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Abstract 
 
Usually, a humanoid robot has two arms and stereo vision system to execute human daily actions. It has complicate mechanism and 

mechatronics control system structure. The hardware control structure should be planned ingeniously to execute the complicate computa-
tion of 3D image processing and manipulate a multi degree of freedom dual arms motion control, especially for mobile robot system. 
Here a 7 DOF dual arms robot with FPGA hardware control structure and a digital signal processor (DSP) based CMOS stereo vision 
system are designed and built in our lab. The intelligent fuzzy sliding mode control strategy is employed to establish the visual guided 
robotic motion control software. This low cost humanoid robotic system has compact control structure and mechanism integration for 
mobile application purpose. Object detecting and tracking schemes in 3D space were developed for locating the target position and then 
guided the robot arm to pick and place objects or track the specified moving target. Experimental results show that this delicate robotic 
system has basic humanoid function.  
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1. Introduction 

Due to the demand of humanize robotic functions, the in-
formation technology, artificial intelligence and robotic tech-
nology are integrated together to develop intelligent humanoid 
robot. Many human daily actions are guided by the vision 
information of our two eyes. Hence, the real-time machine 
vision is an important tool for intelligent robot to work in in-
teractive random environment. How to integrate the machine 
vision feedback information with intelligent control strategy 
for developing intelligent vision servo robotic control system 
become a challenge research topic. The controller is expected 
to drive the robotic arms executing the desired actions, i.e. 
static object grasping or moving object tracking based on real-
time vision information.  

Stereo vision system was proposed by employing two cam-
eras to take a pair of images for deriving the depth information 
from 2D plane images. Its application fields will be greatly 
expected. However, the data operation of stereo vision image 
processing needs quick computing speed and large memory. 
Usually, they were constructed on PC based structure or 
multi-CPU combination [1]. This hardware structure cannot 

be implemented on compact movable systems, i.e. mobile 
robot due to the volume and energy consumption factors. For-
tunately, the operation speed and capacity of DSP has tremen-
dously increasing in this decade due to the development of 
semi-conductor and digital circuit design technology. It is 
good enough to be used for developing the stereo vision sys-
tem for movable stand-alone platform. TMS320C54x DSP is 
firstly employed to implement a single CCD camera image 
extraction system with 1.5 sec cycle time for 1M image pixels 
[2]. Bensrhair et al. [3] designed a simple stereo vision system 
with two CCD cameras by using three sets of TMS320C31 
DSP to estimate the image depth information.  

Vision servo robotic control system was firstly proposed by 
Hill and Park [4] for non contact measuring purpose. Hutchin-
son et al. [5] established the literature overall review of robotic 
manipulators visual servo control and classified them into 
position-based and image-based two categories correlated to 
the error signal definition. Stereo vision had been used to scan 
the robot environmental scene and construct the stereo geo-
metric model or 2D plane map for mobile robot navigation 
and obstacle avoidance applications [1-3, 6]. Kuo et al. [7] 
developed an image servo robotic control system for surgical 
application. Nagai and Tanaka [8] used an image sensor for 
assisting the mobile robot localization and error correction. 
Yang and Tayebi [9] developed a trajectory tracking controller 
for a B21R wheel mobile robot with a single vision camera 
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and sonar sensors.  
Hand-eye harmonizing capability is an important human 

advanced biological actions, it should be a key function of 
visual servo humanoid robotic system. Currently, how to de-
velop a robotic control system with hand-eye coordination 
ability is a main research objective. Although, current single 
system on programmable chip (SOPC) can provide fertilize 
functions for the servo control, image processing and network 
communication to operate on the single chip by software and 
hardware implementation, most of the FPGA chips are firstly 
used in communication and signal processing purposes. Cur-
rently, it has been employed in motor control [10], the PID 
control of robotic arm [11], and mini robot football game con-
trol [12]. This chip provides the functions of motion control, 
sensing signal integration and network communication. How-
ever, both the stereo vision image processing and multi degree 
of freedom humanoid robotic control system need large com-
putation operation, SOPC is not suitable for developing this 
intelligent visual servo control system. Here, a DSP processor 
is employed to operate a stereo vision system with two CMOS 
color image sensors and a FPGA chip is used to design the 
intelligent control system for a dual arms robotic manipulator. 
The stereo vision system extracts the interactive target posi-
tion and then sends it to the FPGA robotic joint servo control-
ler as the motion command through the UART communica-
tion interface.    

