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ABSTRACT

-Tﬁis'paﬁer is a tﬁto%ial oﬁ automatic planning systemé with
_pérticular emphasis given to knowledge representation issues. The
:-éffectiveness of a planner depends, tc a large extent, on its ability.
ﬁo make'uSé of descfibtioné and'expertiée asséciétéd with particular
task domains. Examples of such domain knowledge include action
models, state description models, scenarios, and special purpose plan
.composition methods. Our discussion focuses on how such knowlédge
is represented in planning systems and on how various planning

strategies make use of it.



I INTRODUCTION

A.pianning sySfeﬁ is.ﬁne that assists in the acdompliéhﬁeﬁt

'1;6f"£asks:by5génera{iﬁg plans ‘and then monitoring théir execution. The
'ééfive agéﬁt thaf actually'cérfies-out the plans might be another part

_:6f thefsyStéﬁ; 'F§f ékampie;.é mechanical manipulator or a human to which
:fﬁe'system is préviding instructions. A task is usually specified.to
such a system by describing an initial situation and a desired (goal)
situation. The system is aware of a collection of actions that the active
agent can perform and the plan it produces is a sequence of these actions
that are expected to transform the initial situation into the desired
situation. Example domaing for which automatic planning systems have been
designed include the directing of a mobile robot to do tasks that involve

pushing boxes around in several rooms (Fikes and Nilsson, 1971),* a robot

Carm building towers of multiple-shaped blocks (Fahlman, 1974), and humans

who are repairing electro mechanical equipment (Sacerdoti, 1975).

Taking a broader view, one can think of a planner as being a
éonstructor of scenarios for whatever reasons they are needed., For
:éxample, Minsky (1974), Schank (1975), and others have described the
.::ﬁsé-of stored "action frames" or 'scripts” as guides to a system

- attempting to uﬁderstand.a story being input in natural_language.' The -

stored scenario indicates what typically happens in the situation

“being described 1in the story (such as dining at'a restaurant or

_attending a child's birthday party). It aids the system by .

#References are appended,



.providing a set of.expéctations about-the.sequence of events énd the
rélationships among the characters in the story. To make effective
 ﬁse of stored scenarios, a system needs the capability of modifying
ahd combining them to form new scenarios that are appropriate for
uhderstanding any particular story; that is, the system needs a

© planning capability.

In this paper I will exﬁmine some of the characteristics éf
ﬁutomatic planning systems by focusing on the knowledge
representation issues that arise in their design. My intention is
not to survey the entire field of automatic planning, but to
provide a feeling for the general structure of such systems and for
some of the techniques that have been and are being used in their

~ design.
11 CTATE DESCRIPTION MODILLS

Typically, a planner proceeds by hypothesizing sequences of
_actibns for inclusion in a plan and testing each hypothesis by simulating
"the action sequence. The simulation produces a
déécription'of the situation that would be expeéféd ffﬁﬁ.fhe 
aétioné,.and fhat situation is examined to deteérmine if'it Safisfiéé:

the subgoéls' that the planner is trylng to achleve. Thls process L

'“ .requ1res fac111t1es for creatlng, updatlng, and querylng ‘state

"descrlptlon models of the task domaln (Flkes, 1975) .



Most planning systems use state descrintion models éhaf'can
_be characterized as collections of relational expressions, with each
"-expression having a truth value associated with it. The expréssions
'aie“fépiéally represented éé iiéf étfacfures-withﬂthé fifst’element -
:of each 1ist be1ng a relatlon.name.—— or.example, "(INﬁOOﬁ ﬁbBbT ﬁii"
i (STATUS (CONNECTION PUMP PLATFORM) FASTENED) The models j
prov1de the data base needed to determlne Ior any- glven relatlonehlp
Ain ‘any given state whether the relationship is known true, known

. false, or unknown in that state.

Some form of retrieval mechanism is needed for this data base
eo that the planner can obtain information about these models.
Retrieval functions rely on a basic access mechanism that in most
‘Planning systems associatively retrieves all relational expressions
from the data base that match a given pattern (where a pattern is an
expression containing unbound variables) and then examines the truth

'.Value of each retrieved expression with respect to the given state.
dFor example, a retrieval using the pattern ''(INROOM ROBOT <X)" would

he used to determine what room the robot is in.

Known truth values are usually not all expllcltly stored in a
::model Hence,'a planner needs deductlve machlnery for _f“ZU

'fquerylng state descrlptlon models Most planners are de51gned so

;that a user can prov1de derlvatlon functlons that compute 1mp11c1t

' truth values when they are needed. These functlons may embody formalf'

. theorem prov1ug strategles or may 51mp1y be statements of 1mp11cat10na1



rules derived from the semantics of the task domain. They extend each
model in the sense that, from the calling program's point of view, the
- derived instances of a pattern can be made to be indistinguishable

‘from instances acfually:fbund in the model.

