
THE APPLICATION OF A R T I F I C I A L INTELLIGENCE TO OATA BASE MANAGEMENT 

Abstract 
An a p p l i c a t i o n o f A r t i f i c i a l I n t e l l I g e n c e 
Is d iscussed: an automat ic programming 
system tha t generates In fo rmat ion 
r e t r I e v a l programs and data base 
s t r u c t u r e designs f o r h i g h l y s t r u c t u r e d 
or network data bases. I t Is claimed 
tha t these a p p l i c a t i o n s are unusual In 
t ha t they have more p r a c t i c a l value than 
Is usua l l y the case, being of Immediate 
u t i l i t y to commerclal data base 
management. The paper concludes wi th a 
shor t r e f l e c t i o n on the problems 
assoc ia ted w i t h the rep resen ta t i on and 
a c q u i s i t i o n of knowledge fo r problem 
so l v Ing programs. In p a r t i c u l a r , 
r ep resen ta t i on of knowledge Is Important 
f o r e f f i c i e n c y of the programs, yet an 
e f f i c i e n t r e p r e s e n t a t i o n may not be 
" n a t u r a l " . I t was d i f f i c u l t to separate 
rep resen ta t i on from content / and 
successfu l a p p l i c a t i o n requ i red tha t the 
exper t p r o v i d i n g the knowledge a lso know 
how the program uses tha t knowledge. 
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I n t r o d u c t i o n 

Most successfu l A r t i f i c i a l 
I n t e l l i g e n c e programs exerc ise t h e i r 
problem s o l v i n g a b i l i t y I n n o n - r e a l i s t i c 
environments or apply it to a game 
p lay ing task , but th Is s ta te o f a f f a l r s 
does not c o n s t i t u t e a basis fo r c r i t i c i s m 
of A l . As many of the proponents of Al 
have ma I n t a I n e d , It Is necessary f o r Al 
to cut I t s tee th on toy problems, games, 
and In o therwise l i m i t e d environments 
before I t can proceed to f u l f 1 1 1 I ts 
h igh 1y touted promIses. Perhaps the on ly 
f a i r c r i t i c i s m i s tha t t h i s teeth c u t t i n g 
Is t ak i ng longer than env is ioned by e a r l y 
workers In the f i e l d . 

Al is e n t e r i n g an age where 
p r a c t i c a l and o b j e c t i v e a p p l i c a t i o n Is 
f e a s i b l e . This Is not to say tha t there 
have not been very va luab le s p i n - o f f s 
from Al research tha t have c o n t r i b u t e d to 

* A major p o r t i o n of the work descr ibed 
here in was done wh i l e the author was at 
Carnegie-Mel Ion U n l v e r s ! t y , P I t t s b u r g h , 
Pennsylvania. 

advances In f i e l d s such as computer 
sc ience , l i n g u i s t i c s / and psychology. 
However, there have not been many d i r e c t 
a p p l i c a t i o n s of Al technologies ( w i t h 
perhaps the except ion of p a t t e r n 
r e c o g n i t i o n ) to problem areas ou ts ide the 
research l a b o r a t o r y . 

My background is not p r i m a r i l y In 
A l , but l i e s more in the area of 
commercla? data p rocess ing , data base 
management, and In fo rma t ion r e t r i e v a l . 
My exper ience In these areas predates by 
several years my I n t r o d u c t o r y exposure to 
A l . This f a c t Is re levan t because the 
problems, whIch w i l l be descr I bed 
s h o r t l y , e x i s t e d fo r me long before I 
d lscovered the technology to so lve them. 
As such, my clrcumstances prov lded an 
amount of p r a c t i c a l exper ience not 
t y p i c a l l y possessed by the Al researcher 
who Is lookIng fo r problems to adapt to 
h i s technology. 

The a p p l i c a t i o n descr ibed here Is a 
p r a c t l e a l one. The problem s o l v I n g 
systems t ha t have been developed can 
supplant or augment some of the tasks 
c u r r e n t l y being performed by programmers 
and data base a d m i n i s t r a t o r s . 

Data Management A p p l i c a t i o n 

The sub jec t of t h i s paper Is the 
successfu l a p p l i c a t i o n o f A l , 
p a r t i c u l a r l y automatic programming 
techno logy , to the problems of 
I n fo rma t ion r e t r i e v a l and data base 
des ign . This has r e s u l t e d In a 
system<l ,2 ,3> tha t generates I n f o rma t i on 
r e t r 1eva l programs and data s t r u c t u r e 
d e c l a r a t i o n s . 

