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EXECUTIVE SUMMARY 

T h i s  r e p o r t  presents  t h e  products  of a s tudy  by Oak Ridye Nat iona l  

Lahord tory  f o r  t h e  Bonnevi l  l e  Power A d m i n i s t r a t i o n  on t h e  f e a s i h i l  i t y  o f  

an e x p e r t  system t o  process a1 arms emanating frorn Bonnevi l  l e ' s  fvlfcrowave 

Communication System (MCS). Exper t  systems, a branch of A r t i f i c i a l  

I n t e l l i g e n c e  ( A I )  , have been c i t e d  by t h e  E l e c t r l c  Power Research 

I n s t i t u t e  as an i m p o r t a n t  new research and development area wi th- in  t h e  

power systems community ( E P K I  1986). 

system p l  anni  ng , design,  o p e r a t i o n ,  rnai ntenance, educat ion and t r a i  n l  ng , 

a l l  r e s u l t i n g  i n  p o t e n t i a l l y  s i g n i f i c a n t  improvements i n  power system 

management and re1 iabil i t y .  Based on 1 i t e r a t u r e  reviews , d i r e c t  

research  exper ience, and d i s c u s s i o n s  w i t h  Bonnevi 1 l e  s t a f f ,  i t  i s  

conc l  uded t h a t  a1 aniis process ing i s  an a p p r o p r i a t e  domai n f o r  exper t  

systems technology. 

Exper t  systems cou ld  a i d  i n  power 

A p r o t o t y p e  communications a1 ann process ing (CAP) would c o n t a i n  a 

d a t a  base management system (DBMS) as  w e l l  as an e x p e r t  system module, 

The p r o t o t y p e  would encompass an a p p r o p r i a t e l y  chal  1 enying subset of 

a lar in systems, alarm networks, and alarm types. It would be capable o f  

i n t e l l i g e n t l y  process ing alari i is, e f f i c i e n t l y  s t o r i n g  alarm-based 

h i s t o r i c a l  data,  p r o v i d i n g  custom r e p o r t s ,  and s u p p o r t i n g  s t a t i s t i c a l  

a n a l y s i s .  Such a system has t h e  p o t e n t i a l  t o  improve response t o  c r i t i -  

c a l  alarms, i n c r e a s e  t h e  i n f o r m a t i o n  conten t  o f  l a r g e  volumes o f  coinpl i-  

c a t e d  data,  f r e e  o p e r a t o r s  from performing r o u t i n e  analys, is, and prov ide  

a l a n n  i n f o r m a t i o n  t o  operators ,  management, and f i e l d  personnel through 

q u e r i e s  and au tomat ica l  l y  produced r e p o r t s .  

v i  i 



The CAP p r o t o t y p e  i s  a l o g i c a l  p r o j e c t  t o  i n i t i a t e  Bonnev i l l es '  

A r t i f i c i a l  I n t e l l i g e n c e  a c t i v i t i e s .  The communication system app l i ca -  

t i o n  i s  l e s s  c r i t i c a l  than a power system a p p l i c a t i o n ,  which means t h a t  

mis takes  made i n  t h e  l e a r n i n g  process w i l l  n o t  have p o t e n t i a l l y  c o s t l y  

consequences. The volume of alarms i n t o  t h e  p ro to type  w i l l  be n e i t h e r  

t o o  l a r g e  nor  t o o  smal l .  The MCS a p p l i c a t i o n  r e q u i r e s  o n l y  a re laxed 

r e a l - t i m e  response t o  opera tors ,  which i s  t h e  conceptual f i r s t  s tep  

toward des ign ing  subsecond response hardware/software c o n f i g u r a t i o n s .  

L a s t l y ,  t h e  A I  l essons  learned and exper iences gained i n  t h i s  p r o j e c t  

should be d i r e c t l y  t r a n s f e r a b l e  t o  o t h e r  Bonnevi l  l e  power system 

appl  i c a t  i ons. 

The major  e x p e r t  system requi rement  i s  speed. Alanns w i l l  need t o  

be processed i n  near  r e a l  t i m e  i f  t h e  exper t  system i s  t o  a i d  human 

MCS opera tors .  Forward cha in ing ,  Rete-based a lgo r i t hms  o f f e r  t h e  bes t  

p rocess ing  speed and should form t h e  h e a r t  of any exper t  system so f tware  

chosen f o r  t h e  pro to type.  The so f tware  should a l s o  o f f e r  a powerful 

devel  opment env i  ronment, and some fl e x i  b i  1 i t y  i n  knowledge represen- 

t a t i o n  and in fe renc ing .  The DBMS module presents  no chal lenges t h a t  

numerous cornnierci a1 l y  avai  1 ab1 e packages cannot hand1 e. 

s e l e c t i o n  should be d r i v e n  by sof tware a v a i l a b i l i t y ,  c o s t  and com- 

p a t i b i l i t y  w i t h  t h e  exper t  system software. 

Therefore, DBMS 

It i s  recommended t h a t  t h e  exper t  system module of t h e  CAP p r o t o -  

t y p e  be developed on a ded ica ted  AI w o r k s t a t i o n  us ing  a major ,  commer- 

c i a l  l y  a v a i l  a b l e  e x p e r t  system devel opirient system. The DBMS p ro to type  

can r e s i d e  on any convenient  computer t h a t  can be networked w i t h  t h e  A I  

v i i i  



workstation. This development environment w i l l  maximize productivity, 

a l lowing  Bonneville t o  produce a prototype system i n  the most timely and 

cost e f f ic ien t  manner. 

general purpose workstation t h a t  w i l l  effectively network w i t h ,  b u t  n o t  

in terfere  w i t h ,  existing Bonnevil l e  computer hardware. 

The CAP prototype s h o u l d  be delivered on a 

i x  





I NTRODUCTI ON 

b: 

This report presents the results of a feas ib i l i ty  study conducted 

Oak Ridge National Laborat ry (ORNL) for the Bonneville Power Adminis- 

t ra t ion concerning the applicability of Artificial  Intelligence (AI) 

techno1 ogy to process a1 arms associated h i  t h  Bonnevil 1 e ’ s  Microwave 

Communication System (MCS). Specifically, the discussion focuses on the 

characterist ics o f  a prototype expert systern/database management system 

(DBMS) configuration capable of in te l l  igently processing a1 anns, e f f i -  

ciently storing a1 ann-based historical data, and providing analysis and 

reporting tools. 

c r i t i ca l  alarms, increase the information content of a large volume of 

complicated data, free operators from performing routine analysis, and 

provide alarm information t o  operators, f ie ld  personnel , and management 

through queries and automatical ly produced reports. 

Such a system has the potential t o  improve response t o  

This report begins with a general discussion of Artificial Intel l i -  

gence and expert systems and AI appl icat ims t o  power systems. 

section provides definitions of key concepts and i l lus t ra tes  expert 

systems capabili t ies.  The second section describes, again in general 

tenns, the Bonneville power systems environment and ,  i n  de ta i l ,  the 

potential benefits o f  integrating intel l igent  systems into the current 

MCS. Developed i s  an understanding concewing the general capabilities 

that  the prototype system should possess. 

This 
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The t h  

p ro to type  

r d  s e c t i o n  presents  suggest ions on l i n i  

p r o j e c t .  Exper t  system development i s  

t i n g  t h e  scope of t he  

very  much an a r t  and 

l e a d i n g  p r a c t i t i o n e r s  s t r o n g l y  adv ise  a caut ious ,  incrementa l  approach 

(Waterman 1985). 

s u f f i c i e n t l y  cha l l eng ing  t o  serve as a t r u e  t e s t  o f  t h e  a p p l i c a b i l i t y  of 

The cons t ra ined problem o f f e r e d  i n  t h i s  s e c t i o n  i s  

alarms bu t  i s  manageable i n  t h e  exper t  system technology t o  process ing 

s i  ze and cornpl e x i  t y  

The f o u r t h  s e c t i o n  d iscusses i n  d e t a i  

t h e  c o n f i g u r a t i o n  o f  t h e  p r o t o t y p e  system 

suggest ions p e r t a i n i n g  t o  

nd s p e c i f i c a t i o n s  f o r  t h e  

exper t  system and database management system modules. 

encompasses l i n k s  between incoming alarms, t h e  exper t  system, t h e  DBMS, 

t h e  opera tor ,  and d i s t r i c t  personnel. A fo rward-cha in ing  produc t ion  

system based on t h e  Rete a lgo r i t hm,  and t h e  S t ruc tu red  Query Language (SQL) 

s tandard head t h e  l i s t  o f  s p e c i f i c a t i o n s  f o r  t he  exper t  system and DBMS 

modules, r e s p e c t i v e l y .  

The c o n f i g u r a t i o n  

The f i f t h  s e c t i o n  con ta ins  an assessment o f  t h e  p ro to type  system 

development op t ions .  A wide range o f  hardware and so f tware  op t i ons  are  

considered; s p e c i f i c a t i o n s  made i n  Sec t ion  4 a l l o w  t h e  a n a l y s i s  t o  

concen t ra te  on a small  number o f  p o s s i b l e  hardware and so f tware  con- 

f i g u r a t i o n s .  The h ighes t  r a t e d  o p t i o n  c o n s i s t s  o f  a development 

environment encompassing a powerful A I  works ta t i on  and a s ta te -o f - the -  

a r t  a r t i f i c i a l  i n t e l l i g e n c e  so f tware  package t o  be networked w i t h  a con- 

v e n i e n t l y  a v a i l a b l e  computer system t h a t  would hos t  a r e l a t i o n a l  DBMS. 

The p ro to type  would be d e l i v e r e d  on a ded ica ted  works ta t i on  ab le  t o  hos t  

bo th  t h e  A I  and DBMS sof tware.  
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The report concludes wi th  a summary o f  our recommendations and an 

o u t l i n e  o f  how the prototype deVelOpMent e f f o r t  would  proceed. The 

latter discussion includes suggest ions 01 level o f  e f f o r t  and schedule. 
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1. ARTIFICIAL INTELLIGENCE, EXPERT SYSTEMS, AND POWER SYSTEMS 

1.1 AI BACKGROUND 

The term a r t i f i c i a l  i n t e l l i g e n c e  was p u r p o r t e d l y  coined i n  1956 

by Stan ford  Pro fessor  John McCarthy (Feigenbaum 1979). 

rep resen t  t h e  goal o f  programming a computer t o  possess i n t e l l i g e n c e  

t h e r e t o f o r e  an a t t r i b u t e  of  human beings and o t h e r  h i g h e r  l i f e  forms. 

E a r l y  research emphasis r e s t e d  on problem s o l v i n g  a lgo r i t hms  and means 

t o  h e u r i s t i c a l l y  search very  l a r g e  s o l u t i o n  spaces. 

I t  came t o  

Expecta t ions  among t h e  o r i g i n a l  AI researchers were very  high. I t  

was thought  t h a t  general problenil so l ve rs  cou ld  be b u i l t  t o  cover  the  

e n t i r e  range o f  human problem s o l v i n g  s k i l l s .  Newel1 and Simon (1972) 

were i n  t h e  f o r e f r o n t  of t h i s  e f f o r t .  

grown t o  encompass n a t u r a l  language process ing,  r o b o t i c s ,  c o g n i t i v e  

sc ience,  automated reasoning, machine l e a r n i n g ,  p a t t e r n  recogn i t i on ,  and 

e x p e r t  systems. I n  each area, except p o s s i b l y  t h e  l a s t ,  h i y h  expec- 

t a t i o n s  have been rep laced w i t h  an a p p r e c i a t i o n  o f  t h e  monumental 

cha l lenges  assoc ia ted  w i t h  programming computers t o  c a r r y  ou t  these 

func t i ons .  

In t h e  l a s t  t h i r t y  years, AI has 

Fot- example, researchers in problem s o l v i n g  have found t h a t  computers 

r e q u i r e  irrirnense amounts of knowledge i n  a d d i t i o n  t o  problem s o l v i n g  

methods i n  o rde r  t o  f u n c t i o n  i n  s p e c i a l i z e d  f i e l d s  such as medicine. 

From t h i s  r e a l i z a t i o n  evolved t h e  s u b - f i e l d  o f  exper t  systems, which are 

computer programs t h a t  encompass l a r g e  amounts o f  pai n s t a k i  n g l y  acqui red  
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human e x p e r t  knowledge. Most e x p e r t  systems have knowl edge represented 

as i f - t h e n  r u l e s  and employ one of two bas ic  means f o r  search ing t h e  

knowl edge base, backward o r  forward cha in ing ,  t o  make in fe rences  between 

t h e  knowledge and user-suppl i e d  data.  [ ) i a y n o s t i c  systems employ back- 

ward c h a i n i n g  and m o n i t o r i n g  systems t y p i c a l l y  employ forward chain ing.  

Exper t  systems have a1 so been developed t o  i n t e r p r e t  data,  des ign 

processes, and render  p r e d i c t i o n s  (StefS k e t  a1 . , 1982). 

Buchanan (1986) s t a t e s  t h a t  e x p e r t  systems have four  d i s t i n c t i v e  

c h a r a c t e r i s t i c s .  (1) Exper t  systems reason w i t h  symbol ic i n f o r m a t i o n  

and use non-a g o r i t h m i c  i n f e r e n c e  methocls. ( 2 )  They render h i g h  per- 

formance; t h e  systems w i l l  y i e l d  cor rec t .  d e c i s i o n s  on par  w i t h  t h e  

exper ts .  Qua i t y  e x p e r t  system performcnce i s  achieved i n  narrow 

domains t h a t  have s t a b l e  knowledge, 

c o r r e c t  d e c i s i o n  r a t e s  t h a t  exceed 80%. Most successfu l  systems have 

been v e r y  t e c h n i c a l  i n  na ture  (e.g., medlicine, computer f a u l t  

d i a g n o s i s ) .  ( 3 )  The programs are f l e x i b l l e  i n  t h a t  new knowledge can be 

e a s i l y  added t o  knowledge bases and the] can be enployed w i t h  d i f f e r e n t  

k i n d s  of users.  ( 4 )  Dec is ions  made by t h e  systems are understandable,  

i n  t h a t  t h e  e x p e r t  systems can r e p o r t  what knowledge was used t o  make 

t h e  dec is ion .  

f e r e n t  from convent iona l  programs (Waterman 1986). 

Some exper t  systems have achieved 

These f o u r  c h a r a c t e r i s t i c s  make exper t  systems very d i f -  

Hundreds o f  e x p e r t  systems have reached t h e  research p r o t o t y p e  

s tage b u t  few have been f u l l y  implemented (Waterman 1985). 

more n o t a b l e  systems are  MYCIN,  R 1 ,  and PROSPECTOR. The f i r s t  i s  

implemented i n  L I S P  and i s  designed t o  diagnose b lood diseases and 

recommend a p p r o p r i a t e  therapy. Though never p u t  i n t o  a c t u a l  use in t h e  

Among t h e  
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medica l  f i e l d  because o f  i t s  slow process ing c a p a b i l i t i e s  (Buchanan and 

S h o r t l i f f e  1984) ,  t h e  M Y C I N  p r o j e c t  became t h e  p r o g e n i t o r  of dozens of 

o t h e r  exper t  systems because i t s  i n f e r e n c e  engine and user  i n t e r f d c e  

were s t r i p p e d  ou t  and reused. 

R 1 ,  a commercial success, was j o i n t l y  developed by D i g i t a l  Equip- 

ment Corpora t ion  (DEC) and Carnegie-Mellon U n i v e r s i t y  and i s  designed t o  

c o n f i g u r e  a l l  V A X  f a m i l y  systems us ing  da ta  i nc luded  on purchase orders. 

R 1  has saved DEC m i l l i o n s  o f  d o l l a r s  by e l i m i n a t i n g  expenses associated 

w i t h  sending wrong equi prnent. PROSPECTOR, devel oped by Stan ford  

Research I n s t i t u t e ,  analyzes geo log ica l  , geophysica l  , and geochemical 

d a t a  concern ing a p a r t i c u l a r  geographica l  area and p r e d i c t s  t h e  

e x i s t e n c e  of c e r t a i n  minera l  depos i ts .  A l though i t  i s  no t  i n  general 

use, i t  has a c c u r a t e l y  p r e d i c t e d  a s u b s t a n t i a l  molybdenum ore  depos i t  i n  

a p r e v i o u s l y  unexplored l o c a t i o n  (Harmon and K ing  1985) .  

