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ABSTRACT 

In this paper a solution to a manipulation control problem(target 
identification and grasping) using a real platform in combination 
with a vision system is proposed. The task for the end-effector is 
to approach a randomly placed spherical object of known size. 
The control law is approximated by using an approach based on 
fuzzy logic. The controller determines the parameters of the 
target(a spherical object acquired from the vision system 
mounted on the manipulator) using a vision algorithm. The 
fuzzy rules are built in a supervised way, after studying the 
behavior of the system. Experimental results obtained using an 
industrial manipulator(AM1 with 6 DOF model in Samsung 
Electronics Co., Ltd., Korea) are presented. 

1. INTRODUCTION 

Several industrial applications have addressed the reaching and 
grasping problem without knowing a precise location of the 
target. These systems make use of visual information to locate 
the target and to control the manipulator(visua1 servoing 
systems[ 11). The camera is mounted on the end-effectodto avoid 
occlusion and ambiguity, and to increase accuracy) and is used 
to compute the relative position between the target and the 
arm(depth) and to derive a control law. In the field of the 
Cartesian control vision system two methods have been 
proposed : position -based and image-based visual servo control. 
The control law is found by measuring the features of the target 
extracted from each acquired image. 
In the position based system[2,3,4], features are extracted from 
the image to estimate(with the geometrical model of 
the target) the pose of the target in the configuration space with 
respect to the position of the camera. The error between the 
actual and the desired position of the end-effector is evaluated. 
Thus, for the position based control system the control law is 
expressed in terms of Cartesian coordinates. In this way, there is 
a separation between the control law calculated from a feedback 
signal and the estimated positions derived from visual 
information. However, this method has the limitation of being 
sensitive to calibration errors, since the feedback signal is 
calculated using estimated values that are functions of the 
system calibration parameters. 
In the image based Cartesian control systems [5,6,7], the error 
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signal is calculated by comparing the location of the features in 
the current image with the desired location(goa1 image). The 
error signal is measured in the image space. The goal position is 
a sample image in which the targer satisfies certain 
constraints(in the image) to be grasped by the manipulator. The 
feedback is given by the location of the features in the image 
plane of the current image. The dynamics of the system are 
described by a Jacobian matrix. It relates the changes in the 
image to the ones in the arm position. The motion of the object 
in the image is computed by inverting the matrix. In the image 
based control system, the position accuracy of the end-effector 
is less sensitive to camera calibration errors. A limitation of the 
image based methods is that the Jacobian matrix is a function of 
the distance between the camera and the target, which is difficult 
to calculate. Furthermore, the presence of singular points in the 
inverse of the Jacobian matrix makes the system instable. 
In this paper we will present an alternative way to solve the 
control of the dynamics of the manipulation system. It presents 
an open-loop controller for the grasping problem. The target to 
grasp is a spherical object of known size, which is placed 
randomly(even time variant)in the work space. The sensor and 
the manipulation spaces are partitioned by considering the 
features of the images and the space of the DOF of the 
manipulator that is called the configuration space, 
The control law is provided by mapping these two spaces as an 
open-loop schema. This control law is more effective than that 
of Cartesian systems, which suffer from calibration problems or 
from the numerical complexity of the Jacobian image or the 
computation of the position of the target in the configuration 
space. Here the control function is approximated with an 
artificial intelligence technique. Fuzzy logic is used to detect 
easily the situation -action mapping for the task at hand. The 
mapping is collection of fuzzy rules, that have been found in a 
supervised way. In this way it is not necessary to calibrate the 
system(to know some parameters) or to derive the analytical 
model of the control system. The controller is a collection of 
fuzzy modules and extra modules needed to accomplish the task. 
Section 2 describes the approach developed and gives a brief 
description of the physical system. Section 3 introduces fuzzy 
logic theory needed to understand the controller explained in 
section 4. In section 5 the experimental results and an analysis 
of the developed controller are shown. Concluding remarks and 
future work are presented in the last section 
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2. ROBOT CONTROLLER 
ARCHITECTURE 

The experimental setup is an industrial manipulator(PUMA 560 
with 6 DOF) equipped with a sensor system and controlled by a 
PC Pentium 330MHz running MS windows NT operation 
system. The software interface between the controller and the 
physical manipulator is constituted by an high level 
language(FARAL) and connected through RS232 seria h e .  
The sensor system consists of a vision and a proximity 
subsystem(Fig. I ) .  