These two problem s o l v i n g tasks have 
been around f o r a long t ime , but growing 
commercial usage of la rger and more 
complex network data bases has suddenly 
Increased t h e i r s i g n i f i c a n c e . CAs used 
here , the term "network data base" r e f e r s 
to a data base In which a data I tern may 
be l i n k e d to many other data I tems. Our 
sub jec t is not data bases on computer 
ne tworks . ) There has been an at tempt 
w i t h i n the Uni ted States and Canada to 
develop a standard fo r network data bases 
through CODASYL which spawned the Data 
Base Task Group (DBTG) i n v o l v i n g both 
i ndus t r y and academia. This group has 
produced a spec If i cat Ion fo r a general 
purpose network data base system<U>. 
Al though not yet accepted as a s tandard . 
It is be l i eved by many tha t the DBTG 
s p e c i f i c a t i o n w i l l be so adopted, perhaps 
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by d e f a u l t s i n c e many computer 
m a n u f a c t u r e r s and s o f t w a r e f i r m s a re now 
s e l l i n g Imp lemen ta t i ons of the DBTG 
s p e c i f i c a t i o n . 

Both a p p l i c a t i o n s d e s c r i b e d h e r e i n 
f u n c t i o n In the da ta base env i ronmen t as 
s p e c i f i e d by the DBTG. That is, da ta 
s t r u c t u r e s des igned by the sys tem con fo rm 
to DBTG s p e c i f i c a t i o n s , and the 
I n f o r m a t i o n r e t r i e v a l programs g e n e r a t e d 
by I t a re COBOL Procedure D i v i s i o n s 
c o n t a i n i n g Data M a n i p u l a t i o n Language 
(DML), as d e f i n e d by the DBTG. 

Programming f o r Network Data Bases 

I n t r o d u c t i o n o f t he ne twork t ype o f 
da ta base b r i n g s w i t h I t a new l e v e l o f 
c o m p l e x i t y f o r the bus iness programmer. 
Ear ley<5> p o i n t s ou t t h a t I n s t e a d o f the 
usua l l o g i c a l - p h y s l c a l d icho tomy t h a t a 
programmer t r a d i t i o n a l l y dea ls w i t h , 
t h e r e I s a l o g i c a l ( a ) - l o g l e a l ( b ) - p h y s I c a l 
t r i c h o t o m y f a c i n g the ne twork d a t a base 
programmer. The l o g l c a l ( a ) l e v e l 
co r responds to da ta r e l a t i o n s h i p s as 
p e r c e i v e d by the da ta u s e r . The 
l o g l c a l ( b ) l e v e l concerns the a c t u a l 
1 inks between the da ta In the da ta base. 

Bachman<6> r e c o g n i z e s t h i s 
c o m p l e x i t y in the 1973 ACM T u r i n g Award 
Lec tu re where he l i k e n s the p rogrammer 's 
p rob lem ( I n the ne two rk da ta base 
e n v i r o n m e n t ) to t h a t o f a n a v i g a t o r . The 
programmer I s g i v e n the u s e r ' s query 
r e q u i r e m e n t s ; h i s t ask I s t o f i n d the 
p rope r access p a t h to the da ta t h rough 
the m y r i a d o f c o n n e c t i v e l i n k s I n the 
da ta base. 

The programmer 's t ask shou ld be 
reduced . A f t e r a l l / much I t s c o m p l e x i t y 
Is caused by an a r t I f a c t 1n t roduced by 
the da ta n e t w o r k , t h e d a t a 1 I n k s . I t 
shou ld be no ted here t h a t o t h e r s In the 
f i e l d , p r l m a r l l y Codd<7 ,8 ,9> , have 
proposed r e l a t i o n a l models o f da ta bases 
whereby they hope t o a v o i d t h i s a r t i f a c t . 
I t is not c l e a r , however, how t h i s can be 
done w i t h o u t e x a c t l y the k i n d o f p rob lem 
s o l v i n g program t h a t i s the s u b j e c t o f 
t h i s paper . 

The t e c h n o l o g y used to reduce t h i s 
t ask comes f r om work in the area of 
a u t o m a t i c p rogramming. A compit ier 
deve loped by Buchanan and Luckham(10,11> 
was used to c r e a t e the I n f o r m a t i o n 
R e t r i e v a l Program G e n e r a t o r . 

Programming Rules 

The I n f o r m a t i o n R e t r i e v a l Program 
Generator is comp i l ed f r om a se t of 
r u l e s . These r u l e s are s t a t e d in a 
f o r m a l ism t h a t c l o s e l y co r responds t o the 
f o r m a l i s m deve loped by Hoare<12> to 
d e s c r i b e the l o g i c o f p rog rams . Each 

such r u l e d e s c r i b e s some t ype o f p rogram 
c o n s t r u c t , be I t a l o o p , ass ignment 
s t a t e m e n t , a DML s t a t e m e n t , or o t h e r 
program c o n s t r u c t * 

One type o f r u l e d e s c r i b e s the 
c o n d i t i o n s under wh ich a p rogram 
s t a t e m e n t may be used/ and the e f f e c t of 
I t s u s e . For example , the r u l e f o r a 
"GET" s t a t e m e n t says t h a t I t I s n o t 
p o s s i b l e to GET a r e c o r d u n l e s s I t s 
l o c a t i o n In the da ta base Is known to t he 
da ta management sys tem, and t h a t t h e 
o b j e c t r e c o r d w i l l b e l o c a t e d I n w o r k i n g 
s t o r a g e f o l l o w i n g e x e c u t i o n o f the GET. 

