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In this article we present a method to achieve tri-dimensional contouring of macroscopic objects. A mod-
ified reference wave speckle interferometer is used in conjunction with a source of reduced coherence.
The depth signal is given by the envelope of the interference signal, directly determined by the coherence
length of the source. Fringes are detected in the interferogram obtained by a single shot and are detected

by means of adequate filtering. With the approach based on off-axis configuration, a contour line can be
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extracted from a single acquisition, thus allowing to use the system in harsh environment.
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1. Introduction

There is a large panel of techniques available for optical 3D
measurements of rough or diffusing macroscopic objects with a
sub-millimeter accuracy [1]. Incoherent light can be used with
fringes projection techniques, where the fringes deformation is
considered in order to retrieve the depth information. Moiré pat-
tern techniques also exist, in which two gratings are used to gen-
erate contour fringes [2]. Photogrammetry employing mainly
stereo vision procedures to obtain tri-dimensional shape are also
available [3].

Interferometric measurements are widely used to obtain
contouring of macroscopic objects, in particular the so-called
electronic speckle pattern interferometry technique (ESPI). Jaisingh
and Chiang obtained the surface of a regular light bulb [4], using a
setup with double exposure. Joenathan et al. used a setup contain-
ing a Fourier-filtering part to extract the information from a spec-
klegram [5]. Rodriguez-Vera et al. have used a fibered setup for
out-of-plane sensitive ESPI [6]. Prieto and Garcia-Sucerquia
reported contouring of macroscopic objects with a phase-differ-
ence method [7]. All these techniques require at least a double
exposure procedure. Balboa et al. reported 3D measurements using

* Corresponding author. Tel.: +41 216935182; fax: +41 216933701.
E-mail address: yves.delacretaz@epfl.ch (Y. Delacrétaz).
URL: http://apl.epfl.ch/muvision.html (C. Depeursinge).

0030-4018/$ - see front matter © 2009 Elsevier B.V. All rights reserved.
doi:10.1016/j.0ptcom.2009.08.048

superluminescent diode and multimodes laser diodes in an optical
fiber based interferometer [8], using a five step algorithm for fringe
amplitude extraction. One way to access tri-dimensional measure-
ment is to achieve phase change by using at least two wavelengths,
as Tatam et al. reported [9], or a source emitting an extended spec-
trum. This gives rise to the Fourier-transform speckle profilometry
[10]. Another possible method for phase extraction from a speckle-
gram is to use spatial phase shifting (SPS), in which the phase of a
pixel is estimated from the intensity of the surrounding pixels, in-
stead of the values of the same pixel at different times, as it is the
case for time phase shifting. Bhaduri et al. achieved SPS with the
use of a double aperture mask [11]. In order to overcome the lim-
itation of multiple acquisitions, many efforts were done to build
interferometers allowing to record multiple interferograms at the
same time. Recently, Hrebesh et al. proposed a system for the
acquisition of three phase-stepped interferograms and a reference
image at the same time, allowing single-shot low-coherence time-
domain profilometry [12].

When using a broadband light source in a typical out-of-plane
sensitive ESPI interferometer, the process of extracting the location
of the coherent superposition of two waves is referenced in the lit-
erature as the “coherence radar” technique. Dresel et al. used a
simple Michelson configuration, with a piezo-electric actuator to
take three phase-stepped acquisitions in order to extract a contour
depth [13]. It is also possible to use short light pulses, in this case
the method is called “light-in-flight holography” [14]. Carlsson
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et al. further modified the technique using a blazed grating to
introduce a spatially varying delay across the reference beam pro-
file [15,16].

In this paper a novel arrangement for low coherence interfer-
ometry is presented. Similarly to the coherence radar technique,
the goal is to achieve contouring by isolating the zone in the ac-
quired image where fringes are created. It will be shown that, with
a well designed off-axis configuration, it is possible to achieve con-
tour extraction in only one acquisition, removing the need for
phase-shifting or multiple acquisitions with different wavelengths.
First, the setup and the procedure used for fringes extraction are
carefully described. The optical system has been totally simulated,
and results of the simulation are compared with measurements.
They show fair agreement. Finally, different results are presented.
Namely, the first on a tilted plane used for technique validation
and precision evaluation, the second one on the inner side of a cyl-
inder, and the last on a wooden pencil tip.

