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ABSTRACT 

I n t e l l i q e n t ques t ion -answer ing proqrams do more than r e t r i e v e " r a w " data? they make 
deduc t i ve i n fe rences i n order t o r e t u r n a l l v a l i d resnonses. They r e n o r t l o a i c a l 
i n c o n s i s t e n c i e s , n o s s i b l v a t the data i n n u t nhase. s i m i l a r l y , more i n f o r m a t i o n i s 
requested from the user i f a ques t i on asked nroves to be ambiguous. 

A ques t i on -answer inn svstem of the above tyne has been desirmed and imnlemented. 
Resides r e t r i e v i n g e y n l i c i t and I m n l i c i t temporal r e l a t i o n s , the system d iscovers 
p o t e n t i a l l y caudal r e l a t i o n s h i n s w h i c h a l so s a t i s f y d i f f e r e n t t ime r e s t r i c t i o n s . 
Quest ions concern ing a gene ra l i zed concent of co -ex i s tence can a l so be answered. It is 
honed t h a t nroarams of a s i m i l a r na tu re w i l l become of much nracrmatic use to researchers 
i n p h y s i c s , c h e m i s t r y , b i o l o g v , and s o o n , i n e v a l u a t i n g comnlex, i n t e r r e l a t e d 
exne r imen ta l d a t a . Severa l a d d i t i o n a l a n n l i c a t i o n s f o r t h i s tvne o f nroqrams are 
ment ioned, rana ina from nrohlems i n c r im ino lo r rv t o a i r t r a f f i c c o n t r o l . The A s s o c i a t i v e 
Memorv, P a r a l l e l Process inn Lanquaqe, AM^L-TT , was found r a t h e r s a t i s f a c t o r y f o r the 
p r o j e c t . 

I t is f i n a l l y suaqested t h a t the svstem beinrr descr ibed could serve as a comnonent 
to a comnlex c o a n i t i v e mechanism. 

INTRODUCTION 

There is an overwhelmina abundance of 
comnlex events in " r e a l " l i f e . One minht 
look unon sc ience as a mechanism to he ln 
escane from the unexp la ined chaos. The 
bas i c assumntion of the r e d u c t i v i s t is 
i n h e r e n t i n a l l s c i e n t i f i c i n v e s t i a a t i o n s 
— the ex i s t ence of (s imnle) laws t h a t 
qovern n a t u r a l nhenomena. 

I n the i n t e r n r e t a t i o n o f s c i e n t i f i c 
d a t a , work inn hypotheses are formed t h a t 
are based on nr ima f a c i e r e l a t i o n s between 
p a t t e r n s o f even ts . The d i scove ry o f 
c a u s a l i t y c a l l s f o r the t e s t i n a o f these 
work inq hypotheses under a wide v a r i e t y of 

c o n d i t i o n s . The l o g i c o f the concent o f 
c a u s a l i t y r equ i r es t h a t the s c i e n t i s t 
shou ld , f i r s t o f a l l , s o r t out 
predecessor-successor r e l a t i o n s , * * * I t 
seems obvious when huge masses of t i m e -
r e l e v a n t data are to be ana lvzed , the 
comnuter should come to the s c i e n t i s t ' s 
a i d i n t h i s n o n - t r i v i a l t a s k . Ye t , the 
nassage of t i m e , one of the most s a l i e n t 
of human exner iences , has rece ived 
r e l a t i v e l y l i t t l e s tudy i n q u e s t i o n -
answerinn nroarams. The t ime v a r i a b l e is 
a t the hear t o f n r a c t i c a l l v a l l 
p h y s i c a l , b i o l o n i c a l , and o s v c h o l o q i c a l 
even ts . T t i s , t h e r e f o r e , the fundamental 
v a r i a b l e i n every " n r o c e s s - d e s c r i n t i v e " 
m o d e l . * ♦ * * 

*The work r e p o r t e d here was sunnorted by the N a t i o n a l Science Foundat ion Gran t GJ-

**Both authors worked on the des ian o f the system. The f i r s t author ( N . V . F . ) 
suqqested and e labo ra ted the sub jec t ma t te r and was resnons ib l e for the w r i t i n g of t h i s 
paper . Many re f inements and improvements are due to the second author ( D . c . ) , who has 
a l so done a l l t he proqrammina. An en la raed v e r s i o n of t h i s work , in the form of a 
Mas te r ' s P r o j e c t , w i l l be submi t ted to the S ta te U n i v e r s i t y o f New york a t P u f f a l o in 

of David Chen's M.S. dearee. 
the t heo ry o f r e l a t i v i t y , t h a t would be of no 
to send s i n n a l s i n t o the nas t . See, f o r examnle, 
Theory of P e l a t i v i t y (Trans 1. P. Hoffmann; Plenum 

p a r t i a l f u l f i l m e n t o f the requ i rements 
* * * C e r t a i n p a r a d o x i c a l r e s u l t s o f 

concern t o u s h e r e , render i t p o s s i b l e 
Y. P. T e r l e t s k i y : Paradoxes in the 
P u b l . C o r p . : New York , 1968). 

♦♦♦♦Accord inq to the usua l d i s t i n c t i o n made by Systems Theory (see, f o r examnle, 
Simon [ 4 ] ) , systems can o f t e n be desc r ibed by two tvnes of models. The s t a t e -
d e s c r i p t i v e model t e l l s how a system behaves now, whereas the n r o c e s s - d e s c r i n t i v e model 
p rov ides i n f o r m a t i o n as to how and th rouqh what stanes i t has develoned from an i n i t i a l 
c o n f i q u r a t i o n to the c u r r e n t one. The l a t t e r i s u s u a l l y more v a l u a b l e , not on ly because 
i t enables the researcher t o e x t r a p o l a t e t o the f u t u r e b u t , a l s o , because i t q i ves 
i n s i q h t i n t o the mechanisms o p e r a t i n g w i t h i n the system. 
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The present work is aimed at a l l 
possible temporal relations between time-
dependent events — an expandable but 
well-defined universe. The framework of a 
c a t e g o r i c a l s t r u c t u r e i s b u i l t d u r i n g the 
i n p u t phase. As more and more ques t ions 
are asked, t h i s framework i s f i l l e d UP 
w i t h d i r e c t l y q iven and i n f e r r e d d a t a , and 
r e l a t i o n s between them. This fac t and 
many o the r aspects of the p r o j e c t are in 
analocgy w i t h human c o g n i t i o n a l thouqh no 
a t tempt was made to s imu la te the l a t t e r . 
I n c o n s i s t e n c i e s and m iss ina i n f o r m a t i o n 
are d iscovered and r e p o r t e d back to the 
user . (Miss inn i n f o r m a t i o n i s man i f es ted , 
in an i n d i r e c t manner, bv r e t u r n i n g a 
l a r a e r se t o f answers.) The o b j e c t i v e s o f 
t h i s work were b r i e f l y descr ibed i n [ 1 ] . 

