
GENERATING PROJECT NETWORKS 

Abst rac t 

Procedures f o r op t im i za t i on and resource 
a l l o c a t i o n in Operat ions Research f i r s t requ i re a 
p r o j e c t network f o r the task to be s p e c i f i e d . 
The s p e c i f i c a t i o n of a p r o j e c t network is at 
present done in an i n t u i t i v e way. AI work in 
p lan format ion has developed formalisms f o r 
spec i f y i ng p r i m i t i v e a c t i v i t i e s , and recent work 
by Sacerdot i (1975a) has developed a planner able 
to generate a p lan as a p a r t i a l l y ordered network 
of ac t i ons . The "p lann ing : a j o i n t AI/OR ap
proach" p r o j e c t at Edinburgh has extended such 
work and prov ided a h i e r a r c h i c planner which can 
a id in the generat ion o f p r o j e c t networks. This 
paper descr ibes the planner (NONLIN) and the Task 
Formalism (TF) used to h i e r a r c h i c a l l y spec i fy a 
domain. 

1. AI and OR approaches to p lann ing 

The general problem of p lanning a task is one 
of very broad scope. Current work in Operations 
Research (OR) and A r t i f i c i a l I n t e l l i g e n c e (AI) has 
concentrated on d i f f e r e n t aspects of the problem. 
We have taken an i n t e r d i s c i p l i n a r y approach in the 
hope t h a t t h i s w i l l lead to a development o f both 
these aspects. 

In the OR approach, the p lann ing process f a l l s 
i n t o two stages. 
1. The cons t i t uen t " j o b s " of a p lan are spec i f i ed 
together w i t h t h e i r precedence r e l a t i o n s h i p s ( i . e . 
requirements of the form tha t one job precede an
o ther ) . Th is i n fo rmat ion def ines a graph, termed 
a p r o j e c t network. 
2. Var ious operat ions are performed on the p r o 
j e c t network to e s t a b l i s h schedules and a l l o c a t e 
resources (e .g . using c r i t i c a l path a n a l y s i s ) . 

OR work has been concerned w i t h the second 
stage of computat ional operat ions on a given p r o 
j e c t network. The p re l im ina ry stage is per fo rm
ed in an i n t u i t i v e , not we l l understood, and 
probably haphazard way. 

I t can be argued t h a t the generat ion of a 
p r o j e c t network is important because of the s t r u c 
tu re i t imposes on the task i n hand. I t fo rces 
component jobs to be i s o l a t e d and necessary o rder -
ings between them considered. The p r o j e c t n e t 
work can be used not on ly f o r p red i c t i ons of how 
the p r o j e c t w i l l be done, but a lso as a t o o l to 
a id i n mon i to r ing i t s progress and a l l ow ing 
bot t lenecks to be i d e n t i f i e d . However, a con
s iderab le amount o f e f f o r t i s expended in the 
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manual cons t ruc t i on o f p r o j e c t networks. 

Steps towards automating the process of 
spec i f y i ng cons t i t uen t jobs f o r some task and f o r 
g i v i n g the precedence r e l a t i o n s h i p s between j obs , 
have been developed f o r represent ing the data to 
the p lann ing process, i . e . a d e s c r i p t i o n of the 
goals of the p lan and the operat ions ( jobs) of 
which i t might cons is t (notably the rep resen ta t ion 
of operator schemas to STRIPS - Fikes & N i l s s o n , 
1971). The a p p l i c a b i l i t y of the AI work on p lan 
format ion to the generat ion o f p r o j e c t networks 
has been r e s t r i c t e d because most of the work has 
concentrated on the product ion of p lans w i t h 
t o t a l l y ordered sequences o f p r i m i t i v e jobs ra the r 
than the networks needed f o r OR a n a l y s i s . Avo id 
ing as much unnecessary sequencing of p r i m i t i v e 
jobs as poss ib le is impor tant to permi t e f f e c t i v e 
schedul ing by OR techniques.. Recent ly , Sacerdot i 
(1975a) has explored the use of a planner able to 
generate a p lan as a p a r t i a l l y ordered network of 
a c t i o n s . This work forms the basis of our ap
proach to a i d i ng a user to generate a p r o j e c t n e t 
work f o r some task . Sace rdo t i ' s approach cannot 
be descr ibed here , so a reader u n f a m i l i a r w i t h the 
work should see the re ference c i t e d above. 

2. An overview of the p r o j e c t 

The "p lann ing : a j o i n t AI/OR approach" p ro 
j e c t has been concerned w i t h a id i ng a user in the 
process of cons t ruc t i ng a p r o j e c t network. To do 
t h i s , as in the work of Sace rdo t i , we have been 
i n v e s t i g a t i n g the use of a p a r t i a l l y ordered n e t 
work of ac t ions to represent a p lan (or p r o j e c t ) 
at any stage of development. Any o rder ing in the 
network r e s u l t s from the f a c t t ha t e i t h e r 
i) an ac t i on achieves a c o n d i t i o n f o r a subse

quent a c t i o n , or 
i i ) an ac t i on i n t e r f e r e s w i t h an important e f f e c t 

of another ac t i on and must be removed outs ide 
the e f f e c t s ' " range" . 

Range here is used to mean the t ime between when a 
goal is achieved and the p o i n t a t which i t was r e 
qu i red to s a t i s f y a c o n d i t i o n on a l a t e r node. 

