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ABSTRACT 

ACE, a system for Automated Cable 
Expert ise, is a Knowledge-Based Expert 
System designed to provide t roub le­
shooting reports and management analyses 
for telephone cable maintenance. Design 
decisions faced during the const ruc t ion 
of ACE were guided by recent successes in 
expert systems technology, most notably 
R1/XC0N, the D ig i t a l Equipment 
Corporation VAX conf igura t ion program. 
ACE departs from "standard" expert system 
arch i tec tures in i t s use of a 
conventional data base management system 
as i t s primary source of in format ion. 
I t s primary sources of knowledge are the 
users of the database system and primers 
on maintenance analysis s t r a teg ies . 

I . In t roduc t ion 

In t h i s paper we describe ACE, a 
knowledge-based system for Automated 
Cable Expert ise. It was designed to 
provide support for d i r e c t i n g telephone 
cable maintenance. The development of 
ACE, begun by Bel l Telephone Laboratories 
two years ago, demonstrates that 
A r t i f i c i a l I n te l l i gence techniques can be 
appl ied to s i g n i f i c a n t and p rac t i ca l 
" rea l -wor ld " problems in an e f f i c i e n t 
manner. The developers of ACE were able 
to implement, t es t , modify, and v e r i f y 
the performance of the system ahead of 
pred ic ted schedules. Furthermore, ACE 
demonstrates a successful merger of two 
complementary yet independent 
technologies: database and knowledge base 
systems. 

Unl ike, for example, MYCIN [1] and 
M0LGEN[2] ACE is not a consu l tant . It is 
an automatic analysis System d iges t ing 
hundreds of telephone cable maintenance 
reports d a i l y . This data is provided by 
another computer system, CRAS (Cable 
Repair Admin is t ra t ion System), a data 
management and report generat ion system. 

Telephone company engineers use CRAS to 
p inpoint t rouble spots in the local 
telephone network, to pred ic t fu tu re work 
force requirements and to d r i ve plant 
r e h a b i l i t a t i o n decis ions. ACE has 
subsumed some of these tasks and uses i t s 
knowledge of cable analysis to re t r i eve 
reports from CRAS and to provide "bottom 
l i ne " informat ion and recommendations 
concerning t rouble spots. 

Although the problem domain of ACE 
appears fundamentally d i f f e r e n t from that 
of R1/XC0N,[3] the D i g i t a l Equipment 
Corporation VAX computer con f igura t ion 
program reported by McDermott, there are 
enough common cha rac te r i s t i cs of both 
domains that suggested the organizat ion 
of R1/XC0N is su i tab le for ACE's 
app l i ca t i on . Consequently, many of the 
design decisions faced in the development 
of ACE were guided by the methods used in 
R1/XC0N. 

S p e c i f i c a l l y , the ACE inference 
engine is a forward-chaining Production 
system executing the Match problem 
solv ing paradigm. The dec la ra t i ve nature 
of the 0PS4 product ion system no ta t ion [4 ] 
e f fected the rap id development of the ACE 
knowledge base. The team of knowledge 
engineers (cogn i t i ve psycho log is ts ) , 
who interviewed several human experts , 
had l i t t l e d i f f i c u l t y opera t iona l i z ing 
the acquired knowledge d i r e c t l y in 0PS4. 
Subsequent cycles of t es t , debug and 
modify were ca r r ied out w i th r e l a t i v e 
ease. The end resu l t was a working, 
useful prototype ahead of schedule. An 
advanced vers ion of the system w i l l be 
present in the telephone companies in the 
near fu tu re . 

The fo l low ing sections d e t a i l the 
problem domain and organizat ion of ACE 
and describe how the development and 
i n s t a l l a t i o n of a prototype of t h i s 
system in a " l i v e " product ion environment 
was completed in a cost e f f e c t i v e manner. 
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I I . The Problem Domain 

In normal o p e r a t i o n the telephone 
company suppor ts a telephone l i n e from a 
r e s i d e n t i a l o r business s i t e to telephone 
company s w i t c h i n g machines in the c e n t r a l 
o f f i c e . This l i n e i s c a l l e d a cable 
p a i r . A c o l l e c t i o n o f p a i r s are bundled 
to form the cab les tha t hang from 
telephone po les or r es ide underground. A 
c o l l e c t i o n of cables form a w i r e c e n t e r . 
These th ree l e v e l s form the bu lk of the 
loca l te lephone network and the cable 
maintenance f o r c e concen t ra te t h e i r 
e f f o r t s a t a l l t h ree l e v e l s . A more 
d e t a i l e d d e s c r i p t i o n o f the loca l 
te lephone network can be found in a Be l l 
System handbook. [5 ] 

A v a r i e t y o f e l e c t r i c a l f a u l t s and 
env i ronmenta l c o n d i t i o n s can cause 
f a i l u r e in one or more cab les or 
i n d i v i d u a l p a i r s . ( I nsec t i n f e s t a t i o n s 
in t e rm ina l boxes and gnawing rodents are 
p e r e n n i a l p rob lems. ) An important and 
expens ive o p e r a t i o n performed by the 
o p e r a t i n g companies is the genera l 
maintenance and r e h a b i l i t a t i o n of these 
1 ines . 