f i n a l l y , we note t h a t we do not wish 
to e n t e r the realm o f ph i l osophy in t h i s 
work. The meanina and the r o l e of t i m e , 
in the a b s t r a c t sense, are beyond the 
scope o f these i n v e s t i g a t i o n s . 

ON TTME-DFPFNDKNT EVENTS 
RELATIONS 

AMD TEMPORAL 

We s h a l l not be concerned here w i t h 
s t o c h a s t i c phenomena, (As E i n s t e i n s a i d : 
"The dear God does not p lay w i t h d i c e " . ) 
The b l u r r i n g e f f e c t o f p r o b a b i l i t y 
d i s t r i b u t i o n s i s rep laced by the f o l l o w i n g 
oarad iam: 

where members of the second b racke t may 
assume e i t h e r a t t r i b u t e o f the f i r s t 
b r a c k e t . Mean ino fu l examples can be found 3 
f o r each of the e i a h t ( = 2 ) Poss ib le 
cases. The d i s t i n c t i o n betwoon re levancy 
and i r r e l e v a n c y is indeed u s e f u l s ince 
c h r o n o l o g i c a l data i n r e a l l i f e are o f t e n 
i ncomp le te l y d e f i n e d because of a lack of 
i n f o r m a t i o n , measurement e r r o r s , 
c o n f l i c t i n g data sources , e t c . 

F u r t h e r , P a r t i a l s p e c i f i c a t i o n o f 
c h r o n o l o g i c a l data can be g iven in the 
' i r r e l e v a n t ' case by sav ing 

people may d isaaree w i t h t h i s . . . ) and i t s 
e f f e c t ' t o be awake' i s l a s t i n g . Or, 
'John s t a r t s r e a d i n a ' i s , a g a i n , a p o i n t 
event which is f o l l owed bv a l a s t i n q 
a c t i o n . I t i s more d i f f i c u l t t o f i n d a 
p o i n t event w i t h no subsequent e f f e c t . A 
moot one i s , f o r example: 'He decided not 
to do any th i n g ' . 

(2) A d u r a t i o n event has d i s t i n c t 
s t a r t i n n an?! f i n i s h i n g t i m e s , and a 
d u r a t i o n between the two. There are a few 
e x c e p t i o n s . E x p l i c i t o r i m p l i c i t t r u t h 
s tatements o f t e n do not have s t a r t i n n and 
f i n i s h i n r r t i m e s . Unless one accepts 
r e l i a i n u s teach ings or the Rig Rang theorv 
of cosmologv, the " w o r l d " has no s t a r t i n n 
t i m e . 

Tn o rde r to be r e a l i s t i c about 
s i m u l t a n i t v , we have assumed a quan t i sed 
t ime s c a l e . In the computer nrogrram 
desc r i bed l a t e r , one minute i s the 
s h o r t e s t measurable t ime i n t e r v a l . (This 
represen ts no r e s t r i c t i o n because a 
d e f i n a b l e , a r b i t r a r v t ime u n i t i s a l so 
a v a i l a b l e ; see l a t e r . ) F u r t h e r , we have 
cons idered the t i m e c o - o r d i n a t e unbounded 
i n both d i r e c t i o n s . 

For the sake of some d i s c u s s i o n , l e t 
us adont in t h i s s e c t i o n the convent ion 
t h a t lower case l e t t e r s r e f e r t o t ime 
p o i n t s and upner case l e t t e r s to t ime 
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In the above d e f i n i t i o n s , a l l 
parameters appear to be t i m e - r e l e v a n t . Tn 
the case of approximate t ime 
s p e c i f i c a t i o n s , whether abso lu te o r 
r e l a t i v e to o the r even t s , the system must 
make proper al lowances f o r the changres in 
the r e t r i e v a l l o q i c . 

One can e s t a b l i s h a s imple l o n i c a l 
svstem, on the bas is of the p rev ious 
d e f i n i t i o n s , us ina s tandard f i r s t - o r d e r 
p r e d i c a t e c a l c u l u s p lus axioms w i t h regard 
t o t r a n s i t i v i t y , i r r e f l e x i v i t y , and 
ex i s tence of predecessors and successors . 
This enables the system to make 
s i m n l i f i c a t i o n s on and in fe rences 
concern ing tempora l r e l a t i o n s between any 
two of t h ree or more even ts . 

THE PROGRAM 

I t has been our i n t e n t i o n to a l l ow a 
most genera l i npu t mode. The data to be 
used should be checked f o r cons is tencv at 
a staae as e a r l y as p o s s i b l e . At the 
bea inn ina o f the oroaram, the ske le ton o f 
a complex, h i e r a r c h i c a l and r e l a t i o n a l 
data s t r u c t u r e i s e s t a b l i s h e d . Th is would 
then be f i l l e d in as need a r i s e s th rouah 
the aues t ions asked. We have not frowned 
upon redundancv in s to red i n f o r m a t i o n 
whenever i t shortened o r s i m p l i f i e d 
o rocess ina . 

Many d i f f i c u l t dec i s i ons had to be 
made in reaard to inpu t mode, i n t e r n a l 
r e p r e s e n t a t i o n , data m a n i p u l a t i o n , search 
processes, e t c . Several t i m e s , we had to 
a ive UP a c e r t a i n avenue and s t a r t on 
another one. The f o l l o w i n a represen ts the 
c u r r e n t s t a t e o f a f f a i r s , which we may 
improve and expand v e t . 

