
While holographic 

video is a realistic 

concept in contemporary 

science fiction, it remains 

an illusive 

technology. St. Hilaire 

discusses the need for 

advanced visual 

interfaces, and explains 

the history, present 

state, and future of the 

technology, with an empha

sis on the MIT Media Lab

oratory project. 

HOLOGRAPHIC 

V I D E O : 

The ultimate visual interface? 

Acliché often used when describing the progress of computing devices goes like this: If cars had fol
lowed the same evolutionary curve that computers have, a contemporary automobile would cost a 
dollar and could circle the Earth in an hour using a few cents worth of gasoline. Applying the same 
metaphor to computer displays, however, would likely find us at the wheel of a 1940s vintage Buick. 

The fact is, there have been few conceptual advances in display technology since the advent of television in the 
1940s. The National Television Standard Committee (NTSC) standard adopted at that time specified a display reso
lution of 480 scan lines and about 640 pixels horizontally. (It should be noted that NTSC images are not discreetly 
sampled in the horizontal direction, but the 640 pixels figure is a commonly used approximation.) Today's high-
end computer terminals offer color images with 1024 scan lines and 1280 pixels hori
zontally. This corresponds to an improvement factor of four, over a half century. 

There is a real need for display devices that go beyond those to which we have 
become accustomed. Conventional display devices offer only a minute fraction of the 
information that can be processed by the human visual system. Compare this to the field of acoustics, where digital 
recordings and modern loudspeakers offer almost live music sound. With respect to high-tech acoustics, even the 
most advanced high resolution displays available fare about as well as Edison's recordings on wax cylinders. A per-

Hologram of a Honda EPX from the second generation display. Rendering by Wendy Plesniak and fringe computation by Mark Lucente. 
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fect display device should reproduce a visual scene with 
little or no degradation in realism, the same way audito
ry information is conveyed with high fidelity. 

In the late 1980s, Edward H. Adelson (MIT)1 intro
duced the concept of "plenoptic function" to describe 
the structure of the information in the light impinging 
on an observer. The plenoptic function describes every
thing that can be seen, hence its name (from plenus, 
"complete," and optic). The parameters of the plenoptic 
function include the light intensity distribution at the 
viewer's pupil, as well as the wavelength, viewer posi
tion, and, in the case of moving images, time. The ideal 
display technology should therefore be capable of repro
ducing the entire plenoptic function. 

Conveying the entire plenoptic function to an 
observer implies an arbitrary degree of control over the 
wavefronts reaching the eye (excluding absolute phase 
and polarization, to which the human visual system is 

not sensitive), 
and obviously 
requires the 
processing of 
large amounts 
of data. From 
early on, holo
graphy was 
considered a 
most likely 
candidate for 
this task, since, 
in theory, a 
h o l o g r a m 
allows the re
construction 

of an arbitrary wavefront over an extended portion of 
space. Indeed, conventional silver-halide holograms 
have now attained an uncanny degree of realism 
through a careful consideration of primary laser wave
lengths, holographic emulsions, and chemical process
ing. 

Despite a period of enthusiasm in the early 1960s, 
however, display holography has yet to fulfill its promis
es. Indeed, numerous researchers have stated that the 
holy grail of display technology, namely a holographic 
display capable of a perfect realistic scene, is a techno
logical impossibility. But U.S. and Japanese research 
conducted in the last decade shows that this is not the 
case. Digital holographic video displays have been 
demonstrated and can be scaled to useful sizes by 
adopting the appropriate optical and signal processing 
architectures. 

In the course of this article, I will first explain the 
challenges and strategies involved in the implementa
tion of holographic displays, followed by a short histori
cal review. I will then describe the experimental work on 
video holography being pursued in the U.S. and Japan, 
with an emphasis on the research effort being carried 
out at the MIT Media Laboratory. Finally, I will intro
duce further issues that need to be addressed, such as 
three-dimensional scene capture, hologram illumina
tion, and speckle. 

