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Abstract To acquire range information for mobile robots, a
TMS320DM642 DSP-based range finding system with
binocular stereo vision is proposed. Firstly, paired images
of the target are captured and a Gaussian filter, as well as
improved Sobel kernels, are achieved. Secondly, a fea-
ture-based local stereo matching algorithm is performed
so that the space location of the target can be determined.
Finally, in order to improve the reliability and robustness
of the stereo matching algorithm under complex condi-
tions, the confidence filter and the left-right consistency
filter are investigated to eliminate the mismatching
points. In addition, the range finding algorithm is im-
plemented in the DSP/BIOS operating system to gain
real-time control. Experimental results show that the
average accuracy of range finding is more than 99% for
measuring single-point distances equal to 120cm in the
simple scenario and the algorithm takes about 39ms for
ranging a time in a complex scenario. The effectivity, as
well as the feasibility, of the proposed range finding
system are verified.

Keywords DSP-based, binocular stereo vision, range

finding, improved Sobel kernels, confidence filter,
left-right consistency filter, DSP/BIOS operating system
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1. Introduction

Localization, map building and obstacle avoidance are
mostly performed using 2-D maps and 2.5-D maps for
navigation, the key component for that is the range sen-
sor. Different kinds of sensors can be used for this pur-
pose, for example, laser range finder, radio direction and
ranging (RADAR), sonar, video cameras, etc. Laser range
finder and RADAR are usually used in land-based rovers
for their high accuracy and large effective rangel!l. Sonar is
the first choice for underwater robotsl?, which is also
widely used in ground robots for short range obstacle
detectionPl. In recent years, as computational power and
image quality has improved, stereo vision has become the
most widely used computer vision-based technique for
acquiring range information of scenery 5. Stereo vision
has been extensively researched for decades because im-
ages contain more information than other range sensors.
The single frame stereo vision system was used for obsta-
cle avoidance during the DARPA Grand Challenge 2005
by TerraMax®. The Sato Laboratory of Osaka in Japan
applied the techniques to tracking the location of moving
objects of complex shapes in the imagel”l. Lee et al.l®l pre-
sent a stereo vision-based vehicle detection approach on
the road, using a road feature and disparity histogram.
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They verify the performance of the proposed method by
conducting experiments in various real traffic situations,
the average recall rate of vehicle detection is 95.5%. In
Chiang et al. ), a stereo vision 3-D position measurement
system for a three-axial pneumatic parallel mechanism
robot arm is presented, the experimental results show that
the measurement system can successfully track and
measure the fifth-order polynomial trajectory and sinus-
oidal trajectory of the end-effector of the three-axial
pneumatic parallel mechanism robot arm.

Currently, the focus of the study in this domain is on de-
signing, from simple image processing techniques to
complicated image recognition skills. In Song and
Chlen, a visual tracking system for a home robot to
pursue a person is presented, in which an image pro-
cessing system has been developed to extract facial fea-
tures using a web camera. Kristian and Wilfried'l pro-
pose a novel stereo matching algorithm that is designed
for high efficiency when realized in hardware, the reali-
zation is presented as an Intellectual Property (IP) core
that is designed for deployment in Field Programmable
Gate Arrays (FPGAs) and Application Specific Integrated
Circuits (ASICs). Pathirana et al.l'?l examine the problem
of visual simultaneous localization and mapping (SLAM)
using recently developed ideas and algorithms from
modern robust control and estimation theory. A nonlinear
model for a stereo vision-based sensor is derived, which
converts the nonlinear SLAM problem into the linear
domain and solved using a robust linear filter. A number
of illustrative examples are given using both simulated
and real vision data that further validate the proposed
method. Xiao et al.'¥ investigate the performance of a
unique high-speed range sensor based on the stereo vision
principle for 3-D shape acquisition of animals. Due to the
novelty of the sensor and the application, they believe that
their evaluation of the sensor’s performance will inspire
new applications to follow using similar types of dynamic
3-D acquisition technology.

