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A Study on Feature-Based Visual Servo~ng Control of Robot 
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'FMs p a p e r  p r e s e n t s  h o w  efEecfive it is to use  m a n y  ~2~tures {'o~: imp~:ovh~g d-~e s p e e d  a n d  

a c c u r a c y  o i  v{sual  s t o v e  y s t e m s  S o m e  a n k  c o t t d i t i o n  w h i c h  re ia ie  d~e i m a g e  Jae0biai~ t0 rise 

co~m:ol p e r f m m a n c e  a re  de r ived .  T h e  fbc~m is 1:o d e s c r i b e  t h a t  t h e  a c c m a c y  o f  {i~e camm:a  

p o s i t i o n  c o n t r o l  h i  t he  w 0 d d  c o o r d h s a t e  s y s t e m  is h~c~eased b y  i~t~ilziilg ~:edm~dam {}ature.,~ bt 

th i s  pape r ,  it  is a l so  p r o v e ~  tha t  t he  a c c u r a c y  {S i m p r o v e d  by  i n c r e a s i n g  t he  numbe~:  o{ E ~tu,:es 

i n~0 ived .  E f f e c t i v e n e s s  o f  t h e  r e d u n d a n t  ~a t~ , r e s  s e~,ah~ated by t he  s m a l l e s t  s i n g u / a ,  v a l u e  o:( 

the  hm~ge 7 a c o b i a n  wh~cl~ {s c ]0se]y  ~ei:~{ed tO tBe acc t i r acy  wi th  r e spec t  {o t h e  wo~ld  c o o ~ d i n  ~te 

s y s t e m  Usefl]h:~ess o f  t h e  r edundar~ t  fea tm:es  is ~er i f ied  b>  the  ~:ea] t i m e  e x p e , { m e n ~ s  o n  a [ X m i  

A r m  R o b o t  m a n i p u l a t o r  m a d e  by S a m s u n g  E l e c n o s i c  C o  [o~d_ 

K e y  W o r d s  s V i s u a l  Se r~o{ng  ( o n u o L  R e d m d a n t  Feature+ F e a t u r e - B a s e d  u  ' [ r a c k i s g ~  

Rea l  T i m e  C o n t r O i ,  h > a g e  J a c o b i a n  

] ~ t r e d u c ~ e n  

Ahho~{gh  r e b e l s  can  pe{'[2>~m asdsemr)[} recen]  

{2- ma te rm~ hat*d] ing  ob., wHB -,~eed a n t  

D P e C l B / U ~ L  ~ n e n  c o m n a r e a  ,~, n u n ] a n  ~,orKe{s 

~ob{}ts. H'e h a m p e r e d  D} t 1ell [ac], o f  qeng(Hv 

p e r c e p n o r  ye~ [', a{~cress d~> deFic/em v c(mq~.- 

d e r a b l e  : e sea rch  in to  m r c e  tac t i l e  and  vi~,ua 

peFceD~mF Has Dee~] co~duc{e~ o v e r  ~{~e pas~ ~wr 

d e c a d e s  

V~sual  s e r v o m g  s {l~e /s~on o f  resu l t  ( re in  

m a n  / e l e m e m a /  a r e a s  Htcludrr;p. his r~eed m~age 

p r o c e s s i n g ,  kinematic. , . .  (~yna /mcs  {xm~ro~ theoF} 

ar id  ~'ea]-[Hhecom~m(//LE.  |1 has m u c h  ~ c o T n m n n  

aviH~ r e s e a r c h  it{( ~CHVC v~g]o~ ] ' ld -{[FUCUHe 

co;~.,~(,~a]; : . ,  ~ i h , , , ,  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

F E ]  , - ~  5 5  2 4 9  16:; t4 F A X  - g 2  55  2 4 9  " "  

~ ) i T }  H ~ I I  I }  r~{gC{l  { I ' t1Us ; l [ } d  [ "~ ] l iU~O l~  D 118HtCU1~Hlg  

K o r e  ~Mam~s~ [ ~Reee~'ved h t l  ' 2{}00 R e v i s e d  

~n n m o { M ~  b~n "~ . , c i t e  dJfl~eren f r o m  H~e m e n  

desc~qbed ~,~.,: ,,, , - , :  o~ : -  m e r a r c h  c:f i  ~ask l eve l  

v~s~( n p r o b l e m s  arc  drnda~ m H m s e  cnco[mteR*d  

n}  act~w v ~ d o n  resea rcher~  w h o  a~'c b m l d m v .  

