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Abstract— 1In this paper, we propose computer vision techniques
for 3D reconstruction and object height measurement using a
single camera and multi-laser emitters which have an intersection
on the projected image plane. Time-division and color division
methods are first investigated. Although the color division method
offers better accuracy for height measurement, it requires the
laser emitters equipped with different color light, and the color
division method is also sensitive to light exposure in the
measurement environment. Next, a new multi-level random
sample consensus (MLRANSAC) algorithm has been developed.
The proposed MLRANSAC method not only offers high accuracy
for height measurement but also eliminates the requirement for
the laser emitters with different colors. Our experiment results
have validated the effectiveness of the MLRANSAC algorithm.

Keywords—Structured light vision; RANSAC.

I. INTRODUCTION

Structured light has been widely applied in computer vision
applications as a three-dimension reconstruction technique [1]-
[3]. Comparing with the passive vision method, the structured
light can adapt to less texture and low illuminate conditions, so
it has higher reliability and accuracy over short distances. The
structured light techniques also contribute a lot in industries
such as archaeology, agriculture, architecture, autopilot and so
on [4]-[7]. Laser emitters [1]-[3], [8]-[11] capable of emitting
laser lines and projectors [10], [12]-[14] capable of posting
encoded patterns are often used as light sources to utilize their
geometric properties. A vision system with a light source and a
camera placed at various angles provides sufficient information
for a basic 3D reconstruction.

Since the image captured by a camera is the only source of
information from the system and to reduce the difficulty of the
feature extraction, the complexity of posting patterns and laser
planes is limited. A common technique prefers parallel lines [4]
rather than intersections in the structured light patterns to avoid
the difficulties of image processing. For example, a laser-
scanned system uses one single laser line and then reconstructs
the model by moving the object along a certain orientation [8]
or rotating the system along with a certain point [3], [7]. For a
projector system, the binary gray-code pattern [10], [12] is
widely applied, which is an accepted time-domain encode
method. This method encodes each pixel as gray code by
constantly posting patterns with black and white strips. Square
dots are also applied as a post pattern in a projector system [13].

However, in the situations where the intersection emitting
lines are used, the traditional method may fail to perform the
3D-reconstruction due to the ambiguity of labeling points
around the intersection points [15]. In this paper, we aim to
tackle the intersection line pattern captured in a structured light
system equipped with multiple laser emitters. We will classify
the unlabeled extracted laser points into different sets by
utilizing the random sample consensus algorithm (RANSAC)
and the results are compared with the time-division and color-
division methods.

II. STRUCTURED LIGHT VISION SYSTEM WITH MULTI-LASER
EMITTERS

Fig. 1 shows our measurement system. It consists of a high
definition camera, a processing platform, and N laser
transmitters with red, green, and blue color options. As shown
in Fig. 1, the world coordinate and the camera coordinate are
represented by oxyz and 0,x,y,z, , respectively. Note that the
equation: z=0 presents the horizontal plane in the world
coordinate. It is assumed that the projection of the triangular
plane on the plane of z =0 exists and can be captured by the
camera.

Fig. 1. Height measurement system.
A. Measurement Methods

The camera pinhole model is employed and its perspective
projection is given below:

X, =z,4"1, (1)
¥ =% % 2
<=0 1 @

For convenience, the following definitions are adopted:
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X=(x y z) -apoint in the world coordinate
X=(x y z 1)"- homogeneous form of X
X.,=(x, y, z)'-apointin the camera coordinate
X, =(x, y, z 1) -homogeneous form of X,
1, =(u v)" - apoint in the image pixel coordinates
Tp = v 1": homogeneous form of I »

Note that s is a nonzero scale factor and 4™ intrinsic matrix
A , which is defined below:

o ¢ u,
A=0 B v, 3)
0 0 1

where ¢ and [ are the projection of the effective focal length
in x- and y- axes. u, and v, are the image intersection
coordinates between the image plane and optical axis. ¢ is the
skewness in terms of two image axes. [R t]=[r, r, r (]

designates the rotation and translation between the world
coordinates and camera coordinates.

