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Abstract
The visualization of landmarks in mobile maps has become a popular countermeasure to the negative
effect navigation aids have on spatial learning. Landmarks are salient environmental cues that
serve as cognitive anchors during navigation, facilitating spatial memory formation and long-term
retention. However, longitudinal studies assessing long-term spatial memory retention acquired
during mobile map-assisted navigation in the real world and what role visualized landmarks play in
this context are still scarce. We report on a longitudinal study to assess long-term spatial memory
retention of wayfinders who, two years prior, navigated only once a real-world route prescribed with
a mobile map aid enriched with visually salient task-relevant landmarks. We report preliminary
results on their long-term memory retention of acquired landmark and route knowledge. We found
that participants retained meaningful long-term landmark and route knowledge over the two-year
study period. While landmark knowledge decreased over the test-retest sessions, gained route
knowledge was unaffected. These ecologically valid results contribute to a better understanding of
spatial memory formation and long-term retention after one route exposure through a real-world
environment, aided by a mobile map enriched with salient landmarks.
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1 Introduction

Imagine your friends invite you to a bar where you met them once a couple of years back. To
reach this unfamiliar destination back then, you relied on your trusted navigation aid. This
time, you decide to put your spatial memory to the test since you have already traversed
the same route once. You must now identify salient environmental features and match them
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with the same features from your prior experience with this route that are encoded in your
long-term spatial memory in order to reach the destination [19]. How successful would you
be? How much of the spatial knowledge acquired during the previous exposure to the route
is stored in your long-term spatial memory [24, 15], and can you recognize the environmental
cues and the associated turning directions in your upcoming navigation quest?

In our spatially enabled society, we rely on ubiquitous mobile map aids to guide us to our
intended destination [3], especially in unfamiliar environments. However, previous research
has demonstrated that the habitual use and reliance on navigation aids impairs wayfinders’
short- and long-term spatial memories [3, 14]. The negative effects of map aids are attributed
to dividing wayfinders’ visual attention between the environment and the map display [7]
and entering wayfinders into a passive navigation state where the task is off-loaded to the
map aid [1, 14]. Furthermore, the current map aids do not present wayfinders with visually
salient landmark information [16] despite the well-established role of landmarks as cognitive
anchors for human navigation and spatial memory formations [5, 22]. Landmarks are salient
environmental cues that guide wayfinders’ attention to task-relevant information during
navigation, help them stay oriented in the surrounding environment, and are important for
building a long-term representation of the layout of the traversed environment [22, 5].

While there is a plethora of research investigating the role of brain regions for storing
and retrieving long-term spatial memories (see reviews by [28, 22]), longitudinal studies
investigating wayfinders’ long-term spatial memory retention after real-world navigation
aided by mobile maps are still scarce [2].

The present study
In the initial study, participants were asked to navigate from a pre-defined starting location
to the end destination of a real-world route approximately 1 km long that was prescribed to
them on a mobile map. Ten task-relevant landmarks located at decision point intersections
were saliently displayed on the mobile map as either abstract 3D or realistic 3D symbols. The
study used a within-subject design with the landmark visualization style as the independent
variable. That is, all participants were exposed to the same route, but the order of the
landmark visualization style was counterbalanced across participants. Specifically, half of the
participants navigated the route with the first five landmarks depicted as either abstract or
realistic symbols. As dependent variables, we used spatial knowledge tests and eye-tracking
and electroencephalography recordings (see results at [16, 12, 11]).

In the present longitudinal study, we set out to investigate long-term spatial memory
retention of participants who had, two years prior, navigated a real-world route prescribed
with a mobile map aid that was enriched with visually salient landmarks. Specifically, we
sought to answer the following research question: How well do participants retain landmark
and route knowledge in spatial memory that was acquired two years ago after one single
exposure to a route in the real world during a map-assisted navigation task?

2 Methods

2.1 Participants
All 46 participants joining the first navigation study were invited back for the present
longitudinal study. We were able to recruit 25 participants (12 females; M age = 29.84 ±5.27
years) to return for the present study. The mean delay between the study sessions was 725.2
±15.77 days, and all the participants recalled completing the initial navigation study. When
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presented with a map of the study area and the predefined route after completing all tests,
19 participants (76%) reported that they had not visited the navigated route since the initial
study. The present study was approved by the Ethics Committee of the University of Zurich
(No. 23.10.05). Participants provided written informed consent before the start of the study
and were compensated with CHF 20.