Basic concepts 
The basic operation of a real-time holographic system is 
conceptually simple. First, the holographic image is cal
culated using an algorithm that approximates a Fresnel 
transform of a scene (while such algorithms are an active 
field of research, a detailed discussion of the subject is 
beyond the scope of this article). The calculated infor
mation is then used to modulate the phase or amplitude 
of a spatial light modulator (SLM), which diffracts light 
coming from a monochromatic source and recreates an 
approximation of the calculated wavefront. This wave-
front, processed by an imaging system, yields a correct 
reproduction of the scene. Since typical SLMs have pixel 
sizes much larger than the features required by a practi
cal hologram, the imaging system usually demagnifies 
the image of the SLM, with a corresponding increase in 
the viewing range of the image. Because of this last step, 
it is possible to use a variety of SLMs, with a wide range 
of pixel sizes, to display holograms, as long as the total 
space-bandwidth product is conserved. 

The bandwidth bottleneck 
The concept of an interactive holographic display is tak
en for granted as a "reality" in almost all contemporary 
science fiction—from Princess Leia in Star Wars to the 
Star Trek "Holodeck." Why is it then that so few groups 
around the world are pursuing that goal? After all, the 
possibility of transmitting and reconstructing holo
grams electronically was investigated very early on by 
pioneers in the field.2 

The large amount of data necessary to convey a holo
graphic image is the first obvious answer to the above 
question. The information content of a hologram is 
readily calculated by considering that a hologram 
encodes a wavefront by interfering the light coming 
from the object of interest with a typically off-axis refer
ence beam. This process results in a series of interfer
ence fringes whose spatial frequencies are commensu
rate with the wavelength of the recording laser.2 Since 
theory dictates a sampling interval inferior to half of the 
narrowest fringe spacing, the resulting count is stagger
ing: A full parallax hologram of dimensions 
100 X 100 mm with a viewing zone of 30° contains 
approximately 25 billion samples of information—all 
for a single frame. In order to update such an image 
with 8-bit resolution at 60 frames/sec, a data rate of 12 
Tb/sec is required. This bandwidth is well beyond the 
current range of processing and display technologies. 

The large number of pixels required by a hypotheti
cal holographic video display is corollary to the preced
ing evaluation. The display described requires 25 billion 
pixels, whose amplitude or phase needs to be modulated 
independently. Such numbers are of course beyond the 
reach of available SLMs. Investigators in the field have 
consequently resorted to some clever techniques to 
work around the present technical limitations. 

So far, the most promising information reduction 
technique consists of eliminating the vertical 
parallax,3 a concept pioneered by Stephen A. Benton 
(MIT Media Laboratory). The human visual system 
extracts depth information from a scene mostly 

Figure 1. 1 5 million pixel L C D holographic display. 
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through its horizontal parallax, a feature applied in 
conventional stereoscopic displays. The elimination of 
vertical parallax has been exploited in the generation 
of white l ight, viewable ho lograms, e.g., the smal l 
rainbow holograms embossed on credit cards. A hor i 
zontal parallax only ( H P O ) ho logram represents a 
scene from a single vertical perspective. Consequently, 
the n u m b e r o f pixels in the ver t ica l d i r e c t i o n is 
matched only to the vertical image resolution. As a 
result, a two orders of magnitude gain in information 
content is typically achieved. 

Vertical parallax elimination can also result in con
siderable savings in display complexity and allow for the 
use of one-dimensional SLMs. The price is an astigma
tism resulting from the vertical and horizontal focal 
planes no longer coinciding. But extensive empirical 
evidence with rainbow holograms shows the human 
visual system to be remarkably insensitive to this type of 
aberration. 

Early experiments 
The first successful holographic video experiment was 
reported in 1971 by R.J. Doyle and W.E. Glenn of CBS 
Laboratories. 4 A n off-axis hologram was recorded on a 
v idicon tube transmitted by, and then written on a 
thermoplastic film with, an electron beam. The ther
moplastic film was inside a modified cathode ray tube 
(CRT) called a Lumatron. After writing, the hologram 
was present on the sheet as a latent image consisting of 
a charge d i s t r i b u t i o n pat tern . H e a t i n g the f i l m 
deformed the thermoplastic according to the charge 
distribution, resulting in a phase grating. A laser coaxial 
within the electron tube then projected the image. A 
few simple Fourier holograms were demonstrated. The 
mediocre speed and spatial frequency response of the 
thermoplastic limited this system to a proof of concept. 

