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Abstract

We take the posttion that for any goal achievable on the Semantic
Web, there will be a “best” system of Web-dwelling software
agenfz to reahzs that goal, and that such a svstem may be
dizcovered effactrelr. The process of defernunme the “bast”
agent system may be overzsen by a dishingmshed Manzser Azant.
But with realistic tome and space constramnts, and tha dynanuc
nature of the Sermnantic Web, finding an approcumatms systermn may
ba accaptable. The approximation then may be adapted teratrvely,

to approach the ideal. We show that very prachical researchers
have loocked at software agenfs and Semantc Web problems m a
spmilar way, determmime approximzting sub-optimal svstems and
mbr.equ&uﬂ]. adapting them. Their appled ressarch confirms that
theory provides a good foundation for practice.

Kevwordsz: Software agents, mult-zsent systems, Web sarvices,
the Semantic Web, theoretical foundations.

Introduction

The am of Semantic Web dezizners and developers 15 to enhance
the eusting Web, supphing structure and meamng that wall
facilitate machmme-to-machine mterachion. With agent and nmlh-
agent system research and development mfesrated mto Web
development, 1t should be poszible for software agents to uhhize
the Wab emronment, fulfilling complex tasks that human users
have specified. Grven a human-specified tazk (2.g., “Schedule my
appomtments for the East Coast tnp”, or “(Get me contact
mformation for the Comellians and Pann zrads who live m thes
area ) capable agents could produce a zatisfactory result They
would access machme-readable mformaton, discover fulfilline
Web zarvices and antomate their uze, makims logical dacisions and
mvoking and composing services as needed.

In meeptree articles about the Semantic Web James Hendlar [13]
and Tomn Bemers-Las, Jame:s Hendler and Ora Lasaila [2]
descnibed some of itz proposed fezatures meluding lansuagzes,
communicatms onfologies and mferencine mechamams. They
provided illustrative examples of “agent-based computimg™ and the
role that agenfs can play m Web applications, interacting with each
other and wath homan users. There 15 typically an Arhificial
Imtellicence emphasziz on Semantic Web and asent research.
Agents offenn are depicted as hielike, as they may navizate the
Web and mteract with other agentz or with people. (The latter
aspact also brmgzz a2 Human-Computer Interaction perspectve to
the field ) While they may commmmicate, leam and adapt, these
agentz are really just soffware. And so, as well, 1= the Semanfic
Web. Hence the dﬁ-&lnpmmt of the Eemarn:-: Web and Wab-
navigahng agents must mvolve substanhal Soffware Engmesnns.
In a project as massrve as the Semantic Web there 1= room, and a
need, for multiple and coordmatad ressarch emphases.

We ourselves take an automata theory approach to agents and the
Semantic Web, motrrated by some mingmng software agent- and
Web-ralzted research we idantfyr z= theoretically grounded. Thus
we look at tazks to-be-fulfilled or problems to-be-zolved on the
Web as behaviors to-be-realized. Viewing the Semantic Web itself

as a mulfi-agent system we look at sub-systems constructed of
Web-dwelling agents to fulfill specific tasks, or to solve specified
problems. as “behavioral reabizations™. With this very theoretical
perspectrve we propose that amy goal achievable on the Semantic
Web vall have a “best” mulh-azent syvstem behavioral reahizathion.
We take the pomithon that this reahzation may be constructed or
adapted effactrvely from Semantic Web-dwellms software agenfs,
parhap: by a dishmgmshed Manager Agent The svstem agents
mayv wrvoke and compose Web services, as needed, to achieve
behavioral geals.

Smece thizs theorefical result mayv disrezard real constraints on time
and space, we next discuss the necsssity of accephine
approximzating  Semanhe Web-dwelhng mulh-asent systems.
These can adequately fulfill tazks or effect problem sclutions that
are “good enough”, relafriye fo time, space, and mformation they
may obtam. We descmbe adapfzhon of zuch apprommafing
systems, when tasks, goals, mformation, or available components
chanze or when anomahes or defects are found.

Desprte the abstract approach we tzke when considenns these
1sznes we find other, verv pracheal, researchers have looked af
mulh-asent systems and the Semantic Web m a similar way. We
describe their related work wath multi-azant systern managers,
approximating results, merative approaches to the “optimal”, and
constramtz applied so that features of the dynamic Semantic Web
can be representad fo soffware agents effsctively. Certamnby, we
balieve that there are problems for which optimal results may
never be found. But we also behieve, from the practical work we
have seen that when considenns asents and the Semantic Web,
theory provides a good foundation for practice.

