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Ahstract 

In this research. tlie probleins oT Iiow to tcacli a robot 
to execute skilled operations arc studied. Huiiiaii  \\,orkcr:s 
usually accumulate his esperieiicc ;iftcr czecuting the 
same task repetiti\.ely. I n  tlic process of twining. tlic 
worker must find \\'a!'s of ad.iustiiig Iiidlier execution. In 
our system. the parametcrs for tlic iiiipeclaiicc control 
sclietiie are used as the targets for ;id.iustnicnt. Aftcr ni;iss 
aiiiount of training. [lie workcr is siipposcd to bc ablc to 
execute deburring tasks succcssliill! . This is bccriusc tlic 
worker might 1iai.e gotten sonic kiio\vlcdge ;iboiit tiuiiiig 
the parameters requircd in tlic iiiipct1;iiicc coiitrol sclicnic. 
Tlius, tlie ntles for adjusting tlic praiiietcrs i n  iinpcdiiiicc 
control are the operational skills to bc idcntificd. I I I  this 
research. a training sclicnic. c;illcd tlic c\~olutioii-b;iscd 
virtual training sclietne. is proposcd i n  extracting 
knowledge for robotic debiirring t;islts. I n  this nppro;icli. 
a evolution strategy is einploycd 10 scircliing for thc bcsc 
set of f i i zq  niles. This 1e;irniiig sclicnic lias becii 
successfiilly applicd in adjust iiig the paraiiictcrs of 
impedance controllers requircd i n  dcburring opcratioiis. 
In general. the results of dcburring ;ire niucli satisf:ictoi> 
when compared with tliosc i n  tlic prc\,ioos rcse;ircli. 
When executing a deburring task. tlic robot siiiiuliitor caii 
find its optimal adjusting rules Tor p;iranictcrs aftcr 
several generations of e\,olutiori. 

1. In t rod ti ct ion 

Recently. industr?; lias succcssfiill!. uscd robots in  
engaging i n  executing various t:isks \\.liosc \\.orkiiig 
environment is hartnful to 1i1111i;i i i  bciiigs or wliosc 
operations are repetitive and/or rcquirc Iiigli iiccur:ic!~. 
Usually. those tasks can bc progriiiiinicd into tlic 
operations of robots because tliosc i;isks do not iiitcfiict 
with tlie environinent frequently :iritl tlicn l i i ininn skill 
may not be necessary for the 0pcr;itioiis of tlic tiisks. 0 1 1  
tlie other hand. there exist t:isks. sucli i is  dcburring. 
grinding. milling. assembly. ctc.. \\.li icli iiiay iiccd ;I grcar 
deal of interactions wit11 the cii\,iroiiiiiciit and thus. 
require lots of decision-making processcs udiilc f;iciiig 
those interactions. Hcnce. tlic succcssful csccution of 
those tasks largely relies 011 1iui i i : i i i  skill i i i  ;icliic\,ing 
satisfactoiy results. Such kinds of  asks iirc \.cl?. dillicult 
to be satisfactorily prograniiiicd into tlic opcratioii of 
robots. 111 fact. eveii thcrc exists soiiic work t l u t  I i x  tried 
to manage to embed tliosc tasks iiiro tlic OpcriiIioIi of 

robots. those operations iiia!. face lots of problems when 
unccrtainty occiirs in the cn\ironnient and tlie actual 
opcriitions ma!. not be satisf;ictoi-y. 