Another research effort somewhat related to the CBS 
Labs experiment used scanned laser beams to generate 
holograms of points in space, with a thermoplastic mate
rial recording the final image. 5 The researchers were hop
ing to achieve television-quality images and refresh rates 
of around 1 frame/sec. Once again the main problems 
encountered were due to the limited frequency response 
and high noise of the thermoplastic. Unfortunately, no 
subsequent reports followed the original publication. 

In the mid 1980s, researchers attempting to display 
computer generated holograms in real-time with a pixe
lated S L M used a Semetex magneto-optic S L M . 6 Such a 
device consists of a garnet f i lm with magnetization 
local ly cont ro l led through an array o f 128 X 128 
crossed electrodes. The magnetization of the corre
sponding pixels rotates the polarization of incoming 
light through the Faraday effect. A n analyzer oriented 
90° to the incident polarization results in a bipolar 
phase modulation when the magnetization is inverted. 
The magneto-optic light valve thus acts as a binary 
phase modulator that can be used to display holograms. 

The same group later repeated the experiment with a 
twisted nematic l iquid crystal light valve. 7 Wi th this 
material, the polarization of the incoming light is rotat
ed by the twisted liquid crystal molecules. A n applied 

electric field modifies the twist and tilt of the molecules, 
as well as the polarization state of the transmitted light. 
In this experiment, an analyzer then converted the 
polarization state to a binary amplitude and the holo
gram was observed in the Fourier plane. 

In both cases, the low pixel count of the devices— 
128 X 128 for the magneto-optic device and 100 X 100 
for the liquid crystal displays (LCDs)—limited the exper
iments to a proof of principle with very simple images 
(typically alphabetic letters) displayed. No attempts were 
made to display three-dimensional scenes that require 
orders of magnitude increases in pixel count. 

Present research 
Despite the availability of new SLMs and advances in 
digital signal processing, only a few groups are presently 
pursuing research aimed at creating real-time holo
graphic displays. In North America, the Spatial Imaging 
Group of the M IT Media Laboratory has been conduct
ing the largest effort to date. Holographic video research 
attracts more attention in Japan, where a few groups are 
actively work ing on display technologies and algo
rithms. The latest attempts at real-time holographic 
imaging can be subdivided into three broad categories: 

High pixel count LCDs; 
Piecewise wavefront reconstruction displays; and 
Scanned aperture displays (typically using Bragg cells). 

Liquid crystal displays 
Virtual ly all holographic display experiments using 
L C D s are being conducted in Japan, where a govern
ment sponsored ho lograph ic v ideo p r o g r a m is in 
progress. The TAO 3D project, under the auspices of the 
Japanese Ministry of Posts and Telecommunications, 
has led to many interesting prototypes. 

While the limited pixel count of the most advanced 
L C D s is great enough to demonstrate simple images, it 
continues to fall short of the requirements needed for 
practical holographic displays. Noboyuki Hashimoto 
(Citizen Watch Corp.) and his group have been using 
high pixel count twisted nematic LCDs as phase modu
lators to produce small three-dimensional images. 8 Cit i 
zen Watch has an active program aimed at the develop
ment of multimillion-pixel LCDs. 

A way to work around the low pixel count of individ
ual L C D s is to optically multiplex the light diffracted by 
such devices. Another T A O group, whose sketch is 
shown in Figure 1, plans to implement a 15 million pix
el holographic display by multiplexing five 3200 X 960 
twisted nematic L C D s manufactured by Citizen Watch. 9 

The display has yet to be experimentally demonstrated. 