The nrorrram is divided into three. 
rnaior comnone-nts, the innut nhase, the 
data structuring nhase, and the question 
answerinn nhase. These will now be 
discussed briefly. 

(1) The inout nhase is concerned 
with three tvnes of information: 

(a) The user defines the symbolic 
comnonents of an e^ent in the form 
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There are eiaht nodes of indirect 
snecification, as indicated by an innut 
parameter. The relative time length that 
has to be added to or subtracted from 
another time quantity can be given in 

minutes, 
hours, 
davs, 
months, 
vears 
packed year-month-day-hour-minute mode, 
packed month-day mode, and 
packed dav-minute mode. 

In the last three cases, the addition 
or subtraction starts at the rightmost 
unit and nroceeds to the left, for the 
sake of unambiauity. Proner care has been 
taken of the transition between the Iuliian 
and Grenorian calendars, the "nissino" 
year between 1 B.C. and 1 A.D, and 
similar idiosyncrasies. 

There is an important, multinnnose, 
reserved word, nrLTA. Tn the innnt nhase, 
it denotes an irrelevant time quantity 
for which no numerical snecification is to 
be exnected. We. would nut, for examnle, 
for time noints TA and TR, 

savins that they both are irrelevant (but 
not equitennoral !) DPLTA can also be nut 
directly, in lieu of any symbolic name of 
an event being asked about. Examoles to 
follow wil l make this noint clear. 

Nested snecifications are also 
possible. A verbalized examnle of this 
is: 'Event A started 20 minutes before 
the event ended that started at a.m., 

The first stage of checking for 
inconsistencies is done as soon as 
possible during the innut nhase. 
Contradictions may occur within or between 
the svnbolicly and numerically given data. 
If found, these are reported back to the 
user and the program aborts. 

Finallv, if one of the three tine 
quantities, characterizing a duration 
event, startinrg time, finishing time and 
length, is missinn, it is comnuted and 
recorded at this stage. Tn the cases in 
which nartial chronological information is 
given in terms of restrictions, longest or 
shortest nossible time lengths are 
comnuted and annronriately marked whenever 
nossible. 

(2) The data structuring nhase 
transforms the innut information into an 
expandable format, which is narticularlv 
suitable for the last phase, during which 
questions are asked and answered. 

Some of the SLIP l ist structures 
established init ial ly are expanded, some 
others are transcribed into a sequence of 
content-addressable and narallel-
processable AMPPL-II Relations (see [2] or 
[3]) and then destroyed. Events are 
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must be 
t ime o f the 
t ime o f the 

The f i r s t two r e f e r t o the p o s s i b l e 
range o f ( i r r e l e v a n t ) t ime p o i n t s . The 
next two r e f e r to t ime du ra t i ons o r events 
w i t h one or two i r r e l e v a n t l i m i t i n g end 
p o i n t s . The l a s t c o n d i t i o n , ' c l o s e s t ' , 
may r e f e r to t ime p o i n t s , in which case 
the re is no amb iau i t y . However, the user 
may a l so look f o r an event (or events) 
whose l e n g t h is the c l o s e s t to a q iven 
d u r a t i o n . Or e l s e , he may s o e c i f v one 
event and look f o r another one t h a t has 
the maximum l e n g t h of ove r l ap w i t h the 
g i ven even t , I f t he re are s e v e r a l , which 
f o r example comple te ly cover the l a t t e r , 
the system can s e l e c t the s h o r t e s t event 
o f t h e s e . 

I n g e n e r a l , a l l n o t e n t i a l l v 
acceptab le answers are re tu rned when the 
i n f o r m a t i o n a v a i l a b l e i s not s u f f i c i e n t t o 
dec ide on t h e i r a c c e p t a b i l i t y 

(d) To e s t a b l i s h cha ins of events 
where the mode of cha in i ng must s a t i s f y 
c e r t a i n r e s t r i c t i o n s , such as 

the success ive events 
con t i nuous , i . e . the f i n i sh i nc r 
antecedent i s the s t a r t i n g 
successor ; 

the success ive events must n a r t i a l l y 
o r comple te ly ove r l ap each o t h e r ; 

e i t h e r the s t a r t i n g o r the f i n i s h i n c r 
t i m e s , S p e c i f i a b l e by narameters , must be 
consecu t i ye w i t h success ive e v e n t s ; 

the same as above but c e r t a i n t ime 
d u r a t i o n s at l e a s t must e lanse between 
consecu t i ve s t a r t i n a o r f i n i s h i n c r t imes 
( c f . problems o f c a u s a l i t y ) ; 

(e) To answer ques t ions concern ing a 
gene ra l i zed concept o f c o - e x i s t e n c e . There 
a r e , say, t h ree se ts o f events q i v e n . The 
proqram w i l l f i n d a subset o f the f i r s t 
s e t , each member of which must c o - e x i s t 
( p a r t i a l o r complete ove r l ap ) w i t h a t 
l e a s t one member of the second set of 
events and must not c o - e x i s t ( d i s - j o i n t 
events) w i t h any member o f the t h i r d s e t . 
Or, more q e n e r a l l y , we can look f o r a 
subset o f the f i r s t s e t , each member o f 
which must c o - e x i s t w i t h a t l e a s t one 
member of an a r b i t r a r y number of se ts and 
must no t c o - e x i s t w i t h any s i n q l e member 
o f another a r b i t r a r y number o f o t h e r se ts 
o f even t s . 

