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A b s t r a c t 

T h i s paper looks a t a n a r t i f i c i a l i n t e l l i 
gence c o n t r o l program r e q u i r e d f o r a system w h i c h 
accep ts q u e r i e s to a data base w h i c h c o n s i s t s o f 
bo th da ta and program modules . Us ing a p rob lem 
s o l v i n g a p p r o a c h , the da ta base s t r u c t u r e and the 
program modules s p e c i f y the i n i t i a l w o r l d mode l . 
The o p e r a t o r s c o n s i s t o f f u n c t i o n s wh i ch look 
th rough s e t s i n the da ta base and the a c t u a l p r o 
gram modules t hemse l ves . The goa l is the query 
w h i c h r e q u e s t s data a n d / o r p r o c e s s e s . The c o n t r o l 
program de te rm ines the pa th wh i ch maps t h r o u g h the 
data base and the program modules in a manner 
wh ich s a t i s f i e s the p r e d i c a t e c a l c u l u s c o n s t r a i n t s 
and the g o a l . Real examples of how t h i s system 
i s be ing used f o r a l a r g e sca le da ta base i s i n 
c l u d e d . 

I n t r o d u c t i o n 

Th i s paper p r e s e n t s a p rob lem in the data 
management a rea and demonst ra tes how t h a t p rob lem 
can be s o l v e d u s i n g an A r t i f i c i a l I n t e l l i g e n c e 
Technique known as Problem S o l v i n g . The prob lem 
is t h a t o f d e t e r m i n i n g a da ta pa th t h rough a da ta 
base w h i c h c o n s i s t s o f da ta and programs in o r d e r 
to de te rmine the d e s i r e d answer to a u s e r ' s r e 
q u e s t . The da ta s t r u c t u r e i s v iewed a s the i n i t i a l 
s t a t e , t he q u e r i e s p r o v i d e the g o a l , and the 
v a r i o u s f u n c t i o n s in the da ta base p r o v i d e the 
o p e r a t o r s wh ich are used to map f rom the i n i t i a l 
s t a t e t o the g o a l . T h i s paper w i l l p r i m a r i l y b e 
concerned w i t h d e s c r i b i n g t h i s p rob lem and the 
development o f i t s s o l u t i o n and then d i s c u s s i n g the 
p a r t i c u l a r a l g o r i t h m i n v o l v e d i n t h e s o l u t i o n . The 
work p resen ted here was a development made in the 
data management area and is no t s i m p l y a new a p p l i 
c a t i o n deve loped f o r a n A r t i f i c i a l I n t e l l i g e n c e 
A l g o r i t h m . The f o l l o w i n g , t h e n , i s a d e s c r i p t i o n 
of the p rob lem. 

One of the many concerns f a c i n g o r g a n i z a t i o n s , 
bo th i n the p r i v a t e and p u b l i c s e c t o r , dea l s w i t h 
the need to ana lyze as w e l l as r e p o r t i n f o r m a t i o n 
f rom t h e i r da ta bases . There i s an i n c r e a s i n g 
demand f o r these o r g a n i z a t i o n s to p e r f o r m such 
p l a n n i n g f u n c t i o n s i n v o l v i n g f o r e c a s t i n g , s imu
l a t i o n , and o p t i m i z a t i o n s . The GPIAN [1] r e s e a r c h 
p r o j e c t a t .Purdue U n i v e r s i t y i s concerned w i t h 
d e v e l o p i n g a framework f o r a g e n e r a l i z e d p l a n n i n g 
system wh ich w i l l h e l p t o s a t i s f y t h a t demand. The 
system be ing deve loped w i l l p r o v i d e the p l a n n e r 
w i t h an env i ronment c o n s i s t i n g o f d a t a , programs 
f o r g e n e r a t i n g r e p o r t s u s i n g t h i s d a t a , and a 
c o l l e c t i o n o f models (programs) w h i c h can e a s i l y 
be used to ana lyze the d a t a . The i n t e r f a c e b e 
tween the user and t h i s env i ronment w i l l be E n g l i s h -
l i k e i n t e r a c t i v e query language . The f o l l o w i n g i s 
a b r i e f d i s c u s s i o n o f the major components o f the 
CPIAN sys tem. ( F i g u r e 1) 

Andrew B. Wh ins ton 
Purdue U n i v e r s i t y 

L a f a y e t t e , I n d i a n a 

The user (1) i n t e r f a c e s to the system t h r o u g h 
an i n t e r a c t i v e query language known as the GPIAN/ 
QA [ 2 ] . The query sys tem (2) a c c e p t s the u s e r ' s 
r eques t as s t a t e d in the query l anguage , pa rses 
and v e r i f i e s the s y n t a x , and s t o r e s the que ry i n 
a s t a n d a r d m a t r i x f o r m . A l l o f the t a b l e s used 
i n t h e p a r s i n g a re a c t u a l l y s to red i n the d a t a 
base to p e r m i t each a p p l i c a t i o n to have i ts own 
se t of keywords and o p e r a t o r s . A more t ho rough 
d i s c u s s i o n o f the query language can be found in 
u s e r ' s manual [ 2 ] and paper by Haseman and 
Whtnston [ 3 ] . 