IIT ACTION MODELS

Typically, a planner has models available of the actions that
_can occur as steps in a plan. For example, the actions available to

" "Turn X degrees

a mobile robot might include "Go to location (x,y),
right,” and so forth. For these models to be useful to a planner,

they must inélude certain descriptive information about the actions.

in particular, the planner needs to know under what conditions an
'éction can be carried out. These are the action's "preconditions’' or
ﬁapplicability conditions.” They provide a source of subgoals during
the planning process and allow the plannerﬁto ensure that an executable
plan is being produced. In addition, the planner needs a desgscription
of the transformations that execution of an action is expected to make.
: Thié:information allows the plammer to simulate hypothetical action se-
:duéﬁcés and tﬁéreﬁﬁ invéstigafé their rééuits. Flnally,.the planner.needs -
to know what klnds of.tasks or’ subgoals each actlon ig useful for aéhlev1ng.
._:Thls 1nformaf1§n 1ﬁd1cates to fhe planner which aétlons to con51der ; |

'Vquttlng 1nto the plan belng constructed




The actton models that are evaiiable to a plannel.as

'potentlal plan steps usually represent an’ entire class 01 BLthHS by
contalnlng slots that must be fllled by speclilc values.~ ﬁef b
'bexample; ‘a robot ectloe for mov1ng a box mlght 1nc1ude slete fer the

: name.of the box, the etart1ng locatlon of the move;:aed tbe flnal ﬂ
locatlon ef ‘the move, hence, the actlob ean be used to.move.eny box
-;frem any locatlen to any other 1ocat10n. An.actlon model will'
specify cohstraints on the values that can fill its slots,.eech aé
type requirements, and for the box example, perhaps a restriction

that the two locations be in the same room. A significant part of the
planning activity is to determine for these slots the values that
satisfy the model's constraints and that produce an instance of the
-ﬁodel useful in the new plan. Hence, the planning proceSS_entails both
selecting and "instantiating” a sequence of action models thHat will

'achieve the desired goal.

‘A. Assertional Action Models

Action models are often represented as data Etructuresz_
' contalnlng 115ts of parameters bfeéohditione and effects._ The f.
'_parameters are the slots_ that the planner must 1nstant1ate when

.'u51ng the model and they serve as the model s local var=ab1es.- The

'-fﬂprecond1t10ns are an exp11c1t 115t of the relatlonshlps that must be }_fi'.a.f,s

;;--true in a state before the act1on can be executed._ The effeCts f':”

'1nd1cate the state changes that the actlon is expected to make .EaCh




'eleﬁeet of the effects 1list indicates a relationshlp and the truth
velue that the relatlonshlp 1s.to have 1ﬁ the state proauced by the
'factlon all ofher releteoeshlps are assumed to remaln unafiected by
"”tﬁe actlen.1 For;example;_thevmodel for a Go to locatlon (x,y) robot”fr'uu.
acbion.mlght have parameter liet (x,f) breconditlons that requ1re
jii 1ocat1on (x,y) to be 1n the seme Toom as the robot and an effects
'llst that denles the.olﬁ locatlon ef the robot deletes (1 e. R 3551gns
.truth value 'unknown" ) the old orientation of the robot, and asserts

(x,¥) as the new location of the robot.

-This action model representation lends itself to =

‘means-ends analysis method for composing plans, as follows. A goal

.efate iS'deseribed'by a collection of relationships that must be true
‘in the desired state. The planner proceeds by checking to see which
_of the goal relationships are not yet true in the current state. When
_euch a'rela#ionship is found, a scan is made of the action models to
find one whose effects list indicates that some instance of it will
eseert the goal relationship. When such an action is found, it is
" taken to be "relevant" to achieving the goal, and the planner attempts

fo'include:it'in3the plaﬁ.- "An action can be ‘included 1n a- plan only

Zlf a etate.ex1sts in Wthh its precendltlone afe true. JIf ﬁhey ere

'5:true in the current state, ‘the actlon is 51mulated to produeeaa new

*'current state,_and the goal is recon51dered as before..:Ifﬂthé aetiOﬂ‘sf-ﬂ'

”fprecondltlons are not true 1n the current state, the aehlevement of those 3:"'

H:precondltlons becomes for the planner a new goal to whlch the same f:

zmethod can be applled.: Hence,:the-basic algorithm entails matching a



goal to an action capable of achieving some portion of it and then

étfémpting:fo'ﬁéke that action applicable.

.- : w#én h§¥§ théﬁ7dné féiév;ﬁt éétidh-ishfoﬁﬁd fdrﬂgny._. 
: péf£icﬁiar g§éi; §fiQﬁéﬁ:é gbai!ié.é{di;jﬁﬁéfién;“g f§ﬁ6icé p&int" 
occurs in’ the slgorithn. . The Sccurrence of Sich Shoie poiits Feo
o ﬁuirééjfﬁe'ﬁiéﬁhér £6 im5o;é3é:Séafcﬁ:éxééﬁ£i;é ﬁﬁ:fapféf t£é basié -

algorithm to decide at each step which subgoal to consider next.

B. Procedural Action Models

".The'pianning algorifhm'deSCriﬁéd'above'is essentiéiiy the
':oﬁe:uéedﬁiﬁ:thé'sTRIPs system developed in 1969. One of the major
'Ways'in'Whiéﬁ.thé.efféctivénéss of plaﬁniﬁé SYSfemé:has been improﬁed
Since'théh'ié by ﬁugménting this basid'algbrithm with facilities that
_écéept-pianning expertise specific to the particular domain in whiéh
 taské are to be given. That is, in any.givén-domain'théré will be
:plahning'strategies and heuristics that a planner desighed specifically

.for that domain would employ -- for example,: route finding:élgorithms,' S

‘or tower building strategies. To a large extent, the effectiveness of = =

. -a'planning’Sysfem'éan'be'meésured'iﬁ'térms'0f its'ﬁbi1it&'to aédebt'ahd_.

