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ABSTRACT ARTICLE HISTORY

We report on a study in which we examine if the visual design of virtual environments (VEs) affects Received 15 October 2018
visuospatial knowledge acquisition in younger and older adults with varying cognitive abilities in the Accepted 11 March 2019
context of navigational learning, specifically when a perspective switch is involved. Perspective switch KEYWORDS

between first-person and aerial-views is an important and commonly executed task in navigation; Age; spatial ability; memory
and it is a special case in studying the effects of aging on navigational performance as well, because, capacity; spatial knowledge
reportedly, it is particularly harder for older people. In a controlled experiment, our participants acquisition; mental rotation;
learned a route in first-person view VE, and reproduced what they learned in an aerial-perspective perspective switch; delayed
view in immediate and delayed recall stages. To examine the effects of (and interactions between) recall

multiple factors involved in the experiment in relation to the given task, we provide an in-depth

investigation of group differences in spatial knowledge acquisition when a perspective switch is

required based on age, mental rotation abilities, and visuospatial memory capacity with three VE

designs that differ in levels of realism. Our findings based on the recall accuracy of 81 (42 younger, 39

older) participants in sketching tasks demonstrate significant differences across VE types, overall, in

favor of our custom-designed VE in this demanding task. Furthermore, we demonstrate that age and

visuospatial memory abilities are strong moderating factors, explicitly in this sketching task that

requires a perspective switch, irrespective of VE types.

Introduction (Herman & Coyne, 1980; Inagaki et al., 2002), but would
this be different if a route learning environment is delib-
erately modified in terms of visual content?

To address the gap stated above, in this paper we
examine: 1) whether we can improve spatial knowledge
acquisition linked to perspective switching tasks in the
context of route learning by optimizing a VE’s visual
design, 2) how age, mental rotation abilities, and visuos-
patial memory capacity interact with different VE designs
in spatial knowledge acquisition in perspective switching
tasks during (virtual) route learning. We hypothesize that
with a deliberate visualization design (i.e. manipulating
the visual scene content with the intention to assist spatial
knowledge acquisition in general), we can improve the
rate of acquired spatial knowledge. In previous analyses,
we have shown that such deliberate designs do assist
people of different age groups in tasks that require visuos-
patial information recall (Lokka & Coltekin, 2017b;
Lokka, Coltekin, Wiener, Fabrikant, & Rocke, 2018).
Differently to our previous work, in this paper we exam-
ine if the observed effects persist in tasks that require
perspective switching across different age ranges and also

When people follow a route, it is commonly assumed that
the spatial structure of the environment is encoded in the
human mind, and translated into spatial knowledge
(Golledge, Dougherty, & Scott, 1995). This spatial knowl-
edge acquisition can be affected by the visuospatial infor-
mation that a person experiences (e.g. what is in the
scene, and what is where in the scene), as well as the
individual differences such as prior experience levels,
memory capacity, and spatial abilities. While the effect
of some of these factors are well-documented in other
contexts, their combined effects and interactions with age
and long-term information retention in the context of
route learning with custom-designed VEs are not well
understood. More specifically, we do not know how
aging, tasks that require perspective switching in spatial
knowledge acquisition, and abilities (such as mental rota-
tion ability and visuospatial memory capacity) interact
with differently designed virtual environments designed
for route learning. Perspective switching in navigational
tasks is known to be especially difficult for older adults
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ability groups, and we believe age and ability will act as
moderating factors irrespective of visualization design.
Below we provide a concise literature review that our
hypotheses are built upon.

Understanding and measuring spatial knowledge
acquisition

In general, acquiring spatial knowledge from a first-
person view navigational experience is a non-trivial
task, as it requires constantly filtering the relevant infor-
mation from a plethora of visuospatial input. Spatial
knowledge acquisition becomes even more complex if
the experienced first-person view must be translated to
a top-down aerial view. If a person is asked to produce
a 2D sketch of the route they just walked, they must
perform a mental rotation from the first-person perspec-
tive (a “street view”) to an aerial perspective (a top-down
view), creating a structural layout of the navigated space
in their mind (Thorndyke & Hayes-Roth, 1982). The
complexity of mentally transforming the first-person 3D
experiences (i.e. the route knowledge) to metric and
survey knowledge has been demonstrated in previous
studies (Golledge et al., 1995). The reverse, i.e. transfor-
mations from a 2D map view to the “real” 3D world has
been shown to be non-trivial too (Kiefer, Giannopoulos,
& Raubal, 2014). Importantly, it has also been shown that
the complexity of the mental transformation during per-
spective switch in the context of route learning differs
widely among individuals (Ishikawa & Montello, 2006).
Besides the perspective shift in the visual experience and
individual differences, the nature of the task is also
important. For tasks requiring verbal descriptions of
a learned layout, people who acquired spatial knowledge
through direct exposure (from a first-person view) could
provide descriptions only based on route knowledge,
while people who learned from a map (from a top-
down view) could provide descriptions both based on
route and survey knowledge (Taylor & Tversky, 1996).
These findings support the position that the experiences
based on direct exposure to the environment provides
limited assistance in acquiring survey knowledge. Shelton
and McNamara (2004) provided further evidence that
perspective switching (or shifting) introduces complica-
tions. In their experiment, keeping the “test view” (i.e.
when the participant needs to recognize the layout) simi-
lar to the view during encoding was beneficial in recogni-
tion speed (Shelton & McNamara, 2004). Another group
of researchers compared two study groups in tasks
regarding survey knowledge acquisition, and also con-
cluded that acquiring survey knowledge requires more
cognitive effort than acquiring route knowledge (Van
Asselen, Fritschy, & Postma, 2006). In summary,

performing additional mental rotations (either because
of changes in orientation or perspective) appears to have
cognitive costs.

Spatial knowledge acquisition is often evaluated by
measuring the success rates in various tasks, such as
pointing tasks (i.e. judgement of relative direction), dis-
tance estimations, identification of the shortest route to
a target, and producing sketch maps of the learned route
among others (Wang, 2017). Use of sketch maps have
received criticism due to (i) the variability of the tested
environments, (ii) the subjectivity of the evaluation of
accuracy, and (iii) the inability to control the participant’s
experience (Ishikawa & Montello, 2006). Nevertheless,
sketch maps remain as a common metric in spatial
knowledge acquisition studies (Appleyard, 1970;
Billinghurst & Weghorst, 1995; Blades, 1990; Curtis,
2016; Lynch, 1960; Witmer, Sadowski, & Finkelstein,
2002), possibly because they are a common, and fairly
intuitive, way to describe a route. Proposing an objective
evaluation scheme for sketch maps is a non-trivial task,
and there is a lack of a clearly defined methodology
(Billinghurst & Weghorst, 1995). However, various
“rules of thumb” can be obtained from the related work.
Some important factors to consider in evaluating a sketch
map are (Ladd, 1970; Moore, 1976): number of land-
marks, number of streets (Anacta, Wang, & Schwering,
2014), object classes (Billinghurst & Weghorst, 1995), and
relative object positioning (Billinghurst & Weghorst,
1995). Ideally these factors are presented on a sketch
map to “sufficiently” represent the experienced route,
and from there one can infer that the individual was
successful in selecting relevant information, and in men-
tally processing the perspective switch.

The examples reviewed so far stress the difficulty of
the acquisition of metric or survey knowledge from
a top-down perspective, especially when the encoding
occurs from a first-person perspective view. Aside from
the factors related to the viewing perspective, a number
of other factors affect spatial knowledge acquisition
too. For example, it has been shown that if the learning
is intentional or incidental, it affects spatial knowledge
acquisition (Van Asselen et al., 2006). Importantly, it is
well-understood that participant characteristics (i.e.
individual and group differences, such as expertise,
spatial abilities, and age) play a significant role in
spatial knowledge acquisition.