Let a characteristic point j on the triangular plane i formed
by the ith laser emitter be:

Xy G 0)= 0 @) v @) 2, G D
and the ith plane is denoted by
=@ b ¢ -1".
Then it leads to the following:
Xy @) 2.6, )= AT, (0.) 4)
X (6 )=0, j=12,.] (%)
Given projected points Tp (i, j) and (4), we can obtain

X G 2, G ) =[x, G ) 2, G ) 9, G ) 2, G j) 1]
(6)
Given the calibrated triangular plane i, and (5), we finally can
yield
ZCL(iﬂj) = 1/(ai‘xcL(i7j)/ZcL(i7)+b[ycL(i5j)/ZcL(i7j)+Ci) (7)
After applying Equation (1), X_(i,j)=X_,(i,j) can be
obtained. Finally, we achieve
S (R S
X@, )= 0 1 X (@@, )) ®)
With the calibration information of extrinsic and intrinsic
matrices, and the all the calibrated triangular planes, we can

develop the time division, color division, and random sample
consensus (RANSAC) method to conduct 3-D reconstruction.

B. Calibration
The camera is modeled using Zhang’s method [17], where
the augmented 2D and 3D points in the word coordinate are
denoted by =@ v 1)",M=(x y z 1), respectively.
With a pinhole camera model, a relationship between a 3D
point and its image project is given by
sm=A[Rt)M=A[r,nnrt] M 9)

Using z =0 in the model plane (floor plane), (9) becomes

sm=A[nrt]l M (10)
where s is a scale factorand M =(x y 1)’ . The effective

solutions for extrinsic R and intrinsic matrix A4 using (10)
can be found in [17].

Each triangular plane 7, =(a, b,

. ¢, —1)required in (5)
for i=1,2,---,N is calibrated independently. As shown in Fig.
1, let the model plane z=0 in the word coordinate be
(0 0 1 0)".We can translate the model plane to the camera

coordinate as

0
—Rt_TO—ABCDT 11
=0 1 1—[ ] (11)

0
As matter of fact, the projected J image points X, (7, j) in

terms of the camera coordinates must be on the model plane of
the checkerboard as well as in the model plane during
calibration, that is,

7, X,(@,j)=0 for j=1,2,++,J (12)
This is equivalent to
z, (6 DX, (G, /) 2.0, )+ By, (05 /) 2.G, j)+Cl==D
for j=1,2,---,J
Note that x,(i, j)/z,(i,j) and y.(i,j)/z,(i,j)in (13) can be
obtained using the projected pixel points, that is,
X, j)/ 2, j)= A1 ,(, j)) for j=1,2,--,J (14)

Then we can compute z, (i, ) in the camera coordinate via

(13)

(13). Finally, we can achieve characteristic points as follows.

X, G )) =X G ) =20, )AL, G, ) (15)

Since the characteristic points are known on for
w,=(a, b ¢ -1),thatis,

EX (1 ))=0, j=1,2,,] (16)

and using M trials for different checkerboard orientation on
the model plane at z =0, it leads to the following conditions:

X, G, j,k)=0,j=12-J, k=12, M (17)
Finally, the least squares method is applied to find the solution
for triangular plane i, thatis, 7, =(a, b, ¢ -1).

III. IMPROVEMENT OF THE STRUCTURED LIGHT VISION
SYSTEM

If a single camera shot is adopted and its image projection
from the laser emitters has intersection, then the intersection
points are difficult to be classified for measurement. The time-
division, color division, and multi-level random sample
consensus algorithm (MLRANSC) are proposed for
applications.

A. Time Division Measurement

For the time division method, the laser emitters are operated
sequentially at different times, that is, only one laser emitter can
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be turned on to hit on the surface of the measured object. This
method is time-consuming.

After extracting the feature points corresponding to the
projected image on the object and substituting the obtained
feature points into the system model, the 3D information for
these feature points can be calculated. Repeating this process
for each laser emitter and composing the results from all the
measurements, a 3-D reconstruction can be achieved.

B. Color Division Measurement

A color division method with a camera single shot is
developed. By setting laser emitters with different colors, the
laser planes are labeled physically. Therefore, we can separate
the ambiguous intersection points by processing the
corresponding color plane information in the captured image.
The color threshold algorithm can be further applied to separate
the color components from the laser emitter and the background
color components.