The capability of hardware control structure will influence 
the implementation of control algorithms. If the robotic sys-
tem dynamic model is well known and the central control 
CPU has quick enough operation speed, the traditional model-
based computed torque method has an excellent control per-
formance [13]. However, the accurate dynamic model for a 
multi-axis manipulator is difficult to establish and the compu-
tation burden is overload for an onboard chip due to the com-
plicate nonlinear and coupling dynamics. Hence the model-
free intelligent control scheme is adopted in the robotic mo-
tion control field [14, 15]. The design of a traditional fuzzy 
controller depends fully on an expert or the experience of an 
operator to establish the fuzzy rule bank. Generally, this 
knowledge is difficult to obtain. A time consuming trial-and-
error processes is required to achieve the specified control 
performance. Hence, a self-organizing fuzzy controller with 
learning ability was proposed in [15], new establishing proc-
esses of the fuzzy rules bank had been found based on output 
error and error change for reducing the trial-and-error effort. It 
simplifies the designing processes and facilitates the imple-
mentation of a fuzzy controller. However, its complicated 
learning mechanism and 2D fuzzy rules table are still a big 
computation loading for onboard CPU system. Here, 1D adap-
tive fuzzy sliding mode control strategy [16] is adopted and 
further modified to design the individual controller for each 
joint. A novel gain scheduling algorithm is introduced to mod-
ify this control algorithm for improving the overall control 
performance. It can on-line adjust the fuzzy control parame-
ters in response to system transient and steady state responses 

requirement. This approach can reduce significantly the bur-
den of data base and computing time for increasing the sam-
pling frequency and it has learning ability to regulate the fuzzy 
control gain continuously based system output error. Here, the 
intelligent fuzzy sliding mode control strategy is implemented 
on a new built dual arms robotic manipulator for visual guided 
motion control purposes. 

 
2. System structure and kinematics 

The overall system hardware structure of this visual servo 
robotic manipulator system is shown in Fig. 1. It can be di-
vided into 7 DOF dual arms mechanism, a TMS320C6416 
DSP based stereo vision, a pair of CMOS image sensors and a 
lab. made daughter card; and a FPGA based dual arms joints 
controller with a Atera Nios II embedded SOPC development 
kit three parts. The UART communication interface is de-
signed to send the extracted object position and image pattern 
characteristics information from stereo vision system to SOPC 
robotic joints controller. Two PAS6311LT CMOS color im-
age sensors are selected to construct the stereo vision system. 
Each arm of this dual arms robot has three degree of freedoms 
and one additional rotational joint in the waist. The Nios II 
development board is specified to send digital control signals 
to the lab. made DC servo motor drivers for actuating each 
joint motor of the robotic system; and detect each joint motor 
angular position for constituting a multi inputs closed loop 
control system. A PC is employed to install TI code composer 
studio of DSP developing software, Quartus II 6.1 and Nios II 
application software for developing the overall system control 
software.   

The daughter card, as Fig. 2, is designed to extract image 
from CMOS sensors and work as the UART communication 
interface. It includes DSK and CMOS I/O connection ports; 
RS232 interface conversion IC HIN232, voltage conversion 
IC Lm317 and Lm7805 and one oscillator for CMOS sensors 
external input timer. It was designed based on circuit design 
software Protel and plotted it into PCB for exposition and 
etching processes. In order to extract the image signals from 

