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ol>jwr.. However, Iiistoricall>- prol,lenw with three 
diiilnensional inii'lenientation of sucli il st,mtegy liave 
centered on difficulties with a.cliieving :uid sustaining 
a.ccuracy of the d i l r x i o n  ofbotlr the imlmts and c a m  
eras [2;],[28].[29]. .A sHxntl approx1~ to rision-based 
robotic ront,rol is visual serroing [30].[31]. Howerer 
this approach is prol)leniat,ic. for om probielll due t.o 
the ia,nlaIlononiic iiature of tlie relatiolisllip Imwen  
the niot.ion of exli robot. ami t,lie response of the iiia- 

nipulatrd ohjecr.~ The approach we utilize is C!amer;l- 
space nianipulation. LIie detnils of wldcli are presented 
in Ser.tion 3. 

2 Non-Smooth Stratified Systems 
Tlris work is an extension of prerious work I>>- the 

mtllors: therefore. a short revieu- of previous resnlts 
is necessar?-. This dismssion omits man? of tlre nec- 
essary matlmnatica-1 details. a i d  r . 1 ~  interested reader 
is referred t.0 E], PI. [3 ] .  [9]. [I]. [4], [GI. [TI. [SI for n 
romplete,. cleWled expxiticxi. 

Consider tlre case of tlie four fingers manipulating 
tlie c.ube illustrated in Figure 1. If each finger has. 
sa?-. rhree revolute joints. rlreii the overall confignra: 
Liun space for rlre spstmi is So = SE.(3) x ,s"x', diere 
SE(3) descrilxs tlie configuration of the cube and S"*" 
wprespnt.7 tlir ronfigur:rtion of tlw j0int.s. If tlre object 
were snroot.li. rllen tlie set of all configurations WILWQ 
one tingeer contacts the o1,jec.t defines a smooth rod- 
nrension one subniaiiifokl of So. Howerer. since tlre 
object. is not siiiootli. tlre set of coiifigwations a-liere 
the fir1ge.r c0ntact.s rhe cube will be the m i o n  of G (lis- 
connected sniootli iwuufolds with 60us(lm:v. 

In general. we use stratum , Y I , , , J a ~ . - , , ~ ~ .  d-l lwe I 5 
I < .J < Ii < L 5 4 and W. ii..p ancl q are different 
iiiregers Iretween 1 and G, to represent tlw wnfiwra-  
t.ion wlren four fingers I. J.  Ii and L ,are in contart with 
surfaces 'tn. 7 t . p  a n d  q respectivrly. Shnila.Kl>-, stmtunl 
,S,,,,J=,>-, represents the contigurat,ion d-llen three of the 
four fingers. I .  .J and Ii, are in contact with 1 . h ~  sur- 

the stratum is referred to <a its codiniellsion. Tlrus, tlre 
1)ott.om stiatuni for the st.riicture our 
4t.h level and cont<aixs all the strata \\ 
4 representing all the four fingers are ill cunt'xt wit11 
tile c.111~ Similarly. all LLIP stra.ta representing tlitee of 
tlie four fingers are iii contact witlr tlie c . u h  <are in lerel 
3. h t .  of t . lp  com1,iiiatorial struc.ture of the stratifiecl 
system is slioum in Figwe 2 .  diere  t.he nodes of tlre 
figure represents (lifferenr. strata. t.lie edge.5 connecting 
the nodes indic;rt,e t l m  it is possiljle for tlle . 
to niow from one Strati.ilii to another. Thus. if tile 
nodes 'are connected I>>- ai edge, the sqsteni c iu~ mow 
ktxveen tlie strata. if there is no edges Iwtn-een [.WO 

nodes. the s,vst,em caiiiot ~iiove Iretween cliein directl>-. 
Clonqmring tlre struc.ture of this srratitied sy'stenl 

f - .  dces , m. 11 and pof  t.lie object respec.tively. TIE level of 

Figurc 2 .  The Structure of the SowSniootlr 
Stratified System 

with the s>-st*m of robot fingers engaging a smootli 
object, we can find t,lia.t for the strarified systeiii wir.li 
multiple fingers to maiiil~ulate a.sniuotlr object, there is 
just one bottom stratum in tlie configuration structure. 
However. for o w  stratifipd systeni for four fingers to 
nmanipula-te a rube object. tlre 1,ortaiii stratuiii is the 
union of <' = 3GO manifolds with bouular?. In the 
rest of the  development^. me will coxsider each of tlrese 
nianifokls with l)ouwlarJ- as a. sepxate stratuni. 

hltliougli we lms-e prresPnted tllp structure of a non- 
siiiootli st.ra.rified s>-sten: I,? \'3y of a particular ex- 
ample. niuriel?. four fingers nianipolating a culw. for- 
nmlnting tlw generic st.rocture is straight. forward. In 
paztic.ular. a stsat,uni h simply a siiiooth mailifold wir. l i  
boundary and a single. smooth Imttoni shatuiii does 
not ~ieressarily exist, but is. im fact. tlie union of nml- 
tiple st.rata. 