A f t e r the query has been p a r s e d , the c o n t r o l 
program (3 ) ana l yzes the query and de te rm ines 
what a c t i o n w i l l b e r e q u i r e d t o answer the r e 
q u e s t . These a c t i o n s n o t o n l y i n c l u d e g e n e r a t i n g 
c a l l s to the da ta base t h rough the Data Man i 
p u l a t i o n Language (DML), bu t a l s o i nc l ude the 
e x e c u t i o n o f f u n c t i o n s (programs) wh i ch w i l l 
o p e r a t e on the data r e t r i e v e d v i a the DML c a l l s . 
Th i s p rocess w i l l b e d i s c u s s e d i n more d e t a i l i n 
the n e x t s e c t i o n o f the p a p e r , w h i l e the 
f o l l o w i n g i s a d e s c r i p t i o n o f the r e s t o f the 
sys tem. 

The co re of the sys tem is a Data Management 
System ( 3 , A , 5 ) , wh i ch i s c a l l e d the GPLAN/DMS 
|"4] [ 5 ] sys tem. The DMS was deve loped u s i n g the 
s p e c i f i c a t i o n s of the CODASYL DBTG Repor t [6] and 
w i l l suppo r t d a t a s t r u c t u r e s w h i c h range f r om 
s e q u e n t i a l f i l e s t o complex ne twork da ta s t r u c 
t u r e s . The da ta s t r u c t u r e w h i c h i s s u p p o r t e d by 
the query language is a h i e r a r c h i c a l da ta s t r u c 
t u r e . The schema c o n s i s t s o f a group o f t a b l e s 
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w h i c h d e s c r i b e the l o g i c a l s t r u c t u r e o f the data 
base w h i l e the p h y s i c a l da ta i s s t o r e d i n the data 
base . The system genera tes the schema based on 
a u s e r ' s d e s c r i p t i o n o f the da ta s t r u c t u r e us i ng 
the Data D e s c r i p t i o n Language (DDL). The bas i c 
u n i t o f d a t a is known as an i t e m - t y p e , where a 
group of i t e m - t y p e s forms a r e c o r d - t y p e . The user 
can a l s o d e f i n e s e t - t y p e s wh ich genera te an owner-
membership r e l a t i o n between two r e c o r d - t y p e s . The 
DML commands are used by the c o n t r o l program to 
search th rough the v a r i o u s se t r e l a t i o n s h i p s t o 
de te rm ine the d e s i r e d d a t a . 

The f i n a l component o f the system is a 
c o l l e c t i o n o f f u n c t i o n s (programs) wh i ch w i l l 
p e r f o r m v a r i o u s o p e r a t i o n s on the data i n v o l v e d . 
In g e n e r a l , we can have any c o l l e c t i o n o f a p p l i 
c a t i o n p rograms. Cu r ren t imp lemen ta t i on has the 
f o l l o w i n g : r e p o r t g e n e r a t o r s , p l o t t i n g , s imu
l a t i o n , and o p t i m i z a t i o n s . These f u n c t i o n s r e 
c e i v e t h e i r i n p u t f rom f i l e s genera ted f rom t h e 
d a t a base by c o n t r o l program and may r e t u r n the 
o u t p u t to the user as w e l l as s t o r e r e s u l t s back 
i n t o the da ta base. 

Us ing t h i s i n t r o d u c t i o n to the GPIAN system 
as background i n f o r m a t i o n , the f o l l o w i n g , t h e n , 
is a d e s c r i p t i o n o f the p rob lem of how to des ign 
a c o n t r o l program to i n t e r m i x DML c a l l s on the 
da ta base and f u n c t i o n s on t h i s da ta to answer 
more i n v o l v e d q u e r i e s . Th i s can be v iewed as a 
p a t h f i n d i n g p r o b l e m . 

Problem 

The p r e v i o u s approach used to answer a query 
i n v o l v e s d e t e r m i n i n g the s h o r t e s t p a t h th rough 
the da ta s t r u c t u r e wh ich i n c l u d e s a l l the i t e m -
types w h i c h were reques ted i n the q u e r y . For 
example , assuming the da ta s t r u c t u r e as shown in 
F i g u r e 2a , the f o l l o w i n g query c o u l d be reques ted 

LIST REACH-NUMBER AND FLOW-RATE. 

