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(57) ABSTRACT

A method of computing a computer generated hologram
(CGH) for use 1n displaying a holographic image of a replay
object. The method of generating a first computer generated
hologram corresponding to the desired replay object (step 1);
subdividing the first computer generated hologram into a
plurality of blocks, each representing a sub CGH (step 2); for
cach block or sub CGH, calculating the corresponding replay
sub-image hereafter called target wavetront data set (step 3);
and generating for each target wavelront data set a second
constrained modulation computer generated hologram
wherein that second CGH i1s modulated within constrained
values (step 3); and combining the plurality of second con-
strained modulation computer generated holograms to pro-
vide a third complete constrained modulation computer gen-
erated hologram (step 6).

28 Claims, 3 Drawing Sheets
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COMPUTATION OF COMPUTER
GENERATED HOLOGRAMS

Matter enclosed in heavy brackets [ ]| appears in the
original patent but forms no part of this reissue specifica-
tion; matter printed in italics indicates the additions
made by reissue.

This application 1s the US national phase of international

application PCT/GB02/03938, filed in English on 29 Aug.

2002, which designated the US. PCT/GB02/03938 claims
priority to GB Application No. 0122271.0 filed 14 Sep. 2001.
The entire contents of these applications are incorporated
herein by reference.

The present invention relates to the computation of com-
puter generated holograms.

It 1s well known that a three-dimensional 1mage may be
presented by forming an interference pattern or hologram on
aplaner surface. The three-dimensional image is visible when
the hologram 1s appropriately 1lluminated. Recently, interest
has grown in so-called computer generated holograms
(CGHs) which offer the possibility of displaying high quality
images, which need not be based upon real objects, with
appropriate depth cues and without the need for viewing
goggles. Interest 1s perhaps most intense in the medical and
design fields where the need for realistic visualisation tech-
niques 1s great.

Typically, a computer generated hologram involves the
generation of a matrix of data values (each data value corre-
sponding to a light transmission level) which simulates the
hologram which, might otherwise be formed on a real planer
surface. The matrix 1s applied to a Spatial Light Modulator
(SLM) which may be, for example, a two-dimensional array
of liquid crystal elements or of acousto-optic modulators.
Coherent light 1s directed onto the SLM using for example a
laser such that the resulting output, either reflected from the
SLM or transmitted through the SLM, 1s a modulated light
pattern. An example of an SLLM 1s an Electrically Addressable
SLM (EASLM).

FIG. 1 1llustrates a simplified system for producing a holo-
graphic 1image using a CGH. Light from a point source 1 1s
collimated by optics 2 and directed towards a beamsplitter 3.
Light 1s reflected by the beamsplitter 3 onto the surface of a
spatial light modulator (SLM) 4 which 1s used to display the
CGH. Replay optics 5, 6 direct light reflected from the SLM
4 to an i1mage region where the image 7 i1s displayed. A
so-called conjugate image 8 also appears in this region. In this
arrangement, the SLM 4 may be an optically addressed SLM
or an electrically addressed SLM.

An1deal CGH has complex light modulation, where ‘com-
plex’ 1s referring to complex numbers (with real and 1magi-
nary parts) which can be used to describe both the amplitude
and phase of the light. In principle, such a CGH would be
capable of replaying a perfect image. Previously reported
algorithms capable of designing such a CGH include the
Coherent Ray Trace (CRT), the Ping-pong method and the
Diffraction Specific (DS) method. CRT and the Ping-pong
method mvolve propagating light reflected from a simulated
3D object to a CGH plane. The amplitude and phase of the
wavelront at the CGH plane 1s then used to determine the
CGH pixel transmission values. CRT makes use of ray tracing
to calculate the propagation of the wavelront whilst the Ping-
pong method makes use of Fourier transforms. The DS
method 1s different 1n that 1t makes use of pre-computed
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2

look-up tables to determine the CGH pixel transmission val-
ues that will enable a particular 3D 1mage to be displayed.

It 1s very difficult to obtain fully complex SLMs. SLMs
suitable for the display of CGHs typically have constrained
light modulation abilities. For example they may only be able
to modulate the amplitude of light or only its phase. It 1s
particularly desirable to be able to display CGHs on SLMs
with only binary modulation (each pixel having only an on or
oil state) as these are relatively simple to fabricate. Constrain-
ing the light modulation values of the CGH so that 1t may be
displayed on such SLMs generally results 1n an increase in
noise 1n the replayed image. An intuitive explanation for this
1s that constrained modulation CGHs contain less ‘1informa-
tion’.

