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Abstract. The Leendertz dual-beam symmetric illumination-normal ob-
servation 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 ar-
rangement 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 simulta-
neously 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 measure-
ments that can be carried out from the present arrangement is also high-
lighted. Experimental results using a four-frame phase shifting technique
are illustrated. © 2001 Society of Photo-Optical Instrumentation Engineers.
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coated with retroreflective paint to increase the light scat-
tered back in the direction of the illumination beams, and
also to suppress the contributions of the scattered light in
the specular direction's:'? Krishna Mohan recently sug-
gested a phase reversal technidue completely eliminate
the influence of cross interference terms in a twofold sen-

1 Introduction

TV holography is a well established technique for measur-
ing the deformation and surface shape of diffusely scatter-
ing objects:™ A speckle correlation interferometer for
measuring only an in-plane displacement component of a
deformation vector was first suggested by Leendkitz. e . -
this arrangement, two collimated beams symmetric with re- sitivity configuration. .

spect to the surface normal of a diffuse object are used for Instead of combining the four beams simultaneously at

illumination, and the scattered fields generated are observeathe observation plane, we have further examined and
" : . S9 . Implemented for measurements the interferometer by inde-
along the optical axis of the imaging lens. The interbeam

) e ; pendently imaging the scattered fields generated at the im-
222';,{5%‘”;?}éhsoa'ég&g;&'ga%?s b;?;?;g;fgﬂ?iime age plane, owing to dual beam symmetric illumination. The
monly employed for on-line évaluation of in-plane dis- interferometer, also refe_rred as the stereovision TV _holog-

lacement components? In addition. the Leendertz in- raphy system, nee_dsasmg!e CCD camera for capturing and
placement components. In addition, the Leende . analyzing the two images simultaneously. A detailed theory
plane sensitive configuration is _exploned to convert the in- of fringe formation, and the experimental results using a
glg}ggt mgogegihaviﬁgﬁgnsgfg”éeg %Lt’)? e‘%t:% éoéggcn’gyog the four-frame phase shifting technique on a circular aluminum
modification of the Leendertz method that leads to a two- plate and a cylindrical surface are presented.
fold increase in the sensitivity has been proposed in the .
literature!®~**This is accomplished by observing the scat- 2 Optical Arrangement
tered fields independently along the direction of the illumi- The optical arrangement is essentially two separate interfer-
nation beams, combined at the observation plane. In theometers in which the scattered fields are observed along the
interferometer, for each illumination beam there are two direction of illuminating beams, and imaged as two sepa-
scattered fields, that is, the back scattered field along therate images. The schematic diagram of the arrangement is
same direction of illumination and also the scattered field in shown in Fig. 1. The object is symmetrically illuminated
the specular direction. Therefore, four beams interact at thewith two collimated beams, making an anglevith respect
observation plane. Hence, six phase terms are responsibldéo the symmetrical axis. The scattered fields are collected
for fringe formation, and the resultant interferogram ob- by means of a bimirrotM, and M,) and a pair of beam-
tained from this configuration contains the information per- splitters(BS; and BS). The angle between the bimirror is
taining to in-plane displacement with sensitivity proposed fixed at 90 deg, while the beamsplitters are used for align-
by Leendertz, as well as a twofold increase in sensitivity. ment. For each illumination beam there are two scattered
For achieving twofold measuring sensitivity, the object is 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 (back scattered and the scattered field in  the illumination beam-1, along the direction of the illumi-
the symmetrically opposite directigepecular reflection di-  nation beam-Zchannel B [Fig. 2(b)]. The intensity distri-
rection. The scattered fields enter each half of a zoom bution recorded on the CCD camera, which represents the
video lens and relay lenses, and are imaged as two separataitial state of the object observed simultaneously along
images(channel A and channel)Bonto the CCD camera. channels A and B, respectively, can be expresséd as:

The magnification of the imaging system is adjusted such

that the two images occupy each half of the detector plane. | panneia=11+12+2v111, cog p+ @), 1)
A computer-controlled piezo electric driven mirr@®ZM)
is provided in the illumination beam-1 for introducing the I n(channel =14+ Ié+2\/mcos{¢’+<p,\]), )

phase steps in both the channels. The CCD and the PZM
are connected to a commercially available image process-

ing system that is interfaced to the host comptftet® where (4,15) and (3,15) represent the intensities of the

respective speckle fields generated in both the channels.
3 Theory The corresponding relative random phases are represented

