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Effect of the nonlinearity of the CCD in Fourier transform
profilometry on spectrum overlapping and measurement accuracy”
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In Fourier transform profilometry (FTP), we must restrain spectrum overlapping caused by the nonlinearity of the
charge coupled device (CCD) and increase the measurement accuracy of the object shape. Firstly, the causes of producing
higher-order spectrum components and inducing spectrum overlapping are analysed theoretically, and a simple physical ex-
planation and analytical deduction are given. Secondly, aiming to suppress spectrum overlapping and improve measurement
accuracy, the influence of spatial carrier frequency of projection grating on them is analysed. A method of increasing the
spatial carrier frequency of projection grating to restrain or reduce the spectrum overlapping significantly is proposed. We
then analyze the mechanism of how the spectrum overlapping is reduced. Finally, the simulation results and experimental
measurements verify the correction of the proposed theory and method.
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1. Introduction

Fourier transform profilometry (FTP) based on fringe
projection of grating has been widely used in machine vision,
solid modeling, industrial auto-measuring, etc.!'#* When it is
used to measure object height, under ideal conditions, there
may exist a direct proportional relationship between the light
intensity output and that of the input in dynamic scope of the
charge coupled device (CCD).1>~7) However, under the actual
conditions, because of the nonlinearity of CCD, when we use a
CCD camera to acquire the deformed fringe of the object sur-

face and then to carry, the Fourier transformation, 310!

may in-
clude not only the first-order spectra but also the second-order
and third-order spectra and so on among spectrum distribution,
leading to the spectrum overlapping phenomenon. Therefore,
not only the application scope of the method is restricted, but
also the measurement accuracy of the object shape is reduced.

Aiming at the importance of extracting useful height in-
formation and increasing the measurement accuracy of object
shape by using the FTP method, we must try our best to re-
strain or reduce spectrum overlapping. In this paper, the theory
concerning spectrum overlapping caused by the nonlinearity
of the CCD is analysed in detail. The influence of spatial car-
rier frequency of projection grating on spectrum overlapping
and measurement accuracy are discussed. A method is pro-
posed which increases the spatial carrier frequency of projec-
tion grating, and can restrain or reduce the spectra overlapping

as much as possible, and it can increase the measurement ac-
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curacy using this method. Computer simulations and practical
measurements verify the correction of the theory and method
proposed above.

2. Theoretical analysis

2.1. Spectrum overlapping caused by the nonlinearity of

the CCD

The CCD is a semiconductor photoelectric device that can
convert light energy into electric energy. Under ideal con-
ditions, there may exist a linear relationship between output
light intensity and input light intensity of the CCD. Supposing
that the y axis is fixed, we can obtain the deformed fringe light
intensity from the CCD camera system as follows:

g(x,y) = a(x,y) +b(x,y) cos[27 fox + ¢ (x,y)], 1)

where a(x,y) is the background light intensity, b(x,y) is the
fringe contrast, fp is the spatial carrier frequency of pro-
jection grating along the x axis, and ¢(x,y) is the phase
modulation caused by height distribution A(x,y). According
to Ref. [11], the relationship between ¢(x,y) and h(x,y) is
¢ (x,y) = —27fodL, 'h(x,y), where d is the distance between
P, and I, and L is the distance between I, and O.

When a one-dimensional (1D) fast Fourier transform al-
gorithm is applied to the deformed fringe light intensity as
mentioned above along the x axis, the spectrum distribution
can be obtained as follows:
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where A(f,y) is the zero-order spectrum component which
can be eliminated by 7 phase shifting technology,'>~41 C(f —
fo,y) and C*(f + fo,y) are first-order spectrum components
which contain object height information.

