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hAbstra
tMost re
ent key developments in resear
h on knowledge representation (KR) havebeen of the more theoreti
al sort, involving worst-
ase 
omplexity results, solutionsto te
hni
al 
hallenge problems, et
. While some of this work has in
uen
ed pra
ti
ein Arti�
ial Intelligen
e, it is rarely|if ever|made 
lear what is 
ompromised whenthe transition is made from relatively abstra
t theory to the real world. 
lassi
 isa des
ription logi
 with an an
estry of extensive theoreti
al work (tra
ing ba
k overtwenty years to kl-one), and several novel 
ontributions to KR theory. Basi
 resear
hon 
lassi
 paved the way for an implementation that has been used signi�
antly inpra
ti
e, in
luding by users not versed in KR theory. In moving from a pure logi
 toa pra
ti
al tool, many 
ompromises and 
hanges of perspe
tive were ne
essary. Wereport on this transition and arti
ulate some of the profound in
uen
es pra
ti
e 
anhave on relatively idealisti
 theoreti
al work. We have found that 
lassi
 has beenquite useful in pra
ti
e, yet still strongly retains most of its original spirit, but mu
h ofour thinking and many details had to 
hange along the way.1 INTRODUCTIONIn re
ent years, the resear
h area of knowledge representation (KR) has 
ome to emphasizeand en
ourage what are generally 
onsidered more \theoreti
al" results, su
h as novel logi
s,formal 
omplexity analyses, and solutions to highly te
hni
al 
hallenge problems. In manyrespe
ts, this is reasonable, sin
e su
h results tend to be 
lean, presentable in small pa
kages(i.e., 
onferen
e-length papers), easily built upon by others, and dire
tly evaluable be
auseof their formal presentation. Even the re
ent reappearan
e of papers on algorithms andempiri
al analyses of reasoning systems has emphasized the formal aspe
ts of su
h work.�This paper is based substantially on two earlier papers [10, 28℄ on the lessons learned in transforming
lassi
 from a theoreti
al 
onstru
t into a useful knowledge representation system.yPublished in Arti�
ial Intelligen
e, 114, O
tober 1999, pages 203{237.zSupported in part by the AT&T Foundation and NSF IRI 9119310 & 9619979.1



But lurking in the virtual hegemony of theory and formalism in published work is the ta
itbelief that there is nothing interesting enough in the redu
tion of KR theory to pra
ti
eto warrant publi
ation or dis
ussion. In other words, it seems generally assumed thattheoreti
al 
ontributions 
an be redu
ed to pra
ti
e in a straightforward way, and thaton
e the initial theoreti
al work is wrapped up, all of the novel and important work isdone.Experien
e in building serious KR systems 
hallenges these assumptions. There isa long and diÆ
ult road to travel from the pristine 
larity of a new logi
 to a systemthat really works and is usable by those other than its inventors. Events along this road
an fundamentally alter the shape of a knowledge representation system, and 
an inspiresubstantial amounts of new theoreti
al work.Our goal here is to attempt to show some of the key in
uen
es that KR pra
ti
e 
anexert on KR theory. In doing so, we hope to reveal some important 
ontributions to KRresear
h to be made by those most 
on
erned with the redu
tion to pra
ti
e. In order todo this, we will lean on our experien
e with 
lassi
, a modern des
ription logi
-based KRsystem. 
lassi
 has seen both ends of the theory-to-pra
ti
e spe
trum in quite 
on
reteways: on the one hand, it was developed after many years of kl-one-inspired resear
hon des
ription systems, and was initially presented as a 
lean and simple language andsystem [5℄ with a formal semanti
s for subsumption, et
.; on the other, it has also beenre-engineered from an initial lisp implementation to C and then to C++, has been widelydistributed, and has been used in several �elded industrial produ
ts in several 
ompanies onan everyday basis (making 
lassi
 one of a few KR systems to be moved all the way intosu

essful 
ommer
ial pra
ti
e). Our substantial system development e�ort made it 
learto us that moving a KR idea into real pra
ti
e is not just a small matter of programming,and that signi�
ant resear
h is still ne
essary even after the basi
 theory is in pla
e.Our plan in this paper is �rst to give an introdu
tion to the goals and design of oursystem, and then to summarize the \theoreti
al" 
lassi
 as originally proposed and pub-lished. We will then explain our transition from resear
h design to produ
tion use. Ratherthan give a potentially unrevealing histori
al a

ount, we will subsequently attempt toabstra
t out �ve general fa
tors that 
aused important 
hanges in our thinking or in thesystem design, giving 
on
rete examples of ea
h in the evolution of 
lassi
:1. general 
onsiderations in 
reating and supporting a running system;2. implementation issues, ranging from eÆ
ien
y tradeo�s to the sheer 
omplexity ofbuilding a feature;3. general issues of real use by real people, su
h as learnability of the language anderror-handling;4. needs of parti
ular appli
ations; and5. the unearthing of in
ompleteness and mistakes through programming, use, and 
om-munity dis
ussion.While some of these 
on
erns may seem rather prosai
, the point is that they have a hithertouna
knowledged|and substantial|in
uen
e on the ultimate shape, and 
ertainly on theultimate true value of any knowledge representation proposal. There is nothing parti
ularlyatypi
al about the resear
h history of 
lassi
; as a result, the lessons to be learned hereshould apply quite broadly in KR resear
h, if not in AI resear
h in general.2



2 THE ORIGINAL CLASSICWhile potential appli
ations were generally kept in mind, 
lassi
 was originally designedin a typi
al resear
h fashion|on paper, with attention paid to formal, logi
al properties,and without mu
h regard to implementation or appli
ation details. This se
tion outlinesbrie
y the original design, before we attempted to build a pra
ti
al tool based on it. Theinterested reader 
an also see [5℄, whi
h is a traditional resear
h arti
le on the originalversion of the language, and [13℄ for more details.2.1 GOALS
lassi
 was designed to 
larify and over
ome some limitations in a series of knowledgerepresentation languages that stemmed originally from work on kl-one [9, 14℄. Previouswork on nikl [33℄, krypton [11℄, and kandor [37℄ had shown that languages emphasiz-ing stru
tured des
riptions and their relationships were of both theoreti
al and pra
ti
alinterest. Work on kl-one and its su

essors1 grew to be quite popular in the US andEurope in the 1980's, largely be
ause of the semanti
 
leanliness of these languages, theappeal of obje
t-
entered (\frame") representations, and their provision for some key formsof inferen
e not available in other formalisms (e.g., 
lassi�
ation|see below). Numerouspubli
ations addressed formal and theoreti
al issues in \kl-one-like" languages, in
lud-ing formal semanti
s and 
omputational 
omplexity of variant languages (see, or example,[20℄). However, the key prior implemented systems all had some fundamental 
aws,2 andthe 
lassi
 e�ort, initiated in the mid '80's at AT&T, was in large part laun
hed to designa formalism that was free of these defe
ts.Another 
entral goal of 
lassi
 was to produ
e a 
ompa
t logi
 and ultimately, a small,manageable, and eÆ
ient system. Small systems have important advantages in a pra
ti
alsetting, su
h as portability, maintainability, and 
omprehensibility. Our intention was even-tually to put KR te
hnology in the hands of regular te
hni
al (non-AI) employees withinAT&T, to allow them to build their own domain models and maintain them. Su

ess onthis a

ount seemed to very strongly depend on how simply and e�ortlessly new te
hnology
ould integrate into an existing environment and on how easy it would be to learn how touse it, not to mention on reasonable and predi
table performan
e. Our plan was to take
omputational predi
tability (both of the inferen
es performed and the resour
es used) se-riously. All in all, be
ause of our desire to 
onne
t with extremely busy developers workingon real problems, simpli
ity and performan
e were paramount in our thinking from thevery beginning.As has been often dis
ussed in the literature [12, 22℄, expressiveness in a KR languagetrades o� against 
omputational 
omplexity, and our original hope was to produ
e a 
om-plete inferen
e system that was worst-
ase tra
table. This 
ontrasts the 
lassi
 work evenwith other 
ontemporaneous e�orts in the same family, e.g., loom [24℄ and ba
k [40℄, andwith mu
h work elsewhere in KR. Like 
lassi
, both of these systems ended up in thehands of users at sites other than where they were developed (in fa
t, loom has a userbase of several hundreds, mostly in the AI resear
h 
ommunity), and had to go throughthe additional e�orts, des
ribed in this paper, at supporting a user interfa
e, es
ape me
h-anisms from expressive limitations, and rules. However, both loom and ba
k opted for1These systems 
ame to be 
alled \des
ription logi
s"|see below.2E.g., nikl had no me
hanism for asserting spe
i�
, 
on
rete fa
ts; krypton was so general as to befairly unusable; and kandor handled individual obje
ts in a domain in a very in
omplete way.3



more expressive logi
s and in
omplete implementations, whi
h left them with the problemof 
hara
terizing the inferen
es (not) being performed. In 
lassi
, although we eventuallyin
orporated language features that were on paper intra
table (e.g., role hierar
hies), theimplementation of 
on
ept reasoning was kept 
omplete, ex
ept for reasoning with individ-uals in 
on
epts, and in that 
ase both a pre
ise formal and pro
edural 
hara
terizationwere given [7℄.Many more re
ent des
ription logi
-based KR systems have expli
itly taken a di�erentview of this expressiveness/tra
tability tradeo�. They 
hose to implement 
omplete reason-ers for expressive languages and thus, of ne
essity, have intra
table inferen
e algorithms.Initially these systems had poor 
omputational properties [2, 16℄, but re
ent advan
es indes
ription logi
 inferen
e algoritms, initiated by Ian Horro
ks, have led to a new generationof systems with surprisingly e�e
tive performan
e [23, 39℄.
lassi
 
ontinues to be an important data point, and a useful experiment on exa
tlyhow one 
an design a small but useful language, but as we see below, the original theoreti
algoal of worst-
ase polynomial 
omplexity 
ould not be preserved without detriment to realusers.3Finally, 
lassi
 was designed to �ll a small number of spe
i�
 appli
ation needs. Wehad had experien
e with a form of dedu
tive information retrieval, for example in the
ontext of information about a large software system [19℄, and needed a better tool tosupport this work. We also had envisioned 
lassi
 as a dedu
tive, obje
t-oriented databasesystem (see [5℄; some su

ess on this front was eventually reported in [43℄ and [15℄). Itwas not our intention to provide some generi
 \general knowledge representation system,"appli
able to any and all problems. 
lassi
 would probably not be useful, for example,for arbitrary semanti
 representation in a natural language system, nor was it intended asa \shell" for building an entire expert system. But the potential gains from keeping thesystem small and simple justi�ed the inability to meet arbitrary (and too often, ill-de�ned)AI needs|and it was most important to have it work well on our target appli
ations.2.2 THE DESCRIPTION LANGUAGE
lassi
 is based on a des
ription logi
 (DL), a formal logi
 whose prin
ipal obje
ts arestru
tured terms used to des
ribe individual obje
ts in a domain. Des
riptions are 
on-stru
ted by 
omposing des
ription-forming 
onstru
tors from a small repertoire and spe
-ifying arguments to these 
onstru
tors. For example, using the 
onstru
tor ALL, whi
h isa way to restri
t the values of a property to members of a single 
lass, we might 
onstru
tthe des
ription, \(something) all of whose 
hildren are female":(ALL 
hild FEMALE).Des
riptions 
an then be asserted to hold of individuals in the domain, asso
iated withnames in a knowledge base, or used in simple rules. Be
ause of the formal, 
ompositionalstru
ture of des
riptions (i.e., they are like the 
omplex types in programming languages),
ertain inferen
es follow both generi
ally|one des
ription 
an be proven to imply another|and with respe
t to individuals|a des
ription 
an imply 
ertain non-obvious properties ofan individual.3However, we state emphati
ally that this did not mean that the only alternative was to resort to anarbitrarily expressive language to satisfy our users. As we dis
uss below, the extensions made to meet realneeds were generally simple, and 
lassi
 is still 
learly a small system, yet one of the most widely useddes
ription logi
-based systems. 4



