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Procedural Knowledge

MICHAEL P. GEORGEFF AND AMY L. LANSKY

Much of commonsense knowledge about the real world is in the
form of procedures or sequences of actions for achieving particular
goals. In this paper, a formalism is presented for representing such
knowledge using the notion of process. A declarative semantics for
the representation is given, which allows a user to state facts about
the effects of doing things in the problem domain of interest. An
operational semantics is also provided, which shows how this
knowledge can be used to achieve particular goals or to form in-
tentions regarding their achievement. Given both semantics, our
formalism additionally serves as an executable specification lan-
guage suitable for constructing complex systems. A system based
on this formalism is described, and examples involving control of
an autonomous robot and fault diagnosis for NASA's space shuttle
are provided.

l. INTRODUCTION

There is an increasing demand for systems or artificial
agents that can interact with a dynamic environment to
achieve particular goals. Common applications of this type
include robotic functions, construction and assembly tasks,
navigation and exploration by autonomous vehicles, con-
trol and monitoring of systems, and servicing and main-
tenance of equipment. Agents capable of operating effec-
tivelyin these kinds of domains must be able to reason about
their tasks and determine how to act in given situations—
i.e., they must be capable of practical reasoning [6]. To build
such systems we need to be able to represent knowledge
about the effects of actions and how these actions can be
combined to achieve specific goals.

Within artificial intelligence (Al), there have been two ap-
proaches to this problem, with a somewhat poor connec-
tion between them. In the first category, there is work on
theories of action, i.e., on what constitutes an-action perse
(11,112}, [171. This research has focused mainly on problems
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in natural-language understanding concerned with -the
meaning of action sentences. Some attémpts.havealso been -
made to indicate how these theories could be used-for gen-
eral reasoning about actions [2], [17]. Second, there is work
on planning—that s, the problem.of constructing aplan by
searching for a sequence of actions that will yield a pargid
ular goal [2], [7], [19], [21], [23], [25], 27}, [28].
Surprisingly, almost no work has. been dene in Al con-
cerning the execution of preformed plans or procedures— -
yet this is the almost universal way in which Humans go
about their day-to-day-tasks, and probably the only way :
other creatures do so. Actually searching the space of pos: = -~
sible future courses of action, which is the basis of most Al - - g
planning systems, is relatively.rare. .. :
For example,.consider the task.of driving to work each
day. Formostof us; ourplan efaction-has-been-worked out-
in advance. Once we establish a goal for ourselves to leave
home and get to work, we follow some internal procedure ~~ — =
or pattern of getting to the car, getting in, driving a certain
route, searching the parking lot ina particular fashiononce........
we get there, parking, and then walking to the office -fRarely
do we everderive this plan from first principlescin fact, we -7
often seem to perform these actions withouteven thmkmg! P
This pattern applies to-many of the tasks we perform every~ S
day.
Of course, there are often sxtuatlons in which our normal,
procedures or plans must be modified or ‘reconsidered
Rather than derive completely new plans; we usuaHy adjust
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“expand the:near-termplan of action: some more, execute,
~...and so on. This approach has many advantages. First of all,
-systems generally lack sufficient knowledge to expand a
plan of action to the lowest levels of detail—at least if the
plan is-expected to operate effectively in a real-world sit-
.~ yation. The world around us is simply too dynamic to an-
- ticipate all circumstances. By finding and executing refe-
" vant procedures when they are truly needed, a system may
‘stand a better chance of achieving its goals.
“Acombined planning/execution architecture can also be
“réactive. By reactive; we mean more-than a capability of
‘modifying curfentplans in order to accomplish given goals;
““areactive system should also be able to.completely change
~witsfocus and pursue mew goals when the situation warrants
it. This is essential for domains in which emergencies can
- occur andisan integral component of human practical rea-
-.soning. In a'system that expands plans dynamically and in-
crementally, there-are frequent opportunities to react to
new situations and changing goals, Such a system is there-
“fore able to rapidly modify its intentions (plans of action)
on the basis of what it currently perceives as well as upon
what it already believes, intends, and desires.
" -Of course, how we represent knowledge is just as im-
portant as- how we use it. Representing-knowledge of dy-
-namic énvironments.as. procedures rather than as sets of
“rules about .ind idual ‘atomic actions, has many advan-
tages. Most obvious is the computatlonal effncnency gained

have about klckmg a football performmg a certain dance
movement, cooking a roast dmner, solvmg Rubik’s cube
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very seriously the notion of encoding domain
primarily in terms of actions and their interre
and deriving knowledge from past activity. 5
proach appears particularly advantageous for
the properties of multiagent domains.

Another advantage of representing knowledge as pro-
cedures is that we are able to reason about those proce-
dures as whole entities. For example, given two procedures
for fixing a broken pipe, we can evaluate those procedures
in their entirety and decide which has the best cost/benefit
properties in a particular situation. This type of “metalevel
or reflective reasoning about our own internal procedures
enables us to perform effectively and would be intractible
if the steps of the procedure had heen broken down into
seemingly unrelated rules.

The primary aim of this paper is to provide a basis for rep-
resenting and reasoning about procedural forms of know!-
edge in a way that allows an agent to deal effectively with
a dynamically changing world. It is important that the
agent be able to use these procedures to form intentions
to achieve given goals, to react to particular events, to mod-
ify intentions in the light of new beliefs or goals, and to rea-
son about these things in a timely way.

To do this, we first introduce the notions of action and
process. We then provide a means for describing these and
define a declarative and operational semantics for our for-
malism. Together, these provide a way of both stating pro-
cedural facts about the problem domain and a method of
practical reasoning about how to use this knowledge to
achieve given goals.

More generally, the formalism may also be viewed as the
basis:for an executable specification language. just as for
Prolog (5], the declarative semantics provides a means for
stating facts about the problem domain, and the opera-
tional semantics yields a means of using these facts to
achieve given goals.

