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Abstract
\Fish tank virtual reality" refers to the use of a standard graphics workstation to achieve real-time
display of three-dimensional scenes using stereopsis and dynamic head-coupled perspective. Fish
tank VR has a number of advantages over head-mounted immersion VR which make it more practical
for many applications. After discussing the characteristics of sh tank VR, we describe a set of three
experiments conducted to study the bene ts of sh tank VR over a traditional workstation graphics
display. These experiments tested user performance under two conditions: (a) whether or not
stereoscopic display was used and (b) whether or not the perspective display was coupled dynamically
to the positions of a user's eyes. Subjects using a comparison protocol consistently preferred headcoupling without stereo over stereo without head-coupling. Error rates in a tree tracing task similar
to one used by Sollenberger and Milgram showed an order of magnitude improvement for headcoupled stereo over a static (non-head-coupled) display and the bene ts gained by head-coupling
were more signi cant than those gained from stereo alone. The nal experiment examined two
factors that are often associated with human performance in virtual worlds: the lag (or latency)
in receiving and processing tracker data and the rate at which frames are updated. For the tree
tracing task, lag had a larger impact on performance than did frame update rate, with lag having
a multiplicative e ect on response time. We discuss the relevance of these results for the display of
complex three-dimensional data and highlight areas requiring further study.
CR Categories and Subject Descriptors: I.3.7 [Computer Graphics]: Three-Dimensional Graphics
and Realism, I.3.6 [Computer Graphics]: Interaction Techniques.
General Terms: Human Factors
Additional Keywords and Phrases: Virtual Reality, Virtual Worlds, Head-Coupled Display,
Stereopsis.
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1 Introduction
Recently, considerable interest has been shown in the area of virtual reality (VR). The idea was
rst introduced by Ivan Sutherland in the late 1960's when he developed a research prototype of a
head-mounted display [33]. It was popularized almost two decades later when o -the-shelf systems
started to become practical for virtual reality [4][14]. The underlying motivation in virtual reality
is to realistically present three-dimensional virtual worlds to a user so that he or she perceives and
interacts with them naturally, thus borrowing from built-in human abilities that evolved from our
normal dealings with the three-dimensional world that surrounds us every day.
Current virtual worlds are still quite limited in terms of the realism they achieve. This is due in
part to the resolution limits of current head-mounted displays and to certain temporal artifacts that
seriously a ect human perception. While much can be expected from future hardware advances,
such problems are not likely to disappear for some time and hence there is a need for careful study
of these e ects if task performance using current and soon-to-be-available virtual worlds is going to
be acceptable.
Almost all of the current VR research assumes the use of head-mounted displays. But many
of the bene ts of virtual worlds can be achieved using conventional display technologies if a few
augmentations are made to the hardware and software [8][13][24][34]. A high-resolution workstation
monitor supplemented with hardware for stereoscopic viewing and a head-tracking device for adjusting
the perspective transformation to a user's eye position can simulate the appearance of stable 3D
objects positioned behind or just in front of the screen. This is not the full virtual world produced by
a head-mounted display, but it a ords a number of practical advantages that make it an attractive
alternative to the immersion VR produced by a head-mounted display. We have adopted the term
\ sh tank VR" to describe such systems because the experience is similar to looking at a sh tank
inside which there is a virtual world.
In the next two sections we de ne our terminology and describe some of the advantages of sh
tank VR. We then summarize important issues regarding the e ective use of this type of display
technology and survey previous related work. With this as background, three experiments are
described in the main body of the paper. The rst two experiments measured the usefulness of sh
tank VR for 3D tasks often performed on graphics workstations. This was done using subjective
user preference tests in the rst experiment and objective task performance studies in the second
experiment to compare sh tank VR with a variety of other viewing conditions. The third experiment
assessed the e ect of lag and frame rate on user performance for sh tank VR.
In the rst two experiments, sh tank VR was found to be of signi cant value compared to
standard display techniques, with head-coupling being more important than binocular vision. Both
are superior to non-head-coupled monocular viewing. The third experiment showed that lag is more
important than frame rate in determining user performance and that frame rate itself is probably
not important except for the lag it produces; these results probably apply to immersion VR as well.
The paper concludes with a discussion of the results and suggestions for future research.

