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Abstract. The Leendertz dual-beam symmetric illumination-normal observation arrangement is widely employed for real time evaluation of
in-plane displacement components as well as surface shape. Instead of
observing along the optical axis, we have examined the Leendertz arrangement by observing the scattered light along the direction of the
illumination beams, and imaged it as two separate images onto the
photo sensor of a CCD camera. The interferometer is a combination of
two channels, each of which measures independently and simultaneously the information pertaining to either the in-plane displacement
component of a deformation vector, or the surface relief variation of a
three-dimensional object. In addition, a summary of possible measurements that can be carried out from the present arrangement is also highlighted. Experimental results using a four-frame phase shifting technique
are illustrated. © 2001 Society of Photo-Optical Instrumentation Engineers.
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1

Introduction

TV holography is a well established technique for measuring the deformation and surface shape of diffusely scattering objects.1–3 A speckle correlation interferometer for
measuring only an in-plane displacement component of a
deformation vector was first suggested by Leendertz.4 In
this arrangement, two collimated beams symmetric with respect to the surface normal of a diffuse object are used for
illumination, and the scattered fields generated are observed
along the optical axis of the imaging lens. The interbeam
angle between the two illuminating beams determines the
sensitivity of the configuration. This arrangement is commonly employed for on-line evaluation of in-plane displacement components.5–7 In addition, the Leendertz inplane sensitive configuration is exploited to convert the inplane motion of a curved specimen due to rotation of the
object into depth variation of a 3-D object.8,9 Recently a
modification of the Leendertz method that leads to a twofold increase in the sensitivity has been proposed in the
literature.10–13 This is accomplished by observing the scattered fields independently along the direction of the illumination beams, combined at the observation plane. In the
interferometer, for each illumination beam there are two
scattered fields, that is, the back scattered field along the
same direction of illumination and also the scattered field in
the specular direction. Therefore, four beams interact at the
observation plane. Hence, six phase terms are responsible
for fringe formation, and the resultant interferogram obtained from this configuration contains the information pertaining to in-plane displacement with sensitivity proposed
by Leendertz, as well as a twofold increase in sensitivity.
For achieving twofold measuring sensitivity, the object is

coated with retroreflective paint to increase the light scattered back in the direction of the illumination beams, and
also to suppress the contributions of the scattered light in
the specular directions.11,12 Krishna Mohan recently suggested a phase reversal technique13 to completely eliminate
the influence of cross interference terms in a twofold sensitivity configuration.
Instead of combining the four beams simultaneously at
the observation plane, we have further examined and
implemented for measurements the interferometer by independently imaging the scattered fields generated at the image plane, owing to dual beam symmetric illumination. The
interferometer, also referred as the stereovision TV holography system, needs a single CCD camera for capturing and
analyzing the two images simultaneously. A detailed theory
of fringe formation, and the experimental results using a
four-frame phase shifting technique on a circular aluminum
plate and a cylindrical surface are presented.
2 Optical Arrangement
The optical arrangement is essentially two separate interferometers in which the scattered fields are observed along the
direction of illuminating beams, and imaged as two separate images. The schematic diagram of the arrangement is
shown in Fig. 1. The object is symmetrically illuminated
with two collimated beams, making an angle  with respect
to the symmetrical axis. The scattered fields are collected
by means of a bimirror 共M1 and M2兲 and a pair of beamsplitters 共BS1 and BS2兲. The angle between the bimirror is
fixed at 90 deg, while the beamsplitters are used for alignment. For each illumination beam there are two scattered
fields: namely, the scattered field along the same direction
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Fig. 1 Schematic arrangement of a dual-beam symmetric illumination-observation TV holography
system.

