
Accurately rendering depth perception is one 

of the challenges of creating an augmented 

virtual world viewed through a 

head-mounted display. 

Rolland looks at 

this technology, discussing 

some of its applications 

and challenges. 
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BY JANNICK P. ROLLAND 

There is a moment during the acceleration of aircraft down the runway when the pilot calls "rotate." This causes 
the plane to rise up into the sky. The passengers are on board because they believe it to be a fact that this is 
what will happen. Like every other fact that underpins our relationship w i t h the technology structuring our 
lives, WE TRUST IT!-James Burke 

Yvan cries "Roman, Roman, it's my turn to use the ViewMaster!" Yvan looks through the lenses and is 
transported vividly back in time. "Oui, Montmartre, Montmartre!" A 3-D image is formed in his mind AS 
IF he were there! The images of the stereo slides on his retina fuse in his brain to form an apparent 3-D 
image in front of him. 

The ViewMaster of today's virtual environments is referred to as a head-mounted display (HMD), 
reflecting the fact that the traditional slides have been replaced by miniature electronic displays (similar to 
(hose placed in camcorders), and that the electronic displays and the optics are now embedded in a "hel
met."1 
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As with a ViewMaster, when wearing an HMD one 
sees 3-D scenes resulting from the fusion of, in this case, 
stereo pairs of computer-generated images, viewed 
through magnifying optics. Since the images are 
computer-generated, and not necessarily static, they can 
correspond to what a person sees from different view
points. As the user moves around in this computer-gen
erated, or virtual world, the stereo images are updated as 
a function of head position and viewpoint. Broadly 
speaking, virtual environments involve rendering stereo 
pairs of images dynamically so that, when optically dis
played, the 3-D environments created look like real ones 
from any viewpoint. 

Such environments should engage users to interact 
and perform multiple tasks, including the manipulation 
of objects—be they real or virtual, as shall be dis
cussed—localization and identification of targets, navi
gation from one location to another (as in walk-through 
applications), or decision making resulting from the 
experience.2 Creating an authentic experience with no 
adverse effects to the users—certainly easier said than 
done—is the technical challenge.3 And optics plays an 
essential role in figuring out these challenges. 

Virtual environments 
Virtual environment technology is a rapidly expanding, 
multidisciplinary field that produces marketable sys
tems. Total revenue for such systems has risen from $50 
million in 1991 to $1 billion in 1997.4 Our experiences 
with designing, assessing, and using the technology over 
the last eight years show that binocular HMDs are com
plex systems that still require extensive development 
and assessment in a collaborative effort across disci
plines. Binocular HMD technology also needs stan
dards—or at least clear guidelines—for its design, cali
bration, and maintenance. 

James Burkes quote provides a metaphor for our 
expectations about technology.5 While not yet at the 
required level of maturity to match the publics expecta
tions, eventually HMD technology is expected to 
become inexpensive and accessible enough for in-home 
use. While the visual interface is the focus of this paper, 
it is also noted that the technology is an approach to 
human-machine interface design that employs multi-
sensory sources of perceptual information such as 
sound and haptic response to produce a sense of 
immersion or "presence" in a computer-generated envi
ronment. Consequently, current and projected applica
tions of the technology will ultimately impact many 
areas of human endeavor, and people will be exposed to 
virtual environment technology in a number of 
settings.6 

Augmented realities 
While virtual environments may simply present an 
HMD user with a sense of immersion in a synthetic 
world, one of the more promising and challenging 
future uses of HMDs is in applications where virtual 
environments enhance rather than replace real environ
ments. This is referred to as augmented reality.7 In this 
case, see-through HMDs combine real and virtual 

images to provide a visually authentic environment, not 
so much in terms of the level of detail, but in terms of 
how depth is conveyed. Rendering of natural depth per
ception is critical because if the information is present
ed with unnatural visual cues, perceptual conflicts 
emerge.8 

The main goal of augmented reality systems is to 
merge virtual objects with real scenes so that the user's 
visual system suspends disbelief and perceives the virtu
al objects as part of the real environment. The visualiza
tion may take place close to the user (near-field opera
tion), as in manipulation tasks, or away from the user 
(far-field operation), for example, to detect and recog
nize targets.9 Current systems are far from perfect, and 
system designers typically end up making a number of 
application-dependent trade-offs. 

Both optical and video see-through technologies can 
be considered for augmented reality. With a video see-
through HMD, the real-world view is captured with two 
miniature video cameras mounted on the head gear (see 
Fig. 1), and the computer-generated images are electroni
cally combined with the 
video representation of 
the real-world. With opti
cal see-through HMDs, 
the real-world is viewed 
through a pair of half-
silvered mirrors placed in 
front of the user's eyes 
(see Fig. 2d, page 28). 
The mirrors also reflect 
the virtual (computer-
generated) images into 
the user's eyes, thereby 
optically combining the 
real- and virtual-world 
views.10 

Optical see-through 
HMDs take what might 
be called a "minimally 
obtrusive" approach: 
that is, they leave the 
view of the real-world nearly intact and attempt to aug
ment it by merging a reflected image of the computer-
generated scene into the view of the real-world. Video 
see-through HMDs are typically more obtrusive in the 
sense that they block out the real-world view in 
exchange for the ability to electronically merge the two 
views more convincingly. A comprehensive discussion11 

of the trade-offs between optical and video see-through 
HMDs with respect to technological and human factor 
issues is given in Reference 12. 

