in modern mobile navigation applications is a well-versed tool for visualising and exploring possible
routes from one location to another and therefore facilitates a widely used feature, namely getting directions [4]. The results
of our studies show that even though it is not its main use case, the route-preview is just as often preferred as an active
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navigation aid as the well-known TBT navigation method. One of the unique advantages of RP is that it naturally encourages
greater cognitive engagement [10]. Unlike TBT navigation, where the user is largely a passive follower of instructions [62],
RP requires users to actively interpret the map and make decisions. This active role could potentially foster a better spatial
understanding and situational awareness [10,11], although our study did not show a significant improvement in this regard.
Route preview empowers users with a greater sense of autonomy and control over their navigation experience. Users can
explore alternative routes, preview upcoming turns, and mentally prepare for the route. This is particularly useful for those
who like to have a broader understanding of their environment rather than just getting from A to B. Ultimately, RP is adapt-
able to various tasks and user preferences. For instance, users who prefer not to be interrupted by frequent instructions

may find RP more accommodating. Similarly, those involved in activities where auditory instructions could be disruptive, like
walking in a group, might find RP to be a more suitable and socially accepted navigation aid.

4.2 Implications for design

Given its unique benefits and challenges, there is a compelling case for designing RP features that are as robust and
user-friendly as TBT options. Our findings suggest that RP, if designed with specific enhancements such as displaying
relevant information about nearby landmarks, adapting the travel mode to the user’s intentions, and adding information for
better orientation, could improve the user experience and possibly even outperform TBT navigation. By recognising and
leveraging the distinct roles and benefits of RP, designers and developers have an opportunity to create more versatile,
adaptable, and user-friendly navigation systems for pedestrians. The results of our survey showed that the preference for
RP changes based on familiarity with the route. At the same time, participants in the design studio workshop highlighted
the need for different navigation modes like discovery and speed modes. Such insights strongly point to the need for
adaptive interfaces based on individual user needs and context. Thus, we argue that not only should the RP serve as a
viable alternative to TBT navigation, but its functionality should also be relying on the context in which it is used.

This research started out comparing two different navigation modes: RP and TBT. After collecting results from a total
of 422 participants, it becomes clear that the solution will not be a simple alternative to the status quo, but an adaptive
solution that incorporates the best of both worlds. Depending on the needs of pedestrians, whether they are in a hurry,
walking familiar routes, or exploring new places, a mobile navigation application should adapt to these different goals.
This involves combining the different features currently existing in TBT navigation and RP navigation, while also extending
them with concepts like landmarks to further increase user satisfaction and usefulness.

This paper contributes a good foundation for arguing that users want change in this domain, and we deliver first design impli-
cations to guide the direction so that this change can find its way into the everyday products we already use. Fig 3 illustrates
a first interpretation of our findings. It is now upon future work to refine these concepts further and build the next generation of
mobile navigation technologies for pedestrians, as they have been mimicking the user experience of car drivers for too long.

Several considerations regarding our research design merit attention. First, Study 1 relied on self-reported preferences,
which may not fully reflect actual usage patterns; this was addressed through behavioural observation in Study 2. Second,
the performance metrics in Study 2 were designed to capture spatial learning, which aligns with the growing importance
of independent wayfinding in pedestrian navigation where continuous device access is not always possible. Third, the
sample in Study 2 primarily comprised university students, which should be considered when interpreting generalisability.
Finally, the design implications from Study 3, while directly informed by user input, would benefit from further empirical
evaluation through implementation and testing.

