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Resumo

Modelos BDI (ou seja, modelos Beliefs-Desires-Intentions models) de
agentes tém sido utilizados ja ha algum tempo. O objetivo destes modelos é per-
mitir a caracterizacao de agentes utilizando nogoes antropomorficas, tais como
estados mentais e agoes. Usualmente, estas nogoes e suas propriedades sao for-
malmente definidas utilizandos formalismos l6gicos que permitem aos tedricos
analisar, especificar e verificar agentes racionais. No entanto, apesar de diver-
sos sistemas ja terem sido desenvolvidos baseados nestes modelos, ¢ geralmente
aceito que existe uma distancia significativa entre esta logicas BDI poderosas e
sistemas reais. Este trabalho defende que a principal razao para a existéncia
desta distancia é que os formalismos logicos utilizados para definir os modelos de
agentes nao possuem uma semantica operacional que os suporte. Por “seméantica
operacional” entende-se tanto procedimentos de prova que sejam corretos e com-
pletos em relagao a semantica da légica, bem como mecanismos que realizem os
diferentes tipos de raciocinio necessarios para se modelar agentes.

Ha, pelo menos, duas abordagens que podem ser utilizadas para superar
esta limitacao dos modelos BDI. Uma ¢ estender as logicas BDI existentes com a
semantica operacional apropriada de maneira que as teorias de agentes se tornem
computacionais. Isto pode ser alcangado através da definicao daqueles procedi-
mentos de prova para as logicas usadas na defini¢ao dos estados mentais. A outra
abordagem ¢ definir os modelos BDI utilizando formalismos logicos apropriados
que sejam, ao mesmo tempo, suficientemente poderosos para representar estados
mentais e que possuam procedimentos operacionais que permitam a utilizacao da
logica como um formalismo para representacao do conhecimento, ao se construir
os agentes. Esta é a abordagem seguida neste trabalho.

Assim, o propoésito deste trabalho é apresentar um modelo BDI que, além
de ser um modelo formal de agente, seja também adequado para ser utilizado
para implementar agentes. Ao invés de definir um novo formalismo logico, ou de
estender um formalismo existente com uma seméantica operacional, define-se as
nogoes de crengas, desejos e intengoes utilizando um formalismo logico que seja,
a0 mesmo tempo, formalmente bem-definido e computacional. O formalismo es-
colhido é a Programagao em Ldgica Estendida com Negag¢ao Explicita (ELP) com
a semantica dada pela WFSX ( Well-Founded Semantics with Ezplicit Negation -
Semdntica Bem-Fundada com Negagao Explicita). ELP com a WFSX (referida
apenas por ELP daqui para frente) estende programas em logica ditos normais
com uma segunda negacao, a negacdao explicita'. Esta extensao permite que in-
formagao negativa seja explicitamente representada (como uma crenga que uma
propriedade P nao se verifica, que uma intengao I nao deva se verificar) e au-
menta a expressividade da linguagem. No entanto, quando se introduz informacgao

'Em contraste com negag¢do por falha usual de programas em logica normais, que sdo
chamadas Negag¢ao Implicita no contexto da ELP.



negativa, pode ser necessario ter que se lidar com programas contraditérios. A
ELP, além de fornecer os procedimentos de prova necessarios para as teorias ex-
pressas na sua linguagem, também fornece um mecanismo para determinar como
alterar minimamente o programa em logica de forma a remover as possiveis con-
tradigoes. O modelo aqui proposto se beneficia destas caracteristicas fornecidas
pelo formalismo logico.

Como ¢ usual neste tipo de contexto, este trabalho foca na definigao formal
dos estados mentais em como o agente se comporta, dados tais estados mentais.
Mas, constrastando com as abordagens até hoje utilizadas, o modelo apresen-
tanto nao ¢ apenas uma especificagao de agente, mas pode tanto ser executado
de forma a verificar o comportamento de um agente real, como ser utilizado como
mecanismo de raciocinio pelo agente durante sua execugao. Para construir este
modelo, parte-se da anélise tradicional realizada na psicologia de senso comum,
onde além de crengas e desejos, intengoes também é considerada como um estado
mental fundamental. Assim, inicialmente define-se estes trés estados mentais e
as relagoes estaticas entre eles, notadamente restricoes sobre a consisténcia entre
estes estados mentais. Em seguida, parte-se para a definicao de aspectos dinami-
cos dos estados mentais, especificamente como um agente escolhe estas intengoes,
e quando e como ele revisa estas intengoes. Em resumo, o modelo resultante
possui duas caracteristicas fundamentais:(1) ele pode ser usado como um ambi-
ente para a especificacao de agentes, onde é possivel definir formalmente agentes
utilizando estados mentais, definir formalmente propriedades para os agentes e
verificar se estas propriedades sdo satifeitas pelos agentes; e (2) também como
ambientes para implementar agentes.



Abstract

Beliefs-Desires-Intentions models (or BDI models) of agents have been
around for quite a long time. The purpose of these models is to characterize
agents using anthropomorphic notions, such as mental states and actions. Usu-
ally, these notions and their properties are formally defined using logical frame-
works that allow theorists to analyze, to specify and to verify rational agents.
However, despite the fact that many systems have been developed based on these
models, it is a general concern that there is a gap between those powerful BDI
logics and practical systems. We believe that the main reason for the existence of
this gap is that the logical formalisms used to define the models do not have an
operational model that support them. By an operational model we mean proof
procedures that are correct and complete with respect to the logical semantics,
as well as mechanisms to perform different types of reasoning needed to model
agents.

There are, at least, two major approaches that may be used to overcome this
limitation of BDI models. One is to extend existing BDI logics with appropriate
operational models so that agent theories become computational. This may be
achieved through the definition of proof procedures of the logic used to model
the mental states. The other approach is to define BDI models using a suitable
logical formalism that is both powerful enough to represent mental states and
that has operational procedures that allow us to use the logic as a knowledge
representation formalism, when building the agent. This is also the approach we
follow in this work.

The purpose of this work is to present a BDI model that, besides being a
formal model of agents, is also suitable to be used to implement agents. Instead
of defining a new BDI logic or choosing an existing one, and extending it with an
operational model, we define the notions of belief, desires and intentions using
a logical formalism that is both well-defined and computational. The formalism
we are using is logic programming extended with explicit negation (ELP) with
the Well-Founded Semantics eXtended for explicit negation (WFSX). ELP with
WFSX (simply ELP, from now on) extends normal logic programs with a second
negation named explicit® negation. This extension allows us to explicitly repre-
sent negative information (like a belief that a property P does not hold, or an
intention that a property @ should not hold) and increases the expressive power
of the language. When we introduce negative information, we may have to deal
with contradictory programs. The ELP framework, besides providing the com-
putational proof procedure for theories expressed in its language, also provides
a mechanism to determine how to minimally change a logic program in order to

2In contrast with the usual negation as failure or negation by default of normal logic pro-
grams, which is called implicit negation in the ELP context.
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remove contradictions. Our model benefits from these features provided by the
logical formalism.

As it is usually done, we focus on the formal definition of mental states and
on how the agent behaves, given such mental states. But, contrasting with these
former approaches, our model is not only an agent specification, but it may also
be executed in order to verify the actual agent behavior, as well as it may be used
as reasoning mechanism by actual agents. We depart from the traditional folk
phycology analysis, where along with desires and beliefs, intentions is considered a
fundamental mental state. Therefore, initially we define these three mental states
and the static relations between them, namely constraints on consistency among
those mental states. Afterwards, we advance with the definition of dynamic
aspects of mental states, namely how the agent chooses its intentions, and when
and how it revises its intentions. In fact, the resulting model has two defining
characteristics: (1) it may be seen as a agent specification environment, where
it is possible to formally define an agent using mental states, to formally define
properties that the agents should comply with, and to verify if these properties
are really present; and (2) also as an agent implementation environment.
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1 Introducao

1.1 O Contexto da Tese

Nos tultimos anos tem havido um grande interesse no desenvolvimento de
sistemas que encorporem a nogao de agente e em técnicas de desenvolvimento
que adotem uma abordagem orientada a agentes. No entanto, apesar de tamanho
interesse, a definicao do que seja um agente ¢ um ponto sobre o qual nao hé con-
censo. Isto acontece pois as defini¢coes de agente frequentemente sao fortemente
influenciadas pelo dominio onde sao aplicados e pelo conjunto de exemplos de
agente que quem produz a definicdo tem em mente!. Por outro lado, apesar da
falta de uma defini¢ao concensual, hé certas propriedades que se considera que um
sistema, seja “software” ou “hardware”, deve exibir a fim de que seja considerado
um agente. Estas propriedades sao [WOO 95|

e qutonomia — a capacidade de operar sem a intervengao de humanos, e de
controlar suas proprias agoes e estados internos;

e habilidade social — a capacidade de interagir com outros agentes, humanos
ou nao, através de algum tipo de linguagem ;

e reatividade — a habilidade de responder em tempo a estimulos recebidos do
ambiente;

e pro-atividade — a capacidade de, além de responder a estimulos do ambiente,
ser capaz de exibir um comportmento orientado a objetivos. Ou seja, ser
capaz de prever como atingir ou evitar um determinado estado ou objetivo;

e adaptabilidade — a capacidade de se adaptar a modificagoes no ambiente, al-
terando planos previamente concebidos ou aprendendo através da interacao
com o ambiente.

Estas definigoes e propriedades que caracterizam a nogao de agente tem por
objetivo nao meramente dividir o mundo entre entidades que sao e que nao sao

1O leitor interessado em uma discussdo sobre as varias definicdes de agentes pode referir-
se & [FRA 97|, onde os autores fazem uma coletdnea de varias destas defini¢bes, bem
como uma breve comparagdo entre as mesmas. Pode consultar ainda [SIC 92|[V.D 95]
[CAS 97][WOO 97].
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agentes, mas servir de ferramenta para analizar sistemas [RUS 95|, bem como

especificar, projetar e construir sistemas cujos elementos basicos sejam agentes. A
medida que as aplicagoes sendo consideradas tornam-se maiores e mais complexas,
¢é necessario utilizar niveis de abstragao que permitam representar os problemas
e suas solugoes de forma mais natural. Os agentes, estas entidades auténomas
com capacidade de planejar suas agoes, reagir e interagir entre si em busca de
solugoes para problemas parecem fornecer um passo em direcao a este nivel de
abstragao mais alto.

Mas, assim como acontece com a modelagem dos sistemas, também a mode-
lagem dos agentes requer niveis de abstragao adequados. As abordagens utilizadas
tem sido bastante diversas. Uma destas abordagens frequentemente utilizadas,
e que ¢ adotada neste trabalho, ¢ a que considera agentes como sendo sistemas
intencionais. Sistemas intencionais sao aqueles aos quais sao atribuidos estados
mentais (ou atitudes intencionais) usualmente atribuidos a seres humanos, tais
como crengas, desejos e intengoes. Assim, é possivel descrever os mecanismos de
resolucao de problemas dos agentes em termos do que ele acredita, de que planos
ele possui ou constréi a fim de satisfazer seus desejos e intengoes, que atributos
ele utiliza para determinar que opgoes ele escolhe, e assim por diante.

O trabalho desenvolvido nesta tese insere-se neste contexto, da modelagem
de agentes como sistemas intencionais. As seg¢bes que se seguem apresentam
uma visao geral sobre a nogao de sistemas intencionais (se¢ao 1.1.1) e de estados
mentais (se¢ao 1.1.2), a distingao entre modelos formais e arquiteturas de agentes
(secao 1.1.3) e, finalmente, a motivagao, objetivos e abordagem utilizada neste
trabalho (secao 1.2).

1.1.1 Sistemas Intencionais

Quando se descreve o comportamento humano, é comum utilizar termos
como “acreditar”, “querer”, “precisar” e outros deste tipo. Tais termos sao oriundos
do entendimento que as pessoas tem de como explicar as propriedades observéaveis
da mente?. Dennet [DEN 87| refere-se a esta prética como ezplicacdo intencional,

como nos exemplos abaixo:

e “Ele abriu a porta pois pensava (ou acreditava) que havia alguém a espera.”;

e “Joao foi de avido pois pretendia (ou tinha a inten¢ao de) chegar a Sao
Paulo ainda hoje”.

Na tentativa de fundamentar este processo de explicagao intencional, Searle
[SEA 84| desenvolveu uma teoria da intencionalidade, onde ele define inten-
cionalidade como sendo aquela propriedade de varios estados mentais e eventos
através da qual eles sao dirigidos & ou sobre objetos e estados do mundo. Assim,

2Em inglés, este entendimento comum é chamado de folk psychology.
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se alguém possui uma crenga, deve ser uma crenca de que algo é de determinada
maneira; se alguém possui um desejo, deve ser um desejo de fazer algo ou de
que algo seja de determinada maneira. E a esta direcionalidade que alguns esta-
dos mentais possuem (por exemplo, medo ou ansiedade seriam estados mentais
mas nao seriam intencionais) que se chama intencionalidade. Ainda de acordo
com Searle, esta abordagem intencional segue uma longa tradigao filosofica e ¢,
portanto, bastante usual e aceita quando utilizada em relacao a seres humanos.
No entanto, poder-se-ia questionar a validade da atribuicao de tais conceitos a
maquinas e sistemas outros que nao os humanos.

A critica mais comum é que termos intencionais seriam apenas metaforas
vazias e que seu uso generalizado, sem cuidados que estabelecam uma relagao en-
tre o conceito e seu funcionamento, levam fatalmente ao inssucesso das técnicas
baseadas em estados intencionais [SMI 91]. No entanto, MacCarthy [MCC 78|
argumenta que, mais do que simples metaforas, atribuir estados mentais a sis-
temas complexos ¢ legitimo e tutil: legitimo quando se pode encontrar nos sis-
temas sendo descritos um correspondente funcional aos estados mentais nos seres
humanos, e ¢é tutil quando ajuda a entender e a controlar a estrutura do sis-
tema, auxiliando ainda na compreensao do seu comportamento passado e futuro.
Dennet [DEN 87| afirma ainda que, apesar das explicagoes intencionais terem as
agoes das pessoas como seu dominio primordial, ha situagoes em estas explicagoes
intencionais, bem como as previsoes feitas a partir delas, sdo nao somente tuteis
mas indispensaveis para dar conta do comportamento de méquinas complexas.
Ele acrescenta, ainda, que o que importa ao adotar esta abordagem nao ¢ se os
sistemas sao realmente intecionais, i.e., realmente formados por estados mentais,
mas se eles podem ser coerentemente descritos como tal.

Apesar de amplamente utilizado e, como dito anteriormente, de sua longa
tradicao, esta abordagem intencional (mesmo quando adotada com relagao a
seres humanos) recebeu criticas de varios tipos. A maior parte delas, oriundas
de pesquisadores de areas ligadas a neurociéncia, ataca o principio nao-cientifico
da concepcao de nogoes como “acreditar”’, “pretender” e assim por diante. O
argumento basico é que, eventualmente, tais teorias psicolégicas intencionais se-
riam completamente substituidas por uma teoria completa da neurociéncia. De
acordo com Churchland [CHU 81] e sua abordagem materialista, uma compreen-
sao neuro-fisiologica do ser humano eventualmente eliminard a concepg¢ao men-
talistica que temos de noés mesmos. Ele observa, ainda, que de acordo com o
que se depreende da evolucao das ciéncias, ¢ muito provavel que os processo psi-
cologicos sejam, na verdade, processos do cérebro, fisicos, e nao processos de uma
mente ou alma nao fisicas.

Ainda assim, apesar destas criticas serem bem fundamentadas, discute-se
se as teorias intencionais devem ser completamente abandonadas. De fato, se-
gundo Haddadi [HAD 96|, ao se examinar detalhadamente a teoria de Dennet,
¢ dificil detectar contradigoes com as teorias materialistas, uma vez que o foco
da mesma esta na explicacao e previsao de comportamentos, e nao no argumento
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que, de fato, estados mentais sejam estruturas componentes dos sistemas. No
que diz respeito a sistemas computacionais, ambos os dominios — intencional e
materialista, baseado nas neurociéncias — podem ainda atingir seus objetivos,
modelando os sistemas a partir de principios distintos e nao tendo em consider-
acao a outra abordagem. O que parece inevitavel é que, progressivamente, ambas
as abordagens comecarao a se entrelagar.

Assim sendo, este trabalho adota uma abordagem intencional, uma vez que:

e os estados mentais, como abstragao, tem um apelo conceitual bastante forte.
Sao, por conseguinte, bastante naturais para os projetistas e os analistas
dos agentes;

e fornecem descrigbes sucintas de sistemas complexos, além de ajudar a en-
tender e a explicar o comportamento destes sistemas;

e podem ser usados pelos proprios agentes para raciocinar sobre eles proprios
e sobre outros agentes (reciprocidade, segundo a nomenclatura adotada por
Dennet [DEN 87]).

E importante observar que, apesar da abordagem puramente intencional
adotada no desenvolvimento deste trabalho, e como sera discutido no capitulo,
a integracao das duas abordagens na forma de sistemas hibridos é considerada
desejavel. O desenho e o desenvolvimento de sistemas de alta complexidade
exigirao ferramentas e métodos que levem em conta ambas as teorias.

1.1.2 Os Estados Mentais

Uma vez adotada esta abordagem intencional, a questao passa a ser que
estados mentais devem ser utilizados para descrever o agente. Os diferentes es-
tados mentais desempenham papeis diferentes no comportamento dos agentes.
Searle [SEA 84|, quando define o que é intencionalidade, classifica os estados
mentais em duas categorias: estados mentais de informacao e estados mentais
pro-ativos, como pode ser visto na figura 1.1. Esta classificacao esta diretamente
relacionada & nogao de diregao inerente ao conceito de intencionalidade, como
descrito na segao 1.1.1, e vai definir o tipo de papel que o estado mental vai
desempenhar. Estados mentais de informacao sao aqueles que representam as
informacgoes sobre o mundo onde o agente esta inserido, ou seja, sao aqueles es-
tados mentais que tendem a ser modificados a fim de que seu contetudo reflita
o estado do mundo, como crencas e conhecimento. Estados mentais pro-ativos
sao aqueles que, de alguma forma, conduzem a agao do agente, ou seja, estao
diretamente ligados ao processo de selecao, por parte do agente, de um entre
varios cursos de acao possiveis. No caso dos estados mentais pro-ativos, o agente
tende a modificar o mundo de forma que o mundo se adeque ao contetudo dos
estados mentais. Sao eles estados mentais como desejos, intencoes, preferéncias,
obrigacoes, e assim por diante.
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Figura 1.1 — Categorias de Estados Mentais - Searle

Esta nao ¢ a tnica classificacao que se pode encontrar para os estados
mentais. Kiss [KIS 92| classifica-os em trés grupos: cognitivos, conativos e afe-
tivos, conforme a figura 1.2. Os estados cognitivos referem-se aqueles ligados a
questoes epistémicas, como os estados de informacao do Searle. Os estados cona-
tivos referem-se a agao, ao controle e as tentativas de realizacao de agoes. Ja
os estados afetivos, segundo Kiss, referem-se aquelas atitudes que estao ligadas
a dinamica do comportamento do agente, como objetivos e preferéncias. Apesar
do nome, os estados mentais afetivos nao tem nenhuma relagdo com emocoes
como medo, ansiedade, entre outros (que nao sao atitudes intencionais, como foi
referido anteriormente na segao 1.1.1). O que distingue os conativos dos afetivos
na classificacao de Kiss é que os conativos de fato geram agoes (como o compro-
metimento), enquanto que os afetivos tem o potencial de levar o agente a agir,
mas nao necessariamente o fazem. A uniao dos estados conativos e afetivos reduz
esta classificacao aquela proposta por Searle.

Cognitivos Conativos de Informacidio Motivacionais
en Ee imento ——, o PR
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Figura 1.2 — Categorias dos estados mentais - Kiss e Shoham & Cousin

Shoham e Cousins [SHO 94| adotam como critério de classificacao a
relevancia em aplicagoes computacionais das atitudes, e dividem-nas em atitudes
de informagao, motivacionais e sociais, como na figura 1.2. A classificagao é bas-
tante semelhante a de Searle, a nao ser pelo fato de que eles distinguem aqueles
estados motivacionais que tem papel social, como obrigacoes e permissoes.

Como foi dito anteriormente, a questao que se poe é que combinagao de
estados mentais é adequada para descrever o agente. A classificagao de Searle,
baseada na direcionalidade do estado mental, pode servir de orientacao nesta
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selecao. Na medida em que os estados mentais, de acordo com Searle, ou refletem
o mundo, ou fazem o agente modificar o mundo, parece razoavel exigir que, pelo
menos, uma atitude de cada tipo seja selecionada. Seguindo esta linha, Davidson
[DAV 80| argumenta que com apenas dois estados mentais, desejos e crengas,
¢é possivel descrever o comportamento de agentes inteligentes e que, se por um
lado um ntmero maior de estados mentais talvez fosse interessante para facilitar
tal descricao, por outro todos os demais estados mentais intencionais podem ser
reduzidos a estes dois ltimos, o que torna os demais supérfluos na producao de
explicagoes intencionais.
Segundo este modelo proposto por Davidson, o evento a seguir:

e “Pedro apanhou o aviao das 7:30 para Sao Paulo”
teria a seguinte explicagao intencional:

e “Pedro desejava estar em Sao Paulo as 11:30, e apanhou o vdo das 7:30 pois
acreditava que este voo chegava ao destino antes daquela hora”.

Ou seja, o que levou Pedro a acao foi este desejo de estar em Sao Paulo,
fundamentado por sua crenga no tempo de duracgao do voo. A nocao de desejo de
Davidson tem um sentido mais amplo do que aquele empregado no senso comum.
Ele argumenta que um agente somente age se o desejar. Mesmo quando este
agente faz algo contra sua vontade, que nao deseje legitimamente (mas por ser
moralmente obrigado, ou coagido para tal, por exemplo), ele s6 passa a acao se
o aceitar (ou, como ele diz, se passar a deseja-lo). De acordo com Davidson,
este desejo poderia ser sub-categorizado como uma necessidade, uma vontade,
uma obrigagao ou outro estado mental pré-ativo que, de uma forma ou de outra,
acabaria reduzido a um desejo.

O problema com este modelo baseado somente em desejos e crengas é que
ele nao contempla os processo de raciocinio e decisao envolvidos quando da agao
de um agente. Bratman [BRA 87| argumenta que agentes, sejam humanos ou ar-
tificiais, sao entidades de recursos limitados (memoria, capacidade de raciocinio,
e outros). Assim, eles ndo seriam capazes de, continuamente, avaliar seus desejos
e crengas a fim de agir racionalmente. Apo6s um certo tempo de raciocinio, os
agentes devem decidir, escolher um subconjunto dos seus desejos e se compreme-
ter em tentar realiza-los. Seriam estes desejos escolhidos, as inten¢oes do agente,
que lavariam o agente a acao. Assim, Bratman, ao contrario de Davidson e outros
autores, afirma que intengoes nao sao redutiveis a desejos e crengas, e que tem
um papel distinto nos raciocinio dos agentes racionais. Enquanto que desejos (e
os demais estados pro-ativos, como preferéncias, necessidades e assim por diante)
sao potenciais influenciadores da conduta dos agentes, intencoes sao geradores e
controladores de conduta [BRA 87] [BRA 90].

Seguindo este argumento, Bratman identifica alguns papéis funcionais das
intencoes, que mostram como elas dao origem a agoes e limitam a necessidade de
raciocinio:
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e intengoes impoem problemas para o agente, pois este precisard determinar
meios para satisfazer tais intengdes. De acordo com Bratman, uma vez
adotada uma intengao (que é um desejo que o agente escolhe e se comprom-
ete a satisfazer), um agente racional raciocinara a partir destas intengoes e
das crencas relevantes para derivar novas intengoes que servirao como meio,
passos intermediarios ou cursos de agao especificos que levem a satisfagao
daquela intencao;

e uma vez que uma intencao leva o agente a realizar acoes, elas devem ser mu-
tualmente consistentes. Ou seja, um agente nao deve se comprometer com
opgoes que sejam conflitantes com intengoes ja existentes. Assim, intengoes
fornecem um filtro de admissibilidade [BRA 90|, ou seja, elas restringem fu-
turas intengoes e limitam o nimero de opgoes a serem consideradas durante
o raciocinio. Bratman afirma que, por estas caracteristicas, as intengoes,
tanto aquelas adotadas a partir dos desejos como aquelas adotadas como
refinamento de inten¢Oes anteriores, precisam possuir uma certa estabili-
dade. As intengoes, como regra geral, resistem a serem reconsideradas ou
abandonadas, embora nao devam ser consideradas como irrevogaveis, ja que
isto também daria origem a comportamentos irracionais. Estes dois sao pa-
péis desempenhados pelo que Bratman denomina intencoes orientadas ao
futuro®, ou seja, intencao de atingir um estado particular do mundo no
futuro;

e uma vez adotada uma intengao, o agente deve monitorar o sucesso ou falha
de suas intengoes, de modo a persistir na execugao ou a re-planejar seu
curso de agao. Este é o papel desempenhado pelas intengoes orientadas ao
presente?, ou seja, intencao de executar uma acao.

Assim, segundo a andlise de Bratman, sao trés os estados mentais basi-
cos necessarios para modelar agentes seguindo uma abordagem intencional, bem
como descrever e prever seu comportamento: Crengas, Desejos e Intengdes (re-
spectivamente Beliefs, Desires e Intentions, em inglés). As crengas formam o
estado de informacao do agente, representando as informagoes que o agente tem
sobre o mundo e sobre si proprios. Ou seja, elas constituem a representacao da
situacao corrente e passada do mundo conforme percebido pelo agente. Os desejos
estao relacionados com os estados do mundo que o agente eventualmente querera
atingir. No entanto, os desejos nao necessariamente levam o agente a agir, ou
seja, o fato de possuir um desejo nao significa que o agente agira para satisfazé-lo.
Significa, ao invés, que antes que agente decida o que fazer, ela deliberaré, con-
frontando seus varios desejos (os estados que ele deseja ver atingidos) com suas
crengas (a situagao corrente do mundo como percebido pelo agente). O agente

3Do inglés future-directed intentions.
4Do inglés present-oriented intentions.
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escolherd, entao, de acordo com algum critério, um subconjuntos dos desejos que
ele tentara satisfazer. Em outras palavras, os desejos sao um conjunto de estados
possiveis de onde o agente escolhe o que fazer. As intengoes sao caracterizados por
uma escolha de um estado a ser atingido e por um certo grau de comprometimento
a esta escolha. Desta forma, as intengoes sao vistas como um compromisso que
o agente assume com um determinado futuro possivel. Isto significa que, ao con-
trario dos desejos, um intencao nao pode ser contraditéria com outras intengoes,
visto que nao seria racional para um agente agir conscientemente com o objetivo
de atingir estados incompativeis. Uma vez que uma intencao é adotada, o agente
tenta satisfazer esta intengao, planejando agoes, re-planejando quando uma falha
ocorre, e assim por diante. Tais agoes, que sao meios para satisfazer intengoes,
também sao adotadas como intencoes pelo agente. As trés primeiras letras dos
nomes dos estados em inglés — BDI — dao o nome a abordagem seguida em
diversos trabalhos desenvolvidos sobre agentes que surgiram a partir do trabalho
de Bratman, ou de variagdes deste ([COH 90| [RAO 91] [SHO 93] [WAI 94]
[vL 96] [RAO 96| [HAD 96] [MOR 98a] [BRA 88| [GEO 91] [COR 93], en-
tre outros). Alguns adotam exatamente os trés estados mentais, outros acres-
centam estados adicionais ou nomeiam os estados de maneira diferente, mas in-
corporam os conceitos basicos defendidos por Bratman. Também este trabalho
parte da anélise feita por Bratman e adota os trés estados mentais — crencas,
desejos e integoes — como elementos bésicos utilizados para descrever os agentes
e seus comportamentos. Antes de descrever como estes estados mentais sao uti-
lizados para este fim, é necessario fazer algumas colocagoes sobre modelos formais
e arquiteturas de agentes.

1.1.3 Modelos Formais x Arquiteturas

Como foi referido anteriormente, a partir da analise feita por Bratman sur-
giram diversos trabalhos que tem por base os conceitos intencionais baseados na
teoria BDI e por objetivo modelar sistemas que possuam aquelas propriedades
— autonomia, habilidade social, reatividade, pro-atividade e adaptabilidade —
que caracterizam o agente. Em outras palavras, estes trabalhos tem por objetivo
descrever os elementos basicos do agente, sua funcionalidade e funcionamento.
Nestes trabalhos, pode-se identificar duas linhas de atuacao®:

e modelos formais de agentes — neste caso, modelar um agente inteligente
significa especificar, utilizando alguma linguagem de especificagao formal,
o agente. Como ¢é o usual na ciéncia da computacao, o modelo ¢ feito

®Esta divisdo ndo por objetivo criar uma taxonomia dos trabalhos sobre agente. Na verdade,
muitos trabalhos se sobrepoem em mais de uma das categorias, inclusive o que é desenvolvido
nesta tese. No entanto, esta divisdo é interessante pois permite situar o que é feito aqui neste
trabalho.
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utilizando-se uma linguagem que fornega uma abstracao sobre a qual é
construida a descrigao do sistema. No caso da modelagem de agentes, o
usual ¢ utilizar uma linguagem baseada em logica, como logica de primeira
ordem ou uma logica modal [COH 90], e a abstragao sendo considerada aqui
sao os estados ou atitudes mentais. A estes modelos de agente definidos com
estas logicas chama-se de teorias de agentes como sistemas intencionais;

e arquiteturas de agentes — sao descri¢oes informais dos elementos e processos
que compodem os agentes. Novamente, como é usual na ciéncia da com-
putacdo, as arquiteturas fornecem um esquema com lacunas que, quando
preenchidas com informacoes especificas do dominio da aplica¢ao, formam
o sistema sendo descrito.

Um modelo baseado em estados mentais deve definir os estados mentais que
devem compor o agente, qual o contetido proposicional destes estados mentais,
qual o papel de cada um deles; a relagao entre os diferentes estados mentais, como
um estado mental influencia o outro, quais a restricoes que uma atitude mental
impoe a outra; como estes estados mentais interagem entre si para produzir com-
portamentos dos agentes. Tais modelos tem dois papeis a desempenhar. Inicial-
mente, devem servir como ferramenta para definir agentes, definir propriedades
que estes agentes devem possuir e demonstrar, formalmente ou empiricamente,
que os agentes modelados de fato possuem as propriedades desejadas. Devem,
além disto, fornecer subsidios para a implementagao de agentes.

No entanto, os modelos existentes falham em suprir totalmente estas neces-
sidades. Por um lado, os modelos formais (como [COH 90| [RAO 91] [SIN 94]
[KON 93] [HAD 96]) sdo bastante adequados para a descrigao formal de agentes
e suas propriedades, e também para serem usadas como ferramenta para verificar
se agentes possuem determinadas propriedades. No entanto, estas sao tao com-
plexas e expressas em logicas de nivel de abstracao tao altos que é dificil estabele-
cer sua relagao com possiveis implementagoes. As arquiteturas de agentes (como
[BRA 88| [GEO 91| [BUR 92| [COR 93] [BRA 88| [GEO 91]), ao contrario,
estao muito préoximas da implementagao e fornecem subsidios bastante claros de
como construi-la. No entanto, é bastante dificil estabelecer quais sao os funda-
mentos tedricos que as justifiquem, ou de utilizar arquiteturas como ferramentas
de analise de agentes. Mesmo quando hé, alegadamente, um relagao entre uma
determinada arquitetura e um modelo teorico (como em [BRA 88] e [COH 90],
ou em [GEO 91] e [RAO 91]), esta relagdo é definida de maneira muito fraca e
é dificil de ser verificada.

A existéncia desta distancia entre modelos de agentes que permitam tanto
a analise dos sistemas representados ao mesmo tempo que forneca subsidios para
a implementacao do mesmo ¢ a principal motivagao deste trabalho.
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1.2 A Motivacao e os Objetivos da Tese

O trabalho desenvolvido nesta tese tem uma caracteristica dupla, uma vez
que se trata de minorar o problema da distancia entre modelos de agentes e sua
implementacao. Uma das razoes principais para a existéncia desta distancia entre
especificagao e implementacao esté na escolha do formalismo utilizado para con-
struir tais modelos. Como foi referido anteriormente, a légicas modais definidas
para representar estados mentais tem sido o sistema formal mais utilizado para
modelar agentes. No entanto, o que se nota é que héd uma grande distancia entre
os modelos formais de agentes e as implementagoes de agentes que seguem tais
modelos. Isto ocorre pois:

e as logicas modais utilizadas nao sao, em geral, trataveis computacional-
mente. Tais logicas, sejam elas logicas multi-modais quantificadas (como
em |[COH 90| [RAO 91] [SIN 94]) ou logicas modais ndo-normais (como
em [KON 93]), ndo possuem procedimentos de derivagao para manipulacao
de suas sentencas que sejam corretos e completos com relag ao a seméantica
destas linguagens. Isto faz com que estas logicas modais possam ser usadas
como linguagem de especificacao, mas nao como ferrementa de represen-
tacao do conhecimento ou ferramenta basica para implementar agentes.
Além disto, sua intratabilidade nao permite que tais mecanismos sejam im-
plementados;

e baseados nestes modelos formais, vérios sistemas foram construidos. Nos
casos em que sistemas baseados em agentes foram construidos segundo um
determinado modelo formal, o que se observa é que a alegada relacao es-
pecificagdo/implementagao existentente entre os modelos formais e as im-
plementagoes ¢ dificil de ser estabelecida, seja porque nao had mecanismos
de verificagao de consisténcia entre a especificacao que usa légica modal
e a implementagao, seja porque os sistema implementam simplificagdes do
modelo de agentes devido a impossibilidade de tratar computacionalmente
os mecanismos inerentes as logicas modais [CHE 80] [COS 92].

e além das dificuldades inerentes as logicas escolhidas, os modelos adotam
uma perspectiva de especificagio [MOR 95] [SIN 94]. Os modelos enfati-
zam a definicao de propriedades que os agentes idealmente deveriam possuir,
sem se preocupar em como tais propriedades seriam construidas nos agentes.
Embora isto seja tipico e aceitavel em especificagoes, contribui bastante para
a existéncia desta distancia entre especificacao e implementacao.

Ou seja, estes modelos formais guardam uma grande distancia do que seriam
implementacoes de agentes porque os elementos utilizados para descricao — os
estados mentais — sao de um alto nivel de abstracao, enfatizando as funcoes e as
relagoes entre estes estados mentais, sem detalhar os processos a eles associados
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e que, em ultima instancia, levam o agente & acao. As logicas modais, enquanto
bastante adequadas para descrever estes estados mentais e como ferramenta de
analise, nao dispoe de mecanismos que permitam aos agentes utiliza-la para rep-
resentar e manipular a informacao. A necessidade de se reduzir esta distancia
entre modelo teérico e implementagao ¢ a principal motivagao deste trabalho.

Além desta distancia dos aspectos de implementacao, os agentes representa-
dos pelos modelos tedricos existentes nem sempre apresentam as caracteristicas
esperadas. Em particular, o que se deseja é possuir uma ferramenta que per-
mita modelar agentes que exibam um comportamente autéonomo e flexivel como
o descrito a seguir.

Example 1 “No edificio de gabinetes dos professores de uma Universidade, um
robd autonomo tem por funcao transportar documentos e pequenas cargas entre
os gabinetes. Este robo deve, ainda, conduzir os visitantes que chegam ao edificio
até o gabinete do professor com quem este deseja falar.

Em um dado instante, o robd recebe um chamado do gabinete 310, no ter-
ceiro andar, para apanhar um envelope e entregd-lo a secretdria, no andar térreo,
onde o Tobd encontra-se naquele instante. O robd, entao, planeja um curso de
agoes capaz de levd-lo a cumprir sua tarefa: ele deslocar-se-d até o elevador e,
apos acionar e aguardar a chegada do elevador, subird ao terceiro andar e apan-
hard o envelope, levando-o de volta a secretaria.

Elaborado o plano, o robd passa a acdao e comeca a executd-lo. Sem nenhum
percalgo, o robd chega ao gabinete 310, apanha o envelope e comeca o caminho de
volta. Ao chegar ao elevador, no entanto, o robé observa que hd algum problema,
pois ao pressionar o botao, a luz deste nao se acende. Nao podendo usar o ele-
vador, o plano previamente tragado por ele nao pode mais ser erecutado. Assim,
0 1obb reconsidera suas opgoes e decide tomar a rampa de acesso aos andares e,
através dela, chegar a secretaria e entregar o envelope.

Possuindo novamente um plano de acao, ele passa a executd-lo. Enquanto
estd a caminho, o robd recebe duas novas ordens: levar um envelope da secretaria
para o gabinete 330 e conduzir um vistante ao gabinete 312 (ambos no terceiro
andar). Analisando suas novas ordens, ele conclui ser mais adequado fazer a en-
trega do envelope que ele tem no momento antes de atender as duas outras ordens
(pois ele terd que ir a secretdria de qualquer forma para encontrar o visitante e
apanhar o novo envelope).

Enquanto se dirige a secretaria, o robé constror um plano para atender suas
novas ordens: ele apanhard o envelope, encontrard o wisitante e conduzi-lo-d ao
gabinete 330, para depois fazer a entrega do envelope. Existiria outra op¢ao, qual
seja entregar o envelope primeiro. Mas ele tem como prioridade atender aos
wisitantes, para nao fazé-los esperar ou caminhar desnecessariamente.

Apds cumprir sua ordem corrente, o Tobd passa a executar seu movo plano.
No entanto, enquanto se dirigia ao gabinete 312, apos conduzir o visitante ao
gabinete 330, o robo sensora uma baixa carga em suas baterias. Imediatamente,
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ele dirige-se ao ponto de recarga mais prozimo. Feita a recarga da bateria, ele
retoma o plano interrompido, entrega o envelope e retorna a secretaria.”

Sao agentes que exibam comportamentos com as caracteristicas basicas do
exemplo acima que se deseja obter quando se modela um agente inteligente:
autonomia (o rob6 decide por si que ordens priorizar, que agdes tomar para
satisfazer estas ordens), habilidade social (o rob6 recebe ordens dos professores
e funcionarios, comunica-se com os visitantes para conduzi-los ao seu destino),
reatividade (o robo6 locomove-se sem esbarrar em obstaculos, imediatamente re-
carrega a bateria ao detecta-la com pouca carga), pro-atividade (o rob6 é capaz
de construir planos para chegar nos gabinetes desejados, prioriza o atendimento
dos visitantes para que estes nao esperem ou caminhem em demasia) e adapt-
abilidade (o robo re-planeja quando constata que o elevador esta com problemas,
interrompe a entrega do envelope quando percebe que tem pouca carga na bateria
e retoma a entrega depois de fazer a recarga). A dificuldade de construir, com
os formalismos existentes, modelos de agentes que exibam este tipo de compor-
tamento ¢ a segunda motivacao para este trabalho.

