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Abstract 

A problem domain can be represented as a hierarchy 
of abs t rac t ion spaces in which successively f i n e r levels 
of d e t a i l are introduced. The problem solver ABSTRIPS, 
a mod i f i ca t ion of STRIPS, can def ine an abst rac t ion 
space hierarchy from the STRIPS representat ion of a 
problem domain, and it can u t i l i z e the hierarchy in 
solv ing problems. Examples of the system's performance 
are presented that demonstrate the s i gn i f i can t i n 
creases in problem-solving power that t h i s approach 
provides. Then some fu r the r Impl icat ions of the h i e r 
arch ica l planning approach are explored. 

Key Words: Problem so lv ing , heu r i s t i c search, 
representat ion, abst rac t ion space, robot p lanning, 
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In t roduct ion 

General purpose problem solvers, such as STRIPS st 

or GPS,3 must do t h e i r work using general purpose search 
h e u r i s t i c s . Unfor tunate ly , by using such h e u r i s t i c s , 
it is not possible to solve any reasonably complex set 
of problems in a reasonably complex domain. Regardless 
of how good such h e u r i s t i c s are at d i r ec t i ng search, 
attempts to traverse a complex problem space can be 
caught in a combinator ia l quagmire. 

This paper presents an approach to augmenting the 
power of the h e u r i s t i c search process. The essence of 
t h i s approach is to u t i l i z e a means for d isc r im ina t ing 
between important in format ion and de ta i l s in the prob
lem space. By planning in a hierarchy of abst ract ion 
spaces in which successive levels of d e t a i l are i n t r o 
duced, s i g n i f i c a n t increases in problem-solving power 
have been achieved. 

Section I I sketches the h ie ra rch ica l planning ap
proach and gives mot ivat ion f o r i t s use. Sections I I I 
and IV describe the d e f i n i t i o n and use of abst rac t ion 
spaces by ABSTRIPS (Abstraction-Based STRIPS), a modi
f i c a t i o n of the STRIPS problem-solving system that i n 
corporates t h i s approach. Section V describes the per
formance of the system. Section VI discusses the i m p l i 
cat ions of t h i s approach fo r problem solv ing and fo r 
robo t i cs . 

The work reported herein was sponsored by the Advanced 
Research Pro jects Agency of the Department of Defense 
under Contract DAHC04-72-C-0008 with the U.S. Army 
Research O f f i c e . 

References are l i s t e d at the end of t h i s paper. 

I I The Mot ivat ion f o r Using 
Abstract ion Spaces in Problem Solv ing 

It was not qui te f a i r to assert in the previous sec
t i o n that a complex problem domain is beyond the combi
n a t o r i a l capab i l i t y of general purpose problem solverB. 
A problem solver deals not w i th the problem domain it-
se l f , but w i th some representat ion of that domain. So 
it would be more correct to state that a complex repre
sentat ion exceeds the scope of general purpose problem 
so lvers . 

Unfor tunate ly , a s t ra ight forward t r a n s c r i p t i o n of 
a complex problem domain w i l l y i e l d a complex represen
t a t i o n . However, a well-chosen t r ansc r i p t i on can lead 
to a simpler representat ion. By choosing such a s impl i -
f y i ng representat ion, one can have the problem solver 
do i t s work in a context that is simple enough fo r some 
usefu l problem solv ing to take place. 

In other words, the h e u r i s t i c search through the 
s imp l i f y i ng representat ion w i l l be of s u f f i c i e n t l y short 
durat ion that a goal s tate in the problem space can be 
reached. Such a representat ion d isp lays what McCarthy 
and Hayes term "heu r i s t i c adequacy," 

Attempts to achieve s imp l i f y i ng representat ions, 
such as the "macro opera tor , " or MACROP, of the STRIPS 
problem solver,2 have heretofore t r i e d to preserve, in 
McCarthy and Hayes' terminology, "epistemological ade
quacy"; that i s , the s imp l i f y ing representat ions had to 
preserve a l l the d e t a i l that was needed to solve the 
problem at hand. A MACROP s imp l i f i e s the representat ion 
of a problem domain by prov id ing a means of se lec t ing at 
one time an en t i r e sequence of p r i m i t i v e operators, 
l inked in a semantical ly sensible manner. But i t p re
serves every d e t a i l of the precondit ions and e f fec ts of 
i t s const i tuent operators. 

Such s imp l i f y ing representat ions can provide only 
l i m i t e d enhancement to the power of a problem-solving 
system because of a somewhat dismaying f a c t ; For a suf
f i c i e n t l y complex problem domain, no ep is temologica l ly 
adequate representat ion can be h e u r i s t i c a l l y adequate. 

Epistemological adequacy impl ies that every r e l e 
vant d e t a i l i s properly dea l t w i t h . But a t t en t i on to 
d e t a i l is prec ise ly what defeats h e u r i s t i c adequacy. 
A good heu r i s t i c evaluat ion func t ion w i l l enable a prob
lem solver to re jec t most of the possible paths in a 
s i t u a t i o n space. But i f a l l the d e t a i l s are attended 
to , the evaluat ion func t ion must be appl ied at a l l the 
nodes at which the d e t a i l s are a f fec ted . The combina
t o r i c s of the expanding search space w i l l enable the 
problem solver to solve only ra ther simple problems. 

A superior approach to problem so lv ing would be to 
search f i r s t through an abs t rac t ion space, a s imp l i f y i ng 
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representat ion of the problem space in which unimportant (2) A Set of Operator Descriptions—Each act ion 
d e t a i l s are ignored. When a so lu t ion to the problem in in the problem domain is represented by an 
the abst ract ion space is discovered, a l l that remains "operator" f o r changing one model i n to an-
is to account f o r the de ta i l s of the l inkup between the other. An operator is defined by a precon-
steps of the so lu t i on . This can be regarded as a se- d i t i o n wf f , an add l i s t , and a delete l i s t . 
quence of subproblems in the o r i g i n a l problem space. For an operator to be appl icable in a given 
If they can be solved, a so lu t ion to the ove ra l l prob- mode l , i t s precondit ion wff must be s a t i s f i e d , 
lem w i l l have been achieved. If they cannot be solved, The add and delete l i s t s describe which wffs 
more planning in the abst ract ion space is required to a r e changed when an app l ica t ion of the opera-
discover an a l t e rna t i ve so lu t i on . t o r transforms the world model. 