The seemingly endless p o t e n t i a l  o f  exper t  systems, con t ras ted  w i t h  

t h e  present  l e v e l  of l i m i t e d  success, i n d i c a t e s  t h a t  exper t  system 

developnient p r o j e c t s  a re  r i s k y  endeavors. A t  l e a s t  t h r e e  major  reasons 

c o n t r i b u t e  t o  t h e  r i s k i n e s s .  (1) Development t i m e  i s  s u b s t a n t i a l .  

Waterman (1985) est imates  anywhere between 2-5 yea rs  f o r  a complex and 

v a l u a b l e  exper t  system. The problem i s  t h e  "knowledge a c q u i s i t i o n  

b o t t l e n e c k "  (Feigenbaum and McCorduck 1983). Knowledge engineers spend 

l o n g  per iods  of t i m e  i n t e r v i e w i n g  exper ts ,  making sense of t h e  answers, 

cod ing  t h e  answers i n t o  rep resen ta t i ons  s u i t a b l e  f o r  t h e  computer, and 

t e s t i  ny t h e  resu l  t i ng know1 edge bases. Of ten t h e  sponsor ing organi  za- 

t i o n  withdraws suppor t  f o r  t h e  p r o j e c t  be fo re  t.he exper t  system i s  

f i n i shed . 



( 2 )  Whi le g u i d e l i n e s  e x i s t  r e l a t i n g  t o  what i s  and what i s  n o t  

a s u i t a b l e  e x p e r t  system domain, t h e  g u i d e l i n e s  a r e  n o t  r i g o r o u s  enough. 

As a r e s u l t ,  many e x p e r t  system developers f ind t h e i r  p o t e n t i a l  app l i ca-  

t i o n s  t o  be t o o  s imp le  or way t o o  complex o n l y  a f t e r  i n v e s t i n g  i n  p ro to -  

t y p e  systems. 

f o l d  when t h e  e x p e r t  i s  t o o  busy t o  be i n t e r v i e w e d  or cannot v e r b a l i z e  

h i s / h e r  e x p e r t i s e .  

v e r y  s t r o n g l y  recommend t h a t  t h e  systems be b u i l t  i n  stages, s t a r t i n g  

w i t h  a r a p i d  p r o t o t y p e  t o  t e s t  domain s u i t a b i l i t y  and t h e  e x p e r t ’ s  

performance. 

(3 )  The cooperat ion o f  t h e  e x p e r t  i s  n o t  assured. P r o j e c t s  

For these t h r e e  reasons, e x p e r t  system p r a c t i t i o n e r s  

1.2 A I  AND POWER SYSTEMS 

W i t t i i n  t h e  p a s t  f i v e  years  i n t e r e s t  i n  a r t i f i c i a l  i n t e l l  iyence 

t e c h n o l o g i e s  has increased tremendously i n  t h e  power system corninunity. 

The E l e c t r i c  Power Research I n s t i t u t e  ( E P R I )  has commissioned explora-  

t o r y  s t u d i e s  t o  determine s u i t a b l e  power systems a p p l i c a t i o n s  o f  AI: 

(EPKI 1986) .  I n  a d d i t i o n ,  a smal l  number of u t i l i t i e s ,  u n i v e r s i t i e s  and 

research  o r g a n i z a t i o n s  are  work ing t o  produce tes t -o f -concept  systems. 

Most u t i l i t y  r e l a t e d  work has focused on app ly ing  exper t  systems t o  

power system problems, a l though t h e r e  i s  a r e a l i z a t i o n  t h a t  o t h e r  AI 

t e c h n o l o g i e s  such as v o i c e  r e c o g n i t i o n  may a l s o  h o l d  s i g n i f i c a n t  poten- 

t i a l .  T h i s  s e c t i o n  documents i m p o r t a n t  work i n  the e x p e r t  systemsjpower 

systems area. 

The a p p l i c a t i o n  of e x p e r t  systems t o  power systems f a l l s  i n t o  f i v e  

genera l  c a t e g o r i e s :  (1) p lanning,  ( 2 )  design, ( 3 )  opera t ion ,  ( 4 )  main- 

tenance, and ( 5 )  educat ion  and t r a i n i n g .  P lanning encompasses cont ingency 



-8- 

a n a l y s i s  and system design. 

s tandard p lann ing  t o o l s  such as l o a d  flow, economic ana lys is ,  s t a b i l i t y ,  

e tc .  

cont ingency s e l e c t i o n  and ana lys is ,  and s p e c i f i c a t i o n  and a n a l y s i s  of 

p lann ing  a l t e r n a t i v e s .  With respec t  t o  des ign a c t i v i t i e s ,  exper t  systems 

a r e  env is ioned t o  eva lua te  eng ineer ing  a l t e r n a t i v e s  and associated econom- 

i c s  by app ly ing  d i v e r s i f i e d  e x p e r t i s e  and s tandard des ign procedures. 

Sound p lann ing  r e q u i r e s  the  a p p l i c a t i o n  o f  

Exper t  systems cou ld  a i d  p lann ing  by a s s i s t i n g  i n  load f l o w  ana lys is ,  

The l a s t  t h r e e  areas - opera t ion ,  maintenance, and educat ion/  

t r a i n i n g  - have d i r e c t  a p p l i c a t i o n s  t o  t h e  B o n n e v i l l e  microwave moni- 

t o r i n g  p r o j e c t  e Operat ion exper t  systems are d i v i d e d  i n t o  cont ingency 

a n a l y s i s  ( s t u d i e s )  and a l a r m - r e s t o r a t i o n  [ r e a l  - t ime (RT)] a c t i v i t i e s .  

The former cou ld  a s s i s t  opera tors  i n  s e l e c t i o n  and a n a l y s i s  o f  con- 

t i n g e n c y  s i t u a t i o n s  as w e l l  as improve maintenance. The l a t t e r  t y p e  of  

e x p e r t  system, which i s  of most  i n t e r e s t  t o  t h i s  p r o j e c t ,  can be 

designed t o  o n l y  m o n i t o r  systems o r  t o  make s p l i t - s e c o n d  dec is ions  t h a t  

c o n t r o l  systems. 

Exper t  systems can suggest r e p a i r s  and p r e v e n t i v e  maintenance on 

an as-needed bas is ,  which should r e s u l t  i n  a more economical maintenance 

program. O p p o r t u n i t i e s  a1 so e x i s t  f o r  i n c l u d i n g  r e p a i r  guidance i n t o  

d i a g n o s t i c  e x p e r t  systems. L a s t l y ,  t h e  e x p e r t i s e  o f  severa l  microwave 

m o n i t o r i n g  exper ts  can be captured i n  exper t  systems so company exper- 

t i s e  i s  r e t a i n e d  and e x p e r t  c o n s u l t a t i o n  i s  a v a i l a b l e  t o  t h e  on-duty 

opera tar  when an emergency occurs. 

e a s i l y  because opera tor  e x p e r t i s e  cou ld  be a v a i l a b l e  i n  exper t  system 

" f a u l t  simul atars."  

New opera tors  cou ld  be t r a i n e d  more 
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A p a r t i a l  l i s t  of power i n d u s t r y  exper t  systems work i s  shown i n  

Table 1.1. 

discussed above - p lanning,  o p e r a t i o n  ( o p e r a t i n g  s t u d i e s  anci r e a l - t i m e  

a s s i s t a n t )  and maintenance. Two p r o j e c t s  i n  t h e  Real-Time Advisor  cate-  

gory a r e  wor th  s p e c i a l  mention. F i r s t  i s  t h e  work be ing  done by Contro l  

Data C o r p o r a t i o n  (CDC) on an i n t e l l i g e n t  a larm processor  f o r  an energy 

management system (EMS) (Mol lenherg  1985). A p r o t o t y p e  system was devel-  

oped by CDC and t h e  U n i v e r s i t y  of I l l i n o i s  t o  demonstrate t h e  f e a s i b i l i t y  

o f  an a larm processor  on an EMS system. 

exper t  a larm processor  f o r  Nor thern  Sta tes  Power us ing  E P R I  funds. The 

a l a r m  processor  w i l l  be rule-based, w i t h o u t  graphics,  and w i l l  be devel -  

The work f a l l s  i n t o  t h r e e  of t h e  f i v e  bas ic  ca tegor ies  

C u r r e n t l y  CDC i s  develop ing an 

oped i n  L I S P  on a Symbolics machine then conver ted t o  PASCAL. 

language convers ion i s  r e q u i r e d  t o  accommodate t h e  CDC computers. 

The 

The second p r o j e c t  i s  not  a power system a p p l i c a t i o n .  It i n v o l v e s  

m o n i t o r i n g  s a t e l l i t e s  i n  r e a l  t i m e  and d iagnosing equipment problems. 

The Ford Aerospace p r o j e c t  i s  inc luded i n  Table 1.1 because i t  i s  

s i m i l a r  t o  R o n n e v i l l e ' s  microwave m o n i t o r i n g  and d i a g n o s t i c  tasks.  

i s  a l s o  a second genera t ion  e x p e r t  system (Siemens e t  a l . ,  1986). 

Exper iences gained f rom StarP lan  I ,  a rule-based system w r i t t e n  i n  OPS5, 

l e d  t o  t h e  development o f  StarPlan 11. StarP lan  1 1 ' s  knowledge a r c h i -  

t e c t u r e  was r e s t r u c t u r e d  t o  a "model-based system'' ( i  .e., o b j e c t -  

o r i e n t e d  programming) u s i n g  I n t e l  1 i c o r p ' s  KEE. Th is  work i s  i n t e r e s t i n g  

because E P R I  s e l e c t e d  KEE f o r  i t s  power p l a n t  exper t  system model ing and 

o p e r a t i o n  d i a g n o s t i c  research. 

It 
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Power system a1 arm processors have been i d e n t i f i e d  by E P K I  as be ing 

a good a p p l i c a t i o n  f o r  exper t  systems ( E P R I  1986). However, our  l i t e r a t u r e  

rev iew i n d i c a t e d  t h a t  power system a p p l i c a t i o n s  us ing  exper t  systems appear 

t o  be l i m i t e d  and p r e l i m i n a r y ,  i n v o l v i n g  pro to types .  I n  con t ras t ,  expe r t  

system a p p l i c a t i o n s  developed by NASA and t h e  Department o f  Defense a re  

b roader  i n  scope and are  techno1 o g i c a l  l y  more mature Neverthel ess , i t  
appears t h a t  a microwave a larm m o n i t o r i n g  exper t  system i s  f e a s i b l e  

because: (1) an exper t  can success fu l l y  so lve  t h e  problem, ( 2 )  t h e  

e x p e r t ' s  ab i  1 i t y  i s  based on speci fi c know1 edge, judgement and 

exper ience,  and ( 3 )  t h e  o p e r a t o r ' s  knowledye can be expressed e x p l i c i t l y .  

A "wish l i s t "  of exper t  system fea tu res  is  shown i n  Table 1.2. 

These f e a t u r e s  were ob ta ined from t h e  l i t e r a t u r e ,  and a knowledge o f  

r e a l - t i m e  u t i 1  i t y  systems and t rends  i n  exper t  system technology. 

t h e  fea tu res  shown are  no t  recommended f o r  t h e  B o n n e v i l l e  microwave 

e x p e r t  system, s i n c e  some are  beyond e x i s t i n g  technology. 

in tended t o  show t h e  range o f  f ea tu res  an exper t  system cou ld  possess. 

The f i n a l  s e l e c t i o n  of exper t  system fea tu res  a re  dependent upon hard- 

ware and so f tware  c a p a b i l i t i e s  and t r a d e o f f s  as w e l l  as fea tu res  t h a t  

b e s t  f i t  t h e  microwave m o n i t o r i n g  exper t  system problem. 

A l l  

Th is  t a b l e  i s  
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Table 1-1. Power System/AI Work 
~ - 

Type/Locat ion D e s c r i p t i o n  Language Mat  u r  i ty 

PLANNX PIG 

M i t s u b i s h i  ( F u j i w a r a  e t  I n t e l  1 i g e n t  Load Flow 
al . ,  1985) Eng i ne 

U n i v e r s i t y  o f  Washington React ive  Pcwer/Voltage 
( L i u  e t  a1 . 1985) Cont ro l  

ORNL Loss Reduct ion 

OPERATION: STUDIES 

Carneg i e/Al 1 eg heny/ EPR I P r o t e c t i o n  System - 
(EPRI 1986; Tal ukdar S imu la tor  and Diagnosis  
e t  al., 1985) 

U n i v e r s i t y  of Washington P r o t e c t i o n  System - 
S imula tor  and Diagnosis  

M i t s u b i s h i  P r o t e c t i o n  System 

OPERATION: REAL-TIME ADVISOR 

CDCIUnivers i ty  o f  I l l i n o i s  EMS - I n t e l l i g e n t  Alarm 
(Mol I enberg 1985) Processor 

CDC/N. S ta tes  Power EMS - I n t e l  1 i g e n t  A1 arm 
Processor 

E P R I  - I n t e l l i c o r p  PLEXIS - G e w r a t i o n  P l a n t  
( E P K I  1985) 

CDC U n i t  Commi trnent 

ORNL Operator Advisor  

ORNL D i s t r i b u t i o n  

F o r d  Aerospace STARPLAN 11: S a t e l l i t e  
(Siemens e t  a1 . , 1986) Mon i to r  

MAINTENANCE 

GEIHoneywell Power P l a n t  Repair  
(Koch e t  al. ,  1987) 

CDC/ PE T r a i n i n g  S imula tor  - EMS 

- Test 

OPS5 Prototype 

I n t e l  1 igence Development 
Conipi 1 e r  

8PS5 Proto type 

8PS5 Pro to type 

LISP Pro to type 

PASCAL Development 

KE E Ope r a t  i onal 

PASCAL P I  anni  ng 

LISP Development 

PASCAL Development 

ORSS/KEE Development 

- Pro to type 

.. Devel oprnent 
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Table 1.2. Exper t  System Features ( A  Wish L i s t )  

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

Fast  and re1 i a b l e  a larm a n a l y s i s  w i t h  temporal reasoning 

Exgl anat ions  f o r  t h e  opera tor  

A1 arm screeni  ng - i d e n t i  f y  s i g n i f i c a n t  events and impor tan t  a1 arms 

I n c l u d e  u n c e r t a i  n t y  

Transform raw data => b i g  p i c t u r e  

C r i s i s  management - cons is tency  and m u l t i p l e  e x p e r t i s e  

A s s i s t  w i t h  economic maintenance program 

Detec t  da ta  d isc repanc ies  

Graphics i n t e r f a c e  

Uses r e a l - t i m e  data - conclus ions and recomendations based on bes t  da ta  

Speech and speech t-ecogni t i  on 

A b i l i t y  t o  l e a r n  

Natura l  language i n t e r f a c e  

Easy t o  update - add new s t a t i o n  and microwave l i n k s  

I n c l  ude microwave system topology 

I n c l u d e  microwave s t a t i o n  and dev ice  parameters i n c l u d i n g  temporal 

I n c l u d e  behavor ia l  c h a r a c t e r i s t i c s  - network response t o  s t i m u l i  

I n c o r po r a t  e p r oc ed u r a 1 p r og ram s 

I n c o r p o r a t e  database opera t ions  

Keep h i  s t a r i  cal p r o f  i 1 es 

Communicate e f f i c i e n t l y  w i t h  o t h e r  computers 

Operator f r i e n d l y  - avoid blackbox syndrome 

Supplement-not - r e p l a c e  e x i s t i n g  microwave m o n i t o r i n g  system 

aspects 
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2. PROBLEM STATEMENT 

T h i s  s e c t i o n  f i r s t  descr ibes  t h e  environment o f  t h e  B o n n e v i l l e  

microwave communications system, i t s  a1 arms systems and t h e  problems 

t h a t  t h e  alarms systems present  t o  users o f  the  alarm data. Second, 

reasons f o r  process ing a lanns w i t h  e x p c r t  system technology are y-iven. 

