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Combining optical holograms
with interactive computer graphics
Holography and computer graphics are used as tools
to solve individual research, engineering, and presen-
tation problems within several domains. Up until now,
however, these tools have been applied separately.
Our intention is to combine the technologies to cre-
ate a powerful tool for science, industry, and educa-
tion (see website for project details).

We use video projectors instead of analog light
bulbs, the main advantage of which is that the wave
used to reconstruct a white-light hologram can be digi-
tized. Thus it is possible to control the amplitude and
wavelength of each discrete portion of the wavefront
over time.1 Today’s computer graphics capabilities
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Figure 1. Rainbow hologram of a dinosaur skull combined with graphical representa-
tions of soft tissue and bones.

Continues on page 9.

Figure 2. A rainbow hologram with 3D graphical elements and synthetic shading and
shadow effects.

allow the merging of any kind of two- or three-dimen-
sional graphical elements seamlessly with the recorded
holographic content. Their integration with hologra-
phy has the potential, therefore, to lead to efficient vi-
sualization tools that combine the advantages of ho-
lography and computer graphics.

It is possible to reconstruct the object wave of a ho-
logram only partially, leaving gaps where graphical el-
ements can be inserted. Both reflection holograms
(without an opaque backing layer) and transmission
holograms remain transparent if not illuminated. Thus,
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An update on silver halide holographic materials
Holographic materials have constantly improved
over the past few years. In order to provide po-
tential users with up-to-date information about
speed, absorption, maximum diffraction efficiency
and reconstruction bandwidth, we conducted a
comparison of different holographic materials that
were on the market in 2004. We investigated the
silver halide materials from ColourHolographic
Ltd. (BB-450, BB-520, BB-640), Yves Gentet1

(Ultimate-08, Ultimate-15), and GEOLA2 (VRP-
M, PFG-01, PFG-3C). The purpose of our evalu-
ation was to choose one of the materials for the
work in our laboratory. Though such investiga-
tions have been conducted before,3-6 an update of
the latest material characteristics seemed to be
necessary.

Evaluation procedure
We recorded plane-wave reflection holograms in
all silver halide emulsions by means of a stepper-
motor-driven computer-controlled exposure stage.
To cover a large range of possible applications,
different laser wavelengths were used: these in-
cluded several argon laser lines, HeNe lasers at
633nm, and pulsed frequency-doubled Nd:YAG
lasers at 532nm. We developed and bleached the
emulsions as suggested by the manufacturers and
evaluated the reflection holograms with a fibre
spectrometer.

We recorded fringes with a high spatial fre-
quency in order to verify the material resolutions
specified by the manufacturers. The reference
beam was incident from 45° and the object beam
was set to an angle of 0° in a reflection geometry,
yielding an interbeam angle of ∆Θ = 135°. Both
beams were s-polarized and the beam ratio K was
constant at

λ
ref

 /λ
obj

 = K = 1

For every examined combination of material and
wavelength, over one hundred single holograms
were recorded with varying exposure times. For
evaluation, a fibre-coupled collimated tungsten
light source was used. The zero-order light that
was transmitted through the hologram was
coupled into another fibre and examined with a
spectrometer. A typical transmission spectrum
from a recorded hologram is shown in Figure 1.

Material properties
Our main interest was focused on the maximum-
achievable diffraction efficiency and the band-
width of the silver-halide emulsions. These two
parameters are essential for holographic materi-
als, since they determine how much light can ef-
fectively be used for reconstruction. We further
investigated the shrinkage of the emulsion and
losses due to absorption and scattering. Detailed
curves for all parameters, for large exposure
ranges and for up to five laser wavelengths, are
also available on request. Due to the restricted
space, Table 1 gives a short summary of the main

optimal exposure. Furthermore, we could deduce
several facts besides the optimal exposure range
for the holographic materials. First, basically all
materials are capable of replaying near the record-
ing wavelength if the recommended development

Figure 1. Transmission spectrum of a typical hologram.

Continues on page 10.

Figure 2. Diffraction efficiencies of the holographic materials under investigation.

results for the case of recording at 633nm.

Results
Figure 2 shows the diffraction efficiency for most
of the materials under investigation (VRP-M and
PFG-01 are not displayed here) versus the expo-
sure dose. Basically all materials were able to
achieve around 80% diffraction efficiency at their
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Controlling phase and amplitude image reconstructions
in digital holography: achievements and perspectives
The idea of using a computer to
reconstruct a hologram1 was pro-
posed for the first time by
Goodman and Laurence and by
Kronrod et al..2 The develop-
ment of computer technology
and solid-state image sensors
then made it possible to directly
record holograms using a
charge-coupled-device (CCD)
camera.3 This important step is
commonly referred to as digital
holography (DH), where the
amplitude and phase of the ob-
ject beam can be extracted sepa-
rately through the complex
wavefront. The numerical recon-
struction procedure is based ei-
ther on the calculation of the dif-
fraction integral via a Fresnel-
transformation method (FTM)
or a convolution method.

