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An electronic speckle interferometer, arranged for out-of-plane sensitivity and with an off-axis reference
beam to produce spatial phase bias, is used for three-dimensional deformation field measurements. The
complex amplitude of the object wave is calculated by application of a Fourier-transform method to a
single interferogram. The change in phase after object deformation yields the out-of-plane component
of the displacement field. The two in-plane components are obtained by cross correlation of subimages
of the reconstructed object wave’s intensity, a method that is also referred to as digital speckle photog-
raphy. The Fourier-transform algorithm is extended and modified, leading to random measurement
errors that are below widely accepted theoretical limits and also to an extended measuring range. These
properties and the mutually combined information improve the accuracy of both methods compared with
their usual single implementation. The performance is evaluated in experiments with pure out-of-
plane, pure in-plane, and combined deformations and compared with theoretical values. An example of
a practical application is given. © 2001 Optical Society of America
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1. Introduction

Electronic speckle pattern interferometry �ESPI� is
often used for nondestructive measurement of object
deformations under load.1 The rough object surface
is illuminated with coherent light and imaged onto
the target of a CCD camera, where the object wave is
superimposed by a reference wave. Two states of
the object are then compared by electronic processing
of the respective interference patterns. To enhance
accuracy and obtain the sign of the deformation, the
temporal phase-shifting method2 was integrated with
ESPI,3 whereupon ESPI became a versatile tool for a
multitude of applications. To study displacements
under external disturbances, it is frequently easier to
use spatial phase shifting,4 in which the phase-
shifted data are recorded simultaneously on adjacent
pixels and temporal phase fluctuations are thus sup-
pressed. One problem with this approach is that the
speckle size must be increased to 2.4 pixels or more to
generate sufficient spatial coherence on the camera

sensor; other issues include the imperfect spatial fre-
quency response of phase-shifting formulas when one
is operating on broad spectral sidebands.5 Instead
of evaluating the interferograms with a locally oper-
ating phase-shifting formula, it is also possible to use
a global Fourier-transform method6,7 �FTM� to en-
sure best utilization of the information in the spa-
tially phase-biased interferograms.

Measurements of three-dimensional deformations
suffer from reduced temporal resolution, especially
with temporal phase shifting. With spatial phase
shifting it is difficult to implement a three-
dimensional �3-D� measurement because of geomet-
rical restrictions.8 Information from multiple
camera frames, obtained with various optical setups
and sensitivity vectors, is still required. Moreover,
in both cases the measurement requires an elaborate
and expensive experimental setup.

In speckle correlation or digital speckle photogra-
phy �DSP�, two speckle images of an object under
coherent illumination are recorded, one before and
one after a load is applied. The resultant displace-
ment field is then calculated through a cross-
correlation algorithm applied to subimages.9,10

With a normal observation direction, the method has
pure in-plane sensitivity and, inasmuch as it is non-
interferometric, the sensitivity is approximately an
order of magnitude less than in ESPI. 3-D deforma-
tion information can be gained by use of a more-
complex stereoscopic setup.11 Speckle photography,
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