5 Conclusion

This research interrogates the assumption that turn-by-turn (TBT) navigation, originally designed for vehicular contexts,
constitutes the optimal solution for pedestrian wayfinding. Through a systematic investigation of user preferences, per-
formance metrics, and design opportunities, we demonstrate that route-preview (RP)—despite often being considered a
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CCIVIST Discovery Mode DIV Discovery Mode

Fig 3. Study 3: lllustrations made based on the sketches and insights from the workshop. (left) landmarks at important turns called “bubbles”,
(middle left) speed mode getting important landmark information at relevant turns, (middle right) discovery mode giving optional detours to visit inter-
esting landmarks (right) a small arrow to indicate the direction towards the destination. The base map under the sketches was done with Mapbox. Map
tiles and data remains Mapbox https://www.mapbox.com/about/maps) OpenStreetMap http://www.openstreetmap.org/about/ contributors, styled using
Mapbox Studio.

https://doi.org/10.1371/journal.pone.0340711.9003

secondary feature—yields comparable performance while fostering greater cognitive engagement and user autonomy.
These findings suggest that the prevailing dominance of TBT in pedestrian navigation applications may reflect historical
path dependence rather than demonstrable empirical superiority.

The development of navigation technologies has produced a diverse range of tools aimed at enhancing pedestrian
mobility and spatial awareness. While TBT navigation has become the default option for pedestrians, largely through the
transposition of vehicular design paradigms, this study reveals the largely untapped potential of RP features in mobile
navigation applications. Our data indicate no significant differences in key performance metrics, including navigation
errors, frequency of phone glances, and the ability to recall and sketch turns and directional changes, between TBT
and RP modes. Notably, RP demonstrated marginally superior outcomes on several measures. These results challenge
the conventional assumption that TBT navigation is inherently more effective for pedestrians, opening new avenues for
designing navigation aids better aligned with pedestrian needs.

Beyond validating the functional efficacy of RP, our study highlights its capacity to support active cognitive engagement.
Users who seek a more participatory role in navigation or enhanced autonomy may find RP particularly suitable. Further-
more, our findings support the integration of features such as contextually relevant landmark information, adaptive travel
modes responsive to user intentions, and additional orientation cues to enhance wayfinding effectiveness.

In sum, this research encourages a re-evaluation of the design and functionality of pedestrian navigation systems. By
emphasising the overlooked capabilities of RP, we provide a framework for developing more versatile, user-centric, and
cognitively engaging navigation aids that move beyond the constraints of conventional TBT paradigms.

PLOS One | https://doi.org/10.137 1/journal.pone.0340711 March 23, 2026 18721



https://www.mapbox.com/about/maps
http://www.openstreetmap.org/about/
https://doi.org/10.1371/journal.pone.0340711.g003

PLO\Sﬁ\\.- One

Supporting information

S1 File. S1 Data Study 1 Contains the Data from Study 1.
(XLSX)

S2 File. S2 Data Study 2 Contains the Data from Study 2.
(CSV)

Author contributions

Conceptualization: Gian-Luca Savino, Emanuel de Bellis, Reuben Kirkham, Johannes Schoéning.
Data curation: Gian-Luca Savino, Emanuel de Bellis, Reuben Kirkham.

Formal analysis: Gian-Luca Savino, Emanuel de Bellis, Reuben Kirkham, Johannes Schoning.
Funding acquisition: Johannes Schoning.

Investigation: Reuben Kirkham, Johannes Schoéning.

Methodology: Gian-Luca Savino, Emanuel de Bellis, Reuben Kirkham, Johannes Schoéning.
Project administration: Johannes Schdning.

Software: Gian-Luca Savino, Reuben Kirkham.

Supervision: Johannes Schoning.

Validation: Gian-Luca Savino, Emanuel de Bellis, Johannes Schéning.

Visualization: Gian-Luca Savino.

Writing — original draft: Gian-Luca Savino, Emanuel de Bellis, Reuben Kirkham, Johannes Schoéning.

Writing — review & editing: Gian-Luca Savino, Emanuel de Bellis, Reuben Kirkham, Johannes Schdning.

References

1. Pielot M, Boll S. In fifty metres turn left: why turn-by-turn instructions fail pedestrians. In: Haptic, Audio and Visual Interfaces for Maps and Location
Based Services, 2010.