2 Virtual Reality Terminology
Many of the terms that are used in discussing virtual reality are over-loaded. This section provides
a de nition of the terms as they are used in this paper, with appropriate references to the literature
and to related terms.
Virtual reality is the presentation of a 3D scene of sucient quality to evoke a perceptual response
similar to a real scene. The 3D scene is often called a virtual world and the term \virtual reality" is
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commonly abbreviated \VR", a practice we will adopt throughout this paper. The rst use of the
term is usually credited to Ivan Sutherland.
The number of times per second that an image or scene is presented to the eye(s) is the refresh
rate of the display. High-speed repetition is required to produce persistence of vision. The image
may or may not change each time it is presented. The frame rate or update rate is the number of
times per second that an image or scene is changed. Baecker emphasized the di erence between
refresh rate and frame rate in his survey paper on dynamic raster graphics [2]. He observed that a
double-bu ered display need not have the same refresh and frame rates and that refresh rates on
the order of 60 frames per second are needed to achieve persistence of vision whereas update rates of
only 10 frames per second are often adequate to provide the illusion of a smoothly changing scene.
One can expect similar rates to be acceptable for VR systems, although the e ects of rapid head
movements and lag may call for faster updates.
The delay between the time that new viewing parameters are determined by a user's movement
and the time that the virtual world is seen to change in response to the new viewing parameters is
an instance of lag or latency. A low frame rate implies a certain degree of lag, but a high frame rate
alone is no guarantee that lag is not present. There are many places within a VR system where lag
can occur. Only some of these are in the graphics pipeline. Many others occur in the measuring or
processing of the viewing parameters prior to entering the graphics pipeline.
A monocular display presents an image or scene to only a single eye. A binocular display presents
a scene or image to both eyes. If the presentation has di erent images for each eye, each appropriate
for the position of the respective eye, the display is stereoscopic, a term derived from the Greek word
for solid or three-dimensional.
A head-mounted display presents images to one or both eyes through the use of small displays
located on or near the head with appropriate lenses so that the images are seen as if viewing the world
through glasses. A head-coupled display is one in which the calculation of a viewing transformation,
usually including perspective, is based on the position of a user's head. Other commonly used terms
for this type of display include head-tracked display, used by Deering [8] and others, and viewpoint
dependent imaging, used by Fisher [13]. The head-coupling technique has been employed in various
guises since the early 1980's.
Head-coupling assumes a xed relationship between the position and orientation of a user's head
and the position(s) and orientation(s) of the user's eye(s). A more accurate approach would involve
tracking eye movements because the perspective transformation for an eye is actually determined
by the position of the optical center of the eye, not just the position of the head. The di erence
between the optical center of the eye and the center of rotation of the eye makes this harder than head
tracking unless a simplifying assumption is made that the eyes are looking in the general direction of
the center of the screen (an assumption we make). Few practical systems track eye movements and
only experimental systems track eye focus, which is required for correct depth-of- eld calculations.
Immersion VR uses a head-mounted display to totally surround the user in a virtual world.
When it works, it is a very e ective technique. The term presence is sometimes used for the e ect
created by immersion VR.
Fish tank VR is the use of a regular workstation display to provide a less ambitious virtual world
where the e ect is limited to the volume of space roughly equivalent to the inside of the display
monitor. Fish tank VR is also referred to by the names of the combination of techniques used to
produce it, head-coupled stereo display. Another term that is sometimes used is virtual holographic
display. Deering cites the earliest reference to a holographic-like display as being the Krell teaching
machine in the 1956 lm Forbidden Planet, where the character Morbius created a 3D \live" image
of his daughter in a volume display much like today's holographic displays. An even earlier example
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might be the sh tank virtual world that appeared in the lm The Wizard of Oz, in which the wicked
witch spies on Dorothy and her companions using a crystal ball 3D holographic display.

3 Factors A ecting Performance in Fish Tank VR
A monitor-based display cannot provide the immersion experience possible with head-mounted
displays. But head mounted displays su er from a number of diculties that are not nearly as
bothersome in a standard workstation display. Fortunately, immersion is not necessary for all
applications. Only a few applications, such as entertainment or building walk-through systems,
really need the full power of immersion VR [4]. There are a number of good reasons to settle for
something less.
Cost is one reason. Immersion VR is still quite expensive. Many current systems use two highperformance workstations to compute images, one for each eye [3][30]. Cost will not always be a
problem, however. So this alone does not rule out immersion VR.
A more serious problem with immersion VR is the e ect of separating a user from the real
world. This results in the loss of conventional interaction devices such as the keyboard or mouse.
More importantly, it provides the sensation of being in only the computer-generated world, so a
\handler" is required to be present to guard against physical injury to an immersion VR user. \Seethrough" head-mounted displays solve this problem to a degree, but the illusion of immersion is
then diminished. With sh tank VR, a user sees both the virtual world within the display and the
surrounding environment in which he or she is working. There is no need for a handler. Because of
the small amount of extra equipment required, a sh tank VR workstation can be part of the oce,
just as the conventional workstation is part of the oce.
Virtual reality may be the display technique of choice in the future, but there are some technical
problems that must be solved before that happens. We discuss three types of factors that are of
particular relevance to sh tank VR: spatial display artifacts, temporal display artifacts and the use
of auxiliary depth cues to enhance the sense of three-dimensionality in a virtual world.

3.1 Spatial display artifacts

The resolution of the display is an important consideration. In immersion VR, computer generated
images are viewed through wide angle optics to provide a wide eld of view to the eyes. The small
LCD screens that are typically used in head-mounted displays su er from low resolution that is made
worse by the fact that the optical elements must stretch the image non-linearly [19][28]. In typical
head-mounted display systems the resolution is such that a pixel will subtend approximately 12
minutes of arc. Viewing a high resolution monitor with a 30 degree eld of view results in 2 minutes
of arc per pixel, which is close to the resolution limits of the human eye. While head-mounted
display technology can be expected to improve in the coming years, it may be some time before the
angular resolution of immersion VR will match that of monitor-based displays.
Depth-of- eld is another factor that virtual reality systems have diculty coping with. When
our eyes xate on an object in the real world, they converge inward and the focal length of the
lenses adjusts so that the xated object is in focus, while objects at di erent depths are not in focus.
When viewing stereoscopic displays the eyes will converge according to a xation point in the scene,
but they must always focus on the image plane, which is at a xed depth. Hence all objects in the
scene will appear in focus, regardless of depth. This e ect can be distracting and degrades the level
of realism exhibited by the virtual scene.
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If the system had knowledge of where the eyes were xating it could render objects di erently
according to their depth, blurring objects to appear out-of-focus. It is not possible to do this
correctly without directly measuring the focal length of a user's lens or the convergence of a user's
eyes. One can provide approximate depth-of- eld e ects, however, if some assumptions are made
about where a user is xating. In sh tank VR it is natural to limit the working scene to the region
near the screen surface because objects which are far away from the screen in depth will be clipped
when a user's head moves. Parts of the scene that are further in the background can be drawn to
simulate an out-of-focus image using a variety of blurring techniques. This technique is less useful
for immersion VR because it is harder to make such an assumption about where a user is xating.