Algorithms exist that enable constrained modulation
CGHs to be designed that replay images either with reduced
noise or where the location of the noise can be controlled, e.g.
shifted away from the target image. For example, Projection
Onto Constramnt Sets (POCS) and Direct Binary Search
(DBS) can be used to generate a suitably constrained CGH.
These algorithms rely upon the use of a “target 1image” 1n
order to design the final CGH. The hologram 1s optimised so
that 1t results 1n the replay of an 1image as close as possﬂjle to
the target 1image (some form of merit function 1s used to
measure the quality/fidelity of the replay). This process
places an additional heavy load on the available computer
processing power, particularly as binarising algorithms
which produce low noise results tend to be 1terative.

The ‘target image’ 1s typically a complex waveiront 1n
some 2D region of space. It 1s described simply by a matrix of
complex numbers representing the amplitude and phase of
the wavelront at sample points. When this wavelront propa-
gates through space and 1s detected by a viewer’s eyes, a 3D
image 1s perceived as though the wavetront had originated
from a real 3D object. This target image may be determined
from the replay of a CGH designed by the CRT, Ping-pong or
DS algorithms.

For a display system based on a CGH, the complexity ofthe
SL.M, 1n terms of the number of pixels required, 1s determined
both by the required 1image size and angle of view (the angle
over which the 3D 1mage can be seen by a viewer). Particu-
larly for multi-viewer systems, which tend to need large view-
ing angles, this results 1n a need for large numbers of pixels
(e.g. 10'° pixels for a workstation application). Even for
extremely powerful computers, the complete computation
process, that may include ray tracing and binarisation with
POCS, can take many hours, making the near real time gen-
eration of high quality CGHs very challenging.

Attempts have been made to break the CGH computation
process mto smaller blocks to make the problem more trac-
table. These mvolve calculating a number of small sub-holo-
grams or sub-CGHs which are then “stitched” together to
form the final desired large CGH. For example, the article
“Iterative interlacing approach for synthesis of computer gen-
erated holograms™, O. K. Ersoy, 1. Y. Zhuang & J. Brede,
Applied Optics, Vol.31 No.32, November 1992, describes a
process 1 which a first sub-hologram 1s designed which
provides a noisy 1mage. Further sub-holograms are added
which successively reduce noise. This process however
requires sequential processing of the sub-holograms and 1s
not suited to parallel processing. Other approaches are
described 1n “Fast decimation in frequency direct binary
search algorithms for synthesis of computer generated holo-
grams’’, J-K. Zhuang & O. K. Ersoy, J.Opt.Soc. Am.A, Vol.11,
No.1, January 1994; “Optimal decimation in frequency itera-
tive interlacing technique for synthesis of computer generated

holograms™, J-Y. Zhuang & O. K. Ersoy, J.Opt.Soc. Am.A,
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Vol.12 No.7, July 1995; and “Error reduction of quantised
kinoforms by means of increasing the kinoform size”, S. Yang,

& T. Shimomura, Applied Optics, Vol.37 No0.29, October
1998.

According to a first aspect of the present invention there 1s
provided a method of computing a computer generated holo-
gram for use 1 displaying a holographic image of a replay
object, the method comprising the steps of:

calculating a plurality of target wavefront data sets, each

representing a replayed block of a single large hologram
corresponding to the desired replay object;

generating a constrained modulation computer generated

hologram for each target wavetront data set; and
combining the plurality of constrained modulation com-

puter generated holograms to provide a complete, con-

strained modulation computer generated hologram.

According to a second aspect of the present invention there
1s provided a method of computing a computer generated
hologram for use i1n displaying a holographic image, the
method comprising the steps of:

generating a {irst computer generated hologram corre-

sponding to a desired replay object;

subdividing the first computer generated hologram into a

plurality of blocks;

for each block, generating a target waveliront data set, and

generating a second constrained modulation computer
generated hologram for each target wavetront data set;
and

combining the plurality of second constrained modulation

computer generated holograms to provide a third com-
plete constrained modulation computer generated holo-
gram.

