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Ever  sin ce t h e m id -

seven ties, research ers

h ave recogn ized  th at

cap tu rin g kn owledge

is th e key to bu ild in g

large an d powerfu l AI

system s. In  th e years

sin ce ,  w e h ave  a lso

foun d th at  represen t-

in g  k n o w le d ge  i s  

d i ff i c u l t  a n d  t im e

con sum in g. Alth ough

w e  h a v e  d ev e lo p ed

t o o l s  t o  h e lp  w i t h

kn o w led ge  a cq u isi -

t ion , kn owledge base

con struction  rem ain s

o n e  o f  t h e  m a jo r

cost s in  bu ild in g an

AI system : For alm ost

every system  we build,

a n ew kn owledge base

m u st  be con st ru cted

fr o m  sc r a t c h .  As a

resu lt , m ost  syst em s

rem ain  sm all to  m edium  in  size. Even  if we

bu ild  several system s with in  a gen eral area,

such  as m edicin e or electron ics d iagn osis, sig-

n ifican t  p o r t io n s o f t h e  d o m a in  m u st  b e

rerepresen ted for every system  we create.

Th e cost  o f th is d u p licat ion  o f effo rt  h as

been  h igh  an d will becom e proh ibit ive as we

attem pt to bu ild  larger an d larger system s. To

overcom e th is barrier an d  advan ce th e state

of th e art , we m ust  fin d  ways of p reservin g

ex ist in g kn o wled ge b ases an d  o f sh a r in g,

reusin g, an d build in g on  th em .

Th is art icle describes both  n ear- an d lon g-

term  issues un derlyin g an  in it iat ive to address

th ese con cern s. First , we d iscuss four bot t le-

n ecks to sh arin g an d  reuse, p resen t  a vision

of a fu tu re in  wh ich  th ese bot t len ecks h ave

been  am eliorated, an d touch  on  th e efforts of

th e in it iat ive’s four workin g groups to address

th ese bott len ecks. We th en  elaborate on  th e

vision  by describin g th e m odel it  im plies for

h ow kn owledge bases an d  kn owledge-based

system s cou ld  be st ructu red  an d  developed .

Th is m odel in volves both  in frastructu re an d

supportin g tech n ology. Th e supportin g tech -

n ology is th e topic of our n ear-term  in terest

becau se it  is crit ical to  en ablin g th e in fras-

t ru ctu re. Th erefore, we retu rn  to  d iscu ssin g

th e efforts of th e four workin g groups of our

in itiative, focusin g on  th e en ablin g tech n ology

th at  th ey are workin g to  defin e. Fin ally, we

con sid er t op ics o f lon ger-ran ge in t erest  by

reviewin g som e of th e research  issues raised

by our vision .

Sh arin g an d
Reuse

Th e r e  a r e  m a n y

sen ses in  wh ich  th e

work th at  wen t in to

c r e a t in g  a  k n o w l -

ed ge -b a sed  sy st em

ca n  b e  sh a red  a n d

reu sed . Rath er th an

m an dat in g on e par-

t i c u la r  se n se ,  t h e

m o d el d escrib ed  in

th is art icle seeks t o

su p p o r t  se v e r a l  o f

th em . On e m ode of

reuse is th rough  th e

e x c h a n ge  o f  t e c h -

n iq u es. Th at  is, t h e

c o n t e n t  o f  so m e

m o d u le  fr o m  t h e

library is n ot  d irect-

ly  u se d ,  b u t  t h e

ap p ro ach  b eh in d  it

is com m un icated  in

a m an n er th at  facilit at es it s reim p lem en ta-

t ion . An oth er m ode of reuse is th rough  th e

in clusion  of source specification s. Th at is, th e

con ten t of som e m odule is copied in to an oth -

er at  design  t im e an d com piled (possibly after

exten sion  or revision ) in to  th e n ew com po-

n en t . A th ird  m ode is th rough  th e run -t im e

in vocat ion  of extern al m odu les o r services.

Th at  is, on e m odu le in vokes an oth er eith er 

as a  p ro ced u re fro m  a  fu n ct io n  lib rary o r

th rou gh  th e m ain t en an ce o f som e kin d  o f

clien t -server relat ion sh ip  between  t h e two

(Fin in  an d Fritzson  1989).

Th ese m odes of reuse do n ot work part icu-

la r ly  sm o o t h ly  t o d ay.  Ex p la in in g h o w  t o

reproduce a tech n ique often  requires com m u-

n icat in g su b t le issu es t h at  are m o re easily

expressed  form ally; wh eth er stated  form ally

o r  in  n a t u ra l  lan gu age ,  t h e  ex p lan a t io n s

require sh ared un derstan din g of th e in ten ded

in terpretat ion s of term s. Th e reuse of source

sp ecificat ion s is on ly feasib le to  th e exten t

th at  th eir m odel of th e world  is com pat ible

w it h  t h e  in t en d ed  n ew  u se .  Th e reu se  o f

ex t e rn a l  m o d u les is fea sib le  o n ly  t o  t h e

exten t th at  we un derstan d wh at requests th e

m odu les are p repared  to  accep t . Let  u s con -

sid er t h ese co m p lexit ies in  m o re d et ail by

reviewin g four crit ical im pedim en ts to  sh ar-

in g an d reuse.

Im pedim en t 1. Heterogen eous Represen -

tations: Th ere are a wide variety of approach es

to kn owledge represen tation , an d kn owledge

th at  is exp ressed  in  on e fo rm alism  can n o t

Attem pting to

m ove beyond

the capabilities

of current

knowledge-

based system s

m andates

knowledge

bases that are

substantially

larger than

those we have

today.
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Building new knowledge-based system s today

usually en tails construct ing new  knowledge

bases from  scratch. It could instead be done by

assem bling reusable com ponents. System  devel-

opers would then only need to worry about cre-

ating the specialized knowledge and reasoners

new to the specific task of their system . This

new system  would in teroperate with  ex isting 

system s, using them  to perform  som e of its rea-

soning. In this way, declarative knowledge, prob-

lem -solving techniques, and reasoning services

cou ld  a l l  be sh ared  am on g sy s t em s.  T h is

approach would facilitate building bigger and

better system s cheaply. T he in frastructure to

support such sharing and reuse would lead to

greater ubiquity of these system s, potentially

transforming the knowledge industry. This article

presents a vision of the future in which knowl-

edge-based system  developm ent and operation is

facilitated by infrastructure and technology for

knowledge sharing. It  describes an  in it iative 

currently under way to develop these ideas and

suggests steps that m ust be taken in the future

to try to realize this vision.

0738-4602/91/$4.00 ©1991 AAAI



if th ey lack sh ared  vocabu lary an d  dom ain

term in ology. For exam ple, th e type h ierarch y

of on e kn owledge base m igh t split th e con cept

O b ject  in t o  Ph ysica l-O b ject  an d  Ab st ract -

Object , bu t  an oth er m igh t decom pose Object

in to  Decom p osab le-Object , Non d ecom p os-

able-Object , Con scious-Bein g, an d Non -Con -

scio u s-Th in g.  Th e  a b sen ce  o f kn o w led ge

abou t  th e relat ion sh ip  between  th e two sets

of term s m akes it  d ifficu lt  to recon cile th em .

So m et im es t h ese d ifferen ces reflect  d iffer-

en ces in  th e in ten ded purposes of th e kn owl-

edge bases. At  oth er t im es, th ese d ifferen ces

a re  ju st  a rb i t ra r y  (fo r  ex a m p le ,  d iffe ren t

kn o wled ge b ases u se Isa , Isa-kin d -o f, Su b-

su m es, AKO , o r Paren t  relat ion s, a lt h ou gh

t h eir  rea l in t en t  is t h e sam e). If we co u ld

develop  sh ared sets of explicit ly defin ed ter-

m in o lo gy, so m et im es ca lled  ontologies,  we

could  begin  to rem ove som e of th e arbitrary

d ifferen ces at  th e kn owledge level. Fu rth er-

m ore, sh ared on tologies could  provide a basis

for packagin g kn owledge m odu les—describ-

in g th e con ten ts or services th at  are offered

an d th eir on tological com m itm en ts in  a com -

posable, reusable form .

A Vision : Kn ow ledge Sh arin g

In  t h is a r t icle , we p resen t  a  v isio n  o f t h e

fu ture in  wh ich  th e idea of kn owledge sh ar-

in g is com m on place. If th is vision  is realized,

b u ild in g a  n ew syst em  will ra rely in vo lve

co n st ru ct in g a  n ew  kn o wled ge b ase  fro m

scrat ch . In st ead , t h e p ro cess o f bu ild in g a

kn owledge-based system  will start  by assem -

blin g reusable com pon en ts. Portion s of exist-

in g kn o w led ge  b a ses w o u ld  b e  reu sed  in

con structin g th e n ew system , an d special-pur-

p ose reason ers em bod yin g p roblem -so lvin g

m eth ods would sim ilarly be brough t in . Som e

effort  would go in to con n ectin g th ese p ieces,

crea t in g a  “cu st o m  sh ell”  w it h  p relo ad ed

kn o wled ge. Ho wever,  t h e  m ajo r it y  o f t h e

syst em  d evelo p m en t  effo r t  co u ld  b eco m e

fo cu sed  o n  crea t in g o n ly  t h e  sp ecia l ized

kn owledge an d reason ers th at  are n ew to th e

specific task of th e system  un der con struction .

In  our vision , th e n ew system  could  in terop-

erate with  exist in g system s an d pose queries

to  t h em  to  p erfo rm  som e o f it s reason in g.

directly be in corporated in to an oth er form al-

ism . However, th is d iversity is in evitable—th e

ch oice of on e form  of kn owledge represen ta-

t ion  over an oth er can  h ave a big im pact on  a

syst em ’s p er fo rm an ce .  Th ere  is n o  sin gle

kn owledge represen tat ion  th at  is best  for all

problem s, n or is th ere likely to be on e. Th us,

in  m an y cases, sh arin g an d  reu sin g kn owl-

edge will in volve tran slatin g from  on e repre-

sen tation  to an oth er. Curren tly, th e on ly way

to do th is tran slatin g is by m an ually recodin g

kn owledge from  on e represen tation  to an oth -

er. We n eed tools th at  can  h elp  au tom ate th e

tran slation  process.

Im pedim en t 2. Dialects w ith in  Lan guage

Fam i l i e s: Even  w it h in  a  sin gle  fam ily  o f

kn o wled ge rep resen t a t io n  fo rm alism s (fo r

exam ple, th e KL-On e fam ily), it  can  be diffi-

cu lt  to sh are kn owledge across system s if th e

kn o wled ge h as b een  en co d ed  in  d ifferen t

d ia lect s. So m e o f t h e d ifferen ces b et ween

d ialect s are su bst an t ive, bu t  m an y in vo lve

arbit rary an d  in con sequen t ial d ifferen ces in

syn tax an d  sem an t ics. All su ch  d ifferen ces,

su bstan t ive o r t rivial, im p ed e sh arin g. It  is

im p ort an t  t o  elim in at e u n n ecessary d iffer-

en ces at  th is level.