2. Material and method
2.1. Setup

We achieve curve level extraction with the use of the modified
smooth reference wave speckle interferometer depicted in Fig. 1.
The source is a reduced coherence length laser diode (LD), with a
coherence length of about 0.3 mm. A beam splitter (BS1) separates
the collimated beam generated by the LD into the reference beam
(R) and the object beam (O). The reference beam is directed to a de-
lay stage (DS), composed of two mirrors (M1 and M2), mounted on
a motorized axis. A lens (L1) is placed in the object arm of the inter-
ferometer. It is used to widen the illuminated area of the object and
to form an image at the CCD plane. The adjustable diaphragm (D) is
an essential part of the setup: it is used to limit the aperture of the
system, thus making possible to create interferences composed of
fringes modulated by a slow varying speckle pattern. L2 is used
to adapt the spherical reference wave in order to match the illumi-
nation geometry.

The intensity of two waves with finite temporal coherence can
be expressed as [17]:

['=2Io[1 + |g(7)| cos ¢(1)]; (1)

where g(7) is the complex degree of temporal coherence, with 7 the
delay time between the two waves. ¢ is the phase difference in-
duced by 7. Eq. (1) expresses the ability of a wave to interfere with
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Fig. 1. Experimental interferometric setup used. LD: laser-diode with low coher-
ence length. BS1, BS2: beam splitters. L1, L2: Lenses. D: adjustable diaphragm. Obj:
scattering sample. DS: delay stage. CCD: charge-coupled device camera.

a time delayed version of itself. For a light source with a bandwidth
of Av, the visibility of the fringes for two waves delayed by
7. ~ 1/Av is 0.5. The path that light has traveled during z. is called
the coherence length (L.). Therefore, interference terms will be
present only on points in the image for which the optical path dif-
ference (OPD) between R and O is below L.. Extracting from the im-
age the positions where these interference fringes are situated gives
a depth signal for macroscopic objects (with height much greater
than L.), and an easy contouring procedure by either shifting R or
0. On the setup depicted on Fig. 1, the DS is used first to adjust
the length of the reference arm in order to match the length of
the object arm, then the object is scanned to retrieve different curve
levels.

M2 is placed so that there is a small angular mismatch at BS2
between the optical axis of R and O, which in turn can be regarded
as interferences of spherical waves coming from off-axis points.
This creates “carrier fringes” on the interferogram. In the Fourier
spectrum, this separates the interference terms and the zero-order
term. Detecting the presence of these fringes with a local Fourier
spectrum evaluation becomes then possible and provides a simple
and efficient way of extracting the area on the image where coher-
ent superposition of the two waves occurs, thus making possible of
extracting a curve level in only one acquisition.

2.2. Contour lines extraction

As pointed out in the previous subsection, it is possible to create
fringes that are discernible with a small angular mismatch be-
tween the optical axis of R and O. Extracting the area where there
are fringes could also be achieved by phase shifting manipulation.
However, this would involve the acquisition of at least two inter-
ferograms, thus increasing the overall acquisition time and the
sensitivity to perturbations.

Common procedure to extract fringes in an interferogram is to
simply process its Fourier transform with adequate bandpass filter.
However in our case this approach fails, mainly due to the fact that
the fringes to extract may be very low contrasted and are highly
localized, so that after numerical calculation of the Fourier trans-
form, the magnitude of the spatial frequencies in the bandpass fil-
ter are approaching the noise limit.

The interferogram is here processed with a window filter, de-
fined by evaluating the Fast Fourier Transform (FFT) in a
neighborhood.

The output value of the pixel that is processed is the maximal
amplitude of the local spectrum, after zero-order removal:

y(p.q) = max |hy,|, where:

mne(1,M-1]
hinn = xX(p + k, q + 1) x e~ imwo(p+ktnwo(@+D)
k=0 [=0
with: p,q € [0,N—1]. )

Eq. (2) corresponds to a local measurement of the high frequencies
contribution, with x(p,q) the input interferogram, wy the slowest
pulsation considered, h;,, the window filter and y(p,q) the filter
output value. It is also possible to evaluate the mean value or the
cumulative sum of a certain bandwidth of spatial frequencies. It
was observed that the output of the maximum value is sufficiently
selective, providing that there is no sinusoidal variation of the
intensity induced by the object itself that falls into the frequency
calculated by the FFT.

Fig. 2a shows the obtained signal for the extraction of a
meridian on a metallic cylinder. Fig. 2b and c shows the different
components of the FFT (after zero-order removal) calculated over
a neighborhood of 8 x 8 pixels, when the pixel of interest be-
longs to an area where OPD is smaller than L. and greater than
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