A system based on the proposed representation hasbeen
implemented and is currently being used for the controf of
an intelligent robot and for fault isolation and diagnosis on
NASA’s space shuttle. An early version of an implemented
system is described.in Georgeff and Bonollo [8} and the lat-
est work in Georgeff and-Lansky [11].
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PROCESSES' AND” ACTIONS

—We assume that,-at any-given instant, the world is in a

. particalar world state. This state embodies not only the ex-
- ternal environment, but also the world inside an agent—its
- internal cognitive world. Astime progresses, the worldstate
“cha 3es throug the occurrence of actions (or events).'

st early work 'm Al represented actions as mappings
ates [71, [16], [19]. However,
ily a limited class of actions
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. active, commumcatmg processes:

siders an action to be a sct of sequences of states and spec-
ifies an action by describing the refationships among the
intervals over which the action’s conditions and effects are
assumed to hold. However, although itis possible to state
arbitrary properties of actions and events, it is not obvious
how thése logics can be used effectively for practical rea-
soning.*

Our notion of action is essentially the same as that of
McDermott and Allen; namely, we consider actions to be
sets of sequences of world states. However, to reason about
how to achieve given goals or test certain properties of the
world, the concept of action alone is not sufficient. In par-
ticutar, we need to know how the actions are actually gen-
erated.

To do this, we introduce a notion of process. Informally,
aprocess can be viewed as an abstract mechanism that can
be executed to generate a sequence of world states, called
a behavior of the process. The set of all behaviors of a pro-
cess constitutes the action (or action type) generated by the
process.’

Having a notion of process allows us to make a distinction
that is critical for practical reasoning—we can distinguish
between behaviors that are successful executions of the
process (i.e., successful instances of the action) and those
that are unsuccessful (those that have failed). The ability to
represent both successful and failed behaviors is very im-
portant in commonsense reasoning and is critical in mul-
tiagent and dynamic environments (e.g., see [13]).

The need for representing both failed and successful be-
haviors is most clearly seen in problems that involve mul-
tipie agents. In such worlds, the potential side effects of an
agent’s activities can have a dramatic influence upon other
agents. In a system that uses a combined planning/exe-
cution framework as described earlier, and in which knowl-
edge of the world is incomplete or uncertain, it is usually
not possible to predict whether a process will succeed or
fail. (Of course, even if we were fully planning everything
out in advance, we stili could not realistically anticipate all
of the consequences of executing a process.) Given this, it
is clear that both failed and successful process executions
will occur, and thus both must be available for reasoning
about potential process interactions.

Using a notion of process is -particularly important for
reasoning about failed attempts to accomplish given goals.
For example, suppose that we have two ways to get to the
airport to catch a plane; one involving making a bus con-
nection and the other, although-less convenient, by: car
along a busy route frequented by numerous taxis. Clearly,

the successful behaviors of both methods (processes) will -

result in catching the plane. However, failure to make the
bus connection could leave us-in a state from which we
could not recover (because-next available ineans of trang:
port to the airport will arrive too late), whereas failure of

sible modes of failure. And this can only be done with 2 no-
tion of process—an intrinsic part of deducing a failed be-
havior is knowing exactly how that behaviorwas generated,
in the first place. = =
The need for representing failed behavnors also arises in
natural-language understanding. For example, it is impoe-
tant to have a denotation for action sentences (suchas“/she
was painting a picture”) that allows for action failure, even
in midperformance (“she was painting a picture when her
paints ran out”). The action referred to in the second sen-:
tence must be one of the failed behaviors of the picture-
painting process, and there is no way to derive thi 5450'?%')(,
from a set of successful picture-painting behaviors.:
Finally, the notion of process: faifure also allows usto rep:
resent tests on world states in a particularly s:mple way
without the introduction of knowledge or belief structures
(cf. [18]). To do this, we let certain successful process be-
haviors stand as tests for a given condition. This can-only:
be done if we are guaranteed that thie process will only suc:
ceed when the condition is indeed true. (If the processfails;.
we can, of course, assume nothing about the condition. Al-.
though we might usually be happy to equate process fallure
with the negation of the condition being tested, we may not
always wish to do so. In such cases, we mightneed one pro-
cess to test for a given condition and anather processto test
for its negation.) : s Bl

HI. Process DESCRIPTIONS. 7 ¢ S— : f g

Abstractly, a process can be modeled by two sets of be:.
haviors, one set representing the successful behaviors ofr
the process and the other the fatled ‘behaviors. ;

need to be amenable to efflcvent reasoning techn q
In this section we present a means of describin
cesses as sequences of: partlcu¥ar subgoals or beha
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Having a means for describing processes, we now need
a way to state properties about them. In this paper, we are
interested primarily in describing the effects of successfui
subgoall behaviors of a process; that is, we want to be abletoexpress
the fact that, under certain conditions, successful execu-
tion of the process will result in a certain behavior being
achieved. We will call such facts process assertions.

A process assertion consists of a process description, P,
describing a process; a precondition, ¢, denoting a set of
world states in which the process is applicable; and an ef-
fect, g, characterizing the set of successful behaviors the
process can actually generate when commenced in a state
subgoals satisfying c. We will write such an assertion as c{P)g.

The intent or meaning of this assertion is that any suc-
cessful behavior of process P whose first state satisfies pre-
condition c will also satisfy the effect g. From an operational

: viewpoint, if ¢ holds at the commencement of execution of
Fig. 1. A process description. process P, g will be realized by a success{ul execution of
i ’ the process.

