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ABSTRACT 

Many a r t i f i c i a l i n t e l l i g e n c e app l i ca t i ons 
requ i re the use of expert systems. As expert 
systems move i n t o new domains, several s i g n i f i c a n t 
changes can be expected. Among these are an 
increase in number of ru les in the ru le base and 
an increase in the number of data elements con
tained in working memory. 

A lso , many new app l i ca t i ons requ i re that 
expert systems move i n t o rea l - t ime domains. Here, 
a system must be able to process large quan t i t i e s 
of data which are changing r a p i d l y . Many problem-
so lv ing s i t u a t i o n s w i l l be time c r i t i c a l , and the 
system must take i n to account the a v a i l a b i l i t y 
and d i s t r i b u t i o n of scarce system resources. 

For these reasons, the e f f i c i e n c y of a given 
expert system design and i t s a b i l i t y to perform 
complex memory management tasks w i l l become 
Increas ing ly important . This w i l l requi re modi
f i c a t i o n s in the t r a d i t i o n a l product ion system 
a rch i t ec tu res . In t h i s paper, the design requ i re 
ments of fu tu re expert systems are discussed, and 
HAPS, a recent ly implemented product ion system 
a rch i t ec tu re designed to address these issues, is 
presented. 

I INTRODUCTION 

An expert system is a computer program or 
set of programs capable of performing near the 
l e v e l of a human expert in some l im i t ed domain. 
Previous work in t h i s f i e l d has produced systems 
which can perform medical diagnosis of blood 
diseases ( S h o r t l i f f e , 1976), p red ic t the phys ica l 
s t ruc tu re of complex organic molecules Euchanan 
& Feigenbaum, 1978), and conf igure VAX-11 computer 
systems (McDermott, 1982). The l e v e l of success 
of such systems ind ica tes that expert systems 
w i l l soon move i n t o broader, more complex domains. 

As t h i s occurs, several new cons t ra in t s on 
the design of expert systems can be expected: 

1. The system must be capable of handl ing 
la rger ru le bases. This is due to the fac t that 
the l eve l of exper t i se exh ib i ted by a given expert 
system is d i r e c t l y r e l a ted to the number of ru les 
in I t s ru le base. Thus, I f a given system Is 
expected to increase both i t s domain and l e v e l of 
exper t i se , the s ize of the r u l e base must 
necessar i ly increase. 

2. The system must be capable of handl ing a 
much larger working memory se t . One reason fo r 
t h i s is that when the domain of a given expert 
system becomes l a r g e r , more domain-speci f ic knowl
edge is requ i red. 

3. Some systems w i l l be required to operate 
in rea l - t ime s i t u a t i o n s . Many new a p p l i c a t i o n s , 
such as the automation of s a t e l l i t e subsystems, 
w i l l requi re the processing of data which change 
in rea l t ime. A lso, these domains o f ten requi re 
problem so lv ing in t i m e - c r i t i c a l s i t u a t i o n s , which 
means that the expert system must be f l e x i b l e 
enough to consider cons t ra in ts imposed by the 
a v a i l a b i l i t y and d i s t r i b u t i o n of scarce system 
resources dur ing the problem so lv ing process. 

Such cons t ra in ts imply that e f f i c i e n c y con
cerns w i l l become inc reas ing ly important in the 
design of fu tu re expert systems. This demands 
the development of new too l s for the cons t ruc t ion 
of expert systems which take these e f f i c i e n c y 
issues i n t o account. 

The remainder of t h i s paper concerns the 
i d e n t i f i c a t i o n of areas in which the design 
requirements of fu ture expert systems w i l l s t r a i n 
the current product ion system a r ch i t ec tu res . 
Techniques are described which are capable of 
performing e f f i c i e n t l y under these new s i t u a t i o n s . 
These techniques are incorporated i n t o the design 
of a new product ion system a rch i t ec tu re known as 
HAPS ( the H i e r a r c h i c a l , Augmentable Product ion 
System), a unique expert system b u i l d i n g t oo l 
designed to address the needs of f u tu re expert 
systems e x p l i c i t l y . 

