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Abstract: Useful information can be provided by 2.5D maps that can take advantage of the additional
dimension. However, aside from stereoscopic landmarks, optimal methods for presenting other
essential information is unclear. Two experiments were conducted to explore how the presentation
of 2.5D maps can effectively increase wayfinding performance. First, analysis was performed to
understand the effects of 2.5D maps on wayfinding behavior and map reading. Then, a 2.5D map
design was proposed and verified to optimize the 2.5D map presentation of urban environments.
The results showed that compared with users of low view angle maps, those using high view angle
maps orientated more easily with elements of the map during wayfinding tasks. High view angle
maps allowed superior performance, and including transparency and lines improved wayfinding
performance. The participants using maps that were opaque and with lines exhibited the most
confusion and hesitation. The participants who used maps that were transparent and had lines
exhibited the least confusion and hesitation. Highlighting buildings at intersections can help map
users use the intersections as references and increase their intuitive spatial ability.

Keywords: 2.5D map; wayfinding; view angle; spatial ability; information visualization

1. Introduction

Maps are crucial media used by individuals to familiarize themselves with a space.
When a map corresponds with the actual environment, the map can generate spatial
knowledge and ensure successful wayfinding. Survey knowledge is achieved by indi-
viduals through mentally visualizing map-like representation of the environment [1,2].
However, modern cities have complicated environments, where the use of conventional
two-dimensional (2D) maps for environmental cognition and wayfinding is challenging.
Previous studies have investigated the influence of different factors such as spatial cogni-
tion and engineering information format on construction workers’ performance and found
that three-dimensional (3D) information affected their work positively [3-7]. Sweany [4]
measured the cognitive demands of three types of information: 2D plan sets, 3D computer-
aided design (CAD), and 3D printed models on construction workers. Statistical analyses
proved that subjects of both low and high spatial cognition performed best with 3D phys-
ical models. The view angle of 3D maps differs from that of the human eye. Therefore,
errors may occur during the acquisition of information from an environment after reading
maps. The wayfinding task revealed that most erroneous decisions arose from participants’
overestimation of the environmental information they obtained. Although 3D maps can
show a full view of spaces, the results showed that areas on 3D maps often overlap. Conse-
quently, the participants were unable to recognize the spatial relationship between floors,
and thus struggled with judging the location of stairs.

Maps are crucial media used by individuals to familiarize themselves with a space.
When a map corresponds with the actual environment, the map can generate spatial knowl-
edge and ensure successful wayfinding. Survey knowledge is achieved by individuals
through mentally visualizing map-like representation of the environment [1,2]. The map is
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often held basically to be a means of communication [3]; the map-maker is attempting to
communicate information to the map-user [4]. Maceachren [5] proposed that, when our
vision is processing a map, we first start from those marginal or discontinuous regions
on the map and then undertake a visual description and arrangement in terms of size,
depth, and brightness among different symbols. Secondly, on a higher level, we will evalu-
ate what we have acquired in the previous steps. At this moment under the knowledge
schema, the visual description then transmits, questions, and adjusts with knowledge in
long-term memory, deriving certain meaning from maps. That is, via the visual cognition,
information is being recreated, and redefined again and once more. Therefore, a model is
continually developed through the processes of reading, understanding, and modifying
maps into actions.

Among all wayfinding behaviors, landmark navigation is the tool most commonly
used to guide direction. Landmarks play a critical role in daily spatial tasks for wayfinding
and navigation [6-8]. In addition, “good” landmarks [9], i.e., visually prominent and
familiar objects, may have recognizable logos and are located on the pedestrians’ route. A
landmark is eye-catching not only because of its own characteristics, but also its ability to be
distinguished from similar objects in the environment [10]. Landmarks are crucial reference
information when people are deciding the route direction [11]. Landmarks provide essential
information at an intersection where direction change is required to continue the route, and
help to create a visual model of key parts of the environment [12-14]. Golledge [15] argued
that a landmark has two functions. First, it plays the role of an anchor, namely serving as a
point that connects different regions in an environment. Second, it is used as an auxiliary
tool for wayfinding, and wayfinders can use landmarks as a point of reference for direction
identification and route decision. Successful spatial positioning occurs when a person’s
brain can form an environmental cognition map to determine his or her location [14]. Once
this information is available, the shortest and most efficient route from his or her current
location to the desired destination can be quickly identified [16,17]. Ito and Sato [18] stated
that relative to referral information, such as “continue walking for another two blocks” and
“at the second traffic light,” information that described building types (e.g., a soccer field)
enabled wayfinders to be more certain of their directions in the wayfinding process.

Kolaény [19] indicated the process from map-maker’s encoding to map-user’s de-
coding. Map makers take the trouble of translating geographic reality into cartographic
symbols, because maps are the most effective and efficient way of transferring data to
users and of providing insight into, and an overview of, these data [20]. Map-reading
studies have shown that after users read a map, they construct a cognitive map; how-
ever, differences exist between users’ perceived image and that of the map makers [3,19],
and such differences must be investigated. Orientation is a type of behavior employed
to solve spatial problems. Wayfinding decisions involve map users matching the actual
environment with their perceived map.

Fujimori et al. [21] shows cartographers also make use of points, lines, and areas
to illustrate the spatial relationships. These spatial relationships are divided into four
types: Connectivity, Near, Intersection, and Containment. Hence, cartographers make
use of these symbols to display objects in the real world and further show the spatial
relation between these objects by reflecting the relation within these symbols on the map.
Cartographers describe the 3D space on a 2D map by “symbols”. Generally speaking,
cartographers make use of visual variables, which include size, hue(color), value, texture,
orientation, and shape to show the difference among symbols [22]. Landmarks usually act
as anchor points for organizing other spatial information into a layout. Landmarks also act
as organizing features in a wayfinding context [15]. Judging from landmark-checking, we
can know where we need to turn. Landmark-checking also helps us identify where we are
and whether we are on-route or not. People rely on a variety of architectural cues to find
their way through buildings. These architectural features form a system of landmarks [7]
and should, therefore, be included in the list of items that need to be considered when
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encoding diagrams [23]. Ottosson [4] observed that experiments featuring map-reading
and wayfinding required real in-depth investigations.