2 .1 Task Formalism (TF) 
A formal ism (TF) has been s p e c i f i e d to enable 

ac t ions in a domain to be descr ibed in a h i e r a r c h 
ic f ash ion . Sub-task desc r i p t i ons can be w r i t t e n 
independent ly of t h e i r use at h igher l e v e l s . The 
Task Formalism is intended to encourage the w r i t i n g 
o f modular job desc r i p t i ons a t var ious l eve l s o f 
d e t a i l . W i th in the s p e c i f i c a t i o n o f each task 
w i l l be i n fo rma t ion about 
a) When to in t roduce an a c t i o n in the p lan 
b) The e f f e c t s of an ac t i on 
c) What cond i t i ons must ho ld before an a c t i o n 

can be performed 
d) How to expand an ac t i on to lower l e v e l actions. 
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C o n d i t i o n s o n nodes i n t h e e x p a n s i o n a r e g i v e n 
t y p e s . SUPERVISED c o n d i t i o n s a r e made t r u e w i t h 
i n t h e e x p a n s i o n o f t h e t a s k ( e . g . t h e ACTION 
« P A I N T > > (6) , a c h i e v e s t h e SUPERVISED c o n d i t i o n 
<<PAINTED» on ACTION 5 ) . UNSUPERVISED c o n d i t i o n s 
a r e made t r u e b y o t h e r e x p e r t s ( m a i n l y h e r e b y a n 
" INSTALL SERVICES" e x p e r t ) . A n o t h e r c o n d i t i o n 
t y p e , "USEWHEN", w o u l d say t h a t an ACTSCHEMA c o n 
t a i n i n g i t s h o u l d n o t b e used u n l e s s t h e c o n d i t i o n 
was a l r e a d y t r u e . I t i s a l s o p o s s i b l e t o s p e c i f y 
t h e EFFECTS on a node o f t h e e x p a n s i o n . I n t h e 
case o f t h e DECOR schema t h e s e w o u l d be d e f i n e d by 
l o w e r l e v e l a c t i o n s . 

2 . 2 The n o n - l i n e a r p l a n n e r (NONLIN) 
A p l a n n e r , NONLIN, has been i m p l e m e n t e d w h i c h 

can g e n e r a t e p l a n s f r o m t a s k d e s c r i p t i o n s g i v e n i n 
t h e Task F o r m a l i s m . I t g e n e r a t e s a p l a n a t p r o 
g r e s s i v e l y g r e a t e r l e v e l s o f d e t a i l and can h a n d l e 
i n t e r a c t i o n s be tween s u b - p l a n s t o p r o d u c e a p l a n 
a s a p a r t i a l l y - o r d e r e d n e t w o r k o f a c t i o n s . The 
a l g o r i t h m s emp loyed i n t h e p l a n n e r have been d e 
s i g n e d s o t h a t o r d e r i n g c h o i c e s a r e a v o i d e d where 
p o s s i b l e . However , where a c h o i c e does become 
n e c e s s a r y a l l c h o i c e p o i n t s a r e k e p t f o r l a t e r 
a n a l y s i s o r r e - p l a n n i n g . A s i m p l e c l e a r r e p r e 
s e n t a t i o n o f t h e g o a l s t r u c t u r e (GOST) o f a p l a n 
i s k e p t ( t h e c o n d i t i o n s o n nodes o f t h e n e t w o r k 
t o g e t h e r w i t h t h e p o i n t s where t h e c o n d i t i o n s a r e 
a c h i e v e d ) . An example of a GOST e n t r y d u r i n g a 

house b u i l d i n g t a s k m i g h t b e 

«SUPERVISED «SCAFFOLDING ERECTED» TRUE 6>> 
w i t h v a l u e [ 4 ] . 

T h i s w o u l d mean t h a t «SCAFFOLDING ERECTED>> had 
to be t r u e a t node 6 and was made t r u e a t node 4 
(nodes in a n e t w o r k a r e numbe red ) . Node 4 h e r e 
w i l l b e r e f e r r e d t o a s a " c o n t r i b u t o r " t o s a t i s 
f y i n g t h e c o n d i t i o n . I t i s p o s s i b l e t o have 
s e v e r a l p o t e n t i a l c o n t r i b u t o r s . The GOST t h u s 
s p e c i f i e s a s e t o f " r a n g e s " f o r w h i c h p a t t e r n s 
have a c e r t a i n v a l u e . Goa l s t r u c t u r e p r o v i d e s 
i n f o r m a t i o n a b o u t a p l a n w h i c h w o u l d b e d i f f i c u l t 
t o e x t r a c t f r o m t h e d e t a i l o f t h e p l a n i t s e l f . 
The use o f g o a l s t r u c t u r e t o d i r e c t s e a r c h i n a 
p r o b l e m s o l v e r was f i r s t i n v e s t i g a t e d i n T a t e 
( 1 9 7 5 ) . The g o a l s t r u c t u r e o f a p l a n n o t o n l y 

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

2 .3 Compar ison w i t h NOAH 
NONLIN, a s m e n t i o n e d p r e v i o u s l y , i s based u p 

on t h e work o f S a c e r d o t i (1975a) on t h e NOAH p l a n 
n e r . We a c c e p t t h e c o n c e p t o f S a c e r d o t i ' s w o r k : 
t h a t o r d e r i n g c o n s t r a i n t s s h o u l d o n l y b e imposed 
be tween t h e a c t i o n s c o m p r i s i n g a p l a n i f t h e s e a r e 
n e c e s s a r y f o r t h e a c h i e v e m e n t o f t h e o v e r a l l p u r 
pose o f t h e p l a n . However , t h e NOAH p rog ram s t i l l 
had t o make c h o i c e s a s t o t h e o r d e r t h a t a c t i o n s 
were t o b e p l a c e d i n a p l a n t o c o r r e c t f o r i n t e r 
a c t i o n s . NOAH made t h i s c h o i c e i n one p a r t i c u l a r 
way . I t d i d n o t keep any b a c k t r a c k c h o i c e p o i n t s , 
s o t h i s d e c i s i o n , once made, was i r r e v e r s i b l e . 
T h i s l e a d s t o a n i n c o m p l e t e n e s s o f t h e s e a r c h 
space w h i c h can r e n d e r some s i m p l e b l o c k p u s h i n g 
t a s k s u n a c h i e v e a b l e by NOAH (see s e c t i o n 10 o f 
T a t e , 1975 f o r a f u l l a c c o u n t ) . NONLIN i s c a p 
a b l e o f c o r r e c t i n g f o r a n i n t e r a c t i o n b y s u g g e s t 
i n g two o r d e r i n g s ( w h i c h a r e s u f f i c i e n t t o e n s u r e 
t h e i n c o m p l e t e n e s s o f NOAH m e n t i o n e d above i s 
a v o i d e d — see s e c t i o n 4 . 4 ) . O t h e r o p e r a t i o n s 
p e r f o r m e d b y NOAH d e t e r m i n i s t i c a l l y ( i . e . w i t h o u t 
g e n e r a t i n g a l t e r n a t i v e c o u r s e s o f a c t i o n ) s h o u l d 
a l s o be c o n s i d e r e d as c h o i c e p o i n t s . Two examples 
o f t h i s a r e 