In 
lassi
, as in most des
ription logi
 work, we 
all our des
riptions 
on
epts, andindividual obje
ts in the domain are modeled by individuals. To build 
on
epts, we generallyuse des
riptions of properties and parts, whi
h we 
all roles (e.g., 
hild, above). 
lassi
also allows the asso
iation of simple rules with named 
on
epts; these were 
onsidered tobe like forward-
haining pro
edural rules (also known as \triggers" in a
tive databases).For example,AT&T-EMPLOYEE;(AND (AT-LEAST 1 HRID-number)(ALL HRID-number 7-DIGIT-INTEGER))would mean \If an AT&T employee is re
ognized then assert about it that it has at leastone HR ID number, all of whi
h are 7-digit integers."
lassi
's des
ription-forming 
onstru
tors were based on the key 
onstru
ts seen inframe representations over the years. These 
onstru
tors have 
leaned up ambiguities inprior frame systems, and are embedded in a fully 
ompositional, uniform des
ription lan-guage. The 
onstru
tors in the original design ranged from 
onjun
tion of des
riptions(AND); to role \value restri
tions" (ALL); number restri
tions on roles (AT-LEAST, AT-MOST); a set-forming 
onstru
tor (ONE-OF); and 
onstru
tors for forming \primitive"
on
epts (PRIMITIVE, DISJOINT-PRIMITIVE), whi
h have ne
essary but not suÆ-
ient 
onditions. 
lassi
 also has a 
onstru
tor SAME-AS, spe
ifying obje
ts for whi
hthe values of two sequen
es of roles have the same value; and a role-�lling 
onstru
tor(FILLS) and a 
onstru
tor for \
losing" roles (CLOSE),4 although these were originallyonly appli
able to individuals.A more tutorial introdu
tion to DL's and 
lassi
 is found in Appendix A.2.3 OPERATIONS ON CLASSIC KNOWLEDGE BASESThe des
ription-forming 
onstru
tors are used to 
reate des
riptions that are, in turn, usedto de�ne named 
on
epts, 
reate rules, and des
ribe individual obje
ts in the domain. Inorder to 
reate new 
on
epts and assign des
riptions to individuals, et
., the user intera
tswith the 
lassi
 system by means of a set of knowledge base-manipulating operations.Generally speaking, operations on a 
lassi
 knowledge base (KB) in
lude additions to theKB and queries.Additive (monotoni
) updates to the KB in
lude the de�nition of new 
on
epts orroles, spe
i�
ation of rules, and assertion of properties to hold of parti
ular individuals.By \de�nition" here, we mean the asso
iation of a name (e.g., SATISFIED-GRANDPARENT)with a 
lassi
 des
ription (e.g., (AND PERSON (ALL grand
hild MARRIED)), intendedto denote \a person all of whose grand
hildren are married"). One of the 
ontributions of
lassi
, also developed 
ontemporaneously in ba
k [44℄, is the ability to spe
ify in
ompleteinformation on individuals; for example, it is possible to assert that Leland is an instan
eof(AND (AT-LEAST 1 
hild)(ALL works-for(ONE-OF Great-Northern-Hotel Double-R-Diner)))4Role �llers for 
lassi
's individuals are treated under a \non-
losed-world" assumption, in that unlessthe KB is told that it knows all the �llers of a 
ertain role, it assumes that more 
an be added (unless thenumber restri
tions forbid it, in whi
h 
ase role 
losure is implied).5



indi
ating that \Leland has at least one 
hild and works for either the Great Northern Hotelor the Double-R Diner." Thus, individual obje
ts are not required to be in the restri
tedform of simple tuples or 
omplete re
ords.
lassi
 
an also answer numerous questions from a KB, in
luding whether one 
on
eptsubsumes another, whether an individual is an instan
e of a 
on
ept, and whether two
on
epts are disjoint, and it 
an respond to various types of retrieval queries (e.g., fet
h theproperties of an individual, fet
h all the instan
es of a 
on
ept).These general operations on 
lassi
 knowledge bases were 
hara
teristi
 of the systemthroughout its evolution, although spe
i�
 operations 
hanged in interesting ways and newones (espe
ially dealing with retra
tion of information) were added, as dis
ussed later.2.4 INFERENCESA key advantage of 
lassi
 over many other systems was the variety and types of inferen
esit provided. Some of the standard frame inferen
es, like (stri
t) inheritan
e, are part of
lassi
's de�nition, but so are several others that make des
ription-logi
-based systemsunique among obje
t-
entered KR systems. Among 
lassi
's inferen
es are� \
ompletion" inferen
es: logi
al 
onsequen
es of assertions about individuals and de-s
riptions of 
on
epts are 
omputed; there are a number of these inferen
es 
lassi

an make, in
luding inheritan
e (if A is an instan
e of B and B is a sub
lass of C,then A \inherits" all the properties of C), 
ombination of restri
tions on 
on
epts andindividuals, and propagation of 
onsequen
es from one individual to another (if A �llsa role r on B, and B is an instan
e of something whi
h is known to restri
t all of its�llers for the r role to be instan
es of D, then A is an instan
e of D);� 
ontradi
tion dete
tion: inherited and propagated information is used to dete
t 
on-tradi
tions in des
riptions of individuals, as well as in
oherent 
on
epts.� 
lassi�
ation and subsumption inferen
es: 
on
ept 
lassi�
ation, in whi
h all 
on-
epts more general than a 
on
ept and all 
on
epts more spe
i�
 than a 
on
ept arefound; individual 
lassi�
ation, in whi
h all 
on
epts that an individual satis�es aredetermined; and subsumption, i.e., whether or not one 
on
ept is more general thananother.� rule appli
ation: when an individual is determined to satisfy the ante
edent of a rule,it is asserted to satisfy the 
onsequent as well.The formal de�nition of knowledge base operations supporting the above inferen
es isprovided in Appendix B.2.5 OTHER THEORETICAL ASPECTS OF CLASSICSin
e the original design of 
lassi
 pro
eeded mainly from a theoreti
al standpoint, otherformal aspe
ts of the logi
 were explored and developed. 
lassi
's 
on
ept 
onstru
tors hada traditional formal semanti
s|partly reviewed in Appendix B|similar to the semanti
sof related languages. Sin
e reasoning about individuals was more pro
edural, and didnot have the same formal tradition, it did not initially re
eive the same pre
ise formaltreatment. In hindsight, it would have been of 
onsiderable help to have found a formalsemanti
s for this aspe
t too, although this ended up requiring entirely new ma
hinery (as6



dis
overed by Donini, et al. [21℄) and may well have 
ost us too mu
h in terms of time andlost opportunities (another key fa
tor in the produ
tion of a su

essful system).Given our desire for 
ompa
tness and performan
e, we were also 
on
erned with the
omputational 
omplexity of the inferen
es to be provided by 
lassi
. Based on theexperien
e with implementing previous des
ription logi
-based systems, and the work ofA��t-Ka
i [1℄ on reasoning with attribute-
hain identities, we believed that we had a good
han
e to develop an eÆ
ient, polynomial-time algorithm for the subsumption inferen
e.However, at this stage we did not have a formal proof of the tra
tability of the logi
, norof the 
ompleteness of our implementation. To some extent we were going on faith thatthe language was simple enough, and that we were avoiding the known intra
tability traps,su
h as those pointed out by Nebel [35℄. As we shall see, this faith was in part mispla
ed,from the stri
tly formal point of view, although in pra
ti
e we were on the right tra
k.2.6 ANTICIPATING IMPLEMENTATIONThe original 
lassi
 proposal to some extent anti
ipated building a pra
ti
al tool. Two
on
essions were made dire
tly in the language. First, inspired by the taxis databaseprogramming language [34℄, we allowed the formation of 
on
epts that 
ould 
ompute theirmembership using test fun
tions to be written in the host programming language. TEST
on
epts would a
t as primitive 
on
epts, in that their ne
essary and suÆ
ient 
onditionswould not be visible to 
lassi
 for inferen
e. But they would allow the user to partly makeup for 
lassi
's limited expressive power, at least in dealing with individuals.Se
ond, we spe
i�ed a 
lass of individuals in the language 
alled \host" individuals,whi
h would allow dire
t in
orporation of things like strings and numbers from the hostprogramming language. Many previous KR languages had failed to make a 
lean distin
tionbetween values, su
h as numbers and strings, borrowed dire
tly from the implementation,and obje
ts totally within the representation system. 
lassi
 
leared this up even inthe initial formal design; for example, a host individual 
ould not have roles, sin
e it isimmutable and all of its properties are implied by its identity. Also, the (test) de�nitions ofimportant host 
on
epts (like NUMBER, STRING, et
.) 
ould be derived automati
ally fromthe host environment.2.7 THE RESULTPrior to the 
ompletion and release of an implementation and its use in appli
ations, 
las-si
 thus had the des
ription language grammar illustrated in Figure 15|this is roughly theversion of 
lassi
 published in 1989 [5℄, and was the initial basis for dis
ussions with ourdevelopment 
olleagues (see below). Using des
riptions formed from this grammar, a user
ould 
reate a knowledge base by de�ning new named 
on
epts and roles, asserting that
ertain restri
ted types of des
riptions applied to individuals, and adding rules, as de�nedin Figure 2.Numerous straightforward types of KB queries were also available. These in
ludedretrieval of information told to the system, retrieval of information derived by the system,and queries about the derived taxonomy of 
on
epts and individuals.5We do not provide a semanti
s here for this version of 
lassi
, partly be
ause we later in this paperprovide a semanti
s for a more-re
ent version and partly be
ause there were a number of well-motivatedrevisions to this version of 
lassi
, as detailed later.7



<
on
ept-expression> ::= THING | CLASSIC-THING | HOST-THING | % built-in names<
on
ept-name> | % names de�ned in the KB(AND <
on
ept-expression>+) | % 
onjun
tion(ALL <role-name><
on
ept-expression>) | % universal value restri
tion(AT-LEAST <positive-integer><role-name>) | % minimum 
ardinality(AT-MOST <non-negative-integer><role-name>) | % maximum 
ardinality(SAME-AS (<role-name>+)(<role-name>+)) | % role-�ller equality(TEST <fun
tion> [<realm>℄) | % pro
edural test(ONE-OF <individual-name>+) | % set of individuals(PRIMITIVE <
on
ept-expression> <index>) | % primitive 
on
ept(DISJOINT-PRIMITIVE <
on
ept-expression> <group-index> <index>)<realm> ::= HOST | CLASSIC<individual-expression> ::= <
on
ept-expression> |(FILLS <role-name> <individual-name>) | % role-�lling(CLOSE <role-name>) | % role 
losure(AND <individual-expression>+) % 
onjun
tionFigure 1: The Original 
lassi
 Expression Grammar (
omments in itali
s).