. use such eéxpertise.

“-_f  Oné way iﬁ;whiéh thi§3cépaBi1ify_ﬁas béén ébhiéﬁéd.ié'bY:f'_._ﬂﬁ-'”

"Tféﬁfeéénfihgiéctidh’mbdéis ih_a-ﬁfocedﬁréi.fqrm-rafhér:thaﬁfas“alﬂaté:f" ”

. .structure (for example, see Derksen, Rulifson, and Waldinger, 1972).




.usheﬁ;arproeedure.haa the;derioh’e phrumefer ah.ll% 1npot pn1umeio:

“and oeélns oy.quelyang the cuzleot state desc:1pr10n model “to 2  |

';determlne 1£ the actlon s precondltlons are.true in that etate, 1f

'-tﬁey.are.not -1t calls the planner 5 executrve to create a plan to {"

 _ach1eve the.precondltlons-j When the precondltlons hare beenf'sn
.'.:jacoleved the actlon mooel proceeds ro 91mu1ate tﬁe e.ecarloa of tﬁei.~ -

:aactron by .creatrng a’ new state descrlptlon ﬁodel aad maklog.the..“.
aporoprlate assertlons, deletlons, and denlals.ln 1t Finally; the
procedure adds the action that it represents to the end of the plan -

being constructed.

“As With.aseerfioﬁal aetion modeis,'a'planner ﬁéihg ?rocedural
’_aetion ﬁodels.mﬁSt be;abxé to dedl with choice pOints'that_occur'when
.ﬁuifible aCtiohe.orﬂﬁaitiple.inetaﬁtiatiohe"of actions are re1evaat.
'This-reqhireheﬁf implies the need for some form of'co;roatihe'or
backtracking facilities that allow alternative prOgram control paths to
_ be considered in a pseudo parallel mammer under the direéfibn of the

planner's executive.

L A procedural 1anguage prov1des more expre551ve power for re— :
'=present1ng actlon models than do the data structures We descrlbed
'f'above. For example, a procedure can descrlbe effects of an actlon

r_that are condltlonal on propertles of the state 1n whlch the actlon 15 Jr*

' executed The most 1mportant aspect of thls expre551ve power 1n terms _f},
}f"of the effectlveness of the plannlng system is that procedural actlon

C models can contaln strategy and heurlstlc 1nformatlon about how to



:achie;é.thé ﬁétibn's'ﬁrééohditidns.':féf'éxaﬁﬁié;.ifIaﬁ:gétions’é'ﬁré—' _f
ﬁ:;céhdifigﬁé'aféf; ééf bfﬂféiétibﬁéhiﬁs;lﬁiiﬁdf.ﬁhich”ﬁgéf:ﬁéﬂaéﬁiéﬁéﬁ ﬂ ; _'f
:' f¥ﬁéf.iS; é C§ﬁjunéfi6njj:fﬁé £¢£idﬁ:ﬁ9dé1 ¢aﬁZiﬁéida£e fhé%o¥aér.iﬁ1 
which they should be achieved by making a sequence of calls to the ~

~ planning ‘executive with each call indicating the next relationship to . -

:Lbe’aéhievéd;ffIn'éffect,ftHé éétion;modéi?becéduré'éah Cdﬁtéih:é- -;f;q' o

"subplanner" specifically designed to guide the production of plans -

. that échiéﬁe.fhe”aCtioﬁ‘é'precoﬁﬁitions.f

_Pfoéédufal'acfion models suffer ffoﬁ'the sfanaard diffiéﬁlty
fhat.fﬁeif "knowledge” is hidden from the system in the code. That is,
.tﬁe 5ystem'cahhbt reason about the preconditions or effects of an

'*a&tioﬁ'if ali'tﬁat'is avaiiéblé“is fhé pfocédure;f1Qné”caﬁ'dééi'with’
'tﬁié;bTOblém-5§ pfovidiﬁg.aéélaréfifé'infofmafion aboutithe:ééfiéﬁ'in
.éddition ﬁd the procedural action model. -Fbr'exaﬁﬁlé; the plénner'needs
to know what relationships an action is uséfu; fOr:achiéving-so that it
H--éaﬁ deterﬁine when to consider includiﬁg'thé'actibn in ‘a plan.- Hénce;"'
'é ﬁfocédﬁraliaction model needs essentially to have a list of "pfimary

effects” associated with it. This declarative informetion will be an

j'absfractiOn or an approximation pfithé-effeéts'that;the'procédure'Will____j“

:.pfodﬁcé:in”auf_givenTSituétidn;:and ¢ah beﬁthoughtﬁpf és a modé1i6f 5. :.'H

" Q£he proéedureithatjitSélf;is a'deel'éf'a claséIOf aétidns.;
IV ' PROCEDURAL SUBPLANNZRS -

' 'Once a planning system has the'féCilitiés f0rfusiﬁg'3f"'

. procedural action models, an obvious and powerful generalization be~'' .. 1



*comes.n0551b1e ..A nrocednral act1on model.can be eon51dereﬁ to be a
.ﬂ'i-suﬁplahnér..snee1f1cn11y deslgned to pnodnce olans Ior.ach1ev1ng tnez
-:j;ﬁflméfy eIIeets OI an actlon | We can genenallze thls concepn oy ree%
- {mov1ng the.restnlctlon that such snbplanners mest be models.of an ;?-Z’

:ectlon, and”can.con51oer ertlng subplanners.for any specefle cless of if”

' tasks;i For exemple. if & robot domaln. a route flndlng algorlthm.could.f{

'be wrltten that would determlne a.sequence.of TOOMmS for the robot to.