1.2.1 Os Objetivos da Tese

O objetivo deste trabalho é propor um modelo formal de agentes que, simul-
taneamente, apresente as vantagens dos modelos formais existentes, nomeada-
mente que possa ser usado como ferramenta de especificacao e validacao de
agentes, e que ao mesmo tempo reduza a distancia entre especificacao e implemen-
tacao de agentes. Além disto, a teoria proposta deve permitir descrever agentes
e comportamentes auténomos e flexiveis, como aqueles mostrados no exemplo 1.
Para tanto, dois requisitos tem que ser satisfeitos:

e uma vez que se deseja um modelo formal que possa ser usado para descrever
agentes, o nivel de abstragao dos elementos basicos do modelo deve ser alto.

Para satisfazer este requisito, a abordagem adotada no trabalho segue a
abordagem intencional, ou seja, os agentes sao descritos pelos seus estados
mentais. Portanto, é necessario que o modelo formal defina quais sao os
estados mentais que compoem o agente, qual a relagao entre estes estados
mentais e como os comportamentos dos agentes sao produzidos a partir
destes estados mentais;

e visto que se deseja reduzir a distancia entre a especificagao e a implemen-
tagao dos agentes, o modelo deve descrever os processos associados aos
estados mentais e utilizados pelos agentes.

A abordagem aqui utilizada consiste em adotar uma perspectiva do agente
[MOR 95] [SIN 94] na construgao do modelo. Ou seja, ao invés de enxergar
o modelo simplesmente como uma ferramenta de especificagao a ser utilizada
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pelo projetista, vé-lo também como uma ferramenta a ser utilizada pelo
agente para representar os estados mentais e raciocinar sobre eles.

1.2.2 A Abordagem Adotada

A construgao de um modelo formal comega pela escolha ou definicao de
uma linguagem formal que sera utilizada na descricao do modelo. Nao basta,
neste contexto, que a linguagem utilizada tenha a expressividade necessaria para
descrever os estados mentais. Esta linguagem devera também ser utilizada pelo
agente como ferramenta de representagao e manipulacgao de conhecimento. Assim,
outras caracteristicas sao também necessarias:

e a linguagem necessita de procedimentos de derivagao que sejam corretos
e completos com relacao a sua seméantica, a fim de que o agente possa
manipular as sentencas da linguagem:;

e a linguagem deve possibilitar a representacao e a manipulagao de infor-
magoes contraditorias. Quando se lida com estados mentais pro-ativos,
como desejos e intengoes, ¢ necessario, em algumas situacoes, represen-
tar simultaneamente informagoes contraditorias, em outras detectar e re-
solver contradigoes que surjam durante a manipulacao dos estados mentais.
Além disto, os procedimentos de manipulagdo devem ser computacional-

mente tratéveis, de forma que o agente possa utilizd-los como ferramenta;

e a linguagem deve possuir mecanismos que permitam outras formas de
raciocinio que nao a dedugao, notadamente abducao e algumas formas de
raciocinio nao-monotonico. Ao se fazer a selecao das intengoes a partir
dos desejos ¢é necessario selecionar sub-conjuntos consistentes do conjunto
de desejos do agente, o que é feito através de raciocinio revogavel®. Tam-
bém, a derivacao de intengoes secundarias a partir das intencoes primarias
¢é semelhante a um processo de planejamento, sendo feita por abdugao.

Uma vez que estas caracteristicas nao sao todas encontradas nas linguagens
modais habitualmente utilizadas para construcao de modelos de agentes, ha pelo
menos dois caminhos possiveis a seguir:

e seclecionar uma das légias modais habitualmente usadas e estendé-la com
os mecanismos necessarios. Esta é a via seguida por Rao em [RAO 96],
onde ele define um precedimento de prova para a versao proposicional da
sua logica BDI [RAO 91|. Também Bell [BEL 95| desenvolve uma teoria
computacional que é aplicada para formalizar a hierarquia entre objetivos
de um agente [BEL 97];

5Do inglés defeasible reasoning.
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e selecionar uma outra légica ou linguagem formal que atenda a todas es-
tas necessidades, e entao construir o modelo de agentes nesta linguagem.
Este é o caminho seguido por Corréa et ali [COR 98|, onde eles aplicam
o modelo operacional para Teoria das Situagoes [DEV 91| definido por
Nakashima [NAK 81] [COR 95| para tornar sua arquitetura de agentes
SEM [COR 93], além de formal, executavel. Este ¢ também o caminho
seguido neste trabalho [MOR 98b|] [MOR 98a].

O formalismo utilizado para construir o modelo é a programacao em ldgica
estendida com negacao explicita com a seméantica bem fundada com negagao
explicita (WFSX — Well Founded Semantics for e X tended programs), baseando-
se no trabalho de Pereira et al. |ALF 96]. Esta seméantica para programas
em logica estendida com negagao explicita foi adotada devido essencialmente
as suas propriedades (simplicidade, cumulatividade, racionalidade, relevancia e
avaliacdo parcial — ver o capitulo 2 para maiores detalhes) e devido a existéncia
de procedimentos de prova corretos e completos com relagao & WFSX, bem como
de procedimentos que permitem a deteccao e a manipulagao de contradigoes e a
implementacao de diversas formas de raciocinio nao monotonico.

O requisito basico para a logica selecionada é que ela possa ser utilizada
tanto para especificacao como para implementagao do sistema. E, de fato, esta é a
maneira usual como a linguagem ¢é vista na programag¢ao em logica. Kowalski, em
[KOW 86|, afirma que o que distingue uma especificagao de uma implementagao
em programagcao em logica sao questoes de performance, visto que ambas sao
executaveis.

Uma vez selecionada a linguagem, passa-se a definicao de quais os esta-
dos mentais bésicos compdem o agente. O modelo desenvolvido serd um modelo
BDI, onde os trés estados mentais que compoem o agente sao crengas, desejos
e intengoes. Utilizando a linguagem escolhida, os estados mentais e suas pro-
priedades sao definidas.

Quando se lida com estados mentais pro-ativos e comportamentos do agente
a partir destes estados mentais, é preciso representar e manipular tanto agoes que
o agente executa ao longo do tempo como propriedades que devem se verificar ao
longo do tempo como consequéncia das agoes. A programacao em logica fornece
uma linguagem de uso geral para representagao do conhecimento e que, portanto,
nao possui primitivas especificas para representacao de agoes e tempo. Conse-
quentemente, antes de partir para a definicao dos estados mentais proprieamente
ditos, é necessério construir, utilizando a programacao em légica extendida, um
formalismo que nos permita representar acoes e tempo, bem como raciocinar
sobre eles.

O formalismo adotado neste trabalho ¢ o Célculo de Eventos (Event Calcu-
lus) IMES 92]. Inicialmente proposto por Kowalski e Sergot para superar algu-
mas limitagoes do Calculo de Situagoes, o calculo de eventos possui como primi-
tivas na sua ontologia os eventos, que sao ocorréncias de agoes, as quais iniciam
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e terminam periodos durante os quais propriedades se verificam. Seguindo esta
definicao inicial, muitas variagoes do Célculo de Eventos foram criadas para tratar
diversos tipos de situagao: planejamento por abducao e linearizacao de agoes no
planejamento [MES 92|, acdes concorrentes [MOR 95] [QUA 95|, agdes nao-
instantaneas [QUA 97|, entre outros. Neste trabalho, constroi-se mais uma vari-
acao do Calculo de Eventos, a partir das versoes de [MES 92| e [QUA 97|, que
permite lidar com agoes instantaneas concorrentes, e com propriedades que ocor-
rem sem a intervencao do agente. Esta caracteristicas permitem modelar even-
tos que ocorrem expontaneamente no ambiente, ou agoes executadas por outros
agentes e que nao sao percebidos pelo agente no momento de sua execugao.

Uma vez construida a base formal necessaria, passa-se a definicao dos es-
tados mentais. Inicialmente sao definidos os aspectos estaticos do modelo: quais
sao os trés estados mentais basicos, seu contetido proposicional, e as condigoes e
restricoes que tais estados mentais devem satisfazer, como por exemplo, o con-
junto de crengas deve ser consistente, o conjunto de intengoes deve ser consistente
e consistente com as crengas e assim por diante. A seguir, definem-se os aspectos
dindmicos dos estados mentais, como por exemplo, como sao criadas as intengoes,
como sao produzidas as agoes a partir das intengoes, como sao resolvidos os con-
flitos nos desejos, e assim por diante. E importante observar que este trabalho
preocupa-se com o comportamento do agente a partir dos estados mentais. Con-
sequentemente, a preocupagao central é com os estados mentais pro-ativos que
estao diretamente ligados a producao de agoes. Portanto, questoes como méto-
dos de manutencdo e revisdo de crencas [GAR 88| [DOY 79| ndo fazem parte do
escopo deste trabalho, apesar das crencas serem definidas e dos processos rela-
cionados aos estados mentais terem em linha de conta a necessidade de tratar as
crencas.

Estes sao os elementos que formam o modelo do agente. De fato, o modelo
acaba por ter uma natureza dupla:

e serve como um ambiente de especificagao de agentes, onde é possivel definir
formalmente um agente apenas em termos de seus estados mentais (crengas,
desejos e intengdes), definir formalmente propriedades que se deseja que o
agente possua, e verificar se tais propriedades se verificam;

e serve como um ambiente de implementacao de agentes. Embora questoes
como performance e eficiéncia nao sejam consideradas, a partir das mes-
mas defini¢oes utilizadas para formalizar o agente é possivel executa-los e
verificar se o seu comportamento é o esperado.

E importante observar que um ambiente de implementacdo como o que
resulta deste trabalho possui um alto nivel de abstragao (os estados mentais), o
que reduz a complexidade no desenvolvimento de sistemas baseados em agentes.
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1.3 Contribuicoes da Tese

Como visto na se¢ao anterior, a abordagem utilizada neste trabalho resulta
na construcao de um modelo do agente que, ao mesmo tempo é formal e exe-
cutavel. Este modelo, além de possuir um alto nivel de abstracao, faz uso de
diversas técnicas, como raciocinio nao-monotonico, abducao e outras que per-
mitem modelar situagoes que exigem do agente um comportamento racional e
flexivel.

A principal contribuigao desta tese é a definicao de uma teoria BDI de agente
formal e executével que permite tanto definir e analisar formalmente agentes e
propriedades destes agentes, bem como executar estes agentes, a partir de sua
definicao BDI. O desenvolvimento desta teoria deu origem a outras contribuigoes:

e cxtensao do calculo de eventos para suportar agoes concorrentes e eventos
expontaneos, o que permite utilizar este modelo para representar ambientes
dindmicos e onde multiplos agentes atuem;

e definicao formal e computével de processos associados aos estados mentais,
nomeadamente: criagao de intencoes a partir de desejos, criacao de agoes
a partir das intengoes, resolu¢ao de conflitos entre desejos. Estes processos
nao sao comtemplados nos modelos formais existentes;

e integracao de diversas formas de raciocinios na definicao dos agentes,
nomeadamente dedugao, abdugao e raciocinio revogavel;

e implementacao de um ambiente de teste de agentes onde o modelo formal
¢é executado, de modo que a arquitetura BDI passa a ser um paradigma de
implementacao de agentes.

Cada um destes topicos sera abordado em detalhes nos capitulos que se
seguem.

1.4 Organizagao do Texto
O texto a seguir esté organizado da seguinte forma:

e o capitulo 2 descreve o ambiente logico utilizado para construir o modelo
do agente. Uma vez que nos artigos esta descri¢ao é apresentada de forma
resumida, este capitula apresenta a logica em detalhes para facilitar a com-
preensao dos artigos que se seguem;

e 0 artigo apresentado no capitulo 3]MOR 95| descreve as nogoes basicas
sobre BDI e que o modelo deve respeitar, bem principios bésicos a serem
adotados no modelo;.
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o artigo apresentado no capitulo 4 MOR 96| descreve o papel dos estados
mentais motivacionais na produgao de comportamento inteligente por parte
do agente;

o artigo apresentado no capitulo 5]MOR 97| descreve como modelar a re-
consideracao de intencoes usando programacao em logica estendida, elimi-
nando a carater “fanatico” do comportamento do agente;

os artigos apresentados nos capitulo 6 e 7[MOR 98b|[MOR. 98a] apresen-
tam o modelo formal e executavel do agente, utilizando as no¢oes BDI como
primitivas bésicas;

os artigos apresentados nos capitulos 7, 8, 9 e 10 apresentam diversos aspec-
tos de uma aplicacgao real desenvolvida utilizando a ferramenta derivado do
modelo, nomeadamente o tutor inteligente MCOE e o “kernel” BDI X-BDI.
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2 O Framework Lobgico

Como foi referido no capitulo anterior, o objetivo principal deste trabalho
¢ definir uma teoria de agentes que reduza a distancia entre a especificagao e a
implementacao de agentes. Para tanto, a abordagem aqui adotada ¢ utilizar um
formalismo logico que, além de fornecer as ferramentas necessarias para se mode-
lar os varios estados mentais — um sistema formal cuja linguagem seja adequada
para representagao de conhecimento e que suporte diversos tipos de raciocinio
— também seja tratavel computacionalmente e possa ser utilizado pelo proprio
agente para representar conhecimento e raciocinar. FEste capitulo apresenta o
ambiente l6gico utilizado para este fim.

Inicialmente, na secao 2.1, é feita uma analise das l6gicas modais e da sua
utilizagao para representar estados mentais. A seguir, na segao 2.2, define-se
o formalismo logico adotado neste trabalho, nomeadamente a programacgao em
logica estendida com negagao explicita, e seméantica bem fundada estendida com
negagao explicita — WFEFSX. Além da linguagem e da seméntica, a segao mostra
como utilizar este ambiente para lidar com as contradi¢coes que naturalmente
surgem na linguagem, bem como realizar outras formas de raciocinio além do
dedutivo, notadamente raciocinio revogéavel e raciocinio abdutivo.

2.1 Visao Geral das Loégicas Modais

Os modelos formais de agentes sao normalmente definidos utilizando-se uma
légica modal |[CHE 80]. Logicas modais sdo estensoes feitas as logicas proposi-
cionais ou de primeira ordem pelo acréscimo de operadores modais, operadores
estes que nao sao funcao dos valores verdade. Na logica classica, proposicional ou
de primeira ordem, o significado de uma férmula é uma fungao do valor verdade
das suas sub-formulas. Assim, por exemplo, (p A q) seré verdadeiro se tanto p
como ¢q o forem, e sera falso caso contrario. Ja o significado de uma sentenga com
um operador modal, por exemplo, [p, nao depende de p ser verdadeiro ou falso.

As logicas modais foram originalmente desenvolvidas para formalizar ar-
gumentos envolvendo as nog¢oes de necessidade e possibilidade. Uma proposi¢ao
necessaria é uma proposicao verdadeira que nao pode ser falsa, e uma proposicao
possivel é uma que pode vir a ser verdadeira. Sintaticamente, isto foi resolvido
estendendo-se a linguagem da légica classica com dois operadores modais: 0O,
o operador de necessidade, e &, o operador de possibilidade. Ja a seméantica
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das sentengas foi dada utilizando-se as estruturas propostas por Kripke, e de-
pois reformuladas para o formato, hoje usual, dos mundos possiveis [CHE 80|
[HIN 62]. A idéia ¢ que existe um conjunto de mundos possiveis de serem atingin-
dos a partir de um mundo corrente. Que mundos pode-se atingir a partir de um
determinado mundo ¢ especificado por uma relacao de acessibilidade arbitraria.
Cada mundo possivel é visto como um conjunto de configuracoes possiveis, ou
seja, um conjunto de valores verdades possiveis para as sentencas.

Como um exemplo do conceito de mundos possiveis [HAD 96|, suponha
que Ana esteja em uma conferéncia onde ela conhece José, vindo do México.
Mais tarde, ela decide entrar em contato com ele, mas dé-se conta que nao sabe
seu sobrenome, nem de que institui¢ao ele veio. Procurando na lista de afiliagoes
fornecida pela organizacao da conferéncia, ela encontra duas pessoas com o nome
José, ambos do México. Dado o que Ana acredita, portanto, as tnicas possibili-
dades sao estas duas pessoas, cada uma sendo considerada um mundo possivel. As
sentencas consideradas verdadeiras sao aquelas que sejam verdadeiras em todos
os mundos possiveis. Neste exemplo, a sentenga “José vem do México”.

Formalmente, entao, o significado das sentencas é dado em termos de um

modelo M = (W, R, a), onde:
1. W & um conjunto de mundos possiveis;

2. R & uma relagao binéria definida sobre W, a relacao de acessibilidade, onde
(wq,we) indica que o mundo wy pode ser acessado a partir do mundo wy;

3. aéa funcao de atribui¢ao, que determina para cada mundo w € W, o valor
das proposi¢oes naquele mundo w.

Ou seja, a avaliacao das sentencas é dada em um determinado mundo.
Uma proposicao necessaria, como [p, é verdadeira se p for verdadeiro em todos
os mundos possiveis acessiveis a partir do mundo em questao. Ja uma proposi¢ao
possivel, como <p, é verdadeira se p for verdadeira em pelo menos um dos mundos
possiveis acessiveis a partir do mundo em questao. Formalmente, as férmulas sao
interpretadas de acordo com um par (M, w), onde M = (W, R, ) € um modelo e
w um mundo pertencente ao conjunto de mundos de M, usando uma relacao de
satisfagdo = definida por:

1. (M,w) =t (a constante verdadeiro é satisfeita em qualquer mundo);

2. (M,w) = p sse a(w) =t (a proposigao p é verdadeira no mundo w sse o
valor verdade dado pela fungao de atribuigao para p em w for verdadeiro);

3. (M,w) = —q sse (M,w) ¥ q (a negacdo de ¢ é verdadeira em w sse ¢ for
falso em w);

4. <M>w> ):p\/qsse <M7w> ):pou <M7w> ):q;
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5. (M,w) = Opsse V' € Wise (w,w’) € R entao (M, w') = p (p é necessaria-
mente verdadeiro sse for verdadeiro em todos os mundos acessiveis a partir

de w);

6. (M,w) = Opsse Jw’ € W.(w,w') € Re (M,w') = p (p é possivelmente ver-
dadeiro sse for verdadeiro em pelo menos um dos mundos possiveis acessiveis
a partir de w’).

Uma féormula é, entao, satisfativel se for satisfeita em pelo menos um
par modelo/mundo, e é valida se for verdadeira em pelo menos um par mod-
elo/mundo.

Aslogicas modais aplicadas a conceitos intencionais surgiram da necessidade
de superar alguns problemas apresentados pelas logicas classicas quando eram
utilizadas para representar a idéia de conhecimento ou crenca. Por exemplo,
para representar a seguinte afirmagao [GEN 87| [WOO 95]:

Maria acredita que Cronos € o pai de Zeus.

uma tradugao direta (e equivocada) para logica de primeira ordem resultaria
na seguinte féormula:

BEL(maria, pai(Cronos, Zeus)) (2.1)

Tal tradugao é equivocada por duas razoes: a formula pai(Cronos, Zeus)
estd sendo usada como um termo, o que acarreta num erro de sintaxe. Mais
sério do que isto, ha também um erro seméantico. A légica de primeira ordem é
referenciamente transparente, ou seja, o significado de uma férmula depende uni-
camente do significado de suas sub-férmulas. Assim, ignorando o erro sintatico,
se juntamente com a férmula 2.1 for declarado

Zeus = Jupiter (2.2)

que estabelece que Zeus ¢ a mesma entidade que Jupiter seria possivel
deduzir-se que

BEL(maria, pai(Cronos, Jupiter))

0 que nao ¢ necessariamente verdade. O fato de Zeus e Jupiter serem
realmente a mesma entidade nao significa que Maria saiba (ou acredite) que eles
0 Sao0.

A solugao para estes problemas foi inicialmente proposta por Hintikka, uti-
lizando as estruturas propostas por Kripke [HIN 62| como ferramenta. A idéia
de Hintikka era que a nocao de crengas poderia ser formalizada como um con-
junto de mundos possiveis. Cada mundo possivel é visto como um conjunto de
configuragoes possiveis (valores verdades para as sentengas) dado o que o agente



31

Nome do Formula doAxioma Propriedade Sistema Aximatizacao
Axioma da Relagao Axiomatico

K = (DD(g z qu)q):> Qualquer Todos —

T Up=p Reflexiva T KT

D Up = <p Serial S4 KD4

4 Up = Ulp Transitiva Sh-fraco KD45

5 Op = UOp Euclidiana S5 KT5

NEC se E p entao Clp Qualquer Todos —

Tabela 2.1 — Relagoes de Acessibilidade e Axiomas

sabe. Segundo Hintikka, estes mundos possiveis seriam alternativas epistémicas
derivadas do que o agente sabe. Algo que seja verdadeiro em todas as alternativas
epistémicas seria algo que o agente saberia.

Se por um lado o conceito de mundo possiveis resolve o problema da
transparéncia referencial, algumas desvantagens surgem quando se incorpora a
idéia de mundos possiveis a seméantica de uma logica modal epistémica. Como foi
visto anteriormente, o significado dos operadores modais esté ligado a uma relagao
de acessibilidade. Esta relacao define que mundos sao considerados acessiveis a
partir de cada mundo possivel, sendo que a validade das féormulas ¢é verificada
com relagdo aos mundos acessiveis a partir do mundo corrente (parafraseando o
que foi dito anteriormente, a validade de uma férmula é verificada nos mundos
possiveis derivados a partir do que o agente sabe).

Esta estrutura definida pelas relagoes de acessibilidade é responsavel por
uma grande parte das propriedades que se verificam nas logicas modais. Por ex-
emplo, se a relac¢ao de acessibilidade é reflexiva (um mundo possivel x é acessivel a
partir do proprio mundo z), a logica possui o axioma (¢ = ¢. Da mesma forma,
existem uma série de axiomas que correspondem a determinadas propriedades
da relacao de acessibilidade, e que sao estudados e demonstrados pela teoria de
correspondéncia associada a logica. Esta teoria estabelece uma relagao entre as
propriedades da relagdo de acessibilidade e os axiomas da logica. A existéncia
desta teoria de correspondéncia torna possivel derivar resultados relativos a com-
pletudade das diversas logicas modais, resultados estes que fornecem pontos de
comparacgao entre as diferentes logicas modais com a seméantica dada pelos mun-
dos possiveis ou ldgicas modais normais, como sao chamadas. A correspondéncia
entre axiomas, sistemas axiomaticos e propriedades das relagoes é mostrada na
tabela abaixo.

Assim, gracas a esta teoria de correspondéncia, pode-se observar que o
axioma K é uma férmula valida e, portanto, € um teorema em qualquer axioma-
tizac@o possivel (ou, em outras palavras, seja qual for a relacdo de acessibilidade
escolhida) para as logicas modais normais. Este axioma K indica que um con-
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junto de sentengas de logica modal normal é fechado para a implicagao. Também
o axioma NEC, a regra da necessitagao, que indica que todas as formulas vali-
das sao necessariamente validas, faz parte de qualquer axiomatizacao das logicas
modais normais, visto ser uma regra de inferéncia valida. Juntos, estes dois ax-
iomas, que estao presentes em todas a logicas modais normais, constituem um
dos grandes problemas do uso das logicas modais normais para modelar estados
mentais.

Quando usadas para representar conhecimentos, as logicas modais tem o
operador [J substituido por um operador de conhecimento K, dando origem as
logicas epistémicas. A interpretagao intuitiva do operador K¢ é “o agente sabe
que ¢”. A regra de necessitacao e o axioma K, que se verificam em qualquer
logica modal normal, sao interpretados da seguinte forma:

e K: o conhecimento do agente é fechado segundo a implicacao logica, ou seja,
o agente conhece todas as consequéncias de seus conhecimentos e crengas;

e NEC: o agente conhece todas as féormulas vélidas e, portanto, todas as
tautologias.

Esta caracteristica das logicas modais epistémicas é conhecida como onis-
ciéncia ldgica [HIN 62| e implica que o agente conhece todas as consequéncias de
seus conhecimentos, conhece todas as formulas vélidas, que se o agente tem con-
hecimentos inconsistentes ele acredita em qualquer coisa e que proposigoes equiv-
alentes sao crencas idénticas. Uma vez que se parte do principio que os agentes
possuem recursos limitados (recursos como tempo de computacdo e espago de
memoria), estas sao caracteristicas que os agentes, na pratica, ndo possuem, e
que os modelos incluem. Ja quando usadas para representar um estado pro-ativo,
como as intengoes, as logicas modais tem o operador [ substituido por um op-

erador de intengoes I. Se a interpretacao de I¢ for “o agente tem a intencao de
¢”, aqueles dois axiomas implicam que o agente sempre tem por intencao todas
as conseqiiéncias logicas de suas acoes, mesmo aquelas que ele nao foi capaz de
antever, o que novemente nao é uma caracteristica desejada para os agentes.

Assim, estas caracteristicas inerentes as logicas modais constituem uma
grande desvantagem na sua utilizacdo como ferramenta para modelar agentes'.
Mesmo que se aceite estas discrepancias introduzidas pelas logicas modais nor-
mais, ha ainda o problema do tratamento computacional destas légicas. Halpern
and Moses [HAL 92] [HAL 96| apontam que, ainda que a provabilidade destas
logicas seja um problema decidivel, a determinagao da satisfatibilidade e da vali-
dade sao problemas de alta complexidade (PSPACE-completos). Ou seja, no caso

'Ha outras abordagens alternativas para formalizar e racioacinar sobre estados mentais
utulizando logicas modais, tais como a utilizagdo de outras estruturas seméanticas [KON 93]
[GOL 93], abordagens sintaticas [KON 86] ou abordagens hibridas, que misturam mundos
possiveis e outras estrututas tentando evitar os problemas ja mencionados. Uma anélise detal-
hada destas alternativas foge ao escopo deste trabalho.
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geral, a automacao nao ¢é possivel, o mesmo sendo generalizado para as logicas
multi-modais quantificadas (como em [COH 90| [RAO 91| [SIN 94|) que sao
usadas para definir as teorias de agentes. O fato destas logicas nao disporem de
procedimentos de derivagao para manipulagao de suas sentencgas que sejam corre-
tos e completos com relagao a seméantica destas linguagens faz com que mesmas
possam ser usadas como linguagem de especificagao, mas nao como ferremen-
tas de representacao do conhecimento ou ferramenta béasica para implementar
agentes.

2.2 A Programacao em Loégica Estendida

Como foi referido no capitulo 1, a abordagem adotada neste trabalho para
construir uma teoria de agentes de possa servir tanto de ferramenta de analise
como linguagem de representacao e raciocinio por parte dos agentes consiste sele-
cionar uma outra légica ou linguagem formal que atenda a ambas as necessidades,
e entao construir o modelo de agentes nesta linguagem. Portanto, o requisito
bésico para a logica selecionada é que ela possa ser utilizada tanto para especi-
ficagao como para implementagao dos agentes. De fato, esta é a maneira usual
como a linguagem é vista na programag¢ao em ldgica. Kowalski, em [KOW 86|,
afirma que o que distingue uma especificacao de uma implementagao em progra-
macao em logica sao questoes de performance, visto que ambas sao executaveis.
Assim sendo, a programacao em logica serd a base para a construgao da teoria
de agentes neste trabalho.

A linguagem utilizada na construcao da teoria deve, também, ter a ex-
pressividade necessaria para representar e manipular conhecimento de diversas
formas:

e a linguagem necessita de procedimentos de derivagao que sejam corretos
e completos com relacao a sua seméantica, a fim de que o agente possa
manipular as sentencas da linguagem:;

e a linguagem deve possibilitar a representacao e a manipulagao de infor-
magcoes contraditorias. Como foi referido no capitulo 1, quando se lida
com estados mentais pro-ativos faz-se necessario ora representar simultane-
amente informagoes contraditorias, ora detectar e resolver contradigoes que
surjam durante a manipulagao dos estados mentais;

e a linguagem deve possuir mecanismos que permitam outras formas de
raciocinio que nao a dedugao, notadamente abducao e algumas formas de
raciocinio nao-monotonico.

O ambiente escolhido neste trabalho ¢é a programag¢ao em logica estendida
com negagao explicita (Extended Logic Programming ou ELP) com a semdn-
tica bem-fundada estendida com a negagao explicita (Well-Founded Semantics
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eXtended for the explicit negation ou WFSX). A programacao em logica esten-
dida acrescenta & programacao em logica normal uma segunda forma de negagao,
a negac¢ao explicita. Por programagao em logica normal entende-se a programagao
utilizando clausulas de Horn aumentadas com operador not. Esta forma de ne-
gacgao ¢ dita negacdo por omissao ou negagao por falha, no sentido de falha em
provar ser verdadeiro. Assim, uma conclusao negativa é obtida sempre “por de-
fault” ou implicitamente apenas se a correspondente conclusao positiva nao pode
ser obtida em um numero finito de passos. A seméantica da linguagem, neste
caso, ¢ dada utilizando-se a hipotese do mundo fechado?, que estabelece que tudo
aquilo que nao esté declarado como verdadeiro ¢ falso. Para esta seméantica, o
procedimento de derivagao SLDNF ¢é completo e correto, e define uma seméantica
operacional para a linguagem.

No entanto, programas que apresentem computacoes infinitas nao recebem
significado por aquela seméantica. Para resolver este problema (atribuir signifi-
cado para qualquer programa em logica) surgiram uma série propostas de novas
semanticas, entre elas a semdntica bem-fundada (Well-Founded Semantics ou
WEFS). A WFS lida semanticamente com computagoes “top-down” infinitas e é
capaz de atribuir significado para qualquer programa, assinalando a estas com-
putagoes, como valor verdade, ou indefinido ou falso.

Com a evolugao da programacao em logica, e dada a importancia e a ne-
cessidade em &areas como bancos de dados dedutivos, representacao do conheci-
mento e raciocinio nao monotonico, introduziu-se na linguagem aquela nova forma
explicita de negacao, em adicao a forma implicita fornecida pela negacao por
omissao. Com a mudanga da linguagem, surgiram novas seméanticas que tin-
ham em conta a extensao da programagcao em logica com a negacao explicita. A
WFSX, uma estensao feita a partir da WFS, é particularmente interessante pois
fornece uma expressividade maior que captura uma grande variedade de formas
de raciocinio, bem como serve de instrumento para programé-los. Além destas
vantagens, a WFSX possui um procedimento de derivagao correto e “top-down”,
nos mesmos moldes do SLDNF para programacao em logica normal, notadamente
a derivagao linear seletiva para programas estendidos (Selected Linear resolution
for eXtended programs ou SLX).

Quando se introduz alguma forma de negacao explicita na linguagem, torna-
se necessario lidar com a possibilidade de contradi¢oes na linguagem. O ambiente
definido em [ALF 95] e [ALF 96|, sobre a ELP com WFSX, permite lidar com
estas situagoes de forma genérica. Assim, quando as contradi¢boes surgem, o
ambiente fornece mecanismos para remové-las alterando o valor verdade de um
subconjunto pré-definido de literais. Este mecanismo de remogao de contradi¢oes
é obtido através de uma variante da SLX que computa as combinagoes possiveis de
alteragoes de valores verdade que garantem a remocao. Através deste mecanismo

2Do inglés closed world assumption (CWA).
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de remocao é possivel realizar os diferentes tipos de raciocinio nao-monotoénicos
j& mencionados.

Viérios fatores, portanto, fazem da ELP com a WFSX um formalismo ade-
quado para satisfazer os requisitos necessarios mencionados anteriormente:

e possui uma linguagem formalmente definida. Assim, permite definir for-
malmente os agentes e as propriedades que se deseja verificar nos agentes,
bem como verificar se um determinado agente satisfaz uma determinada
propriedade;

e possui um procedimento de derivagao construtivo e efetivo para verificar a
satisfatibilidade de férmulas de linguagem — o SLX — o qual é completo
e correto em relagao a WFSX|ALF 96]. Isto permite provar se um deter-
minado literal pertence ou nao ao modelo do programa, sem exigir que se
calcule o modelo completo deste programa;

e possui um procedimento efetivo de revisao de programas contraditorios,
o qual permite realizar com as sentencas da linguagem outros tipos
de raciocinio que ndo a deducdo, nomeadamente raciocinio revogdvel®
e raciocinio abdutivo*. Estas formas de raciocinio sao necessarias para

definicao dos agentes.

As secOes a seguir apresentam o sistema formal, bem como sua utilizacao
para definir diversos tipos de raciocinio nao-monotonico.

2.2.1 A Linguagem e sua Semantica

Como ¢é usual na logica, a defini¢ao da linguagem compreende a defini¢ao da
sua sintaxe, bem como das estruturas seméanticas que lhe dao significado. Estas
defini¢oes sao apresentadas nesta segao.

A programagao em logica estendida acrescenta a linguagem da programagao
em logica normal um segundo tipo de negagao, a negacao explicita, representada
pelo simbolo —, em adicao a negagao por omissao ou negacao implicita, como é
chamada neste contexto.

Definition 1 (Linguagem)Um programa em ldgica estendido é um conjunto de
regras na forma

H«— Ly,...,Ly,not Ly.1,...,n0t L, (0<m<n)

onde cada L; é um literal objetivo. Um literal objetivo pode ser tanto um
datomo A ou sua negac¢dao explicita A, e conjunto de todos os literais objetivos de

3Do inglés defeasible reasoning.
4Do inglés abductive reasoning.
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um programa P é chamado de base de Herbrand estendida de P, sendo denotada
por H(P). O simbolo not representa a negagao por omissao, negagao implicita ou
negacao por falha, sendo que um literal not L é um literal por omissao. Literais
podem ser somente literais objetivos ou por omissao, sendo que -—L = L.

A inclusao da negagao explicita aumenta a expressividade da linguagem.
Na programacao em légica normal, informagao negativa s6 pode ser represen-
tada implicitamente, ou seja, um literal é considerado falso se nao razao para
consideré-lo verdadeiro. Embora isto seja suficiente em muitos casos, a repre-
sentacao explicita de informacao negativa é importante em areas como proces-
samento de lingua natural e raciocinio de senso-comum [ALF 95|. Considere o
seguinte exemplo |[ALF 96]:

Example 2 Para representar a sentenc¢a “Pinguins nao voam” utilizando pro-
gramacao em logica normal seria necessdrio recorrer a algum recurso do tipo:

nao voa(X) <« pinguim(X)

O problema deste tipo de representagao, no entanto, perde a conexdo entre
os predicados nao_voa e voa. Assim, ao representar a sentenca “Pdssaros voam”
como

voa(X) <« passaro(X)

seria desejdvel preservar a relagao entre os predicados.

Ainda, segundo [ALF 95|, a importancia destas conexdes crescem quando
a informagao negativa ¢ utilizada para representar excessoes a regras, como no

exemplo acima. H&, ainda, certas situagoes em que as duas negagoes assumem
significados bastante diferentes.

Example 3 Dado a sentenga “Um onibus escolar pode cruzar trilhos de trem
desde que nao haja um trem se aproximando” Sem a negacao explicita, esta
sentencga seria representada pela regra

cruza <«— not trem

No entanto, isto permite que se cruze o trem quando nao hd nenhuma in-
formagao sobre a presenga de um trem (visto que o not A é verdadeiro quando
nada se sabe sobre A). Jd se a representagao for

cruza <«— ~—trem

0 onibus somente cruza os trilhos se hd informacao afirmando que nao hd
nenhum trem se aproximando.

Definida a sintaxe da linguagem, é necessario atribuir significado as sen-
tengas bem-formadas. Como ¢ usual, o significado das sentengas ¢ dado por uma
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estrutura matematica conjunto teorética, que define os elementos representados
pela linguagem. No caso da programacao em logica estendida, o significado de
um conjunto de sentencas ou programa em logica estendido ¢ dado por um con-
junto de literais. Como foi visto anteriormente, a seméantica adotada, a W FSX,
estende a W F'S que ¢ definida para programas em loégica normal para programas
em logica estendidos com a negacao explicita. As duas formas de negagao sao
relacionadas pelo principio da coeréncia |[ALF 96|, que estipula que a negagao
explicita implica na negacao implicita, ou seja, se um literal objetivo —A for ver-
dadeiro entao a negagao por omissao not A também sera verdadeira. Além disto,
como a WF'S para programas em logica normal, a W EFSX atribui significado
também para programas com computagoes infinitas, atribuindo o valor verdade
indefinido aos literais envolvidos. Tem-se, entao, uma logica a trés valores: ver-
dadeiro, falso e indefinido.

Para definir formalmente a seméantica dos programas, segue-se a sequéncia
de defini¢oes mostrada na figura 2.1.

Interpretagéo‘ | Modelo ‘
/_>| 5 . I e S

Programad _» [Interpretacao
CPrograme) - [mtarorsiasie] oy g
\ |lnl.e|'|:u'eta<;§o|_> | Modelo ‘_»
3 2 Es

Estavel 2

|lnterpretag§o| | Modelo ‘
4 3

Figura 2.1 — Definicao da WFSX.

A cada programa pode-se associar uma ou mais interpretagoes, que sao
atribuicoes de valores verdades a cada um dos literais que fazem parte do pro-
grama. Esta atribuicao de valores verdades impoe como restricao apenas que, se
um literal objetivo L pertence a uma interpretacao I, entao o literal por omis-
sao not L nao pertencera a I. No entanto, as interpretagoes que interessam sao
aquelas que satisfazem (tornam verdadeiras) todas as regras que compoem os
programas. Estas interpretacoes sao os modelos do programa em questao. Nova-
mente, nenhuma restricao adicional é feita aos modelos. No entanto, interessam
apenas aqueles modelos que respeitem o principio da coeréncia e que sejam nao-
contraditorios®. Estes modelos, os modelos parciais estaveis, sao definidos através
do ponto fixo de um operador sobre o programa em logica. Um programa em
logica estendida pode possuir mais de um modelo parcial estavel (ou seja, varios
modelos que satisfacam as condigoes de coeréncia, nao-contradi¢ao e atribuam o

5Isto parece nao satisfazer os requesitos enumerados anteriormente, visto ser desejado lidar
também com programas contraditérios. No entanto, embora a WFSX nao atribua significado
a programas contraditorios, como sera visto adiante, e a partir de sua defini¢ao que sao con-
struidas as ferramentas para aceitar, detectar e remover contradigoes.
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significado desejado ao programa, como na WFS). A seméantica do programa, de
acordo com a WFSX, é dada pelo menor dos modelos parciais estéveis.

