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Abstract

‘J’llis IMIWr l)rcsmits a silt]ple ml-line  approrwli for IMP
tioll co])trol  of rover-mou~]trxf IIlanipu]ators.  An intc-
p,rate(l kilmiatic IJmdcl of tllc rover-l) lus-][la]lil)~llatc)r
sys[mn is dcrivd  m’llich illcor~mratcs  the nomllolono~nic
r o v e r  co]istrail]t  ~vith the holonomic  cmi-cflcctor  coll-
s(rail)t,  ‘I’l Ic rcdul)dancy  i]ltroduccd  by t}ic r o v e r  rncJ-
l)ility is cx})k)itd  to l)crforln  a set of user. specified
addit  io]lal tasks dNI il]g the cld-dfcc.tor tnoti  on. ‘l’tic
col)fip,llratioll cmltrol  a})proach is utilized to satisfy tllc
IIC)II-  IIolollo]llic rover constraint, while rmcmn~)lislling
tlm cll(l-cffrctor  JImtio  H and  the redundancy rmoluticm
y,oal sil IILlltallcL)Llsly. ‘J ‘his fral ncwrork allows the u.scr
t o  :is.si~,l)  ~vci~,lltill~ factcws to tllc rover movcmcmt and
]Ilallil)lllator  Ilmtioll, a.s Ndl  a s  t o  cacll t~sk sl)cmifl-
c;l[iol[. ‘Jltc c(.)]lll)lltatic)])al  cflicicllcy  c)f tt)c col]t] 0 1
S(;IICIIIC  lr)akcs it lmlticular]y suita})]c for real- titne ill]-
])lc]llc]l(atioll. ‘J’hc proposed IIlethod  is alqdicd  to a
l)lt,llar tivo joil)tcd  arlll  lnountcd on a rover, and coln-
])ltt(r  si]llulatioll  rcsul(s  arc l)rcsclltcd  for illustration. 1

1 1 ntrOductiOn

l{oi)ot IIl:illil)lll:ttols  ]nolll]tcd  01) lnol)ilc platfollns \vill
})( Ill ili7((l i)lcl casi]]p,ly  ill Imtl] t e r r e s t r i a l  al]d s})ace
ii])l)li(iitiol]s, l’~)r it]stancc,  NASA is  J)lall])il]g  to me a
tlackc(l  )llicro/lllacro lna~li~)ulator arln  f o r  t}lc S[)ace
St:itio]l  lIkcccic)]n, and t o  u t i l i z e  robots lnountcd  on
Il)icro  rov(ns for Nlars cxploraticm. III lnotrilc rot)oLs,
tl)c tnsc IIlol)ility il)crcascs  t h e  s i z e  o f  t h e  rol)ot
}vorkslmcc substal~tially,  and  cllablcs  propm  l)ositicniill,g
of ttlo ~l)allilxl!ator  for cflicicllt  task execution. ‘J’ypical
cxa]nl)]cs of mot)ilc robots m-c tracked roboL$,  gantry
rotmts,  colri~)ourid  rc)bots, and whcclcd  robots .

1,I}le ~ck$ear  C}l dc..critjd i n  t h i s  p8pCr  V.’WI c~[ id o u t  at

IIIC J(L I’rq,ulsic,n [x+l)oratory,  Cal i fornia Inst i tute of  ~’cchrlcd-
OV.S, UII({C[  contract  with the  hlritirrnal  A e r o n a u t i c s  r i n d  Space
,I(llrlil)is(r;)tic>r],

ITI rcccllt  years, path l)lall~lillg alld Inotic)ll  cmltrol  of
IIIO}Ji ]C IOhOtS ha\’C ~) C!CIl aCti}’C ar~a.$ Of rCSCarC])  [SC(!,
C.g., 1 - 1 3 ] .  \VhC1l tllc tm$c  Inobility is ~)rovidcd  l)y a
track, a gantry,  or a]lotfm robot, the kirmnatics of
tllc tmc platforln  }Ia.% llolol]olnic cm)straillts  sill~ilar to
tlm kinclnritics  of tllc ]nani~)utator  itselfi t}lus t,l Ic lm~c
car] cfrcctively  bc trcatcct  as acldit,iollal revolu~e  or l)ris-
matic joints of the Inal)il)ulator.  011 the otlwr  hard,
w}mclccI IIlot)ilc platforlns,  such .0.s rovers, arc sul)jcct
to r)oll-intcp,lab]c kinc!lnatic colwtraints,  krlowll a.s 7101 L-
holono71Lic co7Lsf1ui7Lts.  SuclI c.o]lstraiTl~s are generally
causul })y OIIC or scl’cral 7olh7Lg  co7Ltoc/s t)ct\vccll rigid
t)oclics,  a]ld rcflcwt  the fact  t}lat the IIlobilc })lat,forln
Irlust II IOVC  in tllc direction of its lnaill  axis of sylrl-
lnctry.  A rover is a tyl)ical  noll-}lolonolnic ~llccllallical
systcln.  It call attain aJ)y l)ositirm ill tl)c l)lalie of 1110
ticn) }Vitll ar]y orielltatiol];  hcllcc tl]c Collfiguratio]l sl)acc
is tl]rcw-(lilllcl)sic)llal. I Iowcvcr,  Ll)c velocity of lllotio~l
lnu. st a] WaJ’s satisfy a Ilc)ll-}lo]otlc)lllic collstl  aillt;  t]IIIs
t}Ic S]EWC  of acllicval)le  velocities is tl~o dill lcllsiollal.

