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Abstract. Television holography (TVH) can be defined as ‘the family of optical

measurement techniques based on the electronic recording and processing of holograms’.
Image-plane TVH was introduced in the early 1970s with the name ‘electronic
speckle-pattern interferometry’ (ESPI). Since then, TVH has undergone an impressive
development and become one of the most promising optical techniques for non-destructive
testing and industrial inspection. The aim of this review is to propose an original scheme for
the systematic treatment of TVH and to review the existing techniques according to it. In this
approach we split the measurement process into four highly independent stages (illumination
and observation geometry, temporal treatment, secondary-correlogram generation and
fringe-pattern analysis) and establish a common notation to formulate the corresponding
technigues. Such a strategy allows the free combination of the techniques proposed for each
stage as building blocks to obtain every particular variant of the whole TVH measurement
process, whether it has already been reported or not, and also the incorporation of new
techniques while retaining compatibility with the existing variants of the previous and
following stages.

Keywords: displacement, shape, vibration, TV holography, electronic speckle-pattern
interferometry, non-destructive testing

1. Introduction and Kopf [7] in Germany reached this technique from the
o _ _ field of holographic interferometry.
Television holography (TVH) can be defined as the family of Of these four pioneering groups, the Austrian and the

measurementtechniques based onthe recording of hologramgyitish matured the new technique to produce marketable
with video cameras and their subsequent processing byprototypes, but only the British group continued the
electronic means, either analogue or digital. ~ Classical yeyelopment of TVH and has remained in this field to date.
holography and TVH differ both in recording media ne name that Butters and Leendertz coined, ‘electronic
(photographic in the former and optoelectronic in the later) speckle-pattern interferometry’ (ESPI), which is closely
and in processing methods (a sequence of procedurése)aieq to the approach that led to their original technique,

?gcgﬁéfrfgﬁ)nnegzz r;itcuerssir(l(:hzr?:jlcalosi?gf log'r:géle%?rtgcrﬁlcvery soon became popular and has been the most usual name
P 9 ' P Y, op for it and also for all the variants that have appeared during

recording and post-processing) for the first and purely the last few years

electronic processing for the second). .
TVH appeared during the early 1970s as a result of During the 1970s and early 1980s, some other research
groups, mainly based in European universities, developed

the efforts of several research groups trying to solve similar 2"~ i !
problems that had arisen in the field of classical holography. their own prototypes and new techniques and the name TV

In the UK, Butters and Leendertz [1-4] conceived this Nolography’ was introduced [8, 9]. All these systems had in
technique as a natural extension of speckle interferometry, COmmon that the video signal was processed with analogue
that they and other authors had developed to impIementteCh“'ques and as aresult they were expensive, bulky and not
holographic measurement techniques using photographicversatile enough.

film with less resolution and more sensitivity than the The ultimate impulse for TVH came in the mid 1980s
holographic plates. Almost at the same time, in the USA, with the production of microcomputers and peripherals
Macovskiet al [5] developed an analogous technique in the for the digitization and processing of images at affordable
context of research on the recording and transmission of prices. The integration of these programmable, versatile and
holograms by television. Also Schwomma [6] in Austria relatively inexpensive digital devices into the schemes for
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processing the images generated with speckle interferometersndustrial application derive from the use of video cameras
was almostimmediate [10-12] and encouraged many groupsas recording media.

to become involved in the development of TVH. New names
such as ‘computer-aided speckle-pattern interferometry’
[11], ‘digital TV speckle interferometry’ [13] and ‘digital
speckle-pattern interferometry’ (DSPI) [14] were then
proposed in order to distinguish between the digital and
analogue implementations.

The numerical handling of speckle interferograms
allowed a more comfortable implementation of the original
analogue methods, the development of new fringe-formation
techniques and the automatic analysis of the resulting
fringe patterns. The introduction of digital methods into
holographic interferometry (HI) and TVH was simultaneous
and, since then, these two metrological disciplines have
e g o s ove29 ™ vy st (comparecithchmicl developing) an
parallelism led some authors to propose new names for the,. often performed in real time. .

o . . (iv) TVH systems are very easy to use since they can
digital implementations of speckle-pattern interferometry, . . . .
such as ‘electro-optical holography’ (EOH) [15] and operate in the presence Of ambient light, there is no
‘electronic holography’ [16] and, finally, to reconsider [17] need to develop or re—pOS|t|qn the h°'°9“?‘m5 and their
the name TV holography’, which had already been proposed components as well as the signal processing are usually
by Gasvik [8] for the original analogue techniques. computer controlied. Ther_e_fore, the_y can even be

The continuous incrementations of the resolution of operated by staff not specifically trained in optical
video cameras and of the power of computers have recently metrology. . . .
allowed the recording of Fresnel and Fourier holograms and (v) The results are usually dlsplayeo! on a video monitor
their subsequent analysis and reconstruction by numerical that aIIows_comfortabIe obsgrvanon even for_ se\_/er_al
methods [18, 19]. With the currently available devices, this operators ;lmultaneoqsly. Since the |nf.or'mat!on IS In
is feasible only with small objects located far from the camera an electronic format,_e|ther analog_ue or d'.g.'tal’ itcan be
and small angles between the object and reference beams; foy . printed and s'tored W!thout excessive add!tlonal costs.
large objects it is necessary to use diverging lenses to get vi) The small size achieved for modern video cameras
virtual image with suitable dimensions and position [20] or allows the development of hlg.hly portaple .systems
to magnify a small portion of the hologram with a converging such as _those _needed for f|_eld applications _and
lens [21]. In spite of its being in its early development even m|n|atur|zat'|on of the optical sensor by using
stages, the numerical reconstruction of holograms has already microcameras to inspect remote areas.
been used to implement methods for the measurement of  Certainly, to get these benefits some of the features of
displacements [22] and derivatives of displacement [23] classical holography must be sacrificed.
and applied to the measurement of vibrations [24], surface
contouring [25, 26] and the characterization of wavefronts
[27]. This new measurement technique was initially
named ‘direct holography’ [18] and ‘digital holographic
interferometry’ [24], but it has finally been recognized as a
variant of TVH [21, 25] thus establishing the final connection
between classical holography and TVH.

Nowadays, the term ‘television holography’ covers
a field wider than the original electronic speckle-pattern
interferometry and its derivations, that can be regarded
as image-plane TV-holography techniques, and is a well-
established technique of optical metrology. TVH shares
with classical HI many of its best characteristics, such
as interferometric sensitivity, high precision and whole-
field and non-contact operation, and inherits from speckle
metrology such advantages as the possibility of adjusting
both the direction and the magnitude of the sensitivity within
a wide range of values, the availability of geometries that
provide direct sensitivity to the derivatives of the measurand
and that the fringes are always localized on the surface of the
object.

However, the characteristics that make TVH one of Fresnel and Fourier TVH techniques are already in their
the optical metrology techniques with higher potential for first stages of development. Just a few of their potential

(i) Their sensitivity is much higher than that of holographic
plates and thus allows one to use shorter exposure times
than those in classical holography. This allows TVH
measurements under low-stability conditions and with
poor vibration isolation, which often happens in field
applications.

(ii) The operating cost is insignificant since no consumables
such as holographic plates, photographic film and
developing chemicals are required. This allows its
unrestricted use for interactive development processes
and its application to massive quality control on
production lines.

(iii) The electronic processing of the hologram information

(i) The spatial resolution for video cameras is substantially
lower than that for holographic plates. This not only
means that part of the detail is lost but also reduces the
measurement range insofar as its upper limit is basically
set by the maximum fringe density that the recording
medium admits.

(ii) In TVH the presence of speckle noise is much more
noticeable thanitis in HI, precisely because its size must
be kept coarse enough to be resolved.

(i) The presence of speckle implies a sensitivity to de-
correlation induced by the movements of the object, that
in HI lead to a de-localization of the fringes but in TVH
can make them disappear.

(iv) The cost of a basic TVH system is comparable to or
higher than that of an elementary HI set-up because
the first must include a computer equipped with an
image digitizer, that is not essential for the second;
but the incorporation of automatic fringe-analysis and
processing techniques into the basic TVH system
involves a minimal extra cost.
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variants have been investigated and, in our opinion, it is
perhaps too early to analyse them from a global point of view. 63 ESPI
On the other hand, image-plane TVH has evolved from the {
original ESPI techniques during the last three decades and
has reached a considerable degree of development. BEAM 1 {

Many reviews onimage-plane TVH have been published {BS|
and cover virtually all the existing methods and techniques —
from various points of view. Among them we may highlight
those of Butterset al [28], Lokberg [29-31], Lakberg and
Slettemoen [32], Jones and Wykes [33] and Davies and
Buckberry [34].

In this review we propose a new systematic treatment for ] !
TVH techniques. We split the measurement process into four X OéJ ‘OBJ f(::le
mutually independent stages, extract the different variants for & s ;i;‘
each of them from the techniques reported by many authors \l;l ’B'_C'K ,I,"z
and establish a common notation for all of them. These stages o ! v
are conceived as building blocks with standard inputs and 9, . W, || I Interferogram
outputs that allow one, on the one hand, to combine with TVC
almost total freedom the techniques proposed for each stage L_Q_IJ Primaty Correlogram
to obtain every particular version, whether it has already been "
reported or not, of the whole TVH measurement process and, H Fringe
on the other, to incorporate new variants for a given stage, Generation
while retaining compatibility with the techniques already T, Secondary Correlogram
established for the preceding and following stages so that N ﬁ
a whole new set of combinations can be established. = Fringe oaltime

Analysis Display

2. A systematic approach to TVH U U

i . . itati f litati
A TVH system (figure 1) comprises two clearly different Quantitative Results  Qualitative Results

groups of elements: the optical part, a speckle interferometer Figure 1. The scheme of a generic TVH system.
with electronic recording (ESPI), wherein the holograms

(speckle interferograms) are generated, and the electroniGpe secondary fringes are generated by the interference of true
part, wherein correlation fringes are eventually generated and,qconstructed wavefronts whereas in TVH they are obtained
analysed. . by electronic processing of the video signal that represents
The ESPlis usually atwo-beam interferometer, although the hologram itself. The secondary fringe pattern is usually
it may also be a multiple-beam one. A beam splitter (BS) displayed on a video monitor, very often in real time.
divides the light of a coherent source, typically a laser, jts gbservation provides essentially qualitative information
among the two arms of the interferometer, one or both ahout the value of the measurand. A further fringe-analysis
Of them interact, el'[hel’ by I’eﬂeCtlon or transmission, Wlth process’ a|so Comm|tted to the e|ectr0nic Subsystem and
a diffusing object (OBJ) (or with two different objects to  sjmijlar to those used with other interferometric techniques
perform comparative measurements) and, finally, they passajthough adapted to the characteristic omnipresence of
through a beam combiner (BC) (that for some designs is speckle noise, must be applied either to the secondary
the same beam splitter (BS)) to interfere on the sensitive fringes or directly to the output of the video camera to yield
element of a video camera (TVC). The instantaneous valuequantitative measurements.
of the measurand at every point of the object is encoded in In our systematic approach to TVH we consider four
the resulting interferogram. The output of the video camera stages in the measurement process, the first two related to
results from the integration of the irradiance incident during the electronic speckle-pattern interferometer (ESPI) and the
the exposure of a video frame and, consequently, reflects|ast to the image-processing subsystem, shown in figure 2.
the temporal evolution of the measurand during that time. These stages are highly independent and the techniques
The ESPI may incorporate additional elements used for the corresponding to any of them can be combined with the
implementation of certain techniques; the most usual are others’ almost without restrictions.
speckle de-correlating devices (SDD), amplitude modulators The first stage (section 3) is the generation spackle
(AM) and phase modulators (PM). interferogram with a given illumination and observation
The role of the electronic part of the TVH system is geometry. The technique implemented for this stage
to reveal the information related to the measurand that is determines the nature of the measurand as well as the
present in the holograms recorded by the video camera. Itsmagnitude and direction of the sensitivity, i.e. how the
most elementary function is the generation of secondary measurandX (z) is related to the optical phase difference
correlation fringes; this corresponds, up to a point, to the associated with the objeg, (x) in the interferometer and,
reconstruction of a double- or multiple-exposure hologram ultimately, to the instantaneous value of the intensity of the
in HI, although they are processes of different natures: in HI resulting interferogram.
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Figure 2. A block diagram of the TVH measurement process.
The second (section 4) is connected with the integration Yy Light source

of the irradiance of the interferograms at the video camera
during the exposure period. Both the temporal treatment
applied to the optical signal (i.e. amplitude and phase
modulation) and the dynamic behaviour of the object during
the integration period determine how the measurand-related
optical phase differencg,(x) is encoded in the electronic
images provided by the camera, that we catimary
correlograms this relationship is formalized through the o
fringe functionM, (). N\ | X7 T

In primary correlograms the information is embedded
in the random speckle field. A third stage (section 5), the
generation of esecondary correlogrammust be applied if Object plane
one needs a fringe pattern with visible changes of the average
intensity is to be either displayed or quantitatively analysed.
The phase (x) and the profile of the secondary correlograms Observation plane
are related both to the fringe functialf,,(x) and to the
technique used to generate them.

The fourth and last of the stages (section 6) in the TVH
measuring process is fringe analysis to ultimately obtain the . .
value of the measuranii (z), its associated optical phase the optical phase of a speckle pattern at each point of the
difference¢,(x) or the phase of the fringe pattegi(z). observation plane can be written as
Most current fringe-analysis techniques are used in TVH,
with some particularities arising from the presence of the ¥ =Vr*®=Vp+¢itki-(r—ri)+ko-(ro—). (3-1)
speckle noise.

Figure 3. The geometry used to analyse the sensitivity of the
speckle phase.

According to this expression, the phase of the spegkle
results from the sum of arandom compongptwhose value

3. lllumination and observation geometry depends on the particular distribution of roughness across the
surface of the diffuser, and a deterministic compogerithe
The sensitivity of speckle phase. Although the optical latter comprises the initial optical phase of the light source

phase of speckle patterns follows a random distribution ¢; as well as the phase delays due to the propagation from
in space, its increments due to the displacement of thethe source to the objedt; - (r — r;) and from this to the
diffuser, the modification of the illumination and observation observation plang, - (r, — r).

geometry and the changes either in the wavelength or in the Both phase delays are functions of the position vectors of
refractive index are deterministic and can be used to makethe considered point of the diffuseythe centre of curvature
measurements. Throughout this review we will use a model of the illuminating wavefront; (typically representing the
inherited from holographic interferometry [32, p 465; 33, position of a point light source) and the observation pejnt

p 81ff] to quantify these increments. As shown in figure 3, Finally, k; andk, are the wavevectors of the illumination and
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observation directions (figure 3)

27
k,’ = —MN;
A

27
k, = —n,

. (3.2)

n; andn, being the corresponding unit vectors.
By use of thesensitivity vectofigure 3), defined as

k=k —k,= 27”(7%,- — ) (3.3)
the expression (3.1) can be written
Y=y, +¢' +k-r (3.4)
with
¢ =¢;+k, 1T, —k;-1;. (3.5)

Any displacement of the diffuser or change of
illumination and observation conditions yields an increment
of the phase of the speckle, given by

Ay =AY, +A¢' + Ak - 1) (3.6)
where
AP = Api + Ak - 1,) — Ak - 7;) (3.7)
Ak-r)y=[(k+Ak)-(r+Ar)] —(k-T)
=Ak-r+k-Ar+Ak- Ar. (3.8)

k - Ar is the phase increment due to the displacement of
the objectA¢’ + Ak - r is due to the changes in illumination

and observation geometries, refractive index, wavelength and

initial phase of the source amdk - Ar is the combined effect
of the simultaneous changes in both types of parameters.
Whenever changes neither affect the microstructure of
the diffuser nor are large enough to produce significant global
displacements of the speckle pattern, the random componen
of its optical phase remains virtually constant (i\a/r, ~ 0)
and all of the observed increment is due to the deterministic
component. Furthermore, in most practical situations it can
be assumed that the object is displaced without changing
illumination and observation conditions and vice versa, so
thatAk - Ar =~ 0.

The interference of speckle patterns. To exploit the

sensitivity of the speckle phase it is necessary to transform
its changes into variations of intensity. This is achieved
through the interference of the original speckle pattern with

TV holography

Equation (3.9) can be written in the more convenient
form
I = To[1 +Vcosys — ¥2)] (3.10)

with the localaverage irradianceZy and thevisibility V' of
the interferogram defined as

To=hL+1 (311)
2(I11p)Y?
- 2AnLl)7" (3.12)
L+

Expression (3.10) is also valid for partially coherent light, but
the visibility is lower according to the more general definition

2(1,1,)Y2
yo Al 7 o)

3.13
L+h 3.13)

where 0< |y (7)| < 1is the modulus of theomplex degree
of coherencé35].

These expressions can be applied both in classical and in
speckle interferometry; in classical interferometry the spatial
distributions ofZo, V, 1 andyr, are essentially smooth and
fully deterministic whereas in speckle interferometry they are
random and, therefore, noisy.

In the latter case, the one with which we are concerned
here, two basic situations are apparent. The first arises
when both interfering fields are speckle patterns; then, the
statistical properties of the resulting speckle interferogram
are similar to those of the original patterns [36, pp 19-29].
The second is the interference of a speckle pattern with a
smooth reference beam; the resulting interferogram is also
speckled, but with statistical properties departing from those
of the original pattern [36, pp 29-34; 37].

Regardless of the nature of the interfering beams, in TVH
the information related to the measurand is encoded in the
difference between their optical phasgs— . To give a
uniform treatment for both types of techniques (those using
two speckle patterns and those with a smooth reference beam)
yre shall write thigphase differencausing expression (3.4),

Y1 — V2= (V1 — ¥p2) + (@) — ) + (k1 - 11— k2 - 12)

= % — ¢+, (3-14)
where v, = Y1 — ¥,2 is the difference between the
random components of the phases of the interfering speckle
patterns and, therefore, has a random spatial distribution and
behaves aphase noise¢. = ¢, — ¢] is the reference
phase differencéhat, in general, is deliberately introduced
either by changing the initial phases of the beams or
by modifying illumination and observation conditions (i.e.
distance, direction, wavelength, etc.); and, finally, =

either a smooth reference beam or another speckle patternk1 - 71 — k2 - 72 is the object phase differenceelated to
Practically all the classical interferometers (Michelson, the instantaneous position of each point of the surface of

Mach—Zehnder, Fizeau etc.) have been or can be adaptetﬁhe diffusing object. The last term is the one that contains

to operate with speckle patterns instead of smooth beams.
The interference of two perfectly coherent light fields
yields an interference pattern following the well-known
expression
=1L+ + 2(1112)1/2 cos(yr1 — ¥r2) (39)
wherel; and I, are the local irradiances angd andyr, are
the optical phases of the interfering beams.

the usable information of thepeckle interferogragnwvhose
expression (3.10) results in

I =To[l+Vcosy, — ¢ +d,)].

In the most general case, all the terms in expres-
sion (3.15) are functions both of timeand of position
x = (x, y) on the image plane. However, the following sim-
plifying hypotheses can be assumed valid for most practical
speckle interferometers.

