University of Wollongong

Research Online

Faculty of Engineering and Information

Faculty of Informatics - Papers (Archive) Sciences

2007

Blind colour isolation for colour-channel-based fringe pattern profilometry
using digital projection

Y. Hu
University of Wollongong, yingsong@uow.edu.au

Jiangtao Xi
University of Wollongong, jiangtao@uow.edu.au

Joe F. Chicharo
University of Wollongong, chicharo@uow.edu.au

Zongkai Yang
Huazhong University of Science and Technology

Follow this and additional works at: https://ro.uow.edu.au/infopapers

6‘ Part of the Physical Sciences and Mathematics Commons

Recommended Citation

Hu, Y.; Xi, Jiangtao; Chicharo, Joe F.; and Yang, Zongkai: Blind colour isolation for colour-channel-based
fringe pattern profilometry using digital projection 2007.

https://ro.uow.edu.au/infopapers/3058

Research Online is the open access institutional repository for the University of Wollongong. For further information
contact the UOW Library: research-pubs@uow.edu.au


https://ro.uow.edu.au/
https://ro.uow.edu.au/infopapers
https://ro.uow.edu.au/eis
https://ro.uow.edu.au/eis
https://ro.uow.edu.au/infopapers?utm_source=ro.uow.edu.au%2Finfopapers%2F3058&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/114?utm_source=ro.uow.edu.au%2Finfopapers%2F3058&utm_medium=PDF&utm_campaign=PDFCoverPages

Blind colour isolation for colour-channel-based fringe pattern profilometry using
digital projection

Abstract

We present an algorithm for estimating the color demixing matrix based on the color fringe patterns
captured from the reference plane or the surface of the object. The advantage of this algorithm is that it is
a blind approach to calculating the demixing matrix in the sense that no extra images are required for
color calibration before performing profile measurement. Simulation and experimental results convince
us that the proposed algorithm can significantly reduce the influence of the color cross talk and at the
same time improve the measurement accuracy of the color-channel-based phase-shifting profilometry.

Disciplines
Physical Sciences and Mathematics

Publication Details

Hu, Y., Xi, J., Chicharo, J. F. & Yang, Z. (2007). Blind colour isolation for colour-channel-based fringe
pattern profilometry using digital projection. Journal A of the Optical Society of America: Optics, Image
Science, and Vision, 24 (8), 2372-2382.

This journal article is available at Research Online: https://ro.uow.edu.au/infopapers/3058


https://ro.uow.edu.au/infopapers/3058

2372 J. Opt. Soc. Am. A/Vol. 24, No. 8/August 2007

Hu et al.

Blind color isolation for color-channel-based
fringe pattern profilometry using digital projection

Yingsong Hu,®* Jiangtao Xi,? Joe Chichare,’ and Zongkai Yang?

'School of Electrical Computer and Telecommunications Engineering, University of Wollongong, NSW 2522,
Australia
*Department of Electronics and Information Engineering, Huazhong University of Science and Technology, Wuhan
City, 430074, China
*Corresponding author: yingsong@uow.edu.au

Received June 1, 2006; revised February 2, 2007; accepted March 13, 2007;
posted March 26, 2007 {Doc, ID 71611); published July 11, 2007

We present an algorithm for estimating the color demixing matrix based on the color fringe patterns captured
from the reference plane or the surface of the object. The advantage of this algorithm is that it is a blind ap-
proach to calculating the demixing matrix in the sense that no extra images are required for color calibration
before performing profile measurement. Simulation and experimental resulis convince us that the proposed
algorithm can significantly reduce the influence of the color cross talk and at the same time improve the mea-
surement accuracy of the color-channel-based phase-shifting profilometry. © 2007 Optical Society of America

OCIS codes: 120.6650, 120.2650, 150.6910.

1. INTRODUCTION

Fringe pattern profilometry (FPP) is one of the most
popular noncontact approaches to measuring three-
dimensional object surfaces. With FPP, a Ronchi grating
or sinusoidal grating is projected onto a three-
dimensional diffuse surface, the height distribution of
which deforms the projected fringe patterns and modu-
lates them in the phase domain. Hence by retrieving the
phase difference between the original and the deformed
fringe patterns, three-dimensional profilometry can be
achieved. To obtain phase maps from original and de-
formed fringes patterns, researchers have contributed
various analysis methods, including Fourier transform
profilometry (FTP) [1-6], phase-shifting profilometry
(PSP) [7-9], spatial phase detection (SPD) [10], phase-
locked loop (PLL) [11] and other analysis methods [12,13].