‘J’}]c prol)lc]ns of  ~)at}l planl)illg  and lnotioll  colitrol
c)f ~)c)])-}lc)lo]lo)l)ic  systcll  Js, SUCII as wllcclcd Il}ol)ilc }dat-
fol-ins, llavc attracted considcral)lc  rmarcll ill rmcllt
years [7-1 3]. 11) a classic ~)a~m [7], llar~ a(~llalld  and
l,atolrll)c  derive tile IIol)-llolr)l]c)lllic” ~ol’cr cmistraill~ all(l
(Iiscwss o~)tilnal lnal)cuvclillg  o f  l~~ol)ilc lol)()(s )J;,-

)nalnc)to  al!d Yul] [S 9] adclrcs co(mdillatioll  of Io((]lli(>
tion arid )Ilrinil>ulatiol) [i]ld .solsc tllc ~)rol)lcln  of follo)v-
illg a movi)lg surface. \W~ng  and Kulncr  [10-11] a.sso-
CiatC COIll])]ia]lCC  fUllCtiOllS tO thC IllC))Ji]C  lllalli])ll]at  Or
joir]t.s  and ilnI)lcnilcllt rate decorn~)ositiotl usil)p, screw
thcxxy. I,iu and I,cwis [1 2-13] dcvclo~)  a dcccrttralizcd
rc)bust  controller  for trajectory trackirlg  of tl]c ]Imbilc
lnallipufator  c]ld-cffcctor.

111 this paper, the col]figuratioll  co~)trol  lncthodology
clcvelopcd earlier [14- 15] for redundant  robot colltrol  is
extended to lnotiorl  control of rovm-ll)c)ulitcd lnal)i~)u-
]ators.  ‘1’hc  IloI1-~\C)lOllOIIliC  killmnatic  constraint of the
rover fiks rlatural]y  in the configuration  col)trol follll(b
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latio)l.  ‘J’lIc  )lc)]l-llc)lc)~l(llllic  rover constrai~]t, the cicsircd
~I1d-dr~m  ]notio]l, ad the mcr-spccificd  rcxlulldalmy
rcsolu(io]l F,oal  arc collll)ilmi  to fcnm a set of difi_ctcvl-
tial kirlclnatic  co]lstraints. ‘J’hmc constraints are thm
s:itisficd using the collfi~uration  control al)lmoacl),

‘1’lw  lmlwr is  s t ructured as  follc)lvs. 111 Scctioll  2,
lvc (Icril’c  a]i i71teg Tutcd killcInatic  modcd for tllc rcwcr-
I)IIIS Ina]li}]ulator syston. ‘J’}Ie lnotion  colitrol  of  t}lc
ill~cp,l atcd  systcln  is forlllulatccf and -solved u s i n g  tllc
collfip, urtitiol! coll[rol alq)roach  in Sectiml  3, allci a siln-
Il]:itiol]  stuf]y’ is In’csclilwf for i]lustratiml. Scctioll  4
(Iiscusscs tl]c results of lIIC pa~)er  and draws some coll-
clllsiolis,

2  Kincnmatiw o f lntegratecl
lLovcr-I)llls-MaIliI)  tllator Sys-
tc?m

Ill this sc(tioll,  \vc develop a siln})le  killcvuatic IJIodcl
t)l:it  rcl)rcsclits  t)]c rc)i’cr-l)l~ls- lllarli~)~l]ator  systcli~. \~le
l)] OINW a fully i~~ieg~uted killmnatic  rq~rmclitatio~l  of
tl]c rover zl]]d  tl)c lnallil)ulatc)r,  rather tllall trcatil)g
tllc ruvvr ti]ld L]]c IIlal)il)ulator  a s  t w o  sq>arate  c!llti-
tim. IY{J]II  t.l~is view’l]oi)]t, t he  il]tegratrd systc~n is
cOII)lXMC(I  o f  Luw c]osc]y  inter  ac.till.g sul)systcvfw  with
di(lcl C]IL  kil]clnatic  aIJd  dyl]a~nic  c}]aractuistics.  ‘J’]]c

r o v e r  sul)systc]ll,  lwi])g  a wllcclcd  veh ic le ,  is sul)ject  t o

Ilo]]-llo]ollollli[:  corlstraillts;  wflm-cas  for  t~lc lnal~i~]ula-
tor  sui ,s)’stc)ll,  the co]lstrai Tits arc }Io]ollo]nic.

‘J’l]c killclilatim  of tile rover and tllc lnanil~ulator  sub
systcIIIs iIrC s,~lidicd  ill t,llc followil~g sut]sectim~s.

( ;o]]si(icr  [i fl[)llt-}v]lccl-[lrilc  four-~t]lccl  r o v e r . ‘J’lic
rt)l’cl is I (I I)] csmltcd l)y a two dilmllsic)llal  rcct  aljgulal-
t)l)j(,c[  trta]]sliitillg a]](i rotatillg ill L]Ic  IJ]allc of lnotiol],
:1.s  lllll~t]:i(c(l ill l:i~:ulc 1 .  I>ct ]“(x~, yf)  dC’llOtC t)lC

IIii{i])oil][ lJ(I[v,[cII  ttlc LV,O ftoI]L WIICCIS arid I/(or, yr)
1’(>])1 C.CII[  t]ic Illid]){,illt L) CLW’CCII  Llie  tw’o rear w] Icc]s o f
t Ilc rover, \YIJer(: tl]c cwordi  I]atm arc  cx])rcsscd  wit,tl  rc-

sl)ect  to t!Ic fix(:d \Yor]d  f r a m e  {\$’}  with  axes ( o r : , @ )

stl(~\vll ill 1,’igllre I ‘1’tlcl rolwr corlfi~uratic)l)  i s  ~Jaraln-
ctcrizwl  t)y ttlc 3 x 1  v e c t o r  p = [xf, yf,  @]7’, wlmre +
(Icrl(tcs  LIIC oriclltatioll of t]lc ~llai~l ax i s  c)f Ltlc rover
I-clativc to l)JC x-axis  of L]lc world f~alljc.

