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Abstract

Navigation tasks in large virtual environments often call
for the use of a virtual map. However, all maps are not
alike. Performance on navigation tasks in general has been
shown to vary depending on the orientation of the map
with respect to the user’s frame of reference. This paper
reports the results of an experiment investigating orienta-
tion issues of virtual maps for use during navigation tasks.
FParticipants were given a virtual map in either a north-up
or forward-up configuration. Performance on search tasks
was measured in terms of search time and errors. Results
indicate that targeted search tasks (tasks requiring only the
egocentric reference frame) are best served by a forward-
up alignment while primed and naive search tasks (tasks
requiring information from the world reference frame) pre-
fer a north-up alignment. Both types of maps are affected
by the ability of the user to perform mental rotations.

1. Introduction

Given the importance of navigation to general task per-
formance in large-scale virtual environments (VEs), maps
have often been used as a solution to wayfinding problems.
However, the actual benefits and limitations of map use in
this new medium are largely unknown. It seems that in
most cases, any map is better than no map, especially for
very large VEs that are sparsely populated or otherwise
generally difficult to navigate. But if a map is to be used,
how should it be presented to be most effective?

There are underlying principles, founded primarily in
cognitive psychology, geography, and cartography that can
help us determine how maps should be presented to
achieve optimal performance on navigation tasks. How-
ever, maps in VEs differ significantly from maps in the real
world. Because the viewpoint location is known at all
times, virtual world maps can dynamically show the posi-

tion of the viewpoint (a.k.a. the You-are-here or YAH posi-
tion) during navigation rather than only at static locations
typical of shopping mall maps. The same can be said of
dynamic objects in the environment. This trivializes the
transformation of positions in the egocentric reference
frame (ERF) to the world reference frame (WRF). It does
not, however, trivialize the rotations necessary to align the
ERF with the WRFE.

This paper presents the results of an experiment to
determine how map orientation affects different navigation
tasks in large VEs and the implications of this phenomenon
on map usage in VEs in general.

2. Factors Affecting Map Orientation

The problem of determining optimal map orientation is
complicated by conflicting task demands. Exploration does
not necessarily require active navigation. If the goal is to
extract spatial knowledge from the environment (i.e.
develop a mental representation or cognitive map) this can
be achieved to some extent by map study alone. Searching
a space, however, assumes some target object or location
and does require active navigation. Searching tasks use the
cognitive map along with search strategies or heuristics to
constrain the search wherever possible. In its tendency to
develop a cognitive map, exploration tasks improve perfor-
mance on subsequent searching tasks. The reverse is also
true. Repetitive searching tasks in the same environment
will tend to develop a cognitive map just the same as an
exploration task, possibly better. While searching tasks are
most prevalent in games such as DOOM™ * and its deriva-
tives, there is also a strong demand for configuration
knowledget. Players who learn optimal paths and alternate
paths through these environments have an advantage over
those who are unfamiliar with the space. Also, the space

*  © Id Software, Inc.
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itself clearly has an effect on performance. Large, sparse
spaces have fewer cues with which to perform a triangula-
tion and therefore are difficult to navigate. On the other
extreme, dense, overpopulated spaces may have too much
complexity, also resulting in decreased navigation perfor-
mance.

Map use during navigation is fundamentally different
from map use explicitly for spatial knowledge extraction.
During navigation, a transformation from the ERF to the
WREF is required. It is here where we see people turning
maps in different directions while they are driving or walk-
ing in an unfamiliar area. This strategy is not used while
looking over a map to plan a trip, for example. Concurrent
navigation with map use must simplify the ERF to WRF
transformation to be useful in practice.

There is also an issue involving navigation tasks per-
formed on the map rather than on the environment itself.
When in map mode, DOOM™ players can move them-
selves in the environment by manipulating the YAH marker
on the map (see figure 1). The Worlds-In-Miniature (WIM)
metaphor takes this further by allowing navigation on the
WIM (WRF) while simultaneously updating the ERF per-
spective [1]. No data exists as to the effectiveness of either
of these maps.