However, modern cities have complicated environments, where the use of conven-
tional two-dimensional (2D) maps for environmental cognition and wayfinding is challeng-
ing. Previous studies have investigated the influence of different factors such as spatial
cognition and engineering information format on construction workers’ performance
and found that three-dimensional (3D) information affected their work positively [24-28].
Sweany [25] measured the cognitive demands of three types of information: 2D plan sets,
3D computer-aided design (CAD), and 3D printed models on construction workers. Statis-
tical analyses proved that subjects of both low and high spatial cognition performed best
with 3D physical models. The view angle of 3D maps differs from that of the human eye.
Therefore, errors may occur during the acquisition of information from an environment
after reading maps. The wayfinding task revealed that most erroneous decisions arose from
participants’ overestimation of the environmental information they obtained. Although
3D maps can show a full view of spaces, the results showed that areas on 3D maps often
overlap. Consequently, the participants were unable to recognize the spatial relationship
between floors, and thus struggled with judging the location of stairs. Only the successful
matching of maps with the actual environment can enable successful wayfinding and create
useful spatial knowledge [29].

Without proper navigation, map users using street view images with 3D view angles
still become lost. Passini [30] believed that wayfinding maps should provide information
confirming a path and increasing understanding of a space. Passini also proposed using
different view angles in the presentation of wayfinding maps. View angle refers to the
angle at which geographical features are projected on a planimetric map. Most maps have
a top view angle, whereas some use a perspective view angle to create a sense of space.
You et al. indicated that the view angle can be changed for the entire map or for specific
landmarks; the same geographical features can be presented differently. Conventional
top view angles are easy for map users to read and can help them form spatial structures
and generate cognitive maps. However, when map users use such maps in wayfinding
tasks, they can encounter problems transforming the 2D spaces of the map into the actual
3D spaces [31]. Visual perceptions are expressed in one of three methods, namely 2D,
2.5D, or 3D [32]. The differences between the methods are as follows: the 2D method
shows only one facet, the 3D method shows all facets, and the 2.5D method combines
2D and 3D graphic technologies. By defining the map user as the origin of the map’s
coordinate system, the 2.5D method employs perspective drawing techniques to present
direction and depth on the map. Perspective increases the dimensions of a map and
enriches its features, as well as helping users form spatial structures and cognitive maps.
In a study by Kealy [33], map users who used perspective maps recalled significantly
more environmental features and were better able to locate a feature when they mentally
reconstructed the map. Because self-localization and spatial orientation are essential to
wayfinding [34], perspective drawing was used in the current study to design 2.5D maps,
in which the depth axis is the only vanishing point. The design allows users to have
first-person perceptions. Visual perception transforms the perceived environment into 3D
space. Therefore, compared with 2D maps, 2.5D maps can facilitate cognition because they
include 3D stereoscopic landmarks. The map content is always “tilted.” Limberger et al. [35]
indicated that the effectiveness of a view angle for a perspective map is determined by the
complexity of its inner nodes and distribution of height values. The view angle can range
from 0° to 90°, although an angle between 30° and 60° is more reasonable. The shadow of
an object on a map can provide additional hints to users. Perspective maps can improve
space and landmark recognition, thus, these maps are superior to 2D maps [36]. However,
Liao et al. discovered that perspective map users did not perform as well as 2D map users
because of excessive map information and view obstruction [37]. The 2.5D maps can take
advantage of the additional dimension and provide useful information. However, aside
from stereoscopic landmarks, optimal methods for presenting other essential information
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is unclear. Two experiments were conducted to explore how the presentation of 2.5D
maps can effectively increase wayfinding performance. First, analysis was performed to
understand the effects of 2.5D maps on wayfinding behavior and map reading. Then, a
2.5D map design was proposed and verified to optimize the 2.5D map presentation of
urban environments.

2. Materials and Methods
2.1. Experiment One: View Angle and Density of Current 2.5D Maps

The keyword “map” in both Chinese and English was used to find mobile map
applications that provide 2.5D map functions using iOS or Android systems. The selected
applications were among the ten most popular digital map applications. Five mobile
map applications were selected, namely Google maps, Apple maps, maps.me, Baidu map,
and AutoNavi map. Most 2.5D maps are perspective maps that allow users to adjust the
view angle. These maps have two common elements: protruding stereoscopic buildings
and adjustable view angles. The first experiment was based on building density. Xia
et al. [38] defined building density as the total area of all buildings divided by the site area
of the planning region. The presentation of buildings can be high- or low-density. In the
experiment, a density level of 50% was the median value, and a density >50% or <50% was
classified as high (H) or low (L), respectively. We built a 3D model of the actual area of
downtown Taipei, including roads and buildings, and made experimental samples based
on various angles and densities. In this study, most of the buildings on our map of Taipei
City’s Daan District are tall. We want to use Taipei City as a base to reduce the effect of
height differences in the area. In terms of the angle for viewing the sample, the center
of the bottom of the model was used as the axis of rotation, and viewers began viewing
from a vertical angle (top view) of 90° before moving horizontally to 0°. Three view angles
were chosen for the experiment, namely 90°, 60°, and 30°. The different view angles and
building densities formed six combinations, namely H90°, H60°, H30°, L90°, L60°, and
L30°. Limberger et al. proposed that a view angle between 30° and 60° is reasonable. The
90° view angle was included because it represents a 2D planimetric map with 3D buildings.
The maps were grey with colored mission markers. In all, 36 people participated, were
20-30 years old, half male and half female. Since we drew the map in the experiment based
on the actual appearance of Da-an district in Taipei, we invited people who had never
moved to this area to be the participants. The participants were divided into six groups at
random, each group with three male and three female participants. All groups used the
same type of map with the same view angle and density. Maps are shown in Figure 1.

Figure 1. Cont.
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Figure 1. Three map view angles.