PolyaB c i t es the importance of th i s approach fo r A problem is stated to STRIPS as a goal w f f . 
human problem so lv ing . It has been used by computer STRIPS must develop a sequence of operator appl icat ions 
programs to f i n d proofs in symbolic log ic6 ( ignor ing that w i l l lead to a world model in which the goal wff 
the nature of the connectives and the ordering of sym- is t r ue . A GPS-like means-ends analysis st rategy3 is 
bols as d e t a i l s ) and to detect edges in scenes7 (using employed to generate the operator sequence. 
a shrunken p ic ture wi th less d e t a i l ) . 

A "d i f fe rence" between the i n i t i a l model and the 
The concept can read i l y be extended to a hierarchy goal model is extracted. STRIPS determines which i n -

of spaces, each deal ing wi th fewer de ta i l s than the stances of which operators would reduce the d i f fe rence; 
ground space below it and wi th more de ta i l s than the the instance that most reduces the d i f ference is se-
i bs t rac t i on space above i t . By considering de t a i l s lec ted . I f i t is appl icable in the i n i t i a l state ( i .e . , 
only when a successful plan in a higher leve l space i t s precondit ion wff is true in the i n i t i a l world 
gives strong evidence of t he i r importance, a heur i s t i c model), the operator is app l ied, and a new world model 
search process w i l l inves t iga te a great ly reduced por- created. If the goal wff is t rue in the new model, 
t i on of the search space. STRIPS is done. If not, the d i f ference between the new 

state and the goal state is ext racted, and the process 
The process of abst rac t ion defined in Section I I I continues, 

i s general in that i t i s not domain-dependent. But i t 
is h igh ly s t ructured and very dependent on the syntax if the operator instance that most reduced the 
of the problem domain. I t is a f i r s t step, provid ing d i f ference is not applicable in the i n i t i a l s tate ( i . e . , 
no capab i l i t y f o r a " representat iona l s h i f t " that would i t s Drecondition wff is not provable in the world 
restate a d i f f i c u l t problem in terms that render i t s model), the precondit ion is set up as a subgoal w f f . 
so lu t i on markedly eas ier . Rather, it employs a series STRIPS w i l l then t r y to develop a sequence of operator 
of representat ional nudges that increase the power of appl icat ions that w i l l lead to a world model in which 
the heu r i s t i c search process over a problem space. the subgoal wff is t rue . If the subgoal is achieved, 

the operator instance can be applied as before. If 
I I I Automated D e f i n i t i o n not, another operator instance is selected, and the 

of Abstract ion Spaces process continues as before. 

The fo l low ing sections describe the ABSTRIPS sys- Abstract ion Spaces in the STRIPS Context 
tem, a mod i f i ca t ion of the STRIPS problem so lve r . 1 ' 2 
A b r i e f descr ip t ion of the aspects of STRIPS that are For a p rac t i ca l problem-solving system, one would 
re levant to the discussion to fo l low is presented be- l i k e to have an abstract ion space d i f f e r from i t s 
low.* The reader is encouraged to see Section II of ground space enough to achieve a s i g n i f i c a n t improve-
Ref. 2 f o r a b r i e f but thorough summary of the opera- ment in problem-solving e f f i c i e n c y , but yet not so much 
t i on of STRIPS or Ref. 1 f o r a f u l l desc r ip t ion . as to make the mapping from abst ract ion space to ground 

space complex and time-consuming. 
B r i e f l y , the representat ion of a problem domain 

wi th which STRIPS deals consists of : For the STRIPS system, t h i s c r i t e r i o n is met by 
having the abstract ion spaces d i f f e r from the i r ground 

(1) A World Model—The world model is a set of spaces only in the leve l of d e t a i l used to specify the 
wffs in the predicate ca lcu lus, describing precondit ions of operators. Although the change in 
fac ts ( e . g . , CONNECTS(D00R1.R00M1,R00M2)) or representat ion provided by t h i s choice may seem i n t u i -
laws ( e . g . , VRx,Ry,Dx CONNECTS(Dx,Rx,Ry) <=> t i v e l y i n s u f f i c i e n t , i t s a t i s f i e s the c r i t e r i o n w e l l . 
CONNECTS(Dx.Ry.Rx)) of the problem domain. The world model can remain unchanged; there Is no need 

to delete unimportant de ta i l s from it because they can 
simply be ignored. No operators need be deleted in 
the i r en t i r e t y ; i f a l l they do is achieve d e t a i l s , they 
w i l l never be selected as re levant . Any change to the 

* l n the i n te res t s of b rev i t y and c l a r i t y , no fu r the r add or delete l i s t s of the operators would cause the 
mention w i l l be made of the MACROPs in the STRIPS sys- operators ' e f fec ts to be very d i f f e r e n t in d i f f e r e n t 
tem. A MACROP is the resu l t of general iz ing a p rev i - spaces. Since the a p p l i c a b i l i t y of a pa r t i cu la r oper-
ously completed p lan . Most of i t s va l id subsequences ator at some intermediate state might depend on any 
of operators can be extracted f o r use in f u r the r p lan- e f fec ts of any previously applied operators, the map-
n ing . Each such subsequence could be treated by Ping of plans among spaces would be rendered too com-



Thus, an abst ract ion space in the STRIPS context 
d i f f e r s from i t s ground space only in the precondi t ions 
of i t s operators. The precondi t ion wf fs in an abstrac
t i on space w i l l have fewer l i t e r a l s than those in i t s 
ground space. The l i t e r a l s omitted w i l l be those that 
are " d e t a i l s " in the sense that a simple plan can be 
found to achieve them once the more " c r i t i c a l " l i t e r a l s 
have been achieved. For instance, consider a PUSHTHRUDR 
operator, which describes the e f f ec t s of a robot push
ing a pa r t i cu l a r object through a doorway i n to an adja
cent room. In a high leve l abs t rac t ion space, the op-
erator would be appl icable whenever the object was 
pushable and a doorway in to the desired room ex is ted . 
In a lower l eve l space, i t would also be required that 
the robot and the object be in the room connected by 
the doorway w i th the target room, in a s t i l l lower 
abst rac t ion space, the door would also have to be open. 
F i n a l l y , in the o r i g i n a l representat ion of the problem 
space, the robot would also have to be next to the box, 
and the box would have to be next to the door. 