<knowledge-base> ::= <statement>+<statement> ::= (DEFINE-CONCEPT <name> <
on
ept-expression>) % de�ne a new 
on
ept(DEFINE-ROLE <name>) % de�ne a new role(CREATE-IND <name> <individual-expression>) % 
reate a new individual(IND-ADD <name> <individual-expression>) % add information to an individual(ADD-RULE <
on
ept-name> <
on
ept-expression>) % add a ruleFigure 2: The Original 
lassi
 Knowledge Base Grammar
8



Even at this point, the 
lassi
 logi
 made a number of new 
ontributions to KR,in
luding the following:� full integration of host-language values,� support for equalities on attribute 
hains (SAME-AS),� the ability to assert partial information about individuals,� the addition of a simple form of forward-
haining impli
ation to a kl-one-like lan-guage,� the ONE-OF 
onstru
t for 
onstru
ting expli
it sets of individuals,� a broad 
adre of inferen
es in
luding full propagation of information implied by as-sertions, and� a 
omprehensive and 
lean retra
tion me
hanism for assertions,all in the 
ontext of a simple, learnable 
lean frame system.6 In this respe
t, the work wasworth publishing; but in retrospe
t it was naive of us to think that we 
ould \just" buildit and use it.3 THE TRANSITION TO PRACTICEGiven the simpli
ity of the original design of 
lassi
, we held the traditional opinion thatthere was essentially no resear
h left in implementing the system and having users use itin appli
ations. In late 1988, we 
on
luded a typi
al AI programming e�ort, building a
lassi
 prototype in 
ommon lisp. As this version was nearing 
ompletion, we began to
onfer with 
olleagues in an AT&T development organization about the potential distri-bution of 
lassi
 within the 
ompany. Despite the availability of a number of AI tools,an internal implementation of 
lassi
 held many advantages: we 
ould maintain it andextend it ourselves, in parti
ular, tuning it to our users; we 
ould assure that it integratedwith existing, non-AI environments|our many lega
y systems; and we 
ould assure thatthe system had a well-understood, formal foundation (in 
ontrast to virtually all AI tools
ommer
ially available at the time). Thus we initiated a 
ollaborative e�ort to 
reate atruly pra
ti
al version of 
lassi
, written in C. Our intention was to develop the C ver-sion, maintain it, 
reate a training 
ourse, and eventually �nd ways to make it usable evenby novi
es. Meanwhile, as the C e�ort progressed, we began to experiment with our �rstappli
ations using the lisp prototype.The issues and insights reported in the next several se
tions arose over an extendedperiod of time, in whi
h we 
ollaborated on the design of the C version of 
lassi
, anddeveloped several substantial and di�erent types of appli
ations, and, later, produ
ed athird version of 
lassi
 (in C++). Two of the appli
ations were more or less along thelines we expe
ted. But the others were not originally foreseen. The �rst two appli
ations|a software information system using 
lassi�
ation to do retrieval [19℄, and what 
ould be
onsidered a \semanti
 data model" front end to a relational database of program 
ross-referen
e information [43℄|were planned from the beginning. Other types of appli
ations6Some, though not all, of these features were independently introdu
ed in the other two des
riptionlogi
-based systems being developed at about the same time|loom [24℄ and ba
k [40℄.9



were unanti
ipated. One family of appli
ations (FindUR [26℄) used 
lassi
 to manage ba
k-ground ontologies, whi
h were used to do query expansion in World-Wide Web sear
hes.The des
ription logi
 system organized des
riptions and dete
ted problems in 
ollabora-tively generated ontologies maintained by people not trained in knowledge representation.Another appli
ation proved to be the basis of a 
ommer
ially deployed NCR produ
t. Itwas the front end for data analysis in a data mining setting and was marketed as the \Man-agement Dis
overy Tool" (MDT). Our family of 
on�guration appli
ations [45, 32, 31, 29℄was the most su

essful of the appli
ations. Fifteen di�erent 
on�gurators were built using
lassi
, and these have gone on to have pro
essed more than $6 billion worth of ordersfor tele
ommuni
ations equipment in AT&T and Lu
ent Te
hnologies.In addressing the needs of these appli
ations, we developed interim versions of the lisp
lassi
 system and re
eived feedba
k from users along the way. Thus the \transitionresear
h" reported here was stimulated both by the need to 
onstru
t a usable system ingeneral and by the demands of real users in real appli
ations.4 FEEDBACK FROM PRACTICEThe pro
ess of implementing, re-implementing in C, and having appli
ation builders use
lassi
 and provide us with feedba
k, resulted in signi�
ant 
hanges. Some of these arosebe
ause of simple fa
ts of life of providing real software to real people, some arose be
auseit is impossible to anti
ipate many key needs before people start to use a system, and somearose be
ause it is hard to truly 
omplete the formal analysis before you begin building asystem.7There are many signi�
ant lessons to be learned from the attempt to move an abstra
tKR servi
e into the real world, some of whi
h are so
iologi
al and very general, and someof whi
h are very low-level and relate only to implementation details. We restri
t ourselveshere mainly to te
hni
al 
onsiderations that in
uen
ed the ultimate shape of the 
lassi
language and KB operations, and 
riti
al di�eren
es between the original proposal and the�nal form. We look at a small number of examples in ea
h 
ase. Even looking at thefeedba
k from pra
ti
e to theory involving only basi
 language and KB operations, thereare numerous fa
tors that end up shaping the �nal version of a logi
. Here we 
over issuesrelating to software system development, per se; implementation 
onsiderations; needs ofusers; the needs of spe
i�
 appli
ations; and the demand from pra
ti
e that all details beworked out.4.1 CREATING AND SUPPORTING A SYSTEMEven if the setting is not a 
ommer
ial one, the intent to 
reate and release a system 
arries
ertain obligations. In the 
ase of 
lassi
, our development 
ollaborators made one thingvery 
lear: do not release software of whi
h you are unsure. In parti
ular, it is importantnot to in
lude features in an initial release that you might 
hoose later to remove from thelanguage. On
e someone starts to use your system, it is almost unpardonable to release afuture generation in whi
h features that used to be supported no longer are (at least withrespe
t to the 
entral representation language 
onstru
ts).7This is by no means to say that su
h prior formal analyses are not also 
riti
al to the su

ess of aproje
t. Here, our intention is simply to fo
us on the relatively unheralded role that implementation anduse play in the su

ess and ultimate shape of KR systems.10



Even in a resear
h setting, while we are used to playing with features of a language to seewhat works best, on
e software is 
reated, it is awkward at best to nonmonotoni
ally 
hangethe supported language. In 
lassi
, this meant that we needed to 
arefully 
onsider every
onstru
tor, to make sure that we were 
on�dent in its meaning and utility. In parti
ular, wewere for
ed by our 
ommitment to eÆ
ient implementation to ex
lude the original, generalSAME-AS 
onstru
tor from the initial system spe
i�
ation be
ause its implementation wasappearing in
reasingly more 
omplex (see Se
tion 4.2.1).This 
onstraint also for
ed us to abandon a 
onstru
tor we were 
onsidering that wouldallow the expression of 
on
epts like \at least one female 
hild" (this type of 
onstu
thas 
ome to be known as a \quali�ed number restri
tion"). In the general 
ase, su
h a
onstru
tor rendered inferen
e intra
table [35℄ and we wanted to avoid known intra
tability.Had our users demanded these 
onstru
tors, we might have tried for a reasonable partialimplementation. Unfortunately, we did not have a handle on an in
omplete algorithm thatwe 
ould guarantee would only get more 
omplete with subsequent releases, and whi
h hada simple and understandable des
ription of what it 
omputed. The latter is parti
ularlyimportant, sin
e otherwise users might expe
t 
ertain 
on
lusions to be drawn when thealgorithm in fa
t would miss them. Su
h mismat
hed expe
tations 
ould be disastrous forthe a

eptability of the produ
t. We were strongly told that it was better to eliminate a
onstru
t than to have a 
onfusing and unintuitive partial implementation of it. Upward
ompatibility di
tated that even with in
omplete algorithms, subsequent versions of thesystem would still make at least all inferen
es made in earlier versions. Thus, we werebetter o� from this perspe
tive in keeping the language simple, and left this 
onstru
t outof the initial released version.There were other in
uen
es on the evolution of 
lassi
 be
ause of this prosai
, butimportant type of 
onstraint. For a while, we had 
ontemplated a role inverse 
onstru
t(see Se
tion 4.2.2). For example, as was 
ommon in many older semanti
 network s
hemes,we wanted to say that parent was the inverse of 
hild. While we had not designed su
ha 
onstru
t into the original spe
i�
ation, it appeared to be potentially very useful in ourappli
ations. We worked out several solutions to the problem, in
luding a fairly obviousand general one that allowed inverses to be used for any role at any time. However, the
ost appeared to be very high, and it was not even 
lear that we 
ould implement the mostgeneral approa
h. As a result, we were for
ed to abandon any attempt to implement roleinverses in the �rst released version of 
lassi
. We were not totally 
on�dent that we
ould sti
k with any initial attempt through all subsequent releases, and we did not wantto start with an awkward 
ompromise that might be abandoned later.Another 
onsideration is harder to be te
hni
al about or to quantify, but was equallyimportant to us. As the system began to be used, it be
ame 
lear that we needed to beas sure as possible that our 
onstru
tors were the best way to 
arve up the terminologi
alspa
e. In des
ription logi
s, there are many variant ways to a
hieve the same e�e
t, someof whi
h are more elegant and 
omprehensible than others. Sin
e we intended to putour software in the hands of non-experts, getting the abstra
tion right was paramount.Otherwise, either the system would simply not be used, or a se
ond release with better
onstru
tors would fail to be upward 
ompatible. In 
lassi
's 
ase, we put a great dealof e�ort into an assessment of whi
h 
onstru
tors had worked well and whi
h had not inprevious systems.Finally, as mentioned, 
lassi
 early on be
ame a 
oordinated e�ort between resear
hand development organizations. On
e we had the development (C language) version of11




lassi
 released and a set of 
ommer
ial appli
ations in pla
e, we thought that we hadrea
hed a steady state. The resear
h team would experiment with adding new features �rstto the lisp version of 
lassi
, and then the development team would port those featuresto the C version. Both teams were involved in both a
tivities, so that while the C versionof 
lassi
 would lag behind the lisp version, it would never be too far behind.Unfortunately, this anti
ipated mode of operation turned out to have several problems.First, for pragmati
 reasons in getting o� the ground, the C version never did have all thefeatures of even the initial lisp version. Se
ond, on
e the C version was suitable for the
ommer
ial appli
ations, there was no short-term development reason for adding featuresto it. Additions to the C version would be supported by development resour
es only inresponse to needs from 
urrent or proposed appli
ations. Third, the resear
h team hadneither the resour
es nor, indeed, the expertise to 
hange the C version.These mundane human resour
e 
onstraints meant that it was very unlikely that theC version of 
lassi
 would ever approa
h the 
apabilities of the lisp version. On
e werealized this, we de
ided that the only solution would be to 
reate a 
ombined versionof 
lassi
 in a language a

eptable for both resear
h and development. This 
ombinedversion, whi
h we 
alled NeoClassi
, was written in C++, the only language a