Im pedim en t 3. Lack of Com m un ication

Co n ven tio n s: Kn owled ge sh arin g d oes n o t

n ecessarily req u ire a  m erger o f kn o wled ge

bases. If separate system s can  com m un icate

with  on e an oth er, th ey can  ben efit  from  each

oth er’s kn owledge with out sh arin g a com m on

kn owledge base. Un fortun ately, th is approach

is n ot  gen erally feasible for today’s system s

because we lack an  agreed-on  protocol speci-

fyin g h ow system s are to  q u ery each  o th er

an d in  wh at form  an swers are to be delivered.

Sim ilarly, we lack st an d ard  p ro t o co ls t h a t

w o u ld  p r o v id e  in t e r o p e r a b i l i t y  b e t w een

kn owledge represen tation  system s an d oth er,

con ven tion al software, such  as database m an -

agem en t system s.

Im pedim en t 4. Model Mism atch es at th e

Knowledge Level: Fin ally, even  if th e lan guage-

le v e l  p r o b le m s p r e v io u sly  d e sc r ib e d  a r e

resolved , it  can  st ill be d ifficu lt  to  com bin e

two  kn owled ge bases o r est ab lish  effect ive

c o m m u n ic a t io n s  b e t w e e n  t h e m .  Th e se

rem ain in g barriers arise wh en  differen t prim i-

t ive term s are used to organ ize th em ; th at  is,
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Instead, the process of building a knowledge-based system  will

start by assem bling reusable com ponents.



Fu rth erm ore, exten sion s to  exist in g kn owl-

edge bases could  be added to sh ared reposito-

ries, th ereby expan din g an d en rich in g th em .

Over t im e, large rich  kn owledge bases, an al-

ogous to today’s databases, will evolve. In  th is

way, declarat ive kn owledge, p roblem -solvin g

tech n iques an d reason in g services could  all be

sh ared am on g system s. Th e cost  to produce a

syst em  wo u ld  d ecrease. To  t h e ext en t  t h at

w e l l -t e st ed  p a r t s w ere  r eu sed ,  a  sy st em ’s

robustn ess would in crease.

For en d  u sers, th is vision  will ch an ge th e

face o f in fo rm at ion  syst em s in  t h ree ways.

First , it  will p rovide sou rces of in form at ion

th at  serve th e sam e fu n ct ion s as books an d

libraries but are m ore flexible, easier to update,

an d easier to query. Secon d, it  will en able th e

con st ru ct ion  an d  m arket in g of p repackaged

kn owledge services, allowin g users to in voke

(ren t  or buy) services. Th ird , it  will m ake it

possible for en d  users to tailor large system s

to th eir n eeds by assem blin g kn owledge bases

an d services rath er th an  program m in g th em

from  scratch .

We also expect ch an ges an d en h an cem en ts

in  th e ways th at  developers view an d m an ipu-

late kn owledge-based  system s. In  part icu lar,

we en vision  t h ree m ech an ism s t h at  wou ld

in crease th eir productivity by prom otin g th e

sh arin g an d reuse of accum ulated kn owledge.

First  am o n g t h ese are lib raries o f m u lt ip le

layers of reusable kn owledge bases th at  could

eith er be in corporated in to software or rem ote-

ly co n su lt ed  a t  execu t io n  t im e. At  a  level

gen eric t o  a class o f ap p licat ion s, layers in

such  kn owledge bases capture con ceptualiza-

t ion s, tasks, an d  p roblem - solvin g m eth ods.

Secon d, system  con struction  will be facilitat -

ed  by th e availability of com m on  kn owledge

r e p r e se n t a t io n  sy st e m s a n d  a  m e a n s fo r  

t ran slat ion  between  th em . Fin ally, th is n ew

reuse-orien ted  approach  will offer tools an d

m eth odologies th at  allow developers to  fin d

an d use library en tries usefu l to th eir n eeds as

well as p reex ist in g services b u ilt  o n  t h ese

libraries. Th ese too ls will be com plem en ted

by tools th at  allow developers to  offer th eir

work for in clusion  in  th e libraries.

Th e Kn ow ledge-Sh arin g Effort

We are n o t  yet  t ech n ically read y to  realize

th is vision . In stead , we m ust  work toward  it

in crem en tally. For exam ple, th ere is n o con -

sen sus today on  th e appropriate form  or con -

t e n t  o f  t h e  sh a r e d  o n t o lo g ie s  t h a t  w e

en vision . For th is con sen su s to  em erge, we

n eed to en gage in  exercises in  bu ild in g sh ared

kn owledge bases, extract  gen eralization s from

th e set  of system s th at  em erge, an d  cap tu re

th ese gen eralizat ion s in  a st an d ard  fo rm at

th at  can  be in terpreted by all in volved. Th is

p rocess req u ires t h e d evelop m en t  o f som e

agreed-on  form alism s an d con ven tion s at  th e

level of an  in terch an ge form at between  lan -

guages or a com m on  kn owledge represen ta-

t ion  lan guage.

Sim ply en ablin g th e ability to sh are kn owl-

ed ge is n o t  en o u gh  fo r t h e t ech n o lo gy t o

h ave fu ll im pact, h owever. Th e developm en t

an d use of sh ared on tologies can n ot becom e

cost  effective un less th e system s usin g th em

are h igh ly in t ero p erab le wit h  bo t h  AI an d

con ven tion al software, so th at  large n um bers

of system s can  be bu ilt . Th us, software in ter-

faces t o  kn owled ge rep resen tat ion  syst em s

are a crucial issue.

Th e Kn owledge-Sh arin g Effort , spon sored

by th e Air Force Office of Scien tific Research ,

t h e  D efen se  Ad va n ced  Resea rch  Pro ject s

Agen cy, th e Corporation  for Nation al Research

In it iat ives, an d th e Nation al Scien ce Foun da-

t io n  (NSF), is an  in it ia t ive t o  d evelo p  t h e

tech n ical in frastructu re to support  th e sh ar-

in g of kn owledge am on g system s. Th e effort

is organ ized  in to four workin g groups, each

of wh ich  is addressin g on e of th e four im ped-

im en ts to  sh arin g th at  we ou t lin ed  earlier.

Th e workin g groups are briefly described h ere

an d in  greater detail later in  th e art icle.

Th e In terlin gua Workin g Group is develop-

in g  a n  a p p ro a ch  t o  t r a n sla t in g  b e t w een

kn o w led ge  rep resen t a t io n  la n gu a ges.  It s

approach  in volves developin g an  in term edi-

ary lan guage, a knowledge interchange form at

or interlingua, alon g with  a set  of tran slators

t o  m a p  in t o  a n d  o u t  o f i t  fro m  ex ist in g

kn owledge represen tation  lan guages. To m ap

a kn owled ge base from  on e rep resen tat ion

la n gu a ge  in t o  a n o t h e r,  a  sy st em  b u i ld e r

would use on e tran slator to m ap th e kn owl-

edge base in to  th e in terch an ge form at  an d

an oth er to m ap from  th e in terch an ge form at

back out to th e secon d lan guage.

Th e  Kn o w led ge  Rep resen t a t io n  Syst em

Specification  (KRSS) Workin g Group is takin g

an o t h er, co m p lem en t ary t ack t o ward  p ro -

m o t in g kn o w led ge  sh a r in g.  Ra t h e r  t h a n

t ran slat in g between  kn owled ge rep resen ta-

t ion  lan guages, th e KRSS group is seekin g to

p rom ote sh arin g by rem ovin g arbit rary d if-

feren ces am o n g kn o wled ge rep resen t at io n

lan gu ages with in  th e sam e p arad igm . Th is

group is curren tly workin g on  a specification

for a kn owledge rep resen tat ion  system  th at

brin gs togeth er th e best  features of lan guages

developed with in  th e KL-On e paradigm . Sim -

ilar efforts for oth er fam ilies of lan guages are

expected to follow.

Th e Extern al In terfaces Workin g Group  is
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er, th e u lt im ate con tribu tion  of th e group lies

in  developin g an  un derstan din g of th e group

processes th at  evolve such  products an d  th e

tools an d  in frast ru ctu re n eeded  to  facilitate

t h e crea t io n , d issem in a t io n , an d  reu se o f

dom ain -orien ted on tologies.

Arch itectures of th e Future

In  th is section , we elaborate on  our vision  by

describin g wh at we h ope to en able con cern -

in g bo th  kn owled ge bases an d  th e syst em s

th at  use th em . In  doin g so, we look at  h ow

th ey are structured an d th e process by wh ich

th ey will be bu ilt . We also con sider th e rela-

t ion sh ip  o f t h is vision  t o  o th er views t h at

h ave been  offered, such  as Guh a an d Len at’s

(1990) Cyc effo rt , St efik’s (1986) n o t ion  o f

Kn o w led ge  M ed ia ,  a n d  Ka h n ’s n o t io n  o f

Kn owbots (Kah n  an d Cerf 1988). Fin ally, we

offer a view of th e ran ge of system  m odels

th at  th is approach  supports.

Structural an d Developm en t Models

for Kn ow ledge Bases

In  a AAAI-90 pan el on  software en gin eerin g,

Jo h n  McDerm o t t  (1990) d escr ib ed  h o w AI

co u ld  m ake so ft ware  d evelo p m en t  easier :

Write program s to act  as fram eworks for h an -

dlin g in stan ces of problem  classes.

Kn owledge-based system s can  provide such

fram eworks in  th e form  of top-level declara-

t ive abstraction  h ierarch ies, wh ich  an  applica-

t io n  bu ild er elabo rat es t o  creat e a  sp ecific

system . Essen t ially, h ierarch ies bu ilt  for th is

purpose represen t  a com m itm en t  to p rovide

specific services to application s th at  are will-

in g to adopt th eir m odel of th e world .

W h en  t h ese t o p -level ab st ract io n  h ierar-

ch ies are rep resen ted  with  en ough  in form a-

t io n  t o  l a y  d o w n  t h e  g r o u n d  r u le s  fo r

m odelin g a dom ain , we call th em  on tologies.

