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Abstract— We present a calibration approach to invert the
nonlinear mixing process of colour cross-talk in multi-channel
profilometry systems. Parameters of the inverse network are
determined by a nonlinear blind signal separation algorithm.
Experimental and simulation results demonstrate that proposed
approach can effectively reduce colour leakages and improve the
measurement accuracy.

I. I NTRODUCTION
Fringe pattern profilometry (FPP) is one of the most popular
non-contact methods for measuring the three-dimensional surface of an object in recent years. With FPP, a Ronchi grating
or sinusoidal grating is used to project fringe patterns onto a
three-dimensional diffuse surface which results in deformed
grating images. The deformed grating images are captured by
a CCD camera and are processed to yield the shape of the
object. In order to reconstruct the 3-D surface information
from the pattern images, a number of fringe analysis methods
have been developed, including Fourier Transform Profilometry(FTP) [1], Phase Shifting Profilometry (PSP) [2], Special
Phase Detection (SPD) [3], Phase Locked Loop (PLL) [4] and
other analysis methods [5, 6].
Phase shifting profilometry is based on the triangle function
relationships among a sequence of phase-stepped pattern images. With PSP, phase-stepped fringes are projected onto the
object and acquired by CCD camera. However, PSP method
is not very suitable for real-time and dynamic data processing
because sequential projection of phase-stepped fringe patterns
requires time.
In order to overcome the shortcomings of the PSP method,
multichannel approach [7] was presented, in which the phasestepped fringes are implemented using different colours and
the fringe patterns are projected onto the object simultaneously. A straightforward way is to generate three phase shifted
fringe patterns by three fundamental colours (Red, Green
and Blue) respectively: each of which carries a phase-shifted
fringe, so that three images with different phase steps can be
projected and detected at one time. To achieve comparable
performance as the original PSP approach, it is important
to have perfect isolation among different colour channels.

0-7803-8820-8/05/$20.00  2005 IEEE

However, there is always colour leakage in one channel to
others, referred to as cross-talk between the channels, which
will degrade the performance of 3-D surface shape measurement. Hence the undesired cross-talk should be eliminated as
the measurement accuracy will degrade otherwise. In [8] an
approach was proposed, which uses optical lenses to reduce
the leakage. However, this approach requires physically switch
of the lenses, which then makes the dynamic or real-time
measurement impossible.
The purpose of this paper is to build an decoupling network to invert the colour leaking process and reduce the
colour cross-talks between each channel. In additional, we will
present a calibration approach to determine the parameters of
the decoupling network.
This paper is organized as follows. In section II, we briefly
introduce the principle of multichannel PSP and basic formulas. In section III, we present a mathematical model to describe
the colour leaking process and propose a inverse network to
decouple the leaked colour signals. In section IV, a calibration
method based on a nonlinear blind signal separation algorithm
is presented. In section V, the improvement of measurement
accuracy is shown by experimental and simulation results.
Section VI concludes this paper.
II.

PRINCIPLE OF MULTICHANNEL

PSP

A typical arrangement of fringe pattern profilometry system
is shown in Fig.1 In PSP system, N (N = 3, 4, 5, . . .) grating
patterns with 2π/N phase difference between adjacent frames
are projected onto the reference plane and the object surface.
The intensities of the fringe pattern captured in the nth step on
the reference plane and on the surface of objects at point x can
be respectively expressed as: (Note: when we are considering
the sections of object surface for each given y, we can simply
use single variable functions to denote the intensity of fringe
pattern)
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pn (x) = a + b cos(2πf0 x + 2πn/N )

(1)
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III.