Piecewise wavefront reconstruction 
A different approach at synthesizing three-dimensional 
images is being implemented at the University of Alaba
ma, in Huntsvi l le. 1 0 Conventional holography conveys 
the structure of a wavefront by encoding it into a large 
number of individual fringes. At reconstruction, both 
wavefront orientation and curvature are faithfully ren
dered. The Huntsvi l le group, however, encodes the 
wavefront information as a set of gratings that are indi-
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vidually modulated by an LCD screen (see Fig. 2). This 
has the effect of quantizing the direction along which 
light is diffracted as well as destroying the local wave-
front curvature information. This piecewise encoding 
thus replaces a smoothly varying wavefront by a super
position of individual plane waves. 

The gratings encode a juxtaposition of discrete view
ing zones, much like a lenticular screen does. Each LCD 
pixel then typically corresponds to hundreds of prere
corded fringes and the total pixel count is significantly 
lower. The images generated by this "partial pixel" 
approach are closely related to holographic stereograms, 
and some algorithms developed for the generation of 
stereograms are directly applicable to the partial pixel 
architecture. No fringe computation is necessary to dis
play the images, which can be rendered by conventional 
computer graphics techniques. This computational 
advantage is offset by the loss of local wavefront curva

ture, which signifi
canlty degrades 
the resolution of 
deeper images. 

So far the 
Huntsville group 
has demonstrated 
20 X 30 mm 
images consisting 
of 16 discrete 
views. The proto
type used is a 
miniature trans-
missive LCD screen 
carefully aligned 
with a diffractive 
phase mask. Novel 
diffraction-based 
reflective displays 

such as those of Silicon Light Machines (Palo Alto, 
Calif.) and Microdisplay Corp. (Berkeley, Calif.) that 
dispense with the need for a separate LCD and phase 
mask, might render partial pixel architecture attractive 
in the near future. 

Scanned aperture displays 
Another strategy for the display of holographic images 
circumvents the need for extremely large pixel count 
SLMs by only displaying a fraction of the entire scene at 
a given time. If such "subholograms" are successively dis
played at a rate faster than the integration time of the 
human visual system, the observer will perceive an image 
corresponding to a juxtaposition of the subholograms. 
This spatial multiplexing scheme is at the heart of the 
displays developed by the Spatial Imaging Group,3 and 
will be discussed in the remainder of this article. 

The MIT holographic video project 
Electronic holography experiments began at the MIT 
Media Laboratory in 1987.1 1 The original concept 
behind the MIT holographic video system was derived 
from a television display technology developed in the 
late 1930s.12 The so-called Scophony projector was, at 

the time, considered a serious contender for the display 
of conventional television images. In 1980, the use of a 
Scophony-type geometry for three-dimensional displays 
was again proposed.13 The idea was to use programma
ble chirp filters to alter the focal plane of an image writ
ten on a Bragg cell (at the time the direct numerical syn
thesis of holographic fringes was not considered 
practical), but computational limitations prevented fur
ther pursuit until the mid-1980s when feasible comput
ing platforms emerged. 

The fundamental idea behind both the MIT elec
tronic holography and the 1930s Scophony display is the 
use of a Bragg cell as a display medium.3 The Bragg cell 
consists of a single tellurium dioxide (TeO2) crystal cut 
along the [110] shear mode propagation axis (the 1930s 
version used a liquid-based cell). At one end of the crys
tal is an ultrasonic transducer, which converts the elec
trical holographic information signal to a shear wave 
that is launched down the crystal. As the wave propa
gates, the regions of greater elastic shear present a mod
ulated index of refraction for the optical beam. The 
beam passes at the Bragg angle with respect to the 
acoustic wave and thus emerges from the crystal with a 
relative phase-difference pattern across its width, pro
portional to the instantaneous amplitude of the shear 
wave along the length of the crystal. This complex fringe 
pattern transfers the computer-generated hologram 
(CGH) data to the optical beam. 