a ) t h e c h o i c e o f w h i c h method t o use t o expand a 
node where a l t e r n a t i v e s e x i s t , and 
b ) t h e d e c i s i o n t o merge two nodes i n a n e t w o r k . 
I f such d e c i s i o n s c a n n o t b e undone some p r o b l e m s 
a r e u n s o l v a b l e . NONLIN keeps such c h o i c e p o i n t s . 
W e f o u n d i t i m p r a c t i c a l t o s t o r e a l l a l t e r n a t i v e s 
in a s i n g l e AND/OR n e t w o r k . I n s t e a d , we make 
c h o i c e s a s t h e y become n e c e s s a r y b u t keep a l t e r n 
a t i v e s f o r l a t e r r e - u s e . A s i n NOAH, w e e x p e c t 
t h a t t h e f i r s t c h o i c e t a k e n s h o u l d l e a d t o a s o l u 
t i o n s i n c e many o f t h e c h o i c e s made b y l i n e a r 
p l a n n e r s have been a v o i d e d . I n d e e d , i f f a i l u r e 
o c c u r s w i t h t h e f i r s t p l a n b e i n g c o n s i d e r e d , o u r 
e x p e r i e n c e i s t h a t b a c k t r a c k i n g can l e a d t o l o n g 
s e a r c h e s s i n c e many c o n s e q u e n t o r d e r i n g c h o i c e s 
may have been made because of an i n a p p r o p r i a t e 
c h o i c e e a r l y i n t h e g e n e r a t i o n o f t h e p l a n . W e 
a r e t a c k l i n g t h i s p r o b l e m b y t h e use o f a " D e 
c i s i o n G raph " (see D a n i e l , 1 9 7 7 ) . 

NOAH had no way to d i s t i n g u i s h be tween i ra -
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We i l l u s t r a t e t h e f o r m of TF by an "ACTSCHEMA" 
f r o m a s i m p l e house b u i l d i n g t a s k ( t h e c o m p l e t e 
l i s t i n g i s g i v e n i n T a t e , 1 9 7 6 ) . 
ACTSCHEMA DECOR 

PATTERN «DECORATE» 
EXPANSION 
1 ACTION <<FASTEN PLASTER AND PLASTER BOARD» 
2 ACTION «POUR BASEMENT FLOOR>> 
3 ACTION <<LAY FINISHED FLOORING» 
4 ACTION <<FINISH CARPENTRY>> 
5 ACTION «SAND AND VARNISH FLOORS>> 
6 ACTION « P A I N T » 
ORDERINGS 1 >3 6 >5 SEQUENCE 2 TO 5 
CONDITIONS 
UNSUPERVISED «ROUGH PLUMBING INSTALLED» AT 1 
UNSUPERVISED «ROUGH WIRING INSTALLED» AT 1 
UNSUPERVISED « A I R CONDITIONING INSTALLED» AT 1 
UNSUPERVISED «DRAINS INSTALLED» AT 2 
UNSUPERVISED «PLUMBING F I N I S H E D » AT 6 
SUPERVISED «PLASTERING FINISHED>> AT 3 FROM 1 
SUPERVISED <<BASEMENT FLOOR LAYED» AT 3 FROM 2 
SUPERVISED «FLOORING F I N I S H E D » AT 4 FROM 3 
SUPERVISED «CARPENTRY F I N I S H E D » AT 5 FROM 4 
SUPERVISED <<PAINTED» AT 5 FROM 6. 

END; 
T h i s schema says t h a t a n ACTION node w i t h p a t t e r n 
<<DECORATE» can be expanded i n t o 6 l o w e r l e v e l 
a c t i o n s w i t h t h e f o l l o w i n g p a r t i a l o r d e r i n g : 



por tan t e f f e c t s at nodes which achieved a condi t ion 
on some l a t e r node and unimportant s i d e - e f f e c t s . 
If a node was in t roduced to achieve some goal f o r 
a l a t e r node, NOAH ensured t h a t any e f f e c t at the 
in t roduced node was kept t rue up to the goal node. 
This can mean t h a t no p lan order ing may be found fo r 
problems to which so lu t i ons e x i s t . NONLIN d i s 
t i ngu ishes between an e f f e c t at a node which sa t 
i s f i e s some c o n d i t i o n at a l a t e r node and other 
unimportant e f f e c t s . The goals s t ruc tu re i n fo rm
a t i o n which NONLIN keeps is used to enable NONLIN 
to suggest the minimum of two a l t e r n a t i v e o rder -
ings to c o r r e c t f o r i n t e r a c t i o n s and to d i s t i n g 
u ish impor tant e f f e c t s . 

We have g iven c a r e f u l a t t e n t i o n to the design 
of a quest ion answering program which behaves cor 
r e c t l y f o r quer ies in a p a r t i a l l y ordered network 
o f nodes. This a lgor i thm i s f u l l y descr ibed 
l a t e r in t h i s paper. The a lgor i thms used in NOAH 
f a i l e d to take i n t o account i n te r fe rence on the 
t r u t h of some statements by the e f f e c t s of ac t ions 
in p a r a l l e l w i t h any path from a query node to the 
i n i t i a l s i t u a t i o n i n a p lan network. 

