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Abstract

This thesis reports on the development of two, conceptually different, holographic measurement systems for the
study of three-dimensional displacement and velocity fields. The first approach reported in this thesis is an
intensity correlation-based holographic velocimetry system that employs a reference-multiplexed, off-axis
geometry for determining velocity directions using the cross-correlation technique, and a stereo camera geome-
try for determining three-dimensional fluid velocity fields. The pulsed-laser recording system produces three-
dimensional particle images with resolution, signal-to-noise ratio, accuracy and derived velocity fields that are
comparable to high-quality two-dimensional photographic PIV (particle image velocimetry). The high image
resolution is accomplished by using low f-number optics, a fringe stabilized processing chemistry, and a phase
conjugate play-back geometry that compensates for aberrations in the imaging system. This holographic
velocimetry system is then used to successfully measure the volumetric, three-dimensional velocity field of an
air nozzle jet flow. In this experiment, more than 5 million three-dimensional velocity vectors are successfully
identified within a single hologram result.

The second approach reported in this thesis unifies the disciplines of holographic interferometry and holo-
graphic velocimetry. Equally applicable to fluid and solid mechanics, the system enables quantitative displace-
ment measurements between two holographically recorded events from either particle or surface scattering
sites, working with both pulsed and continuous-wave laser systems. The resulting measurements exhibit an
accuracy corresponding to interferometric systems, but with a dynamic range found with PIV systems. Most
importantly, this design introduces the novel use of an optical fiber to specify the measurement points, remove
optical aberrations of windows, and eliminate directional ambiguity. In a process known as "object-conjugate
reconstruction” (OCR), an optical fiber is used to probe the recorded object space at each three-dimensional
measurement point in order to extract the three-dimensiona displacement vectors. This fiber system also
employs a novel optical image shifting method to eliminate the problem of directional ambiguity. In addition,
the reported system uses three-dimensional complex-field correlation rather than two-dimensional intensity
correlation. By correlating both the amplitude and phase information in the holographic image, this system can
measure spatial distributions of displacements even when the presence of severe aberrations preclude the
detection of sharp images. In order to experimentally characterize the system's capabilities, the object-conjugate
system is applied to three-dimensional displacement measurement of a cantilever beam experiment in solid
mechanics. Finally the OCR technique is successfully applied to volumetric, three-dimensional velocity-field
measurement within the transparent piston cylinder of amotored internal combustion engine.

Keywords. Holography, interferometry, three-dimensional, holographic displacement measurement, holographic
velocimetry, flow measurement, holographic particle image velocimetry (HPIV).
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Part | : Introduction

Chapter 1: Introduction and Literature ~ Review

m 1.1 General Introduction

m 1.1.1 A Personal History

More than twenty years ago, my awareness of holography was first awakened during my high school physics
experience with teacher David Daniels and others at the University High School in Urbana, Illinois. Although |
had no deep understanding of holographic theory, at the young age of 14 years, holograms became a source of
fascination and amazement that has remained with me to the present. After graduating from high school, in
1982, | enrolled in the electrical engineering degree program at Bradley University in Peoria, lllinois. For a
time, my interest in holography stayed dormant while | studied the basic principles of engineering, mathemat-
ics, and physics. Then, in 1985, | transferred into the electrical engineering program at the University of Illinois
in Urbana. It was at this time that my interest in holography was suddenly reawakened when | accidently
stumbled into a teaching laboratory on holography. Here, | met Professor Pat Ransom for the first time, who
befriended me and encouraged my holographic interests. As a consequence, later in the year, when | was
elected by the electrical engineering honor society (Eta Kappa Nu) to organize the group's exhibit for the next
annual engineering open house, | chose to use holography as the theme of our display.

When the summer holidays came that year, | decided to use the two month holiday period to travel around
Europe. One of the places that | visited was the Louvre Museum in Paris. Here, | was so much taken with a
particular statue by the artist, Canova, that | decided to make a holographic stereogram of it as a subject for our
upcoming holography demonstration. For this, | used my 35-mm camera mounted on tripod, in which a string
was tied to the tripod with a knot to mark a particular radius further out from the camera. From this | proceeded
to take 96 camera shots of this statue at uniformly spaced angles that fully enclosed the statue at the semi-
constant radius. This process took the entire afternoon and | often had to wait several minutes between photo-
graphs in order for other visitors to leave the view of my camera. In addition, | used the natural room lighting,
rather than an electronic flash. As such, in order to obtain a large depth-of-field in each picture, time exposures
of several seconds were required. Finally, upon returning to the United States and after several months of
intense work, | managed to make a large cylinder-shaped laser-transmission hologram of this statute for our Eta
Kappa Nu exhibit. In the end, eight other students worked with me to create five different holographic demon-
strations for our exhibit. In March 1986, during the appointed three days of engineering open house, our
holography exhibit was one of the most popular items on campus and the que for our exhibit sometimes
required thirty minutes of waiting time, which was quite unusual.

The following summer, in 1986, | decided to get more formal training on holographic techniques, so | enrolled
in a five day holography workshop at Lake Forest College in Lake Forest, lllinois that was taught by Professor
T. J. Jeong. My experience there was so rewarding that | began an annual pilgrimage to Lake Forest College for
its various scheduled holographic events. After completing two different training workshops, | then began
attending the international symposium on display holography at Lake Forest College. In an event that occurred
every three years, 200 participants from 60 different countries shared five days and nights of continuous
exchange about holography. In addition, the conference participants were composed of individuals from a
variety of backgrounds, many of whom were artists rather than strict scientists. This resulted in a most exotic
diversity of colorful personalities. Because most of the participants stayed in the dormitory-style housing on
campus, informal group activities continued around the clock. | have one outstanding memory in which | was
immersed in an intense, outdoor-held conversation about holography with a fellow colleague. Then, when |
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happened to glance at my watch, | was astonished to realize that it was three o'clock in the morning. However,
as | peered around me, | could see that there were perhaps 25 other people around me as well, who were all also
in deep conversation and equally oblivious of the time. Such informal experiences can bring a degree of learn-
ing efficiency that are orders of magnitude beyond any formalized training process.

In the spring of 1987, | finally graduated from the University of lllinois in Electrical Engineering. Rather than
searching for a job in industry, however, | had already begun to build a holographic laboratory of my own on
our family farm, located a few miles from the University of lllinois. With a private loan from my sister and her
husband, Amber Barnhart and Stuart Frank, | purchased a large, used, helium-neon laser (Spectra-Physics
Model 125, >50 mW) that was rebuilt and sold to me by Don Gillespie, who has since become a special friend
and mentor to me. From this, with the unwavering moral and occasional financial support of my father, Harry
Barnhart, | underwent an intense research program on my own to develop a better technique for making large
scale holographic stereograms from multiple stereo photographs. Toward the end of a two year period, | finally
succeeded in refining a new process that used six 35 mm cameras to simultaneously photograph the same three-
dimensional subject. The laser-projected images from glass positives (produced from black and white nega-
tives) were used to fabricate 30 x 40 cm holograms that could later be viewed in white light. In addition, the
process was fully automated under the computer control of a portable Commodore-64, in which | designed and
built every aspect of the control hardware and software. From this, | proceeded to collect a large number of
photographic images with the six camera system, many of which were outdoor scenes.

The two year period of work finally culminated with an art exhibition, at a University of lllinois Gallery, of
several holographic stereograms that were produced by my new system. In an attempt to begin commercial
production of holographic stereograms, | also designed a special viewing box to hold and illuminate the holo-
grams. Eventually, more than 30 of these viewing boxes were commercially manufactured, although few were
ever sold. At the end of the day, | gave up commercial holography in favor of furthering my education. In
particular, vibration-stability issues resulted in a quality-control crisis for my technique. | finally decided that
such unsolved problems were more trouble than they were worth to have fixed, and | stopped further develop-
ment efforts. Nevertheless, holography would continue to play an important role in my life.

In August 1989, | enrolled in the Electrical Engineering Master's program at the University of lllinois. Initially,

| was admitted into the Master's degree program to help set up a new holographic teaching laboratory. In this
task, special money had been allocated to purchase the new range of equipment. After the laboratory had been
fitted with the new gear, | was then employed to supervise the students on their laboratory course. At first, Pat
Ransom was arranged to be my advisor, but later on, (with the blessing of Professor Ransom) | decided switch
to the advisory guidance of George Papen, who was new on the faculty and also the coherent optics course
lecturer.

Toward the beginning of my new role as a graduate research student, | encountered the most serendipitous bit of
luck. Because | had expressed an interest in a special student organization about central american politics, |
received a telephone call from a student named, Peter Offett, who was systematically telephoning those students
who had expressed an interest in their organization. At first, our conversation centered purely on the topics of
organizational concern, but we evidently enjoyed talking with each other since our conversation eventually
shifted to my interest in holography. (I later learned that Peter made no other organizational telephone calls that
day, following our two hour long conversation.) What | did not realize beforehand was the fact that Peter was a
research student working with Professor Ron Adrian on applications of particle image velocimetry. In particu-
lar, Professor Adrian had just received a very large research grant to investigate new methods for the holo-
graphic measurement of flows. Shortly following that conversation, Peter arranged for me meet with Professor
Adrian. From this initial meeting, | must have made a good impression because | soon found myself in the
midst of a well-funded research project to develop and demonstrate, for the first time, three-dimensional flow
measurement using holographic particle image velocimetry.



Introduction 12

In addition to my work on holographic velocimetry, about the same time, | found myself becoming involved
with a personal business venture. In particular, | developed a computer software progra@ptadedVritten

in the Mathematicalanguage, by Wolfram Researdbptica performs geometric ray tracing of generalized
three-dimensional optical systems. My work@ptica actually began as a informal programming exercise over

a weekend spent with my lifelong friend and co-founder of Wolfram Research, Theodore Gray, in the spring of
1992. On a Saturday, while | was visiting with Theo at his house, | suggested that we try toMzkeraat-

ica program that could trace geometric rays through lenses in two-dimensions. At once, we found that the high-
level Mathematicaprogramming environment was very well suited for this task. Within the space of a single
afternoon, we managed to build a fully functioning geometric ray-trace system for lenses, and we nick-named
our new program, LensLab. Encouraged by this, on Sunday, | decided to expand the original program to
incorporate mirrors as well as lenses. With Theo's help, this too was easily accomplished. Following that
productive weekend, however, our jointly-built LensLab program remained in hard disk storage to receive no
further attention for several months.

Finally, in the fall of 1992, as | began more intensive experiments in holographic velocimetry at the University
of lllinois, | realized that | needed a ray-trace program to model a holographic camera that | wished to build. In
particular, this camera required the custom manufacture of two giant glass prisms at the cost of several thousand
dollars with several months of build-time. Thus, it became vital that the prism-camera behavior could be
accurately predicted in advance. This revived my interest in LensLab, and | soon expanded its abilities into
three-dimensions and incorporated prisms into its modeling capability. With this, | was able to fully test the new
holographic stereo-prism camera before it was ever fabricated, which ultimately became the basis of our first
working holographic velecimetry system and reported in my Master's thesis. At this time, Theo suggested that |
place (the renamed) LensLab3D &fathSource a public-domain program exchange system of Wolfram
Research. To our surprise, LensLab3D immediately became the most popular progkéathSourcewith
hundreds of download requests. From this point onward, | continued to improve the capabilities of LensLab3D
until, three years later, in January 1995, the rena@pgtica was finally released by Wolfram Research as a
commercial product. Todayptica continues to play an integral role in all of my holographic research efforts.

In addition, Optica now has thousands of users, worldwide. | am presently completing the development of its
next predecesso@ptica 2

Toward the completion of my master's thesis, we finally managed to demonstrate a working holographic
velocimetry system and these successful results were published in the Applied Optics journal (Baathart
1994). Following this, | continued working for Professor Ron Adrian with a new grant from Ford Motor
Company to develop a holographic system for flow measurement within the piston cylinder of an internal
combustion engine. At the same time, Ford Motor Company sponsored a special workshop in Deerborn Michi-
gan in which the company personally invited and paid for the attendance of approximately 25 well known three-
dimensional velocimetry researchers from around the world. This workshop marked another point of serendip-
ity in my life, because it allowed me to become acquainted with Professor Neil Halliwell from Loughborough
University. Together with Jeremy Coupland, Neil had just then received a new research grant in holographic
displacement measurement. Since April 1995, | have remained at Loughborough University, England, and, as
part of this PhD, have carried out new development work on holographic displacement measurement, together
with the help of Neil Halliwell, Victor Chan, and Jeremy Coupland.
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m 1.1.2 Present Research Objectives

The over-riding objective of this thesis has been the development of holographic systems capable of automated,
volumetric measurement of three-dimensional displacement fields in solid and fluid mechanics. An additional
objective is the displacement measurement through thick, curved, optical windows. In general, there have been
two separate categories of techniques pursued by this thesis: stereoscopic holographic particle image-intensity
correlation for flow field measurement and far-field interferometry with complex-field correlation analysis for
displacement measurement in solids as well as fluids. The first category was originally pursued by the author at
the University of Illinois and this work has been the continuation of that original successful approach to three-
dimensional volumetric flow velocimetry. The second category has been pursued more recently on the campus
of Loughborough University, and that effort continues to this day.

In the following three literature review sections, we will critically examine the research previously reported for

holographic displacement measurement in solid and fluid mechanics. In particular, we will look at other
attempts that follow closely to the objectives of this thesis. In addition, we will attempt to place these efforts
into a historical context with each other by highlighting their successes as well as their shortcomings. Finally,
these efforts will be used as a comparison with the research ambitions of this thesis.

m 1.2 Introduction to Literature Review

m 1.2.1 Overview

The purpose of this Introductory chapter is to provide an account of the various quantitative, holographic, three-
dimensional displacement measurement techniques as they have been developed for solid and fluid mechanics.
In particular, a comprehensive survey has been taken of the published research in these two fields as they relate
to the present thesis objectives. In my treatment of quantitative flow measurement, | have striven to represent
the most relevant holographic techniques published over time. In some cases, however, | have omitted near-
duplicate publications from conference proceedings or, in other cases, | have overlooked methods reported in
conference proceedings that, by chance, did not end up in a more formal publication. In my treatment of
quantitative surface displacement measurement, | have not attempted to reference every publication. Instead,
whenever possible, | have relied heavily on the pre-existing reviews published on the subject. Significantly, the
very existence of such books indicate that holographic surface measurement is, in many respects, a more mature
field than holographic flow velocimetry. Moreover, such displacement measurement of surfaces has been well
established in industry for many years, for at least qualitative purposes. Nevertheless, there still remain opportu-
nities for new techniques to be developed in quantitative surface displacement measurement, as will be demon-
strated in this thesis.

More importantly, techniques in quantitative holographic flow measurement shall be the primary concern of this
thesis, since, although many important developments have already occurred, there are many more challenges to
be overcome before the field can reach a level of maturity. In fact, at this point in time, as a technique, holo-
graphic velocimetry (HV) has barely escaped its infancy in spite of having 35+ years of developmental history.

In this regard, HV has progressed remarkably slowly as a field. While much of this can be attributed to the
absence, until recently, of cost-effective, high-speed computer and image processing technology, it has also
been due to the need for further development in the basic holographic measurement process itself. To this latter
end, | am hopeful that the methods reported in this thesis will ultimately find fertile ground.

| recognize that, in addition to the holographic methods discussed here, there also exist a number of other (non-
holographic) techniques for 3-D displacement measurement. For the most part, however, such methods are not
relevant to the objectives of this thesis and have been omitted from the discussions. In addition, | have not
elaborated on holographic techniques that only involve 1-D or 2-D measurements except to provide the histori-
cal context for an eventual 3-D measurement process. Finally, | have made no effort to examine time-averaged
or time-dependent measurement techniques (such as doppler velocimetry, or scanning stereo-PIV) even though
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they can also produce 3-D results. In general, | have restricted my attention to quantitative displacement
measurement techniques that are near-instantaneous, holographic, three-dimensional, and volumetric. (Note that
surface measurements can be volumetric to the extent that the three-dimensional surface shape is enclosed by a
volume.)

First, in this Introduction, we will examine the historical foundations of modern holography as it relates to
displacement measurement. Then, for the remaining sections in this chapter, we will study selected topics in
displacement measurement holography by following the time-line of events that lead up to the present day in
each topic.

m 1.2.2 In-line Holography: the Early Years

One of the earliest demonstrations of holographic imaging used atoms as a subject [Bragg (1942)]. Published in
Nature in 1942, W. L. Bragg carried out the demonstration with the x-ray diffraction recording of the periodic
atomic lattice structure of diopside, Cal®i03), . Bragg then used synthetic Fourier reconstruction methods to
produce an image of the atoms which resembled the known structure for diopside. However, Bragg's method
was very specialized for symmetric periodic structures in which the phase information was predetermined and
easily recreated. As such, Bragg's method could not be applied to the more general class of non-periodic atomic
objects. Nevertheless, the results presented astonishing possibilities that inspired the following work of D.
Gabor on a more generalized treatment for modern holography.

Modern holography begins more than a decade before the invention of the laser, with the work of D. Gabor on
the improvement of the electron microscope [Gabor: (1948), (1949), (1951)]. Gabor proposed the idea of using
a two step process to first record and then later reconstruct the wavefront that is scattered by an object. The
recording process used the coherent interference between an in-line reference wavefront and the scattered
wavefronts of small objects, which formed together a modulated intensity pattern as a means to encode the
phase information into a photographic recording. Gabor named this type of recording a "hologram" to signify
that the complete information (both amplitude and phase) has been recorded by the method. In the second step
of the process, the developed photographic film was reilluminated by the original reference wave in absence of
the original object-diffracted wavefront. This time, the film, behaving as a highly complex diffraction grating,
diffracts a portion of the illuminating wavefront in such a manner as to fully reconstruct the original object-
scattered wavefront. Gabor's work was originally motivated as a means to improve the performance of electron
microscopes. In particular, the electron microscopes of Gabor's day had reached a limit in their resolving power
due to the residual aberrations in the electron-focusing lenses. Gabor had hoped to use holography as a method
to circumvent this resolution limit by recording an electron-illuminated hologram and then producing a greatly
magnified, spherical aberration-corrected, optical reconstruction of the atomic images. Unfortunately for Gabor,

it was eventually determined that his method of in-line holography suffered from virtual image noise that was
even more problematic than the spherical aberrations that he had intended to remedy. All was not lost, however,
and with further development of better electronic components together with off-axis holographic electronic
recording and numerical reconstruction, Gabor's dream of holography for the electron microscope was eventu-
ally realized, although not with his envisioned in-line format or even during his lifetime [Mulvey (1987)].

Although Gabor may have invented in-line holography in 1948, it was not until 1964 that in-line holography
really became useful when B. J. Thompson took up the in-line holography gauntlet in his own crusade for
studying particles [Thompson (1964)]. Together with his cohorts, Thompson successfully promoted in-line
holography as a measurement technique to great effect [Patran(1964), Thompsoet al (1966), DeVelis

et al (1966), Thompsoet al (1967)]. Thompson and his group found that they could determine many impor-
tant characteristics about microscopic particles, which included their size, shape, position, and field distribution
(but not, as yet, velocity). Such measurements could be accomplished either by examining the reconstructed
particle images or by direct measurement of the recorded hologram fringes. Furthermore, Thompson's group
discovered that in-line holographic particle measurements could be obtained under adverse conditions such as
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for explosively generated aerosols and for atmospheric fog. Consequently, particle measurement became one of
the first practical applications of holography.

As a technique, in-line holography might have fallen into obscurity without its successful application to particle
measurement. In many respects, as Thompson recognized early on, small particles have an important attribute
that makes them a perfect candidate for in-line holography. In particular, they are very small, and, for very
small objects, the virtual image noise can be suppressed by locating the recording film in the Fraunhdfer (or far-
field) region from the individual particle-object. In the far-field region of recording, the virtual holographic
image noise, which normally plagues the in-line method, becomes much less severe. The far-field condition is
met when the particle to plate distance, d, is greater thara®dAs wherea is the particle size antl is the
recording wavelength [Parrest al. (1964)]. For large scale objects (greater than a fraction of a millimeter in
size), the far-field distance is prohibitively large and cannot be reasonably obtained. For microscopic-sized
objects, however, the far-field distance is easily achieved under normal holographic recording conditions. Of
course, the greatest appeal of the in-line holographic geometry is its extreme simplicity since the reference and
object illumination beams are one and the same. Furthermore, in-line recording requires the least amount of
recording energy, temporal coherence, and film resolution of all possible holographic geometries.

Even though Thompson had reported early on about many aspects of particle measurement, holographic particle
velocimetry did not became viable until J. Trolinger demonstrated the use of a multi-pulsed, Q-switched laser to
record multiple-exposure, in-line holograms of objects in motion [Trolirggeal. (1968)]. This was soon
followed by the first double-exposure holographic recordings of moving particles in fluid, first by Fourney and
then by Trolinger [Fournegt al (1969), Trolingetet al. (1969)]. In his report, Fourney reported on the use of
double particle images for velocity determination and the use of the particle focus for out-of-plane velocity
measurement. Trolinger's group reported on the use of controlled exposure for velocity direction determination
and, in the same report, succeeded in determining the axial speed profile of an aerosol spray. Trolinger's results
became one of the first quantitative flow measurements to be obtained by holographic methods. Of course,
these early results used a limited number of measurement points and measured velocity magnitudes rather than
directions.

In-line particle holography really works best for low concentrations of particles, but, when the particle density
gets to be too high, in-line holography starts to lose its appeal [Meag (1993)]. Under the high particle

density conditions required for holographic velocimetry, the virtual image noise again becomes an obstacle
even for the case of Thompson's so-called far-field method. The result of this is a severe degree of speckle noise
in the holographic image. To make matters even worse, the speckle tends to be the same size and overall shape
as the recorded particle images themselves and this makes spatial filtering for the speckle nearly impossible.
Perhaps the biggest problem of all for the in-line technique, however, is the overpowering effect of the illumina-
tion source that gets superimposed onto the hologram image. Fortunately, in-line recording is not the only
geometry available for particle measurement and, in the next section, we will examine the off-axis recording
geometry which does not suffer as much from speckle noise for high particle concentrations. In addition, off-
axis holography permits the study of large objects and surface deformations.
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m 1.2.3 Off-Axis Holography: the Early Years

In the previous section, we examined the early period of particle holography that used in-line recording, but we
also noted that the in-line technique had some limitations. In this section, we examine the early history of off-
axis holography, which does not suffer from the defects of in-line holography, but has the cost of greater
complexity. In 1962, E. Leith and J. Upatnieks first published their original theory of off-axis holography [Leith
et al (1962)]. In their first publication, their technique differed only slightly from the in-line recording geome-
try. Here, an off-axis reference beam was formed by diverting a portion of the in-line illumination (via a prism
or grating) to circumvent the object space and travel directly to the recording hologram. This diverted beam had
the effect of producing a spatial carrier frequency in the recording. As such, the virtual image was reconstructed
in a displaced spatial location from the real image, and this permitted independent viewing (or filtering) of the
conjugate images. In their original presentation, Leith and Upatnieks still used transmissive objects that were
back-illuminated in a similar fashion as the conventional in-line holograms of the day. In this respect, the
original publication did not go far enough to adequately exploit the off-axis format for the more generalized
solid object. In 1964, however, Leith and Upatnieks made a second publication that more fully described the
capabilities of off-axis holography [Leitbt al (1964)]. Together, these two publications created a completely
new paradigm for holography that is responsible for most of the techniques in use today.