-travel'through'to get from ‘one foom into'another; o.The route findeér -

‘could employ_any”appropriate'seerch algorithm'for'determining a suit-

"enle route; making:nse of geometric information, previously computed
routes;land so forth., Such an algorlthm could be represented asg a sub—'

' planper designed to make”the relationship (INROOM 'ROBOT ex) ‘true.

_Often.the primary role of.a subplanner is to decompose a task

'.:jby produc;ng a sequence of subgoals to be achleved -The subplanner

_produces the actual plan hy calling the plannlng executlve W1th each
ﬂof'the'subgoals in-turn. ‘For example, the route flnder may determlne.

:“only a. sequence of ‘rooins through Wthh the robot is to travel It

:would call the plannlng executlve to detenmlne the detalled plan for';::f_*

lthe movements from room to adJacent room” for each step along the route ”lele;

ertlng subplanners 1s an easy and natural way of 1nc1ud1ng :g:s
'“~domaln—spe01flc plan generatlon knowledge 1n a general purpose
'3p1ann1ng system,_and 1t prov1des the system w1th the power that 1s

'needed to make such a system effectlve and useful.

CL10+




-V HIERARCHICAL PLANNING -

The robot route flndlng example suggests another 1mportant ' :

.”"ftheme 1n automatlc plannlng systems o namely, h1erarchlca1 plannlnga.t“:'

: ;teWe have been assumlng that the planner 15 glven a 51nﬁle set of '

'f'actlons and that a11 plans must be composed of elements from that set
:3fHence, 1f the actlons for the robot domaln are at the 1eve1 of detall

of ! Move forward X meters and. TUrn right Y'degrees P route'conw'

" sisting of the ‘sequence of rooms that'the”robet-is'to'gO'thrOugh'is not

' -an aceceptable pian; It ig a "meta—plah”_that can be made into a plan
by determinihg-the.detailed meves and turns3that will take the robot
.frdﬁ'eaeh'rbdm”té'tﬁe'geXt}':fhe-quéStien'arises'aeﬁte wheﬁ.ahd if
':tefﬁefbianﬁéf‘gﬂaﬁid bétcoﬁéérﬁé&“ﬁit£ éetaiié“éuEh};gf&éférminine.fhé
faéfﬁai-eaées'aﬁd-ﬁurﬁs-for'fhé‘QAﬁféQf dﬁe:miéht.argﬁeetﬁat.it.is East
,aé easyzto”ineiade*a."Ge"to:adjaCént room X“'aetien'in”the”aetien set
-_of, fo£7£hA£'ma£ter,'a fGe'to.reom X" action that would{iﬁeorﬁorate'

“‘the ‘route fihding algorithm.

,;How'dees bné~eecide”what levei ef'detai1”to'inclede:inea
Tplan?e:We;eaa-gaiﬁtinSight;into:thaffﬁuestieaiby eeasideriﬁgetheraa'a
'-t'ﬁufﬁdsés'farféfe5£ing atpiaﬁ;.'Theleriearj ﬁﬁiﬁésétafzﬁiaahiﬁgiiétfo-;"
”:determlne a sultable method for accompllshlng a task and to.predlet.e:’

'nrthe consequences of applylng that method.3 Flndlng a sultable method'f

'tiftyplcally means ach1ev1ng some acceptable degree of certalnty that j fﬁf

”-fljthe method can be applled that 1t w111 sueceed 1n accompllshlng thetﬁ gijgih'z'h &

:]:task and that 1t 15 less expen51ve than other fea51b1e methods w1th'
i'respect to.some resource such'as-tlme'or energy. -The_planner s

'predictiveteapabiiity_a116Wthhe system to answer qaestiens.abeutff"




" applying the method without”haVing to expend ‘the resources and deal = . .
~“With-thé'¢caSequencés of'the'aotual-executiou}':P}ﬁnniug:isfhecessary

o in p'n l't;ii“l'.llzi.l.' 10'\!1'?'1" n ) d(‘ l,n'l l ; '”!','livn (m'l V' j'.l‘n "{.lw v.'x' i.t"n'l Hml mmu S

"'.-_'.;:_qucstlon exlsts as to wlmi met,hod to qpply..\.t tlmt 11,\:01 01 that i'n'w' :_ e e
“ fﬁfformatiOn'is needed"&bout;the[éxécutionIof.the-method before-the_f:s:{f

" .execution occurs,

s ue:cau'write a hGo.to'roou X".action“program'that cautr.
'torovide.the necessary qégree7of certainty'that'a.route exisfs.aﬁa'cAn.if;
“_prouade'afsufficiently accurate estimate of the.ooStJOf'moVing'the-

 robot through the route thereomay'be no nééd'to?éiaﬁ the route and.tﬁe..