Among these methods, FTP and PSP are two of the
most popular and typical algorithms to implement profilo-
metry. The most important advantage of FTP is that it re-
quires only one image frame for each measured object,
which is very suitable for real-time applications. How-
ever, the disadvantage of FTP is its sensitivity to the
background and the reflection property of the object sur-
face. In contrast to FTP, PSP is more precise and less sen-
sitive to the background and the reflection factor of object
surfaces. However, it is not suitable for dynamic measure-
ment, because with PSP, phase-stepped fringe patterns
are sequentially projected onto objects and acquired by a
CCD camera. Obviously, the sequential projection of the
phase-stepped fringe patterns requires time. To overcome
the shortcomings of the PSP method, the color-channel-
based PSP approach [14] has been presented, in which
the phase-stepped fringes are simultaneously projected
through different color channels (Red, Green, and Blue),
respectively, so that three phase-stepped fringe patterns
can be projected and recorded within a colored fringe pat-
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tern image synchronously. Thus, theoretically, it becomes
possible to develop real-time applications using the PSP
algorithm. However, color cross talk among the channels
will introduce measurement errors when using the eolor-
channel-based PSP method. Therefore, the color isclation’
process is considered essential before using the PSP algo-
rithm to effectively reconstruct the surface.

To eliminate the color cross talk, a linear mixing model
and relevant calibration method has been utilized in [15],
in which the color mixing process is modeled by a mixing
matrix and at least nine extra images are introduced to
determine the elements of the mixing matrix in the whole
calibration process. Further, in order to reduce the num-
ber of the images required for the calibration procedure,
Hu et al. [16] proposed a calibration method based on a
blind signal separation algorithm to calculate the color
demixing matrix, by which only one colored image with
independent signals in each channel is projected and re-
corded for the color demixing calibration. However, an ex-
tra image is still required to determine the mixing matrix
or the demixing matrix. Moreover, any calibration method
has the drawback that if the condition of the system
changes, the calibration process has to be performed
again.

Motivated by the problem of calibration-based meth-
ods, in this paper we propose an algorithm, called blind
color isolation (BCI) method, to adaptively determine the
demixing matrix without any prior knowledge of the sys-
tem or using any probing signals. The BCI algorithm de-
termines the demixing matrix by using the projected col-
ored fringe patterns only on the reference plane, and no
extra images are introduced for color calibration. Our
simulation and experimental results show that the color
leakage can be adaptively reduced and accordingly the
measurement accuracy using the color-channel-based
PSP method can be significantly improved.

© 2007 Optical Society of America



Hu et al.

This paper is organized as follows. In Section 2, we re-
view the principles of the PSP technique and the color-
channel-based PSP method. In Section 3, the influence of
color cross talk is mathematically modeled and analyzed.
Based on the analysis, the color demixing scheme is pro-
posed. In Section 4, the BCI algorithm is derived to adap-

. tively determine the demixing matrix. Simulation and ex-
perimental results are demonstrated in Section 5. Section
6 concludes this paper.

2. PRINCIPLES ASSOCIATED WITH COLOR-
CHANNEL-BASED PSP

A schematic didgram of a typical FPP system is shown in
Fig. 1. For simplicity, we consider a cross section of the
object surface for a given y coordinate. Hence, the inten-
- sity of fringe patterns captured by the CCD camera and
the height distribution function can be expressed as a
function with a single variable x. Thus we use s(x) and
d(x) to denote the intensity of the projected and the de-
formed fringe pattern, respectively, and use A(x) to repre-
sent the height distribution of the object surface.

In the PSP approach, M (M = 3) fringe patterns are se-
quentially prajected onto the reference plane and the sur-
face of the object and then captured by a CCD camera.
Each one of the M fringe patterns has phase difference of
2w/M from its adjacent patterns. Thus, the projected
fringe patterns s,,(x) and d,,(x) can be expressed as [17]

2a(m - 1)
—— | form=12,..., M,

Spx)=bg+ by cos(anox +

5

. 27(m ~ 1)
d(x)=by+b; cos(anfox + —w + ¢(x))
form=1,2,...,.M, 2)

where bg is the background illumination and b; repre-
sents the contrast between bright and dark fringes. ¢(x)
is the phase shift caused by the height distribution of the
object surface. The phase map ¢(x) and the height distri-
bution of the object 2(x) can be calculated by following
equations:

Fig. 1. Schematic diagram of the FPP system.
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Y sabsin@aim - 1)/M)
S = tan(2mfox) = - — . (3)
EM $p(x)c0s(2a(m — 1)/M)

E:_l dy(x)sin(2a(m - 1)/M)
D =tan2afpx + ¢(x)) = - M_

2

d p()cos(2a(m —~ 1)/M)
{4)

m=1

&(x) = unwrap(arctan(D)) - unwrap(arctan(S)), (5)

ly(x)
B(x) - 27fody’

where S and D are intermediate variables; dy and [, are
the distances from the camera to the projector and the
reference plane, respectively; f is the spatial frequency of
the fringe patterns and unwrap denotes the operation of
phase unwrapping.