Customer generated maintenance 
r e p o r t s p r o v i d e i n f o r m a t i o n f o r 
i d e n t i f y i n g t r o u b l e spots w i t h i n the 
l oca l network . In a h igh d e n s i t y 
geographic a rea , the logg ing and t r a c k i n g 
of f a i l u r e r e p o r t s has become an 
expensive and impor tant data p rocess ing 
o p e r a t i o n . 

I n order t o i d e n t i f y t r o u b l e spots 
f o r r e p a i r and r e h a b i l i t a t i o n , many 
te lephone companies use CRAS to moni tor 
the r e p a i r a c t i v i t y o f the l oca l network 
on a d a i l y b a s i s . Tra ined ana l ys t s 
r o u t i n e l y examine impress ive volumes of 
da ta and at tempt to i d e n t i f y spots f o r 
maintenance to prevent f u r t h e r d i s r u p t i o n 
o f s e r v i c e to customers. 

CRAS p rov ides a set of r e p o r t 
g e n e r a t i n g programs each produc ing a 
s p e c i a l i z e d summary of va r i ous aspects of 
customer generated and employee generated 
r e p a i r t a s k s . An i n d i v i d u a l reco rd 
ma in ta ined by CRAS c o n s i s t s of numerous 
f i e l d s d e t a i l i n g a r e p a i r task r epo r t ed 
by a customer or employee. This is 
referred to as a t r o u b l e in te lephone 
company j a r g o n . Many d i s t i n c t CRAS 
records r e p r e s e n t i n g t r o u b l e s may r e f e r 
to the same p a i r or c a b l e , i n d i c a t i n g a 
p o t e n t i a l c h r o n i c prob lem. 

The la rge volume of d e t a i l e d 
i n f o r m a t i o n pe rm i t s the human exper t to 
make an in formed s e l e c t i o n of cand ida tes 
f o r r e h a b i l i t a t i v e maintenance. However, 
the l i m i t e d number o f s p e c i a l i s t s 
a v a i l a b l e , and the s i z e of the database 
i n h i b i t s the t i m e l y a n a l y s i s and 
r e p o r t i n g o f p e r s i s t e n t problem areas 
tha t r e q u i r e r e h a b i l i t a t i o n . The back log 
de lays the assessment of f u t u r e work 
f o r c e needs and the s e l e c t i o n of 
p r o s p e c t i v e areas f o r maintenance. The 
approach of i n s t a l l i n g an exper t system 
as an ad junc t to the CRAS system, 
a s s i s t i n g management d e c i s i o n making, was 
proposed as a s o l u t i o n to the problem of 
t i m e l y and accura te s e l e c t i o n of areas 
fo r r e h a b i l i t a t i o n . 

I I I . The System Organ i za t i on 

Knowledge-based exper t systems have 
c o n s t r u c t e d , t y p i c a l l y from two loose ly 
coupled modules tha t form the problem 
s o l v i n g eng ine . (see f i g u r e 1) 

F igu re 1 : O r g a n i z a t i o n o f the Problem 
So lv ing Engine of a Typ ica l Expert System. 

The knowledge base con ta i ns a l l of 
the re l evan t d o m a i n - s p e c i f i c i n f o r m a t i o n 
p e r m i t t i n g the program to act as a 
s p e c i a l i z e d problem s o l v e r . W i t h i n ACE 
the knowledge base is rep resen ted in r u l e 
form. The i n fe rence engine c o n t r o l s the 
deduc t i ve p rocess . Th is c o n t r o l s t r a t e g y 
i s a l so represented i n r u l e form w i t h i n 
ACE. 
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In ACE a t h i r d component has been 
added: a database. Over the past decade 
database technology has progressed from 
d u l l - w i t t e d , e f f i c i e n t systems to systems 
o f f e r i ng abstract data models to 
f a c i l i t a t e semantical ly based r e t r i e v a l 
funct ions. However, few, if any, o f f e r 
the a b i l i t y to deduce new data from o l d . 
At best aggregate data funct ions can be 
applied but deductions from raw data are 
not poss ib le . On the other hand, 
Knowledge based expert systems have been 
implemented as consultants to spec ia l i s t s 
in narrow domains. These systems are 
designed as problem solvers. Expert 
systems ra re ly operate w i th a large 
amount of data. 