The experiment had four stages. First, the self-report Sense of Direction Questionnaire-
Short Form (SDQ-S) was completed by the participants. Second, a route planning experi-
ment was performed. All participants had to complete route planning within 4 min. The
time required to complete the planning was recorded. Third, Rhino and Mapbox were
used to simulate wayfinding in the maps, including wayfinding and orientation. The
relationship between the time spent and each map was recorded. Finally, semi-structured
interviews were conducted. Think-aloud was used in the interviews to record how the
participants described their use of the maps, thereby understanding their thoughts and
feelings about the procedure.

2.2. Experiment Two: Design Verification

The second experiment had the same four stages as the first experiment. Wayfinding
was performed in an actual environment. The participants used a new map design to
explore how changing the graphic design of 2.5D maps can improve wayfinding perfor-
mance. Limberger et al. indicated that using transparency can help map users visualize
road networks and obstacles, and create coherent effects. However, transparency might not
be suitable for maps with densely placed buildings because the shape of a single building
and its relation to other buildings can distract users. Therefore, the basic principle of
using transparency is to avoid obstruction from affecting wayfinding. When part of a
building obstructed a road in the map design, the part was changed to a semitransparent
color, thereby helping users navigate and read the map (Figure 2). Transparency was set
according to areas of interest color coded by Google maps, as shown in Figure 3. The
transparency was set at 30% for all areas other than areas of interest to increase the contrast.
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Figure 2. Presentation of transparency in maps.
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Figure 3. Transparency adjusted according to Google maps’ areas of interest.

In addition to transparency, methods of highlighting key landmarks or buildings near
mission markers were explored with different transparency settings. Buildings related to a
mission marker or taller buildings nearby were selected, and lines were used to border the
building images for emphasizing purpose. Actual physical features of buildings were also
drawn onto the image with lines to compare the difference between maps with and without
the addition of lines (Figure 4). All experimental samples are designed by us individually.
Transparency and lines are fixed, not automatically realized.

Figure 4. Presentation of lines in maps.

Experiment two involved 32 participants, 20-30 years old, half male and half female
who had never moved to this area before. Each completed the SDQ-S at the start. Four
map designs (groups A-D) were employed, with each design using a different setting
for transparency and lines, as shown in Table 1. Each group had eight participants (four
male and four female) chosen at random. Five mission markers were assigned, and all
groups had 4 min to plan routes. The participants were asked to think-aloud during the
experiment for the present study to understand their experiences as they walked. While
the participants read the map, they were required to use their fingers to follow along the
part of the map that they were reading for wayfinding and orientation. Semi-structured
interviews were conducted afterwards.
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Table 1. Map designs in experiment two.

Group A (Opaque and without Lines) Group B (Transparent and without Lines)

3. Results
3.1. Experiment One

During route planning, most participants memorized the route by memorizing the
number of left and right turns (WD-1) and the number of intersections (WD-2), as shown
in Table 2. Most participants were confused (WD-6) at turning points of an intersection;
69% of the participants using the H30° map had this problem, the highest ratio among the
six types of map. In addition, 71% of all mission markers were unnoticed or ignored by the
group (WD-7). Main roads, protruding buildings, and vacant lots were crucial references
that participants used for orientation. Participants often used the relative position between
two points (M3) to memorize the route, followed by graphic memory (M2), doubling back
along a route (M4), using buildings for memory assistance (M1), and rehearsing the route
silently (M5). During the experiment, the participants used buildings on the map to assist
them. They memorized buildings as locations where they had to turn or memorize the
relative position of buildings from mission markers; 27% of the H60° group used buildings
in this manner, the highest ratio among the map types. Of the participants who used the
H90° map, 24% used graphic memory to help with memorization. They memorized roads
by imagining them as familiar shapes, such as the shape of a lightning bolt or the letter
“U”. The ratio of participants who rehearsed the route silently to memorize it differed
according to whether a perspective map or a 90° planimetric map was used. The number
of participants who “crammed” information and rehearsed the route silently increased as
the view angle increased (Table 3).
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Table 2. Route planning in experiment one.
Code Description H30° He60° H90° L30° L60° L90° Total
) All participants 15% 14% 17% 19% 16% 19% 100%
WD-1 Left and right turns
% Withil’l the gI’OU.p 54% 65% 58% 57% 73% 66% 374%
All participants 13% 10% 22% 25% 11% 18% 100%
WD-2 Intersection
% within the group 19% 19% 29% 29% 19% 25% 140%
All participants 24% 10% 5% 62% 0% 0% 100%
WD-3 Block
% within the group 2% 1% 0% 3% 0% 0% 6%
All participants 19% 33% 22% 4% 22% 0% 100%
WD-4 Main roads
% Withil’l the gI‘OU.p 2% 3% 2% 0% 2% 0% 9%
WD.5 Going straight to the All participants 18% 14% 24% 19% 8% 18% 100%
end % within the group 9% 9% 11% 8% 5% 9% 50%
All participants 69% 12% 0% 14% 4% 0% 100%
WD-6 Confusion
% within the group 10% 2% 0% 2% 1% 0% 15%
) ) All participants 71% 14% 0% 10% 0% 5% 100%
WD-7 Unnoticed or ignored
% within the group 5% 1% 0% 0% 0% 0% 6%
All route planning 33%  15%  13%  22% 9% 8%  100%
total descriptions
% within the group 100% 100% 100% 100% 100% 100% 600%
Table 3. Memorization methods in experiment one.
Code Description H30° H60° H90° L30° L60° L90° Total
. All participants 24% 27% 22% 8% 14% 5% 100%
M1 Building
% within the group 19% 20% 13% 8% 11% 5% 75%
. All participants 17% 20% 24% 14% 12% 14% 100%
M2 Graphic memory
% Withil’l the group 21% 24% 22% 21% 16% 19% 122%
. . All participants 16% 18% 18% 16% 21% 12% 100%
M3 Relative position
% within the group 23% 24% 19% 29% 32% 19% 145%
. All participants 17% 21% 21% 23% 6% 13% 100%
M4 Doubling back
o/0 w1th1n the group 170/0 200/0 160/0 290/0 7% 140/0 1020/0
All participants 13% 9% 26% 7% 20% 25% 100%
M5 Silent rehearsal
% Withil’l the group 21% 14% 31% 13% 34% 44% 157%
total All participants 17% 19% 22% 13% 14% 14% 100%
ota
% within the group 100% 100% 100% 100% 100% 100% 600%