Potential applications 
While the U.S. Army, Navy, and Air Force have engaged 
in the development of various optical see-through 
HMDs, research in effective visualization and its poten
tial uses has also been conducted by academic and other 
research laboratories. The University of North Carolina 
at Chapel Hill (UNC), for example, has developed tech
nology and applications in both optical and video see-

Figure 1. The author wearing a video see-through 
HMD and participating in a human factor study to 
test human adaptation to visual displacement in 
such devices. 
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through H M D s since the 1980s. See-through displays 
are also being developed for eng ineer ing 1 2 - 1 3 and med
i c a l 1 4 - 1 7 applications. 

A n important issue in video see-through is that of 
viewpoint matching between the pupils of the video 
cameras and the user. 1 8 A mismatch leads to a discrep
ancy between the visual and proprioceptive senses. The 
question is whether the technology should be designed 
to generate minimal mismatch at the expense of a nar
rower f ie ld-of -v iew and ergonomic complexi ty, or 
whether humans can adapt sufficiently to the mismatch 
to minimize specification compromises. To answer the 
question, an investigation of human adaptation to visu
al displacement in video see-through H M D s was con
ducted. 1 9 It found that humans adapt fairly rapidly to 
visual displacement, however, they are also subject to 
after-effects, such as the "guinea pig" in an experiment 
who, after taking off the H M D , was handed a soda. As 
the subject attempted to drink the soda, she instead 
started to pour it on her head! Based on the fact that 
humans do adapt to their virtual environments, video 
see-through devices for applications such as guided 
surgery, have adopted narrow field-of-views to ensure 
critical viewpoint matching. 

In the Vision, Graphics, and Image Laboratory (VGI-
Lab) at the University of Central Florida (UCF) , novel 
augmented-reality technologies more specifically aimed 
at medical applications are being developed. In collabora
tion with the U C F Institute for Simulation and Training, 
for example, a novel type of H M D known as a projective 
head-mounted display is being designed. A prototype for 
demonstrating the proof of concepts is seen in Figure 3. 2 0 

The role of accurate investigation and diagnosis in 

the management of health care is 
irrefutable, and a main develop
ment of medical care is imaging. 
Since the discovery of X-rays in 
1895, and the first X-ray clinical 
application a year later, many med
ical imaging modalities (e.g., com
puted tomography, u l t rasound , 
magnetic resonance imaging) have 
emerged, allowing one to see areas 
of living beings that were unseen 
before. O n the other hand, some 
medical procedures such as surgery 
are conducted today in a similar 
manner to 100 years ago. 

Biomedical imaging and visual
ization could provide opportunities 
for enhanced minimal ly invasive 
surgery procedures. Such proce
dures, however, require additional 
training because physicians do not 
see the insides of the body as they 
do in traditional surgery, nor do 
they experience natural eye-hand 
coordination the same way. A d d i 
tionally, techniques using H M D 
promise to help restore some of the 
percept ion losses that occur in 

operations such as laproscopic surgery. Moreover, visual
ization techniques could play a critical role in educating 
both medical students and patients themselves. 

Specifically, the V G I - L a b is developing a teaching 
tool for the visualization of complex anatomical joint 
motions, in collaboration with researchers at U N C . 1 6 , 2 1 

This tool allows the radiology student to see an en
hanced view of the joint composed of a 3-D computer-
generated internal joint structure superimposed on the 
real-world view (see Fig. 2a). A n example of visualiza
tion with this tool is seen in Figure 2. 

The role of optics 
W h i l e the role o f 
optics in the genera
tion of virtual envi
ronments was down
played u n t i l the 
1990s, optics is es
sential to the effec
tive d e v e l o p m e n t 
and h igh per fo r 
mance of v i r t u a l 
environments.22 

Opt ica l technology 
certainly plays a clear 
role with respect to 
the design of H M D s , 
and is also critical in 
the effective interface 
between the H M D s 
and the c o m p u t e r 
graphics models that 

Figure 2. (a) The VRDA tool (in development) will allow superimposition of virtual anatomy on a model 
patient. (b) An illustration of the view of the HMD user (Courtesy of Andrei State). (c) Schematic of the 
optical superimposition inside the HMD. (d) A rendered frame of the knee-joint bone structures that will be 
integrated in the tool. 