The a l g o r i t h m w o u l d de te rmine t h a t the c o r r e c t 
p a t h wou ld i n v o l v e S1 and S3. Assuming each 
reach c o n t a i n s t h r e e measurements o f f l o w , the 
f o l l o w i n g response wou ld be o b t a i n e d : 

REACH-NUMBER 

I 
1 
1 
2 
2 
2 

FLW-RATE 

110 
1 1 4 . 
125 
2 0 5 . 
2 3 0 . 
2 7 0 . 

RECORD 

RECORD 

RECORD 

ITEM 

RECORD 

ITEM 

RECORD 

ITEM 

SET 

OWNER 

MEMBER 

SET 

OWNER 

MEMBER 

SET 

OWNER 

MEMBER 

SET 

OWNER 

MEMBER 

SET 

OWNER 

MEMBER 

R1 

R2 

R3 

REACH-NUMBER 

R4 

FLOW-RATE 

R5 

TEMPERATURE 

So 

SYSTEM 

R1 

S1 

R1 

R2 

S2 

R1 

R2 

S3 

R3 

R4 

S4 

R3 

R5 

INTEGER 

REAL 

REAL 

F i g u r e 2 b . DDL f o r Above Example 

and the d e r i v e d d a t a pa th wou ld appear as f o l l o w s 

F igu re 2a . Example Set S t r u c t u r e 

As can be seen , i f each se t has o n l y one owner 
r e c o r d - t y p e and one member r e c o r d - t y p e , the d a t a 
p a t h can be c o m p l e t e l y de te rm ined by the se ts i n 
v o l v e d . E x t e n d i n g the concept o f c u r r e n c y as 
d i scussed in the CODASYL R e p o r t , the f o l l o w i n g 
i s a d e f i n i t i o n o f a c u r r e n t s e t : 

A c u r r e n t s e t i s a se t wh i ch is used to 
d e s c r i b e a da ta p a t h r e q u i r e d f o r answer ing 
a q u e r y . 

One o f the prob lems w i t h t h i s approach o f 
answer ing a query is t h a t f u n c t i o n s can on l y be 
a t t a c h e d a t the end o f a da ta p a t h ; i n o t h e r 
w o r d s , a l l t he da ta a l o n g the p a t h i s c o l l e c t e d 
and then passed to the f u n c t i o n . The f o l l o w i n g 
query cannot be answered u s i n g the above approach 
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w i t h o u t a s p e c i a l i z e d a v e r a g e f u n c t i o n : 

L I S T REACH-NUMBER AND AVERAGE (FLOW-RATE) 

T h i s q u e r y e s s e n t i a l l y r e q u i r e s t h a t a f u n c t i o n 
b e I n s e r t e d i n t o t h e d a t a s t r u c t u r e , a n d t h e r e 
f o r e r e q u i r e s a r e s t r u c t u r i n g o f t h e d a t a b a s e . 
A s e c o n d t y p e o f q u e r y w h i c h c a n n o t b e h a n d l e d 
w i t h t h e above a p p r o a c h i s : 

L I S T REACH-NUMBER, FLOW - RATE , AND TEMPERATURE 

s i n c e t h i s r e q u e s t i n v o l v e s s p l i t t i n g a p a t h a t 
t h e l o g i c a l l e v e l . A s s u m i n g t h a t t h e u s e r s p e c i 
f i e s t h a t t h e r e e x i s t s a r e l a t i o n s h i p b e t w e e n 
FLOW-RATE a n d TEMPERATURE ( s a y , a o n e - t o - o n e 
r e l a t i o n s h i p ) , t h e s y s t e m s h o u l d b e a b l e t o 
answe r t h i s q u e r y . 

I t was t h e s e t w o r e q u i r e m e n t s w h i c h l e a d t o 
t h e d e v e l o p m e n t o f a c o n t r o l p r o g r a m u s i n g A . I . 
t e c h n i q u e s . The f o l l o w i n g , t h e n , i s a d e s c r i p 
t i o n o f t h e f o r m u l a t i o n o f t h e p r o b l e m i n t e r m s 
o f t h e i n i t i a l s t a t e , t h e g o a l , a n d t h e o p e r a t o r s 
a v a i l a b l e t o t r a n s f o r m t h e i n i t i a l s t a t e i n t o t h e 
g o a l . I t i s assumed t h a t t h e r e a d e r i s f a m i l i a r 
w i t h p r e d i c a t e c a l c u l u s a s d i s c u s s e d b y N i l s s o n 
[ 7 ] and w i t h t h e o r e m p r o v i n g a l g o r i t h m s such a s 
d i s c u s s e d b y F i k e s a n d N i l s s o n [ 8 ] . 

