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Abstract
Rapid technological development has rendered human behavior increasingly “au-
tomated”; through turn-by-turn navigation, individuals can efficiently reach
destinations via optimal routes. However, such a highly efficient wayfinding
approach may engender a weakening of spatial memory. Extensive research
demonstrates that turn-by-turn navigation assistance is detrimental to spatial
knowledge acquisition, motivating researchers to either enhance existing turn-
by-turn navigation systems or devise novel navigation solutions. Building upon
these efforts, this paper proposes a theoretical model delineating the influence
of turn-by-turn navigation assistance on spatial memory and offers pertinent
recommendations for its improvement. Future investigations should refine mea-
surement methodologies for spatial knowledge in large-scale environments, eluci-
date the neural mechanisms underlying the spatial memory degradation caused
by turn-by-turn navigation assistance, consider individual difference factors to
construct a more comprehensive explanatory framework, and develop innovative
navigation systems that concurrently optimize wayfinding efficiency and spatial
knowledge acquisition.
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Abstract: The rapid development of science and technology has made human
behavior increasingly “automated.” Turn-by-turn navigation enables people to
reach their destinations quickly by following correct routes. However, such an
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efficient wayfinding method may come at the cost of weakened spatial mem-
ory. Numerous studies have shown that turn-by-turn navigation impedes the
acquisition of spatial knowledge, prompting researchers to improve turn-by-turn
navigation or design new navigation systems. Building on this foundation, this
paper proposes a model of how turn-by-turn navigation affects spatial memory
and offers recommendations for improvement. Future research should refine
measurement methods for spatial knowledge in large-scale environments, inves-
tigate the neural mechanisms underlying the spatial memory deficits caused by
turn-by-turn navigation, examine individual factors to construct a more com-
prehensive explanatory framework, and develop new navigation systems that
balance wayfinding efficiency with spatial knowledge acquisition.

Keywords: turn-by-turn navigation, navigation aids, spatial memory

1 Introduction
Navigation refers to an individual’s ability to plan a route and reach a destina-
tion through spatial movement (Ishikawa et al., 2008). In ancient times, people
relied on methods such as the position of the sun or Polaris, or the growth
patterns of plants to find their way, expending considerable time and effort to
arrive at their destinations. As science and technology advance rapidly, naviga-
tion aids have become ubiquitous in daily life, such as various devices equipped
with Global Positioning System (GPS) (Gardony et al., 2015). GPS-based mo-
bile navigation assistance systems can improve wayfinding efficiency (Hergan &
Umek, 2017), greatly facilitating people’s lives.

In modern society, people generally no longer need to master these traditional
wayfinding skills; they can simply follow navigation instructions to reach their
destinations easily. While navigation systems help individuals arrive at destina-
tions faster, they also reduce the mental effort required for wayfinding (Brügger
et al., 2018), making it difficult for individuals to learn the spatial structure of
the environment (Münzer et al., 2012). The long-term negative effects of using
navigation systems outweigh the benefits of having a good sense of direction
and mental rotation ability (Ishikawa, 2019), and the resulting cost may be
impaired spatial memory of the environment. Spatial memory representation
in large-scale environments consists of three components: landmark knowledge,
route knowledge, and survey knowledge. Landmark knowledge primarily refers
to salient locations in the environment; routes connect these landmarks as ex-
ternal reference points, so route knowledge consists of a series of points; survey
knowledge refers to concepts about the structure of landmarks and routes in a
map-like environment, linking everything together to form a spatial relational
representation (Siegel & White, 1975). During navigation, route knowledge re-
quires less cognitive effort than survey knowledge (Van Asselen et al., 2006).
Route knowledge enables people to travel from one location to another along
known paths, while survey knowledge includes structural information that al-
lows people to discover shortcuts between locations and explore new routes
(Chrastil & Warren, 2012). Navigation aids are primarily used to guide peo-
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ple to specific destinations in unfamiliar environments (Münzer et al., 2012)
and can be categorized into turn-by-turn navigation, non-turn-by-turn naviga-
tion (Kuo et al., 2023), and paper maps. Most current navigation software
employs turn-by-turn navigation, such as Amap and Baidu Maps. This paper
systematically reviews research on the effects of turn-by-turn navigation aids
on spatial memory. Current research can be divided into two aspects: com-
paring turn-by-turn navigation aids with paper maps to explore their impact
on spatial knowledge acquisition, and designing new navigation assistance sys-
tems different from turn-by-turn navigation to improve and innovate traditional
approaches.

2 Negative Effects of Turn-by-Turn Navigation
Turn-by-turn navigation provides instructions based on turning points, with
routes being completely predefined (Mazurkiewicz et al., 2023). Instructions
generally include turning direction and distance information, though sometimes
only turning direction is provided. A typical turn-by-turn navigation instruction
is “turn left after 300 meters.” The characteristic of turn-by-turn navigation is
its implementation on mobile devices using GPS technology, enabling real-time
updates of the individual’s current location. This differs from paper maps (Fig-
ure 1 [Figure 1: see original paper]), traditional navigation aids based on pa-
per and printing technology that are static and lack interactivity (Ding, 2015).
Turn-by-turn navigation can utilize different interface technologies to convey
instructions, such as Augmented Reality (AR). Accordingly, turn-by-turn nav-
igation can be divided into GPS-based 2D mobile maps and GPS-based AR
mobile maps (Huang et al., 2012; Mazurkiewicz et al., 2023) (Figure 2 [Figure
2: see original paper]).

Figure 1 A4 paper map at approximately 1:2000 scale, with red text and arrows
not shown to participants (Source: Sugimoto et al., 2022)
Figure 2 GPS-based 2D mobile map (left) and GPS-based AR mobile map
(right) (Source: Mazurkiewicz et al., 2023; Qiu et al., 2023)

2.1 Does Turn-by-Turn Navigation Weaken Spatial Memory?

Most research indicates that using turn-by-turn navigation impedes the forma-
tion of spatial memory. Hejtmánek et al. (2018) found that turn-by-turn naviga-
tion hinders individuals’ acquisition of spatial knowledge. In their experiment,
participants performed a there-and-back navigation task in a virtual city with
eye-tracking, revealing that the more time individuals spent on the GPS map
during learning, the worse their navigation performance, pointing accuracy, and
delayed spatial knowledge during recall. Fenech et al. (2010) had one group of
participants drive with acoustic turn-by-turn navigation while another group
drove without navigation assistance. After the simulated driving, participants
completed a scene recognition paradigm, showing that the no-assistance group
had better scene recognition ability than the turn-by-turn navigation group, in-
dicating that using navigation systems while driving causes inattentional blind-
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ness, preventing individuals from “seeing” features of the surrounding environ-
ment. In Gardony et al.’s (2013) experiment, participants navigated a virtual
wayfinding task using verbal voice instructions (e.g., “slight left, 400 feet”), tonal
instructions (a synthesized tone played from a 90-degree azimuth when the turn
was “right,” with volume increasing as distance decreased), or no assistance
(control group), followed by landmark recall, map drawing, and pointing tasks.
Results showed that although both verbal voice and tonal instructions improved
navigation efficiency, they still weakened participants’ spatial memory to some
extent compared to the control group.

Similar findings emerge when compared to paper maps. For instance, in Xu et
al.’s (2022) study, participants completed navigation tasks at a university using
a mobile map without instructions, a paper map, and a mobile map with voice
instructions. Results showed that mobile maps had higher wayfinding efficiency
than paper maps, yet route memory acquired using the instruction-free mobile
map was worse than that from paper maps. However, there were no significant
differences among the three conditions in landmark knowledge or survey knowl-
edge. Sugimoto et al. (2022) required people to learn an urban environment
using mobile phone maps and paper maps, finding that individuals using mobile
phone maps had lower landmark recognition scores and worse route backtrack-
ing performance, though no significant differences in scene recognition. This
differs from Fenech et al. (2010), possibly because the number of scenes par-
ticipants needed to recognize varied, creating differences in task difficulty—11
scenes in the former study versus 22 in the latter. Ishikawa et al. (2008) assigned
participants to wayfinding tasks in a residential area using paper maps, turn-
by-turn navigation, or direct experience, followed by estimating the direction to
the starting point and drawing a map. Results showed that the turn-by-turn
navigation group had larger direction estimation errors and lower map accu-
racy than the direct experience group, but no differences from the paper map
group. Ben-Elia (2021) required drivers to navigate a route in an urban residen-
tial area using either a paper map or Google Maps’ audiovisual turn-by-turn
navigation, finding that drivers who memorized the paper map beforehand had
better landmark recognition than those following audiovisual turn-by-turn nav-
igation, with no significant differences in route or survey knowledge. However,
Kelly (2022) found that turn-by-turn navigation did not affect route memory in
virtual environments. The learning group received turn-by-turn navigation in
all four driving simulations, while the test group used turn-by-turn navigation
in the first two simulations and then completed route backtracking tasks in the
subsequent two simulations. After 48 hours, all participants underwent a final
test. Results showed that route knowledge acquired by repeatedly following
turn-by-turn navigation (learning group) was not worse than that of individuals
who initially received turn-by-turn navigation help but later retrieved routes
from memory (test group).

