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Error Analysis of Binocular Stereo Vision System Applied in
Small Scale Measurement

LU Bao-li, LIU Yu-liang, SUN Liang
(Institute of Semiconductors, Chinese Academy of Sciences, Beijing 100083, China)
Abstract: A compact binocular stereo vision system was used for measurement in small scale. This paper
analyzed the influence of CCD pixel discontinuity on the measurement accuracy and then built the
relationship between structural parameters (baseline, focal length and object distance) and distance

measurement errors.

When considering the discontinuity of pixels, the relationship curve about

measuring distance and disparity was of a stair-step shape. The measurement error decreased with the

increase of the baseline and the focal length, while it gradually increased along with the object distance.

The measurement accuracy of our system can reach 98. 89%. Our valuable theory can be offered for

optimization design of the binocular stereo vision system which is applied in small scale measurement.
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0 Introduction

Three-dimensional (3D) morphology of the object

is one of the most important features™!. As a

significant 3D measurement method, binocular stereo
vision measurement technology has been researched

extensively*”!. Binocular stereo vision measurement

kind of high

technology and can achieve 3D information of an object

technology is a efficient detection

similar to the way that human visual system does. It
has many advantages, such as convenient operation,
high measurement precision and rapid measurement
speed. In addition,  binocular  stereo  vision
measurement technology can be used in a variety of

complex and harsh conditions owing to its characteristic

of non-contact measurement”’.  Therefore, the
technology has been widely applied in object
recognition, robot mnavigation, traffic monitoring,
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industrial inspection and so on'"""’,

However, in current industry, binocular stereo
vision measurement technology is usually only used for
large scale measurement which its effective measuring

L3 For examples

range is larger than 100 millimeter
Bumblebee binocular stereo system produced by the
well-known Canadian company Point Gray has a high
performance, but it is not applied when the distance
between object and camera is too close, because in this
condition small objects cannot be imaged in the two
cameras simultaneously. For small scale or micro scale
3D measurement, laser scanning is wusually the
traditional measurement method™’. There is no doubt
that laser scanning measurement technology is highly
efficient and accurate when detecting stationary
objects. But it is limited when used to dynamic objects
for the reason that scanning process takes time. To
make up this deficiency, binocular stereo vision
measurement technology may be a perfect choice. It
can meet the requirement of real-time measurement due

[15-17

to its non-scanning imaging . Especially for product

real-time online monitoring field, binocular stereo
vision measurement technology has its incomparable
superiority. Thus, the research on measurement
technology of binocular stereo vision applied in small
scale measurement is quite necessary and valuable.
Nowadays most of the binocular stereo systems are
built base on artificial experience, only a few
theoretical principles can be used for reference.
Moreover, these theoretical principles are usually
researched in the large scale measurement. For
example, Ref. [5] analyzes the measurement errors of
3D coordinates of binocular stereo vision for tomatoes
at the distances from 300 to 1000 mm, while Ref. [13]
builds the model of measuring system whose measuring
range is about 400 meters and then performs error
analysis to show influence of every parameter on the
measuring system error. Therefore, it is necessary to
make a comprehensive error analysis of the binocular
stereo  vision system applied in small scale
measurement, not only to improve the measurement
accuracy, but also to promote the application

In this paper, we discuss the condition that a
compact binocular stereo vision system is used for
measurement in small scale whose measuring distance
is about 10 millimeter. We present the measurement
principle of binocular stereo vision. Then the influence
of pixel discontinuities on the measurement accuracy is
analyzed. Finally we describe the relationship between
structural parameters and the measuring distance

error.

1 Measurement principle of binocular
stereo vision

Binocular stereo vision is an important branch of
computer vision. According to the principle of stereo
disparity, binocular stereo vision system can achieve 3D
space coordinates of an object from its two different
view pictures captured at one time. As illustrated in
Fig. 1, O, and Ok is the optical centers of the left and
right camera. The two cameras are placed horizontally
and modeled by the well-known linear pinhole model.
They have the same focal length F. The distance
between optical center O, and Oy is baseline denoted by
B. 0.0, and OO, individually express the optical axes
of the left and right camera which are parallel to each
other. P (X, Y, Z) is an object point in the world
through the
projection center of the lens to the point P, (x,,y,) and

coordinate system. It is projected
Py (x,,y,) in the image plane, where two image
coordinates of the cameras are denoted by O,— XY, and
O, — X.,Y,. Set the original point of the world
coordinates in the optical center O,. Then through this
simple mathematical model we can get the expression of
3D world coordinates: O, (0,0,0), Oy (B,0,0), P,
(x1s3>F), Pe(x,+B,y,,F). For any P, P, and Py
have the same y value, i.e. y,=y,.
FB

o v o8

7= (D

Z is the coordinate value of the object point P along =
axis in the world coordinates, expressing the distance
between object and camera.

