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A p r e r e q u i s i t e  fo r

in t elligen t  beh avio r

i s  t h e  a b i l i t y  t o

reason  about action s

a n d  t h e i r  e f fe c t s .

Th i s  a b i l i t y  i s  t h e

essen ce of th e classi-

c a l  AI  p la n n in g

p r o b le m  in  w h ic h

plan s are con structed

b y reaso n in g ab o u t

h ow available action s

c a n  b e  a p p l i e d  t o

a c h ie v e  v a r io u s

go a ls.  Fo r  t h is rea -

so n in g  p r o c e ss  t o

o ccu r,  t h e  p la n n e r

m ust  be aware of its

available action s, th e

sit u at io n s in  wh ich

th ey are ap p licab le,

a n d  t h e  c h a n ge s

affected in  th e world

b y t h eir  execu t io n .

Classical AI p lan n ers

typ ically use a h igh -

level, sym bo lic rep -

resen tat ion  of act ion s

(fo r  ex am p le ,  w ell-fo rm ed  fo rm u las fro m

predicate calcu lus). Alth ough  th is type of rep-

resen tation al sch em e is at tractive from  a com -

pu tat ion al stan dpoin t , it  can n ot  adequ ately

rep resen t  t h e in t r icacies o f a  d o m ain  t h a t

in clu d es co m p lex  act io n s, su ch  as ro b o t ic

assem b ly (co n sid er, fo r  exam p le, t h a t  an y

ge o m e t r i c  c o n figu r a t io n  o f  t h e  r o b o t i c

m an ipu lator is a rath er com plex fun ction  of

six join t  an gles). To fu rth er com plicate m at-

ters, th ere are often  un certain ties in  th e p lan -

n er’s descrip t ion  of th e work cell. Th erefore,

th e p lan n er m ust also be able to reason  about

t h e u n cert a in t ies in  it s d escrip t io n  o f t h e

world  an d h ow th ese un certain ties affect  th e

execu t ion  of th e act ion s. For th ese reason s,

classical AI p lan n in g m eth od s alon e p rove

in adequate in  th e dom ain  of robotic assem bly.

Sp ar (sim u lt an eou s p lan n er fo r assem bly

robots) is a workin g p lan n er th at  exten ds clas-

sical AI p lan n in g m eth ods to create p lan s for

au tom ated assem bly tasks th at  are to be exe-

cu ted  in  un certain  en viron m en ts. In  its cu r-

ren t  im plem en tat ion , wh en  provided  with  a

descrip t ion  of th e in it ial st ate o f th e world

an d  a  ru d im en t ary m o t io n -p lan n in g a lgo -

rith m , Spar is able to create p lan s at  a su ffi-

cien tly detailed  level to allow th eir execution

in  an  actual robot ic work cell (a n um ber of

th e p lan s th at  h ave been  created an d execut-

ed in  our lab usin g a Pum a 762 robot arm  are

p resen ted  in  Experi-

m e n t a l  Re su l t s) .

Th ese p lan s in clu d e

th e geom etric speci-

fication s of assem bly

operation s (for exam -

ple, th e relat ive des-

t in at ion  posit ion s of

objects th at  are to be

assem bled ), geom et-

r ic  d e sc r ip t io n s o f

grasp in g co n figu ra -

t io n s  ( t h a t  i s ,  t h e

posit ion  an d orien ta-

t io n  o f t h e  ro b o t ic

m an ipu lator relat ive

to  th e object  th at  is

t o  b e grasp ed ), an d

ge o m e t r ic  d e sc r ip -

t ion s of h ow objects

m u st  b e  p la c e d  in

th e world  (for exam -

p le, wh en  th e robot

is u sed  t o  m o ve an

object  to som e desti-

n ation  posit ion , Spar

determ in es th e desti-

n at ion  orien tat ion  of

th e object). Spar also p lan s m an ipulation s to

reposit ion  objects if th ey are in it ially in  posi-

t io n s t h at  are u n su it ab le fo r t h e assem b ly

operation s an d action s to regrasp  an  object  if

th e object’s in it ial posit ion  does n ot allow th e

p lan n ed grasp in g operat ion  to be perform ed

(for exam ple, if on e of th e object  faces to be

gra sp ed  is in  co n t a ct  w it h  t h e  t a b le ,  t h e

o b ject  m u st  b e p laced  in  an  in t erm ed ia t e

p osit ion  from  wh ich  th e grasp  can  be p er-

fo rm ed ).  Fin a lly,  Sp a r  u ses it s kn o w led ge

about th e un certain ty in  th e world description

to  assess t h e p ossib ilit y o f ru n -t im e erro rs.

Th is in form ation  is used to add sen sin g to th e

plan  to reduce un certain ties or, if th e resu lt-

in g un certain ty is st ill too large, to post  verifi-

cat ion  sen sin g operat ion s an d  error-recovery

p lan s. We sh o u ld  n o t e t h at  in  t h e cu rren t

im p lem en t a t io n ,  Sp a r’s kn o w led ge o f t h e

un certain ties in  th e world  descrip tion  is based

on  rough  estim ates of th e actual un certain ties

because we h ave n ot yet  perform ed a rigorous

precision  an alysis of eith er th e sen sin g system

or th e m an ipulator posit ion  con trol.

To create th e type of p lan  described, Spar’s

approach  is to create a p lan  con tain in g h igh -

level operat ion s (for exam ple, p ickup part-1)

an d  th en  add  con st rain t s on  th e way th ese

o p era t io n s are execu t ed  so  t h a t  geo m et ric

goals are satisfied . It  is also possible for opera-

t ion s to be added to th e p lan  to sat isfy geo-
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In this article, we present Spar (sim ultaneous

planner for assem bly robots), an im plem ented

system  that reasons about high-level operational

goals, geom etric goals, and uncertainty-reduc-

tion goals to create task plans for an assem bly

robot. These plans contain  m anipulations to

achieve the assem bly goals and sensory opera-

tions to cope with uncertainties in the robot’s

environm ent. High-level goals (which we refer to

as operational goals) are satisfied by adding

operations to the plan using a nonlinear, con-

straint-posting m ethod. Geom etric goals are sat-

isfied by placing constraints on the execution of

these operations. If the geom etric configuration

of the world prevents this, Spar adds new opera-

tions to the plan along with the necessary set of

constraints on the execution of these operations.

W hen the uncertainty in the world description

exceeds that specified by the uncertainty-reduc-

tion goals, Spar introduces either sensing opera-

tions or manipulations to reduce this uncertainty

to acceptable levels. If Spar cannot find a way to

sufficiently reduce uncertainties, it augm ents the

plan with sensing operations to be used to verify

the execution of the action and, when possible,

posts possible error-recovery plans, although at

this point, the verification operations and recov-

ery plans are predefined.
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an d  t h e co n figu ra t io n  u sed  t o  p lace it  o n  

th e table, bu t  it  does n ot  p lan  th e m ot ion s

requ ired  to  m ove th e m an ipu lator from  th e

first  posit ion  to  th e secon d . (In  ou r experi-

m en t s, a  ru d im en tary ap p roach  to  m o t ion

plan n in g was im plem en ted, but th is approach

is n o t  su fficien t  fo r  p lan n in g m o t io n s in

co m p lex  en viro n m en t s.) Sp ar a lso  lacks a

fin e-m otion  p lan n er. As a resu lt , in  som e situ -

a t io n s w h ere  co m p lian t  m o t io n  co u ld  b e

u sed  to  robu st ly p erform  an  assem bly task,

Spar pessim ist ically declares th at  u n certain -

t ies a re  t o o  grea t  t o  gu a ran t ee  su ccessfu l

assem b ly an d  t h at  erro r-d et ect io n  sen sin g

sh ould  be used at  execution  t im e. Research  is

bein g don e in  our lab on  com plian t  m otion

plan n in g (Gottsch lich  an d Kak 1989) th at  at

som e fu tu re t im e cou ld  be in t egrat ed  with

Spar to address th is problem .

A secon d lim itation  to Spar is th e m eth od

u sed  to  efficien t ly d eal with  th e geom et ric

aspects of assem bly p lan n in g. As is described

in  Con strain ts at  th e Geom etric Level of Plan -

n in g, geom etric con figuration s (for exam ple,

grasp in g co n figu ra t io n s) are gro u p ed  in t o

eq u iva len ce classes,  an d  t h ese  classes a re

assign ed  labels. Th is app roach  allows Spar’s

co n st ra in t -m an ip u la t io n  syst em  (CMS) t o

treat  p lan -variable assign m en t as an  in stan ce

of th e con sisten t  labelin g problem . Of course,

our goal is to defin e equivalen ce groups th at

preserve th e salien t  d ist in ction s between  geo-

m etric con figuration s an d ign ore dist in ction s

th at  are n ot  relevan t  to  th e assem bly p lan -

n in g process. However, th is goal is often  diffi-

cu lt  t o  ach ieve, esp ecia lly  b ecau se wh ich

d ist in ct ion s are im p ort an t  d ep en d s on  th e

task to be perform ed.

Fin ally, a t  t h is p o in t  in  t im e, Sp ar m u st

kn ow a priori about th e location s an d orien -

tat ion s of all th e objects th at  part icipate in

th e assem bly. Th erefore, to be used in  a real

assem bly cell, Spar m ust be augm en ted with  a

sen sin g system  cap able o f d eterm in in g th e

posit ion s of th e objects to  be m an ipu lated .

Th e d evelo p m en t  o f su ch  a  syst em  is t h e

object ive of a n um ber of research  efforts in

our lab; see, for exam ple, th e work described

by Ch en  an d Kak (1989) an d Hutch in son  an d

Kak (1989).

Th e lim itat ion s en um erated  h ere, part icu -

larly th e first  two, m igh t cause th e reader to

m et ric go als, fo r exam p le, if a  wo rk p iece

m u st  b e rep o sit io n ed  so  t h at  an  in sert io n

operation  can  be perform ed.  To satisfy un cer-

t a in t y-red u ct io n  go a ls, Sp ar  eva lu a t es t h e

u n certain ty in  it s world  descrip t ion . If th is

un certain ty is too large to  en su re successfu l

execu t ion  of an  act ion  in  th e p lan , sen sin g

operation s or m an ipulation s are added to th e

plan  in  an  attem pt to reduce th e un certain ty

t o  accep t ab le  levels.  If t h is a t t em p t  fa ils,

ra t h er  t h an  ab an d o n  t h e  p lan ,  Sp ar  ad d s

sen sin g operation s to verify th e execution  of

th e action  an d, wh en  possible, adds precom -

p iled  recovery p lan s. By p lan n in g at  t h ese

th ree levels, Spar is able to start  with  a h igh -

level set  o f assem bly goals an d  t o  d evelop

assem bly task p lan s th at  in clu de geom et ric

descrip tion s of th e action s an d sen sin g opera-

t ion s to reduce un certain ty an d verify action s

th at  m igh t n ot succeed.

Th ese t h ree t yp es o f go a ls (o p era t io n a l,

geom etric, an d un certain ty-reduction ) defin e

a th ree-level p lan n in g h ierarch y. At th e oper-

ation al level, on ly a coarse descrip tion  of th e

world  is used to form ulate a h igh -level p lan .

As Spar m oves down  th e h ierarch y, th e detail

in  t h e world  d escrip t ion  in creases, first  t o

in clu d e th e geom et ric asp ect s o f th e world

descrip tion  an d fin ally to in clude th e un cer-

t a in t y in  t h e wo rld  d escrip t io n . Alt h o u gh

th ese levels in  Spar bear n am es th at  are relat-

ed to th e dom ain  of robotic assem bly, we feel

t h a t  t h ey  cap t u re  a  n a t u ra l d iv isio n  t h a t

could  be applied  to m an y plan n in g problem s.

Th e top  level effect ively determ in es a set  of

o p era t io n s t h a t  m u st  b e  p e r fo rm ed .  Th e

secon d level con strain s h ow th ese operation s

will be perform ed in  th e con text of dom ain -

specific requ irem en ts (in  th e case of robot ic

assem bly, th is perform an ce am oun ts to con -

strain in g th e geom etric con figuration s of th e

ro b o t ). Fin a lly, o n ce co m p let e p lan s h ave

been  developed for an  ideal world , th e un cer-

tain ties in  th e p lan n er’s world  descrip tion  are

con sidered.

Th ere are certain  lim itation s to Spar’s p lan -

n in g abilit ies in  its cu rren t  im plem en tat ion .

First , Spar on ly con siders th e en d  poin ts of

action s. Th us, if th e p lan  calls for graspin g an

object  an d m ovin g it  to an oth er p lace on  th e

work table, Spar determ in es a set of con strain ts

on  th e con figuration  used to grasp  th e object
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Spar is a working planner that extends classical AI 

planning m ethods to create plans for autom ated assem bly

tasks that are to be executed in uncertain environm ents. 



ask wh y we sh ould  even  attem pt to use classi-

cal AI p lan n in g tech n iques for robotic assem -

bly p lan n in g. Would it  n ot  be m ore effective,

for exam ple, to  u se a specialized  m odu le to

derive a h igh -level task p lan  from  a com puter-

aid ed  d esign  (CAD) m od el o f th e assem bly

an d  th en  use an oth er specialized  m odu le to

con struct  m otion  p lan s for th ese action s? Our

an swer to th is quest ion  is th at  to effect ively

deal with  a dyn am ic world , a p lan n in g system

m ust be able to reason  about goals an d h ow

th e act ion s in  a p lan  work to  ach ieve th ese

goals. For exam ple, if certain  goals are already

sa t isfied  in  t h e  w o r ld  st a t e ,  t h e  p la n n e r

sh ou ld  use th is kn owledge an d  n ot  p lan  for

t h e i r  a c h ie v e m e n t .  Fu r t h e r m o r e ,  p la n s

d erived  o fflin e (u sin g a CAD m od el o f t h e

assem bly) will n ot  always be applicable in  an

arbit rary world  state. Fin ally, to  resp on d  to

problem s th at  m igh t arise durin g p lan  execu-

t ion , th e p lan n er m ust  possess som e kn owl-

ed ge o f th e p u rp ose th at  th e act ion s serve,

th at  is, th e goals th at  th ey are to accom plish .

For th ese reason s, we ch ose to  st art  with  a

dom ain -in depen den t  p lan n er an d  add  com -

p on en t s t o  d eal with  som e o f t h e d om ain -

sp ecific issu es relevan t  t o  robo t ic assem bly

plan n in g.

In  th is art icle, we p resen t  an  overview of

Sp ar. Rep ort s o f th is work can  be fou n d  in

Hutch in son  an d Kak (1988). Th e rem ain der of

th e art icle is organ ized as follows: In  Related

Research , we review som e of th e research  rele-

van t to th e developm en t of Spar. In  Plan n in g

in  Sp ar, we overview th e system , in clu d in g

th e top -level search  st rategy u sed  to  sat isfy

syst em  goals. In  Rep resen tat ion al Issu es in

Sp ar, we d escrib e t h e rep resen t a t io n s t h a t

Spar uses for un certain ty, p lan s, action s, an d

go als. Go al Sat isfact io n  is a  d escrip t io n  o f

h o w  Sp a r  sa t i s f i e s  in d iv id u a l  go a l s  a n d

in clu d es d iscu ssio n s o n  t h e sat isfact io n  o f

h igh -level operation al goals, geom etric goals,

an d  u n cer t a in t y-red u ct io n  go a ls.  In  C o n -

st rain t  Man ip u lat ion , we d iscu ss h ow Sp ar

rep resen t s an d  m an ip u la t es co n st ra in t s. A

Task Plan n in g Exam p le brin gs th e first  sec-

t ion s of th e art icle togeth er with  a detailed

exam p le o f Sp ar co n st ru ct in g an  assem b ly

p lan . Experim en tal Resu lts in cludes descrip -

t ion s of th e assem bly experim en ts th at  h ave

been  perform ed usin g Spar as th e task p lan -

n er. Fin ally, Con clusion s con tain s a sum m ary

an d allusion s to fu ture efforts.

Related Research

Research  applicable to robotic assem bly p lan -

n in g can  be broadly divided in to two groups:

(1) p roblem s th at  are sp ecifically related  to

robot ic assem bly (Don ald  1987; Hwan g an d

Ah u ja  1 9 8 8 ; Liu  a n d  Po p p le st o n e  1 9 8 9 ;

Lozan o-Perez, Mason , an d  Taylor 1984) an d

(2) dom ain -in depen den t p lan n in g (Ch apm an

1987; Fikes an d Nilsson  1971;  Sacerdoti 1977;

Stefik 1981; Wilkin s 1983). Th e form er group

in cludes plan n ers th at gen erate task sequen ces,

p lan n ers th at  au tom atically derive geom etric

sp e c i f i c a t io n s  o f  a sse m b l ie s  fr o m  C AD

d escr ip t io n s, m o t io n  p lan n ers,  an d  erro r-

recovery p lan n ers. Th e lat ter group  con tain s

th e classical AI p lan n ers, wh ere th e em ph asis

is p laced on  th e dom ain -in depen den t aspects

o f t h e  reaso n in g p ro cess u sed  t o  d evelo p

plan s. Neith er of th ese p lan n in g approach es

h as yet  produced a p lan n er capable of creat-

in g com plete assem bly p lan s from  h igh -level

specification s of assem bly goals. Th e dom ain -

in d ep en d en t  p la n n ers la ck  t h e  a b il i t y  t o

reason  abou t  geom etric con cern s an d un cer-

tain ties in  th e work cell, an d th e task-specific

p lan n ers typ ically h ave a n arrow focu s an d

d eal on ly with  lim it ed  asp ect s o f assem bly

p lan n in g. In  th e paragraph s th at  fo llow, we

sum m arize som e of th e recen t research  on  th e

va r io u s t a sk -sp ecific  p ro b lem s re la t ed  t o

robotic assem bly p lan n in g. Th en , we describe

som e of th e lim itation s of classical AI plan n ers

an d h ow Spar overcom es th ese lim itation s to

effectively deal with  assem bly p lan n in g.

