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ABSTRACT
By their very nature, virtual reality worlds are spatial. Hence,
one of the key requirements for virtual reality applications is
the possibility to navigate within the virtual world. Previous
studies have shown that the characteristics of the device used
for navigation, both in terms of the physical properties, and
the interaction logic, has effects on the user’s experience.
The question we address is how does different navigation
modes with the same physical interface affect the user’s ex-
perience. We selected two modes which differed in the way
the user’s actions were mapped to movements in the virtual
environment. To quantify the difference between the two in-
teraction mappings, spatial memory and the subjective sense
of presence were compared. The results of our study showed
that interaction mapping affects both, spatial memory and
presence. Hence, not only the specific physical device but
also the way it is used is important for the user’s experience
and recollection of it. Additionally, we found a correlation
between spatial memory and subjective sense of presence,
which indicates that the subjective sense of presence can be
estimated from the performance in a spatial memory task.
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INTRODUCTION
Virtual Reality (VR) technology, originally used in special
applications for small interest groups, is becoming increas-
ingly pervasive. The entertainment industry has embraced
VR related technology, for instance in the form of 3D tele-
vision that immerses the viewer and increases the sense of
being part of the depicted scene. More sophisticated VR ap-
plications such as games, offer a possibility for active inter-
action. Here the user can, for example, move a character
in a virtual world and interact with objects and other be-
ings. Common to most interactive VR applications is the
function to navigate through 3D space. Traditionally, mice,
keyboards, and hand-held controllers specifically developed
for game consoles, have been used for controlling the nav-
igation. In research, more exotic devices, such as the “Cu-
bic Mouse” [10] that allows the user to intuitively navigate
in three-dimensional space have been developed. While the
first navigation devices had limited functionality and digi-
tal control of the values, devices today have dozens of but-
tons and analog controls for smooth adjustment of the target
values. State-of-the-art devices are not limited to hand-held
joysticks and controllers, but comprise a variety of tech-
nologies, from pointing devices, gaze directed moving [6],
walking-in-place and real walking mapped to virtual walk-
ing [19], to “infinite” floors [7]. Navigation by means of
walking is frequently seen as the desired mode of interac-
tion, and correspondingly a number of efforts were made to
develop such technology [7, 12]. The goal is to offer an in-
teraction system that mimics the way users walk in the real
world.

A single user interface can implement a number of navi-
gation modes, i.e. ways in which physical movements are
mapped to movements in the virtual environment. Gener-
ally, the individual controls of the interaction device can be
linked to any command parameters needed for controlling
the movement in a virtual environment. Additional factors
of the mapping include delay and gain. We will refer to
these different modes in which the actions of the user are
controlling movement in VR as interaction mappings.

Measuring spatial memory performance, and subjective sense
of presence are widely used means to quantify the effects of
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different VR conditions on the user’s experience. An ex-
ample of using the performance in a spatial memory task
to quantify navigation in a virtual environment is the study
by Booth and colleagues, who showed that passive passen-
gers remembered a route better than active drivers [5]. In
another study, that compared different walking interaction
techniques, the subjective sense of presence was used as a
means of quantification [19]. This study showed that the
subjective sense of presence was higher when real walking
was mapped to the virtual walking, as compared to walking
in place or pushing a button to induce virtual movements.
Additionally, this study found that real walking is a more
natural, easy and uncomplicated method than walking-in-
place or push-button-fly. This suggests that the closer the
match between the user actions and the induced visual stim-
uli the higher the reported subjective sense of presence. Yet,
the details of how individual factors of the interaction map-
ping affect the experience are not known. For instance, dif-
ficulties in using a certain device might cause discomfort or
frustration, and thus influence the experience [14].

