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Abstract 

Many of the tasks that go i n t o the b u i l d i n g 
of an expert system — c o l l e c t i n g the expert 
knowledge, s e t t i n g i t up fo r e f f i c i e n t 
p rob lem-so lv ing , p rov id ing mechanisms for 
a c q u i s i t i o n and explanat ion — are s t ruc tu red by 
the choice of o rgan iza t ion fo r the system's 
knowledge base. This paper discusses one such 
o rgan iza t ion and the implementation approach i t 
e n t a i l s . This approach has been used to produce 
a business consul tant program. 

I n t roduc t i on 

Re c e n t l y , a considerable amount of research 
has been d i rec ted toward the development of 
programs which provide problem-solv ing exper t ise 
to the user ([Brown, et_ a l . 1 , [Buchanan, et a l . ] , 
[Dav i s ] , [ H a r t ] , [ M a r t i n ] , [Pop le ] , [Rubin] , 
[ S h o r t l i f f e ] , [Sussman]). The methods fo r 
b u i l d i n g these programs d i f f e r mainly in the way 
they t rade o f f the ease w i t h which knowledge can 
be acquired and explained against the e f f i c i e n c y 
w i th which it can be used to solve problems. The 
approach taken here explores a d i f f e r e n t 
t r a d e - o f f : concent ra t ing on a representat ion for 
the expert knowledge which is at the same time 
easy to b u i l d and e f f i c i e n t to run , at the cost of 
inc reas ing the complexity of the process which 
appl ies t h i s expert knowledge to any p a r t i c u l a r 
problem. 

A l l approaches to b u i l d i n g expert systems are 
e s s e n t i a l l y mechanisms fo r apply ing general 
knowledge about a class of problems to spec i f i c 
examples of that c l ass . In e x i s t i n g systems, 
p a r t i c u l a r i z a t i o n of knowledge is par t of 
p rob lem-so lv ing . For example, in rule-based 
systems ( [ D a v i s ] , [ S h o r t l i f f e ] ) , the process of 
dec id ing whether an expert ru le is app l icab le to a 
problem is pa r t of the process which uses that 
ru le to help solve the problem. When some s ta te 
of knowledge about the problem matches the pa t te rn 
of a r u l e , the ru le Is au tomat ica l l y app l ied . 
This creates a new s ta te which w i l l be used fo r 
f u r t h e r r u l e a p p l i c a t i o n — a process which 
cont inues u n t i l a desired so lu t i on s ta te is 
reached. Note tha t t h i s method requires that the 
same knowledge representa t ion be good fo r so lv ing 
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problems and fo r enabl ing the program to see when 
knowledge is app l i cab le . Frame systems [Rubin] 
have a s i m i l a r proper ty . 

In the approach presented here, app l i ca t i on 
of knowledge is separated from prob lem-so lv ing. 
Knowledge representat ions and the problem-solv ing 
procedures which use them are t a i l o r e d 
s p e c i f i c a l l y to so lv ing problems in the domain of 
i n t e r e s t . This al lows them to be easy to b u i l d 
and e x p l a i n , because the exper t ' s concepts and 
procedures can r e t a i n t h e i r rea l wor ld 
i n t e r r e l a t i o n s h i p w i t h i n the program. At the same 
t ime, t h i s problem-solv ing knowledge can be 
e f f i c i e n t to use because the system b u i l d e r can 
take advantage of a lgor i thms which are 
s p e c i f i c a l l y designed fo r those 
i n t e r r e l a t i o n s h i p s . A l l o f t h i s i s a t the cost o f 
p rov id ing a separate, r e l a t i v e l y soph is t i ca ted 
procedure to f i nd a mapping between the 
spec ia l ized expert problem-solv ing knowledge 
s t ruc tures and the (presumably very d i f f e r e n t ) 
input problem s t ruc tu res . 

This approach has been used to Implement an 
expert system which uses a cause-ef fect f low model 
of the f i rm ( [ F o r r e s t e r ] , [Gorry]) to solve work 
force con t ro l problems presented as one page 
business cases [Mark] , 

D e f i n i t i o n o f Reformulat ion 

The basis of the re formula t ion approach is 
the fo l l ow ing model of expe r t i se : 

Figure 1. The re formulat ion mode] of exper t ise 
The expert knowledge is in the form of a 

se l f -con ta ined and se l f - cons i s t en t model of a 
class of problems (and so lu t i on methods) in the 
domain of i n t e r e s t . The c l i e n t describes problems 
in "na ive " terms — i . e . , in a form that is 
c e r t a i n l y not based on, and in fac t may vary 
widely f rom, the exper t ' s formalism fo r desc r ib ing 
things in the domain. The exper t ' s task is to 
understand what the c l i e n t is saying in terms of 
the se l f - con ta i ned , s e l f - c o n s i s t e n t model: to 
reformulate the naive desc r ip t i on i n t o something 
which can be handled by the expert prob lem-solv ing 
methods of the model. That i s , the expert creates 
a modelled vers ion of the input d e s c r i p t i o n which 
preserves the spec ia l representa t ion and 
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consistency of the general expert model, but which 
is p a r t i c u l a r i z e d to the problem at hand. The 
expe r t ' s spec ia l i zed problem-solv ing procedures, 
which take advantage of that representa t ion and 
that cons is tency, can then be used on the modelled 
vers ion in order to solve the c l i e n t ' s problem. 