An  on tology defin es th e basic term s an d rela-

t ion s com p risin g th e vocabu lary o f a top ic

area as well as th e ru les for com bin in g term s

an d  re la t io n s t o  d efin e  ex t en sio n s t o  t h e

vocabu lary. An  exam p le is t h e MKS gen eric

m odel of m an u factu rin g step s (Pan , Ten en -

bau m , an d  Glicksm an  1989), illu st rat ed  in

figure 1 alon g with  a set  of application -specif-

ic exten sion s for sem icon ductor m an ufactur-

in g .  Th e  fr a m e  h ie r a rch y  in  M Ks d e fin e s

classes of con cep ts th at  th e system ’s reason -

in g m o d u les (fo r exam p le, sch ed u lers an d

d iagn osers) are p repared  to  operate on . Th e

slo t s an d  slo t  rest r ict io n s o n  t h ese fram es

defin e h ow on e m ust m odel a part icu lar m an -

ufacturin g dom ain  to en able th e use of th ese

m odules.

in vestigatin g yet  an oth er facet  of kn owledge

sh arin g. It  is developin g a set  of protocols for

in t eract ion  th at  wou ld  allow a kn owled ge-

b a sed  sy st em  t o  o b t a in  kn o w led ge  fr o m

an oth er kn owledge-based system  (or, possibly,

a con ven tion al database) by postin g a query

to th is system  an d receivin g a respon se. Th e

con cern s of th is group are to develop th e pro-

tocols an d con ven tion s th rough  wh ich  such

an  in teraction  could  take p lace.

Fin ally, t h e Sh ared , Reu sab le Kn o wled ge

Bases Workin g Group is workin g on  overcom -

in g th e barriers to sh arin g th at  arise from  lack

o f co n sen su s a cro ss kn o w led ge  b a ses o n

vocabu lary an d  sem an t ic in terp retat ion s in

d o m ain  m o d els. As m en t io n ed  earlier, t h e

on tology of a system  con sists of its vocabu -

lary an d a set  of con strain ts on  th e way term s

can  b e co m b in ed  t o  m o d el a  d o m ain . All

kn owledge system s are based on  an  on tology,

wh eth er im plicit  or explicit . A larger kn owl-

ed ge  sy st em  ca n  b e  co m p o sed  fro m  t w o

sm aller on es on ly if th eir on tologies are con -

sist en t . Th is gro u p  is t ryin g t o  am elio ra t e

p roblem s o f in con sist en cy by fosterin g th e

evolu t ion  of com m on , sh areable on tologies.

A n u m ber o f can d id ate reu sable on to logies

are expected to com e from  th is work. Howev-
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Figure 1. The MKS Ontology of Manufacturing Operations, Elaborated with

Knowledge Specific to Sem iconductor Manufacturing.

Ontologies such as this one, in effect, lay the ground rules for m odeling a dom ain by

defining the basic term s and relations that m ake up the vocabulary of this topic area.

These ground rules serve to guide system  builders in fleshing out knowledge bases,

building services that operate on knowledge bases, and com bining knowledge bases

and services to create larger system s. For one system  to m ake use of either the knowl-

edge or reasoners of another system , the two m ust have consistent ontologies.



Th e MKS exam ple is h ardly un ique. A n um ber

of system s h ave been  built  in  a m an n er con -

sist en t  wit h  t h is p h ilo so p h y, fo r exam p le,

FIRST-CUT an d NEXT-CUT (Cutkosky an d Ten en -

bau m  1990), QPE (Forbu s 1990), Cyc (Gu h a

an d  Len at  1990), ARIES (Joh n son  an d  Harris

1990), SAGE (Roth  an d Mattis 1990), Carn egie

Mellon  Un iversity’s facto ry sch ed u lin g an d
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project  m an agem en t system  (Sath i, Fox, an d

Green berg 1990), KIDS (Sm ith  1990), an d  EES

(Swartout an d Sm oliar 1989). Th e n otion  th at

gen eric structure can  be exploited  in  bu ild in g

specialized system s h as been  argued for a lon g

t im e by Ch an d rasekaran  (1983, 1986) an d

m ore recen t ly by Steels (1990). Th e n o t ion

h as also  lon g been  exp loited  in  kn owledge-

Figure 2. The Anatom y of a Knowledge Base.

Application system s contain m any different kinds and levels of knowledge. At the top level are ontologies, although

often represented only im plicitly in m any of today’s system s. The top-level ontologies em body representational choices

ranging from  topic independent (for exam ple, m odels of tim e or causality) to topic specific but still application-inde-

pendent knowledge (for exam ple, dom ain knowledge about different kinds of testing operations represented in a m an-

ufacturing system  or problem -solving knowledge about hypothesis classes in a diagnostic system ). This top level of

knowledge is elaborated by m ore application-specific m odels (for exam ple, knowledge about chip-testing operations

in a specific m anufacturing application or failure m odes in a circuit diagnosis system ). Together, they define how a

particular application describes the world. At the bottom  level, assertions using the vocabulary of these models capture

the current state of the system ’s knowledge. Knowledge at the higher levels, being less specialized, is easier to share

and reuse. Knowledge at the lower levels can only be shared if the other system  accepts the m odels in the levels above.



Structural  an d  D ev elo pm en t Mo dels
for Kn ow ledge-Based System s

Figu re 3 illu st rates th e en vision ed  organ iza-

t ion  of an  in dividual kn owledge-based appli-

cation  system . Th e local system  con sists of a

set  of services th at  operate on  com bin ed (or

in d ist in gu ish a b le ) kn o w led ge  b a se s a n d

databases. On e un iform  user in terface m an -

agem en t  system  m ed iates in teract ion s with

h um an s, an d a set  of agen ts m ediates in terac-

t ion  with  oth er system s.

Th e services th at  m ake up  th e applicat ion

con sist  of various reason in g m odules, wh ich

can  be defin ed  at  eith er th e level of gen eric

rea so n in g a n d  in feren ce  m ech a n ism  (fo r

exam ple, forward ch ain in g, backward ch ain in g,

u n ificat ion ) o r th e t ask level (fo r exam p le,

p lan n ers, d iagn osers). Th ese m odu les wou ld

typ ically be acqu ired  off th e sh elf. At  eith er

level, h owever, t h ey can  be au gm en ted  by

special-purpose reason in g m odules th at  p ro-

vide custom  capabilit ies for exploit in g part ic-

ular ch aracteristics of th e application  dom ain .

In  addit ion  to th ese reason in g m odules, th e

application ’s services are also likely to in clude

a n um ber of m odules providin g con ven tion al

capabilit ies, such  as sp readsh eets, elect ron ic

m ail, h yperm edia, calen dar system s, stat ist i-

cal packages, an d accoun tin g system s.

To perform  th e tasks of th e overall system ,

m odules will n eed to in teract  in tern ally (th at

is, kn owledge base to  kn owledge base) an d

extern ally (th at  is, kn owledge base–database

to oth er kn owledge-based system s or arbitrary

ou tside software ap p licat ion s). For extern al

in teraction , th e m odules will n eed a lan guage

fo r  en co d in g t h e ir  co m m u n ica t io n s.  SQ L

serves th is fun ction  for con ven tion al database

in teraction s, an d it  appears likely th at  it  will

con tin ue to be used in  th e fu ture. We call th e

an alogous program m atic in terface for kn owl-

ed ge-b ased  ap p lica t io n s KQ M L (kn o wled ge

query an d m an ipulation  lan guage). KQML will

con sist  of a lan guage for specifyin g wrappers

th at  defin e m essages com m un icated between

m odules. Th ese wrappers will surroun d decla-

ration s th at  will express wh atever kn owledge

acq u isit io n  wo rk, fo r exam p le, in  syst em s

such  as MORE (Kah n , Nowlan , an d McDerm ott

1984) an d ROGET (Ben n ett  1984).

Th e  ra n ge  o f kn o w led ge  ca p t u red  w it h

on to logies is described  in  figu re 2. Th ere is

so m e fu zzin ess in  t h e  figu re’s d ist in ct io n

b e t w e e n  sh a r e d  a n d  c u st o m  o n t o lo g ie s

becau se th ey are relat ive t erm s—an y given

kn owledge base is custom  with  respect  to th e

kn owledge it exten ds an d is sh ared with  respect

to th e kn owledge th at exten ds it. Neverth eless,

th e essen t ial idea is th at  app licat ion  kn owl-

edge bases sh ould  con sist  of layers of in creas-

in gly specialized, less reusable kn owledge. As

is argu ed  later, exp licit ly organ izin g kn owl-

edge bases in  th is fash ion  is a step  on  th e crit-

ical path  to en ablin g sh arin g an d reuse.

Th ere are a n um ber of uses for on tologies.

Th e  p r im a r y  u se s  t o d a y  a r e  in  d e fin in g

kn owledge-based  system  fram eworks in  th e

spirit  advocated  by Joh n  McDerm ott  (1990).

However, a n um ber of addit ion al possibilit ies

op en  if libraries of th ese on to logies can  be

developed  because th ese libraries defin e th e

co m m o n  m o d e ls  n e e d e d  fo r  co m b in in g

kn owledge bases or successfu lly com m un icat-

in g between  in depen den t  m odu les. On tolo -

gies an d kn owledge bases can  also be viewed

as en ds in  th em selves, th at  is, as repositories

of in form ation  in  th e spirit suggested by Stefik’s

(1986) discussion  of kn owledge m edia.

Alth ou gh  every kn owled ge-based  syst em

im plicit ly or explicit ly em bodies an  on tology,

on to logies are rarely sh ared  across system s.

Com m on alities am on g existin g system s can  be

iden tified  an d m ade sh areable. For exam ple,

Stan ford ’s Su m m er On to logy Pro ject  fou n d

th at  several of th e collaborators h ad built  sys-

tem s th at  used m odels of m ech an ical devices

based on  con cepts such  as m odule, port , an d

co n n ect io n  (Gru b er 1991). Ho wever, each

system  used sligh tly d ifferen t n am es an d for-

m alism s. An  on to logy fo r lu m p ed  elem en t

m odels th at  defin es th ese con cepts with  con -

sisten t , sh areable term in ology is un der con -

struction . A library of such  sh ared on tologies

would facilitate bu ild in g system s by reducin g

th e effort  in vested in  recon ciliat ion  an d rein -

ven tion .
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An ontology defines the basic term s and relations com prising the

vocabulary of a topic area…
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Figure 3. Architecture of a Knowledge-Based System .

W e envision that knowledge-based system s will be assem bled from  com ponents rather than built from  scratch. The

com ponents include a fram ework for local system  software in which one or m ore local knowledge bases are tied to a

shared ontology. Rem ote knowledge bases can be accessed and are understood by the local system  by virtue of being

tied in to the ontology. Specialized reasoning modules (for example, a diagnostic system) and generic reasoning system s

(that is, a representation system ) are also tied to the knowledge base(s) through the ontology. In turn, these system s

are glued together with conventional services through specialized, custom  application code. Larger system s can be

obtained from  sm aller ones in this architecture by either expanding the contents of a local system  or interlinking m ul-

tiple system s built in this fashion.
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Figure 4. Envisioned Phases in Defining a Knowledge-Based System .

