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Abstract

The detection accuracy of the light stripe centers is an important factor based on the structured light vision
measurement, and the quality of the light stripe images is a prerequisite for accurately detecting the light stripe
centers; this paper separately proposes image enhancement methods for linear and arc light stripe images. For linear
light stripes, the image with better quality is captured and the gray-scale distribution of the normal section
corresponding to the light stripe centers is used as a template for light stripe images with poor quality. The poor
quality light stripe images are finally optimized by linear interpolation. For arc-shaped light stripes, this paper proposes
a positioning method for light stripe centers on arc, and then the gray-scale distribution of the normal cross-section of
corresponding center which is on a good quality light stripe image is used as templates to improve the poor quality
light quality stripe images. In order to verify the effectiveness of the light stripe image enhancement algorithms, this
paper respectively presents verification methods to linear light stripe and arc light stripe. Finally, the quality of the light

stripe images could be improved by image enhancement algorithms through experiments.
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1 Introduction

The measurement methods based on machine vision
have been in-depth research and rapid development in
the three-dimensional measurement of mechanical parts
[1-3]. Due to its advantages of large range, good robust-
ness, and high precision, the measurement method
based on the structured light vision has been widely devel-
oped in the parts size measurement [4—7]. According to
the different characteristics of structured light sources,
they can be divided into different types. The paper mainly
studies the widely used line structured light vision.

The structured light measurement technology can be
divided into the following three parts: vision system cali-
bration [8], light stripe center detection [9], and meas-
urement model establishment. The detection precision
of the structured light stripe centers is an important fac-
tor affecting the measurement accuracy of the vision sys-
tem. The detection accuracy of the light stripe centers is
not only affected by the detection algorithm, but also
the quality of the light stripe images is a prerequisite for
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improving the detection accuracy. The gray-scale distri-
bution of light stripe in a good light stripe image should
be uniform and have high contrast. In measurement, the
material and the surface shape of measured object have
a great influence on the light stripe images. For the sur-
faces with high reflectance, specular reflection will be
occured when structured light is projected onto the sur-
face. This phenomenon causes the quality of the ac-
quired images to become lower. Due to the
requirements of machine equipment performance, most
of the mechanical parts have to undergo surface treat-
ment, and the surface reflectivity of the parts is im-
proved after the processing. Therefore, the quality
images of light stripes which are on the surface of the
mechanical part are generally poor. Two methods are
usually used to solve the problem: one kind of the
methods is to improve the robustness of the light stripe
center detection algorithms; the other is to enhance the
quality of light stripe images by image enhancement
algorithms.

Many algorithms have been proposed for the detection
of the light stripe centers. Steger [10] proposed an light
stripe center detection algorithm based on Hessian
matrix, the algorithm has high detection accuracy and
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good robustness. However, this algorithm needs a lar-
ge-scale convolution operation, and the detection speed is
relatively low. In order to overcome the defect of the Ste-
ger’s algorithm, Cai [11] proposed a structural light center
extraction algorithm based on principal component ana-
lysis. The algorithm firstly obtains the ROI region on the
light stripe image, and then obtains the sub-pixel coordi-
nates of the centers through Taylor expansion in the nor-
mal direction. Sun [12] proposed an extraction method by
gray level moment; the method can eliminate the noise in
the image and preserve the original information of the
light stripe. The method has good detection accuracy for
light stripe images with certain noise.

Image enhancement is an image processing technology
and widely used to improve image effects [13, 14]. Wang
[15] proposed image enhancement based on equal area
dualistic sub-image histogram equalization method. The
algorithm divides the original image into two sub-images,
and the two sub-images are respectively equalized. Finally,
the processed sub-images are composed of the processed
images. This method not only enhanced the images infor-
mation but also preserved the original images information.
Li [16] proposed a new robust retinex mode based on the
classic retinex model. This method enhanced low-light
images due to noise, and could be used for underwater or
remote sensing images with more noise. Pan [17] pro-
posed a highly dynamic light stripe image enhancement
method based on retinex theory for complex environ-
ments. But this method is mainly suitable for light bar im-
ages that are fully Gaussian.