Under the actual conditions, a nonlinear relationship may
exist between output light intensity and input light inten-
sity of the CCD, and it usually has second-order and third-
order nonlinearity, which may lead to a “double frequency
phenomenon” among spectrum distribution, so the deformed
fringe light intensity observed through a CCD camera can usu-

ally be expressed as follows:

3
gxy)=Y ed"(xy), 3)
n=0

where ¢, e1, e>, and e3 are constant, first-order, second-order,
and third-order response coefficients, respectively.
From Egs. (1) and (3), we can obtain

8'(x,y) = ko+kyexp(i27 fox) + kz exp(i47 fox)
+ k3 exp(i67 fox) + kj exp(—i27 fox)
+k; exp(—idm fox) + k3 exp(—i6m fox), (4)

where ko, ki, ko, k3, ki, k3, and k3 are relational coefficients.
Equation (4) can be converted into the frequency domain
by the Fourier transform as follows:

G (f.y) = ko(f.y) + K (f = fo.y) + (k) (f + fo,y)
+k5(f = 2f0,y) + (k) (f +2f0.y)
+K5(f = 3f0,5) + (k3)'(f +3/0,)- (5)

It can be seen that Eq. (5) has increased some higher-order
spectra such as the second-order spectrum component k5 (f —
2fo,y) + (k5)' (f +2fo,y) and the third-order spectrum com-
ponent k5 (f —3fo,y) + (k3)'(f +3f0,y). These higher-order
spectrum components may overlap with the first-order spec-
trum component of the adjacent frequency island, and this may

lead to the spectrum overlapping phenomenon.

2.2. Influence of spatial carrier frequency of projection
grating
There are two kinds of spectrum overlap, one is produced
by each order of spectrum situated in the same period, the
other is produced by a “frequency island” caused by a lack-

15,161 However, the latter can satisfy the conditions

ing sample.l
of the sample by using a CCD with higher resolving power to
acquire a deformed fringe, namely, the number of samples in
one period must exceed 4.!'>161 Because the object height in-
formation is contained in the first-order spectra, we may only
discuss the spectrum overlapping between the first-order spec-
trum component f; and other components under the first con-

dition.

In general, the instantaneous frequency in the nth-order
spectrum component along the x axis can be calculated as
follows:!!!]

= 1 d[2znfox+ng(x,y)]
" 2m dx
n 99(xy)
=nfot 2 ox
The overlapping between the first-order spectrum com-

(6)

ponent f1 and other components must be avoided, namely, the
first-order spectrum component must be separated from other
higher-order spectrum components, so the following expres-
sions must be satisfied:

{ (fl)rnax < (fn)mim
(fL)max < (fl)mim

where fi, is zero-order spectrum.

(n=2,3,...), )

According to Egs. (6) and (7), and considering the practi-
cal condition of the nonlinearity of the CCD, we can obtain

a(p(xay) n—1 _

T . < m2ﬂfo, (n—2737...)7

99 (x,

I(Pa();Y) . <27(fo—fu)- ®)

In most cases, fi, is much lower than f;/2, supposing that
the nonlinearity of the CCD is considered, the limit is set by
n > 1in Eq. (8). Because (n—1)(n+ 1)~! increases mono-
tonically with increasing n, the phase variation caused by the
height modulation must be limited as follows:

a¢(x7y) 27Tf0
ox 3

©))

max

It can be seen from Eq. (9) that we can increase the vari-
ation scope of the phase modulation ¢ (x,y) when we increase
the value of fj, and we can restrain the spectrum overlapping
between the first-order spectrum component and high-order
spectrum components from the nonlinearity of the CCD, then
the height distribution A (x,y) can be resumed as much as pos-
sible so that the measurement accuracy can be increased cor-
respondingly.