Embodiments of the present invention provide an efficient
method for designing constrained modulation holograms. As
the hologram 1s broken up 1nto a number of sub-sections each
of which 1s independently designed using i1ts own unique
replay target, the method can employ powertul parallel pro-
cessing techniques in order to increase computation speed
and to scale to large 1image sizes.

It will be appreciated that the data for the desired replay
object may be obtained from a real object, captured for
example using a digital imaging system, or it may be simu-
lated, generated for example using a computer aided design
process.

The step of generating a first computer generated hologram
corresponding to the replay object may comprise using the
CRT, DS or ping-pong algorithm to produce a full complex
modulation or grey scale amplitude modulation computer
generated hologram.

The step of generating a target wavelront data set for each
block of the first computer generated hologram may comprise
performing an mverse Fourier Transtorm on each block. For
cach target wavelront data set, a target object may be
extracted from each simulated 1image. This may mvolve crop-
ping the target wavelront data set to remove the area sur-
rounding the target object. Typically, the blocks will all be the
same size although this need not be the case.

The step of generating a second constrained computer gen-
erated hologram for each extracted target object may com-
prise generating a binarised computer generated hologram.
An algorithm such as POCS or DBS may be used.

Preferably, the processing steps applied to each block of
the first computer generated hologram are carried out 1n par-
allel with those applied to the other blocks.

According to a second aspect of the present invention there
1s provided an electronic storage medium having stored
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4

thereon a computer generated hologram computed using the
method of the first aspect of the present invention.

For a better understanding of the present invention and 1n
order to show how the same may be carried mto efiect refer-
ence will now be made, by way of example, the accompany-
ing drawings, 1n which:

FIG. 1 illustrates schematically a simplified holographic
display;

FIG. 2 illustrates certain steps in the computation of a
computer generated hologram; and

FIG. 3 1s a flow diagram 1llustrating a method of generating,
a computer generated hologram suitable for implementation
on a parallel processing architecture computer.

A display for displaying a holographic image using a com-
puter generated hologram (CGH) has been described with
reference to FIG. 1. There will now be described a method of
generating a CGH for use with such a display (or other types
of holographic display).

The starting point for the CGH generation process 1s a
desired replay object for which 1t 1s desired to generate the
CGH. In this example, the object 1s surrounded by a zero
padded area. This 1s done 1n anticipation that an empty region
1s going to be required to locate ‘binarisationnoise’. Typically
this object 1s a simulated object held 1n the memory of a
computer. For example, the object may be a car designed
using a CAD application. The 3D spatial co-ordinates of the
object are known. For reasons of simplicity and to more
clearly illustrate the CGH computation process, the replay

object illustrated in FIG. 2 1s a 2D rectangular “chequer
board”.

Using a method such as CRT (Cameron C D, Pain D A,
Slinger C W, “Computational challenges of emerging novel
true 3D holographic displays™, SPIE Vol.4109. August 2000)
or the ping-pong method (Ichioka Y, Izumi M, Suzuki Y,
“Scanning halftone plotter and computer-generated continu-
ous tone hologram™, Appl.Opt. 10, 403-11, 1971), a “pertect”
CGH 1s generated which may be a tull complex modulation or
at least grey scale amplitude modulation, as illustrated by step
(1) in FIG. 2. Each point in the CGH comprises a real and
imaginary component (or amplitude and phase component).
If 1t were possible to provide a complex modulation or grey
scale amplitude SLM then this CGH could of course be used
directly to display the target image. However, 1n practice 1t 1s
very desirable to be able to use binary SLMs. The CGH must
therefore be binarised (i.e. each pixel value converted to a
binary on/oif value). This process 1s illustrated 1n steps (2) to
(6) of FIG. 2.

In step (2), the CGH 1s sub-divided 1nto four equally sized
blocks. In step (3) an inverse Fourier Transform 1s applied
individually to each of the blocks of the CGH to generate
corresponding replay sub-images (target wavelront data
sets). As the mformation contained in the target object 1s
distributed across the entire CGH, applying an imnverse Fou-
rier Transform to each block will result 1n a matrix of complex
values which 1s a representation of the object which appears
to be sampled at a very low rate. The chequer board patter 1s
unrecognisable 1n this representation.