Process assertions may also use variables. Such variables
may appear in the precondition ¢, in the process descrip-
tion P, as well as in the effect g. We make a distinction be-
tween local variables (prefixed by %) and global variables
(prefixed by $). All global variables must have a fixed inter-
pretation over the entire assertion and are taken to be uni-
versally quantified. In contrast, local variables must have
a fixed intepretation in the interval of states during which
agivenarcistransitted, butcan otherwisevary. They cannot
appear in the preconditions or the effect of a process as-
sertion,.and are existentially quantified over the scope of
the arc on which they appear. (Local variables are oftery
needed in loops where it is necessary to identify different

subgoal3

VsubgoaSZ subgoald

scription language. First, we assume a fixed set S, possibly
infinite, of state descriptions and a fixed set A, also possibly
infinite, of action descriptions. A process description can
. then berepresented asatuple P = (N, E,§,n;, N, o, ), where

.= N.is.a set.of nodes
e E s arset of arcs
BN E = Nis the process control funct:on
‘nye N is the start node
Ny € Nis-aset of final nodes
arE = Aassociates an action description with each arc;
ese actlon descrlp‘uons are called goal descriptions.

~Rather than represent process descriptions in this formal elements from one iteration to the next.)’
mathematical way, w we use a graphlcal form as typified in A typical process assertion is shown in Fig. 2.
Flg ==

- Both'the state and action descnptlon languagesarebased

n- redlcatecalculus Each state descnptron isa flrst order precondition: TRUE

Effect: (t (DLFEATED  SGIANT)
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IV. DECLARATIVE SEMANTICS

The declarative semantics of process assertions is in-
tended to describe what is true about the underlying system
of processes and the world in which they operate. Such a
semantics says nothing about how such knowledge can be
used to achieve particular goals—rather, it simply allows
one to state facts about certain behaviors. In the preceding
section we provided a preliminary, intuitive meaning for
process assertions. in this section we presentamore formal
declarative semantics. First, however,webeginwithacloser
examination of the process assertion depicted in Fig. 2.

The “‘David and Goliath” procedure can be viewed as a
plan for defeating a giant with a slingshot. The procedure
involves gathering stones, placing them in a pile, getting
a slingshot, and then repeatedly taking up a stone and
shooting it until the giant is hiton the head. In this particular
domain, hitting a giant on the head with a stone hurled by
a slingshot always results in the giant’s defeat. The pro-
cedure is nondeterministic and allows agents to gather as

3

F

5:' many stones as they wish, limited only by their ability to
{: £ continue gathering them. The procedure is not guaranteed
m to be successful—it may fail if any one of the actions la-
S beling the arcs of the network cannot be accomplished (and
i" 2 no other alternative path can be taken).

Itisimportant to note how the process assertion captures
implicit knowledge of the problem domain. This knowl-
edge is of two kinds: one concerning the validity of the pro-
cedure, the other heuristic. For example, hitting giants on
the head with an object propelled from a slingshot will not
always defeat them (e.g., if it is a cotton ball), but will if it
is a stone. Thus the validity of the effects of the procedure
depends critically on the structure of the procedure itself,
which ensures the only stones are placed in the pile.
(Strictly, the procedure should also ensure that the pile is
initially empty or contains nothing but stones.)

The procedure also captures heuristic knowledge in that
earlier actions may make subsequent actions more likely
to succeed. For example, the slingshot may requireacertain
size and weight of stone; however, instead of this being rep-
resented as an explicit test that precedes the shooting ac-
tion, it is represented implicitly by the context established
by the procedure. In this case, the assumption is that any
stone that can possibly be gathered will most likely possess
the appropriate characteristics. Note that this does not.af-
fect the validity of the procedure; if a stone does not have
the necessary properties, the action of shooting the sling-
shot will fail. : s

At first glance, it seems that the semantics of a-process
description could be determined solely on the basis of suc-

closer.examination, however, it becomes-clearthat thiswill

cessful behaviors which satisfy each of its subgoals. On

not quite do. For example, if-a node has multiple outgoing. ..

work must allow behaviors that explicitly include failed at- -
tempts at realizing tests and actions as well as successful -
ones. i ) : .

Moreover, it is important 10 realize that the goal descrip- =
tions labeling process arcs actually refer to otherprocesses; =
namely, thase whose successful behaviors realize the de-
scribed goals. If this were not the case, we could not talk
sensibly about failed attempts to achieve goals—failurescan
only be understood relative to the processes or methods. -
used to generate actions, and not with respect to-actions
alone. Second, from a practical point of view, it would be
very difficult to say anything useful about process asser-
tions that were not grou nded in performable actions—the -
resulting processes would be too unconstrained. i

We now give a more formal definition of the semantics
of process assertions. We first need to specify the inter-
pretation for the symbols appearing in our description lan-
guage. We will assume a fixed domain D of objects-and-a. ==
possibly infinite set of states. Given a particularstate, astate
interpretation associates with each constant symbol and
variable an object from D, with each predicate symbol.a
relation over D, and with each function symbol a function
on D. The meaning of a given state description is then de- - -
fined under the usual semantics for first-order predicate
calculus. :

Similarly, we can define a behaviorinterpretation that as<
sociates a set of behaviors -with each action predicate, The
meaning of an action predicate is then taken to be the.cor-~
responding set of behaviors in the interpretation of that .~
predicate. We also need to specify the meaning of temporal
action descriptions. If p is a state description, then

+ (I p) denotes those behaviors whose last state sat-~ -
isfies p. : R R

- (2 p) denotes those behaviors whose first state sat-
isfies p. Sl R

+ (# p)denotes those behaviors all of whose states sat- .©..0
isfy p. e

Conjunction and disjunction of action descriptionsdenote =~
behavior-set intersection.and:union, reSpectiveI’y.'* Sl
Finally, weareinthe positiohto giveameaning toprocess
descriptions. Each process description-will be taken to-de- -
note a set of successful- behaviors and a set of failed be-
haviors. To-build a description of these behaviors, we fir
introduce the notion of process applicability. A proc
is said to be applicable t& a-goal (i.e., an action type)
asetofstates§,if everybeha 16 success seti
begins in a state s € $.is.
Now letmrbeanodein
_behavior starting atnode
haviors of processes-a
_arcs emanating fro

arcs (such as nodes N1 and N4 in Fig, 2) we need to allow
several of these arcs to be tried until one is found suc-

cessful. This is exactly the sort of behavior required of any. .