On e of th e basic problem s specific to robot-

ic assem bly is th e d erivat ion  o f an  o rd ered

sequen ce of action s th at  can  be used to per-

form  th e assem bly task. Two ap p roach es to

th is problem  h ave been  in vestigated. Th e first

approach , d iscussed in  Hom em  de Mello an d

San derson  (1989), uses a graph  represen tation

th at  explicit ly con tain s relat ion sh ips between

subassem blies. A decom posit ion  of th e assem -

bly correspon ds to a cu t  set  of th is graph . Fea-

sib le d ecom p osit ion s are u sed  t o  creat e an

AN D / O R gr a p h  t h a t  r e p r e se n t s  a l l  v a l id

assem b ly seq u en ces. A sim ilar ap p ro ach  is

described  in  Huan g an d  Lee (1989), bu t  th e

en d represen tation  of th e preceden ce kn owl-

edge is a set  of predicates: MP (m ust precede)

an d  NL (n o  later th an ) in stead  o f AND/ OR

graph s.

A secon d approach  to sequen ce gen eration

uses a CAD represen tat ion  for th e assem bly.

With  th is type of represen tation , a d isassem -

bly sequen ce is derived, wh ich , wh en  reversed,

p rovides a valid  assem bly seq u en ce. In  th is

approach , an  assem bly sequen ce is gen erated

by first  fin din g m atin g features of th e assem -

b ly (see, fo r exam p le, Liu  an d  Pop p leston e

1989) an d th en  determ in in g wh ich  disassem -

bly operation s are valid  by usin g a path -plan -

n in g approach  such  as th e on e described  in

Hoffm an  (1989).
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D a n e sh m e n d  1 9 8 7 ; G in i  e t .  a l .  1 9 8 5 ;

Gottsch lich  an d Kak 1989; Nof, Maim on , an d

Wilh elm  1987; Sm ith  an d Gin i 1986; Srin ivas

1978). Con siderat ion  of un certain ty in  fin e-

m o t io n  p la n n in g w a s d iscu ssed  in  Bro st

(1985), Don ald  (1986), an d Erdm an n  (1984).

A n um ber of sch em es for represen tin g un cer-

tain ty in  robotic system s h ave been  described

(Don ald  1987; Du rran t -W h yte 1988; Sm ith

an d Ch eesem an  1986), bu t  th ese are n ot cur-

ren tly part  of a p lan n in g system .

We are aware of two system s th at  h ave a

som ewh at larger scope th an  th ose listed  pre-

v io u sly : Tw ain  (Lo zan o -Perez an d  Bro o ks

1985) an d Han dey (Lozan o-Perez et. al. 1987).

Th ese p lan n ers begin  with  a h igh -level task

plan  an d th en  add m otion  p lan s for th e in di-

vidu al act ion s in  th is p lan . Twain is a con -

st ra in t -p o st in g p lan n er  t h a t  can  a lso  ad d

sen so ry  o p era t io n s t o  t h e  p lan  t o  r ed u ce

un certain ties. Han dey is an  in tegrated system

th at  in cludes a sen sory system  to determ in e

th e in it ial world  state. On e of Han dey’s m ain

stren gth s is its ability to p lan  graspin g opera-

t ion s wh en  th e objects are in  clu ttered en vi-

ron m en ts (Tou rn assou n d  an d  Lozan o-Perez

1987). It  sh ould  be n oted, h owever, th at  n ei-

th er Twain  n or Han dey is capable of reason -

in g about th e effects of action s an d h ow th ey

m igh t be used to ach ieve goals.

Th e p lan n er we describe in  th is art icle com -

b in es d o m ain -in d ep en d en t  p lan n in g t ech -

n iques with  a n um ber of m odules con tain in g

t ask-sp ecific kn o wled ge. Th is arran gem en t

allo ws Sp ar t o  u se a  n o n lin ear co n st ra in t -

p o st in g ap p ro ach  a s i t s t o p -level co n t ro l

st ructu re an d  dom ain -specific kn owledge to

evaluate con strain ts durin g p lan n in g. Usin g a

con st rain t -p ost in g ap p roach , Sp ar seeks t o

satisfy a goal by first  exam in in g all th e action s

an d con strain ts previously gen erated to see if

th e goal can  be satisfied  by m erely addin g a

n ew co n st ra in t  (wh ere a  constrain t can  b e

viewed  as a specificat ion  or a rest rict ion  on

an  action ). If th is strategy fails, a n ew action

is ad d ed  t o  t h e p lan . No n lin ear  p lan n in g

allows action s to be added to th e p lan  with -

ou t  im posin g a st rict  orderin g on  th e set  of

action s.

On e of th e prim ary drawbacks of tradit ion -

al dom ain -in depen den t  p lan n ers, for exam -

ple, Sipe (Wilkin s 1983) an d Tweak (Ch apm an

1987), is th at  th e represen tat ion s used  m ust

be dom ain  in depen den t. Th us, th ese p lan n ers

use h igh -level sym bolic con st ructs to  rep re-

sen t th e world  an d th e effects of action s. For

ex a m p le ,  b o t h  Sip e  a n d  Tw ea k  u se  w e ll-

form ed form ulas (WFFs) from  predicate calcu-

lu s to  rep resen t  th e effect s o f act ion s. In  a

com plex dom ain , su ch  as robot ic assem bly,

To  gen era t e t ask seq u en ces, a  geo m et ric

descrip tion  of th e assem bly is required. Rapt

(Am bler an d Poppleston e 1975; Poppleston e,

Am b ler, an d  Bello s 1978) is a  syst em  t h at

au tom atically derives geom etric specification s

fro m  sym b o lic assem b ly d escrip t io n s. Th e

process begin s with  a set  of h igh -level rela-

t ion sh ips th at  m ust h old  in  th e goal state (for

exam ple, faces of two objects are cop lan ar).

Rap t t h en  m an ip u la t es t h e eq u at io n s t h at

correspon d to th ese relat ion sh ips to derive a

set  o f h o m o gen eo u s t ran sfo rm at io n s t h a t  

represen t  th e goal relat ion sh ips between  th e

m an ipulator an d th e objects to be m an ipulated.

A b lackb o ard -b ased  seq u en ce p lan n er is

d escribed  in  Liu  (1987). Th e in p u t  t o  t h is

system  is a set  of assem bly in struction s, an d

th e ou tpu t  is a sequen ce of com m an ds th at

could  be executed by a lower-level con troller.

Th e blackboard h as th ree levels. Th e top  level

is essen tially a m etaplan n in g level th at  focus-

es th e system ’s at t en t ion  on  sp ecific goals.

Th e m id d le level d eals wit h  so lvin g go als,

post in g subgoals, an d m an agin g con strain ts.

Fin ally, th e lowest level deals with  th e dom ain -

specific issu es of robot ic assem bly p lan n in g

(fo r  ex a m p le ,  fin d in g ca n d id a t e  p a ir s o f

m atin g features).

For a robot to execute a sequen ce of action s,

it  m ust be provided with  m otion  com m an ds

t h a t  w ill  a ffect  t h ese  act io n s.  In  gen era l,

m ot ion  p lan n in g d eals with  d eterm in in g a

path  in  free space alon g wh ich  an  object  can

be m oved from  its in it ial posit ion  to a desired

destin ation . On e approach  to th is problem  is

based on  con figuration  space (see, for exam -

ple, Lozan o-Perez 1987). With  a con figuration

space approach , th e world  rep resen tat ion  is

tran sform ed by expan din g th e obstacles an d

sh r in k in g  t h e  o b je c t  t o  b e  m o v e d .  Th is

ap p ro ach  t ran sfo rm s t h e m o t io n -p lan n in g

problem  in to th e problem  of m ovin g a sin gle

poin t  th rough  th e tran sform ed space. An oth -

er ap p ro ach  t o  t h e p ro b lem  u ses art ificia l

p o t en t ia l field s (Hwan g an d  Ah u ja  1988).

With  th is approach , th e m an ipu lator m oves

in  an  art ificial field  of forces from  its in it ial

p osit ion  to  it s d est in at ion  (wh ich  is rep re-

sen t ed  b y an  a t t ract ive p o le in  t h e field ),

always avoid in g obstacles (wh ich  are rep re-

sen ted  by rep u lsive field s). An  overview of

th e various approach es to  m ot ion  p lan n in g

can  be foun d in  Sch wartz an d Sh arir (1988).

Th ere are basically two approach es to deal-

in g with  un certain ties in  th e plan n er’s descrip-

tion of th e world . Th e p lan n er can  attem pt to

an t icip a t e an d  avo id  erro rs (Bro o ks 1982 ;

Pert in -Troccaz an d Puget 1987), or th e p lan -

n er can  ign ore un certain ties an d con cen trate

i t s  e ffo r t s  o n  e r r o r  r e co v e r y  (Bo y e r  a n d

. . . m otion
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th is type of h igh -level rep resen tat ion  is n ot

su fficien t  to  represen t  all relevan t  aspects of

th e world . For exam ple, alth ough  it  is possi-

ble to represen t a n um ber of spatial relat ion -

sh ip s wit h  W FFs (fo r  exam p le, o n (b lo ck1 ,

block2)), th ere would  be n o way to describe

th e reach able con figuration s of th e robot arm

with  such  a h igh -level represen tation  because

th e reach able con figuration s are defin ed by a

subset  of an  N-dim en sion al con tin uous space

(fo r  a  r o b o t  w i t h  N  jo in t s) .  Th e r e fo r e ,

alth ough  Sipe easily solves h igh -level blocks

world  problem s (such  as “put som e blue block

on  th e top  of som e green  b lock”), it  is n o t

capable of so lvin g th e lower-level details of

th ese problem s (for exam ple, determ in in g th e

join t  an gles th at  m ust be used to posit ion  th e

robot arm  to perform  th e stackin g operation ).

To cope with  th ese problem s, Spar exten ds

th e p lan n in g beyon d  h igh er-level sym bolic

goals (wh ich  we refer to as operation al goals)

to  in clude geom etric an d  un certain ty-reduc-

t io n  go a ls.  To  p lan  w it h  t h ese  ad d it io n a l

goals, we added CMS th at  con tain s dom ain -

specific kn owledge (in cludin g th e kin em atics

of th e robot, object  m odels, an d sen sin g oper-

at ion s). Th is d om ain  kn owled ge is u sed  by

CMS t o  d et erm in e wh et h er co n st ra in t s o n

su ch  elem en t s as robo t  arm  con figu rat ion s

can  be satisfied .

It sh ould be n oted th at a n um ber of dom ain -

in depen den t p lan n ers allow for a h ierarch ical

rep resen t a t io n  o f t h e wo rld  (fo r  exam p le,

Sipe); h owever, it  is our con ten tion  th at  th e

lowest levels of represen tation  in  th ese p lan -

n ers are st ill n ot  capable of rep resen t in g all

th e relevan t details of com plex dom ain s, such

as robotic assem bly (as we described earlier).

We m ain tain  th at  Spar’s th ree-level h ierarch y

(o p era t io n a l,  geo m et r ic,  an d  u n cert a in t y-

red u ct io n ) is a  n a t u ra l d iv isio n  fo r  m an y

dom ain s. Th e h igh est  level is usefu l for creat-

in g p lan s th at  do n ot accoun t for th e in trica-

cies of th e low-level dom ain  con st rain ts. At

th e secon d level, th e dom ain  con strain ts n ot

am en ab le  t o  sym b o lic  rep resen t a t io n  a re

taken  in to accoun t (geom etric con strain ts in

ou r dom ain ) by u sin g dom ain -specific com -

pon en ts of CMS to assess con strain t  sat isfia-

bility. Fin ally, a th ird  level is used to take in to

con siderat ion  th e un certain t ies in  th e world

represen tation . At th is poin t , we sh ould  n ote

th at  Spar is n ot con ceptually lim ited to th ree

levels. An y of th e levels could  be expan ded to

in clude m u lt ip le levels of abst ract ion  if th is

expan sion  were app rop riate for th e dom ain

(for exam ple, th e top  level cou ld  be broken

in to  a n u m ber o f levels corresp on d in g to  a

h ierarch ical organ ization  of operation s).

Plan n in g in  Spar

To  c r e a t e  c o m p le t e  a sse m b ly  p la n s ,  w e

exten ded th e p lan n in g th at  is don e in  tradi-

t ion al con st rain t -p ost in g p lan n ers, su ch  as

t h o se  d escr ib ed  in  C h a p m a n  (1 9 8 7 ) a n d

Wilkin s (1983), t o  in clu d e bo t h  geo m et ric

p lan n in g an d  u n cer t a in t y-red u ct io n  p lan -

n in g. By geom etric plan n in g, w e m ean  t h e

plan n in g th at  determ in es th e actual geom et-

ric con figu rat ion s t h at  will be u sed  d u rin g 

th e assem bly p rocess. Th ese con figu rat ion s

in clude th e con figu rat ion s of th e m an ipu la-

tor, th e posit ion s in  wh ich  parts are p laced ,

an d th e graspin g con figuration s th at  are used

to  m an ip u late ob ject s. Uncertainty-reduction

planning in volves first  determ in in g wh eth er

th e un certain ty in  th e p lan n er’s descrip t ion

of th e world  (for exam ple, th e possible error

in  part  location s) is sufficien tly sm all to allow

plan  execution  to succeed. If th e un certain ties

a re  t o o  la rge ,  t h en  sen sin g o p era t io n s o r

m an ip u lat ion s are ad d ed  to  th e p lan  in  an

a t t em p t  t o  r ed u ce  t h e  u n ce r t a in t y  t o  a n

acceptable level. If th is approach  fails, verifi-

cat ion  act ion s an d  local recovery p lan s are

added to th e p lan . Th ese can  be used durin g

plan  execution  to m on itor th e robot’s success

an d  recovery from  possible ru n -t im e errors.

We call Spar a sim ultan eous p lan n er because

a ll t h ree levels o f p lan n in g in flu en ce o n e

an oth er.

W h en  d esign in g a  n o n lin ear co n st ra in t -

p o st in g p lan n er, t h e d egree t o  wh ich  co n -

strain t  postin g is used is an  issue th at  m ust be

con sidered. A pure con strain t-postin g p lan n er

wou ld  m ake n o variable in stan t iat ion s un t il

all its goals h ad been  satisfied , at  wh ich  t im e

CMS would determ in e th e variable in stan tia-

t ion s th at  sim ultan eously satisfied  all th e con -

strain ts. Th e advan tage to th is approach  is a
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of p lan n in g in to two ph ases, th is approach  is

n ot possible. In  such  cases, Spar would declare

th at  u n certain t ies in  th e world  d escrip t ion

cou ld  n ot  be su fficien t ly reduced to guaran -

tee successfu l execution  of th e p lan , an d veri-

ficat io n  sen sin g an d  a  lo cal reco very p lan

would be added.

It  sh ou ld  be n oted  th at  Spar is capable of

ad d in g act io n s t o  t h e p lan  in  t h e seco n d

p h ase o f p lan n in g bu t  on ly sin gle, sp ecial-

purpose action s. Alth ough  th ese action s h ave

precon dition s, n o plan n in g is don e to ach ieve

th ese precon dit ion s. If th ey are n ot  sat isfied

b y  t h e  p la n  h a n d ed  d o w n  fro m  t h e  fir st

p h ase o f p lan n in g, t h en  t h e u n cer t a in t y-

reduction  action  can n ot be used.

Spar’s p lan n in g process begin s with  a n u ll

p lan  an d a set  of goals th at  th e user supplies.

Th is n u ll p lan  is th en  refin ed un til all goals

are satisfied . As described earlier, th is process

occurs in  two ph ases. First , a con strain t-post-

in g approach  is used to satisfy all operation al

an d geom etric goals. Th en , a secon d ph ase of

p lan n in g is u sed  to  sat isfy th e u n certain ty-

reduction  goals.

In  th e first  ph ase of p lan n in g, Spar itera-

t ively refin es th e curren t part ial p lan  so th at

it  sat isfies som e p en d in g goal. Th is refin e-

m en t  of th e cu rren t  part ial p lan  is don e by

e i t h e r  co n st r a in in g  t h e  e x e cu t io n  o f a n

action  th at  is already in  th e p lan  or in troduc-

in g a n ew action  in to th e p lan . In  th e lat ter

case, Sp ar ad d s th e n ew act ion ’s geom et ric

an d operation al precon dit ion s to appropriate

goal stacks an d ch ecks each  curren tly satisfied

goal, n ot in g th ose th at  are possibly un don e

by th e n ew action  an d p lacin g th em  on  th e

ap p ro p ria t e  go a l st ack. Th e first  p h ase o f

plan n in g term in ates wh en  th ere are n o m ore

pen din g operation al or geom etric goals.

In  th e secon d ph ase of p lan n in g, Spar does

n o t  u se  t h e  co n st ra in t -p o st in g ap p ro ach .

In stead , th e un certain ty-reduction  precon di-

tion s are con sidered for specific plan  in stan ces.

To create th ese p lan  in stan ces, Spar in vokes

its CMS to  fin d  con sisten t  solu t ion s for th e

plan ’s con strain t  n etwork. Th ese solu tion s are

th en  used  to in stan tiate th e variables in  th e

p la n  a c t io n s.  Sp ecific  p la n  in st a n ces a r e

exam in ed  u n t il o n e is fo u n d  in  wh ich  a ll

un certain ty-reduct ion  goals can  be sat isfied .

I f  n o  su c h  in s t a n c e  c a n  b e  fo u n d ,  t h e

in stan ce th at  con tain ed th e fewest  un satisfied

un certain ty-reduct ion  goals is selected . Th is

plan  in stan ce is augm en ted with  sen sin g veri-

fication  action s an d poten tial recovery p lan s

for an ticipated possible errors.

Figure 1 sh ows a block diagram  of Spar. To

th e left  are th e goal stacks an d a set  of satis-

fied  go als t h a t  a re u sed  t o  t rack p lan n in g

d ecrea se  in  t h e  a m o u n t  o f b a ck t ra ck in g,

wh ich  resu lts from  avoidin g arbitrary ch oices

th at  cou ld  lead  to  failu re. Th e d isadvan tage

to a pure con strain t-postin g approach  is th at

m a in t a in in g t h e  co n st ra in t  n e t w o rk  ca n

becom e m ore exp en sive th an  backt rackin g

durin g p lan n in g. Th erefore, in  m an y cases, a

com bin ation  of con strain t  postin g an d back-

t rackin g is ap p rop riate, th e exact  com bin a-

t ion  bein g determ in ed by th e com plexit ies of

th e con strain ts an d th e cost  of backtrackin g.