] o b o H c  h e a d s  ~ }{ov~eve~ H~e ~a~k ~H v~smH 

S C F V O H t 9  I*, ~( CODIFO~ a c o d e {  {O L:Opv~ W / U l  {~ 

e n v n o n m e n ~  astor .  ~ i s m n  ~ o p p o s e d  ~ {./s~ 

� 9  V / [ ~ 2  ~ '  0 ~ 1 T I F { H l l S ~ e H  t 

~c~cd ~.  a o n ] m e a r  c o n t r o l  "-rob}eros w i th  d , e  g~a} 

}eve/ ot e ach  ~,a~o H~ens~ona{ ~)~xel tFF~y be lg~  

~n o b s e r v a t  ~m. T h e  { HnCUHV o f  ffm p r o b { e m s  ,~ 

m e  s~zt a n d  {}~c nonHnea rHyo  T h e  size oi each  

�9 is ~a~-gsr ~ ~a~l tell { h o u s a { t d  a t ~  isc 5 

~ave ~(mHncar i n t e r a c t i o n  w h h  eac ' :)8~er A r e s  

e earcne.,  D~ised {}n m e  s[oc~lasHc m e d a l s  (H d~e 

r ,~o m m e n s l ( m  a{ o b s e r v a n o n  are  f o u n t  h m  

- ..~ ~sHa~ s e r v e  , ~ s;chemc use  ~he / e a t m e s  '~ 

~H i~Da.~!e ~}~ H ~ { :  , } D s e ~ v a { I o K L  T O  ~ H ~ n  ~ H ~ a [ e  

em~ec{s w{th c o m p l e x  s h a p e s .  ~ i. / n l j o H a n [  ~e 

dea  v i ,h  c o m p l e x  ~ea/t$res s u c h  as -DHCFeS and  
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vbnders .  [{owever :he t ime  or  ex t radb~g con> 

mex ~eatures wlIl become  ~,~,~ hung due  Io [ imbed 

h a ' d w a r e .  Accordingly ,  ~ vmua] se rvomg < h e i n e  

w h g c b  t i v o l i / a s  ~l'lalqy features eflhct~vd> , .  

r e q u n ' e ,  g u r l h e r m o r e  exp |o i t i ng  c a r d u H y  die 

m[ i? rmadon  l}om the  li :amres wH1 ew e  robusJ  and  

ccura ie  corurom per iormancc .  

~asdcrso~l c~ al 987 proposed  a carafe  

based apn roach  am~ d e h n e d  the J a c o b i a n  ~}~ are 

ideal inverse m~erprmat ion  vmcr  was cons ide red  

~. m e  mHnitesima~ change  of ~he relat ive p e n m e n  

and  or~eman{m between H~e camera  and die ob- 

.ted in {he enva-onmeni  

N e w m a n  e~ aL [1987 proposed  an adapt ive 

c o r n s ,  taw based on ,~ s ingle inpu t  s ingle  o u t p m  

m o . i d  and [eamre select ion cn~ermn >,a. 

proposed Fhe  c r i m s o n  addressed  a sdcc ied  ~ba 

rare should  be use(] ~o cone  }{ an ac tumor  where  

{he mmme~ e l  the  s d e c m d  ~eamres ~~ cqua{ to {he 

{?umber o~ the ac~uan~r~ Veddema e~ al. ~987: 

~9,9 a~so studied the se lecuon  method  n~ lhe 

m a i m . , . ,  make  the Jacob{an we[b .condmoned .  