The concept of “presence” has been defined in numerous
ways, e.g. as the sense of “being there” in a scene depicted
by a medium [1]. Naturally, measuring such a qualia is not
a trivial task. While the standard approach for assessing the
subjective sense of presence is to use questionnaires, they
have been criticized for their lack of reliability, raising the
issue of whether they are actually measuring presence at all
[16, 17]. For these reasons, behavioral and physiological
measures have been proposed and applied [17, 18, 9]. Un-
fortunately such measurements can only be used if the par-
ticipants are expected to have behavioral or physiological
responses to the stimulus. Moreover, measurement devices
needed for recording the responses can set limitations for the
user’s movements. Thus, while in certain settings these mea-
sures might assess presence better, they are not suitable for
general experiments. This is probably the main reason why,
despite the criticism, questionnaires remain the most used
technique for assessing the subjective sense of presence in a
VE.

We hypothesize that, in addition to the physical properties of
the interaction device, factors such as interaction mapping,
gain and sensitivity of the movements, and the number of de-
grees of freedom affect the experience. With respect to the
mapping between the physical movement of the user and the
movement in the VE, we hypothesize that the more natural
and intuitive the mapping is experienced, the better partic-
ipants will remember what they have encountered, and the
more immersed in the virtual world they will feel. Here, we
investigated if the interaction mapping affects spatial mem-
ory and subjective sense of presence when navigating in a
VE.

METHODS
The experiments were conducted in the mixed-reality space
eXperience Induction Machine (XIM), an immersive room
equipped with numerous sensors and actuators, and of a size
of ∼5.5x5.5m [2]. One of the key features of XIM is the
marker-free, multi-person tracking system [13]. The virtual

Figure 1. Vector-field illustration of the interaction mappings. (a) In
the Translation mode, both axial components of the virtual vector from
the center of the room were mapped to translational movements. (b) In
the Rotation mode, other axis defined the magnitude of the rotational
movement.

world was projected on the four sides of XIM, and imple-
mented using the Game Engine Torque [11]. The top-level
control of the interaction was implemented using the neu-
ronal systems simulator iqr [4].

Navigation modes
The participant were navigating in the virtual world by phys-
ically moving in XIM. As opposed to using head-mounted
displays, the interaction can be considered safe, since the
participant will not inadvertently collide with a wall.

We tested two different conditions which differed in their in-
teraction mapping. We implemented one mode that should
be analog to walking (Translation mode), and one mode ana-
log to driving a vehicle (Rotation mode). The two modes
differed in the way participant’s physical actions were trans-
lated to the movements in the VE. Location of the participant
in XIM was used as an input (Figure 4). Difference between
the conditions was the interaction mapping between the in-
put and the navigation commands. In both modes the center
of the room was the zero point, where no virtual movements
occurred. In the Translation mode, the interaction induced
a sensation of translational movement in the VE towards the
direction defined by the virtual vector from the center of the
room to the participant’s location at the given time (Figure
1a). Contrary to this, in the Rotation mode only one ax-
ial component of the vector was mapped to the translational
movement, and the other axis defined the magnitude of the
rotation movement (Figure 1b). In both, translational and
rotational mode, the speed was proportional to the length of
the corresponding distance vector component. The gain of
the virtual movements was adjusted to be suitable for pleas-
ant navigation.

Assessment of spatial memory performance and subjec-
tive sense of presence
The spatial memory was assessed using a “map test”: Par-
ticipants were asked to place pictures of eight virtual objects
in the corresponding positions on a 2D map of the VE. For
measuring the subjective sense of presence, the participants
filled in an Igroup Presence Questionnaire (IPQ), that com-
prises three factors of “presence”: Spatial presence, involve-
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Figure 2. Differences between conditions found in (a) spatial memory,
(b) subjective sense of presence, involvement, spatial presence, and re-
alism. Error bars indicate 95% confidence intervals.

ment and realism [15]. The questionnaire was extended with
two additional questions concerning the side-effects caused
by the interaction, and one question asking if the participant
felt disoriented. Data from the tracking system was recorded
during the free exploration for subsequent analysis.

Experimental procedure
Each participant first underwent a short training, and then a
six minute long free exploration period. No specific task was
given, but the participants were asked to explore the environ-
ment as much as possible. The virtual world had a limited
area for exploration, and a sound signal was played if par-
ticipant crossed the outline of this area. Immediately after
the VE experience, participant were asked to do the spatial
memory test, and fill in the presence questionnaire.