F i n a l l y ,  a des ign f o r  a communications a larm processor ( C A P )  1s pre-  

sented t h a t  would address a l a r g e  number o f  t h e  problems i d e n t i f i e d ,  

2.1 THE MICROWAVE COMMUNICATION ALARMS SYSTEMS 

B o n n e v i l l e ' s  D i t t m e r  Cont ro l  Center houses t h e  o p e r a t i o n s  whose 

r e s p o n s i b i l i t y  i s  t h e  safe,  r e l i a b l e ,  and economic o p e r a t i o n  o f  t h e  

Federal  Columbia R i v e r  Power System, which i n c l u d e s  B o n n e v i l l e ' s  power 

t r a n s m i s s i o n  network ( B P A  1981). 

300,000 square m i l e s ;  Washington and Oregon are  encompassed e n t i r e l y  as 

a r e  p a r t s  o f  Idaho and Montana. The 13,000 m i l e s  of  h i g h  v o l t a g e  

t r a n s m i s s i o n  l i n e s  i n t e r c o n n e c t  30 f e d e r a l  h y d r o e l e c t r i c  darns and 14 

o t h e r  power genera t ing  u t i l i t i e s  a t  more than 150 connect ion po in ts .  

Th is  network spans an area o f  over 

To suppor t  t h e  t ransmiss ion  system, R o n n e v i l l e  operates a system- 

wide microwave communications network f o r  s u p e r v i s i o n  and c o n t r a ]  func- 

t i o n s ,  which i n c l u d e :  automat ic  genera t ion  c o n t r o l ;  p r o t e c t i v e  r e l a y i n g ;  

l o a d  t r i p p i n g ;  genera t ion  dropping;  s t a b i l  i t y  scheme a n a l y s i s ;  a n a l y s i s  

o f  c r i t i c a l  t e l e m e t e r i n y  q u a n t i t i e s ;  Superv isory Contro l  and Data 

A c q u i s i t i o n  Systems (SCADA) ;  and v o i c e  communications. The microwave 

network c o n s i s t s  o f  7 ma jo r  systems designated A, B, D, K, N, Q9 and T 

( F i g .  2.1) and i n c l u d e s  141 microwave s t a t i o n s  a t  SO mountain-top 

r e p e a t e r s  and 61  subs ta t ions .  
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Figure 2.1. BPA Microwave Communication System 
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S ince  any problems w i t h  t h e  commurications network cou ld  s e r i o u s l y  

reduce t h e  r e l i a b i l i t y  of t h e  power syctem, m a i n t a i n i n g  a r e l i a b l e  

communications network i s  e s s e n t i a l .  l h e  importance of opt imized opera- 

t i o n  and maintenance o f  t h e  communication system cont inues t o  grow 

because o f  t h e  t r e n d s  towards c e n t r a l i z e d  opera t ions ,  automation o f  

c o n t r o l  , and r e d u c t i o n s  i n  o p e r a t i o n s  and maintenance personnel. 

There a r e  a number o f  a lann systems which are  used t o  mon i to r  the 

performance o f  t h e  microwave network, r e p o r t  problems, and a s s i s t  i n  

problem d iagnosis .  

t h e  Badger system, SCADA, t r a n s f e r  t r i p ,  and te lemeter ing .  The MCS 

a l a n n  systems generate compact and i n f o r m a t i v e  a1 arm messages t h a t  

i n c l u d e  t h e  problem d e s c r i p t i o n ,  p rob lea  l o c a t i o n ,  and da te  and t i m e  o f  

problem occurence. T y p i c a l l y ,  an alar in d e s c r i p t i o n  -is i n d i c a t i n g  t h a t  

one o f  t h e  MCS performance parameters has exceeded a normal l i m i t .  

Also, alarms are  generated i f  t h e r e  are  abnormal c o n d i t i o n s  w i t h  MCS 

suppor t  equipment (e.g., b u i l d i n g ,  power generators,  b a t t e r i e s ) .  

l e v e l  o f  i n f o r m a t i o n  c o n t e n t  i s  i n  c o n t r a s t  t o  many alarm systems which 

a r e  r e p o r t i n g  raw p h y s i c a l  measurements t h a t  are n o t  n e c e s s a r i l y  abnor- 

mal. 

however, some a r e  generated f rom summaries of f i v e  minutes o f  data. 

These a larm systems a r e  t h e  Microwave Moni tor  (MWM) , 

Th is  

The t i m e  f i e l d  of MCS alarms t y p i c a l l y  have one second r e s o l u t i o n ;  

There a r e  severa l  c a t e g o r i e s  o f  B o n n e v i l l e  s t a f f  which r e l y  on t h e  

a la rm d a t a  f o r  i n f o r m a t i o n  d u r i n g  day-to-day work a c t i v i t i e s .  F i r s t  and 

foremost  a r e  t h e  network opera t lons  and maintenance s t a f f  whose d u t i e s  

i n c l u d e  m o n i t o r i n g  t h e  microwave a larm systems, i n t e r p r e t i n g  alarm data, 

d e t e r m i n i n g  r e p a i r  and maintenance a c t i o n s  (e.g., t h e  opera tor  may 

d i s p a t c h  a r e p a i r  team) , computer iz ing and d isseminat ing  a larm d a t a  t o  
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o t h e r  groups, and ana lyz ing  and r e p o r t i n g  h i s t o r i c a l  t rends.  A second 

group which uses a subset o f  t h e  microwave alarm data  i s  t h e  Contro l  

System Moni to r  (CSM). These opera tors  m a i n t a i n  a 24-hour v i g i l  o f  a l l  

m o n i t o r i n g  and c o n t r o l  system hardware. F i n a l l y ,  subsets of t h e  alarm 

d a t a  are  d i s t r i b u t e d  t o  inanagemerit f u n c t i o n s  w i t h i n  t h e  D i t t m e r  Cont ro l  

Center and e x t e r n a l l y  t a  B o n n e v i l l e ' s  Power System Cont ro l  Of f ices,  

The microwave network a lann systems present  a number o f  problems t o  

Most c r i t i c a l l y ,  t h e  alarm systems prov ide  t o o  these t h r e e  user  groups. 

much da ta  and t o o  l i t t l e  in fo rmat ion ,  a t y p i c a l  problem w i t h  c u r r e n t  

power system a lann and message systems. 

and complex and t.he volumes of alarms are  t o o  g r e a t  f o r  a human t o  

e f f e c t i v e l y  process. 

average o f  2,500 alarms p e r  day. 

t h e  r a t e  of alarms i s  much h i g h e r  than t h e  average and, u n f o r t u n a t e l y ,  

t h i s  i s  p r e c i s e l y  t h e  t i m e  when qu ick  and accurate i n t e r p r e t a t i o n  by an 

alarm-monitor opera tor  i s  needed. 

The microwave network i s  l a r g e  

For  example, t h e  Badger systeni generates an 

Dur ing  a network d is turbance,  however, 

T h i s  volume o f  alarm data  cou ld  be reduced i f  redundant da ta  cou ld  

Often, a l o n g  sequence o f  alarms r e a l l y  o n l y  be f i l t e r e d  o r  condensed. 

p resents  i n f o r m a t i o n  t h a t  cou ld  be e f f e c t i v e l y  reduced t o  a s i n g l e  

message o r  a smal l  number of messages. Examples i n c l u d e  alarm symptoms 

which are  o c c u r r i n g  i n t e r m i t t e n t l y  and alarms which are s i d e  e f f e c t s  o f  

o n l y  one equi pinent problem. U n f o r t u n a t e l y ,  a n a l y s t s  now must s o r t  

th rough redundant da ta  t o  f i n d  k e r n e l s  o f  impor tan t  in fo rmat ion .  

The microwave network systems t r a n s m i t  a l a r g e  amount of data  no t  

o n l y  because t h e  communications network i s  l a r g e  and compl icated bu t  a l s o  

because t h e  t h r e e  user  groups are d i v e r s e  and geograph ica l l y  dispersed. 
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I t  would be exceedingly  v a l u a b l e  t o  f i l t e r  from t h e  d a t a  g iven t o  each 

group those p o r t i o n s  t h a t  are n o t  p r o v i d i n g  r e l e v a n t  in for i l ia t ion.  

A d d i t i o n a l l y ,  e x p e r t - l e v e l  i n t e r p r e t a t i m  of alarm data  cou ld  s i g n i f i -  

c a n t l y  condense t h e  da ta  and p r o v i d e  d i a g n o s t i c s  t o  operators .  

i t  would be v a l u a b l e  t o  subset, p r i o r i t i z e ,  and r o u t e  t h e  messages t o  

those l o c a t i o n s  where they  are  needed ( h e l i n k  e t  al., 1986). As t h e  

number of users and t h e  va lue of t h e  da ta  grow, t h e r e  i s  an i n c r e a s i n g  

need f o r  an e f f e c t i v e  alarm i n f o r m a t i o n  management system. 

F i n a l l y ,  

2.2 VALUE OF EXPERT SYSTEM ALARM PROCESSING 

Exper t  system technology can h e l p  overcome t h e  da ta  burdens mentioned 

above and an a1 arms-processing p r o t o t y p e  e x p e r t  system cou ld  b e n e f i t  

Bonnevi l  l e ' s  power system a r t i f i c i a l  i n t e l l i g e n c e  a c t i v i t i e s .  

Wi th  respec t  t o  t h e  former,  an expebrt system c o u l d  e a s i l y  f i l t e r  

redundant alarms. 

conc ise  conc lus ions  o f  MCS equipment problems. 

system i s  i d e a l l y  s u i t e d  t o  t h e  t a s k  because t h e  cotnpression/diagnost ic 

e x e r c i s e  employs symbol ic  r a t h e r  than a l g o r i t h m i c  problem so lv ing ;  

e x p e r t s  can s o l v e  an alarm problem i n  a reasonable p e r i o d  o f  t ime, and 

a larm data  can be drawn d i r e c t l y  from MCS channels. A f t e r  e x p e r t - l e v e l  

i n t e r p r e t a t i o n  t h e  compressed i n f o r m a t i o n  can then be made a v a i l a b l e  t o  

i m p o r t a n t  user  groups. 

More work would be needed t o  compress alarms i n t o  

However, an exper t  

An alarms process ing e x p e r t  system i s  a good cho ice  f o r  BPA t o  

b e g i n  i t s  A I  a c t i v i t i e s  f o r  severa l  reasons. (1) T h i s  a p p l i c a t i o n  

i s  l e s s  c r i t i c a l  t h a n  o t h e r  p o t e n t i a l  a p p l i c a t i o n  areas (e.g., SCADA). 

Thus, mis takes  made i n  t h e  l e a r n i n g  process wil l  not  have p o t e n t 4 a l l y  
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expensive consequences. 

no r  t o o  l i t t l e .  ( 3 )  Th is  a p p l i c a t i o n  need o n l y  meet a re laxed real-t’ irne 

requi rement ,  which i s  t h e  conceptual f i r s t  s tep  toward des ign ing  a sub- 

second response-t ime exper t  system. ( 4 )  The lessons learned and 

exper iences gained should be t r a n s f e r a b l e  t o  most o t h e r  p o t e n t i a l  

B o n n e v i l l e  power system a p p l i c a t i o n s .  F i n a l l y ,  ( 5 )  a domain exper t  i s  

a v a i l a b l e  who e x h i b i t s  a h i g h  l e v e l  o f  e x p e r t i s e  and i s  ab le  t o  v e r b a l l y  

express t h i s  knowledge. 

( 2 )  The volume of i n p u t  da ta  i s  n e i t h e r  t o o  much 

2.3 THE COMMUNICATIONS ALARMS PROCESSOR 

A communi c a t i o n s  a1 a m s  processor  t h a t  i n c l  udes t h e  exper t  system 

p r o t o t y p e  d iscussed above would a l l e v i a t e  a number o f  t h e  problems 

assoc ia ted  w i t h  t h e  use o f  t h e  alarms data. 

example CAP c o n f i g u r a t i o n  which i s  composed of t h r e e  major components: 

(1) i n p u t  c o n s i s t i n g  of t h e  i n t e g r a t i o n  of t h e  microwave a larm systems; 

( 2 )  an exper t  system t o  per form a larm f i l t e r i n g ,  compression, i n t e r p r e t a -  

t i o n ,  and d iagnos is ;  and ( 3 )  DBMS t o  manage t h e  expert-system-processed 

a1 a r m .  

F igu re  2.2 presents  an 

The CAP process begins by accessing t h e  microwave alarm systems, 

which are  c u r r e n t l y  independent, and i n t e g r a t i n g  them i n t o  a se t  o f  

i n p u t s  t o  t h e  exper t  system (ES) .  An i n p u t / o u t p u t  (I/O) process accepts 

t h e  alarm messages i n  r e a l  t i m e  from t h e  microwave alarm systems, t r a n s -  

l a t e s  them i n t o  ES syntax, and b u f f e r s  them u n t i l  t h e  ES performs a read 

o p e r a t i o n  I 

I n  o rde r  f o r  t h e  ES t o  respond t o  alarms q u i c k l y  and i n t e l l i g e n t l y ,  

i t  must possess t h e  f o l l o w i n g  f i v e  c a p a b i l i t i e s :  
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Figure 2.2. Example CAP Configuration 
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(1) Be ab le  t o  read alarms from t h e  1/0 b u f f e r  prompt ly ;  

( 2 )  A l low t h e  incoming data t o  t r i g g e r  t h e  i n f e r e n c e  processes o f  

t h e  i n f e r e n c e  

( 3 )  U t i l i z e  an a 

c o n t r o l  t h e  

engine; 

arm p r i o r i t y  scheme t o  e f f i c i e n t  y and e f f e c t i v e l y  

i n f e r e n c e  processes; 

( 4 )  T o l e r a t e  i n t e r r u p t i o n s  o f  t h e  i n f e r e n c e  subprocesses; and 

( 5 )  D e l i v e r  o u t p u t  messages w i t h o u t  delay. 

For  example, suppose a n o n c r i t i c a l  a lann i s  be ing processed by the  

ES and a c r i t i c a l  a larm a r r i v e s  a t  the i n p u t  b u f f e r .  The n o n c r i t i c a l  

process should be i n t e r r u p t e d ,  t h e  c r i t i c a l  a larm read and f u l l y  processed 

( i n c l u d i n g  o u t p u t  messages), and then t h e  n o n c r i t i c a l  a l a r m  process should 

c o n t i n u e  unless it was a f f e c t e d  by s i d e  a f f e c t s  o f  t h e  i n t e r r u p t i n g  process. 

Expel-t system preprocess i  ng of a1 arms w i  11 begin by d e t e c t i n g  

t r a n s i e n t  alarms. Next, any t ime-out  alarm, which i n d i c a t e s  t h a t  a con- 

d i t i o n  has ended, w i l l  be combined w i t h  t h e  alarrri t h a t  e a r l i e r  had repor ted  

t h e  s t a r t  o f  t h e  c o n d i t i o n  ( t h e  t i m e - i n ) ,  e f f e c t i v e l y  reducing two alarms 

t o  one. Furthermore, a1 arm preprocess ing w i  11 combine m u l t i  p l  e a1 arms 

i n t o  one when an i n t e r n i i t t e n t  c o n d i t i o n  i s  present  (e.g., when t h r e e  o r  

more i d e n t i c a l  alarms occur w i t h i n  a f i ve-minu te  p e r i o d )  

A f t e r  i n p u t  alarm preprocessing, t h e  ES w i l l  con t inue t o  respond t o  

new alarms, p r e v i o u s l y  rece ived alanns, i n t e r m e d i a t e  conclus ions,  and 

i n i t i a t e  i n t e l l i g e n t  assessment o f  alarm cond i t ions .  On t h i s  l a s t  p o i n t ,  

t h e  s e t  o f  p o s s i b l e  a c t i o n s  t h e  € 5  can choose from w i l l  be q u i t e  l a r g e  

and complex, due t o  t h e  complex i ty  o f  t h e  i n p u t  d a t a  and t h e  complex i ty  

o f  t h e  e x p e r t i s e  t h a t  w i l l  be encoded and a p p l i e d  t o  t h e  problem. I n  
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v e r y  general  terms, t h e  ES wi l l  f u r t h e r  reduce t h e  volume o f  alarms w h i l e  

i n c r e a s i  ng t h e  i nformat  i on con t e n t  by expl  i c i  t l y  r e p o r t i  ng MCS prob l  ems. 