W ith libraries of reusable knowledge-based software com ponents, building an application could becom e m uch m ore of

a configuration task and, correspondingly, less of a program m ing activity. System  builders could select specialized rea-

soning m odules and ontologies, converting them  to the form at required by the selected knowledge representation if

they were not already in this form at. This approach gives them  a specialized shell with som e knowledge built in. This

custom  shell can then be utilized to build the application from  a higher-level starting point.



th e sen din g m odule m ust pass to th e receiv-

in g m odule.

Th e un iform  KQML com m un ication  protocol

will facilitate m odular con struction  of system

com pon en ts an d, th us, facilitate th e develop-

m en t  o f lib raries o f reu sab le co m p o n en t s.

Such  libraries will con tain  gen eric reason ers

such  as tru th  m ain ten an ce system s, task-spe-

cific reason ers (p lan n ers, d iagn osers, an d  so

on ), an d dom ain -specific reason ers (for exam -

p le, elect ric circu it  sim u lators). Th e libraries

will also con tain  a n um ber of on tologies cov-

erin g both  structural kn owledge an d problem -

so lv in g kn o w led ge. So m e w ill  b e  d o m ain

orien ted, an d som e will correspon d to particu-

lar reason ers. Also resid in g in  th ese libraries

will be a collection  of kn owledge represen ta-

t ion  system  im plem en tation s to ch oose from .

We expect th at several differen t represen tation -

al paradigm s, or fam ilies, m igh t  be available

in  th e library. For each  fam ily, we expect m ul-

t ip le im plem en tation s of a com m on  core lan -

guage, sim ilar to Com m on  Lisp  (Steele 1984),

wh ich  h as a  co re sp ecificat io n  an d  several

com petin g im plem en tation s of th is specifica-

t ion , each  of wh ich  offers various perform an ce,

en viron m en t, an d fun ction  en h an cem en ts.

As figu re 4 illu st rates, ap p licat ion -sp ecific

system s will be developed by assem blin g com -

p o n en t s fro m  a  lib ra ry  in t o  a  cu st o m ized

sh ell, wh ich  is th en  used to develop th e appli-

cat io n . Th e first  t ask o f syst em  d evelo p ers

wou ld  be to  con figu re th is specialized  sh ell.

Th is process will in volve selectin g on tologies,

specialized  reason in g m odules, an d a kn owl-

edge represen tat ion  system  from  th e library.

As in  an y con figuration  task, th ere are likely

to be con strain ts th at  m ust be respected. For

exam ple, a part icu lar specialized  sch edu lin g

m odule m igh t assum e th at  tasks to be sch ed-

u led  are m od eled  acco rd in g to  a p art icu lar

on tology. Th e en tries in  th e library m ust pro-

vide en ough  in form ation  about th em selves to

allow system  developers to un derstan d th ese

con strain ts.

On ce th e on tologies, specialized  reason in g

m o d u les, an d  a  kn o wled ge rep resen t a t io n

system  h ave been  selected an d assem bled, th e

system  developers h ave a specialized sh ell for

th eir application . Th is sh ell differs from  today’s

sh ells in  th at  it  will com e with  bu ilt-in  kn owl-

edge, n ot  ju st  specialized  p rogram m in g fea-

tures. Th e system  developers’ tasks are th en  to

flesh  ou t  th e kn owledge base, add  wh atever

cu st o m  ap p lica t io n  co d e is n ecessary, an d

write software in terfaces to an y oth er system s

th e n ew application  will work with .

In  co n figu r in g t h is sp ecia l ized  sh e ll ,  i t

wou ld  be h igh ly desirable if th ere were sup-

port  for t ran slat ion  between  represen tat ion s.
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Th en , developers would n ot be obliged to use

th e origin al im plem en tation  if th eir applica-

t ion  h ad  d ifferen t  p erform an ce or fu n ct ion

requirem en ts. For exam ple, a com m on  on tol-

ogy of electrom ech an ical devices could  serve

D RAM A (H arp  e t  a l.  1991 ),  wh ich  an a lyzes

logist ical im plication s of design  ch an ges, an d

CO MET (Fein er an d  McKeown  1990), wh ich

gen erates m u lt im ed ia h ow-to  p resen tat ion s

about m ain ten an ce tasks. COMET n eeds device

m odels to  access related  device com pon en ts

an d  p rim arily requ ires efficien t  storage an d

retrieval from  its represen tation  lan guage. In

con trast , DRAMA an alyzes im plication s of large

am oun ts of ch an gin g kn owledge an d, th ere-

fore, dem an ds efficien t in feren ce m ech an ism s.

N o t e  t h a t  t h e  a p p r o a ch  w e  h a v e  b een

describin g scales with  th e evolu tion  of in fras-

Figure 5. Current versus Envisioned Models of the AI Software Life Cycle.

Adding knowledge libraries represents a significant change in m ethodology for building

knowledge-based system s. Knowledge librarians, a new category of participant in the

process, would ensure that subm itted ontologies and reasoners were ready for release.

They would help system  engineers browse the library and select m odules. They would

also help tool builders create tools and developm ent environm ents to assist in these

activities.



will be d ifficu lt  to ach ieve th e level of relia-

bility an d  stability n eeded for p ract ical soft-

ware developm en t.

Ad d in g a kn owled ge lib rary rep resen t s a

sign ifican t ch an ge to kn owledge base m eth od-

o lo gy.  It  t r a n sfo rm s t h e  syst em -b u ild in g 

process away from  usin g power tools for con -

st ru ct in g essen t ially cu stom , on e-o f-a-kin d

system s. In stead , system  bu ild in g becom es a

process of selectin g an d com bin in g a ran ge of

com p on en ts. Th e system  en gin eer becom es

m uch  m ore like a bu ilder of h om es an d m uch

less like a sculptor. A h om e builder h as a ran ge

o f co m p o n en t s an d  m at eria ls, fro m  b ricks

an d  t wo -by-fo u rs t o  p refab ricat ed  walls o r

even  room s. A h om e builder h as a ch oice of

build in g each  n ew h om e from  sm all com po-

n en ts th at  give a lo t  of design  flexibility or

from  larger com pon en ts th at trade off reduced

d esign  o p t io n s fo r  r ed u ced  co n st ru ct io n

effort . Sim ilarly, system  en gin eers would fin d

a ran ge of grain  sizes am on g objects in  th e

kn owledge library an d would be em powered

to m ake an alogous ch oices.

Com parison  w ith  Oth er Vision s

Th e m odel of kn owledge-based system s th at

we just  described bears sign ifican t relat ion -

sh ips to oth er n otion s th at  h ave been  offered.

On e recen t exam ple is MCC Corporation ’s

Cyc Pro ject  (Gu h a an d  Len at  1990), wh ich

seeks to  develop  an  ext rem ely large kn owl-

edge base of com m on sen se kn owledge un der

wh ich  all ap p licat ion s wou ld  be bu ilt . Th e

Cyc Pro ject  p rovides a lan gu age, Cyc-L, for

im p lem en t in g it s on to logy an d  d evelop in g

a n  a p p l ica t io n -sp ec i fic  kn o w led ge  b a se .

Because its scope is so broad, Cyc represen ts

on e extrem e in  th e ran ge of efforts com patible

with  th e m odel we propose. In  our sch em e,

C yc’s kn o w led ge b ase  co u ld  b e  o n e la rge

en try in  th e library of com pon en ts (or, per-

h aps, it  m igh t be broken  in to several sm aller

m odules, or m icrotheories). Its im plem en tation

lan guage, Cyc-L, would be on e of th e en tries

in  t h e lib rary o f rep resen tat ion  syst em s. If

on e ch ose to  bu ild  a system  en t irely with in

Cyc, ou r m odel of th e developm en t  p rocess

an d th at  of th e Cyc Project  are largely con sis-

tructu re for kn owledge sh arin g. It  is feasible

with  existin g tech n ology. If an d wh en  com m on

kn o wled ge rep resen t at io n  syst em s beco m e

available, th eir use would broaden  th e porta-

bility an d reusability of a given  library. Sim i-

larly, th e developm en t an d dissem in ation  of

tech n iques for t ran slat ion  between  d ifferen t

represen tation  lan guages would also broaden

th e use of a library.

Figu re 5  co n t rast s o u r  m o d el o f t h e life

cycle for kn owledge-based software with  th e

approach  followed in  expert  system  software

today. Th e n otion  of libraries is a key differ-

en ce.  In  t o d ay’s m o d els o f ex p er t  syst em

software developm en t, exem plified by Water-

m an ’s (1986) book on  expert  system s, th ere

are at  least  four classes of part icipan ts in  th e

life  cycle .  To o l b u ild ers crea t e  sh ells an d

d evelo p m en t  en viro n m en t s. Syst em  en gi-

n eers t ake th ese too ls an d  create an  in it ial

version  of a kn owledge-based system  by in ter-

viewin g dom ain  experts. Th en , togeth er with

t h e d o m ain  exp ert s, t h e syst em  en gin eers

test , exten d , an d  refin e th e system . Fin ally,

en d  users pu t  th e system  to use. Th e vision

we propose ch an ges th e n ature of th e system

en gin eer’s w o rk an d  h as t h e  p o t en t ia l t o

m erge roles by givin g dom ain  experts m ore

ability to act  as system  en gin eers. It  also adds

a  n ew p art icip an t  t o  t h e in frast ru ct u re: a

kn owledge librarian , wh o serves as a keeper

of reusable on tologies an d  im plem en tat ion s

of specialized reason in g m eth ods.

Th e kn owled ge lib rarian  works with  too l

bu ilders on  tools an d  developm en t en viron -

m en ts to  h elp  system  en gin eers browse an d

select  m odules from  th e library. System  en gi-

n eers im p ort , ext en d , an d  cu stom ize th ese

m o d u les. Th ey can  ret a in  t h e cu st o m ized  

elem en ts in  p rivate libraries for sh arin g an d

reuse with in  a subcom m un ity. Altern at ively,

t h ey  can  o ffer  t h eir  d evelo p m en t s t o  t h e

library for possible in clusion  as exten sion s to

th e exist in g set  of kn owledge.

On e of th e crucial fun ction s th at  m ust  be

p erform ed  in  th e m an agem en t  o f a kn owl-

ed ge lib rary is t h e d et erm in at io n  o f wh en

subm it ted  kn owledge is ready for release. If

kn owledge is sim ply added an d edited  by all

part icipan ts with out som e discip lin e, th en  it
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Adding a knowledge library represents a significant change to

knowledge base m ethodology.



t en t . If o n e wish es t o  go  o u t sid e Cyc, o u r

m o d el is co m p lem en t a r y.  Po t en t ia l  u sers

m igh t use our kn owledge-in terch an ge form at

to tran slate oth er kn owledge bases in to Cyc-L

or, con versely, to  t ran slate Cyc’s kn owledge

in to som e oth er represen tation  system . Alter-

n atively, th ey m igh t use extern al protocols to

access a m odule bu ilt  in  Cyc an d build  oth er

m odules th rough  oth er m ean s.