In recent years, image enhancement technology has
been widely studied, but these techniques are mainly
used for remote sensing images, medical images or vid-
eos, but the techniques for light stripe images have
rarely been studied in industrial measurement. Due to
the special grayscale distribution of light strips and the
development status of structured light measurement
techniques, it is of great significance to study the en-
hancement technology of light strip images.

This paper proposes an image enhancement algorithm
for linear and arc light stripes based on template match-
ing. The good quality images of the light stripes are used
as the templates to enhance the images with poor qual-
ity. In order to ensure the consistency of the light stripe
features, the laser used by the template is the same as
the laser with the enhanced images. In order to verify
the effect of the enhancement algorithm, the evaluation
experiments are designed for linear and arc-shaped light
stripe centers, and it proved that the image enhance-
ment algorithms proposed in the paper have a certain ef-
fect on improving image.

This paper is organized as follows: Section 2 outlines
the light stripe image enhancement algorithms, Section
3 proposes light stripe centers detection evaluation
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methods, Section 4 reports the experimental results used
to test the influences of enhancement algorithms, and
Section 5 provides the study’s conclusions.

2 Light stripe image enhancement algorithms
When light projects the surface of the measured object,
there are various reflections and refractions, and specu-
lar reflection and diffuse reflection account for most of
the light energy among them. For diffuse reflection, scat-
tered rays are basically uniform in all directions. On the
contrary, scattered light is concentrated in one direction
for specular reflected. On the measuring object, the
paths of reflections and refractions are shown in Fig. 1.

In the measurement, when the diffuse reflection is
in the majority on the surface of the measured ob-
jects, the images quality of the light stripe captured
by the camera is better and the gray scale on the
light stripe is evenly distributed. In opposition, specu-
lar reflections are in the majority; there may be two
situations: firstly, the gray scale distribution of the
light stripe on the image is not uniform and the
width of the light bar is very thin, when camera is far
away from the reflected light path of the laser; sec-
ondly, in the condition that the camera is close to
the reflection of the laser, the width of the light stripe
is too wide and the gray scale distribution is not uni-
form. Regardless of the above situations, the accuracy
of the light stripe center detection will be affected
and reduced, when the quality of the light stripe im-
ages is poor.

In order to solve the problem of inaccurate detection
of light stripe centers due to the poor quality of the light
bar image, the paper analyzes the gray distribution of
light strips on different surfaces and proposes the two
light stripe image correction algorithms for different
measured object shapes.

NG

Fig. 1 Reflections and refractions on the object
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2.1 Line structure light stripe gray scale distribution model
When the line structure light is projected onto the surface
of the measured object, the light strip with a certain width
is captured by a camera in the process of measurement.
Therefore, determining the gray scale distribution model
of the strip image plays an important role in the light
stripe image enhancement algorithm. Because the gray
scale distribution of the light strip is affected by the mater-
ial and shape of the measured object, this paper contrasts
the gray scale distribution of the light strip images which
are captured on different materials and shapes of mea-
sured objects. The images of light strips formed on differ-
ent measured objects are shown in Fig. 2.

In order to comprehensively analyze the gray distribu-
tion on the cross section of the strip, this paper intercepts
ten cross sections on each strip image of Fig. 2. Fitting re-
sidual of the gray scale can be obtained by second-order
polynomial fitting and Gaussian function fitting on each
cross section. The second-order polynomial model and
the Gaussian fitting model are respectively:

I(x) = a1x* + arx + as (1)

(c-50)
() =A-e 2 (2)

In Eq. (1) and (2), the x is the pixel abscissa in the
strip image, and I(x) is the gradation value of the pixel
point. Table 1 shows the Gaussian fitting residuals and
second-order polynomial fitting residuals on each sec-
tion of the light strips images; method A represents the
second-order polynomial fitting and method B repre-
sents the Gaussian fitting in the table. The experimental
images are taken under the condition that the lens focal
length is 25 mm, the aperture is 4 E the laser power is
18 mW, and the camera exposure time is 30 ms (Table 2).
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According to the table, fitting residuals by the Gauss-
ian model are smaller than the second-order polynomial
model, so it is reasonable to use the Gaussian model to
represent the gray scale distribution of the light strip on
the measured object. When the light strip is a straight
line, the gray scale distribution on each cross section is
relatively uniform, and the gray scale fitting residual
variation on each cross section is small. When the shape
of light strip is curve, the gray scale fitting residual vari-
ation on each cross section is large. So the shape and
material of the measured object have a great influence
on the gray scale distribution of the light strip.