In step (4), each of the sub-1mages 1s cropped to remove the
area surrounding the target object. It will be appreciated that
this process may be applied 1n parallel to the blocks as there
1s no mterdependency between them, 1.¢. the process applied
to one of the blocks does not rely upon the results of the
process applied to any of the others.

In step (8), each of the cropped 1images 1s used as the target
replay image 1n the design of a corresponding binarised sub-
CGH using the POCS algorithm (Jenmison B K, Allebach I P,

Sweeney D W, “Iterative approaches to computer-generated
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holography”, Optical Engineering, Vol.28, no.6, p.629-37,
1989). Note that each target 1image consists of a matrix of
complex values. Only the amplitude 1s shown in the Figure.
Each binarised sub-CGH consists of a matrix of binary values
set to indicate whether the corresponding pixel 1s on or off. (If
an mverse Fourier Transtform 1s applied to each of the blocks,
an 1mage of the target object can be recovered as shown at
isert A). A conjugate 1image 1s also contained 1n the trans-
formed data. In step (6), the four binarised sub-CGHs are
abutted together to form a single binarised CGH.
When the CGH 1s displayed on a SLM such as that of the
holographic display of FIG. 1, the image which 1s displayed
corresponds to that shown 1n msert B of FIG. 2 (the replay of
the CGH eflectively performs an mverse Fourier Transform
on the CGH). As well as the target object, a conjugate 1mage
appears. Both images are surrounded by noise. Whilst the
presence of noise may in many circumstances be unimportant
(for example where 1t 1s desired to display a hologram of a car
floating 1n space), the effect of the noise can be reduced by
viewing the hologram through a screen designed to allow
only the area of the target object to be viewed. The same
technique can be used to blank out the conjugate image.
It will be appreciated by the person of skill 1n the art that
various modifications may be made to the above described
embodiments without departing from the scope of the present
invention. For example, 1t 1s possible that the algorithm (e.g.
CRT or DS) used to design the CGH may also be parallelised
such that each block, from which the target images are
obtained, 1s calculated in parallel. If the SLLM 1s addressed 1n
parallel (e.g. blocks of the SLM can be updated simulta-
neously), then the step of combining the binarised sub-CGH
into a single large CGH within the computer 1tself 1s unnec-
essary. Instead, each sub-CGH 1s written directly to the appro-
priate position on the SLM. In effect, the sub-CGH are butted
together when they are displayed on the SLM.
What is claimed 1s:
1. A method [of computing a computer generated hologram
for use 1n displaying a holographic image of a replay object,
the method] comprising[the steps of]:
calculating a plurality of target wavefront data sets [, each]
representing [a] replayed [block] blocks of [a single
large] a computer generated hologram corresponding to
[the desired] a replay object;

generating [a] constrained modulation computer generated
[hologram] 4olograms for [each] the plurality of target
wavefront data [set] sets; and

combining the plurality of constrained modulation com-

puter generated holograms to provide a complete, con-
strained modulation computer generated hologram.

2. A method [of computing a computer generated hologram
for use in displaying a holographic image, the method]
comprising[the steps of]:

generating a [first] computer generated hologram corre-

sponding to [the desired] a replay object;

subdividing the [first] computer generated hologram into a

plurality of blocks;
[for each block,] generating [a] target wavefront data [set,
and] sets corresponding to the plurality of blocks,

generating a [second] plurality of constrained modulation
computer generated [hologram for each] zolograms cor-
responding to the target wavefront data [set] sets; and

combining the plurality of [second] constrained modula-
tion computer generated holograms to provide a [third]
complete constrained modulation computer generated
hologram.

3. [A] The method according to claim 2, wherein [the step
of] generating [a first] ¢2e computer generated hologram [cor-
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6
responding to the replay object] comprises using [the] a
Coherent Ray Trace (CRT), Diffraction Specific (DS), or
ping-pong [algorithms] algorithm to produce a full complex
modulation or grey scale amplitude modulation computer
generated hologram.

4. [A] The method according to claim 2, wherein [the step
of] generating [a] target wavefront data [set for each block of
the first computer generated hologram] sets comprises per-
forming a Fourier Transform or an inverse Fourier Transform
on [each block] the plurality of blocks to generate trans-

formed data.

5. [A] The method according to claim 4, wherein [the step
of] generating [a] the target wavefront data [set] sets com-
prises cropping the [corresponding] transformed data.