of illumination 共back scattered兲, and the scattered field in
the symmetrically opposite direction 共specular reflection direction兲. The scattered fields enter each half of a zoom
video lens and relay lenses, and are imaged as two separate
images 共channel A and channel B兲 onto the CCD camera.
The magnification of the imaging system is adjusted such
that the two images occupy each half of the detector plane.
A computer-controlled piezo electric driven mirror 共PZM兲
is provided in the illumination beam-1 for introducing the
phase steps in both the channels. The CCD and the PZM
are connected to a commercially available image processing system that is interfaced to the host computer.14 –16
3 Theory
In this stereovision arrangement, one half of the CCD camera detects the interference between the two speckle fields,
which arises, from the illumination beam-1 along the same
direction and the specular reflection speckle field from the
illumination beam-2 共channel A兲, as shown in Fig. 2共a兲.
Similarly, the second half of the detector array determines
where the interference is between the back scattered field of
the illumination beam-2 with the specular reflection field of

the illumination beam-1, along the direction of the illumination beam-2 共channel B兲 关Fig. 2共b兲兴. The intensity distribution recorded on the CCD camera, which represents the
initial state of the object observed simultaneously along
channels A and B, respectively, can be expressed as:16
I N 共 channel A兲 ⫽I 1 ⫹I 2 ⫹2 冑I 1 I 2 cos共  ⫹  N 兲 ,

共1兲

I N 共 channel B兲 ⫽I 1⬘ ⫹I 2⬘ ⫹2 冑I 1⬘ I ⬘2 cos共  ⬘ ⫹  N 兲 ,

共2兲

where (I 1 ,I 2 ) and (I 1⬘ ,I 2⬘ ) represent the intensities of the
respective speckle fields generated in both the channels.
The corresponding relative random phases are represented
by  and  ⬘ , and  N represents the phase step values 共0,
/2, , 3/2兲 introduced via the PZM provided in the illumination beam-1; N⫽1,2,3,4.
The object deformation causes a relative phase change
in both the channels, and the final intensity distribution in
each arm of the interferometer can now be written as:
I N⬘ 共 channel A兲 ⫽I 1 ⫹I 2 ⫹2 冑I 1 I 2 cos共  ⫹⌬  A ⫹  N 兲 ,

共3兲

Fig. 2 Geometry of the illumination and observation propagation vectors in (a) channel A and (b)
channel B for phase evaluation.
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I N⬘ 共 channel B兲 ⫽I 1⬘ ⫹I 2⬘ ⫹2 冑I 1⬘ I 2⬘ cos共  ⬘ ⫹⌬  B ⫹  N 兲 ,

共4兲

where ⌬  A ⫽⌬  1 ⫺⌬  2 and ⌬  B ⫽⌬  3 ⫺⌬  4 are the
relative phase changes introduced in channels A and B due
to the deformation field.
Two sets of four phase-shifted images stored before the
deformation, together with those stored after, are used to
generate correlation fringe patterns. Operating the system
in display mode, interference patterns are observed at video
rate speed, and are modulated by cosinusoidal function of
the form16:

冏
冏冑

冋 册冏
冋 册冏
⌬A
2

2

⌬B
I 共 channel B兲 ⫽ 8 I ⬘1 I 2⬘ cos
2

2

I 共 channel A兲 ⫽ 8 冑I 1 I 2 cos

共5兲
⌬  A ⫽⌬  B ⫽
.

共6兲

3.1 Measurement of In-Plane Displacement and
Shape
The phase terms (⌬  1 ,⌬  2 ) in channel A and
(⌬  3 ,⌬  4 ) in channel B responsible for fringe formation
can be illustrated by viewing in the directions of the illumination and observation beams 共Fig. 2兲. The phase terms
are related to the displacement vector Lជ through the following expressions12,13
Channel A
⌬  1 ⫽ 共 ⫺kជ 1 ⫺kជ 1 兲 •Lជ
⌬  2 ⫽ 共 ⫺kជ 2 ⫺kជ 1 兲 •Lជ

共7兲

Channel B
⌬  3 ⫽ 共 ⫺kជ 2 ⫺kជ 1 兲 •Lជ
⌬  4 ⫽ 共 ⫺kជ 2 ⫺kជ 2 兲 •Lជ ,

共8兲

where kជ 1 and kជ 2 are the dual-beam symmetric illumination
propagation vectors as shown in Fig. 2. The relative phase
changes ⌬  A and ⌬  B can be derived from Eqs. 共7兲 and
共8兲 as:
⌬  A ⫽⌬  1 ⫺⌬  2 ⫽ 共 kជ 2 ⫺kជ 1 兲 •Lជ ,

共9兲

⌬  B ⫽⌬  3 ⫺⌬  4 ⫽ 共 kជ 2 ⫺kជ 1 兲 •Lជ .