In the FTM, the phase- and
amplitude-image reconstruction
pixel (RP) size (∆x) depends on
the wavelength λ used via the re-
lation:

∆x = dλ / N∆ξ
Here d is the reconstruction dis-
tance—the distance measured
backward from the hologram
plane (ξ –η) to the image plane
(x - y)—and N2 is the number of
pixels of size ∆ξ in the CCD ar-
ray (a square array is considered
here). We have investigated
theoretically4,5 a simple numeri-
cal procedure for controlling the
numerical reconstruction using
the FTM, and demonstrated ex-
perimentally its use in DH mi-
croscopy (DHM) for micro-
electro-mechanical-systems
(MEMS) investigation.

Figure 1 shows an application
DHM for a quasi-real-time in-
spection of a silicon cantilever
(50µm×50µm). The recording
set up consists basically of a
Mach-Zehnder interferometer
for reflection imaging at wave-
length 532nm. The sample was
heated to the temperature range
23-123°C, using a remote-controlled element.
While heating the sample, the phase-shift of the
interference fringes was detected in quasi-real-
time by measuring the average intensity change
in a group of 4×4 pixels of the digitized hologram.
The numerical reconstruction distance for each

Figure 1. (a) In-focus phase map of the cantilever beam relative to three different
reconstruction distances. (b) Wrapped image phases reconstructed at different
distances after application of the zero-padding operation.

Figure 2. Reconstructed images from the digital hologram recorded at different
wavelengths: (a) λ1=632.8nm; (b) λ2=532.0nm; λ1=632.8nm, but size is
controlled using the padding operation; superimposition of images (b) and (c).

hologram was continuously updated. The final
hologram reconstruction distance differs from the
initial distance by about 40mm. Figure 1(a) shows
clearly that the size of the reconstructed phase
images, in terms of the pixel number, is reduced.
This is as expected, since three holograms were

recorded and reconstructed at dif-
ferent distances, namely
d=100mm, d=117.3mm, and
d=140.8mm.

The technique for controlling
the size of the reconstructed im-
ages independently from a dis-
tance in order to permit a perfect
superposition of both phase and
amplitude images makes use of a
larger number of pixels in the re-
construction process. This in-
volves ‘padding’ with zeros so
that the hologram recorded at the
greater distance (d

2
, with d

2
 > d

1
),

is reconstructed with a number of
pixels N

2
 = N

1
(d

2
/d

1
) where N

1
 is

the number of pixels of the holo-
gram recorded at wavelength λ

1
.

In this way, the same width for
the RP is obtained, i.e., we have
∆x = λ

2
d/N

2
∆ξ = ∆x

1
. The values

of the measured phase are re-
stricted in the interval [-π,π], i.e.
they are wrapped. The wrapped
image phases—reconstructed at
different distances with applica-
tion of padding operation—are
shown in Figure 1(b).

We have also shown that the
same approach can be usefully
applied6 in the case of multi-
wavelength digital holography.
The size of the RP can be kept
constant, independent of wave-
lengths used during the recording
process, by taking the hologram
recorded at the greater wave-
length and padding it with zeros.
Figures 2(a) and (b) show the re-
constructed amplitude images of
a toy taken from two digital ho-
lograms. These were recorded us-
ing identical optical set-ups but
with two different wavelengths
(λ

1
 = 632.8nm and λ

2
 = 532.0nm,

respectively). As is clearly seen,
the image recorded in red appears
to be smaller than that recorded
in green. After padding, the re-
constructed red hologram is
shown in Figure 2(c). The two
images (Figures 2(a) and (c)) are

now the same size, can be superimposed to give a
full-colour red and green image (shown in Figure
2(d)).

Continues on page 10.
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Holographic visualization
with digital micromirror devices
Today’s computers and video rely on 2D perspec-
tive images to represent the physical world. As
more holographic visualization methods are pro-
duced, users should increasingly see the advan-
tage of true 3D and so spur the development of
more applications. We are working on holographic
visualization using the digital micromirror device
(DMD). For our first applications, we envision
pilot heads-up displays, air-traffic-control dis-
plays, and even ultrasound displays for medical
diagnosis.1-3 For those who don’t know the de-
vice, the DMD is the micromechanical compo-
nent of the Texas Instruments’ Digital Light Pro-
cessing (DLP) system.3,4

Applications are practical now because state-
of-the-art DMD holograms can match the perfor-
mance of competing 2D technologies: including
in terms of resolution. The prototype holographic
visualization system we are developing to dem-
onstrate these applications may also be the fore-
runner to a DMD ‘holovision’ set. Our group has
been investigating the projection of full-parallax
holographic images using the DMD as the holo-
graphic medium.5

Initial applications using such displays can be
achieved by showing virtual images of the holo-
gram and can be developed into real-image pro-
jection displays using an additional component: a
good volumetric display. Our group has had lim-
ited success in using frosted plates, screens, wa-
ter mists, clouds, dry-ice vapor, and artificial fog
as volumetric display devices.5 By exploiting the
translucent nature of Agarose gelatin in a glass
tank, a relatively simple procedure, we have been
able to project a good, undistorted volumetric
image.6

Though low cost and simple, the gel is not du-
rable and clearly not suitable for use on any air-
craft. A gel-like display may be used for ultra-
sound, but the continuous scattering of light
throughout the entire gel volume tends to fog the
image.