In summary, regarding landmark knowledge, some studies show that landmark
knowledge acquired using 2D mobile maps is worse than that from paper maps
(Ben-Elia, 2021; Fenech et al., 2010; Sugimoto et al., 2022), while others show
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no significant differences (Xu et al., 2022; Yount et al., 2022). This may be
due to different numbers of landmarks selected for landmark recognition tasks;
smaller numbers may produce ceiling effects, reducing task discriminability. For
example, Xu (2022) used only three landmarks for recognition, while Sugimoto
(2022) asked participants to remember as many landmarks as possible along the
route, such as convenience stores and traffic lights, with some studies using up
to 22 landmarks (Fenech et al., 2010). Regarding route knowledge, some studies
show no differences between paper maps and 2D mobile maps (Ben-Elia, 2021;
Kelly et al., 2022; Yount et al., 2022), while others show paper maps are superior
(Sugimoto et al., 2022; Xu et al., 2022). Differences in results may stem from ex-
perimental environments generally being unfamiliar to participants. Compared
to walking navigation, driving requires avoiding collisions and thus demands
more attentional resources, reducing the distracting effect of mobile navigation
devices. This may lead to similar route memory when using 2D mobile maps
versus paper maps while driving. Regarding survey knowledge, mobile maps hin-
der spatial memory formation (Hejtmánek et al., 2018) and are inferior to paper
maps (Ishikawa et al., 2008; Yount et al., 2022), though some studies show no
significant differences (Ben-Elia, 2021; Xu et al., 2022). The reason may be that
methods such as distance estimation, time estimation, and pointing estimation
cannot comprehensively assess individuals’ memory of environmental structure
(Ben-Elia, 2021; Xu et al., 2022). Therefore, despite differences among studies,
turn-by-turn navigation is either inferior to paper maps or direct experience in
spatial knowledge acquisition, or shows no significant difference.

When researchers found that GPS-based 2D mobile maps yielded poorer spa-
tial knowledge than paper maps or direct experience, they hoped to use new
technologies to compensate for the shortcomings of turn-by-turn navigation.
Augmented Reality (AR) refers to the integration of digital information with
the real world, presenting virtual and real content in real time, where the phys-
ical environment is part of the individual’s AR experience (Rauschnabel et al.,
2022). AR maps display virtual routes based on the real world.

Dong et al. (2021) required participants to complete wayfinding tasks at a uni-
versity using either AR maps or 2D mobile maps, finding that both map types
had comparable wayfinding efficiency, but map drawing results showed that
using AR maps made it more difficult to form clear route memories. This sug-
gests that AR maps produce worse survey knowledge than 2D mobile maps.
However, Qiu et al. (2023) conducted a similar study where participants used
Baidu Maps (including both AR and 2D mobile map modes) to travel from a
starting point to a destination at a university. Participants completed scene
recognition and orientation judgment tasks, scene-sequencing tasks, and config-
urational representation tasks. Results showed that 2D mobile maps had better
navigation efficiency than AR maps, while AR maps were superior in landmark
and route knowledge. However, there was no difference between 2D mobile maps
and AR maps in survey knowledge acquisition. Some researchers systematically
compared paper maps, electronic maps (E-maps, similar to 2D mobile maps),
and AR maps in a virtual environment (Yount et al., 2022). In the paper map
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condition, individuals studied the map before driving and could also refer to
it while driving. In the electronic map condition, a small map displayed on
the dashboard updated in real time based on the driver’s location, providing
turn instructions (e.g., “turn right at the next intersection”). In the AR map
condition, a green route appeared on the road with floating arrows at turning
points indicating direction. After completing the navigation task, participants
performed landmark recognition, landmark ordering, and map selection tasks
(choosing from ten maps, one perfectly matching the environment and nine con-
taining one to nine errors). Results showed no significant differences among
the three navigation aid types in landmark or route knowledge, but map se-
lection errors were significantly fewer when using paper maps than AR maps,
with no significant differences for electronic maps. However, one study found no
differences among 2D mobile maps, AR maps, and voice navigation in spatial
knowledge acquisition (Huang et al., 2012). Notably, the 2D mobile map used
in that study did not provide turn-by-turn navigation but instead displayed a
virtual green route, and voice navigation provided auditory instructions con-
taining semantic information (“go straight, pass the theater, then walk to the
intersection”) rather than simple turn-by-turn commands (“turn left”).

Overall, for landmark and route knowledge, AR maps may be superior to 2D mo-
bile maps (Qiu et al., 2023), though some studies show no significant differences
(Yount et al., 2022). This discrepancy may stem from different experimental
environments: the former based on real-life settings and the latter using virtual
environments, where AR maps may have advantages in complex real-world set-
tings. Additionally, in Yount et al.’s (2022) study, the landmark recognition
test included only two new landmark images and eight old ones, potentially
yielding high accuracy across all participants. For survey knowledge, AR maps
may be inferior to 2D mobile maps (Dong et al., 2021) or show no significant
difference (Qiu et al., 2023; Yount et al., 2022). This may relate to different
task types: the former used sketch drawing tasks, while others used landmark
placement or map selection tasks. Sketch drawing tasks require participants
to recall and draw cognitive maps, more effectively reflecting acquired survey
knowledge. Therefore, whether AR maps or 2D mobile maps are superior for
spatial knowledge acquisition remains controversial.

2.2 Why Does Turn-by-Turn Navigation Weaken Spatial Memory?

Turn-by-turn navigation automates certain cognitive processes, preventing deep
information processing and making it difficult to form stable spatial memory.
Successful navigation first requires determining one’s location in space and orien-
tation, then planning and executing a route based on the destination’s location
(Ishikawa et al., 2008). Therefore, encoding, storing, and recognizing environ-
mental visual details are crucial parts of wayfinding (Afrooz et al., 2018). Us-
ing paper maps for wayfinding requires actively processing, transforming, and
memorizing spatial information (Münzer et al., 2012), intentionally engaging in
spatial orientation (Ishikawa, 2019), expending additional active effort (Münzer
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et al., 2006), and making decisions to determine routes. However, turn-by-turn
navigation actively takes over these information processing steps, providing only
the answer. For example, mobile navigation systems provide positioning infor-
mation, eliminating the need for self-orientation (Xu et al., 2022) and reducing
motivation to acquire spatial knowledge since such knowledge is no longer nec-
essary for reaching the destination (Krüger et al., 2004). Using paper maps
requires mental rotation to determine correct turning directions, a process elim-
inated by mobile maps (Yount et al., 2022). Turn-by-turn navigation also takes
over decision-making processes, transforming individuals from route planners to
instruction followers. When using paper maps, individuals as decision-makers
must understand spatial relationships between their current location and en-
vironmental landmarks, establishing relationships between their body and the
environment and making specific turning decisions, processing information at a
deeper level. However, when using turn-by-turn navigation, following instruc-
tions is reactive, with individuals adopting an egocentric perspective without
needing to represent the environment (Bakdash et al., 2008; Burnett & Lee,
2005). Research shows that increased route decision-making promotes survey
knowledge acquisition (Lu et al., 2021); therefore, navigation systems should
return route decision-making authority to individuals.

The way turn-by-turn navigation presents spatial information is not conducive to
learning environmental structure or acquiring survey knowledge. Paper maps
present spatial information in a non-centered, global representation, directly
showing environmental structure and spatial relationships between locations,
helping individuals understand environmental structure (Münzer et al., 2006,
2012). However, turn-by-turn instructions are incompatible with how individ-
uals naturally process spatial information; people do not execute instructions
one by one in isolation but integrate information, spontaneously learning spa-
tial structure and building cognitive maps during wayfinding (Schwering et al.,
2017). Furthermore, turn-by-turn navigation interfaces present information con-
sistent with the individual’s perspective, facilitating wayfinding, but environ-
mental structure information is either not presented at all or presented incom-
pletely (Münzer et al., 2006, 2012), eliminating the necessity of integrating spa-
tial information. This may cause individuals using turn-by-turn navigation to
adopt visually dominant strategies, while those using paper maps tend to adopt
spatially dominant strategies. In visually dominant strategies, wayfinding de-
cisions are based on visually identified decision points (e.g., landmarks) along
the route, but these decision points are not integrated into a global represen-
tation. In spatially dominant strategies, individuals represent the environment
as a global map from the outset (Aginsky et al., 1997). This may explain why
paper maps may yield better survey knowledge.

Turn-by-turn navigation reduces individual-environment interaction through
distraction, hindering spatial knowledge acquisition. Wayfinding is the pro-
cess of gathering information from the built environment to understand one’s
location relative to the destination and how to get there (Woyciechowicz &
Shliselberg, 1903). Drivers using paper maps pay more attention to the driv-
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ing environment (Burnett & Lee, 2005), whereas following simple turn-by-turn
navigation instructions makes attention to navigation-relevant environmental
features unnecessary (Gramann et al., 2017). GPS navigation may reduce envi-
ronmental contact and gradually disconnect individuals from the environment
(Leshed et al., 2008). Specifically, individuals focus attention on GPS navigation
(Hejtmánek et al., 2018), reducing spatial exploration behavior and consequently
decreasing spatial knowledge acquisition (Schade et al., 2023). Since turn-by-
turn instructions provide turning commands based on distance determined by
the individual’s current location and the next intersection, and the interface
updates the individual’s position in real time, instructions repeatedly remind
individuals of the remaining distance. Therefore, individuals must attend to
constantly updating information on the screen (Ishikawa et al., 2008), dividing
attention between the mobile device and the environment (Willis et al., 2009).
This attentional division conflicts with spatial information integration (Huston
& Hamburger, 2023), hindering spatial memory formation. Turn-by-turn nav-
igation is typically used on mobile devices, and research shows that the mere
presence of navigation aids impairs spatial memory even without secondary
tasks, but this effect is not exacerbated when secondary tasks are present (i.e.,
when attention is divided), suggesting that navigation devices themselves are
sufficiently distracting (Gardony et al., 2015). In summary, researchers have con-
ducted in-depth theoretical discussions on why turn-by-turn navigation weakens
spatial memory, but most discussions remain at the theoretical level, and future
research should provide empirical support with data.