Sc\cral researchers I i a \ ~  tried to discover tlie 
rclutionsliips bchvecn huiiiaii espei-ts' intentions and 
opcrational stratcgics for tasks so that the skills could be 
iiiodclcd accordingly and tlicn ;irc possibly transferred to 
tlie opcrations of robots. As;id;i ef d.  have tried to use 
ncural nct\voi-ks 11.21. ad;ipti\:c control 131, or fuzzy rules 
141 to iiiodcl and to trarisfcr l i u n i m  skills to the 
operations of robots. I n  151. i n  ordcr to acquire liunian 
skills. tlic aulliors I i a \ ~  relascd tlic joints of a robot 
iiianipulator. and let a 1i~iiii;iii  cspen worker take the 
end-cffcctor of n iiianipu1:itor to accomplish a compliant 
task. Tor instance. deburriiig. Tlic d m  of the deburring 
proccss. sucli ;is positions (angles) ;ind forces (torques) of 
a l l  .joiiits are rccordcd. The ;ippro:icli is tlicn to extract 
useful rulcs or stratcgics lor rcprcscnling tlie skills from 
111c collected data. Ho\\-e\.cr. sonic problems inay arise in 
the above approach. First. tlic obtained niies or strategies 
basccl on tliis sct o f  data niay not bc able to represent tlie 
skills i n  sufficiency. When a n  cspcrt ivorker need to take 
thc aid-effcctor to proccccl the esccution. since in this 
unusua.l \\'ay tlic \vorkcr c;iiiiiot execute the task as he/she 
usu;illy did. tlic rcsults nia!- iioi be satisf:ictory. Besides, 
tlic rccorded data Iiiiiy not bc sufficient to adequately 
csprcss tlic opcrational sltills. Secondly. the rules or 
strategics cstractcd froiii tlic c1;ita arc rather primitive and 
arc scnsiti\t to tlic oper:ition;il coiiclitioiis. For example, 
i n  dcburring tasks. if difrcrclll iiiatcrial properties or 
surfiicc rougliness of wrkpicccs arc considered for 
deburring tasks. tlie obtaiiicd stratcgies inay not work- 
\vcll. Thercrorc. i t  may bc rcquirecl lo filnlier generalize 
tli;it obtained kno\vlcdge to copc \villi the variation of 
tasks. Tlius. in  this rcscilrcli \IC attempted to propose 
anotlicr \\ay of dcfining opcriitional skills and training 
schciiics for Icariiing tlic dcburring tasks. 

I I I  tlic work of 11 1 ). I i i ir i ia i i  skills ;ire stored i n  the 
clcsircd positioii conini;iiids to tlic controller of a robot 
ni;inipul;itor. I n  that >il)l)roiicli. otlicr piirameters, for 
dcburriiig tasks. the ~~;iranictcrs rcquircd in the 
iiiipcd;incc coiitrol schcinc arc choscn as constants. 
Ho\\.c\.cr. tlic rcsults i n  o w  siniul;itiori have shown that 
the perforinancc can bc iiiipro\.cd by changing the 
p;ir;inictcrs i n  tlic inipcc1;iiicc control mechanism. In 
ordcr IO obtain bcttcr rcsults for dcburring operations, a 
w:iy of dctcniiiiiiiig \vIicii ;incl IIOW to change those 
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parameters tiiris1 be dcfincd. I I I  lliis rcsc;ircli. ii fuzzy nile 
decision-making s!steni is proposed to clcfiiie st r;itcgies 
for changing those p;il-anic~crs. 111 other \vords. \\.e 
attempted to use the par;iiiictcrs to rcprcscnt Ihc 
operational skills for dcburring. Ho\\.c\.cr. i t  is dilficirlt to 
obtain siicli nilcs from espct-t kiio\vlctlgc or from training 
data. Thus. \vc proposcd ;inoilier coiiccpl of 1c:iriiing 
called virtual training for our stud!. 

2. The Coticel)t of Vit.ttaill Training 

The idea of virtual training is to clicck tlic rcsults of 
the operations slio\vn in a iirtwil cn\,ironinciit. \\.liich is 
defined as  a simulation system that can trill!, nioclcl tlie 
considered plant. When tlie rcsults ;irc no1 good cnougli. 
the operational schcmes are cli;ingccl iiccording to sonic 
criteria. and another siiniilatioii is tlicii conduclcd again. 
Hopefiilly: after a period of lwiiiiiig. llic opera1ion;il 
scheme yielding acceptable perforiii:iiicc caii be obtaincd. 