2.2 Image enhancement algorithm for linear light stripe
As shown in Fig. 3a, a gauge block is placed on a black
paper plane, and the line structure light is projected
onto the target which is consisted by the gauge and the
paper plane. Since the mirror reflection on the surface
of the gauge block is more than the paper surface, the
image quality of the light stripe in Fig. 3b is significantly
better than the image quality of the light bar in Fig. 3c.

In order to contrast the gray distribution of light
strips, three light stripe cross-sections are taken on the
images corresponding to the paper plane and the gauge
block surface, respectively. The gray level distribution of
each section corresponding to the paper plane is uni-
form and the gray distribution is basically the same, as
shown in Fig. 4a. Due to the influence of the surface ma-
terial, the gray scale distribution of the three
cross-sections corresponding to gauge block surface is
not uniform and the gray scale distribution in each cross
section changes greatly, as shown in Fig. 4b.

In order to solve this problem, the light stripe centers
and the normal direction of each center can be obtained
by the Steger algorithm. According to Eq. (3), the gray

(o d
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Fig. 2 Light strips images on different measured objects. a paper plane b metal plane ¢ metal curved surface d specularly reflective metal surface
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Table 1 Comparison of light stripes gray distribution model fitting residual

Image (a) Image (b) Image (c) Image (d)

Method A Method B A B Method A Method B A B
Section 1 16393 16.238 25.042 6.767 39.333 26.820 14.08 3313
Section 1 24.787 10.502 23.757 17478 20617 27.236 4244 14.427
Section 1 18442 11426 18576 14.556 17.146 15.220 46.116 11.758
Section 1 25400 11412 21651 8.226 15.371 2.336 37.685 19.1
Section 1 17.988 13375 28244 4225 1.366 4%x107" 15.699 4.307
Section 1 22214 15.250 26824 9.013 9x 107 6x107 17.351 4714
Section 1 20.059 6.860 28.984 6.120 8.287 4%x107"3 24.757 22.153
Section 1 22.665 14.161 28.29 9.964 17.805 3446 46.698 10.982
Section 1 17.737 10.810 23.769 5.841 16.813 17.502 36.257 12.503
Section 1 17.296 18.898 21911 3.768 24.024 30.079 16.094 6431
Mean 20.298 12.893 24.705 8.596 16.076 12.264 29.718 10.969

distribution function of the light stripe in the normal
direction can be obtained.

1<x§, + tnl, yh + tni) =I(x}, %) + (tnfc, tn;)

IZ 1 iy i
|+ (o)

y I;x Ly | [t )
oI || tn,
xy yy Y

In theory, the light stripe is a uniform straight line in
the plane, and the grayscale distribution on each normal
section is basically the same according to Fig. 4a. There-
fore, the gray mean values of the corresponding pixel
points on each normal section are used as the template
of the light stripe in the enhancement algorithm, as
shown in the Eq. (4).

il(xé—dni,yé—dnﬁ,) ZN:I( (d+1)nt,yi~(d + 1)n )

i=1 i=1

N N
N ) ) N . ) ) .
m=| DI DI+ @1y + (d-1n))
i=1 i=1
' _
N
Zl(xé +dn, yh + dn;)

" N
(4)

Where N is the number of normal section, and the
width of the light stripe is D = 2*d.

Table 2 Experimental equipment parameters

Equipment Mold no. Main parameters

CCD camera MER-125-30UM/UC Resolution: 1292x964
Lens MO0814-MP Focal length: 25 mm
Line projector LH650-80-3 Wavelength: 650 nm

After the template is obtained, the light stripe image
with poor quality is processed. Firstly, the center of each
section (1, 9}),_; ...y, on the poor quality light stripe and

the corresponding normal direction (r’,, ! are

x17 yl)i:l,Zle
obtained by the Steger algorithm. Then the gray distribu-
tion of each section along the normal direction is replaced
with the template by Eq. (5).