A1 so, o p e r a t i o n s  and maintenance personnel w i l l  be a s s i s t e d  i n  opera t ions  

r e q u i r i n g  near  r e a l - t i m e  response because t h e  ES w i l l  o f f e r  i n t e r p r e t i v e  

and d i a g n o s t i c  ass is tance,  and automat-rcal  l y  per form r o u t i n e  d i a g n o s t i c  

procedures t h a t  c u r r e n t l y  r e y u i  r e  an o p e r a t o r ' s  a t t e n t i o n .  

Another 1/0 process i s  needed t o  handle t h e  da ta  t r a f f i c  between 

t h e  e x p e r t  system and t h e  DBMS. 

t a x  o f  t h e  e x p e r t  system t o  t h e  syntax o f  t h e  DBMS i s  assigned t o  an 

a 1 gor  -i t hmi c t a s k  . 

The burden o f  t r a n s l a t i n g  from t h e  syn- 

The DBMS wi 1 1  a r c h i v e  t h e  expert-system-processed a1 arms f o r  a n a l y s i s  

and r e p o r t i n g .  

and t h e  expert-system i n t e r p r e t a t i o n s .  A number of s e r v i c e s  w i l l  be 

p r o v i d e d  by t h e  DBMS i n c l u d i n g  ad-hoc query of t h e  alarms data, and 

g e n e r a t i o n  o f  of r e p o r t s ,  s t a t i s t i c s ,  and graphics.  

p rov ide ,  upon request  f rom t h e  ES, d a t a  f rom t h e  arch ived records (e.g., 

h i s t o r i c a l  t r e n d s )  t h a t  t h e  ES may need for d iagnost ics .  

The DBMS w i l l  p r o v i d e  t h e  user  i n t e r f a c e s  w i t h  t h e  da ta  

Also,  t h e  DBMS can 
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3 .  PROTOTYPE SCOPE 

As mentioned i n  Sec t ion  1, exper t  system development p r o j e c t s  must 

proceed increrr iental ly .  The most f a v o r a b l e  approach i s  t o  f i r s t  r a p i d l y  

develop a small  p ro to type  over  a pe r iod  o f  s i x  t o  e i g h t  weeks. 

e x e r c i s e  w i l l  i n d i c a t e  t h e  s u i t a b i l i t y  o f  t h e  domain, t h e  sof tware,  and 

t h e  chosen exper t .  A f t e r  10 t o  12 months, what i s  known as a research 

p r o t o t y p e  i s  developed. Th is  second stage product  covers a l l  t h e  

cha l1  enyes o f  a f u l  l y  imp1 ementabl e system b u t  encornpasses o n l y  p o r t i  ons 

of  t h e  l a r g e r  problem. Th is  s e c t i o n  con ta ins  recommendations f o r  

scoping t h e  research s tage o f  the CAP pro to type.  

This  

As descr ibed i n  t h e  prev ious  sec t i on ,  t he  CAP p r o j e c t  i nvo l ves  a 

l a r g e  amount o f  da ta  and r e q u i r e s  ES process ing  t h a t  i s  l i k e l y  t o  be 

ve ry  complex. To reduce t h e  s i z e  of the CAP p r o t o t y p e  t o  manageable 

dimensions, two o f  t h e  c o n f i g u r a t i o n  components a re  reduced: t h e  i n p u t  

da ta  and t h e  exper t  system's r e s p o n s i b i l  i t l ' es .  

Data f o r  t h e  exper t  system w i l l  come from two o f  t he  r e a l - t i m e  

microwave m o n i t o r i n g  systems, t h e  Microwave Mon i to r  (Mkllal) and the Sadger. 

It i s  es t imated  t h a t  these two i n p u t  systems can p rov ide  t h e  da ta  

necessary t o  diagnose about 90% o f  t h e  microwave system alarms. 

i n t e l  1 i g e n t  a1 arm processors may i n c o r p o r a t e  a1 arms from o the r  c o n t r o l  

and mon i to r  f u n c t i o n s  i f  t h e  b e n e f i t s  outweigh t h e  inc reased c0st.s of 

compl e x i  t y  . The  MWM, designed and bu i  1 t by Bonnevi 1 1 e generates equi p- 

ment alarms, processes f i e l d  data,  and d i s p l a y s  processed da ta  t o  opera- 

t o r s  i n  r i g i d  formats. The Badger system con ta ins  d e t a i l e d  da ta  from 

t h e  microwave s t a t i o n s .  I t  i s  expected t h a t  i n  t h e  p r o t o t y p e  the  MWM 

alarms w i l l  d r i v e  t h e  exper t  system, w i t h  t h e  Badger alarms being used 

Fu tu re  
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for  confl nnation purposes. 

will also be processed independently of NWM alarms. 

If time arid resources permit, Badger a1 arrns 

The prototype will be built  around a subset of network stations and 

alarms. W i t h  respect t o  the former, discussions with Bonneville s t a f f  

suggest t h a t  the prototype system be built  around the N-system. I t  is 

the largest and most complex of the seven BPA microwave monitoring 

systems, and, therefore, presents the development teain with a1 1 re1 evant 

challenges. Also, the N-system i s  coniposed o f  stations with modern, 

homogeneous communications equipment. T h u s ,  selection o f  the N-system 

simplifies diagnosis t h a t  otherwise may he affected by equipment type. 

Also,  the equipment will not  be replaced soon, adding t o  the useful l i f e  

of the rules. 

With respect to  alarms, the prototype will diagnose the probable 

causes of a l l  MWM outage and performance alarms ( two of the five MlJM 

alarm types). 

apparently are the easiest  types t o  diagnose. 

f o r  the N-system will be processed, and tne most useful information will 

be archived i n  the DBMS. 

These are the two  most cr i t ical  types of MWM alarms and 

A l l  o f  the Badger data 

The DBMS component of the prototype will - not be limited in scope or 

operation. I t  will archive a l l  alarm diagnoses written by the expert 

system and a1 1 valuable Badger data. We recommend t h a t  13 months of 

alarm d a t a  be kept on l ine allowing annual summaries. I f  alann proces- 

sing provides a 75 percent compression rate,  then the DBMS will contain 

about 300,000 records (3,000 alarms per day times 25 percent times 

400 days). 

ful ly  implemented CAP system. An off-the-shelf DBMS based on proven 

technology will be used in the prototyae system. 

DBMS users will be able t o  easily manipulate data in the 
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4. SOFTWARE SPECIFICATIONS 

4.1 EXPERT SYSTEM SOFTWARE S P E C I F I C A T I O N S  

T h i s  s e c t i o n  analyzes t h e  MSC p r o t o t y p e  problem c h a r a c t e r i s t i c s  t o  

i d e n t i f y  general  s p e c i f i c a t i o n s  f o r  t h e  exper t  system software. The 

s p e c i f i c a t i o n s  i n d i c a t e  t h e  exper t  system a r c h i t e c t u r e  t o  be used and t h e  

u n d e r l y i  ny i n t e r n a l  s o f  t h e  so f tware  t h a t  would be des i  r a b l  e. Attempts 

a r e  made when a p p r o p r i a t e  t o  weigh a1 t e r n a t i v e  s p e c i f i c a t i o n s .  

4.1.1 S e l e c t i o n  o f  t h e  Exper t  System A r c h i t e c t u r e  

There a r e  a number of exper t  system a r c h i t e c t u r e s  t h a t  have per-  

formed we1 1 f o r  c e r t a i n  problem domains. Exper t  system a r c h i t e c t u r e s  

d i f f e r  i n  how (1) i n p u t  da ta  are obta ined,  ( 2 )  knowledge i s  represented, 

and ( 3 )  s o l u t i o n  spaces are searched. For example, ru le-based systems 

represent  knowledge i n  "i f-then" statements and use e i t h e r  forward 

cha i  n i  ng o r  backward chai  n i  ng in fe rence.  

performs w e l l  when t h e  problem i s  da ta  d r iven .  

ward c h a i n i n g  i n f e r e n c e  i s  u s e f u l  f o r  problems where t h e r e  a r e  a small  

number o f  s o l u t i o n s  t o  choose frorii. Other a r c h i t e c t u r e s  c e n t e r  around 

o b j e c t  d e s c r i p t i o n s  r a t h e r  than r u l e s .  For example, semantic ne ts  o r  

f rame-based systems per form we1 1 f o r  problem domains concerned w i t h  

model ing and des ign (Kunz e t  a1 . , 1987). 

Forward chai  n i  ng i n f e r e n c e  

On t h e  o t h e r  hand, back- 

Matching t h e  problem o f  alarms process ing t o  t h e  s e t  o f  p o s s i b l e  

a r c h i t e c t u r e s  has focused on t h r e e  areas: (1) t h e  exper t  system response 

t i m e  des i red ;  ( 2 )  t h e  c h a r a c t e r i s t i c s  of t h e  i n p u t  data; and (3 )  t h e  

e x p e r t  system s o l u t i o n s  desired. 

a r c h i t e c t u r e  has been chosen f o r  t h e  p r o t o t y p e  e x p e r t  system. 

As expla ined below, a forward c h a i n i n g  - 
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The most important performance chai-acteristics of the CAP expert 

system are t h a t  i t  i s  expected t o  r u n  continuously and reliably respond 

t o  alarms in near real-time. Quick, reliable response to cr i t ical  

alarms i s  essential when the expert system i s  operating as an operator 

ass is tant .  Also,  f a s t  processing i s  required t o  ensure that a l l  alarms 

are processed and t h a t  the CAP system does not fa i l  due t o  exhaustion of 

a computer resource (e.g, memory). Beyond the prototype, system 

requi rements w i  11 continue t o  demand f a s t  processing o f  large amounts of 

input d a t a .  Therefore, th i s  system-design criterion i s  so pervasive 

t h a t  i t  affects a l l  elements o f  CAP system design. A forward-chaining 

architecture, using a rule-based knowledge representation, i f  properly 

designed and imp1 emented , can deliver the processing speed requi rements 

of the prototype better than the backward chaining and object-oriented 

alternatives. 

The characterist ics of the input data match well w’ l th  requirements 

and capabili t ies of a well-tuned forward chaining system, Kline and 

Dolins (1985, 1986) l i s t  three important characterist ics:  (1) The d a t a  

i n p u t  t o  a forward chaining expert system must be reliable and complete; 

( 2 )  additional d a t a  requirements beyond d a t a  t h a t  drive the ES must be 

minimal; and ( 3 )  d a t a  be available in (I very timely manner. W-ith 

respect t o  these c r i t e r i a ,  discussions with Bonneville staff  indicate 

that  alarm data are re1 iable and complete ( i  .e., the a1 anns from the 

Microwave Monitor and the Badger alarms systems, see Sections 2 and 3 ) .  

In addition, i t  i s  envisioned that o n l j  occasionally will the expert 

system requi re data from the DBMS or oDerators, a n d ,  of course, the 

alarm systems should provide alann d a t 3  on a near-instantaneous basis. 
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For  t h e  CAP p ro to type ,  a number of s o l u t i o n  c h a r a c t e r i s t i c s  have 

been i d e n t i f i e d  t h a t  match very  w e l l  w i t h  t h e  c a p a b i l i t i e s  o f  a forward 

cha in ing  a r c h i t e c t u r e .  F i r s t ,  i t  i s  ev iden t  from t a l k i n g  w i t h  MCS 

exper t s  t h a t  t he  e x p e r t i s e  t h a t  must be encoded f o r  t h e  CAP pro to type  i s  

b e s t  expressed i n  an " i f - t h e n "  r u l e  format. Second, t h e  alarm ana lys i s  

does n o t  i n v o l v e  ex tens i ve  modeling of  t h e  s t r u c t u r e  and f u n c t i o n  o f  t h e  

microwave network, o f  component p a r t s  o f  t h e  network, o r  o f  t h e  alarins, 

which r u l e s  ou t  an a b j e c t - o r i e n t e d  approach. Th i rd ,  t h e  forward 

c h a i n i n g  a r c h i t e c t u r e  works w e l l  f o r  problems where a l l  o f  t he  s o l u t i o n s  

can be encoded i n  advance and where t h e  s o l u t i o n s  do n o t  r e q u i r e  deep 

reasoning. That i s ,  t h e  s o l u t i o n s  do n o t  r e q u i r e  system knowledge about 

t h e  under l y ing  p r i n c i p l e s  o f  microwave network opera t ions .  F i n a l l y ,  it 

appears t h a t  t h e  s o l u t i o n s  w i l l  no t  r e q u i r e  t h e  so f tware  t o  per form 

complex l oop ing  o r  branching,  o r  a n a l y s i s  of i n t e r a c t i n g  goals. 

Rackward cha in ing  in fe rence may, however, a1 so be needed f o r  some 

of  t h e  CAP e x p e r t  system processes. Examples i n c l u d e  ES i n t e r a c t i o n  

w i t h  t h e  DBMS and s e l e c t i n g  one from a known s e t  o f  op t i ons  (e.g., t h e  

alarrn pa th  has been narrowed t o  a small  number of s t a t i o n s ) .  Backward 

cha in ing  i s  i n i t i a t e d  as a goal t h a t  t h e  forward cha in ing  system i s  t o  

pursue. Note t h a t  t h i s  i s  q u i t e  d i f f e r e n t  from a t r u e  backward cha in ing  

i n fe rence  engine t h a t  performs a d e p t h - f i r s t  search o f  the  search space, 

u s u a l l y  i n  search o f  da ta  t h a t  suppor ts  a s o l u t i o n  from a small  se t  o f  

op t ions .  
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There a re  a t  l e a s t  s i x  areas o f  concern sur round ing  t h e  a n a l y s i s  

o f  t h e  problem c h a r a c t e r i s t i c s  and t h e  recommendation t o  use a forward 

c h a i n i n g  p roduc t i on  system: 

1) The l e v e l  o f  deep reasoning needed. The p ro to type  system w i l l  

opera te  as a s i t u a t i o n  ( o r  sequence of s i t u a t i o n s )  recognizer.  

which i s  a sha l low reasoning a p p l i c a t i o n .  However, it may become 

necessary t o  add r u l e s  t h a t  p e r t a i n  t o  how p ieces  o f  equipment 

operate o r  i n t e r a c t .  For  example, an o b j e c t - o r i e n t e d  approach may 

e v e n t u a l l y  be needed f o r  ex tens i ve  modeling o f  system s t r u c t u r e  and 

f unct  i on. 

2) The r e p r e s e n t a t i o n  and propagat ion  o f  u n c e r t a i n t y  requ i  red. 

U n c e r t a i n t y  management i s  an impor tan t  f u n c t i o n  w i t h i n  exper t  

systems and many approaches have been proposed ( T o m  and 

Uppul u r i  1986). 

i n t o  t h e  bes t  u n c e r t a i n t y  system. 

3 )  The i n s t a n t i a t i o n  of r u l e s  t h a t  suggest m u t u a l l y  exc lus i ve ,  d i s -  

j o i n t  se ts  o f  conclusions. 

r e p o r t  network problems t h a t  cannelt happen a t  t h e  same time. 

Deep reasoning o r  ope ra to r  i n p u t  rnay be needed t o  r e s o l v e  these 

problems. 

A problem may a r f s e  i n  mapping t h e  a p p l i c a t i o n  

F o r  example, t h e  exper t  system may 

4) The complex i ty  o f  t he  temporal reasoning and cons is tency  main- 

tenance requ i red .  Temporal reasoning may be r e q u i r e d  t o  iden- 

t i f y  complex sequences o f  events or t o  make p r e d i c t i o n s  about 

t h e  expectancy of events. Consistency maintenance w i l l  be 

r e q u i r e d  when conc lus ions  a re  i n v a l i d a t e d  by new i n p u t s  and t o  

remove froni t h e  system o l d  and useless f a c t s .  Both o f  these are 

s u b j e c t s  o f  s t a t e - o f - t h e - a r t  A I  research. 