Froni the training point of \ icu .  iclc:illy. ii \ \wkcr is 
trained to know how to satisf;ictorily cscciitc dcburring 
tasks. and such knowledge is accuiiiii1;ilecl from rcpctitivc 
operations. With a virtual cn\'iroiiinciit. 1iuni;in opcralors 
can virtually execute the tasks to obtain training diita. 
The first advantages of using \ , irlual training is that since 
the operations of tasks arc einul;itcd i n  the siniuliilioli. 
there is no cost for repeti1ij.e opcrations. ancl rhcn ni;iss 
anioiitit of training bccoiiic possible. Anolhcr fold of 
advantages is tlial i t  is possible IO c;iplurc \.iirious kinds 
of infoniiatioii or StiltCS tli;il IIKI! bc clifliciill or 
impossible to gct in llic reill \\.orlcl operations. 

In the process of training. tlic \\.orkcr iniis~ fii id \\.iiys 

of ad.justing liis/lier csccution. I I I  our s!.srcin. tlic 
paranieters for tlie impedance coiit Io1 schcine arc used as 
the targets for adjuslnienr. After in;iss ;rnioiint of lriiilling. 
the worker is siipposcd to bc ;iblc IO cscciitc dcburring 
tasks successfiilly. This is beci1usc tlic worker iiiiglir h;i\c 
gotten some kno\vledge iIbo\lt t i l  tiiiig 11ic piir;inictcrs 
required in the impedance control sclicnic. Hcncc. ilic 
learning task is to analyze tlic c l m  rccordcd ia tlic 
operation process and to estract tlic opcr;itional skills 
from those data. I n  this rCscitrcli. tlic ;inaIysis is to 
identifi the relationship bcl\vccii tlic pxiiiicicrs and ilic 
performance of the operation ;incl to cstiniatc wliat \ d u e s  
for those parameters should be set for ccrt;iiii situ;itions. 
Naturally. such a kind of kno\\.lcclgc is represeiiiccl i n  ii 

nile base. In our work. the kno\\.lctlgc obt;iiiiccl from rlic 
collected data is also con\u-tccl into nilcs. Ho\\'c\.cr. the 
represelltation of kno\vledgc by usiiig rtilcs i s  discrcre i n  
nature. brit the data obtnincd arc ;ill coiitiiiuoiis \.;iriablcs. 
Therefore. in order lo softcri the bouritl:iry bctnccii rulcs. 
the fuzzy concept is includecl I I I I O  tlic riilc rc;isoiiiiig 
system for tlie opera1ion;il skills. 

In a training parndigni. \,:itioiis p:ittcrns iiiiist be 
used to esplore a l l  possibilities to sc;ii~cli for tlic 1)iitIcrIi 
that can yield the best pcrfortiiaiiw. Howxcr.  if  tlic 
training patterns arc tried i i i  ;I r;iiidoiii iii;iniicr. ilie 
search for finding tlic bcst c:iiidicl;itc iii;i!. takc lo t s  of 

tiiiic. or c\~cn worse mag 1101 find a feasible solution. For 
our case. rlic numbcr of possible nile sets is estreinely 
large. and then the esliausti\.c scarch for all rule sets is 
iinpossiblc. Thcreforc. i t  is iiatiirc to think about the use 
of c\,olurion strategies to pro\idc ;in effective way of 
finding the bcst candidalc. 11 \vi11 be introdiiced later. In 
this papcr. a n  c\rolution briscd \it-tual training scheme 
uscd to find rulcs for dctcrniiiiiiig propcr parameters in 
i in pcd:ince con1 rol is proposcd. 

3. 111iI)ctliltlce CoIItrol 

I n  this research. dcbiirring rusks are the skilled 
opcrations for training. Deburring tasks are usually 
carricd out by impcdance control iiieclianisms [6,17-191. 
Tlie niodcls used by as ad:^ el d. in (61 and by Kazerooni 
e/  d. i n  117-191 are a l l  inipcdancc control schemes. In 
161. (lie aulliors considcrcd tliat the fiinction of the 
operation should bc siniplc cnough so that it does not 
rcquirc 1icin.y coinputation. Nc\wtliclcss. the function 
iiiust also niodcl tlic motion csccutcd by Iiiiman experts 
udli  ;t reasonable accuracg. Tlic aurhors in [ 17-19] have 
also clioscii itiipediince control with a view of the 
spccificalions of perforni;incc and robustness. Thus, in 
this work. inliedatice conrrol is also employed as the 
compliance controller for clcburring opcrations. 