Inicialmente, define-se a nogao de interpretacao de um programa em logica
estendido. Basicamente, uma interpretagao de um ELP é um conjunto de literais.
Um literal L é verdadeiro em uma interpretagao [ se L € I, L ¢ falso em [ se
not L € I, e L é indefinido caso contrario.

Definition 2 (Interpretag¢ao) Uma interpretacao I de um programa em ldgica
extendido P € denotado por T'Unot F, onde T e F' sao subconjuntos disjuntos de
H(P). Para F ={ay,...,a,}, not F denota {not ay,...,not a,}. O conjunto T
contém todos os literais objetivos ground que sejam verdadeiros em I, o conjunto
F' contém todos os literais objetivos ground que sejam falsos por omissao em I e
o valor verdade dos literais objetivos em H(P) — I € indefinido. O walor verdade
de um literal not L € o complemento a trés valores de L, ou seja:

Valor Verdade Complemento
t (true, verdadeiro) f (false, falso)
f t
u (undefined, indefinido) | u

E importante observar que esta definicdo de interpretacdo ndo garante que
os dois tipos de negagao, implicita e explicita, estejam relacionadas pelo principio
da coeréncia bem como nao garante que a interpretagao nao seja contraditoria.
Portanto, nao sao todas as interpretagdes que interessam. Em particular, inter-
essam aquelas interpretacoes que tornem as regras do programa verdadeiras, o
que leva aos conceitos de satisfacao e de modelo.

Definition 3 (Satisfacao de um Programa em Ldgica Estendido) Seja I
uma interpreta¢ao de um dado programa em logica estendido. Diz-se que:

e [ satisfaz um literal objetivo ou um literal por omissao, denotado por I = L,
se e somente se L € I;

e [ satisfaz a conjung¢do Ly, ..., L,,not Gq,...,not G,
denotada por I |= Ly, ..., L,,not Gy,...,not G,, se e somente se
IEL, . .,elEL,elkEnotG,, ...,elE=not Gy

e [ satisfaz a regra H < L1, ..., L,,not Gy,...,not G,,,
denotado por I = (H <« Lq,..., L,,not Gy,...,not G,),
se e seomente se sempre que o corpo da regra for satisfeito por I, a cabega

também for satisfeita por I.

Definition 4 (Modelo) Uma interpretagao I € um modelo de um programa em
logica extendido P se e somente se toda regra de P € satisfeita por I.
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Ou seja, um modelo de um programa ¢ uma interpretagao que faz com que
todas as regras do programa serem verdadeiras. Observa-se que, de acordo com
esta definicao, um programa em logica estendido pode ter varios modelos.

Example 4 Considere o programa P, abaizo:

—b
b <+ a
< not a,not b
C < mnot —c
7c <« mnotc
Tanto I = {=b,not b} e I, = {=b,not b,not —c} sao modelos para o

programa Fj.

Novamente, nenhuma retrigao ¢é feita a nogao de modelo, de modo que po-
dem existir modelos que nao respitem o principio da coeréncia ou que sejam
contraditorios. A definicao da semantica WFSX estipula algumas condigoes
adicionais que atribuem um tnico modelo para cada programa. Isto pode ser
feito de diversas maneira. A definicao aqui adotada baseia-se no funcionamento
do pontos fixos alternados de um operador semalhante ao operador I'" definido
por Gelfond-Lifschitz e extraido de [ALF 95]. Dados um programa em logica
estendido e uma interpretacao, o operador I' simplesmente transforma este pro-
grama em logica estendido em um programa em logica definido (sem negagao,
implicita ou explicita) a partir das informagoes da interpretacdo e computa o
modelo minimo do programa resultante.

Definition 5 (Operador I') Seja P um programa em ldgica extendido, I uma
mterpretacao.

1. Seja P’ (respectivamente I') obtido a partir de P (respectivamente I)

representando-se cada literal —=A por um novo dtomo, por exemplo - A.
A tranformacao-GL % ¢ o programa obtido a partir de P’ removendo-se
todas as regras contendo um literal por omissao not A tal que A € I' e
removendo-se todos os demais literais por omissao em P’

2. Seja J o modelo minimo de %. Lp(I) € obtido a partir de J substituindo-se
0s dtomos —_ A introduzidos inicialmente pelos dtomos —A correspondentes.

O funcgao deste operador é definir o modelo minimo para um programa,
dada uma interpretacao. Isto ¢ feito de acordo com a nogao de modelo minimo
para programas em logica definidos. Assim, inicialmente (no passo 1) o operador
I' remove a negacao explicita transformando todo literal objetivo negativo em um
novo literal objetivo positivo. A seguir, remove todas as negagdes por omissao,
da seguinte forma: se um literal not A é falso de acordo com a interpretacao
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(ou seja, A € I') as regras onde not A ocorrem sdo removidas, visto que nao
poderiam ser satisfeitas; ja os literais not A que sejam verdadeiros (ou seja,
A ¢ I') sao removidos, pois sabe-se de antemao que sado verdadeiros, logo a
setisfagam das regras onde eles ocorrem nao dependem destes literais. Obtido o
programa em logica definido, computa-se o seu modelo minimo (no passo 2) O
resultado da aplicagao do operador ¢ o modelo minimo do programa em logica
definido recuperando-se as negagoes explicitas.

Antes de definir o que sao os modelos parciais estaveis, é preciso garantir
que o principio da coerécia seja respeitado no modelo do programa. Para tanto,
utiliza-se a nogao de versao semi-normal do programa.

Definition 6 (Versao Semi-Normal de um Programa) A versao semi-
normal de um programa P € o programa Ps obtido a partir de P adicionando-se
ao corpo de cada regra (inclusive regras cujo corpo seja vazio) L < Body o literal
por omissao not L, onde =L € o complemento (com respeito a negagao explicita)

de L.

O principio da coeréncia estipula que se um literal objetivo —A for ver-
dadeiro entao a negagao por omissao not A também serd verdadeira. Ou seja:

“Dada uma interpretacao I =T Unot F, se -L € T entao L € F.”

Na versao semi-normal de um programa, um determinado literal s6 é ver-
dadeiro se nao houver nenhuma regra que indique que seu complemento por omis-
sao é verdade, garantindo a coeréncia. A defini¢do a seguir impoe as condigoes
necessaria a definicao de modelo de um programa em logica estendido.

Definition 7 (Modelo Parcial Estdvel) Um conjunto de literais objetivos T
gera um modelo parcial estavel® (PSM) de um programa em Idgica extendido P
se e somente se:

1. T = PPPPS(T);' (&
2. T C Tp(T).
O PSM gerado por T' é a interpretacao T'Unot(H(P) — I'py(T)).

Isto quer dizer que os modelos parciais estaveis sao determinados pelos pon-
tos fixos de I'pl'p, (0 operador I' definido sobre o programa P aplicado sobre o
resultado do operador I' definido sobre a versao semi-normal de P). Dado um
ponto fixo T', os literais objetivos em 7' sao verdadeiros no PSM, os literais ob-
jetivos que nao estao em I'p,(7") s@o falsos por omissdo, e todos os outros sao
indefinidos. Assim sendo, os literais objetivos em I'p,(7") s@o todos aqueles que

Do inglés, Partial Stable Model.
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sao ou verdadeiros ou indefinidos. E preciso notar que a condicdo 2 faz com
que um literal qualquer nao possa ser, simultaneamente, verdadeiro e falso por
omissao, i.e., se tal literal pertence a T ele ndo pertence a H(P) — I'p (T (e
vice-versa). Ja o uso de I'p, impde o principio da coeréncia, ou seja, se =L € T'
(—L é verdadeiro) entdao em I'p (7)) (a aplicacdo do operador I' sobre a versao
semi-normal do programa P) todas as regras para L sdo removidas e, conse-
quentemente, L ¢ I'p (T") (L é falso por omissdo).

E importante observar que programas contraditérios (onde um literal L e seu
complemento —L sdo verdadeiros) ndo possuem PSMs. Como ja foi referido, isto
parece nao satisfazer os requisitos enumerados anteriormente, visto ser desejado
lidar também com programas contraditérios. No entanto, como seré visto adiante,
a partir da definicao da W F'SX é que sao construidas as ferramentas para aceitar,
detectar e remover contradicoes.

Example 5 (extraido de [ALF 95])O programa P = {a; —a} nao possui modelos
parciais estdveis. De fato, o tinico ponto firo de I'pL'py(T) € {a,—a} e {a,—a} €
Ppg(T) = {}-

A seméantica W FSX é dada pelo menor dos PSMs de um programa.

Definition 8 (Semdntica WFSX) Todo programa ndao-contraditorio P pos-
sui um modelo parcial estdvel minimo (em relagio a inclusao de conjuntos C)
chamado de modelo bem-fundado de P e denotado por WFM(P). Este menor
modelo pode ser obtido iterativamente, através da aplicacao dos operadores I'p e
Ip,.

A definigao “bottom-up” iterativa para o WFM(P) € dada pela sequéncia
transfinita {1, }:

L = {}
loyr = Tplpg(1a)
Is = U{la / a <6} para um ordinal limite &

Eziste um menor ordinal \ para a sequéncia acima, tal que I\ € o menor

ponto fizo de U'pl'p, e 0 WFM(P) = I, Unot(H(P) — 'pgIy).

Nesta definicao construtiva, os literais obtidos apds a aplicagao de I'pl'p,
(ou seja, em algum [,) sdo verdadeiros no WFM(P) e os literais que ndo sao
obtidos apds uma aplicacdo de I'p, (ou seja, que nao estao em I'p,(I,) para algum
«) sao falsos por omissao no WEM(P).

Example 6 (extraido de [ALF 96]) Considere o programa Py abaizo:

a <« not b. —a.
b <« not a.
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Para aplicar a definicao “bottom-up” da W FSX, é preciso construir a ver-
sao semi-normal de Pg. Assim, acrescentando os literais por omissao apropria-
dos, temos Fg:

a <« not b,not —a. —a <« not a.
b <« not a,not —b.

Aplicando a defini¢ao iterativa da W EFSX, temos:

1. Iy ={}
2. [1 == FPGFP(ss(IO)'

Ora, I'p,o(1y) = {a,b,~a}, pois como Iy € vazio, todos os literais por omis-
sao sao verdadeiros, logo nenhuma regra € removida de I'p,, e todos os
literais por omissao sao removidos. O programa resultante é

a. —a.
b.

sendo seu modelo minimo {a,b,—a}. Aplicando-se I'p, sobre este resultado
temos I'p,({a,b,—a}) = {—a}, pois como a e b pertencem ao conjunto, as
duas regras com literais por omissao sobre a e b sao removidas. O programa
resultante €

—-a.

e seu modelo minimo {—a}. Assim, temos que I = {—a};

8. Iy = T'pTp (11). Temos que U'pg(I) = {b,~a} e I'p({b, ~a}) = {b, ma}.
Assim, Iy = {b,—a}. Como o prézimo passo mostrard, este o ponto fizo da
sequéncia;

4. Iy =TpT'p,, (I3). Temos que U'py, (I) = {b,—a} e T'p,({b,—-a}) = {b,—a}.

Logo, a WEFSX é dada por WEM(Ps) = I3 Unot(H(Fs) — I'p, I3) =
{b,—a} U {not a,not —b}.

De fato, como h& uma regra —a o literal —a deve ser verdadeiro; pelo princi-
pio da coeréncia, também not a deve ser verdadeiro. Uma vez que not a é ver-
dadeiro, aregra b <« not a. torna b verdadeiro e, pelo principio da coeréncia,
not —b também é verdadeiro. Exatamente como célculado pela seméantica.

2.2.2 Detectando Contradicoes

Como foi mencionado anteriormente, ao se extender a linguagem para
aceitar negacao explicita, podem surgir programas contraditérios. E importante,
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entao, ser-se capaz de nao somente executar programas livres de contradi¢ao, mas
também de detectar tais contradigoes, a fim de remové-las. Para remover con-
tradigoes, além de detecta-las, é preciso saber-se as causas destas contradigoes,
ou seja, quais as pressuposicoes feitas no programa suportam as contradigoes e
sao responsaveis por elas.

A definicao da W F'SX, no entanto, nao é suficiente para apontar tais pres-
suposicoes’. Desta forma, a fim de se possuir uma ferramenta que possibilite
apontar as causas das contradigoes, generaliza-se a W FSX de modo a se definir
a nogao de modelo bem fundado paraconsistente para programas contraditorios,
e consequentemente uma W EFSX paraconsistente (W FSXp). A idéia basica da
W FSXp é calcular, sempre respeitando o principio da coeréncia, todas as conse-
quéncias do programa, mesmo aquelas que originam contradigoes e aquelas que
derivam de contradi¢oes, como no exemplo a seguir:

Example 7 [ALF 95/Considere o programa P;:

a < mnotb (i) d <« nota (i)
—a « notc (i) e « mnot-a (i)

1. not b e not ¢ sao verdadeiros, visto que nao hd regras para b e c;
a e —a valem a partir de 1 e das clausulas (i) e (ii);
not a e not —a valem a partir de 2 e do principio da coeréncia;

d e e valem a partir de 3 e das regras (iii) e (iv);

not d e not e valem a partir de 2 e das regras (iii) e (iv) (sio as unicas
regras para d e e);

6. not =d e not —e valem a partir de 4 e do principio da coeréncia.

Logo, o conjunto de todos os literais que sao consequéncia do programa P

[N

{not b,not c,a,-a,not a,not —a,d, e, not d,not e}

Neste contexto, a WFSXp é uma pseudo-semdntica|ALF 95|, i.e., nao
uma semantica propriamente dita mas uma ferramenta necessaria para detectar
as contradigoes e suas causas nos casos em que a W FSX nao atribui significado
ao programa. A semaéntica assinalada ao programa original sera a WFSX do
programa resultante apos a remogao das contradigoes.

E preciso, entdo, extender a definicio da WFSX para que esta se com-
porte como no exemplo acima. A WFSX nao estd definida para programas

"De fato, de acordo com a definicdo de W F M (P), um programa contraditério P nio possui
um modelo bem fundado.
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contraditoérios porque tais programas nao possuem PSMs. Pela sua definicao, um
programa nao tem PSMs se ele nao possui pontos fixos para I'pI'p; ou se todo
ponto fixo T" de I'pI'p, nao satisfaz a condicao 7' C I'p, 7. Mas prova-se que
todo programa, contraditério ou nao, possui pontos fixos para I'pl'pg(teorema
5.1, em [ALF 95|). Portanto, se para algum programa P, o menor ponto fixo
de I'pl'p, respeita a condigao (da definicao) T C I'p,T', entdo o programa ¢ nao-
contraditério e o menor ponto fixo é o seu W EFM. Caso contrario, o programa ¢é
contraditorio e, desta forma, o teste para se saber se um programa é contraditério
dado o seu menor ponto fixo de I'pI'p, pode ser reduzido a:

“O programa ¢ nao-contraditério se e somente se o seu menor
ponto fixo de I'pI'p, nao possue pares de literais complementares quanto

a negagao explicita (teoremab.3,em|ALF 95]).”

Logo, a definicago de WFM poderia ser simplificada removendo-se a
condicao T' C I'p /T e substituindo-a pelo teste se 1" tem literais complementares
quanto a negagao explicita, o que garante que os literais nao sejam tanto ver-
dadeiros como falsos por omissao. Sem esta condi¢ao, no entanto, tal garantia
nao existe, e isto é exatamente o que se quer para definir a versao paraconsistente
da WFSX. Assim sendo, a definigao da W F'SXp é dada construindo-se o W F M
através do menor ponto fixo de I'pI'p, sem a exigéncia que 7' C I'p, T . Dai, tem-

se que programas contraditérios sao aqueles que contém pares complementares
de literais no seu W FM.

Definition 9 (WFSX Paraconsistente)Seja P um programa extendido cujo
menor ponto fixro de I'pl'p, € T. O modelo bem-fundado paraconsistentede P € o
conjunto WFMp =T Unot {H —T'p,/T)}. P é nao-contraditorio se e somente
se para nenhum literal objetivo L, {L,—L} C T e, neste caso, WFMp(P) =
WEFM(P).

Esta definicao garante tanto que todas as consequéncias do programa sao
calculadas no modelo, tanto aquelas que derivam contradi¢oes como aquelas que
se originam de contradigoes, ao mesmo tempo que preserva o principio da coerén-
cia, como pode-se verificar no exemplo 7 acima.

Portanto, com a W F.SXp, ja é possivel detectar-se contradi¢gdes, bem como
determinar a origem destas contradigoes, o que permite remové-las.

2.2.3 Revisando o Programa

Uma vez que se detecte uma contradicao em um programa, ¢ necessario
revisa-lo. Para efetuar esta remocao e restaurar a consisténcia dos programas,
estes sao submetidos a um processo de revisao que se baseia na possibilidade de



45

alterar o valor verdade de um conjunto de literais, os literais revisiveis. Os literais
revisiveis sao escolhidos entre aqueles considerados bésicos, ou seja, aqueles que
nao dependem de nenhum outro literal (para os quais ha somente fatos ou nao
hé regra nenhuma).

Assim, inicialmente, define-se uma estrutura que divide explicitamente o
programa em um par chamado estado de programa|ALF 95]: um dos elementos
contém um subprograma que nao pode ser modificado; o outro elemento contém
um subprograma que pode ser modificado de uma maneira pré-determinada, no-
tadamente adicionando-se regras de um formato simples e fixo somente para o
conjunto de literais revisiveis. Esta segunda parte ¢ definida de tal forma que ela
contém somente regras para literais que nao dependem de nenhum outro. Um
estado é transformado em outro estado simplesmente modificando esta segunda
parte.

A definicao da W FSXp considera que as contradigoes surgem apenas da
inexisténcia de um modelo consistente (ou seja, que pelo menos um par L, —|L
esteja presente no modelo bem-fundado do programa). Em geral, no entanto,
podem haver outras razoes para considerar um estado do programa como nao-
aceitavel, resultante de restri¢goes sobre o significado pretendido para o programa.
Para englobar este tipo de situacao, estende-se a linguagem definida com retri¢oes
de integridade.

Definition 10 (Restricoes de Integridade) Uma restri¢oes de integridade de
um programa em logica estendido P possui o sequinte formato

LiV:---VL,<LyaN...NLpip, (n+m >0)

Definition 11 onde L; sao literais (objetivos ou por omissio) pertencentes a
linguagem de P.

Uma restricao de integridade nesta forma denota que pelo menos um dos
literais da cabega (o consequente da regra) deve ser verdadeiro se o seu corpo (o
antecedente da regra) for verdadeiro.Caso a cabega seja vazia, associa-se a ela o

simbolo f, e a ao corpo vazio associa-se o simbolo t. Uma teoria de integridade
¢ um conjunto de restricoes de integridade, representando a conjungao de todas
as restricoes.

Definition 12 (Satisfacao de uma Restrigcao de Integridade) Dado um
conjunto de literais (contraditorios ou mao) I, uma restrigio de integridade
ground € wviolada por I sse cada um dos literais L,y1, ..., Lyim pertencer a I
e se nenhum dos literais Ly, - - -, L, pertencer a I. Caso contrdrio, a restricao €
satisfeita por I.

Ou seja, uma restricao de integridade ¢é satisfeita se e somente se a impli-
cagao classica (Ly+1 € I) A ... A (Lpgm € 1) = (Ly € I)V---V (L, € I) for
satisfeita.
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Assim, um programa é contraditério se e somente se seu modelo bem-
fundado for contraditorio ou se violar alguma de suas restricoes de integridade.
Esta definicao pode ser simplificada removendo-se a primeira condi¢ao e acrescen-
tando, para todos os literais L do programa, uma restri¢ao na forma f < LA L.

A remocao das contradigoes que surgem é feita alterando-se o valor verdade
dos literais revisiveis. Quando ndo hé restrigoes de integridade (e contradigdes
surgem apenas pela inexisténcia da W FSX consistente), as contradi¢oes podem
sempre ser removidas trocando-se o valor verdade de literais somente para in-
definido. Mas, no caso geral, h& necessidade, eventualmente, de mudar o valor
verdade de literais para verdadeiro ou falso. A abordagem adotada aqui (conforme
definido em [ALF 95]) ¢ de realizar a remocao das contradigoes introduzindo ou
removendo regras para os literais revisiveis, de maneira que se possa trocar seus
valores verdades de um valor qualquer para outro valor qualquer. Se nenhuma re-
strigao exigir, o valor verdade é modificado minimamente para indefinido. Caso
se deseje impor a revisao somente de verdadeiro para falso e vice-versa, basta
introduzir uma restricao na forma L V not L < t.

A definicao do ambiente de revisao proposto inicia pela defini¢ao formal de
programas abertos e estados de programas.

Definition 13 (Programas Abertos) Um programa aberto é uma tripla
(P,IC,0p), onde P é um programa em logica estendido, IC'" é um conjunto de
restri¢oes de integridade e Op, o conjunto de literais abertos, € um subconjunto
de literais objetivos de H(P), tal que L € Op sse =L € Op, ou seja, se um literal
L pertence ao conjunto, entao seu complemento pela negacao explicita também
pertence. Adicionalmente, nao hd regras em P para nenhum dos literais abertos.

Os fatos basicos, sujeitos a varia¢ao, sao representados no programa aberto
pelos literais abertos, os quais nao tem seu valor verdade determinado a priori.
A parte fixa do programa aberto é um programa em logica estendido arbitrario,
que deriva informacoes adicionais a partir dos literais abertos, uma vez que seus
valores sejam conhecidos. As restrigoes de integridade eliminam combinagoes nao
desejadas de literais.

Dado um programa aberto, um estado para este programa é estabelecido
introduzindo-se, para cada literal aberto, uma regra definindo seu valor verdade.

Definition 14 (Estado de Programa) Um estado de programa de um dado
programa aberto (Ppy, IC,OP) é uma tupla (Ppiz, Pyar, IC,Op). Para cada lit-
eral L € Op, a parte varidvel contém apenas uma das sequintes regras:

1. L« t, ou
2. L —f, ou

3. L «— u.
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Interpretacao Parte Variavel

{not L,not =L} | {L «— f,~L — f}
{not L} {L —f,-L «— u}
{not =L} {L «—u,~L « f}
{} {L —u L —u}
{not L,—L} {L — f,—L — t}
{L,not —~L} {L —t,~L« f}

Tabela 2.2 — Relacao entre Interpretacao e Estado de Programa

Ainda, se (L «— t)E€Py,, entao (WL «— f) € Py, e vice-versa (se (L «—
f) €Pyy, entio (L «— v) € Py, ). Nenhuma outra regra pertence a Py, .

Por defini¢ao, os simbolos t e not f pertencem a todos os modelos, e nem
u nem not u pertencem a qualquer modelo.

Example 8 (extraido de [ALF 95]) O programa Py abaizo

a <— not c. c <« mnot d.
—a <« not b. d.

¢ contraditdrio, pois possui no modelo tanto —a (pois not b é verdadeiro,
visto que nao hd regras para b) e a (pois d é verdadeiro, logo not d € falso e ¢
é falso, logo not ¢ € verdadeiro e a € verdadeiro). Para revisd-lo, inicialmente é
preciso caracterizd-lo pelo estado s = (Prpiyz, Pyar, IC,Op) onde

Priy = {a <« not ¢; ~a «— not b; ¢ «— not d}
PVar = {be,_'be,dHt,—!d%f}
IcC = {f<L~-L/LeH}

Op = {b,—b,d,—d}

Para remover contradicoes, as alteragoes sao feitas nas regras em Py,

E importante salientar que a componente variavel do estado determina uma
interpretacao, e vice-versa, como mostrado na tabela 2.2 abaixo.

O principio da coeréncia é garantido pelas restrigoes impostas pela defini¢ao
de Pyy. O modelo de um programa aberto P = (Ppy,, IC, Op) determinado por
um estado associado s = (Ppjz, Pyar, IC,Op) é dado pelo modelo bem-fundado
W FMp(Ppiz U Py,.) e &€ denotado por M(s). Dai sai a nogdo de estado de
programa contraditorio. Além do modelo, cada estado tem associado a si também
a nocao de crengas bdsicas® B(s), definido por B(s) = M(s) N H(Pyar).

8Esta nocdo de crencas bdsicas ndo tem nenhuma relacdo com a nogao de crengas do modelo
BDI.
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Definition 15 (Estado de Programa Contraditorio) Um estado de pro-
grama § = (Ppi, Pyay, IC,Op) € contraditorio sse Ppiy U Py, € contraditorio
ou se existe pelo menos uma restricao de integridade em s que seja violada por
M(s). Caso contrdrio, é nao-contraditorio.

Novamente, como ja foi referido, a condi¢ao “Ppg;, U Py, é contraditorio”
pode ser desconsiderada se for acrescido ao conjunto IC' restrigbes na forma
f < L,—L para todos os literais L.

Uma vez que um estado é contraditério, é preciso revisa-lo para eliminar
as contradicoes. Um estado contraditério corresponde a uma situagao onde as
crengas basicas sao nao satisfatorias. Nesta situacao, a idéia intuitiva é alterar
aqueles literais revisiveis de forma a atingir um novo estado nao-contraditério.
Esta alteracao nao deve ser arbitraria, mas deve ser feita de modo a realizar o
minimo de modificagbes possiveis. Assim, o novo estado de programa atingido
deve ser tao proximo quanto possivel do estado de origem. Isto é feito pela
definicao de diferenca entre interpretacoes e por uma relagao de proximidade
entre interpretacgoes.

A abordagem adotada é que se um literal nao é indefinido, entao é preferivel
revisé-lo primeiramente para indefinido antes de passa-lo para o valor verdade
oposto; se ele for indefinido, entao a sua revisao ¢ feita ou para verdadeiro ou para
falso. A motivagao para esta escolha vem das ordens existentes entre os valores
verdade. Numa ordem de acordo com o valor verdade, tem-se que f < u < t; ja
numa ordem de acordo com a “quantidade de conhecimento” tem-se que u < f e
u < t (uma ordem parcial, onde f e t nao se relacionam). Em ambos os casos,
passar de verdadeiro para falso e vice-versa sempre ocorre via o valor indefinido.
As definigbes a seguir capturam esta idéia.

Definition 16 (Diferenga entre Interpretacoes) Seja L o conjunto de todos
os conjuntos coerentes de literais com respeito a uma linguagem finita, e Iy, Is € T
com Iy =Ty Unot Fy e I, =T, Unot F,. A diferenca entre as interpretacoes I
e Iy € definida por

— F) x{f}u
— Fy) x {u}u
—Ty) x {u}y
—Ty) x {t}

A diferencga entre interpretagoes registra as mudangas que ocorrem, quando
de passa de uma interpretacao I; para outra Is. Assim:

(Fy
Diff(h k) =4 (7!
(T3

e os literais que sdo falsos em Iy e nao sao falsos em [; (pertencem a Fy, mas
nao a F}) sdo rotulados com f (ou seja, de uma interpretacao [; para a
outra I, passaram a ser falsos);
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e os literais que sdo falsos em [ e nao sao falsos em I, (pertencem a Fi, mas
nao a F,) sdo rotulados com u (ou seja, de uma interpretagao I; para a
outra I passaram a ser indefinidos);

e os literais que s@o verdadeiros em [; e nao sdo verdadeiros em I (pertencem
a T}, mas nao a Ty) sdo rotulados com u (ou seja, de uma interpretacao Iy
para a outra [5 passaram a ser indefinidos);

e os literais que s@o verdadeiros em I e nao sdo verdadeiros em [; (pertencem
a Ty, mas nao a T}) sao rotulados com t (ou seja, de uma interpretacao Iy
para a outra [ passaram a ser verdadeiros).

Alguns destes conjuntos podem nao ser disjuntos. Por exemplo:

Example 9 (extraido de [ALF 95]) Sejam I1 = {a}Unot{b,c,d} e 12 = {b,e}U
not{d, f}. A diferenca entre estas duas interpretagoes é dada por

Dif f(I1, 1) = {(a, ), (b, t), (b, u), (¢, w), (¢, t), (f, )}

Neste caso, b era falso em [; e passou a verdadeiro em I,. A nocgao de
diferenca captura esta passagem pois possui tanto o par (b, u) como o par (b, t).

A relagao de proximidade é definidia entre interpretagoes, e nao entre es-
tados de programas. Como foi referido anteriormente, a partir destes estados
duas interpretagoes diferentes podem ser consideradas: o modelo determinado
pelo estado do programa — M(s) — ou o seu conjunto de crengas béasicas —
B(s). Uma vez que se parte do principio que as revisdes devem ser feitas sobre as
crengas basicas (que derivam da parte variavel do estado do programa), é esta a
interpretacao adotada para definir a nocao de revisao de um estado de programa.

Definition 17 (Relag¢do de Proximidade) Seja I o conjunto de todas as in-
terpretacoes com respeito a uma linguagem finita, e M, A, B € T. Uma interpre-
tagio A é mais prozima a M do que B sse Dif f(M,A) C Dif f(M,B).

Quando em face de contradigoes, a revisao deve alterar minimamente as
crengas basicas.

Definition 18 (Revisao de um Estado de Programa) Seja s o estado de
programa inicial de um programa aberto P, e Sp o conjunto de estados de pro-
gramas nao-contraditorios. Uma revisao de s € um elemento t € Sp tal que

Vr € Sp.Diff(B(s),B(r)) € Dif f(B(s), B(t)) = r =t.

Sao revisoes de s aqueles estados de programa que tem sua parte variavel
alterada minimamente em relagao a parte variavel de s. Ou seja, as revisoes que
sao feitas a partir de s sao minimais.
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Example 10 (eztraido de [ALF 95]) Considere as sequintes interpretagoes, que
correspondem as partes varidveis de 4 estados de programas Sg,S1,52 € S3:

Iy = {a}Unot {—a,b,~c} L = {a,c}Unot {—a,b,~c}
I, = {a,d}Unot {—a,-c,—d} I3 {a, c,d} Unot {—a,—c, ~d}

Supondo que sg € o estado inicial (contraditorio) e que sy, g € S3 sejam 0s
unicos estados nao-contraditorios possiveis a partir de modificagoes nas crengas
basicas de so. Dadas as interpretagoes acima, tem-se as sequintes diferencgas:

Diff(lo, 1) = {(c,t)}
szf(IOaIZ) = {(b> )>(d’t)?(_‘d>f)}
Dif f(Io, I5) = {(b,u),(ct),(d,t), (=d, )}

Logo, as revisdes possiveis para o estado inicial so sao {si1,S2} pois

D’Lff(]o,]l) Q D’Lff([(],]g), D’Lff(]o,]g) Q D’Lff([(],]g), € Dfo([o,[1> €

Dif f(Iy, Iy) nao estao contidos nem contém uma a outra.

Observe que a diferenca de s3 para sy mostra que ha modificagoes
desnecessaria e que, apesar de removerem a contradi¢cao, nao sao minimais.
Retomando o exemplo 8 anterior, temos:

Example 11 (extraido por [ALF 95]) As revisdes do estado s sao os dois esta-
dos resultantes substituindo-se, em s, Py, por P}, ou P, abaizo:

Pl,. = {b— wu-b« f;d« t;-d« f}
P:,. = {b« f;-b« f;d+ u;—d« f}

Ou seja, a contradigao € removida tornando-se b ou d indefinidos.

A capacidade de representar informagao negativa, juntamente com um pro-
cedimento bem-definido para restaurar a consisténcia de programas em logica
faz com que a programacao em logica extendida seja adequada para representar
e realizar diferentes formas de raciocinio nao-monotéonico|ALF 96]. Em partic-
ular, interessam-nos duas formas de raciocinio nao-monotonico, nomeadamente
ractocinio revogdvel e raciocinio abdutivo.

2.2.4 Raciocinio Revogavel

Uma regra revogdvel é uma regra na forma Normalmente se A entdo B.
A programacgao em logica estendida permite que se represente regras revogaveis
e atribui um significado a um conjunto de regras (revogéaveis ou nao) quando a
aplicacao de uma destas regras revogéveis da origem a contradigoes.

Example 12 Considere as clausulas abaizo (extraidas de [ALF 96]):
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1. Normalmente aves voam..
2. Pinguins nao voam..
3. Pinguins sao aves.
4. ¢ € um pinguin.
representadas pelo programa Py abaizo:

v(X) <« a(X),not ab(X). (i)

—v(X) — p(X). (i)
a(X) « pX). (1i1)
p(c)- (i)

Visto que néo existem regras para ab(c), not ab(c) é verdadeiro e deriva v(c).
Ainda, —w(c) é derivado a partir de p(c), na segunda regra. Logo, o programa é
contraditorio. Neste caso, a regra (i) é revogével e da origem a uma contradigao
devido a pressuposigao de que ab(c) é falso. Assim, v(c) nao deve ser obtido como
uma conclusdo e o significado pretendido para P requer —w(c) and not v(c) (por
coeréncia) sejam verdadeiros.

Considerando o programa aberto definido a partir de P com

Se se revisa Pjy com um conjunto de revisiveis R = {ab(X)}, obtém-se uma
tnica revisao Rev = {ab(a) < t}. A seméntica do programa revisado obtido a
partir desta revisao é

{p(c), not =p(c),a(c),not —a(c), —v(c),not v(c), not —ab(c)}

como era desejado.
Neste trabalho, o reciocinio revogéavel é utilizado para se obter um subcon-
junto consistente dos desejos dos agentes que constituirao sua intencoes.

2.2.5 Raciocinio Abdutivo

O ractocinio abdutivo consiste em, dada uma teoria 7" e um conjunto de
observagbes O, encontrar-se uma teoria A tal que TUA E O e T'U A seja
consistente.

No contexto da programagao em logica extendida, um “framework” abdutivo
P’ é uma tupla (P, Abd, IC), onde P é um ELP, Abd é um conjunto de literais
abduziveis e IC' ¢ um conjunto de restrigoes de integridade. Uma observagao O
possui uma explicagdo abdutiva A se e somente se P’ UA |=p O e P =LA, ¢
possivel abduzir-se uma teoria A que explica tais observagoes tornando-se cada
uma destas observagoes O uma nova restri¢ao de integridade O < e revisando-se
o programa com um conjunto de revisiveis Abd (é importante lembrar que um
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programa ¢é contraditério se e somente se para algum literal L em P, P = L e
P ==L, ou se uma restri¢ao ndo € satisfeita).

Example 13 Considere as clausulas a sequir:
1. Normalmente aves voam.

Pinguins nao voam.

Pinguins sao aves.

Normalmente tigres nao voam.

AT T

Normalmente leao sao mamiferos.

representado pelo programa P13 abaixo:

v(X) «— a(X),not abl(X)
a(X) — p(X)
—w(X) «— t(X),not ab2(X)
m(X) «— I(X),not ab3(X)

Eziste uma explicagao possivel para a observagao —f(c)?

O “framework” abdutivo derivado do programa P35 e observagdo —f(a) é
P = (P3, {t(X),p(X), (X))}, {—v(a) <}). Visto que ndo existem regras para
p(c) et(c), P nao deriva —w(a). Portanto, a restrigao nao é satisfeita e o programa
é contraditorio. Para um conjunto de revisiveis Abd, existem duas revisoes que
restauram a consisténcia em P’ notadamente Rev; = {t(a)} e Revy = {p(a)}.
Estas sdo as duas explicagoes possiveis para —w(a).

Neste trabalho, o raciocinio abdutivo ¢é utilizado para determinar se um
agente acredita que ha um possivel curso de agoes para satisfazer um desejo, bem
como no tratamento do planejamento.

2.2.6 Revisoes Preferidas

Em algumas ocasioes, sera necessario definir-se que nao se deseja obter, du-
rante o processo de revisao, as revisoes minimas fornecidas pelo formalismo, mas
que prefere-se obter revisoes que tenham um certo literal apenas se nao houver
nenhuma outra revisao incluindo outros literais. O formalismo que esta sendo uti-
lizado neste trabalho permite que se defina preferéncias sobre a ordem das revisoes
grafo e/ou rotulado direto aciclico, definido pelas regras na forma|DAM 94]:

Nively < Nivel; A Nively A ... Nivel,(n > 1)
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Nodos Nivel; sao identificadores de niveis de preferéncia. A cada um destes
niveis esta associado um conjunto de revisiveis denotado por R(Nivel;). Regras
como esta para o Nively definem que se deseja considerar revisdes para o Nivel
somente se, para algum corpo da regra, seus niveis forem considerados e nao
existirem revisdes em qualquer um destes niveis. A raiz do grafo de preferéncias
¢ o nodo denotado por bottom.

Se ao exemplo 13 associar-se o seguinte grafo de preferéncias:

1 < bottom 2«1
R(bottom) = {t(X)}
R(1) = {p(X)} R(2) ={l(X)}

entao, ao invés de duas revisoes naquela abducao, ter-se-ia somente Rev, =
{t(a)}, visto que revisdes para p(c) (no nivel 1) somente seriam consideradas se
nao existissem revisdes para os niveis mais baixos (¢(c) no bottom, neste caso).

Neste trabalho, usa-se as preferéncias para estabelecer a ordem de escolha
dos subconjuntos dos desejos a serem adotados como intengoes.

De posse desta maquinaria logica, é agora possivel definir-se o modelo de
agentes, como seré visto no capitulo a seguir.
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3 SBIA95 - “Modelling Intentions
with Extended Logic Programming”

Este artigo[MOR 95|, o primeiro escrito durante o doutorado, apresenta as
idéias iniciais da teoria que viria a ser desenvolvida, notadamente:

e parte da revisao bibliogréafica que embasa o trabalho, notadamente as teorias
de agentes existentes, com uma perspectiva orientado ao agente e baseadas
em logicas nao-trataveis computacionalmente que apresentam uma série de
problemas na modelagem dos agentes;

e a mudanca de perspectiva levantava novas questoes nao tratadas pelas teo-
rias existentes.

Apos esta exposicao, o artigo apresenta um modelo preliminar, j& utilizando
programacao em logica, das inten¢oes em um agente proposto no trabalho. Ape-
nas propriedades estaticas das intengdes sao descritas neste ponto. O trabalho
aqui descrito apresenta as defini¢oes iniciais do modelo formal do agente proposto
na tese.
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Abstract. As far as we are concerned, the existing theories of in-
tentions adopt a designer’s perspective, i.e., intentions and related
mental states are approached from a designer’s point-of-view. Such
theories are logic-based and enable one to reason about the agents.
However, they are not adequate to be used by the agent, to rea-
son about itself. We argue that adopting an agent perspective may
simplify some aspects of such theories, and enable the definition of
a logic that agents may use to reason. Also, this change of perspec-
tive raises some questions that are, in general, ignored by traditional
theories, namely the relations among other attitudes and intentions
and between intentions and actions. We present preliminary defini-
tions of a theory of intentions that adopt this different perspective.
We also discuss some of the traditionally ignored questions, unveil-
ing potential extensions to the definitions presented here.

Keywords: theories of intentions; mental states modeling; event calculus; dis-
tributed artificial intelligence.