One of the first scientific applications of off-axis holography was for the measurement of surface displacement.
Within the first two years of Leith's second publication, not less than five independent research groups reported,
in rapid succession, the use of holography as an interferometric tool for surface displacement and vibrational
measurement [Colliegt al (1965), Brookt al. (1965), Powell and Stetson (1965), Buethal (1966), Haines

and Hildebrand (1966)]. Each of these early papers contributed uniquely to the field of holographic interferome-
try, although none the original studies attempted to make quantitative measurements. The first two papers
seemed to be a kind of sprint to print reporting of the holographic interferometry method, since both of them
were published in Applied Physics Letters only one month after their initial submission [@blaér(1965),
Brookset al (1965)]. Collier's letter showed some qualitative results taken of a displaced ruler and pointed out
the possibilities of using either double-exposure for a permanent record or playback of the hologram with the
original object in place for real-time measurements. However, Brooks' letter did little more than introduce the
idea of interferometry without any display of experimental results. The next paper, published by Powell and
Stetson, was clearly more substantial in its content and carefully introduced the use of holographic interferome-
try in the study of vibrations. This paper presented both a number of qualitative results, images of vibrational
modes on an object surface, as well as the supporting theory for their methods. Next, J. M. Burch presented
results that used multiple-exposures of increased deformation in order to enhance the interference measurement
finesse for a particular interval of deformation [Bumthal (1966)]. Finally, in 1966, Haines and Hildebrand
produced the complete theoretical analysis of holographic interferometry that provides for a quantitative means
of surface displacement measurement [Haines and Hildebrand (1966)].

Nearly at the same time as Leith and Upatnieks reported their seminal work on off-axis holographic theory, and
on the other side of the world in Russia, there was a different kind of off-axis holography format being exam-
ined by Y. Denisyuk [Denisyuk (1965)]. Unlike Leith's technique, which had the reference and object beams
impinging on the recording plate from the same side, Denisyuk had the reference beam impinge on the opposite
side of the plate from the object beam. In this regard, Denisyuk's geometry more closely followed the work of
G. Lippman, which took place more than 70 years earlier [Lippman (1894)]. Lippman's work was primarily
interested in color rendering methods for two-dimensional photography. Of course Lippman did not have access
to coherent light sources and therefore could not use a spatially coherent reference beam. Instead, he relied on
reflections from the focussed image wavefront to create an interference pattern within the film that arose from
the limited temporal coherence of the white-light image. As such, Lippman's method was not capable of three-
dimensional holographic recording, since the relative phase information was lost and only the frequency (color)
information was preserved in his technique. By Denisyuk's time, however, the laser as a coherent light source
had been invented, and as such, he was able to successfully develop the methods of reflection holography
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which, like Leith's off-axis technique, has since found extensive application in both particle and surface
measurements.

1.2.4 Summary

In this Introduction, we have examined the principle foundations of modern holography. First, we reviewed the
early development of in-line holography and its later application to particle measurement. Then, we reviewed
the initial work on off-axis holography and its early application to surface displacement and vibrational measure-
ments. In addition, the pioneering work of Denisyuk in reflection holography was briefly discussed. Next, in
Section 1.2, we shall focus our attention on the continued development of quantitative, three-dimensional
holographic flow measurement.

1.3 Review of Holographic 3-D Velocimetry

1.3.1 Overview

In this section we will further explore the use of holography in flow measurement. Each of the following
subsections will review a specific technique in holographic flow measurement. In the next subsection, 1.3.2, we
examine research efforts undertaken to utilize the general method of particle tracking for quantitative analysis
of particle holograms. This is followed by subsection 1.3.3, which explores the approaches taken in holographic
particle image correlation as a method of flow measurement. After these two initial subsections, which cover
the most commonly found methods of holographic flow analysis, we examine a number of a more specialized
techniques in flow measurement for the remainder of Section 1.3. In subsection 1.3.4, the use of time-sequenced
holographic recording of particle motion (holocinematography) is reviewed. Then, in 1.3.6, a variation of three-
dimensional particle intensity correlation is examined that does not depend on sharply focussed images. Finally,
in subsection 1.3.7, we review efforts undertaken to directly analyzing the recorded hologram's particle fringes
as a method of flow measurement. These efforts include the recent development of digital holographic record-
ing and numerical image reconstruction.

While Section 1.3 provides a general review of the quantitative holographic flow measurement techniques,
some material is intentionally left out for a more detailed presentation to be given in Section 1.5. In particular,
after Section 1.4 examines generalized techniques in holographic surface measurement, Section 1.5 gives a
historical account of certain techniques used in both solid and fluid displacement studies that specifically relate
to the method of complex-field correlation analysis. In general, complex-field correlation analysis is borne out
of far-field interferometry and can be applied equally well to both particle and surface displacement measure-
ment. It also constitutes the most important of the two principle measurement techniques used in this thesis,
with the other technique being based on image intensity correlation.

In all of the flow measurement methods presented here, the measurement is always obtained indirectly through
the use of seed particles embedded within the flow field. Initially, the fluid is seeded with particles that are
small enough to accurately follow the flow without interfering with the flow process. Next, during the flow
experiment, two or more holographic recordings are taken of the seeded flow field at two or more instants in
time. Finally, the information from particle-scattered light is used during the holographic analysis to determine
the particle displacements and, hence, the velocity field of the flow.
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m 1.3.2 Particle Tracking

Particle tracking is one the most basic ways to measure particle velocity. For instance, Trolinger had manually
used particle tracking principles to obtain one of the first quantitative holographic flow results [Trolinger
(1969)]. Particle tracking relies on the idea of following the movement of individual particles between multiple
time records of particle images. In the particle tracking process, the positions of individual particles within a
recorded image are first identified and then cross-matched with a particle record taken from a different instant
in time. By locating the particle positions and then cross-matching with a second, time-delayed particle posi-
tion, the displacement between the two particle positions can be determined. The particle velocity is finally
obtained by dividing the particle displacement by the time interval between the two recordings. For some
methods, more than one holographic reconstruction is superimposed together to form multiple particle images
from different time instants. In other methods, a new hologram record is taken at each time instant in much the
same manner as found with conventional cinematography.

After the initial developments of holographic particle measurement were made in the nineteen sixties, the
seventies showed very little progress in quantitative holographic flow measurement. This is not surprising,
however, when one considers the level of computer and image processing technology then available. In particu-
lar, before 1977, there were no "personal” computers in existence (as we know them today) and any computa-
tions would probably have occurred either using punch cards on a room-sized, mainframe computer or on a
small digital laboratory minicomputer that contained extremely limited internal memory (a few kilobytes at
best) that could only provide enough space to hold a very short program with room for tiny amounts of data. In
general, digital image processing simply did not exist at that time and analog processing of images would have
been quite cumbersome and inadequate. As a consequence, any quantitative holographic particle image measure-
ment was necessarily carried out by hand and few papers were published with quantitative information about
holographically recorded flows. Instead, most research in the seventies concentrated on discovering new
methodologies and applications in qualitative holographic measurement.

In 1975, J. Trolinger published a comprehensive review of particle field holography [Trolinger (1975)]. His
paper presented a diverse array of applications in holographic particle measurement. While some examples
were given of holographically recorded high speed ballistic measurement and instantaneous liquid spray
measurement, the application of holography to quantitative flow measurement was not mentioned in his review.
This suggests that little progress had been made in quantitative flow measurement beyond Trolinger's original
guantitative results given in 1969 [Trolinger (1969)].

For the remainder of the seventies, only a small number of quantitative holographic velocimetry efforts were
reported. In 1977, H. Royer published a method of using a high intensity off-axis reference beam to supplement
the illumination of an in-line particle hologram for holographic velocimetry measurement [Royer (1977)].
Royer noted that aberrations existed for off-axis recording methods which precluded their use in sub-micron
particle holograms, but that the in-line reference beam produced aberration-free reconstructions that permitted
the detection of sub-micron particles. (This also suggests a lack of adequate emulsion-thickness-stabilized
chemistry then available for processing off-axis holograms.) Royer also noted that while the particle size
information was lost in the holographic recording, the reconstructed images could be used for accurate velocity
measurements. Royer then demonstrated his principles in a cold air nozzle experiment that was seeded with sub-
micron particles and recorded on a doubled-exposed hologram. In his paper's conclusion, Royer presented a
guantitative velocity diagram that showed the (one-dimensional) air velocity at various points across the cold-
air jet for various running fan voltages. Thus, Royer succeeded in demonstrating the holographic particle
tracking of sub-micron particles for quantitative air flow measurement.

Another research group, Ebeling and Lauterborn, reported work on a form of holocinematography pEbeling
al. (1978)]. Published in 1978, Ebeling used an innovative approach with an acousto-optic beam deflector to
create a multiplexed set of four off-axis reference beams in order to rapidly encode four time-sequenced images
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onto the same holographic plate (with all frames occurring within the ruby laser fluorescence lifetime). While
their experimental results were preliminary and did not show any quantitative flow measurement, it did repre-
sent an important development in multi-frame holography. It was also undoubtedly one of the first uses of
multiplexed, off-axis holography for high speed measurement. (Holocinematography will be left as a special
topic for discussion in subsection 1.3.4.)

Qualitative particle holography received another developmental boost with a paper presented by Trolinger and
Heap in 1979 [Trolingeet al (1979)]. This publication reported on the use of off-axis holography to conduct a
high-resolution, three-dimensional study of coal particle combustion. In this paper, Trolinger and Heap intro-
duced a number of innovative techniques for particle holography. In particular, they used a set of relay lenses to
construct an image-plane holographic recording of the particle field. In addition, they employed an off-axis
configuration that used symmetric angles for the object and reference beams (thus avoiding processing-induced
aberrations from emulsion shrinkage). The combination of these two features enabled them to obtain a 3 micron
transverse image resolution with their advanced off-axis system. Trolinger and Heap also employed a double
pulsed ruby laser system to make double-exposed holograms of the particle combustion. This enabled them to
observe the combustion dynamics both by particle tracking and by holographic interferograms of the flame.
While Trolinger and Heap reported few quantitative results, their paper avidly demonstrated the unique poten-
tial that holographic measurement could provide basic scientific research. Finally, this paper made a direct
comparison between in-line and off-axis holographic recording methods. This comparison demonstrated
significant advantages of off-axis holography for particle field measurement and, as such, directly confronted
the conventional bias toward in-line techniques as the method of choice for holographic particle studies.

By the end of the seventies, computer and image processing technology became sufficiently powerful for
limited use in quantitative holographic particle-tracking and other particle measurements. Beltz and Menzel
reported on efforts undertaken to automate the quantitative particle measurement process §B¢t279)].

For their holographic air flow studies with particles and liquid droplets, they developed a very sophisticated but
still semi-automated holographic analysis system that used a human operator linked with a computer to measure
particle quantities, which ultimately produced information on particle velocity and particle size. In many ways,
their accomplishments in automation represented a landmark in quantitative holographic particle data process-
ing. However, their technical methods of in-line and off-axis holographic recording appeared to be less
advanced than the previous off-axis work of Trolinger and Heap [Trolinger and Heap (1979)].

By the early eighties, other digital, semi-automated, holographic measurement systems for particle analysis
were reported [Haussmaet al. (1980), Paynet al (1984), Stantoret al (1984)]. Haussman and Lauterborn
employed the off-axis holographic measurement of gas bubbles in water using digital 3-D image processing of
the holographic reconstruction. Their semi-automated system was capable of finding the three-dimensional
positions and hence velocities of gas bubbles and automatically determine bubble sizes. Payne's group exam-
ined dynamic ocean-borne particles with a semi-automated digital image analysis of in-line holograms to
measure particle shapes and velocities. However, in all cases, the quantitative measurement process was not
fully automated, since a human operator was always required to locate the particle images before the computer
could assist in the analysis process. As a consequence, only a limited number of data points could be obtained in
a reasonable length of processing time with the reported methods. In 1984, a new approach for fully automated
computer analysis was proposed by Stanton and his colleagues [&batq1984)]. By working directly with

the actual recorded particle hologram fringes, the proposed method promised to fully automate the particle
search procedure. However, the technique relied on a strictly in-line hologram geometry with spherical particles
as subjects. In addition, the method required a sparsely-seeded particle field. While the particle focus results in
the paper were encouraging, the paper did not include any actual examples of particle velocity measurement.
Later on, in 1985, H. J. Caulfield presented a separate discussion about the possibilities of automated particle
hologram analysis [Caulifield (1985)]. Here again, however, no working evidence was presented. Nevertheless,
it was clear from Caulifield's paper that the recent technical advances in digital computer and image processing
had made a fully automated holographic particle-tracking analysis system appear to be around the corner to the
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research minds of the day. After all, by that time, in the related field of holographic interferometry, several fully
automated computerized hologram analysis systems had already been developed [Trolinger (1985)]. In addition,
other velocimetry methods that used two-dimensional, photographic-based, particle image velocimetry had
already become fully automated by that time [Reyndtsl (1985)]. In actual fact, however, a fast, fully
automated, holographic 3-D particle-tracking system has continued to elude researchers even until the writing
of this thesis some fifteen years hence, and the development efforts still continue.

In 1986, Lee and Kim presented a review of holography applications in multiphase flow visualization study
[Lee et al (1986)]. In their review, many applications of holographic particle measurement were examined, but

it was also clear from the discussions that the overall emphasis in most holographic work had remained princi-
pally qualitative and that the automated processing of particle holograms had not progressed further. By the end
of the eighties, quantitative holographic particle measurement appeared to be at a stand-still with no new
significant results. In 1991, however, Stanislas and his colleagues embarked on a renewed effort to develop an
automated system for three-dimensional holographic particle tracking [Stagtislng1991)]. Nevertheless, in

spite of their attempts to develop an automated system for searching the three-dimensional holographic particle
image space, the reported results were primarily a proof-of-principle exercise. Even though the implications of
this report were encouraging, the overall project did not, at the time, realize a practical analysis system. Some of
this, however, was still due to the computationally intensive operations required from the still too limited
computer processing capabilities then available to Stanislas's group.

Another effort to develop an automated holographic particle velocimetry system was reported by P. J. Bryan-
ston-Cross in 1992 [Bryanston-Craatsal. (1992)]. In his report, Bryanston-Cross used a light sheet in combina-

tion with automated particle pairing to measure individual particle velocities. His off-axis holographic system
successfully measured a limited number of particle velocity vectors in a fully automatic manner. Although the
velocity measurements were two dimensional, Bryanston-Cross also proposed a method of using stereoscopic
viewing of the hologram in order to obtain a measurement of the third velocity component within the light
sheet. However, because the large distances involved between the hologram and particle field, the restricted
parallax angle of the stereoscopic viewing resulted in a limited out-of-plane velocity resolution. Moreover, his
discussion on 3-D stereographic measurement was not accompanied by any experimental evidence. In 1993,
Bryanston-Cross again produced a similar publication on the same subject matter but with supplemented
illustration and discussion [Bryanston-Crassal (1993)]. Again, however, no three-dimensional results were
presented. Nevertheless, these combined works of Bryanston-Cross represent a step forward in the automation
of holographic particle tracking.

About the same time as the work of Bryanston-Cross, a related technique using holographic particle tracking
velocimetry with light sheet illumination was undertaken by J. K. Schaller [Scleli@r (1992)]. Schaller's

work involved the holographic investigation of droplet size, density and velocity in the injection spray of a
model diesel engine. A large share of Schaller's work concentrated on eliminating aberrations in the holographic
imaging process. In particular, Schaller used a ruby laser for the off-axis holographic recording, but then used a
HeNe laser for the holographic reconstruction. Furthermore, Schaller used a relay lens to image the particle
field close to the holographic plate. During the reconstruction process, Schaller then performed an inverse
reconstruction through the imaging lens in order to cancel the lens aberrations. To ensure highest possible
resolution for the reconstructed images, Schaller analytically determined the optimal change required in the
reference beam geometry between the recording and reconstruction processes. As a consequence of his careful
aberration analysis, Schaller's distortion-compensated system succeeded maintaining a resolution of 3.5
microns, a value that approached the system's diffraction limit. In his final results, Schaller succeeded in
producing two-dimensional quantitative measurements of particle velocity with a particle tracking procedure,
but, overall, Schaller's largest contribution to the holographic field might actually be his optimized techniques
for wavelength distortion compensation. While both Schaller and Bryanston-Cross were successful with
automated particle tracking, their methods could only produce two-dimensional velocity measurements of a
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sparsely seeded flow within a restricted light-sheet region in space. Much further development would still be
needed to obtain fully three-dimensional, volumetric velocity information via holographic particle tracking.

The early 1990s marked the start of an important new era for 3-D holographic velocimetry. By that time,
computer and image processing hardware had advanced sufficiently enough to fulfill most of the requirements
of holographic particle studies and this in turn spurred renewed efforts by the research community to further
develop holographic velocimetry. Instead of particle-tracking, however, the most successful holographic
velocimetry research at that time extended the two-dimensional-based particle image velocimetry (PIV) into
three dimensions by stereoscopic viewing of distinct holographic image planes [Ad&hi§1993), Hinsclet

al. (1993)]. This stereoscopic viewing of the particle images reduced the three-component displacement measure-
ment into two separate two-dimensional measurements that was much easier to process in an automated fashion
(analogous to the Bryanston-Cross's proposal [Bryanston-Cross (1992)]). Based on particle image correlation,
the method did not attempt to individual track the particles, but it also did not utilize the recorded particle field
information efficiently since it relied on groups of 5-10 particle images to obtain each velocity measurement
point. Therefore, sparsely-seeded flows could not be adequately processed by such image correlation methods
and, in those instances, particle tracking methods remained the most effective. (Particle correlation will be left
as a separate topic of discussion in subsection 1.3.3.)

In same time period, however, one of the first truly successful 3-D volumetric measurements with holographic
particle tracking was achieved by Bernal and Scherer [Betral (1993)]. Their method used two orthogonal

in-line holographic recordings in air that was seeded with 15-20 micron-sized glass micro-balloons and illumi-
nated with a copper vapor laser. By using two orthogonal views, they could obtain high measurement resolution
for all three displacement components. The published results displayed quantitative volumetric plots of three-
dimensional velocity that contained many hundreds of individual vectors in each plot. Nevertheless, their
measurement system still depended on a human operator to identify the particle positions within the holographic
images. As such, while their project demonstrated the capability of holographic particle-tracking velocimetry,
Bernal and Scherer did not yet succeed in developing a fully automated particle tracking measurement process.
In 1997, Bernal and Scherer extended their concepts with a new published result [Scher@997)]. This

time, the experiment took place in a water tunnel and was illuminated with coupled Nd:YAG lasers. However,
their basic approach remained the same as before, with two orthogonal in-line holographic recordings. They
reported that the signal to noise ratio from the in-line recording process was not sufficiently high for particle
image correlation techniques (see subsection 1.3.3), so they continued to employ a semi-automated, particle
tracking analysis. In general, their still-preliminary, semi-automated methods could process roughly 200 vectors
/ hour. This rate would need to be improved for practical application of holographic velocimetry.

In addition to Bernal and Scherer, other researchers were concurrently working on holographic particle tracking
techniques [Liburdyet al (1993), Greeret al (1993), Greeret al (1994)]. However, in all of these later cases,

the researchers worked on the more basic data processing methodologies of particle-tracking. While such
fundamental efforts were indeed important and necessary, they also indicated the continued gap between the
technique's potential and its practical capability. Liburdy and Barker's report presented a flow chart for the
particle tracking procedure and discussed seed density constraints and data interpolation methods. In the end,
they presented a vorticity map that was based on two-dimensional velocity measurement. In two similar publica-
tions, Green and Zhao demonstrated the principles of a fully automated system for three-dimensional particle
tracking analysis. One of the most interesting aspects of their system was in its method of particle displacement
measurement. Initially, the system systematically searched through the holographic image space until it detected
particle images. However, after a particle image and its pair had been correctly identified, the system then
measured the particle displacement by image correlation instead of particle centroid calculation. While their
system demonstrated all of the necessary elements for full automation, it also demonstrated the speed barrier
that still remained for such a process. For example, their fully automated system required two minutes to make
a single particle displacement measurement. As a comparison, they reported that a human operator could
analyze the same hologram at twice their measurement speed. Obviously, while their results represented a step
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forward in automation, they also demonstrated that such fully automated particle tracking procedures were still
not practical. In addition, their comparative studies of human-assisted processing demonstrated that semi-
automated methods were not practical either for the large numbers of measurements typically required in
holographic velocimetry.

Particle tracking research continues in the nineties with further research efforts to increase the processing speed
and efficiency [Murataet al (1996), Shengt al. (1998)]. Murata and Takeuchi reported on a neural network
approach for holographic particle tracking. Their technique worked directly with the recorded in-line hologram
particle fringes as proposed much earlier by Stanton and Caulifield [Stein&dn(1984), Caulifield (1985)].

This time, however, a neural network was trained to determine the particle depth directly from the fringe
information. However, the reported results were still preliminary in nature. In particular, the method was only
tested on for small number of particles (52). Furthermore, the positional measurement accuracy was not suffi-
cient for direct particle displacement measurement (3.7 mm uncertainty out of a 100 mm range). Nevertheless,
the method might eventually be useful as a way to quickly locate the particle depths and then perhaps a differ-
ent, more precise method might be invoked for the final particle displacement measurement.

