
LET US START WITH a statement
about displays: “It is all about the viewer.”
Understanding human physiology and how we
perceive depth should lead display technology
toward a flawless and thus successful 3-D 
system.  What is true for the consumer market
is even more relevant for special applications
such as medical imaging, remote training, or
intelligence analysis.  In these fields, the 3-D
image can incorporate elements or data from
different instruments or sensors, making the
fused information complex to analyze.  But a
complex image does not, and should not, be
difficult to interpret.  In areas where informa-
tion interpretation is critical, the display ought
to be perfectly adapted to the decision maker.

Several cues are used by the brain to 
determine absolute and relative distances1:
occlusion, relative size of objects, atmospheric
scattering, texture, and shading are already
exploited in the case of 2-D displays.  Indeed,
we did not wait for the introduction of stereo-
scopic theater or television to understand 
relative positions of elements in a scene.
When an explosion happens in the back-
ground in a 2-D movie, we understand why
the hero remains unharmed.  A film director
can exploit these cues (and the absence of 
others) to make objects appear closer or 
farther away than they are in reality.  The use
of a telephoto lens is such an example because
it normalizes the size and distance difference
between near and far objects.  However, these

artistic touches can be misleading in cases
where the display is used for critical analysis.
You do not want a surgeon to think the artery
is farther away than it is in reality; you do not
want the intelligence analyst to think the
structure or building is smaller than it is on
the field.  Discrimination in these cases can be
improved when more cues are provided, thus
the focus on integrating stereopsis, vergence,
and accommodation into the display environment.

Stereopsis, Vergence, and Accommodation
Stereopsis and vergence are phenomena
resulting from binocular vision.  Different
images are perceived by the left and right eye
due to their lateral separation, and these
images are interpreted by the brain to deduce
distance.  Stereopsis is a consequence of the
binocular disparity (mostly the parallax shift),
while vergence is the rotation of the eyes in
opposite directions around their vertical axis
to fixate on the same point of an image [see
Figs. 1(a) and 1(b)]. 

Stereoscopic displays use those cues to
reproduce 3-D by employing a technique that
was introduced in 1838 by Sir Charles Wheat-
stone.  In a variety of implementations – such
as color filters (anaglyph), polarizers, or shut-
ters – stereoscopic displays present a different
image to the left and the right eye and prevent
crosstalk by using some sort of eyewear.2

Stereoscopy has many advantages:  it is
robust, quite easy to implement, and effective
to a certain extent.  It only requires a pair of
images to be recorded and does not dramati-
cally change the image-capture techniques
(side-by-side cameras).  In the case of polar-
ization and active-shutter technologies, the

display refresh rate only needs to be doubled
to 60 or 120 Hz –  reasonable frequencies for
the current technology in both cinema and
television.  This convenience is the main 
reason for stereoscopy’s recent commercial
success, in theaters at least.  Nonetheless,
there are a few issues with this approach, one
of which is that almost every stereoscopic
technique today requires some sort of eye-
wear.  The public has been fairly accepting of
this eyewear tradeoff when it comes to experi-
encing immersive 3-D, as theater attendance
has shown over the last couple of years.  Like-
wise, millions of people wear prescription
glasses without complaint – because the bene-
fits far outweigh the discomfort.

Another limitation with stereoscopy is that
it does not reproduce motion parallax:  When
the viewer moves in front of the display, the
viewpoint does not change.  You cannot look
around an object as in real life.  For a station-
ary audience such as one in a theater, this is
not an issue at all.  Motion parallax can also
be addressed by a head-tracking system that
determines the position of the viewer and 
calculates the viewpoint in real time.3

However, head tracking can be implemented
for one and only one viewer at any given
moment.  For a multi-viewer audience, there
would be one master directing the display,
resulting in awkward sensations for the other
viewers.

While the mandatory eyewear and the lack
of motion parallax are mild concerns with
stereoscopic approaches, the most serious
problem is the accommodation-vergence 
conflict.  Indeed, even if the vergence cue is
correctly reproduced by a stereoscopic 
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system, the accommodation is not.  This 
infor-mation conflict inside the brain leads to
asthenopia, i.e., visual fatigue, including
headache, nausea, and motion sickness.4,5

Vergence is the rotation of both eyes along
their vertical axis to fix on a common point in
a scene.  It is shown in Figs. 1(a) and 1(b)
how the eyes rotate so images are formed near
the fova spot, which is responsible for sharp
central vision.  The brain interprets the tension
on the eye muscles (media and lateral rectus)
to aid in determining the object’s distance.  If
that object is in the forefront of the scene, the
eyes rotate inward, causing the lines of sight
to cross near the viewer.  If the object is 
farther away, the eyes rotate outward to make
the lines of sights more parallel.  One can see
why this cue is correctly reproduced by stere-
oscopy, since the basis of this technique is 
laterally shearing the left and right image 
elements according to depth.