As an alternative, we are developing a volu-
metric display system consisting of a series of liq-
uid-crystal (LC) sheets and sequencing electron-
ics.6 The LC sheets are layered into a stack to form
a cube that is placed in the location where the
image is to form: the face of each LC sheet is per-
pendicular to the depth axis. Each sheet is a single
liquid crystal ‘pixel’ about 16cm×16cm and one
millimeter thick. All the sheets are normally on,
causing minimum light scattering and attenuation.
The sheets are sequenced at rates of 15Hz or faster
to be free of flicker. As a LC sheet is sequenced
off, it will cause the appropriate depth layer to
form, making it appear brighter and sharper. Even
with the number of LC sheet layers increased to
approach a continuous medium, it still will not
have the same continuous scattering problems as

the Agarose gel since each opaque layer is only
present a small fraction of the time. However,
though is not as simple as the continuous medium,
it is more durable, practical, and improves image
quality.

Figure 1 is a picture of our prototype real-im-
age holographic projection system. Its design is
based on our laboratory setup, except the projec-
tion optical path is folded using flat surface mir-
rors.5,6 The total projection path length is ~220cm
and does not use any magnification. The size of
the scene to be viewed is ~3.8cm: large enough
for unaided viewing. The object scene is encoded
for a 3.8×3.8×3.8cm3 volume. Since there is no
magnification, there should not be any
nonlinearity in any direction in the projected im-
age. All of the scene’s depth cues will remain
natural.7

Holographic 3D displays may potentially be
used in all applications that currently use 2D per-
spective displays. The applications range from
games to scientific workstations to holographic
television. The prototype shown in  Figure 1 is
surely a step in the direction of a commercial
holovision-set. Our near-term candidates for the
DMD holographic 3D displays are those that do

not need a ‘live’ image and can operate with cur-
rent resolution levels. The projected images will
be selected from a series of pre-recorded holo-
grams: these could be computer generated or digi-
tally recorded.

In heads-up display and air-traffic control ap-
plications, there is only a single viewer who does
not need full color images or a wide look-around
capability. A single-color laser and single DMD
will thus suffice for the initial design of the de-
vice.

For medical ultrasound displays, the resolution
of the current DMD exceeds the measurement
resolution of the ultrasonic probe. But current ul-
trasound 2D displays have false color to enhance
the image and use 2D perspective to appear to
have a look-around. Until DMDs are produced
with smaller mirrors, five or more DMDs may be
necessary to project the image with sufficient
look-around. The way this works is that holograms
from different angles of the ultrasound 3D image
are placed on different DMDs. As the viewer
moves outside the viewing angle of one DMD, he
move seamlessly into the next: in total, this will
provide a 9° or better look-around of the object.
The use of two different-colored lasers should

Figure 1. Major components of the prototype real-image holographic projection system: a) holographic
projector housing; b) 24-liquid-crystal volumetric display; c) digital micromirror device (DMD); d) VAC
Power Supply; e) NI SCXI-1128 Multiplexer Switch; f) computer for switching; and, g) computer to play
holographic movies.
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provide enough false color variation to match
today’s ultrasound. The choice of colors would
be picked to match the users’ needs.

As the work progresses, we are looking into
commercializing the technology through licens-
ing and by forming a company (Holomedix, Inc.)
to develop applications. More information and
images of our research are available on our web
site.8

Michael L. Huebschman,*

Bala Munjuluri,* Jeremy Hunt,
and Harold R. Garner*†

Eugene McDermott Center for Human
Growth and Development
*Center for Biomedical Inventions
†Department of Biochemistry and Depart-
ment of Internal Medicine
The University of Texas Southwestern
Medical Center at Dallas, TX
E-mail:
Michael.huebschman@utsouthwestern.edu
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CROP photopolymer holographic storage media
achieves archival data life times at areal density of
greater than 100 bits/µm2

AprilisTM HMC and HMD photopolymerizable
holographic recording material, in 400µm-thick-
ness for card and disk optical media, was devel-
oped from ULSH-500 photopolymer systems.
These exploited the method of cationic ring-open-
ing polymerization (CROP)1 for volume hologram
recording. The CROP mechanism was used to re-
place free-radical polymerization and thereby
achieved the lowest shrinkage2,3 per unit reaction
and high dynamic range,4 while also achieving
high recording sensitivity.4,5 Sensitivity normal-
ized to thickness, S

R
, in cm/mJ was shown to be

in the range 1 ≤ S
R
 ≥ 12 for multiplexed plane-

wave holograms recorded in media thickness
of 50 to 200µm. For binary data pages6,7 multi-
plexed co-locationally in a thickness of 400µm,
0.33 ≤ S

R
 ≤ 6.75. This corresponds to the typical

recording manifold for attaining 90% of the cu-
mulative dynamic range.