The measurement accuracy depends on the equivalent
wavelength, while the latter depends on Ly/d and fo,“” and
their relationship can be expressed as follows:

) Lo w0
I¢(x,y)

C2mfod’
The smaller the value of expression (10) is, the higher the

measurement accuracy is. However, the measurement scope
can be affected when the value of Ly/d is reduced. There-
fore, under the usual conditions, we can keep the resolving
power of the CCD unchanged to increase fo so as to reduce
|0h(x,y)/d9(x,y)|, and then the measurement accuracy of the

object shape can be increased.
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3. Results of spectrum overlapping caused by
the nonlinearity of the CCD

3.1. Computer simulation

Supposing that geometry parameter of the measurement
system is Ly/d = 3, the spatial carrier frequency of the pro-
jection grating is fy = 0.1 mm™', the simulation object is
h(x,y) = 8sin(x/100), and the deformed fringe light inten-
sity from the ideal CCD camera system is g(x,y) = 0.5+
0.5cos(2mfox+ ¢ (x,y)).
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Fig. 1. Simulation results for spectrum distributions of the deformed
fringe along the x axis in the presence of (a) linearity, (b) second-order
nonlinearity, and (c) third-order nonlinearity.

When a Fourier transform is applied to the linearity light

intensity output g;(x,y) = 0.12+ 1.23g(x,y), we can obtain

the spectrum distribution of the deformed fringe along the x
axis as shown in Fig. 1(a), and it can be seen that there are only
relatively separate zero-order spectrum and first-order spec-
trum components.

Supposing that there exists second-order and third-order

nonlinearity in the CCD, the light intensity output is

g2(x,y) = 0.13+1.23¢g(x,y) — 0.41¢°(x,),
g3(x,y) = 0.12+0.61g(x,y) — 1.16¢° (x,y) + 1.23¢° (x.y),

respectively. When the Fourier transform is applied to them,
we can obtain the spectrum distribution of the deformed fringe
along the x axis is shown in Figs. 1(b) and 1(c), respectively. It
can be seen clearly from the two figures that they include not
only the first-order spectrum component but also the second-
order and third-order spectrum components, and they may lead

to the overlapping phenomenon among spectrum components.

3.2. Experiment

Experimental measurement is carried out using a mask of
a man face. A schematic diagram of the simple experimental
equipment is shown in Fig. 2, and the geometry parameters
of measurement system are Ly = 900 mm and d = 400 mm,
the experimental results are 26 deformed fringes and 512x512

pixels.

projector

object
imaging »| computer .| monitor
. L >
pick card
g
-

Fig. 2. Schematic diagram of experimental equipment.

When these fringes are sampled, we can obtain the de-
formed fringe pattern with 256x256 pixels, as shown in
Fig. 3(a), so it contains 9.8462 pixels in each period, and it
can satisfy the conditions of sampling.!'>'%1 When the Fourier
transform is applied to these deformed fringes, we can obtain
the spectrum distribution of fringes along the x axis as shown
in Fig. 3(b), and it can be seen clearly that there are overlap-
ping phenomena between the first-order spectrum component
and the adjacent periodic higher-order spectrum components

due to the nonlinearity of the CCD under the actual conditions.
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Fig. 3. Experimental results of (a) deformed fringe pattern of the object surface, and (b) spectrum distribution of the deformed fringe

of the object surface along the x axis.

4. Results of the influence of spatial carrier fre-
quency of projection grating
4.1. Computer simulation

Supposing that the geometry parameter of a measurement
system is Ly/d = 9/4 and the spatial carrier frequency of pro-
jection grating is fo = 1/12 mm~!, then the deformed fringe
light intensity from the ideal CCD camera system is

8(x,y) = 0.5+0.5cos (27 fox + ¢ (x,y)),
while that from the CCD camera system is

g1(x,y) = 0.17—0.33g(x,y) +3.03¢%(x,y) — 1.21g° (x,y).

The simulation object is located in the centre of the projection
field, and the maximum value and mean value of the object
height are 3.8313 and 0.3606 mm, respectively.

