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Abstract. Widespread acceptance of virtual reality has been partially handi-
capped by the inability of current systems to accommodate multiple viewpoints, 
thereby limiting their appeal for collaborative applications. We are exploring 
the ability to utilize passive, untracked participants in a powerwall environment. 
These participants see the same image as the active, immersive participant. This 
does present the passive user with a varying viewpoint that does not correspond 
to their current position. We demonstrate the impact this will have on the per-
ceived image and show that human psychology is actually well adapted to com-
pensating for what, on the surface, would seem to be a very drastic distortion. 
We present some initial guidelines for system design that minimize the negative 
impact of passive participation, allowing two or more collaborative participants. 
We then outline future experimentation to measure user compensation for these 
distorted viewpoints. 
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1 Introduction 

Many immersive environments are unavailable to the general public because they are 
limited to large rooms and they require a tremendous budget (sometimes even exceed-
ing $1 million [1]). One solution is the one-walled VR environment (the “power-
wall”), which can be implemented with a single screen and projector, and can use a 
number of different widely available tracking systems.  

Many existing virtual reality (VR) systems only allow one or two users. When VR 
demos or experiments are performed, extra shutter or polarized glasses are often used 
for additional viewers to sit in and watch the world in the role of passive participants 
in the virtual experience. With this in mind, can we create collaborative VR systems 
that can actually involve these passive participants, allowing them to experience and 
interact with the virtual environment, alongside an active, tracked participant? A 
common obstacle to the adoption of VR is that so many systems are fundamentally 
solitary experiences. Some hardware approaches allow for even up to six active users, 
but these approaches are expensive, difficult to set up and calibrate, and not as availa-
ble as basic single-user systems. In order to display individual perspectives, these 
systems often add multiple projectors and polarized images in order to project images 
to the left and right eyes of each participant [2][3][4]. These systems show promise 
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for the next generation of VR collaboration, but the resulting cost and computation 
power makes it less accessible to the general public, as well as difficult to extend to 
even more participants. As a result, we are examining the design of systems that will 
allow multiple passive users to participate with an active user in a VR environment, 
possibility with the ability to pass the active experience among users as necessary, so 
as to support collaborative applications. This paper addresses some of the physical 
and psychological issues associated with the participation of passive users and ex-
plores some initial design guidelines to tailor applications for passive participation. 

One of the greatest challenges in designing a collaborative virtual environment is 
making sure that all participants can accurately perceive the virtual world. In simpler 
virtual environments, if multiple participants view the world, virtual objects are typi-
cally presented based on a single center of projection from an oblique angle. To de-
sign a better multi-user, one-walled VR system, the design must have knowledge of 
where the passive participants are, as well as what elements in the environment can be 
manipulated to counteract the perception challenges. Knowing the location of the user 
allows manipulation of the virtual world to actively adapt to passive participants, even 
when there is still only a solitary center of projection. In addition, the VR system can 
take advantage of the psychological ability to compensate for distortions. 

In this article, we explore the appearance and perception of the virtual experience 
as seen by a passive participant. Section 2 presents a mathematical model for the im-
age as seen by passive participants, regardless of their relative position to the screen 
or the active participant. Section 3 explores the psychological and physiological com-
ponents of a passive participant's perception of the virtual world. Finally, Section 4 
establishes some leading guidelines for the design of virtual environments that take 
advantage of these elements. 

2 Mathematical Basis 

One of the most basic VR systems is the powerwall, which uses a rear projection 
stereo display or a large 3D monitor to provide a virtual experience for a single user 
with 3D glasses and head tracking. Fig.1 illustrates the basic projection model for a 
powerwall. It is assumed that the world coordinate system origin is centered on the 
screen with the Y axis up and the X axis to the right and we assume a right-hand 
coordinate system. In the figure, the point  ( , , ) represents the active partici-
pant. This participant is tracked and the basis for the projection. The point  
( , , ) represents a passive participant. This participant is untracked and sees the 
same image as the active participant. The point  ( , , ) represents a point in the 
virtual space subject to projection. The point  ( , , ) represents the projected 
point on the screen. Projection is accomplished by creating a projector, a ray starting 
at the center of projection and pointing at the virtual point, and computing the  
intersection of that ray with the virtual projection surface. 
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Fig. 1. Model for screen-based VR projection 

Given this orientation, projection is implemented in real systems by changing the 
origin to the active participant viewpoint and multiplying by the ratio of the distance 
of the projection screen (focal length) and the z-axis distance to the point. (Real-world 
systems also include a mapping from the virtual projection screen to pixels on the real 
projection screen, but that linear mapping does not affect the results in this paper and 
is, therefore, ignored). The basic equations for projection are: 

  (1) 

  (2) 

Since projection for x and y is symmetrical, only the x component will be indicated in 
future equations. The y component can be determined through simple substitutions. 
All of the equations in this section apply for virtual points on either side of the screen. 