As mentioned in Section 1, the disadvantage of tradi-
tional PSP is that at least three frames of images are re-
quired to implement profilometry, while sequential projec-
tion of fringe patterns takes a relatively long time, which
makes the PSP unsuitable for real-time applications. To
solve this preblem, the color-channel-based approach has
been presented [14]. In color-channel-based PSP, three
phase-shifted fringe patterns with 24/3 difference from
one another are projected through the three fundamental
color channels (Red, Green, and Blue) and captured by a

hix) = 6)

_ color CCD, so that three phase shifted fringe patterns can

be simultaneously projected and recorded in a color fringe
image. Hence, a real-time PSP measurement technique
can be implemented. However, because the isolation of
the color channels cannot be perfect, color cross talk al-
ways exists, which will certainly result in measurement
errors. In the next section, the color cross-talk phenom-
enon will be mathematically modeled and theoretically
analyzed. Based on the analysis, a blind color-isolation al-
gorithm is proposed.

3. ANALYSIS OF THE COLOR CROSS-TALK
PHENOMENON

A. Notation and Definitions

For simplicity, assuming the length of signal s,,{x) is N,
we can use an M XN matrix to represent a set of signals
S, form=1,2,...,M, ie.,

§= (sm,n)MXN7 (7)

where s, ,=5,,(n), m=1,2...,M and n=1,2,...,N. Fur-'
ther, s,, denotes the mth row vector of the matrix s, and
s(n) represents the nth column vector of s.

In addition, let us recall the projected signals expressed
by Eq. (1): s is actually a set of very particular signals. In
order to describe and name this kind of signal sets, a defi-
nition is given: )

Definition 1. For a set of signals Unm(x)=by 0
+b,, 1c08[6(x) + a, ] (m=1,2,... M, 0=0;<a;...<a,
<...<ay<2w,d(x)=2mfyx), if at any point x we have
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© bpo=by (Wherem=1,2,...,M and b, is a constant), (8)
bn1=by (where m=1,2,... , M and b, is a constant), (9)

W1 — O =20/M (where m=1,2,... M -1), (10)

we call these M signals a set of “balanced” signals or M
“palanced” signals; otherwise, they are called “unbal-
anced.”

Obviously, according to this definition, s is a set of bal-
anced signals. : :

In addition, although greater phase-shift steps will pro-
vide better reconstruction accuracy for normal PSP [18],
the only choice for color-channel-based PSP is to use three
steps, because as introduced in Section 2 only three fun-
damental colors are available to independently carry
phase shifted fringe patterns. Therefore, in this paper we
consider only the case where M=3.

B. Linear Mixing Model
In this subsection, first, to analyze the color cross talk, we

. assume that there is no nonlinear distortion in the sys-
tem. Furthermore, in Subsection 3.C we discuss a more
general model where nonlinear distortions are taken into
consideration.

Without nonlinear distortion, a color mixing process
can be modeled by a mixing matrix [15,16]; i.e., the cap-
-tured fringe patterns can be expressed as

§=As, 11)

where A is a 3 X 3 matrix, which we call a mixing matrix,
and § denotes the mixed fringe patterns captured on the
reference plane. For simplicity, let #(x) represent 2afyx;
with this notation, the mth row of § may be rewritten as

S,=A,s

29
=@y, 1(bo + by cos H(x)) +am,2<bo +bq cos<6(x) + ?>>
4ar
+a,, 3l by + by cos| Bx) + 3
=bg(Upy + Upo+ Qp 3) + bl[am,l cos O(x)
2 2
+ @, 0l cos B(x)cos rye sin #(x)sin 3
4qr 4
+ @, 3| cos B(x)cos el gin #(x)sin Y
=bp(@in1+ U2+ Qi 3) + 51[ (am,l - Eam,z

1 \/?—:
~ 5%m.s |cos 6(x) - ?(am,2 ~ @ z)sin 6x)

= b0+ b 1 COS(BX) + i), (12)

where
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P

bm,() = bo(am,l +Qpot am,3)5

) ' 1 1 V% 3 )
bm,l = bl [227% Bt Eamﬂ - Eam,?z + Z(am,2 - am,S)

1
= bl “'[(am,l - am,2)2 + (am,2 - am,3)2 + (am,l - am,S)z]:
2

-a
tan(é,,) = M ‘ (13)
am,l - a’m,Z - am,3
It can be seen that after the color cross talk, the frequency
of the fringe pattern remains unchanged, but usually the
contrast, the phase, and the dc components of the fringe
patterns in each channel are changed. Additionally, as

component l;m,O does not contain any phase information
and can be easily removed by subtracting the mean value
of §,,, for simplicity we assume that the captured fringe
patterns are preprocessed such that they all have zero
means before other signal processing operations are ap-
plied. Thus, after removing the dc components, the “zero-
mean” § can be expressed as

§,= 3m,1 cos(#(x) + &,,) form=1,2,3. (14)

. Note that although the dc components have been re-

moved, signal set § generally remains unbalanced still,

because 5m and &,, usually do not satisfy the conditions in
Definition 1. In general, § is unbalanced, since the mixing
matrices would be different from system to system. That
is, the color cross talk will unbalance the original bal-
anced signal set. Therefore, simply treating § as balanced
signals and using Eqs. (3)—(5) to calculate phase shift ¢(x)
will result in errors.