F i n a l l y , we note two a d d i t i o n a l types 
o f s i de c o n d i t i o n s t h a t can be s p e c i f i e d 
f o r the r e s u l t s . These are 

the l o g i c a l c o n d i t i o n s 
f o r a l l o n a l i s t 

anywhere in the system ( c f . 
q u a n t i f i e r ) , 

f i n d one ( c f . t he 
q u a n t i f i e r ) , 

Boolean AND, OR and NOT of se ts of 
e v e n t s ; and 

t h e t ime c o n d i t i o n s ; 
t he r e s u l t i n g t ime q u a n t i t y o r event 

must occur be fo re or a f t e r a c e r t a i n t ime 
p o i n t , 

b e f o r e , d u r i n g o r a f t e r an e v e n t , 
w i t h i n a c e r t a i n t ime l e n g t h . 

s p e c i f i e d o r 
t he u n i v e r s a l 

e x i s t e n t i a l 

EXPERIENCE WITH THE PROGRAM 

Programminn was done on a CDC 6H00, 
w i t h which SLIP and AMPPT,- IT have been 
r e s i d e n t on the system d i s k . Only those 
subnroarams are c a l l e d i n t o the core t h a t 
are needed in the nrogram. The t o t a l code 
occupies less than 15k core memorv. The 
runn ing t i m e , of cou rse , depends on the 
s i ze of the data base and on the 
comn lex i t y ( l e v e l s of nes t i ng ) of the 
ques t ions asked. 

w i t h a moderate ly s ized data base and 
ques t i ons of the t vne below, an answer was 
ob ta ined on the average in less than h a l f 
a second if the i n f o r m a t i o n was d i r e c t l v 
a v a i l a b l e . However, i f l o g i c a l i n fe rences 
concern ing nested ques t ions had to be 
made, and the data s t r u c t u r e had to be 
undated, the t ime r e q u i r e d f o r an answer 
may take as long as 40 seconds (see 
l a t e r ) . 

To i l l u s t r a t e the n o t a t i o n to be 
emploved by the use r , we d i ve a l i s t of 
s imple ques t ions and a few nested ones. 
We note t h a t the same ques t i on can o f t e n 
be formulated in seve ra l d i f f r e r e n t wavs. 

(1) Could the s t a r t of event 
cause event E2 ? 

(RFLTRUF , BFFǾRE (PTAPTTM E1) ,F,F2) . 

Here P means t h a t the s t a r t i n a t ime 
of event E is a t ime p o i n t and E means 
t h a t E2 Ts an even t . 

(2) Does event E1 c o - e x i s t ( p a r t i a l 
or comnlete ove r lan ) vr i tu event E? ? 

(PELTPHFjCpEXTSm^El^E?) . 

'3) Could the comple t ion of event E« 
immediate lv cause event E9 ? 

(RELT^UE, C^NTTCTJF ,E ,E1 ,E ,F2 ) . 

F "> 
(4) Is event E1 lonqer than event 

(RELTPnF,L0NGFP,E,E1 rE,E2). 

(5) Which events are such t h a t 

(a) t h e i r s t a r t cou ld cause event E^? 

(RELTPTJF,REF<?IPF,!>, (STAPTTM, DFT.TA) ,E,E1) ; 

(b) they c o - e x i s t w i t h event E^? 

(P.FLTWTTF,C^EXTPT,E,nPL^A,E,E1) ; 

(c) t h e i r comple t ion could cause 
event E*? 

(RELTPUE,REF0RF,P,(FTNTTM,DELTA),E,E1); 

(d) t h e i r d u r a t i o n i s lonoer than 
t h a t o* event E^? 
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((RELTRUE,LINGER,E,DELTA,E,E1). 

(6) Are t h e r e sequences of events 
[ (a) on ly c o n s e c u t i v e , (b) on ly 
con t i guous , o r (c) a l s o ove r lanD inq ] t h a t 
lead to event E 1 , and i f so , which ones? 
(N.B. cha in o f c a u s a l l y connected even ts . ) 

(a) (CHAIN,C0NSECUTIVE,FINTIM,STARTIM,E1); 

(b) (CHAIN,CǾNTIGUE,E1) ; 

(c) (CHAIN,ǾVERLAP,E1). 

(7) Given t h r e e se ts of e v e n t s , 
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(RELTRUE,DFLTA,P, (FTNTM, (EXTEMUM,E, 

LATFPT, (RELTRUE, CǾEXTST,E, HELTA, E,E1) ) ) , 

P, (STAPTIM, (EYTPEMTTM^EA^LTES^, (^ELTPUE, 

C0EYTPT,E,HELTA,E,E2) ) ) ) . 

A few more n o i n t s are to be noted 
he re . The s o t - t h e o r e t i c f u n c t i o n s 

INTSEPTT0N and TTMT0̂  

can be nested in any of the ques t ion 
forms. 

The f u n c t i o n 

r e t r i e v e s numerical values of an 
i n d e f i n i t e number o f t ime p o i n t s and/or 
d u r a t i o n s . The svmbol ic names of these 
may e r e f r e n c e d i n d i r e c t l y in a nested 
f o r m . For examnle, is w/e wish to find the 
du ra t i ons of events T1 and T2, and the 
t imes of occurrence of those n o i n t e w n t s 
t h a t hannened be fo re n o i n t event P1 , we 
nut 

(VALUR,Tl ,T2 , (RELTRUE,A>'r rT> rnrT/^ , ^ ^ 1 ) ) 
T,Then^̂ <=»r eyact values are not 

a v a i l a b l e , a set of r o u t i n e s is c a l l e d 
upon to compute the nossibTo t i ^ e rancre of 
th« tome n o i n t s or d u r a t i p n s i n v o l v e d . 

The f o l l o v i n g a^ram an^ eynorn ts 
f r o n a cn^nnfor outnnf ron r ^sen t a run 
w i t h a ST-all data bas^ : 

ANTE; (PA,SA); (SD,FA,SB,PB); (FF,PC); (SH,SC,FA). 

EQUI; (FB,FD,SE); (FE,SF). 

CEQUI; (FA,SB). 

PA—500, PB-0, FB-100*, FC-250, FD-100*, SE=100, 

FE=200, LE=100*, SF=200*, FF=300*, LF-100. 

(Those marked w i t h an a s t e r i s k are va lues computed by the svstero. ) 

THE FOLLOWING FACTS ARE GIVEN TC THE SYSTEM : 

SIX EVENTS ANO THREE TIME POINTS ARE INVOLVED IN 
THE QUESTIONS ARE NOT NECESSARILY MEANINGFULt THEY 
HHAT THE SYSTEM CAN DO. 

