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ARTICLE INFO ABSTRACT

Handling Editor: L. McCunn GPS use pervades society; however, its effects on an individuals’ navigation ability are not well understood. We
reviewed and meta-analyzed the available evidence on the associations between GPS use and navigation ability,
in terms of environmental knowledge, sense of direction and wayfinding. Based on the PRISMA guidelines and
preregistration in the PROSPERO database (CRD42022378106), we searched the Web of Science, PsycInfo, and
Scopus databases. Out of 907 articles, 23 studies met the inclusion criteria and were eligible for our review. We
assessed the risk of bias using Joanna Briggs’ tools. The narrative synthesis presented negative associations
between GPS use and performance in environmental knowledge and self-reported sense of direction measures
and a positive association with wayfinding. When considering quantitative data, results revealed a negative
effect of GPS use on environmental knowledge (r = —.18 [95% CI: —.28, —.08]) and sense of direction (r = —.25
[95% CI: —.39, —.12]) and a positive yet not significant effect on wayfinding (r = .07 [95% CI: —.28, .41]).
Current literature has several strengths but also methodological weaknesses that limit the quality of evidence,
with 69% of the studies classified with a moderate to high risk of bias. Although evidence suggests that using GPS
tools can have a negative impact on environmental knowledge and sense of direction but a limited effect on
wayfinding, future studies should adopt standardized measurements and procedures to further confirm these
results and delve more deeply into understanding how GPS could be used as an external aid to support
navigation.
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1. Introduction Hegarty, 2010) and simultaneously acquire novel environmental infor-

mation about landmarks, paths, metrics, and directions (e.g., [shikawa &

Navigation ability, people’s ability to navigate an environment and
manage spatial relationships among the objects within it, is a funda-
mental aspect of our everyday functioning. It is considered a multifac-
eted construct that combines various cognitive functions (from mental
imagery, planning, problem-solving, and decision-making) and com-
prises various components (Montello, 2005). Among them, wayfinding,
the ability to acquire environmental knowledge, and self-reported sense
of direction (sense of direction) are particularly relevant (Hegarty et al.,
2006; Wiener et al., 2009). Specifically, wayfinding consists of the
process of selecting and following routes between an origin and desti-
nation and involves decision-making and/or planning processes
(Montello, 2001, 2005; Wiener et al., 2009). Wayfinding is based on
existing spatial knowledge and contributes to the formation of new
spatial knowledge. When navigating in an environment, indeed, people
refer to existing spatial knowledge (Wiener et al., 2009; Wolbers &

Montello, 2006; Montello, 2001). This process can lead to the formation
of configural representations of the environment, also called cognitive
maps (Tolman, 1948).

Various tasks are typically used to assess wayfinding and environ-
mental knowledge. Wayfinding assessment is based on a person’s moves
in an environment and the ability to manage environmental information
by following a previously learned route or retracing it, determining the
shortest route in the environment. Environmental knowledge is tested
by recognizing decision points and turning actions in routes (egocentric
knowledge, based on person-to-landmark relationships) or by drawing a
map that reproduces previously learned landmarks and their locations
(allocentric knowledge, based on landmark-to-landmark relationships).
Finally, sense of direction is rated using questionnaires to evaluate
people’s ability to locate and orient themselves in the environment
(Hegarty et al., 2002; Pazzaglia et al., 2000) and is also used as a valid
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measure of navigation ability, being positively correlated with actual
navigation (Hegarty et al., 2002; Meneghetti et al., 2021).

In recent years, technology and communications have advanced,
becoming accessible and widely adopted throughout the world (Wilmer
et al., 2017). These innovations also extend to spatial navigation infor-
mation, allowing us to access a vast amount of geographical, environ-
mental, and spatial data whenever needed (Ishikawa, 2019). Among the
technologies used for navigation in one’s surroundings, the Global
Positioning System (GPS) uses satellite signals and receivers to provide
accurate location coordinates and assist with navigation through a va-
riety of apps and tools (Theiss et al., 2005). Prominent examples of
navigation assistance systems include Google Maps and many other
smartphone apps or in-car systems that offer step-by-step instructions
based on turn information (i.e., visual arrows on the display and verbal
cues) as well as visual outputs that provide a map as people or vehicles
move.

Interestingly, GPS and other navigational aids are inserted into
wayfinding taxonomies (e.g. Wiener et al., 2009) and considered part of
so-called social wayfinding (Dalton et al., 2019). GPS provides external
self-motion cues that can be used to maintain a sense of position and
orientation (path integration) and to keep track of one’s location (spatial
updating; Wolbers & Hegarty, 2010). In this way, GPS provides and
anticipates environmental cues (roads, locations, and landmarks), which
are integrated into the encoding process and therefore in the represen-
tation of the environment. In other words, GPS can contribute to online
processing, resulting in an offline representation of the environment.

The increasing reliance on navigation technology makes it important
to understand how GPS affect people’s navigation ability (McKinlay,
2016), but the current literature is characterized by mixed results.
Several studies, indeed, have shown negative effects of actual GPS use
when people learn an environment and of self-reported GPS use on
subsequent tasks measuring environmental knowledge, wayfinding
performance (e.g., Hejtmanek et al., 2018; Ishikawa, 2019; Ishikawa
et al., 2008), and sense of direction (e.g., Dahmani & Bohbot, 2020; He
& Hegarty, 2020; Ishikawa, 2019; Miola et al., 2023). Other studies
have, in contrast, shown that actual GPS use during environmental
learning increases accuracy in subsequent map drawing tasks (such as
considering the number of paths reported; Sonmez & Onder, 2019) or
when GPS was used during ongoing wayfinding tasks (e.g., Cochran &
Dickerson, 2019).

Ultimately, our point is that the literature shows discordant results
probably because the studies adopt various methods and procedures and
rely on different measures of navigation ability. In fact, some studies
require tasks that reveal acquired knowledge about the environment
whereas others measure performance in wayfinding tasks, and still
others rely on the participant’s reported navigation ability. Because
these tasks refer to different functions (Hegarty et al., 2002; Wiener
et al., 2009), which in turn rely on distinct neural substrates (Arnold,
Protzner, Bray, Levy, & laria, 2014), we hypothesized that distinguish-
ing among environmental knowledge, wayfinding, and sense of direc-
tion would help further clarify the relationship between GPS use and
navigation ability, even disambiguating among the apparent discor-
dances in the literature.

For each of these components, an attempt was also made to distin-
guish between studies with different procedures and methodologies (e.
g., correlational vs. experimental studies and, in the latter, the specific
conditions adopted in the control group) to verify a possible incidence of
these variables in the results.

Therefore, in this paper, we propose a systematic review and meta-
analysis summarizing the effects of GPS use on navigation abilities. A
systematic review is also important to identify reliable measures to
assess the impact of GPS use on navigation abilities. To our knowledge,
there is currently no systematic review and meta-analysis of the evi-
dence concerning the relationship between GPS use and navigation
ability.