-1nd1v1dua1 moves untll it is tlme to execute the plan. On the other
'3:hand; 1f there is uncertalntf about the route, such as whether doors
'_are.iooked or-whether clear pathwayS'ex1st through rooms, 1t may be :

' necessary to plan the details of the route to remove the uﬁcertaihty.

"Even if a "meta-action" such as "Go to room X" cannot answer
" all the questions that arise before plan:exeoution;{there'are ofteﬁ Lo
advautagesfto:delaying-the_planninglof the'metaLaotion‘s details until = -

“'it is certain ‘that such details will be included in ‘the final plan.’

o rorrexémple; there'is;no-heetho'olan'tﬁe;details of how'totget”thefrobot-fasf*“ﬂf

}rfrlnto some partlcular room untll 1t is clear that the trlp 1o’ that room

fﬂW111 be part of the plan

'", when plans are be1ng constructed for humans to carry out suchiﬂ_?"?:""
”.as for the SRI Computer Based Consultant system (CBC) (Hart 1975)

7'wh1ch a551sts 1n the repalr of equ1pment the use - of neta-actlons be- ”"

S 'comes even: more valuable. In general the people rece1v1ng 1nstructlons-U ;

19



o Iroe the.sfstem w111 have varylng 1etels of eapertlse and understandlng p.

.;of the steps 1n the plan.a The system caa attempt to match.lts.level
: ﬁifof 1nstruct10n to thls var1ab111ty For example the CBC mlght tell a La;j

't_tra1ned mechanlc s1mply to Replace.the.pump,_ whereas 1t mlght tell a’
_:nOV1ee ton Remove the 4 mountlng bolts at the base of the pump u51ng éxia[f*

-a;3k8 1nch open—end.wrench . .If the person does.not understand an.ff'tﬁn'

:'iinstructlon, the ayetem caa call the meta«actlon s subplanner and
.respond by prov1d1ng the more detalle& 1natruct10ns that the subplanner .

-.produces."

For.a.planner to 1nc1ude meta~act10ns in plan .it mtst be
provzded with "meta-action models eontaiaing the same inferﬁatioh:and
.having thetsame'form'as the actioe”ﬁoaeie.t That 15, the planner must”
be able.to achleve”the precondltlons of the meta- actloa .aimuiate its'
:executloa'.aad match it to tasks for which'it is.useful | leen such.a
t pmodei, a planner has the optlon of 1nc1ud1ng a meta—actlon 1n a plan w1th—

'ﬂ“out calllng its subplanner to determine’ the detalled plan steps that it re-

s .-presentsu

ThlS approach to plannlng has been explored by Sacerdotl 1n'jg
ttwo systems (Sacerdotl, 1974 1975) and found to prov1de 51gn1f1cant
;advantages durlng both the generatlon and the executlon of plans iine;a._,

j:these systems plans tend to grow 1n a top down_ breadth flrst

. ﬁlmanner, 1n that typlcally a complete plan w1ll be constructed u51ng t{tif?”q"

'.ffahlgh level meta actlons before the detalled steps of any of the meta-';“"'”"”

"actlons are determlned., Slnce a’ meta-actlon s subplanner may 1tse1f




T :produce a plan contalnlng meta—actlons, a multlple 1EV81 plan
'*lhlerarchy 15 formed and the planner can make 1ndependent dec151ons
'Ior each meta~actlon relatlve to whether 1ts Subplanner should be

“nfcalled
NI ASSERTIONAL DOMAIN KNOWLEDGE

fiAﬁoéhér-fofa'ia-whien domain;apeeifio knowiedge:oan'be
':reﬁresenfed'in'a'oianning.sysfem is'seenarios' or generaiiZed'ﬁlans;'
That 1s, any glven domaln w111 typlcally 1nclude many methods for S
':.accompllshlng tasks.for whlch the order and the 1dent1ty of the steps rf
:do not vary for dlfferent 51tuat10ns;_ Such methods prov1de ‘a planner
wath the skeleton for an entlre subpian and the" task of comp051ng pians
an51ng such scenarlos 1s.iargely one of flndlng the approprlate scenarlo ~'.

'and then produc1ng a sultable 1nstant1atlon of 1t. .
'dA;",Soenarios"

We have Iound expllclt scenarios useful in' a management

:ﬂeﬁsupport system currently belng developed at SRI (rlkes and Pease,_1975)

:5{:fIn thls work; we w1sh to allow a manager to spe01fy to the system varlous _;f

”5'fj.0perat10nal procedures that he uses 1n his organlzatlon._ The system

:dcan then act as an admlnlstratlve a551stant by plannlng and monltorlng

“;;the executlon of these procedures at the manager s request ;fTheijh

'a;;plannlng act1v1ty 1n thls system is prlmarlly one of 1nstant1at10n._§rf*-'

'WrHowever the 1nstantiat10n process 1n this case 1s nontr1v1a1 because f:;”"" '

:Tflt enta1ls schedullng the 1nd1vidua1 steps of the plan and ensuring the

=l4at



.Wf availabilltf of reSOﬁrces:aﬁd'bersdnnel.at'speeific"tlmes. : ::7

Thé éxémﬁle ddmaih'béiﬁg'éOnsidéréd'ror.tﬁis'5§3tem 1s'£hﬁt'f_ff_f-

.lahof managlng the loglstlcs of operatlons on board a Navy alrcraft carrler:'rf

'aOne operatlon of 1nterest 1n that domaln 1s the flylng of tralnlng
\.- . . ?