In an impcdance conlrol schcnie, with simple 
physics. the follo\ving control is used: 

ivlicrc AI',. l i ,  and K',  arc tlic incrtial, the damping 
and llic stiffncss niatris. rcspccli\~lg. specified by the 
dcsigncr. .Y. .i' . and - \  i1rC thc cnd-cffector's position. 
\.clociry and accclerarioii \.ectors. respectively. -Yd is 
tlic goal position \'cctor i n  tlic Cartcsiiiti space, and Fe,, 
is llie estcrnal force cairscd b!. the cnvironment. The 
impcdance in Eq. ( I )  is ii dccotipled fonn in the 
Cartcsian space. Since tlic control of robot nianipulator is 
alivnys considcrcd in tlic .joint spacc. tlie above equations 
iiiiist be transfornicd into tlic .joint space to derive the 
control torquc. Froni tlic robot dynamics [9] and 
straiglitfonv~ird nianipiilatioii. tlic control lziw is obtained. 
The dctiiilcd discussions C ~ I I  bc seen i n  II-I] .  

In tlic iisc of inipcdancc control. one major issue 
inust bc rcsohzd. It  is about ho\v to clioose the suitable 
t;irgcl inipcdancc or tliosc piirittnctcrs in Eq. (1). In the 
work of 1 1  I ] .  those parmiietcrs arc clioscn a s  constants in 
his work of rransfcrring 1iuiii;in skills. However, the 
results i n  tlic latcr siniulation 1i;n.e shown tliat the 
pcrforiiiance c m  be iriipro\'cd by- changing tlie 
j);ir;inictcrs -in thc impcd;iiicc conlrol mcchanism. Thus. 
i i i  orclcr to oblaiii a bcltcr result for tlcburriiig operations, 
;i \\a! of dctcrniining \\lien nntl I i o \ ~  to change those 
paraiiictcrs iiiiist bc dcfinctl. 

4. Fuzz! Rules for Dcl)urring Tiisks 

A s i ~ d i ~  CI  r r / .  141 I i ~ l  c \ r r  Iiiiitlc use of fuzzy ntles as 
tlic skills i n  robotic dcburring opcrarioris. I n  tlie approach. 

.\Id.\ +13<,-\+Kc,(.Y - . Y d ) = l ~ c , v , .  (1) 

3856 



tlie moving trajectoi> of ;I 1iiiiii;in cspcrt is iiic;isiircd and 
tlien categorized basccl on tlic c.spcrr linguistic 
infomiation. An esaniplc 01' 11ic espert liiiguistic 
information is that if a burr is 1;irgc. tlic cuttiiig forcc 
should be increascd i n  gciier;il. TIic liiigiiistic control 
rules are constituted of both discriiiiiii;itc fiiiictions and ;I 
group of associate linear mappiiigs. Thosc fiiiictioiis arc 
identified froni tlie obtained dat;i. 

In this research. the abo\.c conccpt of fuzzy rules is 
adopted to captiire the skills rccluii.ccl. i i i  dcbiirring 
operations. As we Iia\.c Stilted. i n  this pork.  tlic rulcs for 
adjusting the piir~i~~ietcrs i n  iiiipccl;iiicc control ;irc tlic 
operational skills to be identified. Tlius. tlic triiiliilig is to 
identify the rules that iiiiitatc tlic bcli;i\.ior of 1iuiii;in 
esperts to increase or to decrc;isc tlic cstern;il forcc i u  t l ic 
impedance controller \\lien tlic crror  bct\\.ccii ~ l i c  current 
point and tlie desired positioii is hrgc. If tlic 
end-effector has stayed at the s;iiiic position for ;I loiig 
time. it means that the -V,, co~ii~ii;i~icI iiiiist be cli;iiigccl 
to niove the end-effcctor alicad iigaiii. 