T h i s r u l e I s f o r m a l l y s t a t e d ( t o t he 
c o m p l l e r ) a s : 

(CURRENT R l ) I I GET R l | | (INCORE R l ) 
I n t h i s r u l e R l I s a v a r i a b l e ( f o r r e c o r d 
name) and (CURRENT R l ) and (INCORE R l ) 
a re p r e d i c a t e s . H e n c e f o r t h we use t h e 
c o n v e n t i o n t h a t R l / R2/ X I , I I , e t c . , a r e 
v a r I a b l e names. 

Other r u l e s do no t bear such c l o s e 
resemblance to a d e s c r i p t i o n one m i g h t 
f i n d in a programming manual as does the 
r u l e f o r GET. These o t h e r r u l e s c a p t u r e 
my own programming know!edge, I n c l u d I n g 
h e u r I s ! t l e s , t h a t I had p r e v l o u s l y 
a c q u i r e d and deve loped as a p r o f e s s i o n a l 
programmer. 

One such r u l e Is the r u l e t h a t 
d e s c r i b e s the top l e v e l c o m p o s i t i o n o f a 
p rog ram: 
(OPENED A1)A(CURRENT R1 )A (L INKED Rl R2 )A 
(CLOSED A1)A(ST0P X I ) 

- - > (PROGRAM X I ) 
T h i s r u l e i s d i f f e r e n t than the r u l e f o r 
GET: i t does n o t d e f i n e a p rog ram 
s t a t e m e n t , r a t h e r I t I s a n I m p l i c a t i o n 
s t a t e d w i t h p r e d i c a t e s . The o r d e r o f the 
p r e d i c a t e s I s o b v i o u s l y I m p o r t a n t . 

A semant i c I n t e r p r e t a t i o n o f t h i s 
r u l e I s t h a t a program c o n s i s t s o f f i v e 
b l o c k s t h a t : ( 1 ) open the r e q u i r e d 
f i l e s o f the da ta base , (2 ) l o c a t e the 
f i r s t r e c o r d o f I n t e r e s t , ( 3 ) f o l l o w the 
access pa th f rom t h i s r e c o r d t o a l l o t h e r 
reco rds o f i n t e r e s t , (U) c l o s e t h e f i l e s 
opened above , and ( 5 ) t e r m i n a t e 
e x e c u t i o n . 

Of these f i v e b l o c k s , the second and 
e s p e c i a l l y t he t h i r d , a re the most 
complex . They may I n v o l v e many f u r t h e r 
l e v e l s o f r e f i n e m e n t , r e v e a l i n g 
I t e r a t i o n s , a l t e r n a t i o n s and 
c o m p o s i t i o n s . The t h i r d b l o c k w i l l 
i n c l u d e the p r o c e s s i n g o f the r e c o r d s on 
the access pa th t o d i s p l a y v a l u e s , 
c a l c u l a t e s t a t i s t i c s , e t c . 



T r a n s l a t i o n t o M i c r o - P l a n n e r Theorems 

The r u l e s a re t r a n s l a t e d by the 
Buchanan- Luckham c o m p i l e r to 
M i c r o - P l a n n e r < 1 3 , 1 4 > theorems t h a t 
c o n s t i t u t e the I n f o r m a t i o n R e t r i e v a l 
Program G e n e r a t o r . 

For example , the GET r u l e Is 
compI led t o : 

(DEFPROP GET 
(THCONSE (R1) (INCORE (THV R1) 

(THGOAL (CURRENT (THV R1) ) ) 
(THSET (CAR (THV ANS>) 

(CONS (CONS (QUOTE GET) 
(L IST (THV R l ) ) ) 

(EVAL (CAR (THV A N S ) ) ) ) ) 
(THASSERT (INCORE (THV R l ) ) ) ) 

THEOREM) 

The theorem p r e s e n t e d here Is q u i t e 
condensed f rom the one a c t u a l l y 
g e n e r a t e d , wh ich a l s o c o n t a i n s 
b o o k k e e p i n g , t r a c i n g , u n i q u e n e s s , and 
o t h e r s p e c i a l f u n c t i o n s . Note t h a t the 
p r e - c o n d i t i o n o f t he r u l e , (CURRENT R l ) , 
Is a goa l In the theorem. S i m i l a r l y , the 
p o s t - c o n d i t i o n , (INCORE R l ) , Is d e f i n e d as 
the consequence of the theorem and wi l l 
be a s s e r t e d when the theorem Is u s e d . 
When the theorem Is used 'GET R1' w i l l be 
c a t e n a t e d o n t o the ANSwer. 

Program c o n s t r u c t i o n proceeds In a 
s u b - g o a l I n g f a s h i o n . For example . I f 
UNCORE PATIENT) Is a goa l then t h e GET 
theorem Is t r i e d , and (CURRENT PATIENT) 
becomes a s u b - g o a l . A sub -goa l may 
Invoke o t h e r theorems I n t u r n , g e n e r a t I n g 
f u r t h e r s u b - g o a l s . T h i s p rocess 
g e n e r a t e s a goa l t r e e w i t h l e a f nodes 
wh ich a re t r u e or f a l s e In a se t o f 
a s s e r t i o n s known as the " s t a t e " . 

