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ABSTRACT

We describe a general pipeline for the computation and display of either fully-computed holograms or holographic
stereograms using the same three-dimensional database. A rendesiagesren a Silicon Graphics ®x allows a

user to specify viging geometrydatabase transformations, and scene lighting. Thveprer then generates one of

two descriptions of the object - a series of perspeastievs or a polygonal model - which is then used by a fringe
rendering engine to compute fringes specific to hologram type. The images\sre siethe second generation MIT
Holographic \f{deo System. This alles a viever to compare holographic stereograms with fully-computed holo-
grams originating from the same database and comes closer to the goal of a single pipeline being able to display the
same data in dérent formats.
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1. INTRODUCTION AND TAXONOMY

The MIT Holographic Yeo System (holideo) is designed to display computgmerated holograms. At the heart

of the system is an acousto-optic spatial light modulator which modulates a laser beam with a computed fringe pat-
tern. The computational and opto-mechanical aspects of the display are documenteerelgd, so we will not

dwell on them here.df the present purpose, we may considervidém to be a black box which accept® tiwputs:

a computegenerated hologram (CGH) and light. The output of the black box is a horizontal parallax only (HPO)
three-dimensional image which intimately depends am the CGH vas computed.

In order to situate holadeo in the pantheon of holographic displayides we dfer a taxonomy of display diees

for holograms. The nature of both the object and the fringe pattern is the basisgoriziaig these deces. The rec-
ognition that objects may either be three-dimensionalgjphl or modeled) or a sequence of perspestand that
fringe patterns alsaxbibit a dichotomy (real or computed) ails us to apportion the space of all display holograms
into four smaller spaces, as shoin the table bels. For example, the production of asptical hologram demands
the «istence of &3D object and results in aeal fringe pattern recorded in photosensié material. At the other
extreme, it is possible to start with a compegesphicthree-dimensional model of a scene and generateanputed
holographic fringe pattern from it. In this case, the fringe pattern is simply an array of numbers; it is incapable of dif-
fracting light until is loaded into an SLM which modulates a beam (or beams) of light. One obthernediate
states - 2D object/computed fringes - also requires an electronic holographic. disgkayeral, an electronic holo-
graphic display is required to tuany computed fringe pattern into an image.

In this paperwe will consider tw distinct ways of generating the CGH from the same three-dimensional database
and describe a pipeline for dispatching the computed fringe pattern to the.di$magource and destination of the
pipeline are identical for both types of CGHs the interening algorithmic and electronic subsystems are distinct.
We are implementing a generalized pipeline from the database to the display feasons. First, there is a practical
trade-of to be considered. Fully-computed hologranfemthe greatest image realismtmecessitate arxact simu-

lation of the interference process to generate the fringe pattern. In this instance, continaoas euarthe object are
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modeled as a collection of closely-spaced luminous points specified by their location, amplitude, and phase. Holo-
graphic stereograms, on the other hand, furnighah approximation to the required obje@vefront while their
computation isdr more rapid. In this instance, the object is represented as a series of pespdtth are input to

a fringe rendering system. In a practical visualization system, tivewiaust be able taxercise the option of mak-

ing the trade-df The second and more philosophical ground for implementing this pipeline &ctitadt holeideo

is designed to reconstruarty wavefront - it does not kv arything about the fringe pattern; rathéive fringe pattern

is avare of holeideo parameters. This being the case, it should be possible to ugeémlom display the database

in different formats. The implementation presented in this paper isaampée of the displag'generality of purpose.

This paper reports on the implementation of the pipeline from a systegnaitid@ vievpoint. It pulls together ark

done at the Spatial Imaging Groweothe past f& years and presents a unified picture of the holographic video sig-
nal chain. The structure of this paper is as fadloln the follaving two sections, the computation of fully-computed
holograms and holographic stereograms is described and the issbesdnn the process are delineated. These sec-
tions will not present the algorithms in minute detail; ratheraverview of the computation process is presented and
appropriate references are cited to whet the appetite of the interested $eatlen four will introduce the pipeline
and describe details of its implementation. Results are presented in seetionefisfer concluding remarks and
suggest future directions in the final section.

2. FULLY-COMPUTED HOLOGRAMS

By “fully-computed hologram” we are referring to a fringe pattern which is the result of a computational process that
models the actual interference process as closely as possible. In the ideal caseftbetweconstructed by the dis-

play will be perceptually indistinguishable from that of the object. In practivesMeq there are significant depar-

tures from this ideal. These departures, which we will point out in the ensuing discussion, are a consequence of
shortcuts ta&n to mak the computation and display of fringe patterns tractable and also due to technological limita-
tions.

