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Abstract

®

CrossMark

Image saturation is a challenging problem for three-dimensional shape measurement of objects
with shiny surfaces using fringe projection profilometry technology. This paper presents a new
method based on projection of multiple fringe patterns, providing an effective solution to the
problem. First, a set of phase shifted sinusoidal fringe patterns with different intensity levels are
projected to the object of interest, and the reflections are captured by the camera. With the
captured images a set of masks are created, which are able to pick up the unsaturated data from
the captured images. The unsaturated data are then combined based on maximal Signal-to-noise

Ratio (SNR) scenario, and the combined images are used to retrieve the phase information.
Comparing to existing methods, the proposed technique is advantageous by improved
measurement accuracy due to the improved SNR. The performance of the proposed method is

verified by the experiments.
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1. Introduction

Phase shifting profilometry (PSP) is an effective method for
non-contact three dimensional (3D) imaging and measurement
[1-4] with a wide range of applications including industry,
cultural heritage, medicine, etc. With PSP, sinusoidal fringe
patterns are projected onto the object surface and deformed
by the height of the object. The deformed fringe patterns are
captured by a camera and then analyzed to reconstruct the pro-
file of objects. However, a requirement limiting the application
of PSP is the surface of object needs to be diffusive. In prac-
tice, this requirement cannot always be met as the surface may

1361-6501/21/035203+7$33.00

be dark or bright, rough or shiny, leading to distortion of the
captured fringe patterns [5—7]. In the cases of shiny surfaces,
reflection saturation can happen, resulting in significant errors
in the extracted phase maps and consequently the 3D shape
measurement [8].

Many approaches have been proposed to solve the light sat-
uration problem. Chen et al [9] proposed an adaptive algorithm
to avoid the saturation. The object is reconstructed with the
maximum intensity at the first time, and then, the suitable
intensity value for the saturation area is calculated by fitting
a polynomial function. At last, the adapted fringe patterns are
projected onto the object surface. The method requires prior

© 2020 IOP Publishing Ltd  Printed in the UK
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knowledge before measurement. Lyu et al [10] used an iterat-
ive algorithm to address the object with high dynamic range.
The Fourier transform profilometry method is applied to build
the correspondence relationship between the projection and
object; then, an iterative method based on inversion algorithm
is proposed to eliminate overexposure areas. Richard eral [11],
presented a technique by illuminating the object multiple times
from different directions and the unsaturated areas are extrac-
ted to form an image pattern for phase calculation. With this
method, the object needs to be rotated many times and thus
the method is not suitable for fast measurement. Hu et al [12]
proposed to solve the problem by illuminating the object with
multiple color light sources, and capturing the reflections by a
set of cameras. This method is effective to eliminate the double
bounce light for the measurement of shiny object. Chen et al
[13], presented a method to deal with partial saturation in PSP
technology. With this method, five phase-shift fringe patterns
with the same intensity are projected and captured. The sat-
urated points are detected based on intensity checking, which
are removed and do not take part in the phase retrieval oper-
ation. In order to use PSP to obtain the phase map, for each
pixel there must be three or more fringe patterns that are not
saturated on the corresponding point. Therefore, this method
is not effective for highly shinning surfaces due to the lack of
unsaturated patterns. Instead of 5-step PSP, 7-step PSP was
used by Hu et al [14], and the experiment shows that increas-
ing the phase-shifting steps will improve the anti-saturation
capability.

Recently, Zhang et al [15, 16] proposed to use multiple
fringe patterns with different intensity levels to measure sur-
faces with a large range in its reflectivity. The projected fringe
patterns are captured by a camera multiple times with differ-
ent exposure time, resulting in a sequence of fringe images.
The fringe patterns with the longest exposure time are the
brightest and hence exhibit the largest areas of the saturation.
With the decrease in exposure time the saturation areas also
decrease and vanish, thus a set of images with decreasing sat-
uration areas are obtained. In order to calculate the phase map,
an unsaturated fringe images is synthesized on pixel-by-pixel
basis by choosing the brightest but unsaturated corresponding
pixel from the sequence of images and placing them in the
same location with properly weighting. A similar method was
proposed by Waddington et al [17]. Instead of changing expos-
ure time of camera, the method presented in [17] employs dif-
ferent intensity levels of fringe patterns in the projector.