(3.15)
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(i) The speckle pattern experiences neither significant de-displacement of the object. The directions of the
correlation nor transversal displacement during the sensitivity vectors, given by the illumination and observation
measuring interval and consequeritty V andv, are geometries, determine to which component A the
independent of. interferometer is sensitive, as well as how large the sensitivity

(ii) The illumination and observation directions for each is.
beam are the same at all points of the interferogram and

thereforeks, k2 and¢, do not depend om. 3.1.1.  Outof-plane (axial) displacements. The

The first of these hypotheses sets an upper limit for the sensitivity to displacements along the observation direction
measurement range as well as stability requirements for the(out of the object plane of the image forming system
interferometric arrangement. The second assumes the use ofind, with ‘ideal’ (telecentric) observation, along the optical
collimated illumination beams and telecentric observation. axis) is achieved with parallel illumination and observation
In practice, this is feasible only with relatively small objects; directions (figure 4) that very often are also perpendicular to
medium-sized and large objects are illuminated with slightly the surface of the object.
diverging beams (generally obtained with spatial filters or Only one beam, thebject beamilluminates the object
monomode optical fibres) and observed with long focal while the other, theeference beartthat can be either smooth
objectives; condition (ii) is then satisfied with a good degree (y,, = 0) or speckled,, # 0)), does not interact with
of approximation by placing their foci far enough from the it. The main difference between using a smooth and a
object. speckled reference beam lies in the statistical properties of

Using both hypotheses together with expression (3.15), the resulting speckle interferograms. Those obtained with
the instantaneous value of the local intensity of the speckle smooth reference beams have lower speckle contrast and
interferogram corresponding to a given state of the object canare intrinsically less noisy; they have also a larger average

be written as speckle size, which is a valuable feature when low-resolution
imaging devices such as video cameras are used.
I(z; 1) = To(z){1 +V(x) COSly, () — ¢, (1) + Po(x; 1)]} For both cases it i, = —n;, following (3.3), the
ith (3.16) sensitivity vector of the object beam is
wi
4
Go(xi 1) = ka(t) - mo(x; 1) — ko(t) - vo(; 1).  (3.17) ky= ——m (3.18)

In TVH, measurements are performed on the basis of a yhjle the sensitivity can be assumed zero in the reference
temporal change in intensity that, under these hypotheses, igyegm k. = 0) as long as the state of the object does
exclusively determingd by the changes in the deterministic ot affect its optical phase. The increment of the object
component of the optical phase differentép, — ¢,) and,  phase difference is, consequently, proportional to the axial
considering that changes in the reference phase d'ﬁerenc%isplacemen@(m; 1) of the diffuser; after substituting (3.18)

A¢, are usually known, it ultimately reflects the changes in g expression (3.17) and using the reference system shown
the object phase differenap,. o in figure 4, it can be expressed as
The techniques connected to the illumination- and

observation-geometry techniques can be classified INto Ag (x; 1) = ky - Ari(z; 1) = 4lﬁi - Ari(z; 1)

families characterized by the object-related parameter that

A¢, represents. From expressions (3.16) and (3.17), itis _ 4—nAz(m; 1) = ﬂw(m; 0. (3.19)

apparent that A A

This geometry has been by far the most usual ever since
phase-difference changes are due solely to the the first steps of TVH; hence, there is a host of different
components of thalisplacementvector u(z;t) = implementations for it. They can be classified according to
Ar(x; 1) ’ the type of reference beam (smooth or speckled), to the type

(ii) on imboéing a known change to the sensitivity vectors of classical interferometer from which they are derived and

while the object is kept undeformed, the object-phase- the Way that the beams are combined.

difference increment is related to theapeof the object Out-of-plane-sensitive interferometers_ with  smooth
r(x); and reference beams are very popular devices and many

(iii) when the refractive index of the medium surrounding configurations have been proposed. Most of them derive from
a diffuser of known shape experiences changes the Mach—Zehnder interferometer and use separated optical
the magnitudes of the sensitivity vectors change €léments to splitand combine again the object and reference
accordingly: hypothesis (ii) is then violated and the beams. Generally, the reference beam is made to diverge

increments of the object phase difference reveal the local (either really or virtually) from the centre of the output pupil
variations of thaefractive index of the objective (i.e. ain-line reference beajro keep the

average grain size of the speckle interferograms as large as
possible. This is achieved by placing beam splitters (wedges
[2], cubes[38], etc.) between the objective lens and the image
Displacement is measured in TVH by using interferometers plane, using mirrors with a hole through which the reference
with fixed sensitivity vectors; thus, the object-phase- beam is passed [39], placing tiny mirror balls behind the
difference increment is related solely to the local objective [34], carving concave mirrors onto the rear surface

(i) keeping the sensitivity vectors constant, the object-

3.1. Displacement-sensitive interferometers.
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Mumination Beam Reference Beam

&
TV

Object Objective Image Plane

Figure 4. The typical illumination and observation geometry used to get sensitivity to out-of-plane displacements.

of the objective lens [40] and placing optical fibres behind the an optical fibre passing through a hole in the centre of
objective [14, 41] or passing them through a hole in the centre the objective lens [42]. Nevertheless, when the object is
of the imaging lens [42]. Sometimes, the reference beam isconveniently far away, the aforementioned condition is very
made to diverge from a point placed outside the output pupil often accomplished to a good approximation by illuminating
in order to separate the spectra of interference and additiveand observing from very close proximity.

speckle noise. This can be implemented either usingffan Itis worth remarking, finally, that out-of-plane-sensitive
axis reference bearfb, 43] or with the aid of special lens interferometers can be used to measure displacements
apertures such as the double slit [44]. with components essentially parallel to the surface of the

Some authors have proposed arrangements based o@bject. This is achieved with very oblique illumination and
other classical types of interferometers, for example, observation [54]that, withthe aid of prisms[55], can be made
replacing one of the mirrors in a Michelson interferometer almost parallel to the surface of the object.
by a diffusing object [45] or building quasi-common-path
speckle interferometers based on Fizeau interferometers by3.1.2. In-plane (transversal) displacements. To get
use of an optical flat [46] or a plano-concave lens [47] placed sensitivity to displacements of the diffuser in a direction
justin front of the diffuser to obtain a smooth reference beam. containedinthe objectplane (i.e. transverse to the observation
Even shearing interferometers with abnormally large shearsdirection), two speckle patterns originating from the same
[48] have been used to get the reference beam from a mirrorobject and obtained with conveniently chosen sensitivity
placed side by side with the object. vectorsk; andk, are made to interfere point to point, namely

Out-of-plane-sensitive interferometers with speckle ri(x;t) = ro(x; t) = r(x; t), on the image plane of the
reference beams are not so widespread because they makedeo camera.
less efficient use of the available power (the aperture of the Following expression (3.17), the resulting object phase
objective must be smaller than that in smooth-reference- difference is
beam interferometers to obtain the same average speckle
size) and the contrast of speckle noise is higher; on the other ~ ¢o(®@: 1) = (k1 — k) - 7(@; 1) = K - r(x; 1) (3.20)
hgnd, they have the merlts of ruggedness and simplicity Of,The vectorK = k; — k, represents the global sensitivity
alignment. Several implementations have been proposed: : : : :

. ) . of the interferometer. It is perpendicular to the observation
modified Mach—Zehnder interferometers with the reference . ~ . . .
beam passed through a piece of ground glass interposed indlrectlon Wht_enev_erkl and k; have |dent|cal_ components
. : : along that direction. Then, the changes in object phase
its path [49], reflected from a diffuser placed at the rim of the di

N . ifference can be expressed as
objective lens [50] or passed through a diffuser that covers one
half of the aperture of the objective [51]; other variants consist A (; 1) = K-Ar(z; 1) = Kou(a; H+K,u(a; 7). (3.21)
of forming an image of the object on a ground-glass screen
obliquely illuminated by the reference beam and imaging The geometry most often used in practice, which was
the resulting speckle interferogram on the video camera [52] developed by the pioneers of TVH [4], involves illumination
or placing a reference diffuser side by side with the object ofthe objectwith two beams symmetrically tilted with respect
and overlapping their images by means of a sort of shearingto the observation direction as shown in figure 5. The
interferometer with a striped beam splitter that also plays the magnitude of the resulting sensitivity is related to the tilt
role of a special aperture stop [50]. Finally, the generation of angled
a speckled reference beam through the reconstruction of the K = |K| = 4j sing (3.22)
hologram of a diffuser [53] has recently been proposed. A

Strictly speaking, and with independence of the type of and, therefore, the sensitivity can be controlled to have values
reference beam, the illumination and observation directions between zero and#/A.
must be parallel if one is to get sensitivity only to out-of-plane Double illumination can be obtained either through
displacements. Several authors have proposed solutionsise of a beam splitter [56] or by dividing the wavefront
to satisfy this condition: illuminating and observing the of a single illumination beam with a plane mirror placed
object through a beam splitter, observing the object reflectednear the object parallel to the observation direction [38].
on a plane mirror with a tiny hole through which to pass Other geometries that are not so widespread are the double
the illumination beam [39] or illuminating the object with  observation with symmetrical direction [57], the combination

R7



A F Doval

iy l
2 - /—\ . Objective with Image
- £% \_/ Object image ghearing device plange

Objective

Figure 5. The typical illumination and observation geometry used

o : . Figure 6. The geometry of an image-shearing speckle
to get sensitivity to in-plane displacements.

interferometer. Two points of the object are imaged together at
each point of the sensor and, reciprocally, each object point has

of double illumination and double observation to get twofold W0 Images.

sensitivity [58, 59], and double illumination with directions

lying in perpendicular planes [28, p 135]. Three-dimensional measurement technigques use three
or more sensitivity vectors. This is achieved by combining
two in-plane-sensitive interferometers and one out-of-plane-
sensitive interferometer [66], using a smooth-reference beam
interferometer with three [62,67] or four [68] independent
illumination directions in sequence or even with simultaneous
multiple observation directions [69] and, finally, with a
double-illumination interferometer [70], keeping constant
one of the illuminating directions and changing sequentially
the other.

3.1.3. Displacements in general directions. Speckle
interferometers with sensitivity to displacement in general
directions, with in-plane and out-of-plane components, are
built by combining convenient illumination and observation
directions, either with object and reference beams or with
double illumination. Configurations of this type are used to
get sensitivity with a particular direction (e.g. perpendicular
to the surface of the object [60]), to control the magnitude of
the sensitivity (e.g. to reduce it [61]) and to obtain different
components of the displacement vector, which are needed if
one is to perform multi-dimensional measurements.

3.1.5. The difference of displacements. In the
interference of two speckle patterns produced by two
macroscopically identical objects illuminated and observed
with the same geometry (i.&; = k> = k) the object phase
3.1.4. Two- and three-dimensional displacements. difference is, according to expression (3.17),

The changes in the object phase difference provide only

the component of the displacement along the direction Go(x; 1) =k - [r1(z; 1) — ra(z; 1)] (3.25)

of the sensitivity vector. The full calculation of the ) )

displacement vector requires three measurements of objecBNd its changes measure the difference between the
phase differences to be made with independent sensitivity diSPlacements experienced by the objects

vectors k1, kz and ks; the displacement vector is then Ag,(xz; 1) = k- [Ari(x; 1) — Ara(x; 1)]

obtained as the solution of the following system of linear — k- [ua(@; 1) — ua(z; 1)]. (3.26)

equations [62]:
a [62] The superposition of these speckle patterns is achieved

Aoy =k1-u by means of modified Twyman—Green interferometers with
Aoz = kz - u the objects instead of mirrors [71,72] or using shearing

Aoz = k3 - u interferometers (section 3.2) with an abnormal lateral shear
Agor ki ki ki fu large enough to superimpose the images of the two objects
< ( A%z) = <k2x kay ko ) ( v ) placed side by side [73]. The main use of these configurations
Ago3 ka:  ksy k3 / \w is to compare the behaviour of production items with that of
S AP, =K-u (3.23) a standard prototype.
u=K1. AD,. (3.24)

3.2. Interferometers sensitive to the spatial derivative of

In-plane displacements are two-dimensional and, the displacement (shearing interferometers)

therefore, only two components are needed for their complete
description.  Their measurement is usually performed Sensitivity to the spatial derivatives of displacement is
with in-plane-sensitive interferometers (section 3.1.2) either obtained with image-shearing interferometers, that can be
sequentially, rotating the object [63] or the interferometer regarded as a special class of difference-of-displacement-
[64], or simultaneously, with crossed polarization [65]. sensitive interferometers for which only one object is used.
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Two images of the object, obtained with the same illumination
and observation directions (i.e. with the same sensitivity
vectork; = k, = k) are superposed slightly out of record.
As shown in figure 6, at each point of the sensor one has
the interference of light coming from two different points of
the object for which the separatid, = (§x,, 8y,) is the
object shearing and its conjugae = (8x, §y) = Mz, is
the image shearing.

Therefore
(3.27)

(3.28)

ra(x; t) = r(x; 1)

ri(x;t) = ro(x+dx;t) = r(x+dx; t)

TV holography

[84] as objectives; and combination of Wollaston prisms with
circularly polarized light [85, 86].

Other types of shearing are radial [87], rotational,
inversion and folding [88]. They can be implemented
either with specific or with general shearing devices [89].
Shearing and displacement-sensitive interferometers can be
combined in a single instrument [48, 90] to get simultaneous
sensitivity to the displacement and to its derivatives in the
same interferogram.

One of the main benefits of shearing interferometry is
that the two beams follow almost the same path. This allows
one to use light sources with lower coherence than is required

according to expression (3.17), the object phase difference isfor other TVH techniques; it is even possible to illuminate

Go(@; 1) = (k-r)(@+8m;0) — (k-r)(@; 1) (3.29)

and, for small values of the shearing, it becomes
approximately proportional to the spatial derivativegofr

S — 0= ¢, (x; t) =~ 8xai(k -r)(x; 1)
X
+8y%(k cr)(x; 1) = SxV)(k-7r)(x; 1). (3.30)

Assuming thatk is constant, (3.29) shows that the

changes in the object phase difference measure the difference

in displacement between the points of the object that have
been imaged together

Ag,(z;t) = k- [Ar(x +3x; t) — Ar(x; 1)]

=k-[u(x+68x; 1) — ulx; 1)] (3.31)

that, with the approximation (3.30), is proportional to the
spatial derivatives of displacement

Ago(x; 1) = (8 V)(k - u)(x; 1)
= 8xi(k cu)(xz; 1) + 8yi(k ~u)(x; 1). (3.32)
dax ay

Just like with displacement-sensitive interferometers,
the direction of the sensitivity vectde establishes which
components of the displacement are presenigdyp. Out-of-
plane sensitivity is the most usual, but in-plane [74, 75] and
three-dimensional [45] sensitivities can also be achieved.

The direction of the shearing vectotz sets the
direction of the spatial derivative. The overall sensitivity
is proportional to the magnitude of the shearing as well as to
that of the sensitivity vector.

The direction and magnitude ofz may be either
the same or different at every point of the interferogram.
According to this, several types of shearing are defined.

Lateral shearing is the most widely used variant. One
of the images is transversally displaced and all its points
experience the same shearing regardless of their positions
Typically 6z = (8x,0) or 8z = (0, 8y) is taken to get
derivatives along the coordinate axes. Many techniques for
obtaining this kind of shearing have been described [76];
among the most popular are use of modified Michelson
interferometers with the object as the light source and one
of the mirrors tilted to introduce the shearing [33, p 156;
77]; placing wedge prisms [78], Fresnel biprisms [79] or
diffraction gratings [80, 81] in front of the objective; use of
split lenses [82,83] or special diffractive optical elements

(iii)

several areas on the object with different light sources [91]
and get good interferograms.

3.3. Shape-sensitive interferometers

Unlike displacement-sensitive interferometers, in shape-
sensitive ones the position of the points of the objeds
constant and the sensitivity vector is changed by a known
amountAk to get an object-phase-difference increment that
follows an expression of the type
Ap, = Ak -1 (3.33)
where the sensitivity to the object shape is giverny.

All the points with a given value ofA¢, are placed
on the intersection of the object with a set of surfaces (the
contouring surfacésthat are perpendicular to the vector
Ak and separated by a distance/2Ak| (the contouring
interval). Contouring surfaces may have any shape and
orientation, although the interpretation of the resulting
fringes is easier when they are planes perpendicular to the
observation direction.

Contouring techniques can be classified into three groups
according to the shape of the illuminating wavefront [92,
pp 180-91].

(i) Absolute contouring Using collimated illumination,

the sensitivity vector is the same at every point,
the contouring surfaces are planes and object-phase-
difference increments reveal the shape ofthe object. This
is the most usual variant and its use will be assumed
henceforth unless some other is specified.

Relative contouringllluminating wavefronts are shaped
with optical elements to be spherical or cylindrical [93].
Contouring surfaces became more general ag)
measures the difference between these and the shape of
the object.

Comparative contouring The illuminating beam is
generated, either directly [94] or holographically [95],
from a standard nominally identical to the object being
tested, in order to contour their differences.

(ii)

The changeAk induced in the sensitivity vector must
be small in order to avoid speckle de-correlation [96]. Care
must also be taken to avoid unwanted changes in the reference
phase difference,. These two restrictions impose a limit
on the range of sensitivities that can be achieved with TVH
contouring techniques.
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Because the sensitivity vector is (3.3) If the tilt angledp is small, An; L n; = Ak L k;

and, consequently, the contouring surfaces are parallel to the

k=k —k, = 27”(731. —1,) = Tn(ﬁi —n,) (3.34) illumination direction and the contouring interval is
0
itsincrementg\ k can be induced by changing the wavelength % A % (3.39)

in vacuumag of the light source, the index of refraction
n or the directions of illuminatiom; and observation,.
Each of these three options gives rise to a different family of 3.3.3.2. Double illumination. Although it is possible
contouring techniques. to design contouring techniques with general geometries
[103,104], it is usual to employ interferometers with double
3.3.1. Two-wavelength contouring. This technique illumination symmetrical with respect to the observation

derives from an earlier method developed for holographic direction, such as those dedicated to the measurement of in-
interferometry and was one of the first contouring techniques Plane displacements (section 3.1.2). The global sensitivity

used with TVH. It is often implemented with out-of-

vector of the interferometek’ is modified by a relative tilt

plane-sensitive interferometers (section 3.1.1), wherein the Petween the object and the illumination directions

wavelength of the light source is changed frogrio A, while
the object remains undeformed. The sensitivity vector thus
experiences an increment [33, pp 204-33; 92]

2w

Ak = == (A — ) (3.35)
where W
A= (3.36)
Aa — Ap

is theequivalent contouring wavelength

The contouring surfaces are perpendicular to the
sensitivity vector Ak is parallel tok) and the contouring
interval is proportional to\. The sensitivity of contouring
increases with the change in wavelength up to alimitimposed
by speckle de-correlation [96]. Wavelength changes can be
attained by switching among emission lines of argon-ion [92],
dye or pulsed ruby lasers [25] and also by means of current
[97] or temperature [98] modulation of laser diodes.

3.3.2. Double-refraction-index contouring.  This
technique also derives from holographic interferometry. It
consists of changing the refractive index surrounding the
object between exposures, generally by inmersion in a liquid
[99, p 86]. Assuming that the refractive index is uniform, the
sensitivity of contouring is

2

Ak = — An(n; — ny,).

o (3.37)

In practice submerging the object to be contoured is very

seldom possible and, therefore, this technique is rarely used.

3.3.3. Contouring by changing the geometry. In this
family of techniques, the increment of the sensitivity vector is
induced by a change in the illuminatid@n or the observation
directionn,. Two groups of techniques can be considered,
according to the number of illumination beams used.

3.3.3.1. Single illumination. This is implemented with
modified Mach—Zehnder interferometers with sensitivity in
general directions (section 3.1.3), wherdik is induced by
slightly tilting the illumination direction [100-102]:

2 2r

Ak = TA(ﬁl — ,;7'0) = TA’I’I, (338)

R10

(ii)

2
AK = A(ky — kp) = %A(ﬁil — N;2). (3.40)

The orientation of the contouring surfaces and the value

of the contouring interval are determined by how the tilting
is performed.

(i) Tilting the object If the object is rotated by a small
angle s [105] the magnitude ofK does not change
and thereforeAK | K and the contouring surfaces
are perpendicular to the observation direction. The
contouring interval depends on the illumination angle
and tilt anglesg and on the tilt axis [106]; for a tilt axis
in the object plane and perpendicular to the sensitivity
vectorK its value is

2r A

—_— R . 3.41
|IAK| 268 sind ( )

Tilting the illumination. The observation direction is
kept constant while one or both illuminating beams are
slightly tilted by §8 around an axis perpendicular to
the plane that contains the illumination and observation

directions. Three variants have been proposed
[103,107].  First, only one illumination beam is
tilted. As for single illumination (section 3.3.3.1)

the contouring surfaces are perpendicular to this beam
and the contouring interval follows expression (3.39).
Secondpoth beams are tilted by the same angle in the
same direction This is equivalent to tilting the object
((i) above). The contouring surfaces are perpendicular
to the observation direction and the contouring interval is
given by expression (3.41). Thirdpth beams are tilted

by the same angle in opposite directiofiie contouring
surfaces are parallel to the observation direction and the
contouring interval once again follows expression (3.41).
The tilting of the illumination directions, which is
common to all these techniques, can be implemented
by use of tilting mirrors or translating lenses [107, 108],
by switching two sets of fixed illumination beams [109]
or by use of tilting diffraction gratings [110]. Large
objects have to be illuminated with diverging beams; in
that case the tilting can be performed by translating their
foci [101], but the effect of the curved wavefront must
be corrected [111] for absolute contouring.



TV holography

3.3.4. Contouring by limited coherence. This last group -
of techniques is also callesingle-fringe contouring112]. g i Tyl/‘\
Low-coherence sources and balanced interferometers are z, |

e e . . ; S X (a
used to get non-zero visibility in the speckle interferogram, £ ;@ B T\_/
V(x) # 0, just for the points of the object where the optical e semeseaenea ks
path difference is almostzero. This single fringe of contrasted Diffuser Phase Object Objective

speckle is used to scan the contour of the object as the lengtt
of one of the arms of the interferometer is changed.