To address this literature gap, we aimed to examine the evidence of
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the impact of GPS use on individuals’ navigational abilities. In partic-
ular, we summarized the evidence from studies examining GPS use and
its impact on navigation ability, synthesizing and categorizing the
findings, objectively measured in experimental settings or self-reported,
as (a) environmental knowledge, (b) wayfinding, and (c) sense of di-
rection. For a quantitative synthesis of the effects of GPS use on navi-
gation abilities, our meta-analytic models focused on the effect size
estimates deriving from comparisons between the experimental condi-
tions of GPS use and comparison control groups (e.g., groups with no
aids, a map, or directions) or from correlations between measurements
of GPS use and navigation ability. Moreover, we assessed the quality of
the studies (risk of bias) and evidence to identify any methodological
weaknesses that could potentially lead to misleading results regarding
the effects of GPS use.

2. Method

The present study was conducted according to the preferred
reporting items for systematic reviews and meta-analyses criteria
(PRISMA; Page et al., 2021). The review procedure protocol was pre-
registered and available in the PROSPERO International Prospective
Register of Systematic Reviews (CRD42022378106; Booth et al., 2012).
The literature search was based on the PICOS framework (Schardt et al.,
2007), which identified studies assessing the effects of GPS use on
navigation abilities, distinct in environmental knowledge, wayfinding,
and sense of direction. Inclusion and exclusion criteria comprised the
following.

(a) Population: healthy and autonomous adults ages 16 years and
older. We chose 16 years as a representative age of young adults
that marks the initiation of independence in terms of navigating
and exploring environments (the lowest age in the United States
to obtain a license and start driving). We excluded studies
involving children or people with pathological or atypical con-
ditions or diseases.

(b) Exposure/Interventions: i) experimental conditions in which par-
ticipants used GPS, such as using a GPS navigation tool while
navigating and learning the environment, or ii) cross-sectional
studies with participants referring their use of GPS through self-
reported measures of GPS use. All studies in which GPS was
used for purposes other than spatial orientation, such as tracking
vehicles and people, algorithm computation, sensor refinement,
and other technical features of GPS systems, were excluded.

(c) Comparison: The group that used GPS during learning or navi-

gating an environment was compared with conditions in which

participants did not use a GPS tool or were involved in alternative

forms of navigation methods, such as using maps, asking for di-

rections, or having no aids, while navigating and learning an

environment.

Outcomes: Spatial tasks and self-reported measures of navigation

abilities, that is, environmental learning and its subsequent recall

(environmental knowledge), wayfinding (planning, finding and

retracing routes, or wayfinding performance), or self-reported

measure of navigation ability. We excluded studies that
analyzed sea and air navigation or nonhuman navigation.

(e) Studies: Cross-sectional, longitudinal, correlational, quasi-
experimental, or randomized controlled trials published in reg-
ular papers, conference abstracts, and official reports published
in peer-reviewed journals at any time, in English. We excluded
studies with animals, single-case studies, qualitative studies,
books, commentaries, meta-analyses, or reviews.

d

-

2.1. Strategy for study identification

We conducted electronic searches for this review in December 2022
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using PsycINFO, Web of Science, and Scopus. To ensure inclusiveness,
no publication time limit was imposed to capture as many relevant re-
cords as possible. The search strategy was developed by three authors
(first, second and third author), then refined by all the authors. The
choice of search terms was based on evaluating the effects of GPS (the
exposure of interest) on navigation abilities (the outcomes of interest).
The following terms was used: “GPS” OR “Global positioning system” OR
“GPS use” AND “navigation ability” OR “spatial ability” OR “spatial
navigation” OR “spatial learning” OR “environment learning” OR
“navigation learning” OR “environment knowledge” OR “spatial
knowledge” OR “wayfinding” OR “navigation task” OR “spatial task” OR
“spatial recall task” OR “environment performance” OR “environment
recall” OR “sense of direction” OR “spatial orientation”.

The literature search in the databases was conducted by the first
author. Then, the first and the second authors independently screened
the titles and abstracts of the retrieved articles for eligibility. If they
disagreed, the fourth author was consulted to reach a final decision. The
entire systematic procedure was supervised in accordance with all the
authors.

2.2. Data collection and synthesis of the findings

We created an ad hoc extraction form to gather information related
to the study characteristics (authors, year, country, and study design),
participants characteristics (age, gender, and sample size), type of GPS
use measurements (objective GPS tools or self-reported measures), type
of navigation outcomes (environmental knowledge, wayfinding, and
sense of direction), measurement methods employed (objective or self-
reported measures), and key findings from each study (see Supple-
mental Materials, Tables S2, S3, and S6). Data extracted from the
included studies were recorded by the first author and revised by the
second and the third author, to ensure precision. In addition, we cate-
gorized the included and reviewed studies into three main navigation
outcomes of interest (environmental knowledge, wayfinding, and sense
of direction) and summarized the methodological quality and certainty
of evidence for each study (Table 1).

For the quantitative synthesis of findings, we extracted all the effect
sizes pertaining to the relationship between GPS use and navigation
ability. The coding procedure was employed to ensure accurate extrac-
tion of relevant statistical information. To mitigate a publication bias, if
any information was missing from the published papers, we reached out
to the corresponding author to request the required effect estimates or
other necessary variables, such as means and standard deviations. This
approach was adopted to ensure comprehensive data collection and
minimize potential bias in the analysis.

2.3. Quality assessment (risk of bias) of the reviewed studies

The methodological quality of each eligible study was assessed using
the Joanna Briggs Institute (JBI) critical appraisal checklist (Munn et al.,
2020). As the included studies were either experimental or
cross-sectional in nature, the checklists for randomized controlled trials
(RCTs) and cross-sectional studies were used for assessment. Using these
checklists, we systematically evaluated the methodological quality of
each study, taking into account the aspects relevant to the study design.
For experimental studies, the checklist focused on identifying potential
sources of bias including the presence of randomization of group par-
ticipants, blindness, bias in outcome measurement, appropriateness of
statistical analyses, and overall methodological bias. For cross-sectional
studies, the checklist assessed the setting and sample description,
identification and measurement of the exposure, validity and reliability
of measures, consideration of confounding factors, and appropriateness
of statistical analyses. Studies with a low risk of bias were categorized as
high quality, whereas those with moderate and high risks of bias were
categorized as moderate and low quality, respectively. Two authors
(first author, second author) independently evaluated each included
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study. If they disagreed, a third reviewer (third author) was involved to
reach a final decision (see details in the Supplemental Materials, Part 3).

2.4. Effect coding and meta-analytic strategy

Pearson’s correlation or standardized regression coefficients be-
tween measures of GPS use and navigation ability (both objective and
self-reported) were coded for each study. In cases in which correlations
were unavailable, especially in studies comparing different groups, we
derived effect sizes (such as Cohen’s d) from standardized differences
between groups using GPS and comparison groups. Before computing
the meta-analysis, these effect sizes were converted into Pearson’s cor-
relation and Fisher’s Z scale. Each effect was coded as a separate row in
the data set. The type of navigation ability measure (objective or self-
reported with further specification on the outcome) and measures of
GPS use (objective or self-reported) were reported. For effect sizes
derived from group comparisons, we also coded the criteria used to
define the groups (i.e., “GPS group vs. map group” or “GPS group vs. no
aids group”), along with the number of participants in each group,
means, and standard deviations. The data extraction and coding process
for the meta-analytic procedure were conducted by two raters: the first
rater (first author) collected the necessary data from the included
studies, then the second rater (second author) reviewed and confirmed
the accuracy of the extracted data.