II RELATED WORK 

Most of the research to date concerning the 
e f f i c i e n c y of product ion systems focuses on the 
operat ion of pa t te rn matching. This is the 
process by which pat terns from the cond i t i ona l 
po r t i on of a product ion are compared to the data 
elements in working memory. When a l l of the con
d i t i o n a l s of a product ion match, that product ion 
may be i n s t a n t i a t e d . At any given t ime, the set 
o f a l l possib le product ion i n s t a n t i a t i o n s is known 
as the c o n f l i c t se t . 

Pa t te rn matching is the most time consuming 
operat ion which the i n t e r p r e t e r must perform and 
i s , t he re fo re , the bot t leneck of the system. The 
most widely known and most e f f i c i e n t of the 
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pat te rn matching a lgor i thms is the Rete Match 
Algor i thm (Forgy, 1982). This a lgor i thm takes 
advantage of the fo l l ow ing cha rac te r i s t i c s of 
product ion systems: 

1 . Pat tern S im i l a r i t y—Since productions 
are t es t i ng against the same set of data i tems, 
many of the pat terns w i l l have s im i l a r character
i s t i c s . Thus, at least some of the matching fo r 
many of the pat terns can be done simultaneously. 

2. Temporal Redundancy—The contents of 
working memory change slowly over Lime. On any 
given cyc l e , a few data items may be added and a 
few may be modif ied or removed, but most remain 
the same. Thus, pa t te rn matching in fo rmat ion can 
be saved from cycle to cyc le , w i th only a few 
mod i f i ca t i ons . 

Taking advantage of these concepts requires 
the compi la t ion of product ion pat terns i n t o a 
d i s c r i m i n a t i o n network. Data elements which enter 
working memory are sent through at the root of 
the network. At the termina l nodes, modi f i ca t ions 
are made to the c o n f l i c t set . This resu l t s in an 
a lgor i thm where the execut ion time required fo r a 
s ing le f i r i n g i s , in the best case, independent 
oi the number of data items in working memory. 
For t h i s reason, the Rete Match Algor i thm is 
implemented in the i n t e r p r e t e r s of most s t a t e - o f -
t he -a r t product ion systems. 

I II GOAL DIRECTEDNESS 

In t roduc ing goal directedness i n t o a produc
t i o n system eases the w r i t i n g of programs in that 
system. For example, the OPS5 system provides an 
a l t e rna te c o n f l i c t r eso lu t i on s t ra tegy which 
f a c i l i t a t e s means-ends ana lys is (Forgy, 1981). 
Other systems are e x p l i c i t l y goa l -d i rec ted ( e . g . , 
Sauers & F a r r e l l , 1982); the system bu i lds an 
e x p l i c i t h ierarchy of goals dur ing execut ion. At 
any given t ime, such a system is focused on a 
s ing le goa l , and the system ob jec t i ve is to f i nd 
a way of achieving that goa l . 

Conceptual ly , product ions In a goa l -d i rec ted 
system are expressed in the form: 

IN a given goal con tex t , 
IF some set of cond i t ions is t rue 
THEN perform some set of ac t ions . 

The use of an e x p l i c i t goal h ierarchy has 
many advantages. From the user ' s s tandpo in t , 
goa l -d i rec ted programs are easier to cons t ruc t , 
since a product ion is p roh ib i t ed from f i r i n g 
unless i t i s app l icab le to so lv ing the spec i f i c 
subtask at hand. Equal ly impor tant , however, Is 
the increase in run time e f f i c i e n c y which can be 
obtained by i nco rpo ra t i ng goal-d i rectedness i n t o 
a system design. 

F i r s t , note that r e s t r i c t i n g product ions to 
f i r i n g in a p a r t i c u l a r goal context forms na tu ra l 
p a r t i t i o n s in the ru le set . A set of equivalence 
classes is de f ined , where product ions In the same 
class are a l l product ions which f i r e in the same 

type of goal context . During system execut ion , 
we know which class of product ions is re levant to 
achieving the current g o a l , and only product ions 
in that class need to be considered for i n s t a n t i 
a t i o n . This means that no class of product ions 
needs to be processed u n t i l that c lass becomes 
relevant to the problem so lv ing process. 

S i m i l a r l y , the nature of the goal h ierarchy 
can be exp lo i ted in the design of the working 
memory s t r uc tu re . Often dur ing the execut ion of 
a goa l -d i rec ted system, data items are inser ted 
in to working memory which are re levant only to 
achieving a given goa l . Once a method for achiev
ing that goal has been determined, those data 
items are no longer needed. 

