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Abstract 
In  Lclcrobot systems, visual scnroiiig of a task Object Tor a slave arm with an eye-in-harid caiitcia h;rs d i m  11 A I  

inlcrcsting attention As such a task IS geiicrally coiiductcd in an unstructured eiiviroiiiiient~ it 1 ci) difricuit tu 
dcfiiic ihc inverse f e a i m  Jacobian niatrn To overcome this difficulty, this papcr proposes ' in  auto-tuiiiirg [U, 1) rrilc- 

b m x l  isual servo dl:Oiltli111 In this algorithm, ;i vlsual servo controller coniposed of €LIL~L'L~ rulcs. ICCCI\ I':, 1T.atiii c 
ciiors a s  inputs aiid generates the change of slave position as outputs The f i w q  rules arc tuned bj  lisliig slccpcst 
gradient method of tlie cost function, which IS defined as a quadratic fiinction of feature eiiors Since tlic b r ;  iulcs 
;iic tiincd autoniatica~lly, this niethod can be applied to thc visual servouig of ;I slave arm in ical tiiiic 7hc 

cffcctii ciiess ol' tlic proposed algorithni IS verified through a series or simulations aiid e-qm iiiicnts 

1 .  introduction 

Tlic technolog) of leleoperation applies to vmous 
opetations 111 hostile enviroiiiiients where human can 
haidl) \\ark A teleoperation system IS generally 
coniposcd or a master arm which IS controlled by a 
I i o i i i a n  opci,itor and ii slave arm \vliich perrorms iictual 
qmator  aiid a slave ann  which perforins actual 
opcrations by duplicating the motions of tlie master 

Kcccntl) owing to tlic brilliant ad\ance of the robot 
I tinnipulator tcchnology, many researchers have been 
studied to assign aulonoinous working ability for the 
sla\ c ;iriii i n  order to miprove thc task perforniance 
Aiiioiig Ihc n i a n y  scnsor illforination. such as visual 
mformatlon. force. tactile, voice, etc . visual 
liiforniation c m  be erfectively used for tlie autonomous 
tclcopcration Thc method of using the visual 
information i n  the telerobot system can bc dcvided mto 
t\\o catagoncs The first one is to construct a thrce- 
diincnsional image using the visual inroriiiatioii 

obraincd from tlic c;iiiicra mounted at the silc or tlic 
h c a t  111 Thcn the three-dimensional ii~iage is fed 
b ~ : ,  io tlic operator1 1 I The second one IS to niovc thc 

ill  111 

slave arm autonoiiiouslj \I itliout aid or tlie opcrdtor b\ 
using tlic visual servo nietliod [2] 
In the field of robolics the wsiial servo iiielliod can be 

classified1 into a position-bascd L isual sei \ oing aiiti ;I 

fcdurc-bascd visual sen oing nicthod 111 the posilioii- 

based visual servoing, 3-D positioii of tnlgct objccls 1s 
calculated Prom the isual iilroimation. and then. [lie 
robot moved based upon the ialculatcd posilioii 

In the feature-bascd visual servoing, the I obot nio\ CL, 

based on tlie simple iniagc feature obtained fi om Llic 

caniera image As this iii~etliod does not rcqiriic 
calculation of the positioii of target, scn omg caii bc 
conducted in real tiiiic Thus. inany icscarclieis ha\ c 
bccn studied this niclhod ouch as tlic icscnrch of 
cliooslng the method of modci rehence  aclapln c 
control by Saiidcrsonl31. of gciieratiiig the \ ism1 mi o 
s j  stem with infoi nialion from ~ h c  iiccui ale CAD nioclcl 
of thc target object[-l.l. of the \wral sen o s! sleiii ~isiiig 

the uiicdlibrated caiiicrailjl. of visual SCI\  o nsing 
normal m d  reatu re niii 1 r I 1 [ 6 I 
I I I  the :bow methods it is required lo  obt'illi tire 
fcature Jacobian niatri\. nliich is :I Iiiicari/cd 
relationship bet\\ ccn tlrc cli:~ngc or iiiiagc fealuics  ai^! 
tlic corresponding iiio(ioii of the iobot iiianipulalol 

However, it is vcr) dillicirll to obtain llic Icnluie 
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Jacobian precisely. Moreover, as tlie Jacobian is 
obtaiiicd via a linearization, it coiitaiiis liiiearization 
crror. To overcome these problems a visual seno  
algorithm which does iiot use the feature Jacobian is 
proposed in this paper. In this algorithm, a visual servo 
controller composed of fuzzy rules receives feature 
errors as  inputs and generates the change of slave 
position as outputs. The fiizzy rules are tuned by using 
steepest gradieiit method of tlie cost fiiiictioii, which is 
defiiied as a quadratic fiiiictioii of feature errors. 
Tlie effectiveness of the proposed algorithm is verified 
through a series of siinulatioiis and experiments. 
This paper is composed as follows: A telerobot system 
used in tlie study is descried in section 2, an auto- 
tuning fuzzy rule-based visual servo algorithm is 
dcscribed in section 3, experiiiiental results are in 
section 4. Finally some conclusions are made in 
scctioii 5. 