..... 
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5) The l e v e l  and t ype  o f  ope ra to r  i n t e r f a c e s  needed f o r  t h e  r e a l -  

t i m e  exper t  system. 

f a c e  between t h e  opera tor  and t h e  exper t  system by us ing  t h e  

c a p a b i l i t i e s  o f  t h e  DBMS. The reason i s  t o  a l l o w  t h e  exper t  

system t o  process alanns w i t h o u t  i n t e r r u p t i o n  o r  w i thou t  hav ing 

t o  f reeze  t h e  system s ta te .  However, it may be found t h a t  expanded 

opera to r  suppor t  i s  needed f o r  microwave network problem d iagnosis .  

The CAP system design min imizes t h e  i n t e r -  

6 )  An i n c r e a s i n g  demand f o r  process ing speed and e f f i c i e n c y .  The 

pressures on system performance can come from two d i r e c t i o n s :  

l a r g e r  amounts o f  i n p u t  da ta  and l a r g e r  r u l e  sets .  I n p u t  da ta  can 

inc rease  i n  two ways: l a r g e r  i n p u t  records and f a s t e r  

t ransmiss ions  ra tes .  Also, r u l e  se ts  can grow i n  two aspects: 

number o f  r u l e s  and r u l e  complex i ty .  As a p ro to type  matures o r  i s  

extended i n t o  s i m i l a r  a p p l i c a t i o n  areas, process ing demands w i l l  

grow and may exceed t h e  c a p a b i l i t i e s  of t h e  sof tware a r c h i t e c t u r e ,  

t h e  so f tware  implementat ion,  o r  the  hardware. The nex t  two subsec- 

t i o n s  exp lo re  an a l g o r i t h m  and o t h e r  programming fea tu res  which 

a t tempt  t o  op t im ize  i n f e r e n c e  system performance. A1 so, Appendix A 

exp lo res  ways t o  improve p roduc t i on  systeni performance through 

hardware enhancements. 

4.1.2 The Rete A lgo r i t hm and High Performance 

The prev ious  subsec t ion  presented a n a l y s i s  which y i e l d e d  t h e  recom- 

mendation t h a t  a fo rward  cha in ing  i n f e r e n c e  a r c h i t e c t u r e  be used f o r  t h e  

p r o t o t y p e  system, The f o l l o w i n g  subsect ions s p e c i f y  t h a t  t h e  so f tware  
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s e l e c t e d  should use an a l g o r i t h m  c a l l e d  t h e  Rete match a lgo r i t hm which 

w i l l  match t h e  a larm data  t o  t h e  r u l e s  very qu i ck l y .  A rev iew o f  t he  

bas i cs  o f  fo rward  cha in ing  begins t h e  subsec t ion  and an exp lanat ion  o f  

how t h e  Rete a l g o r i t h m  opt im izes  t h e  opera t ions  t h a t  t h e  i n fe rence  

engine performs f o l  lows. 

A produc t ion  system (PS) i nc ludes  an unordered s e t  o f  ru les ,  o r  pro-  

duc t i ons ,  w i t h  a syntax such as 

IF 
c o n d i t i o n  1 

c o n d i t i o n  2 

THEN 
a c t i o n  1 

a c t i o n  2 
- 9  

where t h e  c o n d i t i o n s  are c a l l e d  t h e  l e f t -hand  s i d e  (LHS) o f  t h e  r u l e  and 

t h e  a c t i o n s  t h e  r i gh t -hand  s i d e  (KHS). 

system (e.g., alarms, phys i ca l  network d e s c r i p t i o n s )  a re  conta ined i n  

work ing memory (MM) and t h e  produc t ions  are kept  i n  p roduc t ion  memory 

The fac ts  of t h e  produc t ion  

(PM). 

which desc r ibe  t h e  work ing memory elements (WME) necessary f o r  t h e  r u l e  

t o  become i n s t a n t i a t e d  and e l i g i b l e  t o  f i r e  ( i .e.,  execute t h e  ac t i ons ) ,  

The c o n d i t i o n s  o f  a r u l e  express p a t t e r n s  and p a t t e r n  r e s t r i c t i o n s  

The c o n d i t i o n  p a t t e r n s  may c o n t a i n  cons tan ts ,  va r iab les ,  and r e s t r i c t i v e  

t e s t s  such as r e l a t i o n a l  comparisons and f u n c t i o n  c a l l s .  

T y p i c a l l y ,  a fo rward  cha in ing  produc t ion  system operates i n  a cyc le  

w i t h  t h e  f o l l o w i n g  s teps :  

1) Match. Compare each LHS w i t h  t h e  se t  o f  WM elements t o  determine 

which r u l e s  a re  e l i g i b l e  t o  f i r e .  The r e s u l t i n g  s e t  o f  r u l e s  .is 

c a l l  ed t h e  conf  1 i c t  se t  , 
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2 )  Conf l  i c t  r e s o l  u t i  on. Using an e s t a b l  i shed procedure, choose one 

r u l e  from t h e  c o n f l i c t  set .  

3 )  Act. 

4 )  H a l t  o r  cont inue.  

Execute t h e  a c t i o n s  on t h e  chosen r u l e ' s  RHS. 

I f  HALT i s  an executed a c t i o n ,  then stop. 

Otherwise, con t inue t h e  c y c l e  w i t h  s tep  (1) u n t i l  no more r u l e s  

a r e  e l i g i b l e  t o  f i r e .  

RHS a c t i o n s  t h a t  occur o f t e n  a r e  MAKE and REMOVE, which operate on 

f a c t s  i n  WM. A lso,  f a c t s  can be e s t a b l i s h e d  by a read operat ion.  Thus, 

WM changes s l o w l y  from c y c l e - t o - c y c l e  and these changes a f f e c t  t h e  

c o n f l i c t  se t ,  caus ing r u l e s  t o  be added o r  removed. 

When a WE meets t h e  p a t t e r n  s p e c i f i c a t i o n s  o f  a c o n d i t i o n ,  they  are 

s a i d  t o  match. A l a r g e  percentage o f  PS process ing i s  spent matching 

WMEs t o  p roduc t ions ,  

each WME i s  compared t o  each produc t ion  on each c y c l e ,  t h e  processing 

c o s t  may be p r o h i b i t i v e l y  h igh,  p a r t i c u l a r l y  i f  t h e r e  a r e  a l a r g e  number 

o f  WMEs, product ions,  o r  both. 

I n  simp1 e imp1 ementat i o n s  o f  t h e  software,  where 

Sof tware techniques aimed a t  improv ing t h e  match process t r y  t o  

t a k e  advantage o f  one or both  of  t h e  f o l l o w i n g  PS c h a r a c t e r i s t i c s :  

1) From c y c l e - t o - c y c l e ,  WM changes r e l a t i v e l y  s l o w l y ,  and 

2 )  Rules o f t e n  have i n  comman s i m i l a r  c o n d i t i o n s  and s e t s  o f  

c o n d i t i o n s .  

The techniques i n c l u d e  one o r  more o f  t h e  f o l l o w i n g  approaches (McDermott 

e t  a l . ,  1978): 

1) Data s t r u c t u r e s  t o  i n d i c a t e  (e.g., index)  which c o n d i t i o n s  occur 

i n  product ions.  

2 )  Data s t r u c t u r e s  t o  remember which WMEs match which cond i t ions .  
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3)  Data s t r u c t u r e s  t o  i n d i c a t e  which c o n d i t i o n s  are combined w i t h i n  

which produc t ions .  

The Rete match a l g o r i t h m  uses a l l  t h ree  e f f i c i e n c y  improvement tech-  

n iques  (Foryy  1982). The a l g o r i t h m  takzs  advantage of t he  pe rs i s tence  of 

WM across process ing  c y c l e s  by matching o n l y  t h e  changed WMEs aga ins t  t he  

produc t ions .  

matches. 

added o r  deleted. Th is  improvement avo ids  i t e r a t i o n  over MI. 

This  r e q u i r e s  s t o r i n g  w i t h  each p a t t e r n  t h e  WMEs t h a t  it 

The memory of these must be updated on each c y c l e  when WMEs are 

The Rete a l g o r i t h m  a l s o  avoids i t e r a t i o n  over p roduc t i on  memory by 

u s i n g  a t r e e  s t r u c t u r e d  s o r t i n g  network. A r u l e  compi le r  b u i l d s  a net -  

work o f  nodes, each o f  which t e s t s  f o r  one p a t t e r n  f e a t u r e ,  e i t h e r  w i t h i n  

a p a t t e r n  o r  t o  j o i n  pa t te rns .  Each t ime  a WE i s  added or  de le ted ,  a 

token i s  passed th rough  t h e  network anc t h e  memories of t h e  nodes are 

updated a p p r o p r i a t e l y .  If a token reaches one of t h e  ne twork 's  te rm ina l  

nodes, then a change t o  t h e  c o n f l i c t  s e t  i s  i n d i c a t e d  and a r u l e  and i t s  

i n s t a n t i a t i o n s  a r e  e i t h e r  added or removed. 

4.1.3 Opt iona l  Software Speci f i  c a t i  ons 

Even though the Rete match a l g o r i t h m  i s  w i d e l y  acknowledged as t h e  

f a s t e s t  method t o  match f a c t s  t o  r u l e s  f o r  forward cha in ing  exper t  

system a p p l i c a t i o n s  (Forgy 1987), work cont inues  on improvements aimed 

a t  i n c r e a s i n g  process ing  speed.* The f l  r s t  two improvements descr ibed 

below a re  domain independent w h i l e  t h e  rest  covered in t h i s  subsect ion 

a r e  suggested as being p o t e n t i a l l y  v a l  Jable f o r  a larm processing and 

s i m i l a r  a p p l i c a t i o n s .  

*Appendix A c o n t a i n s  a d i scuss ion  on hardware improvements r e l a t e d  t o  
i tnprovi ng process i  ng speed. 
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One improvement has been pioneered by I B M  (Enn is  e t  a1 . , 1986). 

S i m i l a r  t o  CAP, t h e i r  a p p l i c a t i o n  i n v o l v e s  s i g n i f i c a n t  amounts o f  e x t e r -  

n a l  da ta  (i.e., more than one f a c t  may become a v a i l a b l e  asynchronously). 

Rather  than per form one 1/0 o p e r a t i o n  on each ES process ing cyc le ,  they  

added t o  t h e  PS process ing c y c l e  a s tep  which performs a l l  necessary 

i n p u t  and output .  Thus a l l  a v a i l a b l e  i n p u t  da ta  i s  incorpora ted  on a 

s i n g l e  c y c l e  and ou tpu t  messages are d e l i v e r e d  w i t h o u t  delay.  

I B M  a l s o  implemented a f a c i l i t y  which enables a f a c t  t o  become t r u e  

a t  a s p e c i f i e d  t i m e  i n  t h e  f u t u r e  (i.e., a timed-MAKE). 

f o r  s p e c i f y i n g  an a c t i o n  t o  take  p lace  depending on t h e  outcome o f  a pre- 

d i c t e d  event. Such a f a c i l i t y ,  which r e q u i r e s  a t i m e r  f u n c t i o n  and t i m e r  

queue, i s  l i k e l y  t o  be more e f f i c i e n t  than dynamica l l y  b u i l d i n g  and 

removing customized r u l e s  ( i . e - ,  each such r u l e  w i l l  e s t a b l i s h  a f a c t  a t  

an i n d i c a t e d  p o i n t  i n  t i m e ) .  

Th is  i s  use fu l  

A mechanism which prov ides  p r i o r i t i z e d  c o n f l i c t  r e s o l u t i o n  i s  needed 

f o r  CAP. 

c r i t i c a l  alarm. 

r u l e  p r i o r i t i e s  and t h e  use o f  these d u r i n g  c o n f l i c t  r e s o l u t i o n  I's p r e f -  

e r a b l e  t o  us ing  metarules.  

c i e n c y  and more s imp le  ru les .  

For  example, a c r i t i c a l  a larm should be handled b e f o r e  a non- 

E x p l i c i t  suppor t  by the e x p e r t  system sof tware o f  s e t t i n g  

E x p l i c i t  suppor t  p rov ides  process ing e f f i -  

CAP must run cont inuous ly .  I f  t h e  i n p u t  alarm systems are q u i e t  

and no r u l e s  a re  f i r i n g  ( a  s tandard system would HALT) and t h e  DBMS i s  

be ing  used on t h e  same processor,  then an e f f i c i e n t  f a c i l i t y  would h a l t  

t h e  ES u n t i l  i t  i s  awakened by an i n t e r r u p t  (p robab ly  caused by an i n p u t  

a larm or t h e  t i m e r  f a c i l i t y ) .  

cont inuous PS o p e r a t i o n  i s  t o  design a r u l e  (e.g., w i t h  t h e  lowest  

p r i o r i t y )  t h a t  w i l l  always f i r e .  

A s imp le  b u t  l e s s  e f f i c i e n t  approach t o  
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CAP must remove o l d  f a c t s  from WP1 t h a t  a re  no l o n g e r  needed. Th ls  

a l l o w s  cont inuous and op t im ized opera t ion .  I f  a l l  o f  t h e  o l d  f a c t s  a re  

n o t  removed as a s e t  ( a s  opposed t o  removing one f a c t  per  opera t ing  c y c l e ) ,  

t h e n  a r u l e  may i n a d v e r t a n t l y  f i r e  ( e , g . ,  a r u l e ' s  NOT-condit ion becomes 

t r u e ) .  It would be d i f f i c u l t  f o r  t h e  knowledge programmer t o  a n t i c i p a t e  

such a s i t u a t i o n  and i t  becomes necessary t o  i n t r o d u c e  a d d i t i o n a l  c o n t r o l  

o v e r  t h e  P S ' s  processing. It i s  d e s i r a b l e  t h a t  t h e  ES have a f a c i l i t y  

t h a t  a1 lows t h e  i d e n t i f i c a t i o n  and o r c e r l y  removal o f  dependent f a c t s .  

Several  Rete-based PSs r e p o r t  jmprovements t o  t h e  o r g a n i z a t i o n  o f  

t h e  Rete network. For example, node j o i n s  f rom t h e  r i g h t  ( i n s t e a d  o f  

j u s t  from t h e  l e f t )  and s p e c i a l  j o i n s  o f  groups o f  c o n d i t i o n  p a t t e r n s  

have been exp lo red  ( S c h i n d l e r  1986). 

t h e  PS matching process and t h e r e f o r e  process ing speed. 

Again, t h e  emphasis i s  on improv ing 

Sec t ion  5 o f  t h i s  r e p o r t  examine5 a number of exper t  system s h e l l s  

and programming languages t h a t  a r e  based on t h e  Rete match a lgor i thm.  

Valuable e v a l u a t i o n  c r i t e r i a  i s  p rov ided by c o n s i d e r i n g  t h e  e x t e n t  t o  

which t h e  packages suppor t  o r  can be extended t o  suppor t  var ious  opera- 

t i o n s  needed f o r  r e a l - t i m e  appl icat iorns.  

4.1.4 Exper t  System Software Issues - Weighing t h e  Pros and Cons 

The prev ious  d iscuss ions  gave general  s p e c i f i c a t i o n s  f o r  t h e  ES 

so f tware :  fo rward  c h a i n i n g  i n f e r e n c e  based on t h e  Rete a lgor i thm.  This  

subsec t ion  d iscusses severa l  o ther  i m p o r t a n t  i ssues  t h a t  a r i s e  while 

e v a l u a t i n g  e x p e r t  system software. Carefu l  c o n s i d e r a t i o n  of t h e  issues  

i s  r e q u i r e d  because i t  i s  i m p o r t a n t  t o  c a r e f u l l y  match t h e  sof tware t o  

t h e  a p p l i c a t i o n .  Sof tware s e l e c t i o n  w i l l  a f f e c t  what problems can o r  
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cannot be solved, t h e  run- t ime performance o f  t h e  exper t  system, t h e  

p r o d u c t i v i t y  o f  t h e  programmer, t h e  c o s t  o f  t h e  sof tware,  and the  f l e x i -  

b i l i t y  t o  i n c o r p o r a t e  new knowledge rep resen ta t i ons  and i n f e r e n c e  tech-  

n iques  as t h e  p r o j e c t  develops. 