According to the abovc description. I ~ C  rules for 
adjusting the paranietcrs of inipcdiiiice conlrollcrs arc of 
tlie forni "IF (A , ,  < e/-ror < . I,,, 1 I.///!':\' (A.I/. AB.  AL. 

chosen probabilities of cliioiiiosoiiics dcpend on their 
liliicss alue A higlici c\ aluatioii score resul 
Iiigliei chosen piob'ibilit! Flo'itiiig crossover ope 
c~iiplo!ccl Foi Instmcc co~is idc~ 1\10 chromosomes, 

ciosso\ci sitc I IS selcc~ccl ;it random In our approach, 
iic\\ offspring are obtairicd ;is <Cl  + ( 7 i 1  -< l ) /q ,  e . . ,  

<,, + - )/0,, > ancl < 111 + (<I - 711 ) /bl  , * *, 

I ] , ,  + (<,, - 11, , ) /h, ,  >. \ \ l i c ~ c  0 ,  and b, are real 
nuinbcrs grcatcr than 1. foi I= 1 11 In tlie simulation, 
0 ,  ancl h, ;ire sct bct\\een 2 and 5 

Mutation \slue iiiiist be Iiiiiilcd to a given range, 
orlicix ISC. tlic opciation iii+ bccoiiic unstable Let <, 
i n  <=< . <: . e . . ,  <, . L, I . a - . ,  <,, > be the chosen 
;ittiibiilc io bc niut;itccl Tlicn 11 IS directly as 6, +S 
\\licit 6 IS ;I leal nuiiibc~ \\ it11 gncn the reasonable 
c\tcnsion i n  our siniiilaiion. cacli attribute has its 
indn idual niutation probabilil~ Tlicii. there may be more 
tliiiii otic attribute th;ii \ \ i l l  liitltale i n  a chronioso~ne. Tlie 
niut;ition probabilit! of cacli attribute IS 0 03 and 6 IS 
liniitcd \ \ i t l i in  the region 1-7.31 Tlic initial population of 
tliosc mitxdancc t~aia~iictc~ s I S  slio\\ II  i n  Tables 1 

. <?. * * .  , i,, . i i i d  I/=< . 17, . ... , ?I,, '. A 

A -Y, )= P, ". In tlie nile. -.I,, aiid . I , , ,  :ire tlic lo\\.cr and 
the upper boundaries. ruspccti\,cl!.. lbr the i-111 riilc. A.\ /. 
AB, Ah-. and A -Ytf are tlic \ ;iri;iblcs for tlic cli;ingcs. 

of i , , L f .  H,, . K l /  . ( I )  

be set. 4 is a set of values for A.\ 1. AH. A K .  and A -VL/ 
of tlie i-th rule. Tlius. I: is tlic target to bc lcorncd. 
Note that since only line dcburring t;isks arc discusscd. 
the dillielisiolis for tllc \.;iri;lblcs ;1rc all 2 .  11 is 

\\+;It is 1: in the rilles. in llic 1 . 1 1 1 ~  slrllCllIre. is set 
of crisp values instead of fllzzy seis, Tlllls. si l l l ,~lif icd 
TSK [SI reasoning niechsnisni is used i n  our \\,ark. 

5. Ei.oltition Stratcgy 

Evolution strategy is a \\.;IJ. of linditig p;i r"rs  
tl,at optill,ize all objecti\.e fllllcliorl 171, f;lcr. c\.olurioll 

strategies are oftel, referred as gcl,clic algorill,l,ls~ 
are defined for tlie probleiiis of finding the bcst 
combination of gene 1131. E\.oliition slratcgics Im.c oftcn 
beell utilized sol\,ing il 
problems. Various applications c;ui be found ii i  roborics. 
such as  solving imcrse kincin;itics of rcduncl;int robots 