- Jeaving n, ur

useful conditional plan or program; if a test on one branch ~inte
of aconditionalfails (returnsfalse), itis necessarytotryother . -
branches of the conditional. Similarly, in many real-world. -

ample, if a stone is accidently dropped when'tryin,
~it from-the pile): The problem with failed attempts,

situations, it'is often desirable to allow multiple attempts -
to achieve a goal before relinquishing that goal (for-ex- . -p

ever, is that they may change the state: of theworld. Thus

toobtaina proper-semantics, paths through aprocessnet-
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e these two types of allowed behaviors, we can then
recursively define the success and failure sets fo ,

. ; ranod
_denoted S(n) and F(n), respectively, as followsg:s noden.

1y If n is-a final node, then $(n) and F(n) are bo
~2) If nhasarcsa;tonodes m;, 1 = i < k, th
0 8(n) =-U;succln, a;).5(m;}
and
Finy = U{ failtn),U;succ(n, a).Fim,)} .

th empty.
en

“The success and faiture sets of a process description P are
then taken to be the success and failure sets,
- -of the initial node of P.

-~..As-an-‘example, consider the process networks shown in
Fig. 3 where the arcs are labeled with applicable processes.

respectively,

a process A, let A denote the set of its successful be-
d Ar the set of its failed behaviors. Then the suc-

dfailuresets foreach of the process networks in Fig.
ed as follows:”- oo o '

Wil
extended-tosets
nulat It

o labels'and networks;~ . -

Notice that, while the semantics given above altows for mul-
tiple attempts to achieve the goals exiting any given mode,
it does not allow for backtracking to previous nodes in the
net.

Now that we have given an interpretation for process de-
scriptions, we are finally in a position to specify the mean-
ing of a set of process assertions. Consider a process as-
sertion c{ Py g. This assertion is actually a requirement of
the following form: for each behavior b in the success set
denoted by P, if the first state of b satisfies ¢, then b satisfies
g. This requirement must be met by all process assertions.

YV, OPIRATIONAL SEMANTICS

Process assertions provide away of describing the effects
of actions in some dynamic problem domain. Buthow can
asystemor “agent’” use this knowledge to achieveits goals?
That is, we currently have a knowledge representation that
allows us to state certain properties about actions and what
behaviors constitute what actions. We have not explained,
however, how an agent’s wanting something can provide
a rationale for or cause an agent to act in a certain way.

One way to view the causal connection between rea-
soning and action isas an interpreter that takes goals as wetl
as knowledge about the state of the world as input and, as
a result, forms intentions to perform certain actions and
then acts accordingly. An abstract representation of such
an interpreter may be considered to be the operational se-
mantics of the knowledge representation language. In this
section we provide a description of such an interpreter.

To ground our interpreter in some executable frame-
work, we must make certain assumptions. First of all, if a
system is to be able to achieve its goals, it must be able to
bring about certain actions, and thus be able to affect the
course of behavior. Thus we assume a system containing
certain primitive processes capable of activating various ex-
ternal effectors. The system must also be able to sense the
world to the extent of determining the success or failure
of primitive processes—indeed, this is the only way it can
sense the state of the world.

Given these capabilities, the system tries to achieve its
goals by applying the following interpreter to applicable
processes.’ The interpreter works by exploring paths from
a given node n in a process description P in a depth-first
manner. To transit an arc, the interpreter unifies the cor-

- responding arc assertion with the effects of the set of all
process descriptions, and executes a set of the unifying pro-
Lesses, one at a time, until one terminates satisfactorily. I
there are no matching processes, or none of the matching -
_processeson any of the outgoing arcs are successful, the
execution of Pfails. Note that the precondition of each pro-
cessmust-be satisfied when it is applied,-in order for-it to
be trily applicable.. - SoLL : e
~function successful (P n) -
if (is-end-node n) then
~ creturntrue o -
“else '

Thisinterpreteris very similar to the parsers and generators used
~forAugmented Transition Networks [29]. It differs in the amount:

“of backtracking allowed and in the use of unification to match ar
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" GEORGEFF AND LANSKY: PROCEDURAL KNOWLEDGE"

arc-set ;= {cutgoing-arcs n)
pr-a-set : = {processes-that-unify arc-set)
do until (empty pr-a-set)
pr-a := (select pr-a-set)
pr := (process pr-a)
a:= (arc pr-a)
if (satisfied (precondition pr)) then
if (successful pr (start-node pr)) then
return (successful P (terminating-node a))
pr-a-set : = (processes-that-unify arc-set)
end-do
return false
end-function

The function processes-that-unify takes a set of arcs and
returns the set of processes that unify with some arc in the
set, along with the specific arc with which each unifies. The
functions process and arc select out the process instance
and corresponding arc from each element of this set. The
function select selects an element from a set. The order in
which selections are made is called the selection rule. We
call the rule governing the number of times a process may
be tried the application rule {for this particular interpreter,
the application rule is embodied in the function processes-
that-unify).’ The function return returns from the enclosing
function, not just the enclosing do. The system starts by ex-
ecuting a process description with a single arclabeled with
the initial goal.