ACE attempts to merge the two 
technologies and th is merger may be 
useful in a va r ie t y of app l i ca t ions . 
Kel log[6] reports on the Knowledge 
Management I (KM-I) system and i t s 
organizat ion is s im i la r in scope to that 
represented by ACE. However, KM-I is 
designed as an i n t e l l i g e n t f ron t -end, 
i n te r fac ing the database to the user by 
an Eng l i sh - l i ke query f a c i l i t y . This 
makes the database easier to use by 
making the database access language 
closer to the language of the app l i ca t ion 
area. 

In cont ras t , in ACE the expert 
system is the user! Tai lored to solve a 
s ingle class of problems, the knowledge 
base component of ACE automates the tasks 
the database supports. Thus the expert 
system not only answers the questions but 
also poses them. 

A. Deta i ls of the Implementation 

The knowledge base and inference 
engine of ACE are w r i t t e n in Franz 
LISP[7] and the 0PS4 Production System 
language running on a DEC VAX 11/780. 
Supporting rout ines for ACE, inc lud ing 
CRAS in te r fac ing and e lec t ron ic mail 
f a c i l i t i e s ( to send ACE output to 
selected user mailboxes) are w r i t t e n in 
resident UNIX* software. The gross 
system level organizat ion is shown in 
f igure 2. 

Figure 2: The Organization of ACE 
and Supporting Systems. 

Note that a user is not necessary to 
i n i t i a t e ACE on a d a i l y basis. ACE is 
standalone, awakened n i gh t l y by UNIX to 
study the day's t ransact ions. The only 
record an ACE user sees is an e lec t ron ic 
mail message on t roub le spots it 
discovered. (see f i gu re 3) 

* UNIX is a reg is tered trademark of 
Bel l Telephone labora to r ies . 
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From ace Thu Apr 14 15:42:27 1983 

ACE 1.0 output message follows: 

B. D e t a i l s o f the Problem S o l v i n g Engine 

W i t h i n ACE, the body of Knowledge 
about w i r e c e n t e r s , CRAS da ta and commands 
and a n a l y s i s s t r a t e g i e s is embodied by an 
0PS4 program. 

1. Production Systems In 0PS4, da ta 
e lements in Working Memory have the form 
o f a r b i t r a r y LISP l i s t s t r u c t u r e s . The 
user can a l s o d e f i n e o the r c o n d i t i o n and 
a c t i o n p r e d i c a t e s , the former t e s t i n g f o r 
a v a r i e t y of c o n d i t i o n s in Working Memory 
and the l a t t e r add ing f u n c t i o n s beyond 
m o d i f i c a t i o n of Working Memory. An 
E n g l i s h language e q u i v a l e n t of an ACE 
p r o d u c t i o n r u l e i s p resen ted i n f i g u r e 4 . 

IF a range of p a i r s w i t h i n a 
cab le have genera ted a la rge 
number of customer r e p o r t s 

ANDIF a m a j o r i t y of the work on those 
p a i r s was done in the t e r m i n a l 
b lock 

THEN look f o r a common address fo r those 
r e p a i r s . 

F igu re 4 : E n g l i s h Language Equ iva len t 
of an ACE P roduc t i on Rule. 

2. Characterizing the Problem Domain 
The f o r w a r d - c h a i n i n g , d a t a - d r i v e n 
approach t y p i f i e d by R1/XC0N was chosen 
f o r ACE s ince cab le a n a l y s i s is p r i m a r i l y 
a bo t tom-up , d a t a - d r i v e n t ask . 

Using the taxonomy of problem 
domains desc r i bed i n [ 8 ] we c l a s s i f y our 
domain in the f o l l o w i n g way: (1) The data 
are t e m p o r a l l y based. The analyses 
produced by ACE are dependent on the 
f requenc ies o f f a i l u r e s over t i m e . Thus 
the analyses done by ACE are d a t a - d r i v e n . 
(2) The data are r e l i a b l e fo r the task . 
The CRAS da ta base p rov ides most of the 
necessary i n f o r m a t i o n about the cab le 
p l a n t . (3) The knowledge of the domain 
is r e l i a b l e . (4) The search of the CRAS 
database is e x h a u s t i v e , but the 
r e l i a b i l i t y o f the knowledge pe rm i t s 
s i g n i f i c a n t p r u n i n g o f the space o f 
p o s s i b l e c o n c l u s i o n s . (5) The main focus 
o f the p r o b l e m - s o l v e r i s the q u a l i t y o f 
the i n fe rences it makes. The ACE des ign 
was d r i v e n by the n e c e s s i t y of p roduc ing 
the same ana lyses as i t s human 
c o u n t e r p a r t s . 