ZN;I(xf)—dn;, )

z(xg_dn;, yg_dn;) = N

N
ZI(’COJ’O

o) =T —

N
Zl(xf, + dnl, yh + dn;)

i=1

I(x’1 + dnfcl,yi1 + dnj,l) = N

(5)

Since the pixel coordinates of each center point and
normal direction are not integers, the gray values corre-
sponding to the entire pixels need to be obtained for
subsequent processing on the enhanced light stripe
image. Set the pixel coordinates of P is (xij, yl})jz 12, .D»
and the point is the jth point corresponding to the nor-
mal direction of the ith center point on the light stripe,
the gray value of P is Ii,-. Q is the point adjacent to P in
the normal direction, and the pixel coordinates and gray
value of Q are (xij+ I yij+ ;) and I’ﬂ ;- Rounding up the P
point can obtain the O point, and the pixel coordinates
of the point is (x,0). The gray value of the point O can
be obtained by linear interpolation according to the gray
values of the P and the Q.
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Fig. 3 The grayscale image of linear light stripe. a The image of target b The image of stripe on the paper plane ¢ The image of stripe on the gauge

T '
Iy = I; + M (xo—xlj) (6)
Fjr17%j
Iy is the gray value of O. Through the enhancement al-
gorithm for linear light strip, the result is shown in Fig. 5.

2.3 Image enhancement algorithm for arc light stripe

The gray scale distribution of the light stripe on the sur-
face of the cylinder is different from the gray scale distri-
bution of the light stripe on the plane, so the section
proposed an image enhancement algorithm for the arc
light stripe.

Figure 6 shows the images of the light stripe projected by
the line laser on the surfaces of the shafts with different re-
flectivity. The three cross-sections are separately taken on
the each light stripe image. As shown in Fig. 7, the gray
scale distribution of each cross-section is relatively uniform
on the shaft with weak specular reflection; however, the
gray scale distribution of the cross section is not uniform,
and the symmetry of gray is poor on the shaft with strong

specular reflection. Compared with the linear light strip,
the width of each section changes significantly on the arc
light stripe, and the width of the light stripe is narrower on
the edge of the stripe, as shown in Figs. 6 and 7. In order to
solve this problem, an enhancement algorithm of the arc
light stripe is proposed.

Figures 8 and 9 respectively show the positional re-
lationship of the feature points on the light stripe
with good quality and poor quality; the good quality
light stripe is set to stripe 1 and the poor quality
light stripe is set to stripe 2. First, the pixel coordi-
nates of the light stripe centers Pi (u;v,);-12, ..n and
the normal vector corresponding to the each center
(n',, n') i=12, ..~ could be obtained by Steger algo-
rithm on the better quality image. The gray distribu-
tion in the normal direction of each center could be
calculated by Eq. (3). Since the grayscale distribution
of each center on the light stripe is not the same, the
relative position of each center point on the arc needs
to be determined. As shown in Fig. 8, set P; is as the
center point of the light stripe and M is as the

~
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Fig. 4 Cross-sectional grayscale distribution of light stripe images. a The grayscale distribution on paper plane b The grayscale distribution on gauge
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after enhancement

Fig. 5 Comparison of light stripe images before and after optimization. a The light stripe image before enhancement b The light stripe image

starting point of the arc and is the first point of the
center points set. The O point is the center of the
arc and the coordinates of the O point can be ob-
tained by fitting the pixel coordinates of the centers.
a; is the angle between the straight line /; and ), a
=lay, ag, il i1, N

Second, the pixel coordinates of centers Q; (x;;);-
12, ..x and the normal vector corresponding (n',, n')
i=12, ..k could be obtained by the similar process on
the poor quality image. The point O; is the center of
the arc and the coordinates of O; could be fixed by
the coordinates of Q;. Set M; as the starting point of

Fig. 6 Curved light bar image contrast. a Better quality light stripe image b Poor quality light stripe image
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Fig. 7 Cross-section grayscale distribution of light bars contrast (arc type). a Gray distribution on weakly reflective shaft b Gray distribution on
strong reflective shaft

the stripe, and N; is the end point. f5; is the angle be-
tween the straight line O;M; and O,Q; B=I[51 P2
...pi) i=12, ..k Figures 8 and 9 respectively show the
positional relationship of the feature points on the
light bar with good quality and poor quality.

