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Abstract

We present results of our work on using first order theorem proving to reason
over a large ontology (the Suggested Upper Merged Ontology B SUMO), and
methods for making SUMO suitable for first order theorem proving. We describe
the methods for tranglating into standard first order format, as well as optimizations
that are intended to improve inference performance. We also describe our work in
translating SUMO from its native SUO-KIF language into TPTP format.

1. Introduction

There are two main areas of effort in this work. The first is to take a language that
appearsto be beyond first order, and trarslate it into the strict first order form neecded for
stardard first order thearem provers. The second is in developing techiquesthat allow
standard proversto perform well on rea®ning problems on a large ontology. Most first
order thearem provers particularly those whose developmert has been done using the
TPTP (Sucliffe & Sutner, 1998) library for teding, have beenoptimizedto perform well
on proofs that require deeprea®ning on a very small number of axioms, on the order of
10, or on proofs with a small number of rulesbut very large numbers of ground facs.
Rea®ning over a large ontology such as SUMO requires a spectrum of rea®ning, from
simple matching and unification to deepmulti-step proofs, but most typicaly hasa key
problem of finding a small number of relevart axioms in a seaof irrelevart ones There
arealso certain axioms that are neeced much more frequertly than others Current ATP
systemsarenot tunedto cope with these two distinctive agpects of reasoning over alarge
ontology. The most gereral way of framing a solution is to trade spacefor time, caching
what arearticipatedto be frequertly usedreaults.

The Suwggeded Upper Merged Ontology (SUMO) (Niles & Peag, 2001) is a free,
formal ontology of about 1000 termsand 4000 definitional statemers. It is provided in
the SUO-KIF language (Pea%, 2003), which is afirst order logic with some second-order
extersions, and also translated into the OWL semartic web language (which is a
necesarily lossy trarslation, giventhe limited expressiveness of OWL). SUMO hasalso
beenextended with a number of domain ontologies which together number some 20,000
termsand 70,000 axioms. SUMO hasbeenmayped to the WordNet lexicon (Fellbaum,
1998) of over 100,000 noun, verb, adecive, and adverb word senses (Niles & Peag,
2003), which not only acts asa checkon coverage and completeress, but also providesa
basgs for work in natural language procesing (Pease & Murray, 2003) (Elkateb et al,
2006) (Scheffczyk etal, 2006). SUMO is now in its 75th free verdon; having undergone
five yearsof developmert, review by a community of hundreds of peaple, and application
in expert reaoning and linguistics. Various versions of SUMO have been subjected to
formal verificaion with anauomatedthearem prover. SUMO ard all the associatedtools
and products are available at www.ontol ogyportal.org .




1.1. TheSUO-KIF Language

SUO-KIF, the Stardard Upper Ontology Knowledge Interchange Format (Peas,
2003) was created as a variant of the KIF language (Genesreh, 1991) and dedgned to
support the SUMO project It retains the LISP-like syntax of the original KIF, but
simplifies the language somewhat by including only logical operabrs in the language
itself, leaving any ontology that emgdoys the language to define and harndle issuessuch as
class and instance declaraions and the difference between necesary and sufficient
definitions (if any). It has a relatively OfeeDsyntax, allowing higher-order constructs
such as variabes in the predcae position, quartificaion over formulas and no
redrictions such as prohibiting predcates and instances sharing hames On the other
hand, the syntax is more redricted than some other variarts of KIF in that constructs that
hawve little use in common sense knowledge representation, such as empgy conjunctions,
are not allowed Variables are deroted by a leadng (O charackr, ard universal
guartification, existertial quartificaion, implicaton, and biimplicaion are shown as
JorallO, GexistsO, >0 and G=>0, repecively. Quartifier lists are delimited by
parerthesesard quartifiedvariad eshave no explicit sort syntax.

2. Conversionto First Order Logic

Since 2002 a customized vergon of Vampire (Riazarov & Voronkov, 2002) hasbeen
the primary systemavailade for reasoning over SUMO, aspart of the open source Sigma
system (Pease, 2003). While the customizations allow Vampire to read SUO-KIF format,
thereare some redrictions, most notaly on those agpect of SUO-KIF that appear to be
beyond first order. Severaltransformatons are required.