Of course, it is important that the operational and de-
clarative semantics be consistent with each other. The de-
clarative semantics defines a set of behaviors for each
process. The operational semantics also defines a set of be-
haviors for each process, but this set depends on the se-
tection and application rules used in the above algorithm.
Let Py be the set of successful behaviors for a process P as
given by the declarative semantics, and let Pg g 4 be the set
of successful behaviors for P as given by the operational
semantics for selection rule R and application rule A. It is
not difficult to show that Po g4 C Pp. This means that any
behavior generated by the interpreter given above will sat-
isfy the declarative semantics. The proof involves showing
that both the success set and failure set of a process under
the operational semantics are each a subset of the success
set and failure set, respectively, of the process under the
declarative semantics. This can be done using double in-
duction, first, on the number of processes that are applied
at a node, and second, on the length of a particular path
through the process (where length is measured in humber
of nodes in the path). The proof is straightforward once it

isrecognized thatany path resulting from use ofa selection:

rule R and an application rule A will automatically be one
of the paths covered by the declarative semantics, and that
any sequence of process attempts (as well as primitive ac-
tions) will be considered successful (or a failure) both de-
claratively and operationally. R : :

%In a practical implementation of the operational semantics, it - -
is.usually best to use an application rule that tries each matching...

process-exactly once: This allows the realization of allr’the, corn'frbrl
constructsof standard programming languages while meetingrea:

“sonable bounds on time resources. However,-variations in which™"
-each process is tried multiple times could be incorporated without:-..

conflicting with the declarative semantics of procéss. ‘character-

Note that we have made noassumptions-about whether—
a process will succeed of fail==this is determined solely’by - E
the environment. As discussed earlier; inthe realworld, the
success or failure of processes simply cannot always bepre- ~
dicted. Thus the above interpreter must be embedded in
an environment in order to be truly useful: Without-this, -
the Qperationa] semantics given above WOUld be of little
interest: it would produ’ce just one possible success set for =
a given process or goal without any expectation that this .-
behavior could be realized. However, because the inter- -
preter is actually operating using a mixed planning/exe-
cution strategy, the environment itself determines process
success or failure. This is-quite different from standard Al
planning systems, where success of primitive actions is as- -
sumed. It is also quite different from the operational se-
mantics of pure Prolog, though would be similar to a se-
mantics for Prolog with input and output streams.

Of course, if we did have additional knowledge aboutthe-- -
state of the environment and the success or failure of the
primitive actions, we could use the above interpreterin a
pure planning mode. However, the inclusion of Pp g4 in
Pp would be, in general, strict. That is, the intetpreter may.
not achieve some given goal even when, according to the
declarative semantics, there exists a way to achieve it. This
is partly because the interpreter fixes the selection ruleand----
application rule, Even by allowingall possible selectionand
application rules, however, we would still not attain.com-
pleteness, The problem is thattheinterpreter does nothave
the machinery to deduce facts about world state-that can-
be inferred using the declarative semantics. If an inter-
preter were capable of deducing all possible behaviorsof
aprocess from its description, andifit could alsoarbitrarily. -
combine processes to generate any achievable behavior,
thatinterpreter would also be able to generate any behavior
in Pp. Itis clear thatsuch an interpreter would be extremely -
difficult (if not impossible).to canstruct. However, in the
next section we provide a limited set of proof rules-for. de-
ducing facts about process behaviors as well as for com- -
bining processes to achieve particular effects. —

V1. Action DECOMPOSITION RULES

As described above, the operational semantics we have-
provided is actually not as strong as it could -be: For ex. =
ample, if anarc is labeled with a goal-of the form (L{(p-vV.q));
we can determine from'the declarative semantics thataprc
cess with effect p (or effect g)wi pplicabl i
its preconditions are satisfied). Thi crpréel
however; caniot make this determinatio ,

One way of strengthening out interpreter istopi
it with additional proof rules-: ' ¢

izations. - S




' The symbols ;" and ”/|""represent sequential composition
--and [nondeterministic] branching, respectively.
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ove rule for disjunctive achievement, for example,
can be read as follows: if process P, achieves pwhenbegun
nd if process P, achieves g when begun in state
{ dmon, fallures of processes P, and PZ leave

Hpv q))rwhen begun in-state c.
- To obtain a new operational semantics that incorporates
these proof rules, the interpreter provided in the previous
section would have to be modified to allow application of
the proof rules when necessary

escribe a procedural reasoning system (PRS)
“base on t e‘theory described in'the previous sections. It
- the- theory in several ways, mcludmg the ad-

way procedures can be invoked. These additionsenable the
system to exhibit not only goal-directed behavior, but be-
havior that is reactive to particular situations.

The PRS system also makes extensive use of world states
and actions that refer to an agent’s internal cognitive com-
ponents. These “‘metalevel” states and actions are manip-
ulated by the system in the same way it handles states and
actions that deal solely with the outside world. They enable
the system to form goals or react to situations that deal with
the system’s internal workings-for example, to figure out
how to choose between multiple applicable procedures for
a particular task, how to establish new desires, beliefs, or
intentions based on particular situations, and so on. All of
this metalevel reasoning, however, is done within the same
formal context in which reasoning about the external worid
is done—i.e., in the context of the formalism presented in
this paper.

The overall structure of a procedural reasoning system
is shown in Fig. 4. The system consists of a database con-
taining currently known facts (or beliefs) about the world,
a set of current goals (tasks) to be accomplished, a set of
process assertions (plans) that described procedures for
achieving given goals or reacting to particular situations,
and an interpreter (inference mechanism) for manipulating
these components. At any moment in time, the system will
also have a process stack that contains all currently active
processes. This stack can be viewed as the system’s current
intentions, We now look at these components in more de-
tail.