In a quite different approach, Sheng and Meng more recently presented a genetic algorithm method for the
automatic particle pairing in holographic images [Shengl (1998)]. Their genetic algorithm used the princi-

ples of fluid dynamics to determine the most likely particle pair arrangements. Here, Sheng and Meng demon-
strated a particle tracking mechanism that finally promised to have practical utility. In particular, the results
finally demonstrated sufficient processing speed® fi€asurements/ 10 hours). This was accomplished by
parallel distribution of the computation across a number of processors. In addition, their volumetric, three-
dimensional displacement measurement results contained a sufficiently large number of displacement vectors as
to represent a typical holographic measurement. Nevertheless, their overall process would appear to require
some additional refinement before it can be effectively applied to everyday research. In particular, it was not
clear from the presented work that the process could robustly locate the initial particle positions and velocity
directions without requiring some form of human intervention. Nevertheless, with refinement, Sheng and Meng
may have achieved the first viable, fully automated, particle-tracking solution in terms of both speed and
measurement accuracy.

Other recent results in holographic particle tracking have included a pipe flow measurement using particle side-
scattering [Chan and Li (1998)] and particle tracking of three-dimensional sprays [Feldmahr{1998)].

Chan and Li used a pulsed ruby laser for the off-axis holographic recording and a HeNe laser for the reconstruc-
tion process. Because the experiment occurred in a water flow that was contained by a transparent pipe, Chan
and Li needed to compensate for the water-pipe induced distorted distortion. As such, Chan and Li used a
wavefront inversion through an open half cylinder in an effort to compensate for some of this. Unfortunately,
however, Chan and Li did not reintroduce the water environment behind the half cylinder and since they used a
different reconstruction wavelength without adjusting their reconstruction geometry appropriately, their results
were restricted to a narrow region of least distortion at the midpoint of the pipe curvature. In addition, although
they discussed the use of the stereo technique for three-component extraction, Chan and Li made no use of this
technique in their measurement results, which were in fact only one dimensional. Finally, the paper by Chan
and Li did not indicate any automated procedure for the particle tracking, which probably meant that the
measurements were manually taken. As such, Chan and Li's publication did not appear to offer any new innova-
tive contributions to the field of holographic velocimetry.

The paper by Feldmanet al on spray measurement was considerably more successful than Chan and Li in
both its intent and outcome [Feldmaenal (1998)]. Feldmann's group also used a ruby laser with an off-axis
recording geometry, but this time, they used two orthogonal holographic setups with diffuse on-axis particle
illumination. From this arrangement, Feldmann was successful in extracting three-dimensional, volumetric
particle velocities by HeNe laser reconstruction. Because the work took place in the open air, there was no need
to correct for window distortions. However, unlike the related work of Schaller [Sclealir (1992)], Feld-



Part |

mann did not attempt to compensate the geometry for wavelength distortion, although his measurement calcula-
tions did take into account the wavelength magnification effects. It appeared that the particle sizes in Feld-
mann's work were sufficiently large such that diffraction-limited performance was not required, because, the
published spray images and resulting three-dimensional velocity field maps were of high quality in spite of the
uncompensated wavelength issues. Considerable effort was also spent by Feldmann's group in fully automating
the displacement measurement process as well. Although the velocity measurements were somewhat sparse in
number, it seemed that the work of Feldmann and his group had successfully demonstrated an important
practical three-dimensional application of quantitative holographic particle tracking for conducting basic
scientific research.

This subsection on holographic particle tracking concludes with another contribution from J. D. Trolinger
[Trolinger et al (1969)]. The reported studies took place aboard the space shuttle in a micro-gravity environ-
ment [Trolingeret al (1996), Trolingeret al (1997)]. Trolinger's group examined the effects of micro-gravity
within a crystal growth chamber via holographic particle tracking. By employing three different particle sizes,
they could obtain three times the spatial resolution from a single particle diameter without endangering their
ability to track the individual particles between time frames. Also, a comparison between the movements of the
largest particles and the smaller particles were used to distinguish the effects of micro-gravity from effects of
the fluid convection. In addition to particle displacement, the group was also interested in the measurement of
individual particle trajectories over time. Trolinger's team employed multiple holographic frames to track the
volumetric time sequence of particle events. Finally Trolinger's team developed an automated procedure for
locating, sizing, and tracking the particles between the sequence of holographic frames. Once again, Trolinger
demonstrated an important application of holographic measurement that uniquely solved a basic scientific
research objective. In addition, his group had successfully developed a functional automated holographic
particle tracking system that solved their unique objectives.

1.3.3 Particle Image Correlation

Techniques in holographic particle correlation are based on the well-established correlation principles found in
speckle photography and photographic particle image velocimetry (PIV). Speckle photography was originally
proposed by Jim Burch in his ground-breaking publication of 1968 [Betrci (1968)]. Originally, speckle
photography was proposed for the measurement of solid displacement and, for the first decade, speckle photogra-
phy was principally used on surfaces. However, at the start of the eighties, the technique had crossed-over to
fluid measurements and renamed as speckle velocimetry [Dudetegdr(1982), Halliwell (1982), Meynart

(1982)]. Finally, the technique evolved into the more mature method of particle image velocimetry [Piekering

al. (1984), Reynoldst al (1985), Adrian (1984), Adrian (1986), Adrian (1991)].

It wasn't until the start of the nineties that researchers such as K. Hinsch hit on the idea of extending particle
image correlation to holographic particle measurements [Hiaseh (1990), Hinschet al (1993A)]. Origi-

nally, the technique retained its two-dimensional nature, but was merely extended to a light-sheet recording
with off-axis holography. However, the holographic recording of light sheets had some added advantages. In
particular, Hinsch developed a method of multiple light sheets that used a laser source with limited coherence to
simultaneously record several image planes into an off-axis hologram without adding additional image noise
from the superimposed images. In particular, several multiple-angled reference beams were used in conjunction
with the multiple light sheets such the path length of each reference beam was offset to correspond with the path
length in a particular image plane. Later, the individual image planes could be selectively reconstructed with a
particular reference playback angle. In doing this, Hinsch had partially extended the principles of particle image
velocimetry into three-dimensions, but only measured two-components of displacement. More importantly, the
application of particle image correlation techniques to holographic velocimetry made possible, for the first time,
the fully automated, velocity vector analysis of particle holograms.

By the early nineties, a significant number of researchers were actively working on holographic particle image
correlation techniques for three-dimensional velocimetry [Metngl (1991), Hussaiet al (1993), Barnharet



Introduction 24

al. (1993), Adrianet al. (1993), Chaet al (1993), Hinschet al (1993B), J. Katzt al (1993), Grayet al.

(1994)]. At first, although many methods were proposed, most had met with limited success. Many of the
proposals were based on some form of stereoscopic viewing of the particle images [lusda{i993),
Barnhartet al (1993), Adrianet al (1993), Hinscltet al (1993B), J. Katzt al (1993)]. Some, however, also
considered the use of two orthogonal-viewing hologram setups [Hussain(1993), J. Katzt al. (1993)].
Considerations were also made of in-line geometries [Hustaa (1993), J. Katzt al (1993)], but most
favored some form of off-axis recording. In particular, some groups proposed the use of two, off-axis, reference
beams for the cross correlation of the holographic particle images [Hetsain(1993), Adrianet al. (1993),

Chaet al (1993)]. Initially, while many good proposals were put forward by the foregoing research groups,
only a small number were accompanied by concrete results.

Finally, in 1994, the first truly successful application of three-dimensional holographic velocimetry via particle
image correlation was reported by this author working together with a group assembled by Professor Ron
Adrian at the University of lllinois [Barnhaet al. (1994)]. In particular, the system demonstrated the first, fully
automated, volumetric holographic system that was capable of measuring on the order of a million, three-
component velocity vectors from a single hologram. An important aspect of the system was its use of stereo-
projected image-plane holographic recording combined with phase-conjugate reconstruction through the
recording camera optics to cancel the optical aberrations. A pulsed-YAG laser was used to record the hologram
and a cw-Yag laser was used to reconstruct the images, thereby maintaining the same wavelength throughout
the recording and playback process and avoiding any wavelength-dependent magnification and image distortion
issues. The off-axis system also employed a double reference beam together with cross-correlation image
analysis. Furthermore, the system employed a parallel processing computer system that could perform the
complete automated hologram analysis within a single day (0.5 million vectors in 10 hours). As a principle
developer of this HPV technique, its further development shall be an important topic within this thesis.

Following the first successful automated demonstration of holographic velocimetry by Barnhart, Adrian,
Meinhart, and Papen in 1994, the first review on the subject of three-dimensional particle velocimetry was
published by K. Hinsch [Hinsch (1995)]. Meanwhile, other developmental efforts continued in the research
community [Liuet al. (1995), Meng (1995), Liet al (1998)]. In particular, while the methods employed by
Barnhart were quite successful, it also required off-axis holography and the use of a powerful, and hence singly-
pulsed, laser source. Unfortunately, such restrictions did not lend themselves well for the production of holo-
graphic movies (holocinematography), where the laser source must rapidly fire short pulses at kHz rates.
Typically, such laser sources must be copper-vapor driven with a limited coherence and low energy per pulse.
As such, there remained a strong impetus to develop techniques that could be successfully employed at low
powers and with short coherence. In one such proposal, Liu and Hussain reported on the use of a Fourier-
transform lens juxtaposed between the particle field and hologram in order to remove the unscattered illumina-
tion light [Liu et al (1995)]. In the original proposal by D. Liu and F. Hussain, the illumination beam was
focussed onto the hologram surface such that it would over-blacken a spot on the plate and not be recorded.
Later on, however, (a different Liu) F. Liu and F. Hussain modified the original concept with a Gaussian-
shaped, high-pass spatial filter juxtaposed between two Fourier-transform lensetsa]L {#998)].

Within a year after Barnhart's publication, the first successful, short coherence, low energy, holographic veloci-
meter system based on image correlation was reported by H. Meng and F. Hussain. This time, however, the
method utilized a special form of in-line holography with off-axis stereo viewing [Mérmg (1995)]. Unlike
Barnhart's system, which used micron-sized particles in air, Meng's system utilized much larger (20 micron)
particles in water. In addition, Meng's analysis was not entirely automated, since the signal to noise ratio (SNR)
was not consistently high for a hands-off operation. As a consequence, the hologram analysis used image
correlation for regions of the hologram with a sufficiently high SNR and manual particle tracking for regions
with a low SNR. The total measured vector results were on the order of 10,000. Because of the in-line nature of
the system, it could not use cross-correlation analysis. In addition, the method required that the holographic
plate be located sufficiently close to the particle-field subject for the stereo-viewing process to be effective, a
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prohibitive requirement for some experimental setups. Nevertheless, in spite of these limitations, Meng's
success was indeed a dramatic step forward for low energy, short-coherence holography since it demonstrated
for the first time the in-line production of high-quality, volumetric, three-dimensional velocity measurements
based on image correlation.

The two publications of Barnhart and Meng demonstrated that the application of image correlation analysis for
holographic velocimetry was clearly a breakthrough for automated hologram processing. For the first time,
particle displacement holograms could be effectively utilized for their measurement bandwidth in a quantitative
manner. After these successes, holographic velocimetry was back on the map for the fluids research commu-
nity. With this in mind, one research group reported on the holographic recording of PIV images on photother-
moplastic plates [Masciadet al (1996)]. While their emphasis was primarily on two dimensional PIV measure-
ment with holographic recording, it seems that their use of photothermoplastic recording might equally be
applied to volumetric measurement as well.

In 1997, H. Royer presented a special review of holography and particle image velocimetry [Royer (1997)].
This review also reiterated the effectiveness of image correlation procedures with holographic velocimetry, and
gave many insights about its limitations as well. In particular, Royer points out that the holographic measure-
ment of particles is much more restrictive for side-scattered illumination procedures. As such, Royer suggests
that side-scatter systems should either employ larger particle diameters or use light sheet illumination. Royer
noted that the successful volumetric measurement of smaller, micron-sized particles could only successfully
occur for near-forward scattering illumination geometries (in which he sighted the work of Barnhart). Royer
also noted the inherent difficulties with in-line recording that limited its use with high particle-seed densities. In
addition, Royer pointed out that the inherent speckle noise of in-line holographic recording with high particle
seed density would prohibit its use for particle sizes smaller than 5 microns. In general, the review of holo-
graphic velocimetry by Royer was both informative and insightful.

Three years would pass, since the original, large scale, HPV result had been reported by @ahiaft994,

before another large scale result was finally reported by Zhang, Tao, and Katz in 1997. Again, the reported
method depended on correlation-based holographic velocimetry [#taig(1997)]. In many ways, however,

this technique was different from either Barnhart or Meng [Mengl. (1995)]. This time, a ruby laser was
employed for the holographic recording and a HeNe laser was used for image reconstruction. Also, the holo-
graphic setup was totally different from Barnhart or Meng, and more closely followed proposals made previ-
ously by Katz, Hussain, and Liu [Hussahal. (1993), J. Katzt al (1993), Liuet al (1995)]. In particular, the
holographic arrangement used a single off-axis reference beam together with an in-line illumination beam of the
particle field that is high-pass filtered before reaching the holographic plate. The high-pass filter process
employed a pair of Fourier-transform lenses with a metallic pin head, placed at the focal point, that blocked the
unscattered light component. In addition, the system used the two orthogonal-crossed holographic arrangements
to maximize the displacement measurement resolution. This feature permitted a much smaller laser energy
requirement. During reconstruction, the system performed an optical inversion through the Fourier-transform
relay lenses to compensate for lens aberrations. Because of the wavelength difference between the recording
and reconstruction, the system required a change in reference beam angle during playback analogous to the
previous work of J. K. Schaller [Schallet al. (1992)]. Also, because of a single reference beam being
employed, the method relied on a form of auto-correlation analysis rather than the cross-correlation used
previously by Barnhart. Similar to measurements performed by Meng, the experiment took place in a water
fluid environment with larger particle sizes (15 micron). The total measured vector results (818,583), however,
were on the same order of magnitude with those published by BaetlzrNevertheless, the reported process-

ing speed was much slower than Barnleaml (> 129 hours as compared with < 20 hours for the same quantity

of vectors).

One of the most unusual features of the technique reported by Zhang, Tao, and Katz was in its method of data
acquisition and processing. The holographic image volume was sampled with a series of planar slices, with each
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slice consisting of 270 image frames taken by a CCD camera. Unusually, each of the 270 camera frames from a
slice were then patched together to form a single image file that was finally compressed. The auto-correlation
method was then employed with windowed sections of the compressed image file to generate the two-dimen-
sional vector data. Previous to this work, the correlation analysis would normally have operated directly within
individual camera frames of information in order to conserve data storage space. Although this new technique
may have offered greater flexibility during the correlation analysis procedures, it came at the cost of a larger
image data storage requirement.

Three years following the original work of Zhang, Tao, and Katz, in May 2000, a follow-up report was pub-
lished by Tao, Katz, and Meneveau [Tebal (2000)]. This time, the report was centered on geometry and
scale relationships determined from three-dimensional holographic velocimetry in high Reynolds number
turbulence. In this report, they presented three-dimensional iso-vorticity surface data from holographic velocity
measurements and discussed its implications for turbulence theory. Thus, for the first time, a quantitative,
volumetric, holographic velocity measurement had succeeded in contributing to the basic theoretical understand-
ing of fluid mechanics and turbulence research.

In the two intervening years between 1997 and this present writing, developments in holographic particle
correlation have still continued [Fabry (1998), Lozaical (1999), Liet al (2000)]. In a paper by Fabry, a

novel use of off-axis holographic recording was applied to a forward-scattering light sheet and stereoscopic
image correlation analysis [Fabry (1998)]. This method used the hologram's intrinsic ability to image particles
distinctly from different depths to construct a planar map of three-dimensional velocity vectors that extends
perpendicular from the hologram surface. Although the presented results utilized a single light sheet, the
technique could have been extended to multiple light sheets for a more complete measurement of the particle
field volume. Perhaps the most important benefit from the method, however, was in its ability to image smaller
particles in comparison with side-scatter methods. In particular, the experiment was performed in a wind tunnel
with micron-sized seed particles. Another novel project feature was in its method of image analysis, which used
a specially oriented right-angle prism placed in the reconstructed real image volume to simultaneously image a
stereo view of the particle image space into a single CCD camera. The prism was oriented such that it straddled
the real image of the light sheet and refracted two particle views into the CCD camera. In this, the CCD camera
was positioned at a fixed distance from the prism such that two views were simultaneously presented into the
camera from the upper and lower directions of the light sheet. Different samples were then taken of the image
space by translation of the prism - CCD camera unit to various spots in the light sheet plane.

Although the overall technique was innovative, there were some hidden technical flaws in Fabry's work. In
particular, the processing of the holograms seemed to be quite primitive in that they were developed without
any follow-up bleaching step. Such a procedure would undoubtedly create severe image distortion within the
reconstruction due to a resulting chemical shrinkage of the holographic film emulsion. Although the author does
not mention this issue, it seems that the difficulty did indeed exist since he reported the use of a high f-number
(f/12) camera lens setting in order to reduce aberrations. From his choice of processing chemistry, he was
obviously completely unaware of the importance of processing chemistry on image distortion. A different
problem was in his failure to compensate the hologram reconstruction angles for wavelength-induced magnifica-
tion and distortion that resulted from the use of a ruby laser for recording and a HeNe laser for reconstruction. It
is likely, however, that distortion from emulsion-shrinkage effects would have outweighed any wavelength-
related distortion. It is also possible that these effects of image distortion were mitigated by the close proximity
of the particle field to the holographic plate. In addition, the near-on-axis reference beam angle (15 degrees)
would have lessoned the distortion effects from emulsion shrinkage. Thus, in spite of these hidden issues, the
overall results by Fabry were encouraging and the three-dimensional planar results demonstrated the effective-
ness of image correlation for holographic data analysis.

A related holographic PIV effort was reported by Lozano, Kostas, and Soria in 1999 [letzan(1999)]. In
this work, holographic PIV measurements from both light sheet and pencil beam illumination were obtained.
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This time, however, the flow illumination was directed parallel with the holographic plate and particle side-
scatter was recorded on hologram. In addition, two off-axis reference beams were utilized to record the double-
exposed hologram. As a consequence, cross-correlation analysis could performed instead of auto-correlation
analysis. The experiment was performed in a tank of water with rotating disk located on the tank bottom.
Because of the side-scatter illumination, larger (15 micron) particles were required in comparison with the work
of Fabry (one micron particles). Unlike Fabry's experiment, this experiment used a pulsed frequency-doubled
YAG laser to perform both the holographic recording as well as the image reconstruction. The hologram was
reconstructed in situ with the original recording optics and the virtual image was used for correlation analysis.
One of the more innovative aspects of this report was in the use of a fixed alignment grid placed directly in
front of the flow test space to ensure accurate post-registration of the hologram. During the in situ playback, the
virtual image from the recorded hologram could then be checked against the original alignment grid by focusing
the CCD camera through the hologram and onto the alignment grid space. Later on, when the CCD camera is
instead focused onto the particle field for correlation analysis, the displaced alignment grid is no longer visible.
Unlike Fabry, this group did not attempt to obtain all three-components of the flow velocity. Instead, they
presented only two-dimensional measurements, but at simultaneous, multiple planes in space.

Similar to Fabry's work, Lozano used an inferior hologram processing chemistry. Analogous to the work of
Fabry, this group had also processed their holograms using a developer without any bleach step. Once again, the
resulting image distortion would undoubtedly have been severe were it not for their use of an intermediate
camera lens to mask the distortion. Because the virtual image was utilized, only a small portion of the hologram
surface would have been visible through the lens for any given measurement. As such, the virtual image would
have appeared relatively free of distortion, however, a measurement taken directly of the real image onto the
CCD array would have immediately shown the severe distortion. Apparently, the group was indeed aware of
such difficulties since they reported being unable to work directly with the real image.

Most recently, a new, successful, off-axis, holographic velocimetry system has been reported by Pu and Meng
[Puet al (2000)]. Their technique used a double-referenced, off-axis holographic recording with 90 degree side-
scattered particle illumination from a frequency-doubled YAG pulsed laser. The approach taken for velocity
field extraction was actually a novel mixture of particle correlation and particle tracking. During the hologram
analysis, the real image was created by placing the recorded hologram back into the original recording system
with its orientation flipped 180 degrees. The hologram was then systematically scanned at regularly-spaced
planar slices, to make up three-dimensional subvolumes of the image, with a CCD camera microscope system
mounted on a three-axis translation stage. In the first stage of displacement analysis, after a particular volume
subsection had been scanned by the camera, the three-dimensional particle centroids were calculated from the
stacked image slices. Once this had been accomplished, the memory-intensive stacks of particle image slices
were discarded and the remaining displacement analysis was carried out with the particle centroid data. As a
second stage of analysis, a special form of three-dimensional particle correlation was performed, which had
been labeled by the authors, "concise cross-correlation" (CCC). This type of correlation worked directly with a
subset of the particle-centroid positional data to extract a three-dimensional displacement vector. After this, as a
third stage, the spatial measurement resolution was increased by a repeated analysis of the particle centroid data
using the correlation-derived displacement to help extract the individual particle-pair displacements. Finally, in
the last stage of displacement analysis, the randomly distributed particle-pair displacement data was mapped
into a higher density, regular grid of interpolated points to make further calculations more manageable. As a
consequence, the technique utilized the robust characteristics of particle correlation together with the higher
spatial resolution inherent for particle tracking.

In the examples presented by Pu and Meng, the holographic image volume was initially scanned in 2x2x2
mm?e subvolumes (each containing 20 planar image slices) which were then centroid analyzed and concise cross-
correlated to produce between 6,000 and 12,000 displacement vectors on a regular grid (from 250,000 sepa-
rately obtained image slices). With the help of this initial displacement information, the particle centroids were
paired together and particle tracking analysis was performed to extract roughly 92,000 vectors in a random
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spatial distribution. As the last step, a gaussian interpolation was performed to produce a regularly distributed,
finer grid of approximately 400,000 three-dimensional velocity points. The authors reported that the correlation
processing time for 12,000 interrogation cells took 50 hours in 1997, but also indicated that it had since been
decreased by a factor of 7 ( to roughly 7 hours). The subsequent time required to obtain the 92,000 particle-
tracked vectors and the 400,000 interpolated vectors was not reported, but was probably negligible in compari-
son to the initial particle centroid extraction. In comparison, if the work had been carried out by the system
developed by Barnha#t al in 1994, 12,000 three-dimensional displacement measurements would have taken
16 minutes.