(WHICH, IN THE LIST FORM, IS :) 

THE FOLLOWING EXAMPLE. 
ARE USED TO CEMONSTRATE 

(The SLIP 

( ( ) (FVENT,EA,SA,FA,LA) (EVENT ,EB,S8,FB,L B) (EVENT ,EC,SC, FC, LC) 
(EVENT,ED,SD,FD,LD> (EVENT,EE,SE,FE,LE) (EVENT,EF,SF,FF.LF) >• 

system r e q u i r e s an a s t e r i s k a t the end o f everv l i s t s t r u c t u r e to be i n p u t t e d ) 
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HE WANT TO INPUT THE LEAST AMOUNT OF INFORMATION OALY. IN ORCER TO SEE HON 
THE SYSTEM COMBINES ABSTRACT (SYMBOLIC) AND NUMERICAL INFORMATION, SOME OF THE 
ENTITIES MILL BE GIVEN NUMERICAL VALUES. 

ME OEFINE 3 TIME POINTS PA, P8, AND PC FOR REFERENCE. PA ANTECCDES THE 
STARTING TIME OF EVENT EA. TINE POINT SO ANTECEOES FA THAT ANTECEOES SB THAT 
ANTECEOES PB, THE FINISHING TIME OF EVENT EF OCCURS BEFORE PC. FB, F0, ANO SE 
ARE EOJI-TEHPCRAL TIME POINTS. FA ANO SB ARE CIRCA-EQUI-TEMPORAL. FE IS EQUI-
TEMPORAL TO SF. TIME POINTS SO, SC, AND FA ARE IN THIS CHRONOLOGICAL ORDER. 
SE, FE, FC, LF, PA, ANO PB MILL BE GIVEN NUMERICAL VALUES. 

(WHICH, IN THE LIST FORM, IS :) 

<(PA,PB,PCHANTE,PA(STARTIM,EA>) (ANTE,SO,FA, SB, PB ) (ANTE, (FINTIM,EF} PC) 
(EQUI,FB,FO,SE) (CEOUI,FA,SB) (ECUl,FE,SF) (ANTE,SO,SC,FA) )* 

A1 F o l l o w i n g t h i s , the system p r i n t s ou t f i v e l i s t s t r u c t u r e s : 
o r d e r i n g ) , LSTEQ (equ i tempora l ) , LSTCEO ( c i r c a - e q u i t e m o o r a l ) , TPL 
p o i n t s ) , and TDL ( recogn ized t ime d u r a t i o n s ) . For the sake of b r e v i t y , these are 
o m i t t e d h e r e . The r e l e v a n t tempora l r e l a t i o n s are then t r a n s f e r r e d to the Simulated 
A s s o c i a t i v e Memory. 

The above i s p a r t l y the echo o f the i n p u t , p a r t l y va lues i n f e r r e d by the system. 
Nex t , a c h r o n o l o g i c a l o r d e r i n g o f t ime p o i n t s ( l i s t NAL) i s p r i n t e d but i s o m i t t e d he re . 
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THE NEXT QUESTION IS I 

FINO POSSIBLE CHAINS OF NON-OVERLAPPING AND CONSECUTIVE EVENTS THAT LEAO TO 
EVENT EF. 

(WHICH, IN THE LIST FCRM, IS t) 

( (CHAIN,CONSECUTIV,FINTIM,STARTIM,EF> )* 

ONE OF THE POSSIBLE CHAINS IS t 
EA, EF, 

ONE OF THE POSSIBLE CHAINS IS t 
EA, EB, EF. 

CNE OF THE POSSIBLE CHAINS IS : 
ED, EF. 

NC MORE CHAIN. 

HE HAVE SPENT 27.79<*0 SECONDS ON THIS QUESTION. 

THE NEXT OUESTION IS : 

FIND POSSIBLE CHAINS OF OVERLAPPING EVENTS THAT LEAD TO EVENT EF. 

(WHICH, IN THE LIST FORM, IS :) 

( (CHAIN,CVERLAP,EF) )* 

ONE OF THE POSSIBLE CHAINS IS t 
E0, EC, EF. 

NC PORE CHAIN. 

HE HAVE SPENT 18.0680 SECONDS ON THIS QUESTION. 

THE NEXT QUESTION IS : 

FIND POSSIBLE CHAINS OF CONTIGUOUS EVENTS THAT LEAD TO EF. 

(WHICH, IN THE LIST FCRM, IS :) 

( (CHAIN, CONTIGUE,EF) )* 

ONE OF THE POSSIBLE CHAINS IS t 
EB, EE, EF. 

ONE OF THE POSSIBLE CHAINS IS : 
ED, EE, Ef. 

NC MORE CHAIN. 

WE HAVE SPENT 42.7980 SECONDS ON THIS QUESTION. 

THE NEXT QUFSITION IS : 

LTST ALL T I M E POINTS THAT ANTECEDE PC AND ARE ANTECEDED BY P A . 

(WHlCH, IN THE LIST FORM, IS :) 

( <PFLTKUE,ANTE,PtDELTAtP,pCt<RELTQUE,ANTE,P,PA,D,DEI TA) ) )* 

THE FOLLOWING Is THE ANSWER ! 

PB, FFt SFt FE, SE, FU, FC, F8 58, FA, SA. 

WE HAVE SPENT 21.5220 SECONDS ON THIS QUEsTlOw. 
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THE NEXT QUESTION IS 1 

FROM AMCNG EVENTS EC ,EB,EE,E0,EA, AND EF, SELECT THOSE THAT CO-EXIST WITH EB 
OR EC. FROM THIS GROUP, DELETE THE EARLIEST ONE OF THOSE THAT ARE COMPLETELY 
ANTECEOEU BY EVENT EA. 

(WHICH, IN THE LIST FORM, IS :) 

( (NOT (COEXISTENC (EC ,EB,EE,ED ,EA,EF) (EB,EC) ) CE XT RE MUH,E ARLIEST, E, < RELTRUE, 
COMPANTE,E,EA,Et DELTA) ) ))* 

THE FOLLOWING IS T HE ANSWER : 

EF, EAf EO, EE, EC, 

HE HAVE SPENT 37.8020 SECONDS ON THIS QUESTION. 