For ABSTRIPS to be able to d iscr iminate among var
ious levels of d e t a i l , each l i t e r a l w i t h in the precon
d i t i o ns of each operator in a problem domain is assigned 
a " c r i t i c a l i t y " value at the time the domain is f i r s t 
def ined. Only the most c r i t i c a l l i t e r a l s w i l l be in 
the highest abs t rac t ion space, whereas in lower spaces 
less c r i t i c a l ones w i l l also appear. 

Assigning C r i t l c a l l t y to the L i t e r a l s of a 
Precondi t ion 

There are many possible approaches to the assign
ment of c r i t i c a l i t y values to the l i t e r a l s of an oper
a to r ' s precondi t ion wf f . They span a range from a 
manual assignment as par t of the spec i f i ca t i on of the 
problem domain to a completely automatic assignment of 
c r i t i c a l i t i e s . 

At one extreme, the d e f i n i t i o n of a problem domain 
could include an e x p l i c i t spec i f i ca t i on of c r i t i c a l i 
t i e s , r e f l e c t i n g the d e f l n e r ' s i n t u i t i o n about the do
main. For example, if one were to def ine a "Turn on 
the lamp(X)" operator, he might say it was essent ia l 
that / he a lamp. He might say it was very important 
to be in the room wi th the lamp, less important that 
the lamp's cord be plugged i n , and s t i l l less important 
to be next to the lamp. Specify ing the c r i t i c a l i t y 
value of a l i t e r a l by a number preceding it in braces, 
one might def ine the precondi t ion wff of the "Turn on 
the lamp" operator as 

At the other extreme, a scheme can be developed to 
perform an exhaustive analys is of the nl possible ordar-
ings of the n l i t e r a l s in a precondi t ion in order to 
determine which l i t e r a l s can be achieved once other 
l i t e r a l s are assumed to be t r ue . The resu l t s at t h i s 
analys is can be used to speci fy the c r i t i c a l i t y values 
fo r l i t e r a l s o f the precond i t ion . 

For ABSTRIPS, an intermediate approach to c r i t i c a l 
i t y assignment was adopted, A predetermined ( p a r t i a l ) 
order ing of a l l the predicates used in descr ib ing the 
problem domain was used to spec i fy an order f o r examin
ing the l i t e r a l s of the precondi t ion wf fs of a l l the 
operators in the domain. F i r s t , a l l l i t e r a l s whose 
t r u t h value could not be changed by any operator in the 
domain were assigned a maximum c r i t i c a l i t y va lue. Then, 
each remaining l i t e r a l was examined in an order deter 
mined by the p a r t i a l o rder ing. If a short plan could 
be found to achieve a l i t e r a l from a state in which a l l 
previously processed l i t e r a l s were assumed to be t rue , 
then the l i t e r a l in question was said to be a d e t a i l and 
was assigned a c r i t i c a l i t y equal to i t s rank in the par
t i a l o rder ing. I f no such plan could be found, the l i t 
e r a l was assigned a c r i t i c a l i t y greater than the highest 
rank in the p a r t i a l order. 

For the domain inc lud ing the "Turn on the l a m p W 
operator , the p a r t i a l order ing might look l i k e the f o l 
lowing: 

The Type(j!,Lamp) l i t e r a l could not be changed by 
any operator in the domain, and so it would be assigned 
a maximum c r i t i c a l i t y (6 , in t h i s case). The two Inroom 
l i t e r a l s would be examined next (an a r b i t r a r y order can 
be chosen f o r l i t e r a l s whose predicates have equal rank 
in the p a r t i a l o rder ing ) . They cannot be achieved from 
a state in which Type(4,Lamp) is asserted, and so they 
would be assigned a c r i t i c a l i t y greater than the highest 
rank in the p a r t i a l order, in t h i s case 5. Plugged-in 
(£.) can be achieved from a state in which the Inroom 
l i t e r a l s and the Type l i t e r a l are t r u e . It can be 
achieved by a plan to go to the lamp cord, p ick it up, 
b r ing i t to a socket, and plug i t i n . So i t would be 
assigned a c r i t i c a l i t y equal to i t s rank in the p a r t i a l 
o rder ing , namely, 2, S i m i l a r l y , a plan can be found to 
achieve Nextto(Me. i ) from a state in which the previously 
processed l i t e r a l s are t r u e , and so it would be assigned 
a c r i t i c a l i t y of 1. 

Regardless of the method used to determine the 
c r i t i c a l i t y va lues, they def ine a hierarchy of abstrac
t i o n spaces. The next sect ion shows how such a h i e r 
archy can be used to a id the planning process. 

To take advantage of the h ie ra rch i ca l planning ap
proach of fered by the use of abs t rac t ion spaces, the 
ABSTRIPS system—whose f low of con t ro l is shown in F ig 
ure 1—has a recurs ive executive program. This program 
accepts two parameters. The f i r s t is a c r i t i c a l i t y 
value i nd i ca t i ng the abs t rac t ion space in which planning 
is to occur. The second is a l i s t of nodes front the 
search t ree in the higher space, represent ing a skeleton 
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p lan . When a new problem is posed to ABSTRIPS, the 
ex terna l In ter face program sets the precondit ions of a 
dummy operator to the goal wtt. The domain's maximum 
c r i t i c a l i t y , which was determined when c r i t i c a l i t i e B 
were assigned, is r e t r i e v e d . The executive is ca l led 
w i th the c r i t i c a l i t y set to the maximum and the skele
ton cons is t ing of the dummy operator. 