As an example of t h i s process, consider the 
case of a business consul tant who views the f i r m 
as an in te rconnec t ion of regulated f lows (of 
goods, personnel , money, e t c . ) . The consul tant 
solves problems by (1) diagnosing the c l i e n t ' s 
complaints as being caused by one or more of the 
var ious k inds of f low problems he or she knows 
about, and (2) suggesting changes in the 
r e g u l a t i o n o f c e r t a i n f lows in order to amel iorate 
these problems (see [For res te r ] and [Corry] f o r 
examples of t h i s basic approach). Thus, the 
consul tant reformulates the business s i t u a t i o n 
i n t o a modelled vers ion which is in terms of the 
f low model so that f low-based d iagnost ic and 
s o l u t i o n procedures can be used. However, the 
modelled vers ion also incorporates a l l o f the 
essen t i a l c h a r a c t e r i s t i c s o f the c l i e n t ' s f i r m so 
tha t the diagnosis and so l u t i on make sense fo r 
tha t f i r m . 

Reformulat ion, then, 
cons t ruc t ing the mapping 
naive problem desc r ip t i on 
expe r t ' s knowledge. 

is the process of 
between the c l i e n t ' s 

and the spec ia l i zed 

Reformulat ion as an Implementation Methodology 

The importance of the re fo rmu la t ion model 
shown in Figure 1 is that it can be used to def ine 
a basic method fo r o rgan iz ing expert knowledge in 
programs: 

expert need only be concerned w i t h the 
c h a r a c t e r i s t i c s of h is expert knowledge, not 
w i t h the c h a r a c t e r i s t i c s of the system which 
w i l l apply that knowledge. 

(2) A l l of the program's knowledge about a concept 
is s tored w i t h that concept and nowhere e l s e . 
The fac t that (HIRE) is an ac t i on which 
operates on (PEOPLE) according to a c e r t a i n 
p o l i c y is found under the concept (HIRE) — 
never as par t of some problem-solv ing 
procedure tha t "knows about" (HIRE). 
Moreover, a l l o f the p o l i c i e s that the program 
knows about fo r c o n t r o l l i n g h i r i n g are found 
under (HIRE). 

(3) Problem-solv ing procedures are constructed so 
as to use the given s t ruc tu res e f f i c i e n t l y . 
For example, the business consul tant program 
contains spec ia l i zed procedures f o r t r ac i ng 
cause-ef fect r e l a t i onsh ips through f low 
s t ruc tu res represented as in ( C I ) . The 
database program could have a spec ia l i zed 
procedure f o r determining the best access path 
to objects described as in (C2). 

(1) The concept s t ruc tu res of the expert knowledge 
base are chosen w i t h reference only to the 
d i c ta tes of the expert model. For example, 
f o r the cause-ef fect f low models of the 
business consu l tan t , the concept s t ruc tu res 
look l i k e 

(CI) (DETERMTNED-BY (EMPLOYEES) 
(INFLUX (ACT-ON (PEOPLE) 

(HIRE))) 
(OUTFLUX (ACT-ON (EMPLOYES) 

(F IRE) ) ) ) , 

i . e . , " the number of employes is determined by 
the number of new h i res coming in and 
ex-employes going o u t , " In a database system 
a poss ib le concept s t ruc tu re would be 

(C2) (ACCESS PROJECT 
(CHARACTERISTICS (6] 

(JOB-NUMBER) 
(JOB-TYPE)) 

(OPTIONAL-CHARACTERISTICS 
(DATE-SPECIFICATION))), 

i . e . , " in order to find a par t icular project , 
i t s job number and type must be specif ied, and 
some date information may be specif ied". The 
point is that in choosing structures, the 
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Knowledge about how a given expert concept 
s t r uc tu re appl ies to a p a r t i c u l a r problem is 
not s tored w i t h the s t r u c t u r e . A l l decis ions 
about how to apply a given piece of expert 
knowledge are made by the map cons t ruc t ion 
process; e . g . , the choice of a s p e c i f i c h i r i n g 
p o l i c y to model (HIRE) in a p a r t i c u l a r f i r m , 
or the dec is ion not to model (HIRE) at a l l , 
are the r e s p o n s i b i l i t y of the map cons t ruc t ion 
process. 

For the purposes of map cons t r uc t i on , expert 
concept s t ruc tu res are considered to be 
pat te rns which must be matched w i t h input 
s t r u c t u r e s . The mapping procedure i t s e l f 
cons is ts of t ransformat ions which may be 
appl ied to these pa t te rns to produce new 
pat te rns which are c loser in form to the input 
s t r uc tu re under cons iderat ion (see Figure 3 ) . 
One k ind of t ransformat ion al lows the 
s u b s t i t u t i o n of more s p e c i f i c pa t te rns f o r 
more general ones. The program would use t h i s 
k ind of t rans format ion to change the (HIRE) 
concept in (CI) i n t o a pa t t e rn which could 
match a p a r t i c u l a r f i r m ' s h i r i n g p o l i c y . 
Another k ind of t ransformat ion can be used to 
de le te the (HIRE) concept — and the concepts 
tha t depend on i t — from (CI) to r e f l e c t the 
fac t tha t no match is expected at a l l in a 
p a r t i c u l a r problem. The kinds of pa t te rn 
t ransformat ions ava i l ab le to the program are 
l i s t e d and discussed below. 