We can take advantage of t h i s c h a r a c t e r i s t i c 
for e f f i c i e n c y reasons by in t roduc ing h i e r a r c h i 
cal leve ls of working memory. Data elements can 
be declared loca l to a p a r t i c u l a r g o a l ; when a 
goal is achieved, i t s l o c a l data elements d i s 
appear. Such a scheme al lows the working memory 
s t ruc tu re to grow h i e r a r c h i c a l l y along w i th the 
goal s t r u c t u r e . This is important because i t 
permits a l l processing r e s u l t i n g from the c rea t ion 
of a given data element to occur only w i t h i n a 
l i m i t e d l oca l environment. 

While the not ion of goal directedness is by 
no means nove l , the incorpora t ion of an e x p l i c i t 
goal h ierarchy i n to a product ion system a r c h i t e c 
ture is important in terms of e f f i c i e n c y because 
i t provides two key c a p a b i l i t i e s : 

1. Productions can be in tegrated i n to the 
problem so lv ing process in such a way that system 
resources are spent in processing only those pro
duct ions which are app l i cab le to the so lu t i on of 
the current subtask. 

2. A h i e r a r c h i c a l working memory scheme can 
be in t roduced, which w i l l a l low fo r more e f f i 
c ien t management of the l a r g e , domain dependent 
knowledge bases which w i l l ex i s t in f u tu re expert 
systems. 

An e x p l i c i t goal h ierarchy a lso al lows for 
the cons t ruc t ion of expert systems w i th a much 
more general con t ro l s t r u c t u r e , which more c lose ly 
models the problem-solv ing processes of a human 
expert in a dynamic environment (see Section V I I ) . 

IV PRODUCTION HIERARCHIES 

Much research has been done concerning the 
nature of the knowledge contained Ins ide a pro
duc t ion . This research has led to a general d i s 
t i n c t i o n between product ions and meta-product ions. 
In genera l , a standard product ion represents a 
piece of expert knowledge s p e c i f i c to a g iven 
domain. A meta-product ion conta ins meta
knowledge; that i s , knowledge about the system's 
knowledge and how to use i t . The use of meta-
l e v e l knowledge al lows a system to make h i g h -
l e v e l dec is ions , such as which of a set of g iven 
so l u t i on paths is most l i k e l y to lead to the best 
answer to the problem at hand. 
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Usua l l y , meta-product ions have some so r t of 
precedence over regu lar p roduct ions . This is due 
to the nature of the knowledge encoded in the 
meta-product ions; i t i s genera l l y p re fe rab le t o 
make h i g h - l e v e l dec is ions concerning how the 
system w i l l attempt to solve a problem before 
consider ing the minute d e t a i l s of the s o l u t i o n 
i t s e l f . 

This idea has been important in the design 
of s t a t e - o f - t h e - a r t , h i e r a r c h i c a l p lanning systems 
( e . g . , S t e f i k , 1980). A h i e r a r c h i c a l planner w i l l 
f i r s t produce an abs t rac t rep resen ta t ion of a plan 
to accomplish a given task. Then, by g radua l l y 
cons ider ing more c o n s t r a i n t s , t h i s plan becomes 
i nc reas ing l y d e t a i l e d , u n t i l the f i n a l plan i n 
complete d e t a i l i s produced. 

These concepts can be genera l ized to produce 
the no t ion o f product ion h i e r a r c h i e s . In t h i s 
scheme, product ions are grouped together i n t o sets 
such tha t those product ions which are s i m i l a r 
according to some p re - spec i f i ed c r i t e r i a are in 
the same set . Rules may be grouped according to 
such c r i t e r i a as l e v e l of knowledge represented, 
or l e v e l of d e t a i l of problem s o l u t i o n produced. 

Next , we provide the c a p a b i l i t y of f e t ch ing 
selected ru le sets i n t o the environment at execu
t i o n t ime. The system is provided w i t h i n i t i a l 
r u l e sets by the user. E x i s t i n g product ions can 
recognize prob lem-so lv ing s i t u a t i o n s which requ i re 
that a d d i t i o n a l r u l e sets be a v a i l a b l e , and these 
can be loaded i n t o the environment and declared 
l o c a l to a g iven goa l . The r e s u l t i n g product ion 
h ierarchy can grow as new l eve l s of subproblems 
are i d e n t i f i e d . 