But the eye is also a single-lens optical 
system in which the image plane is fixed: the

image must form on the retina.  For such a
system, a sharp image is obtained for only one
position of the object.  When the object posi-
tion changes, the image position changes
accordingly unless the focal length of the lens
is adjusted, exactly describing what happens
in the eye.  The eye lens is not rigid and can
be deformed by the ciliary muscles to change
its optical power.  This is the basis of the
accommodation cue: the adjustment of the eye
lens to focus on objects at various distances
[see Figs. 1(c) and 1(d)].  Accommodation is
not related to stereoscopic vision, since you
still need to accommodate when viewing with 
a single eye.  It should be clear by now why no 
stereoscopic technique correctly reproduces the 
accommodation required by a true 3-D scene:
when looking at the display, your eyes accom-
modate to the position of the emitter plane
(the screen), and this position, or distance
from observer to image, remains constant.

As shown in Fig. 2, with stereoscopy the
brain receives conflicting information.  The

vergence changes and is correctly reproduced,
but the accommodation is fixed and thus
incorrect.  This conflict can lead to eye fatigue
and related physiological effects such as
headache, dizziness, and nausea.  However,
there is a certain degree of mismatch that the
brain can tolerate, especially when the screen
is far away, as in a theater.  At large distances,
accommodation is not used, and the eye lens
stays at rest.  This is why the vast majority of
people can appreciate a 3-hour movie in a
stereoscopic theater.  But for displays that are
located much closer to the viewer, such as a
television or a workstation, the conflict
becomes more pronounced and the effects can
be intolerable.5 This is especially the case in
professional environments where workers
spend most of their time looking at the 
display, or for young children, whose visual
systems are still in development.6 This is the
fundamental reason why better techniques are
needed to reproduce 3-D.   That brings us to
holography.

Holography
Holography is the reproduction of both the
amplitude and the phase of a scene by a
diffractive pattern.  We are familiar with 
systems that display amplitude, or intensity.
From a photograph to an LCD TV, every 
display reproduces the light intensity.  The
phase, or wavefront of a light field, is less
common and describes how the light wave is
particularly curved at each given point of a
scene.  For a 2-D image, the wavefront is flat
because each emission point is at the same
distance from the viewer (the Huygens–
Fresnel principle) but for a real scene, objects
at the forefront have a more convex wave 
pattern than elements in the background.  This
is precisely why the eye needs to accommo-
date.  It is now obvious why holography is the
ultimate technique to display 3-D: it recon-
structs the correct light field, and in doing so
all of the optical cues are reproduced.

There is a catch.  The reason why we still
do not have holographic television or theater,
even though holography was discovered in
1947, is due to the last two terms of the
above-mentioned holographic definition: the
“diffractive pattern.”  To diffract light, the
pattern (you can read pixel) needs to be of the
scale of the wavelength.  For visible light, this
is around 500 nm.  Now, if you want a reason-
able screen size – let’s say 0.5 × 0.5 m with a
reasonable field of view (50°) – you need to

Information Display 2&3/12 33

Vergence Accommodation

c)a)

b) d)

Far

Near

Fig. 1:  Accommodation and vergence cues differ for a far or near object.



control 1 × 10  pixels.  At video rate (60 Hz),
three colors and 8 bits per color, this multi-
plies to 5 × 1016 bits/sec, a bandwidth that is
not easily accessible.  To put these numbers
into perspective, you would have to tile a
1080p/1080i HDTV with about 2 × 106 pixels,
500,000 times, then shrink it to the size of a
15-in. monitor.  Despite the sheer size of the
problem, or maybe because of it, researchers
around the world are working on solutions,
and excellent works have been published by
various groups.7

If holography is the ultimate solution to
reproduce the light field, it might also be
over-kill for human vision.  Indeed, hologra-
phy achieves nanometer resolution that cannot
be resolved by the eye.  Since the resolution
of stereoscopy is not enough with 3 × 106

pixels, and holography is way too much with
1 × 1012 pixels, could we achieve a trade off
and find a technique in between these two
extremes that will reproduce all the visual
cues, but with limited bandwidth and a 
reasonable number of pixels?  The answer to
that question is stereography.

Stereography
Based on the work done by Gabriel Lippmann
on integral photography in the early 1900s, a
stereographic display projects different rays of
light in different directions from each of its
pixels.  This is why this technique is also
called multiple-viewpoint rendering.  To
explain it, think of the display as a frame
through which the viewer looks to see a scene
in the background.  This principle is sketched
in Fig. 3(a).  If you trace all the rays of light
coming from one point of the scene and pass-
ing through the frame, you will find they all
have different angles.  Those are the rays the
display has to reproduce, for each and every
point of the scene.  Though this analogy with
a frame and a background scene is useful for
explanation, stereography can also reproduce
objects in front of the screen (the frame in the
example), where the ray-tracing method is
identical [Fig. 3(b)].