1 Introduction

Intentions, among all the mental states that characterize an intelligent agent,
are considered fundamental building blocks, as they cannot be reduced to other
more basic mental states. Since agents are resource bounded, it is not possible for
them to continuously weigh their competing motives and beliefs. Intentions play

* Supported by CNPq/Brazil, contract number 200636/93-6(NV).
** Work supported by project IDILIO, contract number STRDA-C-TIT-139/92, funded
by JNICT.
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their role as a compromise with a specific possible future which, once chosen, is
abandoned only in certain circumstances, thus avoiding such continuous weigh-
ing of other attitudes. According to Bratman [2], intentions play three functional
roles in a rational agent: (1) intentions pose problems for the agent, who needs
to determine ways to overcome them; (2) intentions constitute a screen of ad-
missibility for adopting other intentions, i.e., an agent cannot adopt an intention
which conflicts with previously adopted ones; and (3) the agent must track the
success of its intentions and persist on its execution, in case of failure. Follow-
ing Bratman’s analysis, many formal theories of rational agency! have appeared
[4] [10] [6] [13]. Such theories are meant to be formal specifications of a rational
agent in terms of its mental states and the relations among them. However, none
of these theories are suitable to be used by the agent as a formal basis for it to
reason. According to our view, while allowing agent designers to reason about
properties of agents, such theories of intentions ought to be expressed in a logic
the agent may use to reason, in order to decrease the gap between specifications
and real agents. In this paper, we make the preliminary definitions of a theory
of intentions that adopts an agent perspective, instead of a designer’s one. As
the underlying logic, we use Logic Programming extended with explicit negation
(or ELP — Extended Logic Programming) with its semantics being given by the
paraconsistent version of the Well-Founded Semantics augmented with Explicit
Negation (WFSX) [1].

Intentions are temporal attitudes, as they guide future planning activities
and track present actions. Therefore, we need some formalism to deal with time.
Most of the existing theories use a variation of dynamic logic [Eme 80], defined
in their modal logic environment by the standard modal operators.
However, in order to allow the previously mentioned change of per-
spective, we need a formalism with which the agent may reason, as
discussed before. So, on top of the logical basis provided by ELP,
we define a variation of the Event Calculus (EC) [7], inspired on
previous extensions by Messiaen [8] and Shanaham [11]. The ELP,
together with the EC, constitute the logical framework which will
be used for building our theory of intentions.

This paper is organized as follows: in section 2, we present ELP
and its paraconsistent WFSX semantics; in section 3, we define the
EC and justify our choice; in section 4, we present the preliminary
definitions of our theory of intentions; finally, in sections 5 and 6, we
discuss some related questions and draw some conclusions.

1 Also, many non-formal models of intentions, related some way to Bratman’s ideas,
have appeared. See, for instance, [?] [14].
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2 Extended Logic Programs

An extended logic program is a set of rules of the form L « L,
vy Ly, not Lypyq, ..., not Ly (0 < n < m) where L and L; are
objective literals. An objective literal is either an atom A or its ex-
plicit negation —A. not L is a default literal, where not stands for
negation as failure. Literals are either objective or default literals.
By not {a1,...,a,,...} we mean {not ay,...,not a,...}. H(P) de-
notes the set of all ground objective literals of a program P and is
called extended Herbrand base of P. We present here the definition
of the paraconsistent version of WFSX| that allows for contradictory
programs.

Definition 1 ((Interpretation)). An interpretation I of an ex-
tended logic program P is any set 7' U not F', where T" and F' are
subsets of H(P) which verify the coherence principle: if =L € T then
L € F. Set T contains all true ground objective literals in I, set F
contains all false ground objective literals in I. The truth value of
the remaining objective literals is unde fined (the truth value of a
default literal not L is the 3-valued complement of L).

Through some program transformations, which produce (possibly
more than one) non-negative programs, it is possible to get all the
consequences of the original program, even those leading to contra-
dictions, as well as those arising from contradictions. It can be shown
that the operator that is used to obtain such a set of consequences
(name @p) is monotonic under set inclusion of interpretations, for
any program P?2. Hence, it has a least fixpoint, which can be obtained
by iterating @p starting from the empty set.

Definition 2 ((Paraconsistent WFSX)). The paraconsistent WFSX
of an extended logic program P, denoted by W FSX (P), is the least
fixpoint of @ applied to P. If some literal L belongs to the para-
consistent WESX of P we write P |=, L. A program P is said to
be contradictory iff, for some positive literal L, both P |=, L and
P =, =L hold. P is said to be consistent iff it is not contradictory.

ELP with the WFSX semantics presents some characteristics that
are very useful when we are to model intentions and related mental

2 Due to lack of space, the formal definitions of such operators are not presented here.
For details, refer to [1].
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states, namely its ability to deal with contradictory programs and
to allow the detection of such contradiction, through the notion of
contradictory program. Also, this concept is based on the definition
of |=,, which is computable and may be used not only by the designer,
when (s)he is proving properties, but also by the agent, when it is
reasoning.

3 The Event Calculus

In order to represent and reason about action and time, we use the
Event Calculus. Initially proposed by Kowalski and Sergot [7] to
overcome some drawbacks of the Situation Calculus, this formalism
has inspired many variations. Here, We present a definition of the
Event Calculus derived from the ones proposed by [8] and [11]. Al-
though we do not make extensive use of the EC in this paper, it is
necessary when we deal with topics related to action planning (see
section 5). It is presented here because our purpose is to settle the

logical framework used to develop our theory of intentions.
As in [7], the ontological primitives are events, which initiate and
terminate periods during which properties hold. We use the ELP

language to define them. Later on, we will extend this basic ontology
to deal with concurrent actions. The core clauses of our EC are:
holds_at(Prop,T) « initially(Prop), persists(0, Prop,T). (1)
holds_at(Prop,T) <« happens(Evt, Act, T Evt), initiates(Evt, Prop),
TEvt < T, persists(T Evt, Prop,T).

persists(T Evt, Prop,T) < not clipped(T Evt, Prop,T). (2)

clipped(T Evt, Prop,T) «— happens(IntEvt, Act, TIntEvt), (3)
terminates(IntEvt, Prop),not out(TIntEvt, T Evt,T).

out(TIntEvt, TEvt,T) «— (T < TIntEvt); (TIntEvt < TEvt). (4)

The predicate holds_at(P,T) represents that property P holds at time T. The
predicate happens(E, A, T) represents that an uniquely identified event E has
occured or will occur, at time T'. This event denotes a specific instance of action
A. By now, time points are to be interpreted as natural numbers, being 0 the
initial time point. We assume the usual definition for the relations #, < and
<. Predicates initiates(F, P) and terminates(E, P) indicate, respectively, that
an event E initiates or terminates the interval during which property P holds.
Predicate persists(T'E, P,T) represents that a property P holds in an interval
between TE and T if that interval is not interrupted (i.e., clipped) by an event
which terminates the holding property. Predicate initially(P) states that prop-
erty P holds from “the beginning of times” (there is no event that initiates it).
Predicates initiates/2 and terminates/2 capture a problem domain. Predicate
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happens/3 will describe courses of events, meaning that action A is performed
when event F occurs.

3.1 Extending the EC to Deal with Concurrent Actions

We need concurrent actions because we are setting the logical foundations for a
theory of intentions, and at some moment it will be necessary to model an agent
that interacts with some other agent. So there may be situations where their joint
action will be required. In this formulation of the EC it is easy to represent con-
current occurrences of actions, as suggested in [11]: it is enough to state that they
happen at the same time point, such as {happens(el, Al, x)., happens(e2, A2, x).}.
Problems arise when the concurrent execution of such actions produce results
different from those expected if the actions were performed independently. In
order to overcome this problem, we need to modify the EC formulation in two
aspects: (1) it is necessary to state the properties that the concurrent execu-
tion of two or more actions initiates/terminates, and how to represent such a
concurrent occurrence, as well; (2) we need some way to express that an event
can cancel the effects of another one occurring at the same time. For instance,
consider the supermarket trolley problem [11]. If one pushes a supermarket trol-
ley, the effect of such an action is to move the trolley forward; if one pulls such
a trolley, the effect is to move it backward. But, if one pushes and pulls it at
the same time, the trolley will spin around, or stay still. Thus, in this kind of
situation, we should be able to state that the concurrent occurrence of push
and pull on the same object produces a different effect, and does not necessarily
initiate/terminate their usual properties.

In order to solve problem (1), we introduce a new term conc/2, which relates
2 types of events that, together, form a new one, along with a new axiom for
the predicate happens, which we will call, from now on, occurs, to avoid some
looping problems?. The compound event conc(E1, E2) happens whenever E1 and
E2 happen concurrently.

occurs(conc(Evtl, Evt2), TConc) < happens(Evtl, A1, TConc), (5)
happens(Evt2, A2, TConc), Evtl # Evt2.
occurs(Evt, T Evt) < happens(Evt, A, T Evt).

It is also necessary to represent, through initiates/2 and terminates/2, the
properties that are affected by compound events. To overcome problem (2), we
introduce a new predicate cancels/2. A formula cancels(Actl, Act2) states that
if an action of type Actl occurs, it cancels the effects of an action of type Act2
occurring at the same time. It is also necessary to modify some of the EC axioms,
namely axiom 3.

clipped(TE, P,T) «— occurs(C,TC), terminates(C, P), (6)
not cancelled(C,TC),not out(TC,TE,T).
cancelled(Evt,T) «— happens(Evt2, Act2,T), (7)

happens(Evt, Act,T'), cancels(Act2, Act).

3 The predicate occurs/2 will be true if a simple event or a compound event happens.
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Note that, if we do not introduce the cancels predicate and the above modifica-
tions, we may get incorrect conclusions, since the effects brought about by the
events that form the compound event would still be caused.

Ezample 3. Consider the following representation of the trolley car problem [11]

initiates(conc(E1, E2), spinning) < happens(E1,push, ), happens(E2, pull, ).

terminates(conc(E1, E2), forward) < happens(E1,push, ), happens(E2, pull, ).

1, push, _
,push,T).

(

(

(B , happens(E2, pull, ).
(E

«— happens(E, push,T).

(

(

(

(E

terminates(conc(E1, E2), backward) «— happens

initiates(E, forward) < happens

terminates(E, backward

\_/\_/\_/\_/\_/\_/

terminates(E, spinning) < happens(E,push,T).

initiates(E, backward) «— happens(E, pull, T).

NN NN N N N

terminates(E, forward) «— happens(E,pull,T).

terminates(E, spinning) < happens(E, pull, T).

and the following possible course of events

happens(el, push,2). happens(e2,pull,5).
happens(e3, pull, 15). happens(ed, push, 15).

No predicate holds_at(P,T), when T = 20, belong to the model. Informally, this
happens because the effects of push and pull are still individually considered, and
since clipped/2 tests for events that terminate properties, each one is terminated

by the other. If we add
cancels(push, pull). cancels(pull, push).

then we will have {holds_at(spinning,20)}, as desired, since the effects of pull
and push are not individually accounted. After these modifications, the final EC
axioms are the basic ones, (1) — (4) extended with axioms (5) — (7)%.

4 Towards a Theory of Intentions

A theory of intentions is meant to formalize the properties of intentions and
its relation to other mental states. Following Bratman’s analysis [2] of what
intentions and their roles are, we may point some of the desired properties of
intentions. Intentions must be mutually consistent, i.e., an agent is not supposed
to adopt intentions that preclude each other. Exactly what to do when an agent
is faced with a new intention that is contradictory with a previously existing
one is yet to be decided. Cohen and Levesque [4] suggest that the newly ar-
riving intention should be discarded if it introduces a contradiction, although

4 Tt would also be necessary to introduce a standard event start, which happens at
the initial time 0; and the definition of —hold_at(P,T'). Notice that we are not (yet)
benefiting from the ELP to define the EC. Its properties are used only when the
mental states are defined.
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they do characterize such a behavior as fanatical®. Intentions are believed to be
satisfiable or, at least, they are not believed to be impossible. It is not rational
that an agent intends something it believes to be impossible, since it must try
to overcome the problems posed by its own intentions. It is, indeed, rational to
intend something that we do not know if it is possible or not. Agents do not need
to intend all the consequences of their intentions, even those that they are able
to foresee — the so-called side-effect problem®[10]. For example, an agent who
owns an out-of-order car will formulate (suppose) an intention to repair it, and
will decide to take the car to a mechanic. As a consequence, it will have to spend
some money to pay the service. Although spending money is a consequence of his
intention to repair the car, he probably does not intend to spend money. Suppose
that, when it arrives at the garage, it is told that they are not able to fix the car.
Since the agent’s intention is not satisfied, it would take the it to another garage
(remember that an agent must track the success of the accomplishment of his
intentions, and persist acting in order to achieve them). But now, suppose that
our agent is told that, since he is the 1,000,000 client, the repair will be for free.
Although spending money was a foreseen consequence of his intentions, it was
not an intention by itself. So, the agent may (and certainly will) accept the free
repair. In summary, the side-effect (spending money for repairing the car) was
not intended, although it was intentionally chosen”. An agent must commit to its
intentions, i.e., an agent who has an intention must persist in trying to achieve
it through out changing circumstances. This is a delicate question: the notion of
commitment is at the core of the idea of intentions, and it is certainly necessary,
since agents are resource bounded and cannot continuously weigh their compet-
ing motives and beliefs[9]. Also, it is very useful to allow agents to infer other
agent’s intentions, to coordinate their actions more easily. However, the degree
of such commitment varies according to many factors, namely changes in beliefs,
changes in motives, action’s priorities and so. For instance, an agent cannot per-
sist forever on an intention, since this intention could no longer be compatible
with its motives and beliefs, what would lead to quite irrational behaviors. As
we will see further, in section 5, commitment may be achieved through adequate
policies with respect to adoption and abandonment of intentions.

Some work has been devoted to theories of intentions (or theories of rational
agency). Cohen and Levesque [4] were the first ones to develop a formal theory of
intentions, based on Bratman’s analysis. Although it has been used as a starting
point for a very fruitful work ([5][3], among others), it does not meet some of
the desired properties we have presented, namely it suffers from the side-effect
problem. Also, its notion of commitment is deeply connected to the semantics
of intentions, preventing its adequate treatment [12]. Konolige and Pollack [6]

5 Later, in the same work [4], they consider relativizing intentions to its cause, an
arbitrary condition. But, it has been argued that this approach contradicts Bratman’s
analysis [12].

6 Side-effects are the non-intended consequences of one’s intentions.

" As Bratman states, intentions are a subset of the agent’s choices. See [2] for a more
detailed discussion.
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solve some of these problems presenting a formalism also based in modal logics
but with a different semantics (not based in the accessibility relation among
possible worlds). However, as the authors state, it is limited to static aspects of
intentions, not encompassing questions such as adoption and abandonment of
intentions. In common, those theories share a designer’s perspective®, i.e., they
are conceived to be used by agent designers to prove properties about them.
We argue that adopting an agent’s perspective, where the theory is to be used
by the agent when reasoning about the world (i.e, the agent builds the world
model while reasoning) is more adequate: it simplifies some traditional problems,
namely the side-effect problem, and induces us to deal with some questions that
are, in general, ignored by traditional theories. We present here the preliminary
definitions of such a theory, up to the point where these “ignored question”
emerge”.

Definition 4 ((Agent Structure)). An agent structure is a tuple < B, Z, A,
T > such that (i) B is a set of extended logic programming sentences'® — it is
the set of agent’s beliefs; (ii) Z is a not deductively closed set of extended logic
programming sentences — it is the set of agent’s intentions; (iii) A is a set of
initiates/2 and terminates/2 clauses — it is the description of the actions the
agent is capable of performing; (iv) 7 is the set of EC axioms — the time axioms.

This agent structure is the core definition of an agent, in our theory. It is not an
architecture, in the sense of [?], since it defines only some of the agent’s mental
states and the relation among them, and not the whole agent. But, unlike most
of the existing theoretical approaches, this theory supplies, additionally to those
specifications, a logical framework that enables the agent to reason and behave.
By the above definition, an agent G, with an agent structure Ge =< B,Z, A, T >
believes in a sentence b iff b € B and intends a sentence ¢ iff ¢ € Z. The side-effect
problem is avoided, since the only intentions an agent has are those belonging
to Z (remember that it is not closed under deduction). Its logical consequences,
both with respect to other intentions and with respect to its beliefs, are excluded.

According to the language definition presented so far (ELP + EC), an in-
tention will be one of the three different kinds of sentences: (i) happens(Evt,
Act, Time) which states that an agent intends an action Act to be performed
at time Time; (ii) holds_at(Prop, Time) which states that an agent intends to
be in a world state where property Prop holds, at time Time; (iii) time inde-
pendent sentences properties, that are meant to be maintained, as long as they
are valid intentions. These are called maintenance intentions [4]. New intentions
cannot contradict them and modifications in the agent’s beliefs, stating that such
property does not hold anymore, should make the agent act on that intention'!.

8 This term, as long as the term agent’s perspective, is borrowed from [13].

9 We shall discuss them in section 5.

10 Whether this set is closed under deduction or not depends on the approach we use
to deal with beliefs. In general, it is not necessarily closed under deduction.

11 This kind of intention is out of our scope, in this work.
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Ezample 5. Suppose the car repair problem described in section 4. The agents
beliefs, action description and intentions would be, respectively B = {holds_at(
bad- car, t1)}, A = {initiates(spend_money, E) «— act(E,take_car-mec)}, T =
{holds_at( car_is_repaired, t2), happens(el,take_car_mec ,t3)}.

According to the definitions, logical consequences of the intentions are not inten-
tions by themselves. So, although we are able to derive holds_at(spend_money, t4),
in any t4 > t3, from BUZUAUT , it does not belong to Z, so it is not an intention,
and the agent does not need (in fact, he will not) to persist on it.

The definition of agent structure is still too generic, and does not assure that
intentions will have the desired properties, as stated in section 4. Some restric-
tions must apply. Thus, we extended our definition to rational agent structure.

Definition 6 ((Rational Agent Structure)). Let now be a function of type
now :— N that returns the current time point. A rational agent structure is a
tuple < B,Z, A, T > such that (i) B is a set of extended logic programming; (ii)
7 is a not deductively closed set of extended logic programming sentences, such
that

1. its elements are not mutually contradictory, nor contradictory with the
agent’s beliefs, ie., Ai € Z . [BUZUAUT |, i) AN(BUZTU AU
T |, i)

2. V(holds_at(P,T)) € Z.(now < T') ; and

3. Y(happens(E,P,T)) € Z.(now <T) ;

A is a set of initiates/2 and terminates/2 clauses; 7 is the set of EC axioms.

Notice that, in constraint number 1, in the above definition, it is not enough
to state just Ai € Z(BUZUAUT |=, L), because we would be considering
logical consequences of intentions as reasons to invalidate them. Also, constraint
number 1 guarantees the satisfaction of the last basic requirement of intentions
with respect to beliefs, namely that they are not believed to be impossible (if
we include in Z some sentence 7 which is believed to be impossible, i.e., =i € B,
a contradiction would raise, offending restriction number 1).

The different perspective adopted — an agent-based one, instead of a designer-
based one — may be noticed in many aspects, namely the definitions presented
so far take into account not what is possible to derive with this framework -
as it would be in a design tool - but what the agent in fact generates, while
reasoning. Also, the definitions and restrictions are based on the notion of |,
which is clearly computable!? and may be used by the agent while reasoning.

5 Further Work

As stated in section 4, this change of perspective also introduces some problems
that are usually ignored in traditional theories. Mainly, these problems are con-
nected with the dynamic aspects of intentions: how do they appear? how do they

12 See [1] for more details.
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vanish? Remember that intentions guide the agents behavior. Consequently, it is
not enough to define intentions and relating mental states just as sets of logical
sentences with some constraints, because we are only able to determine valid
states of the mental attitudes. Those dynamic aspects are ignored!3.

We may classify such aspects in two types: motive-to-intentions process and
intention-to-action process. Motive-to-intention process relates to the origin of
intentions. During decision making, agents adopt intentions that will guide their
behavior. Such intentions are restricted by its beliefs and are formed from other
pro-attitudes, such as obligations, necessities, desires and so. Most of the ex-
isting theories do not focus this aspect!®. Intention-to-action process relates to
the production of actions. When the time comes, the agent has to transform his
intentions into actions in order to fulfill those intentions. This has long been stud-
ied in the planning field, but no connection has been established with theories of
agency'®. These questions will influence two major aspects of intentions, namely
intention revision (adopting and abandoning intentions) and commitment.

Suppose that an agent tries to adopt a new intention that is contradictory
with existing ones. Must he ignore the newly arriving intention in favor of the
older one? This would be quite reasonable, since intentions are aimed to avoid
the continuous balancing of other mental states, and the agent had already
committed to the older intentions. But, in some situations, this might not be
the case. For example, suppose (also) that the agent in question is a robot
performing some task and that he starts to run out of energy. Presumably,
he should form a new intention, namely to stop and get recharged. However,
according to the above description, such an intention would be ignored, since
it would conflict with the existing one. In order to decide whether to continue
the ongoing task or to recharge, it would be necessary to establish revision
criteria that take into account the origin of intentions. We could define, for
example, that intentions that come from obligations are stronger than the ones
originating from desires; and that the ones coming from necessities are even
stronger. In fact, it is necessary to define the other pro-attitudes that must be
part of the rational agent structure, and how they must relate to intentions,
introducing concepts like priorities among motives. Also changes in these pro-
attitudes may cause the abandonment of intentions. If an intention ¢ is adopted
because of an obligation o (suppose, for instance, an order given by someone)
and, afterwards, such obligation is retracted (for instance, the order is canceled),
the agent should also abandon the respective intention. This notion of motives
of intentions is also interesting to correctly define the notion of commitment.
An agent must commit to an intention as long as (as in section 4) he does not
believe it to be impossible, or to have not yet been achieved, and (differently
from the existing theories) as long as the motives to that intention are still valid.

13 And, in fact, the same happens with the existing theories that adopt a designer’s
perspective.

14 An exception would be [?], but it is an architecture definition, indeed.

!5 Exceptions would be [?] and [13], where intentions are connected to preconceived
strategies for achieving them.
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Also, the tracking of the success of actions performed to achieve intentions may
be used to decide whether to continue trying to achieve them or not.

6 Conclusion

In this paper, we sketched the basic definitions of a theory of intentions that
adopt an agents’ perspective, instead of a designers’ one. We have presented
the logical basis, namely ELP with a paraconsistent version of WFSX and a
variation of the Event Calculus, on which we based the preliminary definitions
of such a theory of intentions. Preliminary definitions, because we have only
showed how to treat the static aspects of intentions, namely its semantics and its
relation to beliefs. As discussed in section 5, a complete theory must encompass
also those dynamic aspects of intentions. We will focus, in further work, on
what we have called the motive-to-intention process, since it deeply affects the
intention revision process. We are convinced that the change of perspective we
have suggested here is more adequate for a theory of agency, since it provides
tools for the agents, focus on aspects so far left apart and still provides tools
with which we may reason about the agent. Also, we believe that this approach
reduces the gap between agent specification and agent implementation.
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4 Tberamia96(WDAI) “Motive
Processing and its Role in Rational
Reasoning”

Este "position paper” submetido ao "workshop” de TA Distribuida no Ib-
eramia de 1996[MOR 96| defende a idéia que é necessario diminuir a distancia
existente entre teorias e arquiteturas de agentes, a fim de que seja possivel modelar
e construir agentes que garantidamente exibam as propriedades esperadas: au-
tonomia, reatividade e pro-atividade. Nos modelos correntes, pode-se distinguir
entre teorias de agentes, que apresentam formalmente as caracteristicas tedricas
destes agentes, e arquiteturas de agentes, que focam nos aspectos de implemen-
tacao dos mesmos. Esta aproximacgao entre modelos e arquiteturas é o principio
bésico que guia a constru¢ao do modelo desenvolvido.
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Role in Rational Reasoning

Michael da Costa Méra* Rosa Maria Viccarif

Abstract

In this position paper we argue for two ideas: that an adequate theory
of agency must reduce the gap that exists between agent theories and
architectures and that the notion of motive or motivational attitude must
be part of such a theory of agency, if it is to account for properties like
autonomy, reactivety and pro-activeness.

1 Introduction

In the recent years, the term agent has been incorporated to the vocabulary of
mainstream Computer Science (CS), used to name from simple system process
to highly skilled software/hardware ensembles, denoting an entity created to
perform some task or set of tasks. Such a wide notion is straightened in Artificial
Intelligence (AI), where researchers are interested in a notion that ascribes to the
agent the property of being intelligent. Nevertheless, there is not, in the research
community, a consensual definition of what an agent is. We can notice that,
instead of defining what an agent is, it is more usual to state which properties a
system should present in order to be considered an agent. Generally, an agent is
a piece of hardware and /or software that enjoys properties like autonomy, social
ability, reactivity, pro-activeness and adaptability. Except for adaptability, the
notion of agency that is defined by these properties is widely accepted, even in
mainstream CS?! as, for instance, in object-based concurrent programming that
adopt independent, concurrently active logical objects. Adaptability, however,
and pro-activeness to its full extent, are not so easily found in simple systems,
but are of special importance to intelligent agents.

*MsC in Computer Science, PhD student at the Curso de Pds-Graduagdo em Ciéncia da
Computagao, Universidade Federal do Rio Grande do Sul. E-mail: michael@inf.ufrgs.br.

TPhD in Electrical Engineering, Assistent Professor at the Curso de Pés-Graduacéo
em Ciéncia da Computagdo, Universidade Federal do Rio Grande do Sul. E-mail:
rosa@inf.ufrgs.br.

IShoham calls these four properties a weak notion of agency, in contrast to a strong notion
of agency, which assumes the use of mental states concepts to model agents.
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For some researchers, though, it is not enough that a system present such
properties in order to be considered an agent. For those that adopt a men-
talistic approach the term agent means a computer system that can be viewed
as consisting of mental states such as beliefs, intentions, motives, expectations,
obligations and so on[8] [?]. When a mentalistic approach is adopted, the central
problem becomes to choose the mental states that should be used to characterize
an agent. Searle[20] divided the mental states or attitudes in two major cat-
egories: information attitudes and pro-active attitudes. Information attitudes
relate to the information an agent has about the world where it leaves, pre-
cisely knowledge and belief. Pro-attitudes are those that, in some way, guide the
agent’s behavior. Exactly what combination of such mental states is adequate
to describe an agent is no consensus. In general, it seems reasonable to require,
at least, one attitude of each kind. Davidson[7] argues that desires and beliefs
are the two basic mental states, and that all the other ones could be reduced
to them. Bratman|[2], in his turn, states that intentions, which seem not to be
reducible to desires and beliefs , must be considered. In fact, there is a great
deal of mental states configurations that can be found in the literature.

Our purpose in this position paper is to argue for two ideas: that an adequate
theory of agency must reduce the gap that exists between agent theories and
architectures and that the notion of motive or motivational attitude must be
part of such a theory of agency, if it is to account for properties like autonomy,
reactivety and pro-activeness.

2 Theories X Architectures: the Gap Problem

It is interesting to notice that the existing models of agents have one of two
characteristics: or it is a formal theory of agency, defined in some sort of logical
language, or it is an agent architecture oriented to implementation. In the case
of theories [6][21][17][12][5], they adopt a designer perspective, i.e., they are mod-
els that provide logical tools with which designers may specify and reason about
agents, and that may be used as guides for constructing agents, with no guar-
antee that the final result will respect the specification. As an immediate conse-
quence, they do not provide a tool, a logical framework with which agents may
reason. In fact, they are quite distant from computational system, as they use
logics that cannot be easily treated, nor they provide algorithms that can be used
for constructing such model. In the case of architectures [9][10][13][?][11][4][15],
we identify the opposite situation. They are implementation-oriented, and do
not provide adequate tools for designers to reason about agents. In general,
it is not possible to prove properties of such architectures, since they are not
formally defined. A notable exception is the SEM architecture[?], that uses a
formal framework to define its components. Nevertheless, it does not supply a
logic for agent to reason with, and also defines informally some of its aspects,
namely the relation among the mental states.
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This all mean that there is a great gap between agent specification and agent
implementation. It would be convenient to have an agent model formally defined
using some formalism computationally tractable. Such a model would allow us
to formally define an agent and its properties, verify if the agent respects the
properties defined, and then test the agent to see if the results it presents when
executed are as expected, i.e., if the property as it is defined is correspondent
to the behavior obtained. This is our first motivation. We argue that an ade-
quate theory of agency must reduce the gap that exists between agent theories
and architectures.This can be achieved by adopting an agent perspective, i.e.,
defining a theory that is to be used by the agent when reasoning about the
world?. This changes of perspective simplify some traditional problems and in-
duces us to deal with some questions that are in general ignored by traditional
theories[14]. In [14], a preliminary definition of this sort is presented. In that
paper, a theory of intentions is sketched using as underlying formalism Logic
Programming Extended with Ezplicit Negation (ELP) with its semantics being
given by a paraconsistent version of the Well-Founded Semantics augmented
with Explicit Negation (WFSX)[1]. On top of this logical basis, a variation of
the Event Calculus (EC) is built and used as the logical formalism for action
and time.

3 The Quest for Motivational Attitudes

There is a consensual idea on how we should define beliefs and intentions. Beliefs
have long been studied and constitute consistent body of knowledge in Al
Intentions are not so developed, but the pending questions are concerned only
with implementation and representation issues. Its role, its relation to other
mental states, namely beliefs, are very well defined and accepted[3]. However,
these attitudes are not enough if we are to define a theory of agency. Another
pro-active attitude, at least, is needed. This is so because intentions by itself,
along with beliefs, do not totally explain rational behavior. By definition, the
agent must act on behalf of its intentions, trying to achieve them. In case of
failure, it must persist until he believes it is no longer possible to achieve it, or it
does not know how to do it; for this reason, the agent cannot adopt contradictory
intentions (neither with relation to other intentions, nor to beliefs). These
conditions on intentions are part of the definition of rational behavior. But
there some other important questions: where do intentions come from? How
do they vanish, when an agent repeatedly fails to achieve it? What to do if an
agent is acting on behalf of an intention, and an unexpected event causes an
urgent situation that requires the agent’s attention?

The need to answer these questions is our second motivation. One way to
try to answer them is to define the agent’s fundamental purposes. Not its goals,
which are transient, but its reasons for having goals, its “role in life ”, the

2The agent builds the world model while reasoning.



REFERENCES 71

rules that govern its existence. The most usual solution to this problem is to
adopt desires as another pro-active mental state. This is, although, a partial
solution, because desires may be used to justify the origins of intentions (as in
[?]) but do not provide an answer to the other questions. Also, it may be a
wrong philosophical choice. In [19], the author states that maybe actions do
not arise from desires (through adopted intentions) as it is usually thought. He
argues for the need to make a distinction between two senses of desire: roughly,
genuine desires and pro-attitudes. Moreover, he argues that the apparently
plausible explanations of actions in terms of the agent’s desires can be seen to
be mistaken. So, we need a broader notion, the notion of motives or motivational
attitudes.

The motives define the general profile of the agent’s behavior. Consequently,
they influence directly on the agent’s decision process. Roughly speaking, mo-
tives are pro-attitudes like needs, interests, preferences, obligations and so[18].
Their role is to originate behaviors through the creation of intentions and to
govern the agent, when choosing among contradictory motives or intentions,
during planning, when it is necessary to decide how to satisfy intentions.

This idea is quite recent in AT literature. The concepts are still very intuitive
and need to be supported by a conceptual framework (like the one from [19],
for instance). Also, there is not a formalization of such ideas. Some preliminary
work, like [13] and [16], has already been done. Nevertheless, they do not present
any formal definition of such concepts.
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5 EPIA97 — “Modelling Dynamic
Aspects of Intentions”

Este artigo, apresentado no EPIA97[MOR. 97|, mostra como a teoria de
intencoes desenvolvida anteriormente pode ser aumentada de modo a englobar
também os aspectos dinamicos deste estado mental. Notamente, os precessos de
adogao e abandono de intengoes, tendo em consideragao a relagao de causa e efeito
entre desejos e intengoes. Desta forma, complementa-se o modelo formal proposto
para o agente, que agora inclui aspectos estaticos e dinamicos das intengoes.
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Abstract.
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1 Introduction

When we model agents using mental states as beliefs, desires and intentions, one
of the hardest tasks is to represent dynamic aspects of the agent’s behavior. We
illustrate these aspects in the following example.

Example 1. Mike has two distinct programmes for his evening. He may go to the
local opera house or to a soccer game, at the local stadium. Both events start
at the same time.

Mike cannot go to both the opera and the soccer game. Therefore, he has to
choose one of them. Mike may make this choice considering many factors, like
his preferences (he may be more fond of opera than soccer, for instance), costs
(tickets for the opera cost three times as much as those for the soccer game; the
stadium may be several kilometers far from his home while the opera house is
15 minutes walk distance) or others. Suppose that, after all these considerations,
Mike chooses to go to the opera. As he is a rational person, we expect him to
plan actions and to act in order to accomplish his intents to go to the opera.
We also expect that, since he has already considered the pros and cons of his
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options, he does not reconsiders again and again his previous choice. That is, we
expect that, after he decides what to do, he commits to that decision.

Meanwhile, he receives a call from a colleague telling him the term paper
they believed was due to the end of the month is, in fact, due to the next
morning. Although Mike had already decided to go to the opera, we expect him
to reconsider his choices, as he is now in presence of new facts that pose him a
new important situation that was not previously present.

Although this behavior may be characterized as rational and it is what one
would expect of a rational agent, most of the existing formal models of agents
are not capable of capturing it. These models follow Bratman’s analysis[Bra90],
where he describes the relation among the three basic mental states that com-
pose an agent — beliefs-desires-intentions (BDI)!. Bratman argues that, since
agents are assumed to be resource-bounded, they cannot continuously evaluate
their competing beliefs and desires in order to act rationally. After some rea-
soning, agents have to commit to some set of choices. It is this choice followed
by a commitment that characterizes intentions. Thus, intentions are viewed as a
compromise the agent assumes with a specific possible future that is abandoned
only in certain circumstances, namely when the agent believes it is satisfied or
when it believes it is impossible to achieve it. This means that, once an intention
is adopted, the agent will pursue that intention, planning actions to accomplish
it, re-planning when a failure occurs, and so. Also, it means that intentions will
constrain the adoption of future intentions, i.e., they will form a screen of admis-
sibility[Bra90] for adopting new intentions, preventing the agent to make new
choices that are not consistent with those previously made. Therefore, with in-
tentions as a kernel mental attitude, agents have a general strategy that prevent
them from having to reconsider all of their mental states every time, in order to
know what to do.

But this characterization of intentions lead to some strange behavior. For
instance, in our example, as Mike had already adopted as intention to go to the
Opera, this intention would constrain the adoption of new ones. Therefore, when
he is notified about the real due date of his term paper, he would not adopt to
finish the paper tonight as an intention, since it would be contradictory with a
previous one, namely to go to the Opera.

In this paper, we show how to model these dynamics aspects of the agent’s
behavior, namely how an agent decides to break commitment to satisfy previous
intentions and re-evaluate its competing mental states in order to decide what
to do, without having to constantly engage in this expensive reasoning process.

Recall that, in existing models (like [CL90,Sin94)), after committing to some
intention, agents will only re-evaluate their choices when they believe that an
intention has been satisfied or that an intention is impossible to satisfy. Those
models specify these conditions, but they do not model how an agent may detect

! In fact, Bratman stresses on the relation between intentions and beliefs. He mentions
that desires would constitute a set of options where the agent would pick up his
intentions, but he does not focus on this mental state and its relations with the
others.
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that such conditions hold and that it is relevant, at a certain time, to reconsider
its decisions. We do this by modelling them as constraints that are part of the
agent’s beliefs set and that, when violated, trigger the intention revision process.
Having defined how an agent detects relevant situations and how it triggers its
reasoning process, we define additional triggering conditions, based on the causal
relation between desires and intentions, that relax the notion of commitment and
avoids the type of behaviors described above.

Our model focus on the formal definition of mental states and on how the
agent behaves, given such mental states. Initially we define the three basic mental
states and the static relations between them, namely constraints on consistency
among those mental states. Afterwards, we advance with the definition of how
agents select their intentions among its competing desires. Desires are schemas of
properties agents will eventually want to bring about. Differently from intentions,
agents are not committed to their desires, i.e., agents do not necessarily act
in order to satisfy all of its desires. Instead, they select among their (possibly
contradictory) desires those that are relevant and that they believe may be
achieved. We rely on the logical formalism, namely Extended Logic Programming
with the Well-Founded Extended Semantics to detect and remove contradiction,
as well as to perform several types of non-monotonic reasoning, namely defeasible
and abductive reasoning.

As the reasoning mechanisms provided by ELP are at the very core of our
model, in the next sections we start by briefly describing the syntax and se-
mantics of extended logic programming, as well as how to use it to perform the
necessary non-monotonic reasoning (section 2) and to deal with action and time
using an extension of the Event Calculus[Mes92,QL97](section 3). Afterwards,
we present the formal definition of our model of intentions (section 4). Finally,
we draw some conclusions and point to some future work.

2 Extended Logic Programming

Differently of normal logic programs, where negative information is only stated
implicitly (i.e., a proposition is false only if it cannot be proved to be true), ex-
tended logic programs have a second kind of negation that allows us to explicitly
represent negative information. If, on one hand, this second negation increases
the representational power of the language, it may also introduce contradictory
information in programs. Therefore, it is necessary to attribute some meaning
to contradictory programs and to be able to deal with contradiction. The para-
consistent version of the WFSX semantics, WFSXp, attributes meaning to
contradictory programs and is used as a tool by the revision mechanism that
restores consistency to contradictory programs. This revision mechanism may
be used to perform several kinds of reasoning, as we will see in the following
sections.

2.1 Language and Semantics

An extended logic program (ELP) is a set of rules
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H«— By,...,B,,not Cy,...,not Cp, (m;n > 0)

where H, By,...,B,,C1,...,Cy, are objective literals. An objective literal
is either an atom A or its explicit negation —A. The symbol not stands for
negation by default and not L is a default literal. Literals are either objective or
default literals and -——L = L. The language also allows for integrity constraints
of the form

A V...VA < Bq,...,B,,not Cq,...,not Cp, (mmn >0;1>1)

where Ay,...,A4;,B1,...,B,,C1,...,C,, are objective literals, stating that
at least one of the A; (i > 1), should hold if its body By, ..., By,,not Cy,..., not
Cp, (m,n > 0) holds. Particularly, when A =1, where L stands for contradiction,
it means that a contradiction is raised when the constraint body holds. The set of
all objective literals of a program P is the extended Herbrand base of P denoted
by H(P).