3 Approaches to Improving Turn-by-Turn Navigation
Built-in GPS navigation systems in cars and pre-installed applications on most
smartphones (e.g., Google Maps) are currently common navigation aids (Huston
& Hamburger, 2023). Research shows that turn-by-turn navigation impairs
individuals’ spatial memory (Hejtmánek et al., 2018; Qiu et al., 2023; Lanini-
Maggi et al., 2023; Yount et al., 2022; Xu et al., 2022). As GPS navigation
use increases, individuals’ spatial cognitive abilities may decline, potentially
affecting their independence, autonomy, and quality of life (Gramann et al.,
2017). Consequently, many researchers have begun proposing new navigation
systems to promote spatial knowledge acquisition. These different navigation
systems are called non-turn-by-turn navigation.

3.1 Improving Instructional Information: Landmark-Based Naviga-
tion

Environmental legibility refers to the clarity of urban landscapes (Kumar et
al., 2023), comprising five components: landmarks, paths, nodes, edges, and
districts (Lynch, 1964). Research shows that landmarks increase environmen-
tal legibility, helping individuals recognize the built environment. Routes with
internal or external landmarks are easier to remember than those without, and
individuals remember nodes with landmarks more accurately than those without
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(Ahmadpoor et al., 2021). A legible city has clear spatial structure and physi-
cal form, enabling individuals to orient and navigate relatively easily, thereby
forming clear cognitive maps (Taylor, 2009). Landmarks are the primary urban
image in cognitive maps (Erçevik Sönmez & Erinsel Önder, 2019), and setting
prominent landmarks can clarify environmental structure, making it easier for
individuals to acquire spatial knowledge. Landmarks should have three charac-
teristics: visual distinctiveness, referring to objective features that differ physi-
cally from the surroundings; inferred distinctiveness, related to structure or form
that makes them stand out; and functional distinctiveness, referring to salience
related to individuals’ goals or sub-goals (May & Ross, 2006). Landmark-based
navigation is characterized by instructions containing salient landmark informa-
tion. Compared to simple turn-by-turn instructions (e.g., “turn right after 100
meters”), instructions containing landmark information (e.g., “please turn right
at the concert hall, where you can listen to concerts”) can effectively improve
individuals’ spatial knowledge (Gramann et al., 2017; Wunderlich et al., 2023).

Researchers have conducted a series of studies on the role of landmarks in
navigation. One study used spontaneous blinks as event markers in continu-
ously recorded EEG data to assess cognitive load during mobile map navigation
tasks, finding that mobile maps with a moderate number of landmarks (i.e.,
five) may be the optimal choice for supporting spatial learning without exces-
sively consuming attentional resources (Cheng et al., 2023). Displaying realistic
3D landmark symbols at intersections may help individuals remember routes
in urban environments better than abstract 3D landmark symbols (Kapaj et
al., 2022). Intersections with landmarks are more likely to be accurately rep-
resented by individuals than those without landmarks (Ahmadpoor & Smith,
2020). Using holographic images to display virtual semantic landmarks in indoor
environments helps acquire landmark knowledge (Liu et al., 2021). Providing
virtual global landmarks in navigation environments can promote the formation
of mental maps (Liu et al., 2022). Good landmarks can significantly increase in-
dividuals’ confidence before turning, while using distance information to locate
turning points leads more people to look at the display (May & Ross, 2006).
EEG evidence shows that highlighting landmark information in navigation in-
structions promotes significant long-term spatial learning effects (Wunderlich
& Gramann, 2018). Therefore, the presence of landmarks in the environment
helps individuals acquire more accurate spatial knowledge.

In Lakehal et al.’s (2023) study, landmark-based navigation used GPS to track in-
dividuals’ current locations, displaying navigation instructions containing land-
mark information when they approached decision points (e.g., “turn right when
you see the bus stop; 20 meters”). Participants completed pedestrian naviga-
tion tasks in residential areas using smartphones or AR glasses. Results showed
that AR glasses enabled better memory for landmarks and routes. Note that
this experiment examined how different interactive devices (smartphones and
AR glasses) affect spatial knowledge acquisition in landmark-based pedestrian
navigation but did not compare landmark navigation with turn-by-turn naviga-
tion. Some researchers have compared turn-by-turn navigation instructions with
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landmark navigation instructions (Wunderlich & Gramann, 2021b). The exper-
iment required individuals to navigate along predetermined routes following
auditory navigation instructions. Turn-by-turn instructions were: “turn right
at the next intersection.” Short landmark instructions simply named landmarks:
“turn right at the bookstore.” Long landmark instructions provided additional
semantic information about landmarks: “turn right at the bookstore, where
public reading sessions are held every week.” Two weeks later, participants com-
pleted a cued-recall task, recognizing landmarks while judging route directions
based on landmark locations. Results showed that both short and long land-
mark instructions yielded better landmark and route knowledge than turn-by-
turn instructions. Similarly, one study compared reference-based (or landmark)
navigation, orientation-based navigation, and turn-by-turn navigation based on
2D and AR maps (Kuo et al., 2023). Participants used one of these methods
to complete two navigation tasks: an assisted navigation task with continuous
navigation aid support, followed by a pointing task after reaching the desti-
nation and returning to the start; and an independent navigation task where
participants could only ask the navigation system via a virtual phone when con-
fused, finally marking the destination on a virtual city map. Results showed
that individuals using landmark navigation could locate destinations with high
accuracy compared to those using both types of turn-by-turn navigation, in-
dicating that landmark navigation helps acquire survey knowledge. Moreover,
landmark navigation’s wayfinding efficiency in the independent navigation task
was comparable to turn-by-turn navigation and was the only navigation system
where participants spent less time in the independent navigation task than in
the assisted navigation task, suggesting that landmark navigation enables indi-
viduals to acquire sufficient spatial knowledge and enhances their independent
navigation ability. Schwering’s (2017) oriented path following is essentially sim-
ilar to landmark navigation; its direction instructions (e.g., “walk toward the
city center”; “turn left at the supermarket, circle around the city center”) high-
light landmark information, and research shows that people can acquire survey
knowledge through appropriate oriented path following navigation.

In summary, landmark navigation may match turn-by-turn navigation in
wayfinding efficiency, though more research is needed. Landmark navigation
may be superior to turn-by-turn navigation in spatial knowledge acquisition.
One study using mobile EEG recorded participants’ brain activity during urban
navigation while they received either voice turn-by-turn navigation or voice
landmark navigation. Results showed that compared to participants receiving
turn-by-turn instructions, those receiving landmark instructions showed higher
EEG amplitude values in fronto-central leads within a 300-millisecond time
window after blinking, and subsequent spatial tasks also improved, indicating
that following landmark instructions involves higher-level cognitive processes
and deeper processing of existing information (Wunderlich & Gramann,
2021a). Future research should continue to compare landmark navigation with
turn-by-turn navigation, considering how to improve landmark navigation’s
wayfinding efficiency and apply it to mobile devices.
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3.2.1 Enhancing Sensory Modalities Beyond Vision

In addition to landmark navigation, researchers have designed other naviga-
tion types to improve or replace turn-by-turn navigation. Some studies aim to
adjust how individuals receive information by enhancing sensory modalities be-
yond vision to promote spatial memory formation. For example, Clemenson et
al. (2021) proposed a sensory augmentation-based GPS navigation system using
a 3D spatial audio system similar to an auditory compass, enabling individuals
to reach destinations without explicit instructions and encouraging active par-
ticipation in spatial navigation. Results showed that compared to turn-by-turn
navigation, auditory compass navigation stimulated more exploration behavior
and formed more accurate cognitive maps. Similar approaches include tactile
feedback for pedestrian navigation systems, which provide route instructions
through vibration patterns, allowing individuals to receive instructions without
vision and thus pay more attention to the environment (Pielot et al., 2012),
and tactile foot feedback navigation systems for blind and visually impaired
individuals (Velázquez et al., 2018).

3.2.2 Enhancing Autonomy in Navigation

Promoting spatial knowledge acquisition by returning to individuals the free-
dom to explore environments and plan routes. One study designed a Potential
Route Area Navigation (PRA) interface based on dynamic potential route areas
containing all possible routes individuals would accept, allowing them to freely
choose and change routes. Results showed that compared to traditional turn-
by-turn navigation represented by Google Maps, PRA navigation significantly
improved both spatial knowledge acquisition and user experience (Huang et al.,
2022). Similar to this is Mazurkiewicz’s (2023) Free Choice Navigation, whose
core idea is to give individuals more freedom rather than providing predefined
routes, requiring individuals to make decisions at intersections and thus become
more engaged with the environment. However, research results show little dif-
ference between free choice navigation and turn-by-turn navigation in spatial
knowledge acquisition.

3.2.3 Applying Augmented Reality Technology

Using augmented reality technology to improve turn-by-turn navigation.
Quadcopter-Projected In-Situ Navigation uses AR technology with projector-
equipped quadcopters to present navigation instructions directly in the
environment, thereby enhancing individuals’ ability to observe points of inter-
est in the real world (Knierim et al., 2018). In summary, besides improving
instructional information, turn-by-turn navigation can be enhanced through
other sensory channels, increasing individuals’ environmental exploration
behavior, or other methods. However, new navigation systems may not match
turn-by-turn navigation in wayfinding efficiency (Knierim et al., 2018), and
future research should focus on how to promote spatial knowledge acquisition
while improving wayfinding efficiency.
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4 Summary and Outlook
Regarding the effects and mechanisms of turn-by-turn navigation on spatial
memory, research results often differ due to variations in experimental environ-
ments (urban residential areas, university campuses, or virtual environments),
methods for measuring spatial knowledge, and participant populations (college
students, drivers, or other groups). However, it is certain that turn-by-turn
navigation use weakens some aspect of spatial knowledge (landmark knowledge,
route knowledge, or survey knowledge). This paper also discusses improvements
to turn-by-turn navigation systems, including new navigation systems such as
landmark navigation and potential route area navigation. These new systems
effectively promote spatial knowledge acquisition compared to turn-by-turn nav-
igation but may be lacking in wayfinding efficiency, offering hope for further
improvement to become alternatives to turn-by-turn navigation.