2. Rousell A, Zipf A. Towards a Landmark-Based Pedestrian Navigation Service Using OSM Data. IJGI. 2017;6(3):64. https://doi.org/10.3390/

ijgi6030064

3. Basiri A, Amirian P, Winstanley A, Marsh S, Moore T, Gales G. Seamless Pedestrian Positioning and Navigation Using Landmarks. J Navigation.
2015;69(1):24—40. https://doi.org/10.1017/s0373463315000442

4. Savino G-L, Sturdee M, Rundé S, Lohmeier C, Hecht B, Prandi C, et al. MapRecorder: analysing real-world usage of mobile map applications.
Behaviour & Information Technology. 2020;40(7):646—62. https://doi.org/10.1080/0144929x.2020.1714733

5. Toups Dugas PO, Seetharaman B, Fleming RJ, Liang S, Elvitigala DS, Rode JA, et al. Mobile Maps Continue to Fail Pedestrians: Synthesised
Reflective Auto-Aggro-Ethnographies of Walking. In: Proceedings of the Extended Abstracts of the CHI Conference on Human Factors in Comput-
ing Systems, 2025. 1-12. https://doi.org/10.1145/3706599.3716217

6. Mazurkiewicz B, Kattenbeck M, Giannopoulos |. Navigating your way! Increasing the freedom of choice during wayfinding. In: 11th International
Conference on Geographic Information Science (GlScience 2021) — Part Il, 2021. 9:1-9:16. https://doi.org/10.4230/LIPlcs.GlScience.2021.11.9

7. Vinson NG. Design guidelines for landmarks to support navigation in virtual environments. In: Proceedings of the SIGCHI conference on Human
factors in computing systems the CHl is the limit - CHI '99, 1999. 278-85. https://doi.org/10.1145/302979.303062

8. Seager W, Fraser DS. Comparing physical, automatic and manual map rotation for pedestrian navigation. In: Proceedings of the SIGCHI Confer-
ence on Human Factors in Computing Systems, 2007. 767-76. https://doi.org/10.1145/1240624.1240742

9. Djajadiningrat T, Overbeeke K, Wensveen S. But how, Donald, tell us how? on the creation of meaning in interaction design through feedforward
and inherent feedback. In: Proceedings of the 4th conference on Designing interactive systems: processes, practices, methods, and techniques,
2002. 285-91. https://doi.org/10.1145/778712.778752

10. Minzer S, Zimmer HD, Schwalm M, Baus J, Aslan |. Computer-assisted navigation and the acquisition of route and survey knowledge. Journal of
Environmental Psychology. 2006;26(4):300-8. https://doi.org/10.1016/j.jenvp.2006.08.001

PLOS One | https://doi.org/10.1371/journal.pone.0340711 March 23, 2026 19/21



http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0340711.s001
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0340711.s002
https://doi.org/10.3390/ijgi6030064
https://doi.org/10.3390/ijgi6030064
https://doi.org/10.1017/s0373463315000442
https://doi.org/10.1080/0144929x.2020.1714733
https://doi.org/10.1145/3706599.3716217
https://doi.org/10.4230/LIPIcs.GIScience.2021.II.9
https://doi.org/10.1145/302979.303062
https://doi.org/10.1145/1240624.1240742
https://doi.org/10.1145/778712.778752
https://doi.org/10.1016/j.jenvp.2006.08.001

PLO\S\% One

1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.
24,

25.

26.

27.

28.

29.
30.

31.

32.

33.

34.

35.

36.

37.

Bakdash JZ, Linkenauger SA, Proffitt D. Comparing Decision-Making and Control for Learning a Virtual Environment: Backseat Drivers Learn
Where They are Going. Proceedings of the Human Factors and Ergonomics Society Annual Meeting. 2008;52(27):2117-21. https://doi.
org/10.1177/154193120805202707

Savino GL, Emanuel N, Kowalzik S, Kroll F, Lange MC, Laudan M. Comparing pedestrian navigation methods in virtual reality and real life. In:
2019 International Conference on Multimodal Interaction, Suzhou, China, 2019. 16-25. https://doi.org/10.1145/3340555.3353741

Mazurkiewicz B, Kattenbeck M, Kiefer P, Giannopoulos I. Not Arbitrary, Systematic! Average-Based Route Selection for Navigation Experiments.
In: 11th International Conference on Geographic Information Science (GlScience 2021) - Part I, 2020. 8:1-8:16. https://doi.org/10.4230/LIPIcs.
GIScience.2021.1.8

Lynch K. The image of the city. Cambridge, Massachusetts; London, England: The MIT Press. 1960.