Finally, the closest value of f5; is found in the array a. As-
suming that @; is closest to f3;, the gray distribution corre-
sponding to the jth center point of the stripe 1 is used as a
template. The gray value of the normal direction correspond-
ing to the Q; is replaced by the template on the stripe 2, and
the replacement process is the same as when the light bar is
a straight line. According to the above steps, the poor quality
image of light stripe can be enhanced, and the light stripe
images before and after enhancement are shown in Fig. 10.

M
l ) ¢ (u,.v,)

Fig. 8 Position relationship of center on stripe 1

3 Method—Ilight stripe center detection evaluation
methods

The light stripe centers detection is an important step in
structured light measurement. Due to different shapes of
measured objects, the gray scale distribution of light
stripes has obvious differences; two evaluation methods
are separately proposed in two conditions which the
light stripe is a straight line on the plane and is an arc
on the cylindrical surface.

3.1 An evaluation method for light stripe on the plane

As shown in Fig. 11, a gauge block is placed on the black
plane target; the lower surface of the gauge block is co-
planar with the target plane, L, is the light stripe on the

M,
O (x.y,)

Fig. 9 Position relationship of center on stripe 2
- J
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Fig. 10 Comparison of light stripe images before and after optimization (cylindrical surface). a light stripe image before enhancement

b The light stripe image after enhancement
A

Fig. 11 The light stripe on the target and on the block. a Light stripes on the target and on the block b The schematic diagram of the method
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Fig. 12 The schematic diagram of light stipe (curve) center detection

target plane, and L, is the light stripe on the plane of the
gauge block. The straight line [/; is obtained by fitting
the centers of the light stripe L;, and /, is obtained by
fitting the centers of the light stripe L,, d; is the pixel
distance from the ith center point to /;, where i=1,2,...
N, as shown in Fig. 11b. Because /; is parallel to /,, the
consistency of the light stripe detection algorithm can be
evaluated by the variance of the array D, where D = [d 1,
dy, ...dy]. The smaller the variance, the better the
consistency of the center point.

3.2 An evaluation algorithm for light stripe on the
cylindrical surface

When the line structure light is projected onto the cylin-
drical surface, the light stripe is an arc. Therefore, the
paper proposes a method for evaluating the light stripe
center detection algorithm on the cylindrical surface. As
shown in Fig. 12, the centers of the light stripe are di-
vided into five parts. In order to improve the fitting ac-
curacy of the ellipse, five center points are selected on
each part, and these points make up a set of data points.

The red points are a set of fitting points in Fig. 12, set
the pixel coordinates of the ellipse center are obtained
by fitting ellipse to the data points of the ith group, and
the pixel coordinates of the center are (o, yio). In the-
ory, all the centers of a light stripe should be on the
same ellipse, so the fitting centers obtained by data
points should be the same point. However, there is some
error in the light stripe centers obtained by the detection
algorithm, and the larger the error of centers, the more
dispersed the fitting centers of the ellipse.

The variance of the two arrays can be calculated separ-
ately; the array of X axis is X = [x'y, 2%, ...x"\o] and the
array of Yaxis is Y= [ylo, yzo, ...yNO], set N is the number
of elliptical centers. To evaluate the light stripe center
detection algorithm, the variance is smaller, and the
consistency of the light stripe center is the better.