The average time required to complete the first simulated wayfinding task was 255.4 s,

making it the most time consuming. A possible explanation is that the participants had not
yet familiarized themselves with map reading and software operations, thus, they spent
relatively more time searching for mission markers. Compared with those who used 30°
or 60° maps, participants who used a 90° map spent less time on average memorizing
the map; 90° maps have clear and unobstructed roads, and the layout is more spaced
out. Therefore, the participants who used these maps required less memorization time.
However, during simulated wayfinding, these participants had to “transform” the map into
a 3D layout. Thus, compared with other participants, they required more time for spatial
transformation. For all tasks, the groups using high-density maps required an average of
203.3 s, whereas groups that used low-density maps required an average of 168.1 s. The
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difference was significant (first task: p = 0.046 < 0.05). Participants who used 90° maps
required 196.6 s, whereas their counterparts who used 60° maps and 30° maps required
177.7 s and 182.8 s, respectively. Those using 90° maps spent more time on average in
simulated wayfinding, and this finding corresponds with the findings of Zanola et al.,
which indicated that perspective maps can improve spatial transformation abilities. Maps
with larger view angles assisted with map memorization, but they affected simulated
wayfinding performance (Table 4).

Table 4. Time required for route planning and simulated wayfinding in experiment one.

Route Planning Wayfinding Simulation
Task H30° H60° H90° L30° L60° L90° Average H30° H60° H90° L30° L60° L90° Average
1 229.7"  2253" 190.0” 209.3” 227.0” 238.3" 219.9” 286.8” 2952" 373.8"160.2" 201.8” 214.3" 255.4"

2 23277 1992" 1972" 216.7" 2153" 2167" 2129”7 143.0" 1188" 1135” 116.8” 1155”7 143.7" 1252"
3 2333 2365 227.0" 2293"229.0" 2345" 231.6" 2163" 1663" 235.8" 2433" 227.5" 191.2" 2134"
4 2243 21937 2308" 221.8" 2205" 21857 222.6" 157.3" 1680”7 1642”1382 128.6" 1365’ 148.8"
2300”7 2201”7 2113”7 219.3" 223.0" 227.0" , 2009”7 187.1" 221.8" 1646" 1684" 1714" ,

average 2204 223.1" 2218 203.3" 168.1" 1857

The results of two-way analysis of variance indicated that during route planning, the
frequency of participants expressing confusion (WD-6) was significantly correlated with
the view angle and the building density of the map (p = 0.0329 and p = 1.66, respectively).
The results for three of the four tasks indicated that the interaction between view angle and
density was significantly correlated with the frequency of participants expressing confusion
(WD-6); the p values for tasks 1, 2, and 4 were 0.0393, 0.03149, and 0.0004, respectively.

Participants who used 30° maps expressed confusion most often during route plan-
ning, followed by participants who used 60° maps. Participants who used 90° maps did not
express confusion in any of the tasks. Participants who used high-density maps expressed
confusion with higher frequency relative to those who used low-density maps. In general,
the participants who used H30° maps experienced confusion most often, whereas those
who used L90° maps experienced confusion least often. Map users struggled to process
the large amount of information on maps and were affected by obstructive landmarks.

During wayfinding simulations, confusion or hesitation (WK-1), doubling back (WK-2),
and going off-route (WK-3) affected wayfinding performance. The users of high-density
maps exhibited these phenomena more frequently. During the test determining the consis-
tency of the taken route with the cognitive map, L60° map users had the highest consistency
(41.7%), followed by those using L30° maps and H60° maps. Those using of 90° maps
had a lower consistency. Although the roads of 90° maps are not obstructed, 90° maps
do not have protruding elements that can serve as memory references as do perspective
maps. A higher proportion of participants who used 90° maps relied on silent rehearsal to
memorize routes (Table 5). This verified the findings of You et al. regarding the problem of
transforming 2D and 3D spaces. A comparison of the consistency for the perspective maps,
namely H30°, H60°, L30°, and L60° maps, indicated that a higher consistency between the
taken route and the cognitive map was observed in users of low-density maps.

High-density map users exhibited confusion and hesitation more frequently (18.5%)
than did low-density map users (14.8%). High-density map users also doubled back more
frequently (20.1%) than low-density map users (13.3%). The chance of going off-route was
higher for high-density (22.5%) than for low-density (10.8%) map users. In addition, the
consistency between the taken route and the cognitive map was higher for low-density
map users (29.2%) than for high-density map users (23.6%). The orientation error rate of
low-density map users was 8.4%, higher than that of high-density map users (7.7%). The
results are presented in Table 6.
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Table 5. Simulated wayfinding behavior for low- and high-density maps.

Code Behavior H30° H60° H90° L30° L60° L90° Total
Confusion and All participants 203% 144% 209% 17.6% 10.5% 163%  100%
Wi hesitation % within the group 326% 458% 27.8% 435% 333%  36.8%  220%
WK Doubling back All participants 23.2% 8.5% 28.5%  13.4% 114%  15.0% 100%
% within the group 60.0%  43.8%  609%  532%  58.3%  54.4% 331%
WK Going off-route All participants 189%  135%  35.1% 5.4% 10.8%  16.2% 100%
% within the group 7.4% 104%  11.3% 3.2% 8.3% 8.8% 49%
All wayfinding behavior  20.8%  121%  282% 122% 109% 15.9% 100%
Total % within the group 100% 100% 100% 100% 100% 100% 600%
Confusion and hesitation 18.5%
Average, high-density maps Doubling back 20.1% 61%
Going off-route 22.5%
Confusion and hesitation 14.8%
Average, low-density maps Doubling back 13.3% 39%
Going off-route 10.8%

Table 6. Consistency between taken route and cognitive map, and mission marker orientation error rate for low- and

high-density maps.