4.1 A Model of Turn-by-Turn Navigation’s Effects on Spatial Memory

Based on current research findings (Ahmadpoor et al., 2021; Dong et al., 2021;
Parush et al., 2007; He & Hegarty, 2020; Ishikawa et al., 2008; Leshed et al.,
2008; Schwering et al., 2017), this paper proposes a model of how turn-by-turn
navigation affects spatial memory, focusing on explaining the impact of turn-by-
turn navigation on spatial memory and examining other navigation aids such as
paper maps and landmark navigation (Figure 3 [Figure 3: see original paper]).

Figure 3 Model of turn-by-turn navigation’s effects on spatial memory

4.1.1 Individual Differences in GPS Turn-by-Turn Navigation Indi-
vidual differences can be divided into three categories of factors. Stable, un-
changeable factors such as gender and age are inherent individual character-
istics. Relatively stable but changeable factors have some plasticity and can
be improved through training, such as sense of direction, spatial perspective-
taking ability, mental rotation ability, and spatial anxiety. Factors related to
individual experience concern life experiences and habits, such as video game
experience, GPS navigation dependence, and GPS usage.

The likelihood of using GPS navigation decreases with age. A survey of 456
healthy adults aged 25 to 84 found that age negatively predicted GPS navigation
use, while visuospatial working memory positively predicted GPS navigation
use (Muffato et al., 2022). This may be because the study’s age span was large,
and individuals with better visuospatial working memory were more likely to
actively use technological aids. Regarding gender differences, overall, males
show significant advantages in spatial navigation ability (Nazareth et al., 2019;
Zhang et al., 2023). Males have better sense of direction, mental rotation ability,
and spatial perspective-taking ability, and lower spatial anxiety (He & Hegarty,
2020; Ishikawa, 2019; Ruginski et al., 2019). Miola et al. (2023) found that
in males, spatial self-efficacy (wayfinding self-efficacy and sense of direction)
mediated the relationship between growth mindset and orientation behavior.
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Believing in one’s wayfinding ability can improve self-efficacy, leading to more
environmental exploration and less GPS use. In females, while this indirect
effect remained significant, unlike males, the direct relationship between growth
mindset and GPS use and exploration tendency was no longer significant. This
suggests that women’s GPS use and environmental exploration tendencies are
more influenced by spatial self-efficacy than directly by growth mindset.

Sense of direction refers to the perception and determination of current orien-
tation (Xu et al., 2010), typically measured using the Santa Barbara Sense of
Direction Scale (Hegarty, 2002). Individuals with a good sense of direction are
more likely to integrate landmark and route knowledge into survey knowledge
(Wen et al., 2011) and produce more accurate sketch maps (Dong et al., 2021).
Research shows that in independent navigation tasks, participants with bet-
ter sense of direction completed tasks faster. However, when participants used
landmark navigation rather than turn-by-turn navigation in assisted navigation
tasks, even those with poor sense of direction had similar task completion times
as those with good sense of direction (Kuo et al., 2023). This suggests that
landmark navigation can help people with weaker sense of direction improve
wayfinding efficiency to some extent, while turn-by-turn navigation cannot pro-
vide this assistance.

He and Hegarty (2020) also examined the role of spatial anxiety. Model fit-
ting results showed that individuals with higher spatial anxiety were less likely
to actively explore the environment, more dependent on GPS navigation, and
consequently had poorer navigation ability (sense of direction). Conversely,
individuals with better sense of direction had lower spatial anxiety, less depen-
dence on GPS, and greater tendency to explore the environment. Ruginski et
al. (2019) explored the effects of mental rotation and perspective-taking. Af-
ter controlling for navigation ability (sense of direction), mental rotation and
perspective-taking abilities jointly mediated the effect of GPS use on environ-
mental learning (virtual SILCton task). This suggests that long-term GPS
use negatively affects environmental learning indirectly by reducing mental ro-
tation and perspective-taking abilities. However, when mental rotation and
perspective-taking jointly predicted GPS use, which then predicted environ-
mental learning ability, model fit was consistent with the former. Thus, the
causal relationship between GPS use and individual navigation ability seems
difficult to determine. One possibility is that navigation is a “use it or lose it”
skill (McKinlay, 2016), and abandoning autonomous navigation in favor of GPS
assistance may lead to navigation ability degradation. Ishikawa’s (2019) model
showed that although mental rotation ability positively predicted wayfinding
efficiency and sense of direction negatively predicted pointing errors, long-term
in-car navigation system use affected individuals’ spatial memory to a greater
extent, with negative effects potentially outweighing benefits from better sense
of direction and higher mental rotation ability. A longitudinal study (Dahmani
& Bohbot, 2020) found no significant correlation between poor sense of direc-
tion and increased GPS use time, suggesting that frequent GPS users may not
use it because of poor sense of direction; individuals accustomed to GPS navi-
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gation showed poorer spatial memory when completing independent navigation
tasks. This provides further evidence for a causal relationship between GPS use
and poor spatial memory. However, with a sample size of only 13, this conclu-
sion should be viewed cautiously. Although using GPS navigation may lead to
poorer spatial memory compared to other navigation aids, making individuals’
navigation performance worse in real-world independent navigation tasks (Sugi-
moto et al., 2022), most studies are cross-sectional and cannot reflect the effects
of long-term GPS use on navigation ability.

Over-reliance on navigation systems may cause individuals to become “indiffer-
ent” to the environment, unable to develop wayfinding and orientation skills,
and unable to acquire spatial knowledge that may be needed when navigation
systems fail (Parush et al., 2007). However, gaming experience may help miti-
gate negative effects of GPS dependence. Research shows that participants with
higher GPS dependence scores spent more time and effort observing and mem-
orizing targets and their surroundings in target-finding tasks. However, gaming
time moderated this effect, with high-frequency gamers showing less negative
impact than non-frequent gamers (Yan et al., 2022). Yavuz et al. (2024) used
multiple linear regression to analyze the effects of gender, GPS navigation depen-
dence, and weekly video game time on wayfinding distance in the Sea Hero Quest
task. Results showed no significant correlation between GPS dependence and
wayfinding distance, indicating that GPS dependence does not lead to poorer
wayfinding performance. Longer weekly video game time was associated with
shorter wayfinding distance, while gender effects were not significant. However,
when game time was not considered, gender effects were significant, with males
showing better navigation performance. This suggests that video game experi-
ence may have a stronger effect on navigation performance than gender. It also
indicates that GPS navigation dependence is not always negatively correlated
with spatial navigation ability. The reason may be that target-finding tasks
reflect mental rotation ability, while the Sea Hero Quest task focuses more on
assessing spatial navigation skills. Notably, although Yavuz et al.’s (2024) task
more effectively reflects individual spatial navigation ability, it is essentially
in video game form, differing greatly from real navigation environments and
being influenced by individual gaming experience. Therefore, future research
should use tasks with more realistic environments to study the effects of GPS
navigation dependence.

Additionally, environmental familiarity may moderate the relationship between
sense of direction and GPS turn-by-turn navigation use. People familiar with
environments typically draw more landmarks in sketch map tasks (Zhu et al.,
2022) and have clearer representations of environmental structure. Research
shows that individuals with poor sense of direction are more likely to use GPS
for turn-by-turn navigation. However, as environmental familiarity increases,
GPS turn-by-turn navigation use decreases (Topete et al., 2024).
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4.1.2 Cognitive Mechanisms of Turn-by-Turn Navigation’s Effects on
Spatial Memory Because individuals must check instruction information and
current location, using turn-by-turn navigation may cause frequent shifts of at-
tention from the external environment to the mobile device. This attentional
division may prevent individuals from adequately acquiring environmental in-
formation. Turn-by-turn navigation saves individuals the time-consuming and
effortful processes of self-orientation and route planning, leading to lack of vo-
litional effort and processing of surrounding environmental information. The
navigation perspective presented on turn-by-turn navigation mobile device inter-
faces usually aligns with the individual’s current orientation, and the segmented,
sequentially delivered instructions may cause discontinuous acquisition of envi-
ronmental information, making individuals more likely to form egocentric spatial
memory that is not conducive to learning environmental structure. These four
aspects all make turn-by-turn navigation detrimental to spatial knowledge acqui-
sition, which may hinder the development of spatial navigation abilities in the
long run. Compared to turn-by-turn navigation, paper maps directly present
the overall environmental structure, requiring individuals to actively expend
cognitive effort to obtain orientation information from the environment, process
surrounding environmental information, and plan routes, making it more likely
for individuals to acquire knowledge about environmental structure. Landmark
navigation provides meaningful landmark information to individuals, promot-
ing deep semantic processing. Meanwhile, its instructions increase intentional
attention to environmental landmarks, inputting environmental stimulus infor-
mation into working memory for processing, thereby forming stable spatial mem-
ory. Additionally, environmental legibility affects spatial memory, with clear
environmental structure promoting cognitive map formation.

4.2 Recommendations for Improving Turn-by-Turn Navigation

As the saying goes, “the weather is unpredictable, and misfortune may strike at
any moment.” Spatial knowledge can be used for reorientation, distance judg-
ment, and location recall. When mobile navigation devices are unexpectedly lost
or damaged, how to rely on spatial knowledge acquired from the environment
to escape predicaments is crucial (Aslan et al., 2006). Therefore, improving
turn-by-turn navigation to promote spatial knowledge acquisition can focus on
the following recommendations.