The I n i t i a l s t a t e I s t he o n l y i n p u t 
to the program g e n e r a t i o n p rocess and Is 
made up of two major subse ts of 
a s s e r t i o n s . One such subse t d e s c r i b e s 
the s t r u c t u r e o f the da ta base , t he o t h e r 
d e s c r i b e s the que ry f o r which program 
g e n e r a t i o n I s r e q u i r e d . 

The d e s c r i p t i o n o f one more r u l e 
w i l l g i v e us a s u f f i c i e n t number o f r u l e s 
f o r an example . A r u l e f o r FINDing 
r e c o r d s : 
(HASHKEY R1 K1)A(DESIRE K1 V1 )A 
(CONTAINS Kl V1) I IFIND R l | | (CURRENT R l ) 

T h i s r u l e I s s i m i l a r t o the r u l e f o r 
GET; I t d e f i n e s a program s t a t e m e n t . 
A g a i n , I t co r responds c l o s e l y t o a 
pa rag raph In a programming manua l : To 
FIND a r e c o r d , f i r s t i n i t i a l i z e the key 
f o r t h a t r e c o r d w i t h the v a l u e 
I d e n t i f y i n g the d e s i r e d r e c o r d . 
F o l l o w i n g the e x e c u t i o n o f FIND, t he 
r e c o r d is c u r r e n t to the da ta management 
sys tem. C u r r e n t Is a DBTG term meaning 
t h a t a r e c o r d ' s e x a c t l o c a t i o n In t he 

da ta base is p r e s e n t l y know to the da ta 
management sys tem, 

Example 

Assume t h a t a da ta base d e f i n i t i o n 
s p e c i f i e s t h a t STUDENT reco rds are 
(hash )keyed on SNUM. I f a query asks f o r 
I n f o r m a t i o n r e g a r d i n g the s t u d e n t hav i ng 
number (SNUM) 126, then two of the 
a s s e r t i o n s i n the i n i t i a l s t a t e w i l l be : 

(HASHKEY STUDENT SNUM) 
(DESIRE SNUM 1 2 6 ) . 

The f i r s t a s s e r t i o n be longs t o the s e t 
d e f i n i n g the da ta base , the second to the 
s e t d e f i n i n g the q u e r y . 

M i c r o - P l a n n e r i s g i v e n the goa l 
(PROGRAM EXAMPLE), and program g e n e r a t i o n 
commences. The f i r s t s u b - g o a l , 
(OPENED A 1 ) , Is s a t i s f i e d w i t h a s e t o f 
r u l e s n o t i l l u s t r a t e d here r e s u l t i n g I n 
an i n i t i a l b l o c k o f p rocedu re to open the 
f l l e s . 

The nex t sub -goa l is (CURRENT R l ) . 
S ince the r u l e f o r FIND has t h i s as a 
c o n s e q u e n c e , i t I s t r i e d . The f i r s t two 
s u b - g o a l s I n t h i s r u l e a re immed la te l y 
t r u e i n the s t a t e , and the v a r i a b l e s R l , 
K l , and V1 ge t bound to STUDENT, SNUM, 
and 126, r e s p e c t ! v e l y . The t h i r d 
sub -goa l I s s a t i s f i e d w i t h the ass ignment 
s t a t e m e n t r u l e ( n o t l l l u s t r a t e d h e r e ) , 
and an ass ignment s t a t e m e n t is I n s e r t e d 
In the p rog ram. The p r e - c o n d i t i o n now 
be ing t r u e , 'FIND STUDENT' i s p u t i n t o 
the p rogram. 

A t t h i s s tage the program appears 
as : 

(B l ock t o open f i l e s ) 
MOVE 126 TO SNUM. 
FIND STUDENT. 

The s t a t e ( s e t o f a s s e r t i o n s ) has 
a l s o been a l t e r e d and now c o n t a i n s an 
a d d i t i o n a l a s s e r t i o n , (CURRENT STUDENT), 
because of t he FIND r u l e . T h i s may 
a f f e c t subsequent p rocedu re g e n e r a t i o n . 
For example . i f the query r e q u i r e s t h a t 
va l ues f rom the STUDENT r e c o r d be In 
w o r k i n g - s t o r a g e , the system w i l l n o t 
g e n e r a t e any p rocedu re f o r the 
(CURRENT R l ) sub -goa l In the GET r u l e . 

D e s i g n i n g Network Data S t r u c t u r e s 

Another p rob lem a t t e n d a n t t o d a t a 
base management Is da ta base s t r u c t u r e 
d e s i g n , t h a t i s , the d e s i g n o f 
a p p r o p r i a t e l inks between da ta e lemen ts 
so t h a t da ta r e l a t i o n s h i p s can be 
p r o p e r l y c a p t u r e d and r e c o n s t r u c t e d . 
S ince a l l such r e l a t i o n s h i p s must be 
I m p l i c i t l y c o n t a i n e d I n t he s e t o f a l l 
r e t r i e v a l r e q u e s t s . I t s h o u l d b e p o s s i b l e 
to d e r i v e a d a t a base s t r u c t u r e f rom such 
a s e t < 3 > . 
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The Automatic Data S t ruc tu re 
DesIgner operates in e x a c t l y t h i s 
f a s h i o n . I t generates a data s t r u c t u r e 
design tha t Is s a t i s f a c t o r y f o r a set of 
que r ies . The r e s u l t i n g s t r u c t u r e Is not 
opt imal but has the c h a r a c t e r i s t i c t ha t 
data redundancy Is minimized (and as a 
c o r r o l a r y , the number of l i n k s are 
maximized). 