6 .  Systctil I~l~l)lc~llct~tittit~~i ; i ~ i t l  Sitiltllittion Restllts 

Figurc 2 slio\\.s the block dingrani of the proposed 
Icariiing s!'stcni. First. the rules (initial population of the 
e\,olution stratcgy) eiitcr iiuo thc systciu and are soften 
\villi [lie fuzzy ,niodulc. Tlicn. tlic iiiipcdance controller 
iisc those softcn nilcs to ad.jusl its parameters during the 
task cscciition. Note that ;I frcc spacc trA.jectory !nust be 
planed i n  ad\.ance. because t l i ~  robot is asked to move in 

iiccded to niake nicanirigfiil coniparisons. Tliu 
trajcctoq i n  thc frec spacc and tlic contact point of each 
siniul:ilion cj-clc are fiscd. \Ylicn ;I dcburring simulation 
task Ii;is bccii acconiplishcd. tlic fitness of the set of rules 
is c\.;ilu;ircd according to tlic results. Tlie evolution 
strategy is llicn iiscd to prodiic~ ne\\' olT.spring (new sets 
of nilcs). I-lopchW. \ \ , i l l 1  ~ h c  :~bo\'c evolutioii-based 
tr;iiriing niechanisin. ;I s;itisf;ictory sct of rules, can be 
acquired. 

The dyn;iiiiic inodcl proposed in 11 I ]  is adopted in 
rilllgc or ollrimizatiol~ this siniulalion. Tlic dyn;iinics of the working 

c n ~ ' i r o n u ~ c n t  is dcscribcc' ;Is: 

- = I&\ + A', (.\. - .\", ) 
[21]. motion plaiining and obst;iclc ;i\.oidancc 122 I .  or 
navigation of mobile robot I 121. Tlic!. Ii;i \c ills0 be 
eniployed in fuzzy systems or ~iciir;iI iict\vorks to sc;ircli 

I;,;, = Sgn( I:,;,,, )(' ,,., 

\ = -k <'.VI I 

for tlie optimal ansum [IO. l5.2Ol. I I +U 

I;' 
. '.I h 
- 

In this work. the forms of tlic iriiti;il  cliroiiiosoiiics \\.here is tlie c.sierii:il forcc caused by tlie 
cn\iroiinicnt. byfl, is tlic friction. /?,,,,. is the force 

. Those \.;ilucs ;ire to be scarclicd l,orln~,I lo tl,c col,lilct srlrlilcc~ is coeficiellt of 

friction. I'!,~,, is the \docit!. of tlic t;ingcnt direction. and 

include eight attributes. A;\/ l  . A . \ /  . A B ,  . A D  . A K  . 

through training. An esnniplc of ; i i i  iiiili;il  clironiosoiiic 
is sho\vn in Figure 1. I n  rcprocliictioii 0pcr:ilioiis. tlic 

AK2 . A and A 
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I;, and CT are positi\.c C O I I S I ; I I I I S .  Tlic cxtcrii;il forcc is 
caused by tlie dcforiiiittion of tlic \\orkpiccc. ;incl iii:ij 

debur the estra niatcrinl bc!oiitl the clesirccl liiic. Due to 
the contact force. the positioii of thc siirfiicc of rlic 
workpiece will approach to tlic tlcsircd sui-f;icc. In lhc 
differential eqoation describiiig ilic tlcbiirriiig proccss. 
the constant kb reprcscnts tlic cllicicnc!. of dcburriiig. 
When kb is large. the efliciciicy ol'tlcburring is high. A 

sniall positive constant c is usecl i i S  ;I biiis tcnn to a\,oid 
dividing by zero in  tlic cquntioii. In ;icldition lo  tlic 
nornial contact force. tlic \docil!. of  ~ h c  Iiorizont;il 
direction in the dcburring process is also related to tlic 
vertical velocity of the end-cffcctor of tlic niniiipulntor. 