共10兲

Assuming that the illuminating beams with an interbeam
angle of 2 are confined to the x-z plane, then
⌬  A ⫽⌬  B ⫽

taining to the in-plane displacement component 共u兲 of the
deformation vector with identical measuring sensitivities.
The sensitivity is the same as reported in the Leendertz
method.
The optical arrangement can also be implemented for
shape evaluation. The concept of contouring is based on the
fact that for very small angles of rotation 共tilt兲, points at the
same depth along the viewing direction undergo equal inplane displacements, and this displacement is directly proportional to the depth of those points. Considering that the
object rotation is ⌬, we obtain a relation between the relative phase changes in channels A and B and the height of
the three-dimensional surface as8,9:

4
u sin  .


共11兲

Here the propagation vectors kជ 1 ⫽2  (⫺ ı̂ sin ⫺k̂ cos )/,
kជ 2 ⫽2  ( ı̂ sin ⫺k̂ cos )/ and the displacement vectors Lជ
⫽ î u⫹ ĵ v ⫹k̂w have been used.
Equation 共11兲 shows that two sets of correlation fringe
patterns observed on the monitor contain information per2782 Optical Engineering, Vol. 40 No. 12, December 2001

4
z sin ⌬  sin  .


共12兲

The phase variation terms in Eq. 共12兲 clearly indicate that
the interferograms obtained from channels A and B contain
information related to the height variation profile of the 3-D
surface with identical measuring sensitivities. Even though
the measuring sensitivities are the same in channels A and
B, the section of the 3-D object under observation is different due to off-axis symmetrical viewing. The arrangement
therefore simultaneously permits the study of different sectional views of a 3-D object. In stitching the two views
together, one realizes that the spatial sampling 共x,y coordinates兲 is somewhat different in the two views. The spatial
sampling 共expressed in global object coordinates兲 will depend on the angle between the local normal vector of the
object surface and the orientation of the detector, as seen
from each of the views. Since the observation directions
coincide with the two illumination directions, the spatial
sampling rate will in general be different in the two images.
The difference in the spatial sampling rate may ultimately
result in a loss of details in one of the views that are resolved in the other.
The optical arrangement can be modified and implemented for other applications. A summary of possible measurements that can be carried out from the proposed configuration is shown in Table 1. As stated in the introduction,
the arrangement shown in Table 1 part B yields twofold
measuring sensitivity for the in-plane displacement component when the contributions of cross-interference terms owing to four beam interaction at the observation plane are
suppressed.11–13 The interference between the phase terms
⌬  1 and ⌬  4 , which corresponds to the waves that are
scattered back along the direction of illumination beams,
results in a twofold increase in sensitivity.
3.2 Measurement of Out-of-Plane Displacement
Part C in Table 1 represents an arrangement for sensing the
out-of-plane displacement component of a deformation
vector. The object is illuminated by a collimated beam at an
angle , defined by the propagation vector kជ 1 . The observation direction is symmetrically opposite to the illumination beam 共i.e., along the specular reflection direction; observation vector kជ 2 兲. The scattered light is collected by
means of mirrors M1 and M2 and imaged onto the CCD
camera via an imaging element 共L兲. A smooth reference
wave derived from the same laser source is added with the

Mohan et al.: Dual-beam symmetric illumination . . .
Table 1 Optical arrangement and the corresponding data that can be extracted.

help of a single mode fiber and a beamsplitter, BS, to the
image.17,18 The phase change that can be expressed in terms
of direction of illumination (kជ 1 ), and observation (kជ 2 ) is
defined in Table 1. The measuring sensitivity can be varied
by changing the illumination-observation angle, , with respect to the optical axis. Increasing the illuminationobservation angle in the arrangement allows the measurement of large-object deformation with reduced sensitivity,
which is an important requirement in nondestructive
evaluation.19,20