However, the majority of the equipment mentioned in
these papers are for commercial purposes and therefore
extremely expensive. In addition, the visual techniques
achieved above need a series of complex operations to
obtain the range information of the detected images.
Hence, they are not suitable for general research and time
critical applications. In this paper, we aim to configure a
DSP-based range finding system that requires high re-
al-time with low cost. In the following: Section 2 presents
an overview of the range finding system. Then we de-
scribe the fundamentals of stereo matching and present
our novel algorithm in Section 3. Our experimental results
are shown and analysed in Section 4. Finally, Section 5
presents our conclusions.
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2. Overview of the range finding system

The range finding system presented in this paper is com-
posed of two CCD cameras, a DSP processor, a LCD
monitor and a JTAG. Target images are captured by two
CCD cameras and saved in the buffer in the form of digital
array, then the image data are delivered by an EMIF in-
terface. The DSP used in our system is the Digital Media
Processor TMS320DM642, a fixed-point DSP with high
performance specialized for video or image processing,
which allows for 4800MIPS processing capacity when the
clock rate is 600MHz. Due to its strong computational
capabilities, it can achieve real-time multi-channel video
capture and realize complex image processing. The com-
pound signal captured from the camera is converted into
a YUV(4:2:0) digital image format performed by a
TVP5150 digital converter and sent to the TMS320DM642
to be stored in the FIFO buffer. If the FIFO is full and
overflows, the captured digital image data are automati-
cally transferred to the SDRAM, which is controlled by the
EDMA of the TMS320DM642. Once the data processing is
completed, the results will be output to the LCD or PC
monitor.

The range finding algorithm is divided into three steps:
the input/output processing procedure, the target image
processing procedure and the acquire range information
procedure, which is shown in Fig. 1. In the image in-
put/output processing step, the original image with reso-
lution of 720 x 576 will be compressed into 360 x 288 size
by the decoder chip built on the TMS320DM642. In order
to save CPU usage, the image data is compressed and sent
to the EDMA to be saved. In the target image processing
step, we adopt a Gaussian filter to reduce noise influence
on the image matching results. Then improved Sobel edge
kernels are used to extract the target features, which will
be presented later. In the acquire range information step, a
feature-based matching strategy is applied to find the
correspondence points between the left image and the
right image.
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Figure 1. Range finding algorithm procedures
3. Proposed algorithms for range finding
3.1 Preprocessing techniques

In the presented range finding system, instant images of
the target are captured with analogue cameras, meaning
noise inevitably exists. Therefore, necessary preprocessing
should be conducted. Original images are converted to
greyscale and a Gaussian filter is selected to reduce the
impact of noise. It is known that a Gaussian filter is a
convolution operator that is used to ‘blur’ images and
remove detail and noisel'#!%l. Because its frequency re-
sponse shows no oscillations and the shape of the fre-
quency response curve is itself (half a) Gaussian, by
choosing an appropriately-sized Gaussian filter, we can be
fairly confident about what range of spatial frequencies
which are still present in the image after filtering, which is
not the case with a mean filter. It also turns out to be very
similar to the optimal smoothing filter for edge detec-
tionl'?l. The Gaussian distribution in 1-D has the form:

1
- , 1
\N2mo @

where x denotes a free coordinate and o is the standard
deviation of the distribution.
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In 2-D, an isotropic (i.e., circularly symmetric) Gaussian
has the form:
_)C2+y2

e 207 )

2 7

G(x,y,0)=
( 7 ) 2rc
where x, y denote two free coordinates and o is the
standard deviation of the distribution.

It can be observed from Eq. (2) that the Gaussian kernels
are isotropic, i.e., their characteristic is perfectly symmet-
ric in all directions. After short scrutiny of Eq. (2), we
notice that this formula can be expressed in the following
form:

~ 2 1 ~ 32
207
e

1
B x/ﬁa 27r0'e - zg(x,O')g(y,O'),
3)

where g (~, 0') is a 1-D Gaussian function given as Eq. (1).