YAH marker

Figure 1: The north-up DOOM™ map with YAH
marker.

3. Theoretical Background

Map orientation has been an important topic of research
in the aviation community for many years due to their con-
cern with pilots’ ability to successfully merge a map display
(WRF) with the “out-the-window” view (ERF). The two
primary categories of map orientation are north-up which,
as the name implies, always has north at the top, and for-
ward-up (or track-up) which is always rotated so as to be
congruent with the forward direction.

There are instances of both of these types of maps both in
the video game industry and VEs. The DOOM™ map (see
figure 1) is a north-up map but can be translated horizon-

tally, vertically or zoomed by the user. It cannot be rotated.
Many other games use the forward-up orientation. NPSNET
uses a forward-up targeting display in its center with a com-
pass in the lower left corner showing field of view (see fig-
ure 2) [2]. The targeting display shows targets in their
relative locations in the ERF.

07Targets ahead

Figure 2: The forward-up NPSNET targeting map.

The primary cognitive factor related to map orientation is
that of mental rotation. When the ERF and the WRF are
misaligned, a mental rotation must take place to bring them
into congruency. Aretz and others have suggested that there
is a linear relationship between the magnitude of misalign-
ment and the time it takes to perform the rotation [3]. How-
ever, in studying this phenomenon, most experiments have
failed to view navigation as a process rather than as a series
of discrete perspective transformations [3-5]. Maps used for
navigation during navigation tasks maintain context and
consistency that snapshot images do not preserve.

Mental rotation is also a factor when navigating from a
cognitive map. As a mental representation of a space is
developed, it tends to be either orientation-independent or
orientation-dependent, usually based on the source of infor-
mation. It has been shown that spatial knowledge acquired
from a north-up map tends to be orientation-specific while
spatial knowledge acquired from first-hand active naviga-
tion tends to be orientation-independent [6]. For example,
after studying a north-up map of a city, when entering that
city from the north, the cognitive map will be 180° out of
alignment causing a mental rotation to occur. Obviously,
orientation-independency is preferable but often takes sig-
nificant time to develop.

The goal of this research is to identify principles for map
presentation that will enhance navigation performance in a
general way. Ideally, performance would be comparable to
that of an experienced navigator of the environment (i.e.
someone with a well-developed orientation-independent
cognitive map).



4. Approach

This study was intended to investigate effects of map
orientation on navigation performance toward a set of prin-
ciples to assist virtual world builders with map design
issues. However, we needed to widen the scope of our
experiment in order to better understand the problem. It is
clear that, beyond the orientation of the map, other factors
come into play.

The individual differences of users, particularly with
respect to mental rotation, are a critical concern. We are
also interested in whether or not the orientation of the map
might influence strategy. Another issue is the type of space
— specifically its spatial characteristics such as relative
size, object density, etc. Lastly, we are interested in how
performance of different navigation tasks are affected by
all of these factors. Different tasks require different types
of information and consequently, should be affected by
map orientation and individual differences.

5. Method

Our experiment examined users of an urban and an open
ocean VE executing a set of navigation tasks with each of
two maps with different orientation schemas.

Navigation tasks are coarsely defined to be either
searching or exploration tasks [7,8]. For this study, the fol-
lowing navigation tasks were used:

*» Targeted search: A searching task in which the target in
question is shown on the virtual map.

* Primed search: A searching task in which the location of
the target is known, but the target does not appear on the
virtual map. The search is presumed to be non-exhaus-
tive.

* Naive search: A search task in which there is no a priori
knowledge of the whereabouts of the target in question
and the target is not shown on the map. A naive search
implies that an exhaustive search must be performed. An
optimal exhaustive search requires that the navigator
traverse the entire space once (in the worst case).

