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ABSTRACT by McKenna[1] contains a good discussion of the visual depth cues
and a detailed evaluation of 3-D display techniques.
Recentlysome 3-D displays have been used interactiveB/D
display allows the viewer to morefiefently and accurately sense
both the 3-D shapes of objects and their relative spatial locations,
particularly when monocular depth cues are not prevalent in a
scene. When viewing complex or unfamiliar object scenes, the
viewer can more quickly and accurately identify the scene con-
tents. Therefore, 3-D displays are important in any application in-

We present a method for computing holographic patterns for the
generation of three-dimensional (3-D) holographic images at inter-
active speeds. ¥Wused this method to render holograms on a con-
ventional computer graphics workstation. The framfelougystem
supplied signals directly to a real-time holographic (“holovideo”)
display We developed an #tient algorithm for computing an im-

age-plane stereogram, a type of hologram that allowed for several - . it ; :
ge-p g yP 9 volving the visualization of 3-D data, including telepresence,

computational simplifications. The rendering algorithm generated ducati dical ) tided desi entific vi
the holographic pattern by compositing a sequence of view imagese ucation, medical Imaging, compuggded design, scientiic vi-

; ; lization, and entertainment.
that were rendered using a recentering sbaarera geometry sua : ; o L
Computational diciencies of our rendering method allowed the Th_g mderlt ﬁf as3D dasﬁl'a)r/, depelnd_s p”rl“rﬁ“'Y 0? its ab'lf'té' to h
workstation to calculate a 6-megabyte holographic pattern in underProviae depth cues and high resolutions. The inclusion of dept

2 seconds, over 100 times faster than traditional computing meth- CU€s - particularly binocular disparityotion parallax, and occlu-
ods. Data-transfer time was negligible. Holovideo displays are sion - increases the realism of an image. Holography[2] is the only

ideal for numerous 3-D visualization applications, and promise to imaging technlq_ue that can provide all the depth cues[1]. All other
provide 3-D images with extreme realism. Although the focus of > D display devices lack one or more of the visual depth cues. For
this work was on fast computation for holovideo, the computed ho-8X@mPple, stereoscopic displays do not provide ocular accommoda-
lograms can be displayed using other holographic meaia. W tion, and volume dlsplays cannot prc_)wde occlu5|on_. Image resolu-
present our method for generating holographic patterns, preceded!ion and parallax resolution are also important considerations when
by a background section containing an introduction to optical and diSPlaying 3-D images. While most 3-D displays fail to provide ac-

computational holography and holographic displays. peptable i_mag_e and pargllax resolutio_ns, holography can produce
images with virtually unlimited resolutions.

Keywords: Electro-HolographyHolovideo, ComputeGenerated In optical holographya recorded interference pattern recon-
Holography Accumulation Bur. structs an image with an extremely high degree of accubaoy-

CR Categories: 1.3.1 [Computer Graphics]: Hardware Architec- lographic pattern - callelinges- can be computed and used to

ture - three-dimensional displays, graphics procesk8rg;[Com- generate a 3-D image, most recently in real time[3]. Both the com-
puter Graphics]: Three-Dimensional Graphics and Realism. puting process and the displaying process are significantly more

difficult than in other 3-D display systems. Nevertheless, a real--
time electro-holographic (“holovideo”) display can produce dy-
1. INTRODUCTION namic 3-D images with all of the depth cues and image realism
found in optical holographylherefore, holovideo has the potential
to produce the highest quality 3-D images. Also, to view holo-
graphic images, the viewer is unencumbered by equipment such as
glasses or sensors. Figure 1 illustrates the basic functionality of
holovideo.

The practical use of three-dimensional (3-D) displays has long
been a goal in computer graphics. Three-dimensional displays are
generally electronic devices that provide binocular depth cues, par
ticularly binocular disparity and congemce. (See the Glossary on
the next page.) Some 3-D displays provide additional depth cues
such as motion parallax and ocular accommodation. The reference output aperture
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Figure 1: A typical real-time 3-D holographic (holovideo)
display. When positioned in the viewing zone, viewers see
a 3-D image in the vicinity of the output aperture. The input
signals are generated by a computer.