H30° H60° H90° L30° L60° L90° Total
Consistency between taken .. o o o o o o o
i, All participants 16.7%  29.2%  25.0% 33.3% 41.7% 125% 264%
route and cognitive map
Orientation error rate All participants 7.3% 7.0% 8.8% 8.3% 7.5% 94%  482%
Consistency between taken 23.6%
Average, high-density maps route and cognitive map .
Orientation error rate 7.7%
Consistency between taken 29.29
Average, low-density maps route and cognitive map .
Orientation error rate 8.4%

In general, compared with high-density maps, low-density maps allowed superior
performance in simulated wayfinding (including confusion, doubling back, and going
off-route) and higher consistency between the taken route and the cognitive map.

The ratios of confusion and hesitation and doubling back for map users of 60° maps
were 24.8% and 19.9%, respectively, and less than those of users of 30° and 90° maps.
During the test to determine the consistency between the simulated taken route and the
cognitive map, users of 60° maps reported the highest consistency at 70.8%, followed by
50% for users of 30° maps and 37.5% for users of 90° maps, as shown in Tables 7 and 8. The
orientation error rate of users of 60° maps was 14.5%, which was lower than that of users
of 30° maps and 90° maps (15.6% and 18.1%, respectively).

When 90° maps are used, users must transform the planimetric map into a 3D layout.
Although the ratio of participants who exhibited confusion and hesitation during route
planning was lower, the ratio that exhibited confusion and hesitation during simulated
wayfinding was much higher. The view angle of 30° maps was smaller, thus, buildings
obstructed the line of sight of users. Users of 60° maps were able to recognize protruding
buildings, thus, compared with 30° maps, 60° maps allowed superior performance in
simulated wayfinding (avoiding confusion and hesitation, doubling back, and going off-
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route), a higher consistency between the taken route and the cognitive map, and a lower
orientation error rate.

Table 7. Simulated wayfinding behavior by view angle.

Code Behavior 30° 60° 90° Total
wk1 ~ Confusionand All participants 37.9%  248%  373%  100%
hesitation
WK-2 Doubling back All participants 36.6% 19.9% 43.5% 100%
WK-3 Going off-route All participants 24.3% 24.3% 51.4% 100%
Total Wayfinding 329%  23.0%  44.0%  100%
behavior

Table 8. Consistency between taken route and cognitive map, and the mission marker orientation
rate according to view angle.

30° 60° 90° Total

Consistency between taken | o yicipants 50.0%  70.8%  375%  53%
route and cognitive map

Orientation error rate All participants 15.6% 14.5% 18.1% 16%

Before the experiment, a majority (47.2%) of participants preferred 90° maps. After
the experiment, the participants were asked their map preference again, and 52.7% chose
60° maps; 22 of the 36 participants changed their preference and responded during the
interview that 60° maps were their preferred design (Figure 5).

Before the experiment 0 After the experiment

60.0% 52.7% 47.2% 47.2%
40.0% 33.3%

19.4%

20.0% 0.5,
. o

0.0% —

30° 60° 90°

Figure 5. View angle preference before and after experiment one.

3.2. Experiment Two

We used the content of Table 1 to assess map designs. The groups were A (opaque), B
(opaque with lines), C (transparent), and D (transparent with lines). Map users exhibited
more confusion and hesitation (WD-1) when they used maps from group A or B (a ratio of
31% and 38%, respectively). The reason for this is that opaque buildings obstructed the
roads, and the participants were unable to identify the correct location. However, only
6% of participants expressed confusion or hesitation. Participants in the first experiment
were generally confused and hesitant at intersections; therefore, the second experiment
included landmarks at intersections, which successfully reduced confusion and hesitation.
An example is shown in Figure 6.

Participants often used the number of left and right turns (WD-3) and intersections
(WD-4) in route planning. When they were unable to see intersections clearly, they used
alleys (WD-5) to describe the route instead. The main principle in route planning was to
attempt to follow the road (WD-11) and avoid turns or narrow passages. Participants with a
poorer sense of direction doubled back (WD-7). They preferred familiar routes and avoided
memorizing additional routes. Relative position (WD-6) was often used in conjunction
with mission markers or landmarks (WD-2), and group D used relative position most often
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(39%). When the participants read a map and described buildings, they used landmarks
to plan their route. Group D map users mentioned landmarks most frequently (35%), as
shown in Table 9. When a mission marker was located next to a tall protruding building,
the participants usually referenced the building. However, when a mission marker was
located in a residential area, most participants used intersections and left/right turns to
plan routes and searched for intersections, landmarks, and main roads to orientate. The
landmarks referenced by participants were usually located at intersections or objects that
were obvious and unique (Figure 7). Maps with lines helped participants notice landmarks
more easily.

v
1

Figure 6. Example of road obstruction by buildings. (Opaque/Transparent).
A\ W < \ | l I
| @ e -
€y
|

_‘\/"x
\E'\ ¥
PREAAT R TR

Figure 7. Example of a protruding landmark in a group A map in experiment two.

In two-way analysis of variance, the expression of confusion and hesitation dur-
ing route planning was significantly correlated with the existence of lines on the maps
(p = 0.0201). Participants who used a map without lines expressed significantly more con-
fusion and hesitation than those using a map with lines.

Table 10 presents the time required by the participants to complete the wayfinding
tasks. The average time required from shortest to longest was as follows: group D (21'38"),
group A (23/31"), group B (24'57"), and group C (25'58"). Group D claimed that at first
sight, their map was clear and easy to read because of due its transparency and lines. Group
A mentioned that the opaque map, although equipped with the essential information of
a map, required much time to read. Group B commented that their map was “messy”
at first sight and required much time to read; moreover, the lines on the map were not
helpful and hindered their line of sight. Group C stated that their map seemed useful
at first sight, but lacked focus due to the transparency, and thus rendering orientation a
time-consuming process.