THE NEXT QUESTION IS I 

FIND THOSE EVENTS THAT START AFTER STARTING TIME OF EA ANO WHOSE FINISHING 
TIME IS COVERED BY tVENT EC. 

(WHICH, IN THE LIST FCRM, IS t) 

( (INTSECTION (RELIRUE,BEFORE,P(STARTIM,EA)E,DELTA)(RELTRUEfBETWEEN, P(FINTIH, 
DELTA),E,EC) ) )* 

THE FOLLOWING IS THE ANSWER : 

EE, EB. 

WE HAVE SPENT 16.8860 SECONDS ON THIS QUESTION. 

THE NEXT QUESTION IS I 

FIND THE LONGEST AND THE SHORTEST EVENTS OF EB fEC,EE,EF, ANO EO. 

(WHICH, IN THE LIST FORM, IS I) 

( (EX,EB,EC,EE,EF,ED)(UNION (EXTREMUM,LCNGEST,E,EX)(EXTREMUM,SHORTEST,E,EX) ) ) ♦ 

THE FOLLOWING IS THE ANSWER I 

EF, EE, ED, EC. 

WE HAVE SPENT £.5760 SECONDS ON THIS QUESTION. 

THE NEXT QUESTION IS I 

FINO VALUES OF TIME POINT FA, OF THOSE TIME POINTS THAT OCCUR AFTER PA, ANO OF 
THOSE TIME DURATIONS THAT ARE EQUAL TO OR LONGER THAh LE ITHE LENGTH OF EVENT 
EE). 

(WHICH, IN THE LIST FORM, IS t) 

( (VALLE,PA, (REL TRUE, ANTE, P,P A, P, DELTA) ( KELT RUE fEQU AL,D ,LE , 0 , OELTA) 
(RELTRUE,LONGERtD,DELTA,C,(LENTH,EE) ) ) )* 
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THE NEXT QUESTION IS : 

FROM AMCNG EVENTS EA, EC, ED, EE, AND EF, SELECT THOSE THAT CO-EXIST WITH 
EVENTS ED OR EC AND DO NOT CC-EXIST WITH EVENT EE, 

(WHICH, IN THE LIST FORM, IS :) 

( CCOEXISTENC,(EA,EC,ED,EE ,EF) (ED,EC) (BUTNOT,EB) ) )* 

THE FOLLOWING IS THE ANSWER t 

EF, EE, EC, EA. 

WE HAVE SPENT 43.6560 SECONDS ON THIS QUESTION. 

THE NEXT QUESTION IS : 

THIS EXAMPLE DEMCNSTRATES SCME FURTHER USE OF THE FUNCTIONS EXTREMUM AND 
UNION. 

(WHICH, IN THE LIST FORM, lS :) 

( (UNION (EXTREMUM,LONGEST,D,(KELTRUE,LONGER,D,DELTA,E,EF) ) , 
(EXTREMUM,EARLIEST,P, (SA,(STARTIM,EC) (FINTIM,EF) ,SD,SB) ) CEA,EF,£B) ) )* 

THE FOLLOWING IS THE ANSWER : 

EB, EF, EA, SA, LD, LC, LB. 

WE HAVE SPENT 2.4400 SECONDS CN THIS QUESTION. 
NO MORE QUESTION, PROCESS TFRMINATES. 

To i l l u s t r a t e d a t e - t i m e s p e c i f i c a t i o n , a data base s i m i l a r to the one in the 
f i r s t example was used w i t h d i f f e r e n t v a l u e s . We have, f o r i n s t a n c e , 

SE - 1960 01 01 (January 1, 1960) , FF = 1960 12 31. LE = 365 (comoufced; 1960 leap year) 

SF = 1960 12 3 1 , FF = 1971 5 1. LF = 3772 davs (e igh t r e a u l a r and two lean y e a r s , the 

f i v e f i r s t months i n 1971) 
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THE FOLLOWING ASSIGNMENT OF NUMERICAL VALLES IS RECOGMZEC 

FA 19401010000 8 
PA HAS VALUE 194001010000 . 

P8 195001010000 8 
P8 HAS VALLE 19540101000C . 

FC 1970 01010000 8 
FC HAS VALUE 19700 10 100100. 

SE 196001010000 8 
SE HAS VALUE 1960010 10000. 

FE 196312310000 8 
FE HAS VALUE 19601231000C. 

FF 197105010000 8 
FF HAS VALUE 197105010 000. 

NO-MORE 
IT IS FOUND THAT FB HAS VALUE 19600101000 0. 
IT IS FCUNC THAT FU HAS VALUE 19600101C000• 
IT IS FOUND THAT SB HAS VALUE 1960123100 00. 
IT IS FCUND THAT LE FAS VALUE 3 6 5 0 0 0 . 
IT IS FOUND THAT LF HAS VALUE 37720000. 

-0 * 

THE NEXT QUESTION IS I 

FIND VALUES CF TIME FCINT P A , CF THCSE TIME POINTS THAT CCCUR AFTER FA, ANC OF 
THOSE TIME CURATIONS THAT ARE ECUAL TC OR LCNGER THAN LE (THE LENGTH OF EVENT 
EE). 

(WHICH, IN THE LIST FCRM, IS I) 

( (VALUE,PA,(RELTkUE,ANTE,P,PA,P,CELTA) ( REL T RU E ,EQU AL ,D , LE , D, CE LT A) 
(RELTRUE,LONGER,D,DELTA,C, (LENTH,EE> ) ) * 

THE FCLLOWlNGS ARE THE ANSWERS : 
THE VALUE CF FA IS 194001010000. 
THE RANGE OF VALUE CF SA IS FRCP l9401010000 TC 195 0010100 0 0. 
THE RANGE OF VALUE OF FA IS FROM 1940010 1 00 00 TO 1950010 100 00. 
THE RANGE OF VALUE CF SB IS FRCM 1940010100 00 TO 1950010 1 0000. 
THE VALUE OF FB IS 196001010000. 
THE VALUE CF FC IS 1970010100 CO . 
THE VALUE OF FD IS 196 0 010100 00. 
THE VALUE OF SE IS 1960010100C0. 
THE VALUE OF FE IS 196012510000. 
THE VALUE OF SF IS 196012310000. 
THE VALUE OF FF IS 197105010000. 
THE VALUE OF PB IS 195001010000. 
THE RANGE CF VALUE CF FC IS FRCM 197105010000 TC INFINITY. 
THE VALUE OF LE IS 3650000. 
TFE RANGE OF VALUE CF LB IS FRCM 3652CCG0 TO 73050000. 
THE RANGE OF VALUE OF LC IS FFCM 73050000 TC INFINITY. 
THE RANGE OF VALUE OF LD IS FROM 36530000 TO INFINITY. 
THE VALUE OF LF IS 37^20000. 