These advantageous recording sensitivities dif-
ferentiate AprilisTM media from others for data
pages, as it means they can be recorded using
pulsed lasers while the media is rotating. Good
Bragg selectivity characteristics—consistent with
uniform refractive-index modulation for the im-
aged thickness—was demonstrated for the CROP
recording material.2-7 The Bragg selectivity and
the diffraction efficiency of recorded holograms
are stable without requiring post-imaging fixing
procedures.2-7

Data page holograms of low diffraction effi-
ciency—such as η ≤ 0.1%—are of particular in-
terest for optical data storage. This is because it is
desirable to multiplex, either co-locationally or
through spatial overlapping, as many holograms
as possible to maximize storage density and ca-
pacity. The theoretical upper limit on storage den-
sity is V/λ3, where V is the volume of the holo-
gram and λ is the wavelength of the light:8 this is
of the order of 1012bits/cm3. The limit not been
achieved in practical systems due to limitations
on signal-to-noise (SNR) relating to inter-page
crosstalk between M multiplexed holograms and
the diffraction efficiency having 1/M2 dependence.
Grating strength scales with the thickness of the
recording material,9 but storage density is affected
by geometrical contraints10-12 associated with
Bragg selectivity and the beam size, shape, and
geometry.

For a typical off-axis reference-beam geometry,
the area that is illuminated by the reference in-
creases with both thickness, L, and inter-beam
angle. Consequently, the excess area needed for
the reference to overlap the signal beam is exac-
erbated with increased thickness. Furthermore, in
photopolymer materials it is generally more dif-

ficult to record holograms of such low diffraction
efficiency that exhibit good Bragg selectivity char-
acteristics as the thickness is increased. Depar-
ture from an ideal sinc-squared function has been
exhibited in thick photopolymer materials, which
may be caused by non-uniformity of the recorded
gratings through the thickness in the material.

Critically-important attributes of a high-perfor-
mance holographic material are that the material
exhibit high dynamic range with good recording
sensitivity. This allows high storage density with-
out the need for a thick material that imposes lim-
its due to the aforementioned factors. Addition-
ally, the recorded information exhibits good fi-
delity that is reliably stable and thus archival. With
an AprilisTM HMC medium just 400µm
thick,6,7storage density (S

2D
) in the range of 100-

150Gbits/in2 was achieved for digital data. The
information was recorded holographically as
262kbit pages with a dynamic range, ν

m
 = ∑η

i
0.5,

of at least M/# = 18. The stability of the signal-to-
noise (SNR) and raw-bit-error-rate (RBER) of
multiplexed data pages in Aprilis CROP materi-
als due to large amounts of post-recording expo-
sure energy and/or elevated temperatures has been
established.13 We discuss these issues here.

Experimental
The object beam optics comprise a 4f optical con-
figuration using a custom matched Fourier-trans-
form lens pair. The reference beam optics also

comprise a 4f configuration. The laser, a
Lightwave Model 142 CW DPSS Nd:YAG laser
at 532nm, is spatially filtered and collimated to
produce the object and reference beams. The azi-
muthal rotation angles of the sample plane about
the optical axis (z-axis), ϕ, and the angle of the
reference beam, θ, were controlled as previously
described.6 A Newport Model ESP-6000 Unidrive
six-axis motion controller is used to position the
sample, the takeoff mirror of the reference beam
system, and the position of the CCD imager. Re-
construction of co-locationally-multiplexed digi-
tal-page holograms onto the CCD detector was
accomplished using the reference beam with an
incident intensity of 2.6m–5.6 W/cm2, over the
range of high to low θ, respectively. The incre-
ment of ∆θ for planar-angle multiplexing ex-
ceeded the angular width requirements for peak-
to-second-null of the Bragg selectivity. On the
other hand, the increment of ∆ϕ for azimuthal
multiplexing was about the requirement of peak-
to-first-null for angular separation.

Frame grabbing of the reconstructed digital data
pages from the Kodak CCD camera is accom-
plished with a National Instruments card rated up
to 200MBytes/sec. An absolute error count for
each data page is obtained from an error map that
is determined for the entire reconstructed data
page. A real-time histogram for the binning of
detected 1s and 0s is determined and used in the
alignment process during reading. A threshold

Figure 1. Plot for number of hours of persistent acceptable RBER (diamonds) and absorbance (circles)
versus 1/T in K for storage of data page holograms at 73°C, 85°C and 95°C with applied linear-regression
fit.
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process for 0 and 1 level of grey scale is imple-
mented for more accurate determination of the
histogram representation, the process based upon
using tile averaging3,14-15 and control of gain. Real-
time determination of raw BER for both
thresholded and non-thresholded reads is used for
the feedback loop to align the CCD camera, the
imaging lens, the sample, and rotational positions
for θ and ϕ. Final RBER is determined from the
absolute pixel error count for each aligned data
page.

Results and discussion
Peristrophic and planar-angle multiplexing of digi-
tal 5122 (262kbit) data pages was carried out in
400µm-thick recording material of AprilisTM

HMD-050-G-D holographic media. This method
of recording is advantageous in reducing inter-
page cross talk and is effective for increasing the
accessible angular bandwidth and thereby increas-
ing areal density.6-7,16-17 The area of the recording
spot was determined as reported previously.6 Stor-
age density, S

2D
, in excess of 100bits/µm2 was

achieved by using a range of rotational positions
for ϕ over a full 2π. The average RBER was typi-
cally about 5.5E-4, with a number of data pages
exhibiting values as low as 6E-5 to 7E-5, for re-
cording where S

2D
~100bits/µm2.

