Automated Analysis of Holointerferograms for the
Determination of Surface Displacement
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ABSTRACT—A method for using an image digitizing system
with a minicomputer to automatically determine surface-
displacement fields by evaluating holographic fringe patterns
is presented. The problem of determining the sign of the
displacement vector as well as the need to produce a mono-
tonic phase change across the surface under observation is
solved by utilizing the method of carrier fringes. A set of
programs has been written so that the camera/computer
system can view the pattern of deformation-modulated carrier
fringes and, with a knowledge of the initial carrier-fringe
pattern, draw a profile plot of the deformed surface. The
procedure is exemplified with a study of a centrally loaded
disk.

Introduction

Although interferometry is sometimes said to be one of
the most significant applications of holography,' it is in
fact rarely found in actual industrial settings. There are
several reasons for this, including the need for vibration
isolation of the system, the complexity of the required
optical setup, and the problems of using a photographic
darkroom process. But probably the major factor in-
hibiting full exploitation of holographic interferometry as
a precision noncontact full-field measurement tool is the
difficulty of getting quantitative results out of the
interferograms.

Current developments in holographic techniques have
made it possible to alleviate many of these difficulties,
e.g., high-power pulsed lasers can remove the need for
vibration isolation, fiber-optic cables and bundles can
greatly simplify optical setups and allow holographic
measurements in remote or inaccessible locations,? and
special holographic cameras are now available that do not
require darkroom procedures and which produce holo-
graphic images in sifu within a few seconds.

In spite of these technical advances, quantitative holo-
graphic interferometry has not found widespread applica-
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tion. The real root of the problem lies in the fact that the
interference patterns obtained in practical cases are fre-
quently so complex that a skilled analyst cannot easily
derive quantitative results from them. Moreover, the
interferogram does not contain sufficient information to
determine the sign of a surface displacement, i.e., whether
the surface has moved towards or away from the ob-
server. Heretofore, most efforts to use digital methods in
the study of holointerferograms have been limited to the
analysis of basically linear fringe distributions due to
simple translations or nearly uniform deformations;*”
but little effort has been directed toward solving these
fundamental problems. However, if holography is to
become a commonly used measurement tool, some method
of simplifying the analysis of reasonably complex inter-
ferograms must be developed. The goal of the work
described in this paper is to show that by combining
image digitization with computerized analysis, this
simplification can in fact be attained through the use of
carrier fringes. The introduction of carrier fringes into
holographic-interference-fringe patterns is not new;*™'?
but the present work describes the successful application
of sophisticated image digitization techniques, carrier
fringes, fiber optics, and computer coding into a unified
system for automatic fringe analysis.

The main advantages of the carrier-fringe technique are
that it removes the sign ambiguity ordinarily present in
interferometric fringe patterns and that it also imposes
monotonicity on the phase change across an object sur-
face so that an automated system may be used for
analysis. Computer codes have been developed to analyze
the fringe patterns so that it is now feasible to design a
system which, given knowledge of the carrier-fringe
pattern, can automatically evaluate the holointerfero-
metric fringes on the deformed surface and produce a plot
of displacements of that surface.

To develop and test such an automated system, it was
decided to map the surface deflection of a centrally
loaded linear-elastic disk. This is a familiar test specimen.
The results are known from theory; and the interference
patterns obtained from such a test object are neither
trivial nor excessively complex. A photograph of the
interference pattern obtained by making a double-
exposure hologram of a disk before and after applying
central loading is shown in Fig. 1. The interference
fringes are basically just a set of concentric rings. Note
that it is impossible to determine the direction of surface
deflection from study of the holointerferogram alone. The



disk may be bowed either inward or outward. Also, the
curved fringes are difficult to interpret by automated
analysis because of the problem of programming the
computer to enable it to detect when the same fringe is
being encountered in a different location, Unfortunately,
without some method for uniquely identifying each fringe,
the computer may count each of them more than once
during a scan across the disk face. One method to obviate
this problem (without invoking operator interaction) is to
incorporate an initial carrier-fringe pattern with a higher
spatial frequency than any expected from the deformation-
modulated carrier-fringe pattern. Figure 2 shows the
appearance of the unloaded disk when carrier fringes are
created in the holographic image. In this case the fringes
were generated by tilting the disk, but in fact the carrier
pattern could have been generated by changing the
orientation of the illumination, the reference beam, or the
hologram itself."'