3.3 Measurement of Both In-Plane and Out-ofPlane Displacement
An optical configuration by combining Part A in Table 1
共Fig. 1兲 and Part C into one single arrangement for parallel
evaluation of the in-plane 共u兲 and out-of-plane 共w兲 displacement components of a deformation vector is shown in Part
D in Table 1. In this arrangement, the object is illuminated
symmetrically with two collimated beams, and the scattered
fields are observed along the direction of one of the illumination beams 共channel A兲 for measuring the in-plane dis-

placement 共u兲. The scattered field from the same illuminated beam in the specular direction is combined with a
smooth reference beam 共channel B兲 for parallel evaluation
of the out-of-plane displacement 共w兲.21 Mechanical shutters
S1, S2, and S3 are introduced in the path of the
illumination-observation beams to incorporate a fourexposure method, by operating the image processor in a
time-lapse save mode. The time-lapse mode permits the
saving of a series of static holograms of an object and generates either cosine fringes or wrapped phase maps in a
controlled manner.
In the parallel evaluation method, the first exposure that
represents the initial state of the object observed from channel A is stored in the image processor by closing the shutter
S1. Blocking the illumination beam-2 allows the recording
of the interference between the back scattered field along
the direction of illumination beam-1 with the scattered field
in the same direction, because of the specular reflection of
the illumination beam-2. Similarly, the second exposure
that represents the initial state of the object from channel B
is recorded by opening the shutter S1, and closing the shutOptical Engineering, Vol. 40 No. 12, December 2001 2783
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Fig. 3 Theoretical profile of sensitivity variation with respect to the
illumination-observation beam angle, , in channels A and B, respectively. The measuring sensitivities are identical in both the configurations when  ⫽45 deg.

ters S2 and S3. This allows only the recording of the interference between the scattered field in the specular direction
from the illumination beam-1 with a smooth reference
beam. The object deformation causes a path length change
in channels A and B, and the subsequent exposures 3 and 4,
under similar observation conditions described earlier, are
stored in the processor. A set of four phase-shifted images
stored in the image processor from exposure 1 are used
together with the set of images stored from exposure 3 to
generate correlation fringes corresponding to in-plane displacement from channel A. Similarly, a set of images from
exposure 2 used together with a set of images from exposure 4 yields out-of-plane displacement.
Equations for the fringe formations derived are shown in
Table 1. The phase variation terms, ⌬  A and ⌬  B , 共Table
1兲 clearly indicate that the measuring sensitivities in both
the channels are dependent on an oblique illuminationobservation beam angle, , the angle to the symmetrical
axis. When  is increasing, the distance between the two
adjacent contour planes in the fringe pattern generated in
channel A keeps reducing, while in channel B the correlation fringes will be broadening further. This phenomenon
can be observed from the theoretical plot shown in Fig. 3. It
is interesting to note that both the components can be

Fig. 4 The optical head of a stereovision TV holography system.

sensed from the setup with identical measuring sensitivities
when the illumination-observation angle,  is 45 deg 共i.e.,
0.707兲. Hence, the method provides a scope for trade-off
between the in-plane and out-of-plane measuring sensitivity.
4 Experimental Results
The experiments are conducted on an aluminum plate
(110⫻75⫻1 mm3) and a cylindrical surface. The specimens are coated with matt white spray paint. Two collimated illumination beams, with 40 mm diam from a
frequency-doubled diode-pumped 80-mW laser (
⫽532 nm), symmetric to surface normal, illuminate the object. To receive the scattered fields in the directions of the
illumination beams, two beamsplitters having a transmission and reflection ratio of approximately 50:50 coating at
532 nm, and a fabricated bimirror are used in the experimental setup. The scattered fields are collected and imaged
onto a NEC TI-324A CCD camera via a combination of
zoom video lens and relay lenses. The magnification of the
imaging system is adjusted such that the two images as
separate images 共A and B兲 occupy each half of the detector
plane. A computer-controlled PZM is provided in the illumination beam-1, as shown in Fig. 1. A photograph that