Wi th in the highest abst rac t ion space, the execu
t i v e plans to achieve the precondit ions of the dummy 
step in the skeleton p lan, i . e . , the main goa l . When 
a plan is found, the executive computes the c r i t i c a l i t y 
of the next lowest space in which planning Is needed, 
and it bu i lds a skeleton of nodes along the path of the 
successful p lan. The executive then invokes i t s e l f r e 
cu rs i ve l y . The new invocat ion solves in turn the sub-
problems of b r idg ing the gaps between steps in the 
skeleton plan and of ensuring that the steps in the 
skeleton plan are s t i l l appl icable at the appropriate 
points In the new p lan. The f i n a l step in the skeleton 
is always the dummy operator , and so the f i n a l app l i ca 
b i l i t y check ensures that the o r i g i n a l goal has been 
reached. Mien a l l subproblems have been solved, the 
executive invokes i t s e l f f o r planning in a s t i l l lower 
space. This recurs ion continues u n t i l a complete plan 
is b u i l t up in the problem space i t s e l f . 

This search strategy might be termed a " l eng th -
f i r s t " search. I t pushes the planning process in each 
abst rac t ion space a l l the way to the o r i g i n a l goal s tate 
before beginning to plan in a lower space. This enables 
the system to recognize as ear l y as possible the steps 
that would lead to dead ends or very i n e f f i c i e n t plans. 

If any subproblem in a pa r t i cu l a r space cannot be 
solved, con t ro l is returned to the process in i t s ab
s t r ac t i on space. The search t ree is restored to i t s 
s tate p r i o r to the se lec t ion of the node that led to 
f a i l u r e in the ground space. That node is el iminated 
from cons iderat ion, and the search for a successful 
plan at the higher l eve l cont inues. 

This f a i l u r e mechanism is analogous to the auto
matic backtracking feature of the PLANNER language. 
It has the major defect that when a f a i l u r e of a lower 
l e v e l process is repor ted, the process and the context 
in which the f a i l u r e occurred are no longer around for 
ana lys is . So ABSTRIPS r e l i e s heavi ly on being able to 
produce good plans at the highest l e v e l . 

This requirement has led to two modi f icat ions to 
the search a lgor i thm o r i g i n a l l y employed by STRIPS. 
The f i r s t is an a l t e r a t i o n of the evaluat ion func t ion 
used to select which node in the search t ree to expand 
next. STRIPS emphasizes the estimated cost of achiev
ing the goal from the given node and deemphasizes the 
cost of a r r i v i n g at the node from the i n i t i a l s t a te . 
Thus, i t has a tendency to f i n d a s l i g h t l y longer plan 
qu i ck l y , ra ther than the cheapest plan more s lowly . 
But each ext ra step in a high abs t rac t ion space is 
l i k e l y to lead to many ext ra steps in the corresponding 
plan in the problem space. Thus, f o r ABSTRIPS, the 
evaluat ion func t ion has i t s e l f been made a func t ion of 
the l eve l of abs t rac t ion . At the highest l e v e l , AB
STRIPS gives equal weight to the cost of reaching a 
given node and to the estimated cost of reaching the 
goal from that node. This evaluat ion func t ion changes 
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incremental ly as the leve l of abs t rac t ion decreases, 
u n t i l i t reaches the old STRIPS func t ion at the l e v e l 
of the problem space. 

The second modi f ica t ion involves postponing the 
se lec t ion of one among several equivalent instances of 
a re levant operator. During the process of se lec t ing 
re levant operators to reduce a p a r t i c u l a r d i f f e rence , 
a p a r t i a l i n s t a n t i a t i o n of the operators ' parameters 
may occur. For example, if the d i f fe rence were that 
the robot was not in Room 3, then the operator "Go 
through a door i n to a room" might be selected and i n 
s tan t ia ted to "Go through a door i n to Room 3 . " The pre
condi t ions of t h i s operator would then be analyzed by 
the theorem prover to determine which door to choose. 
If several choices seem equal ly good to STRIPS ( 3 , e , , 
the states in which the var ious choices can be applied 
are equal ly d i f f i c u l t to reach), then i t would a r b i t r a r 
i l y p ick a door. 

For ABSTRIPS, a l t e rna t i ve i ns tan t i a t i ons in an ab
s t r ac t i on space might appear equ iva lent , and yet one 
choice might be subs tan t ia l l y superior when f u r t he r de
t a i l s are considered. So ABSTRIPS defers i t s decis ion 
when more than one equivalent "best choice" of a r e l e 
vant operator is found. The p a r t i a l l y i ns tan t ia ted 
re levant operator (e.g., "Go through a door i n to Room 3") 
is used in p lanning. When subsequent analys is in a 
lower abst rac t ion space reveals a preferred i n s t a n t i a 
t i o n , that i n s t a n t i a t i o n i s then chosen. I f t h i s selec
t i o n should eventual ly lead to f a i l u r e , the other i n 
s tan t i a t i ons can s t i l l be chosen through the backtrack
ing mechanism. 

In summary, h ie ra rch i ca l planning using abst rac t ion 
spaces in a " l e n g t h - f i r s t " search technique postpones 
extending the search tree through the leve ls concerned 
w i th the de ta i led precondit ions of an operator u n t i l i t 
knows that doing so w i l l be h igh ly e f f e c t u a l in reaching 
the goal (because the operator l i e s along an almost cer 
t a i n l y successful path) . By avoiding work on f r u i t l e s s 
branches of the search t r ee , the technique achieves s i g 
n i f i c a n t e f f i c i e n c i e s in the formulat ion of complex 
p lans. 