3. Task Formalism fo r domain s p e c i f i c a t i o n s 

At the ou tse t of t h i s work the problem of 
s t r a i g h t f o r w a r d l y spec i f y ing a domain to a problem 
so lver in a h i e ra r ch i c fash ion was recognized as 
being of pr imary importance. We wish to a l low 
h igh l e v e l d e f i n i t i o n s of a task to be g i ven , each 
p a r t of which can be expanded i n t o lower l e v e l 
desc r i p t i ons and so on down to some a r b i t r a r y leve l 
which the user of the program requ i res as ou tpu t , 
or f o r which " l i b r a r i e s " of lower l e v e l plans are 
a v a i l a b l e . I t should be poss ib le f o r each com
ponent at lower l e v e l s to be spec i f i ed in a modular 
way — not r e q u i r i n g knowledge of the exact form 
of o ther components. Given any p a r t i c u l a r task , 
the p lanner must choose appropr ia te lower l e v e l 
ac t ions so t h a t each pa r t of a p lan can be per
formed success fu l l y and so t h a t the o v e r a l l pur 
pose of the p lan is achieved. 

Sub-task d e s c r i p t i o n — the use of cond i t i on types 
When sub-tasks are being prov ided, the ex

pe r t s who produce them may know t h a t the c o n s t i t 
uent jobs ought to be done in a p a r t i c u l a r o rder , 
or know t h a t severa l jobs can be done together (in 
p a r a l l e l ) . They know tha t c e r t a i n cond i t ions 
ought to ho ld before some jobs can proceed. For 
example, a carpet layer knows tha t before he does 
h is job the f l o o r boards ought to be layed , even 
though t h a t i s n ' t p a r t o f h i s j o b . These con
d i t i o n s are not under the superv is ion of t h i s ex
pe r t and are the r e s p o n s i b i l i t y of o the rs . They 
w i l l be termed UNSUPERVISED CONDITIONS. 

Experts a lso know t h a t c e r t a i n cond i t ions 
must be made to ho ld under t h e i r superv is ion be
fore t h e i r task can be completed. Again, the 
carpet f i t t e r knows i t i s h i s r e s p o n s i b i l i t y t o 
get the carpet to the s i t e , but the d e t a i l s o f 
t h a t task may be sub-cont rac ted . Such cond i t i ons 
w i l l be termed SUPERVISED CONDITION. N.B. as we 
w i l l see these correspond to normal p recond i t ions 
in means-end ana lys is d r i ven systems such as 

STRIPS (Fikes and N i l s s o n , 1971). 

There is a t h i r d type of cond i t i on which an 
expert may impose. Condi t ions may be s ta ted 
which must hold before t h i s expert can be c a l l e d 
i n t o use at a l l . For example, consider a b lock 
s tack ing expert which knows how to c lea r b locks 
by moving a block on top of the block to be c lear 
ed to some other p lace . If a b lock cannot be 
found to be on top of the one to be c leared i t is 
no use c a l l i n g t h i s expert a t a l l . I f the con
d i t i o n s were merely s ta ted as a goal to be ach iev
ed before the movement of the upper block to some
where e lse was done, we could get i n t o a s i t u a t i o n 
where we a c t u a l l y move some block onto the one to 
be c leared and then move it o f f aga in . Such 
s t a t i c cond i t ions on the use of a p a r t i c u l a r ex
p e r t w i l l be c a l l e d USEWHEN CONDITIONS. Usewhen 
cond i t ions can be considered to be an extension to 
the check of relevancy of some schema which im
poses them. 

So, we can d i s t i n g u i s h three d i f f e r e n t types 
o f cond i t i ons : 

(a) Unsupervised cond i t ions 
(b) Supervised cond i t ions 
(c) Usewhen c o n d i t i o n s 

Mak ing a d i s t i n c t i o n be tween them can be o f g r e a t 
b e n e f i t i n c o n t r o l l i n g t h e number o f c h o i c e p o i n t s 
g e n e r a t e d d u r i n g a s e a r c h and i n c h o o s i n g a n a l t e r 
n a t i v e a f t e r a f a i l u r e . O n l y c o n d i t i o n s o f t y p e 
(b) a r e a l l o w e d t o cause f u r t h e r e x p a n s i o n s t o b e 
made t o t h e p l a n b e i n g g e n e r a t e d , i . e . , a l l o w f u r 
t h e r e x p e r t s t o b e c a l l e d i n t o p l a n t o a c h i e v e 
t h e c o n d i t i o n s . T h i s i s why t h e y c o r r e s p o n d t o 
n o r m a l p r e c o n d i t i o n s a s s p e c i f i e d i n STRIPS. I f 
e x p a n s i o n s were a l l o w e d t o a c h i e v e t h e u n s u p e r 
v i s e d and usewhen c o n d i t i o n s , w e c o u l d f i n d t h a t 
t h e n e t c o n t a i n e d much redundancy w h i c h c o u l d b e 
d i f f i c u l t t o r e s o l v e . I t seems b e t t e r t o a l l o 
c a t e j o b s t o a p p r o p r i a t e e x p e r t s . 

Example o f TF 
T F i s c o m p l e t e l y d e c l a r a t i v e and i s based u p 

o n t h e o p e r a t o r schemas p r o v i d e d i n STRIPS ( F i k e s 
and N i l s s o n , 1 9 7 1 ) . A f u l l BNF d e s c r i p t i o n o f 
t h e Task F o r m a l i s m and f u r t h e r examples o f i t s use 
a r e g i v e n i n T a t e ( 1 9 7 6 ) . However , some i d e a o f 
i t s f o r m can b e g o t f r o m t h e l i s t i n g o f one "ACT-
SCHEMA" f r o m a s m a l l house b u i l d i n g domain in 
s e c t i o n 2 . Below w e g i v e a c o m p l e t e l i s t i n g o f 
t h e b l o c k s t a c k i n g domain t r a n s l a t e d f r o m S a c e r -
d o t i ' s (1975a) SOUP code f o r c o m p a r i s o n ($* is a 
v a r i a b l e p r e f i x ) . 