Research Motivating Our Approach

We were motivated to consider theoretical problems related fo the
Semantic Web and Web-dwellmz software agenfz: from our
analv=izs of some very mferssting research m several related areas.
These mcluded farly recemt work n: emergent semantics;
automated composthon of Web szeraces; deduced imteraction;
collaboratrve learmine; agent coaliion formation; and an agent's
locally-closed view of its world. Each bears some relation to our
automata theory wew of behavioral modelme, and sach has
convmeed us to extend our theoretical work into problams of the
developms Semanfic Web .

In describng emergent semantics Steffen Staab [22] noted the
possibility that semantic hnks to Web pages could be mmferrad from
cbservations of actions of human users. Luc Steels [23] descnibed
Imowledee representation for agents, so that they could mteract
Equvalent extermal representations that agents nesded to
comrmmicate did not 1mmply equnalent internal repressntations. In
owr own mductrve mnference research (such as descmbed m
connecton with model-based vahdation [37). we had shown that
the structure of a languase (or device) could be mferred by
observing examples of behanor. We'd also showm  that
bahaviorally equivalent resulte, wath different underhine
structures, could be found. Thus we were mterested m the concept
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of mfermms semantics, and addihonal features enabline drverse
agents to communicate on the Semantic Web .

We leamed about aspects of kmowladse representation for the
Semantic Web from Sheila Mellraith [13], who discussed
lanzuzse and logic nesded to effect automated composition of
Web zarvices. The goal of =uch efforfs has been to maks Web
sarvices agent-orientad, rather than human-onentsd, =0 that
mvocahion of sarvices can be automated. Then software agents
could discover mformation, execute processes, amd make
salections of achons to take. The satisfymgz results would be
sarvice compositons and interoperabalify. This seamed to us a
very nzahumral way to look at problem solutions: decomposing
problems mtc more-sasib-solved  sub-problems; fmdine

component sub-solohons; recomposine component: mitc the “en

solution that results.

That sclubon components may already be avalable on the Web
was shown fo us by Fachard Waldmser [23]. He dizcussed
deductive techmgues to find asents appropriate for sohing sub-
problems, and to compose them mmto groups that effact problem
solutions. Hiz method employved a theorem-prover that, siven
avallable azent capabilities a3 axoms, produced a theorem that
“glued” appropriate agents together to achieve a behavioral goal.
He showed that thes process may also detect anomabies and
mformation mconsistencies on the Web. In the theoretically-
onented ressarch we have conducted, we'd first prove that a
problem solubion (1.e, specified behavioral realization) did exist
and then, that 1f could be constructed effectrvelr from
represenfatrve components. Thus we could see smmlanbes m
Waldinger's work. When, m cur work, we'd had what we believed
to be a realization (or an approximation) and tested it azamst a
behaoral doman we, too, nught detect anomalies. In our case we
nsed the mformation to comect defects and find better behaiioral
reprezenfations. As “theoretical” as such research may seam it has
mportant real world appheations. E.g., the deductive anomaly
detechon research descmbed by 'Waldmger In 3 5YmMposIm on
logic-based program symthesis [23] was fimded by MNASA (the
Mational Aeronautics and Space Admumstration), DARPA (the
Defonss Advanced Fesearch Projects Azency) and ARDA (the
Intellizence Commumty’'s Advanced Research and Development
Actraty). We have been encouraged to find such recognition of
the fact that pracheal domains can benefit from theory.

Fesearch mvolrmz collaborative learming agents, and descnibing
formation of agent coalihons, showed us that sofftware agents can
act together In groups and adapt, approaching a behaaoral 1deal.
Many different agent collaboration techmiques descmbed m  [24]
mizht achieve thiz. All are more or less goal-directed leamine
methods, determinme “best states™ and achons to chosze. Software
agent coaliions defined by Leen-Kiat Soh and Costaz Teafzoulis
21], and those discussed throuzhowut [20], are formed so that
svoups of agents can work together sohang particular problems or
fulfilline particular tasks. These agents mught use case based
reasoring and remforcement to evaluate uhhity of working tosether
and rmight “argoe”, “negotiate™ or even “coerce” sach other mto
joimng the task-onented group. An mifial sub-optmal coalition
may be formed, and then refined to approach an optimaal result.
We, too, have rteratraely constructad behavioral models that zim to
achieve a goal m the “best possible™ way, and have descnbed
feazibahity of adaptations to softaare desizm [3]. Addihonalky, we
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have applied our owmn theoratical approach to formme coalitons of
soffware agents [7]. Here again there are wvery pracheal
applications: Sch and Tzatoulis [21] have described real time
coaltion formashon, with resulte apphed to multi-zensor target
trackine.