V Examples of ABSTRIPS' Performance 

To c l a r i f y the issues raised and the way in which 
the ABSTRIPS system works, the system's performance is 
traced through some examples below. The ABSTRIPS sys
tem consists of some 370 BBN-LISP func t ions , which run 
as compiled code on a PDP-10 computer. A l l the examples 
presented were drawn from the environment of the Stan
ford Research I n s t i t u t e mobile robot . The domain con
s i s t s of seven rooms interconnected by doorways. Oper
a to rs have been defined that model the robo t ' s a b i l i t y 
to navigate to any ob ject or loca t ion w i t h i n a room, to 
push boxes w i t h i n a room or through a doorway, to nav i 
gate through a doorway, to block a doorway using a box, 
and to unblock a doorway. In a d d i t i o n , f i c t i t i o u s oper
ators have been def ined to model the opening and c los ing 
of doors; these act ions are beyond the robo t ' s c a p a b i l i 
t i e s . In a l l , 167 predicate ca lcu lus wf fs have been de
f ined as axioms to model the robot domain. 

The d e f i n i t i o n of the domain is essen t i a l l y iden
t i c a l to the one used f o r the examples in the l a t e s t 
repor t on the STRIPS system.2 
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i n s t a n c e s were computed. The f i r s t o f t h e s e , PUSHB 
(B0X2.B0X1), was examined . I t s p r e c o n d i t i o n w f f i n 
t h i s a b s t r a c t i o n space was t r u e i n t he i n i t i a l s t a t e ; 
BO the o p e r a t o r was a p p l i e d . T h i s r e s u l t e d in a new 
s t a t e in which the r o b o t , BOX1, and BOX2 were n e x t to 
each o t h e r . The d i f f e r e n c e between t h i s s t a t e and the 
g o a l s t a t e was computed and found to be INR00M(R0B0T, 
RUNI ) . Two r e l e v a n t o p e r a t o r i n s t a n c e s were f o u n d , and 
the f i r s t , G0THRUDR(Parl2,RUNI), was examined . ( P a r l 2 
i s a n u n i n s t a n t i a t e d p a r a m e t e r . ) I t s p r e c o n d i t i o n w f f 
in t h i s a b s t r a c t i o n space, TYPE(RUNI,ROOM) A TYPE 
(Parl2,DO0R> A (E ry )C0NNECTS(Pa r l 2 , r y ,RUNI ) , was s a t i s 
f i e d when P a r l 2 was i n s t a n t i a t e d to DUNIMYS. So 
GUTHRUDR(DUNIMYS,RUNI) was a p p l i e d , and t h i s gene ra ted 
a s t a t e i r wh ich t he g o a l w f f was t r u e . F i g u r e 4 ( b ) 
d e p i c t s the search t r e e i n t h e h i g h e s t a b s t r a c t i o n 
space . The p o s i t i o n i n g o f t he nodes sugges ts t he c o r 
respondence t o t he nodes i n t h e STRIPS search t r e e . 

A s k e l e t o n p l a n was b u i l t c o n s i s t i n g o f t he nodes 
a t w h i c h the two o p e r a t o r s were a p p l i e d . The p l a n was: 

PUSHB(BOX2,BOX1); GOTHRUDR(DUNIMYS,RUNI) 

P l a n n i n g then began i n t h e space o f c r i t i c a l i t y 5 . 

The f i r s t subgoa l was t h e p r e c o n d i t i o n w f f i n t h i s 
a b s t r a c t i o n space o f t h e f i r s t o p e r a t o r , PUSHB(B0X1, 
B0X2) . The d i f f e r e n c e between the i n i t i a l s t a t e and 
the one in w h i c h t he w f f was t r u e was INR0OM(ROBOT, 
RPDP). Ope ra to r i n s t a n c e s r e l e v a n t t o r e d u c i n g t h i s 
d i f f e r e n c e were GOTHRUDR(Parl7,RPDP) and PUSHTHRUDR 
(ROBOT,Par20,RPDP). The p r e c o n d i t i o n w f f o f t h e f i r s t 
was t e s t e d , b u t i t was n o t c o m p l e t e l y s a t i s f i e d . There 
were s t i l l d i f f e r e n c e s INROOM(ROBOT,HMYS) o r INROOM 
(ROBOT,RCUC) b e f o r e GOTHRUDR(Parl7,RPDP) c o u l d be a p 
p l i e d ( i . e . , t h e r o b o t was n o t y e t i n a room a d j o i n i n g 
RPDP). The PUSHTHRUDR o p e r a t o r was c o m p l e t e l y i n a p p l i -
c a b l e because t h e r o b o t i s n o t a pushab le o b j e c t . 

Then ABSTRIPS t r i e d t o reduce the d i f f e r e n c e s t h a t 
would rende r G0THRUDR(Parl7,RPDP) a p p l i c a b l e . Four 
r e l e v a n t o p e r a t o r s were f o u n d . The f i r s t was GOTKRUDR 
(Par22,RMYS), and i t s p r e c o n d i t i o n w f f was no t s a t i s f i e d 

e i t h e r ( t h e r o b o t was n o t in a room a d j o i n i n g RMYS). 
The second r e l e v a n t o p e r a t o r was G0THRUDR(Par22,RCLK), 
and i t s p r e c o n d i t i o n w f f was s a t i s f i e d when Par22 was 
i n s t a n t i a t e d to DCLKRIL. So GOTHRUDR(DCLKRIL,RCLK) was 
a p p l i e d , p r o d u c i n g a s t a t e in wh ich GOTKRUDR(DPDPCLK, 
RPDP) was a p p l i c a b l e . That o p e r a t o r was a p p l i e d , p r o 
d u c i n g a s t a t e i n which t he i n i t i a l s u b g o a l , t he p r e 
c o n d i t i o n w f f of PUSHB(B0X2,B0X1), was t r u e . The PUSHB 
o p e r a t o r was t h e n a p p l i e d . 

Then a new subgoa l was s e t u p , in wh ich t he p r e c o n 
d i t i o n s o f GOTHRUDR(DUNIMYS,RUNI) i n t h i s space were 
t r u e . The d i f f e r e n c e between the c u r r e n t s t a t e and the 
subgoa l s t a t e was INR00M(ROBOT,RMYS). G0THRUDR(Par27, 
RMYS) was s e l e c t e d as a r e l e v a n t o p e r a t o r , and i t s p r e 
c o n d i t i o n s were s a t i s f i e d when Par27 was bound to 
DMVSPDP. So GOTHRUDR(DMYSPDP,RMYS) was a p p l i e d , p r o 
d u c i n g a s t a t e i n wh ich t he subgoa l was s a t i s f i e d . The 
o p e r a t o r a s s o c i a t e d w i t h t h i s s u b g o a l , GOTHRUDR(DUNIMYS, 
RUNI ) , was a p p l i e d , and the g o a l s t a t e was a g a i n r e a c h e d . 
F i g u r e 4 ( c ) shows the search t r e e s i n t h i s space. 