3.4. Refractive-index-sensitive interferometers

The measurement range of TVH has recently been extendec
to the measurement of spatial distributions of refractive index
(phase objeclssuch as those due to pressure or temperature
fields in liquids and gases. The techniques proposed
to date use interferometers with parallel illumination and :
observation directions, generally with a uniform reference moiTET NG/
beam, and the phase object is placed in front of a diffusing " Phase Object Diffuser
background. The object phase difference is related, aside o ) )
from to the shape of the diffusetz), to theoptical thickness Figure 7. lllumination and observation geometries for the

. . . . ) measurement of phase objects) ieflection, b) transmission
of the phase object along the observation directionfthes) with the object in front of the diffuser and)(transmission with

Objective

by the diffuser in front of the object.
Go(x; 1) =k - r(z) +q—n/ [n,(x, y,z;1) —n]dz This implies that, although it is one half as sensitive to the
Ao Jobject optical thickness, this variant is much less sensitive to the

(3.42)
g being the number of times the illumination beam passes
through the objecmp th_e wavelength in vacuum of the_ light diffuser (figures ) and €)). The last of these configurations
sourcen the refractlye index of the medium surrounding the 5 nids the de-correlation of speckle by the changes of
set-up ands, (x, y, z; 1) that of the phase object at a given  yjrection that light may experience as it passes through the

position and time. _ phase object [118].
With a static background, the incrementgnf measure

the changes in optical thickness. The spatial distribution
of the refractive indexs,(x, y, z;t) can be obtained by
measuring the optical thicknesses along various directions

and applying tomographic reconstruction techniques [113_interferograms in TVH is greatly simplified by using the

116] . ) . concept of thefringe function which was introduced
Two varlfants of the bas_|c geometry can be considered by Stetson [119] for holographic interferometry and

[117]: reflection and transmission. later developed by other authors.  According to the

expression (3.16), the instantaneous irradiance at each point

3.4.1. Reflection geometry. The diffuser is illuminated  x = (x, y) of the sensor of the camera is

from the same side as that from which the object is observed

(figure 7@)) so that illumination and observation have I (@1 =Zo@){1+V(@)cosl, (@) — ¢: (1) + b, (a; D]}

opposite directions and light passes twice through the phase (4.1)

object. The object phase difference is then given by Video cameras integrate this irradiance both in space
(over a pixel) and in time (during a period equal to or shorter

instabilities of the diffuser than is the previous one.
The object may be placed either in front of or behind the

4. The temporal treatment

The description of the temporal treatment of speckle

A7 than their frame period’r). As a result, the measured
bo(x; 1) = o (ﬁi r(x) + /(;b/_m[”o(xv y,z: 1) —nj dz>~ irradiance in therth video frame can be expressed [32, p 464]
' (3.43) as
I,(x) = I,(x, y)
e et o | ([Lrerimem-na)
once through the object. The sensitivity vector is X ha(x — x', y — y)dx' dy'. (4.2)
ki =k, = k=k —k, =0 (3.44) This expression corresponds to an optoelectronically

generated additive correlation pattern that from now on we

and the object phase difference becomes will call a primary correlogram Its parameters are the

following.
bo(@; 1) = zj/ [n,(x, v, 2; 1) — n] dz. (3.45) () g = g(1), thespectral sensitivityf the camera for the
o 2o Jovjea T wavelengthh..
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(ii) #, = t,(x, y), thereading instantcorresponding to the
end of the integration period for the pixel placed at the
position x (x,y). Its expression depends on the
integration mode of the camera [120].

(i) m,(Ar), the normalized exposure weighting function
of the camera [32,120] that establishes the relative
contribution of the instantaneous irradiance, within
as well as outside the integration period, to the
measured irradiance, taking into account such effects
as persistence, electronic shuttering and ghost images
Logkberg [32] includes in this function the effect of
intensity modulation of the light source, but we find it
more convenient to consider this separately sg&s))

V andg, are locally uniform in every pixel) expression (4.6)
becomes simpler:

I, (x) = gZo(x)[1 + V(z) Re{exp[iyy, (x)| M, (x)}]. (4.7)

Moreover, if the integration of the irradiance in the camera
is uniform throughout the integration period and neither
persistence nor ghost images are present, then

1
Te,n
0

0< Ar <

\TF

my(At) = (4.8)

otherwise

because its time dependence need not be referred to thevhere 7. , is the effective exposure timethat can be

reading instant as, (A?) is.

(iv) s, (1), theintensity modulatioor ‘shutter’ functionof the
light source. The definition of this function characterizes
each type of temporal treatment.

(V) h,(Ax, Ay), thespatial impulse respons# the camera,
that describes its resolving power. It can be generalized
to comprise such factors as the temporal transfer function
of the amplifiers and filters of the camera [37] and the
spatial resolution of the image-storage systems.

Combining expressions (4.1) and (4.2) results in

In(x,y)=g/ f To(x', y")

X (1 +V (', y) / cosfy, (x', y) — ¢, (1)

+¢o(-x/v y/; t,)]sn(t,)mn(tn - t/) dt,)

xh,(x —x',y —y)dx'dy’ 4.3)
where
cosfy, (x', y') — (1)) + o (x', y'; )]
= Re{expli[y,(x', y') — ¢, (t') + do(x", y's )]}
(4.4)
Thefringe functionis defined [119] as
Mn(m) = Mn(xv y) = / exp{i[¢()(x/7 y/; [/) - ¢r(t/)]}
X8y ()m, (1, — ) dt’. (4.5)

If the speckle does not experience de-correlation during
the exposure periog;,; andyr,, become constants and (4.3)
can be written as

Li(x,y) = g/ f To(x', YH[1+V(x', y")

xRefexpli, (x', y) 1M, (x", y)}]

xh,(x —x',y —y)dx'dy'. (4.6)

The fringe functionM,, () gives an explicit description
of the secondary fringes that can be extracted from the
primary correlogram by fringe-generation technigques. That
is the importance of its role: it quantifies the output of the
TVH system. The expression o1, (x) as a function ofp,
andg, is characteristic of each temporal treatment technique.

When the average size of the speckle is greater than or
equal to a pixel and secondary fringes are wide fige),,

R12

calculated from the intensity modulation function

Iy
Te,n =
th—TF

In this case, the fringe function is

.
In

en

s, (1) dt’. (4.9)

Iy

M, (x) = exp{i[qb(,(gc; [/) - ¢r(t/)]}sn(t/) dr’.

" (4.10)
Expressions (4.7) and (4.10), although they correspond to
the most favourable conditions, are a good approximation
for many real situations. We will use them to describe the
main temporal treatment techniques used in TVH.

4.1. Time averaging

The object is illuminated during a giveexposure interval
[t1.n, t2,,] With a durationT,, = t,, — t1, shorter than or
equal to the frame perio@r. Continuous-emission lasers
are suitable light sources for this temporal treatment mode.
The exposure time can be controlled either with intensity
modulators (acousto-optical, electro-optical and mechanical
choppers) or with the electronic shutters of some cameras.
The intensity modulation function is (figure 8)

Sn(t) = [

and the fringe function

1
0

I g t < t2,n

411
otherwise ( )

1 121 : / / ’
M@ = [ epllpn@i ) - 4. A @12)
en Jiy,
4.1.1. Static measurands. When the changes in the

measurand are slow enough to allow one to assume that the
object phase differencg, is constant during the exposure
period and the reference phase differergealso is kept
constant, the fringe function becomes

M, (z) = expli[¢o(x) — ¢/]} (4.13)
and, according to (4.7), the primary correlograms are

I(@) = gZo(x){1+V(x) COSYp () — ¢y + o ()]} (4.14)
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Figure 8. Shutter functions for time-average techniques:
(a) continuous illumination anddj illumination during a limited
interval.

4.1.2. Harmonic oscillation. When the object phase

TV holography

If the reference phase difference is kept constant during
each exposure, the fringe function [122, 123] becomes

Mn(w) = exq_i¢r) Z |:Jq[¢om($)]
g=—00

e.n

7))

_ 2w tl,n + t2,n
Pm,n = Tg 2

is the average mechanical phase during the exposure interval.

(4.18)

x expliglomn + go(@)]} SinC(q

where
(4.19)

4.1.2.3. Extended-exposure time averaging. For very-
low-frequency oscillations (comparable to or lower than
the frame frequency of the camera), several images
corresponding to primary correlogramigx) obtained with

the maximum exposure interval (typical;,, = Tr) and

difference experiences a sinusoidal oscillation one can write "@ndomly distributed average mechanical phasg can be

Do(; 1) = Pom () SiN[w,t + @, (x)] (4.15)

whereg,,, (z; t) is the amplitude in terms of the optical phase,
w, is the angular frequency of oscillation aggd(x) is the

averaged to get

. 1Y
@ =3 i@ (4.20)
i=0

mechanical phase. Several variants are defined accordingynose fringe function [123] is

to the relationship between the exposure inteffg) and
the mechanical oscillation perio@, and to the type of
modulation of the reference phase differegce

4.1.2.1. Standard time averaging. The exposure interval
is much longer than the oscillation perio@,{ > 7, =
2 /w,) and¢, is kept constant during each exposure. The

fringe function takes then the approximate value [33, pp 107—

9]

M, (x) ~ exp(—id;) Jolpom (z)] (4.16)

and therefore

L(x) = gZo(x){1 +V(x) cosly, (x) — é,]Jo[¢om ()]}
(4.17)

e.n

7))

My (@) = exp=it) 3 |l alsine(g

g=—00

(4.21)

4.1.2.4. Time averaging with homodyne phase
modulation. The reference phase differeneg(r) is

sinusoidally modulated during the exposure interval with
the same frequency as that of the object according to the
expression

¢r(t) = Gra + ¢ COS, 1 + ;) (4.22)

whereg, 4 is a phase offset that is kept constant during the

The fringe function does not depend on the mechanical exposure period,,, is the amplitude of the modulation in

phaseyp, (x); this information is lost. The reference phase

difference¢, can be used to modify the phase noise of the

terms of the optical phase, = w, is its angular frequency
andg;, is its mechanical phase. The resulting fringe function

speckle, but has no effect on the argument of the Bessel;q [121,124]

function Jy(-) that contains the usable information. These

two drawbacks can be overcome by using phase-modulationM, (z) ~ exp(—ig, 1) Jol{$3, (@) + ¢7,

techniques [121]; the most widely used in TVH are described

in sections 4.1.2.4 and 4.1.2.5.

The exposure interval is usually the whole frarfig,( =
Tr) or field (T.,, = Ty = Tr/2) period of the video camera.
However, if the oscillation frequency is high enough, it is

—2@om (2)brm COSkp, () — ¢, ]}7/). (4.23)

A particularly interesting case arises when the
modulation is in phase with the oscillation of the object
(pr = @,(x), Vx). The fringe function is then simplified

possible to reduce it to make measurements on unstable©

objects or in noisy environments.

4.1.2.2. Reduced-exposure time averaging. The
exposure intervaf, , is comparable to or shorter than the
oscillation periodr,,. This situation is typically reached when

the oscillation frequency is close to the frame frequency of
the camera, or when the exposure interval is reduced to a

minimum in order to gain stability.

M, (:13) ~ qu_i¢rA)J0[¢om (:I)) - ¢rm]- (424)

Homodyne modulation makes it possible to do the following.

(i) To get fringes with sensitivity both to the amplitude and
to the phase of the oscillation of the object and to shift
them by means of the modulation parametgrsandy,
[125].
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(ii) To control the sensitivity of the fringe function to the
amplitude of oscillation. This is achieved by shifting the
zeroth-order fringe with an appropriate valuegpf, in

4.1.3.2. Time averaging with phase modulation. When
the reference phase differenggeis sinusoidally modulated
according to expression (4.22) with the frequency of jtie

expression (4.24) and can be used to detect oscillationsharmonicw, = jw, the resulting fringe function is [134]

with either very small [124] or very large [126,127]
amplitudes.

(i) To implement phase-shifting evaluation techniques
[128] on time-average correlograms.

The modulation of the reference phase difference is
usually derived from the signal used to excite the oscillation
of the object. It is also possible to generate it from the
measurand itself by optical [129] or optoelectronic [130, 131]
means.

M, (@) ~ exp(—ig, 1) Jol(4], ;@) + ¢7,
_2¢om.j($)¢rm COSE[JO’_,' (x) — (/)r]}l/z}
o Hizs Jol o (@)]
JO[¢om,j(a:)]

that reveals the amplitude and mechanical phase of that
harmonic as well as the amplitudes of all the remaining
harmonics. The information about the harmonic of interest
can be extracted by dividing expression (4.29) by (4.28).

(4.29)

Homodyne modulation has been combined with reduced This allows one to analyse general oscillations on a harmonic

exposure (section 4.1.2.2) to increase the immunity to objec
and environment instabilities. The fringe function [129, 132]
then becomes more complicated than (4.23).

4.1.2.5. Time averaging with heterodyne phase
modulation. The reference phase differeneg (r) is
sinusoidally modulated with an angular frequensy =
w,+éw slightly different from the object’'s. Expression (4.22)
is then

W, =w, +éw = ¢r(t) =¢at ¢rm Sin[wrt + ((pr + Swt)]
(4.25)
The practical interest of such modulation arises when
the difference between these frequendieds so small that
the termg, + Swt can be considered constant during each
exposure period and the fringe function becomes

M, (z) ~ exp(—id,a) Jol{¢2, (x) + ¢2,
—2@om (T)Prm COSp, () — (9, + S0t,)]}/?).

Even if all the parameters of the object oscillation and

(4.26)

of the phase modulation are constant, the value of the

fringe function changes periodically with a frequerdgy =

3w/ (2m) wherever the amplitude of oscillation is not zero
(¢om # 0). This allows the detection and measurement of
extremely low-amplitude oscillations. Sensitivity limits of
20 A with visual observation and 0.1 A with lock-in detection
have been reported [120, 133].

4.1.3. General periodic measurands. General periodic

tbasis, to apply sensitivity-control techniques to them and to

evaluate the resulting fringes with phase-shifting techniques
[135].

4.1.4. Non-periodic dynamic measurands. The
applicability of time-average TVH to the measurement of
non-periodic measurands is highly limited, although it is
possible to analyse transient phenomena with such slow
evolutions that they can be considered static (section 4.1.1)
during the exposure interval and oscillations with a damping
factor low enough to allow one to assume that their
amplitudes, phases and frequencies are constant during the
exposure [10].

It is also possible to measure movements with constant
speed during the exposure interval. As suggested in [122],
the fringe function for this case is similar to its holographic-
interferometry counterpart [136, pp 93-4]. It can be found

that

M, (x) = exp(—igp,) exp(i Go(x; 11,) ;gbo(a:; 2.n)

sin (Tg" é)o(m))

X T
5 o(@)

(4.30)

with
de,
dr

bo(x) = —2 (). (4.31)

4.2. Stroboscopic illumination

The nature of stroboscopic techniques make them only
useful for periodic or repetitive measurands. The object

oscillations can be expressed as Fourier series and thes illuminated with a train of light pulses synchronized to

corresponding object phase difference is

Go(@; 1) = ) Gom i (@) COSKw,! + @i (@] (4.27)
k=1

4.1.3.1. Standard time averaging. Substituting

expression (4.27) into (4.12) and considering an exposure

interval much longer than the oscillation peridd { > T, =
27 /w,) results in the following fringe function [134]:

M, (@) ~ &% [ Jolpom s @)]. (4.28)

k=1
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its oscillation (the width of these puls&$ is shorter than
the oscillation period®, < 7,)) resulting in a synchronous
temporal sampling of the oscillation.

One of the main advantages of these techniques is that
the instantaneous value of the measurand appears ‘frozen’
as if it were static; this means that the fringe function is
sinusoidal and, therefore, easier to interpret and evaluate
than is the Bessel function that arises from time averaging.
Furthermore, the mechanical phase of the pulses can be
controlled, thus providing temporal resolution to scan the
vibration cycle. The price for these benefits is a higher
complexity of the interferometer and a lower economy of
the available light power.
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Tr SinceT, < T, inevery primary correlogram a given number
do(x;7) - T, N of oscillation cycles is recorded and in each of thelight
- pulses are fired. When expression (4.32) is applicable, the
/W\/\/\/\/\/\/\/\/\/ intensity-modulation function is
q
Sn(?) t - N - 4.34
( s (1) ;com T (4.34)
a
L[] LD @ winss
t +00
Su) »H<i comb) = Y S(x —k) (4.35)
] ] ] =
(b k=—00
ﬁ E E ﬁ E ﬁ a E ﬁ the function ‘train of pulses’ and & ¢,;,, < T, the delays
Sa(t) T ¢ of the ¢ light pulses with respect to the beginning of each
. > oscillation cycle { = kT,).
I (c The effective exposure time is, according to expres-
: sion (4.9),7,, = qgN. Considering expression (4.33) and
sn(®) assuming that the reference phase differgh@nd the oscil-
d lation are stable during each frame period, the fringe function
( becomes
tn-l tn t

q

Mo(@) = exp(—ig) > 3 explivy(w: 1)) (4.36)

Figure 9. Shutter functions for stroboscopic illumination: 7=

(a) ideal pulses (from a pulsed lasew) (inite-length pulses (from  To the best of our knowledge, only techniques with one or

ﬁnﬁpe?&%%(ir:a;jrs)eind gated illumination withitieal and ¢) two pulses per oscillation cycle have been implemented in
' TVH, although the use of multiple pulses has been suggested

[42] and its theoretical background is well known [121].
Pulsed lasers would seem ideal for providing this kind

of illumination (figure 94)), but in their current state of 451 1 Single exposure. Only one light pulse with a delay

development they are able only to operate in very limited ; _ (figure 10@))is fired in each oscillation cycle. The fringe
frequency ranges and they are too expensive for mostfynction is

applications. It is more usual to modulate the intensity of

continuous-emission lasers with mechanical light choppers, M, (x) = explil¢o(@; 1p.0) — ¢/1} (4.37)
oracousto-optical and electro-optical modulators, to generateand the intensity of the primary correlogram, according to
finite-width pulses (figure ®{). expression (4.7), is

If the width of the pulsesT, is comparable to the
oscillation periodT,, the stroboscopic method is equivalent (4.38)
to the superposition of multiple reduced-exposure time- that is equivalent to an static displacement (4.14)

average correlograms (section 4.1.2.2) with the same averaggrresponding to the state of the object at the sampling
mechanical phasg,,. The fringe function is then (4.18). instants = ¢ . + kT,
— tp.n o-

The width of the pulses must be sufficiently short that
one can consider that the object phase difference is constany, ,,

S .2.1.2. Double exposure
during it. Most authors [30, 34, 137] assume that, Tor< P
T,/10 and moderate amplitudes, the oscillation is effectively
‘frozen’ in the mean instant of the pulsgsand they can be
reasonably represented as Dirac delta functions

(@) = gZo(x){1 + V(@) COSYr, () — ¢ + Po(; 1,0)]}

Standard double exposure. Two pulses with different
delayst,1, andz,,, are fired within each oscillation cycle
(figure 10p)) or two bursts, with the same number of single
light pulses but different delays, are fired alternately within
the integration period of the camera [139]. The resulting
fringe function is

I(t) =Tod(t — t,). (4.32)

The length of the stroboscopic pulse trains is usually
the whole frame period of the video caméfa. However, M, (m)=exq—i¢,)%{exp[i¢g(w; tp1.0)]+HeXplig, (x; tp2 ,)]}
illumination gates of shorter duratidf; < Tr (figures 9¢€) (4.39)
and @d)) may be used for the measurement of unstable objectsthat can be also written as

i i i i i i . - o ; t n + o 5 [ n
or in hostile environments, albeit with an even lower light M, (z) = exp(—|qb,)exp<|¢ (x5 tp1,n) + Po(T; 12, ))
economy. 2

o > COS<¢U($; tpl,n) _(b()(m; tp2,n)> (440)
4.2.1. General periodic measurands. When the 2

measurand experiences a general oscillation with pefijod  Therefore, the intensity of the primary correlograms depends

the object phase difference satisfies sinusoidally on the change experienced by the object phase
difference between light pulseS¢,(z) = ¢,(x; 1p1,) —
do(x; t +kT,)) = ¢, (x: 1). (4.33) Do (T3 1p2,n)-
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T, 4.2.2.2. Double exposure The combination of (4.43),
do(X;7) T, > (4.40) and (4.7) gives the expression for the primary
bo(Xs2p2,n) e correlograms. The case of equally spaced light pulses is

bo(X:2p1,) \ \// especially interesting:t,2, = fp1n + T,/2 < @pon =
t Ppln tr & ¢0($’ tp2,n) = —¢0(IIJ; tpl,n)y thence
sn(t) (@) = ¢Z,(@){1 +V(x) cosly, (z) — ¢/]
] (a X Coqd)om ((IZ) Cosk/)pl,n + (/Jo(w)]}} (445)
. Just like in single exposure, when the pulses are matched
Lin tontT, t,n¥2T, to the extrema of the oscillation [49f1, n = —¢,(z)) the
primary correlogram reflects the amplitude of oscillation
sn(®)
\ ; . (b I (z) = gZo(x){1 +V(x) cosly, (z) — ¢,] coslpom ()]}
(4.46)
7 : 7 't but with ¢,,, made independent of the speckle phase noise
L Ten | toatTy | fout2T just like in time-average techniques (4.17).
tpl,n tpl,n+To tpl’”+2T° tpl,n+3To
Figure 10. Shutter functions ford) single-exposure and 4.2.3. General measurands. Stroboscopic techniques
(b) double-exposure stroboscopic illumination. have been applied [143] to the measurement of transient

events that are shorter than the frame period of the camera
Double exposure with synchronous phase modulation. ~and can be accurately repeated. The transient is re-excited
The reference phase difference is alternately changed orafter |_ts (_extlnctlon at regular_mtervals, thus converting it into
going from one pulse to the next of each pair. The shape & Periodic measurand (section 4.2.1).
of the modulation is not as relevant as the value of the phase
when the pulses are fired. The resulting fringe function is 4.3. Pulsed illumination

then [140, 141] The exposure of each video frame is achieved with a

_ reduced number of high-energy light pulses, typically one
- ¢rs.n> expli[do,n () — ¢ra.nl) or two. The measurement time is very short and, therefore,

(4.41) these tephniques are highly immupe to pbject irllstabiIiFy
and environmental disturbance, as is required for industrial
@pplications. Furthermore, since it allows recording of the
state of the object at just one or two instants, this is the
only TVH technique suitable for the analysis of transient
events that, in general, are not repeatable as is required for
stroboscopic techniques (section 4.2.3).