It is apparent that multiple fringe patterns are employed to
address the saturation issue in the existing methods. However,
with existing methods [15—17], only the data associated with
brightest unsaturated images are utilized in the reconstruction,
while all other unsaturated data (such as second or third bright-
est unsaturated images) are discarded, which is obviously a
waste of information. In fact, the discarded unsaturated areas
also carry the 3D information and can be used to improve the
measurement accuracy. This paper presents a method mak-
ing use of all the unsaturated image areas in order to achieve
improved measurement accuracy.

This paper is organized as follows. Section 2 presents
the principle of traditional multiple maximal intensity level

method. In section 3, the proposed method is illustrated in
detail and the combination model is given to reach high signal-
to-noise ratio (SNR) result. In section 4, the experimental
results are given to verify the effectiveness of the proposed
algorithm. Section 5 concludes this paper.

2. Brief of existing methods

With PSP, a set of phase-shifted fringe patterns are generated
by a digital projector, described as follows:

si(x,y) = ag + bp cos (27rx+) , i=1,---.N (1)

where s;(x,y) is the intensity of the projected fringe patterns,
is the index number, )\ is the spatial wavelength of the fringe
pattern, ag, by and N denote the average intensity, intensity
modulation and the number of steps for phase shifting respect-
ively. These images are reflected by the surface of the object
and captured by the camera as follows:

d(x,y) = a(x,y) + b(x,y) cos (@(w) + 2Nm> ,
i=1,-- N 2)

where a(x,y) denotes the ambient or background light cap-
tured by the camera. Note that in many practical applications
such background light does exist when the measurement is not
conducted in a dark room. b(x,y) is the intensity modulation.
©(x,y)is the phase map of the captured fringe pattern, which
is the modulation of the linear phase in equation (1) by the
variance of the object shape, and hence carrying the informa-
tion of the surface profile. The phase value can be obtained by
equation (3):

o(x,y) = tan~ [Zd X,y sm( )/Zd x,y)

cos <2N7rz>] . 3)

In order to avoid the sign ambiguity on the phase value,
the double-argument atan2 function is employed when the
algorithm is implemented. The above is the well-known phase-
shifting algorithm for extracting the phase map of the reflec-
ted fringe patterns. This algorithm has a number of advant-
ages, e.g. less influenced by the ambient light and reflectivity
variations of the object surface. However, if the object surface
contains shiny areas, the fringe patterns acquired may include
saturation areas, and they cannot be correctly described by
equation (2). In this case, equation (3) will not able to yield
the correct phase map ¢(x,y), and this will lead to significant
error in the 3D reconstruction of the surface.

In order to remedy the above mentioned saturation issue,
two separate pieces of work were carried out based on the same
scenario [15, 17]. The idea was that, for each of phase-shifted
fringe patterns s;(x,y), a set of the same pattern with different
intensity level are generated by varying the camera exposure
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time [15] or the projection intensity [17]. These patterns are
projected onto the object and the reflections are captured by
the camera as follows:

d’d(x’y) p]d( y) J:17277M (4)

where M is the number of the intensity level;p; reflects the
influence of camera exposure time in [15]. or the projection
intensity in [17]., which decreases with j. Note that d;(x,y) in
equation (4) may not be the same at that in equation (2) due
the influence of the saturation. d; 1 (x,y) is the fringe patterns
with the highest intensity and hence it has the largest saturated
areas, and d; 4(x,y) is fringe patterns with the lowest intensity
and containing no saturation areas. The techniques proposed in
[15] and [17] are to construct a fringe pattern without having
any saturation area. This is achieved on pixel-by-pixel basis
by selecting the brightest but unsaturated corresponding pixels
from the M patterns. In other words, the new fringe pattern is
constructed by combining the following areas:

e The unsaturated areas on d; 1 (x,y).

e The unsaturated areas on d;»(x,y) excluding the unsatur-
ated areas on d;  (x,y).

e The unsaturated areas on d;3(x,y) excluding the unsatur-
ated areas on d; 5 (x,y).

e The unsaturated areas on d; (x,y) excluding the unsatur-
ated areas on d; y—1 (x,y).