Because of these c h a r a c t e r i s t i c s the 
Match [9) p r b b l e m - s o l v i n g s t r a t e g y was 
chosen fo r ACE. As in R1/XC0N, ACE 
r e q u i r e s no b a c k t r a c k i n g search of a 
l a rge problem space, r a t he r i t s p r ima ry 
task is d i v i d e d i n t o a f i x e d sequence o f 
subproblems. These se ts of p r o d u c t i o n s 
are desc r i bed i n the next s e c t i o n . 

3. The structure of the Knowledge Base 
Al though no s t r u c t u r e i s p r o v i d e d (or 
imposed) by 0PS4, the set of about 100 
p r o d u c t i o n s and 50 r e l a t e d c o n d i t i o n and 
a c t i o n f u n c t i o n s in ACE's knowledge base 
can l o o s e l y i n t o se ts o f r e l a t e d r u l e s 
t ha t c o l l e c t i v e l y d o the a n a l y s i s . 
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A set of productions does short term 
analysis by d a i l y examining the f low of 
maintenance repor ts . I f t roubles are 
reported for a cable that has no previous 
h is to ry of chronic troubles then 
information is retained that indicates 
the cable may soon require a t t en t i on . 
When new f a i l u r e s are reported for a 
cable w i th a h i s t o r y of pers is tent 
problems, ACE requests fur ther de ta i led 
reports from CRAS. This informat ion is 
used to deduce: (1) whether the repair 
task done on that cable suggests that 
preventive maintenance w i l l reduce fu ture 
repa i rs ; (2) i f prevent ive maintenance is 
required then what type is l i k e l y to be 
e f f e c t i v e ; and (3) if poss ib le , where the 
r e h a b i l i t a t i o n should be done. Thus ACE 
not only i d e n t i f i e s t rouble spots, but 
also suggests how to repair them. 

Each of these aspects of short term 
analysis requires substant ia l deductive 
power. For example, locat ing the 
physical spot where r e h a b i l i t a t i o n should 
be done is a d i f f i c u l t problem because 
the employee repor t ing the repair task is 
permit ted to enter the s i t e of the 
f a i l u r e in a f ree textual format. 
Subsequently, the CRAS record of the task 
may contain an entry that not only may be 
inaccurate but also subject to typos and 
capric ious abbreviat ions. As an example, 
"WASH 5" might refer to the same locat ion 
as "WASHINGTON AND FIFTH" or "CALENDAR" 
might refer to the same locat ion as 
"CALANDER STREET." Thus ACE contains 
productions and associated LISP funct ions 
encoding heu r i s t i cs to estimate whether 
several addresses refer to the same 
general loca t ion . 

The main sources of knowledge for 
the short term analysis were: (1) 
textbook knowledge from primers on 
telephone cable analys is ; (2) expert 
advise from the developers of CRAS; (3) 
expert advice from theoret ic ians of cable 
analysis both in Bel l Telephone 
Laboratories and in the local operat ing 
companies; and (4) local analysts from 
the operat ing companies and users of CRAS 
performing the actual analyses. 

Another po r t i on of the ACE PM 
contains a set of productions that know 
how to access CRAS. Based on requests 
for addi t ional informat ion generated by 
other product ions, these productions 
assemble CRAS commands and then access 
the resu l t i ng data stream re t r ieved from 
CRAS. The actual transmission of 
requests and data is handled by a UNIX 
communications program accessible from 
0PS4. 

F i na l l y , a set of ru les assemble the 
appropriate message about the day's 
events recognized by the system and c a l l 
on the UNIX mail f a c i l i t i e s to de l i ver 
them to the appropriate users. ACE knows 
the target of each message based on the 
importance of the message to the user. 
This information is contained in WM and 
is user modi f iab le . 

IV. Test ing ACE 

ACE has been f i e l d tested 
con t inua l l y since the spr ing of 1982 by a 
long distance connection to remote CRAS 
systems. The local analysts report that 
they are very s a t i s f i e d wi th ACE's 
performance. Although ACE has not 
discovered any problems unknown to human 
users, it d id discover them quicker and 
missed nei ther the obvious nor the 
subt le . The praise of the analysts was 
outweighed only by the i r enthusiasm for 
permanent i n s t a l l a t i o n of the software. 

The execution performance 
cha rac te r i s t i cs of the system are 
encouraging. Each n i g h t l y run for a 
large metropol i tan area consis t ing of 
about 400,000 l ines averaged only about 
one hour of VAX 11/780 CPU time (which 
can conf ident ly be improved). On 
average, 5000 product ion invocations are 
s u f f i c i e n t for a complete run. New 
analysis tasks are under development to 
expand the scope of ACE's grasp of cable 
maintenance. 
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