Fig. 1. Relationships between the main components 

The visual subsystem consists of a CCD monochrome camera 
with 1 1.5 focal lens and a frame grabber with a resolution of 768 
x 576 pixels at 50Hz. The latter subsystem is constituted by a 
pair of capacitance sensors to stop the movement of the arm 
when it collides with objects. 
The controller handles the movements of the three joints(J1, 52, 
53 ) through incremental values of the rotation angles( 0, , 0,, 
6,)  (Fig. 2). The system does not need a general analytic model 

for the problem solution. Here the idea is to build a reactive 
system able to map a sequence of stimulus-responses. In other 
words, this mapping does not require complex computations, 
since reactivity is achieved by associating a primitive perceived 
stimulus, with a primitive action(chosen from its knowledge 
base built off-line by a teacher) 

2.1. Image feature extraction 

The moves of the joints of the arm (Jl, 52, 53 ) are related to the 
observation of the target object in the scene. The features of th 
image to extract are the parameters of the spherical object in 
terms of center of mass( X , y ), and radius( r ) of the circle 
projected onto the image plane. It is interesting to note that this 
architecture is of general form. In fact it is possible to extend the 
grasping behavior to objects of different shapes, characterizing 
them uniquely, simply by considering a different set of features 
of the images. The module that perform recognition must be 
effective whenever different objects are in the scene, and it 
should performs computation in real-time in order to be reactive. 
E!ach captured image is given as input to two processes, one 
extracts the edges of the target and the other detects the 
parameters(i.e. features) of the target. The first processing phase 
is accomplished by using the Canny operator. The second 
represents the recognition phase, in which the target is detected 
between other objects, using heuristic method derived from 
the Hough transform 

2.2 . Manipulator management modules 

The rotation module determines the movement of the first joint 
angle(J1 ) of the arm. in order to point to the target circle on the 
X -axis of the image plane. 
The input data is represented by the X coordinate and the radius 
r , the output data is the rotation angle 60, of the first joint. 

The reaching target module performs the moves of the second 
and the third joint( J2,J3 ) to move the gripper mounted on the 
end-effector closer to the target in order to grasp it. The goal 
position is reached when the image plane shows a circle of 
known parameters and centered respect to the y-axis. Input data 
are the y coordinated and the radius r , while the output data are 
the rotation angles of the second and third joint SO,, 60,. 
During the manipulation process, it might happen that the target 
disappear from the image. The is caused to several reasons: a 
large movement of the manipulator; other objects in the scene 
that disturb the search process. When the target in the image is 
lost, a search method is carried out finding it in the 
neighborhood of the previous location in which it was in the 
image before. The method applies a sequence .of partial 
recovering moves of the joints J I  and 52 , starting from the 
location before the target was lost. If the target is not found after 
applying 4 recovering moves, the search method is stopped and 
a search method on the entire workspace is applied. 
The target search module scans all the workspace until the target 
is found. There have been six starting positions set up in the 
whole workspace, in order to guarantee the largest field of view. 
If the target is found from one of the six starting positions, then 
the reaching behavior is carried out. The activation gripper 
module is activated when the end-effector reaches the goal 
position, in order to grasp the target. The manipulator movement 
is performed by using the three joints J1, J2 and 53 . 

Once the goal position is reachedl the fifth joint is activated 
and the gripper closes and grasps the target object. During the 
reaching behavior, the manipulator is constantly controlled to 
avoid collisions with unexpected objects or a rapid approach that 
could damage the camera. 