6. [A] 7%e method according to claim 2, wherein [the step
of] generating [a second] tie plurality of constrained modu-
lation computer generated [hologram] 2olograms comprises
generating a binarised computer generated hologram.

7. [A] The method according to claim 6, wherein [the step
of] generating [a] #2¢ binarised computer generated hologram
uses [the] a Projection Onto Constraint Sets (POCS) or Direct
Binary Search (DBS) [algorithms] algorithm.

8. [A] T7e method according to claim 1, wherein the [pro-
cessing steps applied to each wavelront data set are carried
out] constrained modulation computer generated holograms
are generated in parallel [with those applied to the other] for
the plurality of target wavefront data sets.

9. [An] A4 non-transitory electronic storage medium having
stored thereon a computer generated hologram computed
using the method of claim 1.

10. An apparatus comprising:

a spatial light modulator (SLM);

optics configured to divect collimated light onto the SLM;

and

a processor configured to:

subdivide a computer generated hologram (CGH) into a
plurality of sub-images;

calculate target wavefront data for each of the plurality
of sub-images;

generate a plurality of constrained modulation CGH
corresponding with the target wavefront data; and

write the plurality of constrained modulation CGH on
the SLM.

11. The apparatus according to claim 10, wherein the
processor is further configured to combine the plurality of
constrained modulation CGH into a single CGH.

12. The apparatus according to claim 10, wherein the
plurality of constrained modulation CGH is written on the
SLM as a single CGH.

13. The apparatus according to claim 10, wherein the
plurality of constrained modulation CGH comprises binar-
ised data.

14. The apparatus according to claim 13, wherein the SLM
operates using binary modulation.

15. The apparatus according to claim 10, wherein the
target wavefront data comprises complex values including an
amplitude and a phase component, and wherein the plurality
of constrained modulation CGH comprises binarised data.

16. The apparatus according to claim 10, further compris-
ing a viewing screen configured to reduce a viewing noise
resulting from the generation of the constrained modulation
CGH.

17. A non-transitory computer-readable medium having
instructions stoved thereon that, in vesponse to execution by at
least one device, cause the at least one device to perform
operations comprising:
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subdividing a computer genervated hologram (CGH) into a

plurality of sub-holograms;

calculating corresponding veplay sub-image data for the

plurality of sub-holograms;

generating a plurality of comnstrained modulation holo-

grams corresponding with the replay sub-image data;
and

writing the plurality of constrained modulation holograms

on a spatial light modulator.

18. The non-transitory computer-readable wmedium
according to claim 17, wherein the operations further com-
prise cropping the plurality of sub-holograms to remove a
surrounding area prior to calculating the veplay sub-image
data.

19. The non-transitory computer-readable wmedium
according to claim 17, wherein the operations comprising
calculating the corresponding veplay sub-image data include

performing an inverse Fourier Transform on one or more of

the plurality of sub-holograms.

20. The non-transitory computer-readable wmedium
according to claim 17, whervein the CGH comprises complex
values including a veal and an imaginary component.

21. The non-transitory computer-readable medium

10

15

20

according to claim 17, wherein the spatial light modulator is 25

a binary spatial light modulator.
22. The non-transitory computer-readable medium
according to claim 17, wherein the operations comprising

8

calculating the replay sub-image data include calculating the
replay sub-image data in parallel.

23. An apparatus comprising.

means for subdividing a computer generated hologram

(CGH) into a plurality of sub-holograms;

means for calculating corrvesponding replay sub-image

data for the plurality of sub-holograms;

means for generating a plurality of constrained modula-

tion holograms corresponding with the veplay sub-im-
age data; and

means for sequentially writing the plurality of constrained

modulation holograms on a spatial light modulator.

24. The apparatus accovding to claim 23, wherein the
plurality of constrained modulation holograms arve combined
to form a single hologram.

25. The apparatus according to claim 23, wherein the
means for calculating the replay sub-image data include
means for calculating the veplay sub-image data in parallel.

26. The apparatus accovding to claim 23, wherein the
replay sub-image data comprises complex values including
an amplitude and a phase component.

27. The apparatus accovding to claim 26, wherein the
plurality of constrained modulation holograms comprises
binarised data.

28. The apparatus according to claim 23, further compris-
ing means for reducing a viewing noise resulting from the
generation of the constrained modulation holograms.
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