Light pulses with the required properties for TVH (i.e.
coherence, very small width (tens of nanoseconds) and
high energy (several millijoules)) can be obtained only
4.2.2. Harmonic oscillation. When the object phase with pulsed lasers. Nevertheless, some authors [42] have
difference follows a sinusoidal expression such as (4.15), itis used continuous-emission lasers with acousto-optical or
more convenient to speak in terms of the mechanical phase  electro-optical intensity modulators, although with serious
rather than in terms of pulse delays the relation between  restrictions imposed by the lack of energy (small objects)

o) COS<A¢O,n(m)
2

where A¢, ,(x) and ¢, ,(x) are, respectively, the change
between pulses and the average value of the object phas
difference,¢,s , is the amplitude of the phase modulation
between pulses ang,,, its mean value. A pseudo-
heterodyne effect [142] can be also achieved if the amplitude
of the modulation is slightly increased between consecutive
correlograms.

these two parameters is trivial: and the length of the pulses (relatively slow measurands).
Ruby lasers have traditionally been used in TVH
- 2 — [62,144, 145], but the current trend is to use Nd:YAG lasers
¥y ) = Wol) (4.42) 4 5 X
T, optimized for operation at video frame rates [13, 146, 147]

(25Hz in Europe and 30 Hz in America) and also at field rates
[148,149] (50 or 60 Hz). A few research groups have even
. used double cavity lasers to get very small pulse separations
Bo(@; 1) = Bon (@) Sinlg, + @, (@)]. 443 oo gey IeTVEry SmATprise 5ep

Very short light pulses can be represented by Dirac delta
4.2.2.1. Single exposure The expression for the primary  functions and therefore
correlograms is obtained by combining (4.43) and (4.38). .
When the light pulses are synchronized to the maxima 5, (1) = Z‘S(t — tpjn) (4.47)
(Qap,n = _(po($)) or minima @p,n = T — %(m)) the j=1 Y
correlogram measures the amplitude of oscillatg:

and, therefore, at the sampling instant

wheregq is the number of pulses fired during the integration
L, (x) = gTo(x){1 +V(x) COS[,(z) — ¢r £ om(x)]}. period of the video camerd} for frame-integration cameras
(4.44) or Ty for field integration [153,154]) and,;, are the
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T field (figure 11€)); this requires a pulsed laser operating at
the video field frequency.

Integration

Period FRAME 1 FRAME n FFRAME n+d

A
Y

ODD FIELD /L EVEN FIELD \]- QDD FIELD ~\ EVEN FIELDiI

sn(?) T T t

4.3.3.2. Double exposure plus double single exposure.
- - > Frame-integration interline-transfer CCD cameras with
I | (a interlaced scanning [153, 154] have overlapping integration
| | periods for both image fields. Cameras of this kind have been
Sp(®) pn Ipnet £ used to get, with only two light pulses, a double-exposure
correlogram and the single-exposure ones corresponding to
I I (b both pulses in three consecutive video fields [155].

sn(?) born Yp2n SIS B 4

| I (c 5. Secondary-fringe generation

tpon-1 torn' tyzn i1 t One of the most noticeable characteristics of primary
1 t, correlograms is their random appearance, due to the

distinctive spatial distribution of the irradiance and phase
of the speckle patterns. The information related to the
measurand (i.e. the object phase differengéx; 1)) is
contained in the fringe functioM, (x) that modulates the
speckle.

The fringe function can be expressed in terms of its
modulus and argument

Figure 11. Shutter functions for pulsed TVHa) single exposure,
(b) double exposure and)(double single exposure.

respective pulse delays. The effective exposure time is,
according to (4.9)T.., = ¢ and the fringe function becomes

1 .
M, () = exp(—ig,) = > expligy(@; 1y,)].  (4.48)
753 M, (x) = mod[M, (x)] expfiarg[M,, ()]} (5.1)

Thisis the same expression as that found for stroboscopic
illumination (4.36), but in this case no assumptions about
the dynamics of the measurand or its stability are needed.; (r) = ¢7q(2){1 + V() mod[M, (z)] Re(expliv, (z)]
Several operating variants may be established according to )
the number of pulses fired during the integration period and x expliarg[M, (x)]})} (5.2)
their distribution with respect to the video fields for interlaced I, (x) = gZo(x){1 + V(x) mod[M, (x)] cos{y, (x)

scanning cameras [155]. +arg[M, (2)]}}. (5.3)

and the primary correlograms (4.7) become

4.3.1. Single exposure. The laser s fired atthe video frame ~ Speckle is present in two ways, with radically different
rate, thus yielding a single pulse for eachimage (figura)1(  behaviours: intensity noiseand phase noise Intensity
The state of the measurand at the exposure timeis noise is caused by the original irradiance distributions of the
recorded. The expressions for the fringe function and the interfering speckle patterns and appears both in the average
primary correlograms are the same as those for stroboscopidocal intensityZo(x) and in the visibility) () that are random
single exposure: (4.37) and (4.38). variables with positive values and, consequently, non-zero
spatial mean values. The phase nafséx), already defined
4.3.2. Double exposure. Two pulses are fired at in section 3, appears added to the argument of the fringe
different instants,1 , andt,,, during the exposure interval ~ function; it is related to the random component of the phase
(figure 11p)); therefore, the pulse frequency must be intheinterfering patterns andits spatial meanis zero, because
twice the frame frequency. The expressions for the fringe its value is uniformly distributed betweenr andz.
function (4.39) and the primary correlograms are the same as ~ The last fact implies that the mean value of ghs(x) +

those for stroboscopic double exposure. arg[M,, ()]} is also zero and, hence, tineean brightness
(i.e. the local spatial mean of the intensity) of the primary
4.3.3. Combined exposure correlograms is independent of the fringe function and,

consequently, of the measurand. When one of these
43.3.1. Double single exposure. Field-integration correlograms is observed, no intensity fringes can be seen
interline-transfer CCD cameras with interlaced scanning Put random fluctuations of the speckle pattern are noticed.
[153, 154] have non-overlapping integration periods forboth ~ To get asecondary fringe patterrevealing the changes
image fields. Therefore, when they are illuminated with in ¢, it is necessary to remove, as far as possible, the
a single light pulse the image is present in just one half speckle carrier and extract the fringe function. The procedure
of the lines, even or odd ones. Some authors [156, 157] for generating such a secondary pattern can be understood
have used this operating particularity to get two single- as a spatial demodulation and allows several variants with
exposure primary correlograms corresponding to different different degrees of compromise among the resulting fringe
instantsz,;,, andz,,, within a single image, one in each quality, processing time, simplicity of implementation, etc.
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Table 1. Primary correlograms obtained with various temporal treatment techniques.

Temporal Exposure/
treatment Measurand modulation  TypeM,(xz) mod[M,(z)] arg[M,, (x)]
Time Static Standard PM (4.13) 1 ¢, () — ¢,
averaging
Harmonic Standard AM (4.16) Jo[om ()] —,
HomOdyne AM (423) JO{{¢§m (:17) + ¢er - 2¢0m (m)¢rm _¢rA
X COS@U(:B) - Qor]}l/z}
General Standard AM  (4.28) T1;2; Joldom,j ()] —¢,
periodic
HomOdyne AM (429) JO{{¢3",,]' (II:) + ¢r2m - 2¢om.‘/' (m)¢rm _¢rA
with jth x coslp,, ;(x) — ¢,]}Y 2}71—[,3%;[2[;%;1)]
Harmonic '
Constant Standard AM  (4.30) 7‘5'”(@3 ;:: ) olBln) Ho@len) _ g,
speed ’
Stroboscopic  General Single PM (4.37) 1 do(x5 1)) — b,
(pulsed) periodic exposure
(general)
Double AM (4.40) CO<d)n(z;rm.”);%(z:tpz‘o) d)n(z:r,u.,,>;¢u<z:tpz‘n> s
Exposure
standard
Homodyne ~AM  (441) cof25® —¢,) Bon (@) = By
modulation
5.1. Types of primary correlograms For real-time displaying, primary correlograms have to be

electronically processed, either analogically or digitally, to
transform the local changes in intensity or contrast of speckle
. into local variations of the mean brightness with some kind
g}ﬁsﬁtﬁgg-:ﬁggﬂ{ze{m?zlcit;?o(fxr)]scorrelograMd of demodulation process to get secondary correlograms with
P grar well contrasted fringes. The secondary-fringe-generation

Phase-modulated correlograms have a constant value . ft d al f f .
for the modulus of their fringe function, typically process is very often used also as a first step for automatic

mod[M, (x)] = 1. The information related to the measurand evaluation O.f the object p_hase dlffergnce, although this
an also be implemented directly on primary correlograms.

is encoded in its argument and appears as local changes of . h . .
. o S . . ringe generation may also incorporate techniques to reduce
the intensity distribution, which are not normally noticeable, . . . :
the phase and intensity speckle noise either as a part of

that are revealed only when at least two primary correlograms .
. . . . the secondary-correlogram-generation process or as a further
with a change in the object phase differente, are S
filtering of the correlograms.

compared. Correlograms of this kind are obtained with
the temporal treatment technigues wherein the interferogram _ _ _ _
does not experience changes during the exposure period (i.e5.2. Basic secondary-fringe-generation techniques

time-average techniques with static measurands and single- . .
. ; The elementary techniques for the generation of secondary
exposure stroboscopic and pulsed techniques).

Amplitude-modulated correlograms have a fringe correlograms can be classified into two families: those

function whose modulusdependsonthechangesexperience(ljISIng a single primary correlogram and those using two

by the object phase difference during the exposure period:, 1 % T P95 (B8 BITESSE SOTEPRSS UG S R
mod[M,,(x)] = f(A¢,). The variation of mody, ()] ' P P y 9

yields primary correlation fringes of additive nature, that are (¢Zo(x) in expression (5.3)) is removed and the local changes

presentin the primary correlogram as changes in the contraspf intensity are converted into variations of the contrast

of speckle that can be seen with the naked eye, albeit with?f tspeclfde. tShectl)nd,l s?]uare-la\{v demtodutla_tut)n IS apr:jlled
a certain amount of difficulty. AM correlograms result from 0 transform the local changes in contrast Into seconaary

the application of time-average techniquesto measurandsthafrlnges of mean bnghtnes;. For real-time d'Sp'aY'T‘g t.hls
ast stage is often approximated by full-wave rectification

change during the exposure period as well as from double- " . Lo .

exposure stroboscopic and pulsed techniques, wherein thé"e_' the calculat|o_n of the abSOIL.]te value),_ which is easier

interferograms corresponding to different states of the objectto implement, _Wh'_IS't for automatic evalugtlon true square-

are incoherently added. Igw de.modulatlon is preferred because of its lower harmonic
Table 1 summarizes the expressions for the modulus andd'Stort'on'

the argument of the fringe functions corresponding to the

main temporal treatment techniques used in TVH, indicating 5.2.1. Spatial filtering of a single primary correlogram.

the kind of primary correlograms provided by each of them. This technique is applicable only to AM primary

Two kinds of primary correlograms can be identified by
attending to the modulus of the fringe function. We call
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correlograms, in which contrast fringes are already present.Subtraction has two effects: on the one hand it yields a
The continuous component is removed by high-pass (HP) random intensity pattern with local contrast related to the
spatial filtering. This is usually implemented on the video argument of the fringe function and, on the other, it removes
signal with dedicated analogue circuits. the continuous componepf.

High-pass filtering is, up to a point, equivalent to The subtraction technique is also applicable to AM
subtracting from the primary correlogram its average level primary correlograms. In this case one has only to remove
(I, (x)) = g{Zo(x)) and its result [37] can be schematized as the continuous component because contrast fringes are
follows: already present. The two correlograms one of which is
HP[I, ()] = g{[Zo(®) — (Zo(@))] + Zo(2)V(z) to be suptracted fr_om the_ other must pe different; this
is conveniently achieved either by changing the argument

xmod[M, (x)] cos{yry (z) + argMy (z)1}}- (54) " of the fringe function by means of the reference phase
The secondary correlogram is obtained by square-law difference ¢, or, much less usually, by comparing AM
demodulation: primary correlograms corresponding to different states of the
Iu(@) = (HPIL @]} = g4 To(x) — (To())]? measurand.

2 2 Subtractive secondary-fringe generation admits a
+HIo@V(@))* modM, @)]° cos (¥, (=) general analytical formulation comprising both types of
+argM, ()]} + 2[Zo(x) — (Zo(z))]Zo(x) V() correlograms, AM and PM. Let us take two generic primary
xmod[M, (x)] cos{v, (x) + arg[M,, (x)]}} (5.5) correlograms/, (x) and I,(x), following expression (5.3).
Secondary correlograms are obtained by subtraction and

and its local mean brightness can be easily found [33] .
square-law demodulation:

By(x) = (I, (x)) . 2_ 2 2
! ) , Ip(z) = [Ip(x) — L,(2)]" = g°[Zo(z)V(z)]“{mod[M, ()]
= (“0 + 7 T@V@)]) modip, ()] ) x cos () + argiM ()]} — modiM, ()]
= g%{o2 + 0F + 2(I1(x)) (I2(x)) mod[M,, ()]} (5.6) x cogr, () + argM, (z)]}}%. (5.7

where(-) represents the spatial averaging extended to a regionConsidering that typically mod{, (x)] = mod[M,(x)] and
where M, () has a constant value. Such a region must be using simple trigonometric relations [140], we have that

much larger than the average size of speckle ifoneistogeta- = 2 2
significant average (i.e. the fringes must be much wider than Iy (@) =g [Zo(x)V ()] mod[M, (z)]"{1 — codarg[M, ()]

the speckle)oo, o1 ando, are the standard deviations of the —arg[M,(@)]}} x {1 — cos2y, (x) + arg[M,(x)]
local average intensity and of the intensities of the interfering +argM, (x)]}} (5.8)
beams, respectively. Forthe second identity itis assumed that o ]
11 and 1, are statistically independent. where the term containing the speckle phase ngiséas

When secondary correlograms of this kind are displayed Z€ro average and the local mean brightness is
on a monitor or when they are low-pass filtered for p ;) (I,(@)) = g2([Zo(x)V(x)]2) mod[My(z)]?
automatic evaluation, a background leyé(o2+02) related
to the contrast of the original speckle patterns appears x{1 — codarg[M,(x)] — arg[M.(@)]}}. (5.9)
superimposed on the changes in mean brightness that are  Unlike spatial filtering (5.6), this technique does not
proportional to the modulus of the fringe function. The yjeld any background brightness and, hence, its secondary
contrast of the secondary-fringe pattern hence decreases aginges are intrinsically more contrasted. There are several
the contrast of the interfering patterns increases. variants of the basic technique regarding the choice of the

This fringe-generation technique requires neither storage primary correlograms to be subtracted one from another, that
nor numerical processing of the correlograms (figure 12) and || pe treated in the following.

can be implemented in real time with very simple analogue

electronic circuits connected between the video camera and ) o o

the monitor. It was the first to be used in TVH by Butters >-2-2-1. Sequential acquisition. This is the most usual
and Leendertz [1, 2]. Although it was originally designed for ©Perating mode. The two correlograms are acquired at
time-average correlograms of vibrating objects [93, 158], it differentinstants, storing the first until the second is available.

has also been applied to double-exposure stroboscopic [l5gjtn the first prototypes using this fringe generation technique
and pulsed [153] correlograms. he storage of the correlograms was implemented with

analogue devices such as magnetic video tapes and discs
[4,5, 93] or scan-converter memories [160]; nowadays, they

5.2.2. Subtraction of two primary correlograms. PM have been completely replaced by computer-based digital
correlograms encode information related to the object phase. pietely rep y P 9

differencep, corresponding to a single state of the measurand Image-processing systems.

that appears mixed with the phase najse Itis necessary to

compare at least two such correlograms with a chakgg Subtraction of a reference correlogram. A reference

of the object phase difference in order to get a secondary-primary correlograml,(xz) = I..;(x) is acquired with
fringe pattern. The easiest way to do this and, by far, the the measurand in a given state and stored. The
most commonly used is to subtract one primary correlogram reference correlogram is then subtracted (figure 13)
from another and then apply the square-law demodulation.from the next primary correlogramg,(xz) = I,(x).
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Figure 12. The scheme for secondary-fringe generation by spatial filtering of a single AM primary correlogram. Centre, block diagram;
right-hand side, images of real correlograms; and left-hand side, a sketch of the profiles of the central lines of the correlograms.
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Figure 13. The scheme for secondary-fringe generation by subtraction of a reference applied to PM primary correlograms. Real
correlograms and sketched line profiles are shown as in figure 12.

The resulting secondary correlograms reveal the deviation This technique is typically used with PM correlograms [4, 5],

of the measurand from the reference state: for which modM,, ()] = 1 and expression (5.9) becomes
B,(x) = (I,(®@)) = g*([Zo(x)V(@)]?)
in (x) = [In(x) - Iréf(x)]z (510) X {l - Coglarg[Mn (:E)] - arg[Mref(m)]}}- (511)
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It has been also applied to AM correlograms, taking I,(x)andl,(x) = I,_,(x)); the secondary correlograms that
as reference a correlogram with the measurand at restresult are given by
either with time-averaging [79, 161] or with double-exposure ~ 2
stroboscopic illumination [141] and pulsed illumination h@) =@ = L-a@]" (5.15)
[162, 163]; itis also practical to acquire the reference with the Itis applied to PM correlograms that change very slowly,
measurand in other states [151, 164, 165]. Other variants arecompared with the video frame rate. The secondary fringes
getting a reference correlogram with the modulus of the fringe contour points with the same change in the object phase
function forced to be zero, by sinusoidal [164] or triangular difference between exposures (i.e. with the same average
[166] modulation of the reference phase difference during speed). The sensitivity is controlled by the deld¥r
time average, and subtracting the reference beam [155]between the correlograms being compared.
instead of a correlogram when the state of the measurand
is not repeatable. 5.2.2.2. Simultaneous acquisition. Wizinowich and
Colucci [174,175] developed a technique for recording
two interferograms in the even and odd video fields,
respectively, during the same frame period. This technique
has been adapted to TVH for double-single-exposure pulsed
illumination [156] and also for the time-averaging [26]. It
; 2 is also possible, by optical means, to obtain simultaneously
traction has been performed, itis replaced by the i) two or more correlograms each with a different value of the

until a new correlogrand,.1(z) is acquired and subtracted, eference phase difference that are recorded by independent
and so on (figure 14). The resulting secondary correlograms.; meras [176].

can be expressed as

Sequential subtraction. The last two primary correlo-
grams recorded by the video camerg(f) = I,(x) and
1,(x) = I,_1(x)) are subtracted one from the other, usually
in real time. The firstl,_,(x) is stored and, once the sub-

i (@) = [ (@) — n_l(m)]Z. (5.12) 5.3. Secondary-fringe contrast

The contrast of the secondary-fringe patterns is defined as the
This technique is typically applied to AM correlograms,  ratio between the excursion of the local mean brightness and
changing the reference phase difference on going fromits average value
each video frame to the next to makerg[M,(z)] —
arg[M,_1(x)]| = m. Expressions (5.8) and (5.9) then C=
become

Bmax - Bmin _ SNR
Bpax + Buin  2+SNR’
i 22T 2 modiM 2 HereB,,,, andB,,;, are the extreme values of the local mean
n(@) = 28" [To(x)V(@)]” mod[M, ()] brightness in the correlogram and SNR is the signal-to-noise
x{1 + cod2{yr, (x) + arg[M, (x)]}}} (5.13) ratio, considering that the signal is the component of the local

B.(z) = (I,(z)) = 2¢%([To(x)V(x)]?) mod[M, (2)]2. mean brightness related to the fringe function.
The mean brightness of the secondary correlograms can
(5.14) be expressed as

(5.16)

Sequential subtraction was originally applied to time- B=S§+N,+N, (5.17)
average correlograms [129, 167, 168] and recently extendedsS being the signal, the optical noise ant¥, the electronic
to double-exposure stroboscopic ones [140, 142,169, 170]. noise. The lastterm appears at the output of the video camera,
Some authors have proposed that one could use otheicombined with the primary correlogramgx), and its effect
values for the increment of the argument of the fringe function is characterized by its standard deviatign that is usually
among correlograms (e.g./2 [168,171]), induce random  approximated [158] by
changes in the reference phgse difference with a moying 02 = 02+ k(I,(2)) (5.18)
diffuser [49], or even rely on air turbulence and mechanical
instability [167]. It has been proven [172] that the optimum Whereo,, is the standard deviation of the darkness noise, that
contrast of the secondary fringes is obtained with a phaseis independent of the illumination level, akds a constant

increment ofr, although any value between3and 330 is value determined by the construction and the operating
acceptable. characteristics of the sensor, the gain of the amplifiers, etc.