3.2 Temporal display artifacts

Inaccuracies resulting from timing delays due to communication and processing time either in the
graphics pipeline or prior to that in the computation of the viewing parameters for the virtual world
must be dealt with in any VR system. The two main problems are related to the overhead required
to change the image of the virtual world presented to a user.
Lag is inherent in all instances of human-machine interaction, including virtual reality and
telerobotics. In telerobotics systems, the human operator is physically separated from the mechanical
robot performing the task. Slow transmission lines, low bandwidth and slow mechanical linkages
lead to greater lag than is typical in VR. Lag in six degree-of-freedom trackers arises from delays
in transmitting data records, hardware or software delays while processing the data to perform
smoothing or prediction, and additional processing time spent in the main display loop prior to
sending scene description data through the graphics pipeline.
Although lag is recognized as an important factor in all VR interfaces and work has been done
on techniques to compensate for it, there has been little experimental study of the perceptual and
performance e ects of lag in practical virtual world applications.
A low frame rate will not only contribute to lag, but if it is very low the image distortions
resulting from head movement will no longer be smooth and the scene will appear jittery. This is
a standard problem in computer graphics, usually caused by a scene complexity that exceeds the
processing capacity of the graphics pipeline. What is di erent in VR is that the changes required
in the image are a direct result of a user's natural movements while viewing and these may make
the user much more sensitive to jitter than for a regular workstation.

3.3 Auxiliary 3D cues

Also contributing to a convincing illusion of three-dimensionality in the display is the use of traditional
techniques from computer graphics for providing depth cues. Particular techniques include shading,
both Lambertian and specular, and the use of shadows to suggest the shape and relative positions
of objects. The perspective projection alone provides depth information as the extent of objects in
the x and y directions is scaled with z (depth). These and other well known cues are described in
most standard graphics texts [15][16] [25][26].

4 Previous Work
This section surveys related research that is directly related to the work reported here. A more
general discussion of human factors issues for virtual reality can be found in the survey article by
Ellis [10] and the collection of papers in [11].
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4.1 Fish Tank Virtual Reality

Some of the rst work on this type of display took place in the early 1980's. Fisher used a xed
monitor with head-tracking to provide di erent views to the observer by way of precomputed images
stored on a video disc [13]. Diamond, et al., generated head-coupled perspective wire-frame images
with head positions obtained by using a video camera to track a light bulb placed on a user's head
[9]. Venolia and Williams describe a similar system using a Polhemus tracker and stereo shutter
glasses to provide stereoscopic images with head-coupled perspective [34]. They propose a system
using precomputed perspective images, and tracking only the horizontal movements of a user to
minimize the number of images which must be computed.
Deering [8] discussed the technical components required to create a high quality 3D display on a
monitor using head-coupled perspective and stereoscopic display. He provided a thorough discussion
of the mathematics required to derive the correct viewing transformations for each eye and the need
to have accurate estimates for each of the parameters that correlate the centers of the eyes with head
position and orientation as measured by most head trackers. Deering takes into account a number
of e ects in his derivation, including the distortions due to the curvature and thickness of display
screen.
McKenna [24] reported on experiments conducted with three types of monocular displays,
all employing head tracking. The rst was a stable high-resolution monitor with head-coupled
perspective. The next was the same monitor but with a tracker attached to it in addition to the
head tracker; the display changed accordingly as the monitor was tilted or swiveled as well as when
the user's head moved. The third was a small hand-held LCD screen that could be freely moved and
rotated; again the display depended on the screen position and the head position. McKenna reports
on an experiment to evaluate performance with the stationary head-coupled high-resolution monitor
system. Subjects were given a positioning task under three di erent perspective viewing conditions
which were (a) a static view, (b) a view that changes with mouse position, and (c) a head-coupled
view. Subjects performed best with the head-coupled perspective. The mouse-controlled condition
generally decreased performance.
A similar type of experimental study, this time using immersion VR, was performed by Chung
[6]. Subjects performed a task under various head-coupled and non-head-coupled conditions using
a 6D mouse, joystick, Spaceball, or no device at all for interaction. The task was taken from an
application in radiation therapy treatment. The goal was to optimally position and orient a beam
in 3D so that it covers a tumor while avoiding the surrounding healthy tissue. The subjective
rankings obtained showed no signi cant di erences between the head-tracked and non-head-tracked
modes, although there were di erences within these two groups. The best overall rating was for
a constrained head-tracked viewing mode with no additional input device, referred to as \orbital"
mode.
Ware and Osborne report on the experimental study of di erent metaphors for navigation
through virtual worlds [38]. Their experimental system used a xed non-head-coupled monitor
display and a six degree-of-freedom hand-held tracker. Although the results showed no clear winner,
they suggested which metaphors may be better for di erent navigation tasks.

4.2 Spatial and temporal accuracy

There are two methods for assessing spatial and temporal inaccuracies in VR systems. One is by
making physical measurements on the devices that are being used and thereby obtaining calibration
data that can be incorporated into the VR system. The other is to measure the e ect that these
inaccuracies have on the performance of VR users. Both are important.
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Liang, Shaw and Green [21] measured the lag inherent in the hardware processing performed
by the Polhemus IsoTrak device and found a delay of approximately 110 msec (newer trackers from
Polhemus have improved lag, reportedly less than 20 msec). They suggest the use of a predictive
Kalman lter to compensate for lag, as do Friedmann, et al. [17]. One must be careful, however,
that the prediction method does not introduce undesirable artifacts into the data. In particular,
overshoot or ampli cation of the sensor noise can occur. These artifacts become apparent when the
prediction interval is chosen to be too large. Based on their experience with Kalman ltering, Liang,
Shaw and Green recommend that prediction not be performed using an interval more than three
times the sampling interval of the device. For example, with a sampling rate of 20 Hz, a prediction
interval of no more than 150 msec would be tolerable.
MacKenzie and Ware [22] have studied the e ect of lag on a 2D Fitt's law target selection task.
Analysis of response times and error rates showed that a model in which lag has a multiplicative
e ect on Fitts's index of diculty accounts for 95% of the variance in the data. This is better than
alternative models which propose only an additive e ect for lag.

4.3 Auxiliary 3D cues

Atherton and Caporael assessed the quality of 3D images by subjective rankings to determine the
degree of polygonalization required to adequately approximate a sphere and the relative e ectiveness
of three commonly used shading models [1]. Meyer, et al., used subjective pair-wise comparisons to
assess the quality of radiosity-based global illumination models for rendering 3D scenes [23]. Further
work at Cornell has examined the use of shadows to provide depth cues for interactive 3D tasks
[36][37].