The design program has two major 
t asks : to design a network s t r u c t u r e 
tha t can accomodate a l l of the 
h i e r a r c h i c a l r e l a t i o n s h i p s referenced in 
the que r i es , and to determine the best 
l o c a t i o n In the s t r u c t u r e fo r each data 
I tern. 

Detec t ion of a h i e r a r c h i c a l 
r e l a t i o n s h i p in a query is not d i f f i c u l t . 
The system s imply looks f o r q u a n t i f i e r s 
or summarizing commands such as " a l l , " 
" a n y , " " ave rage , " " t o t a l , " e t c . For 
example, a query asking f o r a c lass l i s t 
(a l l values of student-name when c lass = 
" h i s t o r y " ) suggests a h i e r a r c h i c a l 
r e l a t i o n s h i p between c lass and 
student-name. S i m i l a r l y , average grade 
f o r student-name = "Anderson" , suggests 
t ha t there may be many values fo r grade 
f o r a g iven value of student-name. 

A designer has a problem if, f o r 
example. In a d d i t i o n to the c lass l i s t 
discussed above, a second query asks fo r 
a student t r a n s c r i p t (al l values of c lass 
when student-name ="Anderson" ) . The two 
que r i es ' views of the data base are 
Inver ted w i t h respect to each o the r . 

Inciuded in the Automat!c Design 
System are ru les tha t recognize such 
s i t u a t i o n s . These ru les w i l l insure tha t 
a spec ia l l i n k i n g record Is inc luded in 
the data base des ign . Through t h i s 
record w i l l pass two l i nked l i s t s , one 
fo r each h i e r a r c h y . 

The second p r i n c i p a l task of the 
Designer Is to determine the l o c a t i o n of 
data iterns ( a t t r i b u t e s ) In the 
h i e r a r c h i c a l s t r u c t u r e . QuerIes may 
d i f f e r in t h e i r views o f a t t r i b u t e 
assoc ia t ions . For example, h o s p i t a l name 
may be viewed as a p a t i e n t a t t r i b u t e In 
one query (where he 's being t r e a t e d ) , as 
a doctor a t t r i b u t e (where he works ) , or 
as a h o s p i t a l a t t r i b u t e in other q u e r i e s . 
I f h o s p i t a l - p a t i e n t and h o s p i t a l - d o c t o r 
h i e ra r ch i es (severa l p a t i e n t s and severa l 
doctors per h o s p i t a l ) have a l ready been 
cons t ruc ted by the system, then i t w i l l 
ass ign the a t t r i b u t e In quest ion to the 
hosp i t a l r eco rd . This permi ts usage of 
h o s p i t a l name as a unique a t t r i b u t e of 
h o s p i t a l , doc to r , and p a t i e n t . 

Using Ea r l ey ' s te rmino logy , we can 
say tha t the Automatic Data S t ruc tu re 
Designer f i n d s a l o g i c a l ( b ) arrangement 

tha t accomodates a l l l o g l c a l ( a ) 
r e l a t i o n s h i p s . As a matter of f a c t , 
t r a n s l a t i o n from l o g l c a l ( a ) t o l o g i c a l ( b ) 
a l so cha rac te r i zes the system's 
a c t i v i t i e s as a programmer. Fur ther 
t r a n s l a t i o n to the phys Ica l l eve l is not 
the task of these programs. That 
a c t i v i t y is performed by the data 
management system, e . g . an 
Implementat ion of the DBTG s p e c i f i c a t i o n . 

As was the case w i t h the I n fo rma t i on 
R e t r i e v a l Program Generator , the 
Automatic Data S t r u c t u r e Designer Is 
de f ined w i t h a set of ru les t ha t are 
t r a n s l a t e d by a compl ler to a program of 
Micro-P lanner theorems. However, in t h i s 
case the r e s u l t i n g system Is not a code 
genera to r , i t is a d e c l a r a t i v e gene ra to r . 

Representat ion of Knowledge 

If a system Is to apply knowledge. 
I t must o f course f i r s t o b t a i n such 
knowiedge. Untll genera l i zed l e a r n i n g 
systems become a v a i l a b l e t ha t can be 
adapted In a p r a c t i c a l way f o r use w i t h i n 
a p a r t i c u l a r a p p l i c a t i o n domain. I t Is 
necessary to imbed knowledge of the 
a p p l i c a t i o n e i t h e r by b u i l d i n g a s p e c i f i c 
learner f o r tha t system or by p r o v i d i n g 
the system d i r e c t l y w i t h the knowledge I t 
needs. The t roub le w i t h the former 
approach is tha t b u i l d i n g the learner may 
tu rn out to be i m p r a c t i c a l l y d i f f i c u l t . 
The l a t t e r approach Is the one tha t was 
taken fo r the a p p l i c a t i o n s d iscussed 
here . 