Assulliil]g a ~)urc rolli])g contact bctwccll  tllc rover
Ivllccls al]d [I]c gro(]llcl- i.e., no sli~q)il]g-  tllc v e l o c i t y
o f  }millt  lr’ is altt,ays along tllc lnaitl a~is of L]]c rover.

wllcrc A is a scalar, l~;li]ni]latillg A, \vc obtaitl

P’quatioll  (’2) call be cxlmcsscd in tcmns of tllc cocmii-
Ilatcs  (zf, yj) of tllc frotlt  point  ~“ C)II the rover. ‘J’IIc
coordinates of tllc rear ~)oiT1t  R(xr, yr) and the front
pc)iilt }“(xf,  yf) are related by

w}lcrc 1 dcl~otcs  tllc distance IMLWCCV] 1/ ald 1“, i.e., t}le
rover lcn.gtll. ‘J’l)us, the velocities of 1/ aJld II’ arc related
t )y

if = ir - ff/,siIl#)  ; yf : y, -1 Ljcos  r++ (4)

11’roln  cquatior]s  (2) allci (4) ,  we obtain tlic foilowing
non-holonomic  Lincmaiic  constmint

or, ill matrix fox-l]]

wllcre j : [if, rjf, fjJ]7’.  Kquation  ( 6 )  rq)rcsc]lts  a natu-
ral coIlstraillt  that Inust  bc sat isf ied t)y tllc vciocity
vector )i, [7]. Note that cquatio]]  (6) is a s~)cciai fol in
of the llc)ll-llc)lollc)lllic cc)llslrai~it

\vllcrc G is all ?n x 7~ lnatrix allci p is ttlc  7L x 1 \’cctor of
gcvleralizcci  coordinates of t}~c systmn.  N’otc that a kinc-
~llatic comtraillt of tllc for)n (7) is callcci llc)I1-}lcJlc)ll(>lilic
if it is ]]otl-i]itcgrable;  i.e., ~ caIl ]Iot he clilnillatcd  a]lci
tllc cm]straillt,  (7) call lIot I)e rcwrittml  ill tcrlns of q
a]orm ill t}lc forln  J](q) = O .  OL}]cmvisc,  t]]c col~slrai]lt
is calleci Iloiol)olnic.

Nmv, the cc~]ltroi varial~lcs  of tllc lover  arc Llic  Yc]oc-

ity ?) o f  tllc frmlt WI ICCIS all(i tllc stcclil)k: aIIfI,lc -r t)(,-
LWWII  t}Ic front V.’] ICW]S allci tflc lnaili axis of t]Ic rover’
‘1’l)crc[orc, ttlc vciocity  varial.)lcs  arc rclatcci  to L}IC coll-
trcd variat)les  t]y

w’here the ttlir(i  equation is derivd  from tile first t}vo
arl(i tllc collstraiTlt  (G). It is scctl that at aTly cotlfigura-
tion (x\, yf, +), tl)c sl~acc of velocities (it, if, ~,) acllicv-
ahie by the rover is rwstrictcci to a t w o  cii]nelisiollal
sut>spacc  ill v iew of  t]lc collst,raillt  (6). ‘J’l]is ilni)lics

.



LI]tit tlic velocity vector }i is com])lclely  dctcrlniT]cd I)y
the corlfip,uratio]l  vector p and,  say, if anti yf. No
ticc ttlat tllc acllicwablc  configuration space  (xf,yf,<~)
of tlic rover is tllrc~clilllcllsiollal,  i.e., is co]npletcdy ull-
rcstlictcxl.  l“inal]y, givcll (if, yf, #~), the rover velocity
v a]ld tl]cs~c[rillgallglc~  arcfoulld  frolnequatioll (8)
a.s

2 , 2  IIolonomic Manipulator SulMysLCm

l:or silnl)licity  of  l)rcscnltation, w c  consicler a ~)larlar
two link ]Ilallil)ulator  arlll  lnou~lted 011 tllc rover, as il-
Illsirated ill F’igum  1. J ]owcvcr, the lnctllodolc)fy  prc-
SCIIt Cd ill t]ljs  I)alxr is gmlcral ant] is equally alq)licat)le
to ally tyl)c c)f ?~-jc)illtcd rover-moultccl ~nanil)ulator.