_mlssions Such m1551ons enta11 steps such as prefllght and postfllght

'fmalntenance of the alrcraft fuellng the alrcraft brleflng and deu-":s :l

fbrleflng-the“p1lot and launching and recover;ng the alrcraft.: These
‘Steps and the order in which they must occur do mot vary from mission . .
'fto'ﬁissidﬁifhéneefthey'ean be included in afseeﬁariesthat is part'of the’

~ ~‘definition of ‘a mission. -

:A'seeﬁariOfin'this syStemﬂhas'many ”termiﬂalé",With'unF :

"g{_ass1gned values,_and the planner s bas1c task ‘'is to flnd an acceptu'

. ”f_,able'set of values for them. Most of these slots spec1fy the start and
Q'the’end-tiMe'oflsome'steptin'the-plan pr'the Quantity’and'identity of

- Some resource that will be used by the plan.

:-ifﬁe lﬁélﬁdefatleacﬁ'terﬁlaalrdfiaﬂSCeharle.a;set.ef;éenstraiﬁtsl'-JIH
‘on the value to be assigned there. The most comnon constraints are
'3llt£osé.tﬁét-afé*aériQédifreﬁ thé5féﬁﬁoralepar£i5lTbrdériﬁéléfﬁtﬁélstéﬁs;t,fﬁﬁ
”:f:l:ffor eaample; faellng:of the alrcraft must eccur after the prefllght
ilﬂt;ﬁalnteeance and before the 1aunch) .ﬁefault values are 1ncluded at the

'lf termlnals, usually expressed as functlons of other slot values 1n the

;alscenario._ For example, the default value for the start of prefllght
's'ma1ntenance 1s expressed as the tlme of launch mlnus some constant
f:s:These defalt values'allow_the_planner to'make{feaSibilityjestlmatES-l_r S

';,land.te_make”SEHedulihg”decisienslbefbre'all'6f:the°eenstraiﬁts'Iroml'gr

'lf215¥“



”f[_theféthéf schedulerslhaﬁe been determined:

-:l Also 1nc1uded at each tcrmlnal is a speciiication ol what

”-Q:ffunctlon can be called to determlne al value for the termlnal. These TS

't.fare typ1cally calls on planners and schedulers that are respon51ble

h;for other operatlonal functlons 1n the organlzatlon. On board a

'carrler these would be alrcraft ma1ntenance, p1lot 3551gnment aircraft-'

:-a551gnment the fllght deck, and 50 forth ; Hence the planner that 1SZe:f
-f:u51ng such’ a scenar1o engages in a negotlatlon dlalogue w1th the other

N :planners in an attempt to reach agreement on an acceptable schedule.-“.

" B. p'Qeneralized Plans

'I Another source of assert10nal domaln knowledge is from pre—:
1v1ously produced plans. One would llke the plans produced by a
;planner to be retalned as new scenarios so that the system could be"

'_cons1dered to be acqulrlng new expertlse 1n the task domarn._“'

In some of our earller work w1th the STRIPS plannlng system _f

3}9we attempted to develop such a learnlng mechanlsm (Flkes, Hart ' and

'f{Nllsson 1972) The challenge 1n such an effort 1s to have the

ﬂf{system derlve and store w1th the new scenar10 the 1nformat10n requlred['“ PR

.'ﬁ{for 1ts use by other parts of the system _1nclud1ng the planner. Thls;f"ﬁ

'?_;1nformatlon 1nc1udes_a11 the 1nformat10n that 1s prov1ded by actlon models

ﬁfnamely, a set of precondltlons for the olan a descrlptlon of the e‘fects:apVh.,zﬁq:jl

hlﬁof the plan s executlon and 1ndlcat10ns of the classes of tasks the plan.:p’Ta”

ﬁhf;ls relevant to ach1ev1ng.: In addltlon for the new scenarlo to be use— :,W'

hrful 1n 51tuat10ns other than Just reoccurrences of the one for whlch 1t

o ;16—-_ K - :




jiwas orlglnally constructed 1t must somehow be generallzed so that
111ke the other scenarlos, there are slots at the scenar1o .S termlnals_ f

”n1that can be fllled w1th values su1ted to any of a class of s1tuat10ns andzcuﬁ B

ﬁigoals ;_wﬂafjlWﬂf'

The ba91c goal of the STRIPS learnlng work was to generallze G
”.: and save plans so that they could be used as 51ng1e steps in. future plansr”:f"'l':t
' Two aspects of thls work are relevant to thls dlscusslon" the use - of j*

lf_kernels and the manner - in Whlch plans were generallzed

In the STRIPS system a. stored plan was called a MACROP (for'
..MACRO OPeratcr) A MACROP's precondltlons Were dlrectly avallable as :_'

'ﬂ:fa s1de effect cf the determ1nat1on of kernels precedlng each step of

'lrthe plan. The kernel precedlng Step i of a plan 1s a partlal descrlp-'

:tlon of the 51tuat10n that the planner expects to ex15t after execu~:

: ?tlon of the flrst 1—1 steps of the plan In partlcular lt Speclfieslﬂ

Ir_a set of relatlcnshlps that must be true 1f the remalnder of the plan.ls'c
_to succeed ..Hence, ln effect the kernel for each.step.ls ‘the set of ;.':