The computation of the fringe pattern may be dissected into three subsystems: scene modeling, occlusion processing,
and interference modeling, as shothe Figure 1. The scene modeling subsystem uses standard cegngpitécs

techniques to generate a shaded polygonal description of the scene. Our three-dimensional representational scheme is
the Ohio State Umersity (OSU) format. Recalling that the object isngel as a collection of point sources, we then
populate each polygon with a series of points and assign a location, amplitude, and phase to each of dlotsrofArtif
spatially and temporally coherent illumination may be diminished by randcamyyng the intespoint spacing and

assigning uniformly distrilted random initial phases to them. Approximating continuouac@sfwith a multiplicity

of point radiators is the first\idirgence from the ideal case. Mever, the wavefront reconstructed in this case can be

made perceptually indistinguishable from the idealefront by selecting the point spacing based on psyctsigzi
considerations.
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FIGURE 1. FULLY-COMPUTED HOLOGRAMS: COMPUTATIONAL SUBSYSTEMS

The point list is then passed to an occlusion processing system, dobtfdtl whose function is to determine the
regions on the hololine (recall that we only compute HPO holograms) that are gtaattib by each point. Occlusion
processing, as implemented in [2], is based strictly on geometrical optics, and no heed is paid to theffaetald dif
effects at the edges of obstructions. This is a furtheiatien from the ideal case, although the “edgeel is too
weak to be perceptible by a humanwee For each point radiator in the database, Occfilt returns a segiohseon
the hololine that it contriltes to. All that remains is to render the fringe pattern.

Fringe rendering is accomplished by simulating the classical interference equation for each sample on the hololine.
The compla amplitude from each subscribing point radiator is totalled and the intensity at the current sample is
determined. The final result is normalized to the range 0-255 because the fringe samples are represented as 8-bit bytes
in the framebffer. Normalization introduces quantization noise into the fringe pattern; another souraeetront
degradation.

3. COMPUTER-GENERATED HOLOGRAPHIC STEREOGRAMS

A holographic stereogram usesm@front reconstruction to present a finite number of persgsctd a viwer. A
fully-computed hologram, in contrast, presents an infinite number of pevgsedhis discretization of perspeeti
results in a discrete approximation to the idealefront [3]. Approximating a continuousasefront by a discrete
one permits us to maka significant dent in computation time.

The underlying principle in our approach to stereogram computation is to dissect the processimdegendently
determinable parts [4]. The ffdctive part is umarying and can be computed ahead of time andelbalp from a

table when required. This is achéel by positing a set of basis functions, each of which has the functiofrattilig

light in a certain direction. Each of these basis functions is scaled by a number determined from thesperJjecti
superposition of these scaled basis functions resulthiaged or holographic element; a smallgseent of the holo-

line (see Figure 2). If the perspeets change, only the multipliers are to be determined before the superposition can
be carried out ajn. Interference and difiction hae nav been functionally replaced by analysis and synthesis: anal-
ysis is performed once andwméringe patterns can be synthesized at will by changing théaesfs.

Computergenerated holographic stereograms ateemely \ersatile in that theadmit input data from aaviety of
sources. All that is needed in order to obtain persgedtita is a scanning camera of some sort - no ability to gener-
ate a three-dimensional model of a scene is required. Futnduision processing may be incorporated into the com-
putergraphics pipeline and the superposition method describee alan readily be implemented in haede. One
such piece of hardave is thesuperposition stklam pocessor[5] that can be used in conjunction with our frame-
buffer.

Despite their computational appeal, computed stereograrfes &afm certain drabacks. The abrupt change in

phase from one perspeito another is readily perged by the human visual system; a detriment not obdarv
fully-computed holographic images. This phase jump is also responsible for enhancing speckle when spatially and
temporally coherent illumination is used. Finallcreasing the number of perspees with the same 1 byte/sample
framehuffer leads to a decrease in the dynamic rang#adle to each basis function, which in turn manifests itself as

a decrease in difiction eficiengy. As for the fully-computed case, intelligent normalization is #yet& remedying

this problem.
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FIGURE 2: HOLOGRAPHIC STEREOGRAMS. COMPUTATIONAL SUBSYSTEMS

4. PIPELINE DESCRIPTION

The final pipeline isdshioned as in Figure 4.8/¥ely on three diérent platforms to accomplish the required compu-
tational duties. The Silicon Graphics Yon a specialized graphics machine - runs the renderinviepre:. The pre-
viewer, christenedHolobuild, allowvs a user to compose a scene withesd objects and assign unique material
properties and lighting information each of them. This/ipreer enables real-time prewing of images and is a
shared front-end for holographic hardgopolovideo, and tangible holograpHts functionality includes the genera-
tion and storage of either perspeetviens or a three-dimensional model, control of the position, orientation, and
scaling of each object, and complete specification of all display parameters [6]. At theiggegy, Hololuild gener-

ates tvo sets of data: a file in OSU format which is input to Occfilt andra¢perspectes which are input the ste-
reogram computation program.

The fully-computed hologram routine is currently implemented on an St @orkstation as shen in Figure 3.