Fig. 2 depicts the histograms of the measured in the RGB
color space picture with turning on the red, green, and blue laser
emitters simultaneously. As shown in Fig. 2, the projected
pixels from the laser emitters are near the value of 255. The
color threshold algorithm can be set as follows:

L _ l ThlowSpiSThhigh’ijThhligh l;é‘] (18)
0 elsewhere ’

i

where L, is the binary matrix for a single laser with color i,
p;» p; represents pixels of different color space dimension.
Th,  ,Th while Th;

high
interference caused by other color dimensions. To optimize the
color separating result, red, green and blue laser emitters are
utilized to match the RGB color space in our work

ows Ty are  thresholds eliminates the

P 10% Histogram of Red
2|
o Lonat mni]]]]]]]]]]”””"l[rh»-
o 50 100 150 200 250
10t Histogram of Green

200 250

200 250
Fig. 2. Histogram of measured image in RGB color space.

This approach is effective, but it requires different color laser
emitters. Besides, the color division method is sensitive to
luminance, since with stronger luminance, parts of pixels which
are not belong to lasers reach the higher value, even the
maximum value. It affects the performance of the color
threshold algorithm. To tackle this problem, the exposure time
needs to be reduced before measurement.

C. Multi-Level
(MLRANSAC)
In this method, we first add an additional step in the
calibration stage. The points projected from the ith laser emitter
on the horizontally placed checkerboard are extracted. The least
squares algorithm can be applied to find its linear model,

@ =40 A0 40O)

@u(j) v(j) 1) =0 . During the measurement stage at

Random  Sample Consensus Algorithm

corresponding to the plane

level 1 with a camera single shot, K points are randomly
selected from the extracted point set. the normal vector is used
initially. We compute K trial linear equations as following:

A (k) ==(A (D + 40w k=12,-.K  (19)
Then we use a maximum allowable distance d to determine
the number of points within allowable distance d . The selected
line equation is the one consisting of the maximum number of
points, that is,

@ =40 A0 AW ,i=12N  (20)

Fig. 3 depicts the scenario for case of N =2 .

A

1ooi°

950

1000 B /(
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Fig. 3. First level of MLRANSAC.

Next, we start to use (20) as “the best straight line”
representing the intersection of laser emitteri . We randomly
choose two sample points from K point set to re-compute a
straight line. With the obtained straight line, all extracted points
are tested as follows. If the distance from a test point to the

straight line is less than d , then the test point is considered on
the intersection of the laser and added to the point set of the
laser plane. When the cardinality of the laser plane point set
corresponding to the straight line is greater than that of ““the best
straight line” and the angle between the straight line and the
initial straight line in (20) within a threshold. Then “best
straight line” will be replaced by the current one. Iterating K
times this way, the final projected line equation is obtained.
Repeating this process N , we achieve final N projected linear
equations as well as N sets of the projected pixel points. Figs.
4-5 show the case of N = 2.

Finally, there are still some points which cannot be
determined to which laser emitter they belong to (see Fig. 6).
The distance factor and direction factor at level 3 are used. The
distance factor is defined as a distance ratio (d, /d, ) of the

undecided point from a test laser (red) intersection over the

Authorized licensed use limited to: Purdue University. Downloaded on February 20,2021 at 08:19:32 UTC from IEEE Xplore. Restrictions apply.



440

other laser (green) intersection. If the distance factor is less than
a threshold, then the undecided point will be classified to this
test laser point set. Fig. 6 describes for the case of N =2 .
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Fig. 4. Second level of MLRANSAC.
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Fig. 5. The “best straight line”.
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Fig. 6. Some points that cannot be decided to which laser emitters.
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Fig. 7. The distance factor.

The direction factor is defined as a slope ratio of the slope
between the undecided point and the nearest point in the text
laser point set over the final direction of the projected line. The
undecided point belongs to the test laser point set if the
direction factor is closer to one among the other laser point sets,
as shown in Fig. 8 the case of N =2 .

850 e r.8

870 LS i

850 e ! =
830
810

750

770

1400 1450 1500 1550 1600 1650 1700

Fig. 8. The direction factor.

IV. EXPERIMENTS AND PROCESSING

The proposed measurement system consists of a high
definition camera (Basler acA2500-14gc GigE camera with ON
Semiconductor MT9P031 CMOS sensor, 14 frames per second,
SMP resolution), a processing platform, checkerboard with
9*12 squares, laser transmitters with red, green, and blue color
options. To validate our proposed algorithms, two laser emitters
with color option are used. Fig. 9 depicts our system setup for
measurement.