I n i t i a l S t a t e 

The p u r p o s e o f t h e I n i t i a l w o r l d mode l i s t o 
d e s c r i b e t h e i n i t i a l s t a t e o f t h e s y s t e m i n t e r m s 
o f a g r o u p o f w e l l - f o r m e d f o r m u l a s ( w f f s ) . These 
w f f s p r o v i d e a d e s c r i p t i o n o f w h a t t h e t h e o r e m 
p r o v i n g s y s t e m i s g i v e n a s k n o w n ' s o r t r u t h s . A s 
a p a r t i c u l a r s o l u t i o n i s g e n e r a t e d , v a r i o u s 
o p e r a t o r s w i l l change o r m o d i f y t h i s i n i t i a l 
m o d e l t o r e p r e s e n t t h e c u r r e n t s t a t e a t t h a t p o i n t 
i n t h e s o l u t i o n . T h i s i s done i n t e r m s o f g e n e r 
a t i n g a l i s t o f t h o s e w f f s w h i c h s h o u l d b e removed 
f r o m t h e i n i t i a l s t a t e , and t h o s e w h i c h s h o u l d b e 
added t o t h e l i s t . 

I n t e r m s o f t h e s p e c i f i c p r o b l e m a d d r e s s e d 
i n t h i s p a p e r , t h e i n i t i a l w o r l d m o d e l c o n t a i n s 
a d e s c r i p t i o n o f t h e i n i t i a l d a t a s t r u c t u r e a s 
d e s c r i b e d i n t h e d a t a d e s c r i p t i o n l a n g u a g e . The 
w f f s i n c l u d e d e f i n i t i o n s o f w h i c h v a r i a b l e s a r e 
i t e m - t y p e s , r e c o r d - t y p e s , and s e t - t y p e s , a s w e l l 
a s a d e s c r i p t i o n o f t h e i t e m - t y p e s w h i c h compose 
t h e v a r i o u s r e c o r d - t y p e s , a n d v a r i o u s r e c o r d -
t y p e s w h i c h f o r m t h e v a r i o u s s e t r e l a t i o n s h i p s . 
A d d i t i o n a l w f f s c a n b e d e f i n e d w h i c h w i l l p r o v i d e 
a d e s c r i p t i o n o f t h e r e l a t i o n s h i p s such a s was 
d i s c u s s e d p r e v i o u s l y w i t h t h e TEMPERATURE a n d 
FLOW-RATE p r o b l e m . These r e l a t i o n s h i p s can e i t h e r 
b e d e f i n e d a s a n a d d i t i o n t o t h e DDL, o r i n t e r 
a c t i v e l y b y t h e u s e r . 

The w f f s w h i c h w o u l d d e s c r i b e t h e d a t a 
s t r u c t u r e shown i n F i g u r e 2 a r e a s f o l l o w s : 

TYPE (R , RECORD) 

TYPE (R , RECORD) 

TYPE (R , RECORD) 

TYPE ( R 4 , RECORD) 

TYPE ( R 5 , RECORD) 

TYPE (REACH-NUMBER, ITEM) 

TYPE (FLOW-RATE, ITEM) 

TYPE (TEMPERATURE, ITEM) 

TYPE (SO, SET) 

TYPE ( S 1 , SET) 

TYPE ( S 2 , SET) 

TYPE ( S 3 , SET) 

TYPE ( S 4 , SET) 
4 

TYPE (REL , RELATI0NSHIP) 

BELONG (REACH-NUMBER, R 3 ) 

BELONG (FLOW-RATE, R ) 

BELONG (TEMPERATURE, R ) 

CONNECT ( S o , SYSTEM, R1 

CONNECT (S , R , R3) 

CONNECT ( S 2 , R , R2) 
CONNECT ( S 3 , R 3 , R4) 
CONNECT (S4 R3, R4 ) 4 3 4 

CONNECT (REL, R4, R5) 

STATUS (S , ON) 

STATUS (S1 OFF) 

STATUS ( S „ , OFF) 

STATUS ( S 3 , OFF) 

STATUS ( S 4 , OFF) 

STATUS (REL, OFF) 

where the f o l l o w i n g w f f s are d e f i n e d a s : 

TYPE - d e f i n e the type of a v a r i a b l e 

BELONG - d e f i n e w h i c h r e c o r d - t y p e c o n t a i n s 
an i t e m - t y p e 

CONNECT - d e f i n e w h i c h reco rds fo rm a se t 
o r r e l a t i o n s h i p 

STATUS - d e f i n e whe ther the se t or r e l a t i o n 
s h i p i s c u r r e n t l y connected 
( d e t e r m i n e s p a t h t h rough da ta base) 

Two a d d i t i o n a l w f f s are r e q u i r e d f o r d e t e r m i n i n g 
un iqueness . The f i r s t s t a t e s t h a t a p a r t i c u l a r 
v a r i a b l e cannot be more than one t y p e : 