The three modules may all be used via the holdlinterface. The computed hologram, whichdslon the order of
tens of minutes, depending on object comipye is then dispatched to Cheops via a SCSI link at about 10 MB/s. The
image is then vigable on the displayClearly these rates are not suitable for intexdtgti and vork is in progress to
expedite the process. The majovisg in time will come from porting the computation code to the IBM/&ovisu-
alization System (PVS), which will alloa speedup of attor of 40. This speedup isigent from the stereogram
computation times detailed in the fallimg section. Although hologram computation is not an inherently paralleliz-
able process, thaét that we are computing independent lines of the fringe pattewnlto distrilite the computa-

tion onto seeral processors.

The stereogram pipeline mekfull use of the processingvper of the PVS. The PVS is a 32-processor parallel com-
puter with 16 MB of local memory per processbhis memory is a caenient storage location for the basis func-

tions, which are a mere 32 KB, and alfofor rapid access. The perspeetilata is madevailable to the stereogram
computing program via a HiPPI link whose maximum throughput is 100 MB/s. The stereogram is computed and sent
to Cheops via another HiPPI link for displayhe total time, xcluding perspecte generation, is approximately 14
seconds and is independent of object corifyleThis time is within an order of magnitude of the time required for

full interactiity.

5. RESULTS AND DISCUSSION

Before we present the results of the computation, we presentlartabmmary of the diérences in the computing
process. The table is selfanatory and alludes to remarks made in sections 2 and ol out the critical diér-
ences between the tvtypes of computed fringe patterns atious stages in the pipeline: object stage, fringe compu-
tation stage, and image stage.
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FIGURE 3. GENERALIZED PIPELINE FOR SYNTHETIC HOLOGRAMS




DIFFERENCES BETWEEN THE TWO TYPES OF COMPUTED FRINGE PATTERNS

FULLY-COMPUTED COMPUTER-GENERATED
HOLOGRAMS STEREOGRAMS
OBJECT REPRESENATION | Polygonal model Sequence of perspedts
RADIATORS | Point radiators distrilted in | Pixels from perspeates;
a wlume radiating from a fied plane
COMPLEXITY | Depends on the number of| Independent of the object
polygons and the spacing af
the points populating them
RESOLUTION | Variable; can be made as | Fixed at 256x144 pils per
low/high as required perspecitie in current
implementation
OCCLUSION | Implemented as a separate Handled by the computer
subsystem. graphics renderer
FRINGE COMPUTING METHOD | Simulation of interference | Diffraction-specific fringe
computation
TIME | Proportional to object com-| Independent of object
plexity
IMAGE REALISM | Infinite number of perspec-| Finite number of perspec-
tives; Reconstructedawe- | tives; phase-discontinuities
front can approximate present in reconstructed
object vavefront very wavefront
closely
ARTIFACTS | No additional coherent illu-| Speckle introduced by phas
mination artiicts intro- discontinuities in recon-
duced by computation structed vavefront.
process

)

We present a summary of computation times for both types of fringe patterws\Welalso include praously pub-

lished results [5] for stereogram computation using one aagtperposition stream processors.From these results,

it is evident that, in the near future, interadyy can only be addressed by using stereographic images. Unless one is
using a supercomputehe best possible scenario is when the fringe computation is performed as close to the display

end of the pipeline as possible.
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COMPARISON OF COMPUTATION TIMES

OBJECT PLATFORM TIME

FULLY-cOMPUTED | 14640 polygons; 10 SGI Oryx 1965 seconds
HOLOGRAM | points per mm

COMPUTER- | 32 perspecies; IBM PVS 5 seconds
GENERATED | 256x144 piels per per-

STEREOGRAM | Spectve

SGI Oryx 243.9 seconds

Cheops with 1 superpg- 12 seconds
sition stream processo

Cheops with 2 superpa- 6 seconds
sition stream processors

6. CONCLUSIONS AND FUTURE WORK

We hare described the current state of the second generation MIT Holograghix 8¢stem in terms of a general-

ized pipeline that alles a viever to compute one of wtypes of fringe patterns: fully-computed holograms and
computergenerated holographic stereograms. It is possible to tie 3D database with a renderingvieerer and

male alterations to its position, orientation, and lighting. A stereogram or fully-computed hologram may then be gen-
erated and displayed on heildeo. Sgeral diferences between the dvepecies of fringe patterns arious stages in

the pipeline were identified. Computation times wereided in both cases.

Several issues merit further consideration. The fundamental issue of speeding up the computation needs to be
addressed if interagity is important, and it is. In hologram computing, a system to decouple the fringe computation
process from the complity of the object wuld be well vorth investigating. Some ébrts in this direction were made

by Underloffler but there is abndant room for refinement. Normalization of the final computed hologram toyoccup

the available dynamic range of the SLM is not straightfarevand bears further probing. Deciding difcefnt basis

function for stereogram computing is also a probleaiting to be solgd. For both species, fifient representations

and reduction of coherent illumination aatits remain to be determined.
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