The RBER was stable when the multiplexed
data pages were subjected to extensive post-re-
cording exposure at λ= 532nm corresponding to
greater than 6000J/cm2, a value that would be in
excess of a billion read events. Samples compris-
ing M=384 co-locationally-multiplexed plane-
wave holograms, as well as M=100 co-locational
binary-data-page holograms per storage location,
were placed in ovens and held isothermally at tem-
peratures of 73°C, 85°C, and 95°C for acceler-
ated aging testing.

A number of optical and physical properties of
the samples were evaluated periodically at room
temperature as a function of storage time at the
elevated temperatures. These included changes to
cumulative grating strength, Bragg detuning and
selectivity, volume scatter, absorbance, uniformity
of physical structure, etc., as well as the RBER.
Measured changes in the aforementioned proper-
ties and their inter-dependance were used to ap-
ply the classical Arrhenius method so as to make
projections on archival lifetime of data stored at
room temperature. For instance, an increase in
visible absorbance by 13% from the value at the
as-recorded state was set as a conservative esti-
mate of the acceptable change for this property.
Although this value can clearly be further relaxed
as an independent property, it also effects other
properties such as SNR of recorded digital data
pages. An increase in the as-recorded average
RBER of multplexed digital data pages to values
in the range of 7E-3 to 9E-3, a value that is still
readily correctable with standard low-overhead
error correction codes, was similarly set as a con-
servative estimate of a reasonably acceptable
change in RBER.

The Bragg selectivity profiles of both the plane-
wave and digital data-page holograms exhibited

slight increases in measured intensity near the first
minima, and also some asymmetry in the intensi-
ties of the first subsidiary maxima (+/-) due to the
accelerated aging, but the detuning angle remained
constant to within about 0.01°. An unexpected
result was that the cumulative grating strength,
ν

m
, was not only stable, but also increased by at

least 20 to 25%. This was true for both the co-
locational multiplexed plane-wave and digital-
data-page holograms, when the stored informa-
tion was subjected to accelerated aging at tem-
peratures of 73°C, 85°C, and 95°C. This result
distinguishes the Aprilis photopolymer material
from others used in data-page recording, as they
exhibit significant diminution in grating strength
when subjected to elevated temperatures.

Figure 1 shows a linear-log plot of the storage
temperatures in K versus averaged hours for per-
sistent acceptable results for absorbance and for
RBER (symbols are overlapping). The dotted line
represents a linear regression that indicates that
room-temperature storage of the recorded infor-
mation is projected to be archival for substantially
longer than 100 years. Furthermore, the physical
attributes of the media exhibit no evidence of fail-
ure modes—such as due to locations of
microcracks or de-lamination from substrates—
even at temperatures in excess of 100°C.

D. A. Waldman, C. Wang, E. S. Kolb,
and R. A. Minns
Aprilis, Inc
Maynard, MA
E-mail: waldman@aprilisinc.com
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New software tools facilitate the development
of better holographic systems
The effective development
of new holographic systems
requires a careful under-
standing of the set-up under
consideration. In particular,
the precise arrangement of
hologram geometry and op-
tical components involved
can dramatically alter the
performance of a holo-
graphic system down to the
microscopic level. In addi-
tion, unlike many optical-de-
sign endeavors, each holo-
graphic system is typically
custom designed and con-
structed from scratch. As
such, it is usually not pos-
sible to follow a prescribed
optical layout in advance. By
their nature, holographic sys-
tems place very different de-
mands on optical modeling
software than more tradi-
tional applications, such as
lens design. In particular, it
is often more important to
obtain an intuitive under-
standing of how the system
operates than it is necessary
to calculate the ‘optimal’
configuration. As such, tra-
ditional lens-design software
packages are not always well
suited for holographic sys-
tem development.

My secret weapon
Throughout my brief twenty-year career as a sci-
entist and engineer, I have maintained a secret
weapon in my development of new holographic
systems. This weapon is my own personal optical
modeling software. In particular, for me, holo-
graphic research and the development of this soft-
ware have always gone hand-in-hand. This joint
development effort resulted in the release of my
commercial optical-design package, Optica, in
1994. Written in the Mathematica language,
Optica is slower in execution than other optical-
design software packages written in C or Fortran.
Nevertheless, I have found the leverage obtained
from Mathematica’s symbolic and computational
powers has more than compensated for its rela-
tive slowness.

Since its first release ten years ago, Optica has
sold more than 2,000 copies worldwide, and I have
continued to expand its functionality. Recently,
my efforts have resulted in two new commercial
optical modeling packages—called Rayica and

Wavica—that now replace the original Optica
package. These software offerings are distributed
by my company, Optica Software.

Rayica and Wavica work seamlessly within the
Mathematica environment. They extend the
Mathematica language for describing and mod-
eling the behavior of optical systems. Rayica is
responsible for performing geometric, non-se-
quential, polarization ray-trace calculations of
optical systems in three-dimensional space.
Wavica builds on the functionality of Rayica and
Mathematica to calculate wave-front interference
and diffraction, Gaussian-beam propagation,
ABCD matrix models, and analytic representa-
tions of optical systems. In addition to modeling
optical systems, Rayica and Wavica also produce
high-quality graphics suitable for publication in
research reports, grant proposals, and patent ap-
plications.