The f o l l o w i n g new s k e l e t o n p l a n was b u i l t up : 
GOTHRUDR(DCXKRIL,RCLK); GOTHRUDR(DPDPCLK,RPDP); PUSHB 
(B0X2.BOX1); G0THRUDR(DMYSPDP,RMYS);GOTHRUDR(DUNIMYS, 
RUNI) . The p l a n n i n g p rocess was t h e n r e i n v o k e d in an 
a b s t r a c t i o n space o f c r i t i c a l i t y 2 . 

The f i r s t subgoa l , t h e p r e c o n d i t i o n w f f o f t h e f i r s t 
s t e p i n t he s k e l e t o n p l a n , GOTHRUDR(DCLKRIL,RCLK), was 
n o t s a t i s f i e d i n the i n i t i a l mode l . The d i f f e r e n c e was 
STATUS(DCLKRIL,OPEN). A n a n a l y s i s showed t h a t i t c o u l d 
be e l i m i n a t e d by a p p l y i n g GOTOD(DCLKRIL) and t h e n OPEN 
(DCLKRIL). T h i s r e s u l t e d i n a s t a t e t h a t s a t i s f i e d t he 
f i r s t s u b g o a l . So GOTHRUDR(DCLKRIL,RCLK) was a p p l i e d . 

Each o f t h e r e m a i n i n g subgoa ls o f t he p rocess I n 
t h i s a b s t r a c t i o n space were i m m e d i a t e l y s a t i s f l a b l e , 
and so each s t e p o f t h e s k e l e t o n p l a n was a p p l i e d i n 
t u r n , r e s u l t i n g i n a s t a t e i n w h i c h t h e o r i g i n a l g o a l 
was s a t i s f i e d . The s k e l e t o n p l a n produced was GOTOD 
(DCUCRIL); OPEN (DCUCRIL), f o l l o w e d by a l l t h e s t e p s o f 
t h e p r e v i o u s s k e l e t o n p l a n . F i g u r e 4 ( d ) shows t h e 
search t r e e s i n t h i s space . 
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F i n a l l y , planning took place in the ground space, 
the space inc lud ing l i t e r a l s of c r i t i c a l i t y 1. The 
f i r s t three steps of the skeleton plan were applied in 
t u r n . But the precondit ions of GOTHRUDR(DPDPCLK.RPDP) 
were not s a t i s f i a b l e in a state in which the robot had 
j u s t come through DCIKRIL. The d i f ference was NEXTTO 
(ROBOT,DPDPCUC). and analysis ind icated that it could 
be el iminated by applying GOTOD(DPDPCLK), enabling 
GOTHRUDH(DPDPCIiC,RPDP) to be app l ied. 

The next subgoal, the precondit ions of PUSHB(BOX2, 
BOXl), was not s a t i s f i e d at t h i s po in t . The d i f ference 
was NEXTTO(ROBOT,BOX2), which could be el iminated by an 
app l i ca t ion of the first re levant operator selected, 
GOTOB(BOX2). A f te r P0SHB(B0X2,B0X1) was appl ied, the 
next two subgoals f a i l e d because the robot was not next 
to the appropriate door. An analysis s im i la r to the 
one tha t occurred wi th DPDPC1X was performed, enabling 
ABSTRIPS to f i n i s h the plan wi th an operator to go to 
and an operator to go through DMYSPDP and DUNIMYS. 

Note that the planning in t h i s space is Just as if 
STRIPS were given seven small problems to solve consec
u t i v e l y , without the benef i t of MACROPS. The search 
trees fo r the ground space are shown in Figure 4 (e ) . 
The en t i re planning process for ABSTRIPS produced 60 
nodes, 54 of which were on the successful path in one 
space or another. This process required 5:28 of com
puter t ime. This is less than o n e - f i f t h of the time 
required by the nonhierarchical STRIPS. 

Other ExampleB 

The set of tasks from the most recent report on 
STRIPS3 was run on ABSTRIPS. The running times and the 
search trees are compared w i th those from the STRIPS 
system in Table 1. Figure 5 p lo ts the planning time as 
a funct ion of plan length f o r STRIPS and ABSTRIPS on an 
extended set of problems from the robot domain. 
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VI F u r t h e r I m p l i c a t i o n s o i t he Use 
o f A b s t r a c t i o n Spaces i n P l a n n i n g 

T h i s paper has shown how the r e p r e s e n t a t i o n of a 
prob lem domain as a h i e r a r c h y of a b s t r a c t i o n spaces 
d r a m a t i c a l l y improved the per fo rmance of a prob lem 
s o l v e r . T h i s s e c t i o n b r i e f l y c o n s i d e r s the i m p l i c a t i o n s 
o f such a h i e r a r c h i c a l r e p r e s e n t a t i o n f o r some o t h e r 
p rob lem areas i n r o b o t i c s and p rob lem s o l v i n g . 

L e a r n i n g T a s k - S p e c i f i c Knowledge 

Gene ra l - pu rpose prob lem s o l v e r s have tended to be 
weak prob lem s o l v e r s . Because the h e u r i s t i c s they use 
to gu ide the search t h rough the problem space must be 
g e n e r a l l y a p p l i c a b l e , t hey are n o t e s p e c i a l l y p o w e r f u l 
i n any p a r t i c u l a r t a s k doma in . On the o t h e r hand , s p e 
c i a l purpose programs t o s o l v e prob lems i n a p a r t i c u l a r 
domain have been n o t a b l y s u c c e s s f u l . The HEURISTIC DEN-
DRAL program9 and the game p l a y i n g programs d i s p l a y f a r 
more p r o b l e m - S o l v i n g power i n t h e i r p a r t i c u l a r domains 
of competence t han a g e n e r a l purpose problem s o l v e r 
c o u l d m u s t e r . T h i s competence i s d e r i v e d t o a l a r g e 
degree f rom the g r e a t amount o f t a s k - s p e c i f i c knowledge 
t h a t has been i n c o r p o r a t e d i n t o t h e i r sea rch h e u r i s t i c s . 