We performed all statistical analyses using R software. Specifically,
the meta-analysis was conducted using the “metafor” package
(Viechtbauer, 2010). We chose a random-effects model due to the ex-
pected significant heterogeneity among the included studies. Studies
were treated as random effects, following an approach Borenstein
(2009) outlined. Since various tasks were used to assess navigation
ability in the included studies, multiple effect sizes were often reported
for the same participant sample. To account for this dependency struc-
ture between effect sizes, we employed multilevel modeling using the
“rma.mv” function of the “metafor” package. The observed effect sizes
were treated as observations clustered within studies. To estimate the
covariance structure between effect sizes, we utilized the “clubSand-
wich” package (Pustejovsky & Tipton, 2022), assuming a correlation of
.50 between effects within the same research and study. The correlation
of .50 was chosen on the basis of the authors’ results in which correla-
tions between different measures of navigation ability range between
.14 and .45 (Muffato et al., 2023).

We assessed heterogeneity using Sigma squared (c2).

3. Results

We identified a total of 907 records through the literature search and
two additional records from other sources: one through research on the
reference list of the included papers (as recommended by Horsley et al.,
2011) and the second through a paper by the authors that was accepted
during the literature search. After removing deduplicates, we screened
598 records for relevance based on their titles and abstracts. From this
screening process, 82 studies were considered potentially eligible for
inclusion. The agreement between the two reviewers in the screening
process yielded a Cohen’s k of .92, indicating almost perfect agreement.
Subsequently, of the full-text articles of potentially eligible studies, 23
met the inclusion/exclusion criteria and were included in the systematic
review. After contacting the authors, we included quantitative data in
the meta-analysis from 18 studies (see Fig. 1). The agreement between
the two reviewers in the full-text screening phase yielded a Cohen’s k
value of .90, indicating once again very high agreement.

3.1. Participants and study design
Table 1 provides details of the 23 studies included in the review (see

also Table S2 in Supplemental Materials). The sample sizes of the
included studies ranged from 13 to 636 participants, and the age of the



L. Miola et al.

Table 1

Summary of findings divided by outcomes.

Journal of Environmental Psychology 99 (2024) 102417

Outcome of Interest Study Study Design Risk of GPS Measurements  Effect Type of Results Summary of Findings
bias Direction Environment
ENVIRONMENTAL Ishikawa Experimental Moderate  GPS group vs. 4 Real GPS group performed The evidence on
KNOWLEDGE et al. (2008) control (map and worse in estimating environmental
no aids) direction and drawinga  knowledge with actual
map compared to the GPS use showed mixed
group with no aids findings: Two studies
Fajnerova Experimental High GPS group (3 m) & Real No effect of use of GPS reported better
et al. (2018) vs. control (no in estimating directions performance, two lower
aids) performance, and two
* Johansson Experimental Moderate  GPS condition vs. T Real GPS group performed studies found no
et al. (2013) control (no aids) better in estimating difference.
directions The evidence on
Sonmez and Experimental High GPS group vs. ffe Real GPS group performed environmental
Onder control (asking for better in map drawing knowledge with self-
(2019) direction) (number of paths); No reported GPS use is more
differences in coherent as all the
landmarks, nodes, studies (n = 5) report
number of items negative relations
Miinzer etal.  Experimental Moderate  GPS group vs. [k Real GPS group showed
(2012) control (compass worse configural
vs. route mode) learning than map and
compass group
Ishikawa Experimental Moderate GPS group vs. = Real No differences between
(2019) control (paper groups in direction
map) estimation
Ruginski Cross- Moderate Self-reported U Virtual Negative relation
et al. (2019) sectional between GPS use and
pointing performance,
distance estimation,
and map drawing task
Dahmani Cross- Low Self-reported (GPS U Virtual Negative relation
and Bohbot sectional experience, between use of GPS and
(2020) dependence, performance in map
reliance) task
Hejtmanek Cross- Low How long U Virtual Negative relation
et al. (2018) sectional participants spend between GPS use and
looking at the aid estimating direction
during their and map task
navigation
Yan et al. Cross- Low Self-reported J,L Virtual GPS dependency was
(2022) sectional (questionnaires on negatively associated
GPS dependence) with efficiency of
detecting spatial target
Steele Cross- Moderate  Self-reported U Virtual Negative relation
(2016) sectional between GPS use and
direction estimation
task*
WAYFINDING Ishikawa Experimental Moderate ~ GPS group vs. U Real GPS group performed The evidence on
PERFORMANCE et al. (2008) control (map and worse (stopped more wayfinding performance
no aids) and traveled longer and actual GPS use
distances) compared to showed mixed findings:
map and no aids group.  Six studies reported
No differences in better performance, two
wayfinding studies lower
performance (reaching performance, and one
goals) study no differences.
Vaez et al., Experimental High GPS group vs. T Real GPS group performed The evidence on
2020 control (no aids better on average wayfinding performance
and map) distance traveled and self-reported GPS
compared to signage- use report negative
only group relations (n = 1) and a
Ishikawa Experimental Moderate  GPS group vs. 4 Real GPS group performed positive relation (n = 1)
(2019) control (paper worse in terms of travel
map) time, the number of
stops, the number of
deviations, and
traveled distance
compared to map group
Fajnerova Experimental High GPS group vs. & Real No effect of GPS use in
et al. (2018) control (no aids) wayfinding
performance (path
efficiency)