ACTSCHEMA PUTON 
PATTERN <<PUT $*X ON TOP OF $*Y» 
CONDITIONS USEWHEN «CLEARTOP $ * X » AT SELF 

USEWHEN <<CLEARTOP $*Y>> AT SELF 
USEWHEN « 0 N $*X $*Z>> AT SELF 

EFFECTS + « 0 N $*X # * Y » 
- <<CLEARTOP # * Y » 
- <<ON $*X $*Z» 
+ <<CLEARTOP $*Z» 

VARS X UNDEF Y UNDEF Z UNDEF; 
END; 
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OPSCHEMA MAKEON 
PATTERN <<ON $*X $*Y» 
EXPANSION 1 GOAL «CLEARTOP 2 * X » 

2 GOAL «CLEARTOP $ * Y » 
3 ACTION « P U T $*X ON TOP OF $ * Y » 

ORDERINGS 1 - - - > 3 2 >3 
VARS X UNDEF Y UNDEF; 

END; 

OPSCHEMA MAKECLEAR 
PATTERN <<CLEARTOP # * X » 
EXPANSION 1 GOAL «CLEARTOP g*Y>> 

2 <<PUT #*Y ON TOP OF # * Z » 
ORDERINGS 1 >2 
CONDITIONS USEWHEN « O N g*Y g * X » AT 2 

USEWHEN <<CLEARTOP 0*Z» AT 2 
VARS X <:NOT TABLE:> Y UNDEF 

Z «;AND «:NOT 0*X:> <:NOT $*Y:> : > ; 
END; 

ALWAYS «CLEARTOP T A B L E » ; 

I n t h e b l o c k s t a c k i n g d e s c r i p t i o n , SUPERVISED 
c o n d i t i o n s a r e o m i t t e d . T F f i l l s t h e s e i n a u t o 
m a t i c a l l y f o r any GOAL nodes t o t h e f o l l o w i n g node 
in an e x p a n s i o n . The PUTON schema does n o t s p e c 
i f y a n e x p a n s i o n and o n l y g i v e s f u r t h e r e f f e c t s 
and c o n d i t i o n s on t h e a c t i o n . The ALWAYS s t a t e 
ment a s s e r t s t h a t <<CLEARTOP TABLE>> i s t r u e i n 
any s i t u a t i o n . S e v e r a l schemas can b e g i v e n 
w h i c h have t h e same PATTERN. These t h e n b e i n g 
a l t e r n a t i v e methods o f e x p a n d i n g a node w i t h t h e 
p a t t e r n . C h o i c e s be tween a l t e r n a t i v e s a r e 
h a n d l e d e x p l i c i t l y b y t h e p l a n n e r . 

4 . NONLIN; The P l a n n e r 

NONLIN s t a r t s w i t h a s i n g l e node r e p r e s e n t i n g 
t h e t a s k t o b e p l a n n e d . The s i m p l i f i e d c o n t r o l 
c y c l e i s s i m i l a r t o t h a t used i n NOAH. 
1 . Expand a node i n t h e n e t w o r k u s i n g t h e e x 

p a n s i o n f r o m a n a p p r o p r i a t e schema. 
2 . C o r r e c t f o r any i n t e r a c t i o n s i n t r o d u c e d . 
3 . Repeat f r o m 1 u n t i l t h e r e a r e no f u r t h e r nodes 

t o e x p a n d . 
The s y s t e m i s r u n m o s t l y " s t a n d - a l o n e " a t 

p r e s e n t . However , i t does s u p p o r t a s i m p l e i n t e r 
a c t i v e ' t o p - d o w n ' p l a n n i n g p r o c e s s , a s k i n g a u s e r 
f o r i n f o r m a t i o n a s i t i s f o u n d t o b e l a c k i n g . 

4 . 1 R e p r e s e n t a t i o n o f t h e Ne twork 
The n e t w o r k i s r e p r e s e n t e d a s a c o l l e c t i o n o f 

nodes w h i c h a r e r e f e r r e d t o v i a a s u b s c r i p t , e . g . 
NODE(4). Each node has a s s o c i a t e d w i t h i t v a r 
i o u s componen ts : 
nodenum i t s NODE s u b s c r i p t ' 
n o d e t y p e GOAL, ACTION or PHANTOM* 
p a t t e r n used t o seek a n e x p a n s i o n schema 
p r e n o d e s a l i s t o f nodes l i n k e d i m m e d i a t e l y b e 

f o r e t h i s one 
succnodes a l i s t o f nodes l i n k e d i m m e d i a t e l y 

a f t e r t h i s one 
n o d e c t x t a c o n t e x t c o n t a i n i n g t h e e f f e c t s o f 

t h i s n o d e . The p a r t i a l l y o r d e r e d 
n e t w o r k o f c o n t e x t s i s d e f i n e d b y t h e 

*A PHANTOM node is a GOAL node whose p a t t e r n was 
a l r e a d y t r u e i n t h e n e t w o r k a t t h e p o i n t where i t 
I s p l a c e d . 
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n o d e c t x t s and t h e p r e n o d e s and 
succnodes l i n k s , 

p a r e n t n o d e t h e node was i n s e r t e d as a r e s u l t o f 
t h e e x p a n s i o n o f i t s p a r e n t n o d e 

nodemark a t e m p o r a r y m a r k e r used t o r e c o r d t h e 
r e l a t i o n o f t h i s node t o some o t h e r 
node i n t h e n e t w o r k ("BEFORE", "NODE", 
"AFTER" o r " I N PARALLEL"). T h i s i s 
used d u r i n g q u e s t i o n a n s w e r i n g . 