Finally, 2 somewhat theoretical wnew of a real Web condihion 15 the
agent’s local closed world (LCW) wiew of the Semantic Web,
dasenbed by Joff Haflin and Hector Mimoz-Asala [12]. The Web
15 an epormous and dynamic domam, and a software agent really
cannot kmow when 1t has completed an adequate search for
mformation. The addition of LCW extensions to a Semantic Web
lanzuare could provide Web-nangzating software agenfz with
sufficiently complete mformaton to conclude thevy'd done
oush”. This work has mterested us becanse we found, m our
own work, that perfect results could be obtamed mn theoretical
problem domams only because such domams could be constramed.
But m real problems without domain constramts, we deternuned
that approximate results could be acceptable results, for they nuzht
ba “zood enouzh™ [3-8].

We recosmized the relationships between software agent research
and our theoretical work, and between Semantic Web research
and our theoretical work, as we have descnbed above. Noting
similarihies, we dacided to apply our antomata theory perspactrie
to agemts and the Semantic Web. We are not desiznmg the
semantic Web or construchng 1t ourselves, but we beheve there
are applications of our theoretically-cnented work to Semantic
Web development. This 1= particularly the cazse in commecton with
mechamsmes for service mvocation, coordmated comrmmihes,
discovery and selaction of services and choreographies, mmteracton
protocels and architectures supportine agenfs and seraces withn
the Semantic Web. We are bockms at problams spmlar to thoss
conzidered by agent developers and Web designers; thev and we
qust use different termunclogies. In our awtomata world, these
problams are zall problems of deterrmming the struchre of a
beahavioral realization that will achieve a specified behavioral zoal.

The Automata World and the Agents World

In our wview, the agenfz world and the aufomata world are very
much alike. Both worlde mmrolve takme complex problems,
decomposme themn mic zmpler sub-problems, determummng or
constructing realizing sub-sclutions, and recomposme the results
mto the complex problams’ sohihons. Both worlds mrrolve talane
a complex behavioral geal (the problem) and finding a behavioral
realization achieving that goal (the sclution).
Mow, m the automata world, sohqable or (fimitely) realizable
problems are the behaviors of (finite) systems or devices. Device
componants are “states” commected mto sub-zysterns/devices; thass
correspond to solutions to sub-problems. Keaching a “final stata™
corresponds to determuming a solubhon fo a problam. In our
analogous view of the agents world, zsenfs solving sub-problems
correspond to “states™. Agent mteractions are like state-to-stafe
transthions. And. when a group of software agents or nmlh-azent
system solves a problem or completes a process, 1t 15 as if that
svoup has reached a “final state”. Thus symthesiming an automata-
thecretic system or device that realizes a specified behavior 1=
eguivalent o composmg a group of agents mto a mmlt-agent
system that produces a behanaor, or fulfills a task. It 13 well kmown
m automata theory that there 1= a2 relzhonship between the
componants of a reahizable behavior and the struchure of its
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realizahon. Behaioral elements can be zrouped (based on
experments that determuine their “mmdistinemshable bahavior™) mto
clazzes that comrespond to the components or “states™ of 2 reah=ing
“device”. Belahionships amonz the behavioral classes defne

“state-to-state trameifioms”. Claszses of “comect”™ behavioral
elements dafine final, or goal, states. In the aufomata world, just
by analrming the components of a specified realizable behavior or
zoal, one mayv datermune a device that produces or achieves it One
may ophmize a result by munmuzing it and, for finrtely realizable
behaiors, one may find the optimal result effectrvely.
Furthermore, if a fimte potential reabization 1= grven, and the
domam of all “comrect” and “mcomect” behavior 1= known, one
may conduct effective tests to detect amomalies (and deratively
correct them). Altemately, after testing and perhaps correctms,
one may determine the realization to be optimal The components
of an optmal result are found quite eazily, just by exploiting the
relationship between behavior and strocture.

Becauze of the simulanties between the asents world and the
aufomata world, we beheve that well-knmown aufomata-baszed
techmiques can be adapted to software agentz. Then smtable zgents
may be collectad mto groups that can solve specified problems
effectively. By extending proven automata theory techmiques to
processes 1n the agenfs world, zzenfs may be collected mto
mteracting systems or “devices” that reahze behavioral zoals or
fulfill specified tasks. Once agamn, this just requres determmmne
components and architechurs of an agent system from analyszis of
its proposed behaor

We beheve that automata theory methods can be appled to
systems of agents so that optimal (e.g. mmmmuzed) agent systems
will be discovered to fulfill specified tasks. Utihizmg this theory:
nseless agents m a svstemn mayv be dizcovered and removed; agent
confimurafions behaving mdistmmushably can be mergad; and
communication paths can be mmmured. We beheve that when a
behaioral goal srows or changes, automata theory teckniques wall
halp collected agentz (or, 2 mult-agent system) expand
monotonically or adapt asz needed, with amended architecture
and'or different “fmal states” Addihonally, successfully
parformune azent sub-systems can be reused withm fuoture
confipurafions. On the other hand, a2 multi-agent system or agent
svoup can be tested fo detect anomalies, if a geal behavior and its
complement can be fimtelr categonzed. Once agam, we propose
thiz can all be done, just by exploting the relationship between the
zoal behavior and the agent group, or mulb-asent system
schare.