WE HAVE SPENT 16.15*0 SECONDS CN THIS QUESTION. 

NO MORE QUESTION, PROCESS TERMINATES. 
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FURTHER RESEARCH PLANNED 

Besides t i d y i n g up some p a r t s of the 
code, o t h e r t h i n g s can ve t be done. There 
appears to be two i n t e r e s t i n g l i n e s o f 
a t t a c k w i t h i n the framework o f t h i s 
p r o j e c t . 

F i r s t , we cou ld i n v e s t i g a t e 
s t a t i s t i c a l l y de f i ned a s s o c i a t i v e 
s t r u c t u r e s . In o the r words, the more 
o f t e n a p a r t i c u l a r p a t t e r n o f events i s 
f o l l o w e d by another p a t t e r n o f e v e n t s , the 
more l i k e l y i t i s t h a t a causa l 
r e l a t i o n s h i p connects the two. P o s i t i v e 
and nega t i ve re in fo rcement processes cou ld 
lead t o hypotheses o f d i f f e r e n t s t r e n g t h s . 
C y c l i c o r n e a r - c y c l i c events should a l so 
be at work . 

The second area of p o s s i b l e f u r t h e r 
i n v e s t i g a t i o n s would be w i t h re fe rence to 
n a t u r a l language i n p u t / o u t p u t in a 
reasonably l a r g e subset of E n g l i s h . Pome 
p r e l i m i n a r y s t ud i es have a l ready been 
conducted by Adr ian Walker and one of the 
present authors ( N . V . F . ) . I t i s , however, 
too e a r l y to r e p o r t on these now. 

As p o s s i b l e a p p l i c a t i o n s , a number of 
i n t e r e s t i n g ideas have come to our mind. 
Many cr imes are committed w i t h , and t h e i r 
temporary success depends o n , s p l i t second 
p r e c i s i o n (a t l e a s t accord ing to TV 
w r i t e r s ) . A l i b i s may a l so depend on 
c e r t a i n c r i t i c a l , h i g h l y t ime-dependent 
even ts . One might use t h i s tvpe of 
program to prove whether a p a r t i c u l a r 
cr ime cou ld have been committed by a 
c e r t a i n i n d i v i d u a l o r seve ra l cr imes bv 
the same pe rson , e t c . 

Tu rn inq to more mundane i deas , a i r 
t r a f f i c c o n t r o l must be exe rc i sed under 
dynamica l l y chanqing c o n d i t i o n s . The 
program at hand cou ld serve as a component 
to a computer ized system. The o n - l i n e 
o p t i m i z a t i o n o f t r a f f i c l i g h t t i m i n g i n a 
m e t r o p o l i t a n environment may a lso 
i n c o r p o r a t e some of our i deas . The 
schedu l ing o f reconnaissance miss ions i s 
another p o t e n t i a l area o f a p p l i c a t i o n . 

We a l so note here t h a t t h i s p r o j e c t 
i s c l o s e l y r e l a t e d t o the problems o f 
C r i t i c a l Path Methods and PERT. (See, f o r 
example, [ 5 ] . ) We may sometime look i n t o 
the p o s s i b i l i t y o f e s t a b l i s h i n g a l i n k 
between the two f i e l d s o f s t udy . 

F i n a l l y , i t should b e p o i n t e d out 
t h a t i n t e l l i g e n t machines w i l l n e c e s s a r i l y 
have to eva lua te dynamica l l y changing 
env i ronments . In o rde r to act in an 
optimum manner, they must make hypotheses 
on causa l r e l a t i o n s h i p s . I t i s suggested 
t h a t the c o g n i t i v e s t r u c t u r e o f such 
machines would c o n t a i n processes s i m i l a r 
t o those desc r ibed i n t h i s paper . 
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Chief I nspec to r Joshua Haqqerty of 
Scot land Yard looked s t r a i g h t i n t o the 
face of h i s Programme*—Analyst, Miss 
Eleanore Lanalev. He could ha rd l y 
confound h i s f r u s t r a t i o n : 
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A l l r i q h t , we are s t u c k . Th is i s 
t he f i r s t t ime my i n t u i t i o n has f a i l e d to 
a i ve any b s i q n a l a t a l l . I f vou 
t h i n k i t may he lp to have a run of t h a t 
F ind le r -Chen proqram w i t h our d a t a , I 
d o n ' t care - l e t ' s t r y i t . 

- L i s t e n c a r e f u l l y . I am q i v i n a you 
a l l the e s s e n t i a l i n f o r m a t i o n we are 
c e r t a i n about . W e l l , l e t m e t e l l i t t o 
you from the b e q i n n i n q . 

- The Bank of England was to t r a n s f e r 
some go ld b u l l i o n s , wor th the sum of 
640,000,000, t o i t s sec re t Manchester 
v a u l t s . The armoured l o r r i e s , under the 
expe r t l eade rsh ip o f the newly h i r e d 
s e c u r i t y c h i e f , Mr, H. McNauqhton, p icked 
up the shipment at 4:25 p.m. Some of the 
l o r r i e s , c a r r y i n q a fake load o f l i a h t 
m e t a l , went d i r e c t t o V i c t o r i a S t a t i o n . 
They stopped on the way f o r e x a c t l y 14 
minutes i n o rde r t o synchron ize t h e i r 
a r r i v a l a t the s t a t i o n w i t h the o the r 
group o f l o r r i e s t h a t f o l l owed a c a r e f u l l y 
designed i n d i r e c t r o u t e . However, as Mr. 
McNauqhton t e l l s u s , the second qroup qot 
i n t o a b i t of a t r a f f i c 1am and a r r i v e d at 
V i c t o r i a S t a t i o n on ly a t 6:28 p . m . , n ine 
minutes l a t e r than schedu led . 