O t h e r components can b e i g n o r e d f o r t h e p u r p o s e s 
o f t h i s p a p e r . The n e t w o r k t h u s d e s c r i b e d g i v e s 
t h e o r d e r i n g c o n s t r a i n t s be tween t h e nodes i n t h e 
n e t w o r k . 2 o t h e r s t r u c t u r e s a r e used t o r e p r e 
s e n t a p l a n , a TOME and a GOST. 

T a b l e o f M u l t i p l e E f f e c t s (TOME) 
As in S a c e r d o t i (1975a) we keep a r e c o r d o f 

wha t v a l u e s a r e g i v e n t o p a t t e r n s a t each n o d e . 
The TOME i s used d u r i n g q u e s t i o n a n s w e r i n g and to 
d e t e c t i n t e r a c t i o n s . 

Goal S t r u c t u r e (GOST) 
A c o n d i t i o n o f any t y p e on any node in a p l a n 

i s s t o r e d i n GOST t o g e t h e r w i t h a l i s t o f " c o n 
t r i b u t o r s " . C o n t r i b u t o r s a r e n o d e s , any one o f 
w h i c h c o u l d make t h i s c o n d i t i o n h o l d . See s e c t i o n 
4 . 3 f o r t h e method used t o f i n d t h e c o n t r i b u t o r s 
f o r any p a t t e r n . 

The Goa l S t r u c t u r e a l l o w s t h e p u r p o s e s o f any 
p a r t i c u l a r e f f e c t a t any node t o b e d e t e r m i n e d ( i f 
i t has a n y ) . T h i s a l l o w s i n t e r a c t i o n s t o b e d e 
t e c t e d and a l l o w s c o r r e c t i o n s ( s u g g e s t e d l i n e a r i z 
a t i o n s ) t o b e s e n s i t i v e t o t h e i m p o r t a n t e f f e c t s 
o f nodes ( t h o s e w h i c h s a t i s f y some c o n d i t i o n ) . 
U n i m p o r t a n t e f f e c t s a r e t h e r e f o r e i g n o r e d . Once 
t h e i n t e r a c t i n g e f f e c t s o f nodes a r e d e t e r m i n e d 
and t h e g o a l s t r u c t u r e i s a v a i l a b l e , s i m p l e l i n e a r 
i z a t i o n s can b e s u g g e s t e d t o remove t h e i n t e r a c t 
i o n s (as in INTERPLAN — T a t e 1 9 7 5 ) . 

4 . 2 Expand ing a Node 
A node i s expanded t o g e t more d e t a i l o f how 

a t a s k can be p e r f o r m e d or a g o a l a c h i e v e d . 
1 ) GOAL nodes A g o a l node i s p r e s e n t to s t a t e 

t h a t t h e p a t t e r n o f t h e node s h o u l d b e t r u e a t 
t h e node . T h e r e a r e t h r e e ways t h i s c o u l d b e 
a c h i e v e d . 
a ) I f t h e p a t t e r n was a l r e a d y t r u e a t t h a t 

p o i n t . 
b ) I f w e c o u l d i n t r o d u c e l i n k s i n t o t h e n e t 

work t o make t h e p a t t e r n t r u e a t t h a t p o i n t . 
c ) I f we c o u l d make an e x p a n s i o n o f t h e node 

w h i c h w o u l d make t h e p a t t e r n b e t r u e . 
I n cases (a) and ( b ) , t h e g o a l node i s r e t u r n e d 
w i t h a new t y p e "PHANTOM". A GOST e n t r y w i t h 
a s p e c i a l c o n d i t i o n t y p e "PHANTOM" i s made t o 
show t h e c o n t r i b u t o r s w h i c h make t h e p a t t e r n 
t r u e a t t h e n o d e . L i n k s w i l l have been p u t i n 
t h e n e t w o r k a s a r e s u l t o f ( b ) . 

I n case ( c ) , i t i s n e c e s s a r y t o f i n d a n e x 
p a n s i o n f o r t h e p a t t e r n and r e p l a c e t h e g o a l 
node i n t h e n e t w o r k b y t h e e x p a n s i o n . One 
member o f t h e l i s t o f schemas w h i c h can b e used 
t o expand any p a t t e r n i s chosen and a l t e r n a t i v e 
ways t o expand t h e p a t t e r n a r e k e p t a s c h o i c e 
p o i n t s . 

o n s - 2 : Ta t * 
91 



2) ACTION nodes An a c t i o n node is present as a 
command to do something. No attempt is t h e r e 
fo re made to see i f i t s pa t t e rn i s t r ue o r can 
be made t r u e (by l i n k i n g ) as cases (a) and (b) 
f o r goal nodes. However, case (c) is per form
ed exac t l y as f o r goal nodes. An expansion of 
the p a t t e r n is sought and used to replace the 
a c t i o n node in the network. An ac t ion node is 
al lowed to have a n u l l expansion. This i n d i 
cates to the system t h a t the ac t i on can be con
s idered p r i m i t i v e and i t should not be replaced 
in the network or expanded f u r t h e r . A sho r t 
hand TF form PRIMITIVE . . . ; can be used to 
dec lare p r i m i t i v e s . 