(V V V X V Y) [TYPE(V,X) A (X Y) ] 

TYPE ( V , Y ) ] 

The second s t a t e s t h a t an i t e m - t y p e can o n l y be 
l ong to one r e c o r d - t y p e : 

(V V V x V Y) {[BELONG (V ,X) A (X # Y) ] = ~ 

BELONG ( V , Y ) } 

S p e c i f y i n g the Goal 

The goa l i s s p e c i f i e d by the user i n te rms 
o f the query language . A l t h o u g h the query can 
c o n t a i n a r i t h m e t i c and l o g i c a l o p e r a t o r s , the 
p o r t i o n o f t he query w h i c h i s c r i t i c a l t o the con
t r o l program i s the i t e m - t y p e s i n v o l v e d and any 
f u n c t i o n s w h i c h a r e s p e c i f i e d t o o p e r a t e o n t hose 
i t e m - t y p e s . The g o a l e s s e n t i a l l y becomes a l i s t 
o f i t e m - t y p e s and f u n c t i o n s w h i c h must appear 
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a l o n g a s i n g l e d a t a p a t h i n o r d e r f o r t h e q u e r y 
t o b e v a l i d . 

F o r t h e f o l l o w i n g q u e r y : 

PLOT THE REACH-NUMBER VERSUS THE AVERAGE 
(FLOW-RATE) 

t h e g o a l w o u l d b e t o d e t e r m i n e a d a t a p t h w h i c h 
c o n t a i n e d REACH-NUMBER, FLOW-RATE, AVERAGE, PLOT. 
One p a t h ( n o t n e c e s s a r i l y u n i q u e ) w h i c h w o u l d 
s a t i s f y t h i s g o a l i s shown i n F i g u r e 3 . S i n c e 
many m o d e l s c a n p r o d u c e s p e c i f i c i t e m - t y p e s a s 
o u t p u t s , t h e f u n c t i o n names may b e i m p l i e d b y t h e 
g o a l , r a t h e r t h a n s p e c i f i c a l l y s t a t e d . A n e x 
a m p l e m i g h t b e : 

L I S T LEAST-COST-SOLUTION 

w h e r e t h i s q u e r y w o u l d i m p l y t h e e x e c u t i o n o f a n 
o p t i m i z a t i o n p r o g r a m whose o u t p u t i s a v a r i a b l e 
c a l l e d "LEAST-COST-SOLUTION. " A s t h e t e c h n i q u e 
i s f u r t h e r d e v e l o p e d , i t i s hoped t h a t g o a l s can 
b e i m p l i e d f r o m o r d i n a r y E n g l i s h - l i k e q u e s t i o n s . 
I t s h o u l d b e n o t e d t h a t t h i s d e f i n i t i o n o f g o a l 
i s s u b s t a n t i a l l y d i f f e r e n t f r o m t h e c o n c e p t s used 
i n many o f t h e s o - c a l l e d " q u e s t i o n a n d a n s w e r i n g " 
s y s t e m s . The g o a l , i n o u r c o n t e x t , i s t o d e t e r m i n e 
t h e d a t a p a t h w h i c h w i l l s a t i s f y t h e d e s i r e d q u e r y . 
Once t h i s d a t a p a t h i s d e t e r m i n e d , a s e p a r a t e a l 
g o r i t h m w i l l a c t u a l l y g o o u t a n d a c c e s s t h e d a t a 
a n d e x e c u t e t h e f u n c t i o n s a l o n g t h a t p a t h f o r t h e 
d i f f e r e n t r e c o r d o c c u r r e n c e s . 

O p e r a t o r s 

The o p e r a t o r s a re used to t r a n s f o r m the 
i n i t i a l s t a t e t o the f i n a l s t a t e , wh i ch s a t i s f i e s 
the g o a l . These o p e r a t o r s can be c l a s s i f i e d i n t o 
two g r o u p s . The f i r s t group i s used to connect 
and d i s c o n n e c t v a r i o u s se t r e l a t i o n s h i p s i n the 
da ta base t o reach those i t e m - t y p e s o f i n t e r e s t . 
The second group r e l a t e s to those f u n c t i o n s wh ich 
a r e s t o r e d in the da ta base and are used to oper 
a t e on t h e da ta i t e m s . The f o r m a t wh i ch w i l l be 
used to d e s c r i b e the o p e r a t o r s a re as f o l l o w s : 

a) Name and Parameters . 

b) P r e c o n d i t i o n s : T h i s e x p r e s s i o n must be 
e v a l u a t e d a s be ing t r u e f o r e x i s t i n g 
s t a t e b e f o r e t h i s o p e r a t o r can b e a p p l i e d . 

c ) De le te L i s t : These w f f s shou ld be 
d e l e t e d f rom the c u r r e n t s t a t e o f t he 
system when t h i s o p e r a t o r i s a p p l i e d . 

d) Add L i s t : These w f f s shou ld be added to 
the c u r r e n t s t a t e o f the system when t h i s 
o p e r a t o r i s a p p l i e d . 