5 A Testbed for Studying Fish Tank VR
Hardware and software for testing sh tank VR in a realistic setting must have a number of properties
that follow from a consideration of the factors that a ect VR performance. This section discusses
these requirements and describes a hardware and software testbed that has been implemented for
sh tank VR studies. The testbed was used to conduct all of the experiments described in this
paper.

5.1 Stereo display

We use the StereoGraphics Crystal Eyes stereo system connected to a Silicon Graphics IRIS workstation
with the ability to display 120 frames per second. The shutter glasses are synchronized to the monitor
refresh and provide an e ective 60 Hz frame rate to each eye. The monitor we were using, like most
color workstation monitors, su ers from a longer than ideal phosphor decay time. This results in
faint ghosting of the left eye image to the right eye and vice versa. We minimized this e ect by
choosing colors with only a small green component because the green phosphor has the longest decay
time on this type of monitor.
For our experiments, we used a 4D/240VGX workstation. Our tests with a Crimson/VGX and
an Indigo Elan also gave adequate frame rates, but less powerful versions of the IRIS did not prove
very satisfactory. The software also runs on various IBM RS/6000 workstations; none of the ones
we use has a monitor capable of 60 Hz stereo, but this is apparently possible given an appropriate
monitor and synchronization hardware [7].
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5.2 Head-coupled perspective

A necessary component for rendering a 2D image of a 3D scene is the determination of the correct
projection to use for transforming points and geometric primitives in 3-space into points in 2-space.
Most commonly, orthographic or perspective projections are employed. Perspective projection
scales the horizontal and vertical coordinates linearly with depth, and hence provides depth cueing.
Conventional computer graphics display applications, in the absence of head tracking capability,
employ a perspective projection according to a single viewpoint, usually translated from the center
of the screen perpendicular to its surface. Non-perpendicular viewing projections have been discussed
in the literature [5], but are seldom used except in ight simulators where one or more of the display
surfaces is mounted at an angle to the principal direction of view [29].
In sh tank VR systems, a user's head is tracked so that by moving his or her head, a user
can view the scene from di erent angles. This requires computing the correct o -axis perspective
projection to accommodate the corresponding eye positions. The e ect of head-coupled perspective
is illustrated by the four screen photographs in Figure 1. In all cases the program is displaying the
same 3D model of an automobile positioned at the center of the screen, level with respect to the
monitor. Two di erent perspective projections and two corresponding camera angles are employed
(resulting in four photographs). Only in the two photographs where the camera position matches
the perspective projection does the object appear three-dimensional and undistorted. In the other
two photographs, where the camera position does not match the perspective projection, the object
appears distorted.

5.3 Spatial and temporal accuracy in head tracking

Inaccuracies in the measurement and processing of head tracking data can result in delays or noise
which in turn e ect the calculation of the o -axis perspective transformation. Accuracy is especially
important in conjunction with stereo. If the artifacts are serious enough, head-coupling will not be
e ective and stereo-induced motion may occur. The scene may appear to deform and twist as the
viewer moves.
We use a Shooting Star Technology ADL-1 tracker to provide head position and orientation
records. No smoothing or prediction techniques are applied in hardware or in software. The ADL-1
uses mechanical linkages with potentiometers at the joints to provide fast readings. This device
has a lag of less than 3 msec, which is shorter than the lag induced by other factors such as the
time taken to read the tracker input bu er and to update the image. The rated absolute positional
accuracy of the ADL-1 is 0.51 cm and its rated repeatability is better than 0.25 cm. Our headcoupled perspective software was calibrated once for all users and hence some residual inaccuracies
in the display due to variation in eye position relative to head position will be present.
The rate of screen updates is inversely related to the complexity of the 3D scene being displayed.
The maximum rate attainable when using alternate-eye stereo shutter glasses is 60 Hz. A scene
of moderate complexity will easily reduce this to around 10 Hz. For our experiments comparing
head-coupling and stereo, we desired as high a frame rate as possible. With careful adjustment of
scene complexity we were able to achieve the 60 Hz update rate with our test scenes on a Silicon
Graphics 4D/240VGX.
In one experiment, frame rate was a manipulated condition. The testbed includes a provision for
this. The program's main display loop can be maintained at a frame rate of 30 frames per second
by synchronizing to the monitor's refresh rate. Synchronization accuracy was veri ed with timing
calls to the system, both during calibration tests and during the actual experiments.
When frame rate was a manipulated condition in an experiment, frame rates of 15 Hz and 10 Hz
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were generated by repeating the display loop within the program two or three times, respectively.
Thus to produce an e ective 15 frames per second using the double-bu ered display system, each
frame would be refreshed twice before swapping frame bu ers to update the image. Frame rates of
30, 15 and 10 Hz generate frame interval times of 33.3 msec, 66.7 msec and 100 msec, respectively.
When tracker lag was a manipulated condition in an experiment, it was simulated by bu ering
the in-coming tracker records for a number of frame intervals. The tracker data is always requested
by the program just after a new frame interval begins and the device responds within less than a
frame time. Thus the data does not a ect the current frame, but does a ect the next frame. We
treated the time half-way into the frame interval as the time at which a user perceives the new
frame. The user does not e ectively see the tracker update until approximately 1.5 frame intervals
after the tracker record is requested. Hence a frame rate of 30 Hz produces a frame interval of 33.3
msec and an inherent lag of 1:5  33:3 msec = 50 msec. Bu ering the tracker data by one extra
frame time will produce a total lag of 83.3 msec. Similarly, a frame rate of 15 Hz introduces an
inherent lag of 100 msec and a lag of 166.6 msec when tracker data is bu ered for one frame time.
During the experiments, the actual average frame times and total lags were measured. During none
of the trials were the measurements found to be more than 3 msec away from their intended values.