Having dereloped tile struct,ure of a noli-snlootlr 
em. we consider nu>tlon plnnniir;: for nom 
111s. \ulucli onl? iiivolves one ,ad 
relative to rlre sn1oot.h stmatifid 

cme. In psrricular. since t.he bottom stratum is not 
sin:pl>- a siiiootli manifold. then the nonunal trajeY- 
tor? will not be contained wit,hin a single struttun. TO 
see tiis. consider the saiiie exmiple of four fingers IIW- 

nipdating a cuhe and consider an encling coiifigurntion 
wherein t.lie four fingers 'are in contact. with different. 
faces of the cul>e tlmi upon wliicli t l q  st,uted. Since 
the nouiind trajectorr is compukl  in the Imttom sua- 
tuni (all tlie tingem in cont.act with the cul>e). the non,- 
hid trajector>- will need t.o swit.ch among the various 
strata fiGsn nliirli tlip I,or.tom st.ra-tiuu is conrprised. 

3 Camera-Space Manipulation 
C!aiies~x--sp,wr manipulation is utilized in rhis ewer- 

hnent to circumvent. the clificulties of mlilxating the 
robot. liineinnt,ics. tlie kineina.t.irs rrlationsliip anlo11g 
nmltiple robots. as w4l as tlie caniera(s1 to [.Le \-er>- 
liigldy accnratP d p g e  n e c e s s ~ y  ([321.[331!. Each cani- 
rra c m  form a pi-ojxtiou from the :ID C!a.rt.esio.n (IW- 
ical) spa.ce in tirw 0iir.o the canieras' ?D fincage pllune 

361 



Figuc 3. Uapping froill the C!a.rrwsi311 co- 
ordinates to the image plrl~ic roordina.r.es. 

Tlie.canera iiiodel used here is a perspective projec- 
tion nmdel. A s  sliown in  Figure 3. tire r -  awl y-axes 

for t.lie image plane, the z-axis is per- 
1widirnlo.r to tile iinage planc (along with rlie optic 
a i s j .  i u d  xith t.lre origin located at  distance f Ibeliind 
the iiringe p l m e .  allerr f is the fold lengt.1i of t.he 
Calllern. lens. TIP perspect,ive projection niodel ccui be 
described I>!- 

1- 
Z '  

I<. = f; IIJld !,,. = f - 

target object. and nmnipuletor can Le seen in multiple. 
redundant, cmiiera. views. 

For one of the ca,nier;Ls. the view paranieters C.' c m  
.,be estim;lr.ed tlirough tlie acquisit.iou of :L large nmn1,er 
of siiiiultiuicoiis image plane and pl~ysieal space sam- 
ples 1.: niininiizing: 

- 
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the plrysical coordiiiaks of tlle cues atl.achQd to tlre 
object. b:- Eipation 3.  

Sext. a trajec.tor: is planned for O I ~ Q  end effector tm 
appt<owll the target. olrjec.t.. and this traject.or>- is di- 
vided iiito j siibtrajectories. .As the manipulator 1liOVQS 

dong tlrp sulxrajeccoriea to approach tlir target object. 
the FiQK iinraiiieceis ,ZIP updated I X L ~ Q ~  on images at- 
(joired x~lien t,lie mid etfector is at the Qiid point of 
each sul,trkrjec.tory. Once all tlre end effwors are in 
contact with t.lw object h g e r  gaiting can Le xhieve-rd 
with ra.cli robofic finger follorr-uig rlie trajecr.ury PTO- 
<lured from the the strarificd motion plaiiuing finger 
pait.ing algorirlmi. Periotlic.ally. iiimges are acquired 
during the finger gaiting. ii.~id if the ol,ject. configu- 

.. . raaion and cout.a.c:t. coordinates 'are suLstmtiNI? dif- 
, .  ferent froin the configoration and contat:t coordinates 

assomecl L? rlie opQll-loop stratified niorioii plaining 
alporitlun. J ties opQll-IOop trajector>- is roii i iutd t.0 

reflect. tlie updated confignrat.ionof the ObjQCt aid con- 

A----- 

Figurc 4. Tlom- clrarr representing tlie QZ- 

perinwilt irocedure. 

