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1. Abstract 

The current paper presents research on the quality of 
experience in virtual environments related to the European 
research project POEMS (Perceptually oriented ego-motion 
simulation). The objective of the POEMS project is to design 
a lean and elegant virtual reality system – using concurrent 
auditory, visual and vibrational cues - allowing for improved 
spatial presence as well as convincing simulation of ego-
motion without actually moving the observer. 

2. Introduction 

The use of Virtual Reality (VR) technology has proven to 
offer potential benefits in a wide variety of applications such 
as virtual training, architectural walkthroughs, 
teleconferencing, engineering and construction and medicine.  

However, many of the VR systems that are being used in 
industry today focus on visual rendering of information [1]. 
By incorporating other types of sensory stimuli such as audio 
and haptics into a Virtual Environment (VE), the simulation 
fidelity might be raised considerably [2]. The main purposes 
of using multi-modal stimuli in a VE are that information 
from different senses can merge and raise the user’s sense of 
presence, aid performance of tasks and increase the intuitive 
understanding of the system’s functions. Systems including 
multi-modal information may also simply be more efficient 
and better than unimodal ones, because they represent real life 
to a higher extent.  

Nonetheless, the lack of empirical data from use of multi-
modal VEs indicates the importance of conducting research 
into this area in order to establish new design criteria for such 
VEs [3]. The current article focuses on visual and aural 
rendering and the potential benefits of multi-modal 
information processing in a VE. Special attention is paid to 
the sense of presence experienced in a VE; what the causes of 
presence are and how it can be measured. 

3. Auditory-visual perception 

Even though it seems reasonable to attempt to achieve a high, 
equal level of rendering for all senses in a VE, several studies 
imply that information received from the various sensory 
systems is in general not processed independently [4]. This 
may in turn be contingent on the fact that real life events in 
general contain several physically related multimodal 
features. For example, in everyday communication our 
interpretation of a message may rely on both seeing a person 

speaking; his/her lip movements, gestures and facial 
expression, and hearing him/her. The sound event (hearing 
the voice) is clearly related to the visual event (seeing lip 
movements) both in time and in space. When the 
interrelations between these event features are distorted, as 
may be the case in for example audiovisual systems or VEs, 
cross-modal effects can arise. From the experiments that have 
been carried out within the area of Auditory-Visual (AV) 
interaction one can conclude that such effects occur primarily 
due to distortions in quality and in spatial and temporal 
domain. Furthermore, when congruent or matched stimuli are 
used in AV systems, synergetic effects between visual and 
auditory modalities may occur and thus enhance the 
perception of information as compared to unimodal 
conditions. We believe that these effects will in turn affect the 
perceived quality and presence in a VE. Examples of different 
types of cross-modal- and synergetic effects are presented in 
the sections below. 

3.1. Temporal, spatial and quality aspects 

When a spatial discrepancy exists between visual and 
auditory cues, which can be related to a single event, we have 
a strong tendency to ignore the discordance. This often 
referred to as the “ventriloquist effect”, and has been 
investigated by for example Radeau and Bertelson [5]. In 
VEs, this might be used to advantage as described in the 
following example. Consider a system that uses Head Related 
Impulse Responses (HRIRs) to simulate a sound field in a 
VE. By adding a congruent visual object to a sound object 
one could possibly achieve good source localization even if 
the angular resolution of the HRIR-set is lowered as 
compared to when only audio or incongruent auditory-visual 
cues are used.  

For most auditory-visual events that are short in duration, 
humans show a strong tendency to respond to the visual 
stimulus. For instance, when a brief auditory and a brief 
visual stimulus of equal subjective magnitude were 
simultaneously presented a significant amount of subjects 
responded to the visual stimulus [6]. Applied to auditory and 
visual VEs, this may lead to that sound is localized to a place 
in the environment where something is visually moving or 
changing, when the actual sound source is located somewhere 
else.  

The perception of visual display quality has also been 
shown to affect the perception of sound quality and vice versa 
[7]. For example, if the picture resolution is held at a constant 
level, the visual quality can be rated higher if the audio 
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sampling frequency is raised. Thus, if the possibilities to 
enhance the visual sensory channel in a VE are economically 
or technically limited one might want to consider instead 
increasing the quality of the audio channels.  