The size and complexity of holographic fringe patterns often 2. BACKGROUND
precludes their computation at interactive rates. In the field of com-
putational holography[4], a discretized holographic fringe pattern
is generated by numerically simulating the propagation and inter- i
ference of light. ypical sampling sizes are smaller than the wave-
length of visible light. Therefore, a computgnerated hologram
(CGH) must contain a huge number of samples. Furthermore, the
cost of calculating each sample is high if a conventional approach .
is taken. Even with the power currently available in scientific 2.1 Optical Holography
workstations, researchers in the field of computational holography  Optical holography[2] uses the physical phenomena of interfer-
commonly report computation times in minutes or hours. In recent ence and difaction to record and reconstruct a 3-D image. Holo-
work[5], Lucente used a massively parallel supercomputer to cal- graphic imaging became practical in the 1864ith the advent of
culate holographic fringes at interactive rates. . coherent monochromatic laser light firoduce a hologram, light

In this paper we describe the first use of a standard graphics s scattered from the object to be recorded. A photosensitive me-
workstation to render and display holograms at interactive rates. dium records the intensity (irradiance) pattern that results when the
The graphics workstation provided both a platform for generating |ight scattered from an object interferes with a spatially clean mu-
image information and the computing power for generating holo-  tyally coherent reference beam. The reference beam allows the me-
graphic fringes. Our use of a computer graphics workstation also dium to record both the magnitude and phase of the incident object
eliminated data transfer bottlenecks that often prohlblt interactive Wavefron'[l in essence recording variations in both the intensity and
computation. W believe that new holographic displays will con-  the direction of the light. The recording medium must havié suf
tinue to emege in the future, necessitating rapid rendering (com-  cient resolution to record spatial frequencies that are typically 1500
putation) of holograms. Our work is an important first step toward |inepairs/millimeter or more.
practical computation systems for holovideo. To reconstruct an image, the recorded interference pattern mod-

The following Background section gives a brief summary of the ylates an illuminating beam of light. The modulated ligHtatits
principles of holographyThe computer generation of holograms  (hends and focuses) and reconstructs a 3-D replica of the wave-
and their display are reviewed, including a brief description of the front that was scattered from the object scene. Optical wavefront
real-time holographic display that we used in this research. In the reconstruction makes the image appear to be physically present
section Method for Rendering Hologram we describe the hologramand tangible. The image possesses all of the depth cues exhibited
rendering algorithm, including the initial processing of object by the original object, including continuous parallax (vertical and
scene data to provide for realistic lighting, shading, occlusion, and horizontal) and ocular accommodation. Both the image resolution

other pictorial depth cues. Finallye present results, future work,  and parallax resolution of an optical holographic image are virtu-
and a conclusion. ally unlimited.

This section contains an introduction to hologragioynputa-
onal holographyholographic displays, and stereograms. The con-
cepts discussed here were essential to the development of a faster
method for hologram rendering.

GLOSSARY

Visual Depth Cues

binocular disparity: the binocular depth cuefe€ted by the slight diérences between the two retinal images captured by each
The depth sensation caused by binocular disparity is chéesbpsis.

convergence: a binocular depth cuefetted when the eyes rotate to align the retinal images captured by each eye.

occlusion, overlap: monocular depth cuefetted when one part of image is obstructed by another overlapping part.

ocular accommodation: a monocular depth cue in which the eye senses depth by focusirfgrandiflistances.

parallax, motion parallax: a (monocular) depth cue sensed from the apparent change in the lateral displacements among ol
scene as the viewer moves. A display which provides parallax allows the viewer to move around the object scene.

pictorial depth cues. the monocular depth cues found in 2-D images, including occlusion, linear perspective, texture gradier
perspective, shading, and relative sizes.

3-D Display Vpes
stereoscopic: a 3-D display type that presents a left view of the imaged scene to the left eye and a right view to the right eye. §

include boom-mounted, head-mounted, and displays using polarizing glasses.

autostereoscopic: a 3-D display type that presents left and right views of the imaged scene without special viewing aids. E
include lenticularparallax barrierslice stacking, and holograpt8ome provide motion parallax by presenting more than two vig

holovideo: a real-time 3-D electro-holographic display

Additional Brms

basisfringe: an elemental fringe pattern computed tdrddt light in a specific manneFhe name “basis fringe” is an analogy to mat
ematical basis functions. Linear summations of basis fringes were used as holographic patterns.

computational holography, computer-generated holography: the numerical synthesis of holograms.

hololine: a horizontal line of samples of a holographic fringe pattern.

horizontal-parallax-only or HPO: possessing horizontal parallax but not vertical parallax. The viewer sees the same vertical g
tive of the imaged scene regardless of the vertical location of the eyes.

image volume: the volume occupied by a 3-D image.
image resolution: the number of resolvable image features in the lateral dimensions of an image.
parallax resolution: the number of di€rent perspective views available to the viewer




2.2 Computational Holography

To produce dynamic holographic images, researchers can com-
pute and display holographic fringe patterns. Computational holog-
raphy[4] generally begins with a 3-D numerical description of the
object or scene to be reproduced. Light is numerically scattered