As the color cross-talk matrix A is unknown, &,, and l;m
are also unknown. Therefore, retrieving ¢(x) from § is
equivalent to reconstructing the phase map from the
fringe patterns with unknown phase shifts. To solve this
problem, various approaches have been proposed [19-27].
However, as discussed in [26,27], some of these methods
[19,20] assume that phase shifts are arbitrary but known
or the same, and for the other algorithms retrieving phase
with unknown phase shifts [21-24], substantial computa-
tion loads are usually required, and some methods need
as many as 15 interferograms [23] or an additional optical
device [22,24]. Recently, an approach to caleulating the
unknown phase shifts by use of measured object and ref-
erence wave intensities has been suggested [25], but it
can be used only for pure phase objects, and the approxi-
mate values of the phase steps are still required [26]. In
addition, in [27] it is pointed out that approaches pro-
posed in [25,26] require measurements of the object and

the reference wave intensities; i.e., I;m,l in Eq. (14) need to
be known. Meanwhile, the method proposed in [27] works
only for the case where the contrasts of the fringe pat-
terns b, ; have the same values for m=1,2,8, which
would be a reasonable assumption for normal PSP appli-
cations because for normal PSP, the fringe patterns are
generated by the same equipment. However, for color-
channel-based PSP, every channel has different gain fac-
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tors, and, as analyzed above, color cross talk will change
all the parameters of the signals except for the fundamen-
tal frequency. Therefore, in order to eliminate the errors
introduced by the color leakage, we need a new method to
demix the cross-talked fringe patterns with arbitrary, un-
known amplitudes and phase shifts.

It is not difficult to see that as long as balanced signals
are utilized, no errors will be introduced for the retrieval
of the phase map. Since the mixing matrix A results in
the output signal § being unbalanced, a straightforward
way is to find a demixing matrix W to make the output
signal set § rebalanced:

§=W8=W(As) = WAs=Ls, (15)

where L=WA and 5 is a set of balanced signals. As L is
also a 3 X3 matrix, similarly to Eq. (14), § can be ex-
pressed as )

By = b1 coS(0%) + &), form=1,2,3. (16)

Obviously, if the mixing matrix A is not ill-conditioned,
this problem is always solvable, for example, W=A"1,
where A~! denotes the inverse matrix of A. Meanwhile,
W=A"! is not the unique solution of this problem, be-
cause the only requirement is that § be balanced. There-
fore, we need to find only one of the solutions W that can
make the output signals § satisfy the balance conditions:

51,1=52,1=53,1=g1, (17 -

&3-&21‘&2—&1:277/3. (18)

C. Nonlinear Mixing Model
In the previous subsection, we discovered that the linear
mixing of original signals will cause the captured signals
to be unbalanced. In this subsection, we will consider a
more practical and realistic case where nonlinear distor-
tions exist in both the projection and the CCD system.

A general model describing the whole image projection

and acquisition process for fringe pattern profilometry is-

shown in Eig. 2. The original signal set s is first distorted
by a nonlinear function f, then mixed by an unknown ma-
trix A, and finally nonlinearly distorted again by function
g. The nonlinear functions f and g correspond to the non-
linear distortions introduced by the projector and the
CCD, respectively, and the matrix A represents the color
cross-talk process. Based on the new model, a demixing
scheme is also proposed in Fig. 2. As color-channel-based
PSP is actually a three-step PSP method, which is very
sensitive to the second-order harmonic [28], low-pass fil-

mixing process demixing process

f A 8 .. _W
St f 8 i p B 3
Sa 'ﬁﬁ’ Eijz r_‘|g2 §2 P 87555 'éz
s 7 | 2<7‘§@32§

Fig. 2. Nonlinear mixing and demixing.
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ters will usually be utilized to extract dc and fundamental
components and eliminate higher-order harmonies [17],
which are indicated by LPs in Fig. 2.

It can be proved that the nonlinear functions and the
color mixing process introduce harmonic components only
into the output signal § (see Appendix A for proof). Con-
sequently, § can be expressed as .

K
§,{x) = E Z;m,k cos[k - (6(x) + &,)], form=1,2,8,
" k=0

(19)

where Z;m,k is the amplitude of the kth harmonic in the
mth channel and K is a sufficiently large positive integer.
Therefore, after 8§ has been zero-meaned and passed
through the low-pass filters, §, the fundamental compo-
nent of § can be obtained and expressed as

Tpn(®) = b,y 1 cOS(6(%) + &), form=1,2,3, (20)

where Z;m,l and &,, are unknown. Comparing Eq. (20) with
Eq. (14) and recalling the problem discussed in Subsec-
tion 3.B, it can be noticed that after the fundamental com-
ponents have been picked up by the low-pass filters, the
problem of nonlinear color mixing becomes identical to
the problem of the linear mixing case, i.e., the problem of
estimating a demixing matrix W that balances a set of un-
balanced signals. In the next section, we will derive an al-
gorithm for estimating W.