3.2. Cross-modal effects in room acoustics 

Results from research on simulation of room acoustics 
(auralization) provide further examples of cross-modal 
effects. In real conditions, the visual impression (“this room 
looks like a typical concert hall”) reasonably matches the 
aural impression (“this room sounds like a typical concert 
hall”). However, in a VE the visual impression may be 
mismatched with the aural impression (e.g. “this room sounds 
much bigger than what it looks like”). Västfjäll et. al. [8] 
hypothesize that in such cases it is likely that the visual 
impression will dominate the perception. In support of this it 
was found that subjects both seeing and hearing a concert hall 
gave a significantly more accurate estimate of the room size 
than did subjects who only heard the same room. 

Another example of mismatched conditions in room 
acoustics is when using Reverberation Enhancement Systems 
(RES), where it has been shown that the degree of mismatch 
between aurally and visually perceived room size is often 
regarded as one of the factors influencing the acceptance of 
such a system [9].  

Further examples of cross-modal effects in rooms include 
perception of distance to sound source [10] and the perception 
of Loudness and Intimacy [11]. 

One may thus conclude that cross-modal effects do not 
only occur when presenting basic AV stimuli and objects, but 
also in the perception of more complex environments such as 
rooms and concert halls. 

3.3. A-V perception and presence in virtual environments 

Presence has recently been a widely discussed topic 
[3][12][16] and is often described as the feeling of “being 
there” although several other conceptualizations exist [12]. In 
a broader sense, presence can be defined as the “perceptual 
illusion of nonmediation” [12], that the user is fooled to 
believe that there actually is no technology between him/her 
and the VE. It is generally believed that presence is 
contingent on the number and quality of sensory stimuli 
provided by the VR-system, although this has not been widely 
investigated [12].  

A focus of some researchers, however, is the 
investigations of the potential benefits of using sound in VEs. 
Hendrix and Barfield [3] found that adding spatialized sound 
to a visual VE increased presence but did not increase the 
rated realism of the VE. One explanation to this could be that 
subjects might have interpreted the term “realism” as 
“photorealism” and not as “overall realism”. Furthermore, 
one can question whether spatialization is a characteristic 
fundamental in contributing to the sense of realism. In 
anechoic of semi-anechoic environments this might be the 
case whereas in a concert hall or a church, proper rendering of 
reverberation is probably more important.  

Larsson et. al. [13] performed an experiment aimed at 
investigating the aural simulation quality on the sense of 
presence where subjects experienced an auditory-visual 
virtual model of a church. In the experiment, subjects were 
assigned to either a low-quality auralization condition (the 
auditory model was a generic, shoe-box shaped hall with 
shorter reverberation time than the actual church) or high-

quality auralization condition (the auditory model was based 
on auralizations of the actual church and thus matched with 
the visual impression). The study showed that subjects in the 
high auralization condition experienced a higher degree of 
presence as compared to subjects in the low-auralization 
condition. Moreover, subjects in the high-auralization 
condition experienced a significantly higher degree of sound 
localization and that the sound contributed more to the total 
experience.  

Gilkey and Weisenberger [14] present another approach 
to the understanding of auditory visual perception of VEs. 
They relate the work of Ramsdell [15], where the 
psychological experience of adventitious hearing loss was 
discussed, to the sense of presence induced by the auditory 
modality in VEs. Ramsdell postulates three different types of 
auditory information levels: The social level (comprehension 
of language, music listening etc), The warning level (sounds 
that evoke an intuitive reaction, that signal the occurrence of 
an important event etc) and the Primitive level (“The auditory 
background to everyday life”, incidental sounds made by 
objects in the environment and by ourselves as we interact 
with objects in the environment). Ramsdell’s conclusions are 
that what most contributes to the feeling of being part of a 
living world is the constantly changing auditory information 
on the, sub-conscious, primitive level. The hypothesis Gilkey 
and Weisenberger presented on the basis of Ramsdell’s work 
is that “…an inadequate, incomplete, or nonexistent 
representation of the auditory background in a VE may 
compromise the sense of presence experienced by users”. 
Thus, to maximize the sense of presence in a VE, the auditory 
rendering should be designed such as the stimuli on the 
primitive level has the highest priority.  