Complexity of Knowledge 

The ru le formal ism prov ided a good 
framework f o r cap tu r i ng network data base 
programmlng and desIgn knowledge. Even 
so, cap tu r i ng the knowledge involved many 
t r I a l - a n d - e r r o r I t e r a t i o n s because much 
of It does not have a we l l understood 
s t r u c t u r e . Fur thermore, I t I s p o s s i b l e 
to map the knowledge i n t o a s t r u c t u r e d 
set o f formal r u l es in several v a l i d 
ways. These rep resen ta t ions may d i f f e r 
w i t h respect t o e f f i c i e n c y . 

However, some of the knowledge does 
have a we l l - unde rs tood s t r u c t u r e , f o r 
example the knowledge regard ing GET or 
FIND as discussed above. In g e n e r a l , the 
ru les f o r s i ng l e program statements l i k e 
GET are s i m i l a r to usage ru les tha t might 
be found In a re ference manual. it is 
the ru les tha t c o n t r o l the next h igher 
l eve l o f programming, the c o n s t r u c t i o n of 
program b locks , t ha t are complex and not 
e a s l l y de r I ved . 

Such ru les were f u r t h e r compl ica ted 
by cons ide ra t i ons o f e f f i c i e n c y both f o r 
the generated programs and f o r the 
program genera t ion process I t s e l f . 
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As an e x a m p l e we I l l u s t r a t e t h e two 
r u l e s t h a t c o n t r o l code g e n e r a t i o n f o r 
a l t e r n a t i o n . A l t e r n a t i o n o c c u r s I n t h e 
g e n e r a t e d p r o g r a m w h e n e v e r t h e q u e r y 
s p e c i f i e s c o n d i t i o n a l p r o c e s s i n g . D u r i n g 
p r o g r a m g e n e r a t i o n , t h e c o n d i t i o n t h a t I s 
t o b e t e s t e d I n t h e g e n e r a t e d p r o g r a m i s 
c o n t a i n e d i n a l i s t , FORMS, i n 
d I s j u n c t I v e f o r m . 

For e x a m p l e , t h e l ist 
<<<GT A B) (GT B C)) ( ( L T A 2 6 ) ) ) means 
(A>B and B>D) or A<26 . 

The two r u l e s a r e : 

(NULL F O R L I S ) V 
(CONJUNCT ACTION (CAR FORLIS) DUM)A 
(DISJUNCT ACTION (CDR FORL IS ) ) 

—> (DISJUNCT ACTION FORLIS) 

( (NULL C0NJ)A(ACT ACTION)A(SETQ DUM 0 ) ) V 
(SETQ REL (CAAR C O N J ) ) A 
(SETQ ITM1 (CADAR C O N J ) ) A 
(SETQ ITM2 (CADDAR C O N J ) ) A 
(DETVAL ITM2)A(DETVAL I T M D A 
(TEST ( L I S T REL ITM1 I T M 2 ) ) A 
(CONJUNCT ACTION (CDR CONJ) DUM) 

- - > (CONJUNCT ACTION CONJ DUM) 

Those r e a d e r s who a r e p r o g r a m m e r s 
w i l l a g r e e t h a t t h e s e r u l e s b e a r l i t t l e 
c o r r e s p o n d e n c e t o t h e i r own p r o g r a m m i n g 
k n o w l e d g e , e l t h e r v l e w e d I n t r o s p e c t I v e l y , 
o r a s such k n o w l e d g e m i g h t b e r e p r e s e n t e d 
I n a p r o g r a m m i n g t e x t . 

The f i r s t r u l e CDR's t h r o u g h FORLIS, 
e a c h t i m e p i c k i n g o f f t h e CAR, w h i c h I s a 
c o n j u n c t i v e l is t o f p r e d i c a t e s . The CAR 
o f FORLIS w i l l be bound t o CONJ I n t h e 
s e c o n d r u l e . 

The s e c o n d r u l e CDR's t h r o u g h CONJ 
u n t i l I t becomes NULL, a t w h i c h p o i n t t h e 
p r o c e s s i n g code can b e g e n e r a t e d 
( a c c o m p l i s h e d b y i n v o k i n g t h e ACT r u l e , 
n o t shown h e r e ) . 

Each t i m e t h e s e c o n d r u l e i s u s e d , 
code i s g e n e r a t e d t o d e t e r m i n e t h e v a l u e s 
o f t h e two i terns I n t h e t e s t d e s c r i b e d b y 
t h e CAR o f CONJ. Then t h e t e s t i t s e l f i s 
I n s e r t e d I n t h e g e n e r a t e d p r o g r a m . 

