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Abstract. We present a real-time method for recognizing three-
dimensional (3-D) objects with scale invariance. The 3-D information of
the objects is codified in deformed fringe patterns using the Fourier
transform profilometry technique and is correlated using a classical con-
vergent correlator. The scale invariance property is achieved using two
different approaches: the Mellin radial harmonic decomposition and the
logarithmic radial harmonic filter. Thus, the method is invariant for
changes in the scale of the 3-D target within a defined interval of scale
factors. Experimental results show the utility of the proposed method.
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1 Introduction

Recognition of three-dimensional~3-D! objects is an in-
creasingly important issue in the field of optical patte
recognition. However, most of the existing methods for p
tern recognition using optical setups, such as
VanderLugt optical correlator1 and the joint transform
correlator2 ~JTC!, have been devoted to the recognition
bidimensional~2-D! objects. Although these optical cor
elators are invariant only to the lateral shifts of the inp
object, other invariant properties, such as target in-pl
rotation invariance or target scale invariance, can be
tained by use of harmonic decompositions, in which
input object is decomposed into a set of harmonic functi
and the reference function is chosen as a single expan
order, or by use of specifically designed filters in the Fo
rier plane. Within the first approach, circular harmonic3

and Mellin radial harmonics4 ~MRHs! are used to obtain
rotation-invariant and 2-D scale invariant pattern recog
tion, respectively. In the second approach, for instance,
logarithmic radial harmonic~LRH! filter5 and the ellipti-
cally coordinate-transformed filter6,7 are both used to obtain
2-D scale invariance.

There are applications, however, in which the necess
information is not contained in just one 2-D projection
the target, but in all its 3-D shape. In these applications
full 3-D treatment is required. Much recent research h
been developed to the task of optically recognizing 3
objects. A first possibility is to use optical or digital pro
cessing over a range image.8,9 The main drawback of this
setup is the need for a range camera, which is not ea
available. A different approach uses a JTC architect
combined with electronic processing of the images
tained from several cameras.10,11 This is a complex setup
and requires considerable amount of digital calculati
However, it is demonstrated that it provides localization
1324 Opt. Eng. 41(6) 1324–1330 (June 2002) 0091-3286/2002/$15
n

the 3-D target in the 3-D space. Other techniques are ba
on digital holography as a method for recording 3
information.12–14 They are based on correlating the plan
holograms of the 3-D functions. From a practical point
view, these procedures have the difficulty that a hologr
from a 3-D rough object is determined by the microsco
structure of the object surface, thus producing a low cor
lation for two similar 3-D objects that have a different m
croscopic structures.

Recently, a real-time optical technique for the recog
tion of 3-D objects was proposed.15 This method is based
on using the Fourier transform profilometry~FTP!
technique16 to introduce the 3-D information of the objec
into the system. The FTP technique relies on projectin
grating onto the surface of a 3-D object and capturing
resultant 2-D image, which is a deformed fringe pattern t
carries all the 3-D information of the object. As demo
strated in Ref. 15, the analysis of such patterns is the b
of the method for recognizing 3-D objects.

In this paper, we propose a system that enables op
scale-invariant 3-D object recognition. The method is ba
on using the FTP technique in a classical convergent c
relator. The scale-invariance property is achieved by t
different approaches: the MRH decomposition and
LRH filter.

Section 2 reviews the main aspects of the 3-D obj
recognition method introduced in Ref. 15 that are relev
for our purposes. Section 3 reviews the definition and
most important properties of the MRH decomposition a
the LRH filter for scale-invariant pattern recognition. Se
tion 4 presents a description of the method and the exp
mental setup. Section 5 introduced both simulated res
and optical experiments showing the performance of
method. Finally, Sec. 6 outlines the main conclusions.
.00 © 2002 Society of Photo-Optical Instrumentation Engineers
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2 Three-Dimensional Object Recognition