The f o l l o w i n g p r e d i c a t e w i l l be r e f e r r e d by the 
o p e r a t o r s : 

The f o l l o w i n g f u n c t i o n i s used t o de te rmine the 
un ique X f o r a g i v e n P. 

The p r e d i c a t e a v a i l a b l e de te rm ines i f i t e m - t y p e 
P i s a v a i l a b l e ; i n o t h e r w o r d s , i f i t e m - t y p e P 
c u r r e n t l y l i e s a l o n g a pa th w h i c h i s "ON". The 
r e c o r d f u n c t i o n de te rm ines wh i ch r e c o r d - t y p e X 
owns the i t e m - t y p e P . The f o l l o w i n g , t h e n , a r e 
two o p e r a t o r s w h i c h connect and d i s c o n n e c t the 
s e t s t r u c t u r e s ; 

The l i n k o p e r a t o r i s used t o l i n k t o g e t h e r 
two reco rds in a se t o r l i n k t o g e t h e r two r e c o r d s 
w h i c h f o rm a r e l a t i o n s h i p . Be fo re a r e c o r d can 
own a s e t o r a r e l a t i o n s h i p , i t must I t s e l f be 
owned by a n o t h e r r e c o r d t h rough a s e t r e l a t i o n 
s h i p . Records w h i c h a re owned t h rough a r e l a t i o n 
s h i p cannot i n t u r n own o t h e r r e c o r d s . The u n 
l i n k o p e r a t o r i s used t o break the s e t and r e 
l a t i o n s h i p l i n k s . T h i s o p e r a t o r w i l l no t break 
a l i n k i n the m i d d l e o f the c h a i n ; i n o t h e r w o r d s , 
i t w i l l o n l y remove r e c o r d s f rom the b o t t o m o f 
the p a t h . 

531 



The f o l l o w i n g o p e r a t o r s a re two examples o f 
the k i n d s o f f u n c t i o n s wh ich can be d e f i n e d to 
ope ra te on any d a t a i t e m s : 

3) ave ( P ) : Average the v a l u e of P 

P r e c o n d i t i o n : AVAILABLE (P) 

De le te L i s t : STATUS (S-AVE,OFF) 

Add L i s t : CONNECT (S-AVE,RECORD 
(P),R-AVE) STATUS (S-AVE, 
ON) 

4) p l o t ( P , , P „ ) : PLOT P1 VERSUS P2 

AVAILABLE (P1 A 

AVAILABLE: (P2) 
STATUS (S-PLOT,OFF) 

STATUS (S-PLOT,ON) 

CONNECT (S-PLOT, RECORD 

(P1 ) ,R-PLOT) 

CONNECT (S-PLOT, RECORD 

(P2),R_PLOT) 

where the above f u n c t i o n s assume the f o l l o w i n g i n 
f o r m a t i o n wh ich was i n i t i a l i n the i n i t i a l w o r l d 
d e s c r i p t i o n : 

p l o t ( P 1 , P 2 ) 

P r e c o n d i t i o n 

De le te L i s t : 

Add L i s t : 

TYPE (S-AVE,FUNCTION) 

STATUS (S-AVE,OFF) 

TYPE (R-AVE, RECORD) 

TYPE (P-AVE,ITEM) 

BELONG (P-AVE,R-AVE) 

TYPE (S-PLOT,FUNCTION) 

STATUS (S-PLOT,OFF) 

The t h i r d o p e r a t o r d e s c r i b e s the average 
f u n c t i o n wh i ch i n p u t s one i t e m - t y p e and genera tes 
a new i t e m - t y p e c a l l e d P-AVE. When t h i s f u n c t i o n 
i s used , a new r e c o r d i s a c t u a l l y c r e a t e d i n the 
da ta base . The f o u r t h f u n c t i o n i s PLOT wh ich i n 
p u t s two I t e m - t y p e s and gene ra tes a p l o t as i t s 
o u t p u t . S ince the r e s u l t o f t he PLOT f u n c t i o n i s 
o n l y o u t p u t , no new data s t r u c t u r e s a re c r e a t e d 
by the PLOT f u n c t i o n . 