For t h e e x a m p l e o f FORLIS g i v e n 
a b o v e , t h e g e n e r a t e d p r o c e d u r e has t h e 
f o l l o w ! n g f o r m : 

( b l o c k t o d e t e r m i n e v a l u e o f B ) 
( b l o c k t o d e t e r m i n e v a l u e o f A ) 
IF A>B THEN 

BEGIN 
( b l o c k t o d e t e r m i n e v a l u e o f C ) 
IF B>C THEN 

BEGIN 
( b l o c k o f c o n d i t i o n a l 
p r o c e s s I n g ) 
END 

ELSE PR0C2 
END 

ELSE PR0C3 

PR0C2: ( a n d PR0C3) 
BEGIN 
IF A<6 THEN 

BEGIN 
( b l o c k o f c o n d i t i o n a l p r o c e s s i n g ) 
END 

END 

The B u c h a n a n - L u c k h a m c o m p l l e r t a k e s 
s p e c i a l c a r e w i t h r u l e s t h a t may g e n e r a t e 
a l t e r n a t i o n s . Unbound v a r i a b l e s become 
i m p o r t a n t , and i t i s f o r t h i s r e a s o n t h a t 
DUM is i n c l u d e d i I n t h e s e c o n d r u l e . F o r 
f u r t h e r d e t i l s see < 1 , 1 0 , 1 1 > . 

T e s t s are s e p a r a t e d in t h e g e n e r a t e d 
p r o c e d u r e t o i n c r e a s e r u n t i m e e f f i c i e n c y . 
i n t h e e x a m p l e a b o v e , t h e v a l u e o f C I s 
d e t e r m i n e d o n l y I f A>B. S i n c e such a 
v a l u e d e t e r m i n a t i o n may r e q u i r e a l o t o f 
p r o c e s s i n g , I t i s b e s t t o a v o i d I t i f 
p o s s I b l e . 

I m p a c t o f R e p r e s e n t a t i o n o n E f f i c i e n c y 

S i n c e t h e c o n t e n t o f t h e r u l e s 
d e t e r m i n e s t h e d e c i s i o n t r e e t h a t 
c o n t r o l s t h e s e a r c h s p a c e , t h e c h o i c e o f 
m a p p I n g s m e n t I o n e d above c a n have a 
d r a m a t i c i m p a c t o n t h e e f f i c i e n c y o f t h e 
s e a r c h f o r a p r o g r a m . I f t h e use o f a 
p a r t i c u l a r r u l e o c c u r s f a r o u t i n t h e 
b r a n c h e s o f t h e t r e e , and I f t h e r u l e I s 
a p o w e r f u l d i s c r i m i n a t o r , t h e n I t w o u l d 
b e a p p r o p r i a t e t o c o n s i d e r a n a l t e r n a t i v e 
r u l e s t r u c t u r e t h a t w o u l d p e r m i t e a r l i e r 
use o f t h e r u l e i n q u e s t i o n . 

I t i s a l s o I m p o r t a n t t o d i r e c t t h e 
I n f o r m a t i o n R e t r i e v a l P r o g r a m G e n e r a t o r 
as much as p o s s i b l e . C o n s i d e r t h e FIND 
r u l e p r e v i o u s l y d i s c u s s e d . T h i s r u l e 
s t a t e s t h a t FIND has t h e e f f e c t o f m a k i n g 
a r e c o r d c u r r e n t . T h e r e a r e I n f a c t f o u r 
o t h e r r u l e s d e s c r i b i n g s t a t e m e n t s t h a t 
have t h e same e f f e c t . These r u l e s a l l 
d i f f e r i n t h e way i n w h i c h t h e y make 
r e c o r d s c u r r e n t : some use p o l n t e r s , 
a n o t h e r u t i 1 I z e s s e q u e n t l a l a c c e s s , e t c . 
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S i n c e t h e r e a r e f i v e ways o f m a k i n g 
a r e c o r d c u r r e n t / M i c r o - P l a n n e r may t r y 
s e v e r a l I n a p p r o p r i a t e r u l e s t o s a t i s f y a 
CURRENT g o a l b e f o r e t h e p r o p e r one I s 
a t t e m p t e d * T h i s c a n b e v e r y e x p e n s i v e 
s i n c e a n I n a p p r o p r i a t e r u l e may n o t b e 
discarded u n t i l a v e r y l a r g e s u b t r e e has 
been e v a l u a t e d . 

F r e q u e n t i y , s u c h s e a r c h e s c a n b e 
e l i m i n a t e d b e c a u s e t h e p r o g r a m m i n g 
c o n t e x t w i l l d e t e r m i n e w h i c h t y p e o f FIND 
I s n e e d e d . I n t h e I t e r a t i o n s t e p o f a 
l o o p , f o r e x a m p l e , w e w o u l d n o t e x p e c t a 
d i r e c t F I N D , r a t h e r w e w o u l d e x p e c t a 
FIND f o r t h e n e x t r e c o r d o n a l i s t o r t h e 
n e x t r e c o r d i n s e q u e n c e . 