1 mt 01 al]d Oz rcprcswlt  the joint all.glcs allcl 11 and 12
clc)lotc tllc Ii Ilk lcl)gt}ls of the Ir]al]ilmlator  arln.  C;o]l-
sidcr  a Iimvillg Ycllic]e fralnc  {V} witll  axes (}”i,  l“j)
att acllcd to ( llC! to\’cl’ a t  t}le fro~lt  lnid~mint 1+’. IJct
tl]c [)mitioll  o f  LIIC Iilanipulator cnd-cffcctor  E bc ttlc
I)lilllary  task \rarial)]c  of i]ltcrcst.  ‘l’]lCIl, t]lc {;artcsiall
cooldillatm of 1’; }vitll resl)cct  to tllc fratnc  {V} call be
(Xplxxscd  as

‘J’lIc  ctl&cfrcctOr positiol]  cc)orclillatc$ XC  ❑  [:(:C, yC]7’
lclative to tllc wolld fralnc {W} arc gi}’clt by

.i. c ‘;: J II (dI .1 d~)siII(dl -1 q+)

-  /2(U1  -{ U2 -1 ~)) sin(dl  - 1  02-1 4))

tic ‘ tif -1 ~1(~1  -1 d’) ~@(fA  -t 4’)

-1 12(U, -1 02 -{ d))cos(ol -1 U2 -1 q’)) (12)

01, ill lrlatrix for]])

[

1 0 .1,,,13 J,,,14 –12 sin OIXI 1[
ifO 1 .),,,23  J,,,24 12 sin 0120

#,
o

(13)
wllcrc J.11L13  ‘ J. !1,14 ‘ -  11 sill 010- 12 sirl OIXI, .7,,,23 =

.1,,,24 : 11 coso~o + /2 COS0120,  010 ~ 01 + qh, 012(J =

01-1 Oz -1 ~, and O = [01, 02]7” is the 2 x 1 ~nalli~)ulator
joillt l)osition  vector. I“quation  (13) call Lc written irl
tlm colll~)act forltl

.l,,, (q)q = xc (14)

whcm ~,,,(q) is the 2 x 5 Inanipu]atcm c~l&dfector  Ja-
cobian  matrix, and  q =- ~F, 07’ ]7’ : [*J, 7jf, f#,, 01, 02]7’
is ttlc 5 x 1 collfiguration  vector  cjf ttlc rover-llmulltcd
lna~ii~)ulator  syst,cIn. l’kpatiml (14)  rcl)rcscllts  a ho/o-
ILo?nic  kitlcvnatic  co~)straillt  si]lcc it CaTI hc cxlmcsscd a.s
tllc lmsitiol)  co]}strailit  }I(q) T O ill tllc forlll of cquatiml
(11).

11’e c o n c l u d e  tl)at tllc killcrnatics  of  the rovcr-
~)lus-~rlalli~)lllatc)r  systcn[l can bc Inodcled as tile nol]-
llolollc)lJlic  rover constraint

.lt(q)g = o

wt]crc  Jr(q)  = [G’(p)  ;O], tc)gether
xnalli~)ulatcm cm)strail)t

J,,, (q)g = /ie

(15)

wit}l tllc ilc)loI1olnic

(16)

Bkiuaticnls (15) and (  16) call  bc colll})illcd t o  ot}taill
ttic diffcmnltial killcnnatic  ]I)odcl of tllc illtcgratcd rovcr-
})lus- ]nanil)u]ator  systmn  zs

(17)

3 col”lfigllration  c o n t r o l  of
hltx?gratcd Rovc!r-plus-
Manipulator System

II) this scctiml,  tlic colifiguratiorl  control  Iilcttlodol-
ogy dcvclolm]  earlier [14-15] for rcdurldallt  lnallil~llla-
tors is cxtclldcd  to lnotioll  con t ro l  of tllc r(jvcr-l)lus
]Ilallil)lllator  systcln.

~k>llsidcr  tllc illtcglatcd roJ’cr-})l(ls-l flaT]il)lll:~t(~r s)s-
tcr[i. ‘J’l Ic illtc~,latcd  systcln  is kil)c]llatically  ic(ltlr](l,i]lt
wit]]  tllc clcr,lce-[)f-  lccl~lllciallcy 71 - 7(1,  v;l]c[{> )L :il)(l m

“.7’ 7’arc  tllecii:llellsiollsc]f  ~ a~ld [O, A= ] I]] tlic p,cllcral ca.<(,,
res~wctivcly.  II;quatio]l ( 1 7 )  ca~l ~moducc  ilifillitc  d7.9-
fiTIct ro~cr arid IIlallil)ulator  Inotio)ls  q(i) lvtlictl yi(ld
tllc safne cvld-cffector t r a j ec to ry  X=(t) lyt]ilc satisry  -
il]g the ]Ion-ho]orlornic  rover coIlstrai  IA. III l}]is IJalxr,
w acfol)t  tllc coIlfiguratio[l  coILtrol al)])roattl  ill \vtli(tl
arl a])])rc)l)riatc  ]notioIl i s  c11owI1 from this illfillitc .sct
w}lich calms ttie illtcgratcd systmn  t o  acco[lll)listl al)
addiiionul  user-spccificd task. ‘1’his additiollttl  ta.>k i s
}wrforlncd by direct cotltrol  of a set of 7(= 1~ - r,~) llscr-
dcfiIIcd ki]lcrnatic  fu~]ctiolls

z = g (q) (IN)
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wllilc cwrltrollillg  the eld-cffcctor motion, where  Z and
~ a]c ~ x 1 vectors. ‘1’IIc  acktitior]al task mlstrail)t (18)
call tm cx})msserf  ill t}lc velocity form

Jc(q)g  = 2 (19)

09 i< ~])c ~ x 71 Jacobial~ InatriX a.W+OCi-Jvllcrc  .Ie = -aq ‘
atcd  wit}i LIIC ki]]matic  functio~~s Z. ‘1’his alqmac]l  t o
rcdullda]lcy  rcsolutio]l is wry gc]mal  siucc each ki~w
IIlatic ful]ctioll {~~(t)}  call relmmlt a geometric vari -
al)lc (c. K., coordinate of a lmil]t  011 tile s~%tetn), a ldlys
ical lwrial)lc (suc]l a.s a joint gravity torc~uc), or an at~
slract I])atllmnatical  funct ion (e. g., prc)jtwtioll  of ttle
g]adicl]t  o f  all objcclivc! fullctioll).  l“urt]lcrlmm,  t]~c
user is ]1OL co]lfi]lcd to a fixcc] set of kirlmna~ic  functiorl.s
a]]d CaII  s(!lect di(rcrmit  {~i (t.)} dcpcnldillfg  0]1 t}]C t~+k
rcquilclllcllts  during  tlic cxccutio~l o f  Llic er)d-cff’cctor
l[lotioll.