From this publication, it appears that the technique of Pu and Meng had indeed developed a practical, auto-
mated means for holographic velocimetry that maximized the extraction of particle displacement information in

a robust fashion. However, the reported displacement measurement accuracy of 4 microns transverse and 8
microns longitudinal was significantly worse than any of the other successful techniques reported previously by
Barnhart, Meng, or Zhang [Barnhast al (1994), Menget al (1995), Zhanget al. (1997)]. In addition, no

mention was made in this report about the level of aberrations observed in the real particle images, nor of the
chemical processing procedures used in hologram development. Without such information, it is difficult to fully
judge the overall merits of the system. In general, strong aberrations will severely degrade the measurement
accuracy in intensity-based hologram analysis (and this system is no exception). If this were the case, it would
help explain the poor displacement accuracy reported for this system. In particular, | have found, personally,
that unless the particle field is physically located within 50-100 mm of the hologram plate, particle image
aberrations are usually quite strong in such lensless, off-axis, holographic systems, and the problems are very
much compounded with poor chemical processing. From their layout description, however, it appears that the
particle field were indeed located very close to the hologram plate. They also reported that the particle depth-of-
focus was between 0.3 and 0.5 mm. This suggests that the particle images were not diffraction-limited, although
they were not abnormally distorted in comparison with Barretaait Another possible reason for this displace-

ment measurement inaccuracy was their use of absolute rather than relative centroid positions to calculate the
displacement vector. In general, absolute particle measurements will have at least twice the uncertainty of a
relative measurement between a particle pair, since the uncertainty gets passed twice to the displacement
reading from each particle's absolute position. In addition, the larger distances required for absolute measure-
ments will tend to amplify the uncertainty effects.

A further restriction with their system was that their method of phase-conjugate reconstruction within the
original experimental setup was not suitable for cancelling the distortion effects of thick-walled or curved
windows, since these would require the use of a phase conjugate beam that was holographically reconstructed
through such windows, and could not work by simply the flipping the hologram by 180 degrees. Moreover,
their use of off-axis, transmission-type, reference beams inhibited the close placement of their hologram to
larger subjects in which the experimental setting interrupted the path of the beams. Because their system did not
utilize any intervening image relay lenses, the close placement of their hologram to its subject was vital for high
measurement accuracy. As a consequence of these factors, their basic method of holographic recording and
reconstruction had a number of inherent restrictions that limited its use. Of course, the use of off-axis reflection-
type reference beams could permit a closer placement of the hologram to the subject, but it would also dramati-
cally increase the aberrations in the system and further damage the measurement accuracy. In these particular
respects, the former methods proposed by Baretatt and Zhanget al are still advantageous.

In spite of the aforementioned potential shortcomings, | believe that the system reported by Pu and Meng has
demonstrated a number of innovative features regarding the automated extraction of the velocity vectors that are
important advancements for intensity-based holographic velocimetry. In particular, their techniqgue combined
the resolution benefits of particle tracking together with the automation and speed benefits of particle correla-
tion. Their novel implementation of cross-correlation was based on the preferred form of correlation analysis. In
addition, their use of three-dimensional particle centroids did not depend on the use of separately acquired
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hologram views, which makes it simpler to implement. Finally, the overall high quality of their three-dimen-
sional velocity-field results speaks for itself.

This concludes our two general reviews of holographic particle tracking and holographic particle image correla-
tion research. Nevertheless, several selected methods in holographic velocimetry have been reserved for a more
detailed analysis. Therefore, in the remaining subsections of Section 1.3, we shall examine these alternative
techniques in holographic flow measurement.

1.3.4 Holocinematographic Velocimetry

One of the greatest unfulfiled dreams for holographic flow measurement is the effective development and
practical application of quantitative holocinematography. To this end, researchers have devoted a considerable
amount of attention for more than two decades. However, as mentioned at the start of this paragraph, such
objectives have remained largely unfulfilled. Nevertheless, this subsection reviews the ongoing research efforts
in holocinematography.

Holocinematography starting receiving special attention in the mid-seventies, initially with the paper by Ebeling
and Lauterborn, as previously discussed in subsection 1.3.2 on particle tracking [Ebe&in(l978)]. This

initial publication used an acousto-optic modulator to write four off-axis reference-beam-multiplexed, holo-
graphic time-sequenced images onto a single plate. Several years later, Hentschel and Lauterborn extended the
concept by writing holograms onto the interior of a rotating drum [Hentsthael (1984)]. This time, the
acousto-optic modulator was used to select between different rows within the drum. In this way, they succeeded
in recording up to 400 separate off-axis holograms at adjustable framing rates running up to 300 kHz. The light
source this time was a cavity-dumped argon laser that generates@fulses with JuJ per pulse. The coher-

ence length was also limited to aboutrth Due to the low energy per pulse, the size of each hologram was
limited to a few square millimeters. As such, only very small events could be effectively recorded. In addition,
no effective methods for quantitatively analyzing the holograms had been developed. Therefore, this particular
system could only have limited, specialized application to high speed, microscopic events such cavitation
bubbles in fluid.

By the mid-eighties, another holocinematographic development effort was underway at the NASA Langley
Research Center [Weinstedh al (1985), Weinsteiret al. (1988)]. The method utilized by Weinstahal. was

the application of a chopped cw laser to record a series of in-line holographic frames of a particle-seeded water
flow in an effort to measure the flow over time. However, because of the long pulse durations involved, the
technique could only be applied to slowly moving events and a procedure for subsequent data analysis was
apparently never achieved. Evidently, the final outcome of the work was not entirely successful, because a full
publication on the work in a formal journal was never realized. In addition to the work of Weinstein, there was

a spin-off publication by J. A. Liburdy which attempted to discuss limitations of particle imaging for in-line
holocinematography [Liburdy (1987)]. Unfortunately, although the theoretical analysis on particle depth
resolution was somewhat interesting, the presented experimental results were too simplistic and the paper
subsequently offered little insight into the practical issues of in-line holography. In particular, little effort was
made to discuss the implications of particle-induced speckle for in-line holography. In contrast, an excellent
paper by H. Meng was later published on the subject [Meng (1993)].

Throughout the history of holocinematography, the principle limiting factor for the technique has remained the
quality of the light source used in holographic recording. In general, the light source needs to have at least a
small degree of spatial and temporal coherence, which generally implies the use of some form of laser. More
importantly, the light source needs to be capable of generating a rapid sequence of high energy pulses of short
duration. The development of such laser sources have been a central for progress in holocinematographic
research. With the start of the nineteen nineties, the copper vapor laser began to play a significant role in
holocinematography [Rufét al. (1990)]. The introduction of the copper vapor laser to this work by Ruff,
Bernal, and Faeth resulted in immediate performance gains over the previous research efforts. In particular, this
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laser was capable of a 10 kHz sustained pulse operation, withse®for each pulse, and a pulse energy of 2

mJ. As such, the laser pulses contained approximately 2000 times more energy than the cavity-dumped argon
laser could previously provide. At the same time, the pulse durations were comparable with the Q-switched
ruby laser and could effectively record high speed events. Unlike the ruby laser, which could only provide a
small number of pulses, the copper vapor laser was capable of a sustained pulse-train operation. Unfortunately,
the copper vapor laser had intrinsically short coherence length and, as such, could only support in-line holo-
graphic techniques. The work by Rudf al used a drum-type holocamera with an in-line reference beam to
record glass beads striking a flat surface. This time, the holograms could made with sufficient size to permit
particle studies on a reasonable scale. In addition, the system employed a 2x magnifying set of relay lenses to
increase the recorded particle volume. Finally, the paper produced a quantitative measurement of a falling glass
bead's three-dimensional trajectory over time. With the introduction of the copper vapor laser, holocinematogra-
phy was back on its feet again.

As mentioned previously, the copper vapor laser had an intrinsic problem with coherence and as such could not
sustain off-axis recording methods. In 1993, this problem was finally solved with the introduction of the copper-
vapor-pumped dye laser to holocinematography by Lauterborn, Judt, and Schmitz [Lagediof1993)]. As

such, the dye laser had improved the coherence length from a few millimeters to 7 centimeters and could be
used for off-axis holographic recording. This time, the holographic sequence of 40 frames was recorded around
the perimeter of a single disk-shaped holographic glass plate. With this new system, the team studied the three-
dimensional dynamics of bubbles in a driving sound field, although no quantitative analysis of the holograms
were reported.

Since 1993, there have been few reports about holocinematography. Recently, however, there has been a single
conference publication that reported on a new method of distributed processing for analysis of holograms in
holocinematography [Pet al (1999)]. In this paper, it indicated that a new HPIV system had been developed at
Kansas State University for holocinematography. Due to incomplete, preliminary nature of this report, it is not
possible to make any further conclusions about the effectiveness of this new system. Nevertheless, it does
appear that holocinematographic development efforts have not ceased. It seems clear, however, that the subject
will require a great deal more development before it can fulfill its potential.

= 1.3.5 Short-Coherence and Light-in-Flight Recording

Light-in-flight holography was originally developed by N. Abramson in order to holographically record the
motion of light as it propagates through space and interacts with various optical components [Abramson
(1978)]. He originally developed the technique using a laser source with short coherence, but later applied ultra-
short pulsed laser instead. A number of researchers since exploited the light-in-flight applications of object
shape measurement and to the measurement of particle fields [Abramson (1991), Petalidd995),
Abramson (1997), Nilssoet al. (2000)]. More recently, however, light-in-flight techniques for holographic
velocimetry has become the domain of K. Hinsch and H. Hinrichs [Hineichk (1997), Hinrichst al (1998),
Herrmanret al. (2000)].

The most important asset of light-in-flight velocimetry is its tolerance to image noise and its ability to isolate
particle information at different depths. Light-in-flight velocimetry works by recording different three-dimen-
sional shells in the particle space with a different portion of the holographic film area. This is a natural conse-
guence of the limited coherence light source coupled with a carefully arranged recording geometry. The initial
work of Hinrichset al demonstrated the technique's ability to image deep particle fields with selective image
reconstruction at depth different locations [Hinrigtsal. (1997), Hinrichset al (1998)]. The reported results

were primarily a proof of principle in nature. More recently, however, Herrreauah reported the use of cross
correlation particle image analysis in order to extract two-dimensional velocity field data at different three-
dimensional surfaces in space [Herrmanal (2000)].
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Presently, the light-in-flight holographic velocimetry technique has intriguing possibilities. At the moment,
however, measurements have only been demonstrated for two-component velocity and further refinement is
required for three-dimensional velocity measurement. In addition, more research is needed in optimizing laser
light sources for controlled coherence. With further refinement, the light-in-flight method could serve an
important role for deep field, high resolution holographic velocimetry.

1.3.6 Holographic Diffraction Image Velocimetry

Holographic diffraction image velocimetry (HDIV) is really a specialized form of three-dimensional particle
image correlation analysis. Developed by S. S. Cha and J. S. Slecpicka, the technique utilizes a double-exposed,
angularly-multiplexed, off-axis hologram taken of a seeded flow [Cha (1996), Slegtiekg1997), Slepickat

al. (1997), Slepickat al (1998)]. The holographic data analysis then relies on a combination of image intensity
cross-correlation and image interplane cross-product procedures to extract the transverse and longitudinal image
displacement components, respectively. At first, the two-dimensional cross-correlation is performed on the two
time-separated holographic particle images in much the same way as that the intensity correlation methods were
used in subsection 1.3.4. After the cross-correlation has been used to determine the in-plane displacements, the
out-of-plane displacement is then found by the comparison between successive planes, spatially-separated in
depth, with an initial reference image plane. Called an "image cross-product" by the authors, the comparison
has a maximum value for the correct out-of-plane image displacement. This image cross-product is evidently a
form of inner-product rather than the vector cross product in the traditional sense.

In many respects, this form of analysis is similar to a three-dimensional intensity correlation analysis, except
that the out-of-plane displacement calculation is decoupled from calculation of the two transverse in-plane
displacement components, and this results in a much faster calculation. However, a major time limitation in the
technique remains the large numbers of images required for a single longitudinal measurement calculation,
which could result in a substantial portion of the overall calculation time being occupied by image frame-
grabber data acquisition time. Nevertheless, this same time limitation also exists for three-dimensional intensity
correlation methods as well. In contrast, however, holographic stereo correlation procedures only require two
frame-grabs per three-dimensional measurement.

In some respects, the method is also related to three-dimensional particle tracking, in that, the out-of-plane
measurement is accomplished by searching through the particle image space. An important difference with this
technique, however, is that it does not depend on the image focusing of individual particles for out-of-plane
displacement measurement, nor does it attempt to locate the particle centroid positions. In these respects it
works analogously to three-dimensional intensity correlation, since it measures the relative displacement
directly with the image cross-product of many particles simultaneously. However, the technique can be faster
than three-dimensional intensity correlation since it can dynamically search for a cross-product minimum
without having to first scan the image space at constant sample intervals.

Nevertheless, as in all intensity-based methods, the presence of imaging aberrations can degrade the spatial
resolution as well as the displacement resolution of the measurement. As such, this new method of HDIV still
requires careful attention to be given on aberration-free holographic recording and subsequent image reconstruc-
tion for accurate results. (Note that this limitation does not exist for the complex-field correlation procedures
discussed later in this chapter.) In addition, like other forms of particle image correlation, this method still relies
on large numbers of particle images to be present within each resolution cell and as such has the same speckle
noise limitations found previously in other correlation methods.

The four published reports on this subject have substantially the same content and little experimental evidence
have been presented [Cha (1996), Slepatkal. (1997A), Slepickat al (1997B), Slepickat al. (1998)]. One

of the reports is actually a patent publication for the technique [Cha (1996)]. Another of the articles, however,
mentions the use of this technique with solid surfaces [Slepichkh (1998)]. At first glance, the article appears

to be doing something uniquely different from its former application in holographic particle velocimetry.
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However, at closer inspection, the proposed surface measurement technique is really a particle velocimetry
technique in disguise. In fact, the basic idea was to coat the surface with a layer of tiny seed particles. In this
respect, the proposed idea could have worked equally well with any other 3-D particle measurement system.
One of the reports, however, had a nice technical innovation worth mentioning [Slepiakg1997B)]. In
particular, the reported system used a pulsed ruby laser for holographic recording and a cw diode laser (20 mW)
for holographic reconstruction that has been specially tuned to the precise ruby laser wavelength (694 nm) via a
temperature controlled mechanism. This is the first time that | have personally read about such a laser being
utilized. This particular innovation could have important benefits for measurement holography.

In conclusion, this new method of HDIV is really a specialized, more efficient form of three-dimensional
particle intensity correlation. At the moment, however, there has not yet been enough experimental evidence
published to make an accurate judgement about its effectiveness as a practical technique. It seems, however,
that the method presently suffers from an inordinately large number of image frame-grabs required for each
three-dimensional displacement measurement point. This same problem, however, also exists for other tech-
nigues such as three-dimensional particle tracking and three-dimensional intensity correlation. Nevertheless,
with the implementation of high-speed, intelligent cameras, the technique might eventually become a viable
alternative to other correlation-based holographic velocimetry techniques.

m 1.3.7 Direct Analysis of Recorded Particle Fringes

Ever since the early investigations of holographic velocimetry in the late nineteen sixties, there has been an
ongoing interest in a more direct analysis of recorded particle hologram fringes. Most methods for such analysis
of holographic fringes fall into the two categories of either numerical reconstruction or fringe interpretation.
Numerical reconstruction techniques mimic the optical holographic reconstruction process in order to determine
the image structure numerically. Numerical reconstruction can produce superior images to optical reconstruc-
tion, since special digital-methods can be employed to remove image noise as well as distortion. While such
methods can boost the signal-to-noise and accuracy of the final measurement results, they do not directly
address the issues of fast, automated data reduction that is desired for practical holographic measurement
applications. Fringe interpretation, on the other hand, does not attempt to reconstruct the holographic image, but
instead attempts to extract particle size and position data directly from the recorded fringe information. As such,
fringe interpretation methods hold the promise of fast, automated, data extraction from the holographic informa-
tion. However, such techniques usually rely on a strictly in-line hologram geometry with spherical particles as
subjects. In addition, the methods require a sparsely-seeded particle field. In summary, numerical reconstruction
can be used for qualitative holographic studies of any subject matter while numerical fringe interpretation is
best suited for quantitative measurements of sparsely-seeded spherical particles. Finally, both forms of analysis
are often best suited for small-scale measurement volumes in order to keep the measurement analysis tractable.

The earliest example of fringe interpretation was in the work of Menzel and Shofner in 1970, who used
microdensitometer traces of Fraunhéfer particle fringes from an in-line hologram recording to predict the three-
dimensional particle positions [Menzet al (1970)]. At that time, however, the existing computer technology

was not adequate for practical, automated application of such a technique. Nevertheless, Menzel and Shofner
managed to report high quality experimental results by use of analog measurement techniques in combination
with manual techniques. In addition to the experimental data, Menzel and Shofner presented a complete analyti-
cal model for the Fraunhofer fringe profile of an opaque particle located at a particular axial distance from the
in-line hologram. This model enabled them to predict a particle position from its recorded fringe pattern.
Finally, they performed an error analysis of several experimental predictions from fringe data to discover the
measurement uncertainty for the predicted particle axial positions, which was on the ar2l&omfor z and

71 mm for Az for single scanned results, but could be improved by performing multiple scans on the same
particle fringes £0.1 mm for the average\z). Unfortunately, such levels of uncertainty are quite large for
velocity measurement purposes. In general, however, Menzel and Shofner displayed a great deal of the resource-
fulness for the level of technology available at that time. Even though the technology did not yet exist to
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support full automation of their techniques, Menzel and Shofner did succeed in demonstrating the potential of
direct fringe analysis for particle position measurement. Nevertheless, a considerable number of years would
elapse before the topic received further attention. (Note that a number of researchers such as B. J. Thompson
also used direct fringe measurement as a means of particle-size analysis. Such efforts, however, will be
excluded from this restricted discussion on velocity measurement.)

Years later, in 1984, a related approach for fully automated hologram analysis was proposed by Stanton and
Caulifield [Stantonet al (1984), Caulifield (1985)]. By working directly with the actual recorded particle
hologram fringes, the proposed method built upon the former work of Menzel and Shofner. While the particle
focus results in the paper were encouraging, the paper did not include any actual examples of particle velocity
measurement.

Also in 1984, techniques in holographic particle fringe interpretation received an analytical boost with the
derivation of near-field Lorenz-Mie theory by Slimaatial In the previous efforts of direct fringe analysis by
Menzelet al, it was always required that the particles be located in the particle far-field region from the in-line
holographic recording. This Fraunhéfer assumption was vital for the effective prediction of the particle location,
because the near-far fringe pattern was not well understood analytically and, as such, particle positions could
not be effectively predicted from near-field hologram fringes. (Note that throughout this thesis, the near-field
refers to the Fresnel-region of an object. This is not to be confused with sub-wavelength region associated with
near-field microscopy.) In reality, however, there are many situations where near-field holograms are necessary
or even preferable to far-field holograms. In particular, it was eventually demonstrated that specialized tech-
nigues that depend on near-field diffraction patterns could produce a more accurate measurement of the particle
position and hence, particle displacement [Ovryn (2000)]. The derivation presented by Stiraanvas the

first step in such use of near-field holograms for direct near-field fringe interpretation. In this paper, the near-
field solution is compared with the far-field approximation of both opaque and transparent particles. An interest-
ing discovery from the reported simulations was that the transparent and opaque particles have the same far-
field pattern distribution but that the near-field distribution is very different for the two cases. Although the
paper did not directly address holographic velocimetry and in fact no physical experimental work was under-
taken, nevertheless, the analytical and numerical presentations given would serve as an important reference for
later near-field particle research efforts. Later on, in 1989, further experimental work on the near-field imaging
of particle fringes was conducted by Schaub, Alexander, and Barton [Sehal1989)]. This later work

finally provided actual experimental support to the previously simulated results of Sktahj although,

again no work in particle velocimetry was directly conducted.

Efforts in numerical in-line holographic reconstruction appeared in 1987 with the publication of two related
projects on the digital-decoding of in-line holograms by Liu and Scott, and also by Onural and Scettta]Liu
(1987), Onurakt al (1987)]. This time, instead of fringe interpretation, the emphasis was placed on numerical
reconstruction of holographic images. Both of these publications reported on efforts to use digital signal
processing to remove the twin-image noise that normally plagues the in-line hologram. Although each of these
two reports had the same goals in mind (ie numerical reconstruction without virtual image noise), the two
digital methods invoked were distinctly different from each other. In particular, Liu and Scott used an iterative
technique to remove the twin image, while Onural and Scott were using a truncated series operation to filter the
numerical reconstruction. In reality, however, both methods were complementary techniques in digital signal
processing. While both papers reported a significant improvement in the reconstructed in-line particle image
quality, these papers did not attempt to address methods specifically concerning the measurement of particle
position or velocity. As such, the two reported techniques were mainly concerned with the noise-reduction of in-
line holograms. These techniques might have found much favor with D. Gabor, however, had he been able to
apply them to his x-ray microscope project during his lifetime.

In 1992, L. Onural worked with M. T. Ozgen to develop a method of fringe interpretation for the extraction of
three-dimensional object location directly from in-line holograms. [Onural (1992)]. Borrowing a signal-process-
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ing method known as Wigner analysis, their technique once again applied specialized digital processing to the
recorded in-line hologram fringes. This time, however, the resulting transformed information provided both the
in-plane and out-of-plane particle positions from the original fringe information. As such, the Wigner transforma-
tion produced a function from which the three-dimensional particle location could more readily be extracted.
Unfortunately, the Wigner approach seemed to work best for one-dimensional traces of the fringe data
(analogous to work of Menzel and Shofner). Furthermore, these traces worked best when the traces were taken
through the particle diffraction centers. As such, Wigner-based fringe interpretation required a preprocessing
step to identify each of the projected particle centers. Finally, the Wigner-technique lost its effectiveness when
either the particle size was increased or the particle seed density was increased. Therefore, the proposed method
did not appear to be sufficiently robust for practical application to high density holographic velocimetry.
Nevertheless, the technique might be successfully applied to low density particle fields. Finally, the published
results did not examine the measurement accuracy of the technique. As such, it is difficult to judge the method's
effectiveness for velocity measurement. It seems, however, that since the technique relied on far-field recorded
fringes, the accuracy would be inherently worse than for near-field measurement techniques.