Nonetheless, to be able to take virtual experiences to the 
next level by maximizing the sense of presence, we need to 
gain better understanding of the perception of a virtual 
environment (or object), and how individual system 
parameters contribute to the overall experience. According to 
Ellis [16], the virtualization of an object or an environment 
can be divided into three levels: the Virtual space, the Virtual 
image and the Virtual environment. Each level of the 
virtualization can be described by several characteristics of 
physical reality, which all add realism to the simulation until 
the resulting impression is indistinguishable from physical 
reality.  

In order to trigger these stimuli and possibly induce a 
sense of presence, a successful synthesis of the environment 
has to be carried out. This synthesis can be described in terms 
of the parts that make up the environment itself: its content, 
its geometry and its dynamics. These three components 
correspond in a computer virtualization (or rather 
visualization) of an environment to: 1) the graphics objects 
that are the elements of the simulation 2) the kinematic 
descriptions of and constraints on these objects, and 3) their 
rules of interaction during the exchange of energy or 
information. Ideally, all three levels of virtualization should 
be completed. 

However, the interaction between modalities and their 
relative importance for the sense of presence in VR-systems 
is not explicitly included in Ellis’ model, neither have they 
been sufficiently investigated. Since the sensory cues 
rendered by today’s VR-systems often are far from perfect, it 
is most likely that various types of intersensory interactions 
will occur in almost all applications. In some cases 
intersensory interactions are unwanted and degrades the VE 
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quality, as for example when intersensory (visual-
proprioceptive) conflict leads to simulation sickness. As 
mentioned earlier there are, however, cases when interaction 
effects possibly can be used to advantage, such as when 
visual quality is perceived as being higher when audio quality 
is increased (which is an example of a “cross-modal 
enhancement effect”). Another possibility to enhance the 
quality of a VE by means of cross-modal effects is to use 
transfer effects (synesthesia) [17]. By cross-modal transfer is 
meant replacing stimulus in one modality with a stimulus in 
another modality (for example to give the user a sensation of 
haptic feedback by triggering a sound when the user touches 
an object). 

In sum, a systematic investigation and categorization of 
these VE cross-modal effects and eventually the development 
of enhanced models of VE perceptual processes seems to be a 
prerequisite for the design of novel high-presence, low-cost 
VR-systems.  

4. Spatial presence – The POEMS project 

“Spatial presence” can be regarded as the feeling of being in a 
specific spatial context, (e.g., a plaza or an office), and 
knowing where one is with respect to the immediate 
surrounding space. By “ego-motion” is meant the feeling of 
actually moving relative to a stable surrounding environment. 

In real world situations, we are “automatically” spatially 
present, in the sense that spatial presence can be considered 
the “default”. In most virtual reality applications, however, 
we do not have this intuitive feeling of being in a spatial 
context, i.e., being spatially present. Hence, something in the 
simulation must have prevented us from feeling of being in a 
spatial context, or from accepting the simulated spatial 
context as our stable reference frame.  

Furthermore, spatial presence is what enables us to 
perform spatial tasks easily and intuitively, i.e., just like in the 
real world. Spatial tasks using typical, state-of-the-art Virtual 
Reality (VR) interfaces, however, seem to rely heavily on 
abstract, cognitive strategies and processes, and thus increase 
the cognitive load unnecessarily. 

Being spatially present, on the other hand, reduces the 
overall cognitive load by using the evolutionarily developed 
natural spatial orientation abilities and thus enables us to 
focus on other relevant tasks. 

In the existing VR-setups where observers do experience 
spatial presence, the setup is extremely costly, and requires an 
extra, purpose-built room with special safety features. As a 
result, if tasks involving for example spatial orientation or 
navigation are to be carried out within the Virtual 
Environment (VE), one cannot assume per se that task 
performance is identical to corresponding real-world tasks. 

In POEMS we create novel ego-motion simulation 
techniques. By gaining knowledge of how different sensory 
modalities contribute and interact, we aim at creating the 
illusion of observer movement without actually moving the 
observer. In order to obtain this we quantify potential 
synergistic and synesthetic effects between, e.g., visual and 
auditory cues, and gain understanding of how the individual 
cues are integrated and establish a coherent perception of a 
consistent, stable environment. 