4.3 Question answering in a p a r t i a l l y ordered 
network of contexts 

Current data base systems which prov ide a con
t e x t mechanism, e . g . CONNIVER (McDermott and Suss-
man, 1972), prov ide e f f i c i e n t f a c i l i t i e s f o r s t o r 
ing a changing data base by remembering the a l t e r 
a t i ons made to an i n i t i a l s i t u a t i o n . However, 
they on ly prov ide f a c i l i t i e s f o r the determinat ion 
of the value of a pa t t e rn w i t h respect to a given 
context in a f u l l y ordered t ree o f contex ts . In 
a t r ee of contexts there is a s t r i c t t ime sequence 
along a s ing le context path so answers are f u l l y 
determinate . In the p a r t i a l l y - o r d e r e d network, 
answers w i l l depend on the nodes in p a r a l l e l w i t h 
a p a r t i c u l a r node as w e l l as the answer got by r e 
t r a c i n g back through a network. This answer, got 
by r e t r a c i n g through the network, w i l l i t s e l f vary 
as nodes are l i n k e d e a r l i e r in the network. A 
f u l l wor ld model kept at each context would have 
to be cont inuous ly updated. So, as f o r a t r ee of 
con tex ts , i t i s best to s tore only the changes to 
an i n i t i a l wor ld model at each node. 

We have prov ided a QA system fo r such a wor ld 
model which can respond to two k inds of query: 
(a) Does statement P have value V at node N in 
the cur ren t network? I t could have value d e f i n 
i t e l y V, d e f i n i t e l y not V, or be undecidable. 
(b) What l i n k s would have to be added to the ne t 
work to make P have a c e r t a i n value at N i f i t d i d 
not have t h i s value in the given network? 
The system f i n d s l i s t s o f " c r i t i c a l " nodes in the 
network and uses these to g ive a t r u t h r e s u l t f o r 
requests o f type (a ) . The l i s t s conta in the i n 
format ion needed to suggest l i n k s i f a request of 
type (b) is g i ven . . 
defns - P-node is a node which gives statement P 

a va lue . 
PV-node is a node which gives statement P 
a__value V. 
PV-node is a node which gives statement P 
a value o ther than V. 

a c r i t i c a l node f o r (P,N) is a node which, 
in a poss ib le l i n e a r i z a t i o n , g ives a value 
to statement P which could be maintained 
up to node N. 
N.B. The c r i t i c a l nodes f o r (P,N) are 
i) the l a s t P-node on each incoming branch 

to N ( ignore P-nodes which are a lso 
predecessors o f any o ther c r i t i c a l 
nodes s ince the re may be redundant 
l i n k s i n the network) . 

i i ) a l l P-nodes which are i n p a r a l l e l w i t h 
N. 

QA (P,V,N) f i n d s the l i s t s of c r i t i c a l P-nodes by 
marking the o ther nodes of the network w i t h t h e i r 
p o s i t i o n w i t h respect to N and look ing f o r TOME 
e n t r i e s f o r the statement P. 
P d e f i n i t e l y has value V at node N i f there is at 
l eas t one c r i t i c a l PV-node before node N, and there 
are no c r i t i c a l PV-nodes.* P d e f i n i t e l y does not 
have value_V at node N i f there is at l e a s t one 
c r i t i c a l PV-node and there are no c r i t i c a l PV-nodes. 

I f ne i the r o f these 2 d e f i n i t e cases a r i ses 
then it may be poss ib le to make P have value V at 
node N by making su i t ab l e l i n k s in the network i f 
t h i s is r equ i red . We must have at l e a s t one 
c r i t i c a l PV-node l i n k e d in before node N and l i n k 
out a l l c r i t i c a l PV-nodes (both p a r a l l e l to and be
fo re N) , so t h a t at l eas t one path from a c r i t i c a l 
PV-node to N has no PV-node in_ p a r a l l e l w i t h i t . 
Since both the PV-nodes and PV-nodes invo lved may 
be c o n t r i b u t o r s to cond i t ions on l a t e r nodes, the 
suggestion of l i n k s must be s e n s i t i v e to the goal 
s t r u c t u r e . The process used to suggest compat
i b l e l i n k s f o r t h i s scheme i s very s i m i l a r to the 
process which co r rec ts f o r i n t e r a c t i o n s in a ne t 
work. The common procedure used is descr ibed 
nex t . I t i s provided w i t h the l i s t s o f c r i t i c a l 
nodes found dur ing quest ion answering. 

4.4 L ink ing process f o r the network 
There are 2 occasions on which i t is neces

sary to suggest l i n k s in the network. 
a) to detec t and remove i n t e r a c t i o n s 
b) to make a statement have a p a r t i c u l a r value 

at some node. 
We use a common procedure f o r both these tasks . 
The o v e r a l l idea is very s imple. I t r e l i e s on 
having the goal s t r uc tu re of a network a v a i l a b l e . 
Goal s t ruc tu re g ives a set of "ranges" f o r which a 
statement must have a p a r t i c u l a r va lue . A s t a t e 
ment is given a value at a p a r t i c u l a r node and 
must r e t a i n t h i s value up to a node which requ i res 
the statement as a c o n d i t i o n . Our process simply 
ensures t h a t there is no over lap between any 
ranges f o r which a statement P must have value V 
and any ranges f o r which a sjtatement P must have 
a value other than V ( i . e . V in our prev ious no ta 
t i on ) . We take i n t o account 2 f ac t s 
i ) where there are m u l t i p l e c o n t r i b u t o r s to a 

cond i t i on on any node, we are on ly const ra ined 
to mainta in one of them as c o n t r i b u t o r , 

i i ) I f the cond i t i on is on ly present to make a 
GOAL node a PHANTOM node we can remove a l l i t s 
c o n t r i b u t o r s i f necessary and t h i s w i l l merely 
fo rce us to consider ways to achieve the GOAL. 
The d e t a i l o f the opera t ion is descr ibed in 