This is best i l l u s t r a t e d through an example. 
Suppose an expert system has the task of t r o u b l e 
shoot ing some mal func t ion in a s a t e l l i t e system. 
I n i t i a l l y , only general prob lem-so lv ing procedures 
and h i g h - l e v e l t roub leshoo t ing ru les res ide in 
the environment. One product ion might no t i ce 
that the ma l func t ion was due to a loss of power, 
and might suggest focusing on the power subsystem. 
At t h i s p o i n t , the system has the a b i l i t y to load 
in a new ru le set con ta in ing product ions s p e c i f i c 
to power subsystems. As the ma l func t ion becomes 
i s o l a t e d to a smal ler subset of poss ib le f a u l t s , 
we might load a product ion set s p e c i f i c to the 
power subsystem of a p a r t i c u l a r s a t e l l i t e , a pro
duc t ion set s p e c i f i c to so la r a r rays , and even a 
product ion set p a r t i c u l a r to environmental causes 
o f so la r array f a i l u r e . 

One advantage of t h i s scheme is tha t I t p ro 
vides an e f f i c i e n t way to manage large ru le bases. 
I n d i v i d u a l groups of product ions can res ide in 
separate source f i l e s (and on d i f f e r e n t phys ica l 
dev ices) . A group of product ions does not need 
to res ide In memory u n t i l they are needed. A l so , 
the a d d i t i o n of a new product ion set is o f t en 
t r i ggered by the system's a t t e n t i o n to a p a r t i c u 
l a r goa l . In these ins tances , not only can the 
goal h ierarchy be used as a framework f o r b u i l d i n g 
product ion h i e r a r c h i e s , but i t can a lso serve as 
a framework f o r d i smant l i ng them. If a product ion 
set was brought i n t o memory as a response to the 
c r e a t i o n of a p a r t i c u l a r g o a l , then i t can be 

removed from memory when tha t goal has been 
achieved. 

The a d d i t i o n of a h i e r a r c h i c a l product ion 
scheme i n t o the expert system environment works 
w e l l i n con junc t ion w i t h the goa l - d i r ec ted 
p a r t i t i o n i n g s t ra tegy discussed e a r l i e r . The 
r e s u l t i n g system is one in which, concep tua l l y , a 
l i b r a r y o f p roduct ion sets re levant to d i f f e r e n t 
problem so l v ing tasks is a v a i l a b l e . Several sets 
are se lected dur ing system execu t ion , and the 
goa l -d i r ec ted nature of the system guides the 
search through these selected se ts . Together, 
these techniques provide an e f f i c i e n t mechanism 
fo r managing large ru le sets . 

V ALTERNATE MEMORY STRUCTURES 

The e f f i c i e n c y of a data represen ta t ion is 
usua l l y measured along two dimensions: space and 
t ime. We have al ready considered the space e f f i 
c iency of working memory; a memory management 
scheme based on h i e r a r c h i c a l l e ve l s of working 
memory has been descr ibed. We s t i l l need to 
address, however, the time e f f i c i e n c y of the 
operat ions performed on working memory. 

The operat ions s tandard ly performed on work
ing memory are pa t te rn matching against the i n d i 
v idua l data elements, and updat ing the contents 
of the data base. E f f i c i e n t Implementat ion of 
these operat ions is provided through the use of 
the Rete Match A lgor i thm prev ious ly discussed. 

The Rete a lgo r i t hm was e x p l i c i t l y designed 
to e x p l o i t the f o l l o w i n g c h a r a c t e r i s t i c s of 
p roduct ion systems: 

1. Due to the fac t that product ions tes t 
against the same data se t , many pat te rns w i l l be 
s i m i l a r , and matching against features of pa t te rns 
which are the same can be done s imul taneously . 

2. The contents of working memory change 
s lowly over t ime. There fore , pa t te rn matching 
in fo rmat ion can be saved between match cycles to 
avoid redundant c a l c u l a t i o n s . 