5 Experimental Implementation 

.in experimemal platfonii l m  Leen d ~ d o p e d  t.o 
denioristrat.e the application of the algorithm outlined 
"1 Figure 4. Four l'uirui Xi0 ro1,or.s <are mountrd on OIIQ 

coninion platform W ~ Q E  each rolmt is used t.o sinul- 
late a finger with six joint,s in the experiment.. Thee 
Gdil motion control boards. encii ot which rail control 
1117 ro 8 axes, are iiwalled on one Pent,ium IV 1 . i  GHz 
PC! ruiniiiig Linin operating systeni to control the mo- 
tion of the 24 joiiits of t.lie 4 robots. Pictures of the 
experiirieiit.ill platfonn ,are illustrated in Figures >IO. 

Three srandard I.ilack and W1lit.Q 8 o q  lC!i.iC!E cam- 
e r a  nre I J S ~ ~  in the. tile experinlent.. each with a focal 

inches awa>- from the torger. on the wall. >xitli a separa- 
tion of IO0 degrees Lecn-wn tlieai. and  the other CNII- 

ern is lllOlUltQd on rhe ceiling a]7lq~ro.xima.tel>- GO iucles 
1111 froni the ro1)otS- Two Picport St.erQ0 image c a p  
time boards are installed on tlir PC!. atid rdl tlte iiwage 
processing aal trajector!. pla"ig is done on it. 

The inethod is general in t.liat it c m  accoinmodute 
an>- non-smooch terrain or oLjj,t[l]. in this paper we 
will  priniaril:- ronsidw a cube o1,jec.t as the coniiiioii 
ol,jert for tire four fingers to cooperatiwl>- inanipulat.e. 
A Ulli<lUQ lilark Cl iQ and 3 u-hit.r cues, vitli each cue at 
r? lillown position relative to tlie cube center, are at- 
tiirlied to tlre top surface of the cu1)e. Once the v i m  
Ixmnieters are initinlized, the CUQ innges in the U W ~ Q  
plane cmi be distiiiguislml aud matched to tlre cues 
011 t.he cube object. ancl tlir inaiilwlntor. and the po- 
sit.ioii and orientation of the Cube object, can tlius Ibe 
determinecl. 

Bb- moving endi maupulator along H preplaiiiied 
tmjQCtor,V. and X<i?Ji*ing a series of siiiiultaneow joinr. 
roratioii and C . I J ~  uiiage views (32 in this ~XpQriiliQllt), 
we c x i  initialize scts of view- paraneter C Letweeq t.lie 
nmiipnlntors aid caiiierm, wliere there is one C be 
tween each camera and inanipolator, t.otdl>- anmmt- 
iiig to 12 sets o f C  with 3 cniri&as and 4 robots used in 
tlis experiment. Then a trajectory is pl;uuled for earl1 
iwuiipolator to approa.ch the object. ami r.he c'.s are 
further updated during this apixoaclr proresa. Here. 
n:e einplo\- a sc.rr7iglit line comiect.iiig tlie current posi- 
tion of t,he iiiaiiipulntor aid t.lie specified contrxt, point. 
on tlie object AS the prephnned tmjrctor:.. and this 
trajectory is divided iiito 3 SUl>directoriQs. diere tlre 
manipulator is 4.2.LO.3 and 0 inches nwa>- from the o b  
jQct along tlre line. Image sampl~s are xqiiired while 
tlie niaiupujatot is a t  the endlmiiit of each subtrajec- 
tor?. anit C."s are ai?;ain u p d a t d  Once the manipu- 
lators are engaged with the object. the .roIwts begin 
to ilianipnlatr tlie olijert according to tlie stratifid 
motion pIa~m"~g algoritlnn. Here. tlir goal nmtion is 
to rotace the r.iiI)r al,out rlli asis OriQiited in the I di- 

h g t h  Of ~ ~ * I u > L  TWO c a n l e r ~  are IIlou~ltQd about. 110 
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Figuc 5 .  H = 0.32 EXI Figtuc 0. H = 4.i4 rad 
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.3 
29 
60 
61 
F2 

Figtuc 7. H = 3.10 rad Figurc 8. 0 = 1.49 rad 

0.G4i.5 
a.J:Y'C 
0.4313 
0.3201 
0.2011 
U.10?2 

i l l  I 
26 0.7342 

TABLEI. ? 

0.2128 
0.10SJ4 
6.281G 
6.1738 
6.0149 

0.T44F 
0.C33T 
0.2428 
0.427F 
0.3YC3 
0.21.;1 
O.IflGI 
G:2B04 
6.1638 
F.OR28' 
2.9cJ-13 ___ 

error 
0.0 

0.001F 
0.00GO 
0.0028 
0.0;39 

~ 

n . o m  

0.0098 
0.00.jO 
0.010? 
0.0037 
0.0062 
0.0140 
0.011:3!J 
0.0113 
0.0240 
0.OIG.i 
0.0068 - 
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