Furthermore we focus on simulating only the essential 
aspects required for achieving high spatial presence and 
normal, intuitive spatial orientation. This is what we mean by 
perceptually oriented ego-motion simulation (POEMS). By 

understanding what is not critical/relevant or cannot even be 
perceived, we can devise a lean ego-motion simulator, i.e., a 
small, transportable, low-cost, safe VR setup that does not 
require much space or safety requirements. 

So far, much research has been focused on the physically 
correct rendering of individual 3D objects. Essential for this 
project, however, is an understanding of what makes one 
accept the simulated scene/world as a stable and consistent 
reference frame that allows for spatial presence and hence for 
easy and intuitive spatial interaction. Thus, we also need to 
know what constitutes a “scene”, i.e. a VE that can serve as a 
stable reference frame, so we really obtain a virtual world or 
reality, and not just some well rendered 3D objects floating in 
mid-air. Only in such an environment, perceived relative 
motion between oneself and the surrounding environment can 
be interpreted and accepted as ego-motion.

4.1. Measuring presence and immersion 

Regardless of how one chooses to define or describe the sense 
of presence one will sooner or later face the problem of 
measuring and quantifying presence in a robust and reliable 
way. Until recently, the prevailing method of measuring 
presence has been by means of subjective and introspective 
methods such as questionnaires [18][19][20][21]. Although 
the research on these methods has provided the fundamental 
understanding of the nature of presence, they share certain 
unwanted characteristics. Examples of these characteristics 
are that the participant has to be explicitly questioned (which 
in itself may reduce presence and immersion) and the fact that 
questionnaires in most cases cannot be used for online 
measuring, but have to be given to the participant after the 
exposure [22]. 

Creating novel psychophysical, behavioral or 
physiological measures of presence might be one way around 
the subjective and introspective methods. In the case of 
spatial presence, this might be done by identifying and 
analyzing the perceptual processes directly or indirectly 
logically related to the presence illusion [22]. If these 
individual properties are measurable (for example, observing 
the user’s behavior in a certain situation) and if we can form a 
set of necessary and/or sufficient conditions for presence, 
then we can also get an (indirect) measure of presence. 

5. Conclusions 

For many VE applications, the goal is to maximize the sense 
of presence a user experiences within the VE, while other 
applications may seek only to immerse the user. Earlier 
research has primarily focused on either single modality 
(visual) or bimodal (auditory-visual) perception. We believe 
that a deeper understanding of the concept of presence by 
measuring and manipulating three or more modalities. Our 
proposed measure of presence is based on several 
psychophysical relationships that together constitute an 
overall measure of the quality of experience. Therefore, our 
measure is more directly related to technical parameters, and 
less sensitive to individual differences and response biases, 
that subjective or introspective questionnaires. This will 
facilitate the efficient design of novel VR-technologies. 

99



6. References 

[1] Blauert, J., Lehnert, H., Sahrhage, J. and Strauss, H “An 
interactive virtual-environment generator for 
psychoacoustic research. I: Architecture and 
implementation”, Acta Acustica, 86, 94-102, 2000. 

[2] Dinh, H. Q., Walker, N., Song, C., Kobayashi, A. and 
Hodges, L. F. “Evaluating the Importance of Multi-
sensory Input on Memory and the Sense of Presence in 
Virtual Environments”, Proceedings IEEE Virtual 
Reality, Houston, Texas, March 13-17, 1999 

[3] Hendrix, C. and Barfield, W. “The sense of presence 
within auditory virtual environments”, Presence: 
Teleoperators and Virtual Environments, 5(3), 290-301 
1996. 

[4] Kohlrausch, A. and Van de Par, S. “Auditory-Visual 
Interaction: From Fundamental Research in Cognitive 
Psychology to (possible) Applications”, Proceedings of 
SPIE, San Jose, California, January 25-28, 1999. 

[5] Bertelson, P. and Radeau, M. "Cross-modal bias and 
perceptual fusion with auditory-visual spatial 
discordance" Perception & Psychophysics, 19, 531-535, 
1981. 