So if we can recognize the corresponding points
between the left image and the right image, the
measuring distance Z can be easily calculated by the
Eq. (D).

Fig. 1 Binocular stereo vision model

2 The influence of pixel discontinuities
on the measurement error

The difference between P, and Py in x axis is
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disparity denoted by D. For the reason that the value
of D achieved from stereo matching is the number of
pixels, it's necessary to convert the image coordinate

system into the pixel coordinate system.

0] > [

Py (u,v)
O(uy,v,) e

> X,

Vw 'Y/

Fig. 2 Left image plane
As shown in Fig. 2, O, — XY, is the left image
coordinate system whose original point O, is set in the
main point of left camera. In the pixel coordinate
system O — UV, suppose (uy,v,)s (uy»v;) are the
pixel coordinates of (O, and P, respectively. The
transformation between them can be given by

_x

w="4u,
a
2)
U1:£+"Uo
b

where (a, b) is the size of CCD pixel in direction U
and V.
On account that « and v, can only be integers, we

should do a little change about Eq. (2) as below

0= [il}ﬂn
a

v = [%}+Un

Here the symbol [ ¢] indicates the minimum integer
which is not less than ¢.
Similarly, for the point P, in the right image

plane, we can get

u,:[i}Jruo
a

Therefore, the disparity D is also an integer.

e[ [
a a
_FB

aD

Based on the structural parameters of a compact

Zz (3

binocular stereo vision system built by ourselves,
which F=2 mm, B=1.2 mm, a=0. 003 mm, the
actual relationship between measuring distance Z and
disparity D can be obtained immediately. To meet the
requirement of small size, the measuring distance is
about 10 millimeter. So Fig. 3 represents the result
when D increases from 60 to 110. We can see that if
the discontinuity of pixels is not considered, the curve
is smooth, while if considering the discontinuity of

pixels, a stair-step curve is achieved.

=== Not considering the discontinuty of points
13 — Considering the discontinuty of points 1

Measurement distance Z/mm

60 70 80 90 100 110
Disparty D/pixel
Fig. 3 Relationship between measuring distance
Z and disparity D

Because each pixel in CCD has a certain size, the
location of an ideal point cannot be detected accurately.
Thus image recognition error is produced when
considering the discontinuity of pixels. It will lead to a
small error in disparity and then affect the
measurement precision. Suppose the image recognition
error is §. Its maximum value is one pixel obviously, i.
e. 0= 1. In addition, the influence of disparity D on
the measurement accuracy comes from not only the
image recognition error but also stereo matching error.
Different different

matching performance. Suppose the error threshold of

stereo  matching method has
stereo matching is e pixels, then we can get the total
disparity error AD=§+e¢=1-+e. Due to the existence
of AD, the distance we actually measured is

FB
a (D+AD)

Therefore, we can get the distance measurement

7=

error and the error distribution curve.
0.7 - . v -

0.6 F
05F
04F
03}
02 F

Measurement distance Z/mm

0.1F

0
60 70 80 90 100 110

Disparty D/pixel

Fig. 4 Error distribution curve with the disparity

Yy _FB _ FB _FB
A== = 5 i(DrAD) aD
FB _ FB(l+e

a(D+1+e) aD(D+1+e)
As illustrated in Fig. 4, for larger value of
disparity D, the measurement error is smaller. When
disparity D is fixed, the measurement error will

increase along with stereo matching error. e=0 is a
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special situation, in this case, the result of stereo
matching is considered to be perfect. With the value of

e increasing by 1, the measurement error will be nearly

doubled.