The governing equation for holographic displacement
analysis on a diffuse surface is

(€,—8) +d = n\ (1

where d is the displacement vector, n is the fringe order,
and \ is the wavelength. For each point on the test sur-
face, &, and 2, are unit vectors drawn from the source to
the point and from the point to the observation position,
respectively.

The quantity (8, - 2,) - d is often referred to as the
projected displacement d,,.

The carrier pattern required for digitization can be
expressed as

6 = mA (2)
where & is the linear phase change across the field of

view and n, is the carrier-fringe order. To be effective
these carrier fringes should be localized close to the test

Fig. 1—Double-exposure holographic image of a disk
before and after central loading showing interference
fringes due to surface deformation

surface, and oriented perpendicular to the direction of
scan denoted by s.

When deformation is superimposed on the carrier, the
modulated fringe pattern is given by

(8,—-%,) «d+5 = m\ 3)

The fringes in the holointerferograms corresponding to
eqs (2) and (3) can be digitized and subtracted, and

(6,—€) +d = (n—n)\ = An\ @)

Equation (4) is the same as eq (1) when n = n, — n,. The
carrier pattern will facilitate digitization of the deforma-
tion-modulated carrier-fringe pattern when the fringe
gradient of the carrier, d(n,)/ds, meets certain conditions.
Differentiating eq (4),

d(d,)/ds = [d(n,—n)/ds]\ =
[d(n,)/ds—d(n,)/ds]\ (5)

In eq (5), d(d,)/ds represents the rate of change of the
projected displacement, and d(n,)/ds and d(n;)/ds are
the slopes of the carrier and deformation-modulated
fringe patterns, respectively, in plots of fringe order
versus row/column number. In general, the slope of the
carrier-fringe pattern, d(n,)/ds, is known, and d(n,)/ds
can be measured for each point along s. This uniquely
specifies d(d,)/ds, and hence the sign of the projected
displacement is determined. When d(n,)/ds>0, the
method works provided that d(n.)/ds never becomes
negative. This condition must be satisfied to insure that
each fringe in the modulated pattern is scanned only
once, and the modulated pattern has monotonically
increasing fringe orders over the scan. This condition
depends on the fringe gradient in the carrier pattern; the
higher the carrier-fringe density, the less likely that

Fig. 2—Carrier-fringe pattern generated by introducing a
small tilt about a horizontal diametral line across the
surface of the undeformed disk. The rotation was 0.0039
deg with the bottom of the disk moving towards the
observer
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d(n,)/ds <0. However, the resolution of the imaging
system imposes some constraints. Not only must the
carrier-fringe density remain within the resolution limit,
but so must that of the deformation-modulated fringe
pattern.

Assigning arbitrary fringe-order numbers along a scan
line uniquely establishes the sign of the projected displace-
ment. In this case, however, the magnitude of d, is
determined to only within a constant. Absolute displace-
ment measurement requires that absolute fringe orders be
established in both the carrier and the modulated patterns.
This is most easily done by initiating a known carrier
thereby assigning n,, and then following one fringe in
real time as deformation occurs to determine #n,. An
alternative method is to have prior knowledge of the
displacement of at least one point in the deformation-
modulated fringe field. For example, a point lying on a
fixed boundary will have the same fringe order in the
carrier and deformation-modulated carrier-fringe patterns.

In this experiment, the disk was tilted about a horizontal
axis through the center of the disk surface, with the
bottom of the disk being moved toward the observer.
Since the direction of the tilt is known, the sign of the
fringe orders can be assigned unambiguously; the carrier-
fringe-order numbers are increasing toward the bottom of
the disk and decreasing toward the top. The zero order
fringe is located directly above the rotation axis.

Figure 3 shows the appearance of the fringe pattern
when a holointerferogram of the disk is recorded with
both carrier and deformation present. Note that no fringe
appears twice when counted along a vertical line from
bottom to top anywhere along the disk. The effect of the
deformation fringes is to merely expand or compress the
carrier-fringe spacing, so it is simple to determine whether
the fringe order is increasing or decreasing. Since suitable
programs are available, it is possible for the computer,
equipped with a digitizing camera, to view the fringe
pattern of the loaded surface and automatically draw a
plot of the surface deformation of the disk.