How many rays a stereographic display
should generate to reproduce all of the visual
cues depends on the depth of field, as well as
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geometrical factors such as the viewer pupil
size, its distance from the screen, and the field
of view of the display.8 But considering a
high-definition display that has 2 × 106 pixels
(HDTV), and a depth of field about the screen
diagonal, this would translate to about 2 × 109

rays.
The technique of angular reorientation of

the light rays from the display is used in
autostereoscopic (glasses-free) 3-D television.9

In such a device, a lenslet array is laid over a
2-D screen.  As shown in Fig. 4, each lenslet
covers several pixels and redirects their beams
in different directions, creating different view
zones.  When the viewer is correctly posi-
tioned, his left and right eyes intercept two
different zones and a stereoscopic effect is
created (note that this is stereoscopic and not
stereographic).  However, the accommodation
cue is not reproduced with those televisions.
This is because at least two view zones need to
enter each eye to approximate the wave curva-
ture.  Compared to glasses-free 3-D television,
many more view zones need to be projected in
a stereographic system.

To obtain more view zones, one can imag-
ine packing more pixels under each lenslet,
but this means drastically reducing the pixel
size (down to 0.001 mm), which is not techni-
cally possible yet.  On the other hand, if you
increase the size of the lenslet itself to cover
more pixels, the lateral resolution of the 
display suffers.10

Different approaches have been proposed to
realize stereographic 3-D displays by repro-
ducing accommodation: optical demagnifica-
tion of the pixels by a telescope,11 and the use
of acousto-optic modulators to reorient lasers
beams and sweep the view zone.12 But up
until now, it seems that there is no display yet
capable of providing a large autostereoscopic
3-D image without some sort of artifact.  This
can be understood by the sheer numbers pre-
sented above.  It is not easy to move from a
system driving 2 × 106 pixels to one that will
manage 2 × 109, a factor of 1000 larger.

Hogels and Stereographic Still Imagery
While we wait for a dynamic stereographic
display to emerge from research labs, stereo-
graphic still pictures can currently be made,
thanks to holography.  These images are com-
posed of pixels, but each of those pixels is a
hologram.  They are named “hogels,” for the
contraction of both words.  These hogels are
recorded when two laser beams interfere in a

holographic recording material.  The first
beam is called a reference beam and does not
contain any information.  The second beam is
modulated by an LCD and focused by a lens
into one spot.  That means all the pixels from
the LCD screen are compressed together by
the lens into one single hogel.  The holo-
graphic recording technique actually achieves
what is shown in Fig. 3(a):  The back image is
shrunken into one pixel.

When this kind of hologram is replayed, the
hogels reproduce a structured cone of light, so
that each angle emits a different ray.  That is
the actual principle of stereography just dis-
cussed.  What is important to notice here is
the compelling beauty of these images, which
are realistically reproducing vibrant colors
and depth of field.  The images are attractive
from an artistic point of view, but they are
also useful in technical areas such as medical
imaging, architecture, and industrial design.13

Recently, a study was conducted with regard

to the performance of U.S. Army military 
personnel when using regular 2-D topographic
maps (on which soldiers had been trained and 
were used to) and stereographic 3-D holographic 
maps.14 The results revealed improvements in
planning and execution on every single task
when the soldiers were using the holographic
maps.  It is exciting to imagine what effect
such a technology, if a display is made possi-
ble, could have in the civilian world.

Material Resources
One of the reasons holographic stereography
has not yet been implemented into a 3-D
dynamic display is because of the recording
material.  Indeed, holographic recording mate-
rials such as photopolymers, silver-halide
emulsions, or dichromated gelatin are perma-
nent.  They are exposed to the laser beams
once, then chemically processed to reveal the
hologram, but cannot be refreshed.  With
these materials, holographic cinema can and
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has been demonstrated, but a display with
dynamic imaging is not possible.

A new type of material, called photo-
refractive polymers, was discovered in the
early nineties.  These polymers can be
recorded, erased, and refreshed without any
fatigue.  They do not need any post-process-
ing for the hologram to be revealed; it appears
by itself after the exposure due to electronic
charges re-localization.16 The properties of
this class of material have been extensively
studied and improved in recent years to
achieve very high figures of merit such as
diffraction efficiency, sensitivity, speed, and
reliability.  Since the materials are in a poly-
meric form, they can be cast into a large
screen and could be an ideal material to
develop a dynamic stereographic 3-D display.
That is the pathway the author’s group at the
University of Arizona, College of Optical 
Sciences, has followed to demonstrate a 3-D
display with a screen size up to 17 in. (see
Fig. 5), and a refresh rate of few seconds.17

Using the principle of holographic stereog-
raphy, and with the photorefractive material at
the heart of the system, a telepresence experi-
ment has also been demonstrated that records
images of a person in one location and prints
the hologram in another, using the Internet to
send the data.  Figure 6 shows photographs of
one of such holographic stereogram taken at
different angles to demonstrate the parallax.
The image can be erased and refreshed at will
without any material fatigue.  The photo-
refractive polymer might be to 3-D display
what phosphor has been to 2-D CRT screens. 

In its present state, this display is still an
experimental setup that needs further develop-

ment to achieve video rate and a compact 
system.  However, this is a new direction
toward a 3-D display that respects human
vision by providing all the cues: accommoda-
tion, vergence, and parallax.

So, while the challenges of stereographic 
3-D displays are numerous in quantity and
large in magnitude, we can expect that rapid
progress will continue to be made on different
fronts.  Humans are meant to see in 3-D, and
our quest for the ultimate display will con-
tinue until a system reproduces each and
every visual cue, flawlessly.
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