COLOUR MIXING MODEL

The colour leakage is caused by the unideal characteristics
of both digital projector and CCD camera. Actually, The signal
captured in one colour channel is a mixed signal composed
of the distorted original signal in this channel and the other
signals leaked from the other channels. If the intensity of
distorted signal in one channel and the intensity of the leaked
signal between channels are proportional to the intensities in
their original channels respectively, we say the mixture is
linear and can be modeled by following equation:
d(x) = As(x)

Fig. 1.

where A is an unknown mixing matrix, s(x) =
[s1 (x), s2 (x), s3 (x)]T , sn (x),n = 1, 2, 3, represent the original signals in R,G,B channel respectively. Similarly, d(x) =
[d1 (x), d2 (x), d3 (x)]T is the captured signal in R,G,B channel.
In this paper, the transpose operation is denoted by (·)T .
However, because the mixing process is not always linear,
nonlinear mixture is more realistic in practice. Considering the
nonlinearity generally exists in both own channels and cross
channels, a general mixture model can be expressed as: [9]

Optical arrangement of fringe pattern profilometry system

and
qn (x) = a + b cos(2πf0 x + φ(x) + 2πn/N )
for n=0,1,2,. . . ,N-1

d(x) = f (s(x))
(2)

where a represents the background illumination and b is the
contrast between light and dark fringes captured by CCD.
With PSP method, the phase map φ(x) can be obtained by
following formula:
N −1
n=0 qn (x) sin(2πn/N )
D = tan(2πf0 x + φ(x)) = − N
(3)
−1
n=0 qn (x) cos(2πn/N )
Similarly, for original fringe patterns, we have:
N −1
n=0 pn (x) sin(2πn/N )
R = tan(2πf0 x) = − N
−1
n=0 pn (x) cos(2πn/N )

(7)

(8)

where f (·) is an unknown nonlinear function. Assuming the
function f (·) is invertible, we can approximate the inverse
mixing process f −1 (x) by a two-layer perceptron with n
hidden neurons:
s(x) = f −1 (f (s(x))) = f −1 (d(x)) ≈ Cg(Bd(x) + θ0 ) (9)
where B and C are square matrices and g(·) is a sigmoid
function. A similar nonlinear mixing model can be found in
[10]. By this model, the decoupling network can be designed
as Fig.2. In Fig.2, W2 = B, θ = θ0 and W1 = ΛP C, where Λ

(4)

Therefore, the phase map can be retrieved by:
φ(x) = unwrap(arctan(D)) − unwrap(arctan(R))

(5)

where unwrap is so-called phase unwrapping operation. And
by the recovered absolute value of phase φ(x), height distribution can be calculated by: [1]
h(x) =

l0 φ(x)
φ(x) − 2πf0 d0

(6)

For multichannel PSP, three colour channels, Red, Green
and Blue are used for carrying three different phase shifted
fringe patterns. That means we use the Eq.(3), (4) and (5) on
the condition of N = 3 and q0 , q1 , q2 are the deformed fringe
patterns in Red, Green, Blue channel respectively, p0 , p1 , p2
are the original fringe patterns in R, G, B channel respectively.
However, because of the existence of colour cross-talk,
measurement errors will be introduced. In next section, in
order to reduce the colour distortion caused by colour leakage,
we will present a decoupling network to invert the mixing
process and recover the original signals in each colour channel.

Fig. 2.

colour decoupling network

is a diagonal matrix and P is a permutation matrix. Therefore,
the output of this network y(x) is:
y(x) = W1 g(W2 d(x) + θ) = ΛP s

(10)

Because Λ is a diagonal matrix, it results in the output signals
with different amplitude. Meanwhile, as Eq.(3) and (4) only
require the signal amplitude in each channel are equal, we can
simply normalize the amplitude of output signal to be the same
value. On the other hand, as the original signal s(x) in each
channel are phase-shifted sinusoidal signals, the permutation
of original signals will still obtain the same absolute value with
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the true value of height distribution, but might get different
symbols. However, It is not the problem because the symbol
of reconstructed height distribution can be determined by the
prior knowledge of the relative location of the object and
the refernece plane. Thus, as long as we get the decoupled
signal y, the 3-D reconstruction can be achieved. Therefore,
our purpose of calibration is to determine the parameters of
W1 , W2 and θ.
IV.