Fig. 2. Controlled rotation angles 
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3. FUZZY LOGIC CONTROLLER 

3.1. Fuzzy logic 

In this section we give a brief introduction of the fuzzy logic 
used here. The next section will show how it has been used for 
the context of the task at hand. A fuzzy controller consists of : a 
set of rules, an inference engine, a fuzzifier and a defuzzyfier. 
Rules may be provided by an expert (i.e. a human) or can be 
extracted from numerical data. The fuzzifier maps crisp numbers 
into fuzzy sets. Its job is to activate rules associated( through 
linguistic variab1es)with fuzzy sets. Fuzzy inference is expressed 
in terms of fuzzy variables that are ambiguous or imprecise. 
Depending on the input values, fuzzy variables become active 
and the inference engine creates a fuzzy set for the output fuzzy 
variables. Thus inference engine maps fuzzy sets into fuzzy sets. 
The resulting output fuzzy set is given as input to a defuzzyfier, 
which transforms the set into crisp numbers(i:e:a control action). 
The inference engine is the core of the fuzzy system which 
handle the way in which rules are combined, representing the 
knowledge base of the system. Just as we humans use many 
different types of inferential procedures to understand all our 
observations. Unlike with crisp sets, an element in fuzzy logic 
can belong to more then one set to different degrees of similarity. 
A fuzzy set is characterized by a linguistic variable, that is a 
variable whose value is not a number but a words or sentence in 
a natural or artificial language. Since a variable may belong to 
several linguistic variables, the membershp functions, but the 
most commonly used are : triangular, Gaussian, trapezoidal and 
piecewise linear. One of the strengths of. fuzzy logic is that 
membership functions can be made to overlap each other. 

3.2. Controller 

The state of the manipulator is given by the vision system, and 
the controller has been built in a supervised manner. Unlike the 
Cartesian systems, here the study of the system has been done in 
a qualitative way. The construction of the fuzzy controller 
consists of defining the linguistic variable and the fuzzy terms 
associated with the numerical input and output data. 
Then the rule vases needed for the situation-action mapping has 
been built. Through the elements that constitute the knowledge 
base an inference engine has been defined by the max-product 
inference rule. The control system has been though as a unique 
device, whose actions are functions of the three joints of the 
manipulator. the problem solving could be split into two simpler 
subproblems: approaching and centering the target in the image 
plane. 
Thus two fuzzy rule bases have been built to solve the two 
sub-problems. 

3.3. Database 

In fuzzy control system the internal linguistic variables are 
chosen depending on the sensor input and the action command 
to send to the system. The inputs are given by the vision system 
and correspond to the image features, and the outputs are the 
movements of the joint angles of the manipulator. 
The goodness of the situation-action pairs depends on the 
granularity of the intemal linguistic variables, that is the 
cardinality of the linguistic terms. As the number of fuzzy sets 
of the linguistic variable increases, the number of the rules to 

define increases, in which the fuzzy controller becomes difficult 
to build of to manage. To bound the number of rules to define , 

increased, in which the fuzzy controller becomes difficult to 
build or to manage. To bound the number of rules to 
define(without .loss of performance), a significant number of 
fuzzy sets for each intemal variable has been found. The form of 
the mekbership function is chosen triangular. The dimension of 
the supportof the fuzzy set is determined by considering the 
meaning of the linguistic value associated. That is, a smaller 
support is associated with a more punctual meaning, for 
example a minimal variation of the features,of the target of a 
small movement of a robot joint. 
The features of the spherical target(X, ~ , ~ 2 ) . c o n s t i t u t e  the 
input linguistic variables. The numerical outputs(which 
represent the three joint angles 0, , . e,, e,) are associated with 

the output linguistic variables JI, 52, J3 . Note that for the 
numerical outputs, the other three joint angles of the tool have 
not been considered since the camera is mounted on the third 
joint of the arm and thus represents only the kinematics of the 
first three joints. 

3.4. Internal linguistic variable 

The goal position is reached when the image features lie in some 
tolerance intervals with respect to the goal image features. The 
goal features are x g ,  y g ,  rg and rg,  which represent the 

xy -axes and the radius of the circumference respectively, 
expressed in pixels(experimenta1ly determined). The fuzzy sets 
of the input 
linguistic variables are selected more closely in proximity of the 
goal position, such that the arm can move more precisely nearby 
(Fig. 3). The central linguistic fuzzy set VN(very near) for the x 
variable has the meaning to be oriented toward the target. 