The first trarsformaton is related to hardling the type signature of predcates and
functions. Proverssuch asVampire are unsorted and variabesrange over the Herbrand
universe. However, SUMO specifiesthe signature of eachpredcate and function. When
run in an unsorted prover, thee specificaions can have the uninterded effect of
gereraing contradctions. Because variabescan be of any type, they can be bound to a
term that is incompatible with the encompassing predicat or function's signature. The
axiom that specifiesthe signature then contradcts that variade binding. In addition, by
allowing variables to be any type, the prover's seach may find variabe bindings that
camot be part of the evertual succesful solution, so thereis anefficiency cost, aswell as
aproblem for finding anaccuate proof.

To solve this problem, we relativize the formulae by gereraing additional
precanditions for eachrule in the ontology, which then limits every formula to being
consideredonly if type requiremerts have beenmet For example,

(=>
(and
(i nstance ?TRANSFER Transfer)
(agent ?TRANSFER ?AGENT)
(patient ?TRANSFER ?PATI ENT))
(not
(equal 7?AGENT ?PATI ENT)))

is transformedinto



(=>
(and
(i nstance ?AGENT Agent)
(i nstance ?PATI ENT Object))
(=>
(and
(i nstance ?TRANSFER Transfer)
(agent ?TRANSFER ?AGENT)
(patient ?TRANSFER ?PATI ENT))
(not
(equal 7?AGENT ?PATI ENT)))

Note thata nasve implementation of this approach would be to state
(=>
(and
(i nstance ?AGENT Agent)
(i nstance ?TRANSFER | nst ance)
(i nstance ?TRANSFER Process)
(i nstance ?PATI ENT Object))
(=>
(and
(i nstance ?TRANSFER Transfer)
(agent ?TRANSFER ?AGENT)
(patient ?TRANSFER ?PATI ENT))
(not
(equal 7?AGENT ?PATI ENT)))

but since ?TRANSFER is alread/ constrained by the first clause of the original rule,
those additional precanditions arenot necessary.

There is an efficiency cost with using sortal prefixes since they increag the number
of literak that must be provedin order to derive eachconclusion. We would expect the
use of sortal prefixesto improve correcness, but at the cost of speed(and some space.
The use of sortals has not provided any obvious berefit so far (see Secton 5), possibly
becatse we have not allowed each teg to run for along enough time. Further teging is
plamed

The secand transformation deak with SUO-KIF's row, or sequerce variades which
follow a scheme proposed in (Hayes & Menzel, 2001). They are denoted by the '@
symbol in KIF statemerts. They are aralogous to the Lisp language's @GREST variale.
This is not first order if the number of argumerts it can handle is infinite. However, if
row variabeshave a definite number of argumerts, they canbe treatd like a macro, and
becanefirst order. For examge,

(=>
(and
(subrelation ?REL1 ?REL2)

(?REL1 @OW)
(?REL2 @OW)

becanes
(=>
(and
(subrelation ?REL1 ?REL2)

(?REL1 ?ARGL))
(?REL2 ?ARGL))



(=>
(and
(subrelation ?REL1 ?REL2)
(?REL1 ?ARGL ?ARR2))
(?REL2 ?ARGL ?ARR2))

efc.

Note that this GnacrdDstyle exparsion hasthe problemthat unlike the intended semartics
of row variales it is not infinite. If the macro processor only expards to five variables
thereis a problem if the knowledge engineer uses a relation with six. Becawse of that,
Sigmas syntax checker must prohibit relations with more argumerts than the row
variabe preprocesor expands to. Alternatively, we could first determine the maximum
number of relation argumerts used in the KB, and then perform macro expansion up to
that number of argumerts.

The third transformaton universally quartifiesall free variabes For example
(=>
(and
(subrelation ?REL1 ?REL2)

(?REL1 ?ARGL))
(?REL2 ?ARGL))

becanes

(forall (?REL1 ?REL2 ?ARGl)
(=>
(and
(subrelation ?REL1 ?REL2)
(?REL1 ?ARGl))
(?REL2 ?ARGl)))

The fourth transformaion eliminates the use of variablesas predcatesand functions.
A typical SUMO axiom that usesavariadein a predcate position is
(=>
(inverse ?REL1 ?REL2)
(forall (?INST1 ?INST2)
(<=>
(?REL1 ?I NST1 ?I NST2)
(?REL2 ?I NST2 ?INST1))))

This illustrates a ca® of variabes ?REL1 and ?REL2, being used as predcatkes
Strictly speaking, variabes in a predcate position are not first order. However, if we
adopt the simplifying assumption that such variadlescanrange only over those predcates
that appearin the formulaein use, the statemerts becanefirst order. All thatis needdis
asimple syntactic trarsformation to make them appearso to a standardfirst order prover.
To do this, a OdimmyOpredcate called Gvol ds_X__Ois prependedto every atom, where
Xisthe arity of the predcat plus 1. Thisyieldsthe following axiom
(=>