We have illustrated some of thess claims with a Parsonal Travel
Azsisfant (PTA): a collection of task-fulfillme software asents
mitially desenbed az a theoretical comstruchion m [7]. PTA
components that may plan our possible np fo a symposiom m
Washinston DC could be adapted quite eazily from the
componants that planned ouwr tmp to the ICS5E meeting m
Edmnburgh, Scotland. or to an Information Sciences conference m
Salt Lake City. All resultz could be opfinuzed with respect to our
established critena (e g., our specific constraunts on finances, dist
and time). Components that plan cur trips to meetings m San Joze
would be useless, and mught be removed to save PTA space. (We
travel to San Jose by bus and tram; the other specifiad destinabons
require taxa, airport van and plane.) We may not be abls to fimtely
charactenze all poszible “comrect” or “imcorrect”™ travel behanaor
that the PTA mught produce. But from ocur personal-experience
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tests, we kmow the PTA works “well enough™. La, withm tme
Imutz, with sofficient protem-nch enerzy bars, and without
exhausting our fravel budszet, we have ammmved zafely at the
rezspective destnations. The specified behanioral goals have been
achieved.

And What About the Semantic Web’”

If we consider the collschon of software azents that may dwell on
the (Semantic)Web, the Web itze]f15 2 multi-azent system. At least
for our current purposes, that 13 how we w1ew it. So, just like
Waldinger's approach [23] of locating agents on thse Web and
deductively “ghuns” them mto problem-zolvmg systems, our
automata theory approach, too, can apply to the whole Semanfic
Web. When synthesizing a software zzent “devnce” to fulfill some
behavioral zpecification, agenfz wall be collected from the
semantic Web agent umrverse. The very same possibilifies we
dezcnibed zbovve (merzer, mimmmization, elimmaton optimization,
adaptation) that mught apply to “one’s own personal mmlt-agent
system”, need onby be scaled up to apply to the whole Semanhe
Web. In actuahty this 15, of course, qute a scaling project. But 1t 1=
all quite simple m theory.

We belweve that the best way to approach this project 1s to develop
a distmzinzhed Manaser Agent Thiz asent would overses the
salection, composthon, and adaptation, etc., of the mmlb-zsent
systems constructed from the other software zsents dwelling on
the Semantic Web. The Manaser Asent would assign agents to
sroups, based on classes of tasks and the agents” ahilities. The
Manarer would expernmment, to effect mergers and reduchons. The
Manaser would leamn of new azents and sarvices and ufilize them
as warranfed. Adaptation would occur as new tazks developed, too.
In ocur mference work we had a theoretwal mformant (many call
thiz an “oracle™) who oversaw the construchion and adaptzhion of
behavior-reahzing models. This seems the 1deal thecretical
solution for deterrmining architecture of each goal-directed zszent
system that could be composad, or exizt, on the Semantic Web.
The Manarger (achne az mformant] would oversee, track, select,
construct and watch the Semantic Web grow and chanee.

Of course there are fime and space considerations ralating to how
thiz Manager would work. There would be obvious mitractaluhity mn
making “perfect” svstem plans. Real tme solubons fo most
problams could not possibly be obtained. Neot if the Manarer must
catezorize clazzes of all Semantic Web-dwellng agent capabilities
and collect them into systems fulfilhng behavioral geals. Mot 1f the
Manager must find -.':-ptmul structures formed from amone all
other agenfs. Even with a Local Clozed World assumphon,
keepine 2 Mamager mn touch with “much™ mformation 2z the
Semantic Web grows, the job could not, 1n reahty, be done. But n
(ood Old Fashioned Automata Theory we mayv establish the
followmns theoretical result:

For any fimtely reahzabls behavioral goal achievable
on the Semantic Web, there will be 2 “best™ (perhaps
runimal or most efficient or other desizmated
optimal) finite system of Web-dweallnz software
agentz to reahze that goal Thiz system mav be
discovered effectively: by construchion from eustns
agents; or by adaptahon from an agent system that 1=
already kmowm.
The key words m the above assartiom are “achievabla”™ and
“effectrvaly™. If the goal 1= fimitely raalizable there wall be a finite