5.4 Auxiliary 3D cues

Because stereo and head-coupling are by no means the only factors a ecting 3D delity, we endeavored
to provide as many additional depth cues as possible within the design constraints. The following
is a discussion of the qualities that were used in our experimental testbed.
The term \vection" is usually used to refer to the feeling of self movement when a large eld
display is moved with respect to an observer. Recent evidence indicates that the e ect can be
achieved with even a small eld of view [18]. Howard and Heckman suggest that one of the important
factors in eliciting vection is the perceived distance of a moving visual image, with images that are
perceived as furthest away contributing the most. In our experiments, we desire the observer to
perceive the monitor as a window into an extensive space. We created a background consisting of
a random eld of objects computed as though they were an in nite distance from the observer. To
give the illusion of depth-of- eld we chose discs with blurred edges as our background objects. The
discs are not intended to be focussed on; they are intended to give a feeling of spaciousness when
objects in the foreground are xated. We call this a vection background.
Shading from one or more light sources is an important depth cue in 3D scenes. This was used
in the rst experiment where we constructed two 3D scenes to investigate subjective evaluation of
viewing conditions (see Figure 3). The rst scene consisted of a pink sphere with smooth shading
and specular highlights, positioned above a striped ground plane. Smooth shadows were computed
and displayed on the ground plane. The second scene consisted of a bent tube object, again with
smooth shading and specular highlights. Both scenes were lit by a directional light source and an
ambient source.

5.5 Physical con guration and general experimental procedure

The experiments were conducted using the workstation and testbed software described earlier in this
section. The physical con guration of the equipment consisted of the monitor mounted so that the
screen center was level with the subject's eyes. The mouse and its pad were positioned comfortably
for the subject and the ADL-1 head tracker was mounted above the monitor by a wooden frame
strapped to the sides of the monitor (see Figure 4). Throughout the experiments the subjects always
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wore the stereo glasses and the head tracking equipment. This was to avoid e ects related solely to
the physical factors of wearing the equipment.
Five viewing conditions were used in the experiments. These are shown schematically by the
diagrams in Figure 2. In the non-stereo conditions the same image was presented to both eyes. In
the binocular non-stereo condition the perspective was computed for a viewpoint midway between
the two eyes. In the monocular viewing condition the right eye position was used and the subject was
asked to close or cover the left eye. In the xed viewpoint condition the perspective was established
as in the head-coupled binocular non-stereo condition, according to the head position at the start
of the trial. Subjects were asked to move their heads around for all conditions in order to assess the
value of head-coupling.

6 Experiment 1: Subjective Impression of 3D
To allow subjects to subjectively compare the relative e ectiveness of head-coupling and stereopsis
we implemented an experimental protocol which involves comparison of randomly selected pairs of
conditions. The rst experiment used this protocol to obtain subjective rankings for the ve viewing
conditions when looking at a stationary three-dimensional scene.

6.1 Procedure

Subjects were presented with one of the two scenes described earlier (the sphere or the tube). For
each trial, two of the ve viewing conditions were selected and subjects were asked to compare the
two and decide which type of viewing gave them a better perception of 3D space. The subjects
were told to alternate between the two conditions by pressing the space bar, until they decided
which condition they preferred and then to click on a mouse button corresponding to one of the two
conditions. We questioned subjects after the experiment on their opinions regarding the quality of
the di erent viewing conditions.

6.2 Design

There were 10 pairwise comparisons of the 5 viewing conditions. These 10 comparisons were
performed twice each, once for the sphere scene and once for the bent tube scene. A trial block
consisted of these 20 trials in random order. Each subject was presented with two blocks (a di erent
ordering was used for each block).
Following the comparison trials, subjects were asked for their comments in an e ort to gain
further insight into the results. The following set of questions was presented.

All of the following questions relate to the quality of the 3D spatial impression.

Is head-coupling as important, more important or less important than stereo?
Is the combination of head-coupling and stereo better than either alone?
Is head-coupling alone worthwhile? (If you had the option would you use it?)
Is stereo alone worthwhile? (If you had the option would you use it?)
Is head-coupling with stereo worthwhile? (If you had the option would you use it?)
Do you have other comments on these methods of displaying 3D data?

Seven subjects were used in this experiment, four of whom were familiar with high performance
graphics systems.
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6.3 Results

The data resulting from comparisons with the sphere scene showed no systematic di erences from
the data resulting from the bent tube scene and so these data were merged. Table 1 summarizes
the combined results from all subjects. Each entry in the numbered columns corresponds to a pair
of viewing conditions, and the values are the percentages of trials in which the row condition was
preferred over the column condition. Hence corresponding percentages across the diagonal sum to
100%. For example, the value 89% in row 4, column 2 means that condition 4 was preferred over
condition 2 in 25 out of 28 possible responses (4 responses from each of 7 subjects) and the value
of 11% in row 2, column 4 accounts for the other 3 responses in which condition 2 was preferred
over condition 4. The most signi cant result apparent from the data is that head-coupling without
stereo was preferred over stereo alone by a wide margin of 91% to 9% (averaging the monocular and
binocular results).
The last column in Table 1 shows for each viewing condition the percentage of times it was
preferred over all the trials in which that condition was present. The values in the column sum to
n=2  100% = 250%, where the number of viewing conditions n = 5 in our experiment. Head-coupled
display without stereo (both monocular and binocular) was preferred somewhat more often than
head-coupled display with stereo.
The responses to the questions also showed strong preference for head-coupling. All users said
that they would use it for object visualization if it were available. When asked to compare the
importance of head-coupling with stereo, two of the seven subjects stated that they thought stereo
was more important than head-coupling. However, these same subjects preferred the head-coupling
in the direct comparison task. One subject complained about the awkwardness of the apparatus
and pointed out that this would be a factor in how often it would be used.