Figure 3 shows the electro-optical portion of the orig
inal display. A HeNe laser is used as a coherent source of 
monochromatic red light. The beam is spatially filtered, 
expanded, and collimated. A horizontal slit-shaped por
tion of this beam then passes through the Bragg cell, 
producing a diffracted order that represents a portion of 
one line of the hologram. The phase information written 
in the cell propagates at a rate of 617 m/sec, which is the 
speed of shear waves in the TeO2 crystal. Therefore, the 
diffracted image also moves (from left to right) at this 
rate. To make the image appear stationary, a spinning 
polygonal mirror horizontally scans the image of the 
Bragg cell in the opposite direction. 

The horizontal scan also acts to time-multiplex the 
image of the crystal, creating a virtual crystal that is 
exactly as long as one line of the CGH. This multiplex
ing is necessary because the crystal's time-bandwidth 
product is usually orders of magnitude smaller than the 
time-bandwidth product of a single hologram line. We 
can therefore think of the C G H as a narrow slit being 
displaced along a much wider hologram. This situation 

Figure 2. Principle of operation of the partial pixel architecture. 
Each sub-pixel modulates and diffracts light into a predetermined 
direction.1 0 

Figure 3. Sketch of the original MIT holographic video display. The 
vertical scan lenses have been omitted for clarity. 
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is very similar to synthetic aperture radar (SAR) where a 
narrow antenna is linearly and coherently scanned to 
give an effective aperture equal to the scan length. The 
main difference is that we are generating a wavefront 
instead of recording one (thus the name Synthetic Aper
ture Holography, sometimes used to describe this con
cept). The vertical deflection is provided by a closed 
loop galvanometric scanner. The net effect is that of a 
small horizontal-parallax hologram being scanned in at 
a faster rate, much like the electron beam in a CRT dis
play. 

Computation of the images was originally done on a 
massively parallel supercomputer, with enough muscle 
to directly drive the display. The computer's framebuffer 
firmware was significantly rewritten to generate signals 
with the proper format. The analog signal from the 
framebuffer was upconverted to match the Bragg cell's 
operating frequency range, filtered, and amplified before 
driving the transducers.3 

The first holographic images were demonstrated in 
the summer of 1989. They consisted of simple geomet
ric patterns with vertical resolutions of eight scan lines. 
Rapid progress followed. A display exhibiting 192 hori
zontal scan lines was demonstrated in 199014 and color 
images were achieved in 1991 (see Fig. 4). 1 5 The total 
space bandwidth product was limited by the frame-
buffer to 6 MB, resulting in final images roughly the size 
of a 35 mm slide with a view angle of 15°. Each scan line 
comprised 32,768 samples. 

Two major issues arose when we decided to upscale 
the technology. First, a mathematical analysis demon
strated that the polygonal mirror diameter scaled linearly 
with the image space-bandwidth product lead to unrea
sonable dimensions in any practical use scenario. Sec
ond, the signal bandwidth, which also scaled linearly 
with the image size, rapidly became impractical for sin
gle channel devices. The solution to these problems was 
to adopt a parallel optical architecture.16 We replaced 
the single polygonal mirror with an array of small gal
vanometric scanners and used two 18-channel Bragg 
cells to write the image. The multichannel Bragg cell was 
in turn driven by an array of parallel framebuffers and 
analog signal processors developed at the Lab. Figure 5 
gives a simplified optical diagram of the second genera
tion display. 

By early 1994 we were able to display images 
150 X 75 mm with a viewing angle of 30°. 1 6 The vertical 
resolution was 144 scan lines, with a 30 Hz refresh 
rate—enough to strikingly display rough television 
quality three-dimensional pictures. Each frame con
tained 38 MB, for a total analog bandwidth of 900 MHz 
and an internal throughput of 1.2 GB/sec (see image, 
page 35). With recent improvements in the data transfer 
architecture, the MIT group has been able to demon
strate short animated sequences. It should be noted that 
the new architecture is essentially scalable. Large dis
plays could be built with commercially available multi
channel Bragg cells provided they have suitable elec
tronics. In a practical device, the unwieldy galvanometer 
array would likely be replaced by an array of micro-
electromechanical scanning mirrors. 