In  Sp a r,  b e c a u se  o f  t h e  c o m p le x i t i e s

in volved with  th e represen tation  an d evalua-

t ion  of un certain ty-reduction  goals, on ly th e

operation al an d geom etric goals are sat isfied

u sin g t h e  co n st ra in t -p o st in g m et h o d  (w e

elaborate on  th ese com plexit ies in  Satisfyin g

Un cer t a in t y-Red u ct io n  G o a ls).  Th erefo re ,

Spar perform s its p lan n in g in  two ph ases. In

th e first  ph ase, con strain t  postin g is used to

con st ru ct  a  fam ily o f p lan s t h at  sat isfy all

o p e ra t io n a l  a n d  geo m e t r ic  go a ls.  In  t h e

secon d ph ase, specific p lan  in stan ces (gen er-

at ed  by in st an t iat in g th e p lan  variab les so

th at  th e con strain ts are satisfied) are used as

in put for th e un certain ty-reduction  p lan n in g.

We sh ou ld  n ote th at  th e con st rain t -post in g

parad igm  is con cep tually able to  h an d le all

th ree goal types; h owever, for th e reason s of

com plexity th at  we just  m en tion ed, it  is n ot

ex p ed ien t  t o  fo rce  u n cer t a in t y-red u ct io n

p lan n in g in to  th e con st rain t -p ost in g m old .

Fu rth erm ore, it  wou ld  n ot  be advan tageous

to aban don  con strain t  postin g for th e opera-

t ion al an d  geom et ric p lan n in g becau se th e

cost  of m ain tain in g th e con st rain t  n etwork

associated with  th ese two types of goals is sig-

n ifican tly less th an  th e cost  of a backtrackin g

search  algorith m .

Th e co m p u t a t io n a l savin gs ach ieved  b y

d iv id in g Sp ar’s p lan n in g in t o  t wo  p h ases

com es at  th e expen se of com pleten ess. It  is

p o ssib le  t h a t  d u r in g t h e  seco n d  p h ase  o f

p lan n in g, situat ion s will arise in  wh ich  th e

un certain ty in  th e world  descrip tion  can  n ot

be sufficien tly reduced with ou t  th e addit ion

of h igh er-level p lan  segm en ts. Con sider, for

exam ple, a situation  in  wh ich  th e robot is to

grasp  a sin gle object  th at  is located n ear th e

cen ter of a n um ber of objects wh ose posit ion s

are kn o wn . Fu rt h erm o re, su p p o se t h ere is

som e un certain ty in  th e posit ion  of th e target

ob ject , su ch  t h at  t h is u n cert ain ty will n o t

perm it  th e object  to be grasped with ou t  th e

possibility of a collision  between  th e m an ipu-

lat o r an d  o n e o r m o re o f t h e su rro u n d in g

objects. In  such  cases, it  wou ld  be desirable

for Sp ar to  in voke th e top -level p lan n er to

d evise a p lan  to  system at ically rem ove th e

clu t terin g objects. With  our curren t  d ivision
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progress. Th e dash ed  box at  th e

top  rep resen ts Spar’s kn owledge

abou t  th e possible act ion s. Th is

k n o w le d ge  in c lu d e s t h e  t e m -

plates th at  are used  to represen t

action s, a set  of ru les for in stan ti-

a t in g t h ese t em p la t es, a  set  o f

a c t io n s  t o  b e  u se d  t o  r e d u c e

un certain ty in  th e world , an d  a

set  of procedures th at  are used to

con struct  th e un certain ty-reduc-

tion  precon dit ion s for action s in

th e p lan . To th e righ t , en closed

b y  a  d a sh e d  b o x ,  i s  t h e  c o n -

s t r a in t  sy s t e m .  Th i s  sy s t e m

in clu d es t h e act u al CMS an d  a

n u m b er  o f d o m ain -d ep en d en t

m odules th at  are used to evaluate

c o n st r a in t s .  Th e se  m o d u le s

in clu d e ro u t in es t o  fin d  u p p er

an d  lower bou n d s on  sym bo lic

exp ression s (SUP/ INF), an  alge-

braic sim p lifier (SMP), an d  rou -

t in e s  t o  so lv e  t h e  in v e r se

kin em a t ics o f t h e  ro b o t  (IKS).

Th e  c o n st r a in t  sy s t e m  a l so

in clu d es a  co n st ra in t  n e t w o rk

th at  is used to organ ize th e p lan ’s

con st rain t s. Fin ally, th e bo t tom

of th e figu re dep icts th e ou tpu t

o f th e p lan n er: t h e verificat ion

se n so r y  o p e r a t io n s a n d  lo ca l

recovery p lan s (used wh en  un cer-

tain ty-reduction  goals can n ot be

satisfied) an d th e set  of action s in

th e p lan .

Represen tation al Issues 
in  Spar

O n e o f t h e im p o rt an t  issu es t h a t  m u st  b e

addressed wh en  design in g a p lan n in g system

is t h e  ch o ice  o f r ep resen t a t io n  sch em es.  

Th ese rep resen tat ion s d eterm in e th e p ower

th at  th e p lan n er will h ave in  term s of its abili-

t y t o  ad eq u at ely m o d el t h e wo rld  an d  t h e

p o ssib le act io n s t h a t  can  b e p erfo rm ed  t o

alter th e world . In  th is sect ion , we describe

h o w Sp ar  rep resen t s act io n s,  u n cer t a in t y,

p lan s, an d goals.

Represen tation  of Action s

Curren tly, Spar plan s with  th ree action s: pickup,

p u td own , an d  assem ble.1 Th ese act ion s are

rep resen t ed  b y  act io n  t em p la t es,  each  o f

wh ich  h as th e followin g five com pon en ts: (1)

action  id , an  iden tifier th at  Spar uses to refer-

en ce a part icu lar in stan ce of th e act ion ; (2)

act ion , th e n am e of th e act ion  an d its argu-

m en t s; (3)  p recon d it ion s, t h e op erat ion al,

geom etric, an d un certain ty-reduction  precon -

d it ion s th at  m ust  be m et  p rior to  execu t in g

th e act ion ; (4) ad d  list , a list  o f con d it ion s

th at  will be true in  th e world  after th e execu-

tion  of th e action ; an d (5) delete list , a list  of

con dit ion s th at  will n o lon ger be true in  th e

world  after th e execution  of th e action .

Figure 2 sh ows th e action  tem plates for th e

th ree act ion s. Th e m ean in gs o f th e variou s

p recon d it ion s are m ade clear in  su bseq u en t

sect ion s of th e art icle. We sh ou ld  also  n ote

th at  th e action s curren tly im plem en ted allow

th e m an ip u lat ion  o f a  sin gle ob ject  o r t h e

assem b ly  o f t w o  o b ject s.  To  facilit a t e  t h e

sim u lt an eo u s assem b ly  o f m o re t h an  t wo

objects (for exam p le, in sert in g a cylin d rical

o b je c t  in t o  a  h o le  a n d  s im u l t a n e o u sly

t h ro u gh  a  wash er), ad d it io n al act io n  t em -

p lates wou ld  h ave to  be added . Th is rest ric-

t ion  d oes n o t  p roh ib it  Sp ar from  p lan n in g
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act ion  tem plates, Spar is able to use a sm all

set  of gen eric robot  operat ion s an d in stan ti-

ate th ese operation s to specific action s based

on  th e objects th at  will be m an ipu lated  by

th ese action s.

In  som e cases, wh en  an  action  is added to

th e p lan , an  in it ial set  of con strain ts on  th e

plan  variables is also added. For exam ple, th e

ru le sh own  in  figu re 3  sp ecifies t h e in it ial

con strain t  th at  Grasp  be on e of th e possible

grasp s fo r Object . (We d iscu ss h ow grasp s,

st ab le p oses, an d  so  on , are rep resen ted  in

Con strain t  Man ipu lat ion .) Specificat ion  of a

set  o f con st rain t s t o  be sat isfied  by a p lan

variable am oun ts to assign in g an  in it ial label

set  to a n ode in  th e con strain t  n etwork (also

discussed in  Con strain t  Man ipulation ). Wh en

in it ial con strain ts are added, th ere is n o n eed

to  in voke CMS to  see if th ey are con sisten t

with  th e curren t  con strain t  n etwork because

th e variables th at  will be con strain ed by th ese

in it ial con strain ts d id  n ot previously exist  in

th e p lan  an d, th us, d id  n ot occur in  th e con -

strain t  n etwork.

assem blies with  m ore th an  two com pon en ts,

on ly from  p lan n in g assem bly operat ion s in

wh ich  m ore th an  two com pon en ts are required

to part icipate in  a sin gle assem bly step .

Wh en  Spar adds an  act ion  to  th e p lan , it

in stan t iates th e t em p late fo r th is act ion  so

t h at  it  will acco m p lish  t h e p art icu lar go al

th at  caused th e action ’s addit ion . Th is process

con sist s o f in stan t iat in g th e variou s iden t i-

fiers in  th e action  to un ique labels (for exam -

ple, th e Action Id an d th e Gi’s in  figure 2) an d

th en  eith er in stan tiat in g or con strain in g th e

plan  variables in  th e action  so th at  it  ach ieves

th e goal. Spar uses a set  of ru les to determ in e

th e proper variable in stan tiation s for an  action

tem plate, given  th e goal th at  th e action  is to

ach ieve. Figu re 3 sh ows an  exam p le o f th e

ru le t h at  in st an t iat es a p icku p  act ion  t em -

p la t e  t o  ach ieve t h e go a l h o ld in g(O b ject ,

Grasp). (Note th at  th e un certain ty-reduction

precon dition s do n ot appear in  th e in stan tiated

tem plate because in  Spar’s curren t im plem en -

tat ion , th ey are actu ally en cod ed  as p roce-

dures.) By usin g th is approach  to in stan tiatin g
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Figure 2. Action Tem plates.

The action tem plate for the pickup action is shown in figure

2a. The variables in the tem plate are instantiated by the plan-

ner using the rule shown in figure 3.

Figure 2b shows the action tem plate for the assem ble action. 



Th e Represen tation  of 

Un certain ty in  Spar

To create assem bly p lan s th at  are to  be exe-

cu t ed  in  an  u n cer t a in  en viro n m en t ,  Sp a r

m u st  h ave a su itable rep resen tat ion  for th e

u n ce r t a in t y  in  i t s  w o r ld  d e sc r ip t io n ,  a n

u n derstan d in g of h ow m u ch  u n certain ty in

th is d escrip t ion  can  be t o lerat ed  befo re an

action  can  n o lon ger be guaran teed to succeed,

an d a kn owledge of h ow th e various assem bly

act ion s affect  t h e u n cert ain ty in  th e world

d escrip t ion . In  t h is su bsect ion , we ad d ress

each  of th ese th ree issues.

Represen tin g Un certain  Quan tities. In  ou r

curren t im plem en tation  of Spar, we ch ose to

lim it  th e n um ber of quan tit ies th at  are con -

sidered un certain . For an  object  rest in g on  th e

work table, th e X ,Y,Z locat ion  of th e object

(th at  is, th e object ’s d isp lacem en t ) an d  th e

rotat ion  about an  axis th rough  th e origin  of

th e object’s local fram e an d perpen dicu lar to

t h e  t a b le  a r e  co n sid e red  u n ce r t a in .  Th is

ch o ice reflect s ou r assu m p t ion  th at  ob ject s

rest in g on  t h e work t ab le will be in  st ab le

p o ses, wh ich  fix  t wo  ro t a t io n al d egrees o f

freedom  of th e object  (th is assum ption  is d is-

cussed  fu rth er in  Con st rain t  Man ipu lat ion ).

For th e m an ipu lator, we con sider th e X ,Y,Z

locat ion  of th e tool cen ter, an d  th e rotat ion

abou t  th e Z axis o f th e m an ip u lato r’s local

fram e to be un certain .

All u n certain t ies in  Sp ar are exp ressed  in

term s of u n certain ty variables. Th e possible

values for an  un certain ty variable are defin ed

usin g boun ded sets. We represen t  th e un cer-

tain ty in  th e posit ion  of an  object  by a h om o-

gen eous tran sform ation  m atrix wh ose en tries

are exp ressed  in  t erm s o f u n cert ain ty vari-

ables.2 By com bin in g th e ideal position of an

object  (th at  is, th e posit ion  of th e object  if all

un certain ty is elim in ated) with  th e un certain -

t y in  t h is p o sit io n , we o b t ain  t h e p o ssib le

posit ion  of an  object . Th is possible posit ion

will be a h om ogen eous tran sform ation  m atrix,

with  som e or all o f it s en t ries exp ressed  in

t erm s o f u n cert ain ty variab les. An y m at rix

t h at  can  be o b t ain ed  by su bst it u t in g valid
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Figure 2 (continued). Action Tem plates.

Figure 2c shows the action tem plate for the putdown action.

Figure 3. Rule to Instantiate an Action Tem plate.



Sim ilarly, let  th e tran sform ation  TrO repre-

sen t th e ideal X ,Y,Z posit ion  of th e object . We

obtain  th e possible d isp lacem en t of th e

object’s local fram e by com bin in g th e two:

TrO + ∆ = Tr∆O TrO  .

Now, because th e rotat ion al un certain ty is

a b o u t  t h e  w o r ld  Z  a x is t r a n sla t ed  t o  t h e

origin  of th e object ’s local fram e, it  can  be

represen ted  by postm u lt ip lyin g th e possible

object  d isp lacem en t  by a rotat ion  abou t  th e

Z axis, RDO, wh ere

Fin ally, by defin in g th e m atrix RO to den ote

th e ideal orien tation  of th e object , we obtain

t h e p o ssib le p o sit io n  o f t h e o b ject  (wh ich

in clu d es b o t h  d isp lacem en t  an d  ro t a t io n

un certain ties) as

TO + ∆ = Tr∆O TrO R∆O RO  . (2)

D e ri v a t i o n  o f  U n c e rt a i n t y -Re d u c t i o n

Go als. To illu st rate th e con st ru ct ion  of th e

un certain ty-reduct ion  p recon dit ion s, in  th is

sect ion , we derive th e un certain ty-reduction

p reco n d it io n s fo r  t h e  p icku p  a ct io n .  We

derive th ese precon dit ion s by exam in in g th e

possible location s of th e m an ipulator fin gers

an d  th eir relat ion sh ip  to  th e p ossib le loca-

t ion s of th e con tact  poin ts on  th e object  to

be grasped (th at  is, th e poin ts on  th e object

th at  th e fin gers will con tact  in  th e grasp in g

operation ). Th ese precon dit ion s sh ould  guar-

an t ee t h a t  t h e t wo  co n t act  p o in t s will lie

between  th e fin gers of th e m an ipulator, even

w h en  w o rst -ca se  u n ce r t a in t ie s o ccu r.  To

values for th e un certain ty variables will repre-

sen t on e possible posit ion  of th e object .

Given  t h ese assu m p t io n s, we d efin e t h e

tran sform ation  th at  represen ts th e un certain -

ty in  th e posit ion  of th e m an ipulator relat ive

to th e m an ipulator’s local fram e to be

Again , n ote th at  th e values ∆X g, ∆Yg, ∆Zg,

an d ∆θg a re  b o u n d ed  sym b o lic  va r ia b les.

Th erefore, th e m atrix T∆M represen ts all th e

t ran sfo rm at ion s th at  cou ld  be ob tain ed  by

su bst it u t in g valid  n u m eric valu es in to  t h e

m atrix in  p lace of th e sym bolic variables. Th e

boun ds on  th ese variables are stored in  Spar’s

database an d retrieved wh en  n eeded.

Given  th at  T∆M represen ts th e un certain ty

in  th e m an ipu lator’s posit ion  relat ive to th e

m an ipu lator’s own  local fram e, we can  com -

pute th e possible posit ion  of th e m an ipulator

(th at  is, t h e com bin at ion  o f id eal p osit ion

an d possible error) usin g th e com posit ion

TM + ∆ = TM T∆M  , (1)

wh ere TM represen ts th e ideal posit ion  of th e

m an ipulator.

Th e expression  for th e possible posit ion  of

an  object  rest in g on  th e work table is a bit

m ore com plicated  becau se of th e ro tat ion al

com pon en t in  th e un certain ty. In  part icu lar,

th e axis of th is rotation  is n ot defin ed by th e

local fram e of th e object  or th e world  fram e

bu t  by t h e wo rld  Z  axis, t ran sla t ed  t o  t h e

origin  of th e object’s local fram e. We, th ere-

fore, sep arately con sider th e u n certain ty in

th e disp lacem en t of th e object  an d th e rota-

t ion al un certain ty. For th e d isp lacem en t , let

th e t ran sform ation  Tr∆O be a t ran sform ation

th at  defin es th e un certain ty in  th e X ,Y,Z loca-

t ion  of th e object  relat ive to th e world  coordi-

n ate fram e:
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. . . SPAR does its planning in two phases. . . a constraint-

posting approach is used to satisfy operational and 

geom etric goals; . . . specific plan instances are exam ined

to find plans that satisfy uncertainty-reduction goals.

.

.

.



derive th ese precon dit ion s, we first  derive th e

p o ssib le  lo ca l co o rd in a t e  fram es fo r  each

fin ger. We th en  derive th e possible location s

of th e con tact  poin ts on  th e object . Fin ally,

we t ran sform  th e possible con tact  poin ts so

t h at  t h ey are exp ressed  in  t h e lo cal fin ger

fram es an d ch eck th at  th ey each  lie between

th e fin gers.

To  fin d  t h e p o ssib le  lo ca l fram es o f t h e

m an ip u la t o r  fin gers,  we fin d  t h e p o ssib le

location  of th e m an ipulator’s local fram e an d

perform  a tran slation  of ±1/2W m alon g th e Y

axis of th is fram e (wh ere W m is th e distan ce

b et ween  t h e t wo  fin gers) (figu re 4 ). Usin g

equation  1, we fin d

P1 = TM + ∆ trans(0,-1/2W m  ,0)

P2 = TM + ∆ trans(0,+1/2W m  ,0) ,

wh ere trans(X ,Y,Z) in dicates a tran sform ation

of th e form

In  th is case, t h e p ossib le p osit ion  o f t h e

m an ipulator is obtain ed by usin g equation  1

bu t  rep lacin g TM by th e com posit ion  of th e

object  posit ion  (TO) an d th e graspin g con figu-

ration  TG (wh ich  expresses th e posit ion  of th e

m an ipulator’s coordin ate fram e relat ive to th e

object’s local fram e).