4. DERIVATION OF THE BCI ALGORITHM

As analyzed above, the color demixing problem can be
converted to an estimation problem where given a set of
unbalanced zero-mean signals S, we need to estimate a
matrix W such that §=WSs is balanced, where § is in the
form of Eq. (20). .

In order to obtain a set of balanced signals, we have to
mathematically describe the characteristics of balanced
signals as an objective function, and by minimizing the
objective function, W can be calculated. Equations (17)
and (18) can be a good criterion of a set of three balanced
signals, but they are not suitable for estimating W be-

cause Bm,l and &, are unknown during the estimation
process. Therefore, we have to find an equivalent expres-
sion to describe the properties of balanced signals.

It can be proved that a necessary and sufficient condi-
tion for the output signals §=Ws to represent a set of
three balanced signals is to ensure that § satisfies the fol-
lowing two equations (see Appendix B for proof):

q - 8(x) = 0 for any given x, (21)

S(x)-S(x)=c for any given x, (22)

where ¢ is a column vector (1,1,1)T and ¢ is a positive
constant. The operator - represents an inner product of
two vectors.

Based on the equivalent description expressed by Eqgs.
(21) and (22), an objective function J can be designed as
follows:
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J=Jd +ds, (23)

where
Ji=[q-3@)7P, ‘ (24)
- Jo=[3(x) - $(x) - c]*. ~ (25)

Note that ¢ is an arbitrarily selected positive constant. In
fact, the choice of ¢ affects only the expected amplitude of
the demixed signal set but does not influence the balance
of the phase. For example, if we expect the amplitude of
the rebalanced signal to be 10, according to Eq. (B6) in
Appendix B we will have ¢=150.

Therefore, a general algorithm for estimating W can be
derived by a gradient-based method as

Wp+1 = “Arp -7 VWJ(WP ’ (26)

where VywJ(-) denotes the gradient of function J(-) with
respect to the demixng matrix W, 7 is the learning rate,

and the subscript p represents the pth iteration; i.e., W,
is the pth estimate of W. The gradient VyJ can be de-
rived as follows:

Vwd = Vgl + Vg, @7
As §=WS, we have
Vw1 = Vyla - $(x)] = Vwlq"s(x)]* = 2[q"5(x)IVwlq"5(x)]
= 2[q"WS(2) IVw[q"WS(x)] = 2[q"W5(x)][a3" ()],
(28)
where ()T represents transpose. For function J,, we have
Vwdz = Vyl8(x) - 8(x) - I
= 2[8(x) - 3(x) - c]VwlE(x) - 3(x) - ]
= 2[8T(x)8(x) - cIVwl8T(@)3(x) - c]
= 2[8"(x)8(x) - c]Vw[(Ws(x)) "(W5(x)) - c]
= 2[8%(x)8(x) - c]Vw[E ()W Ws(x) ~ c]
= 2[8" (x)8(x) - c2Ws(x)s"(x)]
= 48T )W Ws(x) - cIWS(x)5"(x)]. (29)

-Hénce, the gradient of the objective function can be ex-
pressed as

Vwe = Vel 1 + Ve
= 2[q"Ws(x)[q8"(x)] + 4[sT(x) WEWS (x) - c]
X[WS(x)8T(x)]. (30)
Therefore, the derived BCI algorithm can be expressed as
Wpo1 = Wy - 7{2[q"W,5(x)][q5"(x)]
+4[8T () W W,S(x) - cTW, )5 @)l}.  (31)

Because every point of signal §(x) needs to satisfy Egs.
(21) and (22), we can sequentially and recursively use all
the points from 1 to NV until the algorithm has converged.
That is, for the pth time iteration, we can use the point at

Hu et'al.

x=(p-1)%N +1, where % is the modulus operator, to cal-
culate the gradient by using Eq. (30).

In addition, for initialization of W, we can simply set
W, to be an identity matrix, which corresponds to the
case where there is no demixing for each channel:

1 0 0
w,={0 1 0 (32)
0 0 1

5. SIMULATIONS AND EXPERIMENTS

A, Simulations

For simulation, we use a paraboloid object surface whose
maximum height is 160 mm, which is shown in Fig. 5(d)
below. As mentioned in Section 2, the ideal fringe pattern
to project onto the reference plane is expressed by Eq. (1).
In our simulation, we assume by=128 and b;=100;

2m(m - 1)
=)

form=1,2,3, (33)

$,,{x) =128+ 100 cos<2ﬂ'f0x +

where f; is the spatial frequency of the fringe pattern,
which is assumed to be 10/m in our simulation, and so the
spatial period of the fringe pattern is assumed to be
100 mm. Meanwhile, we assume /g and d in Fig. 1 equal
to 5 m and 2 m, respectively. The spatial resolution of the
captured image is assumed to be 1 pixel/mm. Meanwhile,
as mentioned in Section 3, we set the expected value of
amplitudes of demixed signals at 10, which corresponds to
¢=150. .