Effects of aging on spatial knowledge acquisition

In general, a wide range of abilities, skills, and attitudes play
a role in successful spatial learning (Weisberg &
Newcombe, 2016; Wolbers & Hegarty, 2010); and some
of these skills can be assessed using standardized tests



(Ekstrom, French, Harman, & Dermen, 1976; Vandenberg
& Kuse, 1978). In spatial knowledge acquisition, differences
in individuals™ spatial abilities and memory capacity are
considered especially relevant (Coltekin, Francelet,
Richter, Thoresen, & Fabrikant, 2018; Hegarty, Montello,
Richardson, Ishikawa, & Lovelace, 2006; Hurlebaus,
Basten, Mallot, & Wiener, 2008; Ishikawa & Montello,
2006; Montello, 1998; Muffato, Meneghetti, & De Beni,
2016; Muffato, Meneghetti, Di Ruocco, & De Beni, 2017;
Wolbers & Hegarty, 2010). Importantly, these abilities are
affected by age-related cognitive decline. Specifically, it is
well-known that aging negatively correlates with naviga-
tional learning (Moffat, 2001; Wiener, Kmecova, & de
Condappa, 2012; Wolbers, Dudchenko, & Wood, 2014)
and performance in spatial memory (Richmond, Sargent,
Flores, & Zacks, 2018). This appears to be true especially in
allocentric tasks (Fricke & Bock, 2018). Thus, aging is
necessary to consider as a factor in spatial knowledge
acquisition studies.

It appears that switching from an egocentric (e.g.
first-person view) perspective to an allocentric (e.g.
top-down view) one is a “weak spot” particularly for
older people. Several studies featuring tasks that
require a perspective switch demonstrated that older
people commit more mental rotation errors than
younger people (e.g. Herman & Coyne, 1980; Inagaki
et al,, 2002). Furthermore, when there are many orien-
tation changes throughout the learned route, older
adults are less effective in environmental learning, irre-
spective of the perspective in which the environment is
experienced (Yamamoto, Fox, Boys, & Ord, 2018). In
Yamamoto et al.’s (2018) study, learning a route from
an egocentric representation impaired survey knowl-
edge acquisition in older people, whereas learning from
an allocentric representation did not, that is, results
were comparable to that of younger people
(Yamamoto & DeGirolamo, 2012). A recent study
examining sketch map accuracy added further nuance
to this finding: After learning from an allocentric
representation, older adults’ sketches were less accurate
than those of younger adults, if missed locations of
landmarks were used as a measure of accuracy
(Muffato et al., 2017). However, authors demonstrated
that when only number of landmarks is used as
a measure of accuracy, age differences disappeared. In
Muffato et al’s (2017) study, visuospatial working
memory capacity correlated with success irrespective
of age (Muffato et al., 2017).

The examples reviewed above are only a small portion
of the vast literature that demonstrates how individual
and group differences can affect spatial knowledge acqui-
sition, especially when there are orientation or perspec-
tive shifts during learning. The fact that spatial (and
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especially survey) knowledge acquisition is more difficult
for some people than others highlights the necessity to
address individual and group differences while designing
visualizations (including VEs), so that visual displays,
such as VEs, facilitate better spatial learning for all. The
concept of designing for all in the geovisualization litera-
ture is well investigated, especially for maps
(Reichenbacher, 2001). Maps that are “designed for all”
respond to any accessibility issues, and accordingly adapt
to user needs. Such maps (and visualizations) can be
personalized, and/or optimized for group differences
based on age and expertise (Nivala & Sarjakoski, 2005).
By ensuring that designs are accessible to all, is reasonable
to assume that they are improved for everyone, irrespec-
tive of abilities.

Virtual environments for route learning in
navigational tasks

VEs have long been used for studying navigation and
spatial cognition. As opposed to the real world, VEs
provide safe and controlled environments, thus, we can
examine navigational behavior (and associated spatial
learning) in response to a specific variable of interest,
without other variables confounding. However, it is
important to remember that the way these VEs are
visually designed—for example, the amount, the quality,
and the location of provided information within a VE
(Lokka & Coltekin, 2017a)—can have a strong impact on
the spatial learning performance. Through a well-
informed visualization design, one might be able to
improve knowledge acquisition from VEs for everyone.
Such an improvement might be especially relevant for
those with lower abilities (e.g. people with lower visuos-
patial abilities, memory capacity, or older adults). It has
been previously demonstrated that differently designed
VEs facilitate spatial learning differently. More specifi-
cally, custom-designed VEs can improve short- and long-
term recall performance in visuospatial tasks (Lokka &
Coltekin, 2017b). This effect is also relevant for older
adults. With such custom designed VEs, older people
improve their accuracy in visuospatial knowledge acqui-
sition, and calibrate their confidence in tasks that retain
the viewing perspective (Lokka et al., 2018). A well-
considered adjustment of the visualization design is
known to reduce cognitive load (Sweller, 1988), and we
believe such an adjustment will also have direct effects on
tasks that require perspective switching. A well-considered
adjustment, for example, could include levels of realism
in the context of working with VEs. High levels of visual
realism have been shown to negatively correlate with
cognitive load, and it can impair the rates of spatial
knowledge acquisition, especially for people with lower
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spatial abilities (Lokka & Coltekin, 2017b; Lokka et al.,
2018). Despite the cognitive load it seems to introduce,
people overwhelmingly prefer visually realistic displays to
more abstract ones, possibly because of their resemblance
to the real world and the associated feeling of familiarity
(Coltekin et al., 2017; Lokka et al., 2018; Smallman &
John, 2005).

Because photo-realistic representations are popular, yet
they might impair performance in tasks that are demand-
ing on working memory; we believe a visualization solu-
tion that balances between preference and performance is
using realistic photo-textures selectively in spatial learning
tasks. Doing so highlights the important information that
aids encoding relevant visuospatial features in the scene,
yet keeps “enough” realism to simulate the sense of place,
and to provide a reference (or an anchor) to the real world.
When selectively showing the photo-textured features, an
important design consideration is where these photo-
textured features should be located. Besides their location,
saliency of landmarks can be defined by semantic, visual,
and structural elements, and each of these are important
for the attractiveness of landmarks (Raubal & Winter,
2002). In this paper we focus on the locations of the high-
lighted features, because as soon as we highlight selected
features, they serve as landmarks, and landmarks are
important facilitators of spatial learning (Richter &
Winter, 2014; Roser, Hamburger, Krumnack, & Knauff,
2012; Winter, Raubal, & Nothegger, 2005). Thus, in addi-
tion to adjusting levels of realism against cognitive load; we
believe the photo-textured features (ie. “landmarks”)
should be positioned in locations where people would
(and would need to) pay attention, based on previous
findings (Roser et al., 2012).