 
Fig. 1. Visual guided dual arms control system structure. 
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two CMOS sensors for DSP stereo vision calculation, the 
PCLK signal is used to synchronize the pixels data output 
operation. Vertical synchronize (VSYNC) is specified as the 
synchronous signal for each image transfer beginning clock. 
Horizontal synchronize (HSYNC) is used for raw pixels data 
transfer synchronizing. The VSYNC signal is accompanied 
with PCLK signal and external interrupt controller to com-
mand the C6416DSK for executing synchronize memory data 
read/write through the QDMA transfer channels [17]. QDMA 
data transfer operation only needs specified source and object 
memory addresses, their address variation locations, number 
of data bits, and the priority of data transferring. It does not 
need to occupy the CPU source. One port of DSP is planned 
to use as UART (RS232) communication port for sending the 
six bytes Cartesian coordinates information into FPGA robotic 
joint controller for visual servo purpose. In order to guarantee 
the correctness of receiving data, the coordinates information 
can be sent twice for double checking process. 

The dual arms robotic manipulator with rotation waist was 
designed and built in our lab. Each arm has two rotational 
degrees of freedom and one gripper. The manipulator linkage 
connection plot and Denavit Hartenberg link parameters are 
shown in Fig. 3. Generally, the end-effector working position 
or motion path in Cartesian space are converted into control 
variables in joint coordinates for controlling purpose by using 
the inverse kinematics and Denavit-Hartenberg transformation 
matrix. Although some efficient analysis methods had been 
proposed [18, 19], they are time consuming and complicated 
mathematical operations. Based on the robot link parameters, 
and forward kinematics calculation, the Denavit-Hartenberg 
transformation matrix can be derived and described by using 
the robotic D-H parameters ia  and iθ . Then the joint angle 

iθ  corresponding to the visual extracted object Cartesian 
coordinates ,( , )x y zp p p can be solved in FPGA control card 
by comparing the D-H matrix components and some trigono-
metric functions operations based on following steps: 
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3. Object detecting and stereo matching  

How to distinguish the object and background in an image 
is an important technique for machine vision practical applica-
tion. Different detecting schemes were proposed for various 
objects and environments. If the shape or color of a specific 
object is pre-defined, they can be used to detect the object for 
simplifying the searching process [20]. Their general purpose 
application is limited. Background subtraction scheme [21, 22] 
used a pre-defined environmental background model stored in 
database for comparing with current captured image. Subtract-
ing the background image model from current extracted image 
information can obtain the coming or moving object. Its ro-
bustness is limited to fixed background condition. Here, hori-
zontal and longitudinal projection schemes were employed to 
detect the relative positions of static and moving objects in a 
whole picture. Since the projection algorithm is focused on 
one 2D image picture to locate the object area without any 
depth information, a pair of image pictures should be extracted 
simultaneously to execute the stereo matching and image 
depth calculation for constructing 3D stereo coordinates.  

 
3.1 Object detecting 

Before executing the object projection searching process, 
the original image must go through the image background 

 
Fig. 2. Image extraction and UART transfer daughter board. 

 

 
Fig. 3. Dual arms linkage mechanism and Denavit-Hartenberg parame-
ters. 
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subtraction, noise filtering and binary operations. In a binary 
picture, object is appeared as white color and background is 
depicted as black color, respectively. Based on horizontal and 
longitudinal projection operations, the relative position of an 
object edges and background connection points can be marked 
in picture. Its mathematical equation can be represented as: 

 

0
( , ) / 255.

height

i i
y

pjX frame x y
=

= ∑           (2) 

 
If 1 0ipjX − =  and 0ipjX > , mark the first horizontal point 

i of the object. 
If 0ipjX =  and 1 0ipjX + > , mark the second horizontal 

point 1i + of the object. 
It can be observed from Fig. 4 that certain image block with 

specific features were marked after this projection searching 
process. If the objects interval is too small or the object has 
surrounding noise, a couple of objects or surrounding noise 
will be marked together into a big block, as Fig. 4(a). Hence, 
second projection operation need be executed to distinguish 
too closing objects or object with surrounding noise as Fig. 
4(b). This projection operation can only mark the possible 
object location in an image. Additional criterion should be set 
to extract the specified object position. Here, the marked ob-
jects size and height difference of projection operations in 
right and left images are selected for comparison to accurately 
locate the specified object position.  