eptableto development that was reasonable for resear
h purposes. NeoClassi
 was designed toimmediately supplant the C version of 
lassi
 and was supposed to qui
kly a
quire thefeatures of the lisp version, modi�ed as appropriate. Implementation of NeoClassi
pro
eeded to the point that it was usable and as featureful as the C version, but ultimately
orporate 
hanges and personnel issues 
aused the work to be s
aled ba
k.4.2 IMPLEMENTATION CONSIDERATIONSThere were at least two aspe
ts of the implementation e�ort itself that ultimately ended upin
uen
ing the language and operation design. One was the sheer diÆ
ulty of implementing
ertain inferen
es, and the other was the normal kind of tradeo� one makes between timeand spa
e.4.2.1 Complex operationsWe began our implementation by attempting to 
onstru
t a 
omplex subsumption algorithmthat in
luded SAME-AS relations between roles. For example, we wanted to be able todete
t that a 
on
ept that in
luded(AND (SAME-AS (boss) (tennis-partner))(SAME-AS (tennis-partner) (advisor)))was subsumed by (i.e., was more spe
i�
 than) a 
on
ept that in
luded(SAME-AS (boss) (advisor));in other words, that someone whose boss is her tennis partner, and whose tennis partner isher advisor, must of ne
essity be someone whose boss is her advisor.Be
ause SAME-AS 
ould take arbitrary role paths, roles 
ould possibly be un�lled for
ertain individuals, and roles 
ould have more than one �ller; this made for some very
omplex 
omputations in support of subsumption. Cases had to be split, for example, intothose where roles had some �llers and those where they had none, and less-than-obviousmultipli
ations and divisions had to be made in the presen
e of number restri
tions. More12



than on
e, as soon as we thought we had all 
ases 
overed, we would dis
over a new, moresubtle one that was not 
overed. When we �nally 
ame to a point where we needed a resultfrom group theory and the use of fa
torial to get some 
ardinalities right, we de
ided toabandon the implementation.As it turns out, our attempts at a straightforward and eÆ
ient solution to what appearedto us to be a tra
table problem were thwarted for a deep reason: full equality for roles isunde
idable. This result was later proved by S
hmidt-S
hauss [42℄ and Patel-S
hneider [38℄.Thus, our implementation enterprise 
ould never have fully su

eeded, although we did notknow it at the time. The end result of all of this was an important 
hange to the 
lassi
language (and therefore needed to be re
e
ted in the semanti
s): we moved to distinguishbetween attributes, whi
h 
ould have exa
tly one �ller, and other roles, whi
h 
ould havemore than one �ller. SAME-AS 
ould then be implemented eÆ
iently for attributes (usingideas from [1℄), appropriately restri
ted to re
e
t the di
hotomy. In the end, the distin
tionbetween attributes and multiply-�lled roles was a natural one, given the distin
tion betweenfun
tions and relations in �rst-order logi
, and the 
ommon use of single-valued relationsin feature logi
s and relational databases.8Other aspe
ts of 
lassi
 evolved for similar reasons. For example, while our originalspe
i�
ation for a TEST 
on
ept was 
on
eptually suÆ
ient, we left it to the user to spe
ify(optionally) a \realm" (i.e., CLASSIC or HOST). This made the pro
essing more 
omplex|and di�erent|for 
on
epts that had TESTs than for those that did not. It was also theonly 
ase of a 
on
ept 
onstru
t for whi
h the user had to spe
ify a realm at all. In orderto make the 
ode more simple and reliable, and the interfa
e more uniform, we eventuallysubstituted for TEST two di�erent 
onstru
tors (TEST-C, TEST-H), whi
h would ea
hbe unambiguous about its realm.4.2.2 Implementation tradeo�sIt is well known that 
reating 
omputer programs involves making tradeo�s between timeand the use of spa
e. In most 
ases, de
isions made be
ause of eÆ
ien
y should not be of
onsequen
e to the system's fun
tional interfa
e. However, some tradeo�s 
an be extremely
onsequential, and yet never o

ur to designers of an unimplemented language.One tradeo� that a�e
ted our user language involved the form and utility of role inverses.If one 
ould a�ord to keep ba
kpointers from every �ller ba
k to every role it �lls, then one
ould have an (INVERSE <role>) 
onstru
t appear any pla
e in the language that a role
an. This would be quite 
onvenient for the user and would 
ontribute to the uniformityof the language|but it would also entail signi�
ant overhead. An alternate view is tofor
e users to expli
itly de
lare in advan
e any role inverses that they intend to use at thesame time the primitive roles are de
lared. Then, ba
kpointers would be maintained onlyfor expli
itly de
lared roles. The point here is not whi
h approa
h is best, but rather thatpra
ti
al 
onsiderations 
an have signi�
ant e�e
ts on a pure language that never takes su
hthings into a

ount. Given the large di�eren
e between the two approa
hes, and inferentialdiÆ
ulty that results from in
luding inverses in the language, we 
hose to ex
lude themaltogether from the �rst release. A more re
ent version of 
lassi
 in
luded them, sin
e wesubsequently had a 
han
e to think hard about the interplay between language, operation,and implementation design.8Attributes 
orrespond to fun
tionally-dependent 
olumns in relations, whereas multiply-�lled roleswould most easily 
orrespond to two-
olumn relations. These 
orresponden
es turned out to be of great useto us when we subsequently attempted to interfa
e 
lassi
 to a relational database [15℄.13



While the original spe
i�
ation of 
lassi
 did not a

ount for retra
tion of information,our appli
ations soon for
ed us into providing su
h a fa
ility. In this 
ase, retra
tion be
ameone of the key re
e
tors of implementation tradeo�s. Most reasonable implementations ofretra
tion in inferen
e systems keep tra
k of dependen
ies. Given extremely large knowledgebases, it may be too expensive (both in spa
e and time) to keep tra
k of su
h dependen
iesat a very �ne-grained level of detail. Be
ause of this, 
lassi
 has a unique medium-grain-sized dependen
y me
hanism, su
h that for ea
h individual, all other individuals 
an befound where a 
hange to one of them 
ould imply a 
hange to the original. This medium-grained approa
h saves spa
e over approa
hes (e.g., [24℄) that keep tra
k of dependen
ies atthe assertion level, or approa
hes that keep tra
k of all dependen
ies in a truth-maintenan
efashion. The redu
tion in the amount of re
ord-keeping also saves time, whi
h we believeeven results in an overall faster system.4.3 SERVING THE GENERAL USER POPULATIONReal use of a system, regardless of the parti
ular appli
ations supported, immediately makesrigorous demands on a formalism that may otherwise look good on paper. We 
onsider threetypes of issues here: (1) 
omprehension and usability of the language by users; (2) spe
i�
features of the user interfa
e, e.g., error-handling and explanation, that make the systemmore usable; and (3) getting around gaps in the logi
.4.3.1 Usability of the languageCon
epts like \usability" are admittedly vague, but it is 
lear that users will not sti
kwith a system if the abstra
tions behind its logi
 and interfa
e do not make sense. Formalsemanti
s makes pre
ise what things mean, and it behooves us to provide su
h formal basesfor our logi
s. However, how simple a language is to learn and how easy it is to mentallygenerate the name of a fun
tion that is needed are more likely the real di
tators of ultimatesu

ess or failure.In the 
lassi
 world, this meant (among other things) that the language should be asuniform as possible|the more spe
ial 
ases, the more problems. Just being for
ed to thinkabout this led us to an insight that made the language better: there was in general no goodreason to distinguish between what one 
ould say about an individual and what one 
oulduse as part of a 
on
ept. (Note in the grammar of Figure 1 that 
on
ept-expressions andindividual-expressions are treated di�erently.) The FILLS 
onstru
tor should have beenequally appli
able to both; in other words, it makes sense to form the general 
on
ept of\an automobile whose manufa
turer is Volvo," where Volvo is an individual:(AND AUTOMOBILE (FILLS manufa
turer Volvo))In the original spe
i�
ation, we thought of role-�lling as something one does ex
lusivelyin individuals. The one sti
king point to a generalization was the CLOSE 
onstru
tor,whi
h we felt did not make mu
h sense for 
on
epts; but as we see below, further thinkingabout CLOSE (instigated by user 
on
erns) eventually led us to determine that it wasmistakenly in the language in the �rst pla
e. As a result, the types of des
riptions allowableas de�nitions of 
on
epts and for assertions about individuals 
ould be merged.There were other simpli�
ations based on generi
 user 
on
erns like understandabilitythat helped us derive an even 
leaner logi
. For example, the PRIMITIVE andDISJOINT-PRIMITIVE 
on
ept-forming 
onstru
tors, whi
h had a �rm semanti
s but were found14



problemati
 by non-experts in a
tual use, were removed from the language and better in-stantiated as variants on the 
on
ept-de�ning interfa
e fun
tion. The 
on
eptually adequatebut awkward arguments to DISJOINT-PRIMITIVE were also simpli�ed.While we provided all of our resear
h papers, potential users demanded usage guidelinesaimed at non-PhD resear
hers, to aid their 
omprehension of the logi
. In an e�ort to edu-
ate people on when a des
ription logi
-based system might be useful, what its limitationswere, and how one might go about using one in a simple appli
ation, a long paper waswritten with a running (exe
utable) example on how to use the system [13℄. This paperdis
ussed typi
al knowledge bases, useful \tri
ks of the trade," ideas in our logi
 that wouldbe diÆ
ult for non-KR people, and a 
onventional methodology for building 
lassi
 KB's.Motivated by the need to help users understand 
lassi
's reasoning paradigm and bythe need to have a qui
k prototyping environment for showing o� novel fun
tionality, wedeveloped several demonstration systems. The �rst su
h system was a simple appli
ationthat 
aptured \typi
al" reasoning patterns in an a

essible domain|advising the sele
tionof wines with meals. While this appli
ation was appropriate for many students, an ap-pli
ation more 
losely resembling 
ommer
ial appli
ations in 
on�guration was needed togive more meaningful demonstrations internally and to provide 
on
rete suggestions of newfun
tionality that developers might 
onsider using in their appli
ations. This led to a more
omplex appli
ation 
on
erning stereo system 
on�guration, whi
h had a fairly elaborategraphi
al interfa
e [30, 29℄. Both of these appli
ations have subsequently been adapted forthe Web.Motivated by the need to grow a larger 
ommunity of people trained in knowledge rep-resentation in general and des
ription logi
s in parti
ular, we 
ollaborated with a 
orporatetraining 
enter to generate a 
ourse. Independently, at least one university developed a sim-ilar 
ourse and a set of �ve running assignments to help students gain experien
e using thesystem. We 
ollaborated with University of Pittsburgh on the tutorial to support the edu-
ators and to gather feedba
k from the students. The student feedba
k from yearly 
ourseo�erings drove many of our environmental enhan
ements su
h as enhan
ed explanationsupport for 
ontradi
tions, pruning, and debugging.All of this e�ort in building user aids seemed truly \an
illary" at the beginning, butproved to be 
ru
ial in the end.4.3.2 Human interfa
e featuresEven with a perfe
tly understandable and intuitive logi
, a minimal, raw implementationwill be almost impossible to use. In general, our 
ustomers told us, the system's devel-opment environment (for building and debugging knowledge bases) was a make-or-break
on
ern. For example, logi
s dis
ussed in papers do not deal with issues like error-handling,yet real users 
an not use systems unless they get meaningful error-reporting and reasonableerror-handling, espe
ially when the KR system is embedded in a larger system. As a resultof dire
t and strong feedba
k from users, the released version of 
lassi
 had extensiveerror-handling, in
luding well-do
umented return 
odes and rational and 
onsistent errorreturns.More spe
i�
ally, our 
on�guration appli
ations relied heavily on the dete
tion of 
on-tradi
tions, sin
e users would, among other things, try out potential updates in a \what-if"mode. Certain input spe
i�
ations might lead to an in
onsisten
y with the updates thathad previously been made. One of the key aspe
ts of 
ontradi
tion-handling, then, wasthe need to roll ba
k the e�e
ts of the update that 
aused su
h an in
onsisten
y in the15