011 coInbilliTlg  t h e  rol’cr-~)llls-l  llalli~)lllatc)r co]l-
straillts ( 17) and tl]c user-slmcificd additiotlal  ta<k col I-
st.raillt  (19), ~;w ol)tail]

!’$l!l”’ [’i] (20)

or, ill liiatrix fol-in

Ivllcrc .)(q) is Llic colnlmsite  71 x n Jacobian IIlatrix,  and
,“ ‘J’ ~’ is t]lc ~1 x I task velocity  vector-.x ~ [0, ,i:’, L ]

Sul)]jose  tl]at tllc clcsirecl cxlcl effcctor  veloci ty Xdc
a]ld tllc desired rate-of-variatio]l of ttlc ki]lcln atic ful]c-
timii ti~ a r e  slwcificd by tllc user.  ‘1’hrnl  we lIced t o
SOIVC  tllc auq,lncl]tcd difrcrcl]tial  killclnatic cquatio]l

J(q)lj ~ i-~ (z’?)

optilnal  so]utioll  c)f cc]uation ( 2 2 )  that lllillimizes  tile
scalar cost fur]ctio]l

1, ❑  Ji7’~VoJi-\ b7’\vbU’1  ~;~’lvr ~;r’1 ];;:’ ~’ve ~;e’1 ~;~’~vc~;c
(23)

~Tlc o~)tilnal clallll~ecl-least-sC1  llarcs  solutiml  c)f (2’2) that
lniuimizcs  (23) is .giverl by []5]

(j : [.~~”i$’t.)  -I IVU]-  1 .]T’t’i’’~~d (24)

hTotc t h a t  ill tile s~wcial  case ~vhcrc r ~ n -  m and
Wu ~ O ,  cquatioll  ( 2 4 )  gives g  T ~“ l~d, a.ssull]il)g
det[~]  :/ O, which is tllc cla.%sical illvme Jacohiall  so
l~ltion. ‘lb correct fc)r task-sl)acc  trajcctcmy  drift which
occurs  illcvitat)ly  due to tllc linearization error  i]lllcr-
mlt ill cfiffcrcu]tial  killclnatic  schmnc.s, wc introduce tile
actual  co]lfiguration  vector A’ irl equatio]l  (24) as [15]

g  = [~~’~’vc.~  -1 Ivv]- l.)T’~tT~[xd -1 ~(~~ -  ,+)] (~[,)

where K is au (7n -] 7-) x (7n -1 7’) cm]stallt dia~},ol]al  m a -

trix wit h m o c)r ~)osit  i\rc di:igo]lal elmnmlts. Notice that

for tile rlc)tl-llc]lol~c)ll~ic  roJ’cr  corlstraillt,  the alJ1jrol)riate
clcmmlts  of A’ slid ~d arc set  to zcrc) sime tl]c colI-
straillt is lic)rl-irltegIal~le.  ‘J’l Ie introcluctiol] of t}ie error

cnrrcdio]l tcrln 1<(~~ - A’) in (25) l)rovicles a “closcd-
1001)” characteristic w]lcrcby tllc clifrcrmlcc tmtw’cc~l ttlc
cfcsired [illd actual  collfiguratio~t vectors  is  Ilsc(i  :Ls a
drivi I]g tct][l ill the  i]ivcrsc  killcunatic  tr:i Ilsfc)r  Ill:itic)]].

hTote that for task- sl)ace trajcttorics wi[}l co]lst al)t fi-
]Ial v(illl(~$, jd(t) = o for t > 7 \\’]lcrc’  ‘7 is t])(!  lllotioll”
duratiml, usi]l~ (24) JYC o!)tail]  ~(t.) ~ O for t > T ; i.e.,
tllc lnallil)ulator  and tmvcl dcgrccs  of- frccdoln will cca-sc
lllotioll  for  t  p 7 a~id ally task  track  ill~-mror  at t. = T
will colltirllle  to exist  for t >7, IIowcvcr, t.)y llsill~ (25)
l}lc lnal)il)ulator  and tovcr  (Ieg[-ccs-of-frcc(lc)lll  colltilluc
t o  ]noJc fcr t > T  until  tllc dfxircd  co~lfigu[-:ition  vwtor
is rcactlcd,  i.e., X - ~ Xd a.s t - ~ 0.3, [15]. ‘I’l Ie Jral(ic o f
]< d(’t~lll~ill~s  t}]c rate of Col)vCr~!C])cC  of X to ,~d.