2.1 Depth 

The passive participant would ideally view the world projected properly for them. 
However, they instead see the world as projected for that active participant. The first 
question is: what is the equivalent mapping between the two? The multiplicative fac-
tor from Equation 1: 

  (3) 

determines the foreshortening due to depth. Foreshortening is the tendency of objects 
under perspective projection to appear smaller or larger due to their distance from the 
viewer. The foreshortening seen by the passive participant will be different if the 
participant is not at the same distance from the screen as the active participant. Intui-
tively, if the passive participant is half the distance to the screen, the amount of fore-
shortening will be doubled. This is the same as if the depth of the virtual space was 
scaled by a factor of 0.5, making objects appear to be half as far away as they are.  
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We can illustrate this by scaling the z values for the passive participant's foreshorten-
ing term by / : 

  (4) 

What this means is that a passive participant moving closer to the screen will see a 
world that appears scaled in the z dimension. 

2.2 Position 

Given the solution for the change of depth for perceived point, we can now examine 
the ,  components of the perceived point for the passive participant. Figure 2 illu-
strates the geometry of the problem. The point  is projected to point  on the screen 
for the active participant. The passive participant sees that point at point  as some 
point along the projector from through point  to the point  as it appears to that 

participant. We know the depth of  is  due to Equation 4. 

 

Fig. 2. Geometry of virtual point displacement 

The geometry is proportional between the two sides. If the passive participant posi-
tion is offset from the active participant by Δxp=xp-xa, the perceived position of the 
point will be offset by the negative of that value scaled by the ratio of the point depth 
divided by the view distance for the active participant: 

  (5) 

Effectively, this imparts a skew on the virtual world. The amount of the skew is de-
termined by the difference between the positions of the active and passive participants 
and is based on depth. Given these solutions, the passive participant will perceive the 
point ( , , ) at this position: 
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  (6) 

  (7) 

  (8) 

2.3 Stereo 

The depth scaling also holds for stereo disparity, assuming the interpupilary distance 
(IPD) and eye orientations for the active and passive participants are the same. This 
relationship is illustrated in Figure 3. 
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Fig. 3. Depth scaling due to stereo disparity 

As many stereo installations assume only head position tracking and fixed IPD 
values, the stereo depth scaling will correspond to that due to this varying participant 
screen distances. If the IPD distance or orientation is allowed to vary, there will be a 
divergence, which can be confusing. 

3 Psychological Considerations 

As illustrated in Section 2, the distortions resulting from a non-primary viewpoint 
present the passive observer with an image of object that are skewed and distorted, 
rather than the correct proportions. However, there is evidence for psychological 
compensation for this distortion, allowing observers to correctly perceive object pro-
portions, orientations, and relative positions in a variety of visual mediums. From 
paintings to photographs, people are actually quite accustomed to viewing images 
from a point that does not correspond to the center of projection. 
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3.1 Potential Psychological Complications 

Judging Object Orientations. One characteristic of a virtual scene is the orientation 
of the projected objects. If viewed differently by the individual participants, there is a 
potential confound of collaboration. 

Goldstein [5,6] discussed three main pictorial perception attributes: perceived 
orientation (in relation to the observer), perceived spatial layout (of the objects in the 
image), and perceived projection (perception on the observer’s retina). He determined 
that relative position of objects in an image (in the virtual space) was maintained, 
despite a variety of oblique viewing angles. However, he did find that perceived 
orientation was not maintained as the difference in angle from the center of projection 
increased. As a result, Goldstein identified the differential rotation effect (DRE), 
where objects in a 2D image pointing to the observer (at an angle near 90°) appear to 
move faster than objects farther away when the observer moves relative to the image.  

One popular virtual collaboration medium is the interactive tabletop. Multiple users 
interact with a single table, which has virtual objects presented from a common view-
point. Hancock et al [7] analyzed user perception of orientation of objects projected on a 
tabletop device, and found that users had a more difficult time judging object orientation 
when the COP was farther away from their own viewpoint. They determined that a cen-
tral, neutral COP helped to minimize discrepancies between user perceptions. This study 
also found that using an orthographic projection (such as found in blueprint drawings to 
maintain correct object proportions) aided the users in identifying the orientation of ob-
jects, though this projection does eliminate foreshortening, an important depth cue.  
However, though a tabletop design often requires a 360° of potential user viewpoints, 
CAVE environments (both single and multiple screen displays) naturally limit the range 
of these viewpoints. This suggests that a neutral viewpoint might be more effective in a 
CAVE environment than the study found for the tabletop.  