With such a method, a new fringe pattern without satura-
tion can be obtained. However, the method is not efficient as
for each of the fringe patterns in equation (4), only a small
portion (area) is used, and the remaining areas, either satur-
ated or unsaturated, are simply discarded (such as the second
brightest intensity but unsaturated image). In fact, as the dis-
carded areas also contain the 3D information of the surfaces,
they can be used to improve the robustness and accuracy of the
reconstruction.

3. The method proposed

As mentioned above, the performance of measurement can be
improved if all the unsaturated areas in the acquired fringe pat-
terns are utilized. Without losing of generality, we assume that
the saturation occurs when the intensity exceeds 7§, and hence
we introduce the following to describe the saturated and unsat-
urated areas on the image in equation (4):

_ 15 ij\ XY
Pij(x,y) = {O, di () (3)

The above can be used as a mask to retrieve the unsaturated
(or the saturated) areas of the relevant images. For example,
P;3(x,y)d;3(x,y) picks all the unsaturated area of d; 3 (x,y) by
setting the pixels on the saturated areas to zero. As the number
and size of saturated areas decrease with j, we can assume that:

Pii(x,y) CPia(x,y) C Pis(x,y)--- CPiy(x,y). (6)

Based on the above we can build the following:

_ Pi,l(x,y),
PiJ—l(xay)Pi.j(x7y)7

when j=1
when j=273....M
(N

AiJ(xvy) = {
where P; j(x,y) = 1 — P; ;(x,y). Note that:

o A;1(x,y) =Pii(x,y) is the mask to extract all unsaturated
pixels on d; ;(x,y). The areas on all other images corres-
ponding to this mask are all saturated. Hence, when this
mask is applied to all other images, unsaturated pixels are
always obtained.

e Ain(x,y) =P;1(x,y)Pia(x,y) gives the mask to extract the
pixels that are saturated on d; | (x,y) but unsaturated on all
other images.

e A;j(x,y) =Pij_1(x,y)Pij(x,y) is the mask for the pixels
that are saturated on d; ; (x,y), ..., and d; ,,—; (x,y) but unsat-
urated on all other images.

o A;m(x,y) =Piy—1(x,y)Pim(x,y) gives the mask for the
pixels that are saturated on d;(x,y), ..., d;my—1(x,y) but
only unsaturated on d; y(x,y).

Now we propose to construct the fringe pattern based on
the following:

e In the areas defined by A, ;(x,y), the corresponding areas
of all the M image patterns are unsaturated, and hence they
will all be utilized.

o In the areas defined by A; > (x,y), the corresponding areas of
M — 1 image patterns d; ;(x,y) (j = 2, .,M) are unsaturated
and employed.

e In the area defined by A; j(x,y), the corresponding areas of
M — m+ 1 image patterns d, j(x,y) (j = m, .,M) are unsat-
urated and hence employed.

e In the area defined by A; y(x,y), only the corresponding
areas of d; y(x,y) are unsaturated and utilized.