Caduff D, Timpf S. On the assessment of landmark salience for human navigation. Cogn Process. 2008;9(4):249-67. https://doi.org/10.1007/
$10339-007-0199-2 PMID: 17999102

Foo P, Warren W, Duchon A, Tarr M. Do Humans Integrate Routes Into a Cognitive Map? Map- Versus Landmark-Based Navigation of Novel Short-
cuts. Journal of experimental psychology Learning, memory, and cognition. 2005 Mar;31:195-215. http://doi.org/10.1037/0278-7393.31.2.195

Siegel AW, White SH. The development of spatial representations of large-scale environments. Adv Child Dev Behav. 1975;10:9-55. https://doi.
org/10.1016/s0065-2407(08)60007-5 PMID: 1101663

Sorrows ME, Hirtle SC. The Nature of Landmarks for Real and Electronic Spaces. Lecture Notes in Computer Science. Springer Berlin Heidelberg.
1999. p. 37-50. https://doi.org/10.1007/3-540-48384-5_3

Burnett G. ‘Turn right at the Traffic Lights’: The Requirement for Landmarks in Vehicle Navigation Systems. J Navigation. 2000;53(3):499-510.
https://doi.org/10.1017/s0373463300001028

Kriger A, Aslan |, Zimmer H. The Effects of Mobile Pedestrian Navigation Systems on the Concurrent Acquisition of Route and Survey Knowledge.
Lecture Notes in Computer Science. Springer Berlin Heidelberg. 2004. 446-50. https://doi.org/10.1007/978-3-540-28637-0_54

Wenig D, Schoéning J, Olwal A, Oben M, Malaka R. WatchThru: Expanding Smartwatch Displays with Mid-air Visuals and Wrist-worn
Augmented Reality. In: Proceedings of the 2017 CHI Conference on Human Factors in Computing Systems, 2017. 716—-21. https://doi.
0rg/10.1145/3025453.3025852

Brigger A, Richter K-F, Fabrikant SI. How does navigation system behavior influence human behavior?. Cogn Res Princ Implic. 2019;4(1):5.
https://doi.org/10.1186/s41235-019-0156-5 PMID: 30758681

Golledge RG. Wayfinding Behavior: Cognitive Mapping and Other Spatial Processes. JHU Press. 1999.

Epstein RA, Patai EZ, Julian JB, Spiers HJ. The cognitive map in humans: spatial navigation and beyond. Nat Neurosci. 2017;20(11):1504—13.
https://doi.org/10.1038/nn.4656 PMID: 29073650

Montello DR. Cognitive Map-Design Research in the Twentieth Century: Theoretical and Empirical Approaches. Cartography and Geographic
Information Science. 2002;29(3):283-304. https://doi.org/10.1559/152304002782008503

Wiener JM, Blichner SJ, Holscher C. Taxonomy of human wayfinding tasks: A knowledge-based approach. Spatial Cognition & Computation.
2009;9(2):152—65. https://doi.org/10.1080/13875860902906496

Ishikawa T, Fujiwara H, Imai O, Okabe A. Wayfinding with a GPS-based mobile navigation system: A comparison with maps and direct experience.
Journal of Environmental Psychology. 2008;28(1):74—82. https://doi.org/10.1016/j.jenvp.2007.09.002

Lawton CA. Strategies for indoor wayfinding: the role of orientation. Journal of Environmental Psychology. 1996;16(2):137—45. https://doi.
org/10.1006/jevp.1996.0011

Robinson A, Morrison J, Muehrcke P, Kimerling A, Guptill S. Elements of Cartography—6th Ed. New York: John Willey & Sons. 1995.