2.3 Holographic Displays

A holographic fringe pattern is used to modulate a beam of
monochromatic light to produce an image. In the earliest work in
computational holographyhe computed fringe pattern was re-
corded (permanently) in a piece of film[4]. The film provided the

from the object scene and propagated to the plane of the hologramSBWP suficient to represent the fringes. In some cases, the film

The object wavefront is calculated, and a reference beam wave-
front added, imitating optical interference. The resulting total in-
tensity - the fringe pattern - is used by a holographic display to

also provided grayscale. Light passing through this film created a
static holographic image.
To create dynamic holographic images, a dynamic spatial light

produce the 3-D image. Such a display spatially modulates a beanmodulator (SLM) must be used. The SBWP of a holographic SLM

of light with the fringes, mimicking the reconstruction step in opti-
cal holography
Computational holography produces 3-D imaging with a high

must be as high as that of holographic film. Ideallijolographic
SLM must display over 100 gigasamples. Current SLMs, however
can provide a maximum of 10 megasamples. Examples of SLMs

degree of realism. Only recently have researchers achieved compunclude the flat-panel liquid-crystal display (LCD) and the magne-

tational holography at interactive rates, impeded mainly by the

to-optic SLM. These SLMs are capable of displaying a very small

enormous data content and by the computational complexity asso-CGH pattern in real time. Early researchers employed a liquid--

ciated with holographic fringes[5]. A typical full-parallax holo-
gram 100 mnx 100 mm in size has a space-bandwidth product
(SBWP) of over 100 gigasamples of information. Ay&arimage
requires a proportionally lger number of samples. Several tech-

crystal SLM with an SBWP of 10,000 elements to produce a tiny
planar image[6]. Most researchers reported images that were still
quite small and essentially two-dimensional[7].

An ideal holographic SLM does not yet exist, but time-multi-

nigues have been used to reduce information content to a manageplexing of a very fast SLM provides a suitable substitute. The dis-

able size. The elimination of vertical parallax provides great
savings in display complexity[3] and computational require-
ments[5] without greatly compromising the overall display perfor-

play system that we used in this research was similar to previously
reported holovideo displays[3]. Our display used the combination
of an acousto-optic modulator (AOM) and a series of lenses and

mance. Other less desirable sacrifices include reducing the size ofscanning mirrors to assemble a small full-color 3-D holographic

the object scene or the size of the viewing zone.
There are several methods of computing holographic fringes.

image at video frame rates. A partial schematic is shown in Figure
2. A general description follows, and a detailed description can be

Most imitate the interference that occurs when a hologram is pro- found in the reference by St. Hilaire et al.[3] It is important to note
duced optically using coherent light. Early methods made use of that the holographic rendering method described in this paper is
the Fourier transform to calculate the phase and amplitude of the not specific to one displaBy incorporating the proper physical
object wavefront at the plane of the hologram[4]. At each sample parameters, wavelengths and sample size, a hologram generated
point in the hologram plane, this object light wavefront was added using this method can be viewed using other holographic displays.
to a reference beam wavefront, and the magnitude squared became In our holovideo displgyas each linehploline) of the fringe
the desired fringe pattern. This approach was used to create plangpattern was read out of a high-speed franfebpuf passed through
images. Multiple image planes were separately processed and cona radio-frequency (RF) signal processing circuit and into the AOM.
bined to produce 3-D images. Consequetitly Fourietransform At any instant, as one line of the holographic pattern traversed the
approach was slow and ifiefent for computing 3-D images. aperture of the AOM in the form of an acoustic wave (at a speed of
A more straightforward approach to the computation of holo- 617 m/s), a portion equal to roughly 2000 samples modulated the
graphic fringes resembled 3-D computer graphics ray-tracing. phase of the wavefront of laser light that passed through the AOM.
Light from a given point or element of an object contributed a Two lenses reconstructed thefditted light at a plane in front of
complex wavefront at the hologram plane[2]. Each of these com- the viewer By reflecting the light dfof a synchronized horizon-
plex wavefronts was summed to calculate the total object wave- tally scanning mirrqrthe apparent motion of the holographic pat-
front which was subsequently added to a reference wavefront. tern was cancelled. The scanning motion of the mirror also acted to
Black (non-scattering) regions of the image volume were ignored, angularly multiplex the image of the acoustic wave. It extended the
enabling very rapid computations of simple object scenes. Again, apparent width of the imaged holographic pattern to 32768 sam-
for more complex images, computation was prohibitively slow ples, each sample representing a physical spacing of 1.0 micron.
In recent work[5], Lucente described a computational method
that greatly simplified the ray-tracing approach. By computing
fringes that difracted light only to specific regions of the image

volume, this approach had a number of advantages: (1) it enabled scanning mirror

the real-valued linear superposition of fringe patterns; (2) it in- laser  AOM \
. X AT light

creased the speed of computation by a factor of 2.0; (3) it elimi- —

nated the need for an explicit reference beam wavefront; and (4) it S

eliminated certain imaging artifacts and noise that generally de-

grade the quality of holographic images. Real-valued summation 7 k

enabled the &tient use of precomputed elemental fringe patterns ~ signalin focusing

(calledbasis fringel an approach that achieved CGH computation lens

at interactive rates when implemented on a supercomputer[5].