In this stereovision arrangement, one half of the CCD cam- by ¢ and¢', and oy represents the phase step valt@s

era detects the interference between the two speckle fields ™2 ™ 3m/2) introduced via the PZM provided in the illu-
which arises, from the illumination beam-1 along the same Mination beam—lNz 1’2.’3’4' .

direction and the specular reflection speckle field from the . The object deformation causes a relat]ve phqse .Chaf‘ge
illumination beam-2(channel A, as shown in Fig. @). in both the channels, and the final intensity d|§tr|but|on in
Similarly, the second half of the detector array determines €aCh arm of the interferometer can now be written as:
where the interference is between the back scattered field of |

the illumination beam-2 with the specular reflection field of !Nchanneta=!1712+2VI1l2C08 b+ Ada+ @n), ()

Collimated beam-1 Collimated beam-1

Collimated beam-2 Collimated beam-2

(@) (b)

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 =1 41242171 cod &' + A et ’ 4 taining to the in-plane displacement componantof the
N(channel 71 = 72 l2C08¢™+Adgt on) @ deformation vector with identical measuring sensitivities.

where Aga=A¢d,—Ad, and Adg=Ads—Ag, are the The sensitivity is the same as reported in the Leendertz

relative phase changes introduced in channels A and B dugMethod-

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 optical arrangement can also be implemented for
shape evaluation. The concept of contouring is based on the
fact that for very small angles of rotatidtilt), points at the
same depth along the viewing direction undergo equal in-
plane displacements, and this displacement is directly pro-
portional to the depth of those points. Considering that the

the form®: object rotation isA¢, we obtain a relation between the rela-
' tive phase changes in channels A and B and the height of
Agall? the three-dimensional surface®ds
I(channeIA:‘8 |1|2CO{T 5
47T .
A¢A=A¢B=TzsmA§sm0. (12
- [Agg]]?
I(channeIB= 8 |i|ZCO 5 (6) . . .
2 The phase variation terms in E(L2) clearly indicate that

the interferograms obtained from channels A and B contain
3.1 Measurement of In-Plane Displacement and information related to the height variation profile of the 3-D
Shape surface with identical measuring sensitivities. Even though
The phase terms Aéq,Aé,) in channel A and the measuring sensitivities are the same in chann_els A and
(A¢5,A¢,) in channel B responsible for fringe formation B, the section of Fhe 3-D Ob].eCt ur_1der observation is differ-
can be illustrated by viewing in the directions of the illu- ent due to off-axis symmetrical viewing. The arrangement

L : : therefore simultaneously permits the study of different sec-
mination and observation beartisg. 2. The phase terms tional views of a 3-D object. In stitching the two views

are related to the displacement vediathrough the follow- together, one realizes that the spatial sampliny coordi-
ing expressioris nate$ is somewhat different in the two views. The spatial
Channel A sampling(expressed in global object coordingtesll de-

pend on the angle between the local normal vector of the

Ap1=(—ki—ky)-L object surface and the orientation of the detector, as seen
from each of the views. Since the observation directions
Ado=(—Koy—Kq)-L 7 coincide with the two illumination directions, the spatial
sampling rate will in general be different in the two images.
Channel B The difference in the spatial sampling rate may ultimately
result in a loss of details in one of the views that are re-
Apa=(— |22_ |21) L solved in the other.
The optical arrangement can be modified and imple-
Ada=(—Ky—ky) L, ®) mented for other applications. A summary of possible mea

surements that can be carried out from the proposed con-
. . o o figuration is shown in Table 1. As stated in the introduction,
Wherekl and k2 are the dual-beam symmetric illumination the arrangement shown in Table 1 part B y|e|ds twofold
propagation vectors as shown in Fig. 2. The relative phasemeasuring sensitivity for the in-plane displacement compo-

changesA ¢, and A ¢g can be derived from Eq¢7) and nent when the contributions of cross-interference terms ow-
(8) as: ing to four beam interaction at the observation plane are
suppressed: 13 The interference between the phase terms
App=Ap1—Adp=(Ky—ky)-L, (9) A, and A¢,, which corresponds to the waves that are
scattered back along the direction of illumination beams,
Apg=Aps—Ad,=(Ky—Ky)-L. (10) results in a twofold increase in sensitivity.