Figure 3. Proof of c o n c e p t prototype of a 
project ive head-mounted display ( 1 9 9 8 ) . 
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generate the images. Specifically, it is important to define 
what component of the user's eyes correspond to the 
graphical eyepoints used in the generation of the stereo 
pair of images.23 Furthermore, from our understanding 
of how we perceive 3-D objects in the real world, optics 
can help optimize the presentation of the images in the 
HMD. 2 4 Beyond the visual interface, optical technology 
often plays a role in satisfying stringent tracking require
ments,25 and will perhaps also contribute to computing 
authentic illumination schemes for real-time virtual 
environment simulation. It is currently assumed that 
physics-based models are too complex for real-time per
formance. 

Displaying stereo pairs of computer-generated 
images from the changing viewpoints of a user is the 
underlying principle of creating visual scenes in virtual 
environments. How can we create stereo pairs of images 
that provide a visually authentic virtual environment 
that is accurately rendered in terms of depth, when most 
HMDs have no eyetracking capability? Is eyetracking 
required for accurately rendered depth? If so, and eye-
tracking is not available, what design choices minimize 
errors in rendered depth? What other roles can eye-
tracking in HMDs play? 

Accurate rendered depth may be critical for high-end 
applications and, ideally, eyetracking data will allow the 
dynamic adjustment of the eyepoints as the eyes natu
rally move behind the HMD optics.26 In this case, based 
on optics fundamentals, the location of the eye pupils 
serve as the eyepoints. Because most HMDs have no 
eyetracking capability, it is important to gain a compre
hensive understanding of the role, of the choice, and of 
the eyepoints, to minimize render depth errors in 
HMDs with no eyetracking capability and quantify the 
possible remaining errors. 

In an investigation of the role of the eyepoint on ren
dered depth errors in HMDs, three different eyepoint 
locations were considered: the nodal point, the entrance 

pupil, and the center of rotation of the eye.24 The nodal 
point—the one most commonly considered in comput
er graphics—leads to errors in rendered depth in all cas
es, whether or not the eyes were being tracked. The 
entrance pupils yield shifted, scaled, and tilted objects. 
While the centers of rotation yield no shift at the gaze 
point, they yield scaled and tilted objects as well. The 
analysis further shows that angular errors of objects 
around the gaze point up to one degree can be generat
ed. Figure 4 illustrates the angular error introduced by 
the use of the center of rotation versus the entrance 
pupil under the same viewing conditions. 

Finally, while it has been rather overlooked com
pared to field-of-view and lightweight capabilities, exist
ing HMDs are focused at a fixed distance. Moreover, 
perhaps surprisingly, the vast majority of deployed vir
tual reality systems present the same images to both 
eyes. Such biocular systems require neither accommo
dation nor convergence. In elite systems that can afford 
two separate graphics generators, and thus a distinct 
image for each eye, convergence or the ability to direct 
the eyes to a 3-D object to avoid double images is 
required. The absence of the need to focus, however, is 
not consistent with real-world vision. Ideally, virtual 
objects will be displayed at the appropriate distances 
from the viewer and natural, concordant focusing or 
accommodation and convergence will be required. 

Figure 4. Side view of the locat ion of the apparent sphere if (a) the cen te r 
of rotation is the eyepoint , (b) the en t rance pupil is the eyepoint . Whi le the 
depth d isp lacement is larger for the pupil , the angular error is larger for the 
center of rotat ion. In both c a s e s the 2-D virtual i m a g e s are co l l imated 
(L = 10 m). The e y e s gaze at 2 5 0 m m in the half-IPD d i rect ion. 
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A recent theoretical feasibility study proposed adding 
multi-planes focusing capability to H M D s . 2 4 Such a 
capability would lessen some of the conflicts between 
accommodation and convergence present in existing 
devices. A framework to compute the range of multi
planes focusing, the number of planes needed within a 
range, the interplane spacing, and the required resolu
tion of the planes was presented. Similar to any H M D 
specification, the design of effective virtual environ
ments requires an analysis of the tasks to be performed 
and optimization of the technology to these tasks. Aim
ing for some off-the-shelf generic technology will 
inevitably lead to sub-optimal technology and perfor
mance. 

While the future of H M D technology lies in light
weight, ergonomic devices with eyetracking capability 
and possible multiple-planes focusing, current technol
ogy typically does not include eyetracking capability. 
The technology must then be optimized based on the 
type of visualization and, furthermore, the specific tasks 
to be performed. For use of the technology in either 
near-field visualization (e.g., visualization at arm 
length) or far-field visualization (e.g., visualization at 
infinity), the location of the 2-D virtual optical images 
of the miniature displays can be chosen to be at the 
mid-depth of 3-D visualization to minimize rendered 
and thus perceived depth errors. The problem occurs 
when both realms of visualization—near- and far-
field—are used simultaneously. In such a case, we must 
consider the specific task being performed. The Vaissie 
et al., investigation of eyepoint location in HMDs sug
gests that depth localization tasks must use the center of 
rotation of the eye as the eyepoint, while angular target 
judgments away from the gaze point of the user impose 
that the entrance pupil of the eye be selected instead. 
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