The numerical reconstruction of a digital-recorded off-axis hologram was finally reported by Schnars and
Juptner in 1994 using a Kodak Megapixel CCD camera [Schetals (1994)]. In this original publication, the
purpose was simply to produce a qualitative proof-of-principle test that demonstrated the technical capability of
making digital-recorded off-axis holograms and then numerically constructing an image from the digital
fringes. As such, the effort was purely qualitative and made no attempt to produce a scientific measurement.
Until this point in time, all numerical holograms were of the in-line variety and this publication was the first to
report an off-axis result. More recently, several off-axis efforts have reported the use of digital techniques to
suppress the dc term and eliminate the twin-image in digital off-axis holography [Kreis et al (1997),efakaki

al. (1999), Cuchet al (2000)]. In the future, as digital cameras continue to increase in their pixel capacity, the
use of off-axis, digital holographic recording could become a viable technology for such applications as holo-
graphic particle velocimetry, at least in a limited number of settings.

Another research effort in in-line fringe interpretation was reported in 1995 by Anderson and Diao [Arderson

al. (1995)]. In this paper, the authors have proposed the use of a two-dimensional wavelet transform to extract
the three-dimensional particle positions from the fringe data. Again, however, this technique depended on the
use of Fraunhofer fringes, which, as mentioned previously, did not lend themselves to the same degree of
positional measurement accuracy as found with near-field fringes. In addition, the technique required a complex
optical arrangement for implementing the wavelet transformation. In this regard, the technique relied on optical
processing of an optically recorded hologram rather than using numerical processing procedures mentioned by
other techniques. Nevertheless, the prescribed method did not reconstruct images from the in-line hologram and
instead used a direct optically processed interpretation of the recorded fringes to extract three-dimensional
particle positions. In fact, the process utilized a form of matched optical filtering operation in which an optically
scaled wavelet worked as a matched filter for potential particle locations. Finally the technique promised to
offer a much higher signal-to-ratio, better depth and lateral resolutions of the particle position, and permit a
fully automated data reduction of particle locations. At the end of the day, however, the paper did not present
any experimental evidence for its claims and, as such, did not appear to be refined sufficiently for practical
consideration.

More recently, efforts using a CCD-based digital holography for flow measurements have increasingly become
more successful [Skarmast al. (1996), Skarmaret al. (1999)]. Using a newly developed, digital, in-line
holocamera system, Skarman, Becker, and Wozniak have published two accounts of a technique for the measure-
ment of three-dimensional particle velocimetry. Instead of relying on the unscattered light for its reference
beam, an in-line, phase-shifted reference beam was fed via a beamsplitter inserted between the object space and
the CCD camera. In doing this, the system was also capable of measuring temperature profiles and performing
phase unwrapping to remove virtual image noise. After the digital recording took place, the holographic image
was numerically reconstructed for the temperature as well as seed particle positions and velocities. Finally, the
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group succeeded in experimentally demonstrating a fully automated particle tracking analysis from the numeri-
cally reconstructed hologram. Although the technique was limited to small experimental volumes with rela-
tively low numbers of particles, this technique has been shown effective and practical for automated particle
velocimetry and even temperature measurement. Certainty, the success of this recently developed technique
indicates an important direction for future fluid dynamics research.

In addition to the previously mentioned recent success of digital holographic velocimetry, another recently
developed method uses a completely different approach to three-dimensional digital velocimetry that exploits
the direct fringe interpretation from near-field forward particle scattering [Ovryn (2000A), Ovryn (2000B)].
Building on the analytical work of Slimart al (1984) and Schaubt al (1989), Ovryn utilized a highly
accurate, polarization-dependent model of near-field particle scattering of light in order to accurately predict
particle positions and velocities in the near-field. In order to construct a sufficiently accurate model, Ovryn had
to include the effects of the imaging optics as well as the image signal behavior from the CCD detector. Rather
than using an in-line reference beam, the technique relied the scattered intensity distribution from the particles
by an incoherent light source. In this respect, the technique differed from in-line holography and, as such, did
not suffer from speckle noise. In fact it was the dynamic behavior of the near-field forward-scattered particle
intensity that enabled the technique to more accurately predict particle positions than otherwise permitted by
traditional in-line holography. In addition to position and velocity measurement, the technique could also
measure particle sizes. As mentioned for the previously reported methods of this subsection, this technique is
restricted to small experimental volumes with relatively low numbers of particles. Although the technique is
still in development, based on the experimental findings presented already, it is likely to be successful as a
practical tool with further refinement. One particularly encouraging aspect about the technique is its potential
for good longitudinal measurement accuracy. In particular, Ovryn has already reported a longitudinal measure-
ment uncertainty better than 0.5 microns for the absolute particle position. In addition, Ovryn has already
demonstrated the effective experimental use of the technique for quantitative velocity measurement. As such,
the technique already far exceeds the measurement capabilities reported previously for in-line, far-field, particle
hologram studies. Additional work is still needed, however, to refine the procedures for fast extraction of
velocity measurement from the near-field fringe patterns.

1.3.8 Summary

In this section, we have examined a humber of different methods for the analysis of particle holograms for three-
dimensional velocity measurement. In particular, we have taken a historical perspective on selected technigques
in an effort to follow their development toward full automation. We have observed that correlation techniques
lend themselves more easily toward automated procedures, but that particle tracking techniques hold the
promise of greater applicability for a wider range of experimental settings. Finally, we examined the more
recent development of digital particle hologram recording, numerical reconstruction, and the direct interpreta-
tion of hologram fringes. In the next section of this chapter, we examine techniques in holographic interferome-
try and speckle photography as it applies to three-dimensional surface displacement and flow velocity
measurement.
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m 1.4 Review of 3-D Holographic Interferometry and Speckle Photography

m 1.4.1 Overview

Holographic interferometry (HI) has traditionally been associated with surface displacement measurement [Vest
(1979), Huff (1985)]. As discussed previously in subsection 1.1.3, the measurement of surface displacement
was one of the first scientific applications of off-axis holography and such efforts were reported as early as
1965 [Collieret al. (1965), Brookst al (1965), Powell and Stetson (1965)]. In general, holographic interferome-

try depends on the random scattering of coherent light from rough surfaces. Each of these random scattering
sites generate partially quadratic phasefronts that precisely determine the surface location from the recording
hologram. By recording a double-exposed hologram of the object surface that undergoes a displacement, the
relative movement between the two holographic image fields shows up as a series of fringes within the holo-
graphic image. From these fringes, an accurate displacement can be measured either qualitatively or quantita-
tively. Typically, holographic interferometry has been commonly applied to out-of-plane displacement measure-
ments, although three-dimensional displacement measurement can be also achieved with more complex optical
arrangements. In the following discussions, we will be paying particular attention to such three-dimensional
displacement measurement techniques. In particular, we are interested in methods which yield quantitative
three-dimensional displacement information. Speckle photography is a complementary technique to holographic
interferometry but is most effective for in-plane displacement measurement. In some instances, the combined
application of holographic interferometry (for out-of-plane measurement) and speckle photography can be
useful for three-dimensional displacement measurement. In the following discussions, our interest in holo-
graphic interferometry and speckle photography shall remain restricted to the aforementioned objectives of this
thesis. As such, the vast majority of material published in these subjects will not be incorporated into this
selective review.

Next, in subsection 1.3.2, we examine some applications of traditional, wet-processed holograms for three-
dimensional surface displacement measurement. In addition to interferometry, hybrid techniques involving
speckle photography will be reviewed as well. Then, in subsection 1.3.3, we examine some recent methods of
electronic recording for three-dimensional surface displacement analysis. Finally, in subsection 1.3.4, we will
examine the use of holographic interferometry in flow velocity measurement.

m 1.4.2 Holographic Interferometry and Speckle Photography

In the first years of development, holographic interferometry was primarily utilized as a qualitative indicator of
object stress and strain. As a quantitative instrument, holographic interferometry has a number technical issues
which must first be resolved [Vest (1979)]. The first issue is a geometric problem. This main difficulty lies in

the complex geometric arrangement of the experiment and the dimensions of which needs to be accurately
measured. In particular, quantitative measurement requires that the three-dimensional locations of the light
source, scattering surface points, and holographic viewing perspective are all accurately known. In addition, the
procedure requires that the observed interference fringes are accurately mapped to corresponding points on the
surface. Moreover, the holographic interferometric measurement of three displacement components usually
requires the corresponding displacement measurement from three different hologram perspectives, all of which
must be accurately registered to each other. In such cases, the holographic image usually has a different shape
owing to the change in perspective. Alternatively, the displacement measurement can be made from a single
observational perspective that is taken with three different object illumination directions. In this case, the
overall holographic image shape is maintained, but at a cost of three different recordings taken over time.

Finally, to make matters even worse, the fringe formation in the holographic image space is not, in general,
located on the object surface. This phenomenon, known as fringe localization, is actually dependent on the type
of surface movement, the illuminating source location, and the hologram viewing perspective. In cases that
involve rigid body translation, the fringes are localized at infinity, but in other cases that involve surface
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rotations, the localized fringes can appear on the object surface or along an inclined surface extending away
from the object. Here, the precise fringe localization strongly depends on the axis of rotation. Therefore, in
order to accurately measure the hologram fringes by an automated system, the fringe localization in three-
dimensional space becomes an issue for the focussing of the automated camera imaging system. To some
extent, such procedures can be avoided by reducing the camera lens aperture in order to increase the camera
depth-of-field. Such procedures, however, result in more speckle in the image which inhibits the fringe spatial
resolution. Of course, in the early years of quantitative holographic interferometry, such automated procedures
did not exist and any such measurements were often painfully extracted through purely human observation and
manual calculation.

The first proposal for quantitative, three-dimensional displacement measurement via holographic interferometry
was issued by Gates in 1969. This proposal laid a basic procedure that used quantitative measurements from
three different observation points from within the hologram surface to extract the three-dimensional surface
distortion. The report also presented the basic mathematical foundation required to perform such an analysis.
Although no results were presented, this paper contained the basic principles required for successful three-
dimensional displacement measurement.

One of the first successful application holographic interferometry to quantitative, three-dimensional surface
displacement measurement was finally reported by Shibayama and Uchiyama in 1971. In their groundbreaking
paper, the team used three separate holographic plates to obtain three separate viewpoints of a cantilever object
undergoing a strain. They then measured the reconstructed fringes from each viewpoint to obtain three sets of
displacement values at selected points along the long dimension of the cantilever surface. With these three sets
of data, they were able to extract the three orthogonal displacement components for selected points along the
cantilever. Finally, the resulting displacement data was compared to the theoretical displacement profile for the
same experiment. In addition to a doubled exposed holographic recording, the paper also used a time-average
recording method. One of the most important sources of error in the method resulted from the observation
points that were located a finite distance to the subject. This finite distance resulted in an observational error in
the fringe measurement.

The spatial sampling resolution in the results presented by Shibayama and Uchiyama were on the onder of 1

As such, only 7 measurement points were obtained across the entire cantilever surface. Such coarse samples
were probably due to the manual techniques required for each measurement. In addition, the entire object
contained only about 12 fringes across its surface, which would naturally limit the sample resolution. In this
experiment, the total displacement range on the cantilever was 5.3 microns. The displacement measurement
uncertainty was quite good for such a manual procedure, and appeared to be better than 1/20 micron in all three
components. This report is particularly significant to this thesis, since the same cantilever experimental setting
has also been utilized later in this thesis work to verify the capability of the holographic camera instrument
developed therein for automated, three-dimensional, displacement measurement.

Following the work of Shibayama and Uchiyama, very little further development occurred in holographic three-
dimensional displacement measurement for more than a decade. Nevertheless, of course holographic interferome-
try became a widely used technique for both qualitative analysis and non-three-dimensional quantitative
analysis in humerous specialized settings [Vest (1979)]. In this present review of 3-D displacement measure-
ment, however, no effort will be made to recount such ongoing activities. Finally, in 1985, another development

in three-dimensional displacement measurement was reported by Kakwdaihis paper utilized the highly

accurate method of heterodyne holographic interferometry to measure the three displacement components on
another cantilever beam experiment. Rather than using three separate holograms as attempted previously by
Shibayama and Uchiyama, this time a single holographic plate is utilized.

In this paper by Kakunait al (1985), the measurement procedure was quite elaborate. First, the hologram is
recorded with two angularly distinct, off-axis, pencil-sized, reference beams that are optically distributed to four
spatially distinct locations on the holographic plate in which two different reference exposures occur before and
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after the object strain event. In total there are eight distinct reference beams that illuminate four miniature

holograms across the plate. During holographic reconstruction, the four miniature holograms are again pencil-
beam illuminated by the same reference beams, which now have frequency-shifted components. A large
imaging lens sequentially projects the virtual holographic image from each of the four hologram sites onto an

image plane. A photodiode then scans the image plane to measure the time-varying intensity signal at various
translated points within the projected object image.

Displacement measurement in heterodyne holographic interferometry basically works by measuring the relative
phase of the frequency-modulated image intensity that results from two frequency-shifted reference beams. This
relative phase is compared between the different hologram sites. The measured relative phase shift at each
image point from a particular hologram viewpoint then precisely determines the localized surface displacement
in a particular displacement sensitivity direction. Finally, the three-components of displacement are determined
by the repeated measurement of the projected object surface from each of the four different reference-illumi-
nated viewpoints on the hologram plate surface. These different measurements become the constants in a
system of equations for which the solutions determine the three components of displacement.

In the end, this hetrodyne technique manages to achieve a much higher measurement accuracy than previously
reported by Shibayama and Uchiyama. In particular, the paper reported an experimental displacement uncer-
tainty of 0.0124, 0.015, and 0.0045 microns respectively for the x (in-plane), y (in-plane), and z (out-of-plane)
directions. This represents an order of magnitude improvement in measurement accuracy. In their cantilever
experiment, the entire displacement range was 2.5 microns and the object was spatially sampled at 5 mm
increments, although it appears that the system's spatial resolution was much higher than this. While the results
reported by this system was indeed impressive, the complexity of their optics was, unfortunately, equally
impressive. Nevertheless, the reported results appeared to lend itself for automated application.

In the same year as the previous report, Trolinger presented a discussion on methods for automated data reduc-
tion in holographic interferometry [Trolinger (1985)]. In his analysis of methods, Trolinger concluded that the
method of heterodyne interferometry would be the most suitable for automated processing. Trolinger added,
however, that until that point in time, heterodyne interferometry had never been fully incorporated into a fully
operational data reduction system. Such conclusions are also consistent with our previous examination of the
work by Kakunaiet al In particular, the high level of optical complexity required for three-dimensional hetero-
dyne-based measurement would certainly be a barrier from its common application. Furthermore, it is apparent
from Trolinger that while the full automation of holographic interferometry was partially solved in at least three
operational facilities in the United States, the use of automated techniques for quantitative displacement measure-
ment was obviously not a common occurrence.

A different application of three-dimensional surface displacement measurement was reported, also in 1985, by
R. J. Pryputniewicz. The most interesting aspect of this work was its chosen subject of bone motions and
deformations in living subjects. This time, the displacement measurements were extracted through six different
viewpoints of the same hologram. By this use of six observation points, the resulting extraction of three displace-
ment components were over specified. This overspecification permitted an increased measurement accuracy and
allowed for additional computations of object rotations and rigid body motion. Because living subjects were
used in the measurement, the holographic recordings had to be taken with a double-pulsed laser system.

In the years following 1985, in spite of its wide spread application to object deformation measurement holo-
graphic interferometry was seldom applied to three-dimensional displacement measurement. In part, however,
this was due to new emerging techniques that enabled the real time measurement of object displacement
through direct electronic recording techniques. These electronic techniques, such as electronic speckle correla-
tion interferometry (ESPI) and (more recently) digital holographic interferometry, have become very popular,
especially since the mid-1980's. As a consequence, holographic interferometry, with its requirements on
chemical hologram development, began to lose some favor among the research community. ESPI and other



Part |

electronic recording methods will be discussed next in the subsection 1.4.3. For the moment, however, we
continue our review of the more traditional holographic interferometry in three-dimensions.

The next reported development in 3-D measurement by holographic interferometry occurred in 1993 by Zhuang
et al This time, an entirely different approach was taken for the three-component displacement analysis. In
contrast with the techniques discussed previously, the simplicity of the approach taken by &hahrg

perhaps the solid body equivalent of in-line holography for particle measurement. This time, the hologram was
placed directly against the solid body specimen such that the two surfaces were resting against each other with a
small mechanical spacer holding them slightly apart. Next a Denisyuk-type, reflection hologram was obtained
by illuminating the hologram from the backside, and a second hologram exposure was further taken after the
object has been stressed. Here, the three components of displacement were obtained in a quite different way
from previous methods. First of all, the out-of-plane displacement was measured directly by counting the
interference fringes within the reconstructed image. Secondly, the transverse object displacements were mea-
sured by transilluminating the holographic plate and performing speckle correlation analysis on the recorded
information. In summary, this three-dimensional measurement technique was actually a hybrid combination of
holographic interferometry and speckle photography. Since the object was located against the holographic plate,
the recorded speckles on the plate had a direct, point-mapped correspondence with the object surface.

Finally, experimental measurements of a pin-loaded hole plate were compared against a finite-element simula-
tion of the same experiment. Although these results were found to be consistent with each other, the level of
accuracy between the two results were not sufficiently good to calculate the experimental displacement uncer-
tainty. In spite of the geometric simplicity of their optical arrangement, it appears that some barriers still exist
for routine application of the technique. In particular, the group reported on having some difficulty in obtaining
good holographic images and speckle images with the same recording process. They suggested that a compro-
mise in recording and processing procedures were necessary for the simultaneous measurement of speckle
photography and holographic interferometry. Another restriction of the technique is the requirement of the very
close proximity of the hologram to the subject, which could well be prohibitive in many experimental settings.

In comparison with the more complex heterodyne measurement technique of Ketkah#i985), this proce-

dure could actually be more difficult for automated measurement processing in spite of its simplicity since the
resulting fringe information contains more speckle noise and requires two-dimensional image analysis proce-
dures. Nevertheless, the geometric simplicity of the technique could be more attractive than methods that
require multiple hologram views, such as reported by Shibayama and Uchiyama (1971), and Gates (1969). In
contrast with electronic holography techniques, however, the wet-processing, higher speckle noise, and result-
ing poorer image quality remains a strong deterrent.

Recently, three-dimensional holographic interferometry has become an important tool in the stress and strain
evaluation of micro-opto-electro-mechanical systems (MOEMS) [Krusadkal (1995), Kruschkeet al

(1997), Wernikeet al. (1998)]. The basic idea behind MOEMS is interesting. In particular, MOEMS utilize the
same principles of batch-processing technology found in integrated circuit fabrication. Such techniques enable
the mass production of low cost, micro-scale devices. As a consequence, MOEMS can provide, for the first
time, inexpensive, micro-scale devices that can simultaneously integrate together electronic, mechanical, and
optical functionality. Because these devices inherently operate at a microscopic scale, they require the submi-
cron displacement sensitivity provided by holographic interferometry. In addition, unlike many displacement-
analysis applications which can get along without three-component displacement analysis, the three-dimen-
sional displacement behavior of MOEMS is not well understood and, as such, such knowledge is a highly-
prized commodity. The combination of these factors makes three-dimensional displacement analysis via
holographic interferometry a perfect candidate.

In the series of papers by Kruschieal and Wernikeet al, three different techniques for three-dimensional
holographic interferometry were proposed. The first two proposed techniques are wet-processed holograms that
utilize phase-conjugate reconstruction to cancel aberrations found in the imaging microscope objective. The
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third technique uses digital recording of the hologram and as such cannot incorporate phase-conjugate cancella-
tion of the imaging aberrations. All three methods use three separate illumination directions onto the subject in
order to obtain the three components of displacement. In the first of the two wet-processed hologram tech-
niques, two off-axis reference beams are used during the recording procedure and the hologram is translated
between double exposures of the three-illumination directions in order to record three spatially separated
holograms on the plate. These two reference beams are then phase-stepped relative to each other during the
holographic image analysis process for quasi-heterodyne processing of the image for each illumination direc-
tion. In the second, wet-processed technique, three off-axis reference beams are utilized. This time, one of the
three reference beams are used for each illumination direction. In this latter case, the hologram is analyzed by
use of a Fourier-transformation procedure (known as spatial heterodyning) [originally proposed by Takeda and
Ina (1982)]. In this manner, the sign ambiguity of the phase is removed and the phase can be demodulated for
each of the three-reference beam reconstructions. The third technique proposed by Weahikgas to
electronically record the hologram with a slightly off-axis reference beam. This electronic hologram could then
be evaluated by either phase-stepping or spatial heterodyning procedures. Because of its digital nature, the
electronic hologram could not be phase conjugate reconstructed through the microscopic objective. As a
consequence, the resulting measurement by the method suffered from image aberrations and distortion. There-
fore, in this application, the two, wet-processed hologram methods were found to be superior for accurate
displacement measurement.

With the recent ever present advances in digital imaging and signal processing technology, the use of wet-
processed holograms for surface displacement measurement has become a threatened species. In many situa-
tions, surface displacement measurement can more easily be accomplished with electronic measurement
techniques. In particular, digital methods can usually take measurements automatically and quickly with little
hands-on effort. Nevertheless, as shown by the recent work by Wetrdkewet processed holograms can still

play an important role for situations where optical phase conjugation is needed to cancel imaging aberrations or

in situations where the space-bandwidth product exceeds the present information capacity of digital imaging
technology. In the next subsection, we turn our attention to fully electronic means of three-dimensional, interfero-
metric, displacement measurement.

= 1.4.3 TV and Electro-optic Holography

Electro-optic holography was born out of the two complementary techniques of speckle correlation and holo-
graphic interferometry. The original format, known as TV holography or electronic speckle correlation interfer-
ometry (ESPI), was first demonstrated in 1971 by Butters and Leendertz and again in the same year by Macov-
ski et al. [Butters et al. (1971), Macovski et al. (1971)]. Development in ESPI continued throughout the seven-
ties and early eighties such that, by the mid-nineteen eighties, ESPI was being commercially manufactured as a
turn-key product for industrial application [Vest (1979), R. Jones and C. Wykes (1989)]. In its original form,
particularly due to the low spatial resolution of available camera sensors, electro-optic holography was
restricted from three-component displacement measurement on three-dimensional objects [Vest (1979)].
Instead, ESPI was usually applied either to out-of-plane (using an in-line, phase-stepped, reference beam) or in-
plane (via speckle image correlation) measurement of objects in two-dimensions [R. Jones and C. Wykes
(1989)]. In fact it was not until the nineteen nineties, with the development of higher-resolution camera sensors,
that electro-optic holography began to succeed in three-component displacement measurement on three-
dimensional surfaces.