We chose to implement an approach similar to the Lucente ap-
proach - using an array of precomputed basis fringes - because it
promised to provide the fastest holographic computati@enfo/
cused on further reducing computational complexity and on the
implementation of holographic computation on hardware designed
for computer graphics rendering.

output
lens

image volume

Figure 2: Partial schematic diagram of our holovideo dis-
play, shown from roughly the viewer’s perspective. The
scanning mirror angularly multiplexed the image of the
modulated light. A vertical scanning mirror (not shown)
positioned each hololine vertically. Electronic control cir-
cuits synchronized the scanners to the incoming holo-



The viewer saw a real 3-D image located just in front of the out-
put lens of the system. The image occupied a volume that was 40 i

mm wide, 35 mm high and 50 mm deep. The size of the viewing
zone - i.e., the range of eye locations from which the viewer can
see the image - was 16 degrees horizontal. (Both viewing zone and
image dimensions were minimized in order to reduce the required
bandwidth of the display system.) The viewer experienced the
depth cue of horizontal motion parallax. This was a horizontal-par-
allax-only (HPO) image. &ftical parallax was sacrificed to sim-

plify the display This restriction does not limit the display’

usefulness in most applications. Because the holographic image
possessed no vertical parallax, there was no need fi@ctibn in

the vertical dimension. The vertical resolution of 64 lines over 35
mm was equivalent to that of a common 2-D display

Figure 3a: Three stereogram components. (Top view.) Light
is diffracted from each in a specific direction.

Because our display was a full-color system, the hologram was
displayed as a vertical stack of 64 three-color hololines. The dis-
play modulated three parallel channels, one for each of the red,
green and blue primary colors. The AOM had 3 separate but paral- ~ Figure 3b: The composite hologram.
lel channels, each modulating a separate beam of incident laser
light (633 nm red, 514 nm green, 476 nm blue). Three separate
fringe patterns were simultaneously read out of the 3-channel 3. METHOD FOR HOLOGRAM RENDERING
framebufer.
O o oo ruet_ Th fast computato of  sterogran inioed wo pars: en-
tions, the size of the fringe pattern must be 64 hololines of 32768 fr?r:megs :Blzrei‘rr:n;/r:ev\\:vlimazgﬁﬁlitznnquEtl)ré% of?/rigvx?sc(riﬁa{rﬁs gazg;erap Ic
samples. Second, the sample size is 1.0 micron. Third, a separate ges. beg 9

fringe pattern must be computed at each of three wavelengths: 63 rlng?ts)r'wgyvggc;ﬁleﬁ%?r?cgor:tr:ggrgg \;';V?iﬁaa%e;grlinfcﬁtsirgx%ram
nm for red, 514 nm for green, and 476 nm for blue. y 9 9

angle.
The development of a computational approach began by consid-
2.4 Stereograms ering how light should be dificted (or scattered) by the fringes.

A stereogram is a type of hologram that is composed of a seriesConsider an image displayed on alCte light from the 2-D im-
of discrete 2-D perspective views of the object scene[8][9]. A ste- 29€ scatters over the_ entire (often V\_nde) viewing angle. In contrast,
reogram has two essential characteristics: it has discretized paral-a Stereogram must #iact light selectivelyA stereogram causes a
lax; and it creates an image at a single planentbge plane particular view image to be visible only from a particular part of
Parallax discretization simplifies fringe computation (and display). the viewing zone. Figure 3a shows lighfiitting over only a part
Computation is much faster than in the general case of a non-ste- f the viewing zone for three éfent views. In Figure 3b, the
reogram image. Provided that the number of discrete views is highComposite holographic fringe pattern in a single pixel region dif-
enough, parallax appears to change smogdnig the image ap- fracts specific amounts of light in threefeient viewing direc-
pears to be 3-D. tions. The amount of light corresponds to the pixel brightness