Sequential subtraction can be also applied to PM Table 2 summarizes the expressions for the SNR for

correlograms; secondary fringes appear when the objectthe main secondary-correlogram-generation techniques that

phase difference changes from one frame to the next. It hashave been derived by Slettemoen [37, 158] for spatial filtering

been used with the single-exposure stroboscopic technique?d Joenathan [172] for correlogram subtraction. It is
[49], alternating the position of the pulses among frames assumed that the intensity distributions of the beams are

and also with single-exposure pulsed illumination [155]; in’ statisticallyindepend(_ant. The gﬁect of the limited resolution
both approaches, the secondary correlograms map the chang%f the video camera is taken into account [37] through the
of ¢, between pulses. contrastof the beam;;(l qndyz) and thedegree of resolutpn
(y12) of thefringe carrier (i.e. of the speckle pattern resulting
from their interference). When the speckle pattern is fully
Interval subtraction. This is an extension of sequential resolved by the camena = y, = y1, = 1; but, if the size
subtraction [173] whereby each primary correlogram is of the speckle is similar to or smaller than the dimensions of

subtracted from one acquirdd/ideo frames befordf(x) = the pixels, thery; < 1,9, < 1 andy;, < 1.
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Figure 14. The scheme for secondary-fringe generation by sequential subtraction of AM primary correlograms. Real correlograms and
sketched line profiles are shown as in figure 12.

Table 2. Expressions for the signal-to-noise ratio (SNR) for the factors are connected to the operating mode of the TVH

main fringe-generation techniques. system, such as the expression of the fringe function, given
Primary Fringe by the temporal treatment technique, the secondary-fringe-
correlograms  generation SNR generation technique, that decides which of the expressions
i 2522 @) s @) in table 2 gives the SNR, and the de-correlation of the speckle

PM Subtraction of - === due to the operation mode, which is especially important in

reference contouring [96, 178, 179].
AM Spatial 26rp(11(@) Uz(@) mOd My g Once the design of the interferometer, the operating
g4lvf (I (@)*+ys5 (Ip(@))*]+os . . . . . .

filtering mode_,_ the fringe-formation te_chnlque and th_e illumination
Sequential 41321/122(11(06))(12(21))mod(M,,)%,M conditions have been establ_lsheo_l, the maximum valu_e of
G the contrast that can be attained is completely determined.

subtraction
However, the actual value of the contrast of the secondary

fringes is set by other factors. Some of them that depend
on the adjustment of the interferometer can be optimized
according to the working conditions; others, related to the
object, to the value of the measurand or to environmental
factors, cannot be controlled and often lead to a reduction of
the contrast.

The optimizable parameters are the intensity balance
between the interfering beams, generally represented by the
beamratioc = I/1; [36, p 31; 180], and the relative aperture

5.3.1. Factors determining the contrast of the secondary
fringes. The contrast of the secondary fringes is directly
related to the SNR of the secondary correlograms. Every
factor that influences the SNR has a similar effect on the
fringe contrast. These factors can be classified into those
that set the maximum attainable value of the contrast and
those determining its actual value under given operating

conditions. In any case, their effects can be quantified using ook X .
the expressions of table 2. (F number) of the objective; whilst the non-optimizable ones

Among the factors that set the maximum attainable are the rgﬂectivity of the object, the de-polgrizat.ion of light
contrast, there are many related to the design and the®n certgln surfaces, the presence of ambient .Ilght, the de-
physical implementation of the interferometer, such as the correl_at|on of the s_pecl_(le due to transversal displacements
maximum available light power, the sensitivity, electronic and t_||ts of the object mdgced by the measurand and the
SNR, linearity [177], spatial resolution and automatic gain density of the secondary fringes [39].
control of the video camera, the quantization noise of
the image digitizer if one is present, the degree, relative 5.3.2. Optimization of the secondary-fringe contrast.
state of polarization and type (speckled or uniform) of the Although in practice it is usual to adjust the average
beams and the shape and alignment of their pupils. Otherintensity of the illumination bearty1(x)) (or (I2(x))), the F
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number of the objective and the beam ratidy ‘trial and
error’, several authors [37,39, 158,177, 180] have derived is
analytically the values of these parameters that maximize
the SNR for various types of interferometers under diverse
operating conditions.

The first condition for the optimization of contrast is that

The contrast of these secondary speckle patterns [181]

C =(2+3n)? (5.21)

wherer is a parameter that depends on the type of beams used,

the dynamic range of the camera must be completely used.resolution of the camera.

For fully developed speckle patterns, the condition

(Irl ($)> + 2UI,, = ]sat (519)

ensures that 95% of the pixels in primary correlograms are

under the saturation level;) being the average extended
to a set of macroscopically identical but microscopically
different diffusing objects and;, the standard deviation of

the size and relative positions of their pupils and the spatial
In TVH systems with uniform
reference beams = 0 andC = /2. When two speckle
patterns interfere and the camera resolves the interferogram
7 = 1 andC = ./5, but if the resolution is only partial
they take intermediate values in the range:Or < 1 and
J2 < C < /5.

In any case, the contrast of the speckle noise in the
secondary correlograms is even higher than that in fully

the intensity of the primary correlograms under the same developed speckle patterns & 1) so that it is, at the very

conditions. Expression (5.19) can be written [33, 180]

(I@){1 +k +2[yE + K yE + 2cyf;mOd(M,,)2

max

]1/2} = Las
(5.20)
that, for a camera with a given saturation intensity;,
establishes a relation between the valueg/efz)) and«
that is conditioned by the degree of resolution of the fringe
carrier and the contrasts of the beams.
To optimize the contrast, in principle, tlenumber must
be set to the minimum valug,., that makes/;» = 1, i.e.

least, uncomfortable for direct observation of the secondary-
fringe patterns and interferes with their automatic analysis.
Several techniques to reduce it, either by modifying the
process used to generate secondary correlograms or by
numerical processing of these, have been developed. Such
techniques can be classified as follows.

5.4.1. Speckle-phase-shift-based methodsThis type of
techniques is characterized by the use of more than two

provides a fringe carrier coarse enough to be fully resolved primary correlograms in such away that a speckle-phase shift
by the camera whilst maximizing the irradiance at the sensor. between themis introduced through controlled changes of the
Under these conditions, expression (5.20) can be used to findeference phase differenceg, or ¢, 4 (table 1). The resulting

the value of the beam ratig,,, that maximizes the contrast

secondary correlograms are almost completely free of phase

and then to calculate the corresponding values of the averagenoise but intensity noise, in general, is still present.

intensities of the beamgi (x))qx @NA{12(2)) max -
At this stage, two situations may be found in practice:
the optimization is performedvith unlimited powerif the

The most popular of these techniques is ‘electro-optical
holography’ (EOH), proposed by Stetson and Brohinsky
[15], that implements algorithms related to temporal phase-

power of the laser is high enough to reach the intensities shift-fringe-pattern-evaluation techniques to eliminate the

(I1(x)) max and (I2(x))nqx at the sensor of the camera with
the lens closed td,,; and a given object; otherwise the
optimization is performedwith limited powet.

When one is optimizing with unlimited power the beam
ratio is set toc,,.,, Usually by adjusting the intensity of the
reference beam (in geometries with double illumination [39]
it is alwaysk,,.x = 1). Then the illumination intensity must

terms affected by the phase noise. The initial version used
four primary correlograms, but variants with three of them
have been also proposed [182,183]. EOH can be applied
both to PM and to AM correlograms [184, 185]. For the
first case it is necessary to perform a comparison with a
reference state. This involves the use of twice the number
of primary correlograms, but provides simultaneously two

be set according to the characteristics of each object to reacrhoise-reduced secondary correlograms that depend on the

<Il(w))max and(IZ(w»max-
With limited power, the laser has to be used at full

power and the lens must be open to a compromise value

F,pi < Fres, whereby the better use of the dynamic range

of the camera amply compensates for the loss of degree o

carrier resolution. To find such an optimum value of the

sine and cosine of the object phase difference respectively,
thus allowing phase evaluation at no extra cost.
A similar scheme is followed in techniques such as max—

1;min scanning [186], whichis also applied to phase evaluation,

and the averaging of several secondary correlograms with

number, equation (5.20) must be considered together with Shifteéd speckle phase [187, 188] that, although they do not

the dependences ¢f1(x))max, (I2(€))max @aNdy12 ON theF

number. Because this is influenced by the size and reflectivity

of the object, the valueg,,, and «,,, that optimize the
contrast are different for each object.

5.4. Speckle-noise-reduction techniques

remove phase noise completely, provide very high immunity
to environmental disturbance.

The use of a large number of primary correlograms
generally leads to incrementation of the SNR, thus improving
the contrast of the secondary fringes [172, 189], but intensity
noise is still present. To reduce it to some extent, some
authors have developed ‘normalized’ versions of EOH

In the secondary correlograms generated with basic[15 161,182, 190] and max—min scanning [186] that involve
techniques (section 5.2), the fringes appear corrupted bythe division of the secondary correlograms by one without

speckle. Thisis presentboth as intensity nois&g &)V (z),
and as phase noise, in the term{abs(x) + arg[M,, (x)]}.

fringes, which is typically obtained with the measurand at
rest.
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5.4.2. Speckle-de-correlation-based methods.In view of To avoid the loss of fringe contrast, repeated application of
the random character of speckle noise, the average of a giverismooth’ mean filters (i.e. ones with small kernels, typically
numberN of secondary correlograms corresponding to the 3 x 3 pixels) [127,195] is often preferred over performing
same state of the measurand but with statistically independent single step with a larger window. Low-pass filters with
speckle patterns leads to a reduction of the typical deviation of recursive formulation [196] and with windows fitted to the
the final intensity distribution and, therefore, of the contrast shape of the fringes [197] have been proposed with the same

of the speckle [32] according to the expression aim.
Low-pass filtering can also be applied to the Fourier
1 2+3r\Y? transform of the correlograms; the shape of the filter
Cv = W = ( N ) ) (5.22) may be then tailored for each particular situation [198],

although the automation of this process is very difficult.

Itis necessary to average a large number of correlogramsAn alternative technique is the ‘spectral-subtraction image-
(typically 10-50) if one is to get a noticeable reduction of restoration’ method [163, 199], consisting of the subtraction
the speckle noise, although a similar effect can be achievedof the power spectrum of a primary correlogram without
with fewer correlograms if the phase noise is removed fringes from that of a secondary correlogram.
a priori by phase-shift techniques [184, 185] as described Other frequently used filters are the median [200],
in section 5.4.1. Correlogram averaging also helps to reducetruncated median and mode [201] that, for Gaussian noise
electronic noise [191] and, therefore, increases marginally such as speckle, are even more efficient than are linear ones
the contrast of the secondary fringes. [202]. These filters can be also used with tailored windows

Speckle of secondary correlograms must be completely [197] to improve the final contrast of the fringes.
de-correlated if one is to obtain statistically independent Special filters originally designed for speckle reduction
patterns. Several methods have been proposed andn synthetic-aperture radar have been applied to TVH
demonstrated [192], such as tilting the illumination beam [203,204]. These filters are of diverse natures: adaptive
(either with a moving mirror [193] or with a rotating [205], based on the local statistical properties of the
plane-parallel window [40, 185]), changing the observation correlograms such as sigma [206], variance [207] and
direction by rotation of an eccentric diaphragm [50] and geometrical [208] filters, based on information theory and
illuminating the object through a moving or rotating diffuser statistical mechanics [209], etc. All of them exhibit better
[192]. The averaging may be analogue (e.g. by displaying noise-rejection and detail-preservation characteristics than
the secondary correlograms on a high-persistence monitordo classical filters.
[50,192]), although it is usual to apply it numerically in
digital computers [194]. 6. Fringe analysis in TVH

The implementation of techniques of this kind is
especially simple with AM correlograms; speckle is de- Generally speaking, &inge patternis any distribution of
correlated after the generation of each secondary correlogramight and dark areas, the fringes. The dependence of the
and just the average has to be stored. For PM correlogramsintensity i on the spatial coordinates in this type of

conversely, it is necessary to acquire and stgrepeckle- distribution is formalized by the general expression
de-correlated primary correlograms with the measurand in a ' .
reference state and théhmore, correlated one to one to the i(x) = io(x){1 +v(z) fl¢(x)]} (6.1)

first ones, with the measurand in a second state; this requires

. . . : M- whereig(x) is thelocal average intensity (x) thevisibility
a de-correlating device with very high reproducibility and a or contrastof the pattern and" a periodic or quasi-periodic
huge amount of computer memory.

unidimensional function that defines thefile of the fringes
and whose argumenit(x) is thephase of the pattern
5.4.3.  Spatial filtering of secondary correlograms. According to this definition, there are three types
Spatial filtering of secondary correlograms, which is often of fringe patterns in TVH: speckle interferograms and
performed numerically, reduces the phase and intensity primary and secondary correlograms. Only the correlograms,
speckle noise at once, though, in contrast to the techniqueshowever, are of practical interest in this context, insofar as
that combine a large number of images, the contrast of they are electronic images susceptible to further processing.
the correlation fringes is also reduced. As shown in the TVH fringe patterns are characterized by the random
preceding sections, speckle behaves as a multiplicative noisedistribution ofig(x) andv(x) due to speckle noise. Their
Its power spectrum, usually covering the full range of spatial profile is typically sinusoidal for PM correlograms, whereas
frequencies that the camera can resolve, appears mixed wittfor AM correlograms it can be sinusoidal, follow a Bessel
the correlation fringes’ and it is extremely difficult to filter or sinc function, or even be a combination of them
it out. The merit of a filter for speckle removal in TVH is  according to the particular expression for the modulus of
given not only by its ability to reduce the contrast of noise the fringe function (table 1). The profiles of secondary
but also by the extent to which the fringe pattern, the edges, correlograms may be slightly influenced by the fringe-
the details of the object, etc. remain unaffected. generation technique, but their essential characteristics
Linear low-pass convolution filters (mean, Gaussian, are established by those of the corresponding primary
etc.) are the most widely used for this purpose because theycorrelograms.
are very easy to implement and render acceptable results,  The phase of the pattegh(x) is directly related to the
provided that the spatial frequency of the fringes is low. object phase differenag,(x) or to its changeag¢, (x) and,
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therefore, to the measurand. It may also depend on the Pita. v
reference phase differenge(x), its variationA¢, (x) and ]
also the random component of the phase of the speckle, i.e.
the phase nois¢, ().

6.1. The process of fringe-pattern analysis

Automatic fringe pattern analysis, in its most general
conception, comprises four stages [210]

(i) Phase evaluationconsisting of the calculation of the
spatial distribution of the phase of the pattern from one or
more conveniently chosen and sampled fringe patterns
(i1, i2, ..., iy) all of them corresponding to the same
state of the measurand. The resulting array of values
¢ (x) is thephase map

(i) Phase unwrapping Most phase-evaluation techniques RE-SCALING
yield its main value (i.e. modulo 2, hence, an
ambiguity of £2nx is present in the resulting phase, 4
n being an integer number called tiienge order This RESULTS
uncertainty has to be resolved by determining the fringe
order at each point to build an unwrapped phase map  Figure 15. Stages of the process of fringe-pattern analysis.
Rp(x) = ¢(x) = 2n7 free of 2r discontinuities.

Intense interest in the problem of phase unwrapping Figure 15illustrates this sequence of operations and their
under the most diverse conditions has arisen during possible combinations. Only the first step, phase evaluation,
the last few years. The result has been that a greatis indispensable; the others are optional and sometimes
number of techniques, many of them specifically devised unnecessary. The use of these steps has to be decided
for the analysis of speckle-corrupted patterns, has beenaccording to the characteristics of each particular case and
developed. Several authors such as, for example, the way that the final result must be presented.

Robinson [211], Judge and Bryanston-Cross [212] and ~ TVH uses the same phase-evaluation techniques as any
Takeda [214] have published excellent compilations on other interferometric technique, but the speckled nature of
the subject. TVH fringes introduces some peculiarities that must be taken

(i) Removal of additional termsBoth during the fringe-  into account in their implementation; we will treat these par-
generation process and during the evaluation stageticularities in that which follows. Once the phase map has
terms not related to the measurand (typically constant been calculated, unwrapping, removal of additional terms
or linearly dependent on the spatial coordinates) may be and re-scaling can be performed with general techniques, not
added to the phase of the pattern. Their values, that mayspecifically designed for TVH but for noisy phase maps.
be knowna priori or estimated by least-squares fitting
[214] or any other process, are subtracted from the phaseg 5 correlogram to fringe-pattern identification.
map at this stage.

(iv) Re-scaling The preceding stages yield a map of the Speckle noise appears in TVH correlograms as intensity
phase as a function of the coordinates of the fringe and phase noise. Intensity noise is present in the random
pattern space. It is often necessary to transform it into distributions ofZo(x) andV(x); consequently, the average
a map of the measurand in terms of the coordinates intensity io(x) and the visibility v(z) of such patterns
of the object space. The relations between these twoalso have random distributions, with the potentiall@k-
sets of parameters are, in general, known for each modulation(io(x)v(z) — 0) andsaturation(i(x) > i)
measurement method used to generate fringe patterns. Ifpoints at which the phase cannot be evaluated, appearing.
our case, TVH, the correspondence between object andPhase nois¢,(x) may appear embedded in the phase of the
fringe-pattern coordinates is given by the object—image pattern and also affecting the values of the average intensity
transform determined by the objective and the working and the visibility; this depends on the type of correlogram, the
distance; the relation between the phase of the patternfringe-generation technique and even how the fringe pattern
and the measurand results from the choice of me[hodsis identified, i.e. which term is considered to represent the
used in the three first stages of our approach: the fringe- fringes.
formation technique (section 5) establishes the relation ~ Onthe other hand, there are two kinds of fringe patterns:
between the phase of the pattefz) and the fringe primary and secondary correlograms, and their respective
function M, (x), the temporal treatment (section 4) Phasescanbe evaluated. The main benefit of using secondary
fixes the relation betweeM,, (x) and the object optical correlograms is the possibility of reducing speckle noise with
phase differencep,(z) or its changesA¢,(x) and, techniques as those pointed out in section 5.4 before phase
fina”y, the geometry of the Speck|e interferometer evaluation. This is generally impracticable with primary

(section 3) determines the relation betwegiiz) and correlograms because removal of speckle would lead to the
the measurand. suppression of the fringes.
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In any case, the measurand is encoded in the changesherefore, the profile of these patterns is sinusoidal and its
of the object phase differenc&¢,(x) and this is the first  phase is proportional tA¢, , ().
measurement to be extracted from the fringe pattern. Atthis  gequential subtraction (section 5.2.2.1) is normally used
stage two situations become apparent [34, pp 306-7; 215]. o generate secondary correlograms from AM primary ones.

The resulting expression (5.13) is identified with (6.1) in the

6.2.1. The fringe pattern depends onp,(x), but not on following terms:
A¢o(x). Thisis the case of primary PM correlograms, for
which, moreoverg,(z) appears added to the phase noise I, (z)=2g*[Zo(z)V(x)]*{1+co42{y,(x)+argM, (x)]}}}
¥, (x). Considering that, in general, mad](x)] = 1,
the identification of the terms in the expression for these

io(z)

correlograms (5.3) with a general fringe pattern (6.1) is x mod[M, (z)]* (6.6)
established as follows: L) flo@)]
Ii(x) = gZo(x){1 + V() cos{y,(x) +arg[M,(x)]}} and, therefore, the profile of the pattern and the dependence
io(@) v S (2) of its phasep (x) on A¢, , (x) are given by the expression for
(6.2) mod [M, (x)], that is characteristic of the temporal treatment
where argM,, (x)] is proportional tap, (x) (table 1). technique used to generate the primary correlogram (see
The most usual method used to obtai,(x) is to section 4 and table 1).

evaluate two primary correlograms corresponding to different When one is using secondary correlograms, it is
states of the measurand, one of them taken as areference, angbssible to apply speckle-noise-reduction techniques before
then subtract the resulting phase maps. If the speckle patterihe phase-evaluation process. Speckle-phase-shift-based
does not experience de-correlation for these two states (i.emethods (section 5.4.1) remove only the phase noise

¥, () is constant) the difference and, therefore, the mean intensity of the fringe patterns

AP (x) = $(x) — rep(x) = ArGIM, ()] — ArG[M, o/ ()] represented by (6.5) and (6.6) is reduced to
(6.3)

is proportional taAg, , () = G (@) — Py rer (). io(x) = 28°[Zo(x)V(x)]? (6.7)

It is also feasible to use differential phase-evaluation
methods [16, 166, 216,217], specifically designed for this in which intensity noise is still present ify(z) andV(z),
particular case of TVH, to calculate the increment of the whereas with speckle de-correlation (section 5.4.2) and
phase A¢(xz) from two series of primary correlograms spatial filtering (section 5.4.3) methods one has that
corresponding to two states of the measurand neither by
explicitly evaluating their respective phases nor by generating io(x) ~ 2g%([Zo(x)V(2)]?). (6.8)
secondary correlograms.