Hypotheses

We implemented a visualization design solution that we
believe would balance levels of realism for optimum route
learning performance while remaining attractive to the
users and called this solution “MixedVE”. Previously, we
tested the MixedVE against the two baseline VEs with
younger participants in a variety of tasks that involve
visual, spatial, and visuospatial recall of information and
confirmed its value to our younger age group (Lokka &
Coltekin, 2017b). Furthermore, we already investigated
how the MixedVE facilitates the recall of visuospatial
information for older adults for visuospatial tasks, i.e.
we examined the recall rates of both age groups in
a task that did not involve perspective switching (Lokka
et al,, 2018). To acquire a holistic understanding of the
effect of the MixedVE for navigational tasks, we now
further investigate the MixedVE’s performance in
a perspective switching task; we compare participants’

spatial knowledge acquisition in a route learning task
where participants need to sketch a 2D top-down repre-
sentation of a route they learned in a first-person per-
spective VE. We conducted the tests with the MixedVE
against two other VEs: An abstract one with no visual
cues (AbstractVE), and a fully photo-textured one that
resembles a realistic environment (RealisticVE). We
examine if the benefits offered by the MixedVE, specifi-
cally for this task type, transcends individual differences
based on age, mental rotation ability, and visuospatial
memory capacity. We believe that the MixedVE will
provide benefits over the two alternatives we tested.
Comparing the MixedVE to the Abstract and
Realistic VEs as described above (and illustrated in
Figure 1), we specifically investigate: 1) whether the
MixedVE assists in spatial knowledge acquisition in
tasks that involve perspective switching more than the
Abstract and Realistic VEs (measured in active sketch-
ing tasks); 2) whether the observed differences in the
accuracy of acquired spatial knowledge in tasks that
involve perspective switching (if any) are explained by
differences in age, mental rotation (MRT) abilities, or
visuospatial memory (VSM) capacity and how these
interact with visualization types (the three VEs); and,
3) whether MRT and VSM tests predict the successful
acquisition of the spatial knowledge in tasks that involve
switching perspectives, especially in relation to different
visualization types. Based on the literature, for each
question framed above, we hypothesize the following:

(1) The MixedVE will facilitate better spatial knowl-
edge acquisition in tasks that involve perspective
switching (i.e. accuracy in sketching) than the
other two VEs.

(2) Younger participants will produce more accurate
sketches than older participants, irrespective of VE
type; and, participants with higher MRT/VSM
scores will outperform the participants with lower
MRT/VSM scores irrespective of age or VE type.

(3) Irrespective of age, participants with higher
VSM will outperform the participants with
lower VSM in producing accurate sketches, par-
ticularly with the MixedVE and RealisticVE, as
these provide potentially helpful photographic
visual cues; whereas MRT will be most relevant
to Abstract VE because this visualization type
contains no (photographic) visual cues.

Methods

To test our hypotheses, we conducted a controlled
laboratory experiment. In our mixed-factorial design,
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Figure 1. Top: The three experimental conditions in which all participants experienced a video drive-through: the abstract, mixed,
and realistic VEs (left to right). Down: The 2D map views of each VE, on which participants sketched the respective routes they
experienced in each VE from the memory. Start and end points were marked on the screenshots.

independent variables were: age as a between-subject
factor (younger and older) and visualization type
(Abstract, Mixed, Realistic VEs) as a within-subject
factor. Participants were explicitly asked to learn
a given route presented to them as a video. We have
previously published two papers that are based on
different data that are collected from the same partici-
pants, based on different experimental tasks, answering
different research questions (Lokka & Coltekin, 2017b;
Lokka et al., 2018). In the experiment, participants
performed a set of visuospatial recall tasks analyzed in
Lokka and Coltekin (2017b), along with an active
sketching task. In this paper, we only focus on the latter
task, which has not been analyzed before. During this
active sketching task, the participants drew the route
they experienced in the VEs on printed top-down
screen shots of each VE (thus the visual cues in the
baseline map differed according to the VE type, see
Figure 1). We selected such a task for experimental
control: The visual stimuli the participants experienced
during the encoding were kept identical (i.e. everyone
experienced the same visual scenes, thus did not have
different landmarks), and the same was true for the
visual stimuli at the decoding stage (i.e. 2D map views
provided for the active sketching were identical). By
keeping the visual variability in check, we ensure the
comparability of the success rates we measure per task.
Participants drew the sketches twice from the memory;

thus, we measured immediate recall success right after
they experienced the VEs, and delayed recall success
a week later. The sketches were evaluated for their
accuracy and completeness based on a scoring scheme,
and this was our main dependent variable.

Participants

A total of 81 volunteers took part in the experiment; 42
of them were younger (23 female, 20-30 yrs.) and 39
older (17 female, 65-75 yrs.). Younger participants
were recruited by word of mouth, while the older
participants were recruited via the participant pool of
the University Research Priority Program “Dynamics
of Healthy Aging” of the University of Zurich. We
screened all participants for mild cognitive impair-
ments as an inclusion/exclusion criteria; that is, they
were included in the experiment if they achieved
a score of 27 and above on the Mini Mental State
Examination (MMSE) (O’Bryant et al., 2008).

Materials

Stimuli

We conducted the experiment in a 3D visualization lab
(Department of Geography, University of Zurich). VEs
were shown on a large rear-projection display
(2438mm x 1829mm), at 2.2m distance from the
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participants. The VEs featured a fictitious 3D city with
buildings similar in style, shape and color to control for
their possible effects on the memory because of their
distinctiveness. We designed the angles at the intersec-
tion and turn points to control for visibility of features.
We then selected two routes of equal length, with
comparable visual information, and equal amount of
“turns” (3 left, 3 right, 1 intersection continuing
straight). VEs were shown as passive videos, deliber-
ately avoiding any interaction from the participants, to
make sure that participants were all exposed to the
same information, for equal durations at equal speed.
Routes were shown in a “driving simulation” at
a constant eye level, with a fixed speed (30 km/h).
We presented our fictitious city in three different
visualization designs (Figure 1): the AbstractVE with
no colors and no photo-textures, the RealisticVE with
full visual realism with color photo-textures, and the
MixedVE with a “combination” of the two in terms of
realism. In the MixedVE, only the buildings at the
intersection points (at critical locations) and toward
the direction of turn were highlighted using color
photo-textures. We also counterbalanced the content
of the photo-textures for distinctness and memorability
(Lokka & Coltekin, 2017a). Furthermore, we high-
lighted the structural network (i.e. the road with the
pavement) in the MixedVE, as this might be helpful in
forming spatial knowledge.

Assessment of individual differences

We used two standardized tests to assess participants’
spatial abilities and visuospatial memory capacity: 1)
Mental Rotation Test (MRT). This test requires correctly
discriminating rotated 3D objects from foils based on
a reference shape (Vandenberg & Kuse, 1978). The MRT
has been used as a measure for identifying differences in
spatial abilities (Meneghetti, Borella, Pastore, & De Beni,
2014; Meneghetti, Muffato, Varotto, & De Beni, 2017;
Muffato, Della Giustina, Meneghetti, & De Beni, 2015;
Muffato et al,, 2017), even though there are arguments
for the dissociation between object-based and egocentric
spatial transformations (Hegarty & Waller, 2004, p. 2)
Visuospatial Memory Test (VSM). This test measures
visuospatial memory capacity based on a 2D city plan.
Participants study a city plan that contains 12 visually
different buildings, and later need to place these buildings
in their correct location on a layout that does not contain
buildings (Ekstrom et al., 1976).

Experimental task

Participants were told that someone was driving them to
their destination, but they would have to re-take this route

again on their own later, thus should memorize the route
to the best of their ability. Thus, the learning was inten-
tional in the learning phase. At the response phase, similar
to Kriiger, Aslan, and Zimmer (2004) study, participants
were provided with a printed 2D map of the area (top-
down screenshots from each VE, on an A4 sheet, which
were clear and legible), on which the position of the start
and end points were marked (Figure 1). Participants were
given the map with the north orientation (the initial orien-
tation direction), and marked the route from memory
(which they experienced in each VE during the experi-
ment) on the given maps using a pen. This task, thus,
measured spatial knowledge that requires a mental trans-
formation from the first-person perspective to an aerial
(top-down) perspective for the 2D sketch. Participants’
initial orientation (heading direction) in the sketching
task was the same as in the VEs (Shelton & McNamara,
2001).

Procedure

Upon arrival at the visualization lab, participants read
and signed a written consent form. We then introduced
the setup and the experimental process, and immedi-
ately after, we began with the main experiment.