In this simulation. a sct of fcasiblc rulcs for iid.justing 
the parameters required in a n  inipccl;iiicc controllcr inus1 
be acquired at first IO dclinc tlic i i i i l i i i l  popularion for 
ec.olution-based training. The rcquircniciits for lliosc 
rules i r e  to niake surc tliiit (lie \\.liole syslciii be sl:iblc 
during the debrirring operalion. III orclcr to softcii tlic 
boundary bettvecn nilcs v i l l i  tlic 1ii1.q conccpt. tlic 
mechanism of approsiinatc rc;isoiiiiig is cinplo!ccl to 
interpreting those niles. Hopcliilly. ;Ificr lriiiiiiiig. soiiic 
usable strategies as in our c x c .  riilcs for ;icljusling 
parameters. A/. B. K. and .\-(, . to ;iccoiiiplisli a deburring 
task with satisfaction can be cstr;iclecl. 

The requirements of dcbiirring Iilsks in our traiuiiig 
are described as follo\vs. Firs[. ulicii llie cnd-cffcctor of 
the robot liiaiiipuliitor is i n  COIII;ICI \ \ , i t l i  llic \\,orking 
environment. big inipact should be ;i\~oiclccl. Sccondl!. 
the line after dcburring is asked 10 bc as closc to tlic 
desired line as possible. and tlicii thc position crror is onc 
index of the perforniance nic;isurc. Tliirtll!.. tlic skibility 
during the esecution of thc 1;isk iicccls to bc ;issurcd. 
Finally. tlie esecution tiinc slioulcl 1101 esccecl 21 

prescribed value. Neverthelcss. the \vcigIit of thc position 
perfonnance in the evaliialion score is kirgcr 11i;lii t h i t  of 
the time consumption and ih;it of ihc forcc cscrtion. If 
the robot simulator c;in cornglctc the t;isk Cis1 illid thc 
results can match tlie task rcquirciiiciiis. i r  is Ixrfcct. 

According IO the ;ibo\,c t:isk rcqtiirciiicnis. tlic 
evaliiation fiinction uscd i n  oiir \vorl.r to c\.;iIii;i~c ilic 
performance of :I dcburring opcixtioii is clcliiiccl ;is: 

,score= 11; x sco,.q + x .,,',,/.L'> 

3 x C O l l l I l  2 A 1'1,11111 

+ (ino-ll.l - w ~  ) x e . y i ) ( - ~ l ~  ,: c : o / ~ ~ ) / )  

It 

scort.,=Clspn(O..l-.\.,,,;)x c\pt-p; :, ( ( 1 . 4  - . \ , , , , ) ) I  
,=I) 

Score 2 = C[esp(-p,  x (Fey,, - 1.; ,,,, ):) ' <\I)(-/>, (!,.,\,: - 1.; ,),,)~,] 
,=I, 

\\here finjl is tlic dcsirccl forcc. 11; ;iiicl 11, arc 
weights of the position scow ;iiicl  or  ~ l i c  forcc score. 
respectively. pI . p 2  . and 1); ;ire ihc iniiltiplicrs or 

each score. 0.4 is thc dcsirccl positioii ;iiitl .\',,i, is tlic 
position after deburring. c o i f / / /  = i i  is tlic iiiiiiilicr 01' 

points iiccdcd to accoiiiplisli ;I dcburring task and is the 
iiic;isurc of the csccutioii tiiiic. In this simulation, the 
counting nuniber Ciili not cscccd a dcsircd number. If it 
cscccds this clcsirccl nuiiibcr. tlic araluation score is set as 
zero. I n  other words. if tlic moving speed of the 
dcburring opcration is too slo\v. the deburring operation 
\\,ill  bc rcgardcd as a fail operation. I n  the same way, if 
thc cstern;il force cscccd the tolcrable force, the robot 
siinul;itor alcrts the uscr and also the c\riilu:ition score is 
SCI as zcro. Thosc paraiiictcrs i l l i d  thc \vcights used in our 
simul;itions arc g i \ w  i n  T;iblc 2 .  