Cybersickness. A common element in virtual systems is cybersickness, a form of 
motion sickness associated with virtual environments. While the exact causes of cy-
bersickness are still under investigation, it is known to be common in situations where 
the camera viewpoint moves independently of movement from passive observers.  

Cybersickness symptoms are prevalent in most VR environments and can impact 
from ~30% [8] to ~80% [9] of participants. Displaying imagery that is not controlled 
by the observer generally increases symptoms. Swaying imagery is often used in cy-
bersickness research to invoke symptoms.  Chen et al. [8] and Dong and Stoffregen 
[10] demonstrated this effect with experiments where participants were "drivers" or 
"passengers" in a virtual car. Drivers were given a tracked viewpoint and control of 
their environment and the resulting video was recorded. This video was then dis-
played to a passenger. Not surprisingly, passengers had more cybersickness symp-
toms than drivers. Passengers also had high amounts of body movements, indicating a 
strong involvement (and conflict) with the movement in the recording.  

In both of these situations, participants who suffered cybersickness symptoms were 
not in control of the camera viewpoint. If a collaborative environment must share a 
common viewpoint, the design should consider ways to minimize the cybersickness 
effects that will result. Another major source of cybersickness symptoms is when 
visual and kinetic information conflict. This makes sharing a common viewpoint dif-
ficult: passive viewers are not in control of changes to the perspective. 
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3.2 Compensation for Distortion 

In order to determine what characteristics of the virtual scene can be or even need to 
be modified to help accentuate depth and spatial cues, we must first explore what the 
brain will use in order to compensate for missing stimuli.  

Gestalt psychology here argued that the mind has the ability to organize visual sti-
muli, and is structured and operates in such a way to make this possible. As opposed 
to the empirical belief (which says we only learn through experience with the world), 
Gestalt psychology says that the “brain uses organizational principles to interpret 
visual appearance” [11].  

Because of this ability of the mind to natively organize incoming visual stimuli, the 
mind can still form a cognitive model of the object in a distorted picture. Since it is 
not purely empirical, the distortion does not negate the ability to form and access 
mental models. 

Spatial Cognition. Spatial cognition is the ability of the brain to acquire, organize, 
utilize, and revise knowledge about spatial environments [12]. Knowledge of this 
cognitive ability is especially helpful in creating virtual environments. If certain cha-
racteristics of the system hamper the participant’s ability to correctly perceive the 
virtual world, knowledge of the mind’s organizational power can help compensate for 
the shortcomings.  

The neuroscientist David Marr identified three stages of visual processing, includ-
ing what he coined the “3D sketch,” when the mind visualizes the world in a mental 
3D model [13]. Intelligent perception allows the mind to make cognitive observations 
about this 3D data. One theory of the brain’s ability to categorize visual information is 
that rather than purely learning from experience (empirical view) the brain actively 
organizes incoming visual sensory data into mental models. Gestalt psychology estab-
lished this theory, and began to identify the specific characteristics that the brain uses 
to categorize visual data.  

People routinely view 2D imagery from a wide range of angles and have little  
difficulty with correctly interpreting the data in the image. Vishwanath et al. [14] 
suggested that 2D pictures look correct when viewed from the wrong angle not by 
geometric data inside the picture itself, but from an estimate of local surface orienta-
tion. When binocular vision was available, participants were able to correctly judge 
object characteristics invariant of their viewing angle. Instead of judging object cha-
racteristics by observing the objects within the image, participants instead used cues 
from the local slant of the image itself to correct perspective distortion from viewing 
the picture obliquely.  

Spatial and Depth Cues. Despite the known variations of object characteristics be-
tween different viewpoints, there are many other cues that the human brain will use to 
determine spatial characteristics. As discussed by Christou and Parker [11], there are 
several pictorial cues that allow 2D images to represent and simulate 3D objects. 
These cues can be manipulated by a virtual system, and can simulate natural objects 
by imitating perspective and depth. Most of these cues can be emphasized to compen-
sate for any existing distortions: 
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Shading: Shading and gradients can easily be used to make closer elements brighter 
and clearer, while more distant objects (or the distant parts of an object) will have 
darker or dimmer shading, depending on the lighting in the scene. 

Color Fading: Similar to shading, color fades when farther away, so closer objects 
will have higher color saturation. Atmospheric effects also add to this: objects farther 
in the distance are often dimmed due to water, dust, or other particles in the air.  