With the above, all the data associated with the unsaturated
areas on all the images acquired are employed, and hence all
information carried by them is utilized. Letting U;(x, y) denote
the constructed fringe pattern, the areas masked by A, ,(x,y)
should be constructed by the following:

M

= knjdij(x,Y)Aim(xy) @)

j m

Ui(x,y)A, m{X y

where k,,; is a scaling factor, which should be selected in
such a way to yield the maximal SNR for the area masked
by A; (x,y). In order to determine k,, j» we assume that all
acquired fringe patterns contain additive random noise, i.e.
d; j(x,y) = pjdi(x,y) +n(x,y), and replacing it in equation (8)
gives:

Ui(x,7)Aim (%)

Z mg{pj X,y +nj(x )’)}Alm(x y)

j=m
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M M and the SNR is given by:
= Z kapjdi ()C, y)Ai,m (x,y) + Z kmjnj (xa y)Ai,m (X, y)
j=m j=m M :
. = ()
= i) Ain(6,9) D o+ Aign(6,3) Y Kin i (5,)- SNR = SNRy~——"—2 — sNRy S p2. (15)

j=m j=m

(€]

The first term in equation (9) corresponds to the synthesized
pattern without noise, and the second term is the resulting
noise component. Assuming the additive noise is of zero mean,
variance o and independent with respect to j, the power of the
noise component is:

M

A ()P0 ke

j=m

(10)

Hence the SNR is given by:

2
[di(x7y)Ai,m(an)]2 <§1: kapj>

Jj=m

SNR =

M
[Ai,m(xay)}zo—z Z k?m/
Jj=m

w 2
2 knpj
= SNRo—~— (11)

2
égikmd

where SNR, is the SNR associated with the fringe pattern
d;(x,y) and additive noise n(x,y).

Base on Cauchy inequality, the above reaches the max-
imum when k,, ; = p;t,,, where t,, is a constant with respect
to m. Therefore, equation (9) becomes

Ui(x,y)Aim(x,y)

M M
= di(,)Aim(6,3) Y twp] 4105 3)Aim (6,3) Y twp-

J=m

12)

j=m

The above gives the area of reconstructed masked by
A;m(x,y). In order to construct a complete fringe pattern hav-

M
ing the same shape as d;(x,y), the weight > tmpj2 must be a

Jj=m

M
constant with respect to j. Letting > tmp]2 =1, we have:
j=m

1

M—m+1)p? (13

by =

and

ka:Pjtm = (14)

(M —m+1)P;

j=m

o > P}
Jj=m

Clearly, the SNR can be enhanced by carefully set of the
weight.

With the above we can construct the fringe patterns as fol-
lows:

M
Uley) =Y Uilxy)Ain(x,y). (16)

The above procedure can be summarized as follows:

Step 1: Acquisition of M fringe patterns with different
intensity value, i.e. d;(x,y) =pjdi(x,y), Jj=12,....M.
Note that the first pattern (j = 1) should be as bright as pos-
sible capable of probing dark areas with the largest SNR ratio,
and that the last pattern (j = M) should be the brightest one
without saturation. M should be determined by the dynamic
range of the reflectivity of the surface. The larger the range,
the larger the value M.

Step 2: Obtain the mask functions P;,(x,y), m=1,
2, M.
Step 3: Construct the mask functions A; ,,(x,y), m=1,

2...,M using equation (7).

Step 4: Use equation (8) to obtain areas of fringe pattern
masked by A; ,,(x,y). Note that the scaling factor &, ; should
be computed by equation (14).

Step 5: Construct the fringe pattern U;(x,y) by equation
(16).

Step 6: Repeat the above for all the N phase-shifted fringe
patterns.

Step 7: Calculate the phase map using the reconstructed
fringe patterns and reconstruct the 3D shape of the object sur-
face.

4. Experiments

In order to show the effectiveness of the proposed method,
we constructed a fringe projection profilometry (FPP) sys-
tem using components of affordable price, including a DELL
X1501 projector with the resolution of 1024 x 768 pixels,
and a webcam GUKE HDO91 (1920 x 1080 pixels). Com-
pared with industrial cameras, the web camera is much cheaper
in price but suffers from much higher noise in the captured
image. The object to be measured is a plastic carton face
shown in figure 1(a). Five step PSP is used to extract the
phase map. When the object is projected by a fringe pattern
with full intensity (the maximum intensity of the projector was
set to 255), it is clear to see areas of saturation as shown in
figure 1(b).