2.2 Experimental design
We administered the same tests of spatial knowledge as in the initial experiment. The key
difference was that participants were not given any opportunity to re-experience the route,
so all of their responses were based on the memory from the initial navigation experience.
The primary independent variable was the test session (initial test vs. follow-up retest).
Additionally, the initial study manipulated the visualization style of landmarks to be realistic
3D or abstract 3D symbols on the map, and we retained this variable for analysis in the
present study. We used multiple dependent variables to assess participants’ long-term spatial
memory retention. This included landmark recognition, recall of route directions associated
with landmarks, landmark-free reconstruction of order, and direction and distance estimation
between landmark pairs. We also took new measurements to be used as predictors of long-
term spatial memory: self-reported spatial abilities using a standardized questionnaire [23],
perspective-taking and spatial orientation ability test (PTSOT; [10]), and GPS reliance and
dependency scale using a modified version of the McGill GPS questionnaire [3]. The present
paper focuses on landmark and route knowledge retention (see 2.3). The other measures will
be analyzed in future work and are mentioned in the procedure section (see 2.4) for context
and replicability purposes.

2.3 Questionnaire measures
The landmark knowledge questionnaire assessed long-term retention of landmark know-

ledge. Participants were presented – in random order – with 30 images of buildings and
were asked first to indicate whether they recognized having seen the buildings as being
from the traversed route or not. If recognized, they were asked to indicate whether the
building was depicted on the mobile map in 3D. There were 10 task-relevant landmarks
(REL) from intersections where a navigation decision was required that were depicted
on the map, 10 task-irrelevant landmarks (IRL) encountered along the route where no
change of direction was required and were not depicted on the map, and 10 additional
novel landmarks (NOV) from elsewhere in the study area that were not encountered
along the route nor featured on the map.

The route knowledge questionnaire assessed long-term retention of route knowledge. Par-
ticipants were shown – in random order – the 10 images of REL landmarks and were
asked to recall the turning direction at the building (i.e., straight, left, or right).

2.4 Procedure
Participants were welcomed to an office that served as a testing laboratory. After providing
informed consent, they were instructed how to complete a set of questionnaires and test
instruments in the following order: demographic data and self-reported spatial abilities, GPS
reliance and dependency, PTSOT, landmark knowledge, route knowledge, landmark-free
reconstruction of order, direction and distance estimation between landmark pairs, and
self-report whether they have returned to the study area since that initial navigation study.

COSIT 2024
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2.5 Data analyses
To assess participants’ long-term retention of acquired landmark knowledge, we employed
signal detection theory (SDT; [29]) using the psycho package [21] in R (v.4.2.2). Specifically,
we used the discriminability index d prime (d’) to assess participants’ ability to distinguish
present landmarks from distractors, computed as d’ = z(hit) – z(false alarm). We also used
the criterion location (c) to assess participants’ response bias, computed as c = -0.5 * [z(hit)
+ z(false alarm)]. We used SDT to run a two-fold analysis. First, we analyzed long-term
recognition memory for landmarks present in the environment (i.e., REL and IRL) versus
those that are not in the environment (i.e., NOL) during the initial navigation task. Second,
we analyzed long-term recognition memory for landmarks present in the environment and
depicted on the mobile map (i.e., REL) versus landmarks present only in the environment
(i.e., IRL). We used the recall accuracy of turning directions (in percent) to assess participants’
long-term retention of route knowledge.

We employed one-tailed t-tests on each condition to assess whether participants’ long-
term landmark – for the landmarks seen in the environment and on the mobile map – and
route knowledge memory retention was greater than chance, specifically d’ = 0 and route
accuracy = 33.3%. We adjusted our alpha level to account for multiple comparisons using the
Bonferroni method and accepted significance at p < .0083 (significance threshold .05/6 chance
performance tests). We also ran two-tailed t-tests to assess whether participants’ long-term
landmark memory on each condition was lower or higher than zero – no bias. Negative
values indicate a bias toward “yes” and positive values a bias toward “no” responses [29].
Using the Bonferroni method to adjust the alpha level for multiple comparisons, we accepted
significance at p < .013 (.05/4 tests per landmarks seen in the environment and mobile
map across the conditions). Additionally, we used repeated-measure ANOVAs within the
landmark visualization condition and test session to assess long-term landmark and route
memory retention, including landmark response bias.