We displayed the scenario on the screen and
instructed the participants to memorize the route(s)
just before they experienced the virtual routes. Then
they (passively) watched the videos of the two routes in
all three environments (total six videos). Each video
was shown only once. We controlled for the order of
presentation of the environments with a Latin Square
design. After experiencing all six videos, participants
were asked to solve visuospatial tasks (Lokka &
Coltekin, 2017b; Lokka et al., 2018) and then sketch
the followed route of the six walkthroughs in the order
they experienced them. After a week, they returned to
the lab and performed the standardized tests, along
with the same sketching task of all six walkthroughs
from the memory, without watching the videos again.

Results

Participants’ spatial knowledge acquisition was evalu-
ated based on the accuracy and completeness of the
sketches they drew (Figure 2 illustrates some exam-
ples). Specifically, sketches were evaluated for accuracy
and completeness based on the following criteria: 1)
number of turns (total, right and left), 2) correct direc-
tion of heading at the starting point, 3) correct direc-
tion of arriving at the end point, 4) correct direction of
turn at each intersection point, 5) sequential order of
turns (route patterns).
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Figure 2. Example results from the sketching task. Left: A fully correct solution for one of the routes achieving a 100% score. Right:
Three examples of participants’ sketches of the same route with errors in terms of: number of turns, direction of turns, and

sequential order of turns.

Table 1. Correlation matrix for the examined factors based on
participant performance in the sketching task in both stages in
all visualization conditions.

MRT VSM Age
Individual and group differences
VSM 38## -
Age —45¥¥* —.62%**
Visualization conditions at the immediate (i) recall stage
Abstract VE (i) 26% 33%* —40%**
Mixed VE (i) 27* 30%* —45%**
Realistic VE (i) .20 24% —.29%*
Visualization conditions at the delayed (d) recall stage
Abstract VE (d) 25% 327 —39%%
Mixed VE (d) 22 39%* —A4Exx
Realistic VE (d) 24* 34 —.39%**

*¥** p <.001, ** p < .01, * p < .05.

Below we begin by presenting correlations between
our main variables (MRT, VSM, age, visualizations,
recall stage) to provide the overall findings; and then
extend the analysis to each ability test (MRT and VSM)
to identify main effects and interactions in depth.

After obtaining the scores for each participant’s
sketches in immediate and delayed recall stages; to get
an overview of how all factors in the experiment inter-
acted, we analyzed correlations between MRT, VSM,
and age groups; both with each other and with the
sketching success based on all VEs (Table 1).

The effect of spatial abilities on the sketching
success

To get a deeper understanding of the relationship
between MRT and VSM scores and task success, we

conducted two separate analyses of variance. Similar to
Meneghetti, Gyselinck, Pazzaglia, and De Beni (2009)
and Pazzaglia and De Beni (2006) who split their
sample into high and low abilities, we grouped the
participants based on a median split (Iacobucci,
Posavac, Kardes, Schneider, & Popovich, 2015)
(excluding the median values) into two groups for
each test. The High MRT (n = 36) vs. Low MRT
(n = 36), High VSM (n = 39) vs. Low VSM (n = 38)
groups were treated separately in a mixed-design
ANOVA, where we kept age, recall stage, and visuali-
zation type also as independent variables in both
analyses.

MRT

Figure 3 shows the overall differences based on age,
recall stage, MRT abilities, visualization type, and the
significant interactions based on the differences in par-
ticipants’ MRT scores.

We see that, irrespective of their MRT scores,
younger participants outperform the older (Figure 3
(a)); participants are overall more successful at the
sketching task in the immediate recall stage than in
the delayed (Figure 3(b)); and they are more successful
in sketching task based on what they recalled from the
MixedVE than the other two VEs (Figure 3(d)). We
also see a clear pattern that the High MRT group out-
performs the Low MRT group, irrespective of other
factors (Figure 3(c)). A 2 (age) x 2 (recall stage) x 2
(MRT score) x 3 (visualization type) mixed-design
ANOVA revealed that all observed differences in the
sketching performance for all four independent
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Figure 3. Main effects of (a) age, (b) recall stage, (c) MRT score, and (d) visualization type on sketching task and (e) significant

interactions of MRT ability x age x recall stage.
*** p < .001, ** p < .01, * p < .05. Error bars: SEM.

variables are statistically significant; Figure 3(a)) age F
(1, 68) = 7.81, p < .01, 1712): .08, Figure 3(b)) recall stage
F(1, 68) = 5.97, p < .05, 1112,= .01, Figure 3(c)) MRT score
F(1, 68) = 5.79, p < .05, 17127: .06, Figure 3(d)) visualiza-
tion type F(2, 136) = 12.16, p < .001, r];: .01. Because

there are three visualization conditions, we conducted
pairwise comparisons, which revealed significant dif-
ferences in participants’ sketching performance (thus,
“recall accuracy”, as the sketches were drawn from the
memory) between the three VEs: participants’ overall
average sketching performance was higher with the
MixedVE than with the Abstract (p < .05, d = 0.12)
and the Realistic VEs (p < .001, d = 0.22). Importantly,
among the interactions between the four independent
variables, only age x MRT x recall stage F(1, 68) = 4.31,
p < .05, 1712,: .01 was significant (Figure 3(e)).

Because of this interaction effect, we examined the
forgetting rates (differences in sketching performance
between immediate and delayed recall stages) for older
and younger participants. The analyses revealed no

significant differences for the low MRT participants
between the two age groups (i.e. they forget, or retain,
a similar amount of information), whereas for the high
MRT groups, the forgetting rate of the older partici-
pants is significantly higher than that of the younger
participants (t(46.71) = -2.61, p < .05, r = .36).

VSm
Figure 4 shows the results of the analyses based on the
VSM sample. Note that the sample size for the VSM
analyses is slightly different from sample size in the
MRT analyses, because we removed the median scores
from the pool, and the number of people who achieved
the median score was different for the two tests (parti-
cipants achieving median in: MRT: n =9, VSM: n = 4).
Despite this slight difference, we see that the results
overall display a similar pattern (Figure 4).

First, descriptive statistics suggest that the younger par-
ticipants outperform the older (Figure 4(a)); sketching task
seems to be overall easier in the immediate recall stage than
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*** p <.001, ** p < .01, * p < .05. Error bars: SEM.

in the delayed recall stage irrespective of other factors
(Figure 4(b)), and again, Mixed VE facilitates a higher suc-
cess in sketching than the other two VEs (Figure 4(d)).
High VSM group too, outperforms the low VSM irrespec-
tive of other factors (Figure 4(c)).

A 2 (age) x 2 (recall stage) x 2 (VSM score) x 3
(visualization type) mixed-design ANOVA revealed sig-
nificant differences in the sketching performance for
three out of four independent variables. Differences in
sketching success based on age was not significant (F(1,
73) = 3.10, p > .05, 11;= .03) (Figure 4(a)); whereas recall
stage B(1, 73) = 8.17, p < .01, qu .01 (Figure 4(b)); VSM
score F(1, 73) = 10.79, p < .01, 77127= .11 (Figure 4(c)); and
visualization type F(2, 146) = 9.05, p < .001, r112,= .01

(Figure 4(d)) led to statistically significant differences.
For the visualization type, we again conducted pairwise
comparisons, and observed significant differences in par-
ticipants’ sketching scores based on the three VEs.