 
3.2 Stereo vision object detecting procedure 

Since the image sensor extracted raw data is used directly 
for image processing without color interpolation operation, the 
quality of CMOS extracted image will influence the back-
ground subtraction result. Here, gauss filter and one threshold 
value are selected to eliminate the noise points. The object 
searching projection operation can be employed to detect both 
the static and dynamic objects positions. For the first projec-
tion operation, the full image universal projection is executed 
to search existing objects. The second projection operation can 
be switched into local area projection operation. The searching 
range is shrunk into three times width and height of marked 
block for reducing computing time. If the local projection 
search is failed, the system should be switched back to univer-
sal projection. After successfully located the object, the stereo 
matching scheme will be employed to estimate the object 3D 

coordinate based on the relative position of object in right/left 
images. This object detecting procedure can be presented as 
Fig. 5. 
 
3.3 Stereo vision structure and stereo projection matching 

operation 

When we close one eye, all the object points in image pro-
jection line diffused from foci with different distances from 
eye will be projected at the same point on image plane. The 
depth difference between them cannot be estimated. Hence, 
we need another eye to extract the corresponding information 
for constructing stereo vision. Although, Kawasue and Ishi-
matsu [23] estimated the depth information of the moving 
point by using single camera shifting scheme. Zhu et al. [24] 
proposed a single camera based stereo vision idea by using 
optical reflection to convert single camera image into double 
images for depth estimation. Actually, they were still em-
ployed two images to calculate the depth information. In addi-
tion, the depth information estimation accuracy of these ap-
proaches is limited. Hence, the well accepted stereo vision 
system structure is constructed with two image sensors. The 
depth information can be calculated based on the optical geo-
metrical relationship of both left-right image sensors, as Fig. 6. 
This setup can distinguish the depth information difference of 
those points located in an image projection line of one CMOS 
sensor.  

Each COMS image sensor has its own focus and maximum 
view angle specification. For stereo vision detecting and 
measuring purposes, the object must be located within the 
overlapped zone of both CMOS image sensors visible ranges. 
The range of this common visible zone depends on the COMS 
specifications, two sensors installation interval and the angle 
between both CMOS optical axes. Here two CMOS are hori-
zontally installed with 17 cm interval to simulate human both 
eyes and both optical axes are parallel to simplify the 3D co-
ordinate calculation. It is located at the upper part of dual arms 
shoulder and integrated with this robotic structure as a hu-

 
Fig. 4. 1st and 2nd object projection searching results. 

 

 
Fig. 5. Stereo vision object detecting procedure. 
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manoid robot system for future human and robotic interaction 
and mobile robot application purposes. In order to derive ac-
curate 3D coordinates based on this stereo vision system, both 
parallel optical axes need be calibrated experimentally. The 
pixel space in image plane of this CMOS sensor is 3.6 mμ  
x3.6 mμ  found from specification. It can be used to calculate 
the CMOS focus based on the optical geometry relationship as 
Fig. 7. The calculation value is 2.7 mm.  

In order to reduce the image processing time, the universal 
and local projection operations are mixed together to locate 
the object. The universal projection operation is firstly applied 
on the right image to search the existing object and locate the 
relative position in the image. Then the left local image with 
approximate height range corresponding to right image ex-
tracted object is selected for local projection operation to re-
duce the image processing time. After this first step object 
locating, the local projection operation with 3 times of width 
and height searching range is employed for next sampling 
images object searching and stereo matching.  

 
4. Object depth estimation and 3D coordinate calcu-

lation 

When the moving object was targeted and the stereo match-
ing operation was completed, the object depth could be esti-
mated for 3D coordinate calculation. The optical geometry 
relationship of this stereo vision system can be displayed as 
Fig. 6. Then the object depth D can be derived as 

 
L D
l f
=  , R D

r f
=                       (3) 

( ) ( ) ( )D D Ds L R l r l r
f f f

= + = × + × = + ×     (4) 

s fD
l r
×

=
+

                        (5) 

 
where f  is the CMOS focus, s  is the distance between 
both CMOS sensors. L  and r  are the lengths of targeted 
object with respect to left and right CMOS optical axes, re-
spectively.  