Additionally, for clarity of comparison, we demonstrate
the fringe patterns and the reconstruction results using
their cross sections.

1. Color Cross Talk without Nonlinear Distortion

If there is no nonlinear distortion in the system, the re-
construction results will be influenced only by the color
cross talk. In this situation, the functions fand g in Fig. 2
are linear functions, and we assume that the cross-talk
matrix A is

05 01 02
A={02 06 015/ (34)
03 02 07

Hence, the captured fringe pattern §=A Xs. Further, as
no higher order harmonic is introduced, low-pass filtering
will not be necessary. Thus, the fundamental components
of the mixed signals § after the zero-mean operation are
shown in Fig. 3(a). We can see that the mixed signals in
the color channels have different amplitudes and unbal-
anced phase shifts. The reconstruction result using this
fringe pattern is shown in Fig. 3(b).

In contrast, after estimating the demixing matrix W by
Eq. (31), the demixed signal §=W X'§ is shown in Fig.
4(a): It can be seen that after the demixing, the output
signal § has been completely balanced. The corresponding
reconstruction results are plotted in Fig. 4(b) by the solid
curve, and the dashed curve is the true value of the height
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Fig. 4. Demixed fringe pattern and reconstruction result in the
linear cross-talk situation.

distribution. We can see that the result is almost identical
to the true value and that the reconstruction error has
been significantly reduced.

2. Color Cross Talk with Nonlinear Distortions
In the nonlinear color cross-talk situation, we assume the
nonlinear function fin Fig. 2 to be

tanh(3s/128 - 3)

wma " 128, (35)

fs)=128

which is mapping the values from range [0,256] to range
[0,256] and is plotted in Fig. 5(a). The mixing matrix is
the same with the linear mixing situation, which is given
by Eq. (34). Further, we assume that the nonlinear func-
tion g is a quadratic function:
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g(s) =5%256, (36)

which is a nonlinear function mapping the values from
range [0,256] to range [0,256] as well.

Based on the assumed nonlinear functions £, g and the
mixing matrix A, the captured fringe pattern on the ref-
erence plane and the surface of the object can be calcu-

lated accordingly. The simulated fringe patterns § and d
are shown in Figs. 5(b) and 5(c), respectively.

For clarity, a cross section of the fringe pattern § is
shown in Fig. 6(a). We can see that the captured fringe
pattern § is highly distorted by nonlinear functions and
the color cross talk. By using these fringe patterns, the re-
construction result is shown in Fig. 6(b) by the solid
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Fig. 5. (Color online) Simulated fringe patterns and object.
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Fig. 8. Surface reconstructed by color channel PSP.

curve. The true value is plotted by the dashed curve. In
contrast, after low-pass filtering and demixing by using
the BCI algorithm, a very accurate reconstruction result
can be achieved as shown by dashed curve in Fig. 6(b),
which is almost identical to the true value of the profile.

B. Experiment

In our experiments, the fringes were projected using an
InFocus LP530 DLP projector at a distance of 2m from
the reference plane. The images were captured by a Dun-
canTech MS3100-RGB3 CCD located 81 c¢m from the pro-
jector and connected to a computer, which is used to try to
generate sinusoidal fringes. The object to be measured
was a cone on the reference plane as shown in Fig. 7(b).
The height of the cone is 38 mm, and the diameter of the
bottom surface of the cone is 94 mm. Figures 7(a) and 7(b)
are the captured fringes on the reference plane and on the
object surface, respectively. As mentioned above, because
of the nonlinear distortion and the color cross talk, the

Hu et al.

captured fringe pattern on the reference plane becomes
nonsinusoidal and unbalanced, as shown in Fig. T(c),
where the plotted signal is a cross section of Fig. 7(a). It
can be seen that the amplitudes of the fringe pattern in
each channel are different and that the fringe patterns
are nonlinearly distorted and color cross talked. In our ex-
periment, the resolution of the CCD camera is 1392
X 1039 pixels. The field of vision for CCD camera is
260 mm X 194 mm. Hence, the equivalent spatial resolu-
tion is 0.1868 mm/pixel. The equivalent spatial period of
the projected fringe was 25.7 mm, i.e., fpb=38.9/m.

The reconstruction result achieved without color de-
mixing is shown in Fig. 8. We can see that the recon-
structed profile without color demixing has the shape of a
spherical cap with a jagged and rough surface. In con-
trast, by using the BCI algorithm, an accurately recon-
structed cone with a very straight edge profile and smooth
surface is obtained, as shown in Fig. 9.