[6] Posner, M. I., Nissen, M. J. and Klein, R. M. ”Visual 
dominance: An information-processing account of its 
origins and significance”, Psychological Review, 83, 157-
171, 1976. 

[7] Storms, R. L. and Zyda, M. J. “Interactions in Perceived 
Quality of Auditory-Visual Displays”, Presence: 
Teleoperators and Virtual Environments, 9(6), 557-580 
2000. 

[8] Västfjäll, D., Larsson, P. and Kleiner, M. ”Auditory-
visual interaction in virtual room acoustics” Submitted for 
publication, 2003. 

[9] Svensson, P. “On Reverberation Enhancement in 
Auditoria”, Report F94-01, Department of Applied 
Acoustics, Chalmers University of Technology, 
Gothenburg, Sweden, 1994. 

[10] Nathanail, C., Lavandier, C., Polack, J. D. and Warusfel, 
O. “Influence of the visual information on auditory 
perception. Consequences on the subjective and objective 
characterisation of room acoustic quality”, Proceedings 
of the International symposium on simulation, 
visualization and auralization for acoustic research and 
education, Tokyo, Japan, April 2-4, 1997.  

[11] Hyde, J. R., ”Acoustical intimacy in concert halls: does 
visual input affect the aural experience?”, Proceedings of 
the Institute of Acoustics, Pt.4, July, 2002. 

[12] Lombard, M. and Ditton, T. “At the Heart of It All: The 
Concept of Presence”, Journal of Computer Mediated 
Communication, 3(2), 1997. 

[13] Larsson, P. Västfjäll, D. and Kleiner, M. ”Better presence 
and performance in virtual environments by enhanced 
binaural sound rendering”, Proceedings of AES 22nd 
International Conference on Virtual, Synthetic and 
Entertainment Audio, Espoo, Finland, June 15-17, 2002. 

[14] Gilkey, R. H. and Weisenberger, J. M. “The sense of 
presence for the suddenly deafened adult”, Presence: 
Teleoperators and Virtual Environments, 4(4), 357-363 
1995. 

[15] Ramsdell, D.A. ”The psychology of the hard-of-hearing 
and the deafened adult” In Davis, H. and S.R. Silverman 
S. R. (Eds.), Hearing and deafness, 4th ed., 499-510, 
Holt, Rinehart & Winston, New York, 1978. 

[16] Ellis, S. R. “Presence of Mind: A Reaction to Thomas 
Sheridan’s “Further Musings on the Psychophysics of 
Presence””, Presence: Teleoperators and Virtual 
Environments, 5(2), 247-259, 1996. 

[17] Biocca, F., Kim, J. and Choi, Y. “Visual touch in virtual 
environments: An exploratory study of presence, 
multimodal interfaces, and cross-modal sensory 
illusions”, Presence: Teleoperators and Virtual 
Environments, 10(3), 247-265, 2001.  

[18] Västfjäll, D., Larsson, P. and Kleiner, M. “The actor-
observer effect in Virtual Reality Presentations”, 
CyberPsychology & Behaviour, 4(2), 239-247, 2001. 

[19] Hendrix, C. and Barfield, W. “Presence within virtual 
environments as a function of visual display parameters”, 
Presence: Teleoperators and Virtual Environments, 5(3), 
247-289. 1996 

[20] Lessiter, J., Freeman, J., Keogh, E. and Davidoff, J. “A 
cross-media presence questionnaire: The ITC-sense of 
presence inventory”, Presence: Teleoperators and 
Virtual Environments, 10(3), 282-297, 2001. 

[21] Schloerb, D. W. “A quantitative measure of telepresence” 
Presence: Teleoperators and Virtual Environments, 4(1), 
64-81, 1995. 

[22] Riecke, B.E. and. von der Heyde, M. “Qualitative 
Modeling of Spatial Orientation Processes using Logical 
Propositions: Interconnecting Spatial Presence, Spatial 
Updating, Piloting, and Spatial Cognition.”, Technical 
report n. 100, Max Planck Institute for Biological 
Cybernetics, Tübingen, Germany, 2002. 

100