We can obtain the deformed fringe pattern of the ob-
ject surface through projection grating as shown in Fig. 4(a)
(n = 256). When we apply the Fourier transform, rectangle
filter and reverse Fourier transform to g;(x,y), we can obtain
the spectra distribution along the x axis as shown in Fig. 4(b),
and the absolute height error of the object surface as shown
in Fig. 4(c). Calculations indicate that the maximum absolute
height error and mean absolute height error between the mea-
sured value and the actual value are 0.0558 and 0.0157 mm,
respectively.
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Fig. 4. Simulation results of (a) the deformed fringe pattern based on fy = 1/12, (b) the spectrum distribution of deformed fringes along the x
axis based on fy = 1/12, (c) the absolute height error between the measured value and the actual value based on fy = 1/12, (d) the deformed
fringe pattern based on fo = 1/6, (e) the spectrum distribution of the deformed fringe along the x axis based on fy = 1/6, and (f) the absolute
height error between the measured value and the actual value based on fy = 1/6.
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Now we keep the geometry parameter of the measure-
ment system unchanged, the spatial carrier frequency of pro-
jection grating is increased to f) = 1/6 mm~!, and the resolv-
ing power of the CCD is increased at the same time. When
we use the same object located in the centre of the projection
field, we can obtain a corresponding deformed fringe pattern,
the spectrum distribution along the x axis, and absolute height
errors of the object as shown in Figs. 4(d)—4(f), respectively.

When the geometry parameters of the measurement sys-
tem are kept unchanged while the spatial carrier frequency of
the projection grating is increased, we can see from Fig. 4
that the spectrum overlapping between the first-order spec-
trum component and the higher-order spectrum components
caused by the nonlinearity of the CCD is obviously reduced
or restrained, and then it can create good conditions for the
improvement on measurement accuracy. By calculation, the
maximum absolute height error and mean absolute height error
between the measured value and the actual value are 0.0367

and 0.0100 mm, respectively.

4.2. Experiment

In order to further verify the validity of the theory and
method, we design a practical experiment. By using the sim-
ple experimental equipment as shown in Fig. 2, we can ob-
tain the deformed fringe patterns of the lower and the higher
spatial carrier frequency of the projection grating as shown in
Figs. 5(a) and 5(d), respectively. The spectrum distributions
obtained after Fourier transform in the deformed fringes of the
lower and the higher spatial carrier frequency are shown in
Figs. 5(b) and 5(e), respectively. It can be seen that the sepa-
ration result between the first-order spectrum component and
the higher-order spectrum components as shown in Fig. 5(e) is
better than that in Fig. 5(b), namely, the spectrum overlapping
by adopting a higher spatial carrier frequency is restrained bet-
ter than that that which adopts the lower spatial carrier fre-
quency. The object heights resumed by using the lower and
the higher spatial carrier frequency of the projection grating
are shown in Figs. 5(c) and 5(f), respectively. It can be seen
that the resumption result as shown in Fig. 5(f) is better than
that in Fig. 5(c).
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Fig. 5. Experimental results showing (a) the deformed fringe pattern of the lower spatial carrier frequency, (b) the spectrum distribution of the
deformed fringe of the object surface by using the lower spatial carrier frequency along the x axis, (c) the object height resumed by using the
lower spatial carrier frequency, (d) the deformed fringe pattern of the higher spatial carrier frequency, (e) spectra distribution of the deformed
fringe of the object surface by using the higher spatial carrier frequency along the x axis, and (f) object height resumed by using the higher

spatial carrier frequency.

5. Conclusions
Owing to the nonlinearity of the CCD, the causes of

producing higher-order spectrum components and leading to
spectrum overlapping with the first-order spectrum component
are analysed theoretically, and a simple physical explanation

and analytical deduction are given. The influences of spatial
carrier frequency of projection grating on spectrum overlap-
ping and measurement accuracy are analysed. A method of

restraining or reducing the spectrum overlapping by increasing
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the spatial carrier frequency of projection grating is proposed.

Moreover, we point out that one can increase the measurement

accuracy of the object shape by using the method.

We use computer simulations and practical experiments

to prove the theory and method proposed in this paper. The

results verify the correctness of the analysis and deduction.
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