Image capture and 
computation 
A detailed description of three-
dimensional scene capture and 
holographic fringe calculation is 
unfortunately beyond the scope 
of this article. A rich body of lit
erature is available regarding 
the numerical generation of 
hologram fringes. Some of the 
newer algorithms that use look
up tables and summations of 
precomputed basis fringes17 are 
fast enough to allow interactive 
manipulation of holograms 
using high-end graphic work
stations such as the Silicon 
Graphics Reality Engine. To 
date, all algorithms published 
for the generation of holograms 
are inherently parallel—a nat
ural consequence of the physics 
of light propagation. Massively 
parallel architectures present an 
obvious choice for the imple
mentation of interactive holo
graphic displays. 

The capture of actual scenes 
is still at an early stage of devel
opment. The most common technique relies on captur
ing a series of perspectives by conventional means, fol
lowed by suitable digital processing. This approach is 
identical to the recording of holographic stereograms. 
As is the case with stereograms, the process results in a 
loss of resolution for deeper images.18 We use a simple 
version of the concept—12 video cameras in conjunc
tion with their display. 

Techniques that conserve the phase information of a 
scene do not suffer from depth degradation but have yet 
to produce "display quality" images (for example, by a 
digital camera moving a long a track). Worth mention
ing are conoscopic holography19 (where two polarization 
axes of ambient light are interferred to encode phase), 
optical scanning holography20 (where phase is extracted 
by measuring the beat between a frequency shifted refer
ence and an object beam scanned across the scene), and 
coherent laser ranging.21 Continued on page 68 
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Figure 4. Color i m a g e s obta ined with the MIT 
display. 

Figure 5 . Simpli f ied drawing of the s e c o n d generat ion MIT holographic display. 
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Holographic Video 

Continued from page 39 

Coherence issues 
A number of additional issues will have to be addressed 
before holographic video displays become commonplace. 
The development of adequate illumination sources is 
essential. Holographic images require monochromatic, 
high intensity light with limited spatial extent. So far all 
displays described in this article have used lasers for illu
mination. The problem with using lasers as light sources 
is that they have too much temporal coherence. This 
results in images often exhibiting a considerable amount 
of speckle. Although careful phase manipulations reduce 
the speckle,22 without modifications of the light source, it 
remains, as a whole, unavoidable. 

An attractive technique for managing the amount of 
speckle entails rapidly modulating the current of a laser 
diode.23 Since the emission wavelength of laser diodes is 
a function of junction current, the net result, when inte
grated over the response time of the human visual sys
tem, is an increased emission spectrum. In effect the 
modulation "averages out" the speckle pattern by mak
ing the laser emission partially coherent (when integrat
ed over time). The simplicity of the technique, com
bined with the fact that functional displays will likely 
use red, green, and blue laser diodes, makes it ideally 
applicable to the illumination of holographic images. 

Coherence issues also need to be addressed when cal
culating images. The majority of current algorithms sim
ulate coherent illumination conditions, but natural light 
is incoherent. Synthetic images will have to address 
coherence if they are to attain "lifelike" realism. The 
numerical synthesis of realistic display holograms are 
likely to rely, to some extent, on partial coherence theory. 

The future of holographic video 
There is no doubt in my mind that extremely realistic high 
resolution three-dimensional displays will become com
monplace. Continuing advances in signal processing, 
micro-optomechanical technology, and high intensity red, 
green, and blue solid-state lasers are opening the door to a 
revolution in digital imaging that is starting to unfold. 

In many aspects, contemporary holographic video 
research reflects the pioneering experiments on computer 
graphics done in the early 1970s. At that time, a megabyte 
of framebuffer memory sounded as exotic as 10 GBsec do 
now, and displaying simple wireframe images was consid
ered a technical achievement. It is quite plausible for syn
thetic holography to follow the same path, with displays 
being first targeted at medical and scientific visualization 
applications and then moving on to consumer technolo
gy. Eventually the average computer display will look as 
good as a compact disc recording sounds today. 
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