Then 3D coordinates of this moving object can be calcu-
lated based on the defined coordinate direction as Fig. 7.  

 
DZ z
f
DX x
f

Y D

= ×

= ×

=

                            (6) 

 
5. Dual arms motion control algorithm 

Since, the multi degrees of freedom robotic control system 
has nonlinear and complicated dynamics behaviour, it is diffi-
cult to establish an appropriate dynamic model for the model-
based controller design, especially for the onboard microproc-
essor. Here the sliding mode concept [25-27] is combined 
with fuzzy control strategy to design a model-free fuzzy slid-
ing mode controller (FSMC) for robotic motion control. In 
addition, the fuzzy variables gains scheduling strategy is inte-
grated into the model-free fuzzy sliding mode control scheme 
for improving the transient response and steady state error 
performance. Theoretically, it will gradually approach the 
control objective, the origin of a phase plane. The fuzzy slid-
ing control scheme with fuzzy variables gain scheduling con-
trol block diagram is shown in Fig. 8. It is an enhanced and 
extended new development based on the original FSMC ap-
proach proposed by Huang and Lin [16] to achieve excellent 
dynamic performance.  

A sliding surface on the phase plane is defined as  
 

1 2 1( ) ( )ds t e e e
dt

λ λ= + = +          (7) 

 
where i id ie x x= −  are defined as the state control errors. This 
sliding variable, s , will be used as the input signal for estab-
lishing a fuzzy logic control system to approximate the speci-
fied perfect control law, equ . The perfect control law is de-

 
Fig. 6. Optical geometry relationship of stereo vision system. 
 

 
Fig. 7. X-Y-Z coordinate axes and CMOS optical axis relationship. 

 

 
Fig. 8. Fuzzy sliding mode control block diagram. 
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fined as the calculated control law based on sliding mode con-
troller algorithm and accurate system dynamic model. With 
this perfect control law, the closed loop control system has an 
asymptotical stability dynamic behavior. 

 
( ) ( ) 0s t s tλ+ =               (8) 

 
Since λ is a positive value, the sliding surface variable, s , 
will gradually converge to zero. Based on the definition of 
sliding surface variable, s , in Eq. (7), the system output error 
will converge to zero, too. In this study, a fuzzy system is 
employed to approximate the mapping between the sliding 
variable, s , and the control law, u , instead of model-based 
calculation. Here, the control law, u , is the inferential control 
input value of the proposed model-free fuzzy sliding mode 
controller used to manipulate each joint. This control law may 
have certain difference with respect to the perfect control law 

equ , then the following equation can be derived. 
 

( ) ( ) ( , )[ ( ) ( )]eqs t s t b X t u t u tλ= − + −       (9) 
 

Generally, ( )b X  is a positive constant or a positive slow 
time-varying function for practical physical systems. Multi-
plying both sides of the above equation with s  gives 

 
( ) ( ) ( ){ ( ) ( , )[ ( ) ( )]}.eqs t s t s t s t b X t u t u tλ= − + −    (10) 

 
Based on the Lyapunov theorem, the sliding surface reach-

ing condition is 0s s⋅ < . If a control input u can be chosen 
to satisfy this reaching condition, the control system will con-
verge to origin of the phase plane. It can also be found that s  
increases as u  decreases and vice versa in Eq. (9). If 0s > , 
then the increasing of u  will result in ss  decreasing. When 
the condition is 0s < , ss  will decrease with the decreasing 
of u . Based on this qualitative analysis, the control input u 
can be designed in an attempt to satisfy the inequality 

0s s⋅ < . The relating theory about the convergence and stabil-
ity of the adaptation process on the basis of the minimization 
of ss  can be found in Ref. [28]. 

Here, a fuzzy logic control is employed to approximate the 
nonlinear function of equivalent control law, equ . The control 
voltage change for each sampling step is derived from fuzzy 
inference and defuzzification calculation instead of the 
equivalent control law derived from the nominal model at the 
sliding surface. It can eliminate the chattering phenomenon of 
a traditional sliding mode control. The controller design does 
not need a mathematical model and without constant gain 
limitation. The system control block diagram is shown in Fig. 
8. The one dimensional fuzzy rules, Fig. 9(b), is designed 
based on the sliding surface reaching condition, 0s s⋅ < . The 
sliding surface variable, s , is employed as the one dimen-
sional fuzzy input variable.  