The FTP technique16 is used to obtain an image of a 3-
object. It is based on projecting a grating on the objec
surface and capturing the resultant 2-D image with a ca
era. If the axes of the projector and the camera are
coincident, we obtain a distorted fringe pattern that codifi
all the 3-D information of the object. In our experiment, w
employ the parallel-axes geometry, in which the opti
axes of the projector and the camera lie in the same p
and are parallel. As is explained in Ref. 15, for a gene
3-D object with varyingh(x,y), the distorted grating pat
tern can be described by

s~x,y!5r ~x,y! (
n52`

`

An exp$ in@f~x,y!12p f 0x#%, ~1!

where f 0 is the fundamental frequency of the observ
grating image, andr (x,y) is the reflectivity distribution on
the object surface@r (x,y) is zero outside the object extent#.
The functionf(x,y) contains all the information about th
3-D shape since the connection betweenf(x,y) and the
height of the objecth(x,y) can be written as

f~x,y!5
22p f 0dh~x,y!

L2h~x,y!
, ~2!

whered is the distance between the projector and the ca
era, andL is the distance between the camera and the
ject. In particular, ifL@h(x,y), it is clear that the phase i
just proportional to the height of the object.

This phase function, which contains all the 3-D inform
tion of the object, can be digitally obtained~as is explained
in Ref. 15! by selecting only the first order of the 2-D
Fourier transform~FT! of the distorted grating pattern an
performing an inverse 2-D FT of the centered result. T
enables us to obtain a complex function for which phas
just the functionf(x,y), while the amplitude is directly
proportional to the reflectivity of the object. Therefore w
are able to encode the 3-D object in a complex image. H
we call this complex image the phase-encoded height fu
tion ~PEHF!.

The 3-D object recognition can be obtained by encod
the 3-D input objects into PEHFs and correlating the
This idea can be implemented using a modified JTC,
shown in Ref. 15, and also using a classical converg
correlator,17 as we show in Sec. 4.

3 Scale-Invariant Pattern Recognition

3.1 MRH Decomposition

Any object function expressed in polar coordinates can
expanded into a set of orthogonal functions called the M
as follows:

f ~r ,u;x0 ,y0!5 (
M52`

1`

f M~u;x0 ,y0!r i2pM21, ~3!

with
t

e

-

-

t

f M~u;x0 ,y0!5
1

L E
r

R

f ~r ,u;x0 ,y0!r 2 i2pM21r dr , ~4!

whereR is the maximum radius of the object,L is an inte-
ger, r 5R exp(2L) is the smallest radius considered in th
expansion,M is the expansion order, and (x0 ,y0) is the
Cartesian coordinate origin of the (r ,u) polar coordinates.
Although the definition of MRHs treatsM as an integer, the
expansion order can be also extended, without loss of
orthogonality, to any fractional value. In the following, fo
the sake of simplicity, the coordinates of the origin (x0 ,y0)
will be used only when necessary.

If we consider a filter matched to only one MRH com
ponent of orderM of the given object and any other patte
represented byg(r ,u) as the input in a correlator, the com
plex amplitude in the center of the correlation plane
given by

Cf ,g5
1

L E
r

RE
0

2p

g~r ,u! f M* ~u!r 2 i2pM21r dr du, ~5!

where the asterisk denotes complex conjugation.
In particular, if g(r ,u) is equal to the functionf (r ,u),

the complex amplitude in the center of the correlation pe
results

Cf , f5
1

L E
r

RE
0

2p

f ~r ,u! f M* ~u!r 2 i2pM21 r dr du

5
1

L E
r

RE
0

2p

(
N52`

1`

f N~u!r i2pN21f M* ~u!

3r 2 i2pM21r dr du. ~6!

Taking into account the orthogonality properties of t
MRH decomposition,4 Eq. ~6! yields

Cf , f5
1

L E
r

RE
0

2p

f M~u!r 21f M* ~u! dr du

5E
0

2p

f M~u! f M* ~u!du. ~7!