Thedatabase isintended to describe the state of the world
at the current instant, and thus contains only state descrip-
tions. Its primary function is to keep track of facts about the
world state that can be inferred as consequences of process
executions. We also use the database to provide the system
withknowledge of the initial world state. A STRIPS-like rule
is used for determining the full effects of processes; that
is, facts are assumed to remain unchanged throughout a
process unless we can infer otherwise. Updates to the
database require the use of consistency maintenance pro-
cedures.

As in the preceding sections, goals are represented by
action descriptions, and can be viewed as specifying a de-
sired behavior of the system. This view of goals as behaviors
is unlike that used by most planning systems. In such sys-
tems, goals can only be represented as descriptions of state
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7 of the proof rules described in Section VI~ -

conditionsto beachieved. The schemeadopted here altows
us to express a much wider class of goals, including goais
of maintenance {e.g., “achieve p while maintaining g true’”
and goals with rescurce constraints (e.g., “achieve p with-
out using more than one tool”).

As indicated earlier, we have also enhanced the way pro-
cedures supplied to PRS may be invoked. Rather than just
being applicable to given goals, some procedures become
applicable when certain facts become known to the Sys-
tem—i.e., they are fact invoked. Factinvoked procedures
are particularly useful for creating a reactive system—i.e.,
one that can change focus in reaction to particular situa-
tions. Such procedures are usually associated with some
implicit goal. For example, a fact-invoked procedurc for
putting out a fire might become applicable whenever the
system notices that there is a fire. Although this procedure
does not respond to any explicit goal per se, it actually
achieves an underlying implicit goal of all organisms—to
stay alive. Within the context of the formalism presented
in the preceding sections, a process assertion for a fact-in-
voked procedure has a precondition that describes the con-
dition under which it is applicable and an effect part that
matches all implicit goals of the system. This guarantees
that each fact-invoked procedure becomes applicabie
whenever its precondition becomes true.

- The PRS interpreter runs the entire system. From a con-
ceptual viewpoint, it operates in a relatively simple way. At
any particular point in time, certain goals are active in the
system, and certain facts or beliefs are held in the system

-database. Given these goals and facts, a subset of the pro-

ceduresin the system (both fact-invoked and goal-invoked)
will be applicable. One of these procedures will then be
chosen for execution. In the course of transitting the body
of the chosen procedure, new goals will be formulated and
new facts will be derived. When new goals are added to the
goal stack, the interpreter checks to see if any new pro-
cedures are relevant, selects one, and executes it. Likewise,
whenever a new fact is added to the database, the inter-
preter will perform appropriate consistency-maintenance
©operations on the database and possibly activate newly ap-
plicable procedures.

Because the system is repeatedly assessing its current set
of goals, beliefs, and the applicability of procedures, the

system exhibits avery reactive form of behavior, rather than

being merely goal-driven. For example, when a new fact
enters the system database, execution of the current pro-

~cess network might be suspended, with a new relevant pro-

cess network taking over. One of the ways the system re-

-solves which procedures to execute at any given time is by

using other metalevel process networks. These metalevel
procedures are manipulated and invoked by the system in

* the same way as any other procedure. However, they re-
" spond to facts and goals pertaining to' the system itself, -
~rather than just those of the application domain. For ex-
- ‘ample, one typical metalevel procedure might respond-to
 agoal of the form: (cHoOsEBEsT-PROCESS $goal slist-of-pro-

.- cedures). Besides the task of process selection, metalevel = exy
. procedures can also be used to combine;process'netwodgs o tank
“jriordertoachieve composite goals. For example, metatevel .
“procedures are used in the current system to-apply some - - be

AND LANSKY: PROCEDUR;

_for our RCS application-re

“rently;’
“expli

““Asin the interpreter of Seetion-V; un,iﬁcation;i"s 'gse:dtg_ e
- determine whether or not a given process matchesa given
- goal or database fact. Just as in Prolog; and unlike standard

this mveansthatitisnot necessary -
ch-processvariablesareto -

ich aretocount as output .

ovidingflexibility and ease -

programming languages, '
to decide before execution-wh'
count as input variables and w1
variables. Thisis important for pF¥ . .
of verification. It also means that variables will not be un-
necessarily bound, which can often be advantageousl,m al-
lowing difficult decisions to be avoided or deferred. Forex-
ample, if we had a goal of the’ fqrm (P $x) (where sx s.not-
bound), and a procedure for-ach1eving (psx) for all Qb];e'CtS :

sx, we could use this procedure for achieving the goal with-

out having to select a particutar ©bjectto apply it to.

PRS also differs from conventional programming lan- -
guages in its more flexible mean s of representingand using
procedural information. For exarmple, procedures are not
“called” as in standard prograrming languages. Instead,
they are invoked whenever they can contribute to accom-
plishing some goal or reacting - TO some situation. Just as--
procedures cannot be called, neithercantheycallanyother
procedure; they can only specify what goals are to be "
achieved and in what order. This makes PRS procedures -
much more amenable to modular verification techniques.
Another difference that sets PR S apart from standard ‘pro-
gramming languages is that it is not deterministic. Forex--
ample, several procedures may be relevanttoagoalatany -
one time, and the order in- which they are chosen for-ex-
ecution may, in general, be_norndeterministic. et

We have implemented an experimental systembasedon
theideas presentedabove. The i rm plemented systemis writ- =77
ten in LISP and runs on a Symbolics 3600 machine. User. -
interaction occurs viaagraphical packagethatallowsdirect
entry and manipulation of process networks. e

VIl SampLe PrOBLEM DOMAINS :

A. Space Shuttle T

One area in which advanced: aGtomation can be of par--
ticular practical benefit is fault isolation and diagnosis in
complex systems. PRS is particuliarly suited to thiskindof = = -
application not only because. a._diagnostic domain is dy-
namic, requiring quick response: to faults, butalso because
much of diagnostic knowledge is specifically procedura
nature. In'this section we describye one such-application—
diagnosis of the Reaction Control System (RCS) 6f NAS,
space shuttle. The structur: th e RCS moduleis
in Fig. 5. Sample malfunction g dures from 1
diagnostic manuals are she