Most o f  t h e  so f tware  a n a l y s i s  considered thus  f a r  was concerned 

w i t h  run- t ime performance and problem-sol u t i o n  approaches. 'There i s  

another  ope ra t i on  mode o f  t h e  ES so f tware  t h a t  i s  j u s t  as impor tan t  - 
t h e  development environii ient. The development environment w i  11 l a r g e l y  

determine t h e  l a b o r  c o s t  f o r  programming each increment  o f  the  develop- 

ment cyc le .  Th is  f e a t u r e  should rece ive  emphasis d u r i n g  so f tware  evalua 

t i o n  because t h i s  p r o j e c t  has t h e  goal o f  d e l i v e r i n g  a f u l l y  implemented 

development environment (as  opposed t o  a run- t ime module) capable o f  

suppor t i ng  t h r e e  goa ls :  a d d i t i o n a l  development o f  t h e  CAP, development 

o f  o t h e r  ES a p p l i c a t i o n s ,  and i n t r o d u c t i o n  t o  and educat ion  about ES 

technology.  

A produc t i ve  development environment u s u a l l y  i nc ludes  the 

f o l l o w i n g  fea tu res .  Graphics c a p a b i l i t y  i s  used t o  p rov ide  m u l t i p l e  

windows i n t o  t h e  work ing memory, t h e  c o n f l i c t  se t ,  and t h e  p roduc t i on  

memory. A lso,  a graph can q u i c k l y  summarize t h e  r e l a t i o n s h i p s  between 

groups of r e l a t e d  data. An i n t e r f a c e  f o r  browsing a l l ows  dynamic 

adjustment  of t h e  windows and t h e i r  contents ,  

t h e  system t o  be s tud ied  before and a f t e r  one r u l e  has f i r e d .  

I n t e g r a t i o n  of t h e  code e d i t o r  and t h e  a b i l i t y  t o  per form incrementa l  

compi 1 a t  i ons a1 1 ows qu ick  t e s t i n g  o f  new r u l  es. 

i s  t h e  a b i l i t y  t o  dynamica l l y  add o r  remove f a c t s  and ru les .  These 

A s t e p  f a c i l i t y  a l lows 

Another use fu l  f e a t u r e  
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f ea tu res  do add t o  t h e  cos t  o f  t h e  so f tware  and suppor t i ng  hardware, b u t  

t h e  savings i n  l a b o r  u s u a l l y  o f f s e t s  t h e  e x t r a  costs.  

The i ssue  o f  us ing  L I S P  o r  C ( f o r  example) as t h e  under l y ing  ES pro- 

gramming language o f f e r s  a confus ing  s e t  o f  a l t e r n a t i v e s .  

v a t i o n s  a re  made. One, t h e  compiled language ( C )  will f i r e  r u l e s  f a s t e r  

t h a n  t h e  i n t e r p r e t e d  language (LISP). Two, t h e  use o f  a compiled 

language o f t e n  r e q u i r e s  t h a t  an e x t e r q a l  e d i t o r  be used on t h e  r u l e s ,  

e l i m i n a t i n g  t h e  b e n e f i t s  of an i n t e r p r e t e d  development environment. 

Th i s  i s  because t h e  mod i f ied  code must f i r s t  be compiled be fo re  t h e  

e n t i r e  s e t  of modules must be l i n k e d  i n t o  an executab le  form. This 

development c y c l e  i s  ve ry  time-consuming and o f t e n  l acks  t h e  dynamic 

i n t e r f a c e s  mentioned e a r l i e r .  Three, f o r  r e a l  - t ime  a p p l i c a t i o n s ,  LISP 

has t h e  d i s t i n c t  disadvantage o f  r e q u i r i n g  garbage c o l l e c t i o n  (i.e., 

rec lamat ion  of dynamica l l y  managed mernory) which can cause long, 

unscheduled de lays  i n  processing. Four, i t  i s  l i k e l y  t h a t  C w i l l  be 

e a s i e r  than LISP t o  l i n k  t o  t h e  DBMS. 

Four obser- 

4.2 DATABASE MANAGEMENT SYSTEM SOFTWARE SPECIFICATIONS 

The OBMS component o f  CAP a t  l e a s t  equals t h e  ES component i n  func- 

t i o n a l  importance. Sec t ion  2 descr ibes  t h e  f u n c t i o n a l  r e s p o n s i b i l i t y  o f  

t h e  DBMS i n  general terms and a l s o  descr ibes  t h e  i n t e g r a t i o n  o f  t h e  DBMS 

w i t h  o t h e r  system components. 

t h a t  a r i s e  when e v a l u a t i n g  DBMS software.  The issues  are p r i o r i t i z e d  i n  

1 i g h t  o f  t h e  CAP system requirements. 

This  s e c t i o n  discusses c e r t a i n  i ssues  

Appendix 6 c o n t a i n s  a d e t a i l e d  e v a l u a t i o n  c h e c k l i s t  f o r  DBMS s o f t -  

ware (Hun t ley  1986) and i n c l u d e s  both general  and t e c h n i c a l  cons idera t ions .  
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General cons ide ra t i ons  are:  i n s t a l l a t i o n ,  documentation, system 

i n t e g r a t i o n ,  system p o r t a b i l i t y ,  and vendor s t a b i l i t y .  The techn ica l  

cons ide ra t i ons  i n c l u d e :  t h e  r e l a t i o n a l  opera tors ,  t h e  da ta  man ipu la t ion  

language (DML), r e p o r t  genera t ion  c a p a b i l i t i e s ,  a p p l i c a t i o n  development, 

h o s t  language i n t e r f a c e ,  s i z e  l i m i t a t i o n s  and memory requirements, and 

1 o g i c a l  and phys i ca l  database o rgan iza t i on .  

The f i r s t  DBMS requi rement  considered i s  t h e  c o m p a t i b i l i t y  

necessary f o r  system i n t e g r a t i o n .  I f  t h e  CAP p r o t o t y p e  i s  implemented 

on a s i n g l e  computer, t h e  DBMS and ES must share t h e  same opera t ing  

system. Also,  t h e  two systems must share an e x t e r n a l  language i n t e r f a c e  

t h a t  w i l l  be used f o r  t h e  1/0 t r a f f i c  between t h e  two systems. 

From t h e  p o i n t  o f  view of t h e  users of t h e  CAP DBMS, t h e  most 

i m p o r t a n t  e v a l u a t i o n  issues  are  re1 a ted  t o  system p r o d u c t i v i t y .  System 

p r o d u c t i v i t y  i s  r e l a t e d  t o  system f l e x i b i l i t y  and "user  f r i e n d l i n e s s "  

and cons iders  t h e  ease o f  system use, ease of system m o d i f i c a t i o n ,  and 

t h e  p r o d u c t i v i t y  o f  a p p l i c a t i o n  generat ion.  

by  emphasizing t h e  f o l l o w i n g  DBMS s p e c i f i c a t i o n s :  

model based system ( a s  opposed t o  a h i e r a r c h i a l -  o r  network-based 

system), i n c l u s i o n  o f  the  S t ruc tu red  Query Language (SQL) standard, and 

t h e  a v a i l a b i l i t y  of a four th -genera t ion  language (4GL) f o r  a p p l i c a t i o n  

genera t ion .  SQL i s  a procedura l  language f o r  database access and i s  

q u i c k l y  becoming an i n d u s t r y  standard. 

which i s  q u i t e  powerfu l ,  i s  a good investment. The 4GL's a re  tou ted  as 

h i g h - l e v e l  languages f o r  " s p e c i f y i n g  what t o  do,  no t  how t o  do i t" and 

a r e  c la imed t o  reduce t h e  t i m e  and e f f o r t  requ i red  t o  c r e a t e  app l i ca -  

t i o n s  b u i l t .  around a DBMS. 

These issues  are  addressed 

use o f  a r e l a l i o n a l -  

Thus t i m e  spent l e a r n i n g  SQL, 
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An a t t ract ive addition t o  SQL t h a t  some systems offer i s  called 

Query by Example ( Q B E ) .  

operators, QBE involves indicating the query form under each field 

descriptor -in a skeleton table. 

training. 

While SQL i s  statement oriented using Boolean 

QBE i s  easy t o  use and requires less 

There are a number of the DBMS considerations outlined i n  Appendix 

B t h a t  do n o t  require emphasis because the environment o f  the CAP proto- 

type DBMS i s  not  a particularly demandiqg one. The volume of i n p u t  d a t a  

records wi l l  be manageable and the record formats will be relatively 

simple. There w i l l  be a minimal amount of user update o f  the d a t a ,  and 

as single updates are n o t  considered c r i t i c a l ,  features related t o  

system integrity (e.g., recovery) are n o t  emphasized. There will  be a 

small number of users, a t  least  concurrently, and there should be no 

security problems. 

being stressed a t  th i s  time. 

simplify selection and imp1 ementation of? the DBMS software. 

Final l y ,  distributed database capabili t ies are not  

A l l  o f  these CAP DBMS characterist ics 



-38- 

5. EVALUATIONS OF SOFTWARE AND HARDWARE CONFIGURATIONS 

T h i s  s e c t i o n  uses t h e  s p e c i f i c a t i o n s  developed i n  t h e  prev ious 

s e c t i o n  as c r i t e r i a  t o  eva lua te  so f tware  packages and softwarelhardware 

c o n f i g u r a t i o n s  f o r  use i n  t h e  p r o t o t y p e  system. F i r s t  addressed a r e  

p o t e n t i a l  so f tware  a1 t e r n a t i v e s  f o r  t h e  exper t  system module. Next, 

so f tware  f o r  t h e  database management system i s  considered, F i n a l l y ,  

t h e  exper t  system and DBMS recommendations are teamed w i t h  var ious  

hardware o p t i o n s  and evaluated as complete c o n f i g u r a t i o n s ,  from 

development t o  de l  i v e r y .  

Table 5.1 l i s t s  seven p o s s i b l e  sof tware a l t e r n a t i v e s  f o r  t h e  exper t  

system module. Each a l t e r n a t i v e  e i t h e r  encompasses Rete-based forward 

c h a i n i n g  c a p a b i l i t y  or a l l o w s  a programmer t o  w r i t e  h i s  own Rete a lgor i thm.  

The l i s t  was designed t o  i n c l u d e  t h e  most well-known and t e s t e d  major 

so f tware  packages as w e l l  as so f tware  which r e q u i r e s  ex tens ive  program- 

ming i n p u t .  Fo r  example, ART represents  t h e  former whereas Common L I S P  

represents  t h e  l a t t e r .  

Tables i n  Appendix C c o n t a i n  d e s c r i p t i o n s  o f  t h e  a t t r i b u t e s  o f  t h e  

so f tware  a l t e r n a t i v e s .  From these t a b l e s ,  t h e  i n t e r e s t e d  reader can 

l e a r n  t h a t  t h e  major  packages possess b e t t e r  developmental env i  ronments 

b u t  c o s t  more than t h e  OPS and Common LISP a l t e r n a t i v e s .  I n f o r m a t i o n  on 

process ing  speed hardware environments and t h e  a v a i l a b i l  i t y  o f  source 

code i s  a1 so given. 

The general recommendation i s  t h a t  t h e  e x p e r t  system module o f  t h e  

p r o t o t y p e  system be developed us ing a major so f tware  package. The 
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Table 5.1. Exper t  System Software Eva lua t ion*  

Software+ C1 ass Ranki ny 

-* I 

ART Major  pdckage 1 

Know1 edge C r a f t  Major  pdckage 3 

OPSS/Common LISP Shel 1 5 

OPS83 Shel 1 5 

CLIPS Shel 1 7 

OPS5/DEC Shel 1 8 

Common LISP La ng uag 2 10 

“1 i s  t h e  h i g h e s t  r a t i n g ,  10 the lowest.  

+KEE, a major  package marketed by I n t e l l i C o r p ,  is  n o t  r a t e d  here 
because it does n o t  have Kete-based, forward c h a i n i n g  c a p a b i l i t i e s .  
Ins tead,  i t  prov ides  o b j e c t - o r i e n t e d  pr-ogramming c a p a b i l i t i e s .  
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ma jor  reason i s  t h a t  these packages prov ide  a b e t t e r  development env i ron-  

ment. 

u s e r  w i t h  s p e c i a l  windowing c a p a b i l i t i e s ,  graphics,  and o t h e r  programming 

a i d s  as w e l l  as i n t o  develop ing t h e  bas ic  a r t i f i c i a l  i n t e l l i g e n c e  tech-  

n o l o g i e s  such as fo rward  cha in ing ,  know1 edge representa t ion ,  and t h e  

maintenance and c o n t r o l  o f  f a c t s  i n  dymanic working memories. Given 

t h a t  t h e  p r o t o t y p e  p r o j e c t ' s  foremost goal i s  t o  develop a p roo f -o f -  

concept system, i t  i s  most prudent  t o  b u i l d  upon pas t  e f f o r t s  as much as 

poss ib le .  Then i n  t h e  f u t u r e ,  a f t e r  t h e  proof-of  concept has been 

e s t a b l i s h e d ,  d e c i s i o n s  about programming a s t reaml ined system from 

s c r a t c h  may make some sense. 

Tens i f  n o t  hundreds o f  man-years have gone i n t o  p r o v i d i n g  t h e  

A t  t h i s  t ime,  t h e  ART package appears more s u i t e d  t o  t h e  p r o t o t y p e ' s  

needs than Knowledge C r a f t .  

express ive  and powerful and i t s  i n f e r e n c e  engine i s  w e l l  i n t e g r a t e d  w i t h  

o t h e r  system components. Another reason i s  t h a t  ART'S l o g i c a l  depen- 

dency scheme makes keeping t r a c k  o f  t h e  r e l a t i o n s h i p s  between alarms and 

and conc lus ions  a l e s s  d i f f i c u l t  p r o p o s i t i o n .  ART a l s o  has some l i m i t e d  

backward c h a i n i n g  c a p a b i l i t i e s  and a means t o  ass ign r u l e  p r i o r i t i e s .  

L a s t l y ,  ART i s  due t o  appear i n  a C language vers ion,  which would make 

i t  f a s t e r  than t h e  LISP vers ion,  e a s i e r  t o  i n t e g r a t e  w i t h  o t h e r  sof tware 

components, and more p o r t a b l e  w i t h  respec t  t o  hardware. 

commerc ia l ly  a v a i l a b l e  e x p e r t  system products d i d  n o t  uncover any 

s e r i o u s  compet i to rs  t o  ART o r  Knowledge C r a f t  nor  i n d i c a t e  t h a t  any com- 

p e t i t o r s  would s u r f a c e  i n  t h e  near term. 

I t ' s  forward c h a i n i n g  r u l e  syntax i s  very  

Review o f  t h e  
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The rev iew of DBMSs was compara t ive ly  uneventful .  Appendix D-con- 

t a i n s  f o u r  t a b l e s  d e s c r i b i n g  t h e  a t t r i n u t e s  of va r ious  DBMSs. 

reviewed f o r  be ing  a b l e  t o  meet t h e  p r o t o t y p e s ' s  modest record  processing 

requirements,  host  a smal l  number of concur ren t  users, support  t h e  SQL 

framework, generate a p p l i c a t i o n s  au tomdt ica l  ly, run  on Pes, and p rov ide  

a u s e r - f r i e n d l y  i n t e r f a c e .  

c r i t e r i a .  

They were 

A l l  t h e  a l t e r n a t i v e s  i n  Appendix D meet these 

D iscuss ions  w i t h  s t a f f  a t  ORNL who a re  DBMS exper t s  f u r t h e r  

i n d i c a t e d  t h a t  even more packages would meet t h e  minimum c r i t e r i a .  

Our general recommendation i s  t o  s imp ly  f i n d  a s a t i s f a c t o r y  DBMS. 

F i r s t ,  Bonnevi l  l e  o r  t h e  p r o t o t y p e  system developer may have s u i t a b l e  

DBMS so f tware  a v a i l a b l e  a l ready .  These systems should be reviewed and 

p o s s i b l y  adopted because t h e r e  would be a savings o f  c o s t  and in-house 

exper ience would a l s o  be res iden t .  

ab le ,  then p r i c e  would be a major cons ide ra t i on .  

has t h e  lowest  c o s t  of t h e  four  DBMSs l i s t e d  i n  Appendix D. 

c o n s t r a i n t s  would be t h e  system's a b i l i t y  t o  communicate w i t h  t h e  

e x p e r t  system and, i f  l o c a t e d  on t h e  same computer, have t h e  same 

o p e r a t i n g  system as the  e x p e r t  system sDftware. 