(continued on next page)
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Table 1 (continued)
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Outcome of Interest Study Study Design Risk of GPS Measurements  Effect Type of Results Summary of Findings
bias Direction Environment
Cochran and Experimental Moderate ~ GPS group vs. T Virtual GPS group performed
Dickerson control (printed better on driving
(2019) direction) (driving errors)
Young et al. Experimental Moderate  GPS group vs. T Virtual GPS group performed
(2008) control (compass) better than compass
group (evaluating
waypoint)
Wang et al. Experimental Moderate  GPS group vs. T Virtual GPS condition showed
(2020) control (no aids, better performance in
map, color map) terms of path length
and time of walking
Miinzer et al.  Experimental Moderate ~ GPS group (route T Virtual GPS group performed
(2012) mode) vs. control better (less wayfinding
(compass, map) errors) compared to
map and compass
group
Li et al. Experimental High GPS group vs. T Virtual GPS group performed
(2019) control (friends better in route retracing
and strangers) than group asking
strangers (without
feedback and correct
guidance)
Dickerson Cross- High Questions on GPS f Real Navigation technology
(2020) sectional is perceived by older
adults as helpful for
wayfinding, with
minimal distractions
Hejtmanek Cross- Low How long U Virtual Negative relation
et al. (2018) sectional participants spend between GPS use and
looking at the aid wayfinding (path
during their redundancy)
navigation
SENSE OF Ishikawa Experimental Moderate  Self-reported U NA GPS use negatively The evidence on self-
DIRECTION (2019) correlated with sense of reported sense of
direction (SBSOD) direction is consistent,
He and Cross- Moderate  Self-reported [k NA GPS use negatively and nine studies found
Hegarty sectional correlated with sense of ~ negative relations
(2020) direction (SBSOD) between using GPS and
Dahmani Cross- Low Self-reported e NA GPS dependence self-reported sense of
and Bohbot sectional and negatively correlated direction. Three studies
(2020) longitudinal with sense of direction found no association,
(SBSOD); No significant  and one study found a
relationship emerged positive relation
with GPS reliance and
GPS experience
Meneghetti Cross- Moderate  Self-reported e NA GPS use negatively
et al. (2019) sectional correlated weakly with
sense of direction and
use of cardinal points;
No relations emerged
with preference for
survey mode and
preference for
landmark and route
modes
Steele Cross- Moderate Self-reported U NA GPS use negatively
(2016) sectional correlated with sense of
direction (SBSOD)
Miola et al. Cross- Low Self-reported [k NA GPS use negatively
(2023) sectional correlated with sense of
direction (SDSR)
Hejtmanek Cross- Low How long looking U NA GPS and map use
et al. (2018) sectional at the aid during negatively correlated
navigation with self-reported
navigation skill
Ruginski Cross- Moderate  Self-reported [k NA GPS use negatively
et al. (2019) sectional correlated with sense of
direction (SBSOD)
Muffato Cross- Low Self-reported & NA No relations emerged
et al. (2022) sectional between sense of
direction and GPS use
Zeng et al. Cross- Low Self-reported [k NA GPS use negatively
(2022) sectional predicted self-reported

sense of direction

(continued on next page)
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Table 1 (continued)
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Outcome of Interest Study Study Design Risk of GPS Measurements  Effect Type of Results Summary of Findings
bias Direction Environment
Nori et al. Cross- Low Self-reported T NA GPS use positively
(2022) sectional predicted SOD

(regression); No
relations emerged
between SOD and GPS
use (correlation)

Note. *Steel et al. (2016) called the direction estimation task as a wayfinding task.

Direction of effect: ft= positive association between GPS use and navigation ability; || = negative association between GPS use and navigation ability; < = no as-

sociation between GPS use and navigation ability; NA = Not applicable.

[ Identification of studies via databases and registers ] [ Identification of studies via other methods ]
)
= Records identified from databases
£ (n=907): Records identified from other
b - Scopus = 490 < sources:
b= - PsycINFO = 138 Citation searching (n = 2)
5 - Web of Science =279
=
S— Records removed before screening:
Duplicate records removed
(n=311)
)
Records excluded (n = 516):
Records screened N
(n=598) - No navigation ability = 263
- No GPS use for navigation goals = 97
- No humans = 75
- Pathological/atypical sample = 46
En - Not relevant = 26
S - Book or chapter =7
g - Reviews and meta-analysis = 2
7]
R 1 =59
Reports assessed for eligibility eports excludedim )
(n=282) - Excluded sample (e.g., children or pathological
sample) = 6
- No outcomes of interest = 39
- Reports, commentaries, reviews, or no study
available = 14
~—
= Studies included in review
El | 023
2 Reports included in the meta-analysis
= (n=18)

Fig. 1. Prisma diagram of the study selection process.

participants ranged from 16 to 84 years. Regarding the study design, all
the studies included quantitative data. The majority of them collected
data at a single point in time, whereas only one study measured vari-
ables after 3 months and one after 3 years. Among the included studies,
11 were classified as experimental studies because they compared the
performance of groups using a GPS tool during navigation (GPS group)
with groups that used other aids or no aids during the learning phase.
Specifically, five studies included a control group with no aids
(Fajnerova et al., 2018; Ishikawa et al., 2008; * Johansson et al., 2013;
Vaez, Burke, & Yu, 2020; Wang et al., 2020), and 12 studies included
one or more control groups using other navigation aids (i.e., six studies
used maps or printed directions [Cochran & Dickerson, 2019; Ishikawa,
2019; Ishikawa et al., 2008; Miinzer et al., 2012; Vaez et al., 2020; Wang

et al., 2020]; two studies used a compass [Miinzer et al., 2012; Young
et al., 2008]; and two studies included asking other people for directions
[Li et al., 2019; Sonmez & Onder, 2019]). The 12 studies were classified
as cross-sectional and correlational studies. In terms of the types of en-
vironments used for testing navigation ability, 10 studies employed a
virtual environment (e.g., on desktop simulations), and nine studies
used real environments (such as city, neighborhood, or campuses).

3.2. Synthesis of characteristics of reviewed studies grouped by outcomes
of interest

Most of the studies reviewed reported significant effects of GPS use
on navigation ability outcomes. However, there was considerable
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heterogeneity in assessing GPS use, as well as examining the measure-
ments and outcomes. To address the latter source of variability, and
according to theoretical models (Dalton et al., 2019; Hegarty et al.,
2006; Wiener et al., 2009), we grouped the study results based on three
main types of navigation ability outcomes: (a) environmental knowl-
edge, (b) wayfinding performance, and (c) sense of direction. Table 1
provides detailed information on each category of study, including their
specific characteristics and key findings.

3.2.1. Environmental knowledge

In total, eleven studies (see Table 1) assessed environmental
knowledge and incorporated a learning phase in which participants
familiarized themselves with a specific environment, either real or vir-
tual. Following the learning phase, a testing phase evaluated partici-
pants’ knowledge of the environment and its metrical and configural
features in a subsequent session with various spatial recall tasks
measuring participants’ ability to recall a learned environment, such as
direction estimation tasks (pointing; eight studies) assessing egocentric
knowledge and map tasks (eight studies) or distance estimation tasks
(one study) assessing allocentric knowledge.

The majority of the studies used a GPS tool or GPS with augmented
reality during the learning phase in real and virtual environment and
then tested the knowledge of the environment (see Supplemental Ma-
terials Tables S2 and S3 for details on the procedure).

One study used eye tracking to investigate GPS use (how long par-
ticipants spent looking at a GPS-like map) to correlate with the perfor-
mance on environmental knowledge (Hejtmanek et al., 2018).

Finally, four studies used self-reported measures of GPS use corre-
lated with environmental knowledge tasks (Dahmani & Bohbot, 2020;
Ruginski et al., 2019; Steele, 2016; Yan et al., 2022).

Of these eleven studies measuring environmental knowledge, six
studies compared a group using a GPS tool (i.e., GPS used during navi-
gation) with control groups using no aids, a map, or asking for directions
and then assessing spatial recall tasks (Fajnerova et al., 2018; Ishikawa,
2019; Ishikawa et al., 2008; * Johansson et al., 2013; Miinzer et al.,
2012; Sonmez & Onder, 2019).