To  d e t e rm in e  t h e  t w o  p o ssib le  co n t a c t

poin ts, C1 an d C2 , we first  fin d th e possible

posit ion  of th e object . Relative to th e object’s

p ossib le local fram e, th e con tact  p o in t s are

obtain ed  usin g th e grasp in g t ran sform at ion ,

TG, in  con jun ct ion  with  a t ran slat ion  alon g

th e Y axis of th e m an ipulator fram e (th at  is,

th e axis th at  defin es th e d irect ion  of fin ger

open in g an d  closin g). Usin g equat ion  2, we

fin d

C1 = Tr∆O TrO R∆O RO TG trans(0,+1/2W g,0)[0,0,0,1]t

C2 = Tr∆O TrO R∆O RO TG trans(0,-1/2W g,0)[0,0,0,1]t ,

wh ere W g is th e wid th  o f th e object  at  th e

grasp  poin t . Note th at  we are n ot  in terested

in  th e coordin ate axes at  th e con tact  poin ts,

on ly th e disp lacem en t.

To see if th e con tact  poin ts lie between  th e

fin gers, we tran sform  th e location s of C1 an d

C2 to  be defin ed  in  term s of th e coord in ate

fram es P1 an d P2 an d ch eck to see th at  th e Y

com pon en ts of th ese location s are on  th e pos-

it ive Y axis for P1 an d th e n egative Y axis for

P2 for all possible valu es of th e u n certain ty

variab les. Th erefo re, t h e fo u r u n cert a in t y-

reduction  precon dit ion s for th e p ickup action

are

an d

Again , n ote th at  all th e m atrix m ult ip lica-

t ion s sh own  m ust be perform ed sym bolically.

Th at  is, th e n u m eric com pu tat ion s will n o t

actu ally be p erfo rm ed  becau se som e o f th e

en tries in  th e expression s will n ot  h ave specif-

ic n um eric values (for exam ple, th e value of

th e variable ∆X  m igh t  on ly be kn own  to lie

som ewh ere in  th e in terval [-0.5,0.5]).

Th e Propagation  of Un certain ty by Action s.

To illustrate h ow action s propagate un certain -

ty, in  th is su bsect ion , we d escribe h ow th e

pickup action  affects th e un certain ties in  th e

posit ion  of th e object  to be grasped. In  gen er-

al, th e p ickup action  h as th e effect  of reduc-

in g t h e u n cert a in t y in  t h e p o sit io n  o f t h e

object  to  be grasped . Un certain ty is reduced

because th e n ew un certain ty in  th e object ’s

p o si t io n  w i l l  b e  d e fin ed  in  t e rm s o f t h e

m an ipu lator un certain ty, wh ich  is n orm ally

less th an  th e un certain ty in  posit ion s th at  are

determ in ed by th e sen sin g system . Specifical-

ly, th e p ickup  act ion  h as th e effect  of t ran s-

form in g th e object’s d isp lacem en t un certain ty

in to  th e m an ip u lator coord in ate fram e an d

th en  reducin g th e Y com pon en t of th is un cer-

tain ty to th e un certain ty in  th e Y com pon en t
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Figure 4. Possible Finger Coordinate Fram es and Contact Points 

for the Pickup Action.

0 <[0,1,0,0]P-1C1, 0 <[0,1,0,0]P-1 C21 1

0 >[0,1,0,0]P-1C1,  0 >[0,1,0,0]P-1 C22 2



Clearly, th e represen tat ion  of p lan s m ust  be

differen t for th ese two ph ases.

Th e p lan s d evelo p ed  by Sp ar d u rin g t h e

first  ph ase of p lan n in g are n ot sim ple lin ear

seq u en ces o f act io n s. In st ead , t h ese p lan s

con sist  of an  un ordered set  of action s an d a

separate set  of con strain ts on  h ow an d wh en

th ese act ion s are to be execu ted . Th ese con -

st rain t s are sto red  in  Sp ar’s con st rain t  n et -

wo rk. Th e co n st ra in t s o n  h o w act io n s are

executed are actually con strain ts on  possible

values th at  can  be assign ed to p lan  variables.

Fo r  ex am p le ,  if t h e  act io n  is t o  gra sp  an

ob ject , con st rain t s on  th e variab le u sed  to

in dicate th e graspin g con figuration  will effec-

t ively con st rain  h ow th e grasp in g act ion  is

perform ed. Table 1 lists th e con strain ts Spar

curren tly uses in  th e first  ph ase of p lan n in g.

Wit h  t h is t yp e o f rep resen t at io n , a  p lan

developed  by Spar du rin g th e first  ph ase of

plan n in g actually correspon ds to a fam ily of

p lan s. A specific p lan  in stan ce is derived  by

fin din g a con sisten t  in stan tiat ion  for th e p lan

variables (th at  is, a set  of values for th e p lan

variables th at  sat isfies th e con strain ts in  th e

co n st ra in t  n e t w o rk) an d  p er fo rm in g t h is

in stan tiat ion  on  th e p lan  action s.

In  th e secon d ph ase of p lan n in g, Spar uses

specific p lan  in stan ces, wh ich  are augm en ted

to con tain  verificat ion  sen sory action s, local

recovery p lan s, an d an  error coun t. Th e verifi-

cation  sen sory action s an d local recovery plan s

are ad d ed  wh en  t h e u n cert ain ty-red u ct ion

precon dition s for an  action  can n ot be satisfied.

Th e error coun t is in crem en ted each  t im e th e

un certain ty-reduct ion  goals for an  act ion  in

th e p lan  in st an ce can n o t  be sat isfied . Th is

error coun t is used to determ in e wh ich  p lan

in stan ce h as th e greatest  ch an ce of success.

Represen tation  of Goals

In  th is subsect ion , we describe Spar’s rep re-

sen tation  of goals. Because a previous section

dealt  with  Spar’s represen tation  of un certain -

ty an d un certain ty-reduction  goals, we do n ot

d iscu ss th e u n certain ty-redu ct ion  p recon d i-

t ion s of action s h ere.

Goals in  Spar h ave th ree relevan t at tribu tes:

a  t yp e  (e i t h er  o p era t io n a l ,  geo m et r ic ,  o r

un certain ty-reduction ), a con dit ion  th at  m ust

be sat isfied  (th at  is, th e actual goal), an d an

act ion  iden t ifier. Th e action identifier is u sed

to in dicate wh en  th e goal m ust  be sat isfied ,

in  part icu lar, th at  it  m ust be satisfied  prior to

th e execu tion  of th e act ion  specified  by th e

act ion  iden t ifier. We use th e term s goal an d

precondition to  refer to  eith er th e con d it ion

part  of th e goal or th e en tire structure. Wh ich

of th ese is m ean t sh ould  be eviden t from  th e

con text.

o f th e m an ip u lato r. Th e p icku p  act ion  also

reduces th e un certain ty in  th e object’s orien -

tat ion  to  be equal to  th e un certain ty in  th e

orien tation  of th e m an ipulator.

To  d erive an  exp ressio n  fo r  t h e red u ced

u n cer t a in t y,  le t  Tr∆O b e t h e  d isp lacem en t

un certain ty in  th e object’s posit ion  just  prior

to th e execution  of th e p ickup action . Th ere-

fore, as described  in  Represen t in g Un certain

Quan tit ies, th is un certain ty is defin ed relat ive

to  th e world  coord in ate fram e. We n eed  to

obtain  a d isp lacem en t error Tr’∆O such  th at

RM Tr’∆O = Tr∆O  ,  
wh ere RM is t h e t ran sfo rm at ion  th at  rep re-

sen ts on ly th e orien tation  of th e m an ipulator

(th at  is, it  h as a n u ll d isp lacem en t vector). In

oth er words, Tr’∆O expresses th e disp lacem en t

error relat ive to th e m an ipu lator fram e after

th e object  is grasped. If we defin e RO to be th e

tran sform ation  th at represen ts th e orien tation

of th e object  an d RG to be th e tran sform ation

th at  represen ts th e orien tation  of th e m an ipu-

lator relat ive to th e local fram e of th e object

(th at  is, th e rotation al part  of TG), we fin d

Tr’∆O = (RO RG)-1Tr∆O  ,
given  th at

RM = RO RG

an d, th erefore,

RM[(RO RG)-1Tr∆O] = Tr∆O .
Now, we defin e th e vector th at  represen ts th e

un certain ty in  th e object’s d isp lacem en t rela-

t ive to th e m an ipulator fram e by

[Dx ,Dy,Dz,1]t = (RO RG)-1Tr∆O [0,0,0,1]t .

Fin ally, by com bin in g th is d isp lacem en t with

th e un certain ty in  th e posit ion  of th e m an ip-

u lator, we obtain

Note th at  th e un certain ty in  th e Y com po-

n en t  o f t h e d isp lacem en t  u n cert a in t y  h as

been  lim ited to th e un certain ty in  th e Y com -

pon en t  of th e locat ion  of th e m an ipu lator’s

tool cen ter. Furth er, n ote th at  th e rotat ion al

u n cer t a in t y  is t h e  sam e a s t h e  ro t a t io n a l

un certain ty in  th e orien tation  of th e m an ipu-

lator.

Represen tation  of Plan s

As described earlier, Spar does its p lan n in g in

two ph ases. Durin g th e first ph ase, a con strain t-

postin g approach  is used to satisfy operation al

an d geom etric goals; durin g th e secon d ph ase,

specific p lan  in stan ces are exam in ed  to  fin d

plan s th at  satisfy un certain ty-reduction  goals.

Goals in 

Spar have

three 

relevant

attributes: 

a type . . . 

a condition

that m ust be 

satisfied . . .

and an 

action 

identifier. 
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Spar’s operat ion al goals are sim ilar to  th e

h igh -level goals u sed  in  t rad it ion al dom ain -

in depen den t p lan n ers (for exam ple, Strips or

Tweak). O n e d ifferen ce is o u r in clu sio n  o f

p lan  variab les th at  can  be u sed  to  lin k th e

operation al an d geom etric goals. For exam ple,

on e operation al precon dit ion  of th e assem ble

action  is

op(G1, Action Id, h oldin g(Obj1, Grasp))  .

Th e p lan -variab le Grasp  is n o t  u sed  in  t h e

operat ion al p lan n in g bu t  serves th e purpose

o f l in kin g t h e  o p era t io n a l an d  geo m et r ic

p lan n in g. Th e variab le Act ion Id  is u sed  t o

in dicate th e t im e at  wh ich  th e goal m ust  be

satisfied . In  part icu lar, it  m ust be satisfied  just

p rio r to  th e execu t ion  o f th e act ion  wh ose

action  iden tifier is Action Id.

Geom etric goals are sligh tly m ore com plex,

with  two m ain  com pon en ts. Th e first  is a geo-

m etric con strain t , an d th e secon d is a set  of

operation al goals. Th e m ean in g of th is pair is

t h at  t h e p lan n er is t o  est ab lish  t h e o p era-

t ion al goals in  such  a way th at  th e geom etric

con strain t  is sat isfied . For exam ple, on e geo-

m etric precon dit ion  of th e pu tdown  action  is

geo(G2, Action Id, 

reach able(Grasp , Pos), 

h oldin g(Obj, Grasp))  ,

wh ere h oldin g(Obj,Grasp) is th e sin gle opera-

t ion al goal, an d  reach able(Grasp ,Pos) is th e

geom etric con strain t .

Goal Satisfaction

In  th is sect ion , we d iscuss th e m eth ods th at

Sp ar u ses t o  sat isfy op erat ion al, geom et ric,

a n d  u n cer t a in t y -red u ct io n  go a ls.  We fre -

quen tly allude to th e role of CMS in  th e pro-

ce ss o f go a l  sa t i sfa c t io n ,  b u t  w e  le a v e  a

d et a iled  d iscu ssio n  o f CMS fo r Co n st ra in t

Man ip u lat ion . For th e p u rp oses of th is sec-

t ion , it  is su fficien t  t o  assu m e th at  CMS is

capable of determ in in g if a n ew con strain t  is

con sisten t  with  th e curren t con strain t  set .

Satisfyin g Operation al Goals

In  Spar, en surin g th e satisfaction  of an  opera-

t ion al goal proceeds in  two steps: fin din g an

act ion  th at  establish es th e goal an d  dealin g

with  action s th at  could  violate (or un do) th e

goal.

To fin d an  action  th at  establish es an  opera-

t ion al goal, Spar first  looks at  th e add lists of

th e act ion s th at  are already in  th e part ially

developed p lan . If an y elem en t of th e add list

o f su ch  an  act io n  can  be u n ified  wit h  t h e

operation al goal, th en  th is un ification  is per-

fo rm ed , an d  th e act ion  is d eclared  to  h ave

establish ed th e goal. If Spar succeeds in  fin d-

in g such  an  action , th is action  is con strain ed

to take p lace prior to th e t im e at  wh ich  th e

goal m ust be satisfied . If CMS determ in es th at

th is n ew orderin g con strain t  is n ot  con sisten t

with  th e curren t con strain t  n etwork, th e con -

strain t  addit ion  fails, an d  Spar backtracks in

an  attem pt to fin d an oth er action  in  th e p lan

th at  establish es th e goal.

If Spar fails to  fin d  an  act ion  in  th e p lan

t h a t  can  est ab lish  t h e go al, it  ad d s a  n ew

a c t io n .  Ad d in g  a  n e w  a c t io n  co n sist s  o f

in stan t iat in g an  act ion  tem plate, addin g th e

action  to th e p lan , an d con strain in g th e n ew

action  to occur prior to th e t im e at  wh ich  th e

goal m ust be satisfied . An y t im e Spar adds an

action  to th e p lan , it  is possible th at  th e n ew

act ion  m igh t  violate goals th at  h ave already

been  sat isfied . For th is reason , wh en  a n ew

action  is added to th e p lan , Spar exam in es th e

list  o f sa t isfied  go a ls an d  t ran sfers an y o f

t h o se  t h a t  co u ld  b e  v io la t ed  b y  t h e  n ew

action  to th e appropriate pen din g goal stack.

O n ce an  o p erat io n al go al is est ab lish ed ,

Spar exam in es each  action  in  th e curren t par-

t ial p lan  to see if it  could  possibly violate th e

goal. An  act ion  can  vio lat e an  op erat ion al

goal if an y elem en t in  th e action ’s delete list

can  be un ified  with  th e goal. Th ere are th ree

ways to deal with  a poten tial goal violat ion :

(1) th e violatin g action  can  be con strain ed to

occur after th e t im e at  wh ich  th e goal m ust
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variab les a re in t ro d u ced  t h a t  can  b e co n -

strain ed by th e geom etric level of p lan n in g to

d et erm in e h ow an  act ion  is execu t ed . Th e

geo m et r ic p reco n d it io n s a re  exp ressed  in

term s of th ese variables. For exam ple, a tradi-

t ion al St rip s-typ e act ion  is p icku p (Object ).

Sp ar’s eq u iva len t  act io n  is p icku p (O b ject ,

Grasp). Th e variable Grasp  is used  to  defin e

th e geom etric con figuration  th at  will be used

by th e m an ipulator in  graspin g th e object . At

th e op erat ion al level, t h e variab le Grasp  is

prim arily ign ored, bu t its presen ce gives Spar

a m et h o d  o f co n st rain in g h o w t h e p icku p

operation  is actually perform ed, th us lin kin g

dist in ct  levels of p lan n in g.

As w a s d iscu ssed  in  Rep re sen t a t io n  o f

Go als,  geo m et r ic go a ls co n sist  o f a  set  o f

operation al goals an d a geom etric con strain t

t h a t  is t o  b e  a p p l ied  t o  t h e  a c t io n s t h a t

ach ieve t h e op erat ion al goals. Each  op era-

t ion al goal th at  is associated with  a geom etric

p recon d it ion  of an  act ion  is also  separately

listed  as an  operat ion al p recon dit ion  of th e

act ion . Th erefore, because Spar on ly con sid-

ers geom etric goals wh en  th e operation al goal

stack is em pty, th e operation al goals associat-

ed with  a geom etric goal are guaran teed to be

sat isfied  by th e cu rren t  part ial p lan . Th ere-

fo re, t o  sat isfy a  geo m et ric go al, Sp ar first

fin ds th e action s th at  establish  its associated

operat ion al goals an d  at tem pts to  con strain

t h e execu t io n  o f t h ese act io n s so  t h at  t h e

geom etric con strain t  is satisfied . Th is is don e

by in structin g CMS to add th e geom etric con -

strain t  to th e con strain t  n etwork. If th e added

con strain t  is con sisten t  with  th e oth er con -

st rain ts in  th e n etwork, th e goal is sat isfied

an d m oved to th e list  of satisfied  goals.

If CMS determ in es th at  th e geom etric con -

strain t  is n ot  con sisten t  with  th e curren t con -

strain t n etwork, th en  on e or m ore n ew action s

m ust be added to th e p lan . Th ese n ew action s

are ch osen  based  on  t h e op erat ion al goals

a sso c ia t ed  w i t h  t h e  geo m e t r ic  go a l .  Th e

in stan t iat ion  of th e act ion s’ t em p lates p ro-

ce e d s a s  d e sc r ib e d  in  Re p re se n t a t io n  o f

Action s. On ce th e act ion s h ave been  added,

th e appropriate geom etric con st rain t  is also

added  to  th e con st rain t  n etwork. Th is con -

strain t  will au tom atically be con sisten t  with

t h e  co n st ra in t  n e t w o rk  b eca u se  t h e  n ew

act ion  will con tain  n ew p lan  variables th at

h ave n ot yet  been  con strain ed. Note th at  th e

addit ion  of action s to th e p lan  will in troduce

n ew operat ion al goals an d , th erefore, effec-

t ively t ran sfer co n t ro l back t o  o p erat io n al

p lan n in g.

Th ere  is n o  n eed  fo r  Sp a r  t o  ch eck  fo r

act io n s t h at  m igh t  vio la t e geo m et ric co n -

st rain ts becau se th e con st rain t  n etwork h as

be sat isfied  (p rom otion  of th e goal), (2) th e

goal can  be con strain ed n ot to un ify with  an y

clau se in  t h e vio la t in g act io n ’s d elet e list  

(separation ), an d (3) an  action  can  be used to

reestablish  th e goal. A reestablish in g act ion

can  eith er be an  action  th at  is already in  th e

plan  or a n ew action  th at  is specifically added

for th e purpose of reestablish in g th e violated

goal.