Modeling a holographic system
Next, lets examine a holographic system modeled
with Rayica and Wavica. Figure 1 shows a sche-
matic, generated by Rayica, that exhibits an opti-
cal geometry used to record a holographic optical
element. Here, the precise scale and behavior of
every optical component is accurately calculated
and depicted. In particular, a Gaussian laser beam
(wavelength 405nm) is shown directed into a
beam-splitter cube (BS). This splits the beam into
the diverging off-axis reference pathway (given
by the mirror, M, and the first lens, L1) and the
converging on-axis object pathway (given by L2,
L2, and L4) that finally interfere at the holographic
plate H. After Rayica has modeled the optical lay-
out, Wavica is used to examine the modulated in-
terference fringes during recording (Figure 2) and
the resulting diffraction-grating vector function
after development of the hologram (Figure 3).

Figure 1. Recording geometry schematic of a holographic
optical element as modeled and rendered by Rayica.

Figure 2. Modulation depth of the interference fringes at the
hologram plane calculated by Wavica. Horizontal scale:
millimeters. Vertical scale: relative intensity.

Figure 3. Recorded grating-vector profile calculated by Wavica
(vertical axis is in inverse millimeters, horizontal axis is in
millimeters). The top curve shows the in-plane frequency
component and the bottom curve the out-of-plane frequency
component.

Figure 4. Diffractive behavior of the constructed holographic
element at the three different wavelengths: 405nm (solid line),
532nm (dash-dot line), and 660nm (dashed line). Here, the
HOE grating function was determined by Wavica, and the
resulting holographic reconstruction was traced by Rayica.
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Finally, the resulting grating structure from
Wavica is used by Rayica to model the holo-
graphic reconstruction for different wavelengths,
shown in Figure 4. Although not shown, Rayica
can also model different illumination geometries
with the same hologram.

Holographic imaging in the presence of
aberrations
There are some applications of holographic im-
aging where intrinsic aberrations (due to recon-
struction wavelength shifts or the presence of
curved optical windows) can potentially dominate
the information content and cripple the intended
holographic measurement. It then becomes nec-
essary to compensate for the aberrations in some

they can serve as optical combiners
and produce very compact displays.
Real-time (stereoscopic or
autostereoscopic) computer graphics
can be integrated into the hologram
on one side, while illuminating it par-
tially from the other.

Rendering and illumination are
view-dependent and therefore must
be synchronized. If autostereoscopic
displays are used to render the 3D
graphics registered to the hologram,
both holographic and graphical con-
tent appear three-dimensional within
the same space. If the depth informa-
tion is known for both, the correct oc-
clusion effects between the hologram
and graphics can be generated.

Figure 1 shows a rainbow holo-
gram of a dinosaur skull combined
with graphical representations of soft
tissue and bones. If the holographic
plate is illuminated with a uniform
light, the entire hologram is recon-
structed (Figure 1, left). If the plate is illuminated
only at the areas not occluded by graphical ele-
ments, the synthetic objects can be integrated by
displaying them on the screen behind the plate
(Figure 1, right).

The reconstructed object wave amplitude is
proportional to the reference wave intensity. In
addition to using an incomplete reference to re-
construct a fraction of the hologram, intensity
variations in the projected light allow local modi-
fication of the recorded object-wave amplitude.

Practically, this means that—to create the illu-
mination image sent out by the projector—graphi-
cal shading and shadowing techniques are used
to reconstruct the hologram instead of illuminat-
ing it with uniform intensity. To do this, we must
neutralize both the real shading effects in the cap-
tured scenery—caused by the real light sources
used for illumination during hologram record-

Combining optical holograms with interactive computer graphics
Continued from cover.

ing—and the physical lighting effects caused by
the video projector on the holographic plate. Next,
we must simulate the influence of a synthetic il-
lumination.1

Using conventional graphics hardware, it be-
comes possible not only to create consistent shad-
ing effects, but also to cast synthetic shadows cor-
rectly from all holographic and graphical elements
onto all other elements.

Figure 2 shows the same rainbow hologram as
above with 3D graphical elements and synthetic
shading effects. Shadows are cast correctly from
the hologram onto the graphics and vice versa. A
virtual point-source of light was first located at
the top-left corner (L

1
 in Figure 2, left) and then

moved to the top-right corner (L
2
 in Figure 2, right)

in front of the display. Moving the virtual light
source and computing new shading effects can be
done in real-time. Note that only intensity/shad-

Figure 3. Two scans of a rainbow hologram with different reference wave
angles (top), and point-cloud of reconstructed depth map (bottom).

ing variations are simulated in Fig-
ure 2. A vertical variation of the ob-
ject beam wavelength, due to diffrac-
tion effects from the rainbow holo-
gram, is still visible and cannot be
corrected. This is not the case for
white-light reflection holograms.

Depth information of the recorded
holographic content is essential for a
correct rendering. The shading and
occlusion effects described above
would not be possible without know-
ing the surface geometry of the holo-
graphic content. The depth informa-
tion can be estimated using commer-
cial flatbed scanners. They can be
used to scan multiple images of a ho-
logram by placing the holographic
film on top of the scanner window,
leaving the lid open, and illuminat-
ing from different angles for each
scan (cf. Figure 3, top). The geomet-
ric image distortion that is caused by
the different illuminations2 is cap-

tured in these images. An analytical solution ex-
ists for computing depth information if the corre-
spondences between 2D image projections (dis-
parities) are known: this is shown in Figure 3,
bottom.