6.2.2. The fringe pattern directly depends onA ¢, (z). 6.3. Phase evaluation

This situation corresponds to AM primary correlograms . . . .
and all the secondary correlograms. For AM primary Phase evaIL!anon of TVH fringe patterns is essentially
correlograms (table 1)Ag, (x) is encoded in the modulus ~ Performed with the same well-known methods as those that

of the fringe function. Thus, identifying the terms of (5.3) &re used for other whole-field interferometric techniques.
with (6.1) results in The most relevant particularity is that the presence of speckle

. noise leads to the appearance of a significant amount of
I(@) = gZo(x){1 + V(@) COLY, + argiM, ()]} defective points at which it is not possible to calculate the

io(x) (@) phase with acceptable precision. The percentage of these
x mod[M, ()]} (6.4) points in the whole of the phase map depends on the statistical
_/—/ . . . . . . .
flp@)] properties of the intensity distribution of the fringe pattern
whereg (z) is normally proportional ta\e,  (z) and f is a and also on the phase-evaluation technique thatis used. Some
cosine, Bessel or sim)/x function. ’ ) authors [218, 219] have derived analytical expressions for

As stated in section 5.2.2.1, the most usual method of ca@lculating the expected proportion of valid points, that may
generating Secondary fringes from PM primary corre|ograms be used to Optimize the adeStment of the interferometer.
is the subtraction of a reference correlogram. The expression  Defective points are usually identified and marked
for secondary correlograms of this kind can be obtained by during the phase-evaluation process in order either to
particularizing (5.8) according to (5.10) and the resulting bypass them in further stages or to estimate their phase by

terms can be identified with (6.1) as follows: interpolation [220] or low-pass-filtering techniques. The
; B gZ[IO(m)V(x)]Z{l—cos{zwp(m) + arg[M, (x)] latter are the most commonl)_/ u_sed; their vgriants are
() = +argM,., ()]} characterized by the type of filtering (convolution [221],
- median [222], spectral [223], etc.) and by the stage of the
fo(@) analysis process in which they are applied, namely to the
x{1+ (=D cos{argiM,(@)] —argiMrer (@]} (6:5)  nwrapped phase map [222], to the wrapped map [224] or
v S o(@) even in the last step of some phase-evaluation methods [43].
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6.3.1. Phase-evaluation methods.There are many phase- shape and magnitude of the modulation of the reference phase
evaluation methods, most of which were originally designed differencep, (x, ) and the resulting phase shif{(x). From

to be used with smooth sinusoidal fringe patterns such asthis point, the corresponding phase-evaluation algorithms can
those generated by classical double-beam interferometry.be applied independently of the type of correlograms and
Nevertheless, they can be applied to other fringe profiles, fringe-generation methods that had been used.

usually by approximation, and also to speckled patterns such

as those obtained in TVH. Many authors have reviewed andg 3.2, Temporal phase-shift generation. Temporal

classified the phase-evaluation methods according to diversenodulation of the reference phase difference is implemented
criteria: local versus global [225], intensity based versus i, TVH with the same methods as those that are used
phase based [226, 227], temporal versus spatial [227, 228],in other interferometric techniques [34, 229, 231, 232, 237]
electronic versus analytic [229, 230], phase-shifting versus sych as, for example, mirrors and optical fibres attached
Fourier-transform methods [34,210], methods with versus to piezoelectric devices, translating or rotating wedges and
without a spatial carrier [231], etc. prisms, diffraction gratings, polarizing elements, liquid-
In general [231], most of the evaluation methods use crystal devices and current and temperature modulation of
some kind of phase modulation whereby an auxiliary phase |aser diodes. Optical phase difference modulation affects
shiftey (z) is added to the phase of interest to generate the sethoth the modulus and the argument of the fringe function,
of fringe patternsig, i, .. ., iy) necessary for applicationof  pyt in different ways according to the temporal treatment
the corresponding phase-calculation algorithm. It is usually technique used to generate the primary correlograms, as
assumed that the profile of the patterns is sinusoidal and,shownintable 1. Generally speaking, the partofthe reference

thence, that they can be written as phase difference that remains constant during the exposure
j ; interval T, modifies the argument of the fringe function
ix(x) = io(x){1 +v(z) cosp (x) + o (z)]} arg[M, (x)], whilst its change during that period appears in
k=1,2,...,N. 69)  ModMu()].

It is not within the scope of this review to classify 3.2.1. PM correlograms. According to the usual
and describe the formulations of the phase-evaluation igentification of terms (section 6.2), in primary PM
algorithms.  The aforementioned literature constitutes an correlograms (6.2) as well as in the secondary correlograms
excellent reference, in particular the review on the subject gptained from them (6.5), the phase of the pattern is the
that our colleagues Ddo and Ferandez [231] recently argument of the fringe function (plus the phase najisér)

published in this journal is very well matched to the approach jn primary correlogams) that, for the most usual techniques
taken here. We shall, however, explain how the auxiliary (taple 1), is given by

phase shift is introduced into TVH fringe patterns.
Phase modulation can be applied either intéraporal argM,, (x)] = ¢,(x) — ¢,. (6.10)

or in the spatial domain. In temporal methods the phase

shift is usually the same at every point of the pattern but A phase shift is then achieved by modulating the

different for each pattern of the evaluation sequence) = reference phase difference between exposure intervals, i.e.

ay; this is the case of the temporal phase-shift methods adding to argy/, ()] a value Ag,,, that is kept constant

(TPSMs) [230,232] and the temporal Fourier-transform throughout the exposure intervdl,, of each primary

method (TFTM) [233]. On the other hand, in spatial methods correlogram:

the phase shift is different for each point of the pattern

ar(x) = a(x) (usually with a linear dependence on the argM, (x)] = ¢o(x) — ($r — Adrn). (6.11)

coordinatesx(x) = 2n f. - ©, wheref. = (fe, f.y) Can

be interpreted as the frequency of a spatial carrier) whilst a o .
P . y b ) evaluation is performed on primary PM correlograms by

single pattern, rather than a set of them, is often enough to .
perform the evaluation process; the spatial-carrierphase-shiftStanoIarcl TPSMs [221,222], it is necessary to subtract one

methods (SCPSMs) [234], the spatial synchronous-detectionfrom the other the phase maps corresponding to two states of

method (SSDM) [235] and the spatial Fourier-transform ;he measutratnd. thshlmpl|ers]_]Ethedach|sllt|on of twasets, one
method (SFTM) [236] are of this type. or each state, oV phase-shifted correlograms. However,

only N patterns,N/2 for each state of the measurand, are
needed with differential TPSMs [166,216] or a sequence
of correlograms with slightly different states for the TFTM
[238-241].

When secondary correlograms are used (section 6.2.2),
on the other hand, it is enough to acquire just one s&X of
phase-shifted patterns. Three strategies for generating such
a set become apparent.

As was pointed out in section 6.2.1, when phase

In TVH, just like in many other interferometric
techniques, the phase shift is introduced by modulation of
the reference phase differenggz, r) although sometimes
it is also possible to add an extra term to the object phase
difference ¢, (x,t). According to the model established
for the generation of primary correlograms in section 4,
the effects of phase difference modulation appear in the
expression for the fringe function, in which the integration
of the irradiance both in time (during the exposure interval) (i) 1 + N. The same reference primary correlogram is
and in space (over each pixel) is taken into account. The used to generate all the secondary correlograms.
appropriate identification of the termgx), v(x) and¢ (x) more primary correlograms are then acquired with the
(section 6.2) allows one to establish the relation between the measurand in the second state and their phases shifted
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by A¢,., = —ay [45]. Using expressions (6.3), (6.5) phase difference, somehow synchronized to the changes in
and (6.11), the resulting set of secondary correlograms the measurand, during the exposure interval. In practice,
is phase evaluation has been implemented only for secondary
B g% To()V (@)1 — COS[2Y, () + Do i () AM correlograms of periodic measurands obtained with the
Ik(z) = time averaging technique or double-exposure stroboscopic
_2¢) + Olk]} : H : :
illumination and homodyne phase modulation.
fox(@) In the sinusoidal patterns produced with double-
x{1+(=1) cos[A¢g,i(x) + o]} (6.12) exposure stroboscopic illumination (4.41) the phase shift is
—— e .
v f PYRe controlled by the amplitude of the synchronous reference

phase-difference modulation. The primary correlograms can

(i) N +1. N reference primary correlograms with their be identified with a general fringe pattern as follows:

phases shifted bA¢,, = o are acquired. Just one
additional primary correlogram with the measurand in 7, (z) = ¢7o(x) [1 +V(x) COS[Y, (@) + ok (T) — Brasl
the second state is thus needed [242,243]. The set of —

secondary correlograms is obtained by subtracting this

io(x) v(x)

I A 0
from each of the firstv ones and can be expressed as x CoS (% —¢rs,k> } (6.15)
@) = %[ ZTo(@)V(@)]?(1 — cos[2), (z) + T, x (x) f
‘ +2¢, — ay) o
- For the corresponding secondary correlograms [140, 141]
1ok (T - _
x{1+(=1) coS[Ad,i(x) + ]} 6.13) L@ = Z[To(@)V(@)]*(1 + cog2[y, (@) + o1 (@)]}}
~——
v S b (@)t io(x)
(i) N+ N. N primary correlograms are acquired with the x[1+ £0S (Ao (@) —20r5.4)]- (6.16)
measurand in the reference state with one half of the f b (@) o
phase shift f¢,, = ox/2) and anotheV with the On the other hand, the application of time averaging
remainder A¢, . = —a;/2) are taken in the second with sinusoidal homodyne reference phase difference
state. The secondary-correlogram sequence is generate¢hodulation to harmonic measurands (section 4.1.2.4) yields
by subtracting one of these sets from the other: non-sinusoidal primary AM correlograms (4.23) and the
_ g To(x)V(@)]2{1 — COS[2), (x) + Dby () secondary ones rgsultlng from sequential subtraction (6.6)
Ii(x) = +20,]) follow the expression
— I(@) = 2¢°[To(@)V(@)]*(1 + cog2[yry (@) — ¢ral})
x{1+(=1) cos[Ag, k(@) +axl}. (6.14) fo(®)
@ F e X JGUPE, () + B2, — 2om (T)rm COSIp, () — 0, ]} 2.
In these three expressiorBsg, « (x) andA¢, « () represent L+u(x) f¢ ()]
the sum and difference, respectively, of the object phase (6.17)
differences of the two primary PM correlograms used to To apply the usual phase-evaluation algorithms, designed for
generate each secondary correlograe). sinusoidal patterns, this expression must be transformed by

When TPSMs are used¢, x(x) must have the same  approximation into one of the type lv¥x) cosp (x) + ay].
value for the whole set aV correlograms to ensure that the Two alternative solutions have been proposed.
phase-evaluation process is accurate. This implies that only  Pryputniewicz and Stetson [244] take the approximation
the perturbation of the measurand must be stable for the firstJo(x) ~ cogx) and apply reference-phase modulation
of the strategies, whereas only the reference state must bghasewith the oscillation of the measurang (z) = ¢,.
stable for the second (therefore, this option can be applied Consequently, this technique can be used only when all the
to transient events) and both reference and perturbed statepoints of the object oscillate in phase. Under this condition,
must be stable for the last. the approximate expression for the secondary correlograms

Moreover, the local average intensity must also be the is
same for the set oV patterns. This is ensured with the 7 _ .2 2
third strategy, but not in the first two, for whichy,(x) li(@) = g To(@V @)1 + cod2ly,, (@) + ¢all)

is sinusoidally dependent on the phase shift In this fo(x)

case, the speckle noise must be removed (see section 5.4)  x{1+ COS[2¢,(x) =2} (6.18)
. . S~ e — ———

before proceeding to evaluate the phase or, alternatively, an f b(@) o

algorithm allowing a variable average intensity [215] may be

and the phase shift is controlled by the amplitutjg of

the reference phase difference modulation. In principle,
this approximation is valid only for very small values of
6.3.2.2. AM correlograms. For AM primary (6.4) and the  ¢,,,(x)—¢., and, consequently, of the range of amplitudes of
corresponding secondary correlograms (6.6) the value of theoscillation in the object, but, nevertheless, for relatively wide
phase is related to the modulusMf,(x). Hence the phase amplitude rangesitis possible to apply correction tables once
shift must be introduced by a modulation of the reference the erroneous phase has been evaluated and unwrapped.

used.
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For very small values od,,, (x), it is possible to shift
the working point to the centre of the most linear region of
the Bessel function by choosing appropriately the amplitude
of the sinusoidal reference phase difference modulagjgn
[120,127]. Itis then possible to make the approximation

TGP, (@) + G2, — 2hom (x)Prm COSIp, () — ¢, 1}Y?)
d
~ J()2(¢rm) - W[J()z(‘prm)]d)om (m) COSEou(m) - (pr]
(6.19)

Substitution of this into (6.17) results in

(ii)

TV holography

(i) unidirectional tilt The reference primary correlogram

is acquired with an in-line reference beamy, .., = 0)
and then it is tilted to producA¢,, = —27f. - = =
—a(x). By substitutioninto (6.3) and (6.5), the resulting
secondary correlograms are

_ 8[To(@)V(@)]*{1 — cos[2y, (x) + Dby ()

ey 2, +21f, - )

io k()
X{l + (_l) COS [A¢U,k($) + 27TfL * m]}
— e ——
v@) [ #(x)
symmetrical tilt The reference primary correlogram

(6.23)

a(x)

I () ~ 2g%[Zo(x)V(x)] {1 +C092[Y ) () — a1} IE (Drm)
io(x)

X {{1 _k¢nm (III) &? [900 (CC) _(pr,k]}

v(x) . ¢ (x)

is acquired with one half of the tilt and, therefore,
with a spatial carrieliAg,,.r = 7f. - & = a(x)/2;
the reference beam is then symmetrically tilted in the
opposite direction to gek ¢,y = —7 fo-x = —a(xz)/2.
The resulting secondary correlograms

_ SL@V@)]{L - cos[2, @) + T, (@)

(6.20)

Uk

wherek is a constant that depends solely ¢x, and is

usually experimentally optimized and measured through a Ii(z)

calibration process [127]. The phase shift is controlled by *2¢,1)

the mechanical phage of the sinusoidal modulation. The iox ()

result of the phase-evaluation process is the local phase of x{1+(=1) cos[A¢,(x)+2r f. - x]} (6.24)
—— N e s ——

oscillationg, (x) of the measurand. To obtain the amplitude )
of oscillation ¢,,, (x), the visibility of the patterrv(z) =

k¢om(x) has to be calculated and divided by the scale factor are free of carrier noise in their local mean intensity and
i can be directly evaluated.

v(x) f

a(x)

Finally, when this technique is applied to AM
6.3.3. Spatial carrier generation. Two types of correlograms the reference beam is tilted during the exposure
techniques have been proposed in TVH to generate the spatiaPf €ach primary correlogram. For example, with double-
carrier that methods as SCPSM, SSDM and SFTM require. €xposure pulsed illumination [248] the reference beam is
The most usual is to tilt the reference beam off the optical tilted between the light pulses.
axis, although a technique based on a degenerated version of
contouring has recently been introduced. 6.3.3.2. Degenerate contouring In this variant, the
carrier is introduced through the changes of the object phase
difference A¢,(x) tilting the illumination beam between
exposures; this tilt being symmetrical with respect to the
observation direction (section 3.3.3), it is equivalent to
a degenerate shape-measurement technique in which the
contouring planes are parallel to the observation direction
and produce a set of equally spaced parallel fringes that is
used as the spatial carrier. The change of the object phase
difference among exposures can be expressed as

6.3.3.1. An off-axis reference beam. This technique

is applied in out-of-plane-sensitive interferometers with a,
generally uniform, reference beam. When the reference
beam is tilted with respect to the object beam, the reference
phase difference, (x) becomes different at each point of the
interferogram; if the tilt angle is the same for every point, the
dependence af, (x) on the coordinates is linear and thence

Gri(@) = ¢ + 21 fc - = Pr + Ay (x) (6.21)

A¢0,k(m) = A¢00,k(m) + A(pnc,k(m) = A¢00,k(m) + 27ch T
(6.25)

whereg, is a constant. h A is the | t due to the ch
For the evaluation of primary PM correlograms (that where Ado,«(x) is the incremen jue fto the changes
of the measurand andA¢,. (x) is the increment

has been implemented with SCPSMs [21,245] and the. This technique

SFTM [43, 246)) the tilt of the reference beam is permanent; induced by degenerate gontounng.
therefore has been demonstrated with secondary PM correlograms

for contouring [249], shearing [250,251], out-of-plane
I, (x) = gZo(x){1 +V(x) cos [y, (x) + ¢, (x) + ¢, [152,252] and in-plane [253] geometries.
~—— —_—

io(x) v S b(x)
+27 f. - ]} (6.22) 6.3.4. Simulta_neous_phase shift. Whenever the number
— N of phase-shifted primary correlograms needed to evaluate
a(x)

the phase with TPSMs is small, they can be generated at once
When secondary PM correlograms are used [247], the and recorded with individual video cameras (generally three
reference beam is tilted on going from the reference to the to comply with the input requirements of standard colour
succeeding primary correlograms. Once again, two strategiesvideo digitizers) to produce phase maps in almost real time.
are apparent. This requires a rigorous alignment of the cameras insofar
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as, in general, the speckle size has to be comparable to thesimulating the optical reconstruction of classical holograms,
size of the pixels in order to maximize the contrast of the i.e. the diffraction of the reference beam through the
fringes. The phase shift among the correlograms is inducedhologram. This procedure is equivalent [258] to calculating
either by polarizing elements [176] or by diffraction gratings the complex amplitude of the primary correlogram using the

[228, 254]. spatial Fourier-transform method [236] (that involves use of
the Fourier transform, filtering and then use of the inverse
7. Concluding remarks Fourier transform) and then performing the reconstruction

with the diffraction integral, a further Fourier transform with

Image-plane TVH is now a well-established branch of this a weighting function [24]. It has been demonstrated that
field of optical metrology. Most of its variants have been other evaluation methods such as, for example, temporal
investigated and, consequently, it can be considered withphase shifting can also be used to calculate that complex
a global perspective that permits the systematization of its amplitude [259], although they cannot be merged with the
procedures and techniques. The development of the othereconstruction process as they can in the SFTM.
branch, Fresnel/Fourier TVH, is just beginning and many Secondary-fringe-generation techniques can be applied
of its potential methods have not yet been investigated. It to the reconstructed intensity fields [21], but also to the pri-
would, therefore, be somewhat speculative for the time being mary correlograms before the reconstruction [23], in this case
to propose a common scheme for both of them. omitting the square-law demodulation that is implicitly per-

Our approach to TVH can accommodate the techniquesformed when calculating the intensity of the reconstructed
of Fresnel/Fourier TVH that have been reported to date, but field.
this does not mean that all the techniques reported for the first ~ The new Fresnel/Fourier techniques that, beyond the
branch have to be applicable to the second; some of then mayshadow of a doubt, are due to appear in the next years will ulti-
work and others not. mately determine whether our approach to TVH is fully appli-

All the Fresnel/Fourier TVH techniques that have been capje to both branches or has to be modified to embrace them.
established use interferometers with a smooth reference
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plane (section 3.1.1), in general directions (section 3.1.3) References

[18, 21, 22], in multiple directions (section 3.1.4) [255] or to [1] Butters J N 1971 Speckle pattern interferometry using
the shape (section 3.3.1) [25, 26]. The use of interferometers video techniqueSPIE J.105-9

with two speckle beams such as, for example, double- [2] Butters J N and Leendert] A 1971 Speckle pattern and
illumination (section 3.1.2 and 3.3.3.2) and shearing ones holographic techniques in engineering metrol@pt.
(section 3.2) has not been reported. Laser Technol3 26-30

Apparently, all the temporal treatment techniques that [3] Butters JN and Leendert) A 1971 Reasons and methods

. . . for electronic processing in coherent light systems for
yield PM correlograms can be used in Fresnel/Fourier TVH. engineering measuremePioc. Technical Program

Time averaging with a static measurand (section 4.1.1) Electro-Optics '71 Int. Conf. (Brightorpp 189-93

[22, 23], single-exposure (section 4.3.1) [20, 25] and double-  [4] Butters J N and LeendertJ A 1971 Holographic and video
single-exposure (section 4.3.3.1) [21, 24] pulsed illumination techniques applied to engineering measurereans.
have been demonstrated and single-exposure stroboscopic Inst. Meas. Controf 349-54

[5] Macovski A, Ramsg S D and Schaefd. F 1971

illumination can be used under similar conditions. Nothing Time-lapse interferometry and contouring using

has been published about the techniques that yield true television systemAppl. Opt.102722—7

AM correlograms but, according to the results obtained by  [6] Schwomma O 1972 Holographisch-interferometrisches
Schnars anduptner [23] with synthetic AM correlograms oder moiemetrisches VerfahreAustrian Paten298 830

e [7] KopfU 1972 Meltechnik 105
E;Og;;ﬁga%ﬁrgg Sﬁglggln?;]t\gf TF:/l\l/l_i Ctg:)relograms, they must [8] Gasvik K 1980 Vibration analysis of a circular saw blade by

means of mo# technique and TV-holograpl@SA

The main difference between image-plane and Fres- Technical Digest of the Topical Meeting on Hologram
nel/Fourier TVH is that in the latter the analysis of the fringe Interferometry and Speckle Metrology (June 1980)
pattern is always necessary in order to calculate the com- WAB-1

plex amplitude (i.e. the local average intensity and the phase) [9] Gasvk K J 1987Optical Metrology(Chichester: Wiley)