An HPO stereogram produces a view-dependent image which Values at this particular pixel location for each view image.
presents in each horizontally displaced direction the corresponding  This section describes each step of the computational algorithm
perspective view of the object scene. The vertical perspective re- that we implemented on a graphics workstatioa.b&gan by pre-
mains unchanged from any location in the viewing zone. In an im- COMPputing a set of basis fringes and storing them in memery
age-plane stereogram, the image plane coincides with the physicapescrlbe_d_ln the following subsection, each basis fringe controlled
plane of the hologram. As a result, the contribution to the object the specific directional behavior offiiécted light. The next three
wavefront from each view-image pixel does not overlap with con- sgbsectlons descrlbe.the three ste_ps used.to compute' the actual
tributions from adjacent pixels. This reduces computational com- finge pattern: rendering a set of views (using conventional com-

plexity. Specifically discrete samples of the fringe pattern puter graphics rendering methods), generating a component stereo-
coinciding with a particular pixel are computed using only the gram fringe pattern from each view using an array of precomputed
view-dependent values of that pixel. basis fringes, and compositing these separate stereogram compo-

In a stereogram, the viewing zone is treated as an array of dis- nents into the final fringe pattern. The final subsection is a descrip-
cretized subzones. An eye of the vieweren moving from side to  tion of the implementation specifics of our research.
side, sees one discrete view of the scene after andthesmpute ) ) _
a stereogram, a sequence of view images is rendered usifgra dif 3.1 Precomputing the Set of Basis Fringes
ent camera geometry for each view image. These images are com-
bined to calculate fringes for displayhe only disadvantage of a
stereogram is that it may not provide the depth cue of ocular ac- ; - ; :
commgdation Ocular aé/comraodation howgiaagenerally less graphic pattern that caused light tofti€t from a particular

: ! view-image pixel location to a particular viewing subzone. An ar-

important than binocular disparitynotion parallax and occlusion. A o ;
ray of basis fringes - one for each view-image pixel - was com-

?csé?lrje?rg;%rg provides all other depth cues, and produces a realls'puted for each viewing subzone. This entire set of basis fringe

The obvious advantage of a stereogram is that conventional arrays - one for each viewing subzone - was computed for each of

. e three (primary color) wavelengths used to create the full-color
computer graphics hardware can be used to render the sequence g?olographic image.

view images. This makes pre-existing models and rendering meth- The set of basis fringes can be computed in several ways. W
ods applicable to holography . . ; X
used an iterative numerical approach to solve the common integral

expression that describes thefrdi€tion of optical wavefronts. &/
began by specifying the direction that light must beatifed by

The arrays of precomputed basis fringes were designed to dif-
fract light in specific directions. One basis fringe was the holo-



each basis fringe. For an image-plane stereogram, each basis fring€he integral expression in Equation 1 is essentially a Fourier trans-

was characterized by the fdéction from one view-image pixel re-
gion to one viewing subzone, as illustrated in Figure 4. The sub-
zones, each of angular widy divided the viewing zone into
non-overlapping pieces across the horizontal range of the viewing
zone. The horizontal parallax resolution was equal to the number
of subzones. Each pixel region of widthcoincided physically

with a single rendered view-image pixel locatioa.riiake a view
image visible from one of the viewing subzones, the basis fringe
within each pixel region must be modulated by the pixel value of
the rendered view image.

In the analysis that follows, we denoted the modulated light in
the plane of the image (and hologramuds) in complex scalar
notation. The light at the viewing zone distadaeas represented
by the complex scalar(8) expressed as a function of viewing an-
gle 6. We defined each basis fringe through a set of constraints on
the magnitudes afi (x) andv (8) . Then, by relating related
u(x) andv(0) through the law of difaction, we calculated each
basis fringe by numerically solving for the phasei¢k) .

For a single view-image pixel, the constraint|arfx) | was
straightforward: within the pixel region, thefd#fcted intensity
should be constant. Therefote,(x)| must be virtually constant.
For a single viewthe modulated lighti (x) should difract light
only to a particular viewing subzone to avoid leakage or ghosting.
Within the viewing subzoney (8) should be constant. Therefore,
the constraint ow (8) was that

|v(6)|=1for |6-6 | <A/2,

|v(0)| =0 elsewhere,
where 6 is the angle (from normal) connecting the center of a
pixel region to the center of the viewing subzone. Findhg
phase ofv (8) was invisible and therefore was left unconstrained.
When computed to satisfy these constraints, a basis frirfgectsf
a unity brightness from a given pixel region to a specific viewing
subzone.

The values ol (x) and ofv(8) were related through the laws
of optical difraction[10].W invoked the fafield (Fraunhofer) dif-
fraction approximation (expressed in complex time-harmonic nota-
tion):

ikz(1+62/2) W/2 )
U(X) e—lkxe
ikz |

-w/2

v(0) = dx D

wherek=21/A andA is the free-space wavelength of the light.
The farfield approximation, valid foz » w?/\, was appropriate
for the dimensions that we usett:= 0.250 mm an@=600 mm.