The procedure which decides when and where to 
apply these transformations is controlled by 
( in a sense, parameterized by) information 
derived from the patterns that have already 
been successfully transformed and matched to 
input structures. These matched patterns are 
contained in the modelled version of the 
problem at hand (see Figure 2 . ) . For example, . 
(see Figures 2 and 3 ) , the fact that (CI) has 
been expanded to model a part icular h i r ing 
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p o l i c y which separates employes i n t o SALARIED 
and UNION w i l l be not iced by the se lec t ion 
procedure and used to a id the choice of v iab le 
t ransformat ions l a t e r in the problem. 
S p e c i f i c a l l y , as the model l ing e f f o r t 
cont inues — and where tha t much d e t a i l is 
necessary — only t ransformat ions which 
preserve the d i s t i n c t i o n between SALARIED and 
UNION w i l l be a l lowed. Deciding how de ta i l ed 
a p a t t e r n to present at given po in t is also 
par t o f the t ransformat ion se lec t ion 
mechanism, as we w i l l see l a t e r . 

Figure 2. Reformulation as implementation 
In summary, a re fo rmu la t ion system works by 

mapping input problem descr ip t ions i n t o the 
concepts of i t s expert model. I t does t h i s v i a a 
k ind of pat tern-matching in which the expert 
concept s t r u c t u r e s , viewed as pa t te rns , are put 
through a ser ies of t ransformat ions in order to 
make them c loser to the input forms. The 
p a r t i c u l a r t ransformat ions and the pat terns to 
which they are appl ied are chosen by a se lec t ion 
procedure which is parameterized by in format ion 
drawn from already matched p a t t e r n s . 

Advantages of t h i s Approach 

Before going i n t o the d e t a i l s of how t h i s 
methodology works, I w i l l discuss i t s advantages 
as an approach to b u i l d i n g expert systems. F i r s t 
of a l l , no t i ce tha t the system's mode of operat ion 
i s to t r y to make every th ing i t i s given i n t o 
something tha t can be handled by i t s p a r t i c u l a r 
expert model. Although t h i s may seem a l i t t l e 
severe, i t is r e a l l y j u s t an acceptance of 
r e a l i t y , and perhaps an advantage. In the 
foreseeable f u t u r e , expert systems w i l l only be 
able to do a few t h i n g s , w i l l know r e l a t i v e l y 
l i t t l e about r e l a t i v e l y r e s t r i c t e d domains. I f 
the system cannot map an input problem (a request 
to a database system, a business consu l t ing 
s i t u a t i o n ) i n t o one of the th ings I t knows about, 
i t w i l l have to give up on the problem. 
Therefore, i t i s reasonable to construct systems 
which work by t r y i n g to channel a l l input i n t o the 
few th ings they know how to do. 

This is the r e a l i t y — the advantage is that 
t h i s a l lows the system to always work from i t s 
knowledge base of comparat ively few, wel l - formed 
expert concept s t r u c t u r e s . Only t ransformat ions 
which o r i g i n a t e from these s t ruc tu res can 
c o n s t i t u t e l e g a l mappings. In the w e l l - s t r u c t u r e d 
models assumed here , concepts w i l l be b a s i c a l l y 
canon ica l : they w i l l not overlap unnecessar i ly . 
The poss ib le ways to manipulate concept s t ruc tu res 
which r e s u l t in new l e g a l concept s t ruc tu res w i l l 
be few and w e l l understood. Thus, at any po in t in 
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the mapping e f f o r t , the t ransformat ion se lec t i on 
procedure w i l l have a very r e s t r i c t e d set of root 
s t ruc tu res from which to begin t rans format ion 
chains. Since r e l a t i v e l y few t ransformat ions 
r esu l t in new lega l s t r u c t u r e s , the set of 
poss ib le t ransformat ions at any given time w i l l 
a lso be r e s t r i c t e d . Furthermore, the system does 
not depend on the na tu ra l parsimony of the model; 
i t provides i t s own r e s t r i c t i o n mechanism based on 
in format ion gathered from the mapping e f f o r t so 
f a r . 

This r e s t r i c t i o n mechanism is a key feature 
of the re fo rmula t ion approach. I t is used to make 
pat tern-matching e f f i c i e n t . Remember tha t in t h i s 
approach pat terns are equated w i t h concept 
s t r u c t u r e s , not w i th subgoals as in other systems. 
At each stage in the pa t te rn t ransformat ion 
se r i es , the program can look at the concept 
s t ruc tu res i t has already matched in order to see 
what features of the problem r e s t r i c t the choice 
of t ransformat ions that can be app l i ed . We w i l l 
see how t h i s r e s t r i c t i o n mechanism works in the 
next sec t i on . T mention it now because it is an 
advantage of the approach: it provides a mechanism 
fo r using search l i m i t i n g cons t ra in ts at each 
stage of the pat tern-matching process. This is 
qu i te d i s t i n c t from approaches used in other 
expert systems, which r e l y on extensive search or 
soph is t i ca ted f a i l u r e backup schemes in t h e i r 
pat tern-matching e f f o r t . In r e fo rmu la t i on , low 
y i e l d searching is g rea t ly reduced; backup is 
l i m i t e d to rare garden-path s i t u a t i o n s (see 
[Mark ] ) . 