One of the first attempts at three-component measurement on a three-dimensional object surface was published
by G. K. Bhat in 1997 (although the work had been originally conducted in 1994). Bhat applied the technique to
the measurement of strain on the surface of a pressurized cylindrical vessel. The basic technique employed by
Bhat used four illumination beams together with a phased-stepped reference beam to permit unwrapping of the
interference fringes. Bhat's technique also utilized an imaging lens to project a view of the object onto the CCD
camera. In this regard, the technique did not obtain the three-dimensional shape information about the subject.
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By subtractive superposition of the different images, fringes corresponding to the deformation field were
obtained. The three-components of displacement were calculated by the simultaneous solution of displacement
equations using the phase from each of the four illumination directions. Once the displacement was known in
the global coordinate system, it was next mapped into the local coordinate system of the three-dimensional
cylinder surface. After this, the three-components of strain was calculated from the local-coordinate displace-
ment gradient. Finally, the experimentally determined strains were found to be within two microstrain of the
theoretical values. This system was interesting in that it measured the three-components of displacement firstly
in the global coordinate system and then mapped it into the local coordinate system of the object surface. Of
course, this required precise knowledge ahead of time about the surface shape. In this regard, the employed
technique did not actually enable independent measurement of the object surface shape and as such could not be
effectively employed on an arbitrary three-dimensional surface shape for strain measurement.

In addition to Bhat, a number of other researchers have recently reported techniques for the in-plane and out-of-
plane deformation measurement of objects by electo-optic holography [Pedahi(1997), Sjodahkt al.

(1997), Mohanet al 2000]. Pedriniet al used a two-dimensional spatial carrier phase-shifting method to
determine the in-plane and out-of-plane deformations. Sjodahl and Saldner combined methods of digital
holographic interferometry with digital speckle photography for the parallel evaluation of in-plane and out-of-
plane deformation. More recently, Mohahal. used a split view camera to simultaneously record in-plane and
out-of-plane deformation separately. In all of these techniques, however, the subject was digital recorded with
the help of a camera imaging lens. As a consequence, the three-dimensional shape information of the subject
was effectively discarded by the small numeric aperture of the camera lens in the system. Other researchers,
however, have started to use improved camera sensors to permit the digital, lensless, holographic recording of
the subject [Seebachet al (1997)]. For small subjects that are located close to the camera sensor, it becomes
possible to numerically reconstruct both the three-dimensional shape of the object as well as the three-dimen-
sional object displacement. With these new developments, electro-optic holography is now replacing traditional
holographic interferometry in many applications.

One such technique was successfully demonstrated by Seebacher, Osten, and Jiptner in 1997. Their system
used a bare 2000 x 2000 pixel camera array with 9 micron-sized pixels together with four object-illumination
beams and a slightly off-axis reference beam. To make the system more compact and simpler to operate, all of
the object and reference beams were delivered via optical fibers. The object consisted of a miniature, magneti-
cally-stressed cantilever. There are several interesting consequences of digital holographic interferometry. To
begin, the object can be holographically reconstructed via numerical FFT methods and this also enables digital
filtering of the reconstruction to remove noise terms originally encoded in the holographic recording. A high
lateral resolution without any magnifying optics can be achieved because of the reconstruction process. In this
particular report, a 7 micron resolution was reported without optics and a 1.3 micron resolution was reported
with a single convex lens used to magnify the subject. Furthermore, the numerical reconstruction permitted the
full direct recovery of both the amplitude and modythase information at the surface of the object. In addi-

tion, the direct phase information was inherently more accurate than the interference fringes measured in
traditional holographic interferometry and phase-stepping was no longer necessary. Finally, in addition to the
three-dimensional displacement, the three-dimensional shape of the object could also be measured from the
numeric holographic reconstruction. In conclusion, the report provided by Seebaehatemonstrated many
inherent advantages for digital holographic interferometry of small objects. As imaging sensors continue to
improve in pixel capacity, digital holographic interferometry will continue to replace wet processed holographic
interferometry.
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= 1.4.4 Holographic Interferometry in Flows

Although techniques in holographic interferometry were originally developed for surface displacement measure-
ment, they were more recently applied to flow measurement. There are three general ways to apply holographic
interferometry in flow measurement: transmission interferometry, traditional (Fresnel) interferometry
(analogous to the surface interferometry discussed previously), and far-field interferometry. By far the most
common approach has been the holographic measurement of three-dimensional refractive index variations
within the flow by means of the transmissive optical path variations [Trolinger (1979), Betckér(1985),
Bachaloet al (1985)]. In a still more advanced form, the volumetric refractive index is computed from the
hologram phase measurements using optical tomographic techniquest du(1995), Chaet al (1996),
Lysenkoet al (1996), Timmermaret al (1998), Zhacet al (1999)]. While such transmission interferometry
methods are extremely useful for flow density measurement and heat transfer analysis, they generally cannot be
used for flow velocity measurement (with one notable exception in which the time-dependent refractive index
propagation was monitored for real-time velocity measurement of plasma [Detagbi§1985)]). As a conse-

guence, such techniques generally bear little relevance to the objectives of this thesis and shall not be examined
further. The second interferometric approach applies the traditional holographic interferometric surface measure-
ment techniques to seed-particle-scattered light from within a cross-sectional plane of the flow. This second
approach can directly measure particle displacement and hence flow velocity. It is this second approach that
shall be the subject of the foregoing discussion. A third interferometric approach is what might be called far-
field or Fourier-plane interferometry. This final technique utilizes the far-field interference fringes from very
small patches within the particle image space. This latter topic bears the closest relation to the objectives of this
thesis and, as such, merits its own separate examination in Section 1.5.

More than a decade after the first use of the technique for surface displacement measurement, holographic
particle interferometry for flow velocity measurement was first reported by letatd in 1977. The basic
techniques outlined in this first published account have ever since remained substantially the same. Analogous
to the previously-discussed surface interferometry, the basic technique relies on the use of light sheet illumina-
tion and the holographic recording of the scattered light from densely-seeded patrticles in the flow. By making a
double exposure hologram from two instants in time, the resulting fringes in the hologram image enables the
planar measurement of flow velocity. The experimental results from the paper demonstrated qualitative as well
as quantitative flow information. It is apparent, however, that quantitative measurement was considerably more
difficult to achieve than pure qualitative information. As discussed previously for surface measurement, this
difficulty lies in the complex geometric arrangement of the experiment: the dimensions of which needs to be
accurately measured. In particular, quantitative measurement requires that the three-dimensional locations of
the light source, scattering surface points, and holographic viewing perspective are all accurately known. In
addition, the procedure requires that the observed interference fringes are accurately mapped to corresponding
points in the flow field. Finally, measurement of three displacement components requires the corresponding
displacement measurement from three different hologram perspectives, all of which must be accurately regis-
tered to each other. As a consequence of this difficulties, many uses of interferometric flow measurement have
remained either purely qualitative and in other cases, the technique has been restricted to quantitative measure-
ment of a single displacement component. Because of the light sheet illumination usually required for the
technique, holographic interferometric flow measurement is usually restricted by its nature to the analysis of
displacement points which lay in a two-dimensional plane. Nevertheless, although not reported in this first
paper, the displacement values, themselves, can still be three-dimensionally measured.

Although the basic principles of the technique were made known by ktvah in 1977, in practice, holo-

graphic particle interferometry for flow measurement has only been publicly reported on a few occasions ever
since the original publication. In fact, surprisingly, the next documented occasion did not appear until 1996 in a
conference proceedings by Lopez and Moore on three-dimensional displacement measurement by holographic
interferometry. This next publication is quite crude in its application, since it only demonstrated the solid body
displacement of a container full of particles. One interesting aspect of the report, however, was in its use of
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speckle photography for the measurement of in-plane displacement and holographic interferometry for out-of-
plane displacement. With a length of four pages, the report was quite short and did not produce any spatially-
dependent displacement results. In this sense, the proposed technique was not practical in its reported condition.

In many respects, particle image velocimetry (PIV) and holographic particle interferometry (HI) are complemen-
tary measurement techniques since PIV generally measures the in-plane particle displacements and holographic
interferometry most easily measures the out-of-plane displacement. In the next reported paper, however, the
optical geometry was specially configured to permit HI displacement measurement of all three displacement
components. In their publication, Andrés, Arroyo, and Quintanilla used both PIV and holographic interferome-
try measurement of the Rayleigh-Bénard convective flow in water [Aredréls (1997)]. In this way, they were

able to make a relative comparison of the two techniques. One particularly innovative technical aspect was their
use of a holographic optical element to project the real particle image space into an imaging CCD camera
system. Initially, the hologram was double-exposed with a light-sheet-illuminated particle field. After develop-
ment, the hologram is partially reilluminated by a phase-conjugate, pencil-sized reference beam. This resulted
in a two-dimensional projection of the real particle image back into the original light sheet space. At this site,
the holographic lens was located to directly divert the image projection into the imaging camera that was offset
to have an orthogonal view of the light sheet. By sequentially reilluminating different portions of the hologram,
different two-dimensional viewpoints were sequentially projected via the holographic lens into the imaging
camera. By combining the two-dimensional displacement calculations from each of these multiple viewpoints,
all three displacement components could be extracted. In many respects, the holographic particle interferometry
techniques used by Andrés et al. utilized methods already in use for surface displacement measurement. How-
ever, it was the application to flow measurement and its subsequent comparison with PIV methods that really
made the report stand out. Finally, the paper succeeded in reporting a quantitative three-dimensional flow
measurement with a subsequent error analysis using PIV methods for comparison. The paper also showed that
holographic interferometry could permit the measurement of velocities approximately 50 times slower than for
PIV methods. Overall, the paper succeeded in demonstrating the effectiveness of holographic particle interferom-
etry for three-dimensional velocity measurement. Nevertheless, the technique was also shown to suffer from
speckle noise and decreased spatial resolution in comparison with other holographic velocimetry techniques.

More recently, another paper was published by the same authors in collaboration with H. Hinrichs and K.
Hinsch [Andréset al (1998)]. In this follow-up paper, the HI technique was applied to a Von Karman vortex
street flow in air. Again the technique was jointly compared to PIV measurement of the same wind tunnel flow.
Instead of using different view points to obtain three-components of velocity, the authors proposed the use of
PIV together with HI to extract the in-plane and out-of-plane velocity components. Here, they suggested that a
single hologram could be given four exposures in which the two time intervals are appropriately adjusted for
PIV and HI separately. The results presented in the conference report, however, did not attempt to extract three
velocity components, but rather only measured the HI displacement components from two viewpoints in the
hologram.

Finally, in their latest report, Palero, Andrés, Arroyo, and Quintanilla made a comparison between HI and
stereoscopic PIV for three-dimensional velocity measurement [Paefeab (2000)]. In this report, they again
performed experimental measurements on a Rayleigh-Bénard convective flow in water. This time, they com-
pared the out-of-plane velocity components from holographic interferometry with the out-of-plane components
obtained through stereoscopic PIV. From this, they found the HI out-of-plane measurements were more accu-
rate than the stereo PIV out-of-plane measurements. In fact they observed that HI results matched the continuity
equation predictions more closely. This indicated that the HI measurements were more reliable than stereo PIV
measurements. Finally, they recommended the combined application of HI (for out-of-plane motion) with
traditional PIV (for in-plane motion) as the most effective planar, three-dimensional velocity measurement
system.
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The method of HI for velocity measurement has clearly been under-utilized in the past and is worthy of closer
consideration as a practical alternative to other velocimetry techniques. Nevertheless, while HI has a greater
displacement sensitivity than many other techniques, it suffers from particle speckle noise that lowers its spatial
resolution. In addition, HI is generally restricted to planar velocity measurements. Perhaps, however, this last
restriction might be removed by its combined application with the light-in-flight (short coherence) recording
methods discussed previously in subsection 1.3.5. In such an event, HI could be applied to volumetric three-
dimensional velocity measurements as well.

m 1.4.5 Summary

In this section, we have examined a number of different methods that incorporated holographic interferometry
and speckle photography for three-dimensional displacement measurement. In particular, we separately exam-
ined the use of wet-processed holograms and electro-optic holography for surface displacement measurement.
Finally, we studied the application of holographic interferometry in flow velocity measurement. In the next
section, we will examine a different form of holographic interferometry that is known as far-field or Fourier-
plane interferometry. We will see that the same techniques can be applied in the measurement of solids as well
as fluids. Finally, we will examine methods for the automated analysis of far-field holograms by the technique
of complex-field correlation. This will enable the accurate measurement of three-dimensional displacement in
the presence of severe aberrations. The techniqgues summarized in this next section lead directly to the important
developments presented later by this thesis.

m 1.5 Review of Far-Field Interferometry and Complex-Field Correlation

m 1.5.1 Overview

In the preceding sections, | have examined a large variety of methods that share a common objective: the
guantitative holographic measurement of displacement in three-dimensions. In addition, | have been interested
in the measurement not only of displacement in solids, but also of velocity in fluids to an even greater extent.
While some techniques were initially conceived for use in surface displacement (such as speckle photography
and holographic interferometry), variations of such techniques (such as PIV and holographic interferometry)
were also developed for flow measurement with equal success. In this section, | will discuss yet another method-
ology that has dual application to solid and fluid mechanics: Fourier-plane interferometry and complex-field
correlation. | have relegated this topic to a final, special section because it is fundamental to one of the end-
products of this thesis.

m 1.5.2 Far-Field Interferometry

Far-field interferometry is the first of a two-part methodology to be presented in this final section of this review.
The second part of the methodology, known as complex-field correlation, will be discussed in the next subsec-
tion. As mentioned previously in subsection 1.4.4, three forms of holographic interferometry exist: (1) transmis-
sion interferometry, (2) traditional (Fresnel) interferometry, and (3) far-field interferometry. In the previous
discussions on holographic interferometry from Section 1.4, all of the discussions were limited to the traditional
techniques in interferometry. In addition, we have previously omitted further discussion on transmission
interferometry since it cannot generally be used in displacement measurement. This leaves us with the last form
of interferometry which | have called far-field interferometry (or Fourier-plane interferometry) since the fringes
are always localized in the far-field by design.

| should like to point out, however, that the distinction drawn between Fresnel and far-field holographic interfer-
ometry has not, to my knowledge, been a common practice in the literature written on the subject of interferome-
try. In particular, most discussions about interferometry have always been centered on Fresnel holographic
techniques. Because such popular discussions have rarely ever recognized the existence of far-field interferome-
try, there has been no need to draw a distinction between the two methods. On the other hand, papers explicitly
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written on far-field interferometry usually do express an awareness of the method's separateness from more
traditional methods. Such publications sometimes refer to their methods as Fraunhofer or Fourier-plane interfer-
ometry, but they always seem to be at a loss of how to refer to the traditional techniques. | must confess,
however, that | have merely borrowed these concepts from the previously-mentioned work by B. J. Thompson
and others on in-line particle holography [Parrentl (1964)]. In particular, Thompson and others drew the
distinction between the recording hologram's relation to the particle object and the particle-field ensemble. They
pointed out that the hologram may be in the far field of the single particle object while, at the same time, remain
in the Fresnel region of the particle-field ensemble. Here, | have made an analogous observation about the
scattering-sites in the object for holographic interferometry.

Because the more traditional form of holographic interferometry always observes the subject in its scattering-
ensemble entirety, such measurements are generally always taken in the Fresnel region from the hologram.
However, if either only a tiny portion of the original subject is committed to observation or the subject is
viewed through a Fourier-transforming lens, than the measurement can well take place in the far-field of the
hologram. More importantly than this, however, is the localization of the measurement fringes in the holo-
graphic image. In Fresnel interferometry, every effort is taken to either prevent or negate the effects of rigid
body motion in the subject since it is desirous to localize the fringe formation in the Fresnel region of the
subject and such rigid-body activities (which create far-field fringes) obscure the intended measurement pro-
cess. However, in the foregoing techniques of far-field interferometry, the complementary objectives are
undertaken. In this case, the measurement is undertaken in the far-field of the subject such that only the fringes
from rigid-body displacement can readily be observed. Spatial resolution is then achieved through the selective
sampling of adjacent image-field segments.

The development of far-field holography begins in 1969 with a paper from Japanese researchers that was,
unfortunately for me, written in French [Tsujiuckt al (1969)]. This paper contained all of the essential
techniques required for far-field interferometry of surfaces. In particular, the paper proposed the holographic
recording of a stressed object by the traditional method of an off-axis, doubled-exposed, transmission geometry
with one important change: the object illumination beam was received normal to its surface via a semi-reflect-
ing mirror inserted in front of the hologram. The really clever bit, however, came during holographic reconstruc-
tion. This time, an imaging lens was utilized to project the real image of the subject. Next, a small pinhole
aperture was located in the real image space to permit selective sampling of the image projection. Finally, the
Fourier-transform was taken of the pinhole-sampled image with the help of a Fourier-transform lens that was
locate at a distance of one focal length from the pinhole. Here, the far-field fringes were observed in the Fourier
plane of the lens. In this paper, Tsujiuchi demonstrated that out-of-plane displacements in the object resulted in
Haidinger-type fringes in the Fourier plane and in-plane displacements produced Young's fringes in the output
plane. Next, they showed arbitrary movements would result in combinations of Haidinger and Young's fringes.
The group also observed that the pinhole could be repositioned over different points on the object in order to
obtain the localized displacement information across the object. In the end, the work of Taijiaklside-

guately demonstrated most of the basic principles important to far-field interferometry. The group, however, did
not experimentally report any quantitative measurements in their paper.

The next related effort was reported by P. M. Boone in 1972. While the overall methods reported by Boone
were quite similar to Tsujiuchét al, there were also some notable differences. In particular, Boone used a
collimated reference beam with the recording and then later invoked its phase conjugate to reconstruct the real
holographic image. Another notable difference between the two reports was that Boone had decided to measure
only the in-plane displacement information from the Fourier-transformed real image samples and then to
measure the out-of-plane displacement via a separate, conventional, Fresnel fringe analysis of the virtually-
reconstructed image. As such, Boone had chosen to ignore the quadratic component of the far-field fringes. In
this, he reckoned that although the in-plane displacement was well suited for far-field measurement, the out-of-
plane measurement could be achieved with greater accuracy from the virtual image. Therefore, by ignoring the
quadratic phase information in the far-field fringes, Boone had effectively reduced far-field interferometry into
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a specialized form of two-dimensional speckle photography. In many respects, such a conclusion was perhaps
the most practical for its time, since complex-correlation analysis procedures had not yet been effectively
developed and, as such, linear fringes would have been the easiest to support quantitatively. Nevertheless,
although he had suggested a basis for quantitative analysis, the report by Boone did not publish any quantitative
measurements.

Efforts in far-field interferometry continued with another report in 1978, this time by Roychoudhuri and
Machorro. In their letter to the editor of Applied Optics, Roychoudhuri and Machorro proposed a new variation
on the previous methods. This time, they propose making a Fourier-transform recording of the object by
imposing a Fourier-transform lens between the object and hologram. In all other respects, the work looks
remarkably similar to Tsujiuctet al. In addition, no quantitative results was reported nor was any mechanism
suggested for the extraction of quantitative measurement, three-dimensional or otherwise. In this regard, their
endeavor made little contribution in progressing far-field techniques.

Until this point in time, all efforts in far-field interferometry had been exclusively interested in surface displace-
ment measurement. In addition, it was evident that little progress was getting made toward a quantitative
application of the technique. Next, however, far-field interferometry was applied to flow measurement and, for
the first time, quantitative results were produced. In two different reports, far-field interferometry was applied
to holographic particle velocity measurement in 1979 by B. C. R. Ewan [Ewan (1979A), Ewan (1979B)]. This
time, however, in-line holography was used for the hologram recording and the entire real image of the particle
field was reconstructed simultaneously by the Fourier-transform lens. In this format, the technique lacked any
ability to identify spatial features of the flow. although the particle size distribution could be extracted to some
extent. Essentially, the technique only permitted the statistical analysis of velocity distributions for in-plane
particle motion in one-dimension. The most notable result of this work, however, was the use of digital analysis
(via a PDP-8 computer) to obtain quantitative velocity distribution measurement from the far-field fringe
information.

Following the original work of Ewan, the same basic methodology was further developed by a group spear-
headed by Malyak and Thompson [Crane et al. (1982), Malyak et al. (1983), Malyak et al. (1984)]. However,
the basic procedures remained essentially the same as the work of Ewan. In particular, an in-line hologram was
taken of the particle-seeded flow field. Next, the real image from the reconstructed hologram was passed
through a Fourier-transform lens. Finally, the interference fringe power spectrum was digital-scanned and
Fourier-transformed numerically. With each successive publication, the far-field technique for measurement of
particle velocity distributions became more refined. Finally, in the last publication, the technique was expanded
to the quantitative measurement of two-dimensional, in-plane velocity distributions via two-dimensional
Fourier-transform methods. The team recognized, however, an inherent directional ambiguity present in their
velocity measurement technique. From the discussion in this last paper, it was also evident that the authors were
aware of the technique's potential for three-component velocity measurement. Nevertheless, it was decided that
the poor depth-of-focus found with in-line holographic techniques prevented its practical use in this area and
instead that the use of dual, orthogonal, two-dimensional, velocimetric systems would be more effective if such
measurements were required. At the end of the day, however, the methods proposed by Ewan as well as Malyak
and Thompson all lacked in their ability to spatially resolve particle velocities.

In many respects, the velocity distribution research of Ewan, Malyak, and Thompson were all playing the same
games as found in speckle image correlation and particle image velocimetry techniques. Far-field interferome-
try, however, offered a single difference from these other intensity-based methods, namely, the object-scattered
phase information. While all of the other flow measurement methods was recorded photographically and was
based on intensity measurement, far-field interferometry was the only method at the time that directly recorded
the scattered phase information from the particles as well. Ironically, all of the preceding quantitative work on

far-field interferometry had explicitly ignored this unusual asset which could have directly provided all three

displacement components in one fell swoop. Even though Malyak and Thompson were aware of such capabili-
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ties, their techniques were explicitly designed to ignore any spatial information and, as such, they had already
thrown out the baby with the bath water.