If successful, our approach  would h elp m ake

th e kn owledge in  Cyc accessible even  to th ose

syst em  d evelo p ers w h o  fo r  o n e reaso n  o r

an oth er do n ot ch oose to use th e wh ole Cyc

kn owledge base or represen t th eir system s in

Cyc-L.

However, th e m odel we propose also differs

sign ifican t ly  fro m  t h e  C yc effo r t .  Am o n g

o th er t h in gs, it  a llows th e d evelop m en t  o f

large system s with out h avin g to first  com m it

to a part icu lar kn owledge represen tation  for-

m alism ; users do n ot even  h ave to com m it to

h o m o gen eit y. Fu rt h erm o re, t h is ap p ro ach

a l lo w s fo r  t h e  d e v e lo p m e n t  a n d  u se  o f

on tologies an d kn owledge bases un der a m ore

con servative, bottom -up developm en t m odel

as an  alt ern at ive to  com m it t in g to  a large,

broad  kn owledge base. Th u s, an  altern at ive

u se of th is m odel aim s for th e evolu t ion  of

sm aller, topic-specific on tologies in ten ded for

sh arin g by sp ecialized  com m u n it ies. (O ver

t im e, it  is p ossib le th at  th ese top ic-sp ecific

on tologies would grow an d m erge with  oth ers,

so  t h at  an  even t u al en d  resu lt  m igh t  b e a

broadly en com passin g on tology such  as th at

sough t by th e Cyc effort .)

Our vision  owes a great  deal to Mark Stefik’s

(1986) view of kn owledge bases as th e n ext

m ech an ism  of in form at ion  exch an ge. Stefik

was in terested , as are we, in  bo th  h ow sys-

tem s of th e fu ture will be bu ilt  an d wh at uses

w ill  b e  m ad e  o f t h em . H e su ggest ed  t h a t

expert  system s were parts an d precursors of a

n ew kn owledge m edium , a set  of in teract ive

m u l t id i sc ip l in a r y  t o o l s  fo r  in fo r m a t io n

m an ipulation :

A kn o wled ge m ed iu m  b ased  o n  AI

tech n ology is part  of a con tin uum . Books

an d oth er passive m edia can  sim ply store

kn owledge. At th e oth er en d of th e spec-

trum  are expert  system s wh ich  can  store

an d also apply kn owledge. In  between  are

a n um ber of h ybrid  system s in  wh ich  th e

kn owledge processin g is don e m ostly by

people. Th ere are m an y opportun it ies for

establish in g h um an -m ach in e partn ersh ips

an d for au tom atin g tasks in crem en tally.

In  th ese in teractive tools, th e com puter pro-

vides storage, retrieval, an d group com m un i-

cation s services as well as lan guages an d tools

t h a t  en ab le  p recisio n  an d  ex p licit n ess in

m an ipulatin g kn owledge about a topic.

In  producin g th e n ew kn owledge m edium ,

Stefik argu ed  th at  expert  system s sh ou ld  be

viewed as com plex art ifacts, such  as au tom o-

biles or airp lan es, wh ich  are assem bled from

h igh ly soph ist icated m aterials an d subassem -

blies. A m arketp lace th at  supports th e special-

ized  su p p liers o f co m p o n en t  t ech n o lo gies

ben efits th e m an ufacturer of th e en d product.

Th e m arketp lace provides econ om ies of scale

th at  m ake it  possible to develop  com pon en t

tech n ologies of a quality an d  soph ist icat ion

th at  would be un affordable if th e costs h ad to

be born e en tirely with in  a sin gle, bu ilt-from -

scratch , on e-of-a-kin d  p rodu ct  developm en t

effort . Th us, by an alogy, Stefik con cluded th at

…th e “goods” of a kn owledge m arket are

elem en ts of kn owledge… To redu ce th e

cost  of bu ild in g expert  system s, we n eed

to be able to build th em  usin g kn owledge

a c q u i r e d  fr o m  a  m a r k e t p la c e .  Th i s

requ ires set t in g som e p rocesses in  p lace

an d m akin g som e tech n ical advan ces.

In  part icu lar, Stefik u rged com bin in g work

on  expert  system  sh ells with  work on  stan -

dard vocabularies an d ways of defin in g th in gs

in  term s of prim itives. Th is suggestion  is sim i-

lar to  th e n ot ion  of on to logies p roposed  in

th is art icle. However, Stefik question ed (as do

we) th e feasibility of relyin g en t irely on  th e

d evelo p m en t  o f st an d a rd  vo cab u la r ies o r

o n t o lo gies fo r  d o m a in s.  Th e  key  t o  t h e ir

effectiven ess lies in  h ow th ese on tologies are

an alyzed, com bin ed, an d in tegrated to create

large ap p lica t io n s. To o ls an d  m et h o d s are

n eed ed  to  su p p ort  t h is p rocess. Ou r vision

seeks to  exten d  Stefik’s by t ryin g to  fu rth er

defin e th e p rocess as well as th e support in g

tools an d m eth ods.

Ou r p art icu lar exten sion s also  h ave som e

kin sh ip  t o  t h e arch it ectu re o f t h e n at ion al

in fo rm a t io n  in fra st ru ct u re  en v isio n ed  b y

Kah n  an d Cerf (1988) for th e Digital Library

Syst em . Th eir  v isio n  o f t h e  lib ra ry  o f t h e

fu t u re co n sist s o f in fo rm at io n  co llect io n s

bearin g som e an alogies to Stefik’s kn owledge

m edia. Th e Digital Library System  provides a

distribu ted n etwork arch itecture for accessin g

in fo r m a t io n .  Th e  a r c h i t e c t u r e  c o n t a in s

d a t ab ase  servers,  va r io u s acco u n t in g an d

b illin g servers,  servers t o  su p p o rt  p lacin g

kn o wled ge in t o  t h e lib rary an d  ex t ract in g

kn owledge from  it , an d servers for tran slatin g

kn owled ge flowin g to  an d  from  th e lib rary

in t o  d iffe ren t  fo rm s.  Th e  D igi t a l  Lib ra ry

System  suggests a m odel for h ow our vision  of

developm en t, d istribu tion , an d dissem in ation

of kn owledge-based system s m igh t be realized

in  th e fu tu re. At  th e sam e t im e, ou r vision

proposes supportin g tech n ology—for exam ple,
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en gin eerin g reason s can  be h an d led  by th e

separation  of m odules as well as by th e sam e

in tern al structurin g, as in  th e first  case. Som e

con trol regim es seem in gly requ ire th at  each

m odule kn ow a great  deal abou t  th e oth ers;

t h e  d u p l ica t io n  o f  in fo r m a t io n  in  e a ch

m odule th at  is en tailed  is usually regarded as

a poten tial m ain ten an ce bottlen eck. However,

th e arch itecture provides n atural m ech an ism s

(o n t o lo gies an d  st an d ard  co m m u n icat io n s

com pon en ts) for en capsulatin g th e kn owledge

n eeded for in term odule com m un ication .

Over an d above m odule structurin g, system

m o d els can  vary a lo n g a  n u m ber o f o t h er

dim en sion s in  th is sch em e. Th ese dim en sion s

in clude th e ch oice of represen tation  lan guages

u sed  with in  m od u les, t h e h om ogen eit y o r

h eterogen eity of represen tation  system s across

m o d u les, t h e u se o f sp ecia lized  reaso n in g

m odu les, th e n atu re of on tologies, th e con -

ten t  of th e kn owledge bases, th e part it ion in g

of th e kn owledge bases, th e t igh tn ess of cou-

p lin g wit h  d a t ab ases, t h e d egree o f t ran s-

paren cy of m odules (black boxes versus glass

represen tation  system s an d tran slators— th at

could  h elp  realize th e Digital Library System .

Supportin g a Ran ge of System  

Arch itectures

Th e t ech n o logy d escribed  in  t h is ar t icle is

in ten ded to provide en ablin g tools for bu ild-

in g a ran ge of arch itectures for large, kn owl-

edge-based  system s. Figu re 6 illu st rates on e

dim en sion  of th is ran ge. With in  th e scope of

o u r  v isio n ,  a  sy st em  m igh t  b e  b u i l t  a s a

sin gle, large, in tegrated , cen tralized  package

(as depicted in  figure 4). In  th is m odel, sh ar-

in g an d reuse occur at  design  t im e. Software-

en gin eerin g con cern s such  as m odularity can

be ach ieved by part it ion in g th e kn owledge in

t h is syst em  in t o  m u lt ip le b ases lin ked  b y

sh ared on tologies. Altern atively, h owever, th e

large system  could  be factored  in to m ult ip le

separate m odules, com m un icatin g accordin g

t o  an y o f a  n u m b er o f a lt ern at ive co n t ro l

regim es. Sh arin g an d  reu se in  t h is fash ion

occu r at  ru n  t im e. Modu larity for software-

There 

are m any 

unanswered

questions

about how

large-scale

system s can

best be built.
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boxes), an d th e locus of con trol.

Th e re  a r e  m a n y  u n a n sw ered  q u est io n s

abo u t  h o w large-scale syst em s can  best  be

built . Alth ough  sh arin g an d reuse are clearly

essen t ia l p rin cip les, t h e b est  way t o  m ake

th em  operat ion al rem ain s to  be un derstood .

Wh at are th e trade-offs between  sh arin g ser-

vices at  ru n  t im e versu s sh arin g kn owledge

bases at design  tim e? On  wh at scale an d un der

w h a t  circu m st an ces is t ran sla t io n  v iab le?

W h en  a re  sh ared  fo rm alism s, ra t h er  t h an

tran slation , required? How do dom ain -specif-

ic  co n sid era t io n s d r ive  ch o ices o f syst em

m o d els? W h a t  a re  t h e  co n st ra in t s o n  t h e

usability of kn owledge origin ally recorded for

d ifferen t  p u rp oses? W h at  m ech an ism s best

facilitate con vergen ce between  m ultip le users

on  a m utually satisfactory represen tation ?

Th e in ten t  beh in d  th e fram ework we ou t-

lin ed  is n o t  t o  en sh rin e a  p art icu lar set  o f

an swers to such  question s. Rath er, our goal is

to iden tify en ablin g tech n ologies th at  m ake it

easier to search  th e space of possible an swers.

Th e righ t an swers will em erge on ly if we first

m ake it easier for th e AI com m un ity to explore

th e alt ern at ives em p irically—by bu ild in g a

n um ber of large system s.

Workin g Groups in  th e 
Kn ow ledge-Sh arin g In itiative

Th e desire to collaborate th rough  kn owledge

sh arin g an d reuse h as arisen  with in  a segm en t

of th e broad kn owledge represen tat ion  com -

m u n it y t h a t  is in t erest ed  in  sca lin g u p  t o

larger system s an d th at  views th e sh arin g an d

reuse of kn owledge bases as a m ean s to th is

en d. Closely related to th is effort  is a con cern

fo r  b u ild in g em b ed d ed  syst em s in  w h ich

kn o wled ge rep resen t at io n  syst em s su p p o rt

certain  fun ct ion s rath er th an  act  as en ds in

th em selves.