Assuming that the illuminating beams with an interbeam 3.2 Measurement of Out-of-Plane Displacement

angle of 3 are confined to the-z plane, then Part C in Table 1 represents an arrangement for sensing the
4 out-of-plane displacement component of a deformation
App= A¢B=_7T using. (11) vector. The object is illuminated by a collimated beam at an
A angle 6, defined by the propagation vectE){. The obser-
vation direction is symmetrically opposite to the illumina-

Here the propagation vectoks=2(—1 sin H—RCOSW’\; tion beam(i.e., along the specular reflection direction; ob-
kg=2m(1 sinf—kcosé)/A and the displacement vectoks  servation vectork,). The scattered light is collected by
=iu+jv+kw have been used. means of mirrors M and M, and imaged onto the CCD

Equation(11) shows that two sets of correlation fringe camera via an imaging elemefit). A smooth reference
patterns observed on the monitor contain information per- wave derived from the same laser source is added with the
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Table 1 Optical arrangement and the corresponding data that can be extracted.

Fig. . Fringe Formation Equations
No. Optical Arrangement In terms of In terms of
Propagation vectors Physical parameters

In-plane displacement

Ady =4Tnusin6

Adp =(ky -kp.L A¢B=%“Sin9
A¢p =(ky —ky).L Shape 47
A =TzsinA§sin9

Adg =4TnzsinA§sin6

In-plane displacement

Abap =2(k, —kq).L A ap =87nusin9

Out-of-plane displacement

4n
Ab=(Ky —Kp).L A(b—TwcosO

1 Beam

DiSplacemmierit
4 .
Ady = Tﬂ: usin9

A¢A =(E2 —El).i

s A¢B=47nwcose
A¢B ='~(k2 +k1).L

Shape
L .
Ad s =TzsmA§sm9

-2 Beam
Beam-2 Adg =4TnxsinAé’;cose

help of a single mode fiber and a beamsplitter, BS, to the placement(u). The scattered field from the same illumi-
image’’*®The phase change that can be expressed in termshated beam in the specular direction is combined with a

of direction of illumination k;), and observationk,) is smooth reference beafohannel B for parallel evaluation
defined in Table 1. The measuring sensitivity can be varied of the out-of-plane displacemetw).?* Mechanical shutters
by changing the illumination-observation angfe with re- S, S, and § are introduced in the path of the

spect to the optical axis. Increasing the illumination- jjjumination-observation beams to incorporate a four-
observation angl_e in the arrangement allows the measure-gxnosure method, by operating the image processor in a
ment of large-object deformation with reduced sensitivity, time-lapse save mode. The time-lapse mode permits the
which is S‘QO important requirement in nondestructive saving of a series of static holograms of an object and gen-
evaluation'* ; : : .
erates 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 chan-
nel Ais stored in the image processor by closing the shutter

| S,;. Blocking the illumination beam-2 allows the recording
of the interference between the back scattered field along

3.3 Measurement of Both In-Plane and Out-of-
Plane Displacement

An optical configuration by combining Part A in Table 1
(Fig. 1) and Part C into one single arrangement for paralle

evaluation of the in-planéu) and out-of-plandw) displace- ; ) . L ) .
ment components o? a (?éz‘ormation ve%toréis )ShO\[/)VI’I in Part the direction of illumination beam-1 with the scattered field
D in Table 1. In this arrangement, the object is illuminated in the same direction, because of the specular reflection of

symmetrically with two collimated beams, and the scattered the illumination beam-2. Similarly, the second exposure
fields are observed along the direction of one of the illumi- that represents the initial state of the object from channel B

nation beamgchannel A for measuring the in-plane dis- is recorded by opening the shutter, @&nd closing the shut-
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Fig. 3 Theoretical profile of sensitivity variation with respect to the

illumination-observation beam angle, 6, in channels A and B, re- Fig. 4 The optical head of a stereovision TV holography system.
spectively. The measuring sensitivities are identical in both the con-

figurations when 6=45 deg.

sensed from the setup with identical measuring sensitivities

ters S and S. This allows only the recording of the inter- when the illumination-observation anglé,is 45 deg(i.e.,
ference between the scattered field in the specular directionO-707). Hence, the method provides a scope for trade-off
from the illumination beam-1 with a smooth reference Petween the in-plane and out-of-plane measuring sensitiv-
beam. The object deformation causes a path length changéty-