Another advantage of the re fo rmu la t ion 
approach is that the in fo rmat ion attached to each 
concept s t ruc tu re l oca l i zes a l l o f the system's 
knowledge that is re levant to tha t s t r u c t u r e . 
This at tached knowledge is not c l u t t e r e d w i t h 
con t ro l s t r uc tu re i n fo rma t i on . Therefore, the 
only way in which two concept s t ruc tu res can be 
interdependent is i f one mentions the other at top 
l e v e l . For example, in (CI) we can see tha t the 
concept (EMPLOYES) depends on the INFLUX and 
OUTFLUX s t ruc tu res in a way def ined by 
DETERMINED-BY. We can be conf ident tha t no other 
interdependency in format ion is hidden away in a 
separate procedure or under some other unmentioned 
concept. 

F i n a l l y , the con t ro l mechanism of steps (5) 
and (6) above al lows the system to deal w i t h a 
number of issues which a r i se whenever a r e a l i s t i c 
amount of expert knowledge must be app l ied to a 
problem. For any given problem, on ly pa r t s of the 
expert knowledge base w i l l be r e l e v a n t . 
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F u r t h e r m o r e , i n many domains t h e l e v e l o f d e t a i l 
a t w h i c h t h e s e p a r t s a r e r e l e v a n t w i l l v a r y f r o m 
p r o b l e m t o p r o b l e m . For e x a m p l e , i n t h e b u s i n e s s 
c o n s u l t a n t s y s t e m , t h e l a b o r s e c t o r o f t h e f i r m i s 
u s u a l l y m o d e l l e d i n d e t a i l , w h i l e t h e p r o d u c t i o n 
s e c t o r i s m e r e l y s k e t c h e d . However , i f d e t a i l s o f 
t he p r o d u c t i o n p r o c e s s ( q u a l i t y c o n t r o l p r o b l e m s , 
s e a s o n a l i t y , e t c . ) d i r e c t l y d i r e c t l y a f f e c t l a b o r 
needs i n a p a r t i c u l a r p r o b l e m , t h e p r o d u c t i o n 
s e c t o r must be m o d e l l e d much more t h o r o u g h l y . 

The p r o b l e m d e s c r i p t i o n a l o n e cannot 
d e t e r m i n e wha t t h e e x p e r t s h o u l d m o d e l : some p a r t s 
o f t h e c l i e n t ' s r e c i t a l may b e i r r e l e v a n t t o what 
t h e e x p e r t needs t o know. The e x p e r t p rog ram m i s t 
t h e r e f o r e s i f t t h r o u g h t h e i n p u t t o f i n d t h e 
t h i n g s i t n e e d s . i t must ask t he c l i e n t q u e s t i o n s 
abou t t h i n g s i t needs b u t canno t f i n d . 

I n t h e r e f o r m u l a t i o n a p p r o a c h , t h e mapp ing 
mechanism can be used to s t r i k e a b a l a n c e between 
what t h e p r o g r a m wants t o know and what t h e c l i e n t 
i s t r y i n g t o t e l l i t . O n t h e one h a n d , each 
mapp ing i s f i r m l y r o o t e d i n t h e e x p e r t m o d e l , 
s i n c e i t must c o n s i s t o f a c h a i n o f 
t r a n s f o r m a t i o n s w h i c h b e g i n s w i t h a n o r i g i n a l 
e x p e r t concep t s t r u c t u r e . O n t h e o t h e r h a n d , t h e 
mapp ing mechanism i s s p e c i a l i z e d t o each 
i n d i v i d u a l p r o b l e m , because t h e t r a n s f o r m a t i o n 
s e l e c t i o n p r o c e d u r e i s c o n t r o l l e d b y i n f o r m a t i o n 
t a k e n f r o m t h e p r o g r a m ' s c u r r e n t model o f t h a t 
p r o b l e m (see F i g u r e 3 ) . 

To a c h i e v e t h i s b a l a n c e , t he mapp ing 
mechanism i s used i n t h e f o l l o w i n g way on each 
p r o b l e m : 

(1 ) The c l i e n t ' s b a s i c symptom i s d e f i n e d b y 
m a t c h i n g a symptom p a t t e r n i n t h e m o d e l . 
E . g . , i n p u t o f t h e f o r m "The Domin ion Co. 
o f t e n h i r e s o r l a y s o f f w o r k f o r c e . . . " maps 
i n t o t h e symptom. 

p a r t s e l e c t e d i n (2 ) w i t h a d e f a u l t l e v e l w h i c h 
can b e a l t e r e d b y i n f o r m a t i o n f r o m ( 3 ) . 

The n e x t s e c t i o n d e s c r i b e s i n more d e t a i l t h e 
way i n w h i c h t h e mapp ing mechanism e f f e c t s t h i s 
sys tem b e h a v i o r . T n p a r t i c u l a r , i t d i s c u s s e s t h e 
k i n d s o f t r a n s f o r m a t i o n s t h a t can b e a p p l i e d t o 
e x p e r t p a t t e r n s and t h e k i n d s o f f eedback 
i n f o r m a t i o n t h a t can b e used t o choose t h e s e 
t r a n s f o r m a t i o n s • 

D e t a i l s o f t h e Map C o n s t r u c t i o n P rocess 

Concept s t r u c t u r e s , o r p a t t e r n s , a r e made up 
o f two k i n d s o f e l e m e n t s : c o n c e p t s , l i k e (PEOPLE) 
o r (JOB-NUMBER), and f u n c t i o n a l c o n c e p t s , l i k e 
DETERMINED-BY, INFLUX, OUTFLUX, and ACT-ON in 