In  Spar, it  is d ifficu lt  to add separation  con -

strain ts to th e p lan  because th e un ification  is

don e usin g Prolog’s in tern al un ification  algo-

rith m , wh ich  will n ot  take in to accoun t con -

s t r a in t s  in  Sp a r ’s  c o n st r a in t  n e t w o r k .

Th erefore, it  is d ifficu lt  to im plem en t a con -

strain t  th at  says an  elem en t in  th e delete list

o f an  act io n , fo r  exam p le, h o ld in g(p art 1 ,

Grasp), sh ould  n ot  be in stan tiated  so th at  it

m atch es a part icu lar goal, for exam ple, h old-

in g(part1,grasp1). For th is reason , we om itted

separat ion  as a possible m ean s of protect in g

goals in  Spar.

Prom ot ion  o f th e goal is th e first  op t ion

th at  Sp ar t ries wh en  p ro tect in g goals from

violat ion . Wh en  an  act ion , C, can  violate a

goal required to be true durin g th e execution

of a certain  action , S, Spar at tem pts to add a

con st rain t  o f th e form  p rior_to(S,C), wh ich

specifies th at  th e poten t ial vio lat in g act ion

sh ou ld  n ot  be execu ted  u n t il after act ion  S

h as been  executed.

Usin g an  act io n  t o  reest ab lish  a  go a l is

id en t ical to  estab lish in g th e goal, with  th e

ad d it io n al co n d it io n  t h at  t h e act io n  m u st

occur after th e poten tial violatin g action . As

su ch , t h is p ro cess p ro ceed s exact ly as t h e

establish m en t  p rocess described  p reviou sly,

bu t  wh en  a can d id at e act ion  is fou n d , t h e

add it ion al con st rain t  p rior_to(C,A) is added

t o  t h e co n st ra in t  n et wo rk (wh ere C is t h e

action  iden tifier of th e violat in g action , an d

A is th e action  iden tifier of th e n ew action ).

Earlier, we m en tion ed th e possibility of con -

strain in g th e violatin g action  to occur before

th e est ab lish in g act ion . Th is p rocess is th e

sam e as allowin g th e establish in g act ion  to

also act  as th e reestablish in g action .

Satisfyin g Geom etric Goals

In  Spar, geom etric goals are satisfied  by con -

strain in g th e way in  wh ich  p lan  act ion s are

perform ed. For exam ple, if a geom etric goal

sp ecifies t h a t  t h e  m an ip u la t o r  sh o u ld  b e

h o ld in g an  o b ject  in  a  p art icu lar grasp in g

con figurat ion , th e way to sat isfy th is goal is

to p lace a con strain t  on  h ow th e m an ipulator

p erfo rm s t h e  grasp in g act io n .  Th u s,  Sp a r

n eeds to lin k th e operat ion al an d  geom etric

levels o f p lan n in g. Fo r th is p u rp ose, wh en

p lan n in g to  sat isfy op erat ion al goals, p lan

In Spar, 

geom etric

goals are 

satisfied by

constraining

the way in

which plan

actions are

perform ed.
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n o sen se of tem poral orderin g. Th e en tire n et-

work m ust  be con sisten t  at  all t im es. Th ere-

fore, if an y con strain t  in  th e n etwork h ad th e

effect  o f vio lat in g t h e n ew geom et ric con -

strain t , th is violation  would h ave been  detect-

ed  by CMS wh en  at tem pt in g th e con st rain t

addit ion .

Satisfyin g Un certain ty-

Reduction  Goals

Wh en  th ere are n o rem ain in g operation al or

geom etric goals, Spar begin s th e secon d ph ase

of p lan n in g, wh ich  d eals with  u n certain ty-

reduct ion  goals. Th ere are two fun dam en tal

d ifferen ces between  th is ph ase an d  th e first

p h ase of p lan n in g. First , u n certain ty-redu c-

t ion  p lan n in g d oes n o t  u se th e con st rain t -

postin g m eth od. Secon d, if n o p lan  in stan ce

can  be fou n d  th at  sat isfies all u n cert ain ty-

redu ct ion  goals, Sp ar does n o t  backt rack to

th e geom etric an d operation al levels of p lan -

n in g. In stead, it  prepares for possible failu res

b y ad d in g verifica t io n  st ep s an d  p o t en t ia l

local recovery p lan s.

As we m en t io n ed  earlier, we d o  n o t  u se

co n st ra in t  p o st in g t o  sa t isfy  u n cert a in t y-

redu ct ion  goals becau se of th e com plexit ies

in volved with  th eir represen tation  an d evalu-

ation . Th e h igh  cost of represen tin g un certain -

ty-reduction  goals com pared to operation al or

geom etric goals is in  part  because th e geom et-

ric an d operation al effects of action s typically

d o  n o t  p ro p agat e t h ro u gh  m o re t h an  o n e

a c t io n ,  b u t  u n ce r t a in t ie s  ca n  p r o p a ga t e

th rough  m an y action s. For exam ple, con sider

th e followin g sequen ce of action s:

action 1: p ickup(part1,grasp1) 

action 2: pu tdown (part1,posit ion 1) 

action 3: p ickup(part1,grasp2) .

After th e execution  of action 2, part1 will be

in  a part icu lar posit ion  (wh ich  is represen ted

by th e variable posit ion 1) regardless of wh ere

it  was prior to th e execution  of action 1. How-

ever, th e un certain ty in  th e location  of part1

after th e execution  of action 2 will be a fun c-

t ion  of m an y variables, in cludin g th e un cer-

t a in t y  in  t h e p o sit io n  o f t h e m an ip u la t o r

durin g th e execution  of action 1 an d action 2,

h o w t h e p art icu lar  grasp in g co n figu ra t io n

used in  action 1 affects th e un certain ty in  th e

location  of part1, an d th e un certain ty in  th e

locat ion  o f p art1  p rio r t o  t h e execu t ion  o f

act ion 1. Th erefo re, alth ou gh  th e geom et ric

precon dit ion s of action 3 can  be expressed in

t erm s o f two  p lan  variab les (p osit ion 1 an d

gr a sp 2 ) ,  t h e  u n c e r t a in t y  p r e c o n d i t io n s

depen d on  every action  prior to action 3 th at

in volved part1.

Th e fact  th at  u n certain t ies can  p rop agate

th rough  an  in defin ite n um ber of action s also

a ffec t s t h e  co m p lex i t y  o f ev a lu a t in g  t h e

un certain ty-reduction  con strain ts. As described

in  Th e Represen tation  of Un certain ty in  Spar,

Sp ar u ses sym bolic algebraic exp ression s to

represen t un certain ty. Each  t im e a p lan  action

affects th e un certain ty in  som e quan t ity, in

t h e  w o r st  ca se ,  t h e r e  i s  a  m u l t ip l ica t iv e

in crease in  th e n um ber of term s in  th e corre-

sp o n d in g sym bo lic exp ressio n s. Th erefo re,

th e n um ber of term s in  an  expression  for an

un certain  quan tity is, in  th e worst  case, expo-

n en tial in  th e n um ber of action s in  th e p lan .

Because CMS uses upper an d lower boun din g

ro u t in es t o  evalu at e u n cert ain t y-red u ct io n

con strain ts, an d th e t im e com plexity of th ese

routin es is a fun ction  on  th e n um ber of term s

in  th e in pu t  expression , th e worst-case t im e

com p lexity fo r th e evalu at ion  o f an  u n cer-

tain ty-reduction  con strain t  is expon en tial in

th e n u m ber o f act ion s in  th e p lan . In  con -

trast , con strain ts associated  with  operat ion al

an d geom etric goals can , in  th e worst  case, be

evaluated  in  t im e th at  is polyn om ial in  th e

n u m ber o f act ion s in  th e p lan . In  th e best

case, t h e t im e is con st an t  (fo r exam p le, in

evalu at in g con st rain t s on  t h e robo t ’s jo in t

an gles).

Th ere are two reason s for n ot backtrackin g

in to th e first  ph ase of p lan n in g. First , because

Spar represen ts un certain ty in  th e world  usin g

boun ded sets (for exam ple, th e X  location  of

an  object  wou ld  be rep resen ted  as X  ± ∆X ),

even  t h o u gh  u n cer t a in t y -red u ct io n  go a ls

can n ot  be sat isfied , it  is q u ite p ossib le th at

th e actual errors in  th e world  descrip tion  will

be sm all en ough  th at  th e p lan  can  be execut-

ed with out failu re. Th erefore, Spar adds verifi-

ca t io n  sen so ry  act io n s an d  lo ca l reco very

plan s to offen din g p lan  in stan ces in  an ticipa-

t ion  of possible execu t ion  error. Secon d , by

usin g th e con strain t-postin g approach  in  th e

fir st  p h ase  o f p lan n in g,  Sp a r  a t t em p t s t o

develop th e m ost gen eral p lan  th at  will sat isfy

th e operat ion al an d  geom etric goals. Th ere-

fore, it  is n ot  likely th at  a great  deal could  be

gain ed by backtrackin g in to th e first  ph ase of

plan n in g, alth ough , as d iscussed in  Plan n in g

in  Sp ar, t h ere are cert ain  cases wh ere su ch

backtrackin g would be ben eficial.

Th e top  level of un certain ty-reduction  p lan -

n in g con sists of a loop in  wh ich  specific p lan

in stan ces are gen erated an d tested un til on e is

fo u n d  in  wh ich  a ll u n cer t a in t y-red u ct io n

go a ls can  b e sa t isfied . If a ll p o ssib le  p lan

in stan ces h ave been  gen erated, an d n on e are

with out violated un certain ty-reduction  goals,

t h e in st an ce wit h  t h e fewest  v io la t io n s is

selected for execution .

Th e u n certain ty-redu ct ion  p lan n in g for a

part icu lar p lan  in stan ce begin s with  th e cre-
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pu te th e sym bolic expression s for th e failed

un certain ty-reduction  goal.

If th e sen sin g operation s fail to reduce th e

u n c e r t a in t y  t o  a c c e p t a b le  l e v e l s ,  Sp a r

attem pts to in troduce m an ipulation s in to th e

p lan  th at  can  red u ce th e u n cert ain ty. Cu r-

ren tly, th e on ly m an ipulation  th at  is used for

th is purpose is squeezin g an  object  between

t h e m an ip u lat o r fin gers. Th e red u ct io n  in

un certain ty for th is action  is th e sam e as th e

r ed u c t io n  in  u n ce r t a in t y  fo r  t h e  p icku p

act ion , as d escribed  in  Th e Prop agat ion  o f

Un certain ty by Act ion s. Becau se th e op era-

t ion al an d  geom etric p recon d it ion s for th is

action  are th e sam e as for th e pickup action , it

can  always be sp liced in to th e p lan  in stan ce

just  p rior to  th e execu t ion  of som e exist in g

p icku p  act ion ; h owever, th e u n certain ty in

th e world  descrip tion  m ust satisfy th e un cer-

tain ty-reduction  precon dit ion s for th e un cer-

tain ty-reduction  p ickup action .

If t h e sen sin g op erat ion s an d  m an ip u la-

t ion s fail to sufficien tly reduce un certain ties,

Sp ar p rep ares fo r p o ssib le execu t io n  erro r.

First , th e error coun t for th e augm en ted p lan

in stan ce is in crem en ted . Secon d , a sen sin g

verificat ion  action  an d a local recovery p lan

are added to th eir respective lists in  th e aug-

m en ted  p lan  in stan ce. We sh ou ld  poin t  ou t

th at  th e process of in stan t iat in g verificat ion

strategies an d local recovery p lan s is in  its for-

m ative stages. At th is poin t , m eth ods ten d to

be ad h oc, based on  th e program m er’s evalua-

t io n  o f p o ssib le erro rs an d  likely reco very

plan s. We h ope th at  fu ture work will en able

us to lin k CAD m odelin g system s with  Spar’s

descrip tion s of worst-case world  error to au to-

m at ica lly  p red ict  t h e  t yp es o f er ro rs t h a t

could  occur an d au tom atically prescribe veri-

fication  strategies an d recovery p lan s.

Con strain t Man ipulation

In  Spar, th e bu lk of th e dom ain  kn owledge

resid es in  CMS, wh ich  allows th e top -level

p lan n in g t o  p ro ceed  wit h o u t  an y n eed  t o

un derstan d th e dom ain  of au tom ated assem -

bly. Th e action  descrip tion s in clude precon di-

t ion s on  geom et ric con figu rat ion s an d  th e

tolerable un certain t ies in  th e world  descrip-

t ion , bu t  to  sat isfy th ese p recon d it ion s, th e

top -level p lan n er m erely requ ests th at  CMS

add con strain ts to th e con strain t  database. It

is t h e  t a sk o f C M S t o  d et erm in e wh et h er

th ese n ew con strain ts are con sisten t  with  th e

cu rren t  co n st ra in t s in  t h e p lan , wh ich , in

tu rn , requ ires a certain  am ou n t  of dom ain -

specific kn owledge.

Sp a r  cu r ren t ly  u ses t h ree  t yp es o f co n -

strain t . In  operation al p lan n in g, ordering con-

at io n  o f an  au gm en t ed  p lan  in st an ce t h at

con tain s four com pon en ts: (1) th e in stan tiat-

ed list  of p lan  action s (obtain ed by in stan tiat-

in g th e action s from  th e part ial p lan  th at  was

developed  in  th e first  ph ase of p lan n in g so

th at  all con strain ts in  th e con strain t  n etwork

are satisfied), (2) an  error coun t (in it ially set

t o  zero ),  (3 ) a  list  o f sen so ry  ver ifica t io n

action s (in it ially set  to th e em pty list), an d (4)

a list  of local error-recovery p lan s (also in it ial-

ly set  to th e em pty list). On ce th is augm en ted

p lan  in st an ce h as b een  co n st ru ct ed , Sp ar

sequen tially exam in es each  in dividual action

in  th e in stan tiated action  list  an d attem pts to

sat isfy it s u n cert a in t y-red u ct io n  p reco n d i-

t ion s. After an  action  h as been  con sidered, its

ad d  an d  d elete list s are u sed  to  u p d ate th e

world  state to reflect  th e effects of th e action .

Th is updat in g h as th e effect  of p ropagat in g

th e un certain ty in  th e world  descrip tion  for-

ward, th ereby defin in g th e un certain ty in  th e

world  wh en  th e n ext action  in  th e sequen ce

will be executed.

Th e first  step  in  sat isfyin g an  un certain ty-

reduction  goal for an  in dividual action  is th e

c o n st r u c t io n  o f  t h e  sy m b o l ic  a lge b r a ic

in eq u alit y asso cia t ed  wit h  t h is go al. Su ch

algebraic in equalit ies are derived by perform -

in g an  appropriate com bin ation  of sym bolic

m at rix  m u lt ip lica t io n s, m at rix  in versio n s,

an d so on , as determ in ed by th e actual goal.

It  sh ould  be n oted th at  m an y of th e quan ti-

t ies th at  en ter in to  th ese operat ion s will be

defin ed  in  th e world  state (for exam ple, th e

p a r t  lo ca t io n s,  u n ce r t a in t ie s in  t h e  p a r t  

location s).

If th e un certain ty in  th e world  descrip tion

exceeds th at  wh ich  is specified  by an  un cer-

tain ty-reduction  goal, Spar in troduces sen sin g

o p erat io n s in t o  t h e p lan  in  an  a t t em p t  t o

redu ce th e offen d in g u n certain t ies. Sen sin g

a ct io n s h a ve  t h e  sa m e  rep resen t a t io n  a s

m an ipu lat ion s. Th e add an d delete lists of a

sen sin g act io n  t em p la t e co n t a in  elem en t s

th at  d escribe h ow th e u n cert ain t ies in  t h e

world  descrip tion  are reduced by th e action .

On ce th e sen sin g action s h ave been  in serted

in to th e p lan  in stan ce, th ese add an d delete

lists are used  to update th e world  state. Th e

resu lt in g world  state is th en  used  to  recom -
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straints are used to en sure th at  action s are per-

fo rm ed  in  t h e  p ro p er  seq u en ce (an d  t h a t

goals are satisfied  at  th e appropriate t im es). In

ge o m e t r i c  p la n n in g ,  b in ary  con st ra in t s

bet ween  o b ject  p o sit io n s an d  m an ip u lat o r

co n figu rat io n s are u sed  t o  en su re t h at  t h e

ro bo t  will be ab le t o  p erfo rm  t h e req u ired

m an ip u lat ion s. Fin ally, a t  t h e u n cert ain ty-

reduction  level, sym bolic algebraic inequalities

are used to express th e m axim um  un certain ty

th at  can  exist  in  th e world  descrip t ion  prior

to th e execution  of an  action .

Th rou gh ou t  t h e p reviou s sect ion s o f t h e

art icle, we referred  t o  CMS m ain t a in in g a

con strain t  n etwork. In  actuality, th ere is n ot a

sin gle, un iform  con strain t n etwork. A directed

graph  is used for orderin g con strain ts, a bin ary

con strain t  n etwork is used for th e geom etric

c o n st r a in t s ,  a n d  a lge b r a ic  in e q u a l i t i e s

(expressed in  term s of boun ded sym bolic vari-

ables) are used  for th e un certain ty-reduction

con strain ts. Th is separation  does n ot in terfere

with  determ in in g th e con sisten cy of th e con -

st ra in t  set  becau se t h e t h ree t yp es o f co n -

st rain t s d o  n o t  in t eract . Fo r exam p le, even

th ough  operation al p lan n in g m igh t in fluen ce

th e ch oice of wh ich  geom etric con strain t  to

ad d  in  th e cou rse o f sat isfyin g a p art icu lar

geom etric goal, on ce th is geom etric con strain t

is ch osen , it  will be expressed solely in  term s

of geom etric quan tit ies. Th erefore, in  th e con -

strain t  database, th ere will be n o in teraction

between  dist in ct  types of con strain ts.