Temporal redundancy i s c r i t i c a l to the e f f i 
c iency of the Rete a l go r i t hm . Imagine a s i t u a 
t i o n , however, in which a set of data items 
changes f r equen t l y ( f o r example, dur ing every 
recognize/act c y c l e ) . Each time any data element 
i s updated, a l l o f the product ion i n s t a n t i a t i o n s 
in the c o n f l i c t set which depend on that data 
i tem must be removed or tagged i n v a l i d . Then, 
the new value of the data i tem must be matched 
again to form the set of v a l i d i n s t a n t i a t i o n s . 

Th is i s c l e a r l y i n e f f i c i e n t ; y e t , t h i s i s 
p rec i se l y the s i t u a t i o n which e x i s t s in a r e a l -
t ime environment. Real- t ime systems must deal 
w i t h such data as hea l th and s ta tus i n f o r m a t i o n , 
l i n k s to other r e a l - t i m e i n fo rma t i on networks, 
and feedback from sensor systems. Such data may 
change hundreds of t imes in the i n t e r v a l between 
product ion cyc les . 
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One so lu t i on to the r e s u l t i n g e f f i c i e n c y 
problem is to provide a d d i t i o n a l , g loba l l y 
accessib le memory s t ruc tures in add i t i on to 
standard working memory. A va r i e t y of these 
s t ruc tu res have been implemented in HAPS, i n c l u d 
ing system a t t r i b u t e s , a r rays , and tab les. 
Pat tern matching must now occur in two stages. 
Matching against standard working memory remains 
a data-dr iven process; that i s , matching is done 
at the time the data base changes. Matching 
against a l t e rna te memory s t ruc tu res , however, 
must be perform dynamical ly , at i n s t a n t i a t i o n 
time ( tha t i s , at the s t a r t of each cyc le ) . 

In add i t i on to so lv ing some of the problems 
concerning the processing of rea l - t ime data, t h i s 
scheme s i m p l i f i e s the i n te r face to other software 
systems. This permits the development of expert 
systems cons is t ing of many components, not a l l of 
which are ru le based. F i n a l l y , t h i s scheme al lows 
fo r the p o s s i b i l i t y of c rea t ing separate match 
procedures fo r each data type. Thus, in fu tu re 
systems, the id iosynchra t i c behavior of each 
memory s t ruc tu re can be i d e n t i f i e d and exp lo i t ed , 
in the same way the Rete a lgor i thm takes advan
tage of the temporal ly redundant nature of a 
standard working memory. 

VI CONFLICT RESOLUTION 

C o n f l i c t r eso lu t i on is the process whereby 
one product ion is selected to execute from the 
set of a l l app l icab le I n s t a n t i a t i o n s . Two types 
of c o n f l i c t r eso lu t i on s t ra teg ies are common: 
e l im ina t i on s t r a t e g i e s , and se lec t ion s t ra teg ies . 
An e l im ina t i on s t ra tegy is one which ru les out 
the cons iderat ion of c e r t a i n a l t e r n a t i v e s . 
Select ion s t ra teg ies are then used to pick among 
the remainder. An example of an e l im ina t i on 
s t ra tegy is r e f r a c t i o n , which ru les out product ion 
i n s t a n t i a t i o n s which have already f i r e d in the 
past. A common se lec t ion st rategy is s p e c i f i c i t y , 
which se lects spec i f i c productions over more 
general ones. 

The standard c o n f l i c t reso lu t i on s t ra teg ies 
have an important f l aw: they are in general 
unaware of the cha rac te r i s t i c s of the system 
environment, and are thus unresponsive to changes 
in t h i s environment. This is espec ia l l y t rue of 
those cha rac te r i s t i c s which d i r e c t l y concern 
system e f f i c i e n c y . An i n t e l l i g e n t system would 
be able to maintain a set of system performance 
s t a t i s t i c s over t ime, and would Include In the 
c o n f l i c t r eso lu t i on process s t ra teg ies which 
enable the system to make use of these s t a t i s t i c s . 