7 Experiment 2: A Graph Tracing Task
In the second experiment, we took a more rigorous approach, and measured subjects' performance
on a 3D tree tracing task. Subjects were given a task very similar to one designed by Sollenberger
and Milgram [32] who tested the ability of observers to perceive arterial branching in brain scan
data under di erent viewing conditions.
Two trees consisting of straight line segments were constructed in 3-space and placed side-by-side
so that a large number of the branches overlapped (see Figure 5). One leaf of one of the trees was
distinguished and the subject was asked to respond as to whether the leaf was part of the left tree
or part of the right tree. In each case, the leaf chosen was the one whose x coordinate was nearest
the center of the screen.
In each experimental trial, the subject was presented with the scene and asked to click on the
left or right mouse button depending on whether the distinguished leaf appeared to belong to the
left or the right tree. The bases of the two trees were labeled on the screen with a triangle (the left
tree) and a square (the right tree). The corresponding left and right mouse buttons were similarly
labeled with a triangle and a square as an additional aid to help subjects remember the labeling.
The trees were recursively de ned ternary trees. A trunk of 8.0 cm was drawn at the base of the
tree, connected to the root node. Nodes above the root were de ned recursively, with the horizontal
and vertical positions of the children placed randomly relative to the parent. There were three levels
of branches above the root, resulting in 27 leaves for each tree. The following recurrence relation
gives a precise speci cation for one tree. This assumes a right-handed coordinate system with y
pointing upwards.
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Xbase = Ybase = Zbase = 0:0
V erticalSpacingroot = 8:0 cm
HorizontalSpacingroot = 8:0 cm
Xroot = Xbase
Yroot = Ybase + V erticalSpacingroot
Zroot = Zbase
V erticalSpacingchild = 0:7  V erticalSpacingparent
HorizontalSpacingchild = 0:7  HorizontalSpacingparent
Xchild = Xparent + HorizontalSpacingchild  Rand()
Ychild = Yparent + V erticalSpacingchild  (1:0 + 0:25  Rand())
Zchild = Zparent + HorizontalSpacingchild  Rand()
The function Rand() returns a uniform random number in the range [?1; +1]. The two trees
constructed for each trial were displayed side-by-side separated by a distance of 1.0 cm.
The visual complexity of the trees was tested beforehand, with the goal of making the task
dicult enough that depth perception was a factor, but not so dicult that a signi cant number
of errors would be made by a typical subject. This resulted in the speci c parameters that were
selected.
The experiment employed the same ve viewing conditions as in Experiment 1 and subjects wore
the stereo glasses and head tracking equipment throughout the experiment. Ten undergraduate and
graduate students, most of whom had experience with computer graphics workstations, served as
subjects for the experiment. They were instructed that their error rates and response times were
being recorded and that they should be most concerned with making as few errors as possible.

7.1 Design

A new pair of random trees was generated for each trial. Trials were given in groups of 22 with
the viewing condition being constant within the group. The rst two trials of each group were
designated as additional practice trials to familiarize the subject with the condition. A trial block
consisted of all 5 groups given in a random order, and the entire experiment consisted of 3 such
blocks, resulting in a total of 60 trials in each of the 5 experimental conditions. A practice group of
10 trials (two in each condition) was given at the start of the experiment. A stereo test scene was
presented to each subject prior to the experiment to verify the subject's ability to use stereopsis to
perceive depth.

7.2 Results

The results from Experiment 2 are summarized in Table 2. The timing data shows that the headcoupled stereo condition was the fastest, but that head-coupling alone was slow. There are signi cant
di erences at the 0.05 level between conditions 3 and 5 and between conditions 4 and 5, by the
Wilcoxon Matched Pairs Signed Ranks Test. The only other di erence that is signi cant is between
conditions 4 and 1.
The error data in Table 2 provide more interesting results, with errors ranging from 21.8% in the
static non-stereo condition without head-coupling to 1.3% for the head-coupled stereo condition. All
of the di erences are signi cant in pairwise comparisons except for the di erence between conditions
3 and 4, the two head-coupled conditions without stereo.
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8 Experiment 3: E ects of Lag and Frame Rate
In a head-coupled display system the lag in the display update arises from two primary sources. The
rst is the delay in receiving and processing physical measurements from the tracker. The second
lag comes from the delay between receiving the tracker values and updating the display. That is, the
time required to compute and render the scene using a perspective projection that takes into account
the latest tracker measurements. This second lag is a function of frame rate. There is usually a third
component which is also present due to variations in system load. In our experiment we eliminated
this as a factor by restricting network access to the workstation during the experiment.

8.1 Procedure

The Sollenberger-Milgram tree tracing task was used again for this experiment. All of the experimental
trials employed head-coupling and stereo viewing (condition 5). Subjects were informed that the
accuracy of their responses and their response times would be recorded. They were instructed to
perform the task as quickly as they could without seriously sacri cing the accuracy of their responses.
Note that this is di erent from the instructions given to subjects in Experiment 2, where error rate
was considered most important. The reason for this change of focus is due primarily to the low level
of diculty of our task and the fact that the trials were always performed under head-coupled stereo
viewing. We reasoned that measuring response times would be most relevant when dealing with the
addition of temporal artifacts and that error rates would not vary signi cantly as presumably a large
degree of depth perception can still be obtained through stereopsis and motion (even in high lag
conditions where the motion is not coupled accurately with head movements).
The subjects were ten graduate students, all of whom had some prior experience using graphics
workstations.

8.2 Design

Frame rates of 30 Hz, 15 Hz and 10 Hz and lags of 0, 1, 2, 3 and 4 frame intervals were used, making
15 conditions in total. Table 3 shows the total lag times resulting from these values.
Subjects were presented with 15 blocks of 22 trials, with lag and frame rate kept constant within
blocks. The rst two trials in each block were designated as practice trials to enable a subject to
become familiar with the block's lag and frame rate. A block of 22 practice trials with moderate lag
and frame rate (15 frames per second and 233.3 msec lag) was given at the start of the experiment.
A stereo test scene was presented to each subject prior to the experiment to verify the subject's
ability to use stereopsis to perceive depth.