Exploration: A wayfinding task in which there is no spe-
cific target.

Exploration was not explicitly examined in this study
but it is clearly intertwined with searching tasks to some
degree. In addressing the needs of all of these categories,
virtual maps must support both exhaustive and non-exhaus-
tive searches and must facilitate acquisition of configura-
tion knowledge.

The performance of each participant was observed and
measured on each navigation task in both the urban and

open ocean VEs. While each participant received a condi-
tion in both types of environment, they only received one
type of map treatment. The order of their treatments was
predetermined at random. The two map treatments in the
study were:

» Forward-up Treatment: The orientation of the map
remains static with respect to the world. The forward
direction in the world is always at the top. The YAH
marker is represented as a sphere. See figure 3.

* North-up Treatment: The orientation of the map remains
static with respect to the participant. The top or “north”
is always at the top. The YAH marker is represented as a
cone with origin at the viewpoint. See figure 4.

We considered a third map condition, a manually-ori-
ented treatment, where the map is not automatically ori-
ented in any fashion but rather is rotated via a tracker held
in the user’s hand. This was of interest because it most
closely resembles the use of paper maps in the real world.
We wondered whether users would attempt to replicate the
forward-up map or the north-up map. The answer seems to
be neither. The task of searching for targets, when com-
bined with the task of keeping the map aligned properly,
seems to be more than the average person can handle. They
quickly lose track of how the map should be oriented and
consequently, they stop using it. It was determined from
the results of our earlier pilot study that this type of map
was far inferior in terms of performance to the other two
types of maps on all categories of search tasks. We, there-
fore, did not continue its investigation in this study.

In order to determine the effects of differences in spatial
ability on navigation performance, participants were given
the Guilford-Zimmerman spatial visualization (SV) and
spatial orientation (SO) standardized tests prior to begin-
ning the VE trials.

Before beginning the VE portion of the experiment,
each participant was given a period of time on a separate
practice VE to become familiar with the Fakespace Inc.
PUSH™ device and the movement mechanism inherent to
that device. During trials, the paths each participant tra-
versed through each assigned navigation task were sam-
pled (approximately once per second) for later analysis and
task completion times were taken. During task execution,
participants were asked to “think aloud” [9] as a method of
knowledge elicitation specifically aimed at understanding
search strategies. In addition to task completion times, we
analyzed errors, defined as “wrong turns” where partici-
pants turned away from the target rather than towards it,
presumably due to mental rotation errors.

The navigation tasks performed for all treatments
required the participant to execute three targeted searches,
followed by three primed searches, followed by one naive
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Figure 3: The Forward-Up treatment in the urban
environment.

search. For the targeted searches, a colored target (red,
green, and blue) appeared on the map, one at a time. Then,
the participant was instructed to return to each of the three
previous targets but no visual feedback was given on the
map. These are the primed searches. Finally, the participant
was asked to locate a target not seen before and with no
visual feedback on the map. This is the naive search.

5.1. Design

Thirty participants (4F / 26M) took part in the study.
They were divided into two groups of fifteen at random with
the constraint that each group be balanced with respect to
spatial ability scores. All participants had a technical back-
ground and were between the ages of 25 and 36.

5.2. Stimuli and Apparatus

There were two VEs used for this study: an urban VE
(UVE) and an open ocean VE (OOVE). For the UVE, we
used a modified version of Performer* town. The OOVE
was manually constructed using a geometric modeling tool.
The OOVE contains large areas of open sea with four land
masses. The land masses are shaded by elevation and the
ocean surface is textured. The land masses were shaped and
scaled to be distinct from one another. The targets (colored
spheres) were manually placed in the worlds. These envi-
ronments were selected due to their spatial characteristics.
We were interested in whether or not objects in a space (or
lack thereof) would have an effect on performance or strat-

egy.
The viewpoint could not be moved vertically in either

environment and was fixed at three meters in elevation.
Movement was also constrained horizontally so that when

*. Silicon Graphics, Inc.
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Figure 4: The North-Up treatment in the urban
environment.

an edge was encountered, it could not be used as a naviga-
tion aid.