In order to apply the method proposed, eight levels of the
fringe pattern intensity are produced and projected onto the
object and the intensity decreases by 10% each time with their
levels of intensity being 255, 229, 204, 178, 153, 127, 102,
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Figure 1. The object used in the experiment. (a) The carton face
object; (b) the captured fringe pattern of the object to be measured.

(2) (b) (©) (d)

(O] (U] @ (h)

Figure 2. The captured fringe patterns with eight maximum
intensity levels. (a)—(h): the captured fringe patterns of eight levels
fringe intensity.

76. Note that when the minimum fringe pattern intensity is
applied, there should be no saturation on the whole object. The
captured fringe patterns are shown in figure 2. Clearly, satura-
tion areas reduce with the decrease of the intensity. Note that
the images with high intensity have the high SNR but suffer
from large saturation areas. On the other hand, images with
low intensity are characterized by small saturation, but they
are disadvantageous by low SNR, making it hard to reconstruct
the object.

Based on the fringe patterns acquired in figure 2, the masks
identifying the saturation area can be obtained using equation
(5) and are shown in figure 3. The threshold T is set to 255.
For the specific pixel, when the intensity value equals to 255,
the pixel is saturated. In figure 3, the black points are the satur-
ation pixels and the white points present the unsaturation area.
Figure 3(a) is the mask for figures 2(a) and 3(b) is the mask
for the figure 2(b). It is also seen that, with the decrease of
the maximum fringe intensity level, the saturation areas also
reduce.

Based on method proposed, a new fringe pattern is con-
structed for each step of the PSP, as shown in figure 4(a).
With the merged result, the wrapped phase value is retrieve
and shown in figure 4(b).

Similarly to other PSP methods, phase unwrapping is
always required to be applied to the wrapped phase to recon-
struct the 3D information of the object. The results are shown
in figures 5 and 6. Figure 5(a) is the front view of the recon-
structed result. In order to see the detail of the reconstructed
surface, one area on the object with zoom in view is given.

(a) (b)

Figure 3. The mask identifying the saturation area. (a) The mask
for figure 2(a); (b) the mask for figure 2(b).

(a) (b)

Figure 4. The merged fringe pattern and wrapped phase obtained
by the proposed method. (a) The merged fringe pattern; (b) the
wrapped phase value obtained by the proposed method.

(b)

Figure 5. The reconstructed results. (a) The front view of the
reconstructed result obtained by the proposed method; (b) the front
view of the reconstructed result obtained by the [15].

Figure 6(a) is the mesh display of figures 5(a) and 6(c) is the
cross line of the figure 6(a) when x = 75. It is apparent that all
the areas including the saturated areas are reconstructed well
and the surface is smooth.
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Figure 6. The comparison of the reconstruction results. (a) The
mesh display of the result in figure 5(a); (b) the mesh display of the
result in figure 5(b); (e) the cross line for figure 6(a) when x = 75;
(f) the cross line for figure 6(b) when x = 75.

(a) (b)

Figure 7. The captured fringe pattern image of metal object. (a) The
fringe pattern image with the highest intensity; (b) the fringe pattern
image with the lowest intensity.

In order to verify the performance of the proposed method,
the object is also reconstructed by the method in [15]. and
the results are shown in figures 5(b), 6(b) and (d). Com-
pared with the proposed method, the results by the method
in [15]. contain significant errors. This is because they do
not utilize all the unsaturation fringe patterns, and signi-
ficant errors are introduced when the SNR is low. Note
that the shadows are removed in the results shown in
figures 5 and 6.

In the second experiment, a metal object with higher
reflectivity is reconstructed. Eight intensity levels are
employed. The captured fringe pattern with the highest intens-
ity value and lowest intensity value is shown in figure 7. Com-
pared with the image in figure 7(a), there is no saturation in
figure 7(b).

(b)

height(mm)

30

¥ (mm)
be X (mm) y (mm) v

(© (d)

x (mm)

Figure 8. The reconstructed results of metal object. (a), (b) The
front view of the reconstructed result obtained by the proposed
method and [15]; (¢), (d) The mesh display of figures 8(a) and (b).