U n f o r t u n a t e l y , w h i l e these s p e c i a l purpose programs 
d i s p l a y i n t e l l i g e n t b e h a v i o r w i t h i n t h e i r l i m i t e d domain, 
t hey are wor th l i t t l e in any o t h e r domain. Can a more 
g e n e r a l l y i n t e l l i g e n t system b e c o n s t r u c t e d t h a t , when 
p resen ted w i t h t a s k - s p e c i f i c knowledge ( b a s i c t o wh ich 
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i s the d e s c r i p t i o n o f the problem doma in ) , can i n c o r 
p o r a t e t h a t knowledge i n t o i t s search h e u r i s t i c s ? 

The p rocess o f automated d e f i n i t i o n o f a b s t r a c t i o n 
space o f f e r s a p o s s i b l e approach . By a p p l y i n g a g e n e r a l 
purpose prob lem s o l v e r to a p a r t i c u l a r domain in the 
most g e n e r a l manner d e s c r i b e d in S e c t i o n 1 1 1 , a t a s k -
s p e c i f i c d e t a i l h i e r a r c h y can b e b u i l t up . The a b i l i t y 
o f a system to d i s c r i m i n a t e i m p o r t a n t c o n s i d e r a t i o n s 
f rom mere d e t a i l s i s an i m p o r t a n t aspect o f t a s k -
s p e c i f i c knowledge. 

A f u r t h e r aspec t o f t a s k - s p e c i f i c knowledge i s the 
f a c i l i t y f o r n e g o t i a t i n g those areas o f the search 
space t h a t a re e a s i l y t r a v e r s i b l e . i n the h i e r a r c h i c a l 
r e p r e s e n t a t i o n f ramework , e a s i l y t r a v e r s i b l e areas c o r 
respond to subproblems o f a c h i e v i n g d e t a i l s , once the 
more c r i t i c a l aspec t s of a problem have been s o l v e d . 

The AliSTRIPS system de te rmines t h a t a Riven l i t e r a l 
i s a d e t a i l when i t has b u i l t a s m a l l n l a n to ach ieve a 
s t a t e i n which i t i s t r u e . That sma l l p l a n can b e saved 
as a MACROP, to be used as the f i r s t - c h o i c e r e l e v e n t 
o p e r a t o r whenever the d e t a i l needs to be a c h i e v e d . The 
r e l a t i v e l y s m a l l number o f MACROPs lormed in t h i s way, 
when added to t he s e t o f bas ic o p e r a t o r s , c o n s t i t u t e a 
b a s i c body of knowledge about how to so l ve problems in 
a p a r t i c u l a r t ask domain . 

P l a n n i n g w i t h M u l t i p l e Outcome Ope ra to r s 

The use of a h i e r a r c h i c a l r e p r e s e n t a t i o n can 
g r e a t l y s i m p l i f y t he process o f c r e a t i n g c o n d i t i o n a l 
p l a n s , p l a n s w i t h i n f o r m a t i o n g a t h e r i n g o p e r a t o r s , and 
p l a n s w i t h l o o p s . T h i s i s because the outcomes o f these 
o p e r a t o r s are u n c e r t a i n on l y t o a p a r t i c u l a r l e v e l o f 
d e t a i l . Thus, in a h i g h e r a b s t r a c t i o n space a s imp le 
s p e c i f i c a t i o n can adequa te l y model the p r e c o n d i t i o n s 
and e f f e c t s o f the o p e r a t o r s , a l t h o u g h some of the e f 
f e c t s may have to be d e s c r i b e d in terms o f u n i n s t a n t i -
a ted p a r a m e t e r s . A drawback to t h i s approach i s t h a t , 
as no ted i n S e c t i o n I I I , the mapping o f p lans among 
spaces becomes d i f f i c u l t when the e f f e c t s o f o p e r a t o r s 
are a b s t r a c t e d , N e v e r t h e l e s s , the s i m p l i c i t y o f r e p r e 
s e n t a t i o n o f these r a t h e r complex o p e r a t o r s renders 
t h i s scheme a t t r a c t i v e . 

A s a n example , i n p l a n n i n g t o d r i v e t o the a i r p o r t 
to c a t c h a p l a n e , one would use a "Park the c a r " ope ra 
t o r . Such an o p e r a t o r m igh t have the e f f e c t o f " I f Lo t 
A i s n o t f u l l , pa rk i n s i d e L o t A . E l s e i f L o t B i s no t 
f u l l , p a r k i n s i d e L o t B . E lse d r i v e a round , and then 
park the c a r . " I f one p l ans a t a h i g h l e v e l o f a b s t r a c 
t i o n t o d r i v e t o the a i r p o r t , h e does no t c o n s i d e r the 
"Pa rk the c a r " o p e r a t o r i n i t s f u l l c o m p l e x i t y . Ra the r , 
he c o n s i d e r s an image of the o p e r a t o r in an a b s t r a c t i o n 
space i n wh ich n o u n c e r t a i n t i e s e x i s t . I t m igh t have 
the s i m p l e p r e c o n d i t i o n A t ( C a r , A i r p o r t ) and might cause 
the c l a u s e P a r k e d - i n - l o t (Car ,Paramete r37) to be added 
t o the mode l . F u r t h e r p l a n n i n g c o u l d c o n t i n u e w i t h o u t 
c o n s i d e r i n g a s sepa ra te cases s t a t e s i n wh ich P a r k e d - i n -
l o t ( C a r , L o t A ) o r P a r k e d - i n - l o t ( C a r , L o t B ) were t r u e . 