In  particular, our goal is to support research ers

in  areas requirin g system s bigger th an  a sin gle

p erson  can  bu ild . Th ese areas in clu de en gi-

n eerin g an d  d esign  d o m ain s, lo gist ics an d

p lan n in g d o m ain s, an d  vario u s in t egra t ed

m o d a lit y  a rea s (fo r  ex am p le ,  m u lt im ed ia

in terfaces). Research ers workin g on  such  topics

n eed large kn owledge bases th at  m odel com -

plex objects; because th ese m odels drive com -

plex system s, th ey can n ot be skeleton s. Puttin g

togeth er m uch  larger system s, of wh ich  vari-

ous stan d-alon e system s bein g built  today are

just  com pon en ts, is an  in terestin g ch allen ge.

Th e creat ion  of such  kn owledge resou rces

req u ires com m u n itywid e effo rt . Th is effo rt

en gen ders a n eed  for agreed-on  con ven tion s

to en able us to bu ild  p ieces th at  fit  togeth er.

Even t u a lly,  in  p u rsu in g t h e  go a l o f la rge,

sh ared  kn owledge bases as part  of a n at ion -

wid e in form at ion  in frast ru ctu re, th ese con -

ven t ion s m igh t  becom e objects of study for

th e defin it ion  of m ore form al stan dards. (For

th ose in terested  in  th e ro le o f st an d ard s in

com putin g in frast ructu re, Cargill [1989] is a

usefu l en try poin t  in to th e topic.) Curren tly,

h o wever, t h e co n ven t io n s are in t en d ed  t o

su p p ort  exp erim en t s in  kn owled ge sh arin g

am on g in terested part ies.

Th e n ex t  p a r t  o f t h is a r t icle  fo cu ses o n

m akin g our vision  operation al by developin g

th ese con ven t ion s. Doin g so  is an  essen t ial

precursor to larger aspects of our vision , such

as libraries of on tologies, reason in g m odules,

a n d  rep resen t a t io n  syst em s.  Th is sect io n

d escribes th e act ivit ies o f ou r fou r workin g

groups on  th ese foun dation -layin g act ivit ies.

For each  group , we sum m arize th e p roblem

bein g add ressed , th e ap p roach  bein g taken ,

an d th e ou tcom es sough t.

In terlin gua

Th e In terlin gua Workin g Group is h eaded by

Rich ard  Fikes an d  Mike Gen esereth , both  of

Stan ford Un iversity.

Pro blem  Fo rm u lat io n . Th e In t erlin gu a

Wo rkin g G ro u p  fo cu ses o n  t h e  p ro b lem s

posed by th e h eterogen eity of kn owledge rep-

resen tat ion  lan gu ages. Sp ecifically, to  in ter-

ch an ge kn owledge am on g disparate program s

(writ ten  by d ifferen t  p rogram m ers, at  d iffer-

en t  t im es, in  d ifferen t  lan gu ages), effect ive

m ean s n eed  to  be developed  for t ran slat in g

kn owledge bases from  on e specialized  repre-

sen tation  lan guage in to an oth er. Th e goal of

th is group  is to  specify a lan guage for com -

m u n ica t in g kn o wled ge b et ween  co m p u t er

p rogram s (as opposed  to  a lan gu age for th e

in tern al represen tat ion  of kn owledge with in

co m p u t er  p ro gram s). Th is lan gu age n eed s 

(1) an  agreed -on  d eclarat ive sem an t ics th at  

is in depen den t  of an y given  in terp reter, (2)

su fficien t  exp ressive power to  rep resen t  th e

d eclarat ive kn owled ge con tain ed  in  typ ical

applicat ion  system  kn owledge bases, an d  (3)

a structure th at  en ables sem iautom ated tran s-

lat ion  in to an d ou t  of typ ical represen tat ion

lan guages.

Approach . Th is group is specifyin g a lan -

gu age (KIF [kn owled ge in terch an ge fo rm at ])

th at  is a form  of predicate calcu lus exten ded

to in clude facilit ies for defin in g term s, repre-

sen tin g kn owledge about kn owledge, reifyin g

fun ct ion s an d  relat ion s, specifyin g sets, an d

en codin g com m on ly used n on m on oton ic rea-

son in g policies. Th e group is also con ductin g

kn owledge-in terch an ge exp erim en ts to  su b-

stan t ially test  th e viability an d  adequ acy of

The creation

of… knowl-

edge resources
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com m unity-

wide effort.
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is n o t  t ryin g to  d evelop  on e lan gu age th at

en co m p asses a ll ap p ro ach es t o  kn o wled ge

represen tation ; rath er, it  seeks to create speci-

ficat ion s th at  in corporate th e good  featu res

with in  fam ilies an d  develop  a com m on  ver-

sion  t h at  is reason ab ly com p reh en sive yet

p ragm at ic fo r  each  in d iv id u a l fam ily.  An

exam ple of on e such  fam ily is th e set  of KL-

On e descen den ts, th at  is, object-cen tered lan -

guages with  defin it ion al con st ructs, such  as

CLASSIC, LOOM, BACK, SB-On e, an d OMEGA. Th e

effort  sh ou ld  be viewed m ore as an  at tem pt

to develop a Com m on  Lisp  rath er th an  a PL-1

o r  Ad a .  Th e  a n a lo gy  t o  C o m m o n  Lisp  is

im perfect, h owever. Kn owledge represen tation

system s p erform  in feren ce on  th e in form a-

t ion  represen ted  with in  th em ; program m in g

lan gu ages d o  n o t .  Th u s,  sp ecify in g w h a t

in feren ces sh ou ld  be p erform ed  is an  ad d i-

t ion al issue in  specifyin g a kn owledge repre-

sen tation  system .

Ap p ro ach . Th e go al o f t h is gro u p  is t o

a l lo w  sy st e m  b u i ld e r s w o r k in g  w i t h in  a

fam ily to  p rovide a com m on  set  of featu res

th at  h ave con sen sus with in  th is paradigm  in

ad d it io n  t o  t h e  au gm en t a t io n s t h a t  t h ey

regard  as t h eir  research  co n t rib u t io n . Th e

resu lt in g lan guage will serve as a m edium  for

sh arin g kn owledge bases as well as a m ean s

for com m u n icat in g ideas an d  issu es am on g

research ers. Poten tial ben efits are th e abilit ies

of users to m ore readily con vert  between  sys-

tem s an d to borrow m odels origin ally bu ilt  to

run  in  oth er system s. Th e trade-offs assum ed

by th is group  are th e m irror im age of th ose

faced  b y t h e  In t er lin gu a  Wo rkin g Gro u p :

Th ey elim in at e t h e p rob lem  o f t ran slat in g

kn owledge bases between  system s but require

o n e t o  wo rk wit h in  a  given  fo rm alism  t o

obtain  th is ben efit .

Sp ecify in g a  kn o w led ge  r ep resen t a t io n

syst em  p o ses t h e in t erest in g ch a llen ge o f

sp ecifyin g ju st  wh at  kin d s o f in feren ce th e

system  sh ould  perform . From  Brach m an  an d

Levesque (1984), we kn ow th at  if th e system

is expressive en ough  to be usefu l, th e in fer-

en ces th at  its reason er draws will be in com -

plete. How sh ould  th is in com plete in feren ce

be specified? Th e group’s approach  is to con -

struct  a layered specification . Th ere will be an

in n er core of th e lan guage, wh ich  will con sist

t h e  la n gu a ge .  Th e  ex p er im en t s fo cu s o n

d evelop in g an d  t est in g a  m eth od o logy fo r

sem iau tom atic t ran slat ion  to an d from  typi-

cal rep resen tat ion  lan guages an d  th e u se of

t h e in t erch an ge fo rm at  as an  in t erm o d u le

com m un icat ion  lan guage to  facilitate in ter-

operability.

Outcom es. Th e specification  for in terlin gua

will evolve in  a set  of layers. Th e in n erm ost

layer will be a core, an alogous to th e prim i-

t ives in  Lisp , providin g basic represen tation al

an d  lan guage exten sion  fun ct ion s. Th e n ext

layer will provide id iom s an d exten sion s th at

m ake th e lan guage m ore usable, an alogous to

th e set  o f fu n ct ion s p rovid ed  by Com m on

Lisp . Th is workin g group will be respon sible

for developin g th ese specification s. Its ou tput

will be (1) a livin g docum en t con tain in g th e

cu rren t  KIF sp ecifica t io n , d escr ib in g o p en

issues, an d  p resen t in g cu rren t  p roposals for

m odification  an d (2) a corpus of docum en ted

m icroexam ples, usin g fragm en ts of kn owledge

bases to illustrate h ow th ey tran slate in to KIF

an d to poin t  ou t open  issues.

By th e t im e th is grou p  h as com pleted  it s

work, we expect  th at  th e docum en ted in ter-

lin gua specification  will defin e a lan guage in

wh ich  th e sh arin g an d reuse of th e con ten ts

of in dividual kn owledge bases can  be accom -

p lish ed  by t ran sm it t in g specificat ion s u sin g

KIF as th e m ed ium  for exp ressin g th ese lan -

guages. Th e lan guage will be orien ted toward

su p p o r t in g t ran sla t io n  p er fo rm ed  w it h  a

h um an  in  th e loop, an d we expect th at  sever-

al p ro to typ e t ran slat ion  aid s will be d evel-

oped durin g th e course of th is work.

Kn ow ledge Represen tation  System

Specification s

Th e KRSS workin g grou p  is h ead ed  by Bill

Swartou t  of Un iversity of Sou th ern  Califor-

n ia/ In form at ion  Scien ces In st itu te (USC/ ISI)

an d Peter Patel-Sch n eider of AT&T Bell Labs.

Problem  Form ulation . Th is group is con -

ce r n e d  w i t h  sp e c i fica t io n  o n  a  se p a r a t e

fam ily-by-fam ily basis o f t h e com m on  ele-

m en ts with in  in d ividu al fam ilies o f kn owl-

ed ge rep resen tat ion  system  p arad igm s. Th e

in t en t  is n o t  t o  d evelop  a “be-all, en d -all”

kn owledge represen tation  system . Th e group
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of a few con st ru cts. Becau se th is in n er core

will h ave lim ited expressivity, it  will be possi-

b le  t o  p er fo rm  co m p le t e  in fe ren ce  o n  i t .