The two o p e r a t o r s j u s t d i scussed are g e n e r a l 
f u n c t i o n s wh i ch are des igned to ope ra te on any 
da ta i t e m s . Ano ther c l a s s o f o p e r a t o r s can be 
d e f i n e d w h i c h r e q u i r e s s p e c i f i c data i tems r a t h e r 
than any da ta i t e m . An example o f t h i s t ype m igh t 
b e : 

5) Temp A Temperature A n a l y s i s R o u t i n e 

P r e c o n d i t i o n s : a v a i l a b l e (TEMPERATURE; 

De le te L i s t : 

Add L i s t : 

STATUS (S-TEMP,OFF) 

STATUS (S-TEMP,ON) 

where the f o l l o w i n g w o u l d be i n c l u d e d in the 
i n i t i a l s t a t e : 

TYPE (S-TEMP,FUNCTION) 

STATUS (S-TEMP,OFF) 

T h i s f u n c t i o n c o u l d be r e q u e s t e d by t h e s imp le 
q u e r y : 

TEMP 

Examples 

The f o l l o w i n g examples w i l l show how the 
p r e v i o u s l y d e f i n e d o p e r a t o r s may be used to 
de te rmine the l o g i c a l da ta pa th t h r o u g h the da ta 
and the programs s t o r e d in the da ta base . The 
f i r s t example i s the query ment ioned p r e v i o u s l y : 

PLOT REACH-NUMBER VERSUS AVERAGE (FLCW-RATE). 

One example of the sequence of o p e r a t o r s wh i ch 
m igh t b e a p p l i e d t o the I n i t i a l w o r l d model t o 
s o l v e t h i s p rob lem wou ld be as f o l l o w s : 

F u n c t i o n 

l i n k (S ) 

l i n k (S 4 ) 

u n l i n k (S 4 ) 

l i n k (S 3 ) 

ave (FLOW-
RATE) 

Add L i s t 

STATUS (S ,0N) 

STATUS (S4 ,ON) 

STATUS (S4 ,OFF) 

STATUS (S ,0N) 

CONNECT 
(S-AVE,R4, 
R-AVE) 

STATUS (S-AVE, 
ON) 

De le te L i s t 

STATUS (S1 ,OFF) 

STATUS (S 4 ,OFF) 

STATUS (S4 ,ON) 

STATUS (S ,OFF) 

STATUS (AVE,OFF) 

PLOT (REACH-
NUMBER,R-
AVE) 

STATUS 
(S-PLOT,OFF) 

CONNECT 
(S-PLOT,R , 
R-PLOT) 

CONNECT 
(S-PLOT,R-AVE, 
R-PLOT) 

STATUS (S-PLOT, 
ON) 

The l o g i c a l s t r u c t u r e t h i s query wou ld 
genera te i s shown in F i g u r e 3 . Once t h i s p a t h 
was d e t e r m i n e d , the d a t a wou ld be accessed and 
the f u n c t i o n s (AVE and PLOT) wou ld ope ra te on the 
c o l l e c t e d d a t a . 

The second example w o u l d i n v o l v e the 
f o l l o w i n g q u e r y : 

PLOT FLCW-RATE AND TEMPERATURE 

The query cannot be answered u s i n g t h e s e t r e 
l a t i o n s h i p s a lone s i nce these two i t e m - t y p e s do 
n o t l i e a l o n g the same da ta p a t h . I f the use r 
were to d e f i n e a r e l a t i o n s h i p as g i v e n in t h e 
i n i t i a l w o r l d m o d e l , t hen the l o g i c a l da ta p a t h 
f o r the query wou ld be generate 'd as f o l l o w s : 
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F u n c t i o n Add L i s t D e l e t e L i s t 

l i n k (S 1 ) STATUS (S .ON) STATUS ( S ^ O F F ) 

l i n k (S 3 ) STATUS (S3 ,ON) STATUS (S 3 , OFF) 

l i n k (REL) STATUS (REL,ON) STATUS (REL.OFF) 

where the g e n e r a t e d da ta s t r u c t u r e i s shown in 
F i g u r e 4 a . 

The t h i r d example i n v o l v e s r e q u e s t i n g a 
f u n c t i o n w h i s h w i l l o p e r a t e o n a s p e c i f i c se t o f 
d a t a . For example : 

EXECUTE TEMP 

The f u n c t i o n s w h i c h w o u l d be r e q u i r e d a r e : 

F u n c t i o n Add L i s t D e l e t e L i s t 

l i n k (S 1 ) 

l i n k (S 4 ) 

TEMP 

STATUS ( S 1 O N ) STATUS ( S 1 O F F ) 

STATUS ( S 4 0 N ) STATUS ( S 4 O F F ) 4 

STATUS (TEMP ,ON) STATUS (TEMP, OFF) 

where the l o g i c a l da ta s t r u c t u r e f o r t h i s query 
i s shown in F i g u r e 4 b . 