One of the first earnest attempts at using far-field interferometry for quantitative three-dimensional displace-
ment measurement was finally reported in 1986 by Vlad, Popa, and Solomon. This time, the system was
designed for solid displacement measurement and again used an off-axis method for the holographic recording
analogous to Roychoudhuri and Machorro. Finally, the quadratic phase was utilized together with the linear
phase for a complete three-dimensional displacement analysis in the far field. In addition, the group employed a
digital computer to automate the entire process, which included the digital quantitative displacement analysis of
the far-field interference fringes. Uniquely, the far-field fringes were interpreted in a direct fashion through
specially designed computer algorithms instead of employing a Fourier-transform correlation approach.
Although the paper showed illustrations of out-of-plane displacement fringes and a corresponding technique for
guantitative analysis was discussed, the paper only presented quantitative measurements of in-plane displace-
ment. In addition, while the group presented a functioning methodology for spatially-dependent displacement
measurement, the reported experiment had only utilized a rigid body displacement of the entire object. In these
respects, the results reported by the group were incomplete. Nevertheless, the basic far-field methods required
for three-dimensional object displacement measurement were finally addressed in at least a preliminary fashion
by this report.

Another methodology, which bears some relation to far-field interferometry, has been shown in the activities of
C. S. Moraitis [Moraitis (1992)]. In many respects, however, the work of Moraitis was entirely different from
the previous far-field techniques, although only preliminary results have been reported. Evidently, Moraitis had
been particularly interested in the use of specialized, real-time, holographic materials for optical processing of
particle holograms for three-dimensional velocity measurement in flows. Moraitis reported on a range of novel
concepts for the data reduction of both in-line and off-axis holographic recording. Most of these efforts seemed
to be centered on the idea of using matched filters in BSO (a photorefractive material) for the spatial selection
of the holographic image. However, for the actual fringe analysis, digital processing procedures were proposed.
Overall, however, the techniques have appeared rather cumbersome to implement. At the end of the day, the
efforts were apparently not entirely successful since few publications have appeared from this work.

Very recently, an effort reminiscent to the work of Moraitis was published, in the French language, by Amara
and Ozkul [Amara et al. (1997)]. Aside from the language barrier in reading this report, the proposed methods
were quite novel. In particular, they proposed the coherence-encoded holographic recording of multiple light
sheets from a particle-seeded flow into a photorefractive crystal. They utilized a very thick block of BSO crystal
that faced the particle flow with its front facet. In addition, a relay lens was used to project the flow field
volume close to the BSO crystal. In addition, they directed a multiple set of reference-beam light sheets through
the edge face of the crystal. By adjusting the optical path lengths correctly, they were able to separately encode
each of the different multiple flow planes by a unique reference beam plane within the three-dimensional
crystal. Finally, they could independently reconstruct each light sheet image via the independent application of
a particular reference plane.

In this system by Amara and Ozkul, the connection with far-field interferometry finally occurred in the holo-
graphic data extraction phase. First of all, an imaging lens was used to project the real image of the flow from
the BSO reconstruction. In this real image was placed a pinhole aperture that was followed by a Fourier-
transform lens. The far-field fringes were then projected onto a CCD camera sensor and the fringes were
subsequently digital-analyzed for displacement extraction. This system had two merits in particular. First of all,
it permitted the spatially independent reconstruction of the spatially separated light sheets. In this way, volumet-
ric information could be obtained without additional background speckle noise due to out-of-focus images. This
technique is similar to the previous work of K. Hinsch with his method of coherence-limited multiple lightsheet
recordings [Hinsch (1990)]. In addition, this system used a photorefractive material to record the hologram in
real time without the need for wet-processing. Finally, the thick nature of the BSO material was exploited to
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spatially multiplex the different exposed particle planes. Of course, one major drawback of the system was the
limited spatial resolution due small size of the crystal. Nevertheless, such limitations also exist in all other real-
time hologram systems and the small size can to some extent be compensated with the use of magnifying relay
lenses. In many respects, the system appeared to be promising, although the reported quantitative measurements
were still preliminary in scope. Finally, the reported quantitative measurements indicated a relatively poor
displacement accuracy, which was shown to depend on the numerical aperture of the system.

= 1.5.3 Complex-Field Correlation

In all of the previous efforts that we have examined on far-field interferometry, there has been a consistent
barrier toward three-dimensional quantitative analysis of the far-field fringes by the methods previously
invoked. Some of the presented research efforts simply gave up trying to extract quantitative displacement
information. Others contented themselves with two-dimensional or even one-dimensional measurement of
displacement. Eventually, some rather bizarre methods were belatedly introduced which were either intolerably
slow or did not seem to work out practically for some other reason. The problem is, of course, that traditional
guantitative techniques have never been very comfortable in the analysis of circular fringes. In particular, the
direct measurement of fringe curvature has always been a source of trouble. And yet, such analysis was pre-
cisely required for the far-field extraction the out-of-plane displacement.

In 1992, Coupland and Halliwell reported a method to analyze double exposed particle image fields [Coupland
and Halliwell (1992)]. Starting with the same far-field interference fringes as generated by previous efforts, they
recognized that fringe curvature could be measured quite nicely by an optical Fresnel-transform of the fringe
intensity profile. This produced a three-dimensional, complex-field correlation of the holographic displacement
information. Now, three-dimensional displacement information could be extracted through direct measurement
of the three-dimensional correlation peak. Of course, this also created an addition optical step in the displace-
ment analysis procedure. In addition, the correlation function was actually an autocorrelation which had a zero-
order peak and two first-order peaks that had to be contended. This also meant that directional ambiguity
existed in the measurement and that very small displacements could not be observed without some form of
image shifting or cross-correlation. Given all of these factors, as well as many others, the technique would
require a great deal of further development before it could be useful on a practical basis. This is a major objec-
tive of the foregoing work described in the current thesis.

In addition to the previously-mentioned characteristics of complex-field correlation, Coupland and Halliwell
also discovered another beneficial aspects to such a system [Coupland and Halliwell (1996), Coupland and
Halliwell (1997)]. In particular, they noticed that aberrations within the generated image field no longer had an
over-riding effect on the displacement measurement accuracy. In fact, they observed that the images of particles
could be virtually lost through optical distortion and yet accurate particle displacements could still be extracted.
This is not to say, however, that the optical distortion did not have an effect on the available spatial resolution.
In general, the spatial resolution has always be depended on the depth-of-focus and point spread function
characteristics of the imaging process and there is no known way to escape this fact. Instead, this new method
of complex-field correlation had for the first time decoupled the displacement measurement accuracy from the
spatial resolution requirements of the system.

Finally, for the first time, Coupland and Halliwell no longer treated the measurement of displacement in solids
and fluids as separate items. Previous to the work of Coupland and Halliwell, all research efforts had committed
themselves, exclusively, either to the measurement of surface displacement or to the measurement of flow
velocity. With the advent of complex-field correlation based on far-field interferometry, Coupland and Halli-
well recognized for the first time that a single displacement measurement process could be applied equally well
to both endeavours.
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s 1.5.4 Summary

In this section, we have examined the past efforts undertaken in far-field interferometry and complex-field

correlation. In particular, we noticed that far-field interferometry is not a new concept but, combined with a

Fresnel-transform operation of the fringe intensity, the resulting complex-field correlation is a powerful tech-

nique which has only recently been discovered. Such techniques for complex-field correlation shall remain a
central theme in this thesis.

m 1.6 Conclusions

In this chapter, we have covered great deal of territory. We started the chapter, in section 1.1, with a general
introduction to this thesis along with some more personal perspectives on this work. Next came the present
research objectives of this thesis, which was, in the first part, the further development of stereoscopic holo-
graphic particle image velocimetry and, in the second part, the practical development of holographic techniques
in complex-field correlation-based displacement measurement. In section 1.2, we began the literature review
with a brief discussion on how information was selected for inclusion in this research review. Then, the history
of early holography was presented and we examined the early research endeavors undertaken in particle hologra-
phy and holographic interferometry. In section 1.3, we narrowed our focus to examine the various holographic
methods developed for flow measurement. Next, in section 1.4, we switched our focus to holographic interferom-
etry and to the related methods that were developed initially for surface displacement and later on for flow
measurement. Section 1.5 brought us to the most significant topic of the all, which was techniques in far-field
interferometry and complex-field correlation. Finally, in reaching this Conclusions section, we should by now
have a reasonable overview of holographic displacement measurement methods taken in the past.

So what exactly were the shortcomings of the holographic techniques used in the past and how can we avoid
them in the future? Holography has often been called a solution in search of a problem. Nevertheless, it appears
that displacement measurements have indeed been a worthy candidate for holographic methods. Holographic
measurement techniques, however, have historically been restricted to solving very specific, well controlled
types of experimental problems. Some of these restrictions have existed for fundamental reasons. Instances of
such fundamental restrictions include the size of the measurement volume, the measurement distance to the
holographic camera, the quality of laser and support technology, the choice of seed particles used in flow
measurement, and the use of optical windows in the set-up. Other restrictions have been more dependent on the
budget of the project. These restrictions might include the chosen type of laser and the experimental context in
which the holographic measurement was applied. Of course, even the fundamental restrictions are actually an
indirect function of the budget. In particular, the choice of laser is probably the most critical factor to almost
every other design restriction and yet this choice is almost certainly made as a result of budget considerations.
Often each experimental setting places its own set of restrictions to the employed methodology such that
successful holographic techniques have required a customized approach to each new experimental application.
Such customized approaches are often more expensive and require a higher degree of specialized technical
knowledge than would otherwise be required.

New methods in holographic displacement measurement should strive to permit its application to more general
categories of experimental settings without the holographic method placing a restriction on desired experiment.
In addition to being highly customized, holographic techniques have often suffered from noise and distortion in
the image which limited its performance. As a consequence, new techniques should strive to be immune to the
consequences of noise and distortion. In fact, most of the effort in designing a holographic measurement system
must be spent eliminating the effects of noise and distortion as much as possible. Finally, techniques in the past
have suffered from the lack of adequate automated data reduction methods. Unless better methods for robust
automated data reduction of holograms can be developed, holographic measurement will continue to be inhib-
ited in its usefulness. In short, future development of holographic methods should strive for: generalized
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applicability with fewer experimental restrictions, immunity to noise and distortion, and better measurement
efficiency through automation.

Given the additional overhead required, in both expense and expertise, for holographic displacement measure-
ment techniques, it is sometimes easy to lose sight of the techniques' potentials. To make matters worse, from
the previous literature review given, it has appeared that most of the reported research has had, at best, only
partially successful outcomes from the application of holographic methods. Nevertheless, holographic methods
have enjoyed a continual development, principally, because equivalent alternative methods simply have not
existed or have produced vastly inferior results. In addition, recent history has finally shown an upturn in the
successful use of holographic measurement in a wider range of settings. Much of this recent success has been
the result of the improved supporting technology such as computers, digital cameras, and lasers, but some of it
has also occurred from more innovative thinking and improved understandings of the limitations imposed by
holography.

After having taken such an in-depth historical review of holographic displacement measurement techniques,
several over riding themes have become apparent. One such theme is that new innovations are usually driven in
response to the joint development of other essential technologies. In the case of holographic displacement
measurement, there were two essential technologies needed before such techniques could be developed: these
were the laser and the computer. Another important theme might be that automation is a necessary but not
guaranteed prerequisite for commercial acceptance. Perhaps this theme is not as strong as the previously
mentioned one, however, it seems that holographic techniques have never really caught on in industry and one
cannot help but think that perhaps the lack of automation might be an important contributor of this problem.
Perhaps even more importantly is that if a process has not been automated then it has not matured as a tech-
nigue. Nevertheless, automation is certainly not sufficient for a technique to be successful.

A final theme would be that if something can be accomplished by digital methods, even if it is ten times less
powerful, it will ultimately win over a competing technique that requires wet chemical processing, even if it
performs ten times better. Already, photographic PIV techniques for two-dimensional work have almost
universally been replaced by digital cameras. Even today, digital holography has already become a viable (and
hence superior) alternative to wet-processed holograms for miniature flow volumes. Presently, however, large-
scale, volumetric, three-dimensional flow studies are still the domain of traditional wet-processed holograms
and, as such, it is one of their final frontiers.

Before concluding this chapter, there still remains an important unanswered question to be asked. In particular,
can the objectives of this thesis adequately address some of the deficiencies found presently in holographic
displacement measurement? It appears to this author that the outlook is promising. In the very least, it appears
that the present objectives can bear a degree of uniqueness and novelty with respect to efforts taken in the past.
In addition, these objectives attempt to expand automated holographic displacement measurement to a broader
category of experimental settings. It is hoped by the author that this work can provide a fertile foundation for
future efforts undertaken by the author and others.
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Chapter 2: Theoretical Background of Methods

m 2.1 Introduction

The purpose of this chapter is to introduce the basic principles and theory used by this thesis for holographic
displacement measurement. The process of holographic fluid velocity and surface displacement measurement
involve two steps: recording a hologram of the subject and measuring displacements from the recorded holo-
gram. This chapter discusses the basic principles of holographic recording, reconstruction, and correlation
measurement analysis. The chapter begins, in Section 2.2, with a discussion of methods for recording the
hologram. Next, Section 2.3 considers the basic principles used for intensity-based holographic measurement.
Finally, Section 2.4 describes the basic principles of complex-field-based analysis. This initial discussion of
theory and methodology will be left quite general and open-ended in nature. Discussion of more specific
applications and results shall be left to the remaining chapters. However, the efforts detailed in the remainder of
this thesis are all subject to the foundational principles introduced here.

Whole field, optical flow measurement techniques are becoming increasingly important in the study of unsteady
flow phenomena and as a means to validate computational models. As discussed in Chapter 1, particle image
velocimetry (PIV) is now a well-established method to make planar, two-component velocity measurements
and stereoscopic PIV techniques can be employed to make three-component measurements from a single plane
in the fluid.

Holographic recording techniques have recently been studied as a means to extend two-component, planar
particle image velocimetry (PIV) techniques for three-component, whole-field velocity measurements. In a
similar manner to two-component PIV, three-component, holographic PIV (HPIV) uses correlation based
techniques to extract particle displacement fields from double exposure holograms. Since a holographic image
contains information concerning both the phase and the amplitude of the scattered field it is possible to correlate
either the intensity or the complex amplitude. However, it has been found that optical methods to compute the
auto-correlation of the complex amplitude are inherently more tolerant to aberrations introduced in the recon-
struction process.

In order to make three-component measurements from an extended volume of fluid much work currently
concerns the development of holographic particle image velocimetry (HPIV). Holographic recording of seeding
particle distributions in fluids is particularly attractive since the amplitude and the phase of the light scattered by
these objects is stored. This information can be used to locate the positions of seeding particles at two or more
instants in time and from this all three-components of the fluid velocity can be found in principle throughout an
extended volume of fluid.

m 2.2 Basic Recording Geometries

m 2.2.1 Overview

Regardless of the final playback analysis method taken, the basic geometries of holographic recording remain
the same. In this section, we outline the most basic geometric forms of holographic measurement recording.
You will note that some geometric forms are best suited for fluid measurements, while other geometries are
more favorable for surface measurements. Each of the schematics presented here represents a particular class of
hologram geometries. In practise, however, applied holographic recordings are seldom in these "pure" forms.

Regardless of the specific recording geometry, all of the displacement measurement techniques presented here
use the idea of two holographic recordings taken between an incremental displacement of the subject: in the
case of fluid mechanics, the subject consists of millions of tiny particles suspended in a flow; in solid mechan-
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ics, the subject is the front surface of a solid object. The number of required reference beams depends on the
final processing procedure. In the case of autocorrelation processing, a double exposure is taken of the subject
with a single reference beam angle. However, with cross-correlation, each of the two exposures is taken by a
distinct reference beam angle. In the end, it is the relative change in position of a given particle or surface
region between the two exposures that determines a displacement vector in the experiment.

The laser light source used in the experiment depends on the measurement subject. In case of fluid measure-
ments, the light source is always a pulsed-laser system in order freeze the particle movements for each holo-
gram exposure. However, for surface measurements, the laser source can instead be CW for static load measure-
ments, where the subject does not move during a single exposure.

2.2.2 Fluid Measurements

Figure 2.1 shows the classic in-line holographic recording geometry. This geometry is one of the most com-
monly found formats used in fluid measurements due to its simplicity. The most striking quality of this geome-
try is the use of a single beam of light for both reference and illumination purposes. In-line recording in its
purest form is only suited for particle-like subjects, since the reference beam is composed of the unscattered
portion of the incident light. In-line holography has several inherent advantages over off-axis holography. It is
vibration tolerant because of large fringe sizes. Light sources having short coherence lengths can be used in
recording the hologram because of the small path differences. In addition, in-line holography has low image
distortion, because the real image is generated by the unconjugated reference beam and the hologram is rela-
tively insensitive to changes in wavelength between the exposing light source and the imaging light source.
Finally, low power laser systems can be used in the in-line systems for two reasons: the large fringe patterns of
an in-line hologram allow the use of higher speed photographic emulsions, and the forward diffraction lobe of
particle scattering contains the largest component of the scattered energy.

A special case of the in-line particle hologram is the far-field (Fraunhoéfer) configuration. The Fraunhofer
particle hologram was pioneered by Brian J. Thompson (whose name will forever be associated with the
technique) and is made by placing the holographic plate in the far field of each individual particle object (but
not in the far-field of the entire particle field when taken as a whole) [Thomgsah(1967)]. The far-field
condition is met when the particle to plate distamges greater thad = a?/A, where a is the particle size and

A is the recording wavelength. Under these conditions, the reconstructed particle image does not suffer from the
noise effects of the out-of-focus conjugate image that is ever present with Fresnel-region in-line holograms.
Another benefit of this hologram type is in the behaviour of the recorded fringes themselves. The Fresnel
particle hologram typically has fringes that dynamically change in form with different particle distances. In
contrast, the far-field hologram produces fringes that remain constant in their form but merely grow larger with
increased particle distance. This has the benefit of permitting greater particle movement during the same
recording exposure period without incurring as much loss in fringe contrast. In addition, the predictability of the
far-field fringes have led to some simple particle-sizing methods that directly interpret the recorded fringe
patterns. Unfortunately, an undesired consequence of far-field recording is the loss of angular perspective that is
critical for accurate particle depth resolution. This is due to the increased recording distance of the far-field
hologram and the resulting decrease in the hologram's numerical aperture (NA). The outcome of this is that
although the Fraunhdfer-type recording may be ideally suited for particle-size measurement, a more accurate
3D particle displacement measurement may well be accomplished through the Fresnel-type recording, but at the
cost of greater speckle noise from the out-of-focus, conjugate particle-images.
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Figure 2.1

While the in-line recording geometry has found much favor among the fluid-measurement community, in-line
holography has several limitations that affect its use in three-dimensional particle velocimetry measurements:

1) relatively large depth-of-focus, which limits the accuracy of longitudinal displacement measure-
ments,

2) higher noise levels for large concentrations of particles due to intermodulation effects,

3) decreased particle visibility from intermodulation speckle places a lower particle-size limit of 5
microns for high particle density measurements,

4) directional ambiguity in the particle displacement for single-plate holograms and registration prob-
lems for multiple-plate holograms,

5) spurious scattering of stray light into the recorded hologram from slight scratches and imperfections
along windowed surfaces,

6) additional reference beam distortion, due to the windowed surfaces crossing the reference beam path,
and reference beam obstruction from the particle field.

Off-axis reference geometries can overcome some of the in-line limitations at the cost of higher laser power,
better light coherence, and better control over the reference wave front.

Figure 2.2 shows a simple off-axis transmission recording geometry for use in HPIV. This geometry uses
separate object and reference beams. Two beams are necessary in order to balance the particle scattered energy
with the reference beam energy. Typically, the initial object illumination intensity needs to be 10-100 times
greater than the reference beam intensity (to compensate for the weak particle scattering). For fluid flows that
require windowed boundaries, the object illumination should not have direct contact with the imaging windows
since the secondary light scattering at the window surfaces can easily exceed the particle scattering and intro-
duce unwanted noise. Therefore object illumination often occurs at 90 degrees from the desired scattering
direction.

This geometry uses side-scattering from the particles, which is several orders of magnitude less than for the
forward scattering. This requires an illumination source brighter than for the in-line geometry shown. Finally,
the depth-of-focus is significantly smaller than for the in-line geometry.
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Basic transmission recording schematic for off-axis HPIV.

Figure 2.2
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An equivalent reflection geometry is shown in Figure 2.3. Here the reference beam approaches the plate from
the left side of the hologram plate. Because the beam penetrates the holographic plate from the direction
opposite to the surface, the hologram can be placed very near the subject. This gives a wider viewing angle
through the hologram and permits more accurate depth resolution. Known as a reflection hologram (because the
reconstructed wave front is on the same side as the light source), this geometry has traditionally been avoided in
scientific measurements, since aberration effects of emulsion shrinkage are the most severe with it. This is
because the fringes are in the "thickness" direction for this geometry.
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Figure 2.3

Figure 2.4 exhibits a second reference beam used for cross-correlation purposes. The basic idea is to encode two

distinct holograms on a single plate with the two reference beams: each hologram is exposed to a distinct beam
angle. This technique is commonly known as angular multiplexing.
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Figure 2.4
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m 2.2.3 Hologram Depth-of-Focus and Light-Scattering of Particles

Depth-of-focus, or depth-of-field, is a foremost concern in the holographic imaging of particles. The depth-of-
focus is defined to be the diffraction limited spot size in the longitudinal direction perpendicular to the film
plane. In a simple camera lens imaging system, the depth-of-focus is

di ~ Ady?/A? (2-1)

whereds is the depth of field) is the wavelength of light is lens aperture size, add is the distance to the
subject image [Born and Wolf, (1985), pp 441]. The re§ipA is the f-number of the system.

For holographic images, the equation for the depth-of-focus is the same as for an imaging lens. However in a
holographically-recorded particle scattering, the aperture Aizs, usually not equal to the hologram plate size.

The effective aperture size is determined by the portion of the hologram which receives scattered light from a
given particle, and thus depends on the type of scattering.

There are three mechanisms that produce light scattering from particles: diffractive scattering, refractive
scattering, and reflective scattering. Diffractive scattering is produced by the diffraction of light around the

edges of the particle. Diffractive scattering increases dramatically with decreasing particle diameter and is the
dominant mechanism in opaque objects. Therefore, for particles in which diffractive effects dominate the

scattering process, the effective aperture size of the hologram varies for each particle diameter.