The virtual maps used in both treatments were identical
to their corresponding environment. A YAH marker was
moved along the map surface to identify the viewpoint and
to establish location in the actual VE. The YAH marker was
a white sphere in the forward-up map treatment and a red
cone approximating the view volume for the north-up map
treatment. This difference was due to the fact that the for-
ward-up configuration preserves relative direction informa-
tion while the north-up configuration does not. However,
this fact in and of itself, does not account for any obvious
benefit as long as the YAH marker in the north-up treatment
shows view direction.

The virtual maps were presented tilted by 45° and above
the actual VE. The maps were unmoded, meaning that par-
ticipants can view both the map and the forward view simul-
taneously. The maps were not interactive and could not be
directly manipulated by the participant.

The treatments were implemented on a Silicon Graphics
Onyx™ Infinite Reality™ graphics workstation. A
Fakespace Inc. PUSH™ display and tracker was used for
head tracking and visual display. The PUSH™ is a full
color, high-resolution device that provides full six-degree of
freedom movement in the VE. The display is held to the
eyes with two hands. The position and orientation of the
head are tracked through three mechanical joints. Motion is
controlled via an acceleration metaphor by which the partic-
ipant accelerates forward in the VE by pushing the display
forward or decelerates by pulling the display backwards.
Movement can be forward or backward but is always in the
direction of view. The participant may stop at any time by
releasing the display.



6. Results and Discussion

The images in the following sections are examples from
the experimental data, chosen as typical of their group. In
the urban environment, the search trail is indicated by a
stream of white dots. In the ocean environment, it is indi-
cated by a thick line.

6.1. Effects of Map Orientation

With a 0.1 level of significance, a two-sample t-Test
(t=1.59; P=<0.1) concludes that the forward-up map orienta-
tion is superior to the north-up map orientation for targeted
search tasks in the UVE with regard to time and errors (see
figure 5). Targeted searches are viewed as purely in the
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Figure 5: Time and errors in targeted searches in
the forward-up and north-up treatments in the
UVE.

ERF, and consequently, only ERF information is required.
This is best supplied by the forward-up map because it
requires no mental rotation. As seen in figure 6, the for-
ward-up track (A) is far more direct than the north-up track
(B). The north-up map tends to be susceptible to “wrong
turns” where a user goes left when they mean to go right
due to an error in transforming the ERF to the WRF on the
map.

Figure 6: Targeted searches in the forward-up (A)
and north-up (B) treatments.

This result carries over from dense environments to
sparse environments where, with a 0.01 level of signifi-
cance, a Wilcox Rank Sum nonparametric test (P<0.01)
concludes that the forward-up map orientation is better
than the north-up map orientation for targeted search tasks
in the OOVE (see figure 7).
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Figure 7: Time and errors in targeted searches in
the forward-up and north-up treatments in the
OOVE.

With a 0.1 level of significance, we cannot conclude that
one map orientation is better than the other for primed
search tasks. However, further analysis shows that partici-
pants in the forward-up map group with high spatial abili-
ties perform better than participants in the north-up group,
also with high spatial abilities. Conversely, participants
with low spatial abilities in the forward-up map group per-
form worse than participants in the north-up map group,
also with low spatial abilities. This effect resulted in a bal-
ance between the scores of both groups. What seems to
happen is that high spatial individuals treat primed
searches like targeted searches because they have few diffi-
culties in transforming the ERF to the WRF and vice versa.
Individuals with low spatial abilities, however, have greater
difficulties in transforming the ERF to the WRF, and con-
sequently often treat the primed searches like naive
searches, e.g. their strategy involves performing an exhaus-
tive search because they often cannot identify the location
on the map where they need to go. This is evident in their
search tracks where we often see them crossing their path
and re-searching areas under the forward-up condition (see
figure 8A), versus the north-up condition, where we see
relatively coherent strategies and better performance (see
figure §B).