.t;preccndltlcns for.the remalnder of the plan.r'The'kernels:tor'a pian-~¥la

'T.can be computed An’ a dlrect manner by con51der1ng what relat1onsh1ps R

ﬁwere made true by each step 1n the plan and by know1ng what relatlon

“iﬂshlps from the state descrlptlon models were needed to ensure the ?{_55

5ach1evement of each act1on s precondltlons and of the f:nal goal';fr

A plan 5 kernels prov1de valuable 1nformat10n for many S
f:uses of the plan and therefore are an 1mportant part of the lnforma—E";

"ffrtlon-stcred.W1th;the plan-' Flrst ' the~kerne1gpreceding{the;initial-5_



 step ot ﬂ;e’- Plan specifies the preconditions for the plan. Second,
.ﬂ;{tne kernels spe01fy the teets an.exeedflon“nonlror should nake after.::
d'5¢4¢553¢t¢9e;t°,d?ﬁé?ﬁ;ﬂ? Wh?t?er,#hETplaﬁflé5ér°¢¢éd¥ng:aéfeﬁpé¢t€¢ ‘7

" tending the plan to accommodate a mew Situation or new task goals.

fhat.ls; rnstead.of fornlng a completely new plan'téf el
”accomnllsh some task goal the.planner can be glven the.optron of nn:= m
;'modlfylng an’ ex1st1ng scenario: by addlng or cnanglng some ‘of 1ts.drf,'
:_steps._.Tne basic’ 1nformat10n that 1s needed to allow such modafleataon'
'_'re.oonfained indthe'kernelS'gsince eachekernei:indicatés:yhat:muét-ré_ g
ﬁmaln true between any two adJacent Steps 1n ‘a ﬁlaﬁ."Héneé,:faéV e

'-'planner can add any number of steps between Step i- 1 and Step i of andf

':exlstlng plan as:long athhe kernel-between those tWOHsteps-is not dnff**’"“:

‘violated.

Prov1d1ng a. capablllty for modlfylng an ex1st1ng plan is an
"Lﬂlmportant way of 1mprov1ng the power of a plannlng system.g It allows

'n;the planner to con51der addlng steps anywhere 1n a plan (as apposed to:@ff

:fonly at the end) to achleve a goal (Waldlnger,_1975) For example;.iffjf

ﬂ_a plan has been constructed to move a robot from Room A 1nto Room B

'&aand then the planner con51ders a goal of transportlng some obaect

3":;fr°m:Raomtﬁ;into.R°0m_Bxithe.eXiéting?plaafcan-be-médified:soyﬁhat-tthfEJ-'f'

| Tobot transports the object during the first trip rather than meking a =

" second trip.

”"_;Thiéaﬁddifiéétianfcapaﬁiiity7ig:Aisa-uséful when'Eombininéan” |

R E




. two scenar1os to achleve a congunct1ve goal (Sacerdot1. 1975) For oo
L example, 1n the equlpment repalr domaln,_two scenarlos may be con~:'
el'jcined"each_of-Which.includes'rembvalfand replacementwof;the'same :

==s35uba55eﬁbiwa_rhe planner must be able to recognlze 1h15 redundancy

”saﬂand to comblne the scenarlos so that the subassembly 1s 4emoved only

aﬁl;occe Flaally,.a plaa.ﬁodlflcatlon capablllty.ls useful for de—-vt.”
':laij-bugglng _a plan (Sussman, 1973) Often,-stored:scenarlos apelthe}:;f."'.
'Hmethods:found 1n_subplanners are heafiséic:la:aafﬁfeléﬁﬂlﬁblﬁﬁfi;f.
:*a1§a§siﬁroaaeelbag;free3clans;::Sucﬁ'bués-afe3fYﬁical1yhdisccﬁefea:
sdurlng the planner.s s1mulat10n of the plan: wnéﬁ7§ﬁ¢h-§"dié¢5véry is.“
_;made; the planner can emplo& 1ts plan mod1f1cat10n fac111t1es to re- :

lfmove“the bug; :

| f_Thé'sééendﬁébﬁméﬁé'abéﬁt'fhé'STRibé'ieafnihé-wéfk_félétééft@fl
'T;the genefallzae1on.that was.done.on tﬁe plans.befefe tﬁey.ﬁere”:_. .
“;sﬁcred.s.The-goal'wéseto ;unblnd the slots in each of the plan ] steﬁs7.
.tigdlﬁhaf;lﬁhéhéﬁe} bcsslcle;'shey-cecame:unaalued'slots:;nfthecseenar1c
n e oo i, i st f i s
-fféé££icti6ns7oﬁr%his ﬁhﬁiﬁaiha prééégé,:sb’éﬁat'Sdmé;ﬁéiféidfféiétsf&fé,,5°c*“”

:;crequlred to take on the same value (they become a 51ngle slot 1n the ]fl'“'

':lnew scenarlo) and others must retaln thelr blndlng (they lose thelr

'7:1_status as- slots 1n the new scenarlo) For example, 1f one step of the'_ﬂ}f

Tfplan causes the robot to go to a door and the next step causes the fsﬁ

ﬁ; robotjt;_go'through a door the door 1n_those two steps must be the same

|/ This generalization process essentially parameteérizes the . = = 1 .o




7”;plan and thereby prOV1des 1t w1th enough generallty to make 1t worth—“'_ﬂff"
::;whlle to sdve. Tor example con51der a plan that takes a robot from'_;»--:'ﬁfz'“w'."