(holds_3__ inverse ?REL1 ?REL2)
(forall (?INST1 ?INST2)
(<=>
(hol ds_3__ ?REL1 ?I NST1 ?I NST2)
(hol ds_3__ ?REL2 ?INST2 ?INST1))))

The inclusion of the arity in the Qnol ds_X__Opredcate is necesary to support
proversthat do not support variabe arity predcates and the trailing __ avoids potertial



conflicts with user predcates (which by convertion should not erd with ). An
aralogous approachis takenfor functions, using anGippl y_X__Ofunction. For examgde
(=>
(and
(attribute (CGovernnent Fn ?AREA) ?TYPE)

(i nstance ?TYPE For mOf Gover nnent))
(gover nment Type ?AREA ?TYPE))

becanes

(=>
(and
(holds_2_ attribute (apply_2__ Government Fn ?AREA) ?TYPE)
(holds_3__ instance ?TYPE For nOf Gover nment))
(hol ds_3__ government Type ?AREA ?TYPE))

These ol ds_X__Oard Qippl y_X__Owrappersare added to all atoms (in SUMO
every predcat hasarity atleas two), and to all non-constart function terms evenif the
predcat or function position is not a variabe. This consistert treamert allows the same
unificaion possibilitiesasprior to the transformation, so that no completeress islost. The
trarsformation has an added berefit of improving performarce for those provers which
index clausesprimarily on the predcate name.

The fifth transformation is significart. SUMO includes statemerns that are truly
secand order. For example
(=>
(i nstance ?DEVI CE Measuri ngDevice)
(hasPur pose ?DEVI CE
(exi sts (?MEASURE)
(and
(i nstance ?MEASURE Measuri ng)
(i nstrument ?MEASURE ?DEVICE)))))

is an axiom that statesthat a Measur i ngDevi ce has the purpose of being used as an
instrumert in aMeasuri ng acion. Becawse hasPur pose takesaformulaasits secand
argument, it is not first order, and there is no simple trick or assumption that canbe mace
to reduceit to first order. The only solution availabe is to lose most of the sematrtics of
the statemert, and turn it into an uninterpreted list. After transformaton (omitting other
trarsformations for clarity) the axiom becomes
( =>
(i nstance ?DEVI CE Measuri ngDevi ce)
(l'i st hasPurpose ?DEVI CE
(exi sts (?MEASURE)
(and
(i nstance ?MEASURE Measuri ng)
(i nstrument ?MEASURE ?DEVICE)))))

While exi st s, and, etc., all lose their semartics, atleag it is possible for a thearem
prover to unify over the list, retaining some limited possibility for rea®ning with the
statemeri. To choose a bit clearer artifi cial example, supposing we had

(believes Mary
(likes Mary Bill))

an amswer for (believes Mary (likes ?X Bill)) could be found becaise
although (li kes Mary Bill) becanesanuninterpretedlist after the trarsformation, it
canstill be subjectto unification. Howevwer, if we hadinstead



(believes Mary
(and
(likes Mary Bill)
(likes Sue Bill)))

anarswer for (bel i eves Mary (likes ?X Bill)) could not be found becaise
the two lists arenot unifiable.

3. Conversionto TPTP

While the converdons desribed albove reault in an essertially first-order form, there
areseveral agects that are beyond the Otadtional humanreadb eOformat of the TPTP
language, as used by mary current provers The TPTP language uses Prdog-like user
termsand atoms, usesinfix notation for binary operabrs, has a separae hamegace for
operabrs, ard provides a separae namegace for defined functors and predcates
Additionally the TPTP language does not support arbitrary lists. Thes differences are
deat with in the translation to TPTP format asfollows.

A stack-based algorithm is used to convert from the SUO-KIF prefix form for binary
operabrs, stacking the trarslated form of an operator when found at the start of a
formula, copying it off the top of the stack for insertion between operard formulag and
popping it off the stack at the end of the formula. As user terms and atoms are
encounteredthey are trarslated to PrologOsrefix form, with variabesprefixedby "v_",
and function and predcat symbols prefixed by "s_". All hyphenrs in user terms are
trarslated to undersores Some defined functions are trarslated to corregponding
equivalerts from the TPTP larguage, starting with a GO(note that the TPTP stardards
for defined arithmetic functions and predcates are in the process of being set as this
paper is being written so some minor changes may be necesary in this apect of the
trarslation to TPTP formaf. In the TPTP language double quoted strings are always
interpreted as themselves so that different strings are known to be not equal. In the
trarslation SUO-KIF double quoted strings are converted to single quoted constarts, and
non-printable characers - carriage return, new line, tab, and formfeed - are repaced by
spaces For example