Specifically, again, sketching score was higher with the
MixedVE than with the Abstract (p < .05, d = 0.13) and
the Realistic VEs (p < .001, d = 0.22). Among the inter-
actions between the four independent variables, VSM
score x recall stage F(1, 73) = 7.00, p < .01, ;7}2,: .01 and

age x visualization F(2, 146) = 3.32, p < .05, ;71%= .00 were

significant (Figure 4(e)). In age x visualization interac-
tion; pairwise comparisons for each age group revealed
that; younger participants’ sketching scores were on aver-
age higher with the MixedVE than with the Abstract
(p < .01, d = 0.21) and the Realistic VEs (p < .001,
d = 0.34); whereas for the older participants, there were
no significant differences in the sketching scores across
the three visualization conditions. This finding demon-
strates that the variability was too high among the older
adults’ performances in the VSM sample. Below we ela-
borate on this, and provide further interpretations of the
observed results.
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Discussion

In this study, we hypothesized that with a custom-
designed VE (MixedVE), we can improve spatial knowl-
edge acquisition in tasks that involve perspective switch-
ing for users with differing abilities and age groups.
Specifically, we evaluated the MixedVE against two base-
line alternatives (AbstractVE, RealisticVE), and examined
individual and group differences on spatial knowledge
acquisition as acquired from a task requiring
a perspective switch with these three VEs based on age,
mental rotation abilities and visuospatial memory
capacity.

As hypothesized, overall, our participants were able
to produce more accurate and complete sketches after
having worked with the MixedVE than with the other
two VEs. These results support the potential use of the
MixedVE as a memory training device in navigational
tasks, for spatial knowledge acquisition that involves
perspective switching.

While the MixedVE improves recall accuracy, the
overall task success is somewhat low, reaching around
60%. This is possibly because of the difficulty of the task
to mentally switch perspectives (Taylor & Tversky, 1996),
despite the help the MixedVE provides. Alternatively,
given how conspicuously well-documented the difficulty
of this task is, one can interpret the success levels as
somewhat high: Our participants watched the videos of
the routes only once, and still were able to draw sketches
at nearly 60% accuracy and completeness on average
(including their performance a week later, which brings
this number down as well). Although it is not straightfor-
ward to measure how much participants might have
“guessed” in a task like drawing a sketch, we interpret
these results as “above chance level” (as it was theoreti-
cally proposed earlier (e.g. Montello, 1998)).

If we interpret these results as success, the fact that
the learning was intentional may have played a role in
this success (Van Asselen et al., 2006). In a real-life
memory training exercise, learning would be inten-
tional too, and repetitions would be allowed; thus the
accuracy would possibly improve further.

Visuospatial memory training is relevant in all ages,
but clearly more relevant as people age. It is well-
understood that aging negatively correlates with success
in navigational learning (e.g. Muffato et al., 2016, 2017),
especially as expressed in allocentric skills (Fricke & Bock,
2018). Our findings clearly confirm the relevance of aging
as a factor in spatial knowledge acquisition with perspec-
tive switching tasks: Older participants had considerably
less success in accurately sketching the route they fol-
lowed in any of the VEs, and this was true in both the
immediate and the delayed recall stages. While aging has

well-documented detrimental effects on spatial memory,
one must consider that there may also be “cohort effects™:
that is, the younger generations are exposed to an
immense technological development, and their constant
use of new technology may be altering younger people’s
cognition in comparison to older generations (Brown,
2000). As a consequence, the so-called “Y generation”
may be more prone to learning via visual, linear, and
even virtual means (Schofield & Honore, 2009). Such
cohort differences may have contributed to the differ-
ences in our older and younger participants’ route recall
scores (obtained in a technology based virtual environ-
ment). Cohort differences, however, are difficult to con-
trol. A longitudinal study might offer interesting insights,
but with the fast- and constantly-changing technology, it
would present other problems; comparing their learning
skills with the technology relevant for example 40 years
ago may not provide the pure aging effect either, because
they probably would have moved on too.

Furthermore, while aging is very relevant in exam-
ining navigational memory tasks, age-related decline in
visuospatial abilities and/or memory capacity can vary
based on individual and group differences. On this
topic, our correlation analyses (among all examined
factors) with a focus on participants’ scores on the
MRT and VSM tests revealed interesting patterns.

The analyses based on the MRT sample indirectly
suggests that the high MRT group did better than the
low MRT group with the AbstractVE both in immedi-
ate and delayed recall stages (i.e. there was no signifi-
cant interactions between MRT score x recall stage
x visualization). On the one hand, it is plausible that
high-MRT group would do better with AbstractVE
because the MRT measures mental rotation ability in
the absence of meaningful visual cues (the MRT fea-
tures abstract cube drawings), and among our visuali-
zations, the AbstractVE is the most similar to that. On
the other hand, one can also take the opposite view,
considering that the task heavily relied on mental rota-
tion (perspective switch) and the MRT is designed to
measure mental rotation. From this point of view, we
expected to see that the high MRT group would do well
with the sketching task irrespective of the visualization
type. It is possible that the added (photographic) visual
cues would assist the low MRT participants (thus, they
“catch up” with the others), when the visual cues were
present: as in a “less fit” person might do similarly well
on an e-bike as fitter cyclists, because the “aid” would
remove the differences). Such speculations would lend
themselves well for further testing in the future.

Furthermore, the MRT analysis revealed an interac-
tion between age x recall stage x MRT score. This
interaction effect points to a difference in the forgetting



rates: high-MRT younger participants did really well
a week later (they did not seem to forget much at all),
while the high-MRT older participants did not do very
well after a week has passed (though note that forget-
ting rates did not differ for the two age groups for low-
MRT participants) (Figure3(e)). Seemingly, having
a high MRT relative to other older participants does
not mean much for the ability to retain the acquired
spatial knowledge for the older participants. However,
the high-MRT older group has scores in a similar range
as the younger low MRT group; for which we see
a similar decline in recall in the delayed stage. This
suggests that there may be an upper limit in the
amount of information older people can retain based
on their spatial abilities, above which they may be out
of capacity. In the MRT analyses, visualization type
does not interact with the other variables; that is, the
relative task success with the MixedVE is constant,
irrespective of age, MRT scores or recall stage.

Another interesting observation in this study is that
participants’ MRT and VSM scores correlate, however,
the outcomes of mixed-design ANOVAs are different
when we examine the MRT and VSM samples sepa-
rately. We believe this difference is (at least partly) due
to changes in the sample after removing the median
scores in each group.

High VSM participants performed consistently better in
the sketching task across all visualization types, suggesting
the VSM test might be able to predict sketching perfor-
mance regardless of whether photographic/visual cues exist
or not on the “base maps”.

Interestingly, in the VSM sample, the main effect of age
was non-significant, implying that age-related decline in the
VSM abilities is different to the age-related decline in the
MRT abilities. Indeed, the VSM test measures at least
partially the visual memory, and it is previously documen-
ted that visual memory might be “spared” during healthy
aging (Sekuler, Kahana, McLaughlin, Golomb, & Wingfield,
2005). Furthermore, in this analysis, recall stage x VSM score
and visualization type x age interacted. Recall stage x VSM
score interaction suggests that the visuospatial memory
capacity plays an important role in the formation of a long-
term memory of the spatial configuration irrespective of
visualization type. This observation contributes to our
understanding of the long-term retention of spatial knowl-
edge where perspective switching is involved. An earlier
study demonstrated a gender effect (in favor of female
participants) for delayed retention of survey knowledge
(Witmer et al., 2002), now we see that VSM abilities of the
participants may have played a role too.

The visualization x age interaction points to MixedVE’s
stronger beneficial effects for the younger participants than
the older. In the case of the older participants, perhaps
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a “floor effect” is present, that is, overall the sketching
task, especially of a route requiring multiple orientation
changes (Yamamoto et al,, 2018), is too difficult for them,
and MixedVE’s slight assistance does not suffice in this case
(Moffat, 2001; Wolbers et al., 2014). This interpretation is
also in line with our qualitative observations. Especially in
the “delayed recall” session (~one week later), many of our
older participants expressed great difficulty, and some gave
up on the task.