Improve the content of turn-by-turn navigation instructions by adding mean-
ingful information. For example, prominent landmark information can be
added. Unique environmental features (i.e., landmarks such as restaurants
and churches) are important for cognitive map formation (Burnett & Lee,
2005). When people learn routes in new environments, they seek out prominent
landmarks (Miller & Carlson, 2011), and research shows landmarks can be effec-
tively used in pedestrian navigation aids (Goodman et al., 2005). Lanini-Maggi
et al. (2023) required participants to complete virtual space navigation tasks
using narrative instructions and standard instructions. Narrative instructions
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were: “When you arrived at this restaurant, the aroma of delicious food greeted
you, lifting your spirits. Suddenly, you found your friends already waiting there,
ready to celebrate your birthday with you! After the meal, one friend prepared
to go home, and you decided to go together. Starting from the restaurant, turn
left and go straight until you reach your friend’s home!” Standard instructions
were: “Please take a photo at the photography studio in front of you, then
turn left to go to the bank.” Results showed that narrative-based navigation
instructions could improve individuals’ memory for landmark sequences.

Based on the testing effect and forward testing effect, spatial knowledge tests
can be administered multiple times during navigation to consolidate spatial
memory. The testing effect refers to the phenomenon that testing during learn-
ing improves later memory retention more than additional study, even without
feedback (Zhang et al., 2008). In the forward testing effect, taking tests en-
hances memory for subsequent learning materials (Cho et al., 2017). Research
shows that both testing effects (Kelly et al., 2015) and forward testing effects
(Ma et al., 2022) exist in large-scale environments, so spatial knowledge can
be promoted through multiple tests of acquired spatial knowledge during route
learning.

Design game modes aimed at exercising spatial navigation abilities. Research
shows that experienced video game players perform better in virtual navigation
tasks, especially those playing games containing navigation elements (Murias et
al., 2016). As an audio-visual device-based game form, video games positively
affect key stages of cognitive processing such as perception, attention, and mem-
ory (Shi & Shang, 2024). For example, the game Tetris can improve mental
rotation ability (Martin-Gutierrez et al., 2009). Lin et al. (2014) developed a
spatial treasure hunting game and found that it effectively enhanced individu-
als’ spatial orientation ability and spatial memory in a short time, while also
helping narrow the gap between females and males in spatial orientation abil-
ity. Some researchers designed a mobile application with gamification elements
(e.g., tasks, statistics, and social competition), requiring individuals to actively
explore the environment to discover maps, experiencing pleasure from the game
and thereby strengthening their spatial knowledge (Schade et al., 2023). In view
of this, future navigation software could incorporate game modules that promote
spatial navigation abilities to mitigate potential negative effects of over-reliance
on GPS navigation.

Provide adaptable services to meet diverse individual needs. Adaptable ser-
vices allow users to change service functions, thereby maintaining user control.
Navigation systems should consider individuals’ travel purposes—whether pri-
oritizing navigation efficiency or environmental exploration (Kuo et al., 2023).
High-automation navigation system behavior refers to systems automatically ex-
ecuting cognitive processes, while low-automation navigation system behavior
refers to systems delegating decision-making processes to individuals (Brügger et
al., 2019). For individuals needing high navigation efficiency, high-automation
navigation systems should be provided, such as offering turn-by-turn instruc-
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tions, short routes, and track-up map modes. For individuals 倾向于 exploring
environments, low-automation navigation systems should be provided, such as
offering landmark-highlighting instructions, multiple routes, and north-up map
modes, thereby promoting more interaction with the environment and spatial
knowledge acquisition. Additionally, individuals unfamiliar with environments
prefer image landmark symbols, while those familiar with environments prefer
text landmark symbols. Researchers have designed pedestrian navigation maps
that account for different user familiarity levels, and using these maps signifi-
cantly reduced map zooming compared to using 2D mobile maps (Zhu et al.,
2022). Therefore, for individuals new to or unfamiliar with environments, nav-
igation software can provide landmark maps with prominent visual features to
reduce environmental adaptation difficulty. Meanwhile, to meet the needs of
elderly users, navigation interface design should be simple and elegant while
also considering color effects. Research shows that compared to cool or warm
virtual environments, elderly people have longer wayfinding times, more turn-
ing errors, and worse route memory in neutral-tone virtual environments (Süzer
& Olguntürk, 2018). Therefore, when designing navigation modes for elderly
groups, cool or warm color schemes should be prioritized.

Individuals should cultivate awareness of independent navigation and avoid over-
reliance on mobile assistive devices. Although GPS systems can make our lives
easier, they are often used to automate functions originally performed entirely
by our brains (Clemenson et al., 2021). A controversial but widely accepted con-
sensus is that increased use of navigation aids is associated with declines in navi-
gation skills (i.e., cognitive skills) and social interaction (Huston & Hamburger,
2023). In the long run, habitual passive following of navigation instructions
changes individuals’ spatial awareness, making the situation worse (Ishikawa,
2021). However, individuals do not need to avoid using turn-by-turn navigation
devices but should be cautious and avoid blindly following instructions (Kuo et
al., 2023).

4.3 Future Research Directions

Current research still has limitations, and future studies can focus on the fol-
lowing aspects.

Improving measurement methods for spatial knowledge in large-scale
environments. Some researchers have only examined one aspect of spatial
memory (Kelly et al., 2022). However, spatial memory in large-scale environ-
ments comprises multiple levels (landmark knowledge, route knowledge, survey
knowledge). Even when most researchers measure all three types of spatial
knowledge, methods often vary considerably. For example, route knowledge
is measured using landmark ordering tasks (Lanini-Maggi et al., 2023), route
backtracking tasks (Sugimoto et al., 2022), or scene recognition and orientation
judgment tasks (Qiu et al., 2023). Survey knowledge is measured using point-
ing tasks (Ben-Elia, 2021), distance estimation tasks (Ruginski et al., 2019),
blank map tasks (Hejtmánek et al., 2018), or map drawing tasks (Ahmadpoor
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& Smith, 2020; Dong et al., 2021). Although these methods can measure route
or survey knowledge, they undoubtedly fail to reflect the complete picture, and
different methods produce different measurement errors. Therefore, establish-
ing an effective and comprehensive paradigm for measuring individual spatial
knowledge is crucial. Future research should use unified measurement meth-
ods or employ multiple different methods to measure the same type of spatial
knowledge.

Investigating the neural mechanisms by which turn-by-turn naviga-
tion impairs spatial memory. Although most behavioral experiments show
that turn-by-turn navigation is detrimental to spatial knowledge acquisition,
neurophysiological evidence remains limited. The posterior hippocampus may
be related to individuals’ spatial representation of the environment (Maguire et
al., 2000). Research found that as taxi drivers’ navigation experience increased,
gray matter volume in the right posterior hippocampus increased while ante-
rior volume decreased (Maguire et al., 2006). A longitudinal study by Woollett
and Maguire (2011) showed that among participants who successfully obtained
taxi driver qualifications, posterior hippocampal gray matter volume increased
significantly over four years, while control groups showed no similar brain struc-
tural changes. This indicates that daily navigation experience can cause brain
structural changes, but whether daily turn-by-turn navigation experience sim-
ilarly affects hippocampal volume remains to be investigated. Fajnerová et
al. (2018) required experimental group participants to wear AR glasses with the
OsmAnd application (featuring GPS turn-by-turn navigation) for daily naviga-
tion for three consecutive months, while the control group used no GPS devices
during navigation. Although both groups performed similarly on virtual nav-
igation tasks, the experimental group showed significantly reduced functional
connectivity in the right hippocampus, while the control group showed enhanced
connectivity. In summary, future research should further explore the effects of
daily GPS turn-by-turn navigation use on the hippocampus to more compre-
hensively understand the potential impacts of turn-by-turn navigation on brain
function and behavior.

Focusing on individual factors to establish a more comprehensive ex-
planatory mechanism, such as gender, sense of direction, spatial anxiety
level, and perspective-taking ability. Research shows gender differences in spa-
tial memory (Chen et al., 2020), and individuals with good sense of direction are
more likely to integrate landmark and route knowledge to form survey knowl-
edge (Wen et al., 2011). Currently, many studies do not measure individuals’
sense of direction (Ben-Elia, 2021; Cheng et al., 2023; Hejtmánek et al., 2018;
Lanini-Maggi et al., 2023; Yount et al., 2022), some control for sense of direction
as an extraneous variable (Lakehal et al., 2023; Qiu et al., 2023), and some treat
sense of direction or spatial anxiety as experimental factors along with naviga-
tion aids (Dong et al., 2021; He & Hegarty, 2020; Ishikawa, 2019; Kuo et al.,
2023). However, only a few studies have considered multiple individual factors
simultaneously. For example, research found that after controlling for existing
navigation ability (i.e., sense of direction), turn-by-turn navigation use still had
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negative effects on mental rotation and perspective-taking abilities (Ruginski et
al., 2019). Therefore, future research should incorporate individual factors to
broaden the applicability of findings.

New navigation systems should aim to achieve high levels of both
wayfinding efficiency and spatial knowledge acquisition. There appears
to be some trade-off between navigation efficiency and environmental structure
learning: paper maps display wayfinding information in bird’s-eye view, associ-
ated with a stable external reference frame, which benefits structural learning,
but this advantage promotes survey knowledge acquisition at the expense of
accurate wayfinding (Münzer et al., 2012), and their wayfinding efficiency is
generally lower than mobile maps (Hergan & Umek, 2017). Using turn-by-turn
navigation allows individuals to reach destinations in optimal ways (e.g., fastest,
simplest, easiest, safest) (Schwering et al., 2017), with high wayfinding efficiency
but detrimental to spatial knowledge acquisition. Landmark navigation is sim-
ilar, with wayfinding efficiency generally slightly inferior to turn-by-turn nav-
igation but helping individuals acquire spatial knowledge. Therefore, how to
design a navigation system that is both efficient and promotes spatial memory
formation remains a problem to be solved.