3 The relationship between structural
parameters and the measurement
error

Measurement accuracy will result in changes when

measurement system selects different structural

parameters. In order to facilitate analysis process,
suppose the result of stereo matching is perfect, i.e. , e

=0, then the measurement error is
___ B
aD(1+D)

Contact D = FB/aZ with Eq. (4), then
measurement error can be expressed as follows
_ Z'a

FB+Za
3.1 The influence of baseline on the measurement error

ANZ 4

AZ (5

As an important parameter, the baseline B
describes the mutual position of two cameras in visual
system. In order to analyze the influence of baseline on
the measurement accuracy, other parameters such as
focal length and object distance should be fixed. For
small scale measurement, suppose F = 2 mm, Z =
10 mm, a = 0. 003 mm. Using Eq. (5), the error

distribution curve can be shown as Fig. 5.

1.4

Measurement error AZ/mm

0 0.5 1.0 1.5 2.0 2.5 3.0
Baseline B/mm

Fig. 5 Error distribution curve with the baseline

As we can see, the measurement accuracy will
increase along with the baseline B. When baseline
increases from 0 to 1, the measurement error will
decrease sharply. When baseline is greater than 1, the
downtrend becomes slower and slower. In the compact
binocular stereo vision system, B = 1. 2 mm, the
measurement error is about 0. 123 mm.
3.2 The influence of focal length on the measurement
error

By analyzing the influence of focal length on the
suitable cameras can be

measurement accuracy,

selected for the visual system. Suppose B=1.2 mm,
Z=10 mm, a=0. 003 mm, then we can get the error
distribution curve in Fig. 6.

0.5

04t

03

02}

0.1F

Measurement error AZ/mm

Focal length //mm

Fig. 6 Error distribution curve with the focal length
When baseline B and object distance are fixed, the
longer the focal length is, the smaller the measurement

error.
3.3 The

measurement error

influence of object distance on the

When the distance between object and camera is
too close, objects cannot be imaged in the two cameras
simultaneously. In order to apply the technology of
binocular stereo vision in small scale measurement, it's
significant to study the relationship between object
distance Z and the measurement accuracy. Suppose
there are 320 pixels in direction U of the CCD imaging
plane. According to Eq. (3), the effective measuring
range is from FB/320a to FB/a as shown in Fig. 7.
The dotted lines stand for the optical axis of each
camera respectively. The common field of view of the

two cameras is SMN.

\ /

N M
_FN
ma g
S
FN
Zui=350,
0, / \ 0 320d4]

T

Fig. 7 Effective measuring range

Fig. 8 shows the error distribution curve when F=
2 mm, B=1.2 mm, a=0. 003 mm. If fixing other
structural parameters, the measurement error will
gradually increase along with object distance Z. In
favor of the improvement of measurement accuracy, we
should place the object as close as possible to the
cameras. Of course, this distance must be within the

effective measuring range.
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0.20
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Measurement error AZ/mm

5.0 7.5 10.0 12.5 15.0
Object distance Z/mm

Fig. 8 Error distribution curve with the object distance

4 Experimental verification

In order to verify the validity of our theory, we
conducted an experiment to measure the height of a
small component. The actual value of the height
obtained by vernier caliper was 1. 98 mm. If the
measurement error was required to be less than 5%
according to our theory, the baseline should be greater
than 1 mm, the focal length should be greater than
2 mm, and the object distance should be less than
10 mm. Therefore we built a compact binocular stereo
vision system with B=1. 253 mm, F=2.071 mm. The
object distance was set near 9 mm. In addition, we
marked 3 pairs of points on the component in order to
reduce the manual error.

After obtaining the stereo images as shown in
Fig. 9, we first estimated the disparity values of the
6 points through stereo matching. Then the world
coordinate values of 6 points were calculated. And
finally the distance between each pair of points can be
achieved, h, = 1.985 mm, h, = 1.926 mm, h, =
1.962 mm. The average value was 1. 958 mm. Then
we can get the measurement accuracy: 1. 958/1. 98 X
100% = 98. 89% Obviously it met the requirement.
The experimental results demonstrated that our theory
is valuable and can be offered for optimization design of
the binocular stereo vision system which is applied in

small scale measurement.