The naive search seems to show a similar effect, but not
at significant levels. The forward-up map (see figure 9A)
illustrates an unorganized exhaustive search, typical of this
treatment. Since the map seems to “turn” in front of the
user (actually it is the user turning about the map), it is dif-
ficult to develop a reasonable strategy to cover the entire
environment in an efficient manner. The north-up map,
however, (see figure 9B) illustrates a relatively efficient
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Figure 8: Primed searches of low spatial partici-
pants in forward-up (A) and north-up (B) treat-
ments.

search. This participant happens to have been fairly lucky in
finding the target after searching only two blocks of the
town, but it is safe to say that had the target been somewhere
else, it would have been located in short order based on the
“back and forth”* method used here.

Figure 9: A naive search in the forward-up (A) and
north-up (B) treatments.

These same results are also true of the OOVE. With a 0.1
level of significance, we cannot conclude that one map ori-
entation is better than the other for primed search tasks.
However, the same difference with respect to high and low
spatial individuals applies here. We noticed that the for-
ward-up map (see figure 10A) tended to exhibit slightly
poorer task execution than the north-up map (see figure
10B). In this particular case, the forward-up map shows an
error around the target in the lower left corner where the
north-up map is direct and accurate.

6.2. Effects of Individual Differences

Our results indicate a difference in performance in the
north-up map condition based on spatial visualization (SV)
ability. For the UVE, with a 0.05 level of significance, we
conclude that participants’ spatial ability has an effect on
performance for all navigational tasks (see figure 11). As
seen in figure 12, the low spatial individual (A) has great
difficulty transforming the ERF to the WRF and conse-

*,  Referred to as the “Lawnmower method” in [7,8].

Figure 10: A primed search in the forward-up (A)
and north-up (B) treatments in the open ocean
environment.
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Figure 11: Simple regression of SV and avg. time
for targeted and primed searches in north-up
condition.

quently makes many errors in locating the target. The high
spatial individual (B) exhibits none of this behavior. How-
ever, for the OOVE, this effect is not as great. With a 0.25
level of significance, it cannot be definitively concluded that
spatial ability has an effect on navigational performance.
Nevertheless, we believe that a sample population of other
than all technical individuals would have proven significant
in this case.

Figure 12: A primed search in the north-up treat-
ments of a low SV (A) and a high SV (B) partici-
pant.



Our results also indicate a difference in performance in
the forward-up condition in both environments based on
SV and SO scores (see figure 13). This is a stronger effect,
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Figure 13: Multiple regression of SV/SO and avg.
time for targeted and primed searches in forward-
up condition.

being consistent across both types of environment. As
stated earlier, low spatial participants tend to approach both
the primed and naive searches as exhaustive searches, thus
greatly lowering performance. Exhaustive searches are best
served by a WRF perspective (e.g. the north-up map)
because more than simple ERF directional information is
required. This would imply that for the north-up condition,
low spatial participants struggled with the first three tar-
geted searches, but then improved over the rest of the trial.
However, low spatial participants in the forward-up condi-
tion would have done well on the first three targeted
searches and then struggled with the remaining four
searches. This is in fact why the effect is stronger in our
experiment. Had we divided the tasks evenly between ERF
and WREF tasks, we suspect the effect would have been
equally strong across map orientation conditions and envi-
ronment types.