References

Afrooz, A., White, D., & Parolin, B. (2018). Effects of active and passive
exploration of the built environment on memory during wayfinding. Applied
Geography, 101, 68–74. https://doi.org/10.1016/j.apgeog.2018.10.009

Aginsky, V., Harris, C., Rensink, R., & Beusmans, J. (1997). Two strategies for
learning a route in a driving simulator. Journal of Environmental Psychology,
17(4), 317–331. https://doi.org/10.1006/jevp.1997.0070

Ahmadpoor, N., & Smith, A. D. (2020). Spatial knowledge acquisition and
mobile maps: The role of environmental legibility. Cities, 101, 102700.
https://doi.org/10.1016/j.cities.2020.102700

Ahmadpoor, N., Smith, A. D., & Heath, T. (2021). Rethinking legibility in the
era of digital mobile maps: An empirical study. Journal of Urban Design, 26(3),
296–318. https://doi.org/10.1080/13574809.2020.1777847

Aslan, I., Schwalm, M., Baus, J., Krüger, A., & Schwartz, T. (2006). Acquisition
of spatial knowledge in location aware mobile pedestrian navigation systems. In
Proceedings of the 8th Conference on Human-Computer Interaction with Mobile
Devices and Services (pp. 105–108). Association for Computing Machinery, New
York. https://doi.org/10.1145/1152215.1152237

Bakdash, J. Z., Linkenauger, S. A., & Proffitt, D. (2008). Comparing decision-
making and control for learning a virtual environment: Backseat drivers learn
where they are going. In Proceedings of the Human Factors and Ergonomics

chinarxiv.org/items/chinaxiv-202409.00084 Machine Translation

https://chinarxiv.org/items/chinaxiv-202409.00084


Society Annual Meeting, (Vol. 52, No. 27, pp. 2117-2121). Association for Com-
puting Machinery, New York. https://doi.org/10.1177/154193120805202707

Ben-Elia, E. (2021). An exploratory real-world wayfinding experiment: A com-
parison of drivers’ spatial learning with a paper map vs. turn-by-turn audiovi-
sual route guidance. Transportation Research Interdisciplinary Perspectives, 9,
100280. https://doi.org/10.1016/j.trip.2020.100280

Brügger, A., Richter, K. F., Fabrikant, S. I. (2018). Distributing attention
between environment and navigation system to increase spatial knowledge
acquisition during assisted wayfinding. In P. Fogliaroni, A. Ballatore, E.
Clementini (Eds.), Proceedings of Workshops and Posters at the 13th Inter-
national Conference on Spatial Information Theory (COSIT 2017). Lecture
Notes in Geoinformation and Cartography (pp. 19–22). Springer, Cham.
https://doi.org/10.1007/978-3-319-63946-8_5

Brügger, A., Richter, K.-F., & Fabrikant, S. I. (2019). How does navigation
system behavior influence human behavior? Cognitive Research: Principles and
Implications, 4, 5. https://doi.org/10.1186/s41235-019-0156-5

Burnett, G. E., & Lee, K. (2005). The effect of vehicle navigation systems on the
formation of cognitive maps. In International Conference of Traffic and Trans-
port Psychology (pp. 407–418), Nottingham. https://doi.org/10.1016/B978-
008044379-9/50188-6

Chen, W., Liu, B., Li, X., Wang, P., & Wang, B. (2020). Sex differences in spa-
tial memory. Neuroscience, 443, 140–147. https://doi.org/10.1016/j.neuroscience.2020.06.016

Cheng, B., Lin, E., Wunderlich, A., Gramann, K., & Fabrikant, S. I. (2023).
Using spontaneous eye blink - related brain activity to investigate cognitive load
during mobile map -assisted navigation. Frontiers in Neuroscience, 17, 1024583.
https://doi.org/10.3389/fnins.2023.1024583

Cho, K. W., Neely, J. H., Crocco, S., & Vitrano, D. (2017). Test-
ing enhances both encoding and retrieval for both tested and untested
items. Quarterly Journal of Experimental Psychology, 70(7), 1211–1235.
https://doi.org/10.1080/17470218.2016.1175485

Chrastil, E. R., & Warren, W. H. (2012). Active and passive contribu-
tions to spatial learning. Psychonomic Bulletin & Review, 19(1), 1–23.
https://doi.org/10.3758/s13423-011-0182-x

Clemenson, G. D., Maselli, A., Fiannaca, A. J., Miller, A., & Gonzalez-Franco,
M. (2021). Rethinking GPS navigation: Creating cognitive maps through au-
ditory clues. Scientific Reports, 11, 7764. https://doi.org/10.1038/s41598-021-
87148-4

Dahmani, L., & Bohbot, V. D. (2020). Habitual use of GPS negatively im-
pacts spatial memory during self-guided navigation. Scientific Reports, 10, 6310.
https://doi.org/10.1038/s41598-020-62877-0

chinarxiv.org/items/chinaxiv-202409.00084 Machine Translation

https://chinarxiv.org/items/chinaxiv-202409.00084


Ding, X. (2015). Study of the Transition of Traditional Paper Map. Bul-
letin of Surveying and Mapping,12, 105–107. https://doi.org/10.13474/j.cnki.11-
2246.2015.391

Dong, W., Wu, Y., Qin, T., Bian, X., Zhao, Y., He, Y., Xu, Y., & Yu, C. (2021).
What is the difference between augmented reality and 2D navigation electronic
maps in pedestrian wayfinding? Cartography and Geographic Information Sci-
ence, 48(3), 225–240. https://doi.org/10.1080/15230406.2021.1871646

Erçevik Sönmez, B., & Erinsel Önder, D. (2019). The influence of GPS -based
navigation systems on perception and image formation: A case study in urban
environments. Cities, 86, 102–112. https://doi.org/10.1016/j.cities.2018.12.018

Fajnerová, I., Greguš, D., Hlinka, J., Nekovářová, T., Škoch, A., Zítka, T.,
Romportl, J., Žáčková, E., & Horáček, J. (2018). Could prolonged usage of
GPS navigation implemented in augmented reality smart glasses affect hip-
pocampal functional connectivity? BioMed Research International, 2716134.
https://doi.org/10.1155/2018/2716134

Fenech, E. P., Drews, F. A., & Bakdash, J. Z. (2010). The effects of
acoustic turn -by-turn navigation on wayfinding. Proceedings of the Hu-
man Factors and Ergonomics Society Annual Meeting, 54(23), 1926–1930.
https://doi.org/10.1177/154193121005402305

Gardony, A. L., Brunyé, T. T., Mahoney, C. R., & Taylor, H. A.
(2013). How navigational aids impair spatial memory: Evidence for
divided attention. Spatial Cognition & Computation, 13(4), 319–350.
https://doi.org/10.1080/13875868.2013.792821

Gardony, A. L., Brunyé, T. T., & Taylor, H. A. (2015). Navigational Aids and
spatial memory impairment: The role of divided attention. Spatial Cognition &
Computation, 15(4), 246–284. https://doi.org/10.1080/13875868.2015.1059432

Goodman, J., Brewster, S., & Gray, P. (2005). How can we best use landmarks
to support older people in navigation? Behaviour & Information Technology,
24(1), 3–20. https://doi.org/10.1080/01449290512331319021

Gramann, K., Hoepner, P., & Karrer-Gauss, K. (2017). Modified navigation
instructions for spatial navigation assistance systems lead to incidental spatial
learning. Frontiers in Psychology, 8, 193. https://doi.org/10.3389/fpsyg.2017.00193

He, C., & Hegarty, M. (2020). How anxiety and growth mindset are linked to
navigation ability: Impacts of exploration and GPS use. Journal of Environ-
mental Psychology, 71, 101475. https://doi.org/10.1016/j.jenvp.2020.101475

Hegarty, M. (2002). Development of a self-report measure of environmental
spatial ability. Intelligence, 30(5), 425–447. https://doi.org/10.1016/S0160-
2896(02)00116-2

Hejtmánek, L., Oravcová, I., Motýl, J., Horáček, J., & Fajnerová, I. (2018).
Spatial knowledge impairment after GPS guided navigation: Eye-tracking study

chinarxiv.org/items/chinaxiv-202409.00084 Machine Translation

https://chinarxiv.org/items/chinaxiv-202409.00084


in a virtual town. International Journal of Human-Computer Studies, 116, 15–
24. https://doi.org/10.1016/j.ijhcs.2018.04.006

Hergan, I., & Umek, M. (2017). Comparison of children’s wayfinding, using pa-
per map and mobile navigation. International Research in Geographical and En-
vironmental Education, 26(2), 91–106. https://doi.org/10.1080/10382046.2016.1183935

Huang, H., Mathis, T., & Weibel, R. (2022). Choose your own route –
supporting pedestrian navigation without restricting the user to a predefined
route. Cartography and Geographic Information Science, 49(2), 95–114.
https://doi.org/10.1080/15230406.2021.1983731

Huang, H., Schmidt, M., & Gartner, G. (2012). Spatial knowledge acquisition
with mobile maps, augmented reality and voice in the context of GPS-based
pedestrian navigation: Results from a field test. Cartography and Geographic
Information Science, 39(2), 107–116. https://doi.org/10.1559/15230406392107

Huston, V., & Hamburger, K. (2023). Navigation aid use and human wayfind-
ing: How to engage people in active spatial learning. Künstliche Intelligenz.
https://doi.org/10.1007/s13218-023-00799-5