2 Description of a telerobot system 

Fig. 1 shows the coilfiguration of a telerobot system 
developed at the Laboratot?, for Control system and 
Automation in the KAIST[S]. The telerobot systein 
consists of a force reflective iiiaster ariii, a slave arm, a 
visual sensor, an image processing system, and a 
system controller. Tlie iiiaster arm has a vertical 
articulatcd structure with 3 degree of freedoiii(D0F). 
the slave ariii is an industrial robot(Sainsuiig, FARA 
AI-U). The visual sensor is a CCD camera (SOW, 
XC-77RR) and a CCTV camera. The image process 
system is an industrial vision board(Saiiisuiig, MVB- 
02)  with a DSP chip . 
The whole teleoperatioii procedure is divided into two 
phases. In the first phase, the operator moves the 
master arm while iiioiiitoriiig the working 
eiiviroiiiiients with the aid of a CCTV camera. Then 
the slave arm moves near the object point, the second 
phase starts. In the second phase, the slave arm does 
iiot duplicate the motion of the inaster arm, but moves 
automatically according to tlie proposed servoiiig 
algorithm, 

To track a target objcct in real time, a visual algorithm 
using an auto-tuning f u u y  rule is prcseiitcd 111 t h ~ s  
paper. 

3.1 Inputs and outputs of thc fuzq  logic coiitroller 
The fuzq controller shonii in Fig 2 rcccikcs [lie 

feature error vector as inputs, and gciicratcs the 
displaceiiieiits for the s l a ~ e  aim to iiioi cs outputs Lct 
tlie desired image Ie:) turc T cctor, 1; bc rcpi csciitcd 

.f ' 

b\ 

where A,,ef(i=l. 2, 3) is refcreiice iiiiagc hilttic 

let the current image vector ETCr be represeiitcd b! 

Lsu 

where L,act(~=l. 2, 3) is actual iiiiagc fccature As 

shown iii Fig. 2, a feature error, $, that represents the 

difference between the tivo vcctors iii (1) ancl  ( 2 )  is 
utilized as the iiiput to the controller The 4, IS 

expressed bj 

The output of controller is represented by a vcctor, ,\f ~ 

n hich is displaceinelits for tlie slave ariii to move, and 
expressed bj 

where ~7 is denoted tlie displaceiiieiits by which thc 
slave arm is to be move. 

3.2 Rule base 
Let a fuzzy value for tlie fcaturc error, e , bc dciiotcd 

as El The E, can be expressed by 
j ,  

E, = g, x ej; 

3 The auto tuning fuzzy rule-based Visual 
servoing algorithm 
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\ \  Iicic, e dciioles thc: feature el rurs, aiid is a scale 

hctoi bct\\cen the reature error aiid fxizzy rule 

The rule base is composed or the rule that defiiic the 
rcla[ioiisliip of the fealure error and the corresponding 
iiiolioii or thc robot manipulator 

L 

lll13"t( 2/ ) 
where a, (i=1,2,3) is thc weighting factor for cacli L;, 
To iniiiiinize the J, lhe output Tuzq valuc is updated as 

follow: 

\\here, / is tlie nuiimber of rules Zl (i=1,2,3) is a 
re'cature enor, E: IS the fuq value for tlie t; , CL, is tlie 
oulput variable, and U: is the f w q  value for each 111 