Here, eleven fuzzy rules are employed in this control sys-
tem to obtain appropriate dynamic response and control accu-
racy. The input membership functions are scaled into the 

range of -1 and +1 with equal span. Hence a scaling factor 
gs  is employed to map the sliding surface variable, s , into 
this universe of discourse. A scaling factor gu  is employed 
to adjust the value of control voltage. Membership functions 
of fuzzy input and output variables, and the fuzzy rules of the 
FSMC are shown in Fig. 9(a) and 9(b), respectively.  

The membership function used for the fuzzification is of a 
triangular type. The function can be expressed as  

 
1( ) ( )x x a w
w

μ = − − +              (11) 

 
where w  is the distribution span of the membership function, 
x  is the fuzzy input variable and a  is the parameter corre-
sponding to the value 1 of the membership function. The 
height method is employed to defuzzify the fuzzy output vari-
able for obtaining the control voltage of each joint control 
motor. Which is a nonlinear function derived from the fuzzy 
inference decision and defuzzification operation.  
 

1

m m
j j j j

m
jl l

jm m
j j

l l

U C
u C

μ μ
φ

μ μ

⋅ ⋅
= = ≡
∑ ∑

∑
∑ ∑

     (12) 

 
where m is the rules number and jC  is the consequent pa-
rameter. Here, eleven equal-span triangular membership func-
tions are used for the fuzzy input variable, s , and the fuzzy 
output variable, u. 

The divisions of this membership functions can be ex-
panded or shrunk by changing the scaling parameter of mem-
bership functions. The gain scheduling parameter is used to 
map the corresponding variables into this nominal range. In 
human beings’ intuition, when the joint angular error is large, 
the control voltage will be increased to provide more energy 
for driving the servo motor and reduce the angular error. On 
the other hand, when the error is approaching to the zero sub-
set of membership functions, the controller should provide 
fine tuning to correct the little change of angular error and 

(a) 
 

(b) 
 
Fig. 9. (a) Sliding variables fuzzy membership functions; (b) joints 
fuzzy control parameters and fuzzy control rules. 
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reduce the overshoot tendency. These two conditions can be 
traded off, by scaling the divided spans of membership func-
tions with a parameter. These mapping parameters are speci-
fied as gs , and gu  for the sliding variable and control volt-
age, respectively, whose values are shown in Fig. 10. The 
parameters values a , b , c  and d  for each joint are listed 
on Table 1. This approach is a novel gain scheduling 1D fuzzy 
sliding mode control structure. The values of these parameters 
are not critical for this gain scheduling fuzzy sliding mode 
controller. They can be roughly determined by simple experi-
mental tests. Then the same parameters values can be em-
ployed for different joint motion control with appropriate 
steady state accuracy. This control strategy can switch auto-
matically between different scales and divisions of member-
ship functions, by changing the gain scaling factor of mem-
bership function only. 

 
6. Experimental results and discussion  

In order to evaluate the dynamic performance of this visual 
guided dual arms manipulator system, reliability and imple-
mentation limitation, following experiments are planned and 
investigated. Both of the software programs and hardware 
system structure are tested with practical application condi-
tions. Software programs include moving object detection 
schemes, stereo matching strategy, stereo 3D coordinate cal-
culation, robotic motion control and overall cycle time tests. 
The hardware system structure evaluation consists of DSP 
image data acquisition, CMOS image sensor resolution, 
FPGA control structure, data communication and system op-
eration efficiency analysis. They are described in following 
sections, respectively. 