If no in-house DBMS appears p r e f e r -  

For example, INGRES 

The on ly  

Tab le  5.2 p resen ts  four  p o s s i b l e  sof twarelhardware c o n f i g u r a t i o n s  

t h a t  encompass bo th  t h e  development and d e l i v e r y  environments. 

number o f  c o n f i g u r a t i o n s  i s  small  because (1) o n l y  ART i s  proposed as 

t h e  e x p e r t  system development so f tware ,  ( 2 )  t h e  cho ice  o f  t he  DBMS i s  

n o n c r i t i c a l ,  ( 3 )  t h e  e x p e r t  system shou;d be developed on an A I  

w o r k s t a t i o n  (e.g., a Symbolics), and (4:1 t h e  tendency i s  t o  propose t h a t  

t h e  d e l i v e r y  hardware be a general purpose works ta t ion .  

The 



Ta bl e 5.2. Hardware/ Sof tware Con f i gurat i on Eva1 uat  i ons 

Expert System Development Database Management Devel oprnent Del ivery 
Software Ha rdwa re System Software Ha rdwa re Ha rdwa re Ran k i  ng 

ART AI workstation 

ART General use 
wor kstat i on 

ART AI workstation 

A R T  A I  workstation 

Reasonable commercial P C  o r  Mini 
sys t ern 

Reasonable commercial P C  or Mini 
system 

Reasonable commerci a1 General use 
system workstat i o n  

Reasonable commerci a1 
syst ern f rame 

Mini /Mai n 

General use 
workstation 

General use 
workstation 

General use 
workstation 

A I wo r ks t a t  i on 
and 

m i  ni /mai n 
frame 

Preferred 

Satisfactory 

S a t  i s f  actory 

Possi b i  1 l’ty 

I 
P 
TV 

I 
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P o i n t  ( 3 )  i s  made because t h e  A I  w o r k s t a t i o n s  coalesce w i t h  ART 

t o  p r o v i d e  t h e  most powerfu l  e x p e r t  system development environment. Our 

own exper ience and exper ience r e p o r t e d  i n  t h e  l i t e r a t u r e  suggest t h a t  

programmer p r o d u c t i v i t y  inc reases  by 2 t o  4 f a c t o r s  from us ing Common 

LISP, on a VAX f o r  example, t o  us ing  a major package on an AI workstat ion.  

P o i n t  ( 4 )  i s  made because d iscuss ions  w i t h  B o n n e v i l l e  s t a f f  have 

i n d i c a t e d  t h a t  t h e  d e l i v e r e d  system should n o t  i n t e r f e r e  i n  any way w i t h  

e x i s t i n g  ded ica ted  B o n n e v i l l e  computer systems. The bes t  way t o  synthe- 

s i z e  t h e  e x p e r t  system w i t h  a DBMS wou'ld be on one genepal purpose 

w o r k s t a t i o n  (e.g., a MicroVAX). 

The p r e f e r r e d  o p t i o n  i s  t o  develop t h e  e x p e r t  system on an A I  work- 

s t a t i o n ,  develop t h e  DBMS on handy equ-jpment such as a PC o r  an a c c e s s i b l e  

minicomputer,  and d e l i v e r  t h e  e n t i r e  system on a general  purpose works ta t ion .  

The e x p e r t  system c o u l d  be developed on a general  purpose machine, b u t  a t  

a l o s s  of development power, which may increase l a b o r  cos ts  over  t h e  l i f e  

o f  t h e  p r o j e c t .  It may be wise t o  develop t h e  e x p e r t  system on a machine 

such as t h e  Symbolics because t h e  general  purpose machine may end up being 

t o o  s low f o r  bo th  t h e  e x p e r t  system and DBMS. Thus, t h e  f o u r t h  conf igura-  

t i o n  i s  l i s t e d  as a p o s s i b i l i t y ,  t h a t  %he e x p e r t  system and DBMS may r e s i d e  

on d i f f e r e n t  systems i n  t h e  d e l i v e r e d  environment. 

I f  we had t o  begin t h e  p r o j e c t  today, g iven  t h e  above eva lua t ions ,  

we would recommend t h a t  t h e  e x p e r t  system module be developed us ing ART 

on a Symbolics AI w o r k s t a t i o n  t h a t  cou;d be networked t o  a PC where a 

s a t i s f a c t o r y  DBMS would res ide.  Every at tempt  would be made t o  d e l i v e r  

t h e  system on a MicroVAX I1 us ing  ART'S soon t o  be a v a i l a b l e  C v e r s i o n  

and t h e  proper  v e r s i o n  o f  t h e  DBMS. 
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6 .  RECOMMENDATIONS AND PROTOTYPE DEVELOPMENT 

A r t i f i c i a l  i n t e l l i g e n c e  i s  an i inpor tan t  new research and development 

area w i t h i n  t h e  power systems community. Exper t  systems t h a t  a i d  i n  

power system p lanning,  design, opera t ion ,  maintenance, educat ion and 

t r a i n i n g  have t h e  p o t e n t i a l  t o  s i g n i f i c a n t l y  improve power system manage- 

ment and r e l i a b i l i t y .  L i t e r a t u r e  rev iew and problem a n a l y s i s  i n d i c a t e s  

t h a t  t h e  development o f  an e x p e r t  system t o  process B o n n e v i l l e ' s  Microwave 

Communication System alarms i s  eminent ly  f e a s i b l e .  The alarms process ing 

problem matches we1 1 w i t h  guide1 i n e s  proposed by we1 l-known exper t  system 

developers and i s  g iven  a h i g h  p r i o r i t y  i n  a s tudy conducted by t h e  

E l e c t r i c  Power Research I n s t i t u t e .  

Success o f  t h e  p r o t o t y p e  e x p e r t  system i s  based on p r o p e r l y  scoping 

i t s  a p p l i c a t i o n .  

one o f  seven MCS networks, and address o n l y  a subset o f  a l l  p o s s i b l e  

a larms and alarm systems. The exper t  system alarm processor w i l l  be 

l i n k e d  d i r e c t l y  t o  incoining alanns and d i r e c t l y  t o  a DBMS. The DBMS 

would a r c h i v e  i m p o r t a n t  alarm data  and supply  t h e  e x p e r t  system w i t h  

d a t a  upon request.  Operators and Power System Cont ro l  personnel w i l l  

have access t o  t h e  DBMS. 

It i s  recommended t h a t  t h e  p r o t o t y p e  system focus on 

The r e p o r t  a l s o  delves i n t o  t h e  d e t a i l s  a f  e x p e r t  system and DBMS 

sof tware,  The c r i t i c a l  cho ice  i s  t h e  e x p e r t  system development software, 

which was determined t o  r e q u i r e  a Rete based forward c h a i n i n g  a l g o r i t h m  

and a powerful  development environment. 

s tandard,  have automat ic  a p p l i c a t i o n  generd t ion  c a p a b i l i t i e s ,  and be user  

The DBMS should suppor t  t h e  SQL 
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f r i e n d l y .  

sof tware package be acquired, w i t h  ART developed by In fe rence  Corpora t ion  

o f  10s Angeles as t h e  p r e f e r r e d  package, 

It i s  recommended t h a t  a proven major exper t  system b y l l d i n g  

S ince  many DBMSs meet t h e  requ i  rernents o f  t h e  p r o t o t y p e  p r o j e c t ,  

B o n n e v i l l e  i s  advised t o  f i r s t  l ook  in-house f o r  an a v a i l a b l e  package. 

It i s  recommended t h a t  t h e  exper t  system be developed on an A I  worksta- 

t i o n ,  t h e  DBMS be developed on an a v a i l a b l e  PC o r  o t h e r  computer, and 

t h a t  t h e  e n t i r e  system be d e l i v e r e d  on a general purpose works ta t ion .  

T h i s  s e c t i o n  concludes w i t h  a few recommendations about how t o  pro- 

cede on t h e  p r o t o t y p e  p r o j e c t .  

exper iences  documented i n  r e l a t e d  l i t e r a t u r e ,  one yea r  should be a l lowed 

t o  develop t h e  p r o t o t y p e  system. The f i r s t  s i x  t o  e i g h t  weeks a f t e r  

f a m i l a r i t y  w i t h  t h e  ES package has been e s t a b l i s h e d  w i l l  e n t a i l  an 

i n t e n s i v e  e f f o r t  t o  b u i l d  what i s  known as a r a p i d  p r o t o t y p e  exper t  

system. 

c l e a r l y  i n d i c a t e  t h e  appropr ia teness  o f  t h e  so f tware  and accompanying 

i n f e r e n c e  engine. 

e x p e r t  t o  c o n t r i b u t e  t o  t h e  p r o j e c t .  

According t o  our exper ience and o t h e r  

Th is  system w i l l  c o n t a i n  maybe 10-20 r u l e s ,  a t  most, b u t  w i l l  

Th is  e x e r c i s e  w i l l  a l s o  i n d i c a t e  t h e  a b i l i t y  o f  t h e  

The f i r s t  s i x  months o r  so should be d i r e c t l y  focused on b r i n g i n g  up 

t h e  e x p e r t  system software.  

con t inuous ,  r e a l - t i m e  opera t i on  should be reso lved  i n  t h i s  t ime  frame. 

The DBMS shou ld  be i n t e g r a t e d  i n  t h i s  t i m e  frame o n l y  I f  DBMS da ta  a re  

r e q u i r e d  by t h e  e x p e r t  system. The e n t i - e  package should be ready f o r  

B o n n e v i l l e  t e s t i n g  a t  around t e n  months. 

mod i f y  t h e  exper t  system, t r a n s f e r  so f tware ,  and i n s t a l  1 equipment 

o n - s i t e  a t  Bonnev i l l e .  

Problems w i t h  e x p e r t  system f a c i l i t i e s  f o r  

T h i s  a l l ows  two months t o  
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g i t h  respec t  t o  t h e  expend i tu re  o f  manpower resources, exper t  

system b u i l d i n g  teams are t y p i c a l l y  small .  It i s  recommended t h a t  

t h e  team be l i m i t e d  t o  f i v e  i n d i v i d u a l s ,  i n c l u d i n g  a microwave com- 

mun ica t i ons  exper t .  

a p r o j e c t  manager, an A I  t h e o r y  exper t ,  a knowledge engineer, and a 

programmer. 

over  t h e  year,  w i t h  most of t h e  e f f o r t  coming a t  t h e  beginning. 

One and one-ha l f  FTEs should be s u f f i c i e n t  t o  cover 

Time commitments o f  t he  exper t  may run around 10 t o  20% 
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APPENDIX A. PROOUCJION SYSTEM SPEED IMPROVEMENTS THROUGH ADVANCED HARDWARE 

A t  some p o i n t  i n  t h e  n o t - s o - d i s t a n t  f u t u r e ,  s i g n i f i c a n t  ES process ing 

speed improvements through software enhancement may n o t  be poss ib le .  

Therefore,  a1 though t h i s  p r o j e c t  w i l l  l i k e l y  be imp1 emented on conven- 

t i o n a l  hardware, i t  i s  prudent  t o  begin i n v e s t i g a t i o n s  of s p e c i a l i z e d  

hardware suppor t  f o r  exper t  systems opera t ions  (Forgy e t  a1 ., 1984; 

D e r r i  ng 1984). 

One promis ing area o f  research f o r  PS e f f i c i e n c y  improvement i s  

p a r a l l e l  processing. Three types  o f  Rete a l g o r i t h m  p a r a l l e l i s m  a r e  

p o s s i b l e :  p r o d u c t i o n - l e v e l  c o n d i t i o n - l e v e l  , and a c t i o n - l e v e l  . O f  the 

t h r e e ,  p r o d u c t i o n - l e v e l  p a r a l l e l i s m  i s  t h e  most promising. Here, t h e  

p r o d u c t i o n s  o f  t h e  system a r e  d i v i d e d  among severa l  processors which can 

per fo rm t h e  match process i n  p a r a l l e l .  

processor  i s  r e s p o n s i b l e  f o r  o n l y  one product ion.  

memory would have t o  be communicated t o  a l l  o f  t h e  processors b u t  t h e  

amount o f  communcations should be s m a l l ,  a l l o w i n g  f o r  v a r i o u s  system 

a r c h i t e c t u r e s  t o  be considered (e.g., nonshared memory). The l i m i t i n g  

f a c t o r  t o  t h e  amount o f  speed-up p o s s i b l e  i s  t h e  processor which has t h e  

l o n g e s t  task.  

Fo r  t h e  s lowest  t o  f i n i s h .  

I n  t h e  extreme case, each 

The changes t o  working 

On each cyc le ,  t h e  f a s t e r  processors would have t o  w a i t  

Other speed-up o p p o r t u n i t i e s  e x i s t  th rough t h e  use o f  s p e c i a l i z e d  

hardware. Foryy concludes t h a t  because complex i n s t r u c t i o n  s e t s  and 

address ing modes are t y p i c a l l y  n o t  needed f o r  fo rward  c h a i n i n g  PSs, a 

reduced i n s t r u c t i o n  s e t  a r c h i t e c t u r e  i s  d e s i r a b l e  s imp ly  t o  execute 

i n s t r u c t i o n s  i n  fewer  machine cyc les.  S i m i l a r  i n  concept i s  work a t  
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t h e  Oak Ridge Nat iona l  Labora tory  on a FOKTH-based version o f  OPS5. 

implementat ion has demonstrated s i g n i f i c a n t  speed-up over  t r a d i t i o n a l  

An 

OPS5 so f tware  (Dress 1986). 

s p e c i a l i z e d  FORTH processor  where each machine i n s t r u c t i o n  i s  a FORTH 

i n s t r u c t i o n .  

The next s tep  is t o  match t h e  sof tware to a 
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APPENDIX B. DATABASE MANAGEMENT SYSTEMS EVALUATION CHECKLIST 

I. General Cons idera t ions  

A. I n s t a l l a t i o n  

1. Procedures f u l l y  documented 
2 .  I n s t a l l a t i a n  o p t i o n s  m o d i f i a b l e  w i t h o u t  r e i n s t a l l a t i o n  

B. Documentation 

I. 
2. 
3.  

4. 

5. 
6. 
7. 
8. 
9.  

Comprehensive and well organized 
Standardized n o t a t i o n  
Leveled documentation 
a. Execut ive  summary 
b. User 's  gu ide 
c. Technica l  re ference 
Documentation c o n t a i n s  many examples, w i t h  a c t u a l  code 

Ex tens ive  i n d i c e s  
Q u i c k  re fe rence card  
On-1 i ne t u t o r i a l  s 
C o n t e x t - s e n s i t i v e  he1 p 
E r r o r  message c l a r i t y  

1 i s t i n g s  

C. System I n t e g r a t i o n  

1. I n t e r n a l  cons is tency  of  t h e  complete system 
2. Cons is ten t  command syntax and a v a i l a b i l i t y  between 

3. Logic  o f  data m a n i p u l a t i o n  language (DML) coinmands 
4. User s p e c i f i e d  DML program loops f o r  record  a t  a t i m e  

5. I n t e g r j t y  c o n s t r a i n t s  used by a l l  modules 
6. E f f i c i e n c y  o f  computer hardware/software usage 
7. L o g i c a l  s tandard ized use o f  keyboard f u n c t i o n  keys 
8. Operat ing system commands a v a i l a b l e  w i t h i n  t h e  DBMS 
9 .  Able t o  run o t h e r  sof tware from w i t h i n  DBMS 

10. Hardware/operat ing systeni imposed l i m i t a t i o n s  

riiodul es 

p rocess ing  

D. System P o r t a b i  1 i t y  

1 Successful  hardware i inpl  ementat ions 
2. Adherence t o  i n d u s t r y  standards 

E. Vendor and Product S t a b i l  i t y  

1. Software development h i  s t o r y  
2. Vendor f i  nanci  a1 s t a b i  1 i t y  
3. E r r o r - f r e e  software re1 eases 
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4. Frequency of system re1 eases, extent of modi f i cati  ons, 
us e r i in pa c t  s 

5. Discontinued support of system modules 
6. Vendor commitment to  custmer support 
7. Technical assistance available by telephone 
8. Variety of training classes 

I I .  Technical Considerations 

A. Relational Operators 

1. Support the eight relational operators 

2. Restrictions and limitation on use of the operators 
3. 

4. 

a .  se lect ,  project, jo in ,  divide, u n i o n ,  intersection, 
difference, and Cartesian product 

Support compari sons based upon equal i t y  , i nequal .i t y  , 

Semantic override of operator restrictions available 
a range o f  values, or multiple discrete values 

B. Data Mani p u l  a t  i on Language 

1. 
2. 
3 .  
4. 
5. 
6 .  