(forall (?REL ?0BJ ?PROCESS)
(=>

(and
(holds_3__ instance ?REL CaseRol e)
(holds_3__ instance ?0BJ (bject)
(hol ds_3__ ?REL ?PROCESS ?0BJ))

(exists (?TIMg)
(holds_3__ overl apsSpatially

(appl y_3__ WhereFn ?PROCESS ?TIME) ?0BJ))))

istranslatedto

f of (nane, axi om
I [ V_REL, V_0BJ, V_PROCESS]
( ( holds_3_ (s_instance,V_REL,s_ CaseRol e)

& holds_3_ (s_instance, V_0OBJ, s_(hj ect)
& holds_3__(V_REL, V_PROCESS, V_0BJ) )

=> ? [V_TI ME]

hol ds_3__(s_overl apsSpatially,
apply_3__(s_\WereFn, V_PRCCESS, V_TIME),V_OBJ) )).

In the trarslation to first-order form de<cribed in Section 2, it is explained that truly
secand order constructs are dealt with by losing most of the semartics by converson to
uninterpretedlists. This trarslated form is not directy usable in the TPTP format, asthere



is no support for arhitrary lists. The current solution is to lose evenmore of the sematrtics,
by single quoting such expressions, thus treaing them as constarts. In this way the
possibility of unificaion over the list elemerts is lost - only unificaion of the whole is
possible. Part of the rea®n for taking this smplistic approach is that operabrs have a
separat namegpacein the TPTP language, e g., rather than SUO-KIF'sand TPTP usesé&.
As a reallt TPTP operators camot be treatd as constarts in a list function. The list
solution canbe implemenedin the translation to TPTP format by retaining the SUO-KIF
forms of operators (which look like TPTP constarts), and forming atoms with a
Oi st _X__ Opredcatketo represert lists. For examge
(=>

(i nstance ?DEVI CE Measuri ngDevi ce)

(hasPur pose ?DEVI CE

(exists (?MEASURE)
(and

(i nstance ?MEASURE Measuri ng)
(i nstrument ?MEASURE ?DEVICE)))))

would be translatedto

f of (nane, axi om
I [ V_DEVI CE, V_MEASURE]
( holds_3__(s_instance, V_DEVICE, s_Measuri ngDevi ce)
=> hol ds_3__(s_hasPur pose, V_DEVI CE,
list_3 (s_exists, V_MEASURE,
s_and(s_i nstance(V_MEASURE, s_Measuri ng),
s_instrument (V_MEASURE, V_DEVICE))) )).

4.  Optimization

It is always possible to comparea prover optimizedfor a given set of problemsto one
that hasnot and show disappointing realts for the unoptimizedprover (Ramachandran et
al, 2005). Our challenge hasbeento develop a set of simple optimizations that allow a
set of standard, generalpurpose, first-order proversto perform well on SUMO.

A first simple optimizaton is to cache trarsitive relationships. Almost arny pracical
guery on SUMO requires rea®ning about subclass and instance relationships at some
point during a proof. A standard prover does not give ary special priority to SUMQO's
axiom of transitivity, so mary proofs attempgs canspend alot of time seaiching deaderd
solution paths, when the arswer is found mastly in a succesion of applicaions of just
one axiom. A simple way to solve this is to cacte all the subclass relationships. This
mears thatif SUMO authors have stated( subcl ass C B) and (subcl ass B A) that
our optimization code also gererates( subcl ass C A), prior to any query being aked

While prefixing all clauses with Qhol ds_X__Ois effecive in making SUMO first-
order, as described ahove, it might not be the most efficiert strategy. An alternative
aporoachis to instartiate all predcat and function variadeswith all the predcatesand
functions with the same arity. For example
(=>

(instance ?REL TransitiveRel ation)
(forall (?INST1 2?1 NST2 ?I NST3)
(=>
(and
(?REL ?I NST1 2?1 NST2)
(?REL ?1 NST2 2?1 NST3))
(?REL ?INST1 ?INST3))))



canbeinstartiatedwith subcl ass to yield
(=>
(i nstance subcl ass TransitiveRel ation)
(forall (?INST1 2?1 NST2 ?I NST3)
(=>
(and
(subcl ass ?I NST1 ?1 NST2)
(subcl ass ?I NST2 ?1 NST3))
(subclass ?I NST1 ?INST3))))

To avoid proliferaing too many such instartiations however, the processor hasto take
into accaunt redrictions in the axioms themslves A nawe approach would instartiate
the above axiom with predcatessuch asagent, which arenot trarsitive. Our intuition
about the computational advartages of this approach are not supported by current teg
reallts, asexplained below.