In summary, our findings clearly confirm that spatial
knowledge acquisition that involves perspective switch-
ing is a cognitively challenging task, and overall, the
MixedVE makes it somewhat easier. We also have
learned that as important as the visualization design is,
individual and group differences must be considered.
Based on our findings, age and visuospatial memory
capacity are clearly important factors in this context. In
the mid- to long-term, these observations might be use-
ful to personalize visualizations to better fit to an indivi-
dual’s abilities (i.e. to create personalized (Nivala &
Sarjakoski, 2005; Zipf, 2002) “memory training devices”).

Conclusions and future work

In this paper, we provided new insights into the importance
of addressing first of all the effect of aging, but also the
individual differences in cognitive abilities (not only in
terms of spatial abilities as measured by the MRT, but
also of memory capacity as measured by the VSM test) in
spatial knowledge acquisition in tasks that involve perspec-
tive switching when using different VEs. We gained deeper
insights into the importance of visualization designs for
navigational recall in general, and spatial knowledge acqui-
sition where perspective switching is present in particular.
We believe this study contributes to a better understanding
of visualization design on spatial learning. Our results
further help pave the way toward guidelines for designing
(eventually personalized) VEs, also optimized for tasks that
involve perspective switching. Such VEs can assist their
users in learning a route, navigating more effectively and
training their visuospatial memory both for short-term
performance in spatial learning, and for long-term reten-
tion of the acquired knowledge. After these observations,
our thoughts for future experimentation evolve around:

e Considering the implications of acquiring the spa-
tial knowledge from the “reverse” perspective
switch, that is encoding from a 2D view point
(map reading) and decoding in a VE from a first-
person perspective (i.e. wayfinding) under similar
conditions as in our experiment.

¢ Understanding how locomotion affects learning
for the different groups. Active vs. passive
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involvement is known to have an effect on people
(Appleyard, 1970; Chrastil & Warren, 2012).
Understanding how active involvement might
affect different age and ability groups can provide
a more detailed reasoning as to how we should
train people to achieve their best.

e How taking the route of interest more than once
could affect spatial knowledge acquisition that
involves perspective switching with the MixedVE
as opposed to other VEs. We could then provide
a benchmark as to which number of trials is the
optimum for acquiring spatial knowledge.

e Decoupling age and MRT/VSM abilities. By pre-
screening participants for their MRT/VSM scores,
one can recruit similar numbers of people with
higher and lower spatial abilities in each age
group, and acquire a deeper understanding of
the link between them.

Opverall, based on observations we shared in this paper,
we believe that individual and group differences such
as age and abilities are very important to examine
along with visualization design; and studies such as
ours offer insights toward customized, and eventually
personalized, visuospatial information displays which
would facilitate route learning (as well as other learn-
ing) and potentially used for improving everyone’s
spatial memory.

Acknowledgments

The authors want to thank the URPP (University Research
Priority Program) “Dynamics of Healthy Aging” from the
University of Zurich for recruiting the older participants for the
experiment. The data that support the findings of this study are
available from the corresponding author, IL, upon reasonable
request.

Disclosure statement

No potential conflict of interest was reported by the authors.

Funding

The Swiss National Science Foundation (Schweizerischer
Nationalfonds  zur  Forderung der  Wissenschaftlichen
Forschung) supported this work [grant number 200021_149670]
(SNSE project VISDOM).

ORCID

Ismini E. Lokka
Arzu Coltekin

http://orcid.org/0000-0001-7970-1106
http://orcid.org/0000-0002-3178-3509

References

Anacta, V. ]. A,, Wang, J., & Schwering, A. (2014). Routes to
remember: comparing verbal instructions and sketch
maps. In J. Huerta, S. Schade, & C. Granell (Eds.),
Connecting a digital Europe through location and place
(pp.  311-322).  Cham,  Switzerland:  Springer
International. doi:10.1007/978-3-319-03611-3_18

Appleyard, D. (1970). Styles and methods of structuring a
city. Environment and Behavior, 2(1), 100-117.
doi:10.1177/001391657000200106

Billinghurst, M., & Weghorst, S. (1995). The use of sketch
maps to measure cognitive maps of virtual environments.
In Proceedings Virtual Reality Annual International
Symposium 95 (pp. 40-47). New York: IEEE.
doi:10.1109/VRAIS.1995.512478

Blades, M. (1990). The reliability of data collected from
sketch maps. Journal of Environmental Psychology, 10(4),
327-339. do0i:10.1016/S0272-4944(05)80032-5

Brown, J. S. (2000). Growing up: Digital: How the web
changes work, education, and the ways people learn.
Change: the Magazine of Higher Learning, 32(2), 11-20.
doi:10.1080/00091380009601719

Chrastil, E. R., & Warren, W. H. (2012). Active and passive
contributions to spatial learning. Psychonomic Bulletin ¢
Review, 19(1), 1-23. d0i:10.3758/s13423-011-0182-x

Coltekin, A., Francelet, R., Richter, K. F., Thoresen, J., &
Fabrikant, S. I. (2018). The effects of visual realism, spatial
abilities, and competition on performance in map-based
route learning in men. Cartography and Geographic
Information  Science, 45(4), 339-353. doi:10.1080/
15230406.2017.1344569

Curtis, J. W. (2016). Transcribing from the mind to the map:
Tracing the evolution of a concept. Geographical Review,
106(3), 338-359. doi:10.1111/gere.2016.106.issue-3

Ekstrom, R. B., French, J. W., Harman, H. H., & Dermen, D.
(1976). Manual for kit of factor-referenced cognitive tests
(Vol. 102). Princeton, NJ: Educational Testing Service.

Fricke, M., & Bock, O. (2018). Egocentric navigation is
age-resistant: First direct behavioral evidence. Current
Neurobiology, 9(1), 69-75.

Golledge, R. G., Dougherty, V., & Scott, B. (1995). Acquiring
spatial knowledge: survey versus route-based knowledge in
unfamiliar environments. Annals of the Association of
American Geographers, 85(1), 134-158. doi: 10.1111/
j.1467-8306.1995.tb01798.x

Hegarty, M., Montello, D. R, Richardson, A. E., Ishikawa, T.,
& Lovelace, K. (2006). Spatial abilities at different scales:
Individual differences in aptitude-test performance and
spatial-layout learning. Intelligence, 34(2), 151-176.
doi:10.1016/j.intell.2005.09.005

Hegarty, M., & Waller, D. (2004). A dissociation between
mental rotation and perspective-taking spatial abilities.
Intelligence, 32(2), 175-191. doi:10.1016/j.
intell.2003.12.001

Herman, J. F., & Coyne, A. C. (1980). Mental manipulation
of spatial information in young and elderly adults.
Developmental Psychology, 16(5), 537-538. doi:10.1037/
0012-1649.16.5.537

Hurlebaus, R., Basten, K., Mallot, H. A., & Wiener, J. M.
(2008). Route learning strategies in a virtual cluttered
environment. In C.Freksa, N.S. Newcombe, P.


https://doi.org/10.1007/978-3-319-03611-3_18
https://doi.org/10.1177/001391657000200106
https://doi.org/10.1109/VRAIS.1995.512478
https://doi.org/10.1016/S0272-4944(05)80032-5
https://doi.org/10.1080/00091380009601719
https://doi.org/10.3758/s13423-011-0182-x
https://doi.org/10.1080/15230406.2017.1344569
https://doi.org/10.1080/15230406.2017.1344569
https://doi.org/10.1111/gere.2016.106.issue-3
https://doi.org/10.1111/j.1467-8306.1995.tb01798.x
https://doi.org/10.1111/j.1467-8306.1995.tb01798.x
https://doi.org/10.1016/j.intell.2005.09.005
https://doi.org/10.1016/j.intell.2003.12.001
https://doi.org/10.1016/j.intell.2003.12.001
https://doi.org/10.1037/0012-1649.16.5.537
https://doi.org/10.1037/0012-1649.16.5.537