Real m~m e x p e n m e m  on g a s k d  t r ack ing  q'/owcd 

ma mc p rope r  selecdoil  of  lbatures is necc ~sary ~o 

r run im{zc  inn e(lSect of  image noise 

Papamkolopoulo.~ m M. [991 199~) expert 

rr}en[aHy examhted  many contro~ t |~or/Ihms i n  

c | u d i r ~  ~ ' ro-sorbona |  I'[us ~meg~a~ p o l e  assign ~ 

mere and Ime~ quad[a t / c  eaussmn Some 

udapuve  con t ro l  s~Jsemes wen: also e x a n H i l e d  ii~ 

[lashm-~o~o {99{ These approaches  do not  

cons ide r  t ,  ,~sc tile r e~hmdam lba{urcs w h i c h  a r e  

defined as ~ e ~eamres (>{more than  the degrees ,, 

[random o~ ~ rooot  m a m p u  m~r 

C h a u r u d ~  el a~ { J99 |  and  Kspm~ e[ d 

~992 derived the mteracIio~ matr ix arid m,ro- 

auced rne concern M ~ask ~n]ct ion ( h a u m e u e  

/994 :x~cn(m~* the task f u n d i o n  app~oacu m 

me cou p]ex {bature~ Jan..  and  [{~e~l 1991 

m m h e m a ~ c a u ~  de Imed  the  " [ba ture  "~ and  derived 

ne ~bamre J a c o b m n  matrix,  ghe am:-~ors derivc~l 

nc image Jacobia~q and  used h ;  generahzed  

mvc~se a~ d P | )  con t ro l  m generate the h a n d  

(raJec~or} Fhese schemes ~re based on the 

g.merahxed nversc  o f  lhc Jacob{an R e d u m ] a m  

natures cou{d be used IIoweve . inn pala tnerers  

o[ r ep rov ing  /so comroI  pe r fo rmance  were ~o~ 

l imited a n d  the  con t ro l l ab i l i ty  o f  d-~e redm:~dant 

Aca{:ures was not: discussed. 

] h e  a m b e r s  p roposed  a l inear ized d y n a m i c  

mode l  of  the  visual se rve  system and  l inea r  

quad ra t i c  con t ro l  scheme f l u  r e d u n d a n t  ~ a t u r e s .  

The  con~rol labiEty  p r o b b m  was d~scussed but  

the  pe~R)imance i m p r o v e m e n t  by udEz ing  fl~e 

r e d u n d a n t  Features was not presemed  

Th i s  p a p e r  [';resents h o w  the  Control  pe r form-  

ance  of  the li:a urn- based visual  servoing system 

is improved  by u t H i i n g  r e d u n d a m  lhatures.  

Effectiveness o l d i e  r e d u n d a n t  f immres i s  eva{ua~ 

ted by the  sma]lest  s ingular  value  o f  d~e image 

J a c o b i a n  which  ]s closely rela~ed to the  iccuracy 

in the wor ld  c o o r d i n a t e  system. UsePdlness of  the  

r e d u n d a n t  features ]s re f i l l ed  by  the  real  dine  

cont ro l  experiments~ 7 0  Hlustrme ,he  a c c m a c y  of  

~he r e d u n d a n t  visual  serve  system, reM t ime 

expe i iments  on the  D u a l - A ~ m  r o b o t  w k h  eight  

j o i n t s  a re  ca r r i ed  out~ T r a n s l a t i o n a l  and  rota~ 

t iona l  step response  wifl,~ t h r e e  four  and  Hve 

t~atures are examined  in ~he exper iments ;  