G(x,y,0)

The formulas (1) and (3) mean that the 2-D Gaussian
kernel Eq.(2) can be separated into two operations of the
1-D kernel. This very important feature allows much
faster implementation of multidimensional Gaussian
filtering. If the image quality is the first factor to be
considered, the Gaussian kernel is usually the preferred
smoothing filter. The results of Gaussian filtering can be
seen from Fig. 2.
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(a) Original image (b) Gaussian filtering results

Figure 2. Gaussian filtering results
3.2 Improved Sobel kernels

The Sobel operator performs a 2-D spatial gradient
measurement on an image and so emphasizes regions of
high spatial frequency that correspond to edges!'”-1l. It is
based on convolving the image with a small, separable
and integer-valued filter in horizontal and vertical di-
rections, and is therefore relatively inexpensive in terms
of computations. The operator consists of a pair of 3x3
convolution kernels as shown in Fig. 3. One kernel is
simply the other rotated by 90°. The kernels can be ap-
plied separately to the input image, to produce separate
measurements of the gradient component in each orien-
tation (call these Gx and Gy). These can then be combined
together to find the absolute magnitude of the gradient
at each point and the orientation of that gradient. The
gradient magnitude is given as Eq. (4).

|G| =yGx* + Gy, )

-1 0 |+ +1 | 2 | +1

-2 0| +2 0 0 0

-1 0 |+l -1 ]2 -
G G

Figure 3. Classic Sobel kernels
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Figure 4. Improved Sobel kernels

On the other hand, the gradient approximation which it
produces is relatively crude, in particular for high fre-
quency variations in the image. Therefore, in order to
improve the accuracy of edge detection, the number of the
mask is increased from 2 to 8, which is shown in Fig. 4.
Then we apply the classic kernels and the improved ker-
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nels to an input image, respectively, the results are shown
in Fig. 5. From the results we can see that the improved
Sobel kernels can not only suppress most noise, but also
eliminate false edges.

(a) Classic Sobel kernels  (b) Improved Sobel kernels

Figure 5. Results of classic Sobel kernels and improved Sobel
kernels

3.3 Stereo matching strategy

Generally speaking, there are two kinds of stereo match-
ing algorithmPl: global-based stereo matching?*??land
local-based stereo matching!®. In recent years, there is a
compromise two, ie.,
semiglobal-based stereo matching?. The global and the
semiglobal algorithms can apparently improve the per-
formance of the disparity image. They can solve the
problems that arise from accurately matching the pixels of
weak texture regions and occluded regions, and get a
dense disparity map, but they are of high computation
complexity with low matching efficiency. The local stereo
matching algorithms can easily obtain the accurate paral-
lax in rich texture regions, but in textureless or weak tex-
ture regions, the accuracy of the stereo matching is low.
Since real-time of the stereo matching algorithm is partic-
ularly crucial for a robot in real environments, a fea-
ture-based local stereo matching algorithm that uses im-
proved Sobel kernels is performed in the proposed range
finding system.

between the above

Fig. 6 depicts an imaging configuration comprising two
projective systems. They create a stereoscopic image ac-
quisition system, which is based on two pin-hole cameras.
Ci and Cr denote the optical centre of the left camera and
the right camera, respectively. The line connecting the
centres’” point Ci and C; is called the base line L. A plane
determined by a given 3-D point P and the projective
centres Ci and Cr are called the epipolar plane II,. Pa-
rameter f is the focal length of the left camera and the right
camera. The difference between coordinates dx, and dx,
is called a horizontal disparity on the left image and the
right image, respectively. dX, and dX, are the distances
from the target to the left camera optical axis and the right
camera optical axis, respectively. x,is the horizontal co-

ordinate of the target in the left image and x, is the hor-

izontal coordinate of the target in the right image. Z is the
distance from the target to the base line L (depth of the
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scene). /i, is the horizontal centre coordinate of the left

image and /, is the horizontal centre coordinate of the
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Figure 6. Standard binocular stereo vision system configuration

Considering the similar triangles in Fig. 10, we obtain:

X, Z
= ©)
dx, f
dx, Z
== ®)
di, [
In the same way, we can also obtain:
Zxdx, Zxd
L=dX,+dx, =225 22X )
f
where
dx, =(x, — b ) x the actual light sensing pixel distance
dx, =(x, —h,) x the actual light sensing pixel distance .
Combine Egs. (5) ~ (7), we can get:
_ Lxf Lxf
- (dx, +dx,) N (x, —x,) x the actual light sensing pixel distance
)

Similarly, we can obtain the 3-D horizontal coordinate and
vertical coordinate of the target as shown in Egs. (9) and
(10), respectively.

ay =52 ©)
S
ay =2 (10)

f

where dx is the horizontal coordinate of the target in the
image plane, dy is the vertical coordinate of the target in

the image plane.
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3.4 Postprocessing techniques

To qualify the effectiveness of the proposed algorithm in a
complex scenario, such as two objects in the scene, some
postprocessing steps are taken, which are shown as fol-
lows:

Step 1: Considering the real-time required for robotic
applications and the low correct matching rate in regions
with low texture or without texture, we use the confidence
filter to eliminate the mismatching points. A function
S(R) shown in Eq.(11) is defined to detect a region,

whether it is low texture or textureless.

Var (Rgrey )

f(Ri) = Var(Rdisparity ) v (11)

where R, denotes the ith region in the image; R__ is the

grey

variation of the greyscale and R, is the variation of

isparity

the disparity; J is a small constant, usually set to 0.01.

Obviously, the pixel grey value varies very little in the
weak texture or textureless regions of the image. There-
fore, it can be seen from Eq. (11) that the smaller the value
of function f'(R,), the greater the likelihood of the region

having low texture or no texture.

Step 2: The left-right consistency filter is applied to
smooth the occluded regions, the disparity map d, (x, y)

based on the left image, as well as the disparity map
d, (x, y)based on the right image, can be obtained. For

the correspondence points (x, R y) and (xr R y) , the fol-
lowing can be obtained:
{dl = dr ('xr7y)

dy=d,(x,+d,y) (12

where d is the disparity.

Since d, and d, are the disparities corresponding to the
same matching point, sod, = d,. We can obtain the dis-
parity map disp(x,,y) that has eliminated the mis-

matching points in the occluded regions using Eq.(13).

(d,+d,)
disp(xr,y) = 2
0, else

, |d, —d,|<1 13
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4. Experimental results analysis
4.1 Experimental parameters

The camera used in our system is the analogue camera
OC-1350D with PAL format, which is about 0.41
mega-pixels (720 x 576). The light sensor is 1/3 inch. In
order to simulate the human vision system (HVS), the
most common method is to place two cameras with the
same parameters in parallel optical axes with a distance of
6cm. Since camera calibration is a crucial step to accu-
rately determine the relation between the image of the
target and its physical dimension, in this paper, we refer
to the Open Source Computer Vision library (OpenCV)
and take into account the radial distortion and tangential
distortion, then the Harris corner detection algorithm!®! is
applied to extract feature points. Parameters calibrated
based on OpenCV are shown in Table 1.

Values
[1912.569 2091.546]

Parameters

focal lengths / (pixel)

principal point [351.500 287.500]

coordinates/(pixel)
u axis and v axis cross
angle/(degree) 90.000
. . .. [-0.116 -0.376 0.003
distortion coefficients 0.003 0.000]
position errors [0.287 0.253]

Table 1. Calibrated camera parameters

‘ | | '
(b) Sobel edge detection result
Figure 8. Stereo matching results in a simple scenario

(a) Left image

Left image and right image are rectified with the parame-
ters in Table 1 and the left image is taken as the reference
image, a sparse disparity map is obtained with the stereo
matching algorithm proposed in this paper. The matching
window size is 15x15, the maximum of the disparity search
range is 48 and the minimum is 0. It is necessary to deter-
mine the coordinate system before calculating the target
3-D coordinates. As is shown in Fig. 7, the origin of the
coordinate system is set in the middle of the line between
the optical centres of the left camera and the right camera.