knowledge base. Sin
e 
lassi
 was able to do elaborate propagation and rule-appli
ation,a long and rami�ed inferen
e 
hain may have been triggered before a 
ontradi
tion wasen
ountered, and unless every pie
e of that 
hain were removed, the knowledge base wouldbe left in an in
oherent state. This need led us to 
onsider ways to unravel inferen
es,in
luding the possible use of a database-style \
ommit" operation (i.e., the knowledge basewould never be 
hanged until all inferen
es 
on
luded su

essfully).We eventually settled on a more 
onventional AI approa
h using dependen
ies, whi
hgave us a general fa
ility that not only would guarantee the KB to be returned to a mean-ingful state after a 
ontradi
tion o

urred, but would allow the user dire
t retra
tion offa
ts previously told. As it turned out, the availability of su
h a retra
tion 
apability was
riti
al in \selling" the appli
ation to its sponsors, sin
e the ability to explore alternativeoptions in un
onstrained ways was essential to the intera
tive 
ustomer sales pro
ess.Another generi
 area that needed attention was explanation of reasoning|a topi
 rel-atively ignored by the KR 
ommunity. If users are to build nontrivial KB's, they will needhelp in understanding and debugging them; they will need to know why an inferen
e failed,or why a 
on
lusion was rea
hed. While the expert systems 
ommunity may have learnedthis lesson, it is an important one for those working in general KR as well. Our users madea very strong 
ase to us that su
h a feature was 
riti
al to their su

essful 
onstru
tion ofknowledge bases.We responded by adding an explanation me
hanism to 
lassi
 [25, 27℄. Sin
e the keyinferen
e in 
lassi
 is subsumption, its explanation forms the foundation of an explanationmodule. Although subsumption is 
al
ulated pro
edurally in 
lassi
, we found it ne
essaryto provide a de
larative presentation of 
lassi
's dedu
tions in order to redu
e the lengthof explanations and to remove the artifa
ts of the pro
edural implementation. We used anin
remental proof-theoreti
 foundation and applied it to all of the inferen
es in 
lassi
,in
luding the inferen
es for handling 
onstraint propagation and other individual inferen
es.This basi
 explanation foundation has proved useful and general and sin
e then has beenused (in joint work with Ian Horro
ks and Enri
o Fran
oni) as the foundation for a designfor explaining the reasoning in tableaux-based des
ription logi
 reasoners, and also (injoint work with James Ri
e) in an implemented system for explaining the reasoning in amodel-elimination theorem prover at Stanford.As soon as we had both explanation and appropriate handling of 
ontradi
tions in
lassi
, we found that spe
ialized support for explanation of 
ontradi
tions was 
alledfor. If an explanation system is already implemented, then explaining 
ontradi
tions isalmost a spe
ial 
ase of explaining any inferen
e, but with a twist. Information addedto one obje
t in the knowledge base may 
ause another obje
t to be
ome in
onsistent.Typi
al des
ription logi
 systems, in
luding 
lassi
, require 
onsistent knowledge bases,thus whenever they dis
over a 
ontradi
tion, they use some form of truth maintenan
eto revert to a 
onsistent state of knowledge (as mentioned above), removing 
on
lusionsthat depend on the information removed from the knowledge base. But a simple-mindedexplanation based solely on information that is 
urrently in the knowledge base would notbe able to refer to these removed 
on
lusions. Thus, any explanation system 
apable ofexplaining 
ontradi
tions would need to a

ess its in
onsistent states as well as the 
urrentstate of the knowledge base.Another issue relevant to explanation is the potential in
ompleteness of the reasoner. Inparti
ular, a user might have an intuition that some 
on
lusion should have been rea
hed,but the system did not rea
h it. To explain this might in general require using a di�erent,16




omplete reasoner, but frequently o

uring spe
ial 
ases 
an be built into the system itself.9As 
lassi
 makes it easy to generate and reason with 
ompli
ated obje
ts, our usersfound naive obje
t presentations to be overwhelming. For example, in our stereo demon-stration appli
ation, a typi
al stereo system des
ription generated four pages of printout.This 
ontained 
learly meaningful information, su
h as pri
e ranges and model numbers,but also des
riptions of where the 
omponent might be displayed in the ra
k and whi
hsuper
on
epts were related to the obje
t. In fa
t, in some 
ontexts it might be desirableto print just model numbers, while in other 
ontexts it might be desirable to print pri
eranges and model numbers of 
omponents.To redu
e the amount of information presented in 
lassi
 explanations we added fa
ili-ties for des
ribing what is interesting to print or explain on a 
on
ept-by-
on
ept basis. Thisled us to a meta-language for mat
hing \interesting" aspe
ts of des
riptions [25, 8℄. Theapproa
h provides support for en
oding both domain-independent and domain-dependentinformation to be used along with 
ontext to determine what information to print or ex-plain. The meta-language essentially extends the base des
ription logi
 with some 
arefully
hosen auto-epistemi
 
onstru
tors (\Is at least one �ller known?") to help de
ide what toprint. As a result, in one appli
ation obje
t presentations and explanations were redu
edby an order of magnitude, whi
h was essential in making the proje
t pra
ti
al.4.3.3 Over
oming gaps in the logi
Another key point of tension between theory and pra
ti
e is the notion of an \es
ape"for the user, e.g., a means to get around an expressive limitation in the logi
 by resortingto raw lisp or C 
ode. As mentioned above, we in
luded in the original spe
i�
ation aTEST 
onstru
t, whi
h allowed the user to resort to 
ode to express suÆ
ien
y 
onditionsfor a 
on
ept. In the original paper, we did not te
hni
ally in
lude TESTs in 
on
eptde�nitions, sin
e no formal semanti
s was available for it. We qui
kly provided guidelines(e.g., avoiding side-e�e
ts) that 
ould guarantee that TEST-de�ned 
on
epts 
ould �t intoour formal semanti
s, even if the TEST 
ode itself was opaque to 
lassi
. But our viewwas that the TEST 
onstru
t was not intended to be a general programming interfa
e.As it turned out, TEST-
on
epts were one of the absolute keys to su

essful use of
lassi
. In fa
t, they not only turned out to be a 
riti
al feature to our users, but aswe observed the patterns of tests that were written in real appli
ations, we were ableto as
ertain a small number of new features that were missing from the language butfundamental to our appli
ations. First, we dis
overed that users 
onsistently used TESTs toen
ode simple numeri
al range restri
tions; as we mention below, this led us to 
reateMAXand MIN 
onstru
tors for our 
on
ept language. Later, in one signi�
antly large and real-world appli
ation, we found only six di�erent patterns of TEST 
on
epts, with over 85% ofthese falling into only two types; one was 
omputing via a fun
tion a universal restri
tion ona role (a
tually, a numeri
al range), and the other was 
omputing a numeri
al �ller for a role(a simple sum). We have subsequently made additions to 
lassi
 to a

ommodate these
ommon patterns of usage (i.e., \
omputed rules"), and have found that newer versions ofthe same knowledge base are substantially simpler, and less prone to error (the originalTESTs were written to a
hieve some of their e�e
ts by side-e�e
t, whi
h we subsequentlyeliminated).9In the 
ase of 
lassi
, inferen
es not supported by the modi�ed semanti
s of individuals used insubsumption reasoning (see Se
tion B.2) fall into this 
ategory.17



Thus, while our original fear was that an es
ape to lisp or C was an embarrassing
on
ession to implementation, and one that would destroy the semanti
s of the logi
 ifused, our TESTs were never used for arbitrary, destru
tive 
omputation. Rather, thisme
hanism turned out to be a means for us to measure spe
i�
ally where our originaldesign was falling short, all the while staying within a reasonable formal semanti
s.104.4 MEETING THE NEEDS OF PARTICULAR APPLICATIONSAs soon as a system is put to any real use, mismat
hes or inadequa
ies in support ofparti
ular appli
ations be
ome very evident. In this respe
t, there seems to be all thedi�eren
e in the world between the few small examples given in resear
h papers and thedetails of real, sizable knowledge bases. As mentioned, we took on several signi�
ant anddi�erent types of appli
ations. While the demands from ea
h of them were somewhatdi�erent, they 
learly did not demand that we immediately extend 
lassi
 to handle theexpressive power of full �rst-order logi
. In fa
t, the limited number of extensions and
hanges that arose from the intera
tion with individual appli
ations are useful in all ofthem, and all stay within the original spirit of simpli
ity.4.4.1 Language and KB operation featuresAmong the �rst needs we had to address was the signi�
an
e of numbers and strings.Virtually all of the appli
ations needed to express 
on
epts limiting the values of roles thathad HOST values in them, as in, for example, \a manager whose salary is between 20000and 30000." On the one hand, this need vindi
ated our original de
ision to integrate hostinformation in a serious manner.11 On the other, as mentioned above, the need to 
reateTEST-
on
epts just to test simple ranges like this showed us that we would have a hardtime measuring up to almost any appli
ation that used real data (espe
ially if it 
ame froma DBMS). Thus, re
ent versions of 
lassi
 have new 
on
ept types that represent ranges ofHOST values.12 These are integrated in a uniform manner with other 
on
ept 
onstru
tors,and the semanti
s a

ounts for them.Another major 
onsequen
e of dealing with a signi�
ant appli
ation is the reality ofquerying the KB. Our original design of 
lassi
 (as was the 
ase with virtually all framesystems) paid s
ant attention to queries other than those of the obvious sort, e.g., retrievinginstan
es of 
on
epts. On
e we began to see 
lassi
 as a kind of dedu
tive databasemanager, we were for
ed to fa
e the problem that our querying fa
ilities were very weak.This led to the design of a substantial query language for 
lassi
, whi
h 
ould handle theneeded obje
t-oriented queries, as well as the sql-style retrievals that are so 
ommon inthe real world of information management. While this is not profound (although the query10As eviden
e of the 
ontinuing general la
k of appre
iation of the more theoreti
ally-in
lined towardspragmati
 issues, 
onsider that one of the reviewers of our 1989 paper [5℄ 
alled TESTs \an abomination."Yet, not only were they undeniably 
riti
al to our users, we managed to keep them in line semanti
ally andthey provided 
on
rete input 
on
erning the expressive extensions that were most required by our users.11We should point out that integration here is not just a simple matter of allowing numbers or strings inroles; it has rami�
ations for the language syntax and parsing, part of the 
on
ept hierar
hy must be builtautomati
ally, data stru
tures for CLASSIC individuals need to be 
arefully distinguished from arbitrarylisp stru
tures, et
.12MAX and MIN have instan
es that are numbers; e.g., (MAX 25) represents the set of integers thatare less than or equal to 25. These are used to restri
t the value of a �ller of a role; for example, we 
oulduse MAX to spe
ify the value restri
tion on a person's age, as in (AND PERSON (ALL age (MAX 25))).AT-LEAST and AT-MOST, on the other hand, restri
t the number of �llers of a role, not their values.18