Interposition: Objects closer to the observers will occlude objects farther away.  

Shadows: Shadows from the objects in the world on a flat surface can help establish 
their locations (both relative to each other and relative to the world).  

Binocular Cues: Unlike 2D pictures, 3D virtual environments show images to both 
eyes, which allow stereoscopic cues to show depth. The visual system uses the slight 
differences in the two pictures (that are a result of the interpupilary distance) to gain 
significant information about spatial depth and location of objects in a scene. 

Object Shapes: Another example of compensation for distorted objects by the visual 
system is when rigid and recognizable shapes are presented. Perkins [15] found that 
participants would compensate for oblique views of rectangular solids, and even when 
the judgments were inaccurate, they were only inaccurate by a small amount. If men-
tal models are formed for commonly encountered objects, then it will be easier to 
match an image of such an object to the correct mental model, even if distorted. 

4 Guidelines for Design 

The main reason for examining the issues related to passive participants in a one-wall 
cave setting is the ability to better utilize these environments in groups. Traditionally, 
virtual reality systems have been solitary experiences. Complex hardware solutions 
have often allowed for two participants, but a group setting with a dozen users has 
been considered impractical other than in large theatrical settings or where the track-
ing is severely limited. We seek to exploit the idea of passive participants to create 
group VR applications and are exploring both the impact on passive participants and 
the transfer of active status among participants.  

One major influence on design is a factor we are calling leverage. As seen in Equa-
tion 6, the amount of offset (skew) of the perceived point is scaled by the ratio / . 
As the distance from the screen increases, the offset also increases. As an example, if 
the active participant moves to the right 10cm, an object close in depth to the screen 
(z values near zero) will move very little. However, an object far from the screen, 
such as an object in the far distance, will move a very large amount. 

Given this concept of leverage and the psychological concepts in Section 3, we are 
proposing several design guidelines for passive participant powerwall systems. These 
guidelines are intended to be used when distortions affect passive participation, to 
raise the overall utility of the system. 

Guideline 1: Keep as much content at a depth near the screen as possible. This is the 
most obvious design guideline, since it minimizes the amount of leverage, and it 
keeps objects within interaction reach. 
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Guideline 2: When possible, the active participant should be close to the screen. An 
active participant close to the screen will minimize the ratio /  in Equation 6 for 
user interface elements. Similarly, the active participant should remain closer to the 
center of the screen, so that the controlling viewpoint is the average of the possible 
passive participant viewpoints. This causes fewer overall discrepancies between 
viewpoints.  

Guideline 3: Passive participates should be farther from the screen. Decreasing the 
angle of sight lines between the active and passive participant decreases the relative 
discrepancy in orientations. Moving users back limits the range of angles for these 
users, thus decreasing orientation confusion due to the differential rotation effect. In a 
setting where the active participation passes from user to user, this assignment may be 
based on physical position with a "move up to take control" type of approach. 

Guideline 4: Avoid backgrounds or fix them in place. The problem with backgrounds 
is that they are naturally the farthest from the screen and, therefore, the most subject 
to leverage. Since they are often far in distance, users do not expect them to move that 
much and appear to be comfortable with this solution in preliminary experiments. 
This guideline also has the potential to minimize cybersickness effects that result 
from a moving background. 

Guideline 5: Virtual objects should be familiar to users. Well-known or familiar ob-
jects appeal to long-established mental models. Because of this object recognition, 
users are better able to compensate for distortions in virtual objects. Overall, using 
familiar objects will help connect a virtual object to the user’s sense of its physical 
presence in the real world. However, if novel objects are used, utilize Guideline 6.  

Guideline 6: When familiar objects cannot be used to satisfy Guideline 5, emphasize 
pictorial cues such as shading, color fading, and atmospheric effects. This can help 
compensate for the lack of familiarity, allowing for novel virtual objects. 

5 Future Work 

We are currently examining a new modality for virtual reality environments that is 
designed to optimize the experience for a group of users, rather than a single partici-
pant. Our first focus is discovering and alleviating the problems passive observers 
experience in immersive environments, such as perception conflicts for passive ob-
servers, as well as triggers for cybersickness. This work will then move beyond alle-
viating these problems, and leverage psychological and physiological compensatory 
mechanisms in order to deliver a better group interface for virtual environments. We 
are also exploring enhancements for a group virtual environment, such as efficient 
ways to transition between active and passive participants, creating a more satisfying 
collaborative, immersive, environment. To demonstrate the guidelines presented in 
this paper, we are designing an experiment that will demonstrate the ability of a user 
to sufficiently judge object characteristics in a powerwall system, despite being re-
moved from the primary viewpoint. 
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