6.3. Effects of Virtual Environment Type

We had expected from the onset that navigating the
OOVE would be significantly more difficult than navigat-
ing the UVE. We thought that having cues to navigate by
must be better than having none, which is almost the case
in our sparse ocean environment. Surely, having many cues
by which to triangulate and perform mental rotations must
be easier than not having those cues at all. However, the
abundance of cues in the UVE seems to be exactly what
may have caused problems on some search tasks. In partic-
ular, the Performer™ town environment is somewhat sym-
metrical. Consequently, many participants had difficulty
remembering where targets had been found in order to exe-
cute primed searches in the forward-up treatment. Also,

even in cases where these cues were a benefit, these same
cues are a cause of visual obstruction and they inhibited
movement. Navigation performance, error rates, post-trial
comments of participants, and direct observations indicate
that navigating in the OOVE may actually be easier in
some cases regardless of map orientation. The OOVE is
very simple. Even participants with less spatial ability
completed the tasks with about the same level of profi-
ciency in the OOVE as compared to the UVE.

6.4. Effects of Game Play

Of our four participants who were avid video game
players, all four performed better than average using both
types of map in either environment.

There is an interesting paradox in user performance ver-
sus user preference. Many participants preferred the north-
up condition over the forward-up condition although their
performance did not necessarily reflect their partiality. In
post-test debriefing, participants indicated that their prefer-
ence was largely due to familiarity with north-up map use
in games such as DOOM™. Variance on ERF task perfor-
mance and WREF task performance between conditions was
also lower for these participants suggesting that they are
better able to transform reference frames than those who
are inexperienced with this cognitive task. Although it has
long been affirmed that spatial ability is not trainable,
video game play seems to have some effect on it. This will
be an important topic for further study considering the vast
similarities between VEs and video games.

7. Conclusions

The three basic principles of virtual map presentation
identified in this experiment are:

1. For ERF tasks such as targeted searches, a forward-up
map is preferable to a north-up map.

2. For WRF tasks such as primed or naive searches, a
north-up map is preferable to a forward-up map.

3. Under almost every possible condition, individuals with
high spatial abilities will be able to use either type of
map better than individuals with low spatial abilities.

Furthermore, we found that these principles apply
across types of environment with vastly different spatial
characteristics, but sparse environments seem to exhibit
less of a performance difference than dense environments.
Virtual environment designers should make virtual map
decisions by carefully weighing the priorities of navigation
task versus the spatial ability of their users.

Maps that adhere to these principles and that dynami-
cally show the viewpoint position on the map simplify ERF



to WRF perspective transformations that are required for
map use.

The results of this study suggest that perspective trans-
formation (ERF to WRF and vice versa) may be a partially
trainable skill. While it is not suggested that individuals
with low spatial ability can be trained to be comparable to
those with high spatial ability, they may be able to raise
their general level of performance with repeated exposure to
perspective transformation tasks. This supposition shouldn’t
be taken too far based on this data alone, however. It is
imperative that this experiment be followed with another
studying a larger population sample, not only in sample size
but also with varying spatial abilities. It may be found that
individuals with particularly low spatial abilities such as
mental rotation and triangulation will not show the benefits
of repeated exposure to these maps and environments that
individuals with high spatial ability will show.

There seemed to be several problems in using the for-
ward-up maps with regard to losing track of where “north”
was. It may be possible to significantly raise performance in
the forward-up group simply by marking one side of the
map in some obvious way. It has been previously shown that
a global direction cue, such as a sun, can have a pronounced
effect on performance and strategy [10]. This may also be
true as applied to maps.

Future research in this area must address the issue of
game playing experience by participants. The fact that some
participants have played possibly hundreds of hours on
games that use maps in different configurations with YAH
indicators must have an effect on task performance, and
consequently, experimental data. How this exposure or
training effect interacts with natural spatial abilities is
unknown at this time but warrants further study.

For tasks requiring spatial knowledge acquisition of a
specific space, prolonged exposure to a VE with (and with-
out) a virtual map display will allow us to determine if an
orientation-independent cognitive map can be constructed
as effectively in a virtual environment as it is in the real
world allowing people to familiarize themselves with places
they have never before visited.

It is our hope that a greater understanding of human nav-
igation in VEs will lead to better, more usable VE applica-
tions and training tools in the near future.
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