2~ System Modeling and Eormu~aden 

The object  image moves  wi[h the j o i n t  angle  

to d~e object  image,  which  is composed  o f  t he  

k i n e m a t b  modal  and  the  career ,~ modal  as  s h o w n  

in Fig. 1. Suppose  H~at a camera  {s rnom~t:ed on 

the  r o b o t  hand  a n d  the obiec~ does not  mOVE. The  

k inema t i c  model  is a m a p  fron~ the  j o i n t  angle  ~o 

p o s k i o n  o f  d m  c a m e r a  S ince  the  camera  is on 

the robot  hand ,  the camera  pos i t ion  is un ique ly  

def ined by  the i o i n  angle  ~ ) b a s e d  oil tSe 

k inema t i c  s t ruc ture  of  dan robot T h e  c a m e r a  

mode]  is a m a p  from the  pos i t ion  of' fl~e camera  to 

the image o f  d~e o b j e c t  T h e  ob.[ec~ image {S 

genera ted  by t h e  perspect ive  of tim rela t ive  posi-  

t ion be tween  the  camera  and  the o b j e c t  T h e  

perspect ive pro jec t ion  is a m a p  between two  dif- 

fierent r ep resema t ions  of  the pos i t i on  0 f  the  ok{ect , 

in. ,  the r ep resen ta t ions  in lhe  ;camera c o o r d b m t e  

system [X;%g}] :~' a n d  in die i m a g e  p i ane  ix>*]< 
The  perspect ive  projecHon wi th  f be ing  the  

fbca[ length o f  the  let]s is  g iven  as 

[:v y ] < : = [ X  Y ] ~ ( / / z  (1) 
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StlDpose ~}]a[ u]ere are feature mHnb; namely 

t i e  cor responding  oosuHms in ~1~ m t  e~: t lane 

~re c~=:[XAVN' ( s = - I  o+-. 7gs. Assume t/~a~ m< 

shape and size o f  the  oh.loci are krtown and 

consmm He. the objecl is ~ ~igH~ body Fher 

L}%'S become PancI~ons ,*} lhe H)m~ angle 7 l e l  

u~ de~ine 2~7 ,~ dimensional  / ea tme vector ~, 

q g  ,#~&"~.zlr Fben ~he ,~vs~em model  Kw 

~,a [ c a l t l l c  D o i n g s  ~ t e h n e d  m~ l h e  m a D ,  

#, : R " - - "  R ~ f r o m  @e ~om~ angle u.> @e 

/cameo re@or l% 

@[MI ,; c 2 

wneH ~? 1.~ me number  ol ~oinl~ o~ ~he re>b(~t 

~qH1ct LBC l a s K  m t l S l  D e  came& o m  m / h e  

Bonslng|J~aP reg ion  of  m e  ror)o~ rne ~onMDgular 

~cs~m ~s called me m~eralion regio~ [\"1,~ C ;7 [{ ~ 

W e  r e s [ r l c [  H l C  r o D o ~  I ] / o ~ I o n  H} [ l i e  3 o r a H o ~ ]  

region. T h u s  ~he robol .Iacobmn j , s m  ver~mte m 

QlC v v ' o r k / n  b, J . rea .  {1 ~ [ g  [J,%e~Ql 1.0 IF I~FO{~.<  h e  

feature rear, Mold w}Hch is defined 

| h e  leal He~ on  me feature mamR)ld is called 

me adrmsslb/e ~eamre- I t  lhe [eamrcs arc 

adntl<~s/b[e, then l hc  rooo~ Jacob /a~  t~ sfrv'e t ib le  

b~ del ini l ion In Em 7 "' repree, em>~ ~ne iomt 
augm 

DH])remia~ion of  lh( ~,ys~em model  , _lds 

where mc 2:alX~> ma~rtx ] is defined <==. 

. I t  

[ h e  matrix J}s is given by Feddema (,1987) 
and Papaniklo~poulos 1 9 9 i )  

/ . ) ,  ( :% :v~' x + i :  . , 

I ; ] i i : / =  :;~;~% I 16) 
0 [ ................. 7 ............ i . . . . . . . .  

and  ca l l ed  t i e  i m a g e  ]acob iam cJ.r<.>~ i the  t i b e t  

Jacobian expfegsed i l  t/ie camera  c o o r d l n a e  

sySlcm S ~ c e  the veer< r )Y,,s,r ~ is the I n e a r  

and angular  velocities o f  @e camera  expressed in 

the camera  coordinate  Sy tern, ]}2  becomes the 

in{%A~esh'mA change of  the posi t ion o f  @e camera; 

Moreover ,  ] (i) (t~J2%l'A~e~) becomes  ihe h ~ l n t  

~cs~mal change o f  lhe fbatures according ~o @e 

i~:inites~maI Change of  fl~e jo in t  a n g l c s  

The  degenerated @amres are the  l~2a~ures for 

wMcb @e exte~ ded image  Jacobian  7s of  no t  t%lt 

ra~k~ The degenerate fieatures sho@d be  avoided  

because  the inver e map  ( the m a p  from 2~ tO 0)  

becomes si~~gulaL Thus,  when @e n u m b e r  o f  

.iob~ts is m 

is required fDr all admis iMe l%atures< TO sa~isl)' 

th :~ c o n d h i O n  SX<ee;~/2 i m o b q o u s  i e c e f a r y  

r  t on b u t  ~t iS n o t  su f f i c i en t  f b r  some c a s e .  