language we developed has some novel features and is itself an important 
ontribution),the key point is that it was the attempt at appli
ation that made us realize that an entire
riti
al 
omponent was missing from our work.Two other 
onsequen
es of this sort bear brief mention.First, our simple notion of a TEST was suÆ
ient to get us o� the ground. Our intentionwas to pass the individual being tested to the test fun
tion as a single argument. As itturned out, our users needed to pass other items in as arguments. For example, if thetest were a simple fun
tion to 
ompute whether the value of a role were greater than somenumber, say 5, then the number 5 should have been 
oded dire
tly into the test fun
tion;this, in turn, would have led to the 
reation of many almost-identi
al fun
tions|unless weprovided the ability to pass in additional arguments. We have done so in the latest versionsof 
lassi
.Se
ond, our original design of rules was a suÆ
ient foundation, but it required a named
on
ept to exist as the left-hand-side of the rule. As soon as some of our users tried to usethis, they found that they had to 
onstru
t 
on
epts arti�
ially, just to serve to invoke therules. While this posed no 
on
eptual problem for the logi
, and no semanti
 aberration, itbe
ame a pra
ti
al nightmare. Thus, it was important to extend our rules to allow a �lter;in other words, the rule 
ould be asso
iated with the most general named 
on
ept for whi
hit made sense, but only �red when a �ltering sub
ondition was satis�ed. This now avoidsneedless 
reation of arti�
ial 
on
epts.4.4.2 API'sFinally, an important 
onsideration was the relationship between our KR system and theappli
ation that used it. In the vast majority of our appli
ations, 
lassi
 had to serve asa tightly integrated 
omponent of a mu
h larger overall system. For this to be workable,
lassi
 had to provide a full-featured appli
ation programming interfa
e (API) for use bythe rest of the system.Our most 
omplete API was in the NeoClassi
 (C++) system. It had the usual 
allsto add and retra
t knowledge and to query for the presen
e of parti
ular knowledge. Inaddition, there was a broader interfa
e that let the rest of the system re
eive and pro
essthe data stru
tures used inside NeoClassi
 to represent knowledge, but without allowingthese stru
tures to be modi�ed outside of NeoClassi
.13 This interfa
e allowed for mu
hfaster a

ess to the knowledge stored by NeoClassi
, as many a

esses were simply toretrieve �elds from a data stru
ture. Further, dire
t a

ess to data stru
tures allowed therest of the system to keep tra
k of knowledge from NeoClassi
 without having to keeptra
k of a \name" for the knowledge, and also supported explanation.A less-traditional interfa
e that is provided by both lisp 
lassi
 and NeoClassi
 is anoti�
ation me
hanism (\hooks"). This me
hanism allows programmers to write fun
tionsthat are 
alled when parti
ular 
hanges are made in the knowledge stored in the system orwhen the system infers new knowledge from other knowledge. Hooks for the retra
tion ofknowledge from the system are also provided. These hooks allow, among other things, the
reation of a graphi
al user interfa
e that mirrors (some portion or view of) the knowledgestored in the representation system.Lately, others in the knowledge representation 
ommunity have re
ognized the needfor 
ommon API's, (e.g., the general frame proto
ol [18℄ and the open knowledge base13Of 
ourse, as C++ does not have an inviolable type system, there are me
hanisms to modify thesestru
tures. It is just that any well-typed a

ess 
annot.19




onne
tivity [17℄) and translators exist between the general frame proto
ol API spe
i�
ationand 
lassi
.4.5 REVISITING WHAT LOOKED GOOD ON PAPERProbably more 
ommonly than resear
hers would like to admit, theoreti
al KR papers arenot always what they seem. While theorems and formal semanti
s help us get a handle onthe 
onsequen
es of our formalisms, they do not always do a 
omplete job; it is also notunheard of for them to 
ontain mistakes. Our own experien
e was that several parts of ouroriginal formalism were 
lari�ed substantially by the experien
e of having to implement aninferen
e algorithm and have it used on real problems. In ea
h 
ase, a 
hange was ne
essaryto the original formal work to a

ommodate the new �ndings. Be
ause of the 
omplexitiesand subtleties of real-world problems, and the extreme diÆ
ulty of anti
ipating in theabstra
t what real users will want, it seems that this type of e�e
t is inevitable, and a
riti
al 
ontribution of pra
ti
e over pure \theory."For example, we had originally proposed that CLOSE 
ould appear in a des
riptionapplied to an individual, to signal that the role �llers asserted by the des
ription were theonly �llers. Thus, one 
ould assert of Dale,(AND (FILLS friend Audrey)(FILLS friend Harry)(CLOSE friend));this was to mean that Audrey and Harry were Dale's only friends. We thought of this,semanti
ally, as a simple predi
ate 
losure operation. However, on
e a real knowledge basewas 
onstru
ted, and users started intera
ting with the system, we dis
overed a subtleordering dependen
y: pairs of CLOSE 
onstru
tors 
ould produ
e di�erent e�e
ts if theirorder were reversed; this o

ured be
ause the �rst 
losing 
ould trigger a rule �ring, whosee�e
t 
ould then be to enable or blo
k another rule �ring in 
onjun
tion with the se
ond
losing. This led us to dis
over that our original 
hara
terization of CLOSE was in generalwrong. In reality, it had an autoepistemi
 aspe
t, and thus 
losing roles had to be
ome anoperation on an entire knowledge base, and 
ould not be part of a larger expression. CLOSEwas thus removed from the des
ription language and made a knowledge base operation.We had a small number of similar experien
es with other aspe
ts of the language. Forinstan
e, our original estimation was that a 
ertain part of 
lassi
's reasoning with indi-viduals was 
omplete for the purposes of subsumption 
he
king. In implementation, we hadto look substantially 
loser at what properties of individuals 
ould 
ount in the subsump-tion of 
on
epts (individuals 
ould appear in 
on
epts originally in ONE-OF 
onstru
ts,and later, in FILLS expressions). In doing so, we dis
overed that while the implementationa
tually did what we thought was right|it ignored 
ontingent properties of individualsin subsumption 
al
ulations|the semanti
s was wrong. We eventually found a suitable,interesting, and somewhat non-standard semanti
 a

ount that des
ribed what we reallymeant [7℄ (Appendix B.2). Moreover, it was dis
overed ([41℄ and, independently, [7℄) thatreasoning with ONE-OF a

ording to standard semanti
s is intra
table. In retrospe
t, ourbelief is that it would have been a mistake to omit individuals from 
on
ept des
riptionsbe
ause of this 
omplexity result, and that our intuitions serendipitously led us to a good
ompromise. So, while formal semanti
s are a good foundation on whi
h to build, they arenot ne
essarily what the designers mean or what the users need to understand.20



Being for
ed by implementation to get every last detail right also 
aused us ultimately tobetter understand our TEST 
onstru
ts. Given when they would be invoked, it eventuallybe
ame 
lear (thanks to a key user's dis
overy) that TESTs, whi
h were originally two-valued fun
tions, had to be three-valued: sin
e 
lassi
 supports partial information aboutindividuals, it is possible for a test to \fail" at one point and su

eed later, even with stri
tlymonotoni
 additions to the KB. If the test truly failed the �rst time, and the individualwere determined not to satisfy a des
ription based on this failure, nonmonotoni
ity wouldbe introdu
ed in an inappropriate way. Thus TEST fun
tions need to tell their 
aller if theindividual provably satis�es the test, provably fails it, or neither.4.6 OTHER IMPORTANT INFLUENCESWhile our fo
us here has been on the feedba
k from our pra
ti
e with 
lassi
 to ourtheory, it is important to point out that our pra
ti
al work on 
lassi
 both spawned andbene�ted from other theoreti
al work.For example, we had not worried about that fa
t that expanding the de�nitions of
on
epts 
ould, in the worst 
ase, lead to an exponential blow-up in the spa
e requiredto represent a 
lassi
 knowledge base, but we did not know whether there was perhapsa better method. Work by Nebel [35℄ showing that there is an inherent intra
tability inthe pro
essing of des
ription logi
 knowledge bases made the existen
e of su
h a methodunlikely.As mentioned, the original CLOSE 
onstru
tor had to be abandoned be
ause of imple-mentation ordering diÆ
ulties. We repla
ed the CLOSE 
onstru
tor with an operation onknowledge bases, to whi
h we gave an operational semanti
s. Donini, et al., [21℄ realizedthe true epistemi
 nature of this operation, and pointed out that the trigger rules used in
lassi
 and loom also have su
h an epistemi
 nature. As a result, a theory of epistemi
DL's was developed, where rules like PERSON ;(ALL parents PERSON), hitherto givenan operational interpretation, were integrated into the knowledge base by using a modaloperator K: K(PERSON) =) (ALL parents PERSON), and thus given a denotational se-manti
s. This semanti
s provides a justi�
ation for the operational treatment provided in
lassi
.The su

essful implementation and use of �ltering for elimination of uninterestinginformation about individuals led to its formalization through the notion of patterns|des
riptions with variables o

urring in some pla
es instead of identi�ers|and patternmat
hing [8℄. This formal work has been extended to other languages [3℄, and may have ap-pli
ations to knowledge-base integration, where 
on
epts from one ontology may be mat
hedagainst 
orresponding parts of the other ontology, in order to dis
over 
ommonalities [6℄.Inspired by the need for both domain-independent extensions (e.g., quali�ed numberrestri
tion), and domain-spe
i�
 ones (e.g., reasoning with dates, plans, et
.), the 
lassi
implementation was analyzed, rationalized and generalized to an ar
hite
ture that supportsthe addition of new 
on
ept 
onstru
tors [4℄. In fa
t, the last version of lisp 
lassi
 (re-lease 2.3) has features for adding subsumption reasoning for some TEST-
on
epts, be
ausea des
ription like (TEST-H initialSubstring "reason")|denoting strings that beginwith the letters r-e-a-s-o-n|
an be viewed as just a synta
ti
 variant of the des
ription(INITIAL-SUBSTRING "reason"), whi
h makes it 
lear that a new 
onstru
tor is beingused. Note that the addition of arguments to TEST-
on
ept fun
tions was 
ru
ial in thisstep to extensibility. 21



<
on
ept-expression> ::= THING | CLASSIC-THING | HOST-THING | NUMBER | STRING |<
on
ept-name> |(AND <
on
ept-expression>+) |(ALL <role-name><
on
ept-expression>) |(AT-LEAST <positive-integer><role-name>) |(AT-MOST <non-negative-integer><role-name>) |(FILLS <role-name> <individual-name>+) | % added for uniformity(SAME-AS (<attribute-name>+) (<attribute-name>+)) | % restri
ted(TEST-C <fun
tion><arg>�) | % 
lari�ed; arguments added; 3-valued(TEST-H <fun
tion><arg>�) | % 
lari�ed; arguments added; 3-valued(ONE-OF <individual-name>+) |(MAX <number>) | % added(MIN <number>) % added<individual-expression> ::= <
on
ept-expression> | % made uniform with 
on
epts<individual-name> |<host-language 
onstant>Figure 3: The Resulting 
lassi
 Con
ept Language5 MODERN CLASSICThe result of the long and arduous trail implied above, from typi
al resear
h paper topra
ti
al system, was a signi�
ant improvement in the 
lassi
 language and the 
larityof operations on a 
lassi
 knowledge base. The basi
 expression grammar was simpli�edand made more uniform (see Figure 3), and the semanti
s was adjusted to be truer toour original intention. KB operations were streamlined and made more useful, and error-handling and retra
tion were added. The resulting system is unarguably superior to theoriginal in every way: it has new 
onstru
ts that meet real needs, substantial parts of ithave been validated by use, the overall interfa
e makes more sense, it is 
leaner and moreelegant, and it is devoid of 
aws that were subtly hidden in the original.The e�e
ts of the pragmati
 fa
tors we have des
ribed here are varied, and not easily
lassi�ed. But they are 
learly substantial and were 
riti
al to the su

ess and ultimateform of 
lassi
. To summarize, here are some of the most important 
hanges that weredriven by the attempt to \redu
e" the system to pra
ti
e and put it to the test of real use:� language improvements: equal des
riptive power for individuals and 
on
epts; distin
-tion between attributes and multiply-�lled roles; SAME-AS appli
able to attributesonly and eÆ
iently 
omputable; arguments for TEST-
on
epts; three-valued TESTs;
ompletely 
ompositional language with no order dependen
ies; numeri
 range 
on-
epts; rules with �lter 
onditions, no longer requiring arti�
ial 
on
epts; realms ofTEST-
on
epts unambiguous and TEST 
onstru
ts made uniform with other partsof language; 
omputed rules;� interfa
e improvements: primitive and disjoint primitive de�nition as KB operators;disjoint primitive spe
i�
ation simpli�ed; CLOSE as a KB operator; sophisti
atedquery language and implemented query pro
essor; 
omplete API for embedded use;� system features: 
omprehensive error-reporting and handling; extensive explanation
apabilities; �ltering language for pruning; renaming of 
on
epts; retra
tion of \told"information; 
ontradi
tion-handling. 22