Fig. 5 Interferograms and corresponding phase maps obtained simultaneously from channels A and B
for an aluminum plate subjected to rotation in its own plane. The illumination-observation angle is 
⬃20 deg.
2784 Optical Engineering, Vol. 40 No. 12, December 2001
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Fig. 6 Interferograms and corresponding phase maps obtained simultaneously from channels A and B
for a cylindrical surface subjected to rotation around the y axis. The illumination-observation angle is
 ⬃40 deg.

represents the general view of the optical head developed at
Luleå University of Technology and implemented in the
present experiments is shown in Fig. 4.
In the first experiment, the aluminum plate is subjected
to rotation in its own plane, and the real time u-component
of in-plane correlation fringes recorded directly from the
monitor is shown in Fig. 5共a兲. It can be seen from the
photograph that the fringe patterns are identical and the
contrast of the fringes obtained from both the channels are
quite good. The fringe spacing (⌬u⫽/2 sin ) is equal to
778 nm. Figure 5共b兲 represents the corresponding evaluated
phase maps.
In the second experiment, a cylindrical surface is subjected to rotation around the y axis 共vertical axis兲. The realtime contour fringe patterns generated from both the channels seen on the TV monitor, and the corresponding phase
maps are shown in Figs. 6共a兲 and 6共b兲, respectively. The
present study clearly shows that one can record and analyze
different sectional views of 3-D objects. Remember, however, that the spatial sampling is different in the two views,
a fact manifested by the difference in interfringe distance
between corresponding fringes in the two views in Fig. 共6兲
when the surface normal differs from the axis of symmetry.
For a true shape measurement, therefore, the two views
have to be transformed from the coordinate systems of the
detector into the global object coordinate system. The dualbeam symmetric illumination-observation arrangement is

similar to existing stereovision systems,22,23 and in comparison, the present setup had a distant advantage; that is, it
needs a single imaging system for simultaneous observation and analysis.
An optical configuration shown in Part D in Table 1 is
also examined experimentally for parallel evaluation of displacement components on a cylindrical surface. Following
the procedure of sequentially blocking the beams with the
help of mechanical shutters, between the four exposures 共as
explained earlier in Sec. 3兲, the extracted in-plane motion
of the object that represents the surface variation of a cylindrical surface obtained from channel A is shown respectively in Figs. 7共a兲 and 7共b兲, in terms of phase map and 3-D
surface profile 共where the i and j axes are detector coordinates兲. Similarly, the phase and 3-D maps, because of the
rotation of the specimen, evaluated from channel B are
shown in Figs. 8共a兲 and 8共b兲, respectively. The experimental results show good agreement with the theoretical predictions. The results demonstrated with phase stepping indicate the use of the proposed method as an alternative tool
for measuring the two sensitivity vectors of a deformation
vector for 2-D as well as 3-D objects.
5

Conclusions

We report an optical arrangement based on the Leendertz
dual-beam illumination configuration for displacement and

Fig. 7 Channel A: (a) phase map and (b) 3-D surface profile. The results are obtained for a cylindrical
surface subjected to rotation around the y axis from an in-plane sensitive configuration. The
illumination-observation angle is  ⬃40 deg. The results are extracted by using together a set of
phase-shifted images stored in the image processor from exposure 1 with a set of phase-shifted
images from exposure 3.
Optical Engineering, Vol. 40 No. 12, December 2001 2785
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Fig. 8 Channel B: (a) phase map and (b) 3-D surface profile. The results are obtained for a cylindrical
surface subjected to rotation around the y axis from an out-of-plane sensitive configuration. The
illumination-observation angle is  ⬃40 deg. The results are extracted by using together a set of
phase-shifted images stored in the image processor from exposure 2 with a set of phase-shifted
images from exposure 4.

shape measurements. A summary of the possible measurements that can be carried out from the arrangement is illustrated with experimental support. The proposed method of
dual-beam symmetric illumination-observation arrangement may find useful applications in other areas of engineering metrology.
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University of Technology, Sweden. His research field is optical metrology.

Optical Engineering, Vol. 40 No. 12, December 2001 2787