3 Results

3.1 Landmark memory retention
Landmarks seen in the environment. Participants’ long-term memory retention of the land-

marks seen in the environment was above chance for both the abstract (t(24) = 5.21, p <
.001) and realistic (t(24) = 4.30, p < .001) conditions (Figure 1). The repeated measure
ANOVA revealed a significant effect of the test session on landmark memory (F(1, 24) =
19.82, p < .001). However, there was no significant effect of the visualization condition
(F(1, 24) = 0.016, p = .902) and no interaction with the test session (F(1, 24) = 0.598, p
= .447). These results show that long-term landmark memory decreases over the test
sessions, regardless of the conditions (Figure 1). Participants’ retest response bias was
not different from zero for the abstract (t(24) = 1.15, p = .261) and realistic (t(24) =
1.91, p = .068) conditions. The ANOVA did not reveal main effects of test session (F(1,
24) = 1.974, p = .173) or condition (F(1, 24) = 0.008, p = .928), nor an interaction effect
(F(1, 24) = 0.314, p = .580) on response bias.

Landmarks seen on the mobile map. Participants’ long-term memory retention of the land-
marks seen on the mobile was above chance for the abstract (t(24) = 5.37, p < .001) and
the realistic (t(24) = 3.83, p < .001) conditions (Figure 2). The ANOVA results revealed
a significant main effect of the test session (F(1, 24) = 45.66, p < .001) but no main effect
of the visualization condition (F(1, 24) = 0.936, p = .343) and no interaction effect (F(1,
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Figure 1 Participants’ ability to recognize the landmarks in the environment declines over time
but remains above chance, indicating long-term memory retention. Note: Group means with 95%
CIs are plotted beside the boxplots; points indicate individual data and black line chance level.

24) = 0.902, p = .352). The results show that participants’ long-term landmark memory
decreases over the test session, regardless of the condition (Figure 2). Participants’ retest
response bias was significantly higher than zero for the abstract (t(24) = 6.13, p < .001)
and the realistic (t(24) = 7.11, p < .001) conditions. Furthermore, the ANOVA results
revealed a significant main effect of the test session on response bias (F(1, 24) = 13.29, p
= .001), indicating an increase toward “no” responses between the test (M = 0.32, SD =
0.34) and retest (M = 0.57, SD = 0.42) sessions. However, there was no main effect of
the condition (F(1, 24) = 0.286, p = .597) and no interaction with the test session (F(1,
24) = 1.395, p = .249).

Figure 2 Participants’ ability to recognize the landmarks on the mobile map declines over time
but remains above chance, indicating long-term memory retention. Note: Group means with 95%
CIs are plotted beside the boxplots; points indicate individual data and black line chance level.

3.2 Route memory retention
Participants’ long-term memory retention of route knowledge was above chance for the
abstract (t(24) = 3.23, p = .002) and the realistic (t(24) = 5.37, p < .001) conditions
(Figure 3). The ANOVA results did not reveal significant main effects of the test session
(F(1, 24) = 0.800, p = .380) and the landmark visualization condition (F(1, 24) = 1.169, p =
.290) on route knowledge. The interaction effect between the test session and the condition

COSIT 2024
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was also not significant (F(1, 24) = 0.033, p = .857). These results indicate that route
direction accuracy was unaffected between the test and retest session (Figure 3), showing
that participants retained long-term route knowledge even after one single route exposure.

Figure 3 Route knowledge performance remains unchanged over time, and the above-chance
performance indicates long-term memory retention. Note: Group means with 95% CIs are plotted
beside the boxplots; points indicate individual data and black line chance level.

4 Discussion

We conducted a longitudinal study to assess how well participants retain long-term landmark
and route memory that was acquired two years ago from one single exposure to a real-world
route during a navigation task aided by a mobile map enriched with task-relevant landmark
information. Our preliminary results indicate that landmark and route knowledge that was
gained from just a single route exposure is retained over a very long time period [33]. The
results revealed that regardless of the landmark visualization style, wayfinders’ landmark
knowledge decreased over the test session, while route knowledge performance was unaffected.