"The manner in.which:

preceding sections=i.e.,
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“(TYPE HESTANK HET.T.1.1)

(PART-OF - HET.1.1.1 HEP.1.71)-
(TYPL: HETANK HET.12.1) -
(PART-OF HET VLT HEP.1.2)

Twao types of structural facts have been used for this ap-
plication—vpe facts, which declare specific componentsor
- subsystemsand assign to them unique identifiers,and parT-

 OF facts, which state which components are part of which
. subsystems. For example, rvpe -rcs ¢ Rcs.a)-declares the

~ entire front RCS and assignsiit the identifier RCs.1. EachRCS -
- containstwo helium pressurization subsystems, oneforthe -
~.oxidant part of the system, the other for the fuel subsystem,
_ For the system rcsa these are labeled as Hep.1.1 and HEP.1.2,
 respectively. Finally, each helium pressurization system -
- -~ contains its own helium tank. T
i ncode the structure of the RCS in this fashion, - -

hediagnostic procedures can make use of this information -
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:'(_(TYPE RCSF $res-id) A

RCS?” the test can be represented in a way that is imper-
vious to system reconfiguration, is not hard-wired to par:
itmular identifiers, and can be used for any RCS. This is done -
using unification—matching database facts against queries
camposed as logical combinations of atomic formulas. In
this case, the query would have the followmg form .

(TYPE HE-PRESSURIZATION OX shep-0x) /\
{pART-OF $hep-ox srcs-id) A
“{TYPE' HEPRESSURIZATION “FUEL shep-fuel) A=

< § Fig. 6. Some RCS malfunction procedures.

1.1 0of Procedure 10.1,aswell as‘lO'
malfunction procedure is shown
agnostic ‘conclusion '
ELECTRICALLY”) are
PRS uses several prox
procedure. The ma

2)-RCS Process We will-now: conCentrate on. the o

"’JET FAIL (ON)” fallure iS¢

“(pART-0f shep-fuel = srcs-id) A

S (IYPE HETANK she-ox-tank) “A
(PART-OF she-ox-tank. shep-ox) A
(TYPE: HETANK $hé-fuel-tank) A
(PART-OF she-fuel-tank ~ shep-fuel) A
“(PRESSURE “sheé-ox-tank “sox-press) A -
“{PRESSURE- she-fuel-tank 'sfuel-press) A
(> sox-press- sfuel-press))). -
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switch'is set to the closed position, but for vernier mani-
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_matically be achieved if the system already believes thate -

“ceed—no executions of the processes CLOSED:MANIFOLD and
,CLOSED -MANIFOLD-VERNIER need be undertaken:

_ toabort. Although the shuttle system knew thata particular-
: mamfold was closed, itfound itself unableto proceed when

‘a manifold that wasalready closed! If the proced res: :
- “beenwritten interms of the goalstobe accomplished, rather
than as flxed hard-wired procedure calls the shuttl

Precondition: (UGHT 0 A (ALARM BACKUP-CW) A [ S S L
(FaLLT 0 RCS HITID T A i T :
(EFFALINDICATOR  ON SMANTD) JET-FAIL-ON

Effect:

(! (CLOSED~MANIFOLD $MANF-1D)}

{? (HIGH-USAGE $RCS-iDW

{=> (JET-FAIL FAIL-ON ELECTRICAL $JET-ID))

(=> {V (JET-FAIL FAIL-ON ELECTRICAL SJET-ID)
(MOM-INPUT-PARAM-FAIL FA!L—:-I'IGH SJET-I0))
(! (WARNING "CONSULT MCC FOR OTHER PARAMS

LOST IN SAME MOMCARD’) j

(7 (ORBITER OV102))

7 {~ (IN-OPERATION-SEQUENCE VERNIER .
A g n [ ] (WAIT-MCC-CALL *F-RCS RECONFIG" SRESPONSE})

inish {7 (IN-OPERATION-SEQUENCE VERNIER))

(7 (8 (TYPE MANF-ISOL-VALVE SN SMANF-ID)PART-OF SPSD-OXSRES-ID)(TYPE PROP-STORE-DIST OX SPSD-OXYPART-OF $PSD-FUEL SRCS-IDXTYPE PROP-STORE-DIST FUEL SPSD-EUEL))

(? (& (PART-OF SMANF-OX $PSD-OX)TYPE MANF-ISOL-VALVE SN SMANF-0X) (PART-OF SMANF-FUEL $PSD-FUELX TYPE MANF-ISOL-VALVE $N $MANF-FUEL)))
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(7 {- (> $P-OX 130}))
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Fig. 8. JET-FAIL-ON process.

not of type 5, and cLOSED-MANIFOLD-VERNIER Will only be ap- could have reahzed that Lts goal to close the manlfold had o
plicable if the manifold is of type 5. In situations in which already been achieved:- -
more than one process is truly applicabie to a given goal, We continue-now wit
metalevel processes are used to resolve which is most use- of the JETFAILON proces

ful. actually succeeds, the system will
~ Of course, given the semantics. of process assertions, node and choose a new
there is yet another way to achieve (! (CLOSED-MANIFOLD sible choice might be t

srResAd))—i.e; our goalis s to dété r
high usage in the affected,

smanf-id)). In particular, a goal of the form (1 p) will auto-

is true.For this case, if the system already has.inits database
a fact of the form (CLOSED-MANIFOLD Miv.1.1.1), a goal of the :
form (¢ (CLOSED-MANIFOLD Miv.1.1.1)) will automatically suc-~  wecan have nega d fact
:suble that a factof form