Ishikawa, T. (2019). Satellite navigation and geospatial awareness: Long -term
effects of using navigation tools on wayfinding and spatial orientation. The Pro-
fessional Geographer, 71(2), 197–209. https://doi.org/10.1080/00330124.2018.1479970

Ishikawa, T. (2021). Spatial thinking, cognitive mapping, and spatial awareness.
Cognitive Processing, 22(1), 89–96. https://doi.org/10.1007/s10339-021-01046-1

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

Kapaj, A., Lin, E., & Lanini-Maggi, S. (2022). The effect of abstract vs. realistic
3 D visualization on landmark and route knowledge acquisition. In A. Susanne
(Series Ed.) & T. Ishikawa (Vol. Ed), 15th International Conference on Spa-
tial Information Theory (COSIT 2022). Leibniz International Proceedings in
Informatics (Vol. 240, pp. 15:1–15:8). Schloss Dagstuhl – Leibniz-Zentrum für
Informatik. https://doi.org/10.4230/LIPICS.COSIT.2022.15

Kelly, J. W., Carpenter, S. K., & Sjolund, L. A. (2015). Retrieval enhances
route knowledge acquisition, but only when movement errors are prevented.
Journal of Experimental Psychology: Learning, Memory, and Cognition, 41(5),
1540–1547. https://doi.org/10.1037/a0038685

Kelly, J. W., Lim, A. F., & Carpenter, S. K. (2022). Turn -by-turn route
guidance does not impair route learning. Journal of Applied Research in Memory
and Cognition, 11(1), 76–84. https://doi.org/10.1016/j.jarmac.2021.06.001

Knierim, P., Maurer, S., Wolf, K., & Funk, M. (2018). Quadcopter-projected
in-situ navigation cues for improved location awareness. In Proceedings

chinarxiv.org/items/chinaxiv-202409.00084 Machine Translation

https://chinarxiv.org/items/chinaxiv-202409.00084


of the 2018 CHI Conference on Human Factors in Computing Systems
(No. 433, pp.1–6). Association for Computing Machinery, New York.
https://doi.org/10.1145/3173574.3174007

Krüger, A., Aslan, I., & Zimmer, H. (2004). The effects of mobile pedestrian
navigation systems on the concurrent acquisition of route and survey knowledge.
In S. Brewster & M. Dunlop (Eds.), Mobile Human-Computer Interaction—
MobileHCI 2004, Lecture Notes in Computer Science (Vol. 3160, pp. 446–450).
Springer, Berlin, Heidelberg. https://doi.org/10.1007/978-3-540-28637-0_{54}

Kumar, S., Hajela, A., Singh, E. (2023). Legibility in a city: An overview
of the factors affecting perceptions of way-finding in the built environment.
In R. A. Khaddar, S. K. Singh, N. D. Kaushika, R. K. Tomar, S. K. Jain
(Eds.), Recent Developments in Energy and Environmental Engineering, Lec-
ture Notes in Civil Engineering (Vol. 333, pp.475–482). Springer, Singapore.
https://doi.org/10.1007/978-981-99-1388-6_{37}

Kuo, T.-Y., Chang, Y.-J., & Chu, H.-K. (2023). Investigating four navigation
aids for supporting navigator performance and independence in virtual real-
ity. International Journal of Human-Computer Interaction, 39(12), 2524–2541.
https://doi.org/10.1080/10447318.2022.2078926

Lakehal, A., Lepreux, S., Efstratiou, C., Kolski, C., & Nicolaou, P. (2023).
Spatial knowledge acquisition for pedestrian navigation: A comparative
study between smartphones and AR glasses. Information, 14(7), 353.
https://doi.org/10.3390/info14070353

Lanini-Maggi, S., Hilton, C., & Fabrikant, S. I. (2023). Limiting the reliance on
navigation assistance with navigation instructions containing emotionally salient
narratives for confident wayfinding. Journal of Environmental Psychology, 91,
102151. https://doi.org/10.1016/j.jenvp.2023.102151

Leshed, G., Velden, T., Rieger, O., Kot, B., & Sengers, P. (2008). In-car
GPS navigation: Engagement with and disengagement from the environment.
In Proceedings of the SIGCHI Conference on Human Factors in Computing
Systems (pp. 1675–1684). Association for Computing Machinery, New York.
https://doi.org/10.1145/1357054.1357316

Lin, C.-H., Chen, C.-M., & Lou, Y.-C. (2014). Developing spatial orientation
and spatial memory with a treasure hunting game. Educational Technology &
Society, 17(3), 79–92.

Liu, J., Singh, A. K., Wunderlich, A., Gramann, K., & Lin, C.-T.
(2022). Redesigning navigational aids using virtual global landmarks to
improve spatial knowledge retrieval. Npj Science of Learning, 7(1), 17.
https://doi.org/10.1038/s41539-022-00132-z

Lu, J., Han, Y., Xin, Y., Yue, K., & Liu, Y. (2021). Possibilities for designing
enhancing spatial knowledge acquirements navigator: A User Study on the role
of different contributors in impairing human spatial memory during navigation.

chinarxiv.org/items/chinaxiv-202409.00084 Machine Translation

https://chinarxiv.org/items/chinaxiv-202409.00084


In Extended Abstracts of the 2021 CHI Conference on Human Factors in Com-
puting Systems (No. 295, pp. 1−6). Association for Computing Machinery, New
York. https://doi.org/10.1145/3411763.3451641

Lynch, K. (1964). The Image of the City. Massachusetts: The MIT Press.

Ma, X., Li, T., Jia, R., & Wei, J. (2022). The forward testing effect
in spatial route learning. Acta Psychologica Sinica, 54(12), 1433–1442.
https://doi.org/10.3724/SP.J.1041.2022.01433

Maguire, E. A., Gadian, D. G., Johnsrude, I. S., Good, C. D., Ashburner,
J., Frackowiak, R. S. J., & Frith, C. D. (2000). Navigation-related structural
change in the hippocampi of taxi drivers. Proceedings of the National Academy
of Sciences, 97(8), 4398–4403. https://doi.org/10.1073/pnas.070039597

Maguire, E. A., Woollett, K., & Spiers, H. J. (2006). London taxi drivers and
bus drivers: A structural MRI and neuropsychological analysis. Hippocampus,
16(12), 1091–1101. https://doi.org/10.1002/hipo.20233

Martin-Gutierrez, J., Luis Saorin, J., Martin-Dorta, N., & Contero, M. (2009).
Do video games improve spatial abilities of engineering students? International
Journal of Engineering Education, 25(6),

May, A. J., & Ross, T. (2006). Presence and quality of navigational landmarks:
Effect on driver performance and implications for design. Human Factors, 48(2),
346–361. https://doi.org/10.1518/001872006777724453

Mazurkiewicz, B., Kattenbeck, M., & Giannopoulos, I. (2023). Free choice
navigation in the real world: giving back freedom to wayfinders. ISPRS Interna-
tional Journal of Geo-Information, 12(2), 27. https://doi.org/10.3390/ijgi12020027

McKinlay, R. (2016). Technology: Use or lose our navigation skills. Nature,
531(7596), 573–575. https://doi.org/10.1038/531573a

Miller, J., & Carlson, L. (2011). Selecting landmarks in novel environments.
Psychonomic Bulletin & Review, 18(1), 184–191. https://doi.org/10.3758/s13423-
010-0038-9

Miola, L., Meneghetti, C., Muffato, V., & Pazzaglia, F. (2023). Orientation be-
havior in men and women: The relationship between gender stereotype, growth
mindset, and spatial self -efficacy. Journal of Environmental Psychology, 86,
101952. https://doi.org/10.1016/j.jenvp.2022.101952

Muffato, V., Borella, E., Pazzaglia, F., & Meneghetti, C. (2022). Orientation
experiences and navigation aid use: A self-report lifespan study on the role of
age and visuospatial factors. International Journal of Environmental Research
and Public Health, 19(3), 1225. https://doi.org/10.3390/ijerph19031225

Münzer, S., Zimmer, H. D., & Baus, J. (2012). Navigation assis-
tance: A trade -off between wayfinding support and configural learning
support. Journal of Experimental Psychology: Applied, 18(1), 18–37.
https://doi.org/10.1037/a0026553

chinarxiv.org/items/chinaxiv-202409.00084 Machine Translation

https://chinarxiv.org/items/chinaxiv-202409.00084


Münzer, S., Zimmer, H. D., Schwalm, M., Baus, J., & Aslan, I. (2006).
Computer-assisted navigation and the acquisition of route and sur-
vey knowledge. Journal of Environmental Psychology, 26(4), 300–308.
https://doi.org/10.1016/j.jenvp.2006.08.001

Murias, K., Kwok, K., Castillejo, A. G., Liu, I., & Iaria, G. (2016). The effects
of video game use on performance in a virtual navigation task. Computers in
Human Behavior, 58, 398–406. https://doi.org/10.1016/j.chb.2016.01.020

Nazareth, A., Huang, X., Voyer, D., & Newcombe, N. (2019). A meta-analysis
of sex differences in human navigation skills. Psychonomic Bulletin & Review,
26(5), 1503–1528. https://doi.org/10.3758/s13423-019-01633-6

Parush, A., Ahuvia, S., & Erev, I. (2007). Degradation in spatial knowledge
acquisition when using automatic navigation systems. In S. Winter, M. Duck-
ham, L. Kulik, & B. Kuipers (Eds.), Spatial Information Theory (COSIT 2007).
Lecture Notes in Computer Science (Vol. 4736, pp. 238–254). Springer, Berlin,
Heidelberg. https://doi.org/10.1007/978-3-540-74788-8_{15}