( C I ) , and ACCESS, CHARACTERISTICS, and 
OPTTONAL-CHARACTERTSTTCS in ( C 2 ) . A concep t i s 
a n y t h i n g t h a t t h e e x p e r t chooses to name as a 
c o h e r e n t l y d e s c r i b a b l e e n t i t y . A f u n c t i o n a l 
concep t g roups c o n c e p t s to convey a s p e c i a l 
mean ing t o t h e e x p e r t model ( l i k e a f l o w o r a n 
access s p e c i f i c a t i o n ) . F u n c t i o n a l c o n c e p t s a re 
n o t matched a g a i n s t t h e i n p u t . They d o n o t 
r e p r e s e n t t h e e x p e r t ' s p o i n t o f v i e w o f s o m e t h i n g 
t h e c l i e n t m i g h t s a y , b u t r a t h e r a n i n t e r n a l v i e w 
o f how c o n c e p t s a r e s t r u c t u r e d . There i s n o 
r e s t r i c t i o n o n concep t s o r f u n c t i o n a l c o n c e p t s 
( e x c e p t t h a t t hey must b e i d e n t i f i e d a s s u c h ) , 
s i n c e t h e i n t e n t i s t h a t t h e y b e chosen t o b e 
c o n v e n i e n t f o r t h e concep t s t r u c t u r e s o f any g i v e n 
e x p e r t m o d e l . 

The t r a n s f o r m a t i o n s t h a t can b e a p p l i e d t o 
p a t t e r n s r e p r e s e n t e d i n t h i s f o r m a r e : 

s t r u c t u r a l t r a n s f o r m a t i o n s : P a t t e r n s can b e 
r e a r r a n g e d a c c o r d i n g t o r u l e s a t t a c h e d t o 
f u n c t i o n a l c o n c e p t s . T h i s u s u a l l y means t h a t 
a new f u n c t i o n a l concep t w i l l be i n v o l v e d . E . 

(C3) (STATE-OF (NUMBER-OF WORKFORCE)) 
(FLUCTUATING)). 

(2) That symptom is used to se lec t those par ts of 
the expert model which are re levant to the 
s o l u t i o n o f the c l i e n t ' s problem. E .g . , 
symptom (C3) is attached to a par t of the 
+model which deals w i t h damping problems in 
workforce f l ows . When (C3) is matched, that 
par t w i l l be selected as r e l evan t . 

(3) Feedback from the modelled vers ion of the 
problem is used to see how those re levant 
par ts should be appl ied to the p a r t i c u l a r 
problem at hand. E. g . , the fac t tha t the 
Dominion Co. 's h i r i n g p o l i c y contains no long 
delays would r e s t r i c t the class of damping 
problems that are poss ib le in t h i s f i r m . 

The idea is to express d i f f e r e n t po in ts of 
view of the same set of concepts: sometimes it 
is important to know tha t a_, b̂ , and _c_ are par t 
of the same f l ow , and sometimes it i6 
important to know that a_ is determined by b^ 
and c_; sometimes the system only needs to know 
tha t the user has seen e_, £_, and £, and other 
times it must know the exact d isp lay format . 

Note tha t (1) uses the problem desc r i p t i on 
and the expert model to def ine the expe r t ' s view 
of the problem, (2) makes sure tha t a l l 
t ransformat ions must be rooted in the expe r t ' s 
idea of what is r e l evan t , and (3) uses the 
c l i e n t ' s desc r i p t i on to ensure tha t the model is 
c o r r e c t l y p a r t i c u l a r i z e d to the problem. Level o f 
d e t a i l cons iderat ions are handled by s t a r t i n g each 
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e labo ra t i ons : Sub-patterns ( i nc l ud ing i n d i v i 
dual concepts) can be subs t i t u t ed f o r concepts 
w i t h i n a p a t t e r n . E .g . , a p a r t i c u l a r h i r i n g 
p o l i c y can be subs t i t u t ed f o r (HIRE) in ( C I ) ; 

((MONTH-NAME x)(DAY-NUMBER y)(FOUR-DIGIT-YEAR z) ) 
can be subs t i t u t ed fo r (DATE-SPECIFICATIONS) 
i n (C2). 



d e l e t i o n s : Sub-patterns can be removed from 
the pa t t e rn according to ru les attached to 
f u n c t i o n a l concepts. E .g . , 

(OUTFLUX (ACT-ON (EMPLOYES) 
(FIRE))) 

can be deleted from (CI) if necessary because 
DETERMINEIVBY is s t i l l wel l - formed w i t h only 
one argument. 

i n s t a n t i a t i o n s ; C l i e n t - l e v e l descr ip tors can 
be subs t i t u t ed f o r concepts or sub-pat terns. 
This corresponds to pat tern-matching in the 
usual sense. E .g . , " f i r e " , "d ismiss" , 
" l a y - o f f " , e t c . may be matched w i t h (FIRE); a 
c e r t a i n demain of In tegers can be matched w i t h 
(JOB-NUMBER). 

These poss ib le t ransformat ions make up the 
kinds of knowledge which can be attached to 
concept s t r u c t u r e s . In the case of a concept, 
attached knowledge consis ts of the possible 
e labora t ions fo r tha t concept ( l i k e the h i r i n g 
p o l i c i e s under (HIRE)) and poss ib ly a ma tch - l i s t 
of the poss ib le user descr ip to rs that the concept 
can be associated w i t h ( " h i r e " , "employ", " take 
o n " ) . For a f u n c t i o n a l concept, t h i s knowledge 
cons is ts of s t r u c t u r a l t ransformat ion ru les and 
ru les d e f i n i n g sub-s t ruc tures tha t can be deleted 
(and s t i l l a l low the p a t t e r n , I . e . , concept 
s t r u c t u r e , to make sense). 