An oth er layer, th e ou ter core, will be bu ilt  on

th e in n er co re. Th is layer will sign ifican t ly

exten d  th e expressivity of th e lan guage, bu t

in feren ce on  it  will be in com plete. To specify

th e in feren ces th at  sh ould  be perform ed, th e

gro u p  w ill  p ro v id e  an  ab st ract  a lgo r it h m  

fo r  d rawin g ju st  t h o se in feren ces t h a t  a re

requ ired  by th e specificat ion . Im p lem en ters

of th e specificat ion  m ust  p rovide a reason er

at  least  as p owerfu l as th e on e sp ecified  by

th is algorith m .

Outcom es. Th e group is seekin g to develop

a publish ed specification  an d at  least  on e in i-

tial im plem en tation  of a com m on  lan guage.

Ex tern al In terfaces

Th e  Ex t e rn a l  In t e r fa ces Wo rk in g  G ro u p ,

coch aired by Tim  Fin in  of th e Un isys Cen ter

fo r Ad van ced  In fo rm at ion  Tech n o logy an d

Gio Wiederh old  of Stan ford Un iversity, focus-

es on  in terfaces th at  provide in teroperability

between  a kn owledge rep resen tat ion  system

an d oth er software system s.

Problem  Form ulation . Th e t im e is en din g

wh en  an  in t elligen t  syst em  can  ex ist  as a

sin gle, m on olith ic p rogram  th at  p rovides all

th e fun ction s n ecessary to do a com plex task.

In telligen t system s will be used an d deployed

in  en viron m en ts th at  require th em  to in teract

wit h  a  co m p lex  o f o t h er  so ft ware co m p o -

n en ts. Th ese com p on en ts will in clu d e con -

ven tion al software m odules, operatin g system

fu n ct io n s, an d  d a t ab ase servers as well as

o t h er in t elligen t  agen t s. Th ere is a  st ro n g

n eed  to  develop  stan dard  in terface m odu les

an d protocols to m ake it  easier to ach ieve th is

in terop erability. Th e workin g grou p  is con -

cern ed  with  t h ree asp ect s o f t h is p rob lem :

provid in g in teroperability with  oth er in telli-

gen t agen ts, con ven tion al (for exam ple, rela-

t ion al) d at abase m an agem en t  syst em s, an d

object-orien ted database system s.

Approach .  To provide run -tim e in teroper-

ability between  kn owledge represen tation  sys-

t em s, we n eed  a lan gu age o r p ro toco l t h at

allows on e system  to pose queries or provide

d at a  t o  an o t h er. Th e gro u p  h as begu n  t h e

sp ecificat ion  of su ch  a lan gu age, KQML. Th e

in ten t is th at  KQML will be to kn owledge repre-

sen t at io n  syst em s wh at  SQ L h as beco m e t o

database m an agem en t system s—a h igh -level,

portable p rotocol for wh ich  all system s will

provide in terfaces. Th e curren t specification  is

o rgan ized  as a p ro toco l st ack in  wh ich  th e

lowest  in form at ion -con veyin g layer is based

on  th e in terlin gua. High er layers in  th is stack

p ro vid e fo r  m o d alit y  (fo r  exam p le, asser t ,

retract , query), tran sm ission  (for exam ple, th e

specification  of th e recip ien t agen t or agen ts),

an d  com plex t ran sact ion s (for exam ple, th e

efficien t  tran sm ission  of a block of data).

Th e in tegration  of AI an d database m an age-

m en t system  tech n ologies prom ises to p lay a

sign ifican t role in  sh apin g th e fu ture of com -

putin g. As n oted by Brodie (1988), th is in te-

gration  is crucial n ot on ly for n ext-gen eration

com putin g bu t also for th e con tin ued devel-

o p m en t  o f d a t a b a se  m a n a gem en t  syst em

tech n ology an d  th e effect ive ap p licat ion  of

m uch  of AI tech n ology. Th e n eed exists for (1)

access t o  large am o u n t s o f ex ist in g sh ared

d ata fo r kn owled ge p rocessin g, (2) th e effi-

cien t  m an agem en t of data as well as kn owl-

ed ge, an d  (3) t h e in t elligen t  p ro cessin g o f

d a t a .  Th e  w o rk in g gro u p  is st u d y in g t h e

m an y exist in g in terfaces between  kn owledge

represen tation  system s an d relat ion al databas-

es (fo r exam p le, Mckay, Fin in , an d  O ’Hare

[1990]) an d is at tem ptin g to develop  specifi-

cation s for a com m on  on e. Th e prim ary issues

h ere are th e various ways in  wh ich  th e data in

th e d atabases can  best  be m ap p ed  in to  th e

kn owledge represen tation  objects.

Th e th ird  task th at  th e group is lookin g at  

is p rovid in g in t erfaces between  kn owled ge

rep resen tat ion  syst em s an d  ob ject -o rien t ed

databases. Th e goal h ere is to be able to use

an  o b ject -o rien t ed  d a t ab ase as a  su b st ra t e

u n der th e kn owledge rep resen tat ion  system

to provide a persisten t  object  store for kn owl-

edge base objects. Th is work is exp loratory,

bu t th e poten tial ben efits in  th e lon g run  are

sign ifican t . Th ey in clu d e (1 ) b u ild in g an d

m an agin g kn owledge bases m uch  larger th an

t h e  cu r ren t  t ech n o lo gy  w il l  su p p o r t  a n d  

(2) p rovid in g con t ro ls fo r t ran sact ion s an d

con cu rren t  access to  kn owledge bases at  an

object  level.

Outcom es. Th e Extern al In terfaces Workin g

Group  is con cen trat in g on  th e developm en t

of th e KQML protocol as its first  goal. It  h opes

th at  an  early im plem en tation  will be used to

h elp  bu ild  t est  bed s fo r several d ist ribu ted ,

co o p era t ive d em o n st ra t io n  syst em s. W it h

regard to database in terfaces, several workin g

grou p  m em bers are at t em p t in g to  in tegrate

exist in g m odels for in terfaces between  kn owl-

ed ge rep resen t at ion  syst em s an d  relat ion al

databases an d to produce a specification  of a

com m on  on e. Th e workin g group is also p lan -

n in g an  experim en t in  wh ich  a sim ple in ter-

fa c e  w i l l  b e  b u i l t  t o  a l lo w  a n  e x i s t in g

object-orien ted database to be used as a sub-

strate un der on e of th e represen tation  system s

b e in g  in v est iga t ed  b y  t h e  KRSS w o r k in g
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device m odels). Som e experim en ts will evalu-

ate th e use of on tologies as a m ech an ism  for

sh arin g (th at  is, for m odularity an d com pos-

ability of kn owledge m odules an d th e specifi-

cation  of th eir con ten ts).

Ou tco m es.  To  t h ese en d s, t h e wo rkin g

grou p  is con cen t rat in g on  th ree object ives.

Th e first  is a survey of th e state of th e art  in

research  o n  kn o wled ge sh arin g an d  reu se,

wh ich  id en t ifies t h e t ech n iq u es cu rren t ly

bein g explored an d recom m en ds research  on

th e crit ical p roblem s to be solved . A secon d

outcom e is a set  of resu lts from  th e collabora-

t ive  ex p er im en t s o n  kn o w led ge  sh a r in g,

in cludin g th e on tologies used for each  experi-

m en t  an d  lesso n s learn ed  abo u t  t o o ls an d

m et h o d o lo gie s fo r  d ev e lo p in g t h em .  An

im m ed ia t e su b go al fo r  t h is o u t co m e is t o

develop  a m ech an ism  for represen tin g th ese

on tologies in  portable form , bu ild in g on  th e

work of th e oth er th ree workin g groups. Th e

th ird , m ore lon g-term  objective is to develop

a su ite of exem p lary sh ared  on to logies an d

t h e  k n o w le d ge  b a se s u sin g  t h e m .  Th e se

on to logies will serve as research  t est  bed s,

p layin g a role an alogous to th e E. coli bacteri-

um  in  biology: a well-un derstood , com plete

exam p le on  wh ich  t o  p erfo rm  a variety o f

experim en ts.

Lon g-Term  Research  Issues

Th e p reced in g d escrip t io n  o f t h e wo rkin g

groups focused on  n ear-term  issues. However,

th e goals p rop osed  in  th is art icle su ggest  a

n um ber of h igh -payoff research  question s for

th e en t ire research  com m u n ity. In  th is sec-

t ion , we wan t  to  focus on  lon ger-term  con -

cern s by reviewin g som e of th ese question s.

A n u m ber o f issu es raised  by t h is vision

were also iden tified  by Ron  Brach m an  (1990)

in  h is AAAI-9 0  a d d re ss o n  t h e  fu t u re  o f

kn owledge represen tation . High  on  h is list  of

issu es were kn o wled ge rep resen t a t io n  ser-

vices, kn owledge base m an agem en t, an d th e

u sab ilit y o f kn o wled ge rep resen t at io n  sys-

tem s. Brach m an  poin ted out th at  th e idea of

a sin gle, gen eral-purpose kn owledge represen -

tat ion  system  with  optim al expressive power

group. Th is approach  will provide a feasibility

test  an d gen erate data for furth er exploration .

Sh ared, Reusable Kn ow ledge Bases

Th e Sh ared, Reusable Kn owledge Bases Group

is h eaded by Tom  Gruber of Stan ford Un iver-

sity an d Marty Ten en baum  of EITech , In c.

Problem  Form ulation . Th is group is work-

in g on  m ech an ism s to  en able th e d evelop -

m en t  o f l ib ra r ies o f sh a reab le  kn o w led ge

m odu les an d  th e reu se of th eir kn owledge-

level con ten ts. Today’s kn owledge bases are

structu red  as m on olith ic n etworks of h igh ly

in tercon n ected sym bols, design ed for specific

tasks in  n arrow dom ain s. As a resu lt , it  is d if-

ficu lt  to  ad ap t  exist in g kn owled ge bases to

n ew u ses o r even  to  id en t ify th e sh areab le

co n t en t s.  To  en ab le  t h e  accu m u la t io n  o f

sh a rea b le  kn o w led ge  a n d  t h e  u se  o f t h is

kn owled ge by m u lt ip le system s, we n eed  a

m ean s for design in g com posable m odules of

kn owledge. Th e workin g group is ch artered to

iden tify th e barriers to th e bu ild in g an d use

of sh ared  kn owled ge m od u les, ch aracterize

p o t en t ia l ap p ro ach es t o  o verco m in g t h ese

barriers, an d  con duct  experim en ts explorin g

m ech an ism s for kn owledge sh arin g.