. . pp 108-13
of the hologram (the primary correlogramy; then the corre- [10] Nakadate S, Yatagai T and Saito H 1980 Electronic speckle

sponding complex amplitude at the object plane has to be pattern interferometry using digital image processing
reconstructedy simulating the back propagation of light by techniquesAppl. Opt.191879-83

use of the diffraction integral in Fresnel’s or Fourier's (Fraun-  [11] Nakadalile S, Yatagai T fand Satijtg(;)Hl 18832(:202n31;;uf3r-aided
hofer’ roximation [19. 24. 2 2571. Th h f th speckle pattern interferome pl. Opt. —

0 elt'S) appro | atio I['t 9(’1 iy t?]& E ] d'fo phase Of tthe [12] Oreb B F, Sharon B and Hariharan P 1984 Electronic
.resu |n.g compiex amplitude ',S € phase ' erence o . e speckle pattern interferometry with a microcomputer
interfering beams corresponding to each point of the object Appl. Opt.233940-1
and its magnitude can be used to render secondary-fringe [13] Hirai A, Akatsu T and Horii Y 1985 Dynamic motion
patterns. measurement using digital TV speckle interferometry

Proc. SPIE54986-93

In m f the Fresnel/Fourier TVH ms th o .
h b ost 0 ;[ 3 1865276/ ou ﬁe . fsyste E t at_ [14] Creath K 1984 Digital speckle pattern interferometry
ave been reported [18-27] an off-axis reference beam is (DSPI) using a 106 100 imaging arrayroc. SPIES01

used to introduce a spatial carrier and the reconstruction 292-8
is performed directly from the primary correlograms by [15] Stetsm K A and Brohinsly W R 1985 Electrooptic

R30



[16]

[17]

(18]

[19]

[20]

[21]

[22]

(23]

[24]

[29]

[26]

[27]

[28]

[29]
(30]

(31]

(32]

(33]

(34]

(35]

(36]

(37]

(38]

holography and its application to hologram
interferometryAppl. Opt.24 3631-7

Stetsm K A 1990 Theory and applications of electronic
holographyProc. SEM. Conf. on Hologram
Interferometry and Speckle Metrology (Baltimopg)
294-300

Malmo J T and Vikhagen E 1988 Vibration analysis of a car
body by means of TV holograptyxp. Techn12
28-30

Schnars U andiptner W 1993 Principles of direct
holography for interferometrifringes '93. Proc. 2nd Int.
Workshop on Automatic Processing of Fringe Patterns
(Bremen)Berlin: Akademie) pp 115-20

Schnars U andiiptner W 1994 Direct recording of
holograms by a CCD target and numerical reconstruction
Appl. Opt.33179-81

Schnars U, Kred T M and diptne W P 01996 Digital
recording and numerical reconstruction of holograms:
reduction of the spatial frequency spectr@pt. Engng
35977-82

Pedrini G, TizianH J and Zou Y 1997 Digital double
pulse-TV-holographypt. Lasers Engng6
199-219

Schnars U 1994 Direct phase determination in hologram
interferometry with use of digitally recorded holograms
J. Opt. Soc. AmA 112011-15

Schnars U andiptne W P 01994 Digital recording and
reconstruction of holograms in hologram interferometry
and shearograph§ppl. Opt.334373-7

Pedrini G, Za Y L and Tizian H J 1995 Digital
double-pulsed holographic interferometry for vibration
analysisl). Mod. Opt42367-74

Zou Y-L, Pedrini G and Tiziani H 1996 Two-wavelength
contouring with a pulsed ruby laser by employing
TV-holographyJ. Mod. Opt43639-46

Zou Y, Pedrini G and Tiziani H 1996 Surface contouring in
a video frame by changing the wavelength of a diode
laserOpt. Engng351074-9

Pomarico J, Schnaars U, Hartmann H-J aingtder W 1995
Digital recording and numerical reconstruction of
holograms: a new method for displaying light in flight
Appl. Opt.348095-9

Butters J N, Jones R and Wykes C 1978 Electronic speckle
pattern interferometrgpeckle metrologgd R K Erf
(London: Academic) pp 111-58

Lokbeg O J 1980 Electronic speckle pattern interferometry
Phys. Technoll116—-22

Lgkbeg O J 1984 ESPI—the ultimate holographic tool for
vibration analysis?d. Acoust. Soc. AnT51783-91

Lgkbeg O J 1993 Recent developments in video speckle
interferometrySpeckle Metrologgd R S Sirohi (New
York: Marcel Dekker) pp 157-94

Lokbeg O J and SlettemaeG A 1987 Basic electronic
speckle pattern interferometApplied Optics and
Optical Engineeringrol 10 ed R Shannon an) C Wyant
(San Diego: Academic) pp 455-504

Jones R and Wykes C 198®lographic and Speckle
Interferometry(Cambridge: Cambridge University
Press)

Davies J C and BuckbeyrC H 1993 Television holography
and its application®ptical Methods in Engineering
Metrologyed D C Williams (London: Chapman & Hall)
pp 275-338

Born M and Wolf E 1993rinciples of Optic{Oxford:
Pergamon) pp 505-8

Goodma J W 1984 Statistical properties of laser speckle
patternd_aser Speckle and Related Phenom2nd edn,
ed J C Dainty (Berlin: Springer) pp 9-75

Slettemoa G A 1979 General analysis of fringe contrast in
electronic speckle pattern interferome@ypt. Acta26
313-27

Butters J N 1976 Electronic speckle pattern interferometry:

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]
[49]

[50]

[51]

[52]

(53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

(62]

TV holography

a general review background to subsequent papiees
Engineering Uses of Coherent Optied E R Robertson
(Cambridge: Cambridge University Press) pp 155-69

Jones R and Wykes C 1981 General parameters for the
design and optimization of electronic speckle pattern
interferometer®pt. Acta28 949-72

Virdee M S, Williams D C, BanyatJ E and Nassar N S
1990 A simplified system for digital speckle
interferometryOpt. Laser TechnoR2311-16

Lakberg O J, SeebgB E and Vestli K 1997 Microscopic
video speckle interferometi@pt. Lasers Engng6
313-30

Soars O D D,Lage ALV S and Sakeski H 1987
Improvements on electronic speckle pattern
interferometryOptical Metrologyed O D DSoares
(Dordrecht: Martinus Nijhoff) pp 587-605

Saldner H O, Molin N-E and Stetad< A 1996
Fourier-transform evaluation of phase data in spatially
phase-biased TV hologramgpl. Opt.35332-6

Biedermann K and Ek L 1975 A recording and display
system for hologram interferometry with low resolution
imaging deviced. Phys. E: Sci. Instrun@ 571-6

Nakadate S and Saito H 1985 Fringe scanning
speckle-pattern interferometAppl. Opt.242172-80

Peng S, Joenathan C and KhaadhM 1992
Quasi-equal-path electronic speckle pattern
interferometric systerpt. Lett.17 1040-2

Joenathan C and KhoraB M 1993 Quasi-equal-path
electronic speckle pattern interferometric systsppl.
Opt.325724-6

Schultz B 1994 Electronic speckle-pattern-interferometrie
through shearograpigroc. SPIE2358153—-7

Poue B F and Krishnaswamy S 1993 Additive/subtractive
decorrelated electronic speckle pattern interferometry
Opt. Engng321360-9

Slettemoa G A 1980 Electronic speckle pattern
interferometric system based on a speckle reference
beamAppl. Opt.19616-23

Joenathan C and KhoraB M 1991 A simple and modified
ESPI systenOptik 88 169-71

Joenathan C and Torroba R 1991 Modified electronic
speckle pattern interferometer employing an off-axis
reference bearAppl. Opt.301169-71

Petrov V and Lau B 1996 Electronic speckle pattern
interferometry with a holographically generated
reference wav®©pt. Engng352363-70

Lagkbeg O J 1985 Mapping of in-plane vibration modes by
electronic speckle pattern interferome®pt. Engng?4
356-9

Joenathan C, Sohmer A andi&le L 1995 Increased
sensitivity to in-plane displacements in electronic
speckle pattern interferometAppl. Opt.34 2880-5

Butters J N and Leendext] A 1971 A double exposure
technique for speckle pattern interferomeiryhys. E:
Sci. Instrum4 277-9

Duffy D E 1972 Moig gauging of in-plane displacement
using double aperture imagidgppl. Opt.11
1178-81

Siroh R S and Krishna Mohan N 1993 In-plane
displacement measurement configuration with twofold
sensitivityAppl. Opt.326387-90

Sohmer A and Joenathan C 1996 Twofold increase in
sensitivity with a dual-beam illumination arrangement
for electronic speckle pattern interferome®pt. Engng
351943-8

Joenathan C, Franze B and Tizi&hJ 1994 Oblique
incidence and observation electronic speckle-pattern
interferometryAppl. Opt.33 7307-11

Hung Y Y 1978 Displacement and strain measurement
Speckle Metrologgd R K Erf (London: Academic)
pp 51-71

Pedrini G and TizianH J 1994 Double-pulse electronic

R31



A F Doval

speckle pattern interferometry for vibration analysis
Appl. Opt.337857—-63
[63] Mendoza-Santoyo F, Shellabéd C and Tyrer J R 1991
Whole field in-plane vibration analysis using pulsed
phase-stepped ESRppl. Opt.30717-21
[64] ShellabeaM C and Tyrer J R 1988 Three-dimensional
vibration analysis using electronic speckle pattern
interferometry (ESPIProc. SPIE952251-9
[65] Moore A J and Tyrer J R 1990 An electronic speckle pattern
interferometer for complete in-plane displacement
measuremeritleas. Sci. Technol 1024-30
[66] ShellabeaM C and Tyrer J R 1991 Application of ESPI to
three-dimensional vibration measuremets. Lasers
Engngl1543-56
[67] Winther S 1988 3D strain measurements using E38l
Lasers Engn@ 45-57
[68] Bha G K 1995 Measurement of strains in turbine blades
vibrating at resonance using electro-optic holography
J. Mod. Opt42667-77
[69] Arizaga R, Rabal H and Trivi M 1994 Simultaneous
multiple-viewpoint processing in digital speckle pattern
interferometryAppl. Opt.334369-72
Wang L-S, Janbunathan K, DobkiB N and He S-P 1996
Measurement of three-dimensional surface shape and
deformations using phase stepping speckle
interferometryOpt. Engng352333-40
Ganesan A R, Joenathan C and Sifels 1987 Real-time
comparative digital speckle pattern interferomedmpt.
Commun64501-6
Ganesan A R, Meinlschmidt P and Hihsi€ D 1994
Vibration mode separation using comparative electronic
speckle interferometry (ESPQpt. Communl0728-34
Saldner H O, Krishna Mohan N and Molin N-E 1995
Comparative TV holography for vibration analySigt.
Engng34 486-92
Aebische H A and Waldner S 1997 Strain distributions
made visible with image-shearing speckle pattern
interferometryOpt. Lasers Engng6 407-20
Tyrer J R and Petzig J N 1997 In-plane electronic speckle
pattern shearing interferomet®pt. Lasers Engng6
395-406
MantravadM V 1992 Lateral shearing interferometers
Optical Shop Testingd D Malacara (New York: Wiley)
pp 123-72
Leenderz J A and Buttes J N 1973 An image-shearing
speckle-pattern interferometer for measuring bending
moments]. Phys. E: Sci. Instrun6 1107-10
Hung Y Y, Tang S and Hovanesid D 1994 Real-time
shearography for measuring time-dependent
displacement derivativesxp. Mech34 89-92
Nakadate S, Yatagai T and Saito H 1980 Digital
speckle-pattern shearing interferometypl. Opt.19
4241-6
Rabal H, Henao R and Torroba R 1996 Digital speckle
pattern shearing interferometry using diffraction gratings
Opt. Commun126191-6
Joenathan C andiBkle L 1997 Electronic speckle pattern
shearing interferometer using holographic gratiys.
Engng362473-7
[82] Krishna Murthy R, SirohR S and KothiyaM P 1982
Speckle shearing interferometry: a new metiAqubl.
Opt.212865-7
[83] Joenathan C and Torroba R 1990 Simple electronic
speckle-shearing-pattern interferome®gat. Lett.15
1159-61
[84] Krishna Mohan N, MasalkeP J and SirohR S 1992
Electronic speckle pattern interferometry with
holo-optical elemen®roc. SPIE1821234-42
[85] Valera J D and JoreJ D C1994 Phase stepping in
fiber-based speckle shearing interferom@pt. Lett.19
1161-3
[86] ValeraJ D R,Jone J D C, Tavers D P and Buckberry C H

[70]

[71]

[72]

(73]

[74]

[75]

[76]

[77]

[78]

[79]

(80]

(81]

R32

1997 Strain and vibration analysis by fibre based speckle
shearing interferometr@pt. Lasers Engng6 361-76
Krishna Murthy R, Mohanty R K, SiralR S and
Kothiyal M P 1984 Radial speckle shearing
interferometer and its engineering applicati@ysik 67
85-94
Mohanty R K, Joenathan C and Sii¢h S 1986 High
sensitivity tilt measurement by speckle shear
interferometryAppl. Opt.251661-4
Ganesan A R, ShamarD K and KothiyaM P 1988
Universal digital speckle shearing interferomei@pl.
Opt.274731-4
Krishna Mohan N, Saldner H and Molin N -E 1993
Electronic speckle pattern interferometry for
simultaneous measurement of out-of-plane displacement
and slopeOpt. Lett.181861-3
del Carreto P and Perlo P 1994 Compact multi-beam
shearography for deformation and vibration observation
Proc. SPIE2358140-4
Denby D, Quintanikh G E and Buttey J N 1976 Contouring
by electronic speckle pattern interferometitye
Engineering Uses of Coherent Optied E R Robertson
(Cambridge: Cambridge University Press) pp 171-97
Butters J N and Leendextd A 1974 Component inspection
using speckle patterfAroc. Technical Program
Electro-Optics '73 Int. Conf(Brighton: Kiver
Communications) pp 43-50
Jones R and Butterd N 1975 Some observations on the
direct comparison of the geometry of two objects using
speckle pattern interferometric contourihgPhys. E:
Sci. Instrum8 231-4
[95] Jones R and Wykes C 1978 The comparison of complex
object geometries using a combination of electronic
speckle pattern inteferometric difference contouring and
holographic illumination elementpt. Acta25449-72
[96] Wykes C 1977 De-correlation effects in speckle-pattern
interferometry. 1. Wavelength change dependent
de-correlation with application to contouring and surface
roughness measuremedpt. Acta24517-32
Tatam R P, Davies J C, Buckbgi€ H and JongJ D C
1990 Holographic surface contouring using wavelength
modulation of laser diode®pt. Laser TechnoR?2
317-21
Peng X, Zou Y L, Di@ HY and TiziamnH J 1992 A
simplified multi-wavelength ESPI contouring technique
based on a diode laser syst@ptik 91 81-5
RastogP K 1993 Techniques of displacement and
deformation measurements in speckle metrol8ggckle
Metrologyed R S Sirohi (New York: Marcel Dekker)
pp 41-98
Winther S and SlettemoeG A 1984 An ESPI contouring
technique in strain analysiroc. SPIEA7344-7
Rodiiguez-Vera R, Kerr D and Mendoza-Santoyo F 1992
Electronic speckle contourinly Opt. Soc. AmA 9
2000-8
Rodiguez-Vera R 1997 Optical gauging of diffuse surfaces
by electronic speckle contourir@pt. Lasers Engng6é
101-14
Diao H, Zou Y, Peng X, TiziarH J and Chen L 1992
Calibration of the inclined contour planes formed on
ESPI and optimization of ESPI optical system for
contouringOptik 91 71-5
Peng X, DiaoHY, Za Y L and TizianH J 1992
Contouring by modified dual-beam ESPI based on tilting
illumination beam®ptik 9061-4
Ganesa A R and SirohR S 1988 New method of
contouring using digital speckle pattern interferometry
(DSPI)Proc. SPIE954327-32
Joenathan C, Pfister B and Tizi&hJ 1990 Contouring by
electronic speckle pattern interferometry employing dual
beam illuminatiomppl. Opt.291905-11
[107] Zou Y, Diao H, Peng X and Tiziani H 1992 Geometry for

(87]

(88]

(89]

[90]

[91]

[92]

(93]

[94]

[97]

(98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]



contouring by electronic speckle pattern interferometry
based on shifting illumination beamgpl. Opt.31
6616-21
[108] Diao H, Zou Y and TizianH J 1993 Design considerations
of a dual-beam ESPI optical system for contour@gtik
9345-51
[109] Zou Y, Diao H, Peng X and Tiziani H 1992 Contouring by
electronic speckle pattern interferometry with
guadruple-beam illuminatioAppl. Opt.31 6599-602
[110] Bolognini N, Rabal H and Torroba R 1992 Single-beam
digital holographic contouringppl. Opt.311009-11
[111] Zou Y, Pedrini G and Tiziani H 1994 Contouring by
electronic speckle pattern interferometry employing
divergent dual beam illuminatioh Mod. Opt41
1637-52
Arizaga R, Rabal H, Trivi M, Alais E and Romero G 1994
Single fringe contourin@pt. Commun108209-13
Lu B, Yang X, Abendroth H, Eggers H and Ziolkowski E
1988 Measurement of a three-dimensional temperature
field applying ESPI and CT techniqu@pt. Commun69
6-10
Lagkberg O J, Espeland M and PederstM 1995
Tomographic reconstruction of sound fields using TV
holographyAppl. Opt.34 1640-5
Logkberg O J, Rustad R and Espeland M 1996 Tomographic
reconstruction of sound fields in air using
TV-holographyOpt. Lasers Engng5 361-72
Rustad R, Lgkberg O J, Pedersen H M, Klepsvik K and
Stgren T 1996 Full field tomographic reconstruction of
acoustic fields using TV-holography theory,
developments and possibiliti®soc. SPIE2782
302-12
Lokbeg O J 1994 Sound in flight: measurement of sound
fields by use of TV holograph#ppl. Opt.332574-84
Dupont O, Dewandd L and Legros J C 1995 Use of
electronic speckle pattern inteferometry for temperature
distribution measurements through liquidpt. Lett.20
1824-6
Stetsa K A 1969 A rigorous treatment of the fringes of
hologram interferometrptik 29 386—400
Hagmoen K and Pedersél M 1977 Measurement of small
vibrations using electronic speckle pattern
interferometry: theory. Opt. Soc. An67 1578-83
Aleksof C C 1974 Temporal modulation techniques
Holographic Nondestructive Testirgl R K Erf
(Orlando: Academic) pp 24763
Lgkbeg O J 1979 Use of chopped laser light in electronic
speckle pattern interferometAppl. Opt.18
2377-84
Rosvotl G O and Lgkbeg O J 1993 Effect and use of
exposure control in vibration analysis using TV
holographyAppl. Opt.32684-91
Lgkbeg O J and Hagmoen K 1976 Use of modulated
reference wave in electronic speckle pattern
interferometryd. Phys. E: Sci. Instrun® 847-51
Lokbeg O J and Hggmoen K 1976 Vibration phase
mapping using electronic speckle pattern interferometry
Appl. Opt.152701-4
Lgkbeg O J and Hagmoen K 1977 Holographic methods
made useful by phase modulated E®RIc. SPIE136
222-5
Ellingsrud S and RosvdlG O 1992 Analysis of a

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

data-based TV-holography system used to measure small

vibration amplitudes. Opt. Soc. AmA 9237-51

Stetsa K A and Brohinsly W R 1988 Fringe-shifting
technique for numerical analysis of time-average
holograms of vibrating objects Opt. Soc. AmA 5
1472-6

Moran SE, Law R L, Crg P N and Goldbey W M 1987
Optically phase-locked electronic speckle pattern
interferometeAppl. Opt.26475-91

Valera Robles J D, Harvey D and JenkD C1992

[128]

[129]

[130]

TV holography

Automatic heterodyning in fiber optic speckle pattern
interferometry using laser velocimet@pt. Engng31
1646-53

Valera J D, DovbA F and Jons J D C1993 Combined
fibre optic laser velocimeter and electronic speckle
pattern interferometer with a common reference beam
Meas. Sci. Technoft 578-82

Moran S E, Luganani R, CigP N and Law R L 1989
Optically phase-locked electronic speckle pattern
interferometer system performance for vibration
measurement in random displacement fidldSpt. Soc.
Am.A 6 252-69

Hggmoen K and LokbgrO J 1977 Detection and
measurement of small vibrations using electronic speckle
pattern interferometrAppl. Opt.16 1869-75

Pedersen H M, Lakberg O J, Valo H and Wang G 1994
Detection of nonsinusoidal periodic vibrations using
phase-modulated TV-holograp®pt. Commun104
271-6

Lokberg O J, Pedersen H M, Valo H and Wang G 1994
Measurement of higher harmonics in periodic vibrations
using phase-modulated TV holography with digital
image processingppl. Opt.334997-5002

Wates J P 1974 Interferometric holographylographic
Nondestructive Testingd R K Erf (Orlando: Academic)
pp 87-103

Steinbichler H and Gehring G 1996 TV-holography and
holographic interferometry: industrial applicatioDgt.
Lasers Engn@4111-27