P _W/_//_}
I
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Figure 4: Diffraction caused by an array of basis fringes.
Light diffracts from all pixel regions to a particular viewing
subzone.

form integral. The wavefront at the viewing zon€9) , is a Fou-

rier transform ofu (x) , with additional leading terms to account
for phase curvature and for power conservation. Equation 1 reveals
that while the constraints am(x) were spatial, the constraints on
v(0) determined the spectrum af(x) . An appropriately band--
limited u(x) resulted in an angularly limited(8) that satisfies

the constraints ofv (8) | .

For one pixel location and one viewing subzone, the uncon-
strained phase af (xX) was numerically computed using an itera-
tive constraint approachf] that uses both the forward and the
inverse Fourier transforms:

1. Generate a random fringe pattern of wigth

2. Apply the (spatial) constraints @r(x) .

3. Transform into the spatial frequency domain.

4. Apply the (spectral) constraints wif6) .

5. Inverse transform back to the spatial domain.

6. Iterate starting at step 2.

The iteration continued until (x) conveged. Satisfactory con-
vergence resulted after typically 10 to 20 iterations. As in work by
Lucente[5], the real part af (x) was used as the basis fringe. A
selection of precomputed basis fringes is shown in Figure 5.

We computed the array of basis fringe patterns for each viewing
subzone in the same wayith each basis fringe occupyingfeif
ent view-image pixel locations in the image plane. The array for
each viewing subzone was computed using a unique viewing direc-
tion 6, . Three diferent basis sets were computed - one for each
color - at the correct red, green or blue wavelengths (633 nm, 514
nm, and 476 nm). These basis sets were stored in memory and used
during actual hologram computation.

3.2 Generating the V iew Images

The first step during the actual computation of the CGH pattern
was to render a series of perspective view images from left to right.
Each discrete camera location had a unique angle with respect to
the scene being rendered. The final holografredied light in the
directions corresponding to these camera view-angles. This section
describes the recentering sheamera geometry that we used to
render the view images, as well as the bounding and discretization
of the image volume.

To render each view image, the camera geometry was changed
by moving the camera from left to right at a constant spacing along
a straight line. (See Figure 6.) When lateral motion is the only

Figure 5: A selection of basis fringes that correspond to the
center view-image pixel for each of the eight viewing sub-
zones. Each is 256 samples long. The top fringe represents
a mean diffraction angle of 1.8 degrees in red light, corre-
sponding to the left-most viewing subzone. The bottom
fringe represents a mean diffraction angle of 14.7 degrees in
red light, corresponding to the right-most viewing subzone.



change in camera geomettiye object scene tends to walk out of
the frame and becomes invisible in the far left or far right views.

ture-mapping instruction, eliminating the need to multiply the basis
fringe for each pixel one by one. The array of precomputed basis

Therefore it was necessary to recenter the object scene in the framfinges for a particular view was multiplied by the appropriately re-

of the camera as the camera moved from left to right.

sized pixel map of the rendered view image. The result, a single

The correct way to recenter the object scene for each camera lostereogram component, filiicted light to form the image for a

cation was to move the view windpas shown in Figure 6. For the

center view (position A in Figure 6), where the camera was directly

in front of the scene, the camera geometry was simple. The view
normal faced the scene, and the view window was centered with
respect to the view normal. For any other vithe view window

was of center As the camera was moved oénter (Figure 6, po-
sition B), the view window was movedfakenter in the opposite
direction. This is called a shear camera geombiinye that the

view normal does not change. This has ttiecebf keeping the

objects in the center of the frame and in holography is called a re-

centering camera. If the recentering is done correhpint (in
the 3-D object scene) that lies on the image plane renders to the
same pixel location in each rendered view image.

When rendering the view images, we restricted the scene vol-

ume to match the size of the image volume achievable in our holo-

video display|f an object crosses the frame, clipping occurs. This
clipping (called image vignetting) is a window violation, which of-

ten hinders the feeling of depth. Therefore, we chose to confine ob-

given viewing subzone.

3.4 Compositing the V iew Components

After each stereogram component was generated, it was com-
posited into the final CGH pattern. The approach that we use al-
lowed for the linear superposition of computed fringe patterns[5].
Therefore, the components were simply summed. An array of basis
fringes patterns were modulated by an array of weighting values (a
view image) and accumulated in the accumulatiofebufhe pro-
cess is illustrated in Figure 7. Below is a piece of pseudocode that
describes the process.

Set the accumul ation buffer to zero.

For each viewi {
Load ith array of basis fringes.
Generate ith view imge.
Mbdul ate fringes with the view i mage.
Add result to accunul ation buffer.

jects to lie inside the restricted volume so that objects did not cross }

the frame boundaries.

Di spl ay sum contai ned in accurul ati on buffer.