3.3 Fuzzy inference and defuzzification 
'The product sum method[c)] is used as the fi~zzy 
i nl'crciice in this study. This method has advantages 
of both relatively shorl execution aiid simple learning. 
As :I dcfuzzification, tlie center of gravity method is 
adaptcd. The displace L\X, (i=1,2,3) resulting from the 

inference aiid the fiizzificatioii can be expressed by 

\\here. I dciiotes the direction of reference 
coordinates, aiid lIk denotes the product between each 
degree of' fitness wlicn f u a y  input is t?, (i=l, 2, 3 ) ,  is 

cqressed by 

wliere AL,,.,~ (gZ) (i=1.2,3) is tlie degree of fitness when 

f i i ~ q  iiiput is Z1 . 
I 

3.4 The auto-tuning algorithm 
To adjust the iiieinbership value of output variables, an 
auto-tuning algorithm is used. In this algorithm, rule is 
tiiiied such that a cost function is iiiiiiiniized by the 

slcepest gradient method. The cost function, J, is 
delincd by 

where r7 denotes posili\e 1c;lriiing ratc ; u ~ d  I IS  

sampling liiiic The term ___ a(t)  11) t l K  i l b 3 1 L  

equation can be obtniiicd by a chain I LIIC. I c 

?U; ( f )  

where the: term * is cspresscd by at" ( t )  

 AX, ( I  ) 
using tlie equation (6) ,  tlic tcriii ~- (i=I. 2. 3) 

2u;(/) 
obtaiiied by 

By using equations(6), ( I  1),(12) and (13)- tlic output 
f i izy value U: in equation (10) is updated. Through 

this procedure, the fir~zy output variable is tuiied to 
decrease the feature error. I n  the ncxl section. this 
proposed algorithm is applied to thc prescribed 
tellerobot system. 

4 Results and discussions 

The proposed visual scnioing algorithm is applied to 
track a cubic objectiw To show the clficiency of the 
proposed algoritlm, the results are coiiiparcd wiili 
those o f  the inverse-fcaturc Jacobian mctliod. 
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-1.1 Tlic cspcriinental conditions 
Fig. 3 s1ion.s tlic rcrereiice coordinate and the caiiicra 
coordinate. Tlic robot iiioves with respect to s, y, z- 
coordinate at a fixed pose. Fig. 4 shows the image 
features. The condition of experiment 1 is showii in 
table. Tlie fiizzy input meiiibersliip function is shown 
in Fig. 5.  and the total number of tlie rules is 343. The 
iiiirial values of fuzzy output variable are raiidomlp 
clioscii IO bc a value between -1 aiid 1. 

4.2 Tlic e\perimcnt;il rc5lIlt5 
To learn the f i i7q  nile the SO trials of traclciiig a 
targcl \%crc carried out at the same initial positioii At 
the first learning, the change in the feature error is 
shown in Fig 6(a)-(c) 2nd the tracking path is shon 11 
Fig 6(d)-(f) It caii be secii from tlie figures that the 
Ccalure crior does not change not coin erge to zero and 
tlic traclcing path IS not smooth At the 20th learning. 

the changc in tlic features IS slio~vn i n  Fig 7(a)-(c). 
and tracking path IS slio~vii in Fig 7(d)-(f) At the 
50th learning, the change 111 the feature errors is 
slionn 1x1 Fig S(a)-(c), aiid tlie tracking path IS shou ii 
in Fig 8(d)-(f) It can be seen from figures 7 and 8 
that the feature error coiiverges to zero at the 20th and 
50th lcarniiig steps In the e\periment. it IS observed 
that, foim the initial to the final point of in01 lag, 38 
sec aiid 8 sec are required at the first aiid 50th 
lcai iiing step, respectivel\ Furthermore. as the 
leal iiiiig step increascs, tlie iiioviiig path becomes 
stlalght 

4.3 The comparison with a conventional method 
The results of visual tracking using the feature 
Jacobian iiiatri\ arc cniployed Fig 9 Tlie path is not 
sliaight line The reason is that the model of tlie pin 
hole camera doesn't coiiicide with tlie real s) stem 
Whcii tlie result compares with that iii Fig 6 ,  the 
niethod of auto-tuning fiifi170' nile have the shorten 
path 

5 Conclusions 

I n  Lhis paper. the visual servo algorithm usiiig the 
auto-tiiniiig Cuzzy rule is proposed. The proposed 
:iigorilhin IS applied to track the target object in space 

aiid from tlic results sonic conclusions c m  be niaclc ;I$ 

€OllO\\ s 
1) It takes much tiiiics to tiack the laigct object 

nith tlie initial rule, but with the leariicd rulc 
trackiiig does successfully in real time 

2) The error of iiieasureineiit in the calibration aiid 
the error geiieratiiig U hcii tlie reature Jacoblan 
matriv is calculated don'l lake place 
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Fig. I The coilfiguration of the telerobot system 
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Fig. 2 The block diagram or an auto-tuning fuzzy 
rule-based visual servo system 

Fig. 3 The reference coordinates and 
the camera coordinates 
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