The decrease in landmark memory can be explained by the fact that long-term spatial
memory is formed over increased exposure to the environment [24, 33], while the participants
in our study were exposed to the real-world route only once. Meanwhile, route knowledge
retention between the study sessions could be explained by the fact that when prompted
with the images of the task-relevant landmarks, participants could integrate the idiothetic
body-motion cues acquired during the active movement in the environment [1] with the
presented landmark information and were able to determine their directional heading [5, 31].
That is, being able to associate the specific landmark with a specific action, in this case,
the turning direction taken at that landmark [8]. Hence, this might indicate that once the
relationship between the visual landmark cue and the idiothetic information is acquired, the
integration appears to be long-lasting [1].

We did not find an influence of the abstract 3D and realistic 3D landmark visualization
style on wayfinders’ long-term landmark and route memory retention. The lack of differences
between landmark visualization styles aligns with previous research findings showing that
while participants prefer realistic 3D depictions, the long-term retention of environment
information derived from a map does not necessarily improve with increased realism [20,
17, 18, 16, 6]. The lack of differences between landmark visualization styles could also be
attributed to the lack of significant effects on the spatial learning outcomes in the initial study
(see [16]). Another explanation could be the fact that the visual differences between the
abstract and realistic 3D landmarks are too subtle and that they both provide the necessary
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visuospatial information for spatial knowledge formation [1, 26, 4]. Hence, a salient depiction
of landmarks as 3D symbols at relevant decision points [30, 32], regardless of the level of
detail, could have provided the necessary information to facilitate short-term [1, 16] and
long-term spatial memory retention [22, 5].

Limitations and future work
While we present only preliminary results on the long-term retention of landmark and route
knowledge acquired two years ago in a map-aided real-world navigation task, some limitations
should be pointed out. First, we managed to recruit only 25 out of 46 participants who
joined the initial navigation study, and our results might lack statistical power. However, this
response rate exceeded our expectations, given that the present study had not initially been
planned. Thus, the participants were not asked to agree to return for a follow-up study, and
it was expected that some participants would move away after the completion of the initial
study, given the student population we had primarily recruited from. Furthermore, while
this is not an unusual sample size for longitudinal studies [3, 13], in future work, we plan to
employ linear mixed-effect models on participants’ per-trial responses to enhance statistical
power (see study’s preregistration report under supplementary material). Specifically, we plan
to investigate whether self-reported spatial abilities [16, 3], GPS reliance and dependency [3],
spatial orientation abilities [10], and landmark visualization styles [16] relate to participants’
long-term retention of landmark, route, and survey knowledge.

Second, while it was not the intention of this study to investigate the effect of increased
environmental exposure on long-term spatial memory, 6 (24%) of our participants reported
having been to the navigated route since the initial study took place. Considering the
real-world nature of the initial study and the unplanned nature of the follow-up study, we
could not control for this. However, since increased exposure might influence long-term
spatial memory [24, 33, 13, 2], we plan to control for the effect of environmental exposure in
our future planned analyses. Finally, our study investigated participants’ long-term landmark
and route memory retention acquired in a real-world navigation study with the aid of a mobile
map enriched with visually salient landmarks and lacks a no-landmark control condition.
While previous navigation studies have provided empirical evidence that the presence of
landmarks facilitates spatial learning [27, 9], future work should consider investigating the
role of landmark presence on long-term spatial memory formation and retention. Additionally,
while our study shows that participants retained some meaningful spatial memory after a
two-year period, more work is required to understand the factors behind spatial memory
decay over different time periods [25].

5 Conclusions and implications

Taken together, the results of this longitudinal study show that participants retain meaningful
long-term landmark and route knowledge that was acquired two years prior from a single
exposure to a real-world environment during a navigation task aided by a mobile map
enriched with visually salient landmarks. The study highlighted that the retention of spatial
information was not affected by the landmark visualization style of the accompanying mobile
map. Our study contributes to a severely lacking area of research into long-term spatial
memory by showing quite remarkable retention of spatial knowledge derived from a limited
encoding period, with no planned requirement for recall after the initial study, and re-tested
after a long interval. We hope our findings can motivate future longitudinal work to better
understand spatial memory of very long time spans.

COSIT 2024
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