Fig. 9. Proposed structured-light measurement system

To eliminate random error caused by multiple experiments,
we use red and blue lasers in a single experiment and use
grayscale images as input of time division and MLRASAC
algorithm. To calibrate the camera and lasers, fifteen poses of
the checkerboard with lasers were captured as images
separately.

A. System Calibration Results
With the Camera Calibration toolbox in MATLAB, intrinsic
matrix A for the camera and extrinsic parameters [R (] are

determined using Zhang’s methodology [17]. The calibrated
results are listed in (21).
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[7.603902x10° 0 1.337963x10°
A= 0 7.585635%10°  0.666364x10°
0 0 1
[-0.030498 -0.999530 —0.003148 (21)
R=| 0939477 -0.029741 0.341319
| —0.341252  0.007452  0.939942
0.524791x10°

t=1-0.149804x10
5.953130%10°

Using the checkerboard images from the sequential laser
emitter projections, we achieved two planes as below:

~1.895727x10° 1.424982x107
7, =| —3.302647x10° | 7, =| —1.947035x10"
1.924332x10° 1.800564x10™

(22)

B. Height Measurement and Results

Figs. 10-12 display the objects for height measurements
using our structured light vision system. During the
measurement, we placed the object on the operating table to
obtain six groups of object images, each group containing three
pictures. When we used time division for height measurement,
we selected images with single laser (Figs. 10-12 a and b).
When using color division and MLRANSAC algorithm for
height measurement, we used the images from two laser
emitters as shown in Figs. 10-12 c.

Fig. 10. Measurement for m1 and m2.

Tables 1-3 list the height measurement results. The
MLRASAC algorithm has 6.70% relative error while the color
division and time division offer 7.04% and 9.06%, respectively.
The MLRANSAC algorithm offers the best results and also
requires less process time when comparing with the time
division and color division method and there is no specific color
requirement for the laser emitter.

Fig. 12 Measurement for m5 and m6

Table 1 Time Division Method

Measurement Actual Measure Absolute Relative

Number height / | height/mm | error / mm error / %
mm

1 10.500 11.348 0.848 8.07%

2 10.500 11.421 0.921 8.77%

3 15.748 17.199 1.451 9.22%

4 15.748 17.414 1.666 10.58%

5 26.248 28.785 2.537 9.67%

6 26.248 28.358 2.110 8.04%

Table 2 Color Division Method

Measurement Actual Measure Absolute Relative

Number height / | height/mm | error / mm error / %
mm

1 10.500 11.507 1.007 9.59%

2 10.500 11.589 1.089 10.37%

3 15.748 16.648 0.899 5.71%

4 15.748 16.784 1.036 6.58%

5 26.248 27.504 1.256 4.79%

6 26.248 27.609 1.361 5.19%
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Table 3 Multi-level RANSAC algorithm

Measurement Actual Measure Absolute Relative
Number height / | height/ mm | error/ mm error / %
mm
1 10.500 11.324 0.824 7.85%
2 10.500 11.460 0.960 9.14%
3 15.748 16.839 1.091 6.93%
4 15.748 16.784 1.036 6.58%
5 26.248 27.655 1.407 5.26%
6 26.248 27.383 1.135 4.32%

C. 3-D Reconstruction Results

Figs. 13-15. display 3-D reconstructions uisng each of our proposed
method. Fig.15. validates the effectiveness of MLRANSAC algorithm.

World Coord

s 55
“ 50
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0 40
20 35

0 25 ®
Fig. 13. 3-D reconstruction of m6 using time division.
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Fig. 14. 3-D reconstruction of m6 color division.
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Fig. 15. 3-D reconstruction of mé6 using the MLRANSAC algorithm

V. CONCLUSIONS

In this paper, we have comparatively investigated computer
vision techniques for 3D reconstruction and object height

measurement using a single camera and multi-laser emitters
which have an intersection on the projected image plane.
Proposed time division uses sequential operation on the laser
emitters. Proposed color division method adopts the laser
emitters with different colors. To improving the system, a new
multi-level RANSAC (MLRANSAC) algorithm has been
proposed. The algorithm not only offers high accuracy for
height measurement but also eliminates the different color
emitter requirement. Our experiment results have validated the
effectiveness of the MLRANSAC algorithm.
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