In a d d i t i o n , concepts can have a r b i t r a r y 
p roper t ies which can be accessed and used by the 
model's problem-solv ing procedures. The system 
bu i l de r can make the app l i ca t i on of any of these 
p roper t ies par t of the map cons t ruc t ion process by 
p rov id ing an e x p l i c i t property access func t ion as 
one of the f u n c t i o n a l concepts. In t h i s case, the 
value of the proper ty must be a v a l i d concept 
s t r u c t u r e . For example, (NAME-OF (EMPLOYE)) in a 
pa t te rn impl ies tha t the value of the EMPLOYE'S 
NAME proper ty can be subs t i t u ted fo r that 
cons t ruc t . A b u i l t - i n CLASS-MEMBERSHIP property 
is provided by the system f o r r e l a t i n g i nd i v i dua l 
concepts ( e . g . , (EMPLOYE) is a member of the 
(PEOPLE) c l a s s ) . CLASS-MEMBERSHIP in format ion is 
used by the map const ruc t ion process. 

I t Is important to understand that no 
a p p l i c a b i l i t y in format ion goes along w i th the 
knowledge attached to i n d i v i d u a l concepts. Yet i t 
is qu i te c lea r even from the few examples given 
here tha t some par t of the system must decide on 
a p p l i c a b i l i t y : a p a r t i c u l a r h i r i n g po l i c y i s not 
always a good model of (HIRE), " l a y - o f f " cannot 
always be subs t i t u ted fo r (FIRE), a DETERMINED-BY 
cannot always be changed I n t o a FLOW wi thout f a t a l 
loss of i n f o rma t i on . The choice of what to use 
when is made by the t ransformat ion se lec t ion 
procedure. 

The procedure i t s e l f is bas i ca l l y j u s t a 
general f unc t i on which knows how to look up 
t ransformat ions and apply them to a r b i t r a r y l i s t 
s t r u c t u r e s . The whole phi losophy of re fo rmu la t ion 
is to take advantage of as much in format ion as 
poss ib le in t h i s procedure to choose the r i g h t 
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t ransformat ion wi thout extensive t r i a l and e r r o r 
search. As I said e a r l i e r , the procedure r e l i e s 
on the s t ruc tu re of the model I t s e l f to represent 
what the expert needs to know to solve the 
problem. In a w e l l - s t r u c t u r e d model, s t rong 
expectat ions of what the expert needs to know 
const ra in the choice of poss ib le t ransformat ions 
to some ex ten t . However, the procedure must have 
add i t i ona l in format ion in order to narrow down the 
choice to what is appropr iate f o r the p a r t i c u l a r 
problem at hand. This in fo rmat ion is what is 
drawn from the pat terns that have already been 
matched. The in format ion is in the form of 
const ra in ts tha t can be d iv ided i n t o three 
ca tegor ies : 

(1) Constraints of the whole problem on the 
t ransformat ions that can be appl ied to each 
p a t t e r n ; 

(2) Constraints of a pa t te rn on the 
t ransformat ions tha t can be appl ied to the 
i n d i v i d u a l elements of that p a t t e r n ; 

(3) Constraints w i t h i n each pa t te rn element on the 
t ransformat ions that can be appl ied to i t . 

In the e x i s t i n g business consul tant program, 
the f i r s t category is compressed i n t o a s ing le 
piece of in format ion w i th a s ing le use. The piece 
of in fo rmat ion is the program's view of what the 
c l i e n t ' s symptom i s ; i t s only use Is to def ine 
the group of pat terns tha t are app l i cab le to that 
symptom. Thus, the mapping between the Dominion 
Co. case and the symptom concept (C3) represents 
the program's view of Dominion's symptom. The 
fac t tha t (C3) is attached to a group of pa t te rns 
which deal w i t h damping problems def ines that 
group of pat terns to be app l icab le to the Dominion 
case. 

Note that in the business consul tant program, 
the system does work to es tab l i sh a view of the 
symptom, i . e , , to construct the mapping to a 
symptom p a t t e r n . The program's view may even end 
up being ra ther d i f f e r e n t from the c l i e n t ' s own. 
In other problem areas, the expert system may not 
have such a strong model of symptoms. For 
example, in a database system, the c l i e n t ' s 
symptom corresponds to the o v e r a l l reason why the 
c l i e n t is using the system dur ing any p a r t i c u l a r 
session ( e . g . , " t o f i n d out I f there are any 
workload peaks", " t o see where our par ts inventory 
is go ing " ) . Here the system would probably not 
have the f a c i l i t y fo r deducing t h i s reason. The 
c l i e n t would have to provide t h i s in fo rmat ion (v ia 
a statement l i k e " I ' m t r y i n g to do x.") in order to 
make it a v a i l a b l e . The importance of t h i s symptom 
or statement o f i n t en t in fo rmat ion i s tha t I t 
provides a top l eve l r e s t r i c t i o n on the pa t te rns 
which have to be considered re l evan t . I t is 
espec ia l l y important because i t is used at a time 

the very beginning of the problem-solv ing 
e f f o r t — when none of the other problem-based 
cons t ra in t in fo rmat ion i s a v a i l a b l e . 