In  th is section , we describe th e con strain ts

th at  are u sed  in  Sp ar, t h eir sem an t ics, an d

h o w  C M S d e t e rm in es w h e t h e r  n ew  co n -

strain ts are con sisten t  with  th e cu rren t  con -

strain t  set . At th is poin t  in  t im e, Spar’s CMS is

n ot  com plete in  th e sen se th at  it  is possible

th at  a con strain t  set  will be determ in ed to be

in con sisten t  wh en  it  really isn ’t . Th e reason  is

th at  th e q u an t it ies th at  en ter in to  th e con -

strain ts in  Spar are com plex, an d often , exact

solu t ion s are on ly approxim ated . For exam -

p le, ch aract er izin g t h e sp ace o f reach ab le

grasps for a robot  en tails part it ion in g a six-

d im en sio n al sp ace in t o  reach ab le an d  u n -

r ea ch a b le  r egio n s.  In  Sp a r,  w e  d ev ised  a

represen tation  of graspin g con figuration s th at

approxim ates th e true situation . Th is arran ge-

m en t  sim p lifies t h e  p ro cess o f co n st ra in t

m an ip u lat ion  bu t  ad d s t h e p ossib ilit y t h at

Spar m igh t overlook certain  solu tion s.

Orderin g Con strain ts in  

Operation al Plan n in g

In  th e first  ph ase of p lan n in g (used to satisfy

operat ion al an d  geom etric goals), Spar oper-

ates as a n on lin ear p lan n er, so th ere is n ot a

t o t a l o rd er in g o f t h e  act io n s in  t h e  p lan .

In stead , th e t im e of an  act ion ’s execu t ion  is

sp ecified  b y a  set  o f o rd erin g co n st ra in t s.

Each  su ch  con st rain t  sp ecifies wh eth er t h e

act io n  sh o u ld  b e execu t ed  b efo re  o r  a ft er

som e oth er action  in  th e p lan . Alth ough  it  is

possible th at  th e set  of orderin g con strain ts in

a p lan  will defin e a total orderin g of th e p lan

steps, m ore often  it  will on ly defin e a part ial

orderin g.

Spar’s CMS uses a d irected graph  (wh ich  we

refer to as th e orderin g graph ) to track order-

in g con st rain t s. All act ion s in  th e p lan  are

represen ted in  th e orderin g graph . An y t im e a

n ew action  is added to th e p lan , a n ew n ode

is crea t ed  in  t h e o rd erin g grap h , wit h  t h e

act io n ’s id en t ifier  a s t h e  n o d e’s lab el.  An

o rd er in g co n st ra in t  o f t h e  fo rm  p r io r_t o

(Act io n 1,Act io n 2) is rep resen t ed  by an  arc

d irect ed  fro m  t h e n o d e fo r Act io n 1 t o  t h e

n ode for Action 2. Con sisten cy of th e orderin g

con strain ts is guaran teed as lon g as th e order-

in g graph  con tain s n o cycles because th e on ly

type of in con sisten cy th at  m igh t arise is if an

act ion  is con st rain ed  to  occu r both  p rior to

an d after som e oth er action  in  th e p lan .

Con strain ts at th e Geom etric 

Level o f Plan n in g

All t h e  geo m et r ic  co n st ra in t s in  Sp a r  a r e

eith er bin ary con st rain ts between  p lan  vari-

a b le s  r e p r e se n t in g  o b je c t  p o si t io n s  a n d

m an ip u lato r p osit ion s o r u n ary con st rain t s

on  p lan  variables. Fu rth erm ore, both  object

poses (th at  is, possible orien tation s of objects

n ot in cludin g displacem en t in form ation ) an d

graspin g con figuration s h ave been  quan tized

an d assign ed labels, so th at  each  of th ese can

be represen ted by a sin gle, sym bolic variable

ra t h er  t h an  a  co n t in u o u s va r iab le  in  six -

dim en sion al space. Because of th ese qualit ies,

it  is straigh tforward to represen t th e geom et-

ric con strain ts usin g a bin ary con strain t  n et-

work. By usin g a bin ary con strain t  n etwork,

wh en  CMS is in st ru cted  to  ad d  a n ew con -

strain t , th e con sisten cy of th is con strain t  with

th e cu rren t  set  o f con st rain t s can  be d eter-

m in ed by addin g an  arc to th e con strain t  n et-

w o rk  a n d  ch eck in g t h e  n ew  n e t w o rk  fo r

con sisten cy.

We begin  th is subsection  with  an  in troduc-

t ion  t o  b in ary con st rain t  n etworks an d  an

explan ation  of h ow such  a n etwork is used to

represen t  Spar’s geom etric con strain ts. Th en ,

we describe each  type of geom etric con strain t

in cluded in  Spar an d th e m ech an ism s used to

evaluate th ese con strain ts.
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W h en  CMS is in st ru ct ed  t o  ad d  a  u n ary

con strain t  to th e n etwork, it  updates th e label

set  of th e appropriate n ode an d th en  updates

each  arc con n ected  to th is n ode by delet in g

pairs th at  are n o lon ger valid  given  th e n ode’s

n ew label set . Fin ally, t h e n ew n et wo rk is

c h e c k e d  fo r  c o n si s t e n c y.  W h e n  C M S i s

in structed to add a n ew bin ary con strain t  to

t h e  n e t w o rk ,  i t  a d d s a n  a rc  b e t w een  t h e

appropriate n odes (creatin g th e n odes if th ey

do n ot already exist  in  th e n etwork) an d th en

ch ecks for n etwork con sisten cy.

Set Mem bersh ip. To restrict  th e label set  of a

p la n  v a r i a b le ,  Sp a r  u se s  t h e  c o n st r a in t

m em ber(Variable,Labels). If th ere is n o n ode

in  th e geom etric con strain t  n etwork for Vari-

ab le, CMS ad d s o n e an d  assign s it s in it ia l

label set  to con tain  th e elem en ts of Labels. If

a n ode is already in  th e con strain t  n etwork

for Variable, CMS takes two steps to  en su re

th at  th e n ew con strain t  on  Variable’s label set

will n o t  resu lt  in  an  in con sist en t  n etwork.

Th e first  step  en sures n ode con sisten cy (th at

is, th at  th e n ode for Variable will h ave at  least

on e possible label), an d  th e secon d  en su res

n etwork con sisten cy. To en sure n ode con sis-

ten cy, th e set  Labels is in tersected with  Vari-

able’s cu rren t  label set . If th e in tersect ion  is

em p ty, th en  th e n ew m em ber con st rain t  is

n o t  con sist en t  with  t h e cu rren t  con st rain t

set . If th e in tersection  is n ot em pty, th en  it  is

assign ed as Variable’s n ew label set . To en sure

n etwork con sisten cy, all arcs leavin g th e n ode

co rresp o n d in g t o  Variab le a re u p d at ed  b y

deletin g pairs th at  assign  Variable a value th at

is n ot in  its n ew label set . Th e n ew n etwork is

th en  ch ecked  for con sisten cy. If bo th  n ode

an d  n etwork con sisten cy are sat isfied , CMS

return s success.

Stable Poses an d Position  Classes. For th e

p u rp o se o f assem bly o p erat io n s, t h e exact

posit ion  of an  object  is n ot  always im portan t .

Wh at  is im portan t  is th at  th e object  be ori-

en ted  in  a way th at  allows th e m at in g fea-

t u r e s o f t h e  o b je c t  t o  b e  a cce ssib le .  Fo r

ex a m p le ,  i f t h e  a ssem b ly  o p era t io n  is t o

in sert  a peg in to a h ole in  a block, it  is n ot

im portan t  h ow th e block is orien ted as lon g

as th e h ole is posit ion ed so th at  th e peg can

be in serted . Th us, we ch aracterize object  posi-

t ion s usin g equivalen ce classes. Th ese classes

are based on  th e object’s stable poses, th at  is,

orien tation s of th e object  th at  allow it  to rest

n atu rally on  th e work table. For exam ple, a

cube h as six stable poses.

Th e u se o f st ab le  p o ses t o  q u an t ize  t h e

space of object  posit ion s serves two purposes.

First , it  p rovides a m eth od  for easily deter-

Th e Geom etric Bin ary Con strain t Netw ork.

Th is subsect ion  in cludes a cursory in troduc-

tion  to con strain t  n etworks. A m ore th orough

in troduction  can  be foun d in  Davis (1987) or

Dech ter an d Pearl (1987). We begin  our d is-

cussion  with  th e followin g defin it ion s: 

Defin ition : Th e label set for a p lan  variable is

th e set  of possible values th at  can  be assign ed

to th is variable.  

Defin ition : A unary constraint on  a variable is

a restrict ion  of th e variable’s label set .  

Definition: A binary constraint on  two variables,

V i an d V j, is a relat ion , C ij Li x Lj wh ere L i is

th e label set of V i , an d  Lj is th e label set of V j.

Defin ition : A binary constraint network is an

un directed graph  wh ose n odes represen t con -

st rain ed  variables an d  wh ose arcs rep resen t

con strain ts between  variables.

Sp ar’s CMS u ses d ep t h -first  sea rch  wit h

backtrackin g to determ in e n etwork con sisten -

cy. For each  level in  th e search , on e n ode in

th e n etwork is selected th at  h as n ot yet  been

assign ed  a value; a value is assign ed  th at  is

con sisten t  with  all assign m en ts th at  h ave pre-

viously been  m ade in  th e search  (n ote th at

fo r th e first  n od e, th ere will h ave been  n o

previous assign m en ts, so an y value from  th e

n od e’s lab el set  can  b e ch o sen ). Th e a lgo -

rith m  is sim ilar to th at  described in  Dech ter

an d Pearl (1987).

To  rep resen t  Sp ar’s geom et ric con st rain t s

usin g a bin ary con strain t  n etwork, each  geo-

m etric p lan  variable (for exam ple, grasp  con -

figu ra t io n s, p o sit io n s) is rep resen t ed  b y a

n ode in  th e n etwork. Wh en  a n ew variable is

in troduced in to th e p lan , a n ode is added to

th e n etwork an d assign ed an  in it ial label set .

Th is label set  is m erely th e set  of values th at

can  be assign ed to th is variable (determ in ed

by th e action  tem plate in stan tiat ion  ru les d is-

cu ssed  in  Rep resen t a t io n  o f Act io n s).  Fo r

exam ple, if th e variable represen ts a graspin g

con figuration  for a part icu lar object , th en  th e

in it ial label set  for its n ode in  th e con strain t

n et wo rk will co n t a in  t h e lab els o f a ll t h e

graspin g con figuration s for th is object  (grasp-

in g con figuration s are described in  Reach abil-

ity of Grasps).

Bin ary con st rain ts between  p lan  variables

are rep resen ted  by arcs between  th e co rre-

spon din g n odes in  th e n etwork (th ese arcs are

n ot  d irected). Each  arc in  th e n etwork con -

tain s a set  of pairs of values th at  in dicate th e

valid  pairs of labels for th e con n ected n odes.

Determ in in g th e valid  pairs of labels requires

a sem an tic un derstan din g of th e dom ain , bu t

o n c e  t h e  p a i r s  h a v e  b e e n  a ss ign e d ,  n o

dom ain  kn owledge is req u ired  to  ch eck for

n etwork con sisten cy.

Stable poses

provide a

m ethod of

specifying 

destination

positions in

term s of 

the object’s 

orientation . . .
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m in in g wh ich  of an  object’s featu res will be

obscured by th e work table. Secon d, wh en  th e

plan  calls for an  object  to be p laced in  som e

posit ion  (by th e pu tdown  action ), m ost often

th e disp lacem en t of th e object  is n ot  im por-

tan t . Stable poses provide a m eth od of speci-

fyin g d est in at ion  p osit ion s in  t erm s o f t h e

o b ject ’s o rien t at io n , wit h o u t  regard  t o  t h e

actual X ,Y,Z posit ion . Clearly, in  a clu t tered

work cell, objects will n ot  always be foun d in

on e of th eir stable poses. However, becau se

stable poses are on ly used to determ in e a list

of occluded features an d specify destin ation s

of h eld  objects, an  object  n ot bein g in  a stable

pose will n ot  be a problem  as lon g as th e sen -

so ry  syst em  is cap ab le  o f d et erm in in g b y

in spection  th e object’s occluded features.

With  t h is rep resen t at ion  fo r ob ject  p osi-

t ion s, geom etric goals about object  location s

can  be expressed in  term s of set  m em bersh ip .

Th at is, th e p lan n er can  determ in e th e set  of

stable poses th at  are allowable for a certain

assem bly operation  an d con strain  th e object’s

posit ion  to correspon d to on e of th ese poses.

Fo r t h is p u rp o se, Sp ar u ses t h e co n st ra in t

in _p o sit io n _class(Po sit io n ,Plist ). Th is co n -

strain t  in dicates th at  th e orien tation  specified

by Posit ion  m u st  co rresp on d  to  on e o f th e

stable poses in  Plist .

If Position  is in stan tiated to a h om ogen eous

tran sform at ion  th at  rep resen ts both  th e ori-

en tat ion  an d  d isp lacem en t  of an  object  (for

in st an ce, if t h e p o sit io n  o f t h e o b ject  h as

been  ascertain ed by th e sen sin g system ), th en

th is con strain t can n ot be evaluated by a sim ple

m em b ersh ip  t est .  In  t h is ca se ,  Sp a r  m u st

determ in e (in  on e of two ways) wh ich  stable

pose of th e object  correspon ds to Posit ion . If

th e object  is rest in g on  th e table, it  is a sim ple

m atter to com pare th e rotation al com pon en t

of Posit ion  to  th e rotat ion s specified  by th e

variou s st ab le p oses o f t h e ob ject  t o  d et er-

m in e in  wh ich  stable pose th e object  is rest-

in g. If th e object  is n ot  rest in g on  th e table

(fo r exam p le, if it  is lean in g again st  so m e

oth er object  in  th e work cell), th en  th e sen s-

in g system  m ust be used to determ in e th e set

of object  features th at  are occluded. Posit ion

is th en  determ in ed to correspon d to th e stable

pose th at  obscures th e sam e set  of features.

Aside from  th e situ at ion  described  in  th e

p reviou s p aragrap h , CMS h an d les th e add i-

t ion  of an  in _posit ion _class con strain t  in  th e

sam e way th at  it  h an d les th e m em ber con -

strain t . It  restricts Posit ion ’s label set , updates

th e arcs th at  are con n ected to Posit ion ’s n ode,

an d th en  ch ecks for n etwork con sisten cy.

Reach ability of Grasps. Wh en ever th e p lan -

n er in sert s a  m an ip u lat ion  act ion  in to  t h e

p lan , it  m u st  en su re th at  all th e con figu ra-

t ion s requ ired  to  perform  th is m an ipu lat ion

will be ph ysically realizable. To guaran tee th is

p h ysical realizab ility o f m an ip u lat ion , Sp ar

uses two con strain ts:

reach able(Grasp ,Posit ion )

an d

m ate_reach able(Grasp ,Posit ion ,Ta)  .

Th e first  of th ese con strain ts in dicates th at  if

th e object to be m an ipulated is in  th e position

sp ecified  by t h e variab le Posit ion , an d  t h e

con figuration  used to grasp  th e object  is spec-

ified  by Grasp , th en  th is com bin at ion  m u st

b e p h ysically realizab le. Th is co n st ra in t  is

u sed  in  bo th  grasp in g an d  p lacin g ob ject s.

Th e seco n d  co n st ra in t  is u sed  fo r  m a t in g

operation s, wh ere Ta is a h om ogen eous tran s-

fo rm at io n  t h a t  rep resen t s t h e d est in a t io n

posit ion  of th e grasped object  relat ive to th e

coordin ate fram e specified  by Posit ion .

For specific valu es of Grasp  an d  Posit ion ,

two con dit ion s m ust be m et for th e reach able

con strain t  to  be sat isfied .  First , th e faces of

t h e grasp ed  o b ject  t h at  co m e in t o  co n t act

with  th e m an ipulator fin gers m ust n ot be in

con tact  with  th e table (or an y oth er object )

wh en  th e object is located in  Position .  Secon d,

th e robot m ust  be able to perform  th e grasp

with ou t  exceed in g an y of it s p h ysical jo in t

lim its an d con tactin g th e work table.

For th e m ate_reach able con dit ion , on ly th e

secon d con dit ion  is used. However, th e posi-

t ion  th at  th e m an ipu lator m ust  reach  is n ot

Posit ion , as in  th e reach able con strain t , bu t

TO Ta, wh ere TO is th e h om ogen eous tran sfor-

m ation  correspon din g to Posit ion .

To  verify t h e first  co n d it io n , t h e syst em

m ust  in voke th e object  m odelin g system  to

determ in e wh ich  features of th e object  will be

in  con tact  with  th e table wh en  th e object  is

in  Posit ion  an d wh ich  featu res of th e object

will be in  con tact  with  th e m an ipulator wh en

t h e o b ject  is grasp ed  in  t h e co n figu ra t io n

specified  by Grasp . (We sh ould  n ote th at  th e

m odelin g system  used  in  Spar is n ot  a con -

st ruct ive solid  geom etry m odeler. A n um ber

of object  rep resen tat ion s are in cluded  in  an

object  m odel, in cludin g a grasp in g m odel, a

table of th e stable poses, an d a great  deal of

geo m et ric in fo rm at io n  t h at  is u sed  by t h e

sen sin g syst em  fo r o b ject  reco gn it io n  an d

localizat ion .) If Posit ion  correspon ds to  on e

o f t h e o b ject ’s st ab le p o ses, a  sim p le t ab le

lookup operation  is used to determ in e wh ich

features are in  con tact  with  th e table. If Posi-

t ion  is an  absolu te posit ion , th en  th e system

m ust determ in e th e set  of occluded features,

a s d iscu ssed  in  St ab le  Po ses an d  Po sit io n

Classes.

For specific valu es of Grasp  an d  Posit ion ,

Articles

SPRING 1990    49



ch eck fails, CMS sign als failu re, an d  th e old

n etwork is restored . Oth erwise, CMS sign als

success an d retain s th e n ew n etwork.

Exh au st ive en u m erat ion  o f p airs o f p osi-

t ion s an d grasps is n ot as d ifficu lt  as it  m igh t

seem . First , as we described  earlier, a fin it e

n um ber of possible stable poses are associated

with  an y object  (if th e object  is in  a kn own

locat ion  determ in ed  by th e sen sin g system ,

th en  th ere is on ly on e posit ion  to con sider).

Usually, th is n um ber is fairly sm all. Secon d,

we quan tize th e space of graspin g operation s

based  on  th e featu res of th e object  th at  are

obscured by th e grasp  an d th e features of th e

object th at com e in to con tact with  th e m an ip-

ulator fin gers in  th e grasp . Th is approach  is

sim ilar to th at described in  Pertin -Troccaz (1987)

an d Tourn assoun d an d Lozan o-Perez (1987).