Gaskil J D 1978Linear Systems, Fourier Transforms and
Optics(New York: Wiley) pp 60-3

Alén J M, Doval A F, Bugdn J, Doriio B V, Lopez C,
Ferrandez A, Blanco-Gara J, erez-Amor M and
Ferrande J L 1997 Phase-shifted double single-pulse
additive stroboscopic TV-holography for the
measurement of high-frequency vibrations using
low-bandwidth phase modulation devidesc. SPIE
3098166-75

[140] Doval A F, Feriandez J L, Brez-Amor M, Valea J D and
Jones J D C1994 Phase-stepped additive stroboscopic
fibre optic TV holography for vibration analysioc.
SPIE2248229-40

Wang L -S and Krishnaswamy S 1996 Additive-subtractive
speckle interferometry: extraction of phase data in noisy
environmentOpt. Engng35 794-801

Doval A F, Feriandez J L, Brez-Amor M, Valea J D R and
Jones J D C1996 Contrast enhanced and phase
controlled stroboscopic additive fibre optic
TV-holography for whole field out-of-plane vibration
analysisOpt. Lasers Engng@5 323-42

Chatters T, Pouet B and Krishnaswamy S 1992 ESPI with
synchronized pressure stressiPigc. SPIE182138-45

Hughes R G 1976 The determination of vibration patterns
using a pulsed laser with holographic and electronic
speckle pattern interferometry techniquédee
Engineering Uses of Coherent Optied E R Robertson
(Cambridge: Cambridge University Press) pp 199-218

Cookson T J, ButtsrJ N and Pollat H C 1978 Pulsed
lasers in electronic speckle pattern interferomé&pt.
Laser Technol10119-24

Tyrer J R 1985 Application of pulsed holography and
double pulsed electronic speckle pattern interferometry
to vibrating engineering structur®soc. SPIE599181-8

Mendoza-Santoyo F, Tyrer J R, wWadsC and Kerr D 1989
Vibration analysis using phase stepped pulsed electronic
speckle pattern interferometBroc. SPIE1084262-78

Spooren R 1990 TV-holography using a double pulsed
single oscillator Nd:YAG laser; restrictions and
possibilitiesProc. SEM Conf. on Hologram
Interferometry and Speckle Metrology (Baltimore)
ed K A Stetson ath R J Pryputniewicz pp 260-7

Spooren R 1992 Double-pulse characteristics of a

[131]

[132]

[133]

[134]

[135]

[136]

[137]

[138]

[139]

[141]

[142]

[143]

[144]

[145]

[146]

[147]

[148]

[149]

R33



A F Doval

single-oscillator Nd:YAG laser affecting its performance
in TV holographyAppl. Opt.31208-16

[150] Shellabear M C, Mendoza Santoyo F and Tyr& 1990
Processing of addition and subtraction fringes from
pulsed ESPI for the study of vibratioRsoc. SEM Conf.
on Hologram Interferometry and Speckle Metrology
(Baltimore)ed K A Stetson ath R J Pryputniewicz
pp 238-44

Mendoza-Santoyo F, Moore A J, Tyr#R and
Alcala-Ochoa N 1994 Noise reduction in twin-pulsed
addition electronic speckle pattern interferometry fringe
pattern®Opt. Engng331712-16

Ferraindez A, Blanco-Gara J, Doval A F, Bugan J,
Dorrio BV, Lopez C, Aén J M, Ferez-Amor M and
Ferrande J L 1998 Transient deformation measurement
by double-pulsed-subtraction TV holography and the
Fourier transform methodppl. Opt.37 3440-6

Spooren R 1994 Standard charge-coupled device cameras
for video speckle interferometi®pt. Engng33 889-96

Holg G C 1996CCD Arrays, Cameras and Displays
(Bellingham, WA: SPIE Optical Engineering Press)
pp 55-65

Spooren R 1991 Fringe quality in pulsed TV-holography
Proc. SPIE1508118-27

Spooren R 1992 Double-pulse subtraction TV holography
Opt. Engng311000-7

Pedrini G, Pfister B and Tiziani H 1993 Double
pulse-electronic speckle interferomeftyMod. Opt.40
89-96

Slettemor G A 1977 Optimal signal processing in
electronic speckle pattern interferome®@pt. Commun.
23213-16

Pedersen H M, LagkbgrO J and Forre B M 1974
Holographic vibration measurement using a TV speckle
interferometer with silicon target vidica@pt. Commun.
12421-6

Lagkberg O J, Hok O M and PederseH M 1976 Scan
converter memory used in TV-speckle interferometry
Opt. Laser TechnoB 17-20

Nakadate S 1986 Vibration measurement using
phase-shifting speckle-pattern interferomeippl. Opt.
254162-7

Davila A, Kaufmam G H and Kerr D 1993 Digital
processing of ESPI addition fring&soc. FASIG,
‘Fringe '93’ ed W Jiptner and W Osten (Bremen:
Akademie) pp 339-46

Davila A, Kerr D and Kaufmam G H 1994 Digital
processing of electronic speckle pattern interferometry
addition fringesAppl. Opt.335964-9

Creath K and Slettemaes A 1985 Vibration-observation
techniques for digital speckle-pattern interferometry
J. Opt. Soc. AmA 2 1629-36

Kaufmann G H, Kerr D and HalliweN A 1994 Contrast
enhancement of pulsed ESPI addition frin@gs.
Lasers Engn@025-34

Facchini M, Albrecht D and Zanetta P 1993 Phase detection
algorithm in ESPI fringes with speckle noise reduction
by using preliminary time averagirfgroc. FASIG,
‘Fringe '93’ ed W Jiptner and W Osten (Bremen:
Akademie) pp 45-50

Davies J C, Buckberry C H, Josd D C and Bnell C N
1987 Development and application of a fibre optic
electronic speckle pattern interferometer (ESRHc.
SPIE863194-207

Davies J C, Buckberry C H, Janid D C and Bnnell C N
1988 Developments in electronic speckle pattern
interferometry for automotive vibration analy$tsoc.
SPIE952260-74

Poué¢ B F and Krishnaswamy S 1994 Additive-subtractive
phase-modulated electronic speckle interferometry:
analysis of fringe visibilityAppl. Opt.336609-16

Chatters T C, Poud® F and Krishnaswamy S 1995

[151]

[152]

[153]

[154]

[155]
[156]

[157]

[158]

[159]

[160]

[161]

[162]

[163]

[164]

[165]

[166]

[167]

[168]

[169]

[170]

R34

Additive-subtractive phase-modulated shearography with
synchronized acoustic stressiBgp. Mech35
159-65
[171] Lu B, Yang X, Abendroth H and Eggers H 1989
Time-average subtraction method in electronic speckle
pattern interferometr@pt. Commun70177-80
[172] Joenathan C 1991 Vibration fringes by phase stepping on an
electronic speckle pattern interferometer: an analysis
Appl. Opt.304658-65
[173] QinY and Dai J 1994 Real-time interval technique for
electronic shearing speckle pattern interferoméxpy.
Lasers Engn@1241-8
[174] Wizinowich P L 1990 Phase shifting interferometry in the
presence of vibration: a new algorithm and sys#sopl.
Opt.293271-9
[175] Colucci D and Wizinowich P 1992 Millisecond phase
acquisition at video ratesppl. Opt.315919-25
[176] van HaastereA J P and-rankem H J 1994 Real-time
displacement measurement using a multicamera
phase-stepping speckle interferometgpl. Opt.33
4137-42
[177] Joenathan C 1990 Effect of the nonlinearity of the TV
camera in electronic speckle pattern interferom€pgik
8533-7
Jones R and Wykes C 1977 De-correlation effects in
speckle-pattern interferometry. 2. Displacement
dependent de-correlation and applications to the
observation of machine-induced strépt. Acta24
533-50
Owner-Petersen M 1991 Decorrelation and fringe visibility:
on the limiting behaviour of various electronic
speckle-pattern correlation interferometér©pt. Soc.
Am.A 81082-9
Wykes C 1987 A theoretical approach to the optimization of
electronic speckle pattern interferometry with limited
laser powed. Mod. Opt.34539-54
Slettemor G A 1981 First-order statistics of displayed
speckle patterns in electronic speckle pattern
interferometryd. Opt. Soc. Ami1474-82
Williams D C and RobinsoD W 1987 Electro-optic
holographyNon-Destructive Testing, Proc. 4th European
Conf.pp 58896
Poué¢ B F and Krishnaswamy S 1995 Technique for the
removal of speckle phase in electronic speckle
interferometryOpt. Lett.20 318-20
Stetsa K A 1989 An electronic system for real-time
display and quantitative analysis of hologram
interference fringe®roc. SPIEL37578-85
Bushman T 1989 Development of a holographic computing
systemProc. SPIE116266-77
Vikhagen E 1989 Vibration measurement using phase
shifting TV-holography and digital image processing
Opt. Commun69214-18
Lu B, Hu Z, Abendroth H, Eggers H and Ziolkowski E
1989 Improvement of time-average subtraction
technique applied to the vibration analysis with
TV-holographyOpt. Commun78217-21
Rosenthal D M, TrolingeJ D and Weber D C 1991 The use
of double pulsed ESPI for earthquake mitigation of large
structuresProc. SPIE1553175-84
Joenathan C and Khora3 M 1992 Contrast of the
vibration fringes in time-averaged electronic
speckle-pattern interferometry: effect of speckle
averagingAppl. Opt.311863-70
[190] Johansson S and PredK G 1989 Performance of a
phase-shifting speckle interferometer for measuring
deformation and vibratiod. Phys. E: Sci. Instrun22
289-92
[191] O’Shea M and O’'Mongain E 1992 Charge-coupled devices:
frame adding as an alternative to long integration times
and coolingOpt. Engng31522—-6
[192] Lekbeg O J and SlettemoeG A 1984 Improved fringe

[178]

[179]

[180]

[181]

[182]

[183]

[184]

[185]

[186]

[187]

[188]

[189]



definition by speckle averaging in ESPioc. ICO-13
Conf. (Sapporopp 116-17
[193] Creath K 1985 Averaging double-exposure speckle
interferogram®Opt. Lett.10582—4
[194] Montgomery P and BergquiB D 1985 Contrast
enhancement of ESPI patterns by specke averaging in a
video frame stor@roc. SPIE599201-6
[195] Towers D P, JudgT R and Bryanston-Cres? J 1991
Automatic interferogram analysis techniques applied to
guasi-heterodine holography and ESRit. Lasers
Engng14239-81
[196] Qin Y, Dai J and Wang J 1994 Recursive filtering technique
for electronic speckle fringe patter@pt. Engng33
1708-11
YuE, Cta S S and Joo W 1995 Use of interferometric
directionality for noise reductio®pt. Engng34 173—-82
Kerr D, Mendoza-Santoyo F and Tyr&R 1989
Manipulation of the Fourier components of speckle
fringe patterns as part of an interferometric analysis
process). Mod. Opt.36 195-203
Lim J S 1981 Techniques for speckle noise rem@yztl
Engng20670-8
Gonalez R C and Wintz P 198Digital Image Processing
(Reading, MA: Addison-Wesley) pp 162-3
Davies E R 199Machine Vision: Theory, Algorithms,
Practicalities(London: Academic) pp 47-54
Davies E R 1992 The relative effects of median and mean
filters on noisy signald. Mod. Opt.39103-13
Davila A, Kaufmam G H and Kerr D 1995 An evaluation
of synthetic aperture radar noise reduction techniques for
the smoothing of electronic speckle pattern
interferometric fringed. Mod. Opt42 1795-1804
Kaufmann G H, Davila A and Kerr D 1996 Speckle noise
reduction in TV holographyroc. SPIE273096-100
FrostV S, Stiles J A, Shanmug& S and Holtzman J C
1982 A model for radar images and its application to
adaptative digital filtering of multiplicative noisgans.
Pattern Analysis Machine Intelligendel57—65
Lee J -S 1986 Speckle suppression and analysis for
synthetic aperture radar imag@pt. Engng25 636-43
CrenndlK M and Bowler | W 1986 The smoothing of
electronic speckle pattern interferometric ima@gs.
Lasers Engng 163-73
Crimmirs T R 1986 Geometric filter for reducing speckle
Opt. Engng25651-4
Wonrg Y F 1993 A nonlinear scale-space filter by physical
computatiorProc. IEEE Workshop on Neural Networks
for Signal Processingd C A Kammet al pp 241-50
Kujawihska M 1993 The architecture of a multipurpose
fringe pattern analysis syste@pt. Lasers Engnd9
261-8
Robinse D W 1993 Phase unwrapping methods
Interferogram analysiBigital Fringe Pattern
Measurement Techniqued D W Robinson and
G T Reid G T (Bristol: Institute of Physics)
pp 194-229
Jud@ T R and Bryanston-Cre$? J 1994 A review of phase
unwrapping techniques in fringe analy€gt. Lasers
Engng21199-239
Takeda M 1996 Recent progress in phase unwrapping
techniqueslroc. SPIE2782334-43
Gu J and Chen F 1995 Fast Fourier transform, iteration, and
least-squares-fit demodulation image processing for
analysis of single-carrier fringe pattelInOpt. Soc. Am.
A 122159-64
Moore A J, Tyre J R and Mendoza-Santoyo F 1994 Phase
extraction from electronic speckle pattern interferometry
addition fringesAppl. Opt.337312-20
Owner-Petersen M 1991 Digital speckle pattern shearing
interferometry: limitations and prospedsppl. Opt.30
2730-8
Pryputniewie R J 1992 Electro-optic holograpi8PIE

[218]

[219]

[220]

[221]
[197] [222]
[198] [223]
[224]
[199]
[225]
[200]
[226]
[201]
[202]
[227]
[203]
[228]
[204]
[229]
[205]
[230]
[206]

[207] [231]

[208] [232]

[209]
[233]

[210]
[234]

[211]

[235]

[212] [236]

[213]
[237]
[214]

[238]
[215]

2161 [239]

[217] [240]

TV holography

Critical Reviews of Optical Science and Technology
vol 46, ed J D Tolinger (Bellingham: SPIE) pp 148-74

Slettemoae G A and Wyant J C 1986 Maximal fraction of
acceptable measurements in phase-shifting speckle
interferometry: a theoretical study Opt. Soc. AmA 3
210-14

Maack T and Kowarschik R 1996 Camera influence on the
phase-measurement accuracy of a phase-shifting speckle
interferometeAppl. Opt.353514-24

Hong C K, Ry H S and Lim H C 1995 Least-squares fitting
of the phase map obtained in phase-shifting electronic
speckle pattern interferomet@pt. Lett.20931-3

Robinse D W and Willians D C 1986 Digital phase
stepping speckle interferomet@pt. Commun57 26—-30

Creath K 1985 Phase-shifting speckle interferomappl.
Opt.243053-8

Bha G K 1995 Digital techniques for strain measurement
using electro-optic holographly Mod. Opt.42 1909-19

Vikhagen E 1990 Nondestructive testing by use of TV
holography and deformation phase gradient calculation
Appl. Opt.29137-44

Kreis T M 1987 Quantitative evaluation of interference
patternsProc. SPIEB6368—77

Red G T 1993 Automatic analysis of interference fringes
Optical Methods in Engineering Metrology
ed D C Williams (London: Chapman & Hall)
pp 385-413

Robinsm D W and Reid G T eds 1998terferogram
Analysis. Digital Fringe Pattern Measurement
TechniquegBristol: Institute of Physics)

Kujawihska M and Vjciak J 1991 Spatial phase-shifting
techniques of fringe pattern analysis in photomechanics
Proc. SPIE1554B503-13

Creath K 1988 Phase-measurement interferometry
techniquesProgress in Opticsol 26, ed E Wolf
(Amsterdam: North Holland) pp 350-93

Creath K 1993 Temporal phase measurement methods
Interferogram Analysis. Digital Fringe Pattern
Measurement Techniqued D W Robinson and
G T Reid (Bristol: Institute of Physics) pp 94-140

Dorrio B V and Ferande J L 1999 Phase-evaluation
methods in whole-field optical measurement techniques.
Meas. Sci. TechnolO R33-55

Greivenkamp J E and Brunig J H 1992 Phase shifting
interferometryOptical Shop Testingd D Malacara
(New York: Wiley) pp 501-98

Morimoto Y and Fujisawa M 1994 Fringe pattern analysis
by a phase-shifting method using Fourier transf@pt.
Engng333709-14

Kujawihska M 1993 Spatial phase measurement methods
Interferogram Analysis. Digital Fringe Pattern
Measurement Techniqued D W Robinson and
G T Reid (Bristol: Institute of Physics) pp 141-93

Womadk K H 1984 Interferometric phase measurement
using spatial synchronous detectiopt. Engng23
391-5

Takeda M, Ina H and Kobayashi S 1982 Fourier-transform
method of fringe-pattern analysis for computer-based
topography and interferometdy Opt. Soc. Am?2
156-60

Schwider J 1988 Advanced evaluation techniques in
interferometryProgress in Opticsol 26, ed E Wolf
(Amsterdam: North Holland) pp 272-359

Joenathan C, Franze B, Haible P and Tiztad 1998
Speckle interferometry with temporal phase evaluation
for measuring large-object deformatigppl. Opt.37
2608-14

Joenathan C, Franze B, Haible P and Tiztad 1998
Large in-plane displacement measurement in dual-beam
speckle interferometry using temporal phase
measurement. Mod. Opt451975-84

Joenathan C, Franze B, Haible P and Tiztad 1998

R35



A F Doval

[241]

[242]

[243]

[244]

[245]

[246]

[247]

[248]

[249]

R36

Novel temporal Fourier transform speckle pattern
shearing interferomet@pt. Engng37 1790-5

Joenathan C, Franze B, Haible P and Tiztad 1998
Shape measurement by use of temporal Fourier
transformation in dual-beam illumination speckle
interferometryAppl. Opt.37 3385-90

Kujawinhska M, Spik A and RobingoD W 1989 Analysis
of ESPI interferograms by phase-stepping techniques
Proc. 4th Int. Conf. on Fringe Analysis (FASIG '89)
(Loughborough University)

Buckbery C H and Davies J C 1990 The application of TV
holography to engineering problems in the automotive
industryProc. SEM Conf. on Hologram Interferometry
and Speckle Metrology (Baltimorell A Stetson and
R J Pryputniewicz pp 268-78

Pryputniewiz R J and StetsoK A 1989 Measurement of
vibration patterns using electro-optic hologragtrpc.
SPIE1162456-67

Pedrini G, Zou Y-L and TiziarH J 1996 Quantitative
evaluation of digital shearing interferogram using the
spatial carrier methoBure Appl. Opt5 313-21

Schedin S and Gren P 1997 Phase evaluation and speckle
averaging in pulsed television holographgpl. Opt.36
3941-7

Petzirg J N and Tyrer J R 1996 The effect of metallographic
structure on clamped plate vibration characteridigp.
Mech.36127-34

Farrant D |, Kaufmann G H, Petzing J N, Tyrer J R, Oreb B
F and Kerr D 1997 Transient deformation measurement
using dual-pulse addition ESProc. SPIE3173A
132-40

Paoletti D and Schirripa Spagnolo G 1994 Fast Fourier
transformed electronic speckle contouring for diffuse
surfaces profilometrppt. Lasers Engng0
87-96

[250]

[251]

[252]

[253]

[254]

[255]

[256]

[257]

[258]

[259]

Davila A, Kauffman G H and Rrez-lopez C 1998
Transient deformation analysis by a carrier method of
pulsed electronic speckle-shearing pattern interferometry
Appl. Opt.374116-22

Ferrandez A, Doval A F, @vila A, Blanco-Garta J,
Pérez-Lbpez C and Fednde J L 1998 Double-pulsed
carrier speckle-shearing pattern interferometry for
transient deformation analyssoc. SPIE3478352-8

Ferrandez A, Doval A F, Bugan J, Dorio B V, Lopez C,
Alén J M, Blanco-Gaie J, rez-Amor M and
Ferrande J L 1997 Transient bending waves analysis by
Fourier evaluation of single pulsed TV-holography fringe
patternsProc. SPIE3098575-81

PreateR W T and Swain RL994 Fourier transform fringe
analysis of electronic speckle pattern interferometry
fringes from high-speed rotating compone@ist. Engng
331271-9

Kujawihska M, Spik A and RobingoD W 1989
Quantitative analysis of transient events by EBRIc.
SPIE1121416-22

Pedrini G, Zou Y-L and TiziarH J 1997 Simultaneous
guantitative evaluation of in-plane and out-of-plane
deformations by use of a multidirectional spatial carrier
Appl. Opt.36 786-92

Kreis T M, Adams M andiptne W P 01997 Methods of
digital holography: a comparisdProc. SPIE3098
224-33

Kreis T M and diptne W P 01997 Principles of digital
holographyFringe’97. Proc. 3rd International Workshop
on Automatic Processing of Fringe Patters W Jiptner
and W Osten (Berlin: Akademie) pp 353-63

Pedrini G, TizianH J and Zou Y 1996 Speckle size of
digitally reconstructed wavefronts of diffusely scattering
objectsJ. Mod. Opt43395-407

Yamaguchi | and Zhang T 1997 Phase-shifting digital
holographyOpt. Lett.22 1268—70