P(X) 4 
1 - F  

OF- N- VN N' QN' F' 
1 

I I I I I I  I 

P(X) 

1 

-a U DDnn I n  . tI1 
Y (pixel) 

F' ON' N' VN N- O N  

1599 

I4 I, ., I S  M U M  

r (pixel) 

Fig. 3. Input linguistic variables. 
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Fuzzy set that intersect each other from VN position the indicate 
the distance from the goal that could be near(N) or quite 
near(QN) or far (F). 

r 
F' 

Table 1. Base of for the rotation of the manipulator toward the 

F- QN- N- VN N+ QN+ F+ 

B' VB' VS' Z VS- VB- B- . 

The same definitions of the X variable might be applied to the 
fuzzy set of the y variable. Fuzzy sets whose label contains the 
"+" superscript indicates that the center of the circumference is 
greater than the goal position in the vertical axis and vice versa 
for the "-'I superscript. 
For the r variable, the superscript "f" means approaching, and 
"-" means that the manipulator is too close to the target(over the 
goal) and need a negative action to keep the arm safe. Note that 
the fuzzy terms defined on the right side of VN are less than 
their symmetric values, since they represent a minor quantity of 
relative distances between the camera and the target. 

1 

-a -5 - 1  - 0 5  - 0 1 5 0  015 0 5  I I 6  

J1 (degrees) 

0 6  OS- 8- Z 8' OS' OB' 
1 

-6 -1.1 -0.5 0 - 0 5  - I  I 6  I5 ZD 6  

52 (degrees) 

1 

I 1  I I I l l  I 1  I I  I -  
I2 I S  w - W - l 6  -1s -5 - I  5 - 0 1  0 0 1  -1.5 5 

J3 (dwrees) 

Fig. 4. Output linguistic variables. 

In fact these relative distances are about lOcm corresponding to 
the goal characteristic(33pixels) and 2cm and 90cm at the 
rightmost(75pixels) and leftmost (6pixels) side of the universe 
of discourse. 
Similarly, the fuzzy sets for the three output linguistic variables 
(JI , J 2  , J 3  ) have been defined (Fig. 4). 
The difference between them is given by their support and the 
universe of discourse of the relative membership function. At 
the central set Z , small movements of the corresponding joint 
are assigned. Fuzzy labels with the "+" superscript 
corresponding to a positive angular rotation of the joint, and vice 
versa for the "-" superscript. 

J.5. Rule bases 

The fuzzy rules have been built in supervised manner simply by 
taking into account the input and output linguistic variables 
previously defined. All the possible states that the manipulator 
can come across have been considered, and for each of them the 
best action is assigned. The number of system states. Their size 
is equal to the product of the member of the fuzzy sets of each 
input linguistic variables, i.e. in our case is given by 7 x 

6 = 210. From a first analysis of the system, It has been 
observed that the movement of the first joint (J1 ) modifies (in 
the image) only the X coordinate of the center of the 
circumference. The movement of the second and third joints 
modify only the radius and the y coordinate of the center of the 
circumference. Then, the first faces the centering problem and 
the other approaches the target, respectively. This strategy can 
able to manage a smaller set of states to figure out the set of 
rules. 
In the centering sub-problem, the involved input linguistic 
variables are the X and r , while the output linguistic 
variable is J1 . The size of the rule base is 42 as shown in Table 
1. It is interesting to note that if the fuzzy set VN of the x 
variable fires, then the Z fuzzy set of the output variable will 
lire irrespective of the t" variable. This condition implies a 
good centering condition level which should be associated with 
a very small or null movement of the joint JI Note also that all 
the values of the X variable with the "+" superscript (positive) 
have the consequent of the J1 rule base with "-'I superscript. This 
means that for a positive movement off center, the joint must 
apply a negative movement to recover the error, and vise versa. 
In the approaching subporblem the input linguistic variables are 
the y coordinate and the radius r . the output linguistic 

variables are 52 and 53 , with a set of 30 rules for.each of 
tbem. 
With this rule base, the system open loses the target in the scene 
after performing a control action. This problem comes from the 
fact that the function approximator being learned is non-linear 
and too complex. In the approaching subproblem, a control 
action is given by a non-linear movement of two joints of the 

The problem is solved by considering one more input 
information 0 which represents the angle between the second 
iind the third joint of the arm. The new input requires the 
definition of a new linguistic variable, which increases the set of 
rules with three antecedents. 