By m akin g th is type of quan tization  of th e

space of grasp in g con figurat ion s, we rep lace

exact descrip tion s of graspin g con figuration s

with  approxim ation s. Th us, it  is possible th at

Spar will occasion ally erran tly determ in e th at

a  reach ab ilit y co n st ra in t  is n o t  co n sist en t

with  th e curren t con strain t  set . In  gen eral, we

do n ot expect such  a resu lt , except wh en  th e

m a n ip u la t io n s t h a t  a re  t o  b e  p e r fo rm ed

require th e robot to operate n ear th e boun d-

aries of its work en velope.

Con strain ts at th e Un certain ty-

Reduction  Level o f Plan n in g

As we described previously, wh en  th e p lan n er

con siders th e un certain ty-reduct ion  goals, it

does so  fo r a p art icu lar p lan  in stan ce. As a

con sequen ce, at  th e t im e of th eir evaluation ,

th e u n cert ain ty-red u ct ion  goals (wh ich  are

expressed  as sym bolic algebraic in equalit ies)

will be expressed in  term s of specific boun ded

sym bolic variables. Th erefore, determ in in g if

an  un certain ty-reduction  goal is satisfied  con -

sist s o f a  sin gle eva lu a t io n  (ra t h er  t h an  a

series of evaluat ion s, as was requ ired  in  th e

geom etric con strain ts). In  part icu lar, because

th e un certain ty-reduction  goals are expressed

as in equalit ies of th e form  expr1 < expr2 an d

becau se at  least  on e of th ese exp ression s is

always a sin gle con stan t, if we fin d th e m axi-

m um  value for expr1 an d th e m in im um  value

for expr2 (un der th e con strain ts con tain ed in

t h e wo rld  d escrip t io n ), we can  d et erm in e

wh eth er th e un certain ty-reduct ion  goals are

m et sim ply by ch eckin g to see if m ax(expr1) <

m in(expr2).

To fin d  upper an d  lower boun ds on  sym -

bo lic exp ression s, we h ave im p lem en ted  a

syst em  sim ilar t o  t h e SUP/ INF syst em  th at

w a s in t ro d u ced  b y  Bled so e  (1 9 7 5 ),  t h en

refin ed by Sh ostak (1977) an d later by Brooks

th e secon d con dit ion  is verified  by in vokin g

routin es th at  com pute th e in verse kin em atic

solu tion  for th e robot’s join t  an gles given  an

absolu te posit ion  of th e en d  effector, as fol-

lows: A part icu lar grasp  h as associated with  it

a h om ogen eous t ran sform at ion  th at  defin es

th e coordin ate fram e of th e robot m an ipula-

to r relat ive to  t h e fram e o f t h e ob ject . We

refer to th is tran sform ation  as th e grasp trans-

form ation , o r T g. If Po sit io n  is an  abso lu t e

posit ion  (th at  is, it  h as a specific X ,Y,Z loca-

t ion  as well as a specified  orien tation ) speci-

fied  by th e h om ogen eous tran sform ation  TO,

we com pute T, th e tran sform ation  represen t-

in g th e m an ipu lator’s coordin ate fram e rela-

t ive to th e world  fram e, by T = TO Tg. In  th e

m ate_reach able case, T = TO Ta Tg. Th is tran s-

form ation  is used as th e in put to th e in verse

kin em atics program . Th e join t  an gles th at  are

fo u n d  b y t h is p ro gram  are t h en  t est ed  t o

en sure th at  th ey are with in  th e robot’s lim its.

Curren tly, our lab is usin g a Pum a 762 robot

for m an ipu lat ion  experim en ts. Descrip t ion s

of th e kin em atic an d in verse kin em atic solu-

t ion s for th is type of robot  can  be foun d in

Lee an d  Ziegler (1983). At  th is t im e, to  p re-

v en t  co l l isio n  w it h  t h e  w o rk  t a b le ,  Sp a r

sim ply forces th e Z axis of th e m an ipulator to

rough ly poin t  in  th e direction  of th e n egative

world  Z axis, wh ich  preven ts th e robot from

attem ptin g to reach  up th rough  th e table to

grasp  an  object .

If Po sit io n  co rresp o n d s t o  a  st ab le p o se

(t h a t  is,  it  sp ecifies an  o r ien t a t io n  o f t h e

object  bu t  n o absolu te X ,Y,Z posit ion ), CMS

assum es th at  con dit ion  2 can  be satisfied  by

so m e su it ab le ch o ice o f X ,Y,Z . Th at  is, we

assum e th at  for an y arbit rary orien tat ion  of

t h e robo t  m an ip u lato r, t h ere will be som e

location  in  th e work space wh ere th is orien ta-

t ion  can  be ph ysically perform ed (by orienta-

tion, we m ean  th at  th e coordin ate fram e for

th e grasp  h as axes wh ose origin  is n ot speci-

fied  b u t  wh o se o rien t a t io n  rela t ive t o  t h e

world  fram e is specified).

W h en  CMS is in st ru ct ed  t o  ad d  eit h er a

reach able or m ate_reach able con strain t  to th e

con strain t  n etwork, th e two con dit ion s previ-

o u sly  d escr ib ed  a re  u sed  t o  d et erm in e a ll

valid  pairs of values for Grasp  an d  Posit ion

(n ote th at  Ta will always be in stan tiated to a

con stan t  h om ogen eous tran sform ation ). Th e

valid  pairs are foun d by exh austively pairin g

every value from  th e label set  for Grasp  with

every valu e from  th e label set  fo r Posit ion

an d  record in g all p airs th at  sat isfy th e two

con dit ion s. Th ese pairs are th en  used to con -

st ru ct  a  n ew arc co n n ect in g t h e n o d es fo r

Grasp  an d Posit ion . Fin ally, a n etwork con sis-

ten cy ch eck is perform ed. If th e con sisten cy

In our system ,

grasping 

configurations

specify not

only the 

geom etric con-

figuration

that is used to

grasp the

object but also

the set of

object features

that are

obscured by

the grasp . . .
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(1981) for h is Acron ym  system . Th e fun ction s

SUP an d INF each  take two argum en ts, a sym -

bolic exp ression  an d  a set  o f variables, an d

return  upper an d lower boun ds on  th e expres-

sion  in  term s of th e variables in  th e variable

set . Th e m eth od SUP/INF uses is to recursively

break down  expression s in to subexpression s,

fin d  b o u n d s o n  t h ese su b exp ressio n s, an d

th en  com bin e th e bou n d s u sin g ru les from

in terval arith m etic. Obviously, th is approach

works for lin ear expression s wh ere superposi-

t ion  h olds. Wh en  expression s are n on lin ear,

h owever, it  is qu ite possible th at  th e boun ds

o n  t h e  in d iv id u a l  su b ex p ressio n s w il l  b e

looser th an  th e boun ds on  th e subexpression s

wh en  con sidered in  th e con text of th e wh ole

expression . Th us, it  is possible th at  SUP/ INF

will som etim es fin d boun ds th at are n ot exact.

In  sp ite of th is d isadvan tage, th e policy of

recursively fin din g boun ds on  subexpression s

an d th en  com bin in g th ese boun ds guaran tees

th at  th e algorith m s will term in ate, as sh own

by Sh ost ak fo r h is version  o f SUP/ INF an d

later by Brooks for h is m odified  version s. Fur-

t h erm o re, even  t h o u gh  it  is p o ssib le  t h a t

SUP/INF will n ot  return  exact  boun ds, it  h as

been  sh own  (again  by Sh ostak an d  Brooks)

th at  th e calcu lated  boun ds are con servat ive,

in  t h a t  SUP a lways ret u rn s a  va lu e t h a t  is

greater th an  or equal to  th e m axim um , an d

INF always return s a value less th an  or equal

t o  t h e  m in im u m .  Th e  fa c t  t h a t  SU P/ IN F

som etim es on ly approxim ates solu tion s is n ot

a severe p roblem  for Spar because failu re to

satisfy un certain ty con strain ts h as th e worst-

case resu lt  o f add in g sen sin g act ion s to  th e

p lan . Th a t  is,  if CMS d et erm in es t h a t  t h e

un certain ty con strain ts can n ot be satisfied , it

does n ot backtrack. It  m erely prepares for pos-

sible failu re.

A Task Plan n in g Ex am ple

In  t h is sect ion , we illu st rat e Sp ar’s flow o f

con trol with  an  assem bly exam ple. Con sider

th e task of m atin g th e two objects sh own  in

figure 5. Th e assem bly goal is to h ave th e peg

in serted  in to th e block so th at  th e sm all h ole

in  th e block is align ed  with  th e h ole in  th e

peg’s base. Th e u ser specifies with  a goal of

th e form

assem bled( peg,

block,

[[7,8],[7,8]],

tm ([[-1,0,0], [0,1,0], [0,0,-1], 

[3,0,3.25]]),

[-4,0,0])  ,

wh ere peg an d block are th e two objects to be

assem bled (th e peg is th e h eld  object , an d th e

block is stat ion ary), th e th ird  argum en t con -

tain s a list  of th e m atin g features for th e peg

an d  th e b lock (h ere, bo th  t h e p eg an d  th e

b lock h ave su rfaces 7  an d  8 as m at in g fea-

tures), th e fourth  argum en t is a h om ogen eous

tran sform ation  th at  expresses th e destin ation

posit ion  of th e peg relat ive to th e local coor-

din ate system  of th e block (for exam ple, th e

X  axis o f th e p eg’s local coord in ate system

will be p arallel to  th e vector [-1,0,0] in  th e

block’s local coordin ate system ), an d th e fin al

argu m en t  is th e m at in g vector (th at  is, th e

vector alon g wh ich  th e m at in g m ot ion  will

occu r) expressed  in  th e block’s local coord i-

n ate fram e.

To satisfy th is goal, Spar exam in es its possi-

ble action s an d selects th e assem ble action . Of

course, th e assem ble act ion  h as both  opera-

t ion al an d geom etric precon dit ion s th at  m ust

n o w be co n sid ered , so  t h e p lan n er p u sh es

th ese on to  th e ap p rop riate goal stacks. Th e

goal stacks an d p lan  action  list  are sh own  in

figure 6.

At th is poin t , a word about th e m ean in g of

th e p recon d it ion s is in  order. Th e assem ble

action  h as a precon dit ion  of th e form

geo(GoalId1,Action ID, 

in _posit ion _class(Posit ion ,Posit ion List),

part_location (Obj2,Posit ion ))  .

As we discussed in  Con strain t  Man ipulation ,

Spar associates a set  of stable poses with  each

object . W h en  two  ob ject s are to  be m ated ,

Spar im poses two con strain ts on  th e pose of

t h e  st a t io n a r y  o b jec t .  Fi r st ,  n o n e  o f t h e

object ’s m at in g featu res can  be obscu red  in

th is p ose. Secon d , t h e m at in g vecto r m u st

poin t  in to th e object’s frict ion  con e. Th e set

of stable poses th at  satisfies th e first  con dit ion

is easily determ in ed by com parin g each  stable

p ose’s set  o f occlu d ed  faces with  th e set  o f
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object  features th at  are obscured by th e grasp

(a s d iscu ssed  in  Rea ch a b il i t y  o f G ra sp s).

Th erefore, it  is a sim ple m atter to determ in e

wh ich  graspin g con figuration s do n ot obscure

th e m at in g featu res of an  object . Wh en  th e

plan n er adds th e assem ble action  to th e p lan ,

it  in stan tiates th e variable GraspList  to be th is

set  of graspin g con figuration s (because th ere

are m an y of th ese, we do n ot  exp licit ly list

th em  h ere).

Figure 6 sh ows th e in stan tiated version s of

th e precon dit ion s for th e assem ble action , as

th ey appear on  th e goal stacks. Note th at  th e

variables u sed  to  iden t ify th e p recon d it ion s

an d  th e act ion  to  wh ich  th e p recon d it ion s

correspon d h ave also been  in stan tiated.

Th e first  operation al goal specifies th at  th e

grip p er  b e h o ld in g t h e p eg in  so m e va lid

grasp  (rem em ber th at  at  th e operation al level,

Sp ar is n o t  co n cern ed  wit h  t h e geo m et ric

a sp e c t s  o f  t h e  g r a sp in g  c o n figu r a t io n ) .

Because it  is n ot  possible to m erely add a con -

s t r a in t  t o  t h e  p la n  t o  a ch ie v e  t h i s  go a l

(becau se t h ere is n o  exist in g act ion  in  t h e

plan  wh ose execution  can  be con strain ed so

th at  it  resu lts in  th e m an ipulator h oldin g th e

p eg),  Sp a r  in ser t s t h e  a ct io n  p icku p (p eg,

grasp _1) in to  th e p lan , with  th e con st rain t

th at  th e p icku p  act ion  m u st  occu r p rio r to

th e m atin g act ion . Th is con strain t  resu lts in

th e addit ion  of an  arc to th e orderin g graph ,

directed from  action 2 to action 1. Th e precon -

dit ion s of th e p ickup action  are th en  push ed

on to th e appropriate goal stacks. Th e resu lt-

in g goal stacks are sh own  in  figu re 7. Note

th at  wh en  Spar adds th is act ion , it  in stan t i-

ates th e variable Grasp  to  th e label grasp_1

an d th at  th is in stan tiat ion  affects all appear-

an ces of Grasp  on  th e goal stacks.

Th e rem ain in g operation al goals are trivial-

ly sat isfied  by th e in it ial world  state, so th e

plan n er m oves th em  to th e satisfied  goal list

an d  tu rn s to  it s geom etric goals. (Note th at

wh en  th ese goals are sat isfied , in stan ces o f

t h e variab le Po s_1  an d  Po s_2  o n  t h e go a l

s t a c k  a r e  in s t a n t i a t e d  t o  in i t _p o s1  a n d

in it_p os2. Th e corresp on d in g label set s are

con st rain ed  to  con tain  sin gle elem en ts th at

are labels for th e h om ogen eous t ran sform a-

tion s represen tin g th e in it ial posit ion s of th e

block an d peg.) Th e top  goal on  th e geom et-

ric goal stack, goal_8, is for th e p ickup action ,

an d it  specifies th at  th e m an ipulator con figu-

rat ion  u sed  to  p ick u p  th e peg, grasp_1, be

ph ysically realizable by th e robot . To sat isfy

th is goal, Spar at tem pts to  add  a con st rain t

on  t h e way in  wh ich  grasp _1 is ch osen  so

th at  th e con figuration  will be reach able. Spar,

th erefore, in structs CMS to add th e con strain t

reach able(grasp_1,in it_pos2) to th e con strain t

m atin g featu res. Th e set  of stable poses th at

sat isfies t h e seco n d  co n d it io n  is fo u n d  by

t ran sfo rm in g t h e m at in g vect o r  (wh ich  is

exp ressed  in  th e st at ion ary object ’s coord i-

n a t e  syst em ) in t o  w o r ld  co o rd in a t es an d

exam in in g th e Z com pon en t of th e resu lt in g

vector. Th e set  of perm issible stable poses for

th e stable object  is foun d as th e in tersection

of th ese two sets. Note th at  for th is exam ple,

th ere is on ly on e stable pose of th e block th at

satisfies both  th ese con dit ion s—th e pose with

th e block rest in g on  its back (th is part icu lar

stable pose is den oted by th e pose label BP5).

Th erefore, wh en  th e p lan n er adds th e assem -

ble action  to th e p lan , it  in stan tiates th e vari-

able Posit ion List  to th e list  [BP5]. (We sh ould

n ote th at  such  a list  of stable poses is actually

a list  of pose labels th at  are used to access th e

data structures for th e stable poses.)

Th is sam e kin d of in stan tiat ion  takes p lace

for th e precon dit ion

geo(GoalId2,Action Id,

m em ber(Grasp ,GraspList),

h oldin g(Obj1,Grasp))  .

In  our system , graspin g con figuration s specify

n ot on ly th e geom etric con figuration  th at  is

u sed  to  grasp  th e object  bu t  also  th e set  of
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n e t w o rk ,  a s d escr ib ed  in  Rea ch a b i l i t y  o f

Grasps. For our exam ple, we assum e th at  th is

con st rain t  is con sisten t  with  th e con st rain t

n etwork.

Th e n ext goal on  th e geom etric goal stack,

go a l_3 ,  sp e c i f i e s  t h a t  g r a sp _1  m u st  n o t

obscure an y of th e m atin g features of th e peg.

Th i s  r e q u i r e m e n t  o f  n o n o b sc u r a t io n  i s

exp ressed  as a  m em ber constrain t, t h at  is, a

restrict ion  on  th e label set  for th e p lan -vari-

able grasp_1. Again , th e p lan n er in vokes CMS

t o  ad d  t h e m em ber co n st ra in t  t o  t h e co n -

strain t  n etwork. Again , for th e exam ple, let  us

su ppose th at  th e n ew m em ber con st rain t  is

co n sist en t  w it h  t h e n et wo rk. No t e t h a t  if

addin g th is con strain t  resu lted  in  an  in con sis-

ten t  con st rain t  set , Spar wou ld  be forced  to

in sert  addit ion al m an ipulation s.

To th is poin t  in  th e exam ple, Spar h as been

ab le  t o  sa t isfy  geo m et r ic  go a ls b y  m erely

add in g con st rain ts on  operat ion s already in

th e p lan . In  som e cases, it  is n ot  possible to

satisfy geom etric goals th is way, an d an  alter-

n ative approach  m ust be used, as is th e case

for th e geom etric precon dit ion  goal_4, wh ich

con strain s th e possible posit ion s of th e block.

As m en t ion ed  p reviou sly, th ere is on ly on e

perm issible stable pose for th e block, with  th e

label BP5. Wh en  goal_2, part_location (block,

Pos_1) is sat isfied  by th e in it ial world  state,

th e in _posit ion _class goal fails (becau se th e

b lock is n o t  in it ially rest in g in  st ab le p ose

BP5). Sp ar can n o t  ad d  a  con st rain t  on  t h e

block’s in it ial posit ion  because it  is a con stan t

value th at  is defin ed by th e in it ial world  state.