First. the simulation rcsults using tlie initial rules are 
prcsentcd. The used cnvironincnt parameters are 
/jL,, =0.5, B,, = 0.5. h',,l =lOOOOO. and Ke2 =10000. 
The results are as shown i n  Figiire 3.  For comparison, the 
results in 1 1  I ]  are also cited and shoivn in Figure 4. It 
can bc found that our results arc niuch better than those 
i n  1 I I ) .  The results of applicd the niles obtained froin our 
c\.olutioti-biiscd virtual training are sho\vn in Figures 5-7. 
Thosc rcsults ;ire obtaincd I\ itli diffcrent burr sizes but 
\villi thc saiiic cn\%-oninciiliil stifflicss. From the results, 
thc pcrfonnnnce is bcttcr than that by using the initial 
nilc sei. I t  can be coiicludcd t h a t  this approach can 
indeed achie\.c the purposc of training. If the moving 
\,clocity of -Y2 dimcnsioii kccps ii low-valued constant, 
tlic linc after deburring \I i l l  bc siiiootli. In addition, if tlie 
cscrting force is sufticicntly I;irge. the line will be close 
to the dcsircd line. If thc inoving speed is too large or not 
;I constant. t!ie line afrcr dcbiirring \ \ i l l  be nigged and 
rough. Moreo\w. it  iii;i? tlcsti.o~ the workpiece or the 
robot cnvironincnt. 

For thc \vorkpiecc with tlic sanic stiffness but 
diffcrcnt burr sizes. ~ h c  robot simulator can find its 
proper targct inipcdaiicc. Tlic rcsults arc shown in 
Figurcs ss-ss. Tlic obtaincd rulcs can also be 
successfully applied to ilic workpieces with the same 
cn\~ironnicntal parameters but tliffcrcnt bur sizes. The set 
or thc rulcs obtained fronl thc first casc is used to debur 
the \\.orkpicce of the sccond C;ISC. Similarly. tlie set of the 
rulcs obtaincd froill the second case is also used to debur 
thc workpicce of the first c;isc. The siiiiulation results are 
slio\\~n i n  Figiircs 8 aiicl 9.  

7. Coirclusiotis 

III this rcseiircli. tlic problciiis of IIO\\. 10 teach ti robot 
to cscciitc skillccl opcratioirs arc studied. The idea of 
transfcrring tlic 1iuin;iii skills to robots is sonicwliat 
diffcrcnt froin those proposed in the litcralure. Even a 
Iiuii ian cspcyt nicct a ne\\ iiiatcrial tha t  hc never faced 
before. hc iiiay trcal this iii:i\crial \ \ i l l 1  his esperience and 
intuition. Huni;iii \vorkcrs usually accumulate his 
espcricncc ;ilicr csccutiiig tlic S:IIIIC task rcpctitively. I n  
iidditioli. Iiui i inn cspcrts usu;ill!~ tc;ich other workers how 
to cscciitc ;I skillccl t ~ s k  by shoving the esccuting 
process. instcxl of expressing thc skills by some sort of 
inforiii;itioii or data. For inst;iiicc. if  the burr size is 
hrgcr. tlicii llic escrtiiig Iorcc shoulcl bc largcr. Such 
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Module 

Figure 2. The block di:igrarn of the proposcd tr;lining 
syslcrll. 
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Figurc 3. Tlic dcburring result for tlic iiii1i:il nilc 

50 
30 

0.005 

K,, = 100000 
. . . . . .  B,, = 1.0 

, I . .  b = 5 

U =  1 
mean - e r r o r  = 0.0012 m 

Figiirc 1. Tlic dcburring rcsiilt prcseiilcd i n  [ I I I .  
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Figure 5 .  Tlic deburriiig result of tlic first casc 

.n ~ . . ~ ~  ...... '*k;j-. . I  ." 

. I ,  . . . . . . .  

.z  .,, .I . . . .  
Figure 3 Tlic dcburring result of tlie first CilSc b! iisiiig 

tlic nilcs obtained for the sccoiid CiiSe 

Table 1. Tlie iiiitial population uscd i i i  the stud! 
( a ) M ,  . ( b ) A f l ,  (c) Bl . (d) B2 . (e) K, . (0 K 2 .  
(g) -Yid . (11) .Y2d 
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