Tate (1976). I t emerges t h a t once a p a i r of con
f l i c t i n g ranges are i d e n t i f i e d i t i s necessary t o 
suggest bo th p u t t i n g a l i n k from the end of one 
range to the beginning of the other and v ice versa 
( i f t h i s i s compatible w i t h the e x i s t i n g l i n k s i n 
the network) . This is needed to avoid the incom
pleteness mentioned in sec t ion 2 .3 . This process 
is a gene ra l i za t i on o f the i n t e r a c t i o n c o r r e c t i o n 
procedure f i r s t suggested f o r l i n e a r problem 
so lvers in Tate (1975). 
*The PV-nodes before node N are the " c o n t r i b u t o r s " . 
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I t i s v i t a l t h a t comparisons o f a l l ranges 
spec i f i ed in the goal s t r u c t u r e are not being made 
cont inuously to check f o r i n t e r a c t i o n s . Our 
method ensures t h a t on ly those ranges jeopardized 
by any opera t ion on the network need to be checked. 
We o u t l i n e below how t h i s is done f o r the two d i f 
fe ren t uses to which the l i n k i n g procedure is p u t . 
a) To de tec t and remove i n t e r a c t i o n s 

As e f f e c t s are added to nodes in the network, 
they are a lso recorded in the Table of M u l t i p l e 
E f fec ts (TOME). As they are added we can f i n d if 
an i n t e r a c t i o n r e s u l t e d by per forming two checks, 
i ) see i f any p a r a l l e l node has an opposi te value 

f o r the statement (a check on the TOME). The 
network w i l l a l ready have been marked w i t h r e 
spect to the node at which the e f f e c t was add
ed, as a r e s u l t of quest ion answering, 

i i ) see i f the node given the e f f e c t i s i n p a r a l l e l 
w i t h any range f o r which the statement must 
have a d i f f e r e n t value (a check on the GOST). 

The l i n k i n g procedure is on ly entered w i t h any 
c o n f l i c t i n g nodes or ranges, thus l i m i t i n g the 
computation needed. 
b) To make a statement P have a p a r t i c u l a r value V 
at some node N 

We mentioned in sec t ion 4.3 t h a t the QA routine 
can prov ide l i s t s of " c r i t i c a l " nodes which can be 
used to suggest l i n k s to make a statement have a 
p a r t i c u l a r value at some node. Given these l i s t s , 
the opera t ion can be performed by ensur ing t h a t 
there i s a t l e a s t one c r i t i c a l PV-node " l i n k e d - i n " 
before node N. This may a l ready be the case, but 
i f n o t , a choice p o i n t is made and one of the 
c r i t i c a l PV-nodes is l i n k e d before node N. The 
l i n k i n g procedure i s then used to " l i n k - o u t " a l l 
c r i t i c a l PV-nodes from the PV-range which es tab l i sh 
es the cond i t i on on node N. So here again we 
d r a s t i c a l l y reduce the p o t e n t i a l range c o n f l i c t s 
which need to be compared by using the l i s t s of 
" c r i t i c a l " nodes prov ided by the quest ion answering 
r o u t i n e . 

5. Summary 

We have used recent work in AI aimed at gener
a t i ng plans as p a r t i a l l y ordered networks of actions 
to a i d in p r o j e c t network c o n s t r u c t i o n . Such n e t 
works are in a s u i t a b l e form f o r the use of Oper
a t ions Research op t im i za t i on techniques. The 
present NONLIN system is a development of NOAH 
(Sacerdot i , 1975a). However, we have sought to 
improve over NOAH in several impor tant ways. 
a ) I n t e r a c t i o n s are cor rec ted f o r i n a l l l e g a l 

ways to avoid an incompleteness present in NOAH. 
In f a c t on ly 2 a l t e r n a t i v e order ings need be 
considered i n order t h a t t h i s i s achieved. 

b) I n t e r a c t i o n s are cor rec ted f o r on ly on the 
" impor tan t " e f f e c t s of nodes (those which are 
requ i red as the c o n t r i b u t o r to a cond i t i on on a 
l a t e r node). 

c) We use a quest ion answering procedure which 
behaves c o r r e c t l y f o r quer ies in a p a r t i a l l y 
ordered network of nodes. 

d ) A l l a l t e r n a t i v e s generated a t choice po in t s i n 
the p lanne r ' s search space are kept f o r back
t r a c k i n g . NOAH d i d not keep a l t e r n a t i v e s 
where i t made a r b i t r a r y cho ices. 

The p r o v i s i o n of an e x p l i c i t record of the 
cond i t ions on any node together w i t h the nodes 
which achieve those cond i t ions (the goal s t r u c t u r e 
of the network) has prov ided a s i m p l i f i e d rep re 
senta t ion o f the p lan which i s o f b e n e f i t i n d i 
r e c t i n g the p lanne r ' s search (e .g . f o r (a) or (b) 
above). More d e t a i l of the NONLIN program and 
the procedures used can be found in Tate (1976). 
This paper a lso gives examples of the use of the 
program. 

We have developed a Task Formalism (TF) to 
enable a group of people to co -ope ra t i ve l y descr ibe 
a task to the system w i t h the p lanne r ' s a i d . TF 
is completely dec l a ra t i ve and t h i s has aided us in 
p rov id ing the Table of M u l t i p l e E f f e c t s (TOME) and 
Goal S t ruc tu re (GOST). The dec la ra t i ve form of 
TF desc r i p t i ons is a lso prov ing of use in the 
design of a "Decis ion Graph" to l o c a l i z e the a l t e r 
a t ions which need to be made to a network to r e 
cover from a search f a i l u r e (see Dan ie l , 1977). 

We are c u r r e n t l y engaged on an i n v e s t i g a t i o n 
o f p r o j e c t p lann ing in the schedul ing o f generator 
maintenance in power s t a t i o n s . We hope to gain a 
b e t t e r understanding o f the formal channels o f 
communication used between the planner in an organ
i z a t i o n , management who g ives d i r e c t i v e s to the 
planner and people from whom the planner gets i n 
format ion to enable him to p lan a p r o j e c t . We 
hope to t e s t our present ideas of how t h i s process 
is performed (as modelled in NONLIN and TF) on a 
r e a l i s t i c a p p l i c a t i o n i n t h i s domain. 
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