‘1’tlc I>IOIXMCCI  (lalill)c(l- lc:Lst-sclll:+I[:s collfi~,{ll :~tioll
colltro] s(llrlJlc  ~)rovi(l(’s a  ,,CI(,IICl:\]  HIICI  IIlli(io(l  flalllc-
\vcmk  for ll)o~ioll  colitlol  of ttle irltcp,j aLc{i l(Jvor-l)llu-
Inalli})ulator  s~’stcln. ‘i’llis SCIICIIIC allo}rs ill(lclxllciclit
w’ciglitillg of rover Inovclncvlt  slid I[lani}]ulator  Iilotioll}
and cvlal)le.$ a wide rallgc  of rcdullclarlcy  resolution goals
to tm accoll]~)lisllcd. N o t e  tt]at ~lmlti~)lc g,oals call lm
dcfillcd for rcdullclrillcy rcsolutiol[  and }vei~}ltcd aI)l)rck
~)riately  t)awxl 011 the curre{lt  task requircll~cllts.

I,et  m ]1OW rc~lfisit the two joirltcd  rllallil)lllator  arln
llloullted  011 tllc rover as i l l u s t r a t e d  ill l’igurc  1. ‘J’his
illtcgratcd systeln lIL$ tile clcgr~-of-  rcclul)clallcy  r =
71-  trt = 2, a~ld t}lcrefore two collfiguratioI]  -(le~Jcll Clcllt
killelllatic  fullctio)ls  Z1 (q) alld  z2(q) call I)c sl)ccificd arid
controlled  ilidcI)elldclltly  of ttle md-efrcctor  l~lotioll :i]]d
ttlc Jloll-ll{jlc)llc)l[lic rover collstrail]t.  l’or  tills systc][],

.



wc CI)C)OSC  tllc rover oricmtatioll  q$ relative to tllc w’orlcl
fralnc and tile Inallil)ulator  elbow angle @ bctweml tllc
ujqwr-arlll  and forcarln  as tile additiol]al  trwk variab]cs.
IIcllcc

z](q)  : <) ; 2’2(4’)= ‘l/I= 180--02 (26)

or, ill velocity  forlu

[

0 0 1 0 0
0000-1 lg:[tl ’2 7 )

LIIC additional task slmificatiolw (27), w’c obtain

sill+ - cos<) 1 0 0
1 () J23 J24 J 25

o 1 1. .3.3 .J34 J.N
o 0 1 0 0
0 0 0 0 -1

(28 )

.134 ~ llCWOIO -1 12 CW3U170; J25 : -12si]IO120;  .JM z
JZCOSOIZO;OIO=  01-l +; OjzO: 0~-10p-l<j.Ikluatio11(28)
rcl)rc.<cllts a set of rlvc equations ill the tlvc ul~knowll
clcll)rlltsc)f~tllatcnl]  l~csol J’ccl LlsillC t}lcc181111)ccl- least-
s(lualcs  c.ollfiguratiol] colltt-ol a~)l)roacl]  cicscrilml  earlier
ill this scctio]l.  l;y direct ion ca]culatiol),  tllc cMmlni-
li:il]t of [I]c G x 3 aup,lllclltcd Jac.obia]i  ]natrix  a})lwarillg
c)fl lIIC ltft-lla])d  side of (’28) is found to bc

dc’t[d)]  : /](’0s01 -1 12 COS(01 -1 02, ) = ic (29)

‘1’hmcfolc, .1 is]lol]-si]l~ular  aIld (28) can bcsolvcd cx-

nctly ]J]-ovi(lcd that ic :/ O; i.e. } tl]c c]ld-effechr  1; d o t s

tiot”lict)l)  tl]cl’~a  xisc)ftllcvcl}iclc fralnc  { V } .
NOV’,  SLI),lXMC  t!ial  t]tcrovcr ]cng[h  isi= ‘20cII]  a]ld

ltlc liIIk lcIIKtlIs  a r c  /1 : 12  : 10cIn. IJct tllc i]jitial
(ollfij),lll;~~i[)ll  of ttlc ro\’C’r-l)lL ls-lr)al)  iI)Lllator” systc  IIl t)c
}I,ii(ll I)f

t h a t  ttle target mdcfrcctor ~)osition is not attai{lablc
~vithout rover ulotioll,  “l%k-spam  Inotion trajectories
arc s~]ccificxl as

}+’llcre  (xi,  2J) arc the initial allci Til]al values a?lci 7 is ttlc
duratiml  o f  motiml.  Silnilar  trajcetorics arc s~wcified
for ~d(t), ~~d(t), and $l~d(t).  ‘1’)IH(!  ttajCCt C)riCS  l)rOdUCe

a  strai.ght-lillc  elld-cfrcwtor  lnotion  ill ~;artmiarl  s[)ace
frolll (T~, y:)  to (x:, y~). Notice that t}lc target cll)ow
811glc  r/) : 9 0 °  g i v e s  ]naxi]lluln c]lcl-effcctc)r  Ina]lil)ula-

bility  at the firlal  collfiguratioll.
A co~lq)utcr  silnulatiml  study is performed to cal-

culate  the required configuratio]l  variables  q(t) :
{z,(t), yf(t),  ~,(t), Ol(t),  02(f.)} to accol[l])lisll  tllc tasks
o f  cnld-effcctor  lnotior}, and q+ ald + collt,rol, w h i l e
satisfying tl)c Ilml-holollcnnic rover constraint. 111