In order to attribute meaning to ELP programs, we need to define the notions
of interpretation and satisfaction of ELP clauses. Roughly, an interpretation of
an ELP program is a set of literals. A literal L is true in an interpretation I if
Lel, Lisfalsein I if not L € I, and L is undefined, otherwise.

Definition 2 (Interpretation). An interpretation I of an ELP program P is
denoted by T'Unot F, where T and F are subsets of H(P) and that verify the
coherence principle: if =L € T then L € F. When F = {aq,...,an,...}, not F
means {not ay,...,not as,...}. The set T contains all ground objective literals
true in I, the set F' contains all ground objective literals false in I. The truth
value of the remaining objective literals is undefined (the truth value of a default
literal not L is the 3-valued complement of L).

Differently from the definition of interpretation for the WFSX, that en-
forces that T and F' be disjoint subsets of the Herbrand base, W FSXp allows
contradictions by allowing 7" and F' to have elements in common.

Definition 3 (Satisfaction of an Extended Logic Program). Let I be an
interpretation with respect to a given logic program. We say that:

— T satisfies a default or objective literal, denoted by I = L, iff L € T;

— [ satisfies the conjunction Ly, ..., Ly, not Gy,...,not Gy,
denoted by I = Lq,...,Ly,not Gy,...,not Gy, iff
I'ELy,..,and I E L,, and I = not Gy,, ..., and I = not Gy;

— I satisfies the rule H « Ly,...,L,,not Gy,...,not G,,,
denoted by I = (H <« L1,...,L,,not G1,...,not Gp,),
iff whenever the body of the rule is satisfied by I then the head is also
satisfied by 1.

Definition 4 (Model of an Extended Logic Program). An interpretation
I is a model of an extended logic program P iff every rule in P is satisfied by I.
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The definition of model is not enough, as an ELP program may have several
models.

Ezxample 5. Consider the program Ps5 bellow:

—b
b«—a

a < not a,not c
Both I} = {—b,not —b} and Iy = {—b, not —b,not a} are models for Ps.

The WFSXp definition enforces some other conditions that attribute a
unique model to each program. Through some program transformations, which
produce (possibly more than one) non-negative programs, it is possible to get all
the consequences of the original program, even those leading to contradictions,
as well as those arising from contradictions. It can be shown that the operator
that is used to obtain such a set of consequences (named ®p) is monotonic un-
der set inclusion of interpretations, for any program P2. Hence, it has a least
fixpoint, which can be obtained by iterating ®p starting from the empty set.
This least fixed point is the desired well-founded model.

Definition 6 (Paraconsistent WFSX). The paraconsistent WFSX of an ex-
tended logic program P, denoted by WFSXp(P), is the least fixpoint of &
applied to P. If some literal L belongs to the paraconsistent WFSX of P we
write P }=, L. A program P is said to be contradictory iff, for some positive
literal L, both P }=, L and P |=, =L hold, or iff a constraint is not satisfied. P
is said to be consistent iff it is not contradictory.

2.2 Program Revision and Non-Monotonic Reasoning

As we stated before, due to the use of explicit negation, programs may be con-
tradictory. In order to restore consistency in programs that are contradictory
with respect to WFSX, the program is submitted to a revision process that
relies on the allowance to change the truth value of some set of literals. This set
of literals is the set of revisable literals, and can be any subset of H for which
there are no rules or there are only facts in the program. No other restriction is
made on which literals should be considered revisable. They are supposed to be
provided by the user, along with the program.

The revision process changes the truth value of revisable literals in a minimal
way and in all alternative ways of removing contradiction. Minimally revised
programs can be defined as those programs obtained from the original one after
modifying the subsets of revisable literals.

2 Due to lack of space, the formal definitions of such operators are not presented here.
For details, refer to [AP96].
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Ezample 7. Consider program Pr:

a «— —b (1)
—a «— not ¢ (2)
—b (3)

P; is a contradictory program, as we have P; =p a (—b is true, and entails
a) and P; =p —a (c is false by default, i.e., not ¢ is true, and entails —a). If
we have the set R = {c¢, —b} of revisable literals, we have two possible minimal
revisions, namely Rev; = {c¢ < t} and Revy = {—b < f}. That is, we can restore
consistency in program P; changing the truth value of ¢ to true or changing the
truth value of —b to false3.

The ability to represent negative information, along with a well-defined pro-
cedure that restores consistency in logic program, makes ELP suitable to be
used to perform different forms of non-monotonic reasoning [AP96]. In particu-
lar, we are interested in two of these forms of non-monotonic reasoning, namely
defeasible reasoning and abductive reasoning.

Defeasible Reasoning A defeasible rule is a rule of the form Normally if A
then B. ELP allows us to express defeasible reasoning and to give meaning to a
set of rules (defeasible or not) when contradiction arises from the application of
the defeasible rules.

Ezample 8. Consider the following statements (from [AP96]):

1. Normally birds fly.
2. Penguins don’t fly.
3. Penguins are birds.
4. ais a penguin.

represented by the program Py bellow:

F(X) < b(X),not ab(X) (4)
—f(X) < p(X) (5)
b(X) « p(X) (6)
p(a) (7)

Since there are no rules for ab(a), not ab(a) holds and entails f(a). Also, f(a)
follows from p(a), in the second rule. Therefore, the program is contradictory.
In this case, rule 4 is defeasible and gives raise to contradiction due to the
assumption that ab(a) is false. Thus, f(a) should not have been concluded and
the intended meaning of P requires —f(a) and not f(a) (by coherence).

3 In fact, there are two types of program revision, three-valued and two-values. In
three-valued program revision, truth values may change from t and f to u, and from
u to t or f. In this work, we adopt two-valued program revisions.
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If we revise Py with revisable set R = {ab(X)}, we obtain one revision
Rev = {ab(a) < t}. The semantics of the revised program obtained with these
revision is {p(a),not —p(a),b(a),not —b(a),—~f(a),not f(a),not —ab(a)}, as it
was intended.

We use defeasible reasoning to select a consistent subset of the agent’s desires
that will constitute its intentions (in section 4).

Abductive Reasoning Abductive reasoning consists of, given a theory T and
a set of observations O, to find a theory A such that TUA = O and T U A is
consistent.

In the ELP context, an abductive framework P’ is a tuple (P, Abd, IC), where
P is an extended logic program, Abd is the set of abducible literals and IC' is
the set of integrity constraints. An observation O has an abductive explanation
Aiff PUA Ep O and P }£p A. We may abduce a theory A that explains such
observations making each of these observations O a new integrity constraint
O < and revising the program with revisable set Abd (recall that a program
is contradictory iff for some literal L in program P, P = L and P = —L, or a
constraint is not satisfied).

Example 9. Consider the following statements:

Normally birds fly.

Penguins don’t fly.

Penguins are birds.

Normally Tigers don’t fly.
Normally Lions are mammals.

GU W

represented by the program Py bellow:

f(X) <« b(X),not abl(X)
F(X) — p(X)

b(X) — p(X)
—f(X) «— t(X),not ab2(X)
m(X) «— I(X),not ab3(X)

Is there a possible explanation for the fact —f(a)?

The abductive framework derived from program Py and observation —f(a)
is P' = (Py, {t(X),p(X),1(X)},{—~f(a) «<}). Since there are no rules for p(a)
and t(a), P does not entails —f(a). Therefore, the constraint is not satisfied and
the program is contradictory. For revisable set Abd, there are two revisions that
restore consistency in P, namely Rev; = {t(a)} and Revy = {p(a)}. These are
the two possible explanations for —f(a).

We use abductive reasoning to determine if an agent believes there is a pos-
sible course of actions that satisfies a desire (in section 4).
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Preferred Revisions Sometimes, it may be necessary to state that we do not
only want the minimal revisions provided by the formalism, but also that we
prefer revisions that have a certain fact only after finding that no other revisions
including other facts exist. The ELP formalism allows us to express preferences
over the order of revisions using a labeled directed acyclic and/or graph defined
by rules of the form[DNP94]:

Levely <« Level; A Levely A ... Level,(n > 1)

Level; nodes in the graph are preference level identifiers. To each of these
levels is associated a set of revisables denoted by R(Level;). Rules like the one
above for Levelj state that we want to consider revisions for Levely only if, for
some rule body, its levels have been considered and there are no revisions at any
of those levels. The root of the preference graph is the node denoted by bottom.
If we associate to example 9 the following preference graph:

1 < bottom 2x1
R(bottom) = {¢(X)}
R(1) ={p(X)} R(2) ={l(X)}

then, instead of two revisions for that abductive framework, we would have
only Rev; = {t(a)}, as revisions for p(a) (at level 1) would only be considered if
there were no revisions for lower levels (¢(a) at bottom, in this case).

We use preference specification when selecting the most appropriate subset
of desires that will be adopted as intentions (in section 4).

3 The Event Calculus

When we reason about pro-attitudes like desires and intentions, we need to deal
with properties that should hold at an instant of time and with actions that
should be executed at a certain time. Therefore, in order to represent them
and to reason about them, we need to have a logical formalism that deals with
actions and time. In this work, we use a modified version of the Event Calculus
(EC) proposed in [Qua97,QL97]. This version of the EC allows events to have
a duration and an identification, instead of being instantaneous and identified
to the instant of time the event occurs, as in [Mes92]. As a consequence, events
may occur simultaneously.

The predicate holds_at defining the properties that are true at a specific time
is:

holds_at(P,T) < happens(E,T;,Ty), (8)
initiates(E,Tp, P),
Tp < T,

Tp >= Ti,
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persists(Tp, P, T).

persists(Tp, P,T) <« not clipped(Tp, P,T). (9)
clipped(Tp, P,T) < happens(C,Te;, Tcy), (10)
terminates(C, Tc, P),
Te >= T,
not out(Te, Tp,T).
out(Te, Tp,T) — T < Tc. (11)
out(Te, Tp,T) «— Te < Tp. (12)

The predicate happens(E,T;,Ty) means that event E occurred between T;
and T'; initiates(E, T, P) means that event E initiates P at time T'; terminates
(E, T, P) means that event E terminates P at time T'; persists(Tp,P,T) means
that P persists since Tp until T' (at least). We assume there is a special time
variable Now that represents the present time.

Note that a property P is true at a time T (holds_at(P,T)), if there is a
previous event that initiates P and if P persists until T'. P persists until T if it
can not be proved by default the existence of another event that terminates P
before the time 7.

We need additional rules for the relation between not holding a property and
holding its negation and we also need to define the relation between the two
kinds of negation:

holds_at(—~P,T) «— —holds_at(P,T). (13)
—holds_at(P,T) <« not holds_at(P,T). (14)

The predicates that will be abduced need to be related by some integrity
rules:

1. Events cannot be associated to different time intervals:

1< happens(E,T1;,T1y), (15)
happens(E, Ts;, Toy),
not(Ty; = Toy, Ty = Toy).

2. Events cannot have a negative duration:
1<« happens(E,T;,Ty), not(Ty < T;). (16)
3. Events must have an associated action:

1<« happens(E,T;,Ty), (17)
not(act(E, A)).
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The EC allows us to reason about the future, by hypothetically assuming a
sequence of actions represented by happens/3 and act/2 predicates and verifying
which properties would hold. It also allows us to reason about the past. In order
to know if a given property P holds at time 7', the EC checks what properties
remain valid after the execution of the actions that happened before T. We are
now ready to define the agent’s model.

4 The Model of Intentions

In this section, we present our model of agents. We take a mentalistic approach,
i.e., we define agents in terms of their mental states and we characterize the
agent’s behavior in terms of these mental states. Initially, we define what mental
states agents posses and how these mental states relate to each other. Afterwards,
we characterize the dynamic aspects of agents’ behavior, namely how agents
decide what to do (how they choose their intentions) and how and when agents
reconsider their decisions.

4.1 The Mental States

Mental states are divided in two major categories: information attitudes and
pro-attitudes|Sea84]. Information attitudes relate to the information an agent
has about the environment where it lives, those that tend to reflect the state
of the world, precisely knowledge and beliefs. Pro-attitudes are those that are
related to actions and somehow lead the agent to act, that tend to make the
agent modify the world in order to fit its mental states, i.e., attitudes like de-
sires, intentions, obligations and so on. What exact combination of such mental
states is adequate to describe an agent in a certain environment is no con-
sensus. Very often, in the philosophical literature (see [Sea84], for instance),
desires and beliefs have been used as the two basic mental states to define an
intelligent agent. All the explanations of rational actions, and consequently all
the other mental states, could be reduced to them. Nevertheless, according to
Bratman[Bra87,Bra90], a third mental state, intentions, should be considered.
In his detailed analysis, where he describes the relation among those three men-
tal states — beliefs-desires-intentions (BDI), Bratman argues that, since agents
are assumed to be resource-bounded, they cannot continuously evaluate their
competing beliefs and desires in order to act rationally. After some reasoning,
agents have to commit to some set of choices. It is this choice followed by a
commitment that characterizes the intentions.

We start by defining desires. Desires are related to the state of affairs the
agent eventually wants to bring about. But desires, in the sense usually pre-
sented, does not necessarily drive the agent to act. That is, the fact of an agent
having a desire does not mean it will act to satisfy it. It means, instead, that be-
fore such an agent decides what to do, it will be engaged in a reasoning process,
confronting its desires (the state of affairs it wants to bring about) with its
beliefs (the current circumstances and constraints the world imposes). It will



85

choose those desires that are possible according to some criteria it will act upon
them. In other words, desires constitute the set of states among which the agent
chooses what to do.

Notice that, since agents are not committed to their desires, they need not
to be consistent, neither with other desires nor with other mental states.

Definition 10 (Desires Set). The desires of an agent is a set D of ELP sen-
tences of the form desires(D, P,T, A) < Body, where D is the desire identifica-
tion, P is a property, T is a time point and A is list of attributes. Body is any
conjunction of literals. An agent desires that a property P holds at time 1" iff
desires(D, P,T, A) € D, for some D and some A.

Our definition of desires allows the agent to have a desire that a certain
property holds (or does not hold) in a specific instant of time (when T is in-
stantiated). Desires/4 clauses may be facts, representing states the agent may
want to achieve whenever possible, or rules, representing states to be achieved
when a certain condition holds. The attributes associated to each desire define
properties, like urgency, importance or priority[Bea94] that are used by to agent
to choose the most appropriate desire (see bellow).

Beliefs constitute the agent’s information attitude. They represent the infor-
mation agents have about the environment and about themselves. Such infor-
mation includes time axioms and action descriptions (see 3, along with agent
capabilities.

Definition 11 (Beliefs Set). The beliefs of an agent is a consistent extended
logic program B, i.e. Vb € B.B [£p b. An agent believes L iff B =p L.

We assume that the agent continuously updates its beliefs to reflect changes
it detects in the environment. Describing the belief update process is beyond the
scope of this paper. We just assume that, whenever a new belief is added to the
beliefs set, consistency is maintained.

As we stated before, intentions are characterized by a choice of a state of
affairs to achieve, and a commitment to this choice. Thus, intentions are viewed
as a compromise the agent assumes with a specific possible future. This means
that, differently from desires, an intention may not be contradictory with other
intentions, as it would not be rational for an agent to act in order to achieve
incompatible states. Also, intentions should be supported by the agent’s beliefs.
That is, it would not be rational for an agent to intend something it does not
believe is possible.

Once an intention is adopted, the agent will pursue that intention, planning
actions to accomplish it, re-planning when a failure occurs, and so. These actions,
as means that are used to achieve intentions, must also be adopted as intentions
by agents.

Definition 12 (Intentions Set). The intentions of an agent is a set Z of ELP
sentences of the form intends_that(I, P, T, A) or of the form intends_to(I,Act,
T,A), where I is the intention identification, P is a property, T is a time points,
A is a list of attributes and Act is an action, and such that
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. Vintends_that(I, P,T,A) € Z.(Now <T)
. Vintends_to(I, Act,T,A) € T.(Now <T)
. Vintends_to(I, Act, T, A) € T.(B lEp (happens(E,T,Tr),act(E, Act)));
. JA(P'UA [£p L), where
— P’ is the abductive framework (B, {happens/3,act/2},IC(T))
— IC(Z) is set of constraints generated by intentions, defined as
e “holds_at(P,T) <7, for every intends_that(I, P,T,A) in T;
e “happens(E,T,Ty) <" and “act(E, Act) <" for every intends_to(1,
Act, T, A) in Z;

[ R

An agent intends that a property P holds at time T iff intends_that(I, P,T, A) €
T. A agent intends to do an action Act at time T iff intends_to(I, Act, T, A) € T.

The definition of intentions enforces its rationality constraints. Conditions 1
and 2 state that an agent should not intend something at a time that has already
past. Condition 3,the non-triviality condition[CL90] states that an agent should
not intend something it believes is already satisfied or that will be satisfied with
no efforts by the agent. Condition 4 states that an agent only intends something
it believes is possible to be achieved, i.e., if it believes there is a course of actions
that leads to the intended state of affairs.

Notice that we take some measures to avoid the side-effect problem[Bra90].
Bratman states that an agent who intends to do o an believes that doing o would
require it to do 8 does not have to also intend (. In our definition, an agent does
not intend the side-effects of its intentions, as the side-effects are not in the
intentions set*. To fully avoid this problem, it is also important, when we define
dynamic aspects of intentions, namely how to originate intentions and how and
when to revise them, that we characterize commitment in a way that side-effects
of adopted intentions do not prevent agents from adopting intentions, neither
that side-effects make agents revise their intentions.

4.2 Originating Intentions

Once we have characterized intentions and related mental states, it is necessary
to define its dynamic aspects, namely how agents select intentions and when
and how agents revise selected intentions. In order to illustrate the forthcoming
definitions, we introduce the following example.

Ezample 13 (The Office Robot). In a building with several offices, there is a ro-
bot that transport mail from one office to another, when it is ordered to. Also,
the robot has to be careful not to let his battery go out of charge, what would

4 This is similar to the belief base approach, but it is simpler because we do not have
to include the derivations in the base, as with belief bases.
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prevent it from performing its tasks. The robot’s desires and beliefs are:

Desires
desires(1, exec_order(0),T,[0.6]).
desires(2, charged, T, [1.0]).

Beliefs
initiates(E, exec_order(0),T) «— holds_at(is_order(0),T),
holds_at(O,T).
initiates(E, movemail(Orig, Dest, Mail), T f) «—
holds_at(took_mail (M ail
Orig), T4),
happens(E, T, Tf),
act(E,leave(Mail, Dest)).
initiates(E, took_mail(Mail, Origin), T f) < happens(E,Ti, Tf),
act(E, get(Mail, Orig)).
terminates(E, took-mail(Mail), T f) < happens(E,Ti,Tf),
act(E,leave(Mail, Dest)).
initiates(E, charged, T f) «— holds_at(low_charge,T),
happens(E, T, Tf),
act(E, full_charge).
terminates(E, charged, T f) < senses(low_charge, Ti, Tf).
initially(charged).
initially(is_order(movemail(A, B, C)).
1 < exec_order(O), bat_charged.

Agents choose their intentions from two different sources: from its desires
and as a refinement from other intentions. We start by defining the creation of
intentions from desires.

Intentions as Selected Desires By definition, there are no constraints on the
agent’s desires. Therefore, an agent may have contradictory desires, i.e., desires
that are not jointly achievable. Intentions, on the other hand, are restricted by
rationality constraints (as shown in the previous section). Thus, agents must
select only those desires that conform to those constraints. We start by defining
those desires that are eligible to be chosen and the notion of candidate desires
set.

Definition 14 (Eligible Desires). Let D be the agent’s desires. We call eligi-
ble desires the set

D' = {desires(D, P, T, A)/ [(desires(D, P,T, A) «— Body) € D]A
Now <T
(B =p Body)}

Eligible desires are those desires the agent believes are not satisfied. Recall
that, according to rationality constraint 1 — 2 in section 4, its is not rational for
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an agent to intend something it believes is already achieved or that is impossible.
Notice that if a desire is conditional, then the agent should believe this condition
is true.

As the initial set of desires, eligible desires may also be contradictory. There-
fore, it is necessary to determine those subsets of the eligible desires that are
jointly achievable. In general, there may be more than one subset of the eligi-
ble desires that are jointly achievable. Therefore, we should indicate which of
these subsets are preferred to be adopted as intentions. We do this through the
preference relation defined bellow.

Definition 15 (Desires Preference Relation <p,.s). Let D be the agent’s
desires, D’ the set of eligible desires from D, P(D’) the power set of D' and
R,S € P(D'); imp(R) the set of importances of the desires subset R. We say
that R <ppey S iff, for T = max(imp(R)) such that AX € imp(S).(X =T)
and T = max(imp(S)) such that AY € imp(R).(Y =T"),

— T <T;or
— (ATV AT') N (#S < #R).

We say that R is an antecedent of S iff AT € P(revisable).[(R <prey T) A
(T <Pref S)]

According to this definition, the agent should prefer to satisfy first the most
important desires. Additionally to preferring the most important ones, the agent
adopts as much desires as it can.

Example 16. Given the set

D’ = {desires(1,a,U,[0.5)), desires(2,b,U, [0.3]),
desires(3,¢,U,[0.3]), desires(4,d, U, [0.2])}

of eligible desires:

— for dy = {desires(2,b,U,[0.3]),desires(4,c,U,[0.2])} and dy = {desires(1,
a, T, [0.5])},we have (d2 <prey di1). That is, do is less preferred than dy,
since T = 0.5 for dy and T” = 0.3 for dy;

— for d3 = {desires(3,c,U,[0.3])}, we have d3 <pref di, as T' = 0.2 for d; and
there is no T for ds, but #ds < #d;.

Notice that the preference relation is not an order relation. For instance,
if an agent were to choose between dy = {desires(2,b,U,[0.3])} and d5 =
{desires(3,¢,U,[0.3])}, based only on the importance of desires and maximiza-
tion of desires satisfied, it would not prefer either of them. And, indeed, according
to the preference relation, we have that neither (ds <prey ds) nor (ds <pyres da).

Based on this preference order, we define the preference graph that will be
used to revise the mental states and the revision process.
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Definition 17 (Desires Preference Graph). Let D be the agent’s desires
and D’ the set of eligible desires from D. Let Revisable be the set {unsel(D)
/ Jdesires(D, P, T, A) € D'} and index : P(Revisable) — N a function from
the power set of Revisable to natural numbers (zero excluded) that attributes a
level number to elements of P(Rev). The desires preference graph is the graph
defined by

1. Rev(bottom) = {happens(E,T;,Ty),act(E, A)};

2. Rev(i) = RU {happens(E,T;,Ty), act(E, A)}, where R € P(Revisable) and
i = index(R);

3. i < bottom, where i = index(R), R € P(Revisable) and AS € P(Revisable)
. (S <Pref R),

4. j € k1,...,kn, where j = index(R), k; = index(S;) (1 <i <n), R,S; €
P(Rev) (1 <i<mn)and R is an antecedent of S.

For the example 16, the preference graph for eligible desires would be:

Rev(bottom) = {happens/3,act/2} Rev(1) = {unsel(4)}
Rev(2) = {unsel(2)} Rewv(3) = {unsel(3)}
Rev(4) = {unsel(2),unsel(4)} Rev(5) = {unsel(3),unsel(4)}
Rev(6) = {unsel(2),unsel(3)} Rev(7) = unsel(2), unsel(3), unsel(4)
Rev(8) = {unsel(1)} Rev(9) = {unsel(1),unsel(4)}
Rev(10) = {unsel(1),unsel(3)} Rev(11) = {unsel(1),unsel(2)}

Rev(12) = {unsel(1), unsel(3), unsel(4)} Rewv(13) = {unsel(1), unsel(2),unsel(4)}
Rev(14) = {unsel(1), unsel(2),unsel(3)} Rev(15) = {unsel(1), unsel(2), unsel(3), unsel(4)}

1 < bottom 2«1 3IK1
4<K2,3 5k 2,3 6«4
6 K5 7L 6 8K 6
9K 8 109 11«9

12 11,10 13« 11,10 14 K 13
14 < 12 15 <« 14

and every R(4) united with Rev(bottom).

That is, when revising the eligible desires set, the preferred revisions are those that
eliminate first the less important desires, and the least possible amount of desires, as
shown in the definition bellow.

Definition 18 (Candidate Desires Set). Let D be the agent’s desires and D’ the
set of eligible desires from D with a preference graph associated to it. We call candidate
desires set any set

D¢ = {desires(D, P,T,A)/ (desires(D, P,T, A) € D')A
[3A.(BU A [=p (holds-at(P,T), not unsel(D)))A
(P'UAEpL)}

where

— P’ is the abductive framework (B, {happens(E, T;, Tf), act(E, Act),unsel(D)}, IC);
— IC is a set of constraints of the form
o {holds_at(P,T) < Body,not unsel(D)} for every desires(D, P, T, A) in D’;
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e the constraints /C(Z) generated by intentions (see definition 12).

In the revision process, we mix abductive reasoning with defeasible reasoning. In
fact, the constraints are defeasible and the literal unsel(D) plays the same role as
ab(X) in example 8. Its intuitive meaning is “Desire D should not be selected as an
intention”. If the agent believes it is possible to satisfy all of its desires (if it can abduce
actions that satisfy all desires and satisfy all constraints), it will find a revision that
contains only happens/3 and act/2. This is enforced by the preference graph with
Rev(bottom) = {happens(E,T;,Ty), act(E, A)}.

When constraints may not be all concurrently satisfied, it means that the adoption
of all desires as intentions leads to contradictions, i.e., they are not jointly satisfiable.

Notice that contradictions do not arise if the actions necessary to satisfy two dif-
ferent intentions have contradictory effects. Recall that, according to the EC axioms,
a property P holds if there is an action that initiates it or, alternatively, if =P implic-
itly does not hold, and vice-versa for —=P. Therefore, actions that make contradictory
properties hold in fact just cancel each other. This allows us to avoid the side-effect
problem[Bra90]. If we allowed for this kind of situations to raise contradictions, we
would be making the agent preclude intentions that have contradictory consequences,
but that are not directly contradictory with each other, and making the agent intend
the logical consequences of its intentions.

On the other hand, if an action necessary to satisfy an intention cancels a property
that is also an intention, a constraint is violated and that course of action is rejected. In
this case, the revision will try to defeat intentions, changing the truth value of unsel(D)
literals. According to the preference graph, it will try to defeat those constraints that
represent the less important desires, trying to preserve the maximum of the most
important ones.

As we mentioned before, the desires preference relation is not an order relation.
Therefore, it is possible to have more than one candidate set after a revision. However,
if we consider only achievability and desires atributes as decision criteria, it makes no
difference for the agent to adopt any of the candidate desires set®[JLS93][?].

Definition 19 (Primary Intentions). Let D be the agent’s desires, D¢ a candidate
desires set from D. The primary intentions of an agent is the set

{intends_that(D, P,T, A)/desires(D, P,T, A) € Des¢)}

Ezample 20 ((cont. from 13)). Suppose the robot has received two orders, movemail
(101, 105, letter) and movemail (102, 108, magazine). Initially, the robot (who had
no intentions) is going to select, among its desires, its intentions. Its eligible desires are

desires(1, exec_order(movemail(101, 105, letter)), T, [0.6]).
desires(2, exec_order(movemail(102,108, magazine)), T, [0.6]).
desires(3, bat_charged, T, [1.0]).

5 The revision process provided by the ELP framework defines a sceptical revi-
sion[AP96], that is the revision formed by the union of all the minimal program
revision. This kind of approach prevents the agent from having to choose one of the
minimal revisions. However, for intentions, this is not adequate, since we would like
our agents to try to satisfy all the eligible desires it can.
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as all of then have their (null) bodies true and are in time. It is now necessary to
verify which desires can be jointly satisfied, computing the candidate desires sets. The
preference graph derived from the importance attribute is

Rev(bottom) = {happens/3,act/2} Rev(1) = {unsel(1)}
Rev(2) = {unsel(2)} Rev(3) = {unsel(1),unsel(2)}
Rev(4) = {unsel(3)} Rev(5) = {unsel(3),unsel(1)}

Rev(6) = {unsel(3),unsel(2)}  Rev(7) = {unsel(1),unsel(2),unsel(3)}

1 < bottom 2 < bottom 3 < 1,2
4<K3 5K 4 64
7K 6,5

with every Rev(4) united with Rev(bottom). There is one candidate desires set, namely

D¢ = {desires(1, exec_order(movemail (101, 105, letter)), T, [0.6]),
desires(2, exec_order(movemail (102, 108, magazine)), T, [0.6])}

as the robot believes it can perform the following sequence of actions

happens(E,Tii,T1f)  act(E, get(101, letter))
happens(E, T2i, To f) act(E, get(102, magazine))
happens(E,T3i,Tsf)  act(E, leave(letter, 105))
happens(E, Tui, Taf) act(E, leave(magazine, 108))

Tii<Tif<Toi<Tof <Ts3i <Ts3f <Tui <Tuf

that brings about both desires. Notice that the robot does not select “charged” to be
an intention because its initiation depends on the battery being low, which is not the
case. Thus, its primary intentions will be that only candidate desires set.

Intentions as Refinements from Intentions Once the agent adopts its inten-
tions, it will start planning to achieve those intentions. During planning, the agent will
form intentions that are relative to pre-existing intentions. That is, they “refine” their
existing intentions. This can be done in various ways, for instance, a plan that includes
an action that is not directly executable can be elaborated by specifying particular way
of carrying out that action; a plan that includes a set of actions can be elaborated by
imposing a temporal order on that set[KP93]. Since the agent commits to the adopted
intentions, these previously adopted intentions constrain the adoption of new ones.
That is, during the elaboration of plans, a potential new intention is only adopted if it
is not contradictory with the existing intentions and with beliefs.

Definition 21 (Planning Process, Relative Intentions). Let Zp be the set of pri-
mary intentions. A planning process is a procedure that, for each i € Zp, will generate a
set of temporal ordered actions Zr that achieve 7, such BUZpUZp is non-contradictory.
The set Zr are the relative intentions of the agent.

The non-contradiction condition enforces again the notion of commitment, i.e., once
an intention is adopted it constrains the adoption of new intentions.



92

4.3 Revising Intentions

In the previous section, we defined how the agent chooses its intentions. As we have
seen, weighing motivations and beliefs means finding inconsistencies in competing de-
sires, checking valid desires according to beliefs and intentions, resolving constraints
imposed by intentions and desires, i.e., very expensive reasoning activities. It is now
necessary to define when the agent should perform this process.

We argue that it is not enough to state that an agent should revise its intentions
when it believes a certain condition holds, like to believe that an intention has been
satisfied or that it is no longer possible to satisfy it, as this suggests that the agent needs
to verify its beliefs constantly. Instead, we take the stance that it is necessary to define,
along with those conditions, a mechanism that triggers the reasoning process without
imposing a significant additional burden on the agent. Our approach is to define those
conditions that make the agent start reasoning about intentions as constraints over
its beliefs. Recall that we assume that an agent constantly has to maintain its beliefs
consistent, whenever new facts are incorporated.

Definition 22 (Trigger Constraints from Intentions). Let B be the agent’s be-
liefs set and 7 its intentions. We add to B the following trigger constraints:

— (L« Now > T, not rev_int), for each (intends:hat( I,P,T,A),intendsio(I,Act,T,A))
S

— (L<happens(ET;,Ty),act(E,Act),not rev_int, for each intends;o(I,Act,T,A)) €
T

— no other constraint in B are trigger constraints.

The literal rev_int is part of the revisable set of beliefs, and its initial value is false.
Whenever the agent revises its beliefs and one of the conditions for revising beliefs hold,
a contradiction is raised. We identify such contradiction by testing if rev_int is in the
selected revision for the beliefs set, i.e., if it has to have its truth value modified in
order to restore consistency. The intention revision process is triggered when one of
these constraints is violated.

Trigger Constraints from Desires The conditions we have defined so far are
the usual ones defined by formal models of agents. As we have seen before, this char-
acterization of intentions may lead to some fanatical behavior. Therefore, we need to
adopt additional constraints that will avoid those unwanted behaviors.

We take the stance that the same reasons that originated intentions may be used
to break commitment associated to them[Bra92]. If we accept that an intention is
originated from desires, it is reasonable to state that it is not rational to persist with
an intention whose reasons are superseded by more urgent or important ones. The
agent’s normal behavior would be to weigh its competing desires and beliefs, selecting
its intentions. The agent would commit to these intentions and they would constitute
the filter of admissibility for other intentions. Also, the agent would try to satisfy those
intentions, until successful accomplishment, impossibility (as usually defined), or until
some of his other desires that were not selected before would become eligible, or until the
desires that originated them would not be eligible anymore, re-activating the revision
process that would weigh (again) competing desires and beliefs.

Since the notion of commitment is preserved, the agent would not start this process
every time there is a change in beliefs, but only if relevant conditions trigger the
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intention revision process, changing the agent’s focus of attention[BC96]. These triggers
are determined by the desires pre-conditions. We model this triggers using an approach
similar to the normative constraints in [SAAMP97,Wag96].

Definition 23 (Trigger Constraints from Desires). Let D be the agent’s desires
and D’ the set of eligible desires from D. We define trigger constraints from desires as

1. For every desires(D,P,T,A) «— Body € (D — D’') with importance A bigger that
the biggest importance in intentions, we define a trigger constraint

1< Body,not rev_int

2. given the set of actions A abduced by the agent (see definition 18), for each
desires(D,P,T,A) € (D'— D¢) with importance A bigger that the biggest im-
portance in intentions, we define a trigger constraint

1< C,...,Ch,not revint

where Cond; (1 < < n) are the conditions the agent could not bring about when
selecting the candidate desires set.

The first constraint trigger is formed by the the pre-conditions of those desires
that were not eligible and that are more important than those that were evaluated.
It means that if the pre-conditions of such desires become true, these desires (that
were not considered during reasoning) become eligible. Therefore, it is necessary to
re-evaluate desires and beliefs to check if this new desire may be brought about. The
second constraint is formed by the pre-conditions of those eligible desires that, although
more important, were not relevant when the agent made his choice.

Notice that there are no triggers for those desires that were eligible but that were
ruled out during the choice of a revision. This is so because they had already been eval-
uated and they have been considered less important than the other desires. Therefore,
it is of no use to trigger the whole process again (i.e., to shift the agent’s attention) to
re-evaluate them.

Ezample 24 ((cont. example 13)). Suppose that, while executing his orders, the robot
senses a low battery condition. We would expect him to interrupt his tasks and proceed
to recharge. Indeed, as “charged” was an eligible desire but it was not selected as a
candidate desire, a trigger constraint of the form

1< holds_at(low_charge, T), not rev;nt

is added to the robot beliefs set. When it updates its beliefs with “senses (low_charge,
T;, T)”, the constraint is violated, rev;nt is the revision that restores consistency and,
therefore, the role reasoning procedure to decide what to do starts again.

5 Conclusion and Further Work

The main contribution of this paper is to provide a formal model of intentions that
accounts for both static and dynamic aspects of intentions. By static aspects, we mean
its relation with desires and beliefs and the properties that this relation has (namely,
consistency and avoidance of side-effects). By dynamic aspects, we mean establish-
ing criteria, other than those derived from commitment, to drop intentions (namely,
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based on the cause-effect relation between desires and intentions). We also define where
intentions come from and how the agent chooses its intentions.

We may compare our work to other models of intentions in the literature. The
classical model is due to Cohen and Levesque[CL90]. In this model, the authors do not
address the question of where and how the agent chooses its intentions, neither they
overcome the fanatical behavior caused by the commitment strategy. The same may be
said about other models that followed Cohen and Levesque’s and that tried to overcome
some of its theoretical problems: Rao and Georgeff[RG91] tried to solve the side-effect
problem present in [CL90] introducing the notions of strong and weak realism; Kono-
lidge and Pollack[KP93] also tried to solve the side-effect problem using non-normal
modal logics, where the solution were embedded in the semantics; Singh[Sin94] intro-
duces the notion of know-how and defines communication and multi-agent interaction
using its model, but he does not treat the question of the origins of intentions nor
how to relax commitment. Van Linder et alijvLvdHM96] model the origin and choice
of intentions and provide a formalism that can be extended to model other pro-active
attitudes, but they do not provide any improvements on the notion of commitment.

All these works have also in common the fact that their models are based on modal
logics and, therefore, may be just used to specify agents. We are, on the other hand,
heading to define a computational theory of agency that has an underlying architecture,
the one partially described here. This computational theory will allow us to specify and
prove properties about the agents, as well as to execute such an specification to test if
the agents behave like expected. Our choice of the logical formalism has been deeply
influenced by this long term goal, since it is formal and computationally tractable.
This concern with the computational aspects of the agent models can also be found in
[Rao96].

Our work has many similarities with the one of Gaspar et ali{GC95]. Although they
use a different formalism (that is not so computationally tractable as ours), both works
have many objectives in common: to address the question of the origin of intentions, to
have a computational model, to revise intentions. While we concentrate on the relation
between desires and intentions and use this relation to relax commitment, they focus
on the evolution of plans and communication, and on how this affects the stability
of intentions. In order to have a complete treatment of these issues, both aspects are
important and must be integrated. This is our next step in the development of our
model.
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6 EIS98 - “Modelling Agents with
Extended Logic Programming”

Este artigo, apresentado no EIS98]MOR 98b|, enfatiza a viabilidade e as
vantagens de se construir modelos formais de agentes utilizando, ao invés das 16g-
icas modais tradicionais, um formalismo que seja tratédvel computacionalmente.
Além de permitir a definicao formal dos agentes, tal modelo pode ser usado
diretamente como ferramenta de implementagao destes agentes. O formalismo
utilizado é a Programacao em Logica Estendida. O Modelo de Agentes aqui
apresentado esta ja completo. Inicia-se, aqui, a discutir as vantagens e desvan-
tagens deste modelo, notadamente: a facilidade de descricao de propriedades e
agentes, os mecanismos de prova para verificagao de propriedades, sua corre¢ao e
completude, e os passos necessarios para aproxima-lo de arquitetura de agentes.
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1 Introduction

The formalization of rational agents is a topic of great interest in Artificial In-
telligence. The purpose of such formal definitions is to characterize the behavior
of agents using antropomorphic notions, as mental states and actions the agent
performs to achieve its purpose. These notions and their properties are formally
defined using logical frameworks that allow theorists to analyze, to specify and
to verify rational agents, like in [8, 17, 20, 22, 16]. Nevertheless, the design of
agent-oriented systems has not had much benefit from these specifications. The
main reason for this is the gap that exists between methodologies for specifica-
tion and for design.

Current specification frameworks are based on multi-modal logics, where
each modality defines a mental state like beliefs, desires and intentions (BDI-
logics). Although very powerful, usually these logics are not computationally
tractable, i.e., there is no effective constructive derivation procedure to verify
satisfiability of formulas. This prevents the use of such logics by the agents
as a reasoning mechanisms. Agent design methodologies, on the other hand,
follow a programming perspective[21, 14], i.e., they usually rely on non-formal
architectures that arguably implement the specified characteristics of the agents.
Apart from this argued relation, usually there are no other concerns on formal
relation between specifications and implementations.