We chose the resolution of the rendered view images to be 128
by 64. In the horizontal dimension, the CGH was capable of imag-
ing to resolutions that were beyond the typical acuity of the human

visual system. \& chose a horizontal resolution of 128 to give an array of
image pixel width of 0.25 mm, or roughly the smallest feature size basis
that a human viewer can discern at typical viewing distances. W fringes

matched the vertical resolution of the view images to that of our
holovideo display (64 lines).

3.3 Computing the Component for Each V  iew

We chose to use the image-plane stereogram geometry because

it ensured that a view-image pixel contributed only to the part of
the fringe pattern that coincided with that pixel region. A given
precomputed basis fringe was multiplied by its respective pixel

value at each sample in the pixel region. When sent to the display

the resulting fringe pattern ffidcted the correct amount of light to
the correct viewing subzone. For one vidhve fringe pattern in
this pixel region was not a function of any other pixel values. In
other words, in a given stereogram view component, the fringe
contributions from each pixel did not overlap. Therefore, because
of the image-plane stereogram geometach of the pixel values
for one view image independently modulated each basis fringe in
one array

We designed the holovideo rendering algorithm to perform the
multiplication of basis fringes by pixel values using a single tex-

stereogram
image plane

scene volume

view plane

camera track

position B position A

Figure 6: Camera geometry for rendering view images.

\4

accumu-
lation
buffer

 —

Figure 7: The modulate and sum process of rendering.

3.5 Implementation Specifics

Our algorithm for rendering holographic fringe patterns was im-
plemented initially on an SGI Skywriter with a VGXT graphics
subsystem and more recently on an Onyx with a RealityEngine2
(RE2). In both cases, the graphics hardware subsystems had two
enabling features: an integrated accumulatiofebaind a recon-
figurable framebdér. The accumulation bfdr was an essential
part of the fast algorithm. The reconfigurability of the framfgsuf
enabled the graphics subsystem to drive our holovideo display di-
rectly, but was not essential to the rendering algorithm.

We reconfigured the graphics framédeus to provide three ana-
log output signals in a format that was suited to our holovideo dis-
play. The active data array was set to 20U&4 in each of the
three 8-bit bukrs. (The display system unfolds the 284824
video signal to a 3276®4 pattern.) W adjusted the clock rate of
the three 2-MB buérs to generate signals at a rate 1§ MB/-
s/channel. W also adjusted blanking intervals to minimize the im-
age noise caused by signal blanking that occurred within each
hololine. W could not eliminate blanking, but the length of the
blanking intervals was reduced to less than 4 percent of the active
data line.

The following is a description of the algorithm illustrated in Fig-
ure 7 as we implemented it on the SGI graphics subsystems. The
algorithm had three steps: render the view images, modulate the ar-
rays of basis fringes using the rendered view images, and sum the
results in the accumulation beif The view images were rendered



using straightforward GL library calls. The camera geometry was
adjusted for each view using the method described earlier in the

section 3.2 Generating théew Images. Each of the 1284-pixel

view images was stored in memofhe framebder was loaded v ’

with the array of basis fringes for a particular vidlve 3276864 f j

fringe pattern was folded into the 204®24 framebuér. The =

128x64 view image was mapped over the entire franfebahd F ; ; X
used to modulate the basis fringes. The graphics subsystem used St

the view image as a texture map on the surface of a polygon that

covered the entire framelief. The “blending” feature of the

graphics subsystem was set to multiply the current value in the

framebufer with the pixel value from the texture mapfegfively,

the basis fringes were weighted by the view-image pixels. The re- Figure 8: Two photographs of holographic images gener-
sulting stereogram component was added to the accumulation ated on our real-time holographic display. Left: polygonal
buffer and the process was repeated for each Vibesfinal holo- model of head with texture-mapped face. Right: polygonal

model of a car. View images for both objects were rendered

graphic pattern was moved from the accumulatiofebti the in hardware at a resolution of 128X64.

framebufer for viewing. All of these steps were performed in par-
allel for all three colors, generating a total of 6 MB of CGH.

4. RESULTS

Holographic fringes were computed on either SGI platform and
used to generate 3-D images on our real-time holographic display
Figures 8, 9, and 10 are photographs of typical images, each gener-
ated using eight full-color view images at a resolution of 128 by
64. Figure 8 shows a human head and gbcih generated from
polygonal models. Figure 9 shows a simple image of three cut

cubes, photographed from fdifent locations in the viewing zone.
Figure 10 shows a time sequence of an object generated using an
interactive modeling system.