Experimental Setup

A glass disk of 88-mm diameter and 1.6-mm thickness
was bonded around its circumference to a stiff ring
suspended vertically in a gimballed holder which permitted

Fig. 3—Holointerferometric fringes caused by combining
the carrier tilt and the deformation due to central loading
of the disk. The amount of loading was 1.60 microns
toward the observer

88 * March 1988

the disk to be rotated around either a vertical or horizontal
axis through a surface diameter. In addition, a large
micrometer was positioned behind the disk to allow the
application of controlled central displacements.

Figure 4 shows the optical setup used to generate the
holograms. For a symmetric arrangement with equal
illumination and viewing angles (measured with respect to
the surface normal), the normal displacement W is given
by eq (1) which simplifies to 2 W cos 8 = n\, where 8 is
the illumination angle, » is the fringe order, and A is the
wavelength of light used. In this test arrangement, the
angle 8 was 4.58 degrees and the light source was a helium-
neon laser, so normal or out-of-plane displacements could
be measured with a fringe sensitivity of 0.317 microns. A
single-mode optical fiber was used for illumination to
simplify the setup.

Figure § is a block diagram showing the major com-
ponents of the system used for this test of automated
fringe reduction and surface contouring. The vidicon
camera used is capable of digitizing an image with an
eight-bit gray scale (256 levels) and a resolution of 1024 by
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Fig. 4—Optical setup for taking holograms of the disk. The
arrangement of the angle 2 between the illumination and
viewing directions established the sensitivity vector as
normal to the disk surface and allowed measurement of
out of plane deformation. In this setup the value of 3 was
4.58 deg
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Fig. 5—Schematic showing the equipment used in the
experiment



1024 pixels. A camera control allows selection of every
second or every fourth row and column element, thus
allowing the resolution to be reduced to 512 by 512, or
256 by 256 pixels. To reduce the size of the data files a
resolution of 256 by 256 was chosen for this experiment.
Consequently, the data files obtained from digitizing the
holographic images were only 64K bytes in size. Such
files can easily be handled by a relatively small computer,
enabling the calculations involved in this experiment to be
performed on a relatively inexpensive system.

Experimental Procedure

The actual data needed for this approach include only
digitized holointerferometric images of (1) the unloaded
disk with a carrier-fringe pattern, and (2) the loaded disk
showing the deformation-modulated carrier-fringe pattern,
plus knowledge of the direction of tilt used to generate
the carrier-fringe pattern. Therefore the first step was to
produce a suitable holointerferometric carrier pattern
across the disk surface. Using a thermoplastic holocamera,
a hologram was made of the unloaded disk. Then the disk
was tilted 0.0039 degrees about a horizontal diametrical
line across the disk surface. The direction of tilt was such
that the bottom of the disk moved toward the observer.
A photograph was then taken of the real-time fringe

pattern generated by interference effects between the
holographic image of the disk and the tilted disk surface.
The resulting fringe distribution is shown in Fig. 2. The
center of the disk was then displaced 1.60 microns toward
the observer and another photograph of the fringe distribu-
tion on the disk surface taken. This deformation-modulated
carrier-fringe pattern is shown in Fig. 3.

Data Analysis

Since the direction of tilt is known, all of the informa-
tion needed to contour the deformed surface is contained
in these two photographs. To enable automated analysis,
the pictures were digitized using the vidicon camera as
described above. The column representing the vertical
center line through the disk surface, column 128 of the
data arrays, was chosen to demonstrate the method of
analysis.

An intensity plot of this column, scanning from bottom
to top, is shown in Figs. 6(a) and 6(b) for each of the two
images. Figure 6(a) shows the initial intensity variation
across the unloaded, undeformed disk with its carrier
fringe pattern, while Fig. 6(b) shows similar information
for the loaded, deformed disk. Figure 6(a) clearly shows
the edges of the disk and the basically uniform sinusoidal
intensity distribution across the disk surface. In addition
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to the sinusoidal carrier-fringe pattern, a very low fre- DATA PLOT FOR COLUMN 128
quency intensity variation due to the Gaussian nature of
the laser illumination is also evident. 10

The next step was to locate the edges of the disk and 8 R
clip both patterns to the midpoints of the last cycle & \\\
contained within these edges. Fourier transforms of the ' N \\
clipped patterns are shown in Figs. 7(a) and 7(b). The u \\ \r—b
important characteristics of Fig. 7(a), which shows the E # o \
frequency spectrum for the unloaded disk (carrier only), " 0 \
are the sharp peak at the carrier frequency, the very low z -2 ~
frequency peak representing the Gaussian intensity E -a N
distribution of the laser beam, and the high-frequency -6
noise due to speckle, nonlinearities in the film, optical- 8
system limitations, etc. Figure 7(b), which gives equivalent -5

information for the loaded disk (carrier plus deformation),
shows that the deformation information causes a frequency
modulation of the original carrier pattern, with the desired
information now present as a sideband of the carrier
frequency. Comprehensive discussions of the use of
Fourier-transform methods for the analysis of digitized
holointerferometric fringe patterns have been published
by Kreis.'*"?