5 x 

arm. 
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Table 2. Rule bases for approaching task of the joint 52 . 
I 

value of each interval of 0 ,  i.e. -20" , 20" and 60" for the 
first, second and third intervals of B .  Furthermore the starting 
position is chosen in such a way as to have the maximum off 
centering of the circumference in the image plane with respect 
to the target values, In Fig. 5 three graphs corresponding to the 
three different B intervals are shown. Each one depicts three 
curves that correspond to the three different initial distances 
between the target and the end-effector as defined above. 

Table 3. Rule bases for approaching task of the joint 5'3 . 
I I 

I L I 1 1 I F' I B' I VB' I VB' I VB' I VB' 1 
VS' 

VS' 
N- vs- 1 QN' I VS' I VS- I VS- I VS' I VB- 1 

To manage this subproblem better, a set of three rule bases for 
three different interval values of theta has been considered as 

I 0 5180" . In Table. 2 and 3 the consequents of the set of 
rules corresponding to the interval Qi 90" are shown. Here 
again it is interesting to note that when the VN fuzzy set is fired, 
the object is too close to be grasped and therefore corresponds to 
a null or very small movement of the manipulator. 

foiiows: (a) e < 90" ; ( m o o  I e I 1300 ; wi30° 

4. EXPERIMENTAL RESULTS 

Testing the built base of rules on the real platform is the true 
proof for the controller described above. A performance 
measure has been defined to observe the correctness and the 
optimality of the chosen actions. 
The goal position is defined by setting the desired position of the 
circumference in the image plane. Thus the center of the 
circumference is required to be in the following 

Intervals : X, E ( 99 - 108 ) , y, E ( 74 - 92 ) pixels. The 

radius is also given and should be rr E (32 - 34 RIGHT) 

pixels. The more efficient the built rules are, the fewer steps are 

required to reach the goal position. However, the number of 

steps is related to the number of fuzzy terms in the linguistic 

variables of the controller. 

Experimental data is acquired by starting from initial positions 
that cover all the three involved 0 intervals. 
Using this has been possible to verify the three rule bases for the 
reaching behavior. For each B intervals the experiment has 
been carried out by placing the target and the manipulator in 
three different initial positions. The relative distance between 
the two bodies has been chosen big(about 60cm), medium(about 
25cm) and smnZl(about 3cm) respectively. 
The initial position of the manipulator has been set to the mean 

X COORDINATE 
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0 1 2  3 4 5 8 7 B P 10 

Actions 

Y COORDINATE 
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0 1 1 3 4 5 6 7 8 9 1 0  . 
Actions 

/.-- - 
25 

20 

1 5  

10 

0 1 2  3 4 5 8 7  a 0 t o  

:_J 0 .--- 1 2  3 4 5 8 7 a 0 t o  

Action 

Fig. 5.  Variations of the three features X , y , r extracted 
at each step 

Also each curve reports, at each cycle control step, the values of 
the characteristics of the image ( X  , y and Y ) measured in 
pixels. Note that, the termination condition is reached when all 
three image characteristic have their values within the intervals 
of the goal position defined above. 
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5; CONCLUSION 

A fuzzy con~ollei; involving .sensing and reactive behavior,. i s  
,proposed for the real time target identification and, grasping, 
using and industrial manipulator In this paper. The research has 
shown how fuzzy l o p  controller can incorporate the key 
components of reactive controllers and formal reasoning-on ' . 

uncertain, information of the vision.,sensor. Cartesian control 
where the position accuracy of the end-effector is sensitive to 

~ distance ktior..between the camera and the targets, the fuzzy 
logic approach is msfe-effective to approximate,the dynamic of 
the mavpulator system and it is'not-necessary to calibrate the 
system or to derive the analytical model,.of thecontrol system. 
The experiments with industrial manipulator are presented to 
test the proposed control system. The reactivity: 'capabilities of 
the fuzzy controller are evaluated approaching the target from 
different starting position of the end different and changing the 
target position. 
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