The second category, p a t t e r n - l e v e l 
c o n s t r a i n t s , is more i n t e r e s t i n g . These 
cons t ra in ts exer t pr imary in f luence over the 
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choice of p a t t e r n t ransformat ions and govern the 
" l e v e l of d e t a i l " mechanism. The form of the 
cons t ra i n t is j u s t the pa t t e rn as i t has been 
matched so f a r , i nc l ud ing any matched sub-pat terns 
tha t are a l ready in the modelled v e r s i o n . There 
are a lso a few spec ia l forms which w i l l be 
discussed in a minute. The cons t ra in ts are used 
by the r e s t r i c t i o n mechanism to govern the choice 
of t rans fo rmat ions . The r e s t r i c t i o n r u l e is 
simply s t a t e d : 

I f the cons t ra in t contains an element which is 
more r e s t r i c t i v e than the pa t t e rn element 
being t ransformed, only the e labora t ions and 
m a t c h - l i s t of t h i s more r e s t r i c t i v e element 
may be used as t rans fo rmat ions . 

The comparative r e s t r i c t i v e n e s s of any two 
concept s t ruc tu res can be determined on the 
f o l l o w i n g b a s i s : 

an i n s t a n t i a t i o n of a concept 
r e s t r i c t i v e than tha t concept, 

is more 

an e labora t ion of a concept is more 
r e s t r i c t i v e than tha t concept, 

A member of a c lass is more r e s t r i c t i v e than 
the c lass i t s e l f ((EMPLOYE) is more 
r e s t r i c t i v e than (PEOPLE)), 

. a p roper ty value is more r e s t r i c t i v e than the 
proper ty i t s e l f ((MARY) is more r e s t r i c t i v e 
than (NAME-OF (EMPLOYE))), 

a p roper ty is more r e s t r i c t i v e than the 
concept of which i t is a proper ty ((NAME-OF 
(EMPLOYE)) is more r e s t r i c t i v e than 
(EMPLOYE)), 

. a concept which is not r e l a t e d to another 
concept in one of the above ways is not more 
r e s t r i c t i v e than tha t concept. 

A l l o f t h i s e s s e n t i a l l y says that once i t has 
been determined how a concept maps i n t o the 
problem at hand, f u t u r e s t ruc tu res which r e f e r to 
tha t concept are r e s t r i c t e d to use the same 
mapping. These concept s t ruc tu res are then used 
to r e s t r i c t the other concept s t ruc tu res tha t 
r e fe r to them, and so on, u n t i l the model of that 
p a r t i c u l a r problem is complete. 

Note tha t an important s i d e - e f f e c t of t h i s 
way of proceeding is t h a t , as the mapping e f f o r t 
goes on, the choice of pa t te rn t ransformat ions be
comes more and more r e s t r i c t e d , and the matching 
e f f o r t becomes more and more e f f i c i e n t . 

A number of spec ia l mapping a c t i v i t i e s which 
g rea t l y enhance the model l ing c a p a b i l i t y of an 
expert system cannot be e a s i l y incorpora ted i n t o 
t h i s simple r e s t r i c t i o n mechanism. These 
a c t i v i t i e s are there fo re handled by another 
p a t t e r n - l e v e l cons t ra in t — the spec ia l form 
a l luded to e a r l i e r . The spec ia l mapping 
a c t i v i t i e s a r e : MODEL, which i n t e r r u p t s the 
mapping of the cur rent p a t t e r n and c a l l s the 
mapping procedure on a new pa t t e rn in an 

u n r e s t r i c t e d mode; SIMILAR, which compares the 
values of given p roper t ies of the cur ren t pa t t e rn 
w i t h those of another p a t t e r n ; and CONTRADICTORY, 
which is j u s t l i k e SIMILAR except tha t i t looks 
f o r given d i f fe rences between two p a t t e r n s . 

These are handled by the PURPOSE c o n s t r a i n t . 
A PURPOSE is j u s t an e labora t ion of the form 

(PURPOSE mode pa t t e rn ) 

which, when selected as a t r ans fo rma t i on , 
i n t e r r u p t s the map cons t ruc t ion procedure, handles 
the pa t te rn in the mode i n d i c a t e d , and then 
re turns con t ro l to the mapping process. 

An example of the use of MODEL ar ises in the 
mapping of (HIRE). I t is sometimes necessary to 
f i n d out the d e t a i l s of the product ion sector of 
the f i r m before choosing between c e r t a i n p o l i c y 
a l t e r n a t i v e s of (HIRE) in ( C I ) . 

(PURPOSE MODEL p roduc t ion -pa t te rn ) 

is there fore included as an e labora t i on of (HIRE), 
causing mapping of (HIRE) to stop u n t i l 
p roduc t ion -pa t te rn has been matched. 

The other two modes are e f f i c i e n c y dev ices. 
Sometimes i t is much easier to see i f the pa t t e rn 
under cons idera t ion is s i m i l a r (or con t rad i c to ry ) 
enough to an already matched pa t t e rn to obviate 
the need f o r a separate e f f o r t on tha t p a t t e r n . 
For e i t h e r SIMILAR or CONTRADICTORY, if the 
pa t te rn named in the PURPOSE has not already been 
matched, the PURPOSE is a no-op. 