Levine M. You-Are-Here Maps: Psychological Considerations. Environment and Behavior. 1982;14(2):221-37. https://doi.
0rg/10.1177/0013916584142006

Just MA, Carpenter PA. Eye fixations and cognitive processes. Cognitive Psychology. 1976;8(4):441-80. https://doi.
org/10.1016/0010-0285(76)90015-3

Eley MG. Determining the shapes of landsurfaces from topographical maps. Ergonomics. 1988;31(3):355-76. https://doi.
org/10.1080/00140138808966680

Evans GW, Pezdek K. Cognitive mapping: knowledge of real-world distance and location information. J Exp Psychol Hum Learn. 1980;6(1):13-24.
https://doi.org/10.1037/0278-7393.6.1.13 PMID: 7373242

Hintzman DL, O’Dell CS, Arndt DR. Orientation in cognitive maps. Cogn Psychol. 1981;13(2):149-206. https://doi.org/10.1016/0010-
0285(81)90007-4 PMID: 7226737

Sholl MJ. Cognitive maps as orienting schemata. J Exp Psychol Learn Mem Cogn. 1987;13(4):615-28. https://doi.org/10.1037//0278-
7393.13.4.615 PMID: 2959744

Aretz AJ, Wickens CD. The Mental Rotation of Map Displays. Human Performance. 1992;5(4):303—-28. https://doi.org/10.1207/
$15327043hup0504_3

Rossano MJ, Warren DH. Misaligned maps lead to predictable errors. Perception. 1989;18(2):215-29. https://doi.org/10.1068/p180215

PLOS One | https://doi.org/10.1371/journal.pone.0340711 March 23, 2026 20/ 21



https://doi.org/10.1177/154193120805202707
https://doi.org/10.1177/154193120805202707
https://doi.org/10.1145/3340555.3353741
https://doi.org/10.4230/LIPIcs.GIScience.2021.I.8
https://doi.org/10.4230/LIPIcs.GIScience.2021.I.8
https://doi.org/10.1007/s10339-007-0199-2
https://doi.org/10.1007/s10339-007-0199-2
http://www.ncbi.nlm.nih.gov/pubmed/17999102
http://doi.org/10.1037/0278-7393.31.2.195
https://doi.org/10.1016/s0065-2407(08)60007-5
https://doi.org/10.1016/s0065-2407(08)60007-5
http://www.ncbi.nlm.nih.gov/pubmed/1101663
https://doi.org/10.1007/3-540-48384-5_3
https://doi.org/10.1017/s0373463300001028
https://doi.org/10.1007/978-3-540-28637-0_54
https://doi.org/10.1145/3025453.3025852
https://doi.org/10.1145/3025453.3025852
https://doi.org/10.1186/s41235-019-0156-5
http://www.ncbi.nlm.nih.gov/pubmed/30758681
https://doi.org/10.1038/nn.4656
http://www.ncbi.nlm.nih.gov/pubmed/29073650
https://doi.org/10.1559/152304002782008503
https://doi.org/10.1080/13875860902906496
https://doi.org/10.1016/j.jenvp.2007.09.002
https://doi.org/10.1006/jevp.1996.0011
https://doi.org/10.1006/jevp.1996.0011
https://doi.org/10.1177/0013916584142006
https://doi.org/10.1177/0013916584142006
https://doi.org/10.1016/0010-0285(76)90015-3
https://doi.org/10.1016/0010-0285(76)90015-3
https://doi.org/10.1080/00140138808966680
https://doi.org/10.1080/00140138808966680
https://doi.org/10.1037/0278-7393.6.1.13
http://www.ncbi.nlm.nih.gov/pubmed/7373242
https://doi.org/10.1016/0010-0285(81)90007-4
https://doi.org/10.1016/0010-0285(81)90007-4
http://www.ncbi.nlm.nih.gov/pubmed/7226737
https://doi.org/10.1037//0278-7393.13.4.615
https://doi.org/10.1037//0278-7393.13.4.615
http://www.ncbi.nlm.nih.gov/pubmed/2959744
https://doi.org/10.1207/s15327043hup0504_3
https://doi.org/10.1207/s15327043hup0504_3
https://doi.org/10.1068/p180215

PLO\Sﬁ\\.- One

38.