FOr example  consider  a gemera[ Six degree of" 

fYeedom case ( a ~ = 6 ) h *  ibis e a s e  n,t>3 is neces- 

s;ary, i f  h': 3, ~he camera Hes on tt~e cylinder (Fig; 

2) which b-~r the  fl:v-ee points  and lhe axis  oF 

w h c h  is perpendicular  to @e p iano  c0n ta inmg  

~ h e e  points  For  any att i tude OF the camera ] iS 

s i n g u l a r  Thus  ~z=:3 iS no Suf f ic ien t  a n d  se;e4 is 

des i rab le  I:or tl'~ case of  n = 4 ,  we have :the 

fol lowing theorem. 

F!g~ 1 S.Vaem ~0dclin~ 

, ......................................................................................................................................................................................................................... i 

}:'~g~ 2 Sim:.tA~r c)/mder 
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Theorem I S u p p o s e  that  there  are  Ibm po i n t s  

on ~ p l ane  and  file c o r r e s p o n d i n g  { ea t u r e ,  e c w r  is 

admis s ib l e  Fhen the extended tmage J a c o b i a n  ~ 

)I Ihtl rank  if any @ree fea ture  p o e t s  ou t  o f  them 

~re nor  coI l inea r  in lhe imag~ p l ane  

Proof : Let the p l ane  on  w h i c h  ~he lkmr p o / n m  

exls~ be Z : - : ' P X + O  Yq  r T h e n  Z~ sat isf les 

%%:/)]~'~ + ~ }' + r fiw / :=  l ---. 4 Subst i tu th~g 

I into this y~e]ds 

f . . . . . .  f-PP / q . i  x~ 

k i d  s u b s t i i u t / n  g l h l s  I n l o  ~, yields 

.NW = M ; N  

where  M, and  N are def ined ~x 

M~= f u .v~ y~ o 0 :v, ~ r x<yd/ I 
o / o n :c,> ,vm// y ? / / l '  

-- I 0 0 0 ,r- 0 

{I I {] ~~ 0 0 

h { ~ | tJ tJ 0 

u p 0 0 n 

0 q l tl 0 r 

0 0 p 0 ~ 0 

I~ t )  - -  (7 r ~} 0 

10 

A(~e z (W+{ * Ma s II is s t r a i g h t l b r w a r d  to  see tha t  

i]e[ ~ := 
{ 

I 

I I I  

1 

T h u s  M ~s i a~er t ib le  because  any  three  ~Eature 

po in t s  are no~ co l l inea t  O n  ~he other  h a n d  if 

F ' + q ~ O ,  the {brst six r o w s  of  is l inear ly  

i n d e p e n d e n t  I f  p : = q  : -0 .  the  i l rs t  f o u r  a n d  the  last  

two r o w .  are l inear ly  i ndependen t .  T h u s  r ank  

N = : 6 ,  Final/y~ s m c e  all l ea tu res  a re  admiss ib le .  

<:7,~M :is invert ible .  Theretbre~ dte ex lended  image  

J a c o b i a n  ] is o f  tM1 rank .  

3. AnaLysis of  Visual  Serveing Sys iem 

Her eva lua t i ng  the  p e r f o r m a n c e  ot lhe l e a m r e -  

based visual  se rvo  system, il R user%| w discus,,  

the ra t io  o f  the jo in t  ang le  erro~ to lrle {emare  

vector T h e  f o l l o w i n g  l be o r e m s h o w s  dtal *ncreas- 

m g  the numbe~ oI the leaIure  po in t  :is m effective 

way  ~o re?m-ore the p e r t b r m a n c e .  