B y c h a n g i n g t h e r u l e s s o t h a t t h e 
s y s t e m i s d i r e c t e d t o a s p e c i f i c r u l e 
w h e n e v e r p o s s i b l e , w e w e r e o b v i o u s l y a b l e 
t o a v o i d a l o t o f u n n e c e s s a r y s e a r c h i n g . 

Che 
f l c 

i t i s i m p o r t a n t t o n o t e t h a t t he 
r u l e s w e r e c o r r e c t w i t h o u t t h e s e s p e c i f 
d i r e c t i o n s . The way i n w h i c h t h e r u l e s 
w e r e used r e q u l r e d a d d ! t l o n a l k n o w l e d g e 
a b o u t t h e a p p l i c a t i o n s o t h a t t h e r u l e s 
c o u l d b e u s e d e f f i c i e n t l y . 

For a p a r t i c u l a r s e t o f p r o g r a m s 
t h a t t h e s y s t e m g e n e r a t e d . i t t r i e d ( o n 
a v e r a g e ) a b o u t 94 r u l e s p e r p r o g r a m . O f 
t h e s e ( o n a v e r a g e ) o n l y 1 3 r u l e s w e r e 
i n a p p r o p r i a t e l y t r i e d , r e s u l t i n g i n 
b a c k t r a c k i n g t o use a l t e r n a t i v e r u l e s . 

A l t h o u g h w e have n o e x a c t f i g u r e s t o 
compare w i t h , t h e s y s t e m was t r y i n g 1 0 t o 
2 0 t i m e s a s many u n n e c e s s a r y r u l e s p r i o r 
t o t h e a d d i t i o n o f more s p e c i f i c 
d i r e c t i o n . The d i f f e r e n c e I s 
m u l t i p l i c a t l v e r a t h e r t h a n a d d l t i v e 
because t h e s u b - t r e e a s s o c i a t e d w i t h a 
s i n g l e i n a p p r o p r i a t e r u l e may b e q u i t e 
l a r g e . 

C o n c l u s i o n 

As a u s e r of Al t e c h n o l o g y , I am 
somewhat d l s a p p o l n t e d t h a t I t was n o t 
s u f f i c i e n t t o d i r e c t l y t r a n s f e r m y 
k n o w l e d g e t o t h e m a c h i n e . I n I t s e l f a 
d i f f i c u l t t a s k . I t was a l s o n e c e s s a r y t o 
o b s e r v e how t h a t k n o w l e d g e was b e i n g u s e d 
by t h e m a c h i n e so t h a t I c o u l d change and 
augment t h e r e p r e s e n t a t i o n f o r more 
e f f i c i e n t use o f t h e k n o w l e d g e . 

These p r o b l e m s w e r e a l s o e n c o u n t e r e d 
w h i l e b u i l d i n g t h e A u t o m a t i c D a t a 
S t r u c t u r e D e s i g n e r . A n o t h e r d l f f i c u l t y 
a r o s e a s w e l l . A s t h e D e s i g n e r t o o k 
shape I t became a p p a r e n t t h a t m y d e s i g n 
k n o w l e d g e c o n t a i n e d many ad hoc 
t e c h n i q u e s t h a t w e r e n o t e a s i l y c a p t u r e d 
i n a s e t o f g e n e r a l r u l e s . T h i s 
r e a l i z a t i o n l e d m e t o d e v e l o p t h e r u l e s 
f o r t h e more d i r e c t , g e n e r a l p u r p o s e 
a l g o r i t h m t h a t i s embedded i n t h e 

D e s i g n e r . 

A l t h o u g h t h e d i f f i c u l t i e s o f 
t r a n s f e r r i n g k n o w l e d g e t o t h e m a c h i n e 
w e r e somewhat f r u s t r a t i n g , t h e p r o c e s s 
( a n d t h e m a c h i n e a s a m i r r o r o f m y s e l f ) 
a l s o l e d t o new I n s i g h t s I n t o t h e p r o b l e m 
d o m a i n . 

A c k n o w l e d g e m e n t s 

The a s s i s t a n c e and e n c o u r a g e m e n t o f 
my t h e s i s a d v i s o r . J a c k R. B u c h a n a n , is 
g r a t e f u l l y a c k n o w l e d g e d , a s a r e t h e 
s u g g e s t i o n s o f one o f t h e r e f e r e e s . 

T h i s r e s e a r c h was s u p p o r t e d n p a r t 
b y t h e A d v a n c e d R e s e a r c h P r o j e c t s A g e n c y 
o f t h e O f f i c e o f t h e S e c r e t a r y o f D e f e n s e 
u n d e r c o n t r a c t F i 4 4 6 2 0 - 7 3 - C - 0 0 7 4 , a n d i n 
p a r t b y t h e O f f i c e o f N a v a l R e s e a r c h 
u n d e r c o n t r a c t M 0 0 0 1 U - 7 5 - C - 0 W 6 2 . I am 
a l s o I n d e b t e d t o t h e W i l l i a m L a r i m e r 
Mel I o n F e l l o w s h l p , w h i c h p r o v i d e d 
p e r s o n a l f u n d i n g d u r l n g t h e c o u r s e o f 
t h i s r e s e a r c h . 
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