Finally, we 
ompleted the 
y
le by embarking on an a
tual formal proof of the tra
tabil-ity of 
lassi
 and the 
ompleteness of our reasoner [7℄. This proof was more diÆ
ult thanusual be
ause the language la
ks negation, so standard te
hniques 
ould not be applied.We ended up using an abstra
tion of the implementation data stru
ture for the proof, andwe must admit that it took the trained eye of a very devoted and skilled reviewer to get thedetails right. So, while it would have been ni
e to have 
ome up with this proof before weeven proposed the logi
 and tried to implement it, it is very doubtful that we would havesu

eeded, without the experien
e of pra
ti
e to guide us.6 LESSONSThe main lesson to be learned here is that despite the ability to publish theoreti
al a

ountsof logi
s and their properties, the true theoreti
al work on KR systems is not really doneuntil issues of implementation and use are addressed head-on. The basi
 ideas 
an hold upreasonably well in the transition from paper to system, but traditional resear
h papers missmany make-or-break issues that determine a proposal's true value in the end. Argumentsabout needed expressive power, the impa
t of 
omplexity results, the naturalness and utilityof language 
onstru
ts, et
., are all relatively hollow until made 
on
rete with spe
i�
appli
ations and implementation 
onsiderations.Although a 
omplete formal spe
i�
ation of a knowledge representation system (in
lud-ing an algorithmi
 spe
i�
ation of the inferen
es that the system is required to perform anda 
omputational analysis of these inferen
es) is essential, the presen
e of a formal a

ountis not suÆ
ient for the su

ess of the system. There is no guarantee, for example, that aformally tra
table knowledge representation system 
an be e�e
tively implemented, as itmay be ex
eedingly diÆ
ult to 
ode the inferen
e algorithms or other portions of the systemeÆ
iently enough for use or perspi
uously enough to tell if they are 
orre
t. Even then,there is no guarantee that the resulting system will be useful in pra
ti
e, even if it appearsat �rst glan
e to meet some apparent needs. Finally, getting the formal spe
i�
ation reallyright is an extremely diÆ
ult task, espe
ially for systems that perform partial reasoningor whi
h have non-standard but useful 
onstru
ts. All told, the implementation and useof the system is a vital 
omplement to work on knowledge representation \theory." It 
anilluminate problems in the formal spe
i�
ation, and will inevitably provide real problemsfor the theory side to explain.Our experien
e with 
lassi
 has taught us this lesson in some very spe
i�
 ways. Anyhope of having the system make a real impa
t (e.g., in a produ
t) rested on some verypra
ti
al 
onsiderations that in some 
ases were impossible to anti
ipate before intera
tingwith developers. We learned through extensive intera
tion with our developers that issueslike upward 
ompatibility and simpli
ity were in some ways mu
h more important thanindividual features. We learned that usability issues su
h as explanation, 
ontradi
tion-handling, and pruning were 
riti
al to longevity and maintenan
e in appli
ations and weremu
h more important than additional language 
onstru
ts. We learned that attention to
omplexity (although not mania
al 
on
ern with it) was very mu
h worth the e�ort, be
auseof the 
riti
al impa
t of performan
e and predi
tability on a

eptan
e of the system. We alsolearned that we 
ould not a�ord to be totally rigid on any point|be it language features,
omplexity, or names of fun
tions|without jeopardizing potential use of the system. Thefeeling of the 
lassi
 group is that the resulting system is 
learly far better than anythingwe 
ould have built in a resear
h va
uum. And the e�ort of redu
ing our ideas to a pra
ti
al23



system generated a great deal of resear
h|on language 
onstru
ts, 
omplexity, and evenformal semanti
s|that was not only interesting, but important simply by virtue of thevery fa
t that it arose out of real problems.At a more strategi
 level, one very important lesson for us was the signi�
an
e ofa 
ertain kind of 
onservatism. We 
ould have invested a large amount of time designingfeatures and providing expressive power (and implementation 
omplexity) that would have,as it turned out, gone 
ompletely to waste. On the 
ip side, our users gave us 
learand dire
t eviden
e of features that they did need, and that we were not providing, viaour TEST 
onstru
t, whi
h, to be honest, surprised us both in its 
riti
ality and in thesimple and regular ways in whi
h it was used|not to mention the smallness of the numberof needed extensions. All told, our de
ision to start with a small (but not hopelesslyimpoverished) language, with room for growth in a reasoned fashion, was 
learly a su

essfulone. While su
h emphasis on simpli
ity might not ne
essarily be right for all proje
ts, giventhe 
onstraints under whi
h produ
t developers live, it is a key issue to 
onsider when thepra
ti
e that we are \redu
ing" to is not just for AI resear
h but for development andprodu
t.In sum, a number of key fa
tors of a strongly pragmati
 sort show that logi
s that lookgood on paper may have a long way to go before they 
an have any impa
t in the real world.These fa
tors range from upward 
ompatibility and system maintenan
e to implementationtradeo�s and 
riti
al system features like error-handling and explanation. They in
ludelearnability of the language and o

asional es
apes to 
ir
umvent limitations of the system.While individual gains in 
lassi
 derived from attention to these pra
ti
al 
on
erns mayea
h have been small, they all added up, and made a big di�eren
e to su

ess of the systemas a whole. It is quite 
lear that if pra
ti
al 
on
erns were ignored, the resulting systemwould have had at best limited utility. In fa
t, in general in our �eld, it seems that the truetheoreti
al work is not done until the implementation runs and the users have had theirsay.A
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e.A INTRODUCTION TO DESCRIPTION LOGICS ANDCLASSIC
lassi
 and its Des
ription Logi
 (DL) relatives are used to des
ribe situations usingvarious kinds of individuals, related by roles, and grouped into 
on
epts.14 Roles that arerestri
ted to be fun
tions are distinguished, and are 
alled attributes.Con
epts are formed as des
riptions with a term-like notation that uses 
on
ept 
on-stru
tors and identi�ers to build de�nitions of more 
omplex 
on
epts from simpler ones.For example, the des
ription in Figure 4 is supposed to 
apture the noun phrase \A 
olle
-tion of obje
ts that are employees who drive at least 2 things, all of whi
h are Italian sports
ars." This is a

omplished by using the 
on
ept 
onstru
tor AND to 
onjoin terms that(AND EMPLOYEE(AT-LEAST 2 drives)(ALL drives (AND ITALIAN CAR)) )Figure 4: An example des
ription.represent 
omponent notions:EMPLOYEE: obje
ts that are employees|a 
on
ept spe
i�ed elsewhere, probably as a \prim-itive." Primitives may have ne
essary 
onditions, but they do not have full sets ofsuÆ
ient 
onditions.14In our examples, we follow the 
onvention that 
on
epts are written in all 
apital letters, roles inlower-
ase, and individual's names have their �rst letters in 
apitals.28



(AT-LEAST 2 drives): obje
ts that are related to at least 2 other obje
ts by the drivesrole; the 
on
ept 
onstru
tor here is AT-LEAST;(ALL drives (AND ITALIAN CAR)): obje
ts that are related by the drives role onlyto obje
ts that are des
ribable by both the 
on
epts ITALIAN and CAR; the 
on
ept
onstru
tor here is ALL, with a nested AND.The 
on
ept ITALIAN might itself be de�ned as an obje
t made by a 
ompany whoselo
ations in
lude Italy: (ALL madeBy (FILLS lo
atedIn 'Italy)). In the latter de-s
ription, we make use of the individual 'Italy, whi
h in this 
ase is a lisp atom|hen
ean obje
t from the host language. Alternately, it 
ould have been a 
lassi
 individual|aninstan
e of the 
on
ept COUNTRY for example.The real signi�
an
e of DL's is that one 
an reason about des
riptions. Traditionally,the standard question one asks is whether one des
ription is more general than (subsumes)another. For example, we would expe
t that the des
ription in Figure 4 would be subsumedby the following des
ription, whi
h requires that the employee drive only one 
ar at aminimum:(AND EMPLOYEE(AT-LEAST 1 drives)(ALL drives CAR))Other reasoning problems involving just des
riptions are de
iding whether two des
rip-tions are disjoint, or whether a des
ription is in
oherent (in the sense that it has in
onsistentrequirements that do not permit it to have any instan
es).A 
on
ept knowledge base would then 
ontain de�nitions of named 
on
epts, su
h asITALIAN, and ne
essary 
onditions appli
able to primitive 
on
epts (e.g., an AT&T-EMPLOYEEmust have an HRID-number).In addition, a 
lassi
 knowledge base also 
ontains information about individuals. Forexample, one 
an assert that some obje
t Annie is known to be an instan
e of a 
on
eptEMPLOYEE, or that it has some other obje
t, 5551212, as a �ller for its HRID-number role.Based on this information, one 
an dedu
e information about the individual's satisfa
tion ofother des
riptions; for example, in this 
ase we know Annie is an instan
e of (AT-LEAST1 HRID-number). DL-based KBMS usually do not make the 
losed-world assumption, inorder to allow in
remental a

umulation of information. For this reason, it is ne
essaryto allow an expli
it statement that there are no further �llers for some inidividual's role.The absen
e of the 
losed-world assumption also has the e�e
t that testing an individual'smembership in a 
on
ept 
an produ
e three answers: \de�nitely yes," \de�nitely no," and\unknown at the present."B CLASSIC SPECIFICATIONWe provide a formal a

ount of the operations that 
an be performed on a 
lassi
 knowl-edge base. We do so by 
onsidering �rst a denotational semanti
s for des
riptions. Thisspe
i�
ation roughly 
orresponds to the version of lisp 
lassi
 available around 1996. Wehave removed mu
h of the language that is not germane to the dis
ussion of the paper, andmodi�ed some of the syntax to make it easier to present here.29