Let tile i m m  e r ro r  be  S{]:= O,-- {2~ an(1 ~he 

l~ature errol be &~--~---~<~,. Define m e  wors t  

]oin~ ~bature crro~ r a n o  E R  called ~ensmvHy, as 

fb l tows  

I A S H  1 
hu ::- I l~ Ek=,,,',eg" AL e ~m,.,(]) 

where  flm~n(] ~s the m m i m m n  dn~tl/a~ va lue  

o f  ] .  Vhen the  , ensn ivn~ [{}{) decreases  strictly 

hy m c r e a s m g  the r m m b e r  o f  n o n - a e a e n e r a i e d  

leamres  on  the o b j e c t  

Let ]~  ae the image  ] a c o b / a n  | o r  r Feature 

poin t s  and  J**+~ oe @ e  ~mage J a c o b i a n  ob t a ined  

by a d d m g  an ext ra  tEa tme  p o e t  to me a l ready 

exis t ing ~eamre po lnm.  

Fhen  we have 

J ~ + l  �84 ( | ~; 
1 

w h e r e  /t~,-~; ~< the 2 X ffz nnag~: ] a c o b i a n  corr~-- 

s p e n d i n g  .~ ~he newly  added  lbmurc  r~om~ r ~s 

s l r a i~h t f i ) rward  1o see thai  

T h e  equa l  s~gn h o l d s  oR|y f f e a c h  r o w  o~ / ..H, 

is l inearly d e p e n d e m  :)n ] , .  i.e.. on/} d ] , , ~  is .r~ 

M full rank.  S~nce we a s s u m e d  thai the f?atm'es 

arc no~ degenera ted ,  the  equal  s~gn s n o u m  b( 

d r o p p e d  T h u s  a d d i n g  ext ra  ~emure p o e t s  str icN, 

I n c r e a s e s  tile H I l l l H I l u l n  s i n g u l a r  v a K l e  

[ ' h i s  t heo rem ~ay~ lha t  we call r educe  d~c Hm 

m i l e  e r ro r  hy m c r e a s m g  the n u m b e r  cH [eanlre 

po/n[s .  

k m e a m z m g  the mode l  (2 w)th  the mature 

vector b e m g  the slate vecior  yields an u n c o n t -  

ro l l ab le  model  because  ~ can  no~ m o v e  arbl~rarll,~ 

m R zn A s imple  a.ay to a v m d  m~s p r o b l e m  m /o 

m a p  e{:bM o n t o  ~he ~angem beace f M by usm~ 

the R~ltowin s l r a n s f l ) m m t i o n .  

~:-]/(:/-& Is1 

where  ] d ( = J ( O .  Ls the hnag~ J a c o b h m  ~t he 

des i red  poin t .  No te  ~ha{ z a n d  ( ) a r e  o n e  t o - o n e  
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m m e  ne~L, h b o r b o o d  o /  (:,~, I ' h e  % n a t u r e s  ,, m e  

l ) a ~ u r e  e r r o r  o~ l h e  ~ m g e m  s o a c c  o f  [ h e  m a n i f b l d  

M ~ !~veH 

1 h u ; ~  l o r  a sh~ple commuotm dine conird lJtt 

{ ] : : = - - : ( 2 :  w i t h  ,o ~}t:~,~{i,,,e d e { / n : e  c { }n~ tam t a m i x  

1( y i e l d s  am a s y m ) l o l i c  s t a b i h *  ~t ]o '  - m 

o o s H / v e  d e f i m { e  I{ v,,~ s h o w n  lhal t h i s  c o l ] d l l i o l ]  

ts sa1~Mled ~ iimqy l a l g c  e}2~<- "~ :, 

4 .  E x p e r i m e n t s  a ~ d  D i s e u s s i 0 ~  

b o a r d s  -wuh ~hree  / o r e  a n d  l i v e  b l a c k  m . r k s  

/ h r e e  p c u m s  a ~  a ~ a u a e d  t o  m a k e  a n  c ~ m H a l e r ; d  

H'ialf~l{ w H h  a a  r ~ e n g t b  ,~ ~ : ? 0 m m  g r 

p , ) h ' ~  a~c .,~ c o - ~ e r n  o~ ~ .~ u a r e  w i t h  a n  ? d i e  

k ' n g t h  o~ / 2 0 r a m  i l l  m a r k s  a r e  on a p l a n e  e x c e a ~  