Consider now that the functiong(r ,u) in Eq. ~5! is a
scaled version~with a scale factorb! of the function
f (r ,u). Of course, it can be decomposed into MRHs
follows:

g~r ,u!5 f S r

b
,u D

5 (
N52`

1`

f N~u!S r

b D i2pN21

5
b

exp@ i2pN ln ~b!# (
N52`

1`

f N~u!r i2pN21. ~8!
1325Optical Engineering, Vol. 41 No. 6, June 2002
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Substituting this expression in Eq.~5!, and taking into
account again the orthogonality properties of the MRH
the complex amplitude in the center of the correlation pe
results

Cf , f
b 5

b

exp@ i2pM ln ~b!#
E

0

2p

f M~u! f M* ~u! du. ~9!

Comparing Eq.~7! and Eq.~9! one can obtain

Cf , f
b 5

b

exp@ i2pM ln ~b!#
Cf f . ~10!

Thus, the relation between the intensity of the correlat
peaks can be written as

uCf , f
b u25b2uCf , f u2. ~11!

That is, when we scale the input patterns, the relative c
relation intensity remains unaffected when comparing w
the relative intensity of the input scaled functions.

When using MRHs to obtain scale-invariant pattern r
ognition, it is very important to carefully select the expa
sion order and the expansion center of the MRH compon
of the target used to build the filter. In Ref. 18, an algorith
to obtain the most suitable order and the proper cente
the decomposition into MRH’s of any functio
f (r ,u;x0 ,y0) is presented. The algorithm is based on t
construction and later maximization of a modified ener
function of the target. The modification in the energy fun
tion consists of the suppression of the nondiscriminant u
form background. This method, which we used later, is
automatic and selective technique to calculate the optim
parameters that optimize the discrimination ability of t
system.

3.2 LRH Filter

Given an input object functionf (r ,u) and its scaled version
with factorb, f (br ,u) ~both expressed in polar coordinat
considering the same origin for simplicity!, the relation be-
tween their FTs can be written as

G~r,f!5
1

b2 FS r

b
,f D , ~12!

where F(r,f) and G(r,f) are the FTs of the function
f (r ,u) and f (br ,u), respectively. This equation indicate
that the FT of a scaled function is proportional to the sca
FT of the original function. Rosen and Shamir5 used this
property to define a new filter in the Fourier plane of
optical correlator that enabled scale-invariant pattern rec
nition. The general structure of the filter isH(r,f)
5R(r)S(f). Considering the input object functionf (r ,u)
in an optical system with this filter in its Fourier plane, th
value of the obtained correlation center can be written

Cf ,h5E
d

DE
0

2p

F~r,f!R* ~r!S* ~f!r dr df, ~13!
1326 Optical Engineering, Vol. 41 No. 6, June 2002
t
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-

whereD is the maximum radius of the filter,d is the radius
of a high-pass filter, and the asterisk denotes a comp
conjugate. If we consider the input object function as
scaled versionf (br ,u) of the original one, the correlation
center value can be expressed as

Cf ,h
b 5E

d/b

D/bE
0

2p

F~t,f!R* ~bt!S* ~f!t dt df, ~14!

where the parametert denotesr/b.
To have a scale-invariant filter, the relation betwe

these two last equations must be

Cf ,h
b 5Cf ,h exp@ is~b!#, ~15!

wheres~b! is a real function depending only on the sca
factor b. This condition enables us to define the sca
invariant filter, known as a phase-only LRH filter, as5

H* ~r,f!5exp@ iV~f!#S r

dD i ~p/w!

, ~16!

wherep is the LRH frequency,w is a normalization con-
stant defined by

w5
1

2p
ln S D

d D , ~17!

and V~f! is an angular phase function that caries all t
angular information contained in the phase of the obj
function

V~f!52argF E
d

D

F~r,f!S r

dD i ~p/w!

r drG . ~18!