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 images4 Expenmental Results )
stored in the image processor from exposure 1 are usedlhe experiments are conducted on an aluminum plate
together with the set of images stored from exposure 3 to (110X 75x1 mn?) and a cylindrical surface. The speci-
generate correlation fringes corresponding to in-plane dis- mens are coated with matt white spray paint. Two colli-
placement from channel A. Similarly, a set of images from mated illumination beams, with 40 mm diam from a
exposure 2 used together with a set of images from expo-frequency-doubled diode-pumped 80-mW lasen (

sure 4 yields out-of-plane displacement. ~ =532nm), symmetric to surface normal, illuminate the ob-
Equations for the fringe formations derived are shown in ject. To receive the scattered fields in the directions of the
Table 1. The phase variation ternis¢, andA ¢g, (Table illumination beams, two beamsplitters having a transmis-

1) clearly indicate that the measuring sensitivities in both sion and reflection ratio of approximately 50:50 coating at
the channels are dependent on an oblique illumination- 532 nm, and a fabricated bimirror are used in the experi-
observation beam angl®, the angle to the symmetrical mental setup. The scattered fields are collected and imaged
axis. When@ is increasing, the distance between the two onto a NEC TI-324A CCD camera via a combination of
adjacent contour planes in the fringe pattern generated inzoom video lens and relay lenses. The magnification of the
channel A keeps reducing, while in channel B the correla- imaging system is adjusted such that the two images as
tion fringes will be broadening further. This phenomenon separate imagd# and B) occupy each half of the detector
can be observed from the theoretical plot shown in Fig. 3. It plane. A computer-controlled PZM is provided in the illu-

is interesting to note that both the components can be mination beam-1, as shown in Fig. 1. A photograph that

(a) (b)

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 6
~20deg.
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(b)

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
0~40 deg.

represents the general view of the optical head developed asimilar to existing stereovision systeft3 and in com-
Lulea University of Technology and implemented in the parison, the present setup had a distant advantage; that is, it

present experiments is shown in Fig. 4. needs a single imaging system for simultaneous observa-
In the first experiment, the aluminum plate is subjected tion and analysis.
to rotation in its own plane, and the real tirmeeomponent An optical configuration shown in Part D in Table 1 is

of in-plane correlation fringes recorded directly from the also examined experimentally for parallel evaluation of dis-
monitor is shown in Fig. &). It can be seen from the placement components on a cylindrical surface. Following
photograph that the fringe patterns are identical and thethe procedure of sequentially blocking the beams with the
contrast of the fringes obtained from both the channels are help of mechanical shutters, between the four expodaes
quite good. The fringe spacingA\(1=\/2 siné) is equal to explained earlier in Sec.)3the extracted in-plane motion
778 nm. Figure B) represents the corresponding evaluated of the object that represents the surface variation of a cy-

phase maps. lindrical surface obtained from channel A is shown respec-
In the second experiment, a cylindrical surface is sub- tively in Figs. 7a) and 7b), in terms of phase map and 3-D
jected to rotation around theaxis (vertical axig. The real- surface profilwhere thel andj axes are detector coordi-

time contour fringe patterns generated from both the chan-nates. Similarly, the phase and 3-D maps, because of the
nels seen on the TV monitor, and the corresponding phaserotation of the specimen, evaluated from channel B are
maps are shown in Figs.(® and @b), respectively. The  shown in Figs. 8a) and 8b), respectively. The experimen-
present study clearly shows that one can record and analyzdal results show good agreement with the theoretical predic-
different sectional views of 3-D objects. Remember, how- tions. The results demonstrated with phase stepping indi-
ever, that the spatial sampling is different in the two views, cate the use of the proposed method as an alternative tool
a fact manifested by the difference in interfringe distance for measuring the two sensitivity vectors of a deformation
between corresponding fringes in the two views in F&). vector for 2-D as well as 3-D objects.

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® Conclusions

detector into the global object coordinate system. The dual- We report an optical arrangement based on the Leendertz
beam symmetric illumination-observation arrangement is 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 #~40deg. 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



Mohan et al.: Dual-beam symmetric illumination . . .

[mm]

()

x=A®gA/(47tsinAEsind

-3

x10 ) :

i-axis [mm]

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 #~40deg. 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 measure-
ments that can be carried out from the arrangement is illus-
trated with experimental support. The proposed method of
dual-beam symmetric illumination-observation arrange-
ment may find useful applications in other areas of engi-
neering metrology.
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