- By 6:37 p . m . , both the r e a l and the 
fake loads were s a f e l v s i t t i n q i n the 
armoured c a r r i a g e under the c lose watch of 
McNauqhton's ten touqhest quards. 

The express t r a i n l e f t r i a n t on 
t i m e , a t 6:49 p .m . , to reach Manchester a t 
9:17 p.m. However, e x a c t l y s i x minutes 
a f t e r the t r a i n r o l l e d out o f Birmingham 
s t a t i o n , a t 8:23 p . m . , i t screeched to a 
sudden s t o p . Two masked gangsters he ld up 
the loco enq ineer a t qun p o i n t . At the 
same t i m e , one of them poured t e a r qas 

i n t o the a i r c o n d i t i o n i n n duct o f the 
armoured c a r r i a n e . As a response to the 
t h r e a t o f exp lod ing the whole t r a i n w i t h 
i t s passengers, the auards re leased the 
snec ia l doors t h a t cou ld be opened on ly 
from i n s i d e . Two o the r qanasters 
t r a n s f e r r e d appa ren t l y on l v the r e a l 
b u l l i o n s t o a w a i t i n g l o r r y a t a t e r r i f i c 
speed so t h a t the t r a i n was able to 
con t inue i t s journey a t 8:28 p.m. 

L u c k i l y , the enq ineer o f the t r a i n 
memorised the l i c e n s e p l a t e number of the 
holdup l o r r y . I t was found abandoned some 
150 m i les awav in a l i t t l e f o r e s t . The 
c o n d i t i o n o f the roads l e a d i n q t o t h i s 
soot i s such t h a t the l o r r y cou ld not have 
reached the p lace in less than 3 hours and 
17 m inu tes . Thev should have t r a n s f e r r e d 
the l o o t here i n t o a b igne r bus , l u d q i n q 
bv the t y r e p r i n t s . Rut , lo and b e h o l d , 
we found the re no th ing e l se than another 
set o f fake b u l l i o n s ! 

oh, another p iece of i n f o r m a t i o n -
added the Chief I nspec to r w i t h some 
apprehension i n h i s v o i c e . 

We have made some t ime-and-mot ion 
s t u d i e s . I t takes, a t l e a s t 8 minutes t o 
t r a n s f e r the r e a l s t u f f from one l o r r v t o 
another w h i l e the l i g h t e r , fake load can 
be s h i f t e d in about 5 m inu tes . 

That is a l l T know and T doubt vou 
can aet more qense out of t h i s w i t h vour 
blooming grev boxes. 

Miss Lanqlev looked unper turbed and 
o p t i m i s t i c . She sat down at the keypunch 
to produce a few c a r d s , which she then 
a t tached to the end of a smal l box of 
punched cards and submi t ted the l o t to the 
Scot land v a r d ' s f r i e n d l y computer. Out 
came the answers: 
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THE FOLLOWING ASSIGNMENT OF NUMERICAL VALUES IS RECOGNIZED. 

DAY-OF-ROB 197901010000 6 
DAY-OF-RCB HAS VALUE 197901010000. 

L-SFT-FAKE 5 1 
L-SFT-FAKE HAS VALUE 5. 

L-SFT-REAL 8 1 
L-SFT-REAL HAS VALUE 8. 

S-LCRYREAL R DAY-OF-ROB 425 9 
S-LORYREAL HAS VALUE 19790101042 5. 

F-LORYREAL R DAY-OF-ROB 628 9 
F-LORYREAL HAS VALUE 197901010628. 

S-LORYFAKE R DAY-OF-ROB 425 9 
S-LORYFAKE HAS VALUE 197901010425. 

F-LORYFAKE R OAY-OF-ROB 619 9 
F-LORYFAKE HAS VALUE 197901010619. 

L-DELALORY 9 1 
L-OELALCRY HAS VALUE 9. 

S-HOLOUP R DAY-OF-ROB 823 9 
S-HOLOUP HAS VALUE 197901010823. 

F-HOLDUP R DAY-OF-ROB 8 28 9 
F-HOLDUP HAS VALUE 197901010 82 8. 

S-WAIT R DAY-OF-ROB 637 9 
S-WAIT HAS VALUE 197901010637. 

F-WAIT R DAY-OF-ROB 649 9 
F-WAIT HAS VALUE 197901010649. 

S-SFT-ON R UAY-OF-KOB 6228 9 
S-SFT-ON HAS VALUE 197901010628. 

F-SFT-ON R DAY-OF-ROB 63 7 9 
F-SFT-ON HAS VALUE 1979 0101062 7. 

NO-MORE -0 * 
IT IS FOUND THAT L-LORYREAL HAS VALUE 123. 
IT IS FOUND THAT L-LORYFAKE HAS VALUE 114. 
IT IS FOUND THAT L-HOLDUP HAS VALUE 5. 
IT IS FOUND THAT L-WAIT HAS VALUE 12. 
IT IS FOUMD THAT L-SFT-ON HAS VALUE 9. 

THE NEXT CUESTICN IS : 

WHEN COLLD TRANSFER OF REAL BULLIONS TAKE PLACE J 

(WHICH, IN THE LIST FORM, IS :) 

( CR EL TRUE, SHORTEN, D, (L ENTH ,SHIFT-RE AD , E , DELTA) ) 

THE FOLLOWING IS THE ANSWER t 

SFT-ON-TR , WAIT-VICT , DELAY-LORY, LORY-FAKE , LCRY-REAL . 

WE HAVE SPENT .0880 SECONDS ON THIS QUE^TION. 

NO MORE QUESTION PROCESS TERMINATES. 

Miss Lanqley went back to the Chief -I am sure you a l ready have a 
and c a s u a l l y remarked: war rant to a r r e s t Mr. McNaunhton. 