As wayfinding behavior is a series of continual actions, we examined ineffective
behavior that participants exhibited while using the maps. Confusion and hesitation
(BC) and becoming lost (BL) were selected as examples. Figure 8 presents the data for
confusion/hesitation and becoming lost (Table 11). Group D exhibited the lowest frequency
of ineffective wayfinding behavior (10%), followed by group C (27%), group A (29%), and
group B (35%).
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Table 9. Route planning in experiment two.
Group A Group B Group C Group D
Code Description (Opa Pue) (Opaque (Transpar-  (Transparent Total
paq with Lines) ent) with Lines)
Confusion and All participants 31% 38% 15% 15% 100%
WD-1 hesitation
% within the group 2% 3% 1% 1% 6%
All participant: 31% 18% 16% 35% 100%
WD-2 Landmark participants
% within the group 26% 18% 15% 22% 80%
WD3 Left and right All participants 23% 20% 24% 33% 100%
turns % within the group 24% 26% 28% 27% 105%
. All participants 17% 22% 23% 38% 100%
WD-4 Intersection
% within the group 10% 15% 15% 17% 57%
WD-5 Alley All participants 29% 29% 25% 17% 100%
% within the group 3% 4% 3% 1% 11%
WD-6 Relative position All participants 27% 18% 16% 39% 100%
% within the group 5% 4% 3% 6% 19%
All participant: 19% 16% 30% 35% 100%
WD-7 Double back participants
% within the group 4% 4% 6% 5% 19%
. All participants 26% 26% 42% 5% 100%
WD-8§ Distance
% within the group 2% 3% 4% 0% 9%
Going straight to All participants 24% 40% 12% 24% 100%
WD-9 the end
% within the group 3% 5% 1% 2% 11%
All participant 21% 18% 29% 32% 100%
WD-10 Main road participants
% within the group 3% 3% 5% 4% 15%
WD-1 Following the road All participants 29% 21% 22% 29% 100%
% within the group 16% 14% 14% 12% 56%
All participants 17% 21% 33% 29% 100%
WwD-12  Shape Pariep
% within the group 2% 3% 4% 2% 11%
All route planning 24% 24% 24% 28% 100%
total descriptions
% within the group 100% 100% 100% 100% 400%
Table 10. Average time required to complete wayfinding tasks in experiment two.
Group A Group B Group C Group D
(Opaque) (Opaque and (Transparent) (Transparent
paq with Lines) P and with Lines)
Total Time 23/31" 24'57" 25'58" 21'38"
Taskl 04'15" 03'22” 03'32" 02/44"
Task2 04'34" 05'11” 05'26" 04'36"
Task3 03'17" 03/48" 03'11” 02/42"
Task4 02'58" 03'37” 03'38" 03'10”
Task5 04/28" 05'02" 05'39" 04'15"”
Back to start 03'59" 03'57" 04/33" 04'12"
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Table 11. Ratios for wayfinding behavior in experiment two.
Group B Group D
Code Description (C(;)roaupuz;\) (Opaque (TC: :r(:gpafent) (Transparent Total
paq with Lines) P with Lines)
BC Confusion and All participants 24% 36% 29% 11% 100%
hesitation % within the group 5% 5% 5% 2% 17%
) All participants 30% 39% 25% 7% 100%
BB Doubling back
% within the group 2% 2% 2% 0% 7%
BTW Looklng around All participants 22% 30% 23% 25% 100%
horizontally % within the group 21% 22% 19% 22% 84%
BWM Looking at the All participants 23% 28% 26% 24% 100%
map % within the group 41% 38% 40% 38% 157%
BUW Looking up and All participants 21% 26% 25% 28% 100%
down % within the group 6% 5% 6% 7% 24%
L All participants 21% 22% 30% 28% 100%
BRM Spinning the map
% within the group 11% 9% 13% 13% 45%
BN Confirming the All participants 22% 26% 24% 29% 100%
current location % within the group 9% 8% 8% 10% 35%
L All participants 18% 33% 25% 24% 100%
BR Spinning the body
% within the group 4% 5% 4% 4% 17%
. All participants 33% 33% 25% 8% 100%
BL Becoming lost
% within the group 1% 1% 0% 0% 2%
. All participants 11% 47% 20% 22% 100%
BM Keeping track
% within the group 2% 6% 3% 3% 14%
All wayfinding 22% 32% 25% 21% 100%
total performances
% within the group 100% 100% 100% 100% 400%
Two-way analysis of variance indicated that during wayfinding tasks, the interaction
between lines and transparency in maps was significantly correlated with the number of
times the participants expressed confusion and hesitation (p = 0.0421). Group B had the
highest frequency of confusion and hesitation, followed by group C. Group D had the least
confusion and hesitation. The locations where participants were confused and hesitant or
lost were marked. In Table 12, black lines represent all the routes taken by participants
within a group. Orange markers indicate locations where the participants were confused
and hesitant, and red markers represent the segments where participants became lost.
Becoming lost Bl Confusion and hesitation Average
0, 0, o, 36% 35%
40% 33% . 33% .
g, 2% oso,  29% 7%
20% gy 11%  10%
0%
Group A Group B Group C Group D

Figure 8. Frequency of ineffective wayfinding performances of each group in experiment two.
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Table 12. Routes taken in experiment two, and locations where BC or BL occurred.

Group A (Opaque) Group B (Opaque and with Lines)

5
e

Group C (Transparent)

o
X
3

Group D (Transparent and with Lines)

it | |
| g
\ \//\ \\)/\'

Routes taken by groups A and B were irrational, and both groups doubled back or
overran more often than groups C and D. Most participants overran because they missed
intersections where they were supposed to turn. They usually used buildings, intersections,
or main roads to identify their relative position and return to their original route. Group
D, who achieved a great consistency between the taken and planned routes, mentioned
that buildings with lines helped them orientate. The consistency between the taken and
planned routes showed Group D performed best at 88%, followed by groups C, A, and B at
79%, 77%, and 71%, respectively.