Working first with the spectrum of the undeformed image
[Fig. 7(a)], the program set up a narrow passband centered
around the carrier frequency. All frequencies outside this
passband were removed. The program then examined the
spectrum of the deformed image [Fig. 7(b)], and cut off
the low-frequency spike which was the result of the
Gaussian intensity envelope; it also removed all high
frequencies where signal strength had fallen back to the
noise level. The resulting spectra were then transformed
back to the time domain using an inverse Fourier trans-
form and the results are shown in Figs. 8(a) and 8(b). A
low-frequency intensity variation still shows up as an
envelope of the desired signals, but this is of minor
importance since it is phase, not intensity, which is
significant.

In order to find the fringes, the computer next proceeded
to locate the extrema of the intensity distributions for
each filtered fringe pattern. This was done by applying
standard methods of data analysis'* to fit curves through
the data points, and then differentiating to locate the
desired extrema. Since the data for each column contain
a large number of points which correspond to a small
number of cycles of a basically sinusoidal intensity distribu-
tion, the graph obtained by curve fitting is relatively
insensitive to the specific technique used, and any standard
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Fig. 9—Plots of the fringe order versus
the row number (distance from the bottom
of the disk). Curve ‘a’ is for the unloaded
disk (carrier only), while curve ‘b’ is for
the loaded disk (carrier plus deformation)

method should give essentially the same results. Figure 9
shows fringe-order versus row-number plots along the
vertical center line (column 128) for both the unloaded
and the loaded disk. The curve labeled ‘a’ is for the un-
loaded disk (carrier only) while curve ‘b’ is for the loaded
disk (carrier plus deformation). The linear curve ‘a’
obtained for the unloaded case is simply a manifestation
of the simple sinusoidal pattern of fringes across the face
of the disk and the zero-order fringe is located at the disk
center, over the rotation axis. In curve ‘b’, for the loaded
condition, there is a slow phase change across the lower
part of the disk where the intensity fringes were spaced
out, and then a rapid phase change across the upper part
of the disk where the fringes were crowded together.

Since curve ‘a’ of Fig. 9 gives information concerning
the phase-change distribution due to the carrier while
curve ‘b’ of the same figure gives the corresponding
information for the deformation-modulated carrier, the
next step in the process was to subtract the two curves.
Since the data represent extrema occurring at different
row locations in the two curves, the data will have to be
interpolated first. Because the curves are smooth with
respect to the spacing between data points, the choice of



interpolation method is not critical. For this experiment,
a cubic-spline technique'* was used to interpolate values
for each row of the two curves, and these values were
then subtracted from each other to get the distribution of
phase change due to the deformation alone. In addition, a
phase change of zero was imposed at the edges of the
disk where the disk was bonded to its support ring. This
result is shown in Fig. 10, which is a profile plot of the
out-of-plane deformation of the disk surface across the
vertical center line from bottom to top.

Automated repetition of the preceding analysis for each
digitized column provides a full-field description of the
out-of-plane deformation of the disk as desired. This
final result is given in Fig. 11, which shows a perspective
plot of the deformed disk obtained from the computer-
graphics output.

Summary

The method of carrier fringes was successfully applied
in this study of a centrally loaded disk. The carrier
fringes resolved the problem of sign ambiguity and
linearized the fringes so that the phase shift across the
disk surface was monotonic, thus allowing automatic
scanning. Computer programs incorporating Fourier-
transform filtering were written to analyze the holointer-
ferometric fringes on the surface of the loaded disk.
Since the computer knew the details of the carrier
pattern, it was possible for the computer to draw a
profile plot of the out-of-plane deformation.

The method could be extended to dynamic studies if a
high-speed camera were available. Though the time
required for analysis of each image precludes real-time
studies of dynamic changes, a high-speed camera could
be used to record the changing fringes and selected
frames could be digitized and studied later. Note that the
carrier image information need be given to the computer
just once, and all other images need only contain informa-
tion about the deformation-modulated carrier-fringe
patterns.
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