Gérdenfors, S. Wolfl (Eds.) International Conference on
Spatial Cognition (pp. 104-120). Berlin: Springer.
doi:10.1007/978-3-540-87601-4_10

Iacobucci, D., Posavac, S. S., Kardes, F. R, Schneider, M. J., &
Popovich, D. L. (2015). The median split: Robust, refined,
and revived. Journal of Consumer Psychology, 25(4),
690-704. doi:10.1016/j.jcps.2015.06.014

Inagaki, H., Meguro, K., Shimada, M., Ishizaki, ],
Okuzumi, H., & Yamadori, A. (2002). Discrepancy
between mental rotation and perspective-taking abilities
in normal aging assessed by Piaget’s three-mountain task.
Journal of Clinical and Experimental Neuropsychology
(Neuropsychology, Development and Cognition: Section
A), 24(1), 18-25. doi:10.1076/jcen.24.1.18.969

Ishikawa, T., & Montello, D. R. (2006). Spatial knowledge
acquisition from direct experience in the environment:
Individual differences in the development of metric
knowledge and the integration of separately learned
places. Cognitive Psychology, 52(2), 93-129. do0i:10.1016/j.
cogpsych.2005.08.003

Kiefer, P., Giannopoulos, L., & Raubal, M. (2014). Where am I?
Investigating map matching during self-localization with
mobile eye tracking in an urban environment. Transactions
in GIS, 18(5), 660-686. doi:10.1111/tgis.12067

Kriiger, 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.) International Conference on Mobile
Human-Computer Interaction (pp. 446-450). Berlin:
Springer. doi:10.1007/978-3-540-28637-0_54

Ladd, F. C. (1970). Black youths view their environment:
Neighborhood maps. Environment and Behavior, 2(1),
74-99. d0i:10.1177/001391657000200105

Lokka, I. E., & Coltekin, A. (2017a). Remembering what we
see:  Designing  virtual —environments to improve
visuo-spatial recall for navigation tasks. Proceedings of
the 28th International Cartographic Conference
(ICC2017), Washington, DC.

Lokka, I. E., & Coltekin, A. (2017b). Toward optimizing the
design of virtual environments for route learning:
Empirically assessing the effects of changing levels of
realism on memory. International Journal of Digital
Earth, 8947, 1-19. doi:10.1080/17538947.2017.1349842

Lokka, I. E., Coltekin, A., Wiener, J., Fabrikant, S. I, &
Rocke, C. (2018). Virtual environments as memory train-
ing devices in navigational tasks for older adults. Scientific
Reports, 8(1), 10809. doi:10.1038/s41598-018-29029-x

Lynch, K. (1960). The image of the city, Vol. 11. Cambridge,
MA: MIT Press.

Meneghetti, C., Borella, E., Pastore, M., & De Beni, R. (2014). The
role of spatial abilities and self-assessments in cardinal point
orientation across the lifespan. Learning and Individual
Differences, 35, 113-121. doi:10.1016/j.1indif.2014.07.006

Meneghetti, C., Gyselinck, V., Pazzaglia, F., & De Beni, R.
(2009). Individual differences in spatial text processing:
High spatial ability can compensate for spatial working
memory interference. Learning and Individual Differences,
19(4), 577-589. doi:10.1016/j.1indif.2009.07.007

Meneghetti, C., Muffato, V., Varotto, D., & De Beni, R.
(2017). How directions of route descriptions influence
orientation specificity: The contribution of spatial

CARTOGRAPHY AND GEOGRAPHIC INFORMATION SCIENCE @ 13

abilities.  Psychological =~ Research, 81(2), 445-461.
doi:10.1007/s00426-016-0754-5

Moffat, S. (2001). Age differences in spatial memory in a virtual
environment navigation task. Neurobiology of Aging, 22(5),
787-796. doi:10.1016/S0197-4580(01)00251-2

Montello, D. R. (1998). A new framework for understanding
the acquisition of spatial knowledge in large-scale
environments. In M.]. Egenhofer & R. G. Golledge (Eds.)
Spatial and Temporal Reasoning in  Geographic
Information Systems, (pp. 143-154). New York: Oxford
University Press.

Moore, G. (1976). Theory and research on the development
of environmental knowing. In G. T. Moore &
R. G. Golledge (Eds.), Theories, research, and methods
(pp. 138-164). Stroudsberg, PA: Dowden, Hutchinson &
Ross.

Muffato, V., Della Giustina, M., Meneghetti, C., & De
Beni, R. (2015). Age-related differences in pointing accu-
racy in familiar and unfamiliar environments. Cognitive
processing, 16(1), 313-317. doi:10.1007/s10339-015-0720-y

Muffato, V., Meneghetti, C., & De Beni, R. (2016). Not all is
lost in older adults’ route learning: The role of visuo-
spatial abilities and type of task. Journal of
Environmental Psychology, 47, 230-241. doi:10.1016/].
jenvp.2016.07.003

Muffato, V., Meneghetti, C., Di Ruocco, V., & De Beni, R.
(2017). When young and older adults learn a map: The
influence of individual visuo-spatial factors. Learning and
Individual  Differences, 53, 114-121. doi:10.1016/j.
lindif.2016.12.002

Nivala, A. M., & Sarjakoski, L. T. (2005). Adapting map
symbols for mobile users. Proceedings of International
Cartographic Conference (ICC), Coruiia, Spain (pp. 9-16).

O’Bryant, S. E., Humphreys, J. D., Smith, G. E., Ivnik, R. J.,
Graff-Radford, N. R., Petersen, R. C., & Lucas, J. A. (2008).
Detecting dementia with the mini-mental state examina-
tion (MMSE) in highly educated individuals. NIH Public
Access, 65(7), 963-967. doi:10.1001/archneur.65.7.963.
Detecting

Pazzaglia, F., & De Beni, R. (2006). Are people with high and
low mental rotation abilities differently susceptible to the
alignment effect? Perception, 35(3), 369-383. doi:10.1068/
p5465

Raubal, M., & Winter, S. (2002). Enriching wayfinding instruc-
tions with local landmarks. In M.]. Egenhofer & D.M. Mark
(Eds.) Proceedings of the Second International Conference on
Geographic Information Science, (pp. 243-259). Berlin:
Springer. doi:10.1007/3-540-45799-2_17

Reichenbacher, T. (2001). Adaptive concepts for mobile
cartography. Journal of Geographical Sciences, 11(1),
43-53. doi:10.1007/BF02837443

Richmond, L. L., Sargent, J. Q., Flores, S., & Zacks, ]J. M.
(2018). Age differences in spatial memory for mediated
environments. Psychology and Aging, 33(6), 892-903.
doi:10.1037/pag0000286

Richter, K.-F., & Winter, S. (2014). Landmarks. Cham,
Switzerland: Springer International. doi:10.1007/978-
3-319-05732-3