tllc silnulaLio]l,  \ve s e t ,  7  : l,At ~ O.O1, W :
dirlg{l,  1,1, 1,1},  Wv = diag{O,  0,0,0, O}, and K =
diog{O, 0.1,0.1,0, O}. ‘Jhc siluulation  results are  show]l
iTl h’igurcs 3a-3d. ‘J’hc l)ath  travcrscxl by the ctld-cfrcctor
1; is show]l  in 11’igure 3a. It is Scm]  that tllc clld-dfcctmr
]noves cni a  straig}lt  lillc froln (z:, y;) to (x:, y:), a s
slwcificd. 1(’igurc 31) verifies that tllc rover oric]ltatio]l
q’) allci ttle elbow a])glc r/) cllallge  frc)ln tllcir initial values
to the sl}ccificxl final values  irl mlc scco])ci, as de s i r ed .
‘J’llc ~)atll travmscci  t)y t,lle rover ftollt  IIli[i-imil]t  1“ arlci
tllc variatio]ls  of the arln  joint an.g]cs 01 allil Oz arc dc-
I)ictcd  iIl  lJi~uIes 3c allci 3ci. ‘J’lle I-ovc] ]loll-llr)lo~lc)lilic
constraint fllllction  ~ = if sin fj) -- rjf sill d) -1 rjd is cotn-
~)uted  and is foullci to Iw cqua] to zero tllrougl)ollt  tlie
luotioll;  i.e., tllc rover colJstraiTlt is satisfieci. Note tll:it
tllc rcciuirwd  r o v e r  vc]ocity  v alld stcclillg aliglc v cali
k colnl~utcd frol,l eciuatimi  (9).

4  Concllu+ions

ltffcctivc  utilizatiml of rover-llloulltcd Illal!i[)lllators  re-
ql]ircs ttlat tllc limtiol) of tllc rover all(i tllc lIlalIil)llla-

(]’ {:,,
tor  I)c l)ltil]l]cd al]d colltroilcci  itl a  coordirlated  lilarl-

:\oC1/~, ?JJ = ~k?n,qi : 0 ° , 0 1  = - 7[,0, f?z = l~~O}l,C,r
> . ‘1’his coordination l)w,M a tccllllically  cl)allcll~,ill~

‘1’tlis yic](is tllc initial task vcctcw

a.s SIIOJV]I  ill  l~if,urc 2?. Sulq)c)se t}lat t}lc cfcsirwl Tlrlal
t a s k  vector  at tilllc  T T 1 sccoml is specified M (see
l’igule  2)

‘J’l]is corrcsi)oI~ds  to a rapid cncl-cffcctor m o t i o n  o f
{( A~C)2 -I (Agc)2}~ ~ 42.4cI0 i)l OILC sccorid. N o t i c e

]nmblcnn  si]]cc  t}lc r o v e r  allci the lnal]ii)ulator  i)osscss
v e r y  difrcrcnlt  kinclnatic cllaracteristim. }Iecausc tile
rover is a wl)cclcd vclliclc, it is suhjcct to Ilc)ll-llc)lc)rlorrlic
collstraillls, that is, ccn]strai~lts cxi)rcssit.)lc irl tcrll]s  of
generalized velocities arid not gmlcraliml coor(iillatcs.
‘1’his is ill coltrr& to tllc lnarli~)ulator,  wllicll possmws
a holcnloll]ic structure with comtrail)ts dc~)crldill.g  di-
rectly on gerlcralizod  coordinates ‘J’his kirmnatic clis-
si]nilarity  substa)ltially inct-ea.ws tllc difficulty of coor-
dinated motion plarlllirlg  ar]d control ])rc)ble]n  for rovm--
llmurltcd  rnallii)ulatc)rs.

.



lU [Ilis ]Iapcr, a silnplc schuc is prcsuitcd for 07kli7tc

cw)trol of rover-~uoullted IIlauipulrttors.  q’llc colItlgura-
t i ou  co)ltrol  alqmoacll is cxtmdcd  to imm-pm-atc  the
Ilc)ll-l~clloIlolllic  rover co]lstraiut  with the desired clld-
cfrector luotioli  and the user-spccifkxi rcduudaucy  rc-
Iutioll f,orrl. ‘J’llc key advalitagcs  of tllc ~)rcscllt al)~macll
c)vcr tl)c I)revious scllclnm  are its flexibility, sitlll)licity,
and colnl)utatimlal  cflicicncy. “1’hc ability to change  the
task slmifieatimw al]d tllc task wc)iglti~lg  factors 07 L-
li?~c Imcd 011 tllc user rccluirclucljts  provides a ffcxit.,lc
fl-:ill]c\vork  f o r  ]Ilobile rc)bot cc)]]trol.  Ihrttlcrluorc,  itl
contrast to ~jrcwiolus al)lmoacllcs wllicll arc suitat.)le for
ofr-]ilic lrlotiol) ~)la)lllil]g, tl}c sil[q)]icity of tllc ~~rcscl)t
al)lmacll leads to colrll)utatio]la]  efficiency which is es
sc]ltial for oll-]illc co~ltrol ill real-ti~rlc illl~)lclllclltatiolls.

IIc?fc!lwllcc!s

[1]

[2]

[3]

[4]

F]

[6]

[7]

\V. 11’. [~anikcr,  l). K. Khos]a,  and 11. 11. Krogll:
‘[l)atll l)lallilill~ for tnobile  Tnallil)ulators  for luulti-
l,Ic task cxmltic,u,’) 11’;1;1’; ‘lkaus. ou ILotmtics  aud
Autolllatio]l,  Vol. 7, hTo.3, pp. 403-408, JU)IC 1991.

l\?. l). ~:ilrikcr, 1’. K. Kllos]a, aud 11. 11. Krogll:
“rJ’lIC  use of silnulatcd  allllcalil]g  to solve the II)c}
b i l e  lnalli})ulator  ~)atll r)!a~)l]i~lg  problcvu,”  I’roc.
lI~l;l;  I]ltcrll.  (~ollf. 0]1 Ilobotics  and Auto~uatioll,
1)1).  20.1-209, hlay  1990.