m e  c e m e r  {me  c*f Hv~ p o i m s ,  w m ~  ;~ h e  d~l :~s 

40n~m.  D t I a | - A I * i ~  f o D o l  o~d~ t he  oo . l ec lg  a n d  

c a m e r a / [ ~ _  [ ' h i :  w e t  d c o o r d m a i  , , - g e m  

, , v - -  t . . . . .  :oz ' -  ai  i n e  e a s e  :q m~: D~IM A r m  

F E D { ) [  P~ IOl ' l ] iYUd  C a  l l e r ;  D O N H / r  I IT/{}NI 

~ r o a t  o{ l h e  m a n e  o n  w iHc l  t h e  m a r k s  e x ~ ,  [ o  

�9 ~oid t h e  , ~ B u h u "  ~: i n d e r ( F i ; .  ~/. lhc  o p i l  a~ 

/x~s l ~ d  t i l e  n o r m a l  ,,~,~ o :  ~}]e }b}ec{ p } a n e  a r e  

no~ a | h m e ~  F h e  d i s t a n c e  -- a b o u l  /0(}(hm~l. Fh~  

/ e a ~ m e s  ~re m e  a ~md ~ c o o y d / i ] a l e s  o f  t h e  CeilteF 

o [  m e  mm~ze ~ e a c h  IBalK.  ( o m o u / t n ~  t h e i r  

m m  m m  M ~ b 4 l l l a r  v a | u e s  a t  f i l e  r e [ ~ r e n c {  g o s i { ~ o n  

~ [ a n e  tin II]~ o~her h~md_ lhe ob~cu~ mollon 

hecornr>, [ he S{eD c ~ a ~  1.,.c o [  ~ ~hc r e / e r e u c e  mosla{m 

l o t  m e  }lois o| HIe c a m e r a  m o d { m  /n  ~h{ w{w~d 

c o o r d m m e  - s ~ e m  since D u M  A r m  r< bo~ h a s  

< m h  6 d e g r e e s  o f  f r e e d ,  m~ ~ne o ~ e n i a H o n  f f  t h e  

b i e c t  {:r~anee( s l i g h t ,  g h u s .  /n~ r e / e renc~  or~ 

e m a l l o m  , 2 g  u. - -  ~_> a % , r c e , ,  e x p r e s s e d  HI th {  

};~der a n g l e s  s a y  ::_ ::. 

i~/ll'e h H~ s i x  u~ c>  WhlC}~ s h e >  H l e  a i d  

T a M e  

k O l l fCm [ }t'H "M - .  

v< ]ax }m l m  R e a c ]  

M a x  R e s ~ i i a n  u  

U/**H C 

t 'OM//~)l 

Kepea m m HI 
M Ax~s 

~tc~dG t GO~ 

I < e m a r g  

' \ r m  m,_ 4%0 

7S 

] i  " 1 }  " " " 

~H/1 U U .  

2 Am 

{b, . . . .  " 

/ -A 
~%,d 

7@ 

5%~u,:=/] } : = 0 m S  

Fhu~ ~ c c m a L v  o~ t h e  p o s i t / o n  u o m r { H  o f  H~c 

c a m e r a  in ~he 3 D  w o r k  , ' m e t  w i l l  r~c u-.rU~roved b) 

H~CH'~ : t e a [ t i r e s  W e  CAFFIer  O H [  r l~ ;~ I~  M C D  I e s [ s  1 0  

~ h c  C X D e F I ~ C I ] i  IE ( ) [ l  a s  [ / ] o u o i l  / n  v e r l l e a l  