Refractive scattering is the result of a transparent particle behaving like a lens. If the particle has a lower index
of refraction than the surrounding medium, then it acts as a diverging lens. Conversely, if the particle is more
optically dense then the fluid, it is like a converging lens. Compared to diffractive scattering, particle size is less
important for defining the effective aperture size.

Reflective scattering is similar to refractive scattering, where the particle behaves as a spherical mirror over
some range of angles. Transparent particles can refractively scatter for small angles of incidence and reflec-
tively scatter light for those angles of incidence larger than the critical angle of the particle/fluid interface.

In general, the forward scattering of light from particles is dominated by diffractive effects. In contrast, in off-
axis scattering, refraction and reflection effects are dominant, while both reflection and diffraction effects
dominate the back scattering. Off-axis scattering can be several orders of magnitude less than the forward
scattering, however, the backscattering of sufficiently small particles can in fact return a surprising amount of
light.

As an example of how the type of scattering will affect the effective aperture size of a hologram, in the forward
scattering of 25/m particles, the depth-of-focus is approximatelgm for A= 532nm If the holographic plate

is 12 cm from the particle, from equation (2-1), the effective aperture is aboum3dn diameter. In this
instance, the majority of the holographic plate does not contribute to any given particle reconstruction and is left
unused. However, for holograms positioned to receive the side scattered energy from a particle, the entire
plate's surface can be exposed to the particle, provided the illumination source is powerful enough. For this
case, the effective aperture dimensions is equal to the plate dimensions.
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m 2.2.4 Surface Measurements

Figure 2.5 shows a simple reflection recording geometry for use in solid surface measurements. This geometry
uses a single beam for both the reference and object illumination. For surface measurements, the scattered beam
intensity can be sufficiently great to permit single beam illumination. Again, as discussed for Figure 2.3,
because the beam penetrates the holographic plate from the direction opposite to the surface, the hologram can
be placed very near the subject. This also permits extremely accurate depth resolution.
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Holographic Pla?&

Single beam reflection recording schematic for surface displacement measurements: reflection geometry

Figure 2.5

Shown in Figure 2.6 is the reflection geometry in a two-beam configuration. Here the reference beam
approaches the plate from the left side, similar to Figure 2.4, while a separate illuminates the object as shown in
Figure 2.3. This can be important for subjects exhibiting weaker light scattering (or placed far away from the
plate).
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Two-beam surface recording schematic: reflection geometry

Figure 2.6
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The most common surface-recording geometry is shown in Figure 2.7. This transmission hologram geometry
has the lowest aberrations, producing the highest fidelity reconstructions. However, the object most be located
some distance away from the holographic plate to provide access for the illumination and reference beams. This
in turn reduces the viewing range of the hologram, and increases the subsequent depth-of-focus.
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Two-beam surface recording schematic: transmission geometry

Figure 2.7

Figure 2.8 exhibits a second reference beam used for cross-correlation purposes. This two-beam reflection
geometry is analogous to the two-beam transmission geometry illustrated by Figure 4 previously.
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Surface recording with two reference beams for time discrimination.

Figure 2.8
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m 2.2.5 Signal-to-Noise Ratio

Noise in the holographic image degrades the accuracy of a displacement measurement. There are four factors
which contribute noise to a hologram: virtual image noise, image intermodulation, film scattering noise, and
imperfect optics.

Virtual image noise, produced by in-line holography, results from the virtual image generating interference in
the real image space. Virtual image noise is not found in off-axis holography. Intermodulation noise, produced
from the scattering of light by each object point acting as the reference source for every other object point, is
not only of great concern in fluid measurements, since there is such a large number of particles, but also in
surface measurements due to the large number of surface scattering sites. Because this problem is inherent in
holography, it is important to first eliminate all other possible noise sources.

Film scattering noise, due to the Raleigh scattering from the grains in the film emulsion at the time of image
reconstruction, is dependent on grain size, which, in turn, is dependent on the film type, the chemical develop-
ing processes used and the film exposure. Finally, imperfect optics contribute intermodulation noise due to
scattering of light and from secondary reflections within the holographic plate surfaces.

m 2.3 Intensity Correlation Analysis

m 2.3.1 Overview

Methods for intensity analysis of the hologram depend on the use of focused images within the hologram. This
is done by projecting focused images from the hologram onto a CCD camera, and then using two-dimensional
digital correlation methods to obtain displacement information. The consequence of correlation in image
intensity is that the phase information present in the recorded hologram is not used. It becomes important that
sharp images are formed and therefore elimination of optical aberrations in the reconstruction and interrogation
process becomes important.

There are several important consequences of using image correlation analysis to find displacements. Correlation
does not require image matching on a particle-by-particle basis, nor does it attempt to track particles in three
dimensions. Provided that the concentration of particles is high enough, each interrogation cell yields a displace-
ment vector measurement, and the vectors can be evaluated on a uniform, non-random grid. The two-dimen-
sional procedure used is built on planar scanning technology that is well established for the analysis of photo-
graphic PIV images. Our discussion on intensity correlation analysis shall concentrate on the application of
fluid measurements. Please note, however, that the same basic procedures might also be applied to surface
displacement subjects (to yield three-dimensional displacement information about the surface).

m 2.3.2 Holographic Playback

This section illustrates two basic approaches for holographic playback of intensity information. Although the
following illustrations use particle images, solid-surface subjects could be substituted. Figure 2.9 uses the real
image projected from the phase-conjugate reconstruction of the hologram. In this approach, the phase-conjugate
reference beam produces a real image within the space of the original experiment. A CCD camera focuses into a
particular plane of the real image space. At each plane, the camera is stepped along a grid of coordinate points
to obtain a map of two-dimensional displacement measurements. The camera is then stepped through the 3D
space to process multiple, distinct planes of particle field information. Finally the view of the camera is shifted
such that a different perspective of the object space is taken and the process is repeated. In some setups, a single
hologram is used for both perspective measurements, but in other setups, a separate hologram records each
perspective. In either case, the resulting sets of two-dimensional stereoscopic displacement data is eventually
combined mathematically into a single three-dimensional displacement dataset.
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Phase-conjugate playback method: a real image plane of particles is focused onto the CCD array.

Figure 2.9

Figure 2.10 uses a similar approach as described above, except that the original reference beam is used for
reconstruction and a virtual image is created by the hologram. As a consequence, the CCD camera must now be
located on the opposite side of the hologram from the object space. This results in a longer viewing distance for
the camera. Again, the camera is stepped through the 3D space to image distinct planes of particle field
information.
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Original playback method: a virtual image plane of particles is focused onto the CCD array.

Figure 2.10

In both of the methods presented here, a CCD camera focuses into a particular plane of the image space. The
volume of the image space is broken into one or more cells of information. Such volumes are known as
"interrogation” cells. The effective thickness of an interrogation cell is the depth-of-focus of the projected
holographic image, and the area of an interrogation cell is given by the image projection onto the CCD sensor.
Each displacement measurement is extracted from the focused particle image intensity information of a single
interrogation cell using correlation analysis on a digital computer. This theory of intensity correlation analysis is
presented in the next two sections.
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2.3.3 Digital Auto-Correlation

A simplified yet useful model of this method of analysis can be formulated by considering only paired particle
images. If we assume that the particles scatter light as point sources across the camera aperture, the intensity
function on the CCD camera is proportional to the sum of the particle-scattered intensity distributions at the
time of the first and second exposures and can be written in the form,

(X, ¥i) =
lo N, ) ® > 606 = Xns i = Ym) ® (606, Yi) + 604 — A, yi —4y))  (#2)

wherexm, Ym are the coordinates of the m'th particle within a particular imaged particle plane ofArcay;
are the components of the particle image displacerhént;y;) is the impulse response function of the imaging
systemil, is a constant; and the syml®ldenotes a convolution.

Correlation analysis of image intensity is accomplished using digital image processing to directly calculate the
two-dimensional autocorrelation of the intensity distribution, and is given by,

Ruu(u, v) = foofool(x, VIX-uy-v)ydxdy

[o¢] [o¢]

= [ Rnn(U, V) ® (6(U — AX, V— Ay) + 26(U, V) + d(U+ AX, V+ Ay)) ® (2-3)

D 20— = %), V= (Y = Yn)) [ lo?

m

whereRh (U, V) is the autocorrelation of the impulse response function. Expanding and rearranging this expres-
sion gives,

Ruu(U, V) = 2N Io? Ryn(U, V)
+ N lo? Ran(U, V) ® (8(U — AX, V— AY) + 6(U + AX, V + Ay))
+ 192 Ron(U, V) ® (6(U— AX, V— Ay) + 26(U, V) + S(U+ AX, V+Ay) ® (2-4)

2 2, 8= Cm = %), V= (¥ = Y)

m

The first term is a central peak that represents the self-correlation function, while the second term has the
positive and negative first order correlation peaks that correspond with the positive and negative-going patrticle

displacements (and hence a directional ambiguity). The final term is the noise which can be considered as the
relative uncertainty in the particle pairing.

Clearly, the expected number of particle image pairs within each interrogation region has a strong influence on
the ability of the analysis system to accurately identify and measure the position of the signal peaks. Using
models similar to that described above, Keane and Adrian [Ketaak (1992)] have investigated the random

and systematic bias errors introduced by the method of analysis. In essence this work shows that ideally each
interrogation region should contain 10 particle image pairs and should nominally be digitized to a resolution of
128 x 128 pixels although more particle image pairs are necessary if strong velocity gradients are present
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within the region. If this is the case, the measured velocity is a good estimate of the two-dimensional fluid at the
centre of the measurement volume, at the time midway between the exposures.

Although the autocorrelation analysis described above provides a good estimate of the fluid velocity it should
be noted that an ambiguity exists in the sign of the velocity since the order of the exposures is not recorded. In
addition it is evident that the minimum measurable particle image displacement must be greater than the image
diameter in order for the signal peaks to be separated from the zero order peak. These deficiencies are overcome
by the methods discussed in the following section.

= 2.3.4 Removing Directional Ambiguities with Digital Cross-Correlation

Relative to autocorrelation analysis of the images, cross-correlation permits small displacements (hence, larger
velocity dynamic range), determines the direction of the displacements (removal of directional ambiguity), and

improves the signal-to-noise ratio. Figure 2.11 shows a modified playback method used for cross-correlation
analysis. This system relies on sampling two sets of data for each region in the measurement sample. Two
reference beams, alternately switched on, provide independent displays of twin particle image data. We then
perform cross-correlation between the two images.
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Phase-conjugate playback method for cross-correlation: the two reference beams are alternately switched on.

Figure 2.11

With reference to the analysis presented in the previous section, the first and second exposure images can be
modelled as,

A, Yi) = lo h(Xi, ¥i) ® Z(S(XI = Xm, Yi = Ym) (2-5)
and
BOG, Y1) = lo NG = AX, ¥i = AY)® > 60 — Xn, ¥i = Yi) (2-6)

The corresponding cross-correlation functiBgg (u, V), is given by,
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Rag (U, V) =
lo Run(U, V) @ 6(U = AX, V=AY) ® > " (U= (Xn = Xn), V= (¥m = ¥n))

(2-7)
= N lp Ryp(U— AX, Vv—Ay) +

lo Ran(U, V) ® >~ > 8(U= (X = Xn), V= (Y = Yn)

m,n:m=n

Comparison with equation (2-4) shows that the cross-correlation of image labelled data does not contain a
central peak and thus displacement measurements of less than one particle diameter are possible. In addition it
should be noted that the noise contribution is considerably reduced.

2.4 Complex-Field Correlation Analysis

2.4.1 Overview

We have recently developed optical correlation techniques to measure three-dimensional displacement from
double pulsed holograms of this type. In essence the method uses optical methods to compute the autocorrela-
tion of thephase andanyplitude of the optical field that passes through a sampling aperture placed in the real
image. The output of the correlator is an optical field that appears to contain three sources or intensity peaks
positioned along a line in three-dimensional space. The central peak is the self-correlation of the double expo-
sure record. Relative to the position of the central peak, the outer peaks are situated at positions equal to plus
and minus the particle displacement.

The following uses a correlation in both amplitude and phase of the complex wave fronts within the hologram.
With this use of amplitude and phase correlation, it is no longer critical to minimize the optical aberrations.
Unlike the intensity-correlation analysis, which uses the combined two-dimensional data sets from stereoscopic
viewpoints, complex-field correlation only requires a single viewing perspective for full three-dimensional
displacement measurement. As mentioned previously for the intensity analysis section, we shall limit the
following discussions to the fluid measurements. Nevertheless, the basic technique of complex-field correlation
may be applied equally well in both fluid and surface displacement measurements. In Section 2.4, the basic
theory of complex-field correlation as developed by Coupland and Halliwell is presented [Coupland and
Halliwell (1992), Coupland and Halliwell (1997)].

2.4.2 Holographic Playback

As shown in Figure 2.12, a phase conjugate reference beam illuminates the measurement hologram, which now
projects a real image back into the space in front of it. In this space is placed a pinhole aperture mounted
together with a Fourier transform lens and CCD camera on a 3-axis motorized translation stage. The recon-
structed complex-field image formed at the pinhole opening determines the sample volume of a measurement
point. The Fourier-transform lens then takes the Fourier-transform of the complex wavefront emanating from
the pinhole aperture and forms the spatial power spectrum which contains displacement fringes onto the CCD
array. Attached to the CCD camera, either an optical processor or digital computer is used to perform the
complex autocorrelation of the particle-scattered field from the pinhole via Fourier transformation of the CCD-
imaged fringe pattern. This directly provides three-dimensional displacement information. Finally, the pinhole-
camera configuration is stepped through the larger test volume of interest, progressively sampling at adjacent
points in space.
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Figure 2.12

m 2.4.3 Complex-Field Auto-Correlation [Coupland and Halliwell (1992)]

The complex amplitude transmitted by the apertUg,y), can be considered as the sum of the contributions,
A(x,y) andB(x,y), and which result from the scattered light recorded by each of the two exposures such that:

U(X’ y) = A(X’ y) + B(X’ y) (2'8)

Using the Fresnel approximation and modelling the particle-scattering as point sources, the complex amplitude
from the first exposure can be written as the sum of quadratic wave fronts such that:

Anm i 2 2
A(X, ) = 17 (X=Xm)"+(Y=Ym)") i
(X Y) §m Mzmezf" (2-9)

It is assumed that these particles move in unison a distance

As= (AX? + Ay? + AZ2)"? (2-10)

then using the Fresnel approximation once again, the optical field as a result of the second exposure recording
can be written:

BX, V) =AX Y ® A—lAz— e% (X=AX)2+(y—Ay)?) (2-11)
I

where the constant phase factors have been omitted for simplicity. Hence the complex amplitude describing the
double pulsed reconstruction can be written:

1 —in 2 2
= = par (X-AX)T+(y-Ay)9) 2-12
U y) = AX Y ® [0, y) + e ] (2-12)

It is interesting to consider the far-field diffraction pattern observed in the back focal plane of a convex lens
which is proportional to the spatial power spectrum given by:
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Wi, fy) = (| Utk ) ‘)2 = (| At 1) sz

(2+ 2cogn A AZ(f,% + fy2) — 2 n(fy AX + fy Ay) — 1/ 2))

(2-13)

where ~ denotes a Fourier transform afid fy) are spatial frequencies.

It can be seen that the far-field diffraction pattern corresponds to the spatial power spectrum of the first expo-
sure images modulated by a fringe pattern which is a function of the displacement. The loci of the minima in
this fringe pattern are defined by the set of equations:

AAZ(F 2+ f,2) —2(Ax fy + Ay fy) —1/2=2n+1 (2-14)

where n is an integer. For displacement in the plane of the apesture @), the fringes form parallel lines
(Young's fringes). In general, however, the fringes are a family of concentric circles centkadl @t4z), Ay/
(A Az)} with radii, r,,, given by:

fn = ((AX2 + Ay2) /(L AZ2) + (20 +3/2) A AZ)"° (2-15)

Although in principle the three-dimensional particle displacement could be extracted from the fringe pattern as
in the two-dimensional case, the finite scattering population results in noise which is manifest in the-

| A(fx, fy) |2term in equation (2-13). In a similar manner to the two-dimensional case, the dominant fringe

pattern can be identified from the complex autocorrelation fund&gn(u, V), given by the Fourier transform
of equation (2-13), ie:

- 1 in
Ruu(U, V) = Raa(u, V) ® [m o 1az (U=BX7+(v=4y))
‘ (2-16)

1 —in
2 - XAz
0N+ Az ©

whereRaa (U, V) is the complex autocorrelation Afx,y) given by:

Raa(u, v) = Z Am P

m (2-17)

_1 — i 2 2
x_ o =X = W)+ (Ym=Yn—V))
o(u, v) + g E Am A; iz — 2 @ G-

((U+AX)?+(V+AY)? )]

m,n: Mm#n

The first term in this equation describes a peak at the origin with magnitude proportional to the sum of the

scattered intensity from each particle. The second term consists of randomly phased quadratic wave fronts
resulting from uncorrelated particle images and can be considered as noise. Consequently, substituting in
equation (2-16), we have:
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— 2 :
Ruu(u, V) = Zm | Am | oz (=D +(v=4y)) | o Z Am |
m

iAAZ
(2-18)
A 2 —im 2 2 .
(U, V) + Zm.J\Am ” 5 @y | poise terms
i AAZ

It can be seen that the complex autocorrelation consists essentially of a central peak and two signal peaks,
however, in this case the signal peaks consist of contributions from quadratic wavefronts. If optical correlation
techniques are used to compute the complex correlation, the signal peaks are spherical wavefronts which are
modelled here as quadratic as a result of the Fresnel assumption. In this way the wavefronts can be brought to
focus at a distance proportionalAa in front of and behind the correlation plane as shown in Figure 2.13. The
guadratic wave fronts corresponding to the noise terms in equation (2-18) are generally out of focus and can be
removed from an image formed on a CCD camera by using a suitable threshold.
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Figure 2.13

= 2.4.4 Immunity to Phase Aberration [Coupland and Halliwell (1997)]

One of the greatest benefits of the complex-field correlation process is its inherent immunity to optical phase
aberrations which may be present in the final holographic image. In this section, we will examine this benefit in

more detail. Phase aberrations can result from a number of different factors, the most important of which

include: refractive distortions by components such as optical windows and the hologram substrate, as well as
diffractive distortions due to hologram emulsion shrinkage and also reconstruction wavelength changes.

Without loss of generality, we will consider a one-dimensional model of the aberrated holographic recording
and reconstruction process, shown in Figures 2.14 and 2.15. For the purposes of illustration,the holographic
recording and image reconstruction is depicted as two separate process steps. In this analysis, however, we will
treat the recording and reconstruction process as a single composite $¢gtem,), in which the complex

object field,u(x,), is the object field that is input to the system and the complex imageuigly, is the output

of the system. For a linear space invariant imaging system, the complex image amplitude distibjipn,

can be written as:

u(x) = u(X) ® h(X:Xo) (2-19)
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where® denotes a convolution [Goodman (1968)]. Note th@t) was previously written in equation (2-8) as
U(x,y). In addition, the complex image amplitude distribution found at the image plane of Figure 2.15 was
previously depicted in Figure 2.12 at the pinhole aperture.
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Figure 2.15

While some causes of phase aberration, such as the presence of curved optical windows, may occur during the
holographic recording process, other aberrations such as emulsion shrinkage take place during the reconstruc-
tion process. Nevertheless, we will lump all causes of phase distortion into a single, composite complex pupil
function, P(xy), as shown in Figure 2.15. In addition to phase changes, this pupil function models the changes
in amplitude, such as finite aperture effects, that generally occurs during any holographic imaging process.

Assuming the Fresnel approximations, we can reasonably approximate the complex image amplitude distribu-
tion by:

u(x) = u(X) ® FT[P(Xn)] (2-20)
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where the impulse response functitny; : X,), is simply the Fourier transform of the complex pupil function,
P(x,), the multiplicative phase and amplitude factors have been neglected;Tarldindicates a Fourier
transform. Using the autocorrelation theorem [Goodman (1968)], the complex autocorréiatiorgf the
image amplitude is given by:

Ruu = (U(Xo) * U* (%)) ® FT[| P(xn)I’] (2-22)
where* denotes correlation.

In general, we can define the complex pupil funct®ix,),by:

P(X) = a(xy) ' 200 (2-22)

wherea(x,) represents the amplitude changes of the systenandl contains all of the phase aberrations. We
now substitute this back into equation (2-21) to obtain:

Ruu = (U(Xo) % U* (X)) ® FT[a® (xn)] (2-23)

From this, we can see that the phase aberrations are irrelevant when the complex autocorrelation of the image
amplitude distributions are computed. Here, the autocorrelation is convolved with the Fourier transform of the
square of the hologram pupil functioax,), as in the case of diffraction-limited imaging. In practice, ampli-

tude aberrations are less disruptive to the final correlation result than phase aberrations. In this a{tyation,

can be considered to be a rectangular function whose spectrum is a Sinc function but can also be approximated
as a delta function for the high numeric apertures typically found in holographic measurement. In this way,
when the wavefront consists of an original object fieltk,), as well as a slightly displaced object field,

u(X, +9), in whichsrepresents the displacement distance, weRipdto be:

Ruu = U(Xo) # U™ (Xo) + U(Xg + S) * U™ (Xo + ) +
U(Xo) * U* (Xo +S) + U(Xo + S) = U™ (Xo)

Here, the first two terms represent the central (zero order) peak and the third and fourth terms denote the
symmetrically displaced signal peaks at a distance s from the origin (as shown previously in Figure 2.13). If one

wishes to take the finite aperture effects into account, one can simply convolve each of the above terms with an
appropriate Sinc function according to equation (2-23). Nevertheless, this case clearly illustrates that any spatial-
invariant phase aberrations present in the system shall have no effect on the resulting complex-field correlation.
This is because the complex-field correlation uses the spatial power spectrum rather than image intensity, and
this is only sensitive to phase changes between the origioa), and displaced image field(x, + ). Such

phase changes, however, are negligible for small object displacements and holographic imaging systems that
are spatially invariant.

(2-24)

m 2.5 Summary

The methods of intensity and complex field correlation presented in this chapter provide fundamental principles
to be exploited in the remaining chapters. Each of these basic techniques suffer from certain deficiencies. In
particular, intensity correlation depends on high fidelity (sharp) images, while complex field correlation, which
alleviates this problem, suffers from directional ambiguity since cross-correlation cannot be readily achieved.
Therefore, the basic approaches presented here must be modified in practice for successful application. The
precise nature of such modifications forms the central theme of this thesis.
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