An I n t e g r a t e d Robot System 

A p r i m a r y m o t i v a t i o n f o r b u i l d i n g the STRIPS s y s 
tem, and I t s o f f s p r i n g ABSTRIPS, was t o b u i l d p l ans f o r 

a mob i le r o b o t . I n the S t a n f o r d Research I n s t i t u t e 
r o b o t system, the o p e r a t o r d e s c r i p t i o n s are models f o r 
a c t i o n s t h a t the r o b o t can a c t u a l l y t a k e . The a c t i o n s 
modeled are termed " i n t e r m e d i a t e l e v e l a c t i o n s " ( I L A s ) . 
When they are e x e c u t e d , they invoke " l ow l e v e l a c t i o n s " 
(LLAs ) , which are concerned w i t h i n i t i a t i n g and m o n i t o r 
i n g mo t i on o f the r o b o t . Those r o u t i n e s i n t u r n pass 
commands t o , and r e c e i v e i n f o r m a t i o n f r o m , a program in 
a PDP-15 computer , which communicates w i t h the r o b o t 
i t s e l f v i a a r a d i o l i n k . 

The ground space as v iewed by ABSTRIPS is in f a c t 
j u s t ano ther a b s t r a c t i o n space f rom the p o i n t o f v iew 
o f p l ans b u i l t u p f rom b a s i c o p e r a t i o n s a t lower l e v e l s . 
The problem s o l v e r can be extended to hand le success 
i v e l y f i n e r l e v e l s o f d e t a i l u n t i l a ground space i s 
reached i n wh ich the o n l y r ema in i ng d e t a i l s are t o r o l l 
the r o b o t a round . T h i s o f f e r s the e n t i c i n g p o s s i b i l i t y 
o f a f u l l y i n t e g r a t e d p l a n n i n g and e x e c u t i o n sys tem. 
But the i n t e r a c t i o n o f p l a n n i n g and e x e c u t i o n would r e 
q u i r e t h a t the p l ans t h a t such a system b u i l t be d i f 
f e r e d f rom the t r a d i t i o n a l f o rm o f p l an b u i l t b y p r o b 
lem s o l v e r s . 

For a system t h a t d e a l s w i t h complex prob lems in 
u r e a l w o r l d , as opposed to a s imu la ted one, i t i s u n 
d e s i r a b l e to so lve an e n t i r e problem w i t h an ep i s t emo-
l o g i c a l l y adequate p l a n . There are too many reasonab l y 
l i k e l y outcomes f o r each r e a l - w o r l d o p e r a t i o n . The num
ber o f h y p o t h e t i e a l l y p o s s i b l e s t a t e s o f the w o r l d a t 
t a i n a b l e by a p a r t i c u l a r p l a n w i l l grow e x p o n e n t i a l l y 
w i t h the l e n g t h o f the p l a n . Most o f the e f f o r t o f 
such a system would be Spent reason ing about w o r l d 
s t a t e s t h a t would never be a c h i e v e d , and very l i t t l e 
o f i t would be spent moving the r o b o t toward i t s Roa l s . 

I t i s d e s i r e d t h a t the sys tem 's p l a n n i n g e f l o r t s 
focus on reason ing about s t a t e s o f the w o r l d t h a t are 
l i k e l y t o be t r a v e r s e d i n the course o f r o b o t e x e c u t i o n . 
Thus, the o v e r a l l p l a n n i n g should be roughed ou t in an 
a b s t r a c t i o n space t h a t i g n o r e s enough l e v e l s o f d e t a i l 
s o t h a t the rough p l a n i s f a i r l y c e r t a i n t o succeed. 

A few s teps of the p l an can be used as a s k e l e t o n , 
to which more d e t a i l e d s teps are added in a manner s im 
i l a r t o ABSTRIPS. These new s teps are f a i r l y c e r t a i n 
t o succeed a t the l e v e l o f d e t a i l t o wh ich they are 
s p e c i f i e d . Even more d e t a i l e d s teps can be f i l l e d in 
f o r the beg inn ing p o r t i o n o f t h i s s u b p l a n , and the 
process can c o n t i n u e u n t i l a s h o r t subp lun o f l o w - l e v e l 
robo t commands is b u i l t . These can be executed in se
quence. Any d e v i a t i o n s between the a c t u a l s t a t e o f the 
wor ld and the hypo thes i zed r e s u l t s o f the subp lan w i l l 
h o p e f u l l y be mere d e t a i l s to the space t h a t is an ab 
s t r a c t i o n o f t he r o b o t commands. Thus, the r e m a i n i n g 
s teps o f the p l a n i n t h i s space, as w e l l as a l l h i g h e r 
spaces, are s t i l l o n t he s o l u t i o n p a t h . 

F u r t h e r b u i l d i n g and e x t e n d i n g o f the v a r i o u s sub-
p lans can then take p l a c e , i n c l u d i n g a new b o t t o m - l e v e l 
subp lan t o move the r o b o t . T h i s subp lan w i l l a c c u r a t e l y 
r e f l e c t t he p r e c i s e r e s u l t s o f p r e v i o u s e x e c u t i o n , and 
s o i t w i l l b e f u l l y a p p r o p r i a t e f o r a c h i e v i n g the u l t i 
mate g o a l . The process o f a l t e r n a t i v e l y add ing d e t a i l e d 
s teps to t he p l a n and then a c t u a l l y e x e c u t i n g some 
s teps can c o n t i n u e u n t i l the goa l i s a c h i e v e d . 

4 2 1 



If a grievous fai lure occurB at some point in exe
cution and nondetalls in higher models no longer ref lect 
the actual state of the world, subplans at affected 
levels of detai l can propagate the fai lure up to an 
abstraction space in which the deviation from the pre
dicted world model was a deta i l . Replannlng can be 
ini t iated from this level of abstraction, thus reusing 
the results of as much as possible of the previous 
planning. 

Therefore, by using a hierarchy of abstraction 
spaces to mask uncertainties in the real world effects 
of planned operations, an effectively integrated robot 
planning and executing system can be created. By deal
ing with a hierarchy of short, simple plans, such a 
system w i l l be able to cope effectively with truly com
plex problems. 
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