1$, (;. l)ill aIld J. ~. (;ulioli: ‘(ol)tilual  lmsitiouillg
of rcxlulldalll  luallil)ulator  - platfotlll systclns  f o r
I{laxilllulll task cflicicl)cy,” lh-oc, Illterll.  Syrnlm
siu]l] oli llot)otics  a~ld hlal]ufacturillg,  1)1). 489-495,
July 1990.

11’. {;. l)ill and J .  [~. (;ulio]i: “Multi-criteria po
.sitioll and col]figuratiol]  optir)lizatiml  f o r  rcdull-
(Iallt I)latfc~rll  l/lllal)il)~llator  systclus,  ” l)roc.  11’;1’;1’;
\f’orksllol)ol~  Il]tclligcl)t  llobots and Systcllls,  ~)}),
103 107, July 1990,

N .  A .  N1. IIootslnalls  alld S. l)ul)mvsky:  “l, argc
[I]otioll cmltrol  o f  lI1obilc lualli~]ulatom  including
\’clliclcs~lsl)clisioll  cl]aractcristics,”  I’roc. III;lI; I’; IIP
tell).  {~ol!f.  011 }lc)botics  auci Autotnat,ioll,  ~q). 233G-
?341, A1mil 1991.

11. Seraji:  “AI1 c)]l-liuc approach to cocwdi~latcd
IJlol)ility  and li~alli])[llatioll,” l’roc.  11’;1’;1’;  Illtcrll.
(;o]lf, on llobotics and Autolnatiou, Vc)]. 1, ~)p. 28
35, Atlanta, May 1993.

J ,  IIarraquall(i  auci J .  ~. l,atcmbc: “011 I1OIIIIOIO
]Iolilic IIlot)ilc rol)ots  au(i ol)till]al  luallcuvcrirlg,  ”

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

I)roc. 4th lltl~l’; IIltcru.  Sylnposiurn  011 I1ltclligct]t
~olltrol, ~q}. 340-347, Albally, Scl)tc]llbcr  1989.

Y. Ya~llau~c)to  and X. YUII: “Gordillatillg  locorucP
t iou arid Inallil)ulatic)rl of a mobile  luallipulator,”
l’roc. 3 1 s t  11’;1’;}4;  ~ollf.  CNI I)ccisioll  and ~cnitro],
l)IJ. 2643-2648, ‘]hcsou,  l)cccmbcr 1992.

Y. Yalnalnoto  aIlci X. Yuu: ‘(~outrolo  fluobilcrna-
Ili})[llatclrsf ollo\\’iIlga lllovillgs \lrfac(!,”  lhmc.ll,  ;l,l~
I]ltcr!l. ~;ouf.  011 ]Lobotics a]]ci Automation, Vol. 3,
~)~).  1-6, Atlallta, hfay  1993.

~. ~. ~!~a~lg, N. Sarkar,  auci V. Kulnar:  “llatc kirlc-
lnatics of lnol~ile  ~llallipulators)”  l’roc. 2211d llicll-
~lial ASh41’1  hfcwlla)lis[m ~cn!f.,  ~J1).  225 232, Scotts-
cia!c, Sc~)telobcr 1992.

~. C;. Wang alld V. Kulnar:  “Veloci ty colltml  c)f
mobile  ]Ilarlil)lllatc)rs,” l’roc.  11’lf’;l’;  Illtcru.  ~ouf.
o]] ILobotim alld Auto] uation, Vol. 2, l~p. 7] 3718,
Atlauta, hfay 1993.

K .  J,iu allci F. J,. l,cwis:  ‘(~o]ltrol of lnot)ile robot-
with  ollt)oard r[larlil)ulator,” l’roc.  I1ltcrll. Sy~mm
siuTrl 0]1 llot)otics  and Ma~lufacturiug,  Vol. 4, l)p.
539546, Sa]ita  14’c, hTovclllt)cr  1992.

S.  Ja~allIlatllau, II’. 1,. lmwis, auci 1<.  IJiu: ‘lNIoc1-
c]iug, co[ltrol  allcl cjt)stdc avc)ida~lcc of a Inobile
ro})ot  with all ollt)oard  lual]il)ulatcm, ” l)roc,  11’;lI;I’;
I]ltcrl), SyJnl). 011 Illtclligcllt  Gmltrol,  [~llicago, Au-
gtlst  1993.

11. Scraji:  “~c)llfiguratioll  cc)lltrcd of rcdullcfallt  lua-
IIil)u]atc)rs: ‘J’lleory  and  iTrll)lcl[-lctlt:tLioll,” 11’;lCl~;
‘J’ra)ts. 011 ILobotics aucl Autc)l[latiol),  V o l .  5, hTo.
4, ])1). 472490, 1989.

11. Scraji  all[i IL. (~olbaup,ll: ‘{llrl])l ovcfl collfigu-
ratio~l control  for  rcdurlcla]lt  rc)tmts,  ” Jollrllal  o f
Ilc]l.]ciic  Systclrls,  Jrc)l.  7, No. 6, ~)1). 897-9?8, 1990.



.— -.

E

‘k

\ ’

/

/

Zi’---- .  .  . . - — - . . — - . - - . . L - . . _ .  - - _ . . *  ,

Figure 1. Rover-mounted manipulator
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Figure 2. Initial and final configurrdions  in the emulation study
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Figuro 3a. Motion trajectory of the end-off ector E
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Figure 3c, Motion trajectory of the rover front midpoint F
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