Oliver Bimber
Bauhaus University
Weimar, Germany
E-mail:
oliver.bimber@medien.uni-weimar.de
http://www.holographics.de
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way. In such instances, accurate characterization
of the aberrations becomes an essential compo-
nent of the overall optical system design. In par-
ticular, optical modeling software, such as Rayica
and Wavica, can be used to model the aberrations
and design the necessary corrective optics. Addi-
tional examples of modeling holographic systems
with Rayica and Wavica can viewed on our
website.

Conclusion
Although originally developed for my own holo-
graphic research, I have found that the broad re-
quirements of holographic systems modeling have
enabled the applicability of Rayica and Wavica
to numerous other optical modeling projects. In

fact, today, most of my users have nothing to do
with holographic research and the true origin of
my software development efforts is largely unrec-
ognized. Nevertheless, my software continues to
remain a potent weapon in my personal arsenal
for holographic research.

Donald Barnhart
Lead Developer
Optica Software Division of iCyt Mission
Technology, Inc.
Champaign, IL
E-mail: donald@opticasoftware.com
http://www.opticasoftware.com
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is applied. This is essential for the production of
holographic reflection masters. Second, if scat-
tering is a critical issue, the BB-materials are su-
perior to the other emulsions. However, while a
slight over-exposure of this material may help to
decrease absorption and scattering even more, too
much deposited energy causes the diffraction ef-
ficiency to drop significantly. Finally, for pure dis-
play purposes, the Ultimate materials are prob-
ably the best choice: they provide a large recon-
struction bandwidth and high peak diffraction ef-
ficiency in all wavelength regions.

We hope that these curves suggest the adequate
exposure range and that the data provided in this
article helps fellow holographers to choose the ho-
lographic emulsion that best fits their application.

M. Schmiedchen, J. Hanf, W. V. Spiegel,
and T. Tschudi
Institute of Applied Physics
Darmstadt University of Technology,
Germany
E-mail: marc.schmiedchen@physik.tu-
darmstadt.de
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Material / Optimal Peak Peak Shrinkage Typical
Manufacturer exposure diffraction bandwidth absorption

(µJ/cm2) efficiency (nm)

BB / Colourholographic 150 77.7% 34 -2.4% 13%

PFG-3C / GEOLA 2000 80.7% 24 +1.1% 20%

PFG-01 / GEOLA 300 55.4% 22 -3.5% 15%

Ultimate-15 / Gentet 150 82.6% 40 +0.3% 16%

Ultimate-08 / Gentet 400 78.0% 35 -1.0% 16%

S. De Nicola, A. Finizio, G. Pierattini,
D. Alfieri*, S. Grilli*, L. Sansone*,
P. Ferraro*, G. Coppola†, and B. Javidi ††

Institute of Cybernetics ‘E. Caianiello’ of the
National Research Council (CNR), Pozzuoli,
Italy.
*National Institute of Applied Optics
†Institute of Microelectronics and
Microsystems of the CNR
††University of Connecticut
E-mail: p.ferraro@cib.na.cnr.it

References
1. D. Gabor, A new microscopic principle, Nature

161, p. 777, 1948.
2. J. W. Goodman and R.W. Lawrence, Digital image

formation from electronically detected holograms,
Appl. Phys. Lett. 11, p. 7, 1967.

3. U. Schnars, Direct phase determination in
hologram interferometry with use of digitally
recorded holograms, J. Opt. Soc. Am. A. 11, p.
2011, 1994.

4. P. Ferraro, S. De Nicola, A. Finizio, G. Coppola,
D. Alfieri, L. Aiello, S. Grilli, and G. Pierattini,
Controlling several image parameters in the digital
holographic reconstruction process, Proc. SPIE
5557, p. 1, 2004.

Controlling phase and amplitude image reconstructions
in digital holography: achievements and perspectives
Continued from page 3.

Fabrice Meriaudeau, Pierrick Bourgeat*,
Patrick Gorria, and Kenneth Tobin†

Le2i Laboratory
University of Burgundy, France
*BioMedIA Laboratory
CSIRO, Australia
†Oak Ridge National Laboratory, TN
E-mail: f.meriaudeau@iutlecreusot.u-
bourgogne.fr

References
1. C. E. Thomas Jr., et al. Direct to digital hologra-

phy for high aspect ratio inspection of semiconduc-
tor wafers, 2003 Int’l Conf. on Characterization
and Metrology for ULSI Technology, Proc. AIP
Vol. 683, pp. 254-270, Austin, March 2003.

2. P. Bourgeat, F. Meriaudeau, P. Gorria, and K. W.
Tobin, Content-based segmentation of patterned
wafer for automatic threshold determination, Proc.
SPIE 5011, pp. 183-189, 2003.

3. P. Bourgeat, F. Meriaudeau, K. W. Tobin, and P.
Gorria, Patterned wafer segmentation, Quality
Control by Artificial Vision, Proc. SPIE 5132,
pp. 36-44, 2003.