Thus, the correlation valueCf ,h
b yields

Cf ,h;p
b 5S b

d D i ~p/w!E
0

2p

exp@ iV~f!#

3F E
d/b

D/b

F~t,f!t i ~p/w!t dtG df, ~19!

and in the particular case in which the scale factorb51,

uCf ,h;p
1 u5E

0

2pU E
d

D

F~t,f!t i ~p/w!t dtU df. ~20!

As can be seen comparing these two last equations,
expression of Eq.~19! satisfies exactly the relation of Eq
~15! only when the scale factorb51. In any other case, a
is explained in Ref. 5, the relation of Eq.~15! is accom-
plished approximately for a certain scale range becaus
the b dependence on the integration limits. In addition, t
correlation depends on the LRH frequencyp, which must
be properly chosen to optimize the behavior of the filter

4 Description of the Method

The experimental setup is sketched in Fig. 1. It can
separated into the acquisition part and the processing p
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The acquisition part, composed of the slide projector a
the CCD camera, enables us to obtain all the information
the 3-D objects codified in distorted grating patterns f
lowing the FTP technique. The slide projector images
regular grating pattern onto the surface of the 3-D obje
and the resultant 2-D distorted fringe patterns are captu
with the CCD camera. The processing part is a class
convergent correlator that allows for obtaining at pla
(x3 ,y3) the correlation between the considered function

As stated, 3-D object recognition can be obtained
encoding the 3-D input objects into PEHFs and correlat
them. To achieve the scale invariance property, MRH tar
decomposition or LRH filter are used. The first step to bu
the filter placed at plane (x2 ,y2) is to obtain the PEHF of
the target, which is the function that carries all its 3
information in the phase. As explained in Sec. 2, this p
cess is done digitally. Once we have the PEHF of the ta
we can choose its proper MRH expansion order to ma
the filter, or directly build an LRH filter from this PEHF. I
is important to note that the function taken to build the fil
is just the PEHF corresponding to the 3-D target, beca
this is the function that contains all the necessary 3-D
formation to perform the recognition process.

The input scene~see Fig. 2!, composed of several dis
torted grating patterns, is introduced in the correlator us
a spatial light modulator~SLM!. At plane (x2 ,y2) we ob-
tain optically the 2-D FT of these distorted patterns, wh
is a set of diffraction orders each one separated from
other by the carrier frequencyf 0 . In the first order, which is
nothing but the inverse FT of the corresponding PEHFs,
codified the height information of the 3-D objects. We us
mask to select only this first order, and we place in

Fig. 1 Optical arrangement including the acquisition part and the
correlation process. In the optical correlator, the CCD camera must
be moved out from the optical axis to capture the correlation output.
l

t

t

-

same plane the filter properly centered~see Fig. 1!. This
enables us to obtain in the final plane the correlation
tween the PEHFs of the 3-D objects~distorted patterns of
which were placed in the input scene! and the inverse FT of
the filter made from the 3-D target.

To achieve a high SNR in the correlation plane it is ve
important to carefully place the filter centered over the fi
diffraction order. This can be done by using a micromet
positioner in the (x2 ,y2) plane. Note that, as the position o
this first order depends only on the carrier frequency of
distorted patterns, the proper position of the filter will b
the same while the period of the distorted grating patte
in the input scene remains unchanged.

5 Simulated Results and Optical Experiments

The input scene~shown in Fig. 2! is composed of severa
images that are the deformed fringe patterns obtained w
a grating is projected onto the surface of the 3-D obje
~several small doorknobs!. In the upper part, there are thre
different scaled versions of the target, with scale fact
equal to 0.75, 1.00, and 1.25. In the lower part there are
false 3-D objects used to demonstrate the discrimina
ability of the system.