More clearly, a comparison of the reconstructed sur-
faces in cross-section view is shown in Fig. 10, where solid
and dashed curves represent the measurement results by
using color-channel-based PSP without and with the BCI
algorithm, respectively. As normally the cross sections of
a cone are parabolas, and the only exception is its central
cross section, which is a triangle, in Fig. 10 we select two
cross sections of the cone, the central cross section and a
cross section with half height of the cone, to demonstrate
the measurement results.

Further, in order to quantitatively compare the mea-
surement accuracy with and without BCI in the experi-

reconstructed height distribution

b ~ 50
X 0 y
Fig. 9. Surface reconstructed by BCL
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Fig. 10. Comparison of the reconstructed surfaces in the experi-
ment in cross-section view.
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Table 1. Absolute Error and Standard Deviation

Color Channel PSP &, (mm) g (mm)
With BCI 0.7976 0.6303
Without BCI 3.1418 3.8874

'ment, the average absolute error g, and the standard de-
viation &, of the two different cases are listed in Table 1.
Both visual and quantitative comparison confirm that re-
construction errors can be significantly reduced by using
our proposed BCI algorithm.

6. CONCLUSION |

In this paper, we first proposed a general color mixing
model to describe the color cross-talk phenomenon and
theoretically analyzed the errors introduced by the color
leakage when the color-channel-based PSP technique is
utilized. Then, based on the proposed model and analysis,
we presented a method, called blind color isolation (BCI),
to reduce the influence of color cross talk for color-
channel-based PSP. BCI is a pure “blind” and adaptive ap-
proach to effectively decoupling the cross talk among color
channels without knowing the characteristics of the digi-
tal projector and the CCD camera. Moreover, no extra
calibration process is required to determine the demixing
matrix. Simulation and experimental results have con-
firmed that the proposed general model works for practi-
cal situations. Meanwhile, the presented BCI can effec-
tively eliminate color cross talk and, further, significantly
improve the measurement accuracy for color-channel-
based PSP,

APPENDIX A: INFLUENCE OF NONLINEAR
DISTORTION

Theorem 1- If a signal s(x) can be expressed in the form
of a linear combination of a fundamental component
cos #(x) and its integral-order harmonics, i.e.,

P
s(0) =2, [py - costk - 0x))], (A1)
k=0

then the nonlinear distortion of s(x) can be also approxi-
mated by

R
g(s(x) = >, [rg - cos(k - 8(x))]. (A2)
k=0 A

Proof. A nonlinear function g(s) can always be suffi-
ciently approximated by a polynomial whose order NV is
sufficiently large:

N

8(8)= D 88" =80 +815 +8a8"+ -+ + g8+ - +gysT,

n=0

(A3)

where g, is the coefficient of the term of s*. Hence, we
need only to prove that every term s” can be expressed as
a linear combination of a fundamental component cos 8(x)
and its integral-order harmonics. It can be proved by us-
ing mathematical induction:
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1. It is obvious that when n=1 the proposition is true.
2. Assume that when n=m, the proposition is true, i.e.,

Q
s™(x) = >, [g; - cos(j - 6(x))]. (A4)
J=0

3. For the term s™*(x), we can have

s™ Y (x) = s(x) - s(x)

Q K
= > [g;- cos(j - 8(x))1- Y, [pg - cos(ke - 6(x))]
j=0 8 k=0

Q@ K
=, > ;b1 cos(i - 6x))cos(k - O(x))

J=0 k=0
18 X '
=52 2 gplcos[(j + k) - 0x)] + cos[( ~ &) - 6Gx)]}

J=0 k=0
18 K
= 52 >, qpy, cos[( + k) - 6()]
Jj=1 k=0
® K
+=, >, qipp cosl(f — k) - 6(x)]. (A5)

2720 k20

Obviously, every term s™*}(x) contains only the integral-
order harmonics of cos 6(x). Hence, s™*(x) can be also ex-
pressed as

R
s™x)= 3 [iy-cos(k- 6))]. ~ (A6)
k=0

Therefore, Theorem 1 is proved.
Corollary 1. Nested nonlinear distortion of s(x) can be
also approximated in the same form, i.e.,

L
&nl...galg1(s)]) = kE [ - cos(k - 6(x))]. (A7)
=0

APPENDIX B: PROOF OF NECESSARY
AND SUFFICIENT CONDITION
FOR BALANCED SIGNALS

Theorem 2. Equations (21) and (22) are the necessary
and sufficient conditions for § to be a set of three balanced
signals, where § is given by

B =by g cos(0(x) + &,), form=1,23, (B1)

where Em,l >0 denotes the amplitude of the signal and

0= <ay<az<2w. B2)

Proof: 1t can be easily verified that if § is a set of three
balance signals, i.e., if we have
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bpi=b, (B3)

&3—&2=&2—E§1=2ﬂ/3, (B4)
S satisfies Egs. (21) and (22):

q - S(x) = 0 for any given x, (B5)

o

B(x)-8(x) = 562 =¢ for any given x. (B6)

Therefore, the necessity of Eqgs. (21) and (22) has been
proved. Thus, we need only to prove the sufficiency of Egs.
(21) and (22).