This scheme can be demonstrated through the 
use of an example. Suppose a large expert system 
has been i n s t a l l e d and has been operat ing in the 
same environment f o r a f a i r l y long period of t ime. 
Assume also that a s t a t i s t i c a l summary of past 
system performance is ava i l ab le . Now, in a cer
t a i n con tex t , several productions are able to 
f i r e , each represent ing a d i f f e r e n t approach to 
the so lu t i on of the problem at hand. One produc
t i o n may have a h i s to r y of consuming large amounts 
of CPU t ime, and another may have a h i s t o r y of 

seldomly leading to a s a t i s f a c t o r y s o l u t i o n . I t 
might be desi rable to e l im inate these product ions 
immediately. Of the remaining r u l e s , some might 
be more l i k e l y to lead to long-term so lu t ions than 
o thers , and it may be des i rab le to se lect these 
f i r s t . Thus, c o n f l i c t r eso lu t i on can be used to 
help a l l oca te resources to tasks w i t h the greatest 
bene f i t . 

C o n f l i c t r eso lu t i on s t ra teg ies can a lso 
address rea l - t ime const ra in ts by enabl ing produc
t ions themselves to a l t e r the c o n f l i c t r eso lu t i on 
s t ra teg ies in c r i t i c a l s i t u a t i o n s . For example, 
suppose an expert system is given a l i m i t e d amount 
of time to solve a c r i t i c a l problem. I f time 
begins to run out , we may want to consider only 
those product ions which always produce quick 
so lu t i ons . Although th i s w i l l probably provide 
only a shor t - term f a i l u r e workaround, the t ime-
c r i t i c a l nature o f the s i t u a t i o n w i l l have d i s 
appeared, and the system w i l l now have more time 
ava i lab le to pursue a more permanent s o l u t i o n . 

F i n a l l y , many systems requi re that some 
operat ions ( I n t h i s scheme, for example, the 
matching against a l t e rna te memory s t ruc tu res ) be 
performed at i n s t a n t i a t i o n t ime. The c o n f l i c t 
reso lu t i on process usua l ly assumes that i t is 
given a v a l i d c o n f l i c t set—a set of product ion 
i n s t a n t i a t i o n s a l l o f which have a l l o f t h e i r 
cond i t iona ls s a t i s f i e d . Here, however, the system 
has at i n s t a n t i a t i o n time a l i s t of candidates 
for the c o n f l i c t se t . These candidates are not 
v a l i d members of the c o n f l i c t set u n t i l they are 
found to sa t i s f y the set of tes ts performed at 
i n s t a n t i a t i o n t ime. 

This suggests that a type of me ta -con f l i c t 
reso lu t i on procedure be ava i l ab l e . Me ta -con f l i c t 
r eso lu t i on s tategies are able to consider such 
s t a t i s t i c s as cost f o r i n s t a n t i a t i o n and can 
e l iminate selected candidate i n s t a n t i a t i o n s before 
they are tested for v a l i d i t y . For example, i f 
the system is performing under a t i m e - c r i t i c a l 
cond i t i on , i t I s reasonable to immediately e l i m i 
nate candidate i n s t a n t i a t i o n s which would requ i re 
a great deal of some expensive processing ( e . g . , 
i n f e r e n c i n g ; see Section V I I I ) to enter the con
f l i c t set . 

V I I CONTROL STRATEGIES 

Most product ion systems use the same general 
con t ro l s t r u c t u r e ; t h i s i s the recognize/act 
cyc le . In goa l -d i rec ted systems, there is an 
a d d i t i o n a l issue which needs to be addressed. 
The system has a h ierarchy of goals which need to 
be achieved, and one must be chosen to be the 
focus of a t t e n t i o n on each cyc le . 

One of the most common search s t ra teg ies 
app l icab le here i s d e p t h - f i r s t search. In t h i s 
s t ra tegy , a goal i s pursued u n t i l i t i s achieved, 
o r , i f i t sprouts subgoals, u n t i l a l l o f i t s sub-
goals have been achieved. Another app l i cab le 
search s t ra tegy Is the b r e a d t h - f i r s t search, in 
which a l l of the subgoals of a p a r t i c u l a r goal 
are expanded one l e v e l before any deeper 
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expansion occurs. 

These types of search s t r a t eg i es are adequate 
fo r some a p p l i c a t i o n s . They do, however, have a 
basic inherent f l aw : both of these b l i n d search 
s t r a t e g i e s are unresponsive to changes in the 
system environment and a r e , t h e r e f o r e , unable to 
take i n to account the p a r t i c u l a r c h a r a c t e r i s t i c s 
of the problem being so lved. 