First, we consider the MRH decomposition to achie
the scale-invariance property in the 3-D object recognit
process. In a first stage previous to perform the correla
we obtain the PEHF from the target with scale factor eq
to 1.00. The modulus and the phase of this PEHF, wh
was obtained digitally as already explained, are shown
Figs. 3~a! and 3~b!. Figure 3~c! shows a perspective view o
the phase part, which is directly proportional to the heig
of the 3-D object. From this PEHF, the MRH component
expansion orderM50.9 is computed by taking as pola
coordinate origin the center of the image. These are
optimal values calculated using the algorithm presented
Ref. 18. The parameterL, which takes into account the
relation between the maximum and minimum radii cons

Fig. 2 Input scene used to test the scale-invariant 3-D object rec-
ognition ability of the system.
1327Optical Engineering, Vol. 41 No. 6, June 2002
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ered in the calculation of the MRH component, is chosen
be 4, with the maximum radius being equal to the ma
mum size of the object. Once we have the MRH comp
nent, the filter is obtained by computing the complex co
jugate of its 2-D FT. Then, the filter is recorded as a bin
computer-generated hologram~CGH! calculated with the
Lohmann detour phase method19 in 2563256 cells with a
resolution of 17317 pixels/cell, and is plotted with a 600
dots/in. laser printer. Such a filter was photoreduced t
size of 10310 mm on a lithographic film to place it a
plane (x2 ,y2).

Just before the filter in the plane (x2 ,y2) a mask is used
to filter the FT of the scene and select only the first ord
By centering the considered filter over this first order
can obtain in the final plane of the system a correlat
between the PEHFs of the 3-D objects in the input sc
and the inverse FT of the filter, that is, the MRH compon
of the PEHF corresponding to the target.

The simulated correlation plane is shown in Fig. 4. T
three correlation peaks correspond to each one of the
ferent scaled 3-D targets placed in the input scene. T
we are able to recognize and detect the 3-D target inde
dently of its scale factor, in a range of scales equal to 1
However, as already shown, the energy of the correla
peak is directly proportional to the square of the scale f
tor of the target. This is the main drawback of the MR
decomposition: the detection is scale invariant in the se
that the relative intensity distribution of the correlatio
functions remains constant. Even so, the three objects
be detected at the same time by using an appropriate thr
old in the intensity of the correlation plane.

The usefulness of the proposed method was also te
by optical experiments. The experimental correlation res
obtained with the system sketched in Fig. 1 and grab

Fig. 3 (a) Amplitude and (b) phase of the PEHF that corresponds to
the 3-D target and (c) perspective view of the phase of this PEHF.
As we can see, it is directly proportional to the height of the 3-D
target.
1328 Optical Engineering, Vol. 41 No. 6, June 2002
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with a Pulnix TM-765 CCD camera, is shown in Fig. 5. A
we can seen, the high similarity between the experime
and the simulated results demonstrates the good pe
mance of the experimental optical setup.

To solve the dependence on the scale factor on the
ergy of the correlation peak, instead of the MRH decomp
sition, we can use the LRH filter to obtain the 3-D obje
recognition with the scale-invariance property. Thus, fro
the PEHF that corresponds to the target with scale fa
1.00 we compute the LRH filter using as polar coordina
origin the center of the image. The only parameter to
optimized in the designing of the filter is just the LR
frequencyp. We have chosen the value 2.3, which is t
one that maximizes the peak-to-correlation energy for
three different scaled targets placed in the input sce
Then, the LRH filter is recorded as a binary CGH and ph
toreduced in the same way as the MRH matched fil
Also, this obtained LRH filter is placed over the mask
first order of the 2-D FT of the input scene at pla
(x2 ,y2).

Fig. 4 Simulated result obtained for the input scene shown in Fig. 2
when a filter matched to a MRH component of the PEHF of the 3-D
target is used.

Fig. 5 Experimental correlation obtained for the input scene shown
in Fig. 2 when a filter matched to a MRH component of the PEHF of
the 3-D target is used. Note the high similarity between the simu-
lated and the optical results.
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The simulated correlation plane and the experimen
result are shown in Figs. 6 and 7, respectively.20 We obtain
three correlation peaks, each one corresponding to each
ferent scaled 3-D target placed in the input scene, enab
a clear discrimination with the other correlation terms th
appear in the lower part of the image owing to the false 3
objects. Now the three correlation peaks have almost
same energy~the small difference for the central peak
due to the fact that the LRH filter is calculated from t
PEHF that corresponds to the central 3-D target!. Thus, it is
possible to recognize 3-D objects with scale invariance
ing the LRH filter.