7 "  
8. 

9.  

10. 
11. 

12. 

Compilation o f  DML statements 
Mat hemat i cal and s t a t  i s t i cal f unct i on s 
Date manipulation 
Uata f ie ld  comparison based on character substring 
Uata f ie ld  comparison using wildcard characters 
Editing capabili t ies for b o t h  data f ie ld  values and 

DML uses logical command syntax 
F u l l  DML available f o r  use from high-level language 

Mu1 t i  f iel  d sor t  of sel ectud records, ascending or 

Count o f  records retrieved avai 1 ab1 e 
Dynamic table  creation al-lows i te ra t ive  narrowing of 

Can store query templates 

DML statements 

appl ?cations programs, w i t h  no change in command syntax 

descendl ny  order 

record selection c r i te r la  without new search t h r o u g h  
enti  re database 

C .  Report Generation Capabilities 

1. Modifiable display fonnat II without additional data 
retrieval 

a. Report t i t l e s  
b. Multi-line customized column headers 
c. Column w i d t h  changes 



- 54- 

d. Break p o i n t s  
e. Reformat da ta  f i e l d  va lues 
f . Perform computat ions on s e l e c t e d  records 

D. Appl i c a t i o n  Development Subsystem 

1. Support f o r  m u l t i - s c r e e n  a p p l i c a t i o n s  
2. Data f i e l d  v a l i d a t i o n  
3. 
4. 
5. S i n g l e  screen d i s p l a y  o f  m u l t i p l e  da ta  records 

Programmable c o n t e x t  s p e c i f i c  h e l p  and e r r o r  messages 
S i n g l e  screen d i s p l a y  o f  data from m u l t i p l e  t a b l e s  

E, Host Language I n t e r f a c e  

1. 
2. F u l l  DML a v a i l a b l e  f rom hos t  language, no change .in 

3. Graphics package i n t e r f a c e  

Languages f o r  which i n t e r f a c e s  a r e  a v a i l a b l e  

command syntax 

F. Database S ize  L i m i t a t i o n s  and Memory Requirements 

1. Maximum data  f i e l d  l e n g t h  
2. Maximum data  record  l e n g t h  
3. 
4. Number o f  records per  t a b l e  
5. 
6. 
7. Database s to rage e f f i c i e n c y  
8. 

Number o f  f i e l d s  a l lowed per  t a b l e  

Number o f  t a b l e s  per  database 
Memory requ i  rements ( s i  n g l  e and mu1 ti pl e users)  

Index and da ta  t a b l e  compression usage 

G. Database Loading, and Impor t /Expor t  F a c i l i t i e s  

1. F a c i l i t i e s  f o r  b u l k  l o a d i n g  o f  p a r t i a l  o r  complete 

2. 

3. 

d a t a  records 

f o r  p a r t i a l  o r  complete databases 

e x i s t i n g  f i l e  

Database e x p o r t  o f  standard format  f i l e s  a v a i l a b l e ,  

A r c h i v i n g  o f  records t o  new f i l e ,  o r  append t o  
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APPENDIX C. EXPERT SYSTEM SOFTWARE DESCRIPTIONS 

OPS5, Digital Equipmeit Corporation 

Expert System Software Attributes 

Runtime performance ................ Fair 

Development environment 
edi tor ,  incremental cornpile ...... Limited 

windows .......................... No 
s tep,  t race,  debug ............... Yes 
s t a t i s t i c s  ....................... Ye!; 

edi tor ,  facts and rules .......... Limited 

Flex. of knowledge representation .. Linited, facts 

Flex. o f  inference techniques ...... Limited, forward chaining 

Flex. of control techniques ........ Limited, two types of conflict 
resolution, no pr ior i t ies  

Hardware ........................... VAX 

Operating system ................... V M S  

Underlying language ................ BLISS-32 

External language .................. Any, using Common Calling Standard 

cost* 
i n i t i a l  .......................... $8,800 
Maintenance ...................... 3,,000 

Source code available .............. No 

*List prices are shown, Actual cost maj be significantly less due t o  GSA 
price schedules, multiple copy price schedule, and competitive bidding. 
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OPS5, Common LISP 

Exper t  System Software A t t r i b u t e s  

Runtime performance ................. Poor 

Development env i  ronment 
e d i t o r  . incrementa l  compile,. ..... L i m i t e d  
e d i t o r ,  f a c t s  and rules........... L i m i t e d  
windows........................... No 

statistics........................ Yes 
s tep,  t r a c e ,  debug........ ........ Yes 

Flex.  o f  knowledge r e p r e s e n t a t i o n  ... Limi ted ,  f a c t s  

F lex .  o f  i n f e r e n c e  techniques ....... Limi ted ,  two types  o f  c o n f l i c t  
r e s o l u t i o n ,  no p r i o r i t i e s  

F lex.  o f  c o n t r o l  techniques ......... Limi ted ,  b u t  source can be m o d i f i e d  

Hardware............................ Any 

Opera t ing  system.................... Any 

Under ly ing  language ................. LISP 

Externa l  language................... LISP 

c o s t  
i n i t i a l  .......................... $0 
maintenance ...................... 0 

Source code a v a i l a b l e  .............. Yes 
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OPS83 

Exper t  System Software A t t r i b u t e s  

Runtime performance ................. Gocld 

Development env i  ronment 
e d i t o r ,  incremental  compile.. ..... No 
e d i t o r ,  f a c t s  and rules........... No 
windows...............,........... No 
s tep ,  t r a c e ,  debug.. .............. Yes 
statistics........................ Yes 

F lex .  of  knowledge representation...  L im i ted ,  f a c t s  

F lex .  o f  i n f e r e n c e  techniques.. ..... L im i ted ,  forward cha in ing  

F lex.  of c o n t r o l  techniques ......... Yes, f u l l  c o n t r o l  o f  c o n f l i c t  
r e s o l  u t i  on 

Hardware............................ VAX, PC, ... 
Opera t ing  system.................... VMS, MS/DOS, ... 
Under l y ing  language......... ........ C 

Ex te rna l  language........ ........... Any 

cost*  
i n i t i a l .  .......................... 89,000 ( V A X )  . $2000 (PC) 
maintenance ...................... 1,000 

Source code a v a i l a b l e  ............... No 

* L i s t  p r i c e s  a r e  shown. Actual  c o s t  may be s i g n i f i c a n t l y  l e s s  due t o  GSA 
p r i c e  schedules, m u l t i p l e  copy p r i c e  schedule, and c o m p e t i t i v e  b idd ing .  
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CLIPS 

Exper t  System Software A t t r i b u t e s  

Runtime performance ................. F a i r  

Devel opment environment 
e d i t o r ,  incrementa l  compile... .... No 
e d i t o r ,  f a c t s  and rules... ........ No 
windows........................... No 

statistics........................ No 
step, t r a c e ,  debug.. .............. No 

Flex.  o f  knowledge representat ion. . .  L im i ted ,  f a c t s  

F lex.  o f  i n f e r e n c e  techniques...... . Limi ted ,  forward c h a i n i n g  

F l e x .  o f  c o n t r o l  techniques ......... No 

Hardware., .......................... Any 

Operat ing system.... ................ Any 

Under ly ing  language.... ............. C 

E x t e r n a l  language.. ................. C 

Cost 
i n i t i a l  ........................... $280 
maintenance ....................... 

Source code available............... Yes 
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KNOWLDEGE CRAFT 

Expert  System SoftMare A t t r i b u t e s  

Runtime performance. ................ F a i r  

Devel opment env i ronmen t 
e d i t o r ,  incremental  compile.. ..... Yes 
e d i t o r ,  f a c t s  and rules..... ...... Yes 
windows........................... Yes 
step, t race ,  debug ................ Yes 
statistics..................**.... Yes 

Flex. o f  knowledge representation.. . Yes, f a c t s ,  schemata 

Flex. o f  i n f e r e n c e  techniques....... Yes, forward cha in ing  and backward 
c hai  n i  ng 

Flex.  o f  c o n t r o l  techniques..... .... Yes 

Hardware.. .......................... Symbol i c s ,  V A X , .  .. 
Operat ing system..... ............... Symbolics, VMS,... 

Under ly ing language.. ............... LISP 

Ex te rna l  language................... L I S P  

cos t *  
i n i t i a l  ........................... $60,000 
maintenance ...................... 4,000 

Source code avai  1 ab1 e.. ............. No 

* L i s t  p r i c e s  a re  shown. Actual  c o s t  may be s i g n i f i c a n t l y  l e s s  due t o  GSA 
p r i c e  schedules, m u l t i p l e  copy p r i c e  schedule, and compe t i t i ve  bidding. 
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ART 

Exper t  System Software A t t r i b u t e s  

Runtime performance. ................ Fai  r 

Devel opinent environment 
e d i t o r ,  incrementa l  compi le  ....... Yes 

s tep ,  t r a c e ,  debug ................ Yes 

e d i t o r ,  f a c t s  and rules........... Yes 
windowsI.......................... Yes 

statistics........................ Yes 

F lex.  o f  knowledge representa t ion .  .. Yes, frames, i n h e r i t a n c e ,  temporal 
reason i ng 

Flex.  o f  i n f e r e n c e  techniques.. ..... Yes, forward and l i m i t e d  backward 
c h a i  n i  ng 

F lex.  o f  c o n t r o l  techniques... ...... Some, r u l e  p r i o r i t i e s  

Hardware............................ Symbolics, V A X *  

Operat ing system. ................... Symbolics, VMS* 

Under ly ing  language.. ............... LISP 

Externa l  language..... .............. L I S P  

Cost"" 
i n i t i a l  ........................... $60,000 
maintenance ...................... 7,800 

Source code availablecto............ No 

* A  C-based v e r s i o n  o f  ART has been re leased b u t  n o t  evaluated. The C 
1 anguage rep1 aces L I S P  y e t  t h e  development env i  ronment i s  unchanged. 
The C v e r s i o n  should be f a s t e r  and e a s i e r  t o  d e l i v e r .  

* * L i s t  p r i c e s  are  shown. Actual  c o s t  may be s i g n i f i c a n t l y  l e s s  due t o  GSA 
p r i c e  schedules, m u l t i p l e  copy p r i c e  schedule, and c o m p e t i t i v e  b idd ing.  
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APPENDIX D. DATABASE MANAGEMENT SYSTEM SOFTWARE DESCRIPTIONS 

ORACLE 

DBMS Software A t t r i b u t e s  

Operat ing Systems (MicroVAX) 
VMS............................... Yes 
ULTRIX............................ Beta 

PC version.......,..,.......,m...... Yes 

I n t e r f a c e  Languages 
C................................. Yes 
Other............................. Yes 

4-GL Features 
I n t e r a c t i v e  forms designer........ Yes 
I n t e r a c t i v e  d i c t i o n a r y  designer. .. Yes 
Report  writer..................... Yes 
Graphics.........................* Yes 
S t a t i s t i c a l  package............... No 

Other Features 
On l ine  help.....................** Yes 
Menu-driven.. ..................... No 

Maximum Number Of 
Records.. ......................... Unl imi ted  
F i e l d s  per  record.....;........... 254 
Index keys per  file............... Un l im i ted  
F i e l d  types....................... 5 

Date............................ Yes 
Date-time....................... Yes 

Characters per  field.............. 240 

Cost (MicroVAX)* 
SQL... ............................ $ll,OOO 
4-GL. .* . . . . . o . . . . . . . . . o* .o~ . . . * .oD 4 ,yOOO 
Language interface................ 6 00 
Mal ntenance. ...................... 3,200 

* L i s t  p r i c e s  are  shown. Actual  cos t  may be s i g n i f i c a n t l y  l e s s  due t o  GSA 
p r i c e  schedules, m u l t i p l e  copy p r i c e  schedule, and compet i t i ve  b idd ing.  
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I N F O R M I X  

DBMS Software A t t r i b u t e s  

Operat i  ny Systems (Mi croVAX) 
VMS............................... Yes 
ULTRIX............................ Yes 

PC version.......................... Yes 

I n t c I' f a c e La ng iiag e s 
G e e . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  TBA 
Other............................. No 

4-GL Features 
I n t e r a c t i v e  forms designer ........ Yes 
I n t e r a c t i v e  d i c t i o n a r y  designer ... No 
Graphics .......................... No 
S t a t i s t i c a l  package......... ...... No 

Report writer..................... Yes 

Other Features 
On l ine  he lp  ....................... Yes 
Menu-driven....................... Yes 

Maximum Number O f  
Records.. ......................... Unl irni t e d  
F i e l d s  per record. ................ Unl imi ted  
Index keys per  file.......... ..... Unl imi ted  
F i e l d  types.................*..... 8 

Characters per  field.............. Un l im i ted  

Date............................ Yes 
Date-t ime ....................... No 

Cost (MicroVAX)* 
SQL ............................... $3,750 
4-GL. ............................. i n c l  uded 
Language interface................ 2,750 
Maintenance....................... 1,150 

* L i s t  p r i c e s  are  shown. Actual  cos t  may be s i g n i f i c a n t l y  l e s s  due t o  GSA 
p r i c e  schedules, m u l t i p l e  copy p r i c e  schedule, and compet i t i ve  bidding. 
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ACCELL 

DBMS Software A t t r i b u t e s  

Operat ing Systems (MicroVAX) 
VMS............................... No 
ULTRIX......................,..... Yes 

PC version.o......................... Yes 

I n t e r f a c e  Languages 
C................................. Yes 
Other............................. Yes 

4-GL Features 
I n t e r a c t i v e  forms designer........ Yes 
I n t e r a c t i v e  d i c t i o n a r y  designer... Yes 
Report  writer.................,... Yes 
Graphics.. ........................ No 
S t a t i s t i c a l  package ............... No 

Other Features 
On l i ne  help......... .............. 
Menu-driven................~.~...~ 

Maximum Number O f  
Records...............,......... 2 b i l l i o n  

Index keys per file.. . .  ........... 8 
F i e l d  types.... ................... 7 

Date............................ Yes 
Date-time....................... Yes 

Characters pe r  field.............. 256 

F j e l d s  p e r  record.. ............... 256 

Cos t  (Mi croVAX)* 
SQL. .............................. $9,500 
4-GL.. ............................ Included 
Language i n t e r f a c e .  ............... inc luded 
Malntenance...,................... 2,000 

* L i s t  p r i c e s  are shown. Actual  cos t  may be s i g n i f i c a n t l y  less due t o  GSA 
p r i c e  schedules, mu1 t i p l e  copy price schedule, and compe t i t i ve  bidding. 
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I NGRES 

DBMS Software A t t r i b u t e s  

Operat ing Systems (MicroVAX) 
V M S . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Yes 
ULTRIX............................ Yes 

PC version..o....................... TBA 

I n t e r f a c e  Languages 
C................................. Yes 
Other............................. Yes 

4-GL Features 
I n t e r a c t i v e  forms designer........ Yes 
I n t e r a c t i v e  d i c t i o n a r y  designer... Yes 
Report writer..................... Yes 

S t a t i s t i c a l  package............... No 
Graphics.. ........................ Yes 

Other Features 
On l ine  help.. ..................... Yes 
Menu-driven....................... Yes 

Maximum Number O f  
Records........................... Un l im i ted  

Index keys per  f i l e  ............... Unl imi ted  
F i e l d  types....................... 12 

Date............................ Yes 
Date-time....................... Yes 

Characters per field.............. 2,000 

F i e l d s  per record... .............. 127 

Cost ( M i  croVAX)* 
SQL..... .......................... $5,000 

Maintenance....................... 2,500; 1,250 2nd year  

4-GL...........................o.0 . 
Language in ter face. .  .............. inc luded 

* L i s t  p r i c e s  are shown. Actual  cos t  may be s i g n i f i c a n t l y  less due t o  GSA 
p r i c e  schedules, m u l t i p l e  copy p r i c e  schedule, and compet i t i ve  b idd ing.  
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