Among the six studies that compared groups, two studies found a
lower performance in the GPS group compared to the CG in direction
estimation (errors) and map drawing task (accuracy of number of routes
that showed all the turns in the correct directions and sequences and
configural accuracy; Ishikawa et al., 2008; CG: no aid; Miinzer et al.,
2012; CG: map and compass groups). Differently, two studies found that
the GPS groups performed better than the control groups (CGs) in di-
rection estimation tasks (* Johansson et al., 2013; CG: no aids) and
number of paths drawn in the map tasks (Sonmez & Onder, 2019; CG:
asking for directions). Finally, two studies reported no differences be-
tween the GPS and comparison groups in error of direction estimates
(CG: no aids groups, Fajnerova et al., 2018; paper map group: Ishikawa,
2019).

Four studies used self-reported measures to assess GPS use, using a
single question: “About how often do you use a GPS for navigation when
travelling?” (Ruginski et al., 2019) or a questionnaire (i.e., McGill GPS
questionnaire; Dahmani & Bohbot, 2020) measuring the habits and/or
frequencies in using GPS during moves (see Table S6 for details). All the
studies reported a negative association between GPS use and perfor-
mance on spatial recall tasks. Ruginski et al. (2019) found a negative
association between the reported frequency of GPS use with perfor-
mance in a pointing task, distance estimation, and map tasks. Dahmani
and Bohbot (2020) found a negative relationship between the use of GPS
and map drawing (accuracy in locating landmark), both in a
cross-sectional study and a longitudinal study. Similarly, Steele (2016)
found that GPS use was negatively associated with performance in di-
rection estimation and Yan et al. (2022) showed an association between
GPS dependence (GPS dependence questionnaire; Dahmani & Bohbot,
2020) and searching for a spatial target from a map (higher fixation),
with high GPS dependency associated with lower efficiency in the
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spatial target search.

Finally, one study by Hejtmanek et al. (2018) registered how long
participants spent looking at the GPS map using eye tracking during the
learning phase and recall phase finding that the duration of fixations was
negatively associated with performance in a pointing task and a map
task (location placement and naming scores).

Overall, seven out of the eleven studies reviewed above found a
negative relationship between GPS use and egocentric (direction esti-
mation task and pointing) and allocentric (map task) environmental
knowledge (Dahmani & Bohbot, 2020; Hejtmanek et al., 2018; Ishikawa
et al., 2008; Miinzer et al., 2012; Ruginski et al., 2019; Steele, 2016; Yan
et al., 2022), whereas two studies (Fajnerova et al., 2018; Ishikawa,
2019) did not find such relationships, and two studies (* Johansson
etal., 2013; S6nmez & Onder, 2019) also reported positive relationships
between the use of GPS and performance in direction estimation and
map drawing tasks.

3.2.2. Wayfinding performance

A total of eleven studies (see Table 1) assessed wayfinding perfor-
mance (see also Tables S2 and S3) including route repetition and
retracing tasks, shortcut task or navigation performance during the GPS
use (driving tasks, find locations, following the device). Of the eleven
studies measuring wayfinding, nine experimental studies compared GPS
groups with CGs using no aids, a map or asking for directions (Cochran &
Dickerson, 2019; Fajnerova et al., 2018; Ishikawa, 2019; Ishikawa et al.,
2008; Li et al., 2019; Miinzer et al., 2012; Vaez et al., 2020; Wang et al.,
2020; Young et al., 2008). Among the nine studies, eight measured the
effect of GPS use during the performance of wayfinding, and one study
assessed wayfinding before and after using the GPS tool (Fajnerova
et al.,, 2018). Finally, other two studies used either eye tracking or
self-reported measures of GPS use (Dickerson, 2020; Hejtmanek et al.,
2018).

Six out of eight studies found that the GPS group exhibited better
wayfinding performance compared with CGs. Cochran and Dickerson
(2019) found fewer driving errors of the GPS condition compared to a
condition with printed directions on a driving task (within subject
design). Young et al. (2008) found a better performance of the GPS
group in planning and navigating compared to a compass group. Wang
et al. (2020) found that the GPS condition had better performance in
finding the exit of a maze (path length and time of walking) compared to
the no aids condition (within subject design). Vaez et al. (2020) found
better performance in finding locations in the environment (lower dis-
tance traveled) for the GPS group compared to the signage-only group.
Miinzer et al. (2012) found that the GPS group (route mode) showed
better performance in following directions (less wayfinding errors) than
a map and a compass group. Li et al. (2019) showed that the GPS group
performed better in route retracing than the group that received verbal
instructions for directions.

Two studies (Ishikawa, 2019; Ishikawa et al., 2008) found, however,
that the GPS group had worse wayfinding performance: Ishikawa et al.
(2008) found that the GPS group, compared to the paper map and no
aids groups, traveled longer distances and made more stops during a
wayfinding task, and Ishikawa (2019) found that the GPS condition
performed worse than the paper map condition in a wayfinding task,
showing longer travel time and distance and higher number of stops and
deviations (within subject design). Only one study found no differences
between groups: Fajnerova et al. (2018) showed similar performance
between the GPS group and the CG in a wayfinding task requiring
navigating without a marked trajectory.

Finally, of the eleven studies, one study on wayfinding measured GPS
use with eye tracking (fixation times of GPS aid; Hejtmanek et al., 2018)
and one with self-reported measures (Dickerson et al., 2020). Hejtmanek
et al. (2018) showed that the GPS-like map use (fixation) was associated
with lower wayfinding performance in terms of path redundancy.
Dickerson (2020) instead asked older adults questions on difficulties in
using GPS after driving four roads with GPS and found that 91% of the
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participants subjectively reported that GPS tools are useful for
wayfinding.

Overall, of the eleven studies that measured wayfinding perfor-
mance, seven showed a positive relationship (Cochran & Dickerson,
2019; Dickerson, 2020; Miinzer et al., 2012; Vaez et al., 2020; Wang
et al., 2020; Young et al., 2008) with GPS use, three showed a negative
relationship (Hejtmanek et al., 2018; Ishikawa, 2019; Ishikawa et al.,
2008), and one study found no relationship (Fajnerova et al., 2018).

3.2.3. Sense of direction

A total of eleven studies (see Table 1) self-reported navigation ability
(sense of direction) using questionnaires. Specifically, five studies used
The Santa Barbara Sense of Direction questionnaire (SBSOD; Hegarty
et al., 2002), five studies included other questionnaires on navigation
ability, and one study used a single question to score navigation
expertise subjectively (see Supplemental Materials, Table S6). All these
studies used GPS self-reported measures (e.g., McGill GPS questionnaire,
Dahmani & Bohbot, 2020), except for one study that registered the time
fixation of the GPS map during a navigation task.

Regarding the results, nine studies found that GPS use negatively
correlated with sense of direction (Dahmani & Bohbot, 2020; He &
Hegarty, 2020; Hejtmanek et al., 2018; Ishikawa, 2019; Meneghetti
et al., 2019; Miola et al., 2023; Ruginski et al., 2019; Steele, 2016; Zeng
et al., 2022), one study found that the use of GPS positively predicted a
sense of direction (Nori et al., 2022), and two studies did not find any
relationship (Dahmani & Bohbot, 2020; Muffato et al., 2022). Dahmani
and Bohbot (2020) counted twice as they found, in addition, no signif-
icant correlations between a sense of direction and GPS reliance and GPS
experience. The same authors in a longitudinal assessment (post-test
after three years) found no significant correlation between a change in a
sense of direction with hours of GPS use since pre-test or GPS reliance.