 
6.1 CMOS sensor pixel resolution and stereo vision system 

operation efficiency 

In the beginning, the pixel resolution of each CMOS image 
sensor is calculated based on CMOS pixels number and the 

effective optical visual field defined by depth. The appropri-
ately visible range of this CMOS stereo vision system for 
matching with dual arms robot working space is 350 mm to 
550 mm depth of field. The pixel resolution in depth axis, Y, 
is from 2.6 mm to 4.2 mm depends on depth value. The visi-
ble range in XZ perpendicular plane is from 2384 290mm×  to 

2567 427mm×  depends on depth value. The pixel resolutions 
on both X and Z axes is from 0.6 mm to 0.86 mm depends on 
depth value. The depth error must be calculated based on ex-
perimental results and each pixel influence analysis of left-
right image sensors, Eq. (5). The real measuring error in each 
component is less than 4 mm. A 32 bits timer of DSP board is 
chosen to estimate the executing time of each software pro-
gram block. The timer counter is set as eight times of C6416 
DSP kit operation speed (1 GHz), 68 10−×  ms/counter. The 
raw data extraction, image subtraction and binary operations, 
gauss filtering, projection and stereo matching operation times 
of both the universal projection and local projection are inves-
tigated. The raw data extraction is worked on full image and it 
takes 19.5 ms. The image processing and UART signal trans-
fer executing times of twenty times experimental tests average 
for both universal and local projections are 26.9 and 5.15 ms, 
respectively. Hence, the sampling frequencies of both 
schemes are 21 fps and 40 fps. Since the selection of cycle 
time should be the multiple of raw data extraction time, 25 fps 
is set for following experiments.  

 
6.2 FSMC robot motion control accuracy and stereo vision 

integration accuracy investigation 

Before executing the overall visual guided robotic motion 
control application, the robotic set point control accuracy of 
both arms using fuzzy sliding mode controller are checked 
first. The end-effectors of right and left arms are specified to 
move from (285, 0, 0 ) mm to (123.5, 428, 356) mm and (-250, 
160, 0) mm to (-45.5, 395.5, 368.8) mm, respectively. The 
final state control error are (-0.67, 0.40, 1.87) mm and (1.50, -
0.18, 0.34) mm for right and left arms end-effector, respec-
tively. It is good enough for following fixed point obstacle 
detecting and grasping operation. In order to evaluate the fea-
sibility of visual guided robotic arm object grasping, three 
experiments are executed in both arms working space to check 
the robotic manipulator kinematics, control accuracy and the 
corresponding stereo vision 3D analysis accuracy. The speci-
fied Cartesian coordinates, robotic arm reached position and 
the stereo vision extracted 3D coordinates are listed in Table 2 
for comparison. The related errors for both arms systems are 
under 4 mm in each components. It is acceptable for the ob-
jects grasping with dimension from 20 mm to 50 mm.  

 
6.3 Moving object 3D coordinates analysis  

The robot left arm holds a bar with an orange table-tennis 
ball stuck at the end and rotates the dual arms robotic waist 
joint to move the table-tennis ball into the stereo vision view-
ing range, as Fig. 11. Then the shoulder and elbow joints mo-

Table 1. FSMC gain parameters.  
 

 J0 J1 J2 J4 J5 

a 100 150 200 150 200 

b 3 2 6 2 6 

c 100 150 200 150 200 

d 3000 4500 5500 5500 5500 

 

 
Fig. 10. Gain scheduling parameters variation of FSMC controller. 
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tors are controlled to move within 20 ~ 60  for manipulat-
ing the left arm to move in Y-Z plane trice. The motion trajec-
tories of X, Y and Z components extracted from this stereo 
vision during this motion are plotted in Fig. 12. The height, Z 
component, has obvious sinusoidal wave motion and X and Y 
components have small deviation, respectively. The experi-
mental results show that this stereo vision system can detect 
and track the moving object in visual range and calculate its 
related coordinates with respect to the global base coordinate. 
It is useful for future moving object catching and human robot 
interaction applications.  

 
6.4 Moving object detecting and following 

The dual arms robot is specified to real-time face the mov-
ing object directly by adjusting the waist joint to track the 
object motion in X-Y plane. Shoulder and elbow joints control 
are employed to track the object Z axis up-down motion. The 
waist joint is employed to manipulate the dual arms robot base 
orientation for facing the object directly. The moving object 
tracking pictures of this integrated visual guided dual arms 

manipulator system are shown in Fig. 13. This experiment is 
planned to evaluate the frontage interaction function with the 
moving object of this dual arms visual guided robotic system.      