In this paper, we take some steps trying to reduce the gap that exists between
agent specification and agent implementation. Our approach is to provide a
framework to define agents that presents the benefits of specification frameworks
— namely providing the tools to formally define agents and to reason about
these agents — and that also overcomes their main problem — the absence of
computational procedures to deal with the formalism. We achieve this using a
logical formalism that has a well-defined proof procedure and that provides tools
necessary to model mental states, namely extended logic programming (ELP)
with the WFSX (Well-Founded Semantics eXtended) semantics.

ELP with WFSX (simply ELP, from now on) extends normal logic programs
with a second negation named explicit' negation. This extension allows us to
explicitly represent negative information (like a belief that a property P does
not hold, or an intention that a property @ should not hold) and increases the
expressive power of the language.

However, when we introduce negative information we may have contradic-
tory programs[l]. Indeed, when we represent mental states like desires and
beliefs, it is necessary to model and to deal with contradiction, as shown in the
following example.

1In contrast with the usual negation as failure or negation by default of normal logic
programs, which is called implicit negation in the ELP context.
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Example 1.1 Mike has two distinct programmes for his evening. He may go to
the local opera house or to a soccer game, at the local stadium. Both events start
at the same time. Suppose the program Py 1 bellow represents this problem?:

go(opera,t1)
go(soccer, t1)
1 <« go(opera,tl), go(soccer,tl)

According to the example above, Mike cannot choose to go both to the
opera and to the soccer game, as both start at the same time. The fact that he
cannot be at two different places at the same time is represented by the integrity
constraint that raises a contradiction L.

Besides providing the language to model this kind of situations,along with
the computational proof procedure for theories expressed in this language, the
ELP framework also provides a mechanism to determine how to minimally
change a logic program in order to remove contradictions. In the example above,
we would have two possible minimal revisions, namely Revy = {go(opera,tl) «—
f} and Revy = {go(soccer,tl) «— f}. That is, we can have only one the two
predicates go/2 true in order to avoid contradictions. The agent would have to
choose one of them. Our model benefits from these features provided by the
logical formalism.

As it is usually done[8, 21, 11], we focus on the formal definition of mental
states and on how the agent behaves, given such mental states. But, contrasting
with these former approaches, our model is not only an agent specification, but
it may also be executed in order to verify the actual agent behavior, as well as
it may be used as reasoning mechanism by actual agents.

We depart from Bratman’s analysis[7], where he states that, along with de-
sires and beliefs, intentions is a fundamental mental state. Therefore, initially we
define these three mental states and the static relations between them, namely
constraints on consistency among those mental states. Afterwards, we advance
with the definition of dynamic aspects of mental states, namely how the agent
chooses its intentions, and when and how it revises its intentions3.

The paper is organized as follows: in section 2, we present the ELP formalism
and the reasoning mechanisms it provides; in section 3, we present an action
and time theory based on a variation of the event calculus[15] that is used to
define the mental states; in section 4, we present our agent model; in section 5,
we discuss some related and future work and draw some conclusions.

2The symbol L stands for contradiction

3As we stated before, our concern is the definition of agents’ behavior in terms of their
mental states. Therefore, its beyond the scope of this work to treat dynamic aspects of beliefs,
as belief revision. Notice, however, that opposed to models like the ones defined in [8, 21, 11]
and others, the logical grounds on which we base our definitions are suitable to define belief
revision strategies and to be used by agents as a reasoning tool for truth maintenance. See
(2, 13] for two different approaches on this matter
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2 Extended Logic Programming

Differently of normal logic programs, where negative information is only stated
implicitly (i.e., a proposition is false only if it cannot be proved to be true),
extended logic programs have a second kind of negation that allows us to ex-
plicitly represent negative information. If, on one hand, this second negation
increases the representational power of the language, it may also introduce con-
tradictory information in programs. Therefore, it is necessary to assign some
meaning to contradictory programs and to be able to deal with contradiction.
The paraconsistent version of the W FSX semantics, W F'S X p, assigns meaning
to contradictory programs and is used as a tool by the revision mechanism that
restores consistency to contradictory programs. This revision mechanism may
be used to perform several kinds of reasoning, as we will see bellow.

An extended logic program (ELP) is a set of rules H «— By, ..., By, not
Cy, ..., not Cp (mmn > 0), where H, By,...,B,,C1,...,C,, are objective
literals. An objective literal is either an atom A or its explicit negation —A.
The symbol not stands for negation by default and not L is a default literal.
Literals are either objective or default literals and =——L = L. The language
also allows for integrity constraints of the form A; vV ...V A; < By, ..., By,
not Cy,...,not Cp (mmn > 0;1>1) where Ay,...,4;,B1,...,B,,C1,...,Cp,
are objective literals, stating that at least one of the A; (i > 1), should hold if
its body Bi,...,Bp,not Ci,..., not C,, (m,n > 0) holds. Particularly, when
A =1, where L stands for contradiction, it means that a contradiction is raised
when the constraint body holds. The set of all objective literals of a program
P is the extended Herbrand base of P denoted by H(P).

In order to assign meaning to ELP programs, we need to the notions of
interpretation of ELP clause*. Roughly, an interpretation of an ELP program
is a set of literals that verifies the coherence principle: if =L € T then L € F.
A literal L is true in an interpretation I if L € I, L is false in I if not L € I,
and L is undefined, otherwise. An interpretation [ is a model for program P
iff, for every clause L in P, I =p L.

2.1 Program Revision and Non-Monotonic Reasoning

As we stated before, due to the use of explicit negation, programs may be
contradictory. In order to restore consistency in programs that are contradictory
with respect to WFSX, the program is submitted to a revision process that
relies on the allowance to change the truth value of some set of literals. This set
of literals is the set of rewvisable literals, and can be any subset of H for which
there are no rules or there are only facts in the program. No other restriction
is made on which literals should be considered revisable. They are supposed to
be provided by the user, along with the program.

The revision process changes the truth value of revisable literals in a minimal
way and in all alternative ways of removing contradiction. Minimally revised

4For a formal definition, see [1].
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programs can be defined as those programs obtained from the original one after
modifying the subsets of revisable literals.

The ability to represent negative information, along with a well-defined pro-
cedure that restores consistency in logic program, makes ELP suitable to be
used to perform different forms of non-monotonic reasoning [1]. In particular,
we are interested in two of these forms of non-monotonic reasoning, namely
defeasible reasoning and abductive reasoning.

2.1.1 Defeasible Reasoning

A defeasible rule is a rule of the form Normally if A then B. ELP allows us to
express defeasible reasoning and to give meaning to a set of rules (defeasible or
not) when contradiction arises from the application of the defeasible rules. To
remove contradiction, we revise the truth value of revisable literals in the body
of the defeasible rules

2.1.2 Abductive Reasoning

Abductive reasoning consists of, given a theory T and a set of observations
O, to find a theory A such that TUA E O and T U A is consistent. In the
ELP context, an abductive framework P’ is a tuple (P, Abd, IC), where P is an
extended logic program, Abd is the set of abducible literals and IC' is the set
of integrity constraints. An observation O has an abductive explanation A iff
P'UA Ep O and P [£p A. We may abduce a theory A that explains such
observations making each of these observations O a new integrity constraint
O <« and revising the program with revisable set Abd (recall that a program
is contradictory iff for some literal L in program P, P =L and P |= —L, or a
constraint is not satisfied).

2.1.3 Preferred Revisions

Sometimes, it may be necessary to state that we do not only want the minimal
revisions provided by the formalism, but also that we prefer revisions that have
a certain fact only after finding that no other revisions including other facts
exist. The ELP formalism allows us to express preferences over the order of
revisions using a labeled directed acyclic and/or graph defined by rules of the
form[9]:

Levely < Levely A Levels A ... Level,(n > 1)

Level; nodes in the graph are preference level identifiers. To each of these levels
is associated a set of revisables denoted by R(Level;). Rules like the one above
for Levelj state that we want to consider revisions for Levely only if, for some
rule body, its levels have been considered and there are no revisions at any of
those levels. The root of the preference graph is the node denoted by bottom.
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3 The Event Calculus

When we reason about pro-attitudes like desires and intentions, we need to deal
with properties that should hold at an instant of time and with actions that
should be executed at a certain time. Therefore, in order to represent them
and to reason about them, we need to have a logical formalism that deals with
actions and time. In this work, we use a modified version of the Event Calculus
(EC) proposed in [15]. This version of the EC allows events to have a duration
and an identification, instead of being instantaneous and identified to the instant
of time the event occurs. As a consequence, events may occur simultaneously.
The predicate holds_at defining the properties that are true at a specific time
is:

holds_at(P,T) <« happens(E,T;, Ty),
initiates(E, Tp, P),Tp < T,
Tp >=T;,persists(Tp, P, T).
not clipped(Tp, P,T).
happens(C, Te;, Tey),
terminates(C, Te, P),

Te >= Teiynot out(Te, Tp, T).
out(Te, Tp,T) «— (T <T¢);(Te <Tp).

persists(Tp, P,T)
clipped(Tp, P,T)

«—
«—

The predicate happens(E,T;, Ty) means that event E occurred between T; and
Ty; initiates(E, T, P) means that event E initiates P at time T'; terminates (E,
T, P) means that event E terminates P at time T'; persists(Tp,P,T) means that
P persists since Tp until T' (at least). We assume there is a special time variable
Now that represents the present time. Note that a property P is true at a time
T (holds-at(P,T)), if there is a previous event that initiates P and if P persists
until 7. P persists until 7" if it can not be proved by default the existence of
another event that terminates P before the time 7. We need additional rules
for the relation between not holding a property and holding its negation and we
also need to define the relation between the two kinds of negation:

holds_at(~P,T) « —holds_at(P,T).
—holds_at(P,T) <« not holds_at(P,T).
The predicates that will be abduced need to be related by some integrity rules,
namely:
1< happens(E, Ty, Thy), happens(E, Ta;, Toy),
not(Tli = Tgi, Tlf = Tgf).
1< happens(E,T;,Ty), not(Ty < T;).
1< happens(E,T;,Ty), not(act(E, A)).
that state, respectively, that events cannot be associated to different time in-
tervals, that events cannot have a negative duration and that events must have
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an associated action.

The EC allows us to reason about the future, by hypothetically assuming a
sequence of actions represented by happens/3 and act/2 predicates and verifying
which properties would hold. It also allows us to reason about the past. In order
to know if a given property P holds at time 7', the EC checks what properties
remain valid after the execution of the actions that happened before T'. We are
now ready to define the agent’s model.

4 The Agent Model

Mental states are divided in two major categories: information attitudes and
pro-attitudes[19]. Information attitudes relate to the information an agent has
about the environment where it lives, those that tend to reflect the state of the
world, precisely knowledge and beliefs. Pro-attitudes are those that are related
to actions and somehow lead the agent to act, that tend to make the agent
modify the world in order to fit its mental states, i.e., attitudes like desires,
intentions, obligations and so on. Very often, in the philosophical literature
(see [19], for instance), desires and beliefs have been used as the two basic
mental states to define an intelligent agent. All the explanations of rational
actions, and consequently all the other mental states, could be reduced to them.
Nevertheless, according to Bratman[7], a third mental state, intentions, should
be considered. In his detailed analysis, where he describes the relation among
those three mental states — beliefs-desires-intentions (BDI), Bratman argues
that, since agents are assumed to be resource-bounded, they cannot continuously
evaluate their competing beliefs and desires in order to act rationally. After
some reasoning, agents have to commit to some set of choices. It is this choice
followed by a commitment that characterizes the intentions.

We start by defining desires. Desires are related to the state of affairs the
agent eventually wants to bring about. But desires, in the sense usually pre-
sented, does not necessarily drive the agent to act. That is, the fact of an
agent having a desire does not mean it will act to satisfy it. It means, instead,
that before such an agent decides what to do, it will be engaged in a reason-
ing process, confronting its desires (the state of affairs it wants to bring about)
with its beliefs (the current circumstances and constraints the world imposes).
It will choose those desires that are possible according to some criteria it will
act upon them. In other words, desires constitute the set of states among which
the agent chooses what to do. Notice that, since agents are not committed to
their desires, they need not to be consistent, neither with other desires nor with
other mental states.

Definition 4.1 (Desires Set) The desires of an agent is a set D of ELP sen-
tences of the form desires(D, P, T, A) «— Body, where D is the desire identifi-
cation, P is a property, T is a time point and A is list of attributes. Body is
any conjunction of literals. An agent desires that a property P holds at time T

iff desires(D, P,T, A) € D, for some D and some A.
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Our definition of desires allows the agent to have a desire that a certain property
holds (or does not hold) in a specific instant of time (when T is instantiated).
Desires/4 clauses may be facts, representing states the agent may want to
achieve whenever possible, or rules, representing states to be achieved when a
certain condition holds. The attributes associated to each desire define proper-
ties, like urgency, importance or priority[3] that are used by to agent to choose
the most appropriate desire (see bellow).

Beliefs constitute the agent’s information attitude. They represent the in-
formation agents have about the environment and about themselves. Such in-
formation includes time axioms and action descriptions (see 3, along with agent
capabilities.

Definition 4.2 (Beliefs Set) The beliefs of an agent is a consistent extended
logic program B, i.e. Yb € B.B [p b. An agent believes L iff B =p L.

We assume that the agent continuously updates its beliefs to reflect changes it
detects in the environment. Describing the belief update process is beyond the
scope of this paper. We just assume that, whenever a new belief is added to the
beliefs set, consistency is maintained.

As we stated before, intentions are characterized by a choice of a state of
affairs to achieve, and a commitment to this choice. Thus, intentions are viewed
as a compromise the agent assumes with a specific possible future. This means
that, differently from desires, an intention may not be contradictory with other
intentions, as it would not be rational for an agent to act in order to achieve
incompatible states. Also, intentions should be supported by the agent’s beliefs.
That is, it would not be rational for an agent to intend something it does not
believe is possible. Once an intention is adopted, the agent will pursue that
intention, planning actions to accomplish it, re-planning when a failure occurs,
and so. These actions, as means that are used to achieve intentions, must also
be adopted as intentions by agents.

Definition 4.3 (Intentions Set) The intentions of an agent is a set T of ELP
sentences of the form intends_that(I, P,T,A) or of the form intends_to(I,Act,
T,A), where I is the intention identification, P is a property, T is a time points,
A is a list of attributes and Act is an action, and such that (1)Vintends_that(I, P,T, A) €
I.(Now <T); (2Nintends_to(I, Act,T,A) € T.(Now < T); (3)Vintends_to(I, Act, T, A) €
Z.(B Ep (happens(E,T,Tr),act(E, Act))); (4)3A.(P'UA pl), where (a)P’
is the abductive framework (B, {happens/3,act/2},IC(T)); (b)IC(T) is set of
constraints generated by intentions, defined as “holds_at(P,T) <, for every
intends_that(I, P,T,A) in T and “happens(E,T,Ty) <" and “act(E, Act) <”
for every intends_to(I, Act, T, A) inI;

An agent intends that a property P holds at time T iff intends_that(I, P, T, A) €
Z. A agent intends to do an action Act at time T iff intends_to(I, Act, T, A) €
T.

The definition of intentions enforces its rationality constraints. Conditions (1)
and (2) state that an agent should not intend something at a time that has
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already past. Condition (3), the non-triviality condition[8] states that an agent
should not intend something it believes is already satisfied or that will be sat-
isfied with no efforts by the agent. Condition (4) states that an agent only
intends something it believes is possible to be achieved, i.e., if it believes there
is a course of actions that leads to the intended state of affairs.

Notice that we take some measures to avoid the side-effect problem|7]. Brat-
man states that an agent who intends to do o an believes that doing o would
require it to do 3 does mot have to also intend (3. In our definition, an agent
does not intend the side-effects of its intentions, as the side-effects are not in the
intentions set®. To fully avoid this problem, it is also important, when we define
dynamic aspects of intentions, namely how to originate intentions and how and
when to revise them, that we characterize commitment in a way that side-effects
of adopted intentions do not prevent agents from adopting intentions, neither
that side-effects make agents revise their intentions.

4.1 Originating Intentions

Once we have characterized intentions and related mental states, it is necessary
to define how these mental states interact to produce the agent’s behavior,
namely how agents select intentions and when and how agents revise selected
intentions. Agents choose their intentions from two different sources: from its
desires and as a refinement from other intentions. We start by defining the
creation of intentions from desires.

By definition, there are no constraints on the agent’s desires. Therefore, an
agent may have contradictory desires, i.e., desires that are not jointly achiev-
able. Intentions, on the other hand, are restricted by rationality constraints (as
shown in the previous section). Thus, agents must select only those desires that
conform to those constraints. We start by defining those desires that are eligible
to be chosen and the notion of candidate desires set.

Definition 4.4 (Eligible Desires) Let D be the agent’s desires. We call el-
igible desires the set D' = {desires(D, P, T, A) / [(desires(D, P, T, A) «—
Body) € D] A Now < T A (B |Ep Body)}

Eligible desires are those desires the agent believes are not satisfied. Recall that,
according to rationality constraint in section 4, its is not rational for an agent
to intend something it believes is already achieved or that is impossible. Notice
that if a desire is conditional, then the agent should believe this condition is
true.

As the initial set of desires, eligible desires may also be contradictory. There-
fore, it is necessary to determine those subsets of the eligible desires that are
jointly achievable. In general, there may be more than one subset of the eligi-
ble desires that are jointly achievable. Therefore, we should indicate which of
these subsets are preferred to be adopted as intentions. We do this through the
preference relation defined bellow.

5This is similar to the belief base approach, but it is simpler because we do not have to
include the derivations in the base, as with belief bases.
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Definition 4.5 (Desires Preference Relation <p,.s) Let D be the agent’s
desires, D' the set of eligible desires from D, P(D') the power set of D' and
R,S € P(D'). We say that R <prey S (R is less preferred than S) if the biggest
importance occurring in S and not occurring in R is bigger than the biggest
importance occurring in R and not occurring in S; if there is no such biggest
importance in S, than R is less preferred than S if S has more elements than
R.

According to this definition, the agent should prefer to satisfy first the most
important desires. Additionally to preferring the most important ones, the
agent adopts as much desires as it can.

Example 4.1 Given the set D' = {desires(1, a, U, [0.5]), desires(2, b, U,
[0.3]), desires(3, ¢, U, [0.3]), desires(4, d, U, [0.2])} of eligible desires: (1) for
dy = {desires(2, b, U, [0.3]), desires(4, ¢, U, [0.2])} and dy = {desires(1, a,
T, [0.5])},we have (d2 <prey d1). That is, do is less preferred than dy, since
T = 0.5 for da and T" = 0.3 for dy; (2) for d3 = {desires(3,¢,U,[0.3])}, we
have d3 <pres di, as T = 0.2 for di and there is no T' for ds, but #ds < #d;.

Notice that the preference relation is a pre-order relation. For instance, if an
agent were to choose between dy = {desires(2,b,U,[0.3])} and ds = {desires(3,
¢, U, [0.3])}, based only on the importance of desires and maximization of desires
satisfied, it would not prefer either of them. And, indeed, according to the
preference relation, we have that neither (ds <prey ds) nor (ds <prer da).
Based on this preference order, we define the preference graph that will be used
to revise the mental states and the revision process.

Definition 4.6 (Desires Preference Graph) Let D be the agent’s desires
and D' the set of eligible desires from D. Let Revisable be the set {unsel(D)
/ 3 desires(D, P, T, A) € D'} and index : P(Revisable) — X1 a function
from the power set of Revisable to natural numbers (zero excluded) that at-
tributes a level number to elements of P(Rev). The desires preference graph
is the graph defined by (1)Rev(bottom) = {happens(E,T;,Ty),act(E, A)};
(2)Rev(i) = RU {happens(E,T;,Ty), act(E, A)}, where R € P(Revisable) and
i = index(R); (3)i < bottom, where i = index(R), R € P(Revisable) and
AS € P(Revisable) . (S <pref R); (4)] < k1,...,kn, where j = index(R),
k; = index(S;) (1 <i<mn), R,S; € P(Rev) (1 <i<n)and R is an antecedent
of S.

That is, when revising the eligible desires set, the preferred revisions are those
that eliminate first the less important desires, and the least possible amount of
desires, as shown in the definition bellow.

Definition 4.7 (Candidate Desires Set) Let D be the agent’s desires and
D’ the set of eligible desires from D with a preference graph associated to it. We
call candidate desires set any set Dy, = {desires(D,P,T,A) / (desires(D, P,
T,A) eD)ANFA.(BUA Ep (holds-at(P, T), not unsel(D))) A (P" U
A p L)]} where (1)P is the abductive framework { B, {happens(E, T;, Ty),
act(E, Act), unsel(D)} ,IC); (2) IC is a set of constraints of the form
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e {holds_at(P,T) < Body,not unsel(D)} for every desires(D, P, T, A) in
D';

e the constraints IC(I) generated by intentions (see definition 4.3).

In the revision process, we mix abductive reasoning with defeasible reasoning,
where the literal unsel(D) is defeasible. Its intuitive meaning is “Desire D
should not be selected as an intention”. If the agent believes it is possible to
satisfy all of its desires (if it can abduce actions that satisfy all desires and
satisfy all constraints), it will find a revision that contains only happens/3
and act/2. This is enforced by the preference graph with Rev(bottom) =
{happens(E,T;,Ty),act(E, A)}. When constraints may not be all concurrently
satisfied, it means that the adoption of all desires as intentions leads to contra-
dictions, i.e., they are not jointly satisfiable.

Notice that contradictions do not arise if the actions necessary to satisfy two
different intentions have contradictory effects. Recall that, according to the EC
axioms, a property P holds if there is an action that initiates it or, alternatively,
if =P implicitly does not hold, and vice-versa for —=P. Therefore, actions that
make contradictory properties hold in fact just cancel each other. This allows
us to avoid the side-effect problem[7]. If we allowed for this kind of situations to
raise contradictions, we would be making the agent preclude intentions that have
contradictory consequences, but that are not directly contradictory with each
other, and making the agent intend the logical consequences of its intentions. On
the other hand, if an action necessary to satisfy an intention cancels a property
that is also an intention, a constraint is violated and that course of action is
rejected. In this case, the revision will try to defeat intentions, changing the
truth value of unsel(D) literals. According to the preference graph, it will try
to defeat those constraints that represent the less important desires, trying to
preserve the maximum of the most important ones.

As we mentioned before, the desires preference relation is not an order re-
lation. Therefore, it is possible to have more than one candidate set after a
revision. However, if we consider only achievability and desires attributes as de-
cision criteria, it makes no difference for the agent to adopt any of the candidate
desires set%[4].

Definition 4.8 (Primary Intentions) Let D be the agent’s desires, Dy a
candidate desires set from D. The primary intentions of an agent is the set

{intends_that(D, P, T, A) / desires(D, P, T, A) € Des()}

4.1.1 Intentions as Refinements from Intentions

Once the agent adopts its intentions, it will start planning to achieve those
intentions. During planning, the agent will form intentions that are relative to

6The revision process provided by the ELP framework defines a sceptical revision[1], that
is the revision formed by the union of all the minimal program revision. This kind of approach
prevents the agent from having to choose one of the minimal revisions. However, for intentions,
this is not adequate, since we would like our agents to try to satisfy all the eligible desires it
can.
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pre-existing intentions. That is, they “refine” their existing intentions. This
can be done in various ways, for instance, a plan that includes an action that
is not directly executable can be elaborated by specifying particular way of
carrying out that action; a plan that includes a set of actions can be elaborated
by imposing a temporal order on that set[12]. Since the agent commits to the
adopted intentions, these previously adopted intentions constrain the adoption
of new ones. That is, during the elaboration of plans, a potential new intention
is only adopted if it is not contradictory with the existing intentions and with
beliefs.

Definition 4.9 (Relative Intentions) Let Zp be the set of primary inten-
tions. A planning process is a procedure that, for each i € Tp, will generate
a set of temporal ordered actions Ir that achieve i, such BUZp UZg is non-
contradictory. The set I are the relative intentions of the agent.

The non-contradiction condition enforces again the notion of commitment, i.e.,
once an intention is adopted it constrains the adoption of new intentions.

4.2 Revising Intentions

In the previous section, we defined how the agent chooses its intentions. As
we have seen, weighing motivations and beliefs means finding inconsistencies
in competing desires, checking valid desires according to beliefs and intentions,
resolving constraints imposed by intentions and desires, i.e., very expensive
reasoning activities. It is now necessary to define when the agent should perform
this process.

We argue that it is not enough to state that an agent should revise its
intentions when it believes a certain condition holds, like to believe that an
intention has been satisfied or that it is no longer possible to satisfy it, as this
suggests that the agent needs to verify its beliefs constantly. Instead, we take the
stance that it is necessary to define, along with those conditions, a mechanism
that triggers the reasoning process without imposing a significant additional
burden on the agent. Our approach is to define those conditions that make
the agent start reasoning about intentions as constraints over its beliefs. Recall
that we assume that an agent constantly has to maintain its beliefs consistent,
whenever new facts are incorporated.

Definition 4.10 (Trigger from Intentions) Let B be the agent’s beliefs set
and T its intentions. We add to B the following trigger constraints: (1) (L <
Now > T, not rev_int), for each (intends_that( I, P, T, A), intends_to( I,
Act, T, A)) € I; (2) (L < happens(E, T;, Ty), act(E, Act), not rev_int, for
each intends_to( I, Act, T, A)) € .

The literal rev_int is part of the revisable set of beliefs, and its initial value
is false. Whenever the agent revises its beliefs and one of the conditions for
revising beliefs hold, a contradiction is raised. We identify such contradiction
by testing if rev_int is in the selected revision for the beliefs set, i.e., if it has
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to have its truth value modified in order to restore consistency. The intention
revision process is triggered when one of these constraints is violated.

The conditions we have defined so far are the usual ones defined by formal
models of agents. As we have seen before, this characterization of intentions
may lead to some fanatical behavior. Therefore, we need to adopt additional
constraints that will avoid those unwanted behaviors. We take the stance that
the same reasons that originated intentions may be used to break commitment
associated to theml6]. If we accept that an intention is originated from desires,
it is reasonable to state that it is not rational to persist with an intention
whose reasons are superseded by more urgent or important ones. The agent’s
normal behavior would be to weigh its competing desires and beliefs, selecting
its intentions. The agent would commit to these intentions and they would
constitute the filter of admissibility for other intentions. Also, the agent would
try to satisfy those intentions, until successful accomplishment, impossibility
(as usually defined), or until some of his other desires that were not selected
before would become eligible, or until the desires that originated them would not
be eligible anymore, re-activating the revision process that would weigh (again)
competing desires and beliefs. Since the notion of commitment is preserved, the
agent would not start this process every time there is a change in beliefs, but
only if relevant conditions trigger the intention revision process, changing the
agent’s focus of attention[5]. These triggers are determined by the desires pre-
conditions. We model this triggers using an approach similar to the normative
constraints in [18, 23].

Definition 4.11 (Trigger Constraints from Desires) Let D be the agent’s
desires and D’ the set of eligible desires from D. We define trigger constraints
from desires as

1. For every desires(D,P,T,A) « Body € (D — D') with importance A bigger
that the biggest importance in intentions, we define a trigger constraint L
< Body, not rev_nt;

2. given the set of actions A abduced by the agent (see definition 4.7), for
each desires(D,P,T,A) € (D'— Dg) with importance A bigger that the
biggest importance in intentions, we define a trigger constraint | < Cf,
..y Cpn, not rev_int, where Cond; (1 < i < n) are the conditions the
agent could not bring about when selecting the candidate desires set.

The first constraint trigger is formed by the pre-conditions of those desires that
were not eligible and that are more important than those that were evaluated.
It means that if the pre-conditions of such desires become true, these desires
(that were not considered during reasoning) become eligible. Therefore, it is
necessary to re-evaluate desires and beliefs to check if this new desire may be
brought about. The second constraint is formed by the pre-conditions of those
eligible desires that, although more important, were not relevant when the agent
made his choice. Notice that there are no triggers for those desires that were
eligible but that were ruled out during the choice of a revision. This is so because
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they had already been evaluated and they have been considered less important
than the other desires. Therefore, it is of no use to trigger the whole process
again (i.e., to shift the agent’s attention) to re-evaluate them.

5 Conclusion and Further Work

The main contribution of this paper is to provide a formal model of agent that
reduces the gap between agent specification and agent implementation. Adopt-
ing ELP as the underlying formalism has both preserved the main characteristics
of formal models, namely the ability to formally define and verify agents, and
has provided machinery the agent may use to reason. Also, as a consequence of
this shift in the perspective when defining the formal model, we have been able
to account for both static and dynamic aspects of intentions. By static aspects,
we mean its relation with desires and beliefs and the properties that this relation
has (namely, consistency and avoidance of side-effects). By dynamic aspects, we
mean establishing criteria, other than those derived from commitment, to drop
intentions (namely, based on the cause-effect relation between desires and inten-
tions). We also define where intentions come from and how the agent chooses
its intentions.

We may compare our work to other models of intentions in the literature.
The classical model is due to Cohen and Levesque[8]. In this model, the au-
thors do not address the question of where and how the agent chooses its inten-
tions, neither they overcome the fanatical behavior caused by the commitment
strategy. The same may be said about other models that followed Cohen and
Levesque’s and that tried to overcome some of its theoretical problems: Rao
and Georgefl[17] tried to solve the side-effect problem present in [8] introducing
the notions of strong and weak realism; Konolidge and Pollack[12] also tried to
solve the side-effect problem using non-normal modal logics, where the solution
were embedded in the semantics; Singh[21] introduces the notion of know-how
and defines communication and multi-agent interaction using its model, but he
does not treat the question of the origins of intentions nor how to relax com-
mitment. Van Linder et ali[22] model the origin and choice of intentions and
provide a formalism that can be extended to model other pro-active attitudes,
but they do not provide any improvements on the notion of commitment. All
these works have also in common the fact that their models are based on modal
logics and, therefore, may be just used to specify agents. We are, on the other
hand, heading to define a computational theory of agency that has an underlying
architecture, the one partially described here. This computational theory will
allow us to specify and prove properties about the agents, as well as to execute
such an specification to test if the agents behave like expected. Our choice of
the logical formalism has been deeply influenced by this long term goal, since it
is formal and computationally tractable. This concern with the computational
aspects of the agent models can also be found in [16].

Our work has many similarities with the one of Gaspar et ali[10]. Although
they use a different formalism (that is not so computationally tractable as ours),
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both works have many objectives in common: to address the question of the ori-
gin of intentions, to have a computational model, to revise intentions. While we
concentrate on the relation between desires and intentions and use this relation
to relax commitment, they focus on the evolution of plans and communication,
and on how this affects the stability of intentions. In order to have a complete
treatment of these issues, both aspects are important and must be integrated.
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7 ATAL98 BDI Models and
Systems: Reducing the Gap”

Este artigo, apresentado no ATALIS|MOR 98a|, mostra o modelo formal e
executavel de agente desenvolvido. Mostra, ainda, como a estratégia adotada, de
escolha de um formalismo apropriado e mudanga de perspectiva na construgao
do modelo, reduz a distancia entre a teoria formal de agentes e sua implemen-
tacao. Nomeadamente, ao se eleminar defini¢coes recursivas e definir os axiomas
de comportamento do agente, considerou-se nao somente a correcao das definigoes
como carcateristicas necessarias para que estes axiomas pudessem ser executados:
tratabilidade, parametrizacao dos axiomas aos estilo de arquiteturas, e correcao
do ponto de vista operacional.
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and practical systems. The purpose of this paper is to praseB| model that,
besides being a formal model of agents, is also suitable tsbd to implement
agents. Instead of defining a new BDI logic or choosing artiexgjone, and ex-
tending it with an operational model, we define the notionkedfef, desires and
intentions using a logic formalism that is both well-defirmeatl computational.

Keywords: BDI models; mental states modeling; agent architectucggc Iprogram-
ming.

1 Introduction

BeliefsDesireskntentions models (or BDI models) of agents have been aroond f
quite a long time. The purpose of these models is to charaetagents using anthro-
pomorphic notions, such as mental states and actions. sthalse notions and their
properties are formally defined using logical frameworkest thllow theorists to ana-
lyze, to specify and to verify rational agents,like in [1@8] [29] [31] [25] [17](among
others).

* Supported by project DIXIT/INICT.
** Supported by CNPg/Brazil.
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However, despite the fact that many systems have been geeelased on these
models ([8,16,11,17], to mention some), it is a general eamthat there is a gap be-
tween those powerful BDI logics and practical systems. Wewethat the main reason
for the existence of this gap is that the logical formalisresdito define the models do
not have an operational model that support them. By an dpaetmodel we mean
proof procedures that are correct and complete with redpettte logical semantics,
as well as mechanisms to perform different types of reagoméeded to model agents
[20,21].

There are, at least, two major approaches that may be useditcome this limita-
tion of BDI models. One is to extend existing BDI logics withpaopriate operational
models so that agent theories become computational. Thieispproach taken by
Rao, in [25], where he defines a proof procedure for the piitippal version of his
BDI logic[26]. Also, Bell in [4] develops a computationalgbry that can be applied to
his formalizations of goal hierarchies[5]. Still, Schaf27] representation of Rao and
Georgeff's[26] BDI theory with standard logic of concurogrfollows this approach.

The other approach is to define BDI models using a suitabledbfprmalism that
is both powerful enough to represent mental states and #sabherational procedures
that allow us to use the logic as a knowledge representationdlism, when build-
ing the agent. This is the path followed by Corréa and Cdéttpwhere they define
their SEM architecture using situation theory[15] as the&iderlying formalism and
use Nakashima’s operational model[23,13]. This is als@gproach we follow in this
paper.

The purpose of this paper is to present a BDI model that, bediging a formal
model of agents, is also suitable to be used to implementiagieistead of defining a
new BDI logic or choosing an existing one, and extending ihwain operational model,
we define the notions of belief, desires and intentions uaihggical formalism that
is both well-defined and computational. The formalism weuesiag islogic program-
ming extended with explicit negati¢BLP) with theWell-Founded Semantics eXtended
for explicit negation(WFSX). ELP with WFSX (simply ELP, from now on) extends
normal logic programs with a second negation nameglicitt negation This exten-
sion allows us to explicitly represent negative informatitike a belief that a property
P does not hold, or an intention that a propeftyshould not hold) and increases the
expressive power of the language. When we introduce negatiermation, we may
have to deal with contradictory programs[1]. The ELP fraroduybesides providing
the computational proof procedure for theories expresséd language, also provides
a mechanism to determine how to minimally change a logic ranogin order to re-
move contradictions. Our model benefits from these featpregided by the logical
formalism.

As it is usually done[10,30,17], we focus on the formal défim of mental states
and on how the agent behaves, given such mental states. @uitasting with these
former approaches, our model is not only an agent specditdtut it may also be exe-
cuted in order to verify the actual agent behavior, as wetl@sy be used as reasoning
mechanism by actual agents. We depart from Bratman’s asg@j;swhere he states

1 In contrast with the usualegation as failurer negation by defaulbf normal logic programs,
which is calledmplicit negationin the ELP context.
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that, along with desires and beliefs, intentions is a funelatad mental state. There-
fore, initially we define these three mental states and thticstelations between them,
namely constraints on consistency among those mentatststerwards, we advance
with the definition of dynamic aspects of mental states, namawv the agent chooses
its intentions, and when and how it revises its intentfons
The paper is organized as follows: in section 2, we presenEttP formalism and

the reasoning mechanisms it provides; in section 3, we ptaseaction and time theory
based on a variation of the event calculus[24] that is usel@time the mental states; in
section 4, we present our agent model; in section 5, we dissuse related and future
work and draw some conclusions.

2 Extended Logic Programming

Unlike normal logic programs, where negative informat®omly stated implicitly (i.e.,
a proposition is false only if it cannot be proved to be tr@}ended logic programs
have a second kind of negation that allows us to explicithresent negative informa-
tion. If, on one hand, this second negation increases theseptational power of the
language, it may also introduce contradictory informatioprograms. Therefore, it is
necessary to assigh some meaning to contradictory progrmadi® be able to deal with
contradiction. The paraconsistent version of kié'S X semanticsiW F .S X p, assigns
meaning to contradictory programs and is used as a tool yeth&gion mechanism that
restores consistency to contradictory programs. Thisi@vimechanism may be used
to perform several kinds of reasoning, as we will see bellow.

An extended logic program (ELP) is a set of rulds«<— By, ..., B,, not Ci,
..., not Cp, (Mmn> 0), whereH, By,...,B,,C4,...,C,, are objective literals. An
objective literal is either an atom or its explicit negatiommA. The symbohot stands
for negation by default andot L is a default literal. Literals are either objective or
default literals and-—L = L. The language also allows for integrity constraints of
the formA; v ...V A, < By, ..., By, not Cy,...,not C,, (mn> 0;1>1)
where Ay, ..., A, By,...,B,,C1,...,C,, are objective literals, stating that at least
one of theA; (i > 1), should hold if its bodyB1, ..., B,,not Cy, ..., not C,, (Mn
> 0) holds. Particularly, wherl =_, where L stands forcontradiction it means that
a contradiction is raised when the constraint body holds.Sét of all objective literals
of a programP is the extended Herbrand basefdfienoted byH (P).

In order to assigh meaning to ELP programs, we need the reotibimterpretation
of ELP clausé. Roughly, an interpretation of an ELP program is a set ofditethat
verifies the coherence principle: L € T then L € F. A literal L is true in an

2 As we stated before, our concern is the definition of agerghakior in terms of their mental
states. Therefore, its beyond the scope of this work to tigaamic aspects of beliefs, as
belief revision. Notice, however, that opposed to modédds the ones defined in [10,30,17]
and others, the logical grounds on which we base our defisitaoe suitable to define belief
revision strategies and to be used by agents as a reasowinfptdruth maintenance. See
[2,19] for two different approaches on this matter.

% For a formal definition, see [1].
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interpretation/ if L € I, LisfalseinI if not L € I, andL is undefined, otherwise. An
interpretatiory is a model for progran® iff, for every clausel in P, I =p L.

2.1 Program Revision and Non-Monotonic Reasoning

As we stated before, due to the use of explicit negation,parag may be contradic-
tory. In order to restore consistency in programs that argradictory with respect to
W FSX,the program is submitted to a revision process that religbe allowance to
change the truth value of some set of literals. This set efdls is the set akvisable
literals, and can be any subset&ffor which there are no rules or there are only facts
in the program. No other restriction is made on which litersthould be considered
revisable. They are supposed to be provided by the useq alith the program.