Figure 7. Coordinate system defined for proposed system
4.2 Experimental results and analysis

To test the accuracy of range finding, an object with edges
and corners is put in front of the binocular stereo vision
cameras. Fig. 8 shows the experimental results obtained
from a very simple scenario, in which (a) is the left image,
(b) is the Sobel edge detection result of the left image and
(c) is the stereo matching result. The distance between the
target and the origin of the coordinate system is meas-
ured. It is taken for 10 groups and the average accuracy is
more than 99% together with the relative average error
being only about 0.37% for measuring single-point dis-
tances equal to 120cm according to Table 2.

(c) Disparity map

Parallax (x, - x,)/(pixel)  Actual distance/(cm) Measured distance/(cm) Accuracy/(%)
69 120 119.54 99.62
78 107 106.50 99.53
92 91 90.75 99.73
93 90 89.69 99.66
100 82 81.67 99.60
101 81 81.18 99.78
109 75 75.22 99.71
112 73 73.20 99.73
123 67 66.66 99.49
125 64 64.31 99.52

Table 2. Range finding results in a simple scenario

Int J Adv Robotic Sy, 2012, Vol. 9, 27:2012
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(a) Left image

(b) Disparity map without filtering

(c) Disparity map after texture filtered (d) Disparity map after consistency filtered

Figure 9. Disparity map postprocessing results in a complex scenario

Fig. 9 shows the disparity maps produced by the pro-
posed postprocessing techniques. Higher disparities
(closer objects) are indicated by white colour. In the fig-
ure, the closest disparities are around 48, while the fur-
thest are about 3. Fig. 9(a) is one of a stereo pair after being
filtered. Fig. 9(b) is a disparity map obtained from the
proposed strategy,
postprocessing. In Fig. 9(c), textureless regions are re-
jected by the confidence filter and they appear black in the
figure. Application of a left-right consistency filter elimi-
nates the errors in portions of the image with disparity
discontinuities, as in Fig. 9(d). As shown in Fig. 9, both the
confidence filter and the left-right consistency filter are
proved to be effective at eliminating bad matches.

stereo matching without any

General PC system DSP/BISiZieraﬁng
CPU cycle Time—c(cr)rrzzl)mﬁng/ CPU cycle Time-c(cr)gz;mﬁng/
450739544 751.233 2366240 39.44
450606872 751.011 2371344 39.52
450582408 750.971 2343920 39.07
450686928 751.145 2360584 39.34
450838296 751.397 2343144 39.05
450728984 751.215 2372400 39.54
450676104 751.127 2350016 39.17
450552816 750.921 2370416 39.51
450579216 750.965 2346016 39.10
450757704 751.263 2358272 39.30

Table 3. Comparison of the time-consuming between the general
PC system and the DSP/BIOS operating system

www.intechopen.com

In addition, the proposed range finding algorithm is de-
veloped in the DSP/BIOS real-time operating system. The
TMS320DM642’s timers are used in the experiments and
the CPU clock cycle is taken as the time base, then the time
taken by detecting the distance between the target and the
cameras is measured, which is only about 39ms for rang-
ing a time. However, the general PC system requires
about 750ms for the same process. Comparison of the
time-consuming is shown in Table 3.

5. Conclusions

In this paper, a DSP-based range finding system is pro-
posed. Because of the strong computational capabilities,
our range finding system uses the TMS320DM642 DSP
produced by TI as the computation platform. To evaluate
the performance of the proposed range finding algorithm,
the distance between the target and the origin of the co-
ordinate system is measured in a simple scenario, the
average accuracy is more than 99% together with the rel-
ative average error being only about 0.37% for measuring
single-point distances equal to 120cm. Additionally, the
postprocessing filters are applied to eliminate mismatches
caused by textureless or low texture regions and discon-
tinuities in a complex scenario. The algorithm is devel-
oped in the DSP/BIOS real-time operating system. Ex-
periments of range finding take only about 39ms each
time, and the general PC system requires about 750ms for
the same process. If the stereo matching accuracy in the
regions without texture or low texture is further im-
proved, the proposed system can be applied to robotic
navigation in unstructured environments.

Xiao-bo Lai, Hai-shun Wang and Yue-hong Xu:
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