Roser, F., Hamburger, K., Krumnack, A., & Knauff, M.
(2012). The structural salience of landmarks: Results
from an on-line study and a virtual environment


https://doi.org/10.1007/978-3-540-87601-4_10
https://doi.org/10.1016/j.jcps.2015.06.014
https://doi.org/10.1076/jcen.24.1.18.969
https://doi.org/10.1016/j.cogpsych.2005.08.003
https://doi.org/10.1016/j.cogpsych.2005.08.003
https://doi.org/10.1111/tgis.12067
https://doi.org/10.1007/978-3-540-28637-0_54
https://doi.org/10.1177/001391657000200105
https://doi.org/10.1080/17538947.2017.1349842
https://doi.org/10.1038/s41598-018-29029-x
https://doi.org/10.1016/j.lindif.2014.07.006
https://doi.org/10.1016/j.lindif.2009.07.007
https://doi.org/10.1007/s00426-016-0754-5
https://doi.org/10.1016/S0197-4580(01)00251-2
https://doi.org/10.1007/s10339-015-0720-y
https://doi.org/10.1016/j.jenvp.2016.07.003
https://doi.org/10.1016/j.jenvp.2016.07.003
https://doi.org/10.1016/j.lindif.2016.12.002
https://doi.org/10.1016/j.lindif.2016.12.002
https://doi.org/10.1001/archneur.65.7.963.Detecting
https://doi.org/10.1001/archneur.65.7.963.Detecting
https://doi.org/10.1068/p5465
https://doi.org/10.1068/p5465
https://doi.org/10.1007/3-540-45799-2_17
https://doi.org/10.1007/BF02837443
https://doi.org/10.1037/pag0000286
https://doi.org/10.1007/978-3-319-05732-3
https://doi.org/10.1007/978-3-319-05732-3

14 I. E. LOKKA AND A. COLTEKIN

experiment. Journal of Spatial Science, 57(1), 37-50.
doi:10.1080/14498596.2012.686362

Schofield, C., & Honore, S. (2009). Generation Y and learn-
ing. 360 degree. The Ashridge Journal, autumn, 26-32.

Sekuler, R., Kahana, M. J., McLaughlin, C., Golomb, J., &
Wingfield, A. (2005). Preservation of episodic visual
recognition memory in aging. Experimental Aging
Research, 31(1), 1-13. doi:10.1080/03610730590882800

Shelton, A. L., & McNamara, T. P. (2001). Systems of spatial
reference in human memory. Cognitive Psychology, 43(4),
274-310. doi:10.1006/cogp.2001.0758

Shelton, A. L., & McNamara, T. P. (2004). Orientation and
perspective dependence in route and survey learning.
Journal of Experimental Psychology: Learning Memory and
Cognition, 30(1), 158-170. doi:10.1037/0278-7393.30.1.158

Smallman, H. S., & John, M. S. (2005). Naive realism:
Misplaced faith in realistic displays. Ergonomics in
Design: the Quarterly of Human Factors Applications, 13
(3), 6-13. doi:10.1177/106480460501300303

Sweller, J. (1988). Cognitive load during problem solving:
Effects on learning. Cognitive Science, 12(1), 257-285.
doi:10.1016/0364-0213(88)90023-7

Taylor, H. A., & Tversky, B. (1996). Perspective in spatial
descriptions. Journal of Memory and Language, 35(3),
371-391. doi:10.1006/jmla.1996.0021

Thorndyke, P. W., & Hayes-Roth, B. (1982). Differences in
spatial knowledge acquired from maps and navigation.
Cognitive Psychology, 14(4), 560-589. doi:10.1016/0010-
0285(82)90019-6

Van Asselen, M., Fritschy, E., & Postma, A. (2006). The
influence of intentional and incidental learning on acquir-
ing spatial knowledge during navigation. Psychological
Research, 70(2), 151-156. doi:10.1007/s00426-004-0199-0

Vandenberg, S. G., & Kuse, A. R. (1978). Mental rotations,
a group test of three-dimensional spatial visualization.
Perceptual and Motor Skills, 47(2), 599-604. doi:10.2466/
pms.1978.47.2.599

Wang, R. F. (2017). Spatial updating and common misinterpreta-
tions of spatial reference frames. Spatial Cognition &

Computation, 17(3), 222-249. doi:10.1080/13875868.2017.
1304394

Weisberg, S. M., & Newcombe, N. S. (2016). How do (some)
people make a cognitive map? Routes, places, and working
memory. Journal of Experimental Psychology: Learning,
Memory, and Cognition, 42(5), 768.

Wiener, J. M., Kmecova, H., & de Condappa, O. (2012).
Route repetition and route retracing: Effects of cognitive
aging. Frontiers in Aging Neuroscience, 4, 1-7. doi:10.3389/
fnagi.2012.00007

Winter, S., Raubal, M., & Nothegger, C. (2005). Focalizing mea-
sures of salience for wayfinding. In L. Meng, T.
Reichenbacher, & A. Zipf (Eds.) Map-based mobile services:
Theories, methods and implementations (pp. 125-139). Berlin:
Springer. doi:10.1007/3-540-26982-7_9

Witmer, B. G., Sadowski, W. J., & Finkelstein, N. M. (2002).
VE-Based training strategies for acquiring survey knowledge.
Presence: Teleoperators and Virtual Environments, 11(1),
1-18. d0i:10.1162/105474602317343622

Wolbers, T., Dudchenko, P. A., & Wood, E. R. (2014). Spatial
memory-a unique window into healthy and pathological
aging. Frontiers in Aging Neuroscience, 6, 35. doi:10.3389/
fnagi.2014.00035

Wolbers, T., & Hegarty, M. (2010). What determines our
navigational abilities? Trends in Cognitive Sciences, 14(3),
138-146. doi:10.1016/j.tics.2010.01.001

Yamamoto, N., & DeGirolamo, G. J. (2012). Differential
effects of aging on spatial learning through exploratory
navigation and map reading. Frontiers in Aging
Neuroscience, 4, 1-7. doi:10.3389/fnagi.2012.00014

Yamamoto, N., Fox, M. J., Boys, E., & Ord, J. (2018). Effects
of orientation change during environmental learning on
age-related difference in spatial memory. BioRxiv, 412965.
doi:10.1101/412965

Zipf, A. (2002). User-adaptive maps for location-based ser-
vices (LBS) for tourism. Information and Communication
Technologies in Tourism, 2002, 329-338. doi:10.1007/978-
3-7091-6132-6_34


https://doi.org/10.1080/14498596.2012.686362
https://doi.org/10.1080/03610730590882800
https://doi.org/10.1006/cogp.2001.0758
https://doi.org/10.1037/0278-7393.30.1.158
https://doi.org/10.1177/106480460501300303
https://doi.org/10.1016/0364-0213(88)90023-7
https://doi.org/10.1006/jmla.1996.0021
https://doi.org/10.1016/0010-0285(82)90019-6
https://doi.org/10.1016/0010-0285(82)90019-6
https://doi.org/10.1007/s00426-004-0199-0
https://doi.org/10.2466/pms.1978.47.2.599
https://doi.org/10.2466/pms.1978.47.2.599
https://doi.org/10.1080/13875868.2017.1304394
https://doi.org/10.1080/13875868.2017.1304394
https://doi.org/10.3389/fnagi.2012.00007
https://doi.org/10.3389/fnagi.2012.00007
https://doi.org/10.1007/3-540-26982-7_9
https://doi.org/10.1162/105474602317343622
https://doi.org/10.3389/fnagi.2014.00035
https://doi.org/10.3389/fnagi.2014.00035
https://doi.org/10.1016/j.tics.2010.01.001
https://doi.org/10.3389/fnagi.2012.00014
https://doi.org/10.1101/412965
https://doi.org/10.1007/978-3-7091-6132-6_34
https://doi.org/10.1007/978-3-7091-6132-6_34

	Abstract
	Introduction
	Understanding and measuring spatial knowledge acquisition
	Effects of aging on spatial knowledge acquisition
	Virtual environments for route learning in navigational tasks
	Hypotheses

	Methods
	Participants
	Materials
	Stimuli
	Assessment of individual differences

	Experimental task
	Procedure

	Results
	The effect of spatial abilities on the sketching success
	MRT
	VSM


	Discussion
	Conclusions and future work
	Acknowledgments
	Disclosure statement
	Funding
	References