' ROOm Rl thxough Door Dl into Room RZ and then has the robot brlng

if}_Box Bl Jrom Room R2 back 1nto ROOm Rl through Door Dl That plan

;,would be generallzed so that 1t would take the robot from any room 1n—fﬂ?*j

.fﬁto an& adJacent.room.through.any connectnng door and then take any box.
.;1n the room 1nto any adJacenf room through any connecflng dOOr:; The
"h-generairzetlon removes a1l blndlngs to the partlcular rooms. doors,-rz-ﬂ
.:;and bor and allows the room 1nto whrch the b0x.1s taken to be dlfferent

'from the oné in whlch the robot was 1n1t1a11y located..-*

We see, then that another way of expandlng the power and
'-effectlveness of a plannlng system is to pr0v1de 1t w1th facllltles
”-hfor 1nstant1at1ng and modlfylng plans that have been prev1ously produced g

lgenerallzed and stored

UYII SUMMARY

LA planner is needed when a system does not have a prestored;?jh’if'

.?fT:methOd for accompllshlng a partlcular task. The planner s role 15 toﬂs;;’.ﬂﬁa"”

-fhcomblne the methods that are avallable to the system 1n order to ;ﬁ'ﬁ..=;ﬁ”

“*;'produce a new -method that Wlll accomp11sh the tﬁsh.s The methods *f?fﬁfﬁ'-’”’*i'“-””'

-sbelng composed may con51st of 51ng1e actlons or . of mul?laCtIOﬂ fﬁ oei-"':

v:scenarlos and the comp051t10n process may 1nclude 1nstant1at1ng and

'ffhmodlfy1ng the ex1st1ng methods to match the partlcular 51tuat10n.::inh;}5

fﬂaddltlon to ba51c means-ends ana1y51s and szmulatlon f30111t1es for




”']yﬂcomposlng preqtored actlons and scenarlos,'a planner typlcally has

.“:,ava1lab1e a collectlon of subplanners that embody domaln—dependent uf' _ifj,” ?“3'

 e£pertise and are deSigneﬁ*ﬁo beﬂapplied to}spe¢1al;zed:plasses.Qf"




'?-3lﬁDerksen J., 7. F Rullfson, and R, . Waldlnger "The QA4 Language :

' '{.Schank ‘R. C., Usmng Knowledge to. Understand Proc° Theoretlcal Iééﬁés[f,f;ij"’

“Applied 1o Robot Plannlng,_ Proc Fall Jolnt ‘Computer Conference,} }ﬂi'” .
pp.:1181 ~1162° (1972) T T e

f[Fahlman, S E.:;' A Plannlng System for Robot Constructlon ;asks,
I ",Art1f1c1a1 Intelllgence, Vol 5 No.:1 pp. _-49 (1974) o

Flkes, R B.,- Deductlve Retrleval Mechanlsms for State Descrlptlon Models "

" Proci Fourth Intérnational’ Joint Conference: Art1f101a1 Intelllgence, Tblllsi; ?f"
(USSR (1975) . o "~ _ ; _

' -[rlkes, R.E., N. J. N¥ilsson, "STRIPS: 'A'Newjhpprdaéh;tb'thé Application of . .
' Theorem Proving to Problem Solv1ng, Artificial ‘Intelligence, Vol. 2, . . .-
pp 189-208 (1971) - . T . . - R

;Flkes R E., P E Hart and N J NllSSOR,. Learnlng and Executlng _ N
Generallzed Robot - Plans, Artificial: Intelllgence, Vol. 3 ppa 251 288 C
(1972) SEIRTEY S o . R R S

3F1kes,_R..E., M.-C Pease, An Interactlve Management Support System for
Plannlng, Control, ‘and Analy51s,_- Techn1ca1 Report 12, Computer Sc1ence
Group, SRI Menlo Park ‘CA (1975) n - S o

"aHart P E"f' Progress on a ComputernBased Consultant :Procﬁ'Foarfh :
' Internatlonal Joint Conference Artificigl Intelllgenoe, Tb11151, USSR (1975)

'_Mlnsky,_i.,, A Framework for Represent1ng Knowledge,f Memo No 306 MIT
Art1i1c1al Inte111gence, Cambrldge MA (1974)

’eSacerdotl, E. D.,_ Plannlng in a’ Hlerarchy of Abstractlon Spaces,f
ArtlfIClal Intelllgence, Vol. 5 No._2 pp,:ll5 135 (1974)

' ”7Sacerdot1, E. D.,f A Structure for Plans and Behav1or,f_ Technlcal Report 109
' Artlilclal Intelllgence Center, SRI Menlo Park CA (1975)

'*:fln ‘Natural Language Proce551ng Workshop, MIT Cambrldge, / (1975)
. erussman, G J.,ﬂ- A Computatlonal Model of Sklll ACQHISltlon Tech R
»1“_Report AI~TR 297 MIT Artlilclal Intelligence Laboratory, Cambrldge,-MAh”;"

,(1973) S R D T R e

ﬁf*;Waldlnger Ro,.“ Ach1ev1ng Several Goals Slmultaneously, Tech Note 107
g f_Artlflclal Intelllgence Center, SRI enlo Park CA- (1975) SRt