As shown, both the MRH decomposition and the LR
filter can provide detection of all the targets at the sa
time by using an appropriate threshold in the correlat
plane. The suitable threshold should be taken between
values corresponding, on one hand, to ensure that all
false alarms are rejected~low threshold, LT!, and on the
other hand, to ensure that all the targets are detected~high
threshold, HT!. Therefore, the LT is calculated as the rat
in percent, between the maximum intensities of the fa
alarms and the targets, respectively. In the same way,
HT is obtained as the ratio between the minimum and
maximum intensities corresponding to the targets. In

Fig. 6 Simulated result obtained for the input scene shown in Fig. 2
when a LRH filter obtained from the PEHF of the 3-D target is used.

Fig. 7 Experimental correlation obtained for the input scene shown
in Fig. 2 when a LRH filter obtained from the PEHF of the 3-D target
is used.
f-

e

e

case, considering the optical results, for the MRH deco
position the suitable threshold should be within the inter
@LT,HT#5@26.0,69.7#%. For the LRH filter, the threshold
should be within@31.1, 88.6# %. Thereby, in a typical situ-
ation with noa priori knowledge of the scene, the poss
bility of choosing a correct threshold is higher for the LR
filter.

Note that if the camera and the slide projector are
from the 3-D object, i.e.,L@h(x,y), the phasef(x,y) is
directly proportional to the height of the object@see Eq.
~2!#. Then the experimental setup sketched in Fig. 1 is a
invariant to shifts along the direction given byh(x,y) ~see
Ref. 15! within a limited interval of depth positions. Thi
enables detection that is invariant under displacements
the three axes and under changes in the scale of the ta
It is clear that the shift invariance along the line of sight h
a different nature than the transversal shift invariance, si
the correlation peak follows the transverse shift of the t
get, but stays at the same point when it changes its de
position.

Finally, note that our method has some inherent limi
tions, mainly derived from the FTP technique. One of t
most important limitations is the limited interval of dep
positions in which the invariance along the line of sight c
be obtained~which limits, in fact, the inspection volume!.
This limitation comes from two factors. First, the depth
focus of both the projector and the camera, which can
overcome by using, for example, an interference system
generating the grating. And second, the dependence oL
~distance between the object and the projector! in the func-
tion f(x,y) that carries information about the shape of t
3-D object @see Eq.~2!#. This dependence will introduce
significant changes in the PEHFs of the shifted obje
~when comparing with the PEHF of the target encoded
the filter!, which will decrease the correlation signal.

6 Conclusions

A method for achieving scale-invariant 3-D object recog
tion was presented. It is based on encoding the 3-D in
mation of the objects in 2-D distorted grating patterns us
the FTP technique. The scale-invariance property w
achieved by two different approaches: the MRH decom
sition and the LRH filter. In a first step, simulated resu
demonstrated the good operation of the method.

The proposed method was also optically implemen
using a classical convergent correlator. The filter was
tained from the PEHF of the 3-D target, and is convenien
centered at the masked Fourier plane. Experimental res
verify the theory and show the utility of the method he
introduced. The convergent correlator inherits from line
correlation the shift-invariance property. Moreover,
stated, under certain conditions our setup is also invar
to shifts along the direction given by the height of the o
ject. The robustness and the simplicity of the optical se
are in contrast with other procedures of 3-D object rec
nition.

The whole proposed experimental setup can be c
structed with simple equipment and, except for the fi
computation of the filters, electronic or digital processi
are not required, so the system can operate at nearly v
rates.
1329Optical Engineering, Vol. 41 No. 6, June 2002
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Possible applications of our system are in the field
automatic vision, such as classification, testing, and tra
ing of 3-D objects.
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