This checking of p roper t ies f o r s i m i l a r i t y or 
c o n t r a d i c t i o n must be handled by spec ia l i zed 
procedures. Tt is not par t of the normal mapping 
process. In a more general sense, PURPOSE'S 
provide "hooks" f o r any expert prob lem-solv ing 
procedures which the system designer wishes to 
b u i l d i n t o the mapping process. For example, the 
business consul tant program contains an a d d i t i o n a l 
"SHOW-CAUSE" PURPOSE which provides spec ia l 
cause-ef fect t r a c i n g through f low p a t t e r n s . Such 
domain dependent e f f i c i e n c y devices can add to the 
e f fec t i veness of the mapping process w i thout 
impa i r ing the aesthet ics of the re fo rmu la t ion 
approach, since t h e i r I n t e r a c t i o n w i t h the basic 
process can only be through w e l l - d e f i n e d PURPOSE 
channels. 

Note tha t l e v e l o f d e t a i l cons idera t ions are 
handled by the i n t e r a c t i o n of the r e s t r i c t i o n 
mechanism and the MODEL PURPOSE. In the main, the 
l e v e l o f d e t a i l a t which an a r b i t r a r y p a t t e r n i s 
matched is determined by whether i t s elements or 
e labora t ions of i t s elements have al ready been 
matched. This is handled by the r e s t r i c t i o n 
mechanism, which propagates the l e v e l o f d e t a i l o f 
a l ready matched elements throughout a new p a t t e r n . 
I f , in the midst o f t h i s process, a p a t t e r n has to 
be mapped at a d i f f e r e n t l e v e l of d e t a i l , that 
p a t t e r n can be in t roduced by a MODEL PURPOSE, 
which removes the r e s t r i c t i o n s . 
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F i n a l l y , the e lement - leve l cons t ra in ts on 
pa t t e rn t rans fo rmat ion are expressed in terms of 
the CLASS-MEMBERSHIP proper ty discussed e a r l i e r . 
If element A has a CLASS-MEMBERSHIP proper ty w i t h 
value B, the poss ib le i n s t a n t i a t i o n s of A are 
r e s t r i c t e d by an e x i s t i n g mapping of B. (Remember 
tha t B must also be a v a l i d concept s t r u c t u r e . ) 
Usua l l y , B is simply another concept; e . g . , 
(PEOPLE) is the value of the CLASS-MEMBERSHIP 
proper ty of (EMPLOYE). But it may be more 
complex, as in a value l i k e (INTEGER (MIN-VALUE) 
(MAX-VALUE)), an imp l ied form of m a t c h - l i s t . In 
e i t h e r case, the choice of an i n s t a n t i a t i o n 
t rans fo rmat ion f o r the pa t te rn element A is 
r e s t r i c t e d in the usual way by the e x i s t i n g match 
( i f any) of concept s t ruc tu re B. Thus, i f 
(PEOPLE) has already been matched to (MEMBER-OF 
(FRED MARY JOHN)), (EMPLOYE) can only match FRED, 
MARY or JOHN. If (MIN-VALUE) in the 
CLASS-MEMBERSHIP proper ty above has been found to 
be 7, the number to which tha t proper ty is 
at tached must be at leas t 7. 

Conclusions 

The re fo rmu la t i on methodology descr ibed here 
is proposed as an a l t e rna te approach to organiz ing 
expert knowledge. Tt o f f e r s some d i s t i n c t 
advantages over other approaches in domains in 
which the knowledge is w e l l s t ruc tu red and the 
input is n o t . By a l low ing the knowledge 
representa t ion to be opt imized fo r 
p rob lem-so lv ing , and by p rov id ing l o c a l hooks fo r 
a l l knowledge about each concept, the 
re fo rmu la t i on approach makes i t r e l a t i v e l y easy to 
b u i l d in exper t i se and add to i t l a t e r . However, 
i t does not force the system designer to abandon 
con t ro l of the use of that expert knowledge to a 
general prob lem-so lv ing method which cannot tune 
i t s e l f t o p a r t i c u l a r problems. F i n a l l y , 
re fo rmu la t i on approach provides a map cons t ruc t ion 
process which can p a r t i c u l a r i z e the knowledge base 
to s p e c i f i c problems in more i n t e r e s t i n g ways than 
simple i n s t a n t i a t i o n . This makes the approach 
use fu l f o r domains in which i t i s inappropr ia te to 
severely r e s t r i c t the form of user i n p u t . 

The pr imary disadvantages of the approach 
r e s u l t from one of i t s advantages: by re fus ing to 
place ex te rna l r e s t r i c t i o n s on the representa t ion 
of expert knowledge, the re fo rmu la t ion approach 
abdicates the r e s p o n s i b i l i t y o f p rov id ing help in 
represent ing tha t knowledge. That i s , there is no 
b u i l t - i n conceptual framework f o r the system 
b u i l d e r to use as the basis f o r represent ing the 
knowledge of the problem domain ( i n con t ras t , see 
[ M a r t i n ] ) . A l so , the map cons t ruc t ion apparatus 
requ i red by the re fo rmu la t ion approach is 
comparat ively complex and hard to b u i l d , even w i t h 
more d e t a i l e d vers ions of the gu ide l ines sketched 
here (see [Mark ] ) . Both of these problems would 
be g r e a t l y a l l e v i a t e d i f e x i s t i n g concepts, 
f u n c t i o n a l concepts, and PURPOSE'S could be shared 
in new a p p l i c a t i o n domains. This issue of 
p rov id ing a general under ly ing conceptual 
framework, which is of course of much i n t e r e s t 
elsewhere (aga in , see [ M a r t i n ] ) , is being pursued 
in the cur rent app l i ca t i ons o f t h i s approach. 
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