39.
40.

41.

42.

43.

44.

45.

46.

47.

48.

49.
50.
51.

52.

53.

54.

55.

56.

57.

58.
59.

60.

61.

62.

Shepard RN, Hurwitz S. Upward direction, mental rotation, and discrimination of left and right turns in maps. Cognition. 1984;18(1-3):161-93.
https://doi.org/10.1016/0010-0277(84)90024-6 PMID: 6543162

Aretz AJ. The Design of Electronic Map Displays. Hum Factors. 1991;33(1):85-101. https://doi.org/10.1177/001872089103300107

Wickens CD, Liang C-C, Prevett T, Olmos O. Egocentric and Exocentric Displays for Terminal Area Navigation. Proceedings of the Human Factors
and Ergonomics Society Annual Meeting. 1994;38(1):16—20. https://doi.org/10.1177/154193129403800105

Rodes W, Gugerty L. Effects of electronic map displays and individual differences in ability on navigation performance. Hum Factors.
2012;54(4):589-99. https://doi.org/10.1177/0018720812439413 PMID: 22908682

Goodchild MF. Citizens as sensors: the world of volunteered geography. GeoJournal. 2007;69(4):211-21. https://doi.org/10.1007/
s10708-007-9111-y

Zheng Y, Capra L, Wolfson O, Yang H. Urban Computing: Concepts, Methodologies, and Applications. ACM Transactions on Intelligent Systems
and Technology. 2014;5(3):38:1-38:55. https://doi.org/10.1145/2629592

Norman DA. The Design of Everyday Things. USA: Basic Books, Inc. 2002.

Okuda Y, Kitamura Y. Estimating Arrival Time of Pedestrian Using Walking Logs. In: Boella G, Elkind E, Savarimuthu BTR, Dignum
F, Purvis MK. PRIMA 2013: Principles and Practice of Multi-Agent Systems. Berlin, Heidelberg: Springer. 2013. 494-501. https://doi.
org/10.1007/978-3-642-44927-7_39

Wang Z, Liang M, Delahaye D. A hybrid machine learning model for short-term estimated time of arrival prediction in terminal manoeuvring area.
Transportation Research Part C: Emerging Technologies. 2018;95:280-94. https://doi.org/10.1016/j.trc.2018.07.019

Gooze A, Watkins KE, Borning A. Benefits of Real-Time Transit Information and Impacts of Data Accuracy on Rider Experience. Transportation
Research Record: Journal of the Transportation Research Board. 2013;2351(1):95-103. https://doi.org/10.3141/2351-11

Vaez S, Burke M, Yu R. Visitors’ wayfinding strategies and navigational aids in unfamiliar urban environment. Tourism Geographies. 2019;22(4—
5):832—47. https://doi.org/10.1080/14616688.2019.1696883

Silvertown J. A new dawn for citizen science. Trends Ecol Evol. 2009;24(9):467-71. https://doi.org/10.1016/j.tree.2009.03.017 PMID: 19586682
Cohn JP. Citizen science: can volunteers do real research?. BioScience. 2008;58(3):192—7. https://doi.org/10.1641/B580303

Balazs B, Mooney P, Novakova E, Bastin L, Jokar Arsanjani J. Data Quality in Citizen Science. The Science of Citizen Science. Springer Interna-
tional Publishing. 2021. p. 139-57. https://doi.org/10.1007/978-3-030-58278-4_8

Krukar J, van Eek A, Schwering A. Task-dependent sketch maps. Spatial Cognition & Computation. 2023;23(4):263-92. https://doi.org/10.1080/138
75868.2023.2170802

Billinghurst M, Weghorst S. The use of sketch maps to measure cognitive maps of virtual environments. In: Proceedings Virtual Reality Annual
International Symposium ’95. 40-7. https://doi.org/10.1109/vrais.1995.512478

Savino G-L, Moraes Braga J, Schéning J. VeloCity: Using Voice Assistants for Cyclists to Provide Traffic Reports. In: Proceedings of the 29th ACM
International Conference on Multimedia, 2021. 3482—-91. https://doi.org/10.1145/3474085.3475509