The revision process changes the truth value of revisaelals in a minimal way
and in all alternative ways of removing contradictidfinimally revised programsan
be defined as those programs obtained from the original aeerabdifying the subsets
of revisable literals.

The ability to represent negative information, along witlvell-defined procedure
that restores consistency in logic program, makes ELPldeita be used to perform
different forms of non-monotonic reasoning [1]. In partaruwe are interested in two
of these forms of non-monotonic reasoning, nanaglfeasible reasoningndabductive
reasoning

Defeasible ReasoningA defeasible rule is a rule of the foridormally if A then B
ELP allows us to express defeasible reasoning and to givaingto a set of rules (de-
feasible or not) when contradiction arises from the apfiiceof the defeasible rules.
To remove contradiction, we revise the truth value of redisditerals in the body of
the defeasible rules.

Abductive Reasoning Abductive reasoning consists of, given a therand a set of
observationg), to find a theoryA such that’ U A = O andT U A is consistent.

In the ELP context, an abductive framewdpkis a tuple(P, Abd, IC), whereP is an
extended logic programibd is the set of abducible literals add’ is the set of integrity
constraints. An observatiof has an abductive explanatiahiff P’ U A =p O and

P (p A. We may abduce a theorgk that explains such observations making each
of these observation8 a new integrity constraind < and revising the program with
revisable setlbd (recall that a program is contradictory iff for some litefalh program

P, P E LandP = —L, or a constraint is not satisfied).

Preferred Revisions Sometimes, it may be necessary to state that we do not only wan
the minimal revisions provided by the formalism, but alsattive prefer revisions that
have a certain fact only after finding that no other revisimictuding other facts exist.
The ELP formalism allows us to express preferences overrther of revisions using a
labeled directed acyclic and/or graph defined by rules ofdha[14]:

Levelg < Levely A Levels A ... Level,(n > 1)
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Level; nodes in the graph are preference level identifiers. To ebittese levels is as-
sociated a set of revisables denoted®Lcvel;). Rules like the one above fdrevel,
state that we want to consider revisions fawel, only if, for some rule body, its levels
have been considered and there are no revisions at any & finads. The root of the
preference graph is the node denotedlogtom.

3 The Event Calculus

When we reason about pro-attitudes like desires and iositive need to deal with
properties that should hold at an instant of time and witfoastthat should be executed
at a certain time. Therefore, in order to represent them amdason about them, we
need to have a logical formalism that deals with actions ané.tIn this work, we use

a modified version of the Event Calculus (EC) proposed in.[2His version of the EC
allows events to have a duration and an identification, atst&f being instantaneous
and identified to the instant of time the event occurs. As esequnence, events may
occur simultaneously. The predicatelds_at defining the properties that are true at a
specific time is:

holds_at(P,T) « happens(E,T;, Ty),
initiates(E,Tp, P),Tp < T,
Tp >=T;, persists(Tp, P,T).
persists(Tp, P,T) «— not clipped(Tp, P,T).
clipped(Tp, P,T) — happens(C, T¢;, Tey),
terminates(C, T, P),
To >= Tei,not out(Te, Tp, T).
out(Te, Tp,T) — (T < Tc); (Te < Tp).

The predicatéiappens(E, T;, Ty) means that evert' occurred betweeff; andTy;
initiates(E, T, P) means that everf initiates P at timeT'; terminates (E, T, P)
means that everff terminatesP at timeT'; persists(Tp,P,T) means thaP persists
sinceT’r until T' (at least). We assume there is a special time varidhle that repre-
sents the present time. Note that a propéttis true at a timel” (holds_at(P,T)), if
there is a previous event that initiatBsand if P persists untill’. P persists untill” if it
can not be proved by default the existence of another evattdiminates® before the
time T'. We need additional rules for the relation between not Imgi@i property and
holding its negation and we also need to define the relatibmdsn the two kinds of
negation:

holds_at(—P,T) «— —holds_at(P,T).
—holds_at(P,T) < not holds_at(P,T).

The predicates that will be abduced need to be related by sueygrity rules, namely:

1< happens(E,Th;,Th ), happens(E, Ta;, Tog),
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TLOt(TM = Tgi, Tlf = ng)
1< happens(E,T;,Ty), not(Ty < T;).
1< happens(E,T;,Tr),not(act(E, A)).

that state, respectively, that events cannot be assod@mthiflerent time intervals, that
events cannot have a negative duration and that events enestin associated action.

The EC allows us to reason about the future, by hypothefieaBuming a sequence
of actions represented byuppens/3 andact/2 predicates and verifying which prop-
erties would hold. It also allows us to reason about the prastrder to know if a given
property P holds at timeT’, the EC checks what properties remain valid after the ex-
ecution of the actions that happened beffréVe are now ready to define the agent’s
model.

4 The Agent Model

Now that we have the logical formalism set, we start definfrggBDI model. We de-
part from Bratman'’s analysis about intentions, its roleatianal reasoning and how it
relates to beliefs and desires. According to Bratman[8Eeiagents are assumed to be
resource-bounded, they cannot continuously evaluate ¢beipeting beliefs and de-
sires in order to act rationally. After some reasoning, égkave to commit to some set
of choices. It is this choice followed by a commitment thatretterizes the intentions.
Our model does not define a complete agent, but only the degstructure that is part
of the agent model.

Definition 1 (Agent Cognitive Structure). An agent cognitive structurs a tupleAg
=(B,D,Z,T Az) where

— Bis the set of agent’s beliefs;

— D is the set of agent’s desires;

— T is the set of agent’s intentions;

— T Ax is the set of time axioms, as defined in section 3.

This cognitive structure contains both the mental states ¢bmpose the agent
and the rules that govern the interaction of these mentsstand, consequently, the
agent’s behavior).

We should now define every component of this structure. W Isyadefining de-
sires. Desires are related to the state of affairs the agentwally wants to bring about.
But desires, in the sense usually presented, does not aeitedsive the agent to act.
That is, the fact of an agent having a desire does not mearliaetito satisfy it. It
means, instead, that before such an agent decides what tovdth,be engaged in a
reasoning process, confronting its desires (the statefaif&it wants to bring about)
with its beliefs (the current circumstances and constsdlre world imposes). The agent
will choose those desires that are possible according te switeria. In other words,
desires constitute the set of states among which the agensehk what to do. Notice
that, since agents are not committed to their desires, tkeg mot to be consistent,
neither with other desires nor with other mental states.
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Definition 2 (Desires Set).Thedesiresof an agent is a set of sentences of the form
D = {holds_at(des(D, Ag, P, Atr), P) « Body}

whereD is the desire identificatiorf} is a property,l' is a time point,Ag is an agent
identification andA is list of attributes.Body is any conjunction of literals. An agent
desires that a properfy holds at timeT” iff

(holds_at(des(D, Ag, P, Atr),T) «— Body) € D,

for someD, Ag, Atr.

Our definition of desires allows the agent to have a desirestloartain property holds
(or does not hold) in a specific instant of time (whEiis instantiated). Desire clauses
may be facts, representing states the agent may want tovackienever possible, or
rules, representing states to be achieved when a certadfitioonholds. The attributes
associated to each desire define properties, like urgenpgrtance or priority[3,12,22]
that are used by the agent to choose the most appropriate ¢ge=t bellow).

Beliefs constitute the agent’s information attitude. Thegresent the information
agents have about the environment and about themselves.

Definition 3 (Beliefs Set). The beliefsof an agent is a consistent extended logic pro-
gramB, i.e.B [£p_L. An agent believes agerit believes a property holds at timel’
iff {BUT Az} Ep holds_at(bel(A, P),T).

We assume that the agent continuously updates its beliedfiéat changes it detects in
the environment. Describing the belief update processyisitebthe scope of this paper.
We just assume that, whenever a new belief is added to thefbskt, consistency is
maintained.

As we stated before, intentions are characterized tiyoéceof a state of affairs to
achieve, and aommitmento this choice. Thus, intentions are viewed as a compromise
the agent assumes with a specific possible future. This nibansdifferently from
desires, an intention may not be contradictory with othégritions, as it would not
be rational for an agent to act in order to achieve incomjmsitates. Also, intentions
should be supported by the agent’s beliefs. That is, it waoltbe rational for an agent
to intend something it does not believe is possible. Oncentamiion is adopted, the
agent will pursue that intention, planning actions to acplish it, re-planning when a
failure occurs, and so on. These actions, as means that@ddaiachieve intentions,
must also be adopted as intentions by agents.

Definition 4 (Intentions Set). Theintentionsof an agent at a tim@' is the set
I ={X/X =int_that(I, Ag, P,A) V X =int_to(I, Ag, Act, A)}

where! is the intention identificationP is a property,Ag is an agentA is a list of
attributes,Act is an action, and such that

1. holds_at(int_that(I, Ag, P, A),T) or holds_at(int_to(I, Ag, Act, A),T);
2. Vint_that(I, Ag, P,A) € Z.(Now < T);
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3. Vint_to(I, Ag, Act,A) € T.(Now < T);
4. Vint_to(I, Ag, Act, A) € T.({BUT Az} p (happens(E,T,Tr), act(E, Act)));

5. JA.(P'U A }£pLl), where

(a) P’ is the abductive framewor{ 5 U 7 Az}, {happens/3,act/2},IC(T));
(b) IC(Z) is set of constraints generated by intentions, defined as

holds_at(bel(Ag, P),T) <
for everyint_that(I, Ag, P, A) in 7 and

happens(E,T,Ty) <
act(E, Act) <

for everyintends_to(I, Act, T, A) inZ;

An agent intends that a properfy holds at timeT iff BU 7T AzU R Ep holds_at(
int_that (I, Ag, P, A),T), and it intends to execute an actigit at timeT iff BU
TAzU R E=p holds_at(int_to (I, Act, P, A),T).

The definition of intentions enforces its rationality camasits. Conditions 2 and 3 state
that an agent should not intend something at a time that meadyl past. Condition
4, the non-triviality condition[10] states that an agenddd not intend something it
believes is already satisfied or that will be satisfied wittefforts by the agent. Condi-
tion 5 states that an agent only intends something it bedissspossible to be achieved,
i.e., if it believes there is a course of actions that leadb¢ointended state of affairs.
When designing an agent, we specify only the agent’s baliefisdesires. It is up to the
agent to choose its intentions appropriatly from its desifénose rationality constraints
must also be guaranteed during this selection processcéNalso that we are able to
avoid theside-effect problef@]. Bratman states than agent who intends to de an
believes that doing would imply3 does not have to also interitd In our definition, an
agent does not intend thside-effect®f its intentions, as the side-effects are not in the
intentions set To fully avoid this problem, it is also important, when wefide how
the agent selects its intentions and how and and how and whewise them, that we
characterize commitment in a way that side-effects of astbpitentions do not pre-
vent agents from adopting intentions, neither that sideees make agents revise their
intentions.

Example 5 (Warehouse Robof)his is a toy example to illustrate the use of the for-
malism. Suppose there is a robét that should take all the objects placed in an input
counter and store those objects in a warehouse. It also eulstrge its batteries when-

4 This is similar to the belief base approach, but it is simpletause we do not have to include
the derivations in the base, as with belief bases.
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ever they run out of charge.

Desires
L <= holds_at(des(,rbt,bel(rbt, bat_chged),y,T),
holds_at(des( rbt,bel(rbt, stored(0)),y,T).
holds_at(des(1,rbt, bel(rbt, bat_chged), [0.5]),T).
holds_at(des(2, rbt, bel(rbt, stored(0)), [0.3]),T) «— holds_at(bel(rbt,
input(0)),T).
Beliefs
initiates(E, Ty, bel(rbt, bat_chged)) «— happens(E,T;, T}),
act(FE, charge).
terminates(E, T, bel(rbt, bat_chged)) «— happens(E,T,T),
act(E, sense_low_ bat).
initiates(E, Ty, bel(rbt, stored(0))) «— happens(E,T;,Ty),
act(E, store(O)).
initiates(E, T, bel (rbt, input(0))) < happens(E,T;, T;),
act(E, put_input(0O)).
terminates(E, T;, bel(rbt, input(0))) < happens(R,T;, T),
act(E, store(O)).
happens(el, t1,t2). act(el, input(ol)).

The agent definition describes only its desires and belietsntions will be adopted as
the agent tries to satisfy its desires.

4.1 Originating Intentions

Once we have characterized intentions and related meatasstt is necessary to define
how these mental states interact to produce the agent'ssioehaamely how agents

select intentions and when and how agents revise seledeations. Agents choose
their intentions from two different sources: from its desitand as a refinement from
other intentions. We start by defining the creation of iritard from desires.

By definition, there are no constraints on the agent’s desifaerefore, an agent
may have conflicting desires, i.e., desires that are notlyoathievable. Intentions, on
the other hand, are restricted by rationality constraiassshown before). Thus, agents
must select only those desires that respect those coristréia start by defining those
desires that are eligible to be chosen and the notion of dateldesires set.

Definition 6 (Eligible Desires). Let D be the agent’s desires. We callgible desires
at atimeT the set

D' = {des(D, Ag, P, A) / |holds_at(des(D, Ag, P, A),T) «+ Body) € D|A
Now < T A (B |=p Body)A
{BUT Az} =p —holds_at(bel(Ag, P),T)}

Eligible desires are those desires the agent believes arsatisfied. Recall that, ac-
cording to rationality constraints in section 4, it is notisaal for an agent to intend
something it believes is already achieved or that is imfassNotice that if a desire is
conditional, then the agent should believe this conditiotnie.
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As the initial set of desires, eligible desires may also b@realictory. Therefore, it
is necessary to determine those subsets of the eligibleedehat are jointly achievable.
In general, there may be more than one subset of the eligddaes that are jointly
achievable. Therefore, we should indicate which of thedesets are preferred to be
adopted as intentions. We do this through the preferenagarldefined bellow.

Definition 7 (Desires Preference Relatior< p,.). Let D be the agent’s desire$
the set of eligible desires fro, P(D’) the power set oD’ andR, S € P(D’). We
say thatR <p,.y S (R is less preferred thafi) if the biggest value for importance
occurring inS and not occurring iR is bigger than the biggest value for importance
occurring inR and no

t occurring inS; if there is no such biggest value f) thanR is less preferred than
S if S has more elements thadh

According to this definition, the agent should prefer tosgtfirst the most important
desires. Additionally to preferring the most important snthe agent adopts as much
desires as it can.

Example 8.Given the set

D’ = {des(1, Ag, a,[0.5]), des(2, Ag, b, [0.3]),
des(3, Ag, ¢, [0.3]),des(4, Ag, d, [0.2])}

of eligible desires:

1. for d; = {des(2, Ag, b, [0.3]), des(4, Ag, ¢, [0.2])} andds = {des(1, Ag, a,
[0.5])},we have(dy <pres d2). Thatis,d; is less preferred thadh, sinced = 0.5
for d, and A’ = 0.3 for dy;

2. fords = {des(3, Ag, c, [0.3])}, we haveds <p,.s d1, asA = 0.2 for bothd; and
ds, but#ds < #d, (#d stands for cardinality of sef).

Notice that the preference relation is a pre-order relatt@n instance, if an agent were
to choose betweetly, = {des(2, Ag, b, [0.3])} andds = {des(3, Ag, ¢, [0.3])}, based
only on the importance of desires and maximization of dessatisfied, it would not
prefer either of them. And, indeed, according to the prefeeerelation, we have that
neither(dy <prer ds) Nor(ds <prer da). Based on this preference order, we define the
preference graph that will be used to revise the mentalsstatd the revision process.

Definition 9 (Desires Preference Graph).Let D be the agent’s desires afitl the set
of eligible desires fronD. Let Revisable be the set

Revisable = {unsel(D)/3des(D, Ag, P, A) € D'}

andindex : P(Revisable) — N1 a function from the power set dRevisable to
natural numbers (zero excluded) that attributes a levelbaimo elements oP (Rev).
Thedesires preference grapb the graph defined by

1. Rev(bottom) = {happens(E,T;,Ty),act(E, A)};
2. Rev(i) = RU {happens(E,T;,Ty), act(E, A)}, whereR € P(Revisable) and
i = index(R);
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3. i < bottom, wherei = index(R), R € P(Revisable) and AS € P (Revisable)
. (S <Pref R);

4. j < ki,...,k,, wherej = index(R), k; = index(S;) (1 < i < n), R, S; €
P(Rev) (1 <i<n)andRis an antecedent .

The desires graph definition starts by defining the set ofadle literals, i.e., the
set of literals that will have their truth value changed wperforming revision in order
to select a subset of desires. According to the definitioreaich desireD there is a
revisable literalunsel(D) associated to it. Next, it defines a numbering function (the
index function) that assigns to each set composed by elemeisw@kable a number.
This number is used as the level numbers (see section 2 alefatned revisions) in
the preference graph. At the root of the preference graplitom level) the revisable
literals arehappens/3 andact/3, i.e., we try to see if there is a course of actions that
jointly satisfies all the eligible desires. If this is not tbase, then we have to select a
subset of the eligible desires. This is the role ofthael/1 literals. Their initial value
is false and, as we may see in definition 10, they are attacheadh eligible desire as
a default literal. Therefore, initially they have no inflwenin the evaluation of desires.
If we cannot find a course of actions to satisfy all eligiblesides, we have to start
checking subsets dP’. The preference graph states that we prefer to revise fiest th
unsel /1 literals associated with less important desires, and skpeserving as many
eligible desires as we can. That is, when revising the dégiesires set, the preferred
revisions are those that eliminate first the less importasirds, and the least possible
amount of desires, as shown in the definition bellow.

Definition 10 (Candidate Desires Set)Let D be the agent’s desires afid the set of
eligible desires fronD with a preference graph associated with it. We calhdidate
desires seany set

D, = {des(D, Ag, P, A)/(des(D, Ag, P, A) € D")A\
(P'UAFEp LA
[FA.(BUTAz URU A Ep (holds_at(bel(Ag, P),T), not unsel(D)))

where

1. P'is the abductive framework
(BUT Az UR,{happens(E,T;,Ty), act(E, Act), unsel(D)}, IC);

2. IC is a set of constraints of the form
— {holds_at(bel(Ag, P),T) < not unsel(D)} for everydes(D, Ag, P, A) in
D',
— the constraint§ C(Z) generated by intentions (see definition 4).

In the revision process, we mix abductive reasoning witledsible reasoning, where
the literalunsel(D) is defeasible. Its intuitive meaning f¥®esire D should not be
selected as an intention’lf the agent believes it is possible to satisfy all of itsides
(if it can abduce actions that satisfy all desires and satiifconstraints), it will find
a revision that contains onlyappens/3 andact/2. When constraints may not be all
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concurrently satisfied, it means that the adoption of alirdesas intentions leads to
contradictions, i.e., they are not jointly satisfiable.

Notice that contradictions do not arise if the actions nsagsto satisfy two dif-
ferent intentions have contradictory effects. Recall,thatording to the EC axioms,
a propertyP holds if there is an action that initiates it or, alternalye@ —P implic-
itly does not hold, and vice-versa ferP. Therefore, actions that make contradictory
properties hold in fact just cancel each other. This allowgaiavoid theside-effect
probleni9]. If we allowed for this kind of situations to raise cordietions, we would
be making the agent preclude intentions that have contagliconsequences, but that
are not directly contradictory with each other, and makimg agent intend the logi-
cal consequences of its intentions. On the other hand, itharanecessary to satisfy
an intention cancels a property that is also an intentiolystraint is violated and that
course of action is rejected. In this case, the revisiontwilto defeat intentions, chang-
ing the truth value ofinsel(D) literals. According to the preference graph, it will try
to defeat those constraints that represent the less immatésires, trying to preserve
the maximum of the most important ones.

As we mentioned before, the desires preference relatioloti@m order relation.
Therefore, it is possible to have more than one candidatftesta revision. However,
if we consider only achievability and desires attributeg@sision criteria, it makes no
difference for the agent to adopt any of the candidate desi?{5].

Definition 11 (Primary Intentions). LetD be the agent's desireB;, a candidate de-
sires set fronD. Theprimary intentionof an agent is the sétnt_that(D, Ag, P, A)
/ des(D, Ag, P, A) € Desi,)}

Intentions as Refinements from Intentions Once the agent adopts its intentions, it
will start planning to achieve those intentions. Duringrpimg, the agent will form
intentions that are relative to pre-existing intentionisaflis, they “refine” their existing
intentions. This can be done in various ways, for instanpéathat includes an action
that is not directly executable can be elaborated by spegdifyarticular way of carrying
out that action; a plan that includes a set of actions can ddeoedted by imposing a
temporal order on that set[18]. Since the agent commitsg@adtlopted intentions, these
previously adopted intentions constrain the adoption @f naes. That is, during the
elaboration of plans, a potential new intention is only addpf it is not contradictory
with the existing intentions and with beliefs.

Definition 12 (Relative Intentions). Let Zp be the set of primary intentions. plan-
ning processs a procedure that, for ea¢ke Zp, will generate a set of temporal ordered
actionsZy that achieve, suchB U 7 Az U Zp U Iy is non-contradictory. The séiz
are therelative intentionof the agent.

5 The revision process provided by the ELP framework definssegptical revisiofi], that is
the revision formed by the union of all the minimal programisen. This kind of approach
prevents the agent from having to choose one of the mininsioms. However, for intentions,
this is not adequate, since we would like our agents to tnatisfy all the eligible desires it
can.
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The non-contradiction condition enforces again the naticcommitment, i.e., once an
intention is adopted it constrains the adoption of new itibers.

Example 13 (cont. from example 53s the robot starts working, it verifies what it is
going to do (it adopts intentions). According to our defumits, it initially selects its
eligible desires.

D' = {des(2,rbt, bel (rbt, stored(al)),[0.3])}

Since there is only one desire to be satisfied, there are rfbatsiand it is adopted as a
primary intention, i.e.,

Ip = {int_that(1,rbt, bel(rbt, stored(al)),[0.3])}

Notice that none of the rationality constraints have beetatéd. Only one action is
enough to satisfy its intention, namely

Ir = {int_to(2,rbt, bel(rbt, store(al)), [0.3])}

4.2 Revising Intentions

In the previous section, we defined how the agent choosestéstions. As we have
seen, weighing motivations and beliefs means finding insterscies in competing de-
sires, checking valid desires according to beliefs andchifdas, resolving constraints
imposed by intentions and desires, i.e., very expensiv&oreag activities. It is now
necessary to definghenthe agent should perform this procegs|

We argue that it is not enough to state that an agent shoukerigs intentions when
it believes a certain condition holds, like to believe thairdention has been satisfied or
thatit is no longer possible to satisfy it, as this suggdwisthe agent needs to verify its
beliefs constantly. Instead, we take the stance that itéessary to define, along with
those conditions, a mechanism that triggers the reasomoaeps without imposing a
significant additional burden on the agent. Our approach dgefine those conditions
that make the agent start reasoning about intentions atraoris over its beliefs. Recall
that we assume that an agent constantly has to maintainigésbeonsistent, whenever
new facts are incorporated.

Definition 14 (Trigger from Intentions). Let B be the agent’s beliefs set adts in-
tentions. We add t& the followingtrigger constraints

— (L < Now > T, not rev_int), for each(int_that(I, Ag, P, A), int_to(I, Ag,
Act, A)) € T,

— (L < happens(E, T;, Ty), act(E, Act), not rev_int, for eachint_to( I, Ag, Act,
A)) e .

The literalrev_int is part of the revisable set of beliefs, and its initial vaisi¢ alse.
Whenever the agent revises its beliefs and one of the condifior revising beliefs
hold, a contradiction is raised. We identify such contrdicby testing ifrev_int is
in the selected revision for the beliefs set, i.e., if it mfave its truth value modified
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in order to restore consistency. The intention revisiorcpss is triggered when one of
these constraints is violated.

The conditions we have defined so far are the usual ones défyndmal models
of agents. As we have seen before, this characterizatiorteitions may lead to some
fanatical behavior. Therefore, we need to adopt additionaktraints that will avoid
those unwanted behaviors. We take the stance that the sasmsthat originated in-
tentions may be used to break commitment associated to Telfnfve accept that an
intention originated from desires, it is reasonable tcestiadt it is not rational to persist
with an intention whose reasons are superseded by moretungiemportant ones. The
agent’s normal behavior would be to weigh its competingréssind beliefs, selecting
its intentions. The agent would commit to these intentiomd ey would constitute
the filter of admissibility for other intentions. Also, thgent would try to satisfy those
intentions, until successful accomplishment, impossibias usually defined), antil
some of his other desires that were not selected before viimddme eligibleor until
the desires that originated them would not be eligible amgne-activating the revi-
sion process that would weigh (again) competing desiredatliefs. Since the notion
of commitment is preserved, the agent would not start thosgss every time there is a
change in beliefs, but only if relevant conditions trigges fntention revision process,
changing the agent’s focus of attention[6]. These triggeesdetermined by the de-
sires pre-conditions. We model this triggers using an agghraimilar to the normative
constraints in [28,32].

Definition 15 (Trigger Constraints from Desires). Let D be the agent’s desires and
D’ the set of eligible desires froM. We definerigger constraints from desiress

1. For everydes(D,Ag,P,A) «— Body € D and not inD’ with importanceA bigger
that the biggest importance in intentions, we define a triggastraintl. < Body,
not rev_int,

2. giventhe set of actiond abduced by the agent (see definition 10), for e&cli D,
Ag, P, A) € (D'— D¢,) with importanceA bigger that the biggest importance in
intentions, we define a trigger constraink= C, . .., C,, not rev_int, whereC;

(1 < i < n) are the conditions the agent could not bring about wherctetethe
candidate desires set.

The first constraint trigger is formed by the pre-conditiofishose desires that were
not eligible and that are more important than those that weatuated. It means that
if the pre-conditions of such desires become true, theseedgshat were not consid-
ered during reasoning) become eligible. Therefore, it cessary to re-evaluate desires
and beliefs to check if this new desire may be brought abcha.Second constraint is
formed by the pre-conditions of those eligible desires,thlthough more important,
were not relevant when the agent made his choice. Noticettbeg are no triggers for
those desires that were eligible but that were ruled ounhduttie choice of a revision.
This is so because they had already been evaluated and theepéan considered less
important than the other desires. Therefore, it is of no agedger the whole process
again (i.e., to shift the agent’s attention) to re-evaluagsn.
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Example 16 (cont. from example 5Jhe robot would have as triggers in its beliefs

1 < happens(E,T;,Ty), act(E, store(al)), not rev_int.
1 < holds_at(bel(rbt, —bat_chged), T), not rev;nt.

Suppose that, while executing thre(al) action, an event witkense_low_bat hap-
pens. This would raise a contradiction in the belief revisias propertyel (rbt, bat_
chged ) would hold and would make the robot revise its desires arehtiins. Now,
the eligible desires would be

D' = {des(1,rbt, bat_chged, [0.5]), des(2, rbt, stored(al), [0.3])}

But these are conflicting desires, therefore we must choosgppropriate subset of
desires. There desires preference graph would be

Rev(1) = {unsel(2)} U Rev(bottom) Rewv(2) = {unsel(1)}U
Rev(bottom)

Rewv(3) = {unsel(1),unsel(2)} U Rev(bottom)

1 < bottom 2«1 3«2

and would produce as candidate desire Bgt = {des(1,rbt, bel(rbt, bat_chged),
[0.5])}. The robot’s intentions then would Bg = {int_that( 1, rbt, bat_chged), [0.5])
} andZy = {int_to(2, rbt, charge, [0.5]) }.

5 Conclusion

The main contribution of this paper is to provide a formal mlaaf agents that reduces
the gap between agent specification and agent implememta&aopting ELP as the
underlying formalism has both preserved the main charnatite of formal models,
namely the ability to formally define and verify agents, aras Iprovided machinery
the agent may use to reason. Besides that, our model preseatadvantages, such as
modelling both static and dynamic aspects of pro-activetaistates[20] (see also [21]
for a comparison of our work with many other formal BDI mode@ur next step is to
focus on the evolution of plans and communication, on howdlffects the stability of
intentions and integrate it to our framework.
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8 Iberamia98(WDAI) —
"Pedagogical Games using an ITS
Architecture”

Este artigo, apresentado no "workshop” de TA Distribuida do Iberamia98,
mostra a utilizagao do modelo de agentes aqui apresentado na definicao do mo-
dulo cognitivo de um tutor inteligente para o ensino conceitos ecologicos para
alunos do ensino basico, o MCOE. A defini¢cao das estratégias do tutor ¢ feita
utilizando um agente BDI, e aproveitando-se o fato do modelo ser tanto formal
como executével. Trata-se do primeiro experimento com o modelo formal exe-
cutéavel, validando as hipoteses apresentadas até entao: a mudanga de paradigma,
o modelo simultaneamente formal e executavel, os axiomas parametrizaveis.
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Abstract

This paper presents some design principles for pedagogitakgdlustrated by MCOE
(Multi-agent Co-operative Environment). MCOE is a game ntedelthrough agent’'s
technigues using multi-agent systerarchitecture composed of a society of agents which work
to achieve a common goal: to assist a student to fighihsigaollution resulting from foreign
elements (polluters) and to maintain the equilibrium oféheironment. The system has two
kinds of agents: reactive (designed and implemented usingbfbet-oriented approach) and
cognitive (designed with a mental state approach). The cogaitjeat of the MCOE tutoring
system uses the agent model proposed by Mdéra et al. @R[98b]. The agent model used
allows us both to formally define the cognitive agent anckéeete it to verify the accuracy of
the model.

The interactions between students and the system arerpedfén a game-like fashion,
using multimedia resources. One of the characters ofaime,gthe Ecologist, that represents
the Tutor, uses multiple teaching strategies to give adeidhe students.

Keywords: Intelligent Tutoring Systems, Multi-agent Systems adddational Game.

1. Introduction

In recent years, many systems for educational purposesduped a multiagents
approach. This approach is useful to overcome the traditrestrictions to build a strong
student model, and to better explore the interaction andnaignchanges in teaching-learning
environments. Intelligent Tutoring Systems (ITS) have bewpleémented using different
approaches [MOU96; AND97; COL97; LES97; GIR97; GIR98; SIL97; SIL@8]ntelligent
Tutoring Systems (ITS) and Intelligent Learning Environta€ILE) we can consider agents as
a Pedagogical Agents.

Pedagogical agents have a set of normative teaching gogisaasdor achieving these
goals (e.g., teaching strategies), and associative resoimrt¢he learning environment [SIL97].
Tutoring agents are entities whose ultimate purposedertomunicate with the student in order
to efficiently fulfill their respective Tutoring functioms part of the pedagogical mission of the
system [MIT97]. They have some fundamental propertiagon@my, social ability,
proactiveness, and persistence. Pedagogical agents aattial Tutors, virtual students, or
virtual learning companions that can help students in theihgaprocess.

We adopt anentalistic approacho implement the systenwhere the term agent means
a computer system that can be viewed as consisting of Inséaities such as beliefs, intentions,
motives, expectations, obligations and so on.

MCOE is a pedagogical game that simulates a lake wathtql and different types of
fish. These elements are typical of real world environmeanish as the river in our city and its
surroundings.

Modelling the environment represents a new phase of our worko#gan with the
design and implementation of an educational game named ExalIfgiAA96]. That system
aimed to test the knowledge domain and made it possible to oltberialogues between
human agents (students and Tutor) in a real situatigor. ¥ achieve the current state of our
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research we built a first prototype using a multi-agewhitecture named Multi-Ecological
[GIR97]. This version has many of the early characteristicdy one student, the game
interface and simple agent architecture. The Multi-Edoldgrersion is an agent-based system
but not a real distributed multi-agent system like MCOBAIg. had to change our approach to
better achieve our research goals. Therefore we builsthetd to observe the interactions
between students and the Tutor, by introducing one more studeotestithg a more complex
situation.

The paper is divided into seven sections. Section 2 desctiimsenvironment
modelling. Section 3 describes the multi-agent architeatasggned for the system. Section 4
describes details of the two kinds of agents. Section 5 idescthe system’s pedagogical
aspects. Section 6 presents our first results and som@ea@igins about this approach, and the
references used to support our work are presented oors@&cti

2. The MCOE system

The conception of the ‘MCOE’ was based on an ITS ardhitedGIR98; GIR98b].
This architecture is composed of a hybrid society of agkatsiork to achieve a common goal:
to fight against the pollution resulting from foreign etans (pollutants) and to maintain the
system equilibrium. We have reactive agents (bottom ofatkes micro-organisms - plankton,
water, plants and three types of fish) and cognitive agém Tutoring agent, the ecologist, and
students represented by characters).

We designed the system to be played by two students usfegedif machines. They
can be in the same physical place or not. The firsestuthooses a character to play using four
options: Mother Nature, Mayor, Citizen, and Tourist.eAfthat, the second student can choose
one of the three remaining characters. The system defieegame configuration (foreign
elements that will cause pollution) by a sorting processgusirandom function. The students
first see a lake in equilibrium, which soon begins towslthe action of the polluters. Their
challenge is to maintain the equilibrium and fight thdoacof these foreign elements for a
period of ten minutés

The number of plants, micro-organisms and fish swimymin the lake, the water
transparency and its pH, and the appearance of the boftdine lake indicate the situation.
There is a visual gauge (the Ecometer) that helps theaséserve the conditions of the lake.
A balanced situation is shown when the gauge is full and gleethe equilibrium is lost, the
colour changes gradually to yellow, finally changing to veten a dangerous situation is
reached.

The system equilibrium is based on the energy level, thaestmtwl predatory actions
that can happen in the environment and the number of eleniertremain in the system after
the pollutants impact. The fish, plankton, and plants apooduce using a function based on
the energy level. However, when they reproduce they naturallg Ewergy, because they give
energy to their descendants. If an agent dies (zero enérigyyemoved from the system.

The system was built with Visual C++. The game’s nvaimdow is implemented with
DirectX, and the scenery and its elements are implementadDivect3D Retained Mode (a
tool for building interfaces with resources for creatimgh performance 3D scenes). The
controls that the player can select during the gamengwkeiented as bitmaps controlled by
DirectDraw (a programming interface with resourcesiitaps manipulation).

The help is being implemented as an ordinary Windows apiplicaising the GDI
(without DirectX).

Each agent in the scenery possessing a physical repraseigaklated to a frame. A
mesh of polygons and vectors that composes the framéiopogirientation and displacement
direction relative to the frame of the universe. The objeet® models in 3D Studio MAX 1.0.
The figure 1 presents the interface.

The reactive agents have interchanging capability and weigndel following previous

! The choice of ten minutes is because the game was designeglkayed during classroom time, in a context of a
real class situation, and a pre-defined period of timeégssary for the teacher to malke/his class plan.
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specification [GIR97].

The relationship between the agent and the environmeneedfby the occurrence
of external incentives (polluters) that cause some paegation of the agent. Each example of
an agent can have reaction that might differ even if theesiacentives is present and will
always change during the lifespan of each one.

Initially, we made a set of actions rules for eachntigaeaction. These rules control
the behaviour pattern (the personality) of each agent. Thudse are connected with the
incentives used to change the agent’'s behaviour. Soméleosgientives that the agents can
receive ardirth, death and thdime to passandto collide against the limits of the scenefpr
each one of those incentives they can select reactiohsastic be born to dig to move to
change swimming directiorFor example, it is possible to choose the action of chgngin
swimming direction, or dying for the incentive of collidingaaitst the limits of the scenery.

i MCOL - Mulh-agent Co-opersive Lasromen 1.0

&

I

Figure 1: MCOE system interface

The reactions can be altered during the agent's life.dbhough substitute some action
for another and another substitutes that action through armentive. That is the case of the
action ofto moveused in the swimming of the fish. In order to guaranteetitgatish will not
just swim in straight line the action of changing the swingrdirection is activated. After that,
the action of changing the swimming direction is replagethb action of moving.

The incentives of the environment are implementedvastg that the agents
receive. The actions are objects with a function, twiioplements the corresponding
change in the agent's state. The agents are repcsibdréetions and data. The system
control is always tracing each event for the respeatbject-action that was instanced
to treat that event.

The relationship between the agent and the environment é$eaffiey the occurrence of
external incentives (polluters) that cause some partation of the agent. Each example of an
agent can have a reaction different to the same incentitehté others have and, it can also
alter its reactions along the life.

3. The architecture of the ‘MCOE’ system
The environment is a closed heterogeneous society, based dbutist control

(knowledge, data, and skill) among its different agents. ddumitive agents are goal-based
agents, which pursue the maintenance of the ecological kequili as their goal. Figure 2
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shows the distribution of agents in the system.

The Ecologist (tutor) is inserted in the environment and iisémowledge and skill to
control the pollution through the tactics used by selecteavialr. It receives information from
the environment through sensors. This forms a set of inpatsallow the ecologist to evaluate
the situation of the environment.

Environment
Ecologist
Student 1 (Tutoring Agent
Student: | | Scenari
Agent Character 1
D Agent Character Element

Figure 2: Distribution of agents in the environment

The student model has mental states represented by:

» A set of mental statesl€sires, beliefs, and expectatipoencerning the
environment (we call this the knowledge of the environment);

» A set of mental states about her/his knowledge;

» A set of mental states about the Ecologist (the Tutdrieur and its knowledge;

» Beliefs about what tool to use with specific foreigmesdats (we call this the
knowledge about foreign elements);

» Sensors for receiving information about the environment;

» Dialog window to exchange messages with another student;

» Dialog window to receive messages from Tutor.

The student receives messages from the other student, tigg &nel of the scenario
elements, and the Tutor advice. S/he uses it jointly withhiseown beliefs to build a strategy in
order to fight against the pollution. The strategy willbodt with the other student in a dynamic
way. They have a short time strategy because they aregtdstpothesis about the scenario
reaction and they can see the impact of their actionsrearsdf they have some doubts about
what is going on with these elements they can consulH#ie button and find information
about elements of scenery.

The tutor also has architecture with:

e a set of mental states concerning the environment and aboutidieats based on
formalism of Mora et al. [MOR97;MOR98]. It is a BDlaael that represents the desires and
beliefs of the tutor. The knowledge about the students (belieigt dhe student’s beliefs and
intentions) is in the tutor’s beliefs;

» Knowledge about what tool to use with specific foreign elémerhis is also part
of the tutor’s beliefs, in the formal model;

» Knowledge about energy levels of scenario elements and aboutpsotaeof the
tutor’s beliefs;

* Rules to help it to decide what action should be taken diogpto the changes of
the students’ mental states. This is also part of tiog'suteliefs;

e Sensors for receiving data about the environment.