Sample
The sample comprised 27 male participants of mean age
22.5 years (SD 3.5). Half (13) of the participants experi-
enced the environment using the Translation mode and, the
rest (14) of the group used the Rotation mode.

RESULTS

Performance in the spatial memory test
Participants using the Translation mode scored significantly
higher in the spatial memory test than participants using the
Rotation mode (Wilcoxon, p < 0.05) (Figure 2a). Note that
for the Translation mode, there was a ceiling effect as many
participants reached the maximum score.

Level of experienced immersion
The combined subjective sense of presence, as well as one of
its underlying factors, involvement, were rated significantly
higher in the Translation mode compared to the Rotation
mode (Wilcoxon, p < 0.05, Figure 2b). The same trend was
found in spatial presence and realism but the difference was
not significant. Additionally, we found a moderate, but sig-
nificant, correlation between the spatial memory score and
subjective sense of presence (Pearson = 0.559; p < 0.01).

Figure 3. Differences in spatial behavior between conditions found in
(a) mean positions, (b) mean variances, and (c) mean distances. Error
bars indicate 95% confidence intervals.

Spatial behavior
Analysis of the tracking data showed differences for the be-
havior of the participants between the conditions. Variance
of the positions was significantly different for both axes (Wil-
coxon, x-axis p < 0.005, y-axis p < 0.01, Figure 3b), and
mean position for x-axis (Wilcoxon, p < 0.001, Figure 3a).
Recorded traces show that participants using the Rotation
mode frequently combined the forward movement with rota-
tional movements induced by stepping to either side (Figure
4). Participants using the Translation mode walked signifi-
cantly further during the experiment (t-test, p < 0.05, Figure
3c), with a mean value of 128 meters, while participants us-
ing the Rotation mode average walked 104 meters.

Figure 4. Traces of positions of all participants in (a) Translation mode
(b) Rotation mode. The physical room size (5.5x5.5m) is scaled to a
range from 0 to 1 for both axes.

Dizziness and disorientation
While some participants reported that they felt dizzy or had a
headache, no correlations between these side-effects and the
condition were found. Instead, participants using the Rota-
tion mode reported feeling more disorientated than partici-
pants using the Translation mode. The difference was found
to be significant (Wilcoxon, p < 0.05).

DISCUSSION AND CONCLUSION
Our study investigated two modes of navigation in a vir-
tual environment using the same physical interface, and we
found that the interaction mapping has an effect on both, spa-
tial memory performance and subjective sense of presence.
Moreover, the results of our study showed a relationship be-
tween the performance in the spatial memory task and the
subjective sense of presence. It is in line with the earlier re-
search reporting a correlation between the subjective sense
of presence and performance in memory tasks [3, 8]. Our
results support the notion that the subjective experience of

323



presence can be quantified by measuring the performance in
the spatial memory task and hence proposes an alternative
method for assessing the subjective presence experienced by
participants.

The analysis of the spatial behavior of the participants showed
that the interaction mapping affects spatial behavior. Higher
dispersion in the Translation mode indicates that participants
were using a larger area compared to the Rotation mode. The
eccentricity of the mean position in the Rotation mode in-
dicates that participants were mainly inducing the forward
movements combined with rotation movements equally to
both sides. In the Translation mode instead, the mean value
coinciding with the middle of the room and high dispersion
indicates a homogeneous use of the entire room. This in-
terpretation is supported by the finding that participants in
the Translation mode walked more compared to the Rotation
mode.

Better performance in the spatial memory test and higher
subjective sense of presence might be caused by the closer
analogy of the Translation mode to real walking. This in-
terpretation supports results from earlier studies comparing
different interaction devices. Further research is needed to
come to a better understanding of the reasons for differences
between the interaction mappings. Next to movement sensi-
tivity and intensity, the level of sensori-motor contingency,
but also required attention and working memory are candi-
date factors.
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A. Mura, A. Väljamäe, and P. Verschure. The
eXperience Induction Machine: A New Paradigm for
Mixed-Reality Interaction Design and Psychological
Experimentation. In The Engineering of Mixed Reality
Systems, pages 357–379. Springer, 2010.

3. U. Bernardet, M. Inderbitzin, S. Wierenga,
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