Pielot, M., Poppinga, B., Heuten, W., & Boll, S. (2012). PocketNav-
igator: Studying tactile navigation systems in-situ. In Proceedings
of the SIGCHI Conference on Human Factors in Computing Systems
(pp. 3130–3140). Association for Computing Machinery, New York.
https://doi.org/10.1145/2207676.2208728

Qiu, X., Yang, Z., Yang, J., Wang, Q., & Wang, D. (2023). Impact of AR nav-
igation display methods on wayfinding performance and spatial knowledge ac-
quisition. International Journal of Human-Computer Interaction, 40(10), 2676–
2696. https://doi.org/10.1080/10447318.2023.2169524

Rauschnabel, P. A., Felix, R., Hinsch, C., Shahab, H., & Alt, F. (2022). What
is XR? Towards a framework for augmented and virtual reality. Computers in
Human Behavior, 133, 107289. https://doi.org/10.1016/j.chb.2022.107289

Ruginski, I. T., Creem-Regehr, S. H., Stefanucci, J. K., & Cashdan, E.
(2019). GPS use negatively affects environmental learning through spatial
transformation abilities. Journal of Environmental Psychology, 64, 12–20.
https://doi.org/10.1016/j.jenvp.2019.05.001

Schade, E., Savino, G.-L., Niess, J., & Schöning, J. (2023). MapUncover: Fos-
tering spatial exploration through gamification in mobile map apps. In Pro-
ceedings of the 2023 CHI Conference on Human Factors in Computing Sys-
tems (No. 678, pp. 1–13). Association for Computing Machinery, New York.
https://doi.org/10.1145/3544548.3581428

Schwering, A., Krukar, J., Li, R., Anacta, V. J., & Fuest, S. (2017). Wayfind-
ing through orientation. Spatial Cognition & Computation, 17(4), 273–303.
https://doi.org/10.1080/13875868.2017.1322597

Shi, Z., & Shang, J. (2024). The influence of video games on spatial ability and
its mechanism. China Educational Technology, 54(12), 32–44.

chinarxiv.org/items/chinaxiv-202409.00084 Machine Translation

https://chinarxiv.org/items/chinaxiv-202409.00084


Siegel, A. W., & White, S. H. (1975). The Development of spatial repre-
sentations of large -scale environments. In H. W. Reese (Ed.), Advances
in Child Development and Behavior (Vol. 10, pp. 9–55). JAI Press.
https://doi.org/10.1016/S0065-2407(08)60007-5

Sugimoto, M., Kusumi, T., Nagata, N., & Ishikawa, T. (2022). Online mobile
map effect: How smartphone map use impairs spatial memory. Spatial Cogni-
tion & Computation, 22(1–2), 161–183. https://doi.org/10.1080/13875868.2021.1969401

Süzer, Ö. K., & Olguntürk, N. (2018). The aid of colour on visuospatial navi-
gation of elderly people in a virtual polyclinic environment. Color Research &
Application, 43(6), 872–884. https://doi.org/10.1002/col.22272

Taylor, N. (2009). Legibility and Aesthetics in Urban Design. Journal of Urban
Design, 14(2), 189–202. https://doi.org/10.1080/13574800802670929

Topete, A., He, C., Protzko, J., Schooler, J., & Hegarty, M. (2024). How
is GPS used? Understanding navigation system use and its relation to
spatial ability. Cognitive Research: Principles and Implications, 9, 16.
https://doi.org/10.1186/s41235-024-00545-x

van Asselen, M., Fritschy, E., & Postma, A. (2006). The influence of intentional
and incidental learning on acquiring spatial knowledge during navigation. Psy-
chological Research, 70(2), 151–156. https://doi.org/10.1007/s00426-004-0199-0

Velázquez, R., Pissaloux, E., Rodrigo, P., Carrasco, M., Giannoccaro, N., &
Lay -Ekuakille, A. (2018). An outdoor navigation system for blind pedes-
trians using GPS and tactile-foot feedback. Applied Sciences, 8(4), 578.
https://doi.org/10.3390/app8040578

Wen, W., Ishikawa, T., & Sato, T. (2011). Working memory in spatial knowl-
edge acquisition: Differences in encoding processes and sense of direction. Ap-
plied Cognitive Psychology, 25(4), 654–662. https://doi.org/10.1002/acp.1737

Willis, K. S., Hölscher, C., Wilbertz, G., & Li, C. (2009). A comparison of
spatial knowledge acquisition with maps and mobile maps. Computers, Environ-
ment and Urban Systems, 33(2), 100–110. https://doi.org/10.1016/j.compenvurbsys.2009.01.004

Woollett, K., & Maguire, E. A. (2011). Acquiring “the knowledge” of London’s
layout drives structural brain changes. Current Biology, 21(24), 2109–2114.
https://doi.org/10.1016/j.cub.2011.11.018

Woyciechowicz, A., & Shliselberg, R. (1903). Wayfinding in public transporta-
tion. Transportation Research Record, 1903(1), 35–42. https://doi.org/10.1177/0361198105190300105

Wunderlich, A., & Gramann, K. (2018). Electrocortical evidence for long -
term incidental spatial learning through modified navigation instructions. In S.
Creem-Regehr, J. Schöning, & A. Klippel (Eds.), Lecture Notes in Computer
Science: Spatial Cognition XI (Vol. 11034, pp. 261–278). Springer, Cham.
https://doi.org/10.1007/978-3-319-96385-3_{18}

chinarxiv.org/items/chinaxiv-202409.00084 Machine Translation

https://chinarxiv.org/items/chinaxiv-202409.00084


Wunderlich, A., & Gramann, K. (2021a). Eye movement‐related brain poten-
tials during assisted navigation in real‐world environments. European Journal
of Neuroscience, 54(12), 8336–8354. https://doi.org/10.1111/ejn.15095

Wunderlich, A., & Gramann, K. (2021b). Landmark-based navigation
instructions improve incidental spatial knowledge acquisition in real-
world environments. Journal of Environmental Psychology, 77, 101677.
https://doi.org/10.1016/j.jenvp.2021.101677

Wunderlich, A., Grieger, S., & Gramann, K. (2023). Landmark informa-
tion included in turn -by-turn instructions induce incidental acquisition of
lasting route knowledge. Spatial Cognition & Computation, 23(1), 31–56.
https://doi.org/10.1080/13875868.2021.2022681

Xu, Q., Luo, Y., & Liu, J. (2010). The mechanism of sense of direction and its
modulating factors. Advances in Psychological Science, 18(8), 1208–1221.

Xu, Y., Qin, T., Wu, Y., Yu, C., & Dong, W. (2022). How do voice-
assisted digital maps influence human wayfinding in pedestrian naviga-
tion? Cartography and Geographic Information Science, 49(3), 271–287.
https://doi.org/10.1080/15230406.2021.2017798

Yan, W., Li, J., Mi, C., Wang, W., Xu, Z., Xiong, W., Tang, L., Wang,
S., Li, Y., & Wang, S. (2022). Does global positioning system-based nav-
igation dependency make your sense of direction poor? A psychological
assessment and eye-tracking study. Frontiers in Psychology, 13, 983019.
https://doi.org/10.3389/fpsyg.2022.983019

Yavuz, E., He, C., Gahnstrom, C. J., Goodroe, S., Coutrot, A., Hornberger, M.,
Hegarty, M., & Spiers, H. J. (2024). Video gaming, but not reliance on GPS,
is associated with spatial navigation performance. Journal of Environmental
Psychology, 96, 102296. https://doi.org/10.1016/j.jenvp.2024.102296

Yount, Z. F., Kass, S. J., & Arruda, J. E. (2022). Route learning with augmented
reality navigation aids. Transportation Research Part F: Traffic Psychology and
Behaviour, 88, 132–140. https://doi.org/10.1016/j.trf.2022.05.019

Zhang, F., Chen, M., Pu, Y., & Kong, X. (2023). Individual differences in spatial
navigation: A multi-scale perspective. Advances in Psychological Science, 31(9),
1642–1664. https://doi.org/10.3724/SP.J.1042.2023.01642

Zhang, J., Bai, X., Yang, L. (2008). Researches overseas on testing effect: A
review. Advances in Psychological Science, 16(4), 661–670.

Zhu, L., Shen, J., Zhou, J., Stachoň, Z., Hong, S., & Wang, X. (2022).
Personalized landmark adaptive visualization method for pedestrian navigation
maps: Considering user familiarity. Transactions in GIS, 26(2), 669–690.
https://doi.org/10.1111/tgis.12877

Note: Figure translations are in progress. See original paper for figures.

Source: ChinaXiv — Machine translation. Verify with original.

chinarxiv.org/items/chinaxiv-202409.00084 Machine Translation

https://chinarxiv.org/items/chinaxiv-202409.00084

	Effects of Turn-by-Turn Navigation Assistance on Spatial Memory in Large-Scale Environments and Improvement Methods
	Abstract
	Full Text
	The Effect of Turn-by-Turn Navigation on Spatial Memory in Large-Scale Environments and Ways to Improve It
	1 Introduction
	2 Negative Effects of Turn-by-Turn Navigation
	2.1 Does Turn-by-Turn Navigation Weaken Spatial Memory?
	2.2 Why Does Turn-by-Turn Navigation Weaken Spatial Memory?

	3 Approaches to Improving Turn-by-Turn Navigation
	3.1 Improving Instructional Information: Landmark-Based Navigation
	3.2.1 Enhancing Sensory Modalities Beyond Vision
	3.2.2 Enhancing Autonomy in Navigation
	3.2.3 Applying Augmented Reality Technology

	4 Summary and Outlook
	4.1 A Model of Turn-by-Turn Navigation's Effects on Spatial Memory
	4.2 Recommendations for Improving Turn-by-Turn Navigation
	4.3 Future Research Directions