CALIBRATION APPROACH

For calibration, we have to utilize a kind of well-designed
signal to simplify the determination for the decoupling network parameters. In fact, the calibration process is to approximate a nonlinear mixture system. A natural and simple
idea is to determine the network by training and making the
output to be a expected signal. However, for multichannel
method, supervised training methods are not very suitable,
because it is difficult to obtain an exact supervisor signal.
Although we can generate a supervisor signal by computer,
it will be a fairly complicated work to match the resolution
of generated supervisor signal and captured signals by CCD
camera. It needs a very accurate measurement for visual field
and the number of pixels, i.e. we have to have all the prior
knowledge about the exact intensity for all the pixels in given
locations, which is difficult to be implemented. Therefore, we
should use a unsupervised approach to determine the network
parameters. In this paper, we present a calibration approach
based on information BP (IBP) algorithm proposed in [9]. The
calibration procedure is as follow:
Step 1: Projecting a colour fringe pattern on reference plane
as a calibrating fringe pattern with three independent signals
in R, G, B channel respectively.
Step 2: Capture the projected calibrating fringe pattern.
Step 3: Using IBP algorithm to determine the parameters of
decoupling network for every row of captured image.
For IBP algorithm, the leaning rule of the parameters is
expressed by following equations:
dW1
dx
dθ
dx
dW2
dx

= η[I − ỹy T ]W1

(11)

= −η[Φ2 (u) + D(u)W1T ỹ]

(12)

= η[I − Φ2 (u)uT − D(u)W1T ỹuT ]W2 (13)

where
ỹ = j1 (k3 , k4 ) · y 2 + j2 (k3 , k4 ) · y 3 ,
1
9
j1 (r, t) = − r + rt,
2
4
1
3 2 3 2
j2 (r, t) = − t + r + t
6
2
4


g1 (u1 + θ1 )
g (un + θn ) T
Φ2 (u) = −[ 
, . . . , n
]
gn (un + θn )
g1 (u1 + θ1 )


(14)
(15)
(16)
(17)



D(u) = diag(g1 (u1 + θ1 ), . . . , gn (un + θn )) (18)
η is a learning rate and kn is the n order cumulant of signal
y, which can be calculated by its definition, or use following

Fig. 3.
Independent signals used for nonlinear blind signal separation
calibration

tracing equations to reduce the computation:
dk3
(19)
= −μ(k3 − y 3 ),
dx
dk4
(20)
= −μ(k4 − y 4 + 3)
dx
where μ is another learning rate. More detailed derivations for
IBP algorithm are given by [9].
V.

SIMULATION AND EXPERIMENT

Theoretically, any mutually independent signals with at
most one Gaussian signal can be used for blind signal separation. In our experiment, we designed three independent
signals to be projected via R,G,B channel as a calibrating
fringe patterns, which is expressed by Eq.(21) and shown in
Fig.3:(Note: the intensities of the three signals are normalized
from -1 to 1)
⎛
⎞
− sin(2π0.05x) − 6 cos(2π0.01x)
⎜
⎟
sin(2π0.007x)
s(x) = ⎝
(21)
⎠
mod((x + 1), 27) − 13
13
In our experiment, the captured calibrating fringe pattern on
the reference plane in R,G,B channel are shown in Fig.4.
we can see that due to the colour cross-talk, the signals in
each colour channel are distorted. By utilizing IBP algorithm,
the distorted signals can be separated and at the same time,
parameters of the decoupling network can be determined. The
separation result is shown in Fig.5. It can be seen the original
signals are demixed and clearly recovered by IBP algorithm.
Similarly, the original sinusoidal signals also can be recovered
by inputting the captured sinusoidal fringe patterns into this
determined decoupling network.
In our simulation, we assume the object surface is a given
paraboloid with known height distribution. Based on the
experimentally captured sinusoidal fringe pattern, the fringe
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Fig. 4.

Nonlinearly mixed independent signals

Fig. 6.

VI.

Comparison of reconstruction results

CONCLUSION AND DISCUSSION

In this paper, we have presented a colour calibration approach based on IBP algorithm to determine the parameters
of the colour decoupling network. By experimental and simulation results, it is demonstrated that measurement accuracy
is much improved by our calibration approach. Additionally,
although without loss of generality, nonlinear blind separation
algorithm are used in this paper, according to the most of our
experimental results, using linear blind separation algorithms
also can obtain similar results to nonlinear algorithms, which
implies in most cases, colour cross-talk can be approximated
by a linear instantaneous mixing process.
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