It is precisely the lack of this kind of goal semantics and
:easonmg ability that caused a recent.space shuttle flight

an instruction of the form “close the manifold” was given .- ¢
to it. This is because all of the manifold-closing procedures
avallable presumed an open manifold—they couldnotclose ™ -
had-

system;




Precondition: {TYPE MANFASOLVALVE 5 &
Fffect: 0 {CLOSID-MANIEOLD  SAAN

CLOSED-MANIFOLD

start

(! (ISOLATED-MANIFOLD SWITCH CLOSED SMANF-1D))

{=> { {CLOSED-MANIFOLD SMANF-ID} ~
(~ (OPENED~MANIFOLD SMANF-10})})

=)

Precondition: (TYPE MANFISOLVAIVE SN SMANFID) A (¥ $N3)
Effect: {1 (CLOSED-MANIFOLD  SMANF.ID))

CLOSED-MANIFOLD-VERNIER

0 ((ISOLATED-MANIFOLD SWITCH CLOSED SMANF-1D) ~
(ISOLATED-MANIFOLD COMPUTER CLOSED SMANF-1D))}

(=5 ((CLOSED~MANIFOLD $MANF-1D) ~
_ (~ (OPENED-MANIFOLD $MANF-1D))))

o Fig..9... Process.for closing a rﬁanriforld.

~usingthe*‘negation as failure’ rule [15]. In other words, for
~—agoalefform-(1- (= --P) or( (= -p), the metalevel pro-
cesswill'try to-achieve (i ») (or (z_p), and if it fails to'do so,
B ume that the original negated goal has succeeded.
In our current system, this is precisely- how the goal
GH-USAGE ~$rcs-id)) is handled. Other metalevel

atiorr 6}"PRS is'inthe control
.penmentanon inthisdomain
n s.new. robot Flakey

150 exist for achieving a conjunct of goals or a

could not be retrieved. Inanother scenario, the robot may
be in the process of retrieving the wrench when it notices

--amalfunction light for one of the jets in an RCS moduie of

the space station. It reasons that this is of higher priority
than retrievingawrench and sets about diagnosing the fauit
and correcting it. After having done this, it continues with
its-original task; finally telhng the astronaut what has hap-

pened.

Toaccomplishthese tasks the robot mustnotonlybe abfe
to create and execute plans, but must be willing to interrupt.
of abandon a-plan when circumstances demand it. Since

--other-agents can move ‘obstacles and issue demands even
- -as the robotis planning, andsince its view of the world can-

- change as fast as the robot itself is moving, performance -
of the task requires arobat which is perceptlve and hlghly .
~reactive as well-as goal directed. ,
““The way we have structured the processes for this’ do-i

ain has actually conformed somewhat to Brooks’ notion:
3 of a vertlcal decomposmon of robot functions (in con- -
;,trast to the traditional horlzontal decomposition into fune-

- tional modules). The‘top-level robot module is used to per-
~“formhigherfevel cogmt:ve un :tlons overallroute planmngf
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modules which put together sonar sensory data and figure
out where “walls’ and “doors’ are. Even lower level mod-
ules reactively monitor the more rudimentary aspects of the
navigation process—reacting to obstacles, maintaining a
parallel bearing to the wall, getting back on course when
veering takes place, etc.

Our present version of the robot application system is
mare fully described elsewhere [22]. Currently, the robot's
model of the external world is particularly simple: apart from
topological knowledge about hallways and rooms, the be-
liefs of the robot consist solely of its most recent sonar read-
ings, various velocities and accelerations, and some indi-
cators regarding the status of simulated external systems
isuch as the RCS module). Of course, any realistic appli-
cation of the system would require that the robot be ca-
pable of building and storing much more complex models
of the world around it.

IX. CONCLUSIONS

We have presented a model for action and a means for
representing knowledge about procedures. The impor-
tance of reasoning about processes rather than simple his-
tories or state sequences was stressed. In particular, we have
indicated the role that process failure plays in practical rea-
soning.

A declarative semantics for the representation was pro-
vided that allows a user to specify facts about processes and
their behaviors. This semantics is important for providing
a model-theoretic basis to the knowledge representation.
We have also given an operational semantics that shows
how these facts can be used by an agent to achieve (or form
intentions to achieve) its goals. A critical feature of the in-
terpreter, and one that distinguishes it in kind from most
existing Al planners, is that it is situated in an environment
with which it interacts during the reasoning process. We
consider the partial hierarchical planning that results to be
an essential component of effective practical reasoning.

The knowledge representation we have described can
also be used for symbolic planning in the traditional sense,
although we would need to provide additional axioms stat-
ing under what conditions primitive processes would be
successful. Indeed, the operators of many standard plan-
ning systems (such as NOAH [21], DEVISER [27], and SIPE
{281 canbe viewed as restricted forms of process assertions:

Our formalism can also be viewed as an-executable spec-
ification language—that is, as a programming language that

allows a user to directly describe the behaviors desired of

the. system being constructed. The fact that the language
hias a declarative semantics allows facts about the behavior

of the. system to be stated and verified independently, The

operatlonal semantics provides a means for directly exe-
cuting these specifications to obtain the desired behavior.

-~In.this sense, the language has-much in_common with -
-Prolog, except that is-applies to dynamic domains instead "
-of static domains. :
.. 'We have described a practlcal |mplementatlon ofa sys-
" tem based on this model, and have shown how it.can be
‘applied for fault diagnosis and in the:control of autono- -
“mous robotsin highly dynamicssituations. Althoughwehave -~ =
“used parallel instances of PRSs within our implementation, - —
we haveyetto extend our formal model to deal withiit. Some.
‘work inthis direction is described by Georgeff[9], andwork =

'[191
ftzzol;_}' ;

[21]

on synchronizing the actlvmes of multiple agents has been
done by Lansky [14]-and Stuart [24]. e
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