: A i ~  }he ~ m e c ~  /x m o v e G  ~ , p ~ a r d  f l ~  }20ram 

/~e.  m r m r e c ~ / o  ~ {~c c a m e r a ,  c o n t r o l l e d  t o  

i~eep m e  ~ e a / u r e s  a~ ~he  i n i t i a l  p o s m o n ,  l h i s  m c  

in i t i a~  v a l u e s  a n d  m e  r e [ ~ r e n c c  ~ a h m s  H l h e  

s a m e ~  ] h e  ob  e e l  m e l l o n  ~,, . m M d e r e d  a~ a d l -  

~ m t ) a D c e  R>l Hm p[o{s  o {  H~e e m u r e s  ~r i n {  m~a~v 
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co ~rdinales  ~f the  three  ~eamre p o i m s  m m e  

un~ge plane .  T h e  h o r i z o n t a l  ax i s  i s  t h e  rune,  fhe 

l arge ly  d i c m r b e d  c u r v e s  are  m e  y c o , o r d i n a t e s  and  

t h e  '~hers a r e  the  x c o o r d i n a t e s .  T h e y  are  aimos~ 

s~abi l i zed  m ~wo s e c o n d s  V i e u r e  d e p i c t s  m e  

, m a g e  c o o r d i n a t e s  o f  ~he f ive oom[s .  AH r e s p o n s e s  

in ~h{ m~age o f { h e  a r e  s m m a r  ~e each  oH~er 

l ' h e  p l o t s  i n  b~g ~ de p / c I s  t h e  p o n t o o n  e r r o r s  

o{ /he  c a m e r a  ~o~ H'm fl~rec f e a t u r e  p o m [ s  

t m e a s u r e d  m the ~ o r l d  c o o r d i n a t e  %s~em}o T h e  

e~ro t  r. m d i r e c u o n  ~s d i v e r g i n g .  H o w e v e r  ~s 

s t / o w n  in Fig.  9_ t h e  r e s p o n s e  of  H?e c a m e r a  

pos im-m w u h  f i )ur  f ea tu re  pomps  ~s s l a b l h z e d .  ~t ~s 

s luggish~ a n d  i t  r akes  mo~e  t h a n  20 s e c o n d s  ~o 

stab{lime {he d i s t u r b a n c e .  Fi s u r e  I 0 ~s d~e r e s p o n s e  

g~th ~he f ive  f e a t u r e  pomps .  /~ is i m p r o v e {  ver~ 

m u c h  fo r  b o t h  sr~eed a nd  a c c u r a c y  The sl~eadv 

State, eFFOFS a re  s m a l l e r  m a l l  5 r a m  [or  M| 

d~rec~ons .  

5. C 0 n c l u s i o e s  

Jn ~his pape r ,  u w a s  p r e s e n t e d  now I he  c o m r o l  

p e d o r m a n e e  of  Ihe  b,a~ure~-based w s u a  se~vo 

,'0 q e m  ~s i m p r o v e d  b} uH/lz~no redunda i~ |  

{~tamres. E f fEc t iveness  o~ | be  r e a u n d a n l  {~:a~ures 

was  e v a l u m e d  b ,  m e  sin{l ies{ ~ m g m a  v a l u e  o i  

{he m~age  J a c o b i a n  w h i c h  is d o s { l }  reta~e~ ~r the  

accu rac}  m the  w o r l d  c o o r d i n a t e  s?a~em ~t w a s  

,~uown [ha t  [~le a c c u r a c y  o f  ~he c a m e r a  p o s m o a  

c o n r a i l  m ~he w o r l d  c o o r d i n a t e  s f s t e m  r 4b 

i n c r e a s e d  h> r a i l {z ing  r e d u n d a m  ~kalures.  R e a l  

t r am e x p e r i m e m s  o n  D u a l  A r m  robo~ ~eere t a f t >  

ed o m  m e v a l u a t e  d'm / m p r o v e m e m  o~ ~he ,~ccu~ 

r a c y  ar ia  speed  b3 u t i l i z in~  r e d u n d a m  l e a m r e s ,  

T h e  resul [s  ve r i f i ed  ma~ m e  m m m m m  sb~gu ar  

v a l u e  o f  {be ex~e~ded  ~rnagc h c o b / a n  p l a y .  an  

n ~ D o r t a m  r o l e  m e v a h m t l n g  p e r ~ o r m a ~ u e  m >  

p r o v e m e m  o f  t h e  IEature-  b a s e d  w s u a /  s e r v o m g .  
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