Pielot M, Boll S. Tactile Wayfinder: Comparison of Tactile Waypoint Navigation with Commercial Pedestrian Navigation Systems. Lecture Notes in
Computer Science. Springer Berlin Heidelberg. 2010. 76-93. https://doi.org/10.1007/978-3-642-12654-3 5

Aslan I, Schwalm M, Baus J, Kriiger A, Schwartz T. Acquisition of Spatial Knowledge in Location Aware Mobile Pedestrian Navigation Sys-
tems. In: Proceedings of the 8th Conference on Human-Computer Interaction with Mobile Devices and Services, 2006. 105-8. https://doi.
org/10.1145/1152215.1152237

Robertson J, Kaptein M. Modern Statistical Methods for HCl. Cham: Springer International Publishing. 2016. https://doi.
org/10.1007/978-3-319-26633-6

Kaplan K. Facilitating an effective design studio workshop. Nielsen Norman Group. 2017.

Caine K. Local Standards for Sample Size at CHI. In: Proceedings of the 2016 CHI Conference on Human Factors in Computing Systems, 2016.
981-92. https://doi.org/10.1145/2858036.2858498

McDonald N, Schoenebeck S, Forte A. Reliability and inter-rater reliability in qualitative research: norms and guidelines for CSCW and HCI prac-
tice. Proceedings of the ACM on human-computer interaction. 2019;3(CSCW):1-23.

Denis M, Pazzaglia F, Cornoldi C, Bertolo L. Spatial discourse and navigation: an analysis of route directions in the city of Venice. Appl Cognit
Psychol. 1999;13(2):145-74. https://doi.org/10.1002/(sici)1099-0720(199904)13:2<145::aid-acp550>3.0.c0;2-4

Robinson S, Jones M, Eslambolchilar P, Murray-Smith R, Lindborg M. “I did it my way”: moving away from the tyranny of turn-by-turn pedestrian
navigation. In: Proceedings of the 12th international conference on Human computer interaction with mobile devices and services - MobileHCI '10.
Lisbon, Portugal: ACM Press; 2010. 341—4. https://doi.org/10.1145/1851600.1851660

PLOS One | https://doi.org/10.1371/journal.pone.0340711 March 23, 2026 21/21



https://doi.org/10.1016/0010-0277(84)90024-6
http://www.ncbi.nlm.nih.gov/pubmed/6543162
https://doi.org/10.1177/001872089103300107
https://doi.org/10.1177/154193129403800105
https://doi.org/10.1177/0018720812439413
http://www.ncbi.nlm.nih.gov/pubmed/22908682
https://doi.org/10.1007/s10708-007-9111-y
https://doi.org/10.1007/s10708-007-9111-y
https://doi.org/10.1145/2629592
https://doi.org/10.1007/978-3-642-44927-7_39
https://doi.org/10.1007/978-3-642-44927-7_39
https://doi.org/10.1016/j.trc.2018.07.019
https://doi.org/10.3141/2351-11
https://doi.org/10.1080/14616688.2019.1696883
https://doi.org/10.1016/j.tree.2009.03.017
http://www.ncbi.nlm.nih.gov/pubmed/19586682
https://doi.org/10.1641/B580303
https://doi.org/10.1007/978-3-030-58278-4_8
https://doi.org/10.1080/13875868.2023.2170802
https://doi.org/10.1080/13875868.2023.2170802
https://doi.org/10.1109/vrais.1995.512478
https://doi.org/10.1145/3474085.3475509
https://doi.org/10.1007/978-3-642-12654-3_5
https://doi.org/10.1145/1152215.1152237
https://doi.org/10.1145/1152215.1152237
https://doi.org/10.1007/978-3-319-26633-6
https://doi.org/10.1007/978-3-319-26633-6
https://doi.org/10.1145/2858036.2858498
https://doi.org/10.1002/(sici)1099-0720(199904)13:2<145::aid-acp550>3.0.co;2-4
https://doi.org/10.1145/1851600.1851660