(b) ©

H 5
A

® (€9]

Figure 9. The reconstruction results with different phase shift step.
(a) The captured fringe pattern with maximum intensity level; (b)
the zoom in of the reconstructed part with saturation; (c)—(f) the
reconstruction results with 6, 10, 14 and 18 steps PSP; (g) the
reconstructed results of the proposed method with the intensity level
of 250 and 170.

The reconstructed results of the metal object are shown in
figure 8. The proposed method improved the reconstruction
accuracy significantly.

It should be pointed out that the errors caused by the satura-
tion can also be reduced or eliminated by traditional PSP with
large number of steps of phase shift. In order to compare the
proposed method and the traditional PSP with large number of
steps, we carried out experiment on the same object as shown
in figure 9 using the traditional PSP with its steps increasing
from 6 to 40. The captured fringe pattern is given in figure 9(a).
The region with of saturation is magnified in figure 9(b).

Figures 9(c)—(f) present the reconstruction result with 6, 10,
14 and 18 step-PSP respectively. Significant error happens in
the saturation pixels when the phase step is less than 18. It can
be seen that with the increment of the steps, the area of the
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saturation errors are reduced. When the number of the phase
step is more than 18, the saturation influence is removed.

Then, the proposed method is applied to the same object.
We found that two intensity levels are enough to avoid the
saturation. The first intensity level is set to be 250 to obtain
the maximum SNR of the unsaturation part in figure 9(b) and
then decreased to 170 to avoid the saturation for other pixels
in figure 9(b). The reconstructed result is shown in figure
9(g). It is apparent that the saturation errors are eliminated
successfully.

As shown by experiment, the traditional PSP needs 18
steps, while the proposed method only requires 10 fringe pat-
terns. Therefore, although the saturation error can also be alle-
viated by increasing the steps of the traditional PSP, the total
number of fringe patterns required is higher than proposed
method. This is because, in contrast to the traditional PSP
where all fringe patterns have the same intensity and thus influ-
enced by saturation, the proposed method only make use of
the unsaturated component of the fringe patterns, and thus less
impacted by the distortion error of the patterns.

In order to evaluate the anti-noise performance of the pro-
posed method, we also calculated the RMS (root mean square)
errors for the reconstruction results given in figures 5 and 8.
With the proposed method, the RMS error with respect to
figure 5(a) is 0.068 mm, and it is 11.07 mm for the results
in figure 5(b). With the metal object, the RMS error for the
result in figure 8(a) is 0.071 mm and 9.58 mm for the result
in figure 8(b). Hence, the proposed method can significantly
improve the measurement accuracy under low SNR.

The above experiments are implemented by the Matlab
software, the computer includes Intel 17-7700 (2.81 GHz) pro-
cessor and 16 GB RAM. The calculation time for the first
experiment and second experiment is 10.8 s and 9.2 s respect-
ively. The efficiency can be increased by the C++ coding and
parallel computing in GPU.

Please note that the required frame number of the proposed
method is M x N. When the object has no saturation, only one
intensity level (M = 1) is enough to reconstruct the object. In
the other hand, when the object has saturation, M intensity
levels are employed to remove the saturation influence, the
frame number will be M x N. The number of the intensity level
depends on how complex of the object reflectivity.

5. Conclusion

This paper presents a method to address the saturation issue
for the objects with a dynamic range of reflectivity variation.
The proposed method utilizes all the unsaturation images thus
is more effective for measuring the shiny surfaces by FPP
with low-cost cameras. Comparing to existing methods only
using the highest intensity of pixels for compositing image,
the proposed method is able to significantly improve the meas-
urement accuracy. It should be pointed out that the proposed
method only works for the cases where unsaturated reflection
can be obtained by reducing the intensity of projection. For
the objects with very shinny surfaces, we may not be able to
acquire a saturation-free fringe pattern, and in this case, the
propose method will not work.
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