4 Experimental results and discussions

Experiments are conducted to assess the utility of the
proposed method. In order to ensure the consistency
of the experiment, the light stripe centers are

|7/ VRON
- a .“_‘,.,,."\\

-

Fig. 13 Experimental equipment for image enhancement algorithms. a The linear light stripe b The arc light stripe
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c The image after enhancement
A

Fig. 14 The light stripe images before and after enhancement in 2 mm gauge block. a The template image b The image before enhancement

detected using the Steger algorithm in the image be-
fore and after the optimized process. The results of
image enhancement algorithms are evaluated by the
method proposed in Section 3 of the paper, and the
optimized effect is verified.

4.1 The evaluation experiment for the linear light stripe
Firstly, from 2 to7 mm gauge blocks are placed on the
plane target, and the lower surface of the gauge block is
adhered to the target plane by a large magnetic magnet.
Then the line structure light is projected onto the target,
as shown in Fig. 13a. In order to ensure the accuracy of
the experiment, the five light stripe images correspond-
ing to the same gauge are collected through rotating the
target, and these light stripe images are in the different
position. The light stripe centers corresponding to the
image before and after optimization are detected by the
Steger algorithm, and the light stripe image enhance-
ment algorithm is verified by the evaluation method pro-
posed in this paper. The experimental results are shown
in Table 3, and the light stripe images before and after
enhancement are shown in Fig. 14.

Table 3 Comparison of enhanced light stripe images (the linear
light stripe)

Gauge size 2x107¢ S$2x107°
(before optimization) (after optimization)
2 mm 1.039 0.541
3 mm 1.271 0.786
4 mm 0492 0456
5 mm 0.768 0.720
6 mm 0.892 0454
7 mm 0408 0421
s? 0812 0.563

Mean

According to Table 3, the uniformity of the light stripe
centers after enhancement is better than the light stripe
centers before processing. Therefore, it can be seen that
the enhancement algorithm has an effect on the image
quality of the light stripe.

4.2 The evaluation experiment for the arc light stripe
Firstly, the line structure light is projected onto the spe-
cial shaft, and the shaft is surface treated, as shown in
Fig. 13b. The specular reflectivity of the surface is lower
than that of the other shafts in the experiment, and the
image of light stripe on the shaft is as a template for the
enhancement algorithm. To verify the effectiveness of
the light stripe image enhancement algorithm, the line
structure light is projected onto four shafts with strong
mirror reflection. In order to ensure the accuracy of the
experiment, the five images of light stripe on the shaft
are taken during rotating shaft. The experimental condi-
tions are the same as those when the light stripe is a
straight line. The pixel coordinates of the centers before
and after optimization were obtained by the Steger algo-
rithm, and the consistency of the centers is compared by
the evaluation method. The results of the experiment
are shown in Table 4, and the light stripe images before
and after enhancement are shown in Fig. 15.

Table 4 Comparison of enhanced light stripe images (the arc

light stripe)
Number Before optimization After optimization
Variance Sy Variance S, Variance S;  Variance S7

Shaft 1 143.535 274191 78.062 151.889
Shaft 2 120.085 656.769 55475 346.786
Shaft 3 59.695 87.608 27.243 117.272
Shaft 4 44.707 152676 19.408 116.587

Y 92.006 292811 45.047 183.134

Mean
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c The image after enhancement

Fig. 15 The light stripe images before and after enhancement on the shafts. a The template image b The image before enhancement

According to Table 4, the variance of the vertical and
horizontal coordinates of the fitting center after the en-
hancement process is smaller than the variance before
the enhancement process, so the enhancement algo-
rithm has a certain improvement effect on the poor
quality light stripe image.

5 Conclusion

This paper presents the light stripe image enhancement
algorithms based on image matching. For the linear
light stripe, the grayscale distribution of the normal
section is used as a matching template in stripe image
with good quality. For arc light stripe, the light stripe
centers are located on the arc, and grayscale distribu-
tion of the corresponding point is used as a template in
the normal section of stripe image with good quality. In
order to verify the effectiveness of the enhancement al-
gorithms, the paper separately proposes two methods
to evaluate the consistency of the light stripe centers
for the linear light stripe and the arc light stripe. Fi-
nally, the experimental results show that the image en-
hancement algorithms have a certain effect on the
improving light stripe images quality.
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