3.2.1. Orientation

The average percentage difference between objective direction values (ODV) and
cognitive direction estimates (CDE) is represented by the absolute accuracy score (AAS), as
shown as below [39]. Differences between ODV and CDE greater than 180 are made smaller.

ODV — CDE

AAS = 1L (T

) x100| +n 1)

The average AAS of the participants of groups A, B, C, and D was 26.6, 26.8, 24.5,
and 21.7, respectively (Table 13). Compared with opaque maps, transparent maps enabled
more accurate orientation. In addition, relative to maps without lines, maps with lines
enabled more accurate orientation. With opaque maps, the cognitive maps of participants
were incomplete because their line of sight was obstructed by opaque buildings. There-
fore, these map users had to recall the route used for wayfinding during orientation and
reorientate their bearings to identify the location of the mission marker. By contrast, when
transparent maps were used, roads were less obstructed, resulting in map users having
more comprehensive cognitive maps.
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Table 13. AAS of groups in experiment two.
Task Recpo(;gi?lit’;ion (%ls:é)u?) (O[?ar;:g v]jith (Trc::s)gsrfnt) (Trarf;;:rlgn?with Average AAS
Lines) Lines)

1 start 22.7 94 5.5 31 10.2
5 start 8.6 25.0 14.8 32.8 20.3
1 11.7 27.3 14.1 33.6 21.7
3 start 445 71.9 54.7 39.1 52.5
2 49.2 62.5 82.0 46.9 60.2
4 start 29.7 27.3 25.0 15.6 244
3 40.6 8.6 22.7 18.0 22.5
5 start 33.6 10.2 7.0 39 13.7
4 19.5 7.8 8.6 125 12.1
end 5 6.3 18.0 10.2 11.7 11.5
Average AAS 26.6 26.8 245 21.7 249

3.2.2. Map Preference

Regardless of the map each of them used, the participants were asked to rank the four
map designs. Most preferred group D’s map, followed by the maps of group C, group
B, and group A (Table 14). This result is similar to the reported findings. Participants
who used a transparent map with lines (group D’s map) used relative position (WD-6)
along with mission markers or landmarks (WD-2) most often. When group D participants
described buildings during map reading, they generally used landmarks for planning.
These participants also had the highest consistency between the taken and planned route,
required the least amount of time in planning, had the lowest frequency confusion and
hesitation, and had the lowest orientation error rate.

Group A and group B participants generally used intersections to determine their cur-
rent location during wayfinding, with buildings and landmarks as supporting references.
Group C and group D participants reported that they only needed to know the surround-
ings of the destination to perform wayfinding. Therefore, their map did not need to present
all the buildings; irrelevant buildings can be more transparent. Group B and group D
participants mentioned that lines marking key landmarks assisted their orientation.

Table 14. Map preference after experiment two.

Group A Group B Group C Group D Percentage

B>A>D>C 3 1 0 0 13%
B>D>A>C 1 0 0 0 3%
C>D>A>B 1 1 0 0 6%
C>D>B>A 1 0 2 0 9%
D>B>A>C 0 0 0 2 6%
D>B>C>A 1 2 0 2 16%
D>C>A>B 0 0 2 1 9%
D>C>B>A 1 4 4 3 38%

total 8 8 8 8 100%

4. Discussion

From the results of the first experiment, we understood that during wayfinding, the
view angle and building density of maps affected the spatial cognition and wayfinding
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strategies of the participants. The experiment involved the use of high- and low-density
maps. Compared with high-density maps, low-density maps enabled superior wayfinding
performance. The purpose of wayfinding maps is to provide information for determining
direction. According to Apelt [40], map designs should present the surrounding environ-
ment in a clear space that is noticeable and easy to read such that map users can interpret
the information in their own language. High-density maps presented all the buildings;
therefore, the users required time to transform spaces into memory. In addition, buildings
in high-density maps obstructed roads, resulting in users exhibiting confusion and hesi-
tation or becoming lost. Therefore, most participants stated that highlighting landmarks
near the destination assisted them in map reading.

Of the 30°, 60°, and 90° maps, maps with higher view angles allowed superior
simulated wayfinding performance. In addition, perspective maps enabled superior per-
formance relative to planimetric maps. The participants indicated that the 30° maps had
an excellent first-person view angle, but distant buildings appeared smaller and harder
to read. The participants also indicated that 60° and 90° maps provided perspective and
wider vision, and buildings did not obstruct roads, thereby allowing them to locate their
position and orientation space. High view angles can highlight elements and features of
maps and improve wayfinding performance.

Low-density maps enable superior wayfinding performance; however, urban envi-
ronments contain tall buildings, and high-density maps are the norm. Therefore, the
second experiment explored designs of high-density maps that were easy to understand.
To overcome the problem of obstruction (often present in high-density maps), we added
the two design variables of transparency and lines, and explored how different map de-
signs affected wayfinding performance and cognition. The results suggest that including
adequate transparency and lines in map designs can improve the wayfinding performance
of map users.

Table 15 contains 11 comment topics and relationships among the map designs after
cross-analysis (* signifies p < 0.05). Our findings are as follows.

e Buildings in group A and group B maps are opaque: The participants felt that
the transparency used in group B maps increased the complexity of wayfinding
(p = 0.015 < 0.05). They indicated that they had to spend time observing the border
between buildings and roads, and that lines made the map “messy” and hard to read.

e Buildings in group C and group D maps are transparent: The participants felt that
group D maps, which included lines, were easier to understand (p = 0.031 < 0.05) and
use (p = 0.016 < 0.05). They mentioned that lines emphasized key landmarks and
made the maps easier to understand and use.

e  Buildings in group A maps and group C maps do not include lines: The participants
felt that group A maps, which were opaque, were easier to understand (p = 0.016 < 0.05)
and use (p = 0.021 < 0.05), whereas the transparency in group C maps facilitated
identification of landmarks (p = 0.018 < 0.05). Transparency can make irrelevant build-
ings fainter, and drawing all nearby buildings is not necessary. However, this could
result in the map losing focus and its users becoming lost in the map.

e  When lines were included into group B and group D maps, the two groups did not
exhibit any significant difference. Lines can help map users use key landmarks to
locate their position. Transparency can create a sense of layers in a map. After key
areas are marked, other areas can be made semi-transparent to reduce obstruction
while maintaining crucial information. However, if the map is too transparent, the
complementary landmark information is difficult to read.