4. P. Bourgeat, Segmentation d’images de semi-
conducteurs appliquée à la détection de défauts,
Ph.D. thesis, Université de Bourgogne, 2004.

5. P. Bourgeat, F. Meriaudeau, K. W. Tobin, and P.
Gorria, Features extraction on Complex images,
Proc. OSAV’2004, Int. Topical Meeting on
Optical Sensing and Artificial Vision, pp. 103-
110, Saint Petersburg, Russia, 18-21 October 2004.

6. F. Meriaudeau, P. Bourgeat, P. Gorria, and K.
Tobin, Classifier Combination on Features
extracted From Complex images: Application to
Defect Detection on Silicon Wafers, Proc.
QCAV’05, Japan, May 2005.

Machine vision for defect
detection on silicon
wafers
Continued from page 12.

5. P. Ferraro, G. Coppola, D. Alfieri, S. De Nicola, A.
Finizio, and G. Pierattini, Recent advancements in
digital holographic microscopy and its applica-
tions, Proc. SPIE 5457, p. 481, 2004.

6. B. Javidi, P. Ferrao, S-H. Hong, S. De Nicola, A.
Finizio, D. Alfieri, and G. Pierattini, Three-
dimensional image fusion by use of multiwave-
length digital holography, Opt. Lett. 30, p. 144,
2005.



11SPIE International Technical Group Newsletter

HOLOGRAPHY 16.1 JUNE 2005

HOLOGRAPHY
ONLINE

Holography Web

Discussion Forum
You are invited to participate in SPIE’s
online discussion forum on Holography.
To post a message, log in to create a user
account. For options see “subscribe to
this forum.”

You’ll find our forums well-designed
and easy to use, with many helpful
features such as automated email
notifications, easy-to-follow “threads,” and
searchability. There is a full FAQ for more
details on how to use the forums.

Main link to the Holography forum:
http://spie.org/app/forums/tech/

Related questions or suggestions can
be sent to forums@spie.org.
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Machine vision for defect detection on silicon wafers
Silicon wafers are
massively used in the
semiconductor and
microelectronics in-
dustries. With this
material, it is of ex-
treme importance to
obtain a defect-free
surface to improve
yield and perfor-
mance of the micro-
chips. Current prac-
tice in the industry is
to inspect the wafers
for any surface de-
fects only at the end
of the final polishing
stage. Techniques
such as atomic force
microscopy, scanning
tunneling force mi-
croscopy, scanning
electron microscopy,
x-rays and acoustic
electron microscopy have all been used to per-
form the surface-defect characterization. How-
ever, all these methods require cumbersome
equipment that is expensive to use on a daily ba-
sis in a production factory.

We have developed an alternative technique
that relies on the use on the direct-to-digital ho-
lography (DDH).1 This allows us to capture the
complex image of a scene, and then reconstruct
the phase and amplitude information. This gives
us a complete 3D representation of the scene
within the wavelength depth of the laser used to
produce the hologram: thus it provides a new di-
mension to texture analysis.2,3

In die-to-die wafer inspection (see Figure 1),
defect detection is based on the comparison of the
same area on two neighboring dies. Images being
thoroughly aligned, the dissimilarities between the
images are a result of defects in the area of one of
the dies. The two images are subtracted, and a
threshold level is selected to locate any anomaly.

To optimize the signal-to-noise ratio, the thresh-
old value is established based upon the noise level
in the difference image. However, since multiple
structures coexist in the same field of view, the
noise level can vary over a single image prevent-

ing the use of a global threshold. To overcome
this problem, a segmentation is done to create a
mask of the different regions (each region being
a class for our classifier) in order to produce a
measure of noise for each structure in the differ-
ence image. This leads to an individual threshold
for each region (see Figure 1).

The mask is created through a ‘classification-
segmentation’ procedure. The complex image
provided by the DDH is first processed to gener-
ate four new images: the phase (P), normalized-
amplitude (NA), and complex images (C); and
also the complex image with normalized ampli-
tude (CAN).5 Each image is then filtered with a
bank of Gabor filters (see Figure 2).

The processed images are then used as input in
a vote SVM (support vector machine) classifier.6

A pixel is classified as pertaining to a given
class (dynamic RAM, logic area, or blank area) if
it is identified as such by at least two of the three
best classifiers. A so-far unclassified pixel (a pixel
identified as being part of a different class by each
of the three classifiers) is classified according to
the results of the fourth classifier. Figure 3 shows
an example of a segmented image. The obtained
results show robust segmentation.4,6

Figure 1. Principle of die-to-die wafer inspection and defect detection with the
creation of a mask for local noise and threshold estimation. Respectively, µ and
σ are the average grey and the standard deviation in the different regions.

Figure 2. Bank of Gabor filters with three scales
and two orientations.

Figure 3. Example of a segmented image.

The technique we developed enables us to train
the classifier with a small set of examples and to
obtain results similar to those produced using a
full training set. The technique can be applied to
any type of optical tool for wafer inspection, but
in the particular case of the DDH, the extra infor-
mation provided by the complex nature of the
image makes it even more powerful. The classifi-
cation has been applied to defect detection and
led to a tremendous improvement in the final re-
sults:4 the ratio of false detection to no detection.