Overall, of the eleven studies that measured a sense of direction, nine
studies indicated negative relationships with GPS use, whereas two
studies failed to find an association, and only one study found a positive
association.

3.2.4. Risk of bias of the literature considered in the systematic review

We evaluated the methodological quality of the studies, calculating
the risk of bias using a revised version of the Joanna Briggs Institute
(JBI) critical appraisal checklist (Munn et al., 2020; see Supplemental
Materials). However, it should be specified that the manual JBI is
appropriate especially for experimental studies in the healthcare field
and is not perfectly suitable for the cognitive-behavioral studies
described in the present systematic review.

Concerning the overall methodological quality of the studies
included in the review, 30% (n = 7) resulted in a low risk of bias; 47% (n
= 11) in a moderate risk, and 21% (n = 5) in a high risk.

For the cross-sectional studies (n = 12), most studies provided
adequate descriptions of the sample (n = 11, 92%), addressed con-
founding effects (n = 10, 83%), and reported appropriate statistical
analyses (n = 11, 92%; see Supplemental Materials, Part 3). The primary
sources of bias were the lack of a clear definition of inclusion criteria for
participants (n = 7, 58%) and the lack of information regarding the
reliability and validity of the measurements used (n = 5, 42%).

As for the experimental studies (n = 11) JBI checklist for randomized
controlled trials was used; however, in the final count of risk of bias we
did not count three questions because they applied to clinical trials.
Indeed, the questions investigated the adequacy of follow-up, intention
to treat, and information about specific trial design that are not suitable
for experimental studies comparing conditions/groups.

For the experimental studies, a source of bias is the lack of infor-
mation regarding the reliability and validity of the measurements used
in the studies (n = 10, 91%); only one study reported measures such as
Cronbach’s alpha or agreement between judges for scoring. The
assessment of measurement reliability in experimental studies was lower
compared to the cross-sectional studies, as the latter predominantly used
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subjective measures, which measures of validity more commonly
accompany (see Supplemental Materials, Fig. S1; and Tables S4 and S5).

In addition, indications are never given with respect to the blinding
of subjects or investigators in the assigned conditions/groups (n = 11,
100%). Finally, only a portion of the studies indicated the randomized
and casual assignment of participants to conditions (n = 7, 63%).

3.3. Meta-analysis of the relationship between the use of a GPS and
navigation ability

A total of 18 studies and 81 effect sizes were included to estimate the
relationship between GPS use and navigation ability. Concerning the
type of outcome (see Figs. 2-4 for environmental knowledge, way-
finding, sense of direction, respectively), the Pearson’s coefficient esti-
mated for the correlation between GPS use and environmental
knowledge was r = —.18 [CI: —.28, —.08], p < .001; heterogeneity was
significant, Q(df = 8) = 25.875, p = .001, 6% = .02. Wayfinding per-
formance was Pearson’s r = .07 [ CI: —.28, .41], p > .05; heterogeneity
was significant, Q(df = 6) = 77.554, p < .001, 62=.19. The self-reported
sense of direction was Pearson’s r = —.25 [95% CL: —.39, —.12], p <
.001; heterogeneity was significant, Q(df = 11) = 200.443, p < .001, 6>
= .05. Overall, considering both experimental and cross-sectional
studies, the correlation between GPS use and navigation ability is sig-
nificant for two of the three outcomes, and the magnitude of the rela-
tionship is small.

4. Discussion

In the current systematic review and meta-analysis, we examined for
the first time whether the GPS is related to people’s navigation and
orientation abilities. Given the rapid development and access to tech-
nologies that provide spatial information (Hein, 2020), as well as the
growing body of literature on this topic in the last 15 years, this study
was intended to clarify whether and how is the relationship between the
use of assistive navigation systems and navigation abilities defined
regarding (a) environmental knowledge (environmental learning and its
recall; Wolbers & Hegarty, 2010; assessing egocentric or allocentric
knowledge; Burgess, 2006), (b) wayfinding performance (reaching
destinations and locations, performance during wayfinding; Wiener
et al., 2009), and (c) sense of direction (subjective navigation ability;
Hegarty et al., 2002).

In the systematic review, we selected and finally included 23 studies,
12 cross-sectional and 11 experimental, exploring the relationship be-
tween GPS system use and navigation ability. In the meta-analysis,
following contact with authors to obtain missing data, we were able to
include 18 studies. The results of all studies regarding environment
knowledge, wayfinding, and sense of direction are discussed below.

As for environment knowledge, studies that compared the actual use
of GPS by one group/condition with a control group/condition showed
mixed results: Some studies showed that the GPS users performed better,
some worse, and some showed no differences. Notably, in the studies in
which GPS users showed better performance in egocentric (direction
estimation) and allocentric (map drawing) tasks, this improvement was
seen in only one of the indicators of environmental knowledge included
(for map drawing in number of paths but not for number of landmarks,
nodes, or roads; Sonmez & Onder, 2019) or when GPS use was allowed
during the direction estimation testing phase (* Johansson et al., 2013),
which could have influenced the results by helping and facilitating the
recall thanks to the GPS device. Therefore, the positive effects of GPS use
are limited, possibly due to differences in the methodology used (i.e.,
allowing GPS use during the testing phase). The results of the systematic
review regarding the effect of GPS use on environmental knowledge in
experimental studies seem to suggest that GPS use in learning an envi-
ronment can potentially lead to poorer acquisition of spatial knowledge.
It is noteworthy that GPS use can still allow for some level of spatial
learning and accurate acquisition of the number of paths in an
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Estimate [95% CI]
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Ruginski et al., 2019
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Fig. 2. Environmental Knowledge.

Observed Outcome

Note. Forest plot showing the estimated true effects to the meta-analytic model. Error bars represent 95% Cis of the random effects.

Author(s) and Year

Estimate [95% Cl]

Cochran & Dickerson, 2019 n-—-—c 0.34 [-0.05, 0.73]

Hejtmanek et al., 2018 .--. -0.41[-0.72, -0.10]

Ishikawa, 2008 - -0.51 [-0.73, -0.29]

Ishikawa, 2019 - -0.24 [-0.34, -0.14]

Lietal, 2019 h—l—l 0.22 [-0.07, 0.52]

Munzer et al., 2012 i 0.50[0.21, 0.80]

Wang et al., 2020 —-— 0.63[0.35, 0.91]

RE Model - I 0.07 [-0.28, 0.41]
l—l_%_l_l
-1 0 1

Fig. 3. Wayfinding.

Observed Outcome

Note. Forest plot showing the estimated true effects to the meta-analytic model. Error bars represent 95% Cis of the random effects.

environment (Sonmez & Onder, 2019), suggesting that GPS use is not
disadvantageous in all spatial knowledge acquisition situations. How-
ever, taken together, our results seem to newly indicate that a negative
relationship with the environmental (metrical and configurational)
knowledge is present when assessed with egocentric (e.g., judging di-
rections) and allocentric (e.g., map drawing) tasks (Ishikawa et al.,
2008; Miinzer et al., 2012).