B.1 AN INITIAL SEMANTICS OF CLASSIC DESCRIPTIONSAs illustrated in the text above, 
lassi
 provides a 
ompositional and stru
tured languagefor des
ribing 
on
epts. The denotational semanti
s of 
lassi
 is presented in a syntax-driven, re
ursive manner, using an interpretation I = (�I ; �I), where the domain �I isdisjointly partitioned into two realms: �IC , for 
lassi
 obje
ts, and �IH , for host obje
ts.�IH is the set of obje
ts in the language in whi
h 
lassi
 is implemented, and must in
ludeat least a dense set of numbers and the set of strings. �I assigns to ea
h des
ription a subsetof the �I , to ea
h role a subset of �IC��I , to ea
h attribute a subset of �IC��I restri
tedto be a total fun
tion. and to ea
h number or string or other host language 
onstant theappropriate element of �IH .The 
onstru
tors involving individuals (TEST, FILLS,ONE-OF) require di�erent treat-ment for the purposes of subsumption reasoning than for reasoning about individuals (seeSe
tion 4.5); they will be dealt with separately in the appropriate se
tions.Assuming that interpretations of primitives have been dealt with (see below), the inter-pretation of 
omposite des
riptions is obtained as follows. First, role 
hains (resp. attribute
hains) are interpreted as mappings resulting from relation 
omposition:(p1; � � � ; pn)I = fx 7! Sx j Sx = fy j 9z1; :::; zn+1: z1 = x ^ zn+1 = y ^ n̂i=1(zi; zi+1) 2 pIi ggTable 1 then presents the interpretation of 
omplex terms using the interpretation of their
omponents15.CLASSIC TERM LOGIC NOT'N INTERPRETATIONTHING > �ICLASSIC-THING �ICHOST-THING �IHNUMBER host language numbersSTRING host language strings(AND C1 : : : Cn ) C1 u : : : u Cn CI1 \ : : : \ CIn(ALL p C) 8 p : C f d 2 �IC j pI(d) � CI g(AT-LEAST n p) � n p f d 2 �IC j jpI(d)j � n g(AT-MOST n p) � n p f d 2 �IC j jpI(d)j � n g(SAME-AS FC1 FC2) FC1 #= FC2 f d 2 �IC j FCI1 (d) = FCI2 (d) ^ FCI1 (d) 6= ; g(MIN n) numbers greater than or equal to n(MAX n) numbers less than or equal to nTable 1: Interpretation of 
lassi
 
omposite 
on
epts.Normally, as in predi
ate logi
, primitive 
on
epts would be atomi
 symbols, and aninterpretation would assign some arbitrary subset of the domain to ea
h. In the initial designof 
lassi
, we allowed primitive 
on
epts be non-atomi
 terms as well, so that one 
oulden
ode in the des
ription ne
essary 
onditions and other inter-relationships between 
on
eptinterpretations. Therefore, primitive 
on
epts also had rules for assigning interpretations:� (PRIMITIVE C index)I is some subset of CI ;15The table also shows a logi
al notation 
urrent in today's literature, in addition to the standard 
lassi
syntax. 30



� (DISJOINT-PRIMITIVE C gpIndex index)I is some subset of CI su
h that(DISJOINT-PRIMITIVE C gpx ix1)I \ (DISJOINT-PRIMITIVE C gpx ix2)I =; whenever ix16=ix2;In more re
ent work, it has been re
ognized that the information about 
onditionsinvolving primitive 
on
epts is better represented as \axioms" in a knowledge base. Theseare introdu
ed by knowledge-base operations, as indi
ated below.B.2 SUBSUMPTION REASONING WITH CONCEPTSFormally, subsumption between 
on
epts C and D, written as C =) D, holds i� CI � DIfor all interpretations I. As we mentioned though, the interpretation of some 
onstru
-tors needs to be spe
ial for purposes of subsumption. In parti
ular, TEST 
on
epts are\opaque", while 
lassi
 individuals are interpreted as disjoint sets, so that di�erent o
-
uren
es of the same individual identi�er do not ne
essarily have the same properties [7℄:CLASSIC TERM LOGIC NOT'N INTERPRETATION(FILLS p b) p : b fd 2 �IC j 9x (d; x) 2 pI ^ x 2 bIg(ONE-OF b1 . . . bm) f b1; : : : ; bn g Sk bIk if the bk are all 
lassi
 individuals;fbI1 , : : :, bImg if bk are all host individuals;empty otherwise.(TEST-C fn arg1 . . . argn) some subset of �IC(TEST-H fn arg1 . . . argn) some subset of �IHIn addition, 
ardinality 
onstraints only 
ount non-
ongruent elements of a set|wheretwo elements of �IC are 
ongruent if they are elements of the same set interpreting someindividual identi�er.We say that a des
ription C is in
oherent i� its denotation CI is the empty set in allinterpretations I.B.3 CONCEPTS IN CLASSIC KNOWLEDGE BASESA 
on
ept knowledge base CKB (also known as a \TBox") re
ords 
onstraints on 
on
eptnames, in
luding de�nitions (su
h as the 
on
ept ITALIAN mentioned in our example) andne
essary 
onditions for primitive 
on
epts. Note that in some DL's, though not 
lassi
,it is possible to state general subsumption 
onstraints between arbitrary des
riptions.Formally, CKB is a tuple (R;F ; C;O;N ;D;P) whereR;F ; C;O are respe
tively the setsof role, attribute, 
on
ept and individual obje
t identi�ers de
lared. Con
ept names areeither primitive/atomi
 
on
ept names, PN , whi
h have asso
iated a ne
essary 
onditionPN v C in the set N of ne
essary 
onditions; or de�ned 
on
ept names, DN , whi
h haveasso
iated a de�nition DN := C in the set D of de�nitions; and P 
ontains assertions of theform PN1
PN2, des
ribing pairwise disjointness of primitive 
on
epts. An interpretationI is a model of PN v C i� PNI � CI , a model of DN := C i� DNI = CI , and a modelof PN1
PN2 i� PN1I \PN2I = ;. An interpretation is a model of CKB if it is a modelof all 
onditions in N ;D and P.C is said to subsume D in the presen
e of a knowledge base CKB (written CKBj=C =) D), i� CI � DI for all models I of CKB.In 
lassi
, the knowledge base is required to be non-re
ursive: de�nitions and ne
essary
onditions are given at the same time as the name is de
lared, and they 
an only involvepreviously de
lared identi�ers. 31



The 
lassi
 knowledge base management system (KBMS) supports 
ertain update op-erations, whi
h a�e
t the CKB (R;F ; C;O;N ;D;P ) as follows:Operation E�e
tde
lare-role(p) p is added to Rde
lare-attribute(f) f is added to Fde
lare-individual(b) b is added to Ode
lare-primitive-
on
ept(PN ,D) PN is added to C, and PN v D to Nde
lare-defined-
on
ept(CN ,D) CN is added to C, and CN := D to Dde
lare-disjoint-primitive(PN ,D,index) PNindex is added to C, PNindex v D isadded to N , and PNindex 
A is added toP, for every A of the form Cindex in CIn return, we expe
t the KBMS to respond to inquiries, whi
h in
lude retrieving the de
-larations entered and at least the following operations:Question Answer type Responseask-subsumes?(C;D) Boolean true i� CKBj=C =) Dask-is-in
oherent?(C) Boolean true i� CKBj=C =) nothingTo fa
ilitate answering the above questions, and others like them, the KBMS almostalways performs 
on
ept 
lassi�
ation: named 
on
epts are organized into a hierar
hy,�nding for ea
h 
on
ept the most spe
i�
 other 
on
epts that subsume it. The 
lassi�
ationalgorithm relies on the =) relationship, treating it as a subroutine, and as su
h is largelyDL-independent. Interesting previous work in this area has been reported by Baader, etal. [2℄.The KBMS is also 
harged with a number of 
leri
al tasks, in
luding keeping a symboltable of the de
larations, maintaining and a

essing eÆ
iently the pre
omputed 
on
epthierar
hy, signaling de�nitions/de
larations that are redundant (i.e., a 
on
ept whi
h isequivalent to a previously de�ned one) or are in
oherent.B.4 REASONING ABOUT INDIVIDUALS
lassi
 also manages extensional/fa
tual information about individual obje
ts|what hasbeen 
alled the \ABox"16.The standard inferen
e 
on
erning individuals (
orresponding to subsumption for 
on-
epts) is membership (or satisfa
tion). We write b 2 C to indi
ate that individual b is amember of 
on
ept C. Be
ause of the presen
e of FILLS 
onstru
tor, information about bhaving v as a role �ller for role r 
an be represented as 
on
ept membership: b 2 (FILLSr v). To re
ord that there are no further �llers for some individual's role, we use a spe
ialterm b 2 
losedFillers(p,S), indi
ating the exa
t set S of �llers for role p on individualb. In 
lassi
, this implies a further 
on
ept membership: b has at most as many �llers asthe 
ardinality of the set S.Formally, we de�ne a knowledge base KB to be a 
on
ept knowledge base CKB, extendedwith a set A of assertions of the form b 2 C. An interpretation I is said to be a model16The most thorough theoreti
al investigation of individual reasoning has been presented in AndreaS
haerf's PhD thesis and derived publi
ations [41℄. 32



for b 2 C if bI 2 CI . The judgment KB j= b �! C holds i� for every model I of KB,bI 2 CI .Be
ause 
lassi
 does not have negation, and be
ause we do not have a 
losed-worldassumption, we 
an also ask about non-membership in a 
on
ept: KB j= b 62 C i� for everymodel I of KB, bI 62 CI .Finally, as usual, a KB will be 
alled in
onsistent i� it has no models.For the purposes of reasoning with individuals, the interpretation bI of a 
lassi
 in-dividual b will be some element of �IC , with the unique-name assumption requiring that ifb1 6= b2 then bI1 6=bI2 . The interpretation of the spe
ial 
onstru
tors is as follows:CLASSIC TERM INTERPRETATION(FILLS p b) f d 2 �IC j bI 2 pI(d) g(ONE-OF b1 . . . bm) fbI1 ; : : : ; bImg(TEST-C f a1 . . . an) fd 2 �IC j f(d; a1; : : : ; an) returns Y ESg(TEST-C f a1 . . . an) fd 2 �IH j f(d; a1; : : : ; an) returns Y ESgFor non-membership, b 62(TEST fa1 : : : an) requires that f(b,a1,. . . ,an) return the valueNO.B.5 INDIVIDUALS IN CLASSIC KNOWLEDGE BASESThe point of living with the open-world assumption is to allow information to be a

umu-lated in
rementally, as in the 
ase of designing some artifa
t (one of the most su

essfulappli
ations of 
lassi
).>From the fun
tional point of view, the 
lassi
 KBMS therefore supports the followingupdate operations for in
rementally adding information about individuals:Operation E�e
tassert-member(b; C) b 2 C is added to Aassert-fills(b; p; b1) b 2 (FILLS p b1) is added to Aassert-
losed(b; p) b 2 
losedFillers(p,S) and b 2 (AT-MOST n p) areadded to A, where S is set of individuals returned in the
urrent KB by the operation ask-for-fillers(b; p), de-�ned below, and n is the 
ardinality of S.If, as a result of the update, the KB is in
onsistent, then the update is reje
ted and thestate of the KB remains un
hanged.Expli
itly asserted fa
ts, kept in A, 
an be retra
ted. The operations for this in
ludeOperation E�e
tretra
t-member(b; C) b 2 C is removed from Aretra
t-fills(b; p; b1) b 2 (FILLS p b1) is removed from Aretra
t-
losed(b; p) b 2 
losedFillers(p,S) and b 2 (AT-MOST n p) are re-moved from A, where n is the 
ardinality of S.If a retra
tion operation would result in a �ller being removed from a 
losed role, an errormessage is issued instead.At any point, the KBMS is able to respond to inquiry operations about relationshipsinvolving individuals: 33



Question Answer type Responseask-member?(b; C) Boolean true i� KB j= b �! Cask-non-member?(b; C) Boolean true i� KB j= b 62 Cask-for-fillers(b; p) Set(Individual) f e j KB j= b �! (FILLS p e) gask-
losed?(b; p) Boolean true i� KB j= b 2 (FILLS p bi) for ev-ery bi in some set S, and for every otherindividual e not in S, KB j= e 62 C.As with 
on
epts, 
lassi
 pre-
omputes the b �! C judgment, for all individual and
on
ept names, by �nding the most spe
i�
 named des
riptions to whi
h the individualb provably belongs. Similarly, the KBMS pre-
omputes and 
a
hes the �llers and 
losedinformation for ea
h individual's roles. This is done in order to dete
t in
onsisten
ies at thetime of the update, to de
rease the amortized 
ost in 
ase queries are mu
h more frequentthan updates.
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