From Egs. (21) and (22), we can have

dlq-3(x)] 0 . 7
R or any given x, B7)
d[s(x) - $(x)]

=0 f i ; B8
a or any given x (B8)

ie.,

do(x) 2

= m% b1 sin[6(x) + &,1=0, (B9)

and

8 d(?Z ; sin*[8(x) + &)
g =

m=1

5. A}, sin*[6(x) + &,]) d(x)
de Tdx

~m=1
dalx) 2, dB2 | sin?[8x) + @,])
T odx & de

dox) 2,
= —d:C) >, 262, | cos[ 0(x) + &, Jsin] 6(x) + Gy,
m=1

déx) 3 '
df) > b2, sin[26(x) + 2&,,]=0. (B10)
m=1

As 6(x) denotes 27fyx, d6(x)/dx=2nf, # 0, we have

3

>, by 1 sin[6(x) + &,] =0, (B11)
m=1
3
>, b2 sin[26(x) + 2&,,] = 0. (B12)
m=1 )

For simplicity of the expression, let 5m=5m’1>0 and S,
=&, —&;. Obviously 8;=0, and accordingly Eqs. (B11) and
(B12) can be simplified:
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3.
> b, sin(f+ B,) =0,. (B13)
m=1
3
> B2 sin(26+28,,) =0. (B14)

m=1
In addition, accofding to Eq. (B2), we have
Gy~ Oy < g -y < Bg— &y < 2, (B15)
ie.,
0 < By < B3 < 2. (B16)

Because Egs. (B13) and (B14) always hold for any given
x, when x=0, #=2xfyx=0, we can have

by sin(By) + by sin(Bs) = 0, (B17)
b2 sin(28,) + b2 sin(28;) = 0, (B18)
ie.,
by sin(By) = — bg sin(Bs), (B19)
b2 sin(23,) = — b2 sin(23;). (B20)

Meanwhile, as 5m> 0, it is not difficult to verify that
sin(Bs) # 0 and sin(B3) # 0, because if sin(B,)=0, we will
have sin(B;3)=0 by Eq. (B19). Thus, we have By,=k# and
Bs=nar, where k and n are integers. Hence, from Eq.
(B14), we can have
I;% sin(26) + 1‘53 sin(26+ 2kwr) + Zg sin(26+ 2n7) =0,
(B21)

ie.,
(6% + b2 + b2)sin(26) = 0. (B22)

As sin(26) can be arbitrary values, we have to require
(62+52+b2)=0, which contradict 5,,>0.
Therefore, as both sides of Eq. (B19) are not zeros, di-
viding Eq. (B20) by Eq. (B19), we obtain
b2 sin(2B;) b2 sin(2Bs)
bysin(B;)  bysin(Bs)

(B23)

ie.,
by cos(By) = by cos(Bs). - (B24)

Further, from Egs. (B24) and (B19), we have

[b5 sin(B,) + [B5 cos(B,)]* = [ By sin(Bs) ] + [Bs cos(By)
(B25)

ie,
B2=B2. - (B26)

As b,,>0, we have
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52 = 53. . (B27)

Similarly, considering the cases when x=-8,/(2nf,) and
x=—fB3/(27fy), i.e., when #=-8, and 6=-83, we can have

51=53 and 51=52, respectively. Therefore, 51=52=53=I;
>0, where b is a positive constant. Thus, Egs. (B13) and
(B14) can be further simplified as

3
b, sin(f+ B,) =0, (B28)
m=1
3
b2 sin(26+28,,) =0, (B29)
m=1
ie.,
3
> sin(8+ B,) =0, (B30)
- m=1
3
>, sin(20+28,,)=0. (B31)
m=1 )
When 6=7/2, Eq. (B30) becomes :
sin(n/2) + sin(a/2 + By) + sin(a/2 + B3) =0, (B32)
ie., .
1+ cos(B) + cos(Ba) =0. (B33)
Since bo=bg=b>0, by Eq. (B24) we have
c08(Bz) = cos(Bs). (B34)

Hence, substituting this equation into Eq. (B33), we can
have

1+2cos(By)=0 and 1+2cos(B3)=0, (B35)

ie.,
cos(fe)=—-1/2 and cos(Bs)=~-1/2. (B36)

Therefore,

4ar
B2=27w/3 or ry and B3=2#/3 or 4u/3.

(B37)

Meanwhile, according to Eq. (B16), B2< 83, the final solu-
tion is B,=2%/3, B3=47/3. Therefore,

CI!Z—O.’1=B2=2‘IT/3, (B38)

og — ag={ag ~ a;) — (g~ &1) = By — B = 27/3.
(B39)
Now we have proved that
by=by=b3=b,
ag—~ ag=ag— oy =27/3,

which implies that §,, (m=1,2,3) is a set of balanced sig-
nals. Therefore, the sufficiency has been proved.
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