8.3 Results

Figure 6 shows a plot of average response times for each of the 15 experiment conditions. The
horizontal axis measures the total lag time, and the points are marked according to the di erent
frame rates. Response time was found to be exponential with respect to total lag, and ranged
from 3.14 to 4.16 seconds. On average, subjects responded incorrectly in 3.4% of the trials. The
distribution of errors across conditions showed no distinguishable pattern.
An analysis was performed to compare the e ect of lag over frame rate. Three models were
tested using linear regression on the 15 averaged points. The models were
Model 1: log time = C 1 + C 2  Lag
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Viewing Condition
1
2
3
4
5 All
1 Picture
43% 4% 0% 7% 13%
2 Stereo only
57%
7% 11% 0% 19%
3 HC monocular
96% 93%
29% 61% 70%
4 HC binocular
100% 89% 71%
68% 82%
5 HC & stereo
93% 100% 39% 32%
66%
Table 1: Pairwise comparison results from Experiment 1. The ve percentages in the numbered
columns of each row correspond to the frequency a particular row condition was preferred over each
of the other conditions. The last column shows, for each viewing condition, the frequency that it
was preferred over the other conditions in all of the trials in which it was present.
Viewing Condition Time (sec) % Errors
1 Picture
7.50
21.8
2 Stereo only
8.09
14.7
3 HC monocular
8.66
3.7
4 HC binocular
9.12
2.7
5 HC & stereo
6.83
1.3
Table 2: Experiment 2 timing and error results
Frame Rate
Tracker Lag
FR (Hz) Frame time Base Lag # frames Lag Total Lag
30
33.3
50.0
0
0.0
50.0
30
33.3
50.0
1
33.3
83.3
30
33.3
50.0
2
66.6
116.6
30
33.3
50.0
3
100.0
150.0
30
33.3
50.0
4
133.3
183.3
15
66.6
100.0
0
0.0
100.0
15
66.6
100.0
1
66.6
166.6
15
66.6
100.0
2
133.3
233.3
15
66.6
100.0
3
200.0
300.0
15
66.6
100.0
4
233.3
333.3
10
100.0
150.0
0
0.0
150.0
10
100.0
150.0
1
100.0
250.0
10
100.0
150.0
2
200.0
350.0
10
100.0
150.0
3
300.0
450.0
10
100.0
150.0
4
400.0
550.0
Table 3: Experiment 3 conditions (all times are in msec)
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Model 2: log time = C 1 + C 2  FrameInterval
Model 3: log time = C 1 + C 2  Lag + C 3  FrameInterval
The e ectiveness of the regression t to the data can be measured from the coecient of
determination r2 , which measures the fraction of the variance which is accounted for by the regression
model. The r2 values for the three models are as follows
Model 1: r2 = 0.50
Model 2: r2 = 0.45
Model 3: r2 = 0.57
The best t regression line for Model 1 is plotted in Figure 6.

9 Discussion
The results of the experiment suggest a number of conclusions including evidence of subjective user
preference, di erences in objective task performance and de nite e ects due to spatial and temporal
artifacts.

9.1 User preference

The strong preferences expressed in Experiment 1 by most subjects for head-coupled viewing over
stereo viewing and the enthusiastic response of viewers to the concept of head-coupled display suggest
that applications which involve viewing 3D scenes on graphics workstations may bene t signi cantly
from the addition of head-tracking hardware and software. The apparent inconsistency of subjects
preferring head-coupled non-stereo over head-coupled stereo is probably due to the slight ghosting
which was visible in the stereo display because of slow phosphor decay.

9.2 3D task performance

Experiment 2 provides objective evidence that head-coupled stereo can aid users in the perception
of a complex 3D object. Here the evidence shows that both head-coupling and stereo contribute to
performance, although head-coupling helps to a much larger extent.
Given that our error rates for head-coupling were near zero it is dicult to tell the extent of the
performance increase with head-coupling and stereo combined, because the error rate cannot fall
much further. To obtain a better measure of the value of head-coupled stereo over head-coupling
alone would require making the task more dicult, or taking a di erent measure of performance
which is not bounded as error rate was for our task.
Overall, the error rates obtained are lower than those obtained by Sollenberger and Milgram
[32], but the pattern is strikingly similar despite the di erences in the stimulus trees, the viewing
conditions and the experimental protocols. Both our study and the study by Sollenberger and
Milgram found motion to be more important than stereo, even though their motion was simple
rotation of the object whereas ours resulted from head-coupling. Both studies found combined
motion and stereo to be more e ective than either in isolation.
It can be argued that the improvements seen with head-coupling in the tree tracing task are
not due to the head-coupling as such, but rather to the motion-induced depth [35]. Our current
evidence does not counter this objection. However, it is likely that the image motion produced by
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dynamic head-coupled perspective is less distracting than techniques such as rocking the scene back
and forth about a vertical axis, which is commonly done in commercial molecular modeling and
volume visualization packages.
In the results from Experiment 3, the best response times are approximately half of the best
response times for Experiment 2. This discrepancy is likely due to two factors. The subjects were
given slightly di erent instructions for Experiment 3 because response time was more important
than error rate. In Experiment 2, subjects may have been more careful to minimize errors at the
expense of response time. This is supported by the fact that in Experiment 2 with head-coupled
stereo the average error rate was 1.3%; in Experiment 3 this grew to 3.4% on average, with no
distinguishable pattern between the low and high lag conditions.