The horizontal image resolution of 128 wadisignt to produce
the appearance of continuous surfaces. Some noticeable image arti
fact was due to the 4-percent blanking, which produced the faint
vertical stripes visible in Figures 8, 9, and 10. The vertical resolu-
tion, limited by the display system to 64, is also evident in these
photographs. (&remark that photographing holographic images
poses a challenge, and the quality of these illustratiofersuafs a
result.) As discussed in the FutureN¥/section, image quality can
be improved using a new approach that is more precise than the
stereogram approach.

Image depth and color were very good. The images gave a good
sensation of depth, though the limited viewing zone and lateral di-
mensions weakened the impact. Objects appeared to occupy a
depth of over 50 mm. Color was superb. The three wavelengths
used as primary colors spanned a very broad color space that was
much lager than that of a typical high-quality 2-D display

Computation time was 2 seconds (for the 6-MB fringe pattern)
using the Onyx/RE2 platform (two-processor Onyx, 4-rastan-
ager RE2) and 5 seconds for the Skywriter/VGXT platform. (For
comparison, the same hologram required over 8 minutes when im-
plemented using a standard method on the SGI Skyw@empu-
tation time comprised two parts: view-image rendering and fringe
computation. The time spent rendering the view images was less
than 10 percent of total hologram computation time. Fringe com-
putation was O n), wherev was the number of views (parallax
resolution) andh was the total number of samples in the fringe pat-
tern. The sample countwas essentially a measure of image vol-
ume. Fringe computation time was independent of view-image
resolution, which only &cted the rendering time. The precompu-
tation of the basis fringes did not contribute to the computation
time per CGH frame. The precomputed basis fringes were com-
puted only once and stored in memory

Transfer of the 6-MB fringe pattern from the accumulation Figure 10: A sequence of images generated using the inter-
buffer to the framebdiér required negligible time since these two active “sculpt” system, showing the potential of holographic
buffers resided in the same hardware. Therefore, our implementa- ~ "endering and display for interactive applications.
tion on either graphics subsystem avoided a common data transfer

Figure 9: An image, composed of three cut cubes located
at different depths, photographed from different locations in
the viewing zone. Top: center. Left: left. Right: right.




bottleneck. For comparison, in past work by Lucente[5] using a
data-parallel supercomputér4 s was spent transferring the 6-MB
fringe pattern from the 16 K processors to the franfebuf

The benchmark computation time of 2 s for our rendering
method was fast enough to provide interactivity to a patient viewer
We anticipate that computation speeds will continue to increase a
computational power increases and further computatioficieef
cies are obtained. In fact, the work using the Skywriter/VGXT
platform was performed two years ago. Our recent upgrade to the
Onyx/RE2 platform more than doubled speed, and new graphics
hardware should continue tdfef faster implementations of our
hologram rendering algorithm.

5. FUTURE WORK

The holovideo rendering algorithm presented here is applicable
not only to image-plane stereograms but to all types of synthetic

holograms. Research is underway to adapt this rendering method t
the computation of 3-D volume (non-stereogram) images using the

newly developed method of “dli&ction-specific” fringe computa-
tion that also allows for holographic bandwidth compression[12].
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Such a 3-D volume image possesses more depth and tangibility bREFERENCES
cause it produces an actual 3-D real image and provides the depth

cue of ocular accommodation. Finalliye computation of full-par-
allax holographic images is possible, though no full-parallax holo-
graphic 3-D display yet exists.

We have generated holograms from live scenes. The simplest

approach is to use an array of horizontally displaced video camera

to provide view images in our hologram rendering algorithm.
Faster frame rates will enable the production of real-time holo-
graphic live video of actual scenes.

6. CONCLUSION

Three-dimensional displays are superior to 2-D displays in many

applications of computer graphics. Holographic displays produce
images with the greatest number of depth cues and therefore the
greatest sensation of 3-D.itWtheir ability to produce images in
real time with high resolutions and full caltwolographic displays
promise the highest degree of image realism.

Our research has demonstrated that existing computer graphics
workstation technology can be used to generate holographic fringe,
patterns at interactive rates for the real-time display of 3-D images.

A workstation such as the SGI Onyx coupled with a specialized
rendering engine is capable of driving a holovideo display directly
As holographic displays becomedar and more practical, the

computational method presented here can be scaled up to produc

holographic fringes for images that occupy gdawvolume and
provide a lager viewing zone.
We have presented only a single case in a wide range of holo-

gram types, computation techniques, display architectures, applica[s]

tions, and hardware and software support. Nevertheless, the
importance of this work is that it breaks the deadlock that has im-

peded the development of methods for both the computing and thég]

displaying of 3-D holographic imageseWave reported the use of
an existing computer graphics system to generate a high-band-
width holographic signal for a holovideo displ@ur research
shows that a computer graphics workstation providdiigurt
computational support for the development of real-time electronic
holography Furthermore, our work heralds the marriage of the two
fields of computer graphics and electronic holography
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