Table 16 ranks route planning performance, wayfinding performance, and the evalua-
tion of maps in experiment two. Because the comparison items had positive and negative
questions, maps were ranked by assigning 4 points to the map with the most favorable
performance, with the next-best maps assigned 3, 2, and 1 point accordingly. According
to the results, group D’s map had the most favorable performance, followed by maps of
group A, group C, and group B.
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Table 15. Comments on and cross-analysis of map designs. (* p < 0.05).

Group A Group C Group B
Group A . .
(Opaque) (Transparent) (Opaque with Lines)
(Opaque)
No. Topic and and and and
) P Group B Group D Group D
. . Group C .
(Opaque with (Transparent with (Transparent with
. . (Transparent) .
Lines) Lines) Lines)
y  Lprefer planimetric maps over 1.000 0.512 0.287 0.387
the experiment maps
I think that the experiment
2 maps were useful for 0.657 0.334 0.246 0.278
orientation
3 I think that the experiment 0582 0.031 * 0.016 * 0.875
maps were easy to understand
g 1think that the experiment 0.306 0.219 0.116 0.849
maps facilitate wayfinding
5 I think that the overall layout 0.256 0.268 0.082 0.590

of this map is crowded

I think that the buildings on

6 the map increased the 0.678 0.387 0.678 0.387
complexity of wayfinding
I think that the buildings on

7 this map were useful for 0.849 0.512 0.152 0.126
orientation

I think that the transparency
8 in this map increased the 0.015* 0.758 0.577 0.063
complexity of wayfinding

I think that the transparency
9 in this map enabled easier 0.167 0.140 0.018 * 0.876
identification of landmarks

I think that this map is easy to

10 0.362 0.016 * 0.021 * 0.349
use
I think that spatial

1 transformation between this 0.908 0219 0.082 0.066

map and the actual
environment is easy

Table 16. Mixed comparison of the groups in experiment two.

Comparison Item Ranking Value
Expressions of confusion anFl hesitation during route B>A>C=D 38% > 31% > 15% = 15%
planning
Wayfinding time C>B>A>D 25:58 > 24:57 > 23:31 > 21:38
Average frequ.ency of .ine.ffective wayfin.ding behavior: B>A>C>D 36% > 29% > 27% > 10%
confusion/hesitation and becoming lost
AAS B>A>C>D 26.8 > 26.6 >24.5>21.7
Cognitive map: intersection errors C>A>B=D 15>11>3=3
Consistency between the taken and planned route D>C>A>B 88% >79% > 77% > 71%
Consistency between taken route and cognitive map A>D>B>C 92% > 90% > 88% > 83%

Evaluation after map use D>A>C>B 42>34>25>19
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The first experiment indicated that maps do not have to present every building, and
only key landmarks need be presented during wayfinding. The wayfinding performance of
map users was improved by including transparency and lines in maps. Therefore, in map
design, the following should be considered. First, buildings and landmarks in 2.5D maps
should have adequate transparency and lines to improve map reading and help users recall
map features. Second, highlighting landmarks at intersections, such as by emphasizing
building features, can enable map users to use an intersection as a reference when making a
turn. Finally, high view angle and high-density maps should present landmarks differently
to prioritize specific landmarks.

5. Conclusions

We found that the groups using high-density maps required more time than whereas
groups that used low-density maps. The difference was significant. The results for three
of the four tasks also indicated that the interaction between view angle and density was
significantly correlated with the frequency of participants expressing confusion.

The 2.5D maps use perspective drawing to add depth and help map users orientate.
Perspective maps enable wayfinding performance superior to that with planimetric maps.
Compared with users of low view angle maps, those using high view angle maps orien-
tated more easily with elements of the map during wayfinding tasks. The most common
wayfinding strategy of participants was to remember the number of left and right turns
and specific intersections. Participants were most commonly confused at turning points
of intersections, and they often doubled back to familiar location points. Therefore, a
2.5D map design should put consideration into intersections and mark key landmarks
for increased recognition. Reading planimetric maps usually relies on intuition, whereas
2.5D maps can use environmental features to improve the recollection of map users and
locating of features in the remapping process. Therefore, 2.5D maps are suitable for users
with lower spatial ability, as these maps can improve the wayfinding performance of these
users. When 2.5D maps are drawn with first-person view angles, the visual perceptions
of map users are more similar to the reality. However, view angle tilting should produce
views containing more information. If the map has a low view angle, problems such as
obstruction can occur, whereas a map with a high view angle can increase dimensional-
ity, emphasize map elements, and thus help users locate their destination and improve
wayfinding performance. In short, the principle in setting the view angle of maps is not to
obstruct roads. In this study, low-density maps enabled superior performance. In addition,
high view angle maps allowed superior performance, and including transparency and
lines improved wayfinding performance. The participants using maps that were opaque
and with lines exhibited the most confusion and hesitation, followed by the participants
using maps that were transparent and without lines. The participants who used maps that
were transparent and had lines exhibited the least confusion and hesitation.

Adding transparency and lines to a map can create a sense of layers; however, exces-
sive lines and transparency when presenting buildings may make the map messy, with
users unable to locate the destination and its relationship with the surrounding environ-
ment. Furthermore, during the wayfinding experiment, map users were often confused
and hesitant at intersections. The second experiment emphasized landmarks at intersec-
tions to reduce confusion and hesitation. Therefore, highlighting buildings at intersections
can help map users use the intersections as references and increase their intuitive spatial
recognition ability.
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