This f law is an important one when we are 
concerned w i t h system e f f i c i e n c y . As a simple 
example, consider the s i t u a t i o n in which a system 
has two methods ava i l ab le to achieve a p a r t i c u l a r 
goa l , each of which involves the achievement of a 
d i f f e r e n t subgoal. The system may no t , however, 
have enough in fo rmat ion ava i l ab le to be able to 
se lec t the more e f f i c i e n t method in t h i s p a r t i c u 
l a r case. Using a b l i n d d e p t h - f i r s t search 
s t r a t e g y , the system may waste la rge amounts of 
some scarce system resource ( f o r example, CPU 
t ime) pursuing one goal when pursuing the other 
would have led to an immediate s o l u t i o n . 

This problem is c lose ly re la ted to those we 
have i d e n t i f i e d dur ing the ana lys is of c o n f l i c t 
r e s o l u t i o n . Thus, i t seems appropr ia te here to 
apply techniques which are t r a d i t i o n a l l y reserved 
fo r c o n f l i c t r e s o l u t i o n : the use of se lec t i on and 
e l i m i n a t i o n s t r a t e g i e s . We can make use of system 
performance s t a t i s t i c s to produce a more e f f e c t i v e 
search of the goal h ie ra rchy , thereby a l l ow ing 
system resources to be app l ied in the d i r e c t i o n s 
where they w i l l most l i k e l y produce des i rab le 
r e s u l t s . 

For example, in order to solve the problem 
discussed above, an e l i m i n a t i o n s t ra tegy can be 
used which ru les out the pu rsu i t of goals which 
have consumed more than a spec i f i ed amount of a 
g iven system resource. A l t e r n a t i v e l y , a se lec 
t i o n s t ra tegy may be used which pursues those 
branches of the goal t ree which have produced the 
la rges t amount of new in fo rmat ion f o r each u n i t 
of some selected resource. S i m i l a r l y , these con
t r o l s t r a teg ies can be used to prevent the pursu i t 
of goals which have f a i l e d under s i m i l a r c i rcum
stances in the pas t , and to prevent i n f i n i t e 
recu rs ion . 

Cont ro l s t r a teg ies work w e l l in con junc t ion 
w i t h the e x p l i c i t l y represented goal h ie ra rchy . 
For example, the goal h ierarchy may conta in an 
e x p l i c i t OR branch; that i s , in order to achieve 
a goa l , we can e i t h e r achieve one set of subgoals 
or a second set of subgoals. This represents a 
s i t u a t i o n in which there are m u l t i p l e poss ib le 
s o l u t i o n paths. The system can begin to pursue 
one s o l u t i o n path and then dec ide, through the 
use of a c o n t r o l s t ra tegy which monitors depth of 
subgoal expansion, that it might be more advan
tageous to swi tch to an a l t e r n a t e s o l u t i o n path. 
The r e s u l t i n g c o n t r o l s t r u c t u r e is one which is 
capable of recover ing from s i t u a t i o n s which human 
experts would be able to a v o i d , yet which could 
not be handled using more t r a d i t i o n a l product ion 
system a r c h i t e c t u r e s . 

Another problem which is d i r e c t l y re la ted to 
memory management is the need fo r in fe rence . This 
need can be demonstrated qu i te e a s i l y . Suppose 
some pa t te rn in the c o n d i t i o n a l po r t i on of a pro
duc t ion does not match. There are at leas t two 
reasons why t h i s may occur: 

1. The data i tem being tested fo r represents 
a p ropos i t i on which is f a l se in the current 
contex t . 

2. The p ropos i t i on is t rue in the given 
con tex t , but is not e x p l i c i t l y represented in 
working memory. 

In the l a t t e r s i t u a t i o n , we may be able to 
i n f e r the t r u t h of the desired data element from 
other data items which are e x p l i c i t l y represented. 
In t h i s case, an i n t e r p r e t e r which does not permit 
i n fe renc ing w i l l d i sa l l ow the execut ion of what 
we would l i k e to be a v a l i d product ion 
i n s t a n t i a t i o n . 