9.3 Spatial and temporal accuracy

The results from Experiment 3 suggest some interesting conclusions regarding the e ects of lag and
frame rate on the performance of 3D tasks.
The three regression models provide an indication of the relative e ects of lag and frame rate.
The third regression model which incorporates both lag and frame rate accounts for a large portion
of the variance (r2 = 0:57), as expected. The fact that the model only accounts for 57% of the
variance is likely due to the random nature of the selection of trees, resulting in a wide range of
diculty among trials.
Model 1, which involves lag only, accounts for more of the variance than does model 2, which
involves frame rate only (for model 1, r2 = 0.50 and for model 2, r2 = 0.45). The values suggest
that a large part of the variance is attributable to lag alone and that lag is likely a more important
factor than frame rate.
Given the data describing performance fall-o as lag increases, it is useful to obtain some measure
of what level of lag becomes prohibitive (for simplicity we will consider only lag here and not frame
rate). Speci cally we would like to know the lag value which makes performance under head-coupling
worse than the performance would be without head-coupling at all. We can compare the results
from Experiments 2 and 3 to obtain an approximate lag cut-o value, by nding a point on the
regression line in Figure 6 where response time is the same as for the static viewing condition.
The analysis becomes more complicated because our range of response times for Experiment 3
was lower than that for Experiment 2 due to the di ering instructions given to subjects, as was
discussed in the previous section. In Experiment 2 we found a best case response time of 6.83
seconds, whereas in Experiment 3 under the same conditions the response time was 3.25 seconds,
which is a factor of 2.10 less. The Experiment 2 average response time for static viewing was 7.50
sec. If we scale this by the same factor of 2.10, we nd that it corresponds to a response time
of 3.58 seconds under the conditions of Experiment 3. From the plot of the rst regression model
(Figure 6), this corresponds to a total lag of 210 msec. This suggests that for tasks similar to the
tree tracing task, lag above 210 msec will result in worse performance, in terms of response time,
than static viewing.
The error rates for Experiment 3 remained low over all conditions, averaging to 3.4%, in contrast
to Experiment 2 where the number of errors rose signi cantly in the non-head-coupled conditions.
This suggests that even in the presence of large lags and low frame rates, head-coupling provides
some performance improvement. This is not surprising, however, because the e ects are likely due
to depth from motion; while we do not have the data to verify this, it is likely that the performance
is similar to what it would be if the scene were moving independent of the user, even without
head-coupled viewing.
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Systems that use predictive methods such as Kalman ltering must make a compromise between
the size of the prediction interval and noise artifacts that become worse as this interval increases.
Introducing prediction into a system will e ectively atten out the low-lag portion of the curve in
Figure 6, and hence there will be a cut-o point beyond which the lag becomes unacceptable because
of the ltering artifacts.

9.4 Applications

Our results regarding the tree tracing task should be applicable to other tasks that require tracing of
lines in 3-space. Sollenberger and Milgram used this task to investigate how doctors looking at 3D
brain scan images could trace the paths of blood vessels. Similar tasks arise in molecular modeling,
and in the domain of software engineering where we may wish to trace object dependencies between
software modules represented as networks in 3D space [12][27].

10 Future work
The studies reported in this paper are part of an on-going investigation of factors a ecting human
performance on 3D graphics workstations. A number of interesting questions remain.

10.1 Combining Head-Coupling with Motion Control

In our evaluation of the e ectiveness of head-coupled stereo displays we have used scenes that are
stable in space. In the past, applications have used yoked or automatic rotation of the scene to
provide depth cues. Head-coupled perspective provides a related e ect which is arguably more
natural because we are accustomed to moving our head to obtain better views of scenes. However, it
is not clear whether this argument applies to all scenes. In particular, when looking at a small object
we are more likely to rotate the object than move our head about the object if we want to see the
object's sides. One interesting possibility is to combine the techniques of motion with head-coupled
perspective. One could have the scene rotate about its center, with the axis and direction of rotation
de ned in a counteractive way by the observer's head motion, and so obtain a more complete view of
the object than possible with head-coupled perspective alone. We have implemented this technique,
but have not conducted any formal studies of its e ectiveness.

10.2 Spatial and temporal accuracy

Another area requiring further study from a human factors standpoint is to determine what level
of spatial registration is sucient for e ective performance, and how registration errors a ect the
accuracy of depth judgements.
Our study of the e ects of lag and frame rates provides useful guidelines for employing sh
tank VR in applications. The e ects of temporal artifacts in immersion displays likely have similar
characteristics, but one would expect the e ects to be more extreme due to the wide eld-of-view
provided to the eyes.
We have dealt only with the artifacts present when tracking head position and orientation.
Presumably inaccuracies in tracking hand position will also degrade performance, but it is dicult
to predict what the e ect of two or more lags in a VR system will be.
In Experiment 3, two of the ten subjects reported slight dizziness afterwards. This is surprising
because there is little sense of immersion in sh tank VR; one would expect much more signi cant
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problems in immersion VR. Motion sickness is a serious problem for VR interfaces and requires
careful study with experimental subjects who are experienced in recognizing the symptoms.

10.3 Auxiliary 3D cues

In our experiments, we have been concerned primarily with the depth cues provided by head-coupled
perspective and stereoscopy. Comparisons of these techniques with other computer graphics methods
for depth cueing are important because eciency trade-o s must be made when implementing
real-time 3D graphics applications. Possible studies include conducting experiments to compare
human perception of wire frame objects and shaded objects, and objects with and without specular
highlights, both with and without head-coupled perspective.
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Figure 1: An illustration of the e ects of head-coupled perspective. The program is displaying
images of a car positioned in 3-space at the center of the screen. In the top row the image is
computed with an on-axis perspective projection and in the bottom row with an o -axis projection.
The left column shows the screen when viewed from a position on-axis and the right column shows
the screen when viewed from a position o -axis. Only in the top-left and bottom-right photographs
does the perspective projection match the viewing position, resulting in a realistic image which does
not appear distorted.
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Figure 2: The ve viewing conditions used in Experiments 1 and 2. In each of the diagrams the
image plane is represented by the bold horizontal line, and virtual objects are shown in front of and
behind the screen. The dotted lines indicate the perspective projections employed, each de ned by
an eyepoint and the corners of the screen.
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Figure 3: The sphere and bent tube displays used in Experiment 1. Hardware lighting was used
to achieve the specular re ection. The blurry cast shadow was pre-computed and subsequently
texture-mapped onto the oor. The colours and background have been modi ed for black and white
reproduction.
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Figure 4: The sh tank VR system. The subject's head position is measured by the ADL-1
mechanical tracker. StereoGraphics glasses are worn to provide di erent images to the left and
right eyes, and the display monitor is synchronized with the glasses to provide an e ective 60 Hz to
each eye.
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Figure 5: An example of the tree display used in Experiments 2 and 3. The colours and background
have been modi ed for black and white reproduction.
Results from Experiment 3
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Figure 6: Plot of response time versus total lag for Experiment 3. Each point corresponds to an
experimental condition with a particular lag and frame rate (see Table 3). The line is the best t
to the linear regression model involving total lag only.
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