Furth erm ore, because n o act ion  cu rren t ly in

th e p lan  m an ipulates th e block, Spar can n ot

con st rain  th e execu t ion  of a p lan  act ion  to

ach ieve t h e  go a l.  Th erefo re ,  b ackt rackin g

m ust be used to fin d som e altern ative m eth od

to satisfy goal_2.

Rem em ber th at  goal_2 was origin ally satis-

fied  by th e in it ial world  state. On  backtrack-

in g, Spar will t ry to fin d som e oth er action  in

th e p lan  to satisfy goal_2. Fin din g n on e, Spar

adds th e act ion  pu tdown (block,pos_1). With

t h is act io n  ad d ed , w h en  Sp ar  reco n sid ers

goal_4, th e value of pos_1 will be con strain ed

so th at  n o m atin g features of th e block are in

con tact  with  th e table, an d th e m atin g vector

will p o in t  in t o  t h e o b ject ’s fr ict io n  co n e,

wh ich  is th e sam e as con strain in g pos_1 to be

th e block’s stable pose BP5. In  addit ion , Spar

adds th e con st rain t  p rior_to(act ion _3,act ion

_1) to  th e orderin g graph  because th e block

m ust be p laced in  pos_1 prior to th e assem ble

action . Of course, th e addit ion  of th is action

in troduces n ew goals, so addit ion al p lan n in g

m ust be don e. Th is p lan n in g, h owever, is very

sim ilar to th e p lan n in g th at  m ust be don e to

p ick up  th e peg appropriately, so we do n ot

discuss it  h ere.

Th e fin al resu lt  of th e first  ph ase of p lan -

n in g is sh own  in  figures 8, 9, an d 10. Figure 8

sh ows th e fou r act ion s th at  are in  th e p lan .

Th e  t o p  o f figu re  9  sh o w s t h e  geo m et r ic

b in a ry  co n st ra in t  n e t w o rk ,  w h ich  can  b e

in terpreted  as follows. Th e graspin g con figu-

rat ion  grasp _2 is u sed  to  p ick u p  th e b lock

an d  t h en  p lace it  o n  t h e t ab le. Th erefo re,

both  in it_pos_1 an d pos_1 m ust be reach able

usin g grasp_2, a requirem en t in dicated by th e

arcs co n n ect in g grasp _2  t o  in it _p o s_1  an d

p os_1. Sim ilarly, grasp _1 is u sed  to  p ick u p

t h e p eg an d  t h en  assem b le t h e p eg t o  t h e

block (wh ich  is n ow located  in  pos_1). Th e

possible pairs of values for each  of th ese arcs

are sh own  in  figure 10, as are th e label sets for

t h e n od es. Th e p ossib le p airs o f valu es fo r

each  arc in  th e n etwork are d eterm in ed  by

exam in in g each  possible pair of values from
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+ sin(thetagr)*dxgr +  

-1.0*cos(thetagr)*sin(theta_o) + -1.5*cos

(thetagr) + -3.0*sin(thetagr)*sin(theta_o) + 

-1.0*cos(theta_o)*sin(thetagr) + 

-1.0*sin(thetagr)*dy_o + 

-1.0*cos(thetagr)*dygr

Note th at thetagr, dxgr, dygr, an d dzgr repre-

sen t th e un certain ties in  th e gripper con figu-

ration  an d th at  theta_o, dx_o, dy_o, an d dz_o

represen t th e un certain ties in  th e object  posi-

t ion . Also , for th is part icu lar p lan  in stan ce,

W p w a s t h r e e  in c h e s ,  a n d  W m w a s fo u r

in ch es. Th e co m p lex it y o f t h is exp ressio n

illustrates th e reason s we outlin ed in  Satisfy-

in g Un certain ty-Reduction  Goals for applyin g

u n cert ain ty-red u ct ion  p lan n in g t o  sp ecific

p lan  in stan ces in stead of usin g a con strain t-

postin g approach .

Sim i la r  e x p r e ss io n s  a r e  fo u n d  fo r  t h e

rem ain in g t erm s, b u t  we o m it  t h ese h ere.

Usin g t h e SUP an d  INF ro u t in es wit h  t h e

boun ds on  th e un certain ties listed  in  table 2,

we fin d  th e lower boun d on  th is expression

to  be 3.2793, wh ich  in d icates th at  th e con -

st ra in t  was sa t isfied . Th e rem ain in g t h ree

con strain ts are sim ilarly evaluated.

If th e un certain ty-reduct ion  goals are n ot

satisfied in  th e world description , Spar attem pts

t o  a d d  a  se n sin g  o p e r a t io n  t o  t h e  p la n .

Because it  is im possible to predict  th e resu lts

of a sen sin g act ion , th e ad d -d elete list s fo r

sen sin g action s m erely describe th e un certain ty

in  th e object’s locat ion  after th e applicat ion

of th e sen sin g operation . If th is reduction  is

su fficien t , th e sen sin g op erat ion  is in serted

in t o  t h e  p lan .  If Sp a r  can n o t  su fficien t ly

reduce th e un certain ty in  th e peg’s location ,

it  augm en ts th e p lan  in stan ce with  verifica-

t ion  sen sin g op erat ion s an d  local recovery

p lan s. Exam ples of sen sin g verificat ion  an d

local recovery p lan  tem plates are given  in  fig-

ures 11 an d 12. Th e verification  tem plate in

figure 11 is used to test  th e width  of th e grip-

p er op en in g t o  en su re t h at  t h e ob ject  was

su ccessfu lly  grasp ed . If t h e gr ip p er  is n o t

th e label sets of th e con n ected n odes an d col-

lect in g th ose th at  m eet  th e con d it ion s ou t-

lin ed in  Reach ability of Grasps. In  th e figure,

we represen ted stable poses by sym bols of th e

fo rm  xPy, wh ere x is u sed  t o  in d ica t e  t h e

object  (th e peg is in dicated by x = P, th e block

by x = B), an d y is used to in dicate th e specific

stable pose for th e object . Sym bols represen t-

in g grasp in g con figu rat ion s h ave a sim ilar

in terpretation .

Th e bottom  of figure 9 sh ows th e orderin g

grap h . Note th at  in  th e o rd erin g grap h , in

addit ion  to th e arcs we m en tion ed previously,

t h ere is an  arc fro m  act io n _3  t o  act io n _2 .

Th is arc is ad d ed  to  th e grap h  becau se th e

act ion  u sed  to  p ick u p  th e block (act ion _4)

vio lates th e grip p er(op en ) op erat ion al goal

fo r  t h e  a c t io n  u se d  t o  p ic k  u p  t h e  p e g

(act ion _2). To rem edy th is, act ion _3 is con -

st r a in e d  t o  co m e  b e t w e e n  a c t io n _4  a n d

action _2 to reestablish  th e gripper(open ) goal.

On ce th e operat ion al an d  geom etric goals

are sat isfied , Spar con siders th e un certain ty-

reduction  goals. As we described earlier, Spar

ch ooses a specific in stan ce of th e p lan  (wh ich

sat isfies th e con st rain t  n etwork) an d  p ropa-

gates un certain ties forward th rough  th e p lan

action s to determ in e if th e un certain ty-reduc-

tion  goals are satisfied . For th is exam ple, we

on ly con sider th e un certain ty-reduction  goals

for th e first  p icku p  act ion , wh ich  were d is-

cussed in  Th e Represen tation  of Un certain ty

in  Spar.

To evaluate th e con strain ts associated with

th ese goals, Spar in vokes th e procedure th at

con structs an d evaluates th e relevan t algebra-

ic exp ressio n s fo r  t h e  go a l.  Th e resu lt in g

expression  for th e Y com pon en t of  P-1C1 is1

-2.0 + 3.0*cos(thetagr)*cos(theta_o) 

+ cos(thetagr)*dx_o + sin(thetagr)  
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Figure 8. Plan Actions Solve the Assem bly Task Shown in Figure 5.

Table 2. Bounds on Uncertainty Variables Used

in the Exam ple in Constraint Manipulation.

Bounds on Uncertainty Variables

Variable Lower Bound Upper Bound
dxgr –0.001 0.001
dxgr –0.001 0.001
dxgr –0.001 0.001

thetagr –0.001 0.001

dx_o –0.11 0.11
dy_o –0.11 0.11
dz–o –0.11 0.11

theta–o –5.5 5.5



open ed  to th e correct  wid th , an  error is sig-

n aled . Th e recovery tem plate of figu re 12 is

u sed  t o  resp o n d  t o  t h e  p o ssib le  er ro rs.  If

e r r o r 1  i s  s ign a le d  ( t h a t  i s ,  n o  o b je c t  i s

grasped), th en  a local gropin g strategy is used

to fin d th e part . If error2 is sign aled, th e user

is sum m on ed.

Ex perim en tal Results

We  h a v e  u se d  Sp a r  t o  p la n  a  n u m b e r  o f

assem bly tasks. Th e resu lt in g assem bly p lan s

w ere  t h en  ex ecu t ed  in  a  ro b o t  w o rk  ce l l

eq u ip p ed  wit h  a  Pu m a 762  ro b o t . Each  o f

th ese tasks in volved assem blin g th e two objects

d escribed  in  A Task Plan n in g Exam p le. By

varyin g th e in it ial p osit ion s o f th e object s,

Spar was forced to develop dist in ct  p lan s for

th e in dividual tests, even  th ough  th e assem bly

goals were th e sam e.

Figu r e s 1 3 ,  1 4 ,  1 5 ,  a n d  1 6  i l lu st r a t e  a

n u m ber o f th e exp erim en ts th at  h ave been

perform ed. Each  figure in cludes a ph otograph

of th e in it ial world  situation  an d a list in g of

th e p lan  th at  is ou tput by Spar. For exam ple,

in  figure 13, th e block is in it ially face down ,

an d th e peg is rest in g on  its side. To perform

th e assem bly, th e robot m ust  first  reposit ion

th e block so th at  th e face con tain in g th e h ole

is a ccessib le .  Th is a ssem b ly  req u ires t w o

m an ipulation s: on e to p lace th e block on  its

sid e (an  in t erm ed iat e p osit ion ) an d  on e to

th en  p lace th e b lock on  it s back. On ce th e

block is rep osit ion ed , th e p eg is p icked  u p ,

an d th e assem ble action  is perform ed. Figure

17 con tain s a sequen ce of ph otograph s of th e

Pum a 762 execu t in g th is p lan . Note th at  in

th is sequen ce, th e en d poin ts of each  action

are sh own .

To h ave th e robot perform  th e p lan s devel-

oped by Spar, each  p lan  step  is con verted in to

a Lisp  fun ction  call. Th e in dividual fun ction

calls t h at  co rresp on d  to  t h e act ion s in  t h e

plan  are th en  collected in to a list  an d writ ten

to a com m an d file. Th is com m an d file is used

by th e Lisp  execu t ion  m odu le th at  con t ro ls

th e robot. Table 3 describes th e Lisp  fun ction s

th at  are used to perform  each  of th e action s

u sed  by Spar. Table 4 describes som e of th e

Lisp  fun ction s th at  m ake up  th e in terface to

th e robot. Note th at  th e order of th e action s

sh own  in  th e lists in  figures 13, 14, 15, an d

16  reflect s t h e o rd er in  wh ich  t h e act io n s

were added to th e p lan . Th e in dex associated

with  an  act ion  (th e first  item  in  th e sublist)

in dicates th e order of action  execution .

Because in  its curren t im plem en tation , Spar

does n ot in clude a m otion -plan n in g m odule,

th e Lisp  fu n ct ion s th at  execu te th e act ion s

u se  a  sim p le  st r a t egy  t o  a v o id  co l l isio n s
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Figure 9. Constraint Network for the Assem bly Plan 

to Solve the Task Shown in Figure 5.

Table 3. Lisp Functions to Execute Spar Actions.



ch aracterized th e un certain ties in  th e sen sors

an d robotic m an ipulator. Secon d, th e curren t

set  o f reco very p lan s lacks ro bu st n ess an d

gen erality. Th ese two areas are th e subjects of

on goin g research .

Con clusion s

Th is art icle describes th e m ove toward a p lan -

n in g system  th at  can  create assem bly p lan s

given  as in p u t  a  h igh -level d escrip t io n  o f

a ssem b ly  go a ls,  geo m et r ic  m o d els o f t h e

assem bly com pon en ts, an d  a descrip t ion  of

th e cap abilit ies o f th e work cell (in clu d in g

th e robot an d th e sen sory system ). Th e resu lt-

in g p lan n er, Spar, reason s at  th ree levels of

ab st ract io n : o p era t io n al (wh ere h igh -level

op erat ion s are p lan n ed ), geom et ric (wh ere

geom et ric con figu rat ion s of th e act ion s are

p lan n ed), an d  un certain ty-reduct ion  (wh ere

world  un certain ties are taken  in to accoun t).

At  t h e  fir st  t w o  leve ls o f p la n n in g,  w e

ext en d ed  t h e co n st ra in t -p o st in g ap p ro ach

u sed  to  d at e in  d om ain -in d ep en d en t  p lan -

n in g by add in g geom et ric p recon d it ion s to

th e action s, lin kin g th ese to operation al goals

usin g p lan  variables, an d expan din g CMS to
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Figure 10. The Arcs and Label Sets for the Constraint Network 

Shown in Figure 9.

Figure 11. Tem plate for a Sensory 

Verification Action.

Figure 12. Tem plate for a Local Recovery Plan.

durin g th e assem bly process. Th e basic strate-

gy is to m ove th e en d effector to a posit ion

above its dest in at ion  an d  th en  use straigh t-

lin e m otion  (in  Euclidean  space) to m ove to

th e destin ation . For exam ple, th e Lisp  fun c-

t ion  for th e p ickup action  is sh own  in  figure

18. Th is fun ction  first  m oves th e en d effector

to a posit ion  above th e object  to be grasped

an d th en  uses straigh t-lin e m otion  to m ove

to th e graspin g posit ion . Th e gripper fin gers

are th en  closed, an d th e sequen ce is reversed

to  raise th e object  to  a p osit ion  above th e

table. After th e action  is executed, th e execu-

t io n  m o d u le’s wo rld  m o d el is u p d at ed  t o

reflect  th e ch an ges affected by th e action .

Fin ally, we sh ould  n ote th at  alth ough  th e

u n ce r t a in t y -red u ct io n  p la n n er  h a s b een

im plem en ted, it  h as n ot yet  been  in tegrated

with  th e execu t ion  system  for two reason s.

First , we h ave n o t  yet  fu lly an d  accu rately
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Figure 13. Plan to Assem ble Two Objects with

the Block Face Down in the Initial State.

Figure 14. Plan to Assem ble the Two Objects

with the Block and the Peg Initially 

on Their Sides.



deal with  geom etric con strain ts. At th e un cer-

t a in t y -r e d u c t io n  l e v e l  o f  p la n n in g ,  w e

expressed un certain ties in  th e world  in  term s

of h om ogen eous tran sform ation s wh ose ele-

m e n t s a r e  d e fin e d  in  t e r m s o f sy m b o l ic

u n cer t a in t y  va r iab les.  We t h en  exp ressed

lim its on  tolerable un certain t ies in  term s of

o p era t io n s o n  t ran sfo rm at io n s. W h en  t h e

un certain ty-reduct ion  goals can n ot  be sat is-

fied ,  r a t h e r  t h a n  a b a n d o n  t h e  p la n ,  o u r

system  augm en ts th e p lan  with  sen sin g oper-

at ion s fo r verificat ion  an d , wh en  p ossib le,

with  local error-recovery p lan s.

At  t h is p o in t , a  n u m b er o f a reas in  o u r

syst em  are eit h er  ad  h o c o r  req u ire in p u t

from  th e u ser. For exam ple, th e local error-

recovery p lan s m ust  be en tered  by th e u ser

an d  associated  with  th e u n cert ain ty-red u c-

tion  goals a priori. On e goal of our work is to

au tom ate th is process by em ployin g geom et-

ric reason in g about possible errors an d error

recovery. An oth er sh ortcom in g of Spar is th e

lack of a m otion -p lan n in g m odule. In corpo-

ra t in g a  m o t io n  p lan n er  in t o  t h e cu rren t

system  is an oth er goal.
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Figure 16. Plan to Assem ble the 

Two Objects with the Block on Its Back and 

the Peg Face Up in the Initial State.

Figure 15. Plan to Assem ble Two Objects with

the Block Face Up in the Initial State.
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Figure 17. The Pum a Robot Executing the Plan.

Figure 17a shows the two objects to be assem bled.  In the goal configuration, the peg will be inserted into the block so that the two sm all holes are

aligned. Figure 17b shows the initial world state for the assem bly plan shown in figure 13. Note that the block is face down and, therefore, m ust be

inverted prior to assem bling the two parts. As shown in figure 13, inverting the block requires two pickup-putdown action pairs, the first to place the

block in an interm ediate position, the second to place the block on its back. Figure 17c shows the robot grasping the block to begin the first pickup

block action. Figure 17d shows the robot placing the block on the table

in the first putdown block action.  Note that the block is placed on its

side so that it can be grasped and repositioned on its back. Figure 17e

shows the robot grasping the block to begin the second pickup block

action. Figure 17f shows the robot placing the block on the table in the

second putdown block action. Note that the block is now resting on its

back, and the two parts can now be assem bled. Figure 17g shows the

robot grasping the peg to begin the pickup peg action. Figure 17h shows

the robot poised for the execution of the assem ble-objects peg block

action. Figure 17i shows the com pletion of the assem ble-objects peg

block action.

Figure 18. The Lisp Procedure to Execute the Pickup Action.

The function az is used to m ove the m anipulator to a specified height,

m ove-robot m oves the m anipulator to the specified position (given as

a hom ogeneous transform ation m atrix), and m ove-robot-at-safe-height

m oves the robot to a destination position and keeps the m anipulator

at a specified position above the work table.
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Notes

1. Th ere is on ly a lim ited repertoire of action s th at

can  be carried  ou t by a sin gle robot arm , an d th e

th ree listed  h ere represen t th ose th at  are used m ost

o ft en . Act io n s su ch  as t h read in g an d  fix t u rin g

could  be con sidered m ore specialized form s of th e

assem ble act io n  p resen t ed  h ere, t h e sp ecia lized

form s bein g obtain ed  by add in g m ore geom et ric

an d un certain ty-reduction  con strain ts.

2 . An  in t ro d u ct o ry t rea t m en t  o f h o m o gen eo u s

tran sform ation  m atrixes can  be foun d in  Paul (1981).
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