Many knowledge representa t ion schemes pro
vide automatic i n fe renc ing c a p a b i l i t i e s ( e . g . 
Genesereth, Gre iner , & Smith, 1980). In these 
schemes, i n fe renc ing is performed at the time the 
data base is quer ied. In ference mechanisms such 
as these usua l ly requ i re the representa t ion of 
some form of meta- leve l knowledge. These schemes, 
however, are not c u r r e n t l y app l i cab le in the pro
duct ion system scenar io . This is mainly due to 
the fac t that we can take advantage of p roper t ies 
such as temporal redundancy only for data items 
which are e x p l i c i t l y represented in memory. 

For t h i s reason, i n fe renc ing in the produc
t i o n system scenario is an expensive opera t ion . 
One method for increas ing i t s e f f i c i e n c y is to 
incorpora te the f o l l o w i n g i n t o the in ference 
scheme: 

1. The i n d i v i d u a l pa t te rns on which I n f e r 
encing is permi t ted should be tagged. This 
ensures that i n fe renc ing is permi t ted only on 
those clauses for which i t is des i rab le . 

2. I n fe renc ing is performed only when the 
appropr ia te data elements requ i red fo r the 
i n s t a n t i a t i o n of a chosen product ion are not 
e x p l i c i t l y represented in memory. Furthermore, 
t h i s i n fe renc ing i s delayed u n t i l i n s t a n t i a t i o n 
time and is only executed fo r i n s t a n t i a t i o n s which 
have passed the me ta - con f l i c t r e s o l u t i o n process. 

Under t h i s scheme, we can associate a cost 
w i t h any given in ference mechanism, and p o t e n t i a l 
i n s t a n t i a t i o n s which would requ i re extensive 
c a l c u l a t i o n s dur ing the tes t fo r v a l i d i t y can be 
e l im ina ted by m e t a - c o n f l i c t r e s o l u t i o n s t r a t e g i e s . 

F i n a l l y , i t has been shown that the in ference 
procedures requ i red to der ive new data elements 
are not uni form over a l l data types ( e . g . , Fox, 
1979). Thus, i t is des i rab le fo r the user to be 
permi t ted to def ine ex te rna l in ference rou t ines 
and to i nd i ca te which types of data element these 
procedures are designed f o r . 

V I I I INFERENCE Combining these ideas r e s u l t s in a simple 
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in ference scheme which provides many of the 
advantages of automatic in fe renc ing mechanisms 
wi thout imposing an unnecessary s t r a i n on system 
resources. 

IX CONCLUDING REMARKS 

The research which has been described in t h i s 
paper has i d e n t i f i e d some of the problems which 
w i l l be faced by the designers of f u tu re expert 
systems. I t has a lso suggested several design 
cons t ra in t s to be considered in product ion system 
a rch i t ec tu res designed to handle these new expert 
systems. 

These considerat ions have led to the design 
of a new product ion system a rch i t ec tu re known as 
HAPS, the H i e r a r c h i c a l , A.ugmentablc Product ion 
syystem a r c h i t e c t u r e . HAPS is a goa l -d i rec ted 
system, which al lows both h i e r a r c h i c a l leve ls of 
working memory and the dynamic cons t ruc t ion of 
product ion h ie ra rch ies . In a d d i t i o n , HAPS pro
vides predef ined g loba l memory types designed to 
f a c i l i t a t e the implementation of large expert 
systems in rea l - t ime s i t u a t i o n s . 

The system also provides modular, modi f iab le 
sets of con t ro l s t ra teg ies and c o n f l i c t r eso lu t i on 
s t ra teg ies which make the system responsive to 
changes in i t s environment. These s t ra teg ies take 
i n t o account cost es t imates , h i s t o r y of system 
s t a t i s t i c s , and a v a i l a b i l i t y of scarce system 
resources in order to guide the problem so lv ing 
process more e f f e c t i v e l y . 

User-declared Inference procedures are also 
handled, and cost est imates of operat ions per
formed at I n s t a n t i a t i o n time can be included in 
me ta - con f l i c t r e s o l u t i o n s t r a t e g i e s . 

F i n a l l y , the system is equipped w i th a 
soph is t i ca ted product ion compiler designed to 
increase the o v e r a l l l e v e l of system e f f i c i e n c y . 
It Is hoped that systems such as HAPS w i l l g rea t l y 
f a c i l i t a t e the b u i l d i n g of the types of expert 
systems which can be expected in the near f u t u r e . 
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