 
6.5 Multi static objects detecting and dual arms sequential 

stack operation 

In order to effectively utilize both arms, the main program 
has designed a routine to check which arm should be used to 
pick up the object. The reset/ready status are set as the waist 
joint angle is at 60 , the robot shoulders is paralleled to the X 
axis direction and face to positive Y axis direction. If the ste-
reo vision detected object is located at positive X coordinate 
value, the near right arm is actuated to grasp it. If the stereo 
vision detected object is located at negative X coordinate 
value, the near left arm is actuated to grasp it. Then three ob-
jects sequential stack operation is planned for implementation. 
An aluminum plate is placed by left arm in working space first 
to specify the stack location. The vision system detected this 
3D location as (-28, 407, 275) mm. Then right arm takes a ball 
frame to another location (61, 418, 361) mm detected by ste-
reo vision system. And a table tennis ball is brought by left 
arm to the top of the frame with extracted location (58, 415, 
408) mm. Then the right arm is driven to grasp the table tennis 
ball in hand first. The left arm is driven to grasp the ball frame 
and move to the specific stack location, the top of previous put 
aluminum plate. Finally, the table-tennis ball is brought to the 
top of ball frame by right arm for completing this operation. 
The sequential pictures are shown in Fig. 14. 

 
6.6 Dual arms robot pick-and-place a table tennis between 

four positions 

Two aluminum hollow pillars and one yellow ball track 
with small slope are put within the working space of the dual 
arms robot with stereo vision system. They are perpendicu-
larly fixed on a working table. In the beginning, the stereo 
vision system was used to extract the positions of the top of 
both pillars and both ends positions of the yellow ball track. 
The vision scene is a nature environment without any color or 
background enhancement. The dual arms robot is planned to 
pick-up a table tennis ball placed at the top of the right hand 
side hollow pillar with right arm end-effectors and then move 
to the top of the right higher end of yellow ball track. The 
robot right end-effectors puts the ball on the yellow ball track, 

Table 2. Specified position, robot reached position and stereo vision 
analyzed location in 3D Cartesian space.  
 

 

 
Fig. 11. Robot left arm holds a stick with table-tennis ball at end. 
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Fig. 12. 3D motion trajectories of the table-tennis ball extracted by 
stereo vision. 

 
 
Fig. 13. Real-time moving object detecting and following experiments.
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let it automatically rolling down along the track. When the 
vision system detects the running ball stop at the left lower 
end of the track, it will calculate the ball center position and 
send it to the robot control system. The robotic controller 
drives the left arm end-effectors to pick-up the table tennis 
ball and move to the top of the left hand side hollow pillar for 

stably pacing the ball on it. Finally, the dual arms robot is 
driven to pick-up the ball with its right arm and move to the 
top of right hand side hollow pillar for stably placing the ball. 
This operation cycle can be circular running. The sequential 
operation pictures are shown in Fig. 15.  

 
7. Conclusions 

An industrial DSP developing kit is integrated with two 
CMOS image color sensors to construct a cheap stereo vision 
system with 20 frame/sec capability for mobile robot applica-
tion purpose. The intelligent fuzzy sliding mode control 
scheme is proposed for designing the FPGA based dual arms 
humanoid robotic motion control system. This 3D visual 
guided robotic system can detect the static/moving objects and 
pass the location information through UART interface to dual 
arms FPGA control structure for driving robotic arms to pick 
up it or tacking the target motion. That will constitute a basic 
intelligent humanoid robot functions. Experimental results 
show that this low cost novel system can execute certain ran-
dom pick-up, assembly and tracking applications. It is god 
enough for humanoid robot interactive implementation. Four 
different function tests experimental results show that the pro-
posed low cost visual guided dual arms robot can achieve 
specified operation performance. The system function, re-
sponse speed and control accuracy are future research objec-
tives. 
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