C o n c l u s i o n 

The approach wh i ch was p r e s e n t e d o f f e r s one 
p o s s i b l e s o l u t i o n t o the complex p rob lem o f dynami 
c a l l y r e s t r u c t u r i n g a da ta base i n o r d e r t o respond 
to a u s e r ' s q u e r y . The p rob lem s o l v i n g t e c h n i q u e 
p r o v i d e s the un ique c a p a b i l i t y o f d e t e r m i n i n g i f 
the g o a l ( q u e r y ) can b e o b t a i n e d g i ven the i n i t i a l 
w o r l d mode l . There s t i l l c l e a r l y remains s e v e r a l 
a reas wh ich need t o be e x p l o r e d i n more d e t a i l . 
One area i n v o l v e s t r y i n g t o r e c o g n i z e " c l a s s e s o f 
q u e r i e s " such t h a t f o r s i m p l e r e q u e s t s , the t r a 
d i t i o n a l da ta p a t h a l g o r i t h m can be used , and f o r 
more i n v o l v e d r e q u e s t s , t h e p rob lem s o l v i n g ap 
p r o a c h s h o u l d be used . Ano the r a rea i n v o l v e s the 
p o s s i b i l i t y o f s a v i n g q u e r i e s and t h e i r pa ths 
f o r f u t u r e r e f e r e n c e , t hus p r o v i d i n g a l e a r n i n g 
c a p a b i l i t y t o the sys tem. The f i n a l a r e a i s c o n 
c e r n e d w i t h p l a c i n g more p r e c o n d i t i o n s on the 
v a r i o u s f u n c t i o n s t o p r e v e n t such t h i n g s a s t r y i n g 
to average a group o f names, and to p e r f o r m o t h e r 
s y n t a c t i c a l checks . 

Acknowledgement 

T h i s work was s u p p o r t e d in p a r t by Grant 
Number 65377-55 f rom the O f f i c e o f Computing 
A c t i v i t i e s o f t he N a t i o n a l Sc ience F o u n d a t i o n . 
The a u t h o r s a r e I n d e b t e d to P r o f e s s o r s Dave 
Workman and Bob Bonczek of Purdue U n i v e r s i t y and 
Jack Buchanan o f C a r n e g i e - M e l l o n U n i v e r s i t y . 

B i b l i o g r a p h y 

1. J. F. Nunamaker, D. Swenson, and A. B. 
W h i n s t o n , " S p e c i f i c a t i o n s f o r t h e Development 
of a G e n e r a l i z e d Data Base P l a n n i n g S y s t e m , " 
P roceed ings o f the N a t u r a l Computer Con fe rence , 
New York C i t y , AFIPS P r e s s , June 1973. 

2. W. D. Haseman, A. Z. L iebe rman , A. B. W h i n s t o n , 
G e n e r a l i z e d P l a n n i n g System/Query System 
(GPIAN/QS) , Users Manua l , K r a n n e r t School of 
I n d u s t r i a l A d m i n i s t r a t i o n , November 1974. 

3. W. D. Haseman and A. B. W h i n s t o n , " N a t u r a l 
Query Language f o r H i e r a r c h i c a l Data S t r u c 
t u r e s , " K r a n n e r t Schoo l o f I n d u s t r i a l Admin
i s t r a t i o n , November 1974. 

4. W. D. Haseman, A. Z. L i ebe rman , and A. B. 
W h i n s t o n , " G e n e r a l i z e d P l a n n i n g System/Data 
Management System (GPLAN/DMS). Users M a n u a l . " 
K r a n n e r t Graduate School o f I n d u s t r i a l 
A d m i n i s t r a t i o n , December 1973. 

5. W. D. Haseman, J. F. Nunamaker, and A. B. 
W h i n s t o n , "A F o r t r a n I m p l e m e n t a t i o n o f t he 
CODASYL Data Base Task Group R e p o r t , " P r o 
ceed ings o f t h e F i f t h Annual P i t t s b u r g h Con
fe rence o n M o d e l i n g and S i m u l a t i o n , A p r i l 
1974. 

6. CODASYL Commi t tee , Data Base Task Group Re
p o r t . A s s o c i a t i o n f o r Comput ing M a c h i n e r y , 
A p r i l 1 9 7 1 . 

7 . N . J . N l l s s o n , Prob lem S o l v i n g Methods i n 
A r t i f i c i a l I n t e l l i g e n c e . McGraw-H i l l Book 
Company, New Y o r k , New Y o r k , 1971 . 

8 . R. E. F l k e s and N. J . N l l s s o n , " S t r i p s : A 
New Approach to the A p p l i c a t i o n o f Theorem 
P r o v i n g t o Prob lem S o l v i n g , " A r t i f l c a l 
I n t e l l i g e n c e 2 ( 1 9 7 1 ) , 189-208. 

533 