Appro ach . Th e workin g grou p  su p p o rt s

th ree kin ds of activity. On e is th e iden tification

of im p ortan t  research  issu es fo r kn owled ge

sh arin g, in cludin g problem s of m eth odology

(for exam ple, m ultid iscip lin ary, collaborative

kn owledge base design ) as well as en gin eerin g

(fo r  ex am p le ,  sca lab il i t y,  sh a reab ili t y ).  A

secon d activity is th e developm en t of on tolo-

gies th at  defin e term in ology used to represen t

b o d ies o f sh a rea b le  kn o w led ge .  Th e  t a sk

in cludes (1) iden tifyin g bodies of kn owledge

worth  th e effo rt  t o  fo rm ally rep resen t  an d

m ake sh areable an d (2) defin in g coh eren t sets

o f t erm s t h a t  ch aract erize t h e o n t o lo gica l

com m itm en ts an d  rep resen tat ion al ch o ices

for m odelin g th ese bod ies o f kn owledge. A

th ird  typ e o f workin g grou p  act ivity is th e

coordin ation  of collaborative experim en ts in

kn owledge sh arin g in  wh ich  m ultiple research

groups attem pt to sh are an d use each  oth er’s

kn o wled ge bases (fo r exam p le, lib raries o f
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m igh t n ot m eet real n eeds. In stead, h e urged,

we m ust look at  d ifferen t levels of service an d

un derstan d wh at it  m ean s to offer th em , h ow

to ch aracterize th e capabilit ies of d ifferen t ser-

vices, an d wh at th e cost  is of in vokin g th em .

Th e m an agem en t  o f very large kn o wled ge

bases p oses som e fascin at in g research  q u es-

t ion s, in cludin g m eth ods for h an dlin g global-

ly  in c o n si s t e n t  b u t  lo c a l ly  r e a so n a b le

kn owledge, h igh er-level p rin cip les for orga-

n izin g kn owledge, an d  tech n iques for belief

revision  as kn owledge bases evolve over t im e.

As large kn owledge bases com e in to widespread

use, th ey will n eed to be bu ilt , exten ded, an d

used by a wider ran ge of users. Because th ese

u sers will likely be less fo rgivin g th an  aca-

dem ic research ers usin g products of th eir own

m akin g, a n um ber of question s arise con cern -

in g p resen t in g kn owledge, browsin g, query-

in g, an d explain in g.

Oth er relevan t  issu es raised  by Brach m an

in clude th e in tegration  of m ultiple paradigm s,

exten sib le rep resen tat ion  system s, an d  effi-

cien cy con cern s. In  addit ion , each  of th e four

workin g grou p s h as q u est ion s t h at  p resen t

ch allen ges to th e research  com m un ity.

Th e n otion  of tran slation  im plied by in ter-

lin gu a ra ises a  n u m ber o f q u est io n s abo u t

tools an d  m eth odologies for t ran slat ion . As

t h e wo rk o n  in t erlin gu a  h as p ro gressed , a

m uch  better un derstan din g h as grown  about

t h e  d ist in c t io n  b e t w een  co m m u n ica t io n

co d es an d  rep resen t at io n  co d es (t h ese t wo

term s were in troduced in to th e discussion  by

Pat  Hayes). A com m unication  code cap t u res

kn owledge for th e purposes of exch an gin g it

or talkin g abou t  it , an d  a representation code

at tem p ts to  cap tu re kn owledge for th e p u r-

pose of supportin g th e efficien t  im plem en ta-

t ion  of in feren ce m ech an ism s. As th e effort

proceeds, it  is likely to spawn  a great  deal of

wo rk o n  u n d erst an d in g an d  reco rd in g t h e

design  rat ion ale beh in d represen tation  codes

to facilitate greater au tom ation  in  tran slatin g

th em  in to an d out of com m un ication  codes.

A n um ber of issues in  represen tation  lan -

guages rem ain  as research  topics. Belief h as

already been  m en tion ed. Oth ers in clude

defau lts an d in h eritan ce, n egation , d isjun c-

t ion , m etadescrip tion s, h igh er-order logics,

descrip tion  of in feren ce, predicate reification ,

causality, an d t im e. 

Extern al in terfaces presen t a ran ge of both

sh ort - an d  lon g-term  research  issu es. Exam -

ples in clude th e verificat ion  of p rotocols for

asyn ch ron ous operation  of m ultip le en d user

application s with  m an y kn owledge bases, th e

assessm en t of possible degrees of parallelism ,

an d  deep er in vest igat ion  in to  req u irem en ts

fo r  su p p o rt in g in t eract ive u ser  in t er faces.

Lon ger-ran ge issues in clude m ech an ism s for

specifyin g th e quan tity an d quality of in for-

m ation  to be return ed by a kn owledge base in

respon se to a request , m ean s for dealin g with

un certain ty, an d m eth ods for optim izin g th e

perform an ce of d istribu ted system s.

Fin a l ly,  t h e  n o t io n  o f sh a red ,  r eu sa b le

kn o w led ge  b a se s p r o v id es a  t r em en d o u s

am ou n t  o f grist  fo r th e research  m ill. Most

obviously, research ers will be explorin g ques-

t ion s abou t  th e con ten t  of specific reu sable

on to logies for som e t im e to  com e. In  add i-

t ion , th ere are a n u m ber o f an cillary q u es-

t ion s: How is con sen sus on  a group on tology

best  ach ieved? How can  con sen sus be m ain -

t a in ed  a s n eed s ch a n ge  o ver  t im e? W h a t

kin ds of au tom ated assistan ce an d in teractive

too ls will be ben eficial? How can  we verify

com patibility with  an  on tology? How can  we

su p p ort  corresp on den ce th eories th at  allow

kn o wled ge b ase d evelo p ers t o  exp ress an d

reaso n  ab o u t  m ap p in gs b et ween  d ifferen t

on tologies?

Th e efforts described in  th is art icle to devel-

op  con ven t ion s for sh arin g an d  reuse repre-

sen t th e start—rath er th an  th e cu lm in ation —

of a large body of research  activity. We believe

th at  th is area is on e in  wh ich  con ven t ion s

will serve to  focus an d  en able research , n ot

codify an d term in ate it .

Con clusion

Attem ptin g to  m ove beyon d  th e capabilit ies

of curren t kn owledge-based system s m an dates

kn owledge bases th at  are substan tially larger

th an  th ose we h ave today. However, represen t-

in g an d acquirin g kn owledge is a d ifficu lt  an d

t im e-con sum in g task. Kn owledge-acqu isit ion
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Th ird , it  will provide system  builders with

tools for tran slatin g between  altern ative rep-

resen tat ion  system s. Th ese tools will en able

th em  to create efficien t , optim ized system s by

m akin g ch oices about altern ative im plem en -

t a t io n s wit h o u t  lo sin g t h e o p p o rt u n it y t o

reuse rep resen tat ion al work from  oth er, d if-

feren t form alism s.

Fourth , it  will em bed th ese in terpreters an d

com pilers in  arch itectures th at  support  com -

plete in teroperability n ot just  between  m ulti-

p le kn owled ge-based  system s bu t  also  with

con ven tion al software system s. In  part icu lar,

th ere will be a con ven ien t, stan dard applica-

t ion  p rogram m in g in terface an d  t igh t  in ter-

con n ection  with  databases.

Th is art icle at tem pted to art icu late a vision

o f t h e n ecessary kn owled ge rep resen tat ion

system  tech n ology an d a path  to ach ievin g it .

It  also argued  th at  p rogress in  th is area will

d ram at ically ch an ge fo r th e bet ter th e way

th at  kn owledge-based  system s are bu ilt  an d

t h e way t h ey are p erceived  by t h eir u sers.

Cen tral to th is vision  is th e n otion  of estab-

lish in g an  in form ation  in frastructure for pro-

m otin g th e sh arin g an d  reuse of kn owledge

bases in  th e developm en t an d application  of

large, en terprise-level software system s.
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too ls an d  cu rren t  develop m en t  m eth odolo-

gies w ill  n o t  m ake t h is p ro b lem  go  aw ay

because th e root of th e problem  is th at kn owl-

edge is in h eren t ly com p lex an d  th e task of

cap t u r in g it  is co r resp o n d in gly  co m p lex .

Th u s, we can n o t  affo rd  t o  wast e wh at ever

kn owledge we do  su cceed  in  acq u irin g. We

will be h ard  pressed to m ake kn owledge bases

m uch  bigger th an  we h ave today if we con -

tin ue to start  from  scratch  each  t im e we con -

st ru ct  a n ew system . Bu ild in g q u alit at ively

bigger kn owledge-based system s will be possi-

b le  o n ly  w h e n  w e  a r e  a b le  t o  sh a r e  o u r

kn owledge an d  bu ild  on  each  o th er’s labor

an d experien ce.

Th e t im e is ripe to start  bu ild in g th e in fras-

t ru ct u re fo r  in t egra t in g AI so ft ware a t  t h e

kn owled ge level, in d ep en d en t  o f p art icu lar

im plem en tation s. Today, th ere is a sign ifican t

body of on goin g work in  AI an d applicat ion

dom ain s on  p ieces of th e p roblem , su ch  as

basic kn owledge rep resen tat ion ; kn owledge-

acqu isit ion  tools; task-specific arch itectu res;

an d dom ain -orien ted, m ultiuse m odels. Wh at

is lackin g is an  in t egrat in g fram ework, t h e

m e a n s fo r  d e sc r ib in g ,  c o n n e c t in g ,  a n d

reusin g kn owledge-based tech n ology.

Ad d ressin g th ese con cern s will op en  th e

d oo rs t o  t h e d evelop m en t  o f m u ch  larger-

scale syst em s, st ru ctu red  in  a  fash ion  t h at

facilit ates th eir developm en t , m ain ten an ce,

an d exten sion . Furth erm ore, it  will elim in ate

b a r r ie r s t o  em b ed d in g AI co m p o n en t s in

larger, m ostly con ven tion al software system s.

Th is approach  will lead to a great  expan sion

in  th e ran ge of applicability for AI tech n ology,

wh ich , in  tu rn , will greatly en h an ce its u tility

an d  sign ifican t ly  exp an d  t h e  co m m ercia l

m arketp lace.

Th e kn owledge represen tat ion  tech n ology

th at  supports th ese goals will h ave four key

ch aracterist ics:

Fi r st ,  i t  w i l l  o ffe r  l ib r a r ie s o f r eu sa b le

on tologies, th at is, kn owledge base fram eworks

co n sist in g o f (1) fo rm al d efin it io n s o f t h e

term s th at  can  be used to m odel a dom ain  or

c la ss o f d o m a in s a n d  (2 ) a sse r t io n s t h a t

govern  th e requ irem en ts an d con strain ts for

creat in g valid  m od els with in  a  d om ain  by

co m b in in g  a n d  r e la t in g  t e r m s a n d  t e rm

in stan ces.

Secon d , it  will o ffer powerfu l, exp ressive,

an d  efficien t  in terp reters an d  com p ilers for

kn owledge represen tation  system s (kn owledge

bases com bin ed with  in feren ce m ech an ism s)

in  wh ich  t h ese o n t o lo gies a re  em b ed d ed .

Th ese system s will likely be structured as ser-

vices orien ted toward a clien t-server m odel of

in teraction .
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