5. Tests

The tabe below reports preliminary reailts of teding the translaton amnd
optimizaions. The teds were performed using a 2002 verdon of Vamgre on a 3.2GHz
PC with 2.9GB of memory. The defaut query timeout was set to 180 seconds. The
reaults arefor tegs performedon a KB consisting of SUMO plus the Mid-Level Ontology
(MILO).

The headng elemen OsrtalsOrefers to the addition of type constraint artecearts to
axioms The headng elemen OmldsOrefers to the addition of the artificial predcate
ol ds_X__Oto every clause. Whenteds arerun with the option OnstartiateOpredcate
variable instartiation is used instead The headng elemert GachingO refers to pre-
computing the trarsitive closure of subsumption relations. The values in the "Overall
Rarking" row werecomputed with the following off -the-cuff algorithm: for eachtale:

1. Findtheloweg value for Avg. total secands. Call thisLV.

2. For eachcolumn, take the average number of failed queries (i.e., 50 - Avg. # of
succesful querieg. Call thislA.

For eachcolumntake the Avg. total secands value. Call this TS.

4. For each cdumn, compute an index | using this formula: 1 = ( (IA/50) *
(TSLV)). Essentially, thisis anad hoc index of "badhess", giving equal weight
to avg. number of failed queriesand avg. total time per query run per parameter
configuration (column). The smaller this index, the "better' the overal
performarce for this configuration of paraneter settings relative to the other
configurations of settings.

5. Assign arark to eachcolumn, based on the computed "badhess" index, with 1
being beg and 8 being worst.

Suprisingly, the optimizaions we have implemented appear to give beter
performarce with our 2002 verdon of Vampire in only a few configurations, and the
realts are difficult to interpret. Caching the subclass hierarcly does not gererally
improve the query succes rate. We surmise that the detrimertal effect of caching is
related to the greaty increa®d size of the KB, but explanation of the actual cawses
requires furtherinvedigation.

Before running the teds, we expected that the introduction of sortals, by constraining
the searchspace would improve both query success rate and answer time. However, we



found insteadthat, for all combinations of using holds and caching, the introduction of
sortals degrades both succes rate and performarce. We believe that the degradation
reaults from the fact that sortals add extra literak which must be solvedfor eachproof. It
may be that none of our current teds adequately targets the main problem that the
introduction of sortals wasintendedto solve: making predcat argumert type constraints
more accesible to our 2002 verson of Vamgre, and therely preverting spurious
conclusions. The instartiation of predcate variabes (i.e., no use of holds_X
prefixes resultedin some improvemert over using holds prefixes

sortals, sortals,
no sortals, instantiat no sortals, hold no sortals, sortals, no sortals, | sortals,
instantiate, e no holds, no S instantiate,  instantiate, holds, holds,
no caching caching caching caching caching caching caching | caching
0,
AVG. %0 geu 82% 86% 30% 76% 82% 50% 32%
successful
Avg.num.| - an, 41/50 43/50 | 15/50 @ 38/50 41/50 25/50 | 16/50
successful
Avg. total
4,010 5,814 9,689 12,140 6,849 8,430 10,003 9,377
seconds
Normalized
avg. total 0.33 0.48 0.8 1 0.56 0.69 0.82 0.77
time
Overall
Rank 1 2 5 8 3 4 6 7

Table 1. Summary of Aggregate Performance per Run by Parameter Cluster

6. Concluson

We planto continue our experimerts along several dimersions. We needto expand
the variabes tracked when running teds to include the numbers and types of formulas
(Orlied, Horn clawses unit clauses etc.)), and the number and characeristics of the
proof(s) used to obtain eachanswer. We neel to expand the number of tegs and ensure
that they are represertative of the queries typicaly posed in currert applicaions. We
needto run in differet memory configurations, to determine the impact of memory
pagng on performarce when the knowledge base is very large. We needto run tegds on
SUMO alone, and on SUMO plus all of its domain ontologies We needto run on all the
proversin the current TPTP suite, including the most recert verdon of Vamgre. The
evolving set of tedsis availabe at

http://sigmakeecvs.sourceforge net/sigmakeeKBs/teds/
and the Sigmasystemthat runs thes tedsis availad e at
http://sigmakeesourceforge.net/ .
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