The results of studies using self-reported measures of GPS use in
everyday life consistently showed that GPS use is negatively associated
with environmental knowledge, indicating that when individuals report
high frequency of GPS use or high reliance on GPS in everyday life, they
also report poorer mental representation of the surrounding environ-
ment (e.g., Dahmani & Bohbot, 2020; Ruginski et al., 2019).

To elucidate further the effect of GPS use (actual or self-reported) on
environmental knowledge, we compiled the available data on the effects
of GPS use across various environmental knowledge outcomes. The re-
sults of the meta-analysis indicated a statistically significant negative
relationship between GPS use and environmental knowledge, r = —.18,
95% CI [—.28, —.08], p < .001. Overall, the results on environmental
knowledge support the hypothesis that focusing on a GPS device while
navigating an environment could interfere with subsequent recall. GPS
use may impair the learning of landmarks, paths, and the configuration
of the environment and does not allow for the use of basic spatial skills
useful for learning the environment (mental rotation and perspective
taking; Miinzer et al., 2012; Ruginski et al., 2019). Moreover, GPS use
could make learning an environment more passive, thus decreasing the
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Estimate [95% CI]
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Ishikawa, 2019 . -0.30 [-0.42, -0.18]
Meneghetti et al., 2019 L] -0.09 [-0.17, -0.02]
Miola et al., 2022 m -0.45 [-0.51, -0.39]
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Nori et al., 2022 - 0.21[0.01, 0.41]
Ruginski et al., 2019 - -0.38 [-0.52, -0.24]
Steele, 2016 - -0.45 [-0.59, -0.31]
Zeng et al., 2022 L] -0.10 [-0.16, -0.04]
RE Model 0 -0.25[-0.39, -0.12]
T
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Fig. 4. Sense of Direction.

Observed Outcome

Note. Forest plot showing the estimated true effects to the meta-analytic model. Error bars represent 95% Cis of the random effects.

acquisition of information and not facilitating decision-making during
exploration (Chrastil & Warren, 2015). Along this line, some authors (e.
g., Huston & Hamburger, 2023; McKinlay, 2016; Montello & Raubal,
2013) interpreted such negative relationships in terms of technological
infantilization, in which technology is assumed to do much of the
cognitive work, consequently impoverishing people’s resources.

As for wayfinding ability, all the experimental studies compared the
performance/behaviors of GPS use during the user’s course and control
groups/conditions. The majority of them showed that GPS use during
wayfinding helps people find a destination more effectively and quickly
than controls. Specifically, when the wayfinding performance is
measured at a behavioral level (e.g., speed, distance traveled, navigation
errors) simultaneously with GPS use, the latter seems to enhance per-
formance (Cochran & Dickerson, 2019; Li et al., 2019; Miinzer et al.,
2012; Vaez et al., 2020; Wang et al., 2020; Young et al., 2008). These
results suggest that GPS use can facilitate online searches and help users
find which route to take to reach a destination, supporting the idea that
GPS, as navigational assistance, can be considered a strong wayfinding
cue during navigation (Dalton et al., 2019). However, this benefit is not
found in three studies showing that the GPS users performed worse than
control groups (Ishikawa, 2019; Ishikawa et al., 2008) or that the usage
of augmented-reality glasses with GPS (around 3 h per week) during
navigation in a real environment for 3 months did not significantly affect
the tested participants’ wayfinding performance (Fajnerova et al.,
2018). The mixed results regarding wayfinding performance with GPS
may be explained by several factors. First, two of the three studies that
showed worse performance of GPS users were conducted in real-world
environments. Real environments and locations can introduce com-
plexities during navigation, such as traffic, noise, and crowding, that are
difficult to control in experimental situations. Furthermore, one of these
studies was conducted in 2008, when participants may have been less
familiar with GPS devices and screens were smaller.

Finally, the studies using self-reported measures or eye tracking to
assess GPS use showed positive and negative relationship with way-
finding performance. Greater time fixation on the map with GPS was
associated with lower wayfinding ability. However, when exploring
people’s beliefs about the utility of GPS use, people judge GPS as useful
and not a deterrent during wayfinding. Overall, the results of a sys-
tematic review of wayfinding ability seems to suggest that GPS use can
be useful during online navigation to efficiently search for destinations,
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which is part of wayfinding ability. It is plausible that to solve problems
and find solutions during navigation (a key component of wayfinding;
Montello, 2005), GPS can be a strong supporter (Dalton et al., 2019).

The advantage of GPS use for wayfinding, however, was not quan-
titatively detectable in the meta-analysis. The meta-analysis did not
reveal a statistically significant relationship between GPS use and
wayfinding performance, r = .07, 95% CI [—.28, .41], p > .05. The null
effect may stem from the various tasks adopted in the studies included:
Real and simulated driving tasks related to safety, shortcut task, route
retracing, and finding the exit of a maze. In these tasks, the requests and
the indices adopted to calculate wayfinding performance were different
(errors, accuracy, travel distance, walking speed, target finding). In
addition, the types of environments were different (real or virtual, lab-
yrinth or city). This heterogeneity underscores the diversity in research
approaches to GPS use and highlights the complexity of the findings
regarding the relationship between GPS use and wayfinding
performance.

The tradeoff observed for wayfinding performance underlines the
importance of conducting systematic reviews in addition to meta-
analyses and serves as a starting point for new research on improving
or standardizing wayfinding measurements to understand better GPS’s
role in various navigation behaviors (navigation errors, distance trav-
eled, speed, etc.) and related performance (wayfinding performance
with GPS or wayfinding after learning an environment with GPS based
on the knowledge of the environment). Finally, the results on way-
finding show that there is a lack of evidence on wayfinding without the
use of GPS. Studies, indeed, have been conducted to assess people’s
wayfinding ability as they passively follow GPS instructions, potentially
creating a gap in our understanding of the processes of route planning
and decision-making tested after GPS use. Future studies should also
include these aspects of route planning and decision-making to better
examine GPS use’s effects on the various components of wayfinding
(Wiener et al., 2009).

Concerning the results of sense of direction and self-reported GPS
use, most studies have shown a negative relationship between self-
reported GPS use and self-reported sense of direction (adopting a
widely used measure; Dahmani & Bohbot, 2020; He & Hegarty, 2020;
Hegarty et al., 2002; Hejtmanek et al., 2018; Ishikawa, 2019; Mene-
ghetti et al., 2019; Miola et al., 2023; Ruginski et al., 2019; Steele, 2016;
Zeng et al., 2022). Consistently the meta-analysis showed a statistically
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significant negative effect of GPS use on individuals’ self-reported sense
of direction, r = —.25, 95% CI [-.39, —.12], p < .001. This finding
implies that one’s perceived sense of direction is negatively associated
with GPS use. This trend is particularly evident when we consider
self-reported measures (for GPS use and sense of direction). Overall, the
results regarding subjective sense of direction confirm the link between
beliefs about a sense of direction and behaviors, including GPS use (e.g.,
He & Hegarty, 2020; Miola et al., 2023), in which the awareness of
people’s navigation abilities consistently relates to the need for aids
(expressed through self-reports). People with a low sense of direction
may prefer to use GPS more as a form of reassurance for spatial situa-
tions and navigation. On the other hand, the relationship’s bidir-
ectionality suggests that continuous GPS use over time could also be
associated with a poorer sense of direction.