Fig. 9 Stereo images after rectification

5 Conclusion

As a significant 3D measurement method,

binocular stereo vision measurement technology has
incomparable superiority, especially for product real-
time online monitoring field. In this paper, we analyze
the influence of pixel discontinuity on the measurement
accuracy as well as the relationship between structural
parameters and distance measurement errors when a
compact binocular stereo vision system is used for
measurement in small scale. The valuable theoretical
principles can be offered for optimization design.
Utilizing our theory, the parameters of the system can
be preliminarily determined based on the requirement of
the measurement accuracy, or the measurement
accuracy of the system can be estimated if given the
relevant parameters. Our research can broaden the
application areas of  binocular  stereo  vision
measurement technology in small scale measurement,
such as 3D detection applied to MEMS devices.

References

[1] JAIN A K, ROSS A, PRABHAKAR S. An introduction to
biometric recognition[ J]. IEEE Transactions on Circuits and
Systems for Video Technology» 2004, 14(1); 4-20.

[2] AGUILAR ] J, TORRES F, LOPE M. Stereo vision for 3D
measurement; accuracy analysis, calibration and industrial
applications[ J]. Measurement, 1996, 18(4): 193-200.

[3] SHRIVASTHAVA P, VUNDAVILLI P, PRATIHAR D. An
approach for 3D reconstruction of environment using stereo-
vision system[ C]. IEEE Region 10 Colloquium and the Third
International Conference on Industrial and Information
Systems, 2008; 1-7.

[4] LONG Hui-min, GUO Hai-yan, LIANG Feng, etal. Distance
measurement algorithm based on binocular stereo vision[ ] ].
Applied Mechanics and Materials, 2014, 635 948-952.

[5] XIANG Rong.

dimensional coordinates of tomatoes acquired using the

Measurement error analysis of three

binocular stereo vision[ CJ. 7th International Symposium on
Advanced Optical Manufacturing and Testing Technologies,
2014 92840K-92840K-6.

[6] ZHOU Xing, GAO Zhijun.

development of stereo vision technology [ J]. Jouwrnal of

Application and future

Engineering Graphics, 2010, 4. 50-55.

[7] GOLNABI H, ASADPOUR A. Design and application of
industrial machine vision systems[J]. Robotics and Computer-
Integrated Manu facturing » 2007, 23(6): 630-637.

[8] ZHANG Jian-xin, DUAN Fa-jie, ZHONG Ming, et al. Study
on application of binocular sensor in 3D measurement[]J]. Acta
Metrologica Sinica s 1999, 20(1): 96-100.

[9] SAEZ J M, ESCOLANO F. A global 3D map-building
approach using stereo vision [ C]. 2004 IEEE International
Conference on Robotics and Automation, 2004, 2. 1197-1202.

[10] WU Wan-rong, SHI Jian. Down-the-hole drill position based
on mechanical mechanics and binocular stereo vision [ ] ].
Advanced Materials Research » 2014, 908 . 291-295.

[11] LIU Jian-wei, LIANG Jin, LIANG Xin-he, et al. Industrial
vision measuring system for large dimension work-pieces[]].
Optics and Precision Engineering , 2010, 1. 126-134.

[12] SUN Jun-hua, ZHANG Guang-jun, WEI Zhen-zhong, et al.
Large 3D free surface measurement using a mobile coded
light-based stereo vision system[ ]J]. Sensors and Actuators
A: Physical, 2006, 132(2): 460-471.

1011001-5



kT ow i

[13]

[14]

[1

-

o]

]

CAI Hui-min, ZHU Wei, LI Ke-jie, et al. The simple model
of large scale co-ordinate measuring system and its error
analysis [ C], International Symposium on Photoelectronic
Detection and Imaging 2011: Advances in Imaging Detectors
and Applications, 2011: 81942B-81942B-7.

GABAI H, SHAKED N T. Dual-channel low-coherence
interferometry and its application to quantitative phase
imaging of fingerprints[ J]. Optics Express, 2012, 20(24) .
26906-26912.

JIN S, CHO J, DAI P, FPGA design

et al. and

[16]

[17]

1011001-6

implementation of a real-time stereo vision system[]]. IEEE
Transactions on Circuits and Systems for Video Technology ,
2010, 20(1) . 15-26.

MURRAY D, JAMES ]J. Using real-time stereo vision for
mobile robot navigation[ ] ]. Autonomous Robots, 2000, 8
(2): 161-171.

AGRAWAL M, KONOLIGE K. Real-time localization in
outdoor environments using stereo vision and inexpensive gps

[C]. ICPR, 2006, 3. 1063-1068.