4.1. Risk of bias

Regarding the methodological quality of the evidence, our review
revealed that approximately 69% of the studies had a moderate or high
risk of bias. One major weakness of these studies is the validity and
reliability of the objective measures used to assess navigational ability.
Each study used a different task, making comparing their results diffi-
cult, and they did not report indices of reliability and validity for the
navigation measurements, especially for wayfinding performance. This
problem, however, should be extended to the literature on navigation in
general, which often uses nonstandardized navigation tasks, high-
lighting the importance of improving the navigation assessment to reach
more sound conclusions (Wiener et al., 2020). Another aspect is the lack
of multiple and repeated measurements of the navigation ability to
better detect everyday habits (Schaie, 2014). Furthermore, no action
was taken in the studies regarding the participants’ and experimenters’
blindness to the assigned conditions. Additionally, there are differences
in the type of environment used. Studies conducted in a real-world
urban environment necessarily had little control over environmental
variables (from traffic or pedestrian density to walking space), which
may have affected participants’ navigation. These methodological lim-
itations may have influenced the validity of these studies’ estimates.

On the other hand, it is possible to highlight the included studies’
strengths. For example, the fact that the studies used experimental
procedures (group comparisons) and self-reported measures helps add
information and clarify the relationship between variables. Another
aspect that emerges, especially in experimental studies, is the control of
baseline groups for various relevant factors: In some studies, the re-
searchers ensured that the groups did not differ in age, gender, level of
experience with virtual environments or GPS, or basic visuospatial
abilities, making the groups comparable. In some studies, the re-
searchers used and clearly explained their randomization techniques for
conditions and participant assignment. Other strengths of the studies
include appropriate statistical analyses (e.g., checking assumptions),
large sample sizes, and within-subject procedures.

Although it provides new insights, some limitations of this review
process should also be acknowledged. Among the studies, the disparity
in when navigation abilities were assessed, before or during GPS use,
and the limited number of studies in both scenarios restrict our ability to
delve deeper into the GPS timing used in the studies. Another limitation
of the review is the failure to consider individual characteristics, such as
age, as moderating factors, which could have provided more compre-
hensive insight into the impact of GPS use. In the current review, we
were unable to explore age-related differences due to the limited num-
ber of older participants. It is also worth noting that GPS technology is
constantly improving, not only in terms of navigation precision and
integration of new systems for spatial data (e.g., artificial intelligence;
Ahmed & Raihan, 2024) but also in its usability, design, and immersion
with new devices that could also impact spatial navigation (e.g., Lakehal
et al., 2023; Ruginski et al., 2022). In addition, as new generations (e.g.,
millennials) become increasingly digitalized and more familiar with
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technology compared to previous generations (e.g., Alexopoulou et al.,
2022), there may be a cohort effect in the evidence that should be
investigated in future studies.

4.2. Implications

From a theoretical point of view, our results enhance the under-
standing of aided navigation. Despite the inclusion of navigational aids
(in terms of tools or people) in theoretical wayfinding models (Dalton
et al., 2019; Wiener et al., 2009), their role during spatial-information
learning (wayfinding) in its final acquisition (environmental knowl-
edge) and subjective navigation abilities has not been systematically
analyzed. Moreover, in the models, evidence of unaided individual
navigation ability prevails.

The results of the current review provide an initial framework for the
effect of GPS use on the acquisition of environment information (way-
finding), the resulting environmental knowledge, and individual
disposition (sense of direction). Researchers should consider the various
components of navigation abilities and determine when and in which
phase of navigation the GPS aid can be used in relation to other variables
and conditions (such as the environment—real vs. virtual con-
ditions—and the type of task used). This will enhance our understanding
of when GPS use might create a disadvantage or potentially offer stra-
tegic advantages in navigation (as observed in the current paper with the
use of GPS during wayfinding).

At the same time, the present findings have relevant practical im-
plications. Technology is becoming omnipresent in daily life, with GPS
being one of the most commonly used systems for navigation. As our
review reveals, understanding the effects of GPS use and design
(Ruginski et al., 2022) on our navigation abilities has become increas-
ingly important and could provide implications for navigating our
environment and offer insights into advancements in technology-hu-
man interaction in spatial navigation. Studying various types of tech-
nology design and information provided by navigation systems could
make a difference in navigation abilities. Given that we cannot eliminate
GPS technology from our lives, our results on its potentially detrimental
role in some components of navigation abilities should raise future
questions of how to help people use it as an aid.

5. Conclusions

In conclusion, the present review and meta-analysis clarify and
confirm some findings in the literature, namely that the GPS use is
negatively associated with navigation ability, specifically environ-
mental knowledge and sense of direction, indicating that the more in-
dividuals rely on GPS to reach destinations, the more poorly they
perceive their navigation skills and the poorer is their knowledge of the
environment. At the same time, it is important to mention the bidir-
ectionality of the relationship between GPS use and navigation abilities:
Individuals with poorer ability to learn spatial information and form
environmental knowledge tend to use assisted navigation systems more
frequently in daily life, thus weakening their navigation abilities. This
intriguing link might suggest that individuals who have a weaker “in-
ternal” ability to use spatial knowledge to navigate their surroundings
are also more prone to rely on “external” devices or systems to navigate
successfully. Therefore, other psychological factors (e.g., self-efficacy;
Miola et al., 2023) might moderate this bidirectional relationship, and
researchers need to further elucidate it.

The results regarding wayfinding, in contrast, seem to support GPS’s
positive role when combined during navigation (systematic review),
even if it is not supported by quantitative evidence (meta-analysis).

Future studies should better clarify the impact of GPS use through
the use of reliable procedures and measurements regarding navigation
ability and GPS use. Moreover, to better understand the long-term
impact of GPS use, more extensive longitudinal research will be
required with the aim of determining the direction of causality.
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Researchers should also examine the role of individual differences, such
as how age is involved in the relationship between GPS use and navi-
gation ability (few studies consider a large age range, including older
adults; Dickerson, 2020; Ishikawa, 2019). Another important aspect of
future research could be the examination of strategic GPS use. Devices
with GPS offer various strategic functionalities that enable users to
explore their surroundings, plan routes, or view maps of their environ-
ments. Investigating whether strategic GPS use is positively associated
with everyday navigation abilities would be a valuable aspect to explore
in subsequent studies, together with a comparison of types of use.

Finally, these findings are important because they underline how the
use of devices may play a role in how we learn about environments and
how people think about their spatial abilities. Given these devices’
increasing use and accuracy earlier in the life span, this negative rela-
tionship may remain or even become more pronounced. Therefore, in
light of the negative effect of GPS use on spatial learning and sense of
orientation, it is important to study how the use of GPS devices can
effectively support the various aspects of navigation. These results
provide evidence and a foundation for new research on how to best use
these devices without weakening our abilities. Positive use of GPS de-
vices could involve mindful use, employing strategic approaches, or
providing less information.
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