The kernel of the Tutor architecture is the Behaviouraliddmt centre (figure 3).
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Figure 3: Behavioural Decision Centre

The tutor receives information about each student modelinfévanation is composed
by the mental states of each student, the students’ gtbiol), and the environment energy
levels checked by the control. The tutor uses the informadiaelect a specific strategy with
the associated tactics, according to the selector modlle Tutor observes the interactions
without acting on the environment, but advising the students.uftredoes not know what will
happen during the game, i.e., it does not know what and how fimangn elements will appear
in the scenery. The students' mental states and their atomh activation) are the perceptions
that the tutor receives from the environment. The system vawkEthe tutor hears and sees
what happens in the environment. These would be its sehsapabilities.

The set of the students' mental states is obtained througbdale of inference of
attitudes, as presented in Quaresma [QUA97]. The diatogue seen as composed by a
sequence of speech acts. According to the [SEA84], to $peakct.

4. The agents

The reactive agentsare modelled using object techniques. The object steudtur

presented in figure 4.
Aaents |—| Controlle |—| Aauariun

Watel

Plant:

Bottonr

Figure 4: Objects distribution

The Agents(header) is responsible for agents’ basic reactions gjptation, energy
level, position, velocity, acceleration, and other physitaies). This object is also responsible
for the agent’s final behaviour. This header contains tk& lstructure used to build the other
agents.

The Controller co-ordinates the different system elements. It canttibé agent’s
behaviour during the simulation. It also works as a mediatdhe agent society (between
agents and their relations with the environment).

The Aquarium is responsible for representing the environment conditionsefwat
appearance) related to the pollution level, pH, oxygen level, and.sAll of these effects are
pre-determined by a set of rules.

The cognitive agentare modelled through a set of mental states. The modedabf
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student and the tutor contains a set of basic beliefs,edeaird expectations. From this set
emerges the dynamic selection done by Tutor to select anpktsaching strategy.

We start from Bratman's analysis about intentionsrate in rational reasoning and
how it relates beliefs and desires. According to BratrB&¥ 90], since agents are assumed to
be resource-bounded, they cannot continuously evaluate theietiogpeliefs and desires in
order to act rationally. After some reasoning, agents tmgemmit to some set of choices. It is
this choice, followed by a commitment that characterisegntiemtions. Our model does not
define a complete agent, but only the cognitive structure tpatriof the agent model.

An agent cognitive structurés a tuple (B, D,|,T) whereB is the set of agent's

beliefs,D is the set of agent’s desiteis the set of agent’s intentions ahds the set of time
axioms, as defined above. THesiresof the agent is a set of sentenBdsS(Ag,P,Atr) if Body
whereAg is an agent identificatior? is a property andtr is a list of attributes. Desires are
related to the state of affairs the agent eventualltsva bring about.

Beliefs constitute the agent’s information attitude. Thegyresent the information that
agents have about the environment and about themselves. Th @m@itains sentences
describing the problem domain using ELRn agentA believes that a proper® holds at a
time T if, from B andT, the agent can dedu&ktL(Ag,P)for the timeT. We assume that the
agent continuously updates its beliefs to reflect chaiggt it detects in the environment. We
assume that, whenever a new belief is added to the sddiefsonsistency is maintained.

Intentions are characterised bychoice of a state of affairs to be achieved, and a
commitmento this choice. Thus, intentions are seen as a comprowtigeh the agent assumes
with a specific possible future. This means that, difidly from desires, an intention may not
be contradictory with other intentions, since it woulat be rational for an agent to intend
something that ii believes is impossible. Once an ifenis adopted, the agent will pursue that
intention, planning actions to accomplish it, re-planningemv a failure occurs, and so on.
Agents must also adopt these actions to achieve theiriortent

Tutor and students have the same intention: to control th&ipoe and maintain the
system equilibrium. The students have the desire to wingéme. The Tutor desires the
students learn to control the system equilibrium. Durhmg interaction more desires, beliefs,
and expectations arise.

Due to the limitation of space, we selected a smallepid@ dialogue to show how the
logical framework is used.

The system places plenty of pollution in the screen finckates a complex situation.
The foreign elements are 2 dredges, 2 Jet Ski, 2 industriger, chemical pollution and 2 gas
station. The foreign elements are placed in the sceatedjfferent moments and in different
places, in order to increase the difficulties during thmeyand to promote cumulative effects
through interference in the scenery.

Studentl chooses to be the mayor and student2 chooses totiher Mature. Both
mayor and Mother Nature are characters with plentgsburces to combat the pollution. In the
beginning the system activates the dredge and the gas stdt@rnergy level decreases: Plants
-40%, Micro-organism —-50%, Bottom —50%, Fish —20%, Water —20%. At tiime, the
Ecometer shows the energy level and the colour of some scésrmgnés changes.

The tutor has only one purpose: to aid the student to maama@tequate energy level
in the environment. It believes that it may aid by sendingtihdents messages. The contents of
these messages will depend on the strategy adopted by thatttiber moment. These desires
and beliefs are modelled as follows

DES(tutor,aid_students).
BEL (tutor,aid_students) if BEL(tutor, send_message)

2 The formalism we are usinglisgic programming extended with explicit negat{&hP) with theWell-
FoundedSemantics ¥tended for explicit negatiofWFSX). ELP with WFSX (simply ELP) extends
normal logic programs with a second negation naexgdicit, in addition to the usualegation as failure
of normal logic programs, which is calledplicit negationin the ELP context. More details in [MOR97;
MOR98].
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When there is only one desire, this desire is the only caerdidantention. It will be
adopted as intentions if the tutor believes that thewe $equence of actions that student can
execute. But, at this moment, the tutor depends on knowledgethbattidents’ mental states
in order to decide what to do. Since it does not have (yistkhowledge, it waits. But, the tutor
inserts in its belief triggefghat will make itself reconsider its options when intémm occurs.
For instance, the tutor has the following belief

BEL (tutor, send_message) if BEL (tutor,next(BEL (Student, eecEil))),
BEL(energy_level ecometer >= 70),
message(“Continue paying attention to the energy level”).

meaning that if it believes the student expects some hadbit doelieves the energy
level is above 70, than the only help it can offer is to ad¥ie student to pay attention to the
energy level. This belief could be placed as triggers
[0 « BEL(tutor, nex{ BEL(Studentreceive_aid))),

BEL(energy_level ecometefEE)),
EE>=70.

i.e., when the pre-conditions for tutor’s action of sendingeasage are satisfied, it is in
condition to aid the student. The agent models then transfigrahesire in an intention to satisfy
the tutor to send the message.

Once the tutor has this intention, it uses its bekldfsut the environment (tool, energy
level, foreign elements, scenery elements), about howigiet fagainst pollution in the
environment (different strategies on the use of the tools nanglte pollution), about how to
advise the students in order to help them to control the envénutramd so on.

5. Pedagogical aspects

The actions of the characters have two basic pedagoggiat go

» show the foreign elements most frequently found in ourtyeald the possible
actions which can be taken against them;

« allow the student to identify positive and negative actiongtfe equilibrium of the
environment.

According to [ARK96], learning is an interactive process aadriers construct their
own knowledge actively interacting in a world, interpretihgir own experiences. So, we
developed an ITS that enables learners to develop proadsisesraction and think about the
different implications about pollution.

Akhras and Self [ARK97] point out that the learning experiepoemoted by the
system must be adapted to the learner’s individual neesichttime. As a result, the idea of an
instructional planner has been conceived as the computati@@lanism that performs these
adaptations. Our system incorporates these ideas andtgrasealternative way to investigate
the possible personal teaching strategy connected with stadent style based on her/his
mental states set.

Each student plays alternately and the Tutor considersihiertn set of mental states
to decide what kind of advice fits into the situation. Teedf student’s mental states reflects
her/his beliefs and perceptions about the environment. The excharmggsages between two
students will also interfere in their behaviour (i.e.jrtevn set of mental states). However, this
kind of relationship occurs out of the Tutor control.

If there is a conflict between the students’ behaviour, Wiltgolve such conflict out of

A trigger is a mechanism that starts the reasoning gsoghever it is necessary.
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the Tutor control through the chat window. Therefore, the Twilbf'know” both (conflict and
solution) because the set of mental states of each stilleshow it.

We provide a set of tactics to implement the Tutor's aateated with the selected
classified strategies. The teaching strategies haveciinkdiowledge about whom to teach and
the actions to do.

The Tutor behaviour does not repeat the same tactic,sfpeslit always tries to use a
different tactic (under the same strategy) to help the stublenertheless, we must remember
that a selected strategy is not static, i.e., webailding a system that can change the strategy
during the same section. This change will be supported ¢ty gtadent mental state analysis
and by the Environment State at each moment. The Tutefdalesires and expectations about
the student mental states will guide its behaviour.

This is an important point in our system. We are dg@wetpan environment that reacts
with the student behaviour expressed by her/his mentalastiaiiy.

To better understand the behaviour (tutor behaviour) ededowith a specific strategy
we have modelled three different situations based on ralmgdies between students based on
the first version of our system [RAA96].

The student chooses the character tourist and the followneggh elements: garbage
(toxic products), aquatic sports (Jet Ski), and predatshinfi. This situation has a medium
level complexity with three foreign elements, and theatter chosen by the student does not
have the better tools to fight against the pollution. Ther talows the student to combine the
tools and create strategies to fight against the polluliothis case, the student and Tutor must
pay more attention to their actions and observe carghdlygnvironment reactions.

The Tutor behaviour may be as follows:

» Like aReactive Tutar

The tutor uses tactics “Give a message explaining the pomdig rule”, and “Give a
message explaining the consequence of this action” withciagsth messages previously
selected and stored on a message file. It also ustisstas “Give a message explaining the
consequence of this action” with the corresponding messatestactic “Give an example
using a similar situation” can be used with the connectadnples. However, the Tutor will
prefer to use the tactic “Give a message explaining theegoence of this action” because in
this situation the student has not a very powerful charastigh this configuration the tools are
not powerful enough to fight against the foreign elements,thedactic “Give a message
explaining the consequence of this action” can be usedder do reinforce the student
attention.

e Like aCoaching Tutor

The Tutor has no better tool to show the student, so itotargse the tactic “Give a
message with the best option (tool)”. It uses the tactd®wW the scenario elements that are
important to observe”, “Show the corresponding rule and dexmain anything”, “Show the
characteristic of the foreign element”, and “Sound thenalahen student selects a dangerous
option” to reinforce student orientation. These orieatetiare based on the decrease of the
energy level of the scenario elements.

» Like anAssistant Tutar

The tutor uses the following tactics: “Give a message tdaigxphe corresponding
rule”, “Give a message to explain the consequence of thisng “Give an example using
similar situation”, “Show the scenario elements that iamportant to observe”, “Show the
corresponding rule and do not explain anything”, and “Show theacteristic of the foreign
element”. The Tutor must be cautious in this configuratioab®e there is no previous answer
(specific rule to fight against this combination).

6. Final considerations

The use of agent’s technique is a good option from the systgineering viewpoint
because it permits data control and knowledge skill distabutt allows us to investigate, in a
new approach, some of the classical problems faced by ITindes The results showed us
that we could have the following benefits:
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e We can build a more powerful and realistic interfacesiamulations environments
like games (designed as an ITS). The actions on screemane dynamic and express better
what is going on in the system;

e Using agents we can design more sophisticated and flegibtient and Tutor
models, as well as investigate aspects like different belagind multiple strategies in a more
dynamic way.

This is possible because we can reduce the processingf t@stdware and software by
distributing the computational weight through the different elais of the system. By using
Multi-Agent Systems to model an ITS, we can think abderative options to combine some
other educational environments modalities and to build moreegowsystems from a
pedagogical viewpoint.

The Mental States approach allows us to trace morésphethe choreography of the
interaction between Tutor and Students. These resultsecased to improve future modelling,
and help us to build better students and Tutor models. TitaM8tates approach has much
more to provide us and it will demand more research to imprmerties as well as to develop
ways to represent teaching/learning situations.

The system will be tested in elementary schools. Walaveloping tools to evaluate
some aspect of the system according to the point of vigkedEacher and that of the student.

A written report about student’s behaviour and observatidrmit the interface and
game performance. It is a form with a list of blanégill for all aspects studied. We have all
aspects in a list and just put a stick to choose one of. the

We are building these instruments under expert’'s supervigiom Education Institute
of our University.
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9 SBIA98 “"Modelling the MCOE
Tutor using a Computational
Model”

Este artigo, apresentado no SBIA98, mostra o desenvolvimento do tutor
MCOE utilizando o modelo formal e executavel aqui apresentado. Neste artigo,
é utilizada uma primeira versao da ferramenta de simulagao do comportamento
do agente derivada da teoria desenvolvida. A coreografia de estados mentais ap-
resentada mostra como o modelo pode dar origem a implementacao do agente.
Aqui, nao somente se experimenta o modelo formal e executavel, mas também
a ferramenta construida a partir deste modelo. FEsta ferramenta permite que
construa o "kernel cognitivo” de um agente, e que este seja embutido em apli-
cagoes que implementam os demais aspectos do agente, notadamente sensores e
atuadores dos mesmos.
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Abstract: In this paper, we present the definition of thgrdtive agent of the MCOE tutoring system
using the agent model proposed by Méra et all 8].[RICOE (Multi-agent Co-operative Environment) is
a game modelled usingraulti-agent systemarchitecture composed of a society of agents wbik wo
achieve a common goal: to assist a student to figfainst pollution resulting from foreign elements
(polluters) and to maintain the equilibrium of teevironment. The system has two kinds of agents:
reactive (designed and implemented using the cbjéented approach) and cognitive (designed with a
mental state approach). The agent model used allevieoth to formally define the cognitive agent &md
execute it to verify the accuracy of the model.

Key words: Intelligent Tutoring Systems, Multi-agents Systesgent Modelling, Mental States.

1 Introduction

In recent years, a new paradigm arose for eduatiemvironments: to make more than one student
interact with the same environment under artifitigbr supervision. From the educational pointiefw this
is not a new idea. However, it became feasibleuthinahe development of hardware and software tlatv a
us to connect people using computer networks datecktechnologies. The impact of these technatogie
educational software research was immediate. Tearehes have begun to introduce these new pdassbil
to improve educational environments.

Nevertheless, the student model remains the weakopasuch systems. There are many factors that
contribute to this weakness (hardware and softwanéation, and techniques to model the student,
knowledge representation, and others). Howeverstitumgest restriction is our imprecise knowledgeua
the mental activities of the students during teagteéarning process. In order to build an ITS wétigood
student model, we must understand what is happénitige student’s mind during the interaction. \Wsah
to understand the process and reproduce it in #oghime. Much has been done to understand this ggpce
according to different viewpoints: psychologicadueational and computer science. The work of Wiadgr
and Flores [30]; Devlin [11], Gagne [13]; Corréa [6 8] and Moussalle [24] are examples of the such
improvements.

The current technology and our limited knowledgeuttthe human learning process still do not all@ev u
to build the ideal ITS. At this moment, the resbars' efforts to find a computational theory thgtlains the
human information process has not produced theoppipte answers. In fact, we do have paradigmstthat
to explain how the information is processed inHenan mind. Nevertheless, those paradigms do fwt al
us to detail the process at the level that we reedke have now different tools and new possibditi€he
multimedia techniques and agents programming p@madire some of these new technologies that may
transform the way to design ITS.

Many systems for educational purposes have addiptedgents’ paradigm to better explore the interact
and dynamic changes in teaching-learning envirosnefts Khuwaja [18] said, even though Intelligent
Tutoring Systems have been implemented with redativccess they are not practical enough to beingked
real world. The restrictions of these systems ao\ercome when we attempt to introduce the naifaro-
operation in the teaching-learning process, usimyki-agents focus. Using the agent’s paradigmraedtal
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state choreography to improve the student modelthednteractions between tutor and students isva n
possibility that arose with Corréa’s [6] work. Aftthis work another experiment built by Moussal?]
showed that is possible to trace some student’sahactivities using this approach.

There is not, in the research community, a consgndafinition of what an agent is. We adopt a
mentalistic approachwhere the term agent means a computer systentdhabe viewed as consisting of
mental states such as beliefs, intentions, motexgsectations, obligations and so on. In this tasejuestion
of what an agent is replaced by the question oftwhtties can be viewed as possessing mentaksiabey
find their justification in the already classicajament by Dennet [10] and McCarthy [19]. Denneipmses
what he calls théntentional stancewhere systems are ascribed mental qualities ascimtentions and
beliefs. According to him, the important aspeatds whether those systems are really intentionaljflthey
can be coherently described as if such. McCarthijs turn, makes a distinction between the legitiynand
the usefulness of ascribing mental qualities tdesys. For him, it is legitimate to ascribe mentates such
as beliefs, intentions, abilities and so when tieegecorrespondence to their common-sense coanteryt is
useful when it helps to understand and controlstinecture of the system, along with its past artdréu
behaviour.

When a mentalistic approach is adopted, the cept@blem becomes to choose the mental states that
should be used to characterise an agent. Searled[@@ed the mental states or attitudes in two anaj
categoriesinformation attitudesand pro-active attitudesinformation attitudes relate to the informatiam a
agent has about the world where it leaves, preciseiwledgeandbelief Pro-attitudes are those that, in some
way, guide the agent's behaviour. Exactly what doatton of such mental states is adequate to desanm
agent is no consensus. In general, it seems rdalsdoarequire, at least, one attitude of each kibavidson
[9] argues that desires and beliefs are the twizlmasntal states, and that all the other ones doelceduced
to them. Bratman [3], in his turn, states thatrititns, which seem not to be reducible to desinesteeliefs ,
must be considered. These three mental statesexonés used iBeliefsDesirestntentions (BDI) models of
agents. Usually, these notions and their propestiesormally defined using logical frameworks talbw us
to analyse, to specify and to verify rational agelike in [5, 29, 22](among others).

However, despite the fact that many systems haea bleveloped based on these models ([26, 6], to
mention some), it is a general concern that therme gap between those powerful BDI logics and malct
systems. We believe that the main reason for tietemce of this gap is that the logical formalismsgd to
define the models do not have an operational mibaélsupports them. [21, 22]. In [23], the authpmgpose
a BDI model that, besides being a formal modelgeids, is also suitable to be used to implemenitagin
that model, the notions of belief, desires andnitibes are defined using a logic formalism thalbash well
defined and computational. This allows us bothotonglly define agents in terms of their mentalestaind to
use this formal model to verify how these agentcaie. Since the model is executable, it allowusodel
the tutor and students, and to verify them exeguimental states choreography.

Previous work using this approach just considergd &agents and a simple testbed with a specific
teaching/learning situation usihgarning by exampletrategy. Just one Tutor and one student were lledde
and observed. The results were very interestingumthe dynamics of the interaction could be traoel
observed. Notice that the tendency of educatiomar@nments is to consider more than one studenking
in a co-operative way based on the change of #tlitisnal educational paradigm, where the teaché¢he
focus, to another one, where the student is thesfflearn to learn). We strongly believe in thefuleess of
this paradigm shift and of mental states metaptianddel agents (and, in particular, ITS). Thergfog
purpose in this paper is to join our previous waaksut the mental state choreography [17] and apjya
more complex teaching/learning situation where ntbe:n two agents appear. We take advantage of the
formal and executable aspects of our agent modélutldl those choreographies [21, 22, 23]. Thisns a
intermediate step towards our long-term goal ofeaéhg a real society formed by the tutor and thuglents.

At the present stage, we can verify how co-opemaktietween the two students evolves. But this iy onl
simulated, as it happens out of system control.

The approach we take is to create an environmemy @gent's techniques, with a MAS architecture and
mental states modelling integrated with a game-likerface, using simulation with the charactecstof
problem solving. The purpose of the problem sohighgroviding a tool for students and teachersisoaver
the way s/he thinks and how to integrate concefuodlstrategy knowledge to a specific situationolgfam).
Because we have computational limits we are abiteddel only problems, and not concepts. We designed
simulation environment not an executable enviroriméfe intend to simulate an agent rational behavimt
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a human behaviour. Although this imposes us a pEglegl restriction, it is acceptable at the prestéage of
our work.

The choice of Environment Education for the donmaiea is based on the importance to educate children
to preserve the nature and learn to control poltutind preserve the planet. This is a very compjen
problem with many pedagogical, psychological andelling implications. As we said earlier we do have
a general educational and psychological theoryufgpsrt strong student models based on mental states
Therefore, we can use the results obtained until and try to reproduce them in a computer to tthee
dynamic of the process in order to improve theramtion between artificial tutor and students. Wauid
like to trace the process implicit in selectingpadfic strategy.

This paper is organised as follows: in section @ describe the logical formalism and the agent nade
use to define our tutor system. In section 3, wecdee the elements that compose the MCOE system. |
section 4, we present the tutor architecture wegge and that is used to build the MCOE systersedtion
5, we describe a dialogue that shows the intemactfahe students and the tutor, and how the metabs
evolve. In section 6, we show how to formalise ¢hemental states and how the underlying agent nmodgl
be used to execute the ITS model. Finally in sacli, we discuss some of the results we obtainedy d
some conclusions and point to some future work.

2 BDI Model using Extended Logic Programming

There are, at least, two major approaches thatbreaised to overcome the limitations of BDI modélee
is to extend existing BDI logics with appropriatpesational models so that agent theories become
computational [27. 2]. The other approach is tardeBDI| models using a suitable logical formaligmattis
both powerful enough to represent mental statesttatchas operational procedures that allow usséothe
logic as a knowledge representation formalism, wihgifding the agent [7; 22]. This is the path falld in
this work.

2.1 The Logical Formalism

The formalism we are using lisgic programming extended with explicit negati@LP) with theWell-
FoundedSemantics ¥tended for explicit negatiofWFSX). ELP with WFSX (simply ELP, from now on)
extends normal logic programs with a second negat&@medexplicit, in addition to the usualegation as
failure of normal logic programs, which is calledplicit negationin the ELP context.. This extension allows
us to explicitly represent negative informatiorkdlia belief that a properfy does not hold, or an intention
that a property’ should not hold) and increases the expressive pofve language. When we introduce
negative information, we may have to deal with cadittory programs [1]. The ELP framework, besides
providing the computational proof procedure for dties expressed in its language, also provides a
mechanism to determine how to minimally changegacl@rogram in order to remove contradictions. Our
model benefits from these features provided byldgical formalism. As it is usually done, we foows the
formal definition of mental states and on how tlgerd behaves, given such mental states. But, tiniga
with former approaches, our model is not only aamagpecification, but it may also be executedragento
verify the actual agent behaviour, as well as iyyrha used as reasoning mechanism by actual agilets.
depart from Bratman’s analysis [3], where he stdlted, along with desires and beliefs, intentiopsai
fundamental mental state. Therefore, initially wefime these three mental states and the statiomda
between them, namely constraints on consistencyngrtttose mental states. Afterwards, we advance with
the definition of dynamic aspects of mental statespely how the agent chooses its intentions, arehvand
how it revises its intentions.

An extended logic program (ELP) is a set of rulds— Bi,K ,Bn,notC1,K ,notCm (m,n=0) where
H,ByK ,Bn,C1,K ,Cm are objective literals. An objective literal is eithear atomA or its explicit negation
-A. The symbohot stands for negation by default amdt L is a default literal. Literals are either objective or
default literals. Also,-—-L = L. The language also allows for integrity constraints bé tform
A0 ByK Bn,notCyK ,notCm (m,n =0) where A ByK ,BnCy,K ,Cn are objective literals, stating that
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should hold if its body B1,K ,Bn,C1,K ,Cn holds. Particularly, whenA=0, where 00 stands for
contradiction, it means that a contradiction is raised whercthrestraint body holds

When we reason about pro-attitudes like desiresraadtions, we need to deal with properties thausd
hold at an instant of time and with actions thadudti be executed at a certain time. Therefore rieoto
represent them and to reason about them, we neledvio a logical formalism that deals with actions a
time. In this work, we use a modified version oé tBvent Calculus (EC) proposed in [20]. The pradica
holds_at(P,T)defining that propertR is true at a timd is:

-holds_AT(P,T) - notholds_at(P,T).

holds_at(P,T) - initially (P), persistsQ,P,T).

holds_at(PT) « happengE, Te),initiateE,P),Te<T, persist§Te P,T).
holds_at(P,T) ~ sense@,Ts),T<T, persist§Ts P,T).

persist§Te P,T) ~ notclippedTeP,T).

clippedTe P, T) ~ happenfe,Tle), terminate§le, P), notout(Tle TeT).
out(TlgTeT) « T<Tle

out(TlgTeT) ~ Tle<Te

The predicatéehappens(E,T) means that ever occurred at timeT; initiates(E,P)means that everi
initiates propertyP at the time evenE occurs; terminates(E,P)means that evenE terminatesP;
persists(Te,P,Tineans thaP persists sincde until T (at least). We assume there is a special time hlaria
Now that represents the present time. Note that aepipPp is true at a timd (holds_at(P,T) if there is a
previous event that initiatésand if P persists untill. P persists untill if it can not be proved by default the
existence of another event that termin&deefore the timd'.

These are the original provisions of EC for tiwds_at(P, T)predicate. It allows us to reason about the
future, by hypothetically assuming a sequence tidas represented thappens(E, Tandact(E,A)predicates
and verifying which properties would hold. It alalbows us to reason about the past. In order tonkifi@a
given propertyP holds at timeT, the EC checks what properties remain valid after execution of the
actions that happened befoFeBut it assumes that properties change only asnaegjuence of the actions
performed by the agent. This is not a reasonalsignagtion, as we would like to allow other agentadt as
well as to allow for actions that are not noticedthe agent. This is the role sénse(P,T)It means that
propertyP is perceived by the agent at tifie

ELP with the EC provides the elements that are eséd model mental states. Nevertheless, the uae of
higher level language would allow us to have a #mpnd clearer description of actions and its ctffe
Therefore, we cast the ELP language and the EGtpas in a simpler syntax that is an extensiortheA
language proposed by Quaresma et all. [25]. Thiesees are:

» A causes Fif B...,B, —actionA causes property if propositionsP; hold;

« F after Aif R,...,B, —propertyF holds after actiow if propositionsP; hold;

» A occurs_in E- actionA occurs when everfit occurs;

» E preceeds E- eventE occurs before evelt'.

The language still provides means to referenceefsethat should hold in the future or that shoudaeh
held in the past. In this paper, we make use ofhtig@operatonext(P)stating that propertl? should hold at
the next instant of time. Now that we have thedagiformalism set, we are able to define the BDtglo

2.2. The Agent Model

We depart from Bratman’s analysis about intentidtssrole in rational reasoning and how it relates
beliefs and desires. According to Bratman [3], siagents are assumed to be resource-bounded ahegtc
continuously evaluate their competing beliefs aedirs in order to act rationally. After some rewsg,
agents have to commit to some set of choices.tltisschoice followed by a commitment that charasés
the intentions. Our model does not define a coregent, but only the cognitive structure thatag pf the
agent model.

1 For a complete formal definition of the language #s semantics, see [1].
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An agent cognitive structures a tuple(B,D,|,T) whereB is the set of agent's belief§, is the set of
agent’s desird, is the set of agent’s intentions ahds the set of time axioms, as defined above. désires
of the agent is a set of sentenBHSS(Ag,P,Atr) if BodywhereAg is an agent identificatior® is a property
andAtr is a list of attributes. Desires are related ® shkate of affairs the agent eventually wants togor
about. But desires, in the sense usually presedtex$ not necessarily drive the agent to act. Bhé#he fact
of an agent having a desire does not mean it whlt@satisfy it. It means, instead, that beforehsan agent
decides what to do, it will be engaged in a reaspmirocess, confronting its desires (the stateffafra it
wants to bring about) with its beliefs (the curreintumstances and constraints the world impo3é®.agent
will choose those desires that are possible aaugrdi some criteria.

Beliefs constitute the agent’'s information attitudéey represent the information agents have athsut
environment and about themselves. TheBsebntains sentences describing the problem donsiing iELP.
An agentA believes a property holds at a timd if, from B andT, the agent can deduB&L (Ag,P)for the
time T. We assume that the agent continuously updatebeiiefs to reflect changes it detects in the
environment. We assume that, whenever a new hglaefded to the beliefs set, consistency is maiathi

Intentions are characterised bytwiceof a state of affairs to achieve, andammitmento this choice.
Thus, intentions are viewed as a compromise thataggsumes with a specific possible future. Thismse
that, differently from desires, an intention may be contradictory with other intentions, as it Wbuoot be
rational for an agent to act in order to achiewmmpatible states. Also, intentions should be stpddy the
agent’s beliefs. That is, it would not be ratiofied an agent to intend something it does not believ
possible. Once an intention is adopted, the agéhpursue that intention, planning actions to avogdish it,
re-planning when a failure occurs, and so. Agenistralso adopt these actions, as means that adetase
achieve intentions, as intentions.

The definition of intentions enforces its ratiomalconstraints: an agent should not intend somgthina
time that has already past; an agent should nenédhsomething it believes is already satisfiechat will be
satisfied with no efforts by the agent; an agery amends something it believes is possible tocableieved,
i.e., if it believes there is a course of actionattleads to the intended state of affairs. Whesigdéng an
agent, we specify only the agent's beliefs and rdssilt is up to the agent to choose its intentions
appropriately from its desires. Those rationalionstraints must also be guaranteed during thictahe
process [22].

Agents choose their intentions from two differeotices: from its desires and as a refinement friraro
intentions. By definition, there are no constraints the agent's desires. Therefore, an agent mag ha
conflicting desires, i.e., desires that are naitjgiachievable. Intentions, on the other hand,rastricted by
rationality constraints (as shown above). Thusngenust select only those desires that respetitase
constraints. First, it is necessary to determirosdhsubsets of the desires that are relevant acgoia the
current beliefs of the agent. Afterwards, it is esxary to determine desires that are jointly aelkev In
general, there may be more than one subset oktheant desires that are jointly achievable. Tieegfwe
should somehow indicate which of these subsetspeeferred to be adopted as intentions. This is done
through a preference relation defined on the attetb of desires. According to the theory definefRih 22],
the agent should prefer to satisfy first the maspartant desires. Additionally to preferring the sho
important ones, the agent adopts as much desiréscan. The selection is made combining the dffier
forms of non-monotonic reasoning provided by tiggdal formalism.

Once the agent adopts its intentions, it will spdanning to achieve those intentions. During piagnthe
agent will form intentions that are relative toqapa@sting ones. That is, they “refine” their exigfiintentions.
This can be done in various ways, for instancelaa that includes an action that is not directlg@axable
can be elaborated by specifying particular wayasfyéng out that action; a plan that includes ao$etctions
can be elaborated by imposing a temporal ordehainset. Since the agent commits to the adoptedtiohs,
these previously adopted intentions constrain tieption of new ones. That is, during the elaboratid
plans, a potential new intention is only adopted i not contradictory with the existing intermi®and with
beliefs.

The next step is to definghenthe agent should perform all this reasoning abdentions. We argue that
it is not enough to state that an agent shouldseeits intentions when it believes a certain caéoliholds,
like to believe that an intention has been satisfiethat it is no longer possible to satisfy &,this suggests
that the agent needs to verify its beliefs contanihstead, we take the stance that it is necgdsadefine,
along with those conditions, a mechanism that &igghe reasoning process without imposing a $ogmif
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additional burden on the agent. Our approach iefme those conditions that make the agent staganing
about intentions as constraints over its belieéxdR that we assume that an agent constantlychamintain
its beliefs consistent, whenever new facts arerpm@ted. Whenever the agent revises its beliedsoae of
the conditions for revising intentions hold, a cadiction is raised. The intention revision prodsssiggered
when one of these constraints is violated.

3 The MCOE system

The ‘MCOE'’ is a pedagogical game that simulateake Iwith plants, and different types of fish. These
elements are typical of our real world (in thisegahke river in our home city and its surroundings)

The conception of the ‘MCOE’ was based on an IT&hitecture [15, 16; 17]. This architecture is
composed of a hybrid society of agents who worldbieve a common goal: to fight against the paltuti
resulting from foreign elements (pollutants) andn@aintain the equilibrium. We have reactive agéntttom
of the lake, micro-organisms - plankton, water,npdaand three types of fish) and cognitive agetits (
Tutoring agent, the ecologist, and students reptedeby characters).

We designed the system to be played by two studesitg different machines. They can be in the same
physical place or not. The first student chooselsamacter to play using four options: Mother Natiayor,
Citizen, and Tourist. After that, the second stud=san choose one of the three remaining charactéies.
system defines the game configuration (foreign elasthat will cause pollution) by a sorting pracasing
a random function. The students first see a lakeqilibrium, which soon begins to show the actidithe
polluters. Their challenge is to maintain the dftillm and fight the action of these foreign eletsefior a
period of ten minutes

The number of fish swimming in the lake, plants anidro-organisms, the water transparency, and the
appearance of the bottom of the lake indicate itivatioon. There is a visual gauge (the Ecometex) tielps
the user to observe the conditions of the lakealariced situation is shown when the gauge is fidlgreen.
As the equilibrium is lost, the colour changes gaily to yellow, finally changing to red when a danous
situation is reached.

The system equilibrium is based on the energy Jehel occasional predatory actions that can hajpen
the environment and the number of elements thahirerin the system after the pollutants impact. fiste
plankton, and plants reproduce using a functioredb@éso on the energy level. If an agent dies (easygy)
it is removed from the system.

4  The Tutor architecture

The elements of the Tutoring agent architecture are

« The Tutor mental states. It is a BDI model thatrespnts the desires and beliefs of the tutor. The
knowledge about the students (beliefs about thaestis beliefs and intentions) is in the tutor’didfs;

» Knowledge about what tool to use with specific fgneelements. This is also part of the tutor's dfeli
in the formal model,

» Knowledge about energy levels of scenario elemengsyt of the tutor’s beliefs, as well;

* Rules to help it to decide what action should Helaaccording to changes of the students’ mental
states. This is also part of the tutor’s beliefs;

» Sensors for receiving data about the environment.

The kernel of the Tutor architecture is the BehaxabDecision centre (figure 1).

2 The choice of ten minutes is because the gamedasigned to be played during classroom time, iorgext of a real
class situation, and a pre-defined period of timeecessary for the teacher to mhkehis class plan.
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Figure 1: Behavioural Decision Centre

The tutor receives information about each studesdeh The information is composed by the mentaesta
of each student, after they perform an action, thedenvironment energy levels. The tutor uses gelect a
specific strategy with the associated tactics, @ating to the selector module. The Tutor itselft jobserves
the interactions, it does not act in the environimks only intervention occurs when it gives aaado the
student. The tutor doesn't know what will happemglthe game, i.e., he doesn't know what foreigmehts
will appear in the scenery, neither the amountaséifjn elements. The students' mental states aid th
actions (tool activation) are perception informatithe tutor receives from the environment. The esyst
works as if the tutor hears and sees what happerbe environment. Those would be its sensorial
capabilities.

The set of the students' mental states is obtdlmedgh a module of inference of attitudes, asentexl in
Quaresma[25]. The dialogues are seen as composeddnuence of speech acts. According to [28]¢als
is to act. When agents speak they accomplish spsashThe speech acts, according to Cohen anduiterr
[4], are actions whose effects affect both theioatpr and the receiver. Quaresma’s work offefsreal
and computational model of how to infer the mestates of the participants in a dialogue. Althotlyh is
not part of the implementation of the MCOE systéris considered in the BDC project as an explamadif
how to obtain the students' mental states.

5 A Dialogue Choreography

We analyse, now, how the dialogue preceeds inuat&n the simulator can create that. The interface
system not allows dialogue in natural language e Bulimitation of space, we selected a small djaéothat
is complex enough to show how the logical framewsnksed.
The system places a lot of pollution in the scraed it creates a complex situation. The foreigmelets
are 2 dredges, 2 Jet-Ski, 2 industrial sewer, cterpollution and, 2 gas station. After 30 secotidsgame
begins. The foreign elements are placed in theesgan a varied way, and not at the same time. Tums in
order to put difficulties along the game and torpote cumulative effects through interference ingbenery.
Studentl chooses to be the mayor and student2 ehto$e the Mother Nature. Both mayor and Mother
Nature are characters with plenty of resourcesotaolat the pollution. In the beginning the systetivate
the dredge and the gas station. The energy lewebdses: Plants —40%, Micro-organism —50%, Bottom —
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50%, Fish —20%, Water —20%. At this time, the Eademshows the energy level and the colour of some
scenery elements changes.

The tutor has one and only purpose: to aid theesiutb maintain an adequate energy level in the
environment. It believes that it may aid by sendhmg students messages. The contents of thesegasssil
depend on the strategy adopted at the moment kytiie These desire and belief are modelled d@wsl

DES(tutor,verify _knowledge(Student)) if
BEL (tutor,energy(ecometer,Ee)),
Ee<100.

Since this is his only desire, it is the only caladé to intention. It will be adopted as intentibthe tutor
believes there is a sequence of actions that itezasuted. But, at this moment, it depends on kedgé
about the students’ mental states in order to degluat to do. Since it does not have (yet) thislkadge, it
waits. But, it inserts in its beliefs triggers thetl make it reconsider its options when interantoccurs. For
instance, the tutor has the following belief

BEL (tutor, send_message(If)BEL (tutor,INT_THAT(Student, receive_aid),
BEL (tutor, energy(ecometer, Ee)), Ee > 70,
BEL (tutor, time(T)),T >8. 1)

meaning that if tutor believes the student expsatae help, it believes the energy level is beli@vand
the game time is above eight minutes. So, the thelpit can offer is to advise the student to atigntion to
the remaining game time, and select the strongttofight against the pollution. This belief woyltace as
triggers

[J~ BEL(tutor,INT_THAT(Student, receive_aid),
BEL (tutor, energy(ecometer, Ee)),Ee > 70, BEL (tutone(T)),T >8 )

i.e., when the pre-conditions for his action ofdieg a message are satisfied, his is in conditfomiding
the student. The agent models then transform thieedi@a an intention a satisfies it sending the sags.

Once the tutor has this intention, it uses itsdfgliabout the environment (tool, energy level, itpre
elements, scenery elements), about how to fighihagpollution in the environment (different stigites on
the use of the tools to eliminate pollution), abbaotv to advise the students in order to help thdestts
control the environment and so on.

kkkkkkkkkkkkkkkkkhkkkkhkhkkkkkkkhkhkkhkkhkkkhkkhhkkihk

(Time Point 1)

Studentl: Pollution began and | will apply tofihe.

Mental states show the expectation “the energy isilegrow up” and “student2 will collaborate”.

Student2 | will acceleratehe degradation.

Mental states show the expectation “the energy isilegrow up”.

Tutor: It verifies that the students didn't change tlhellieves and the level of energy increased. iissta
observing and it doesn't send any message.

None of the triggers set by the tutor are activdigdhis interaction. Therefore, it does not adapy
intention and remains waiting.

kkkkkkkkkkkkkkkkkkhkhkkkhkhkkkkkhkhhhhhkkhkkkhkkhhkkrhx

(Time Point 2)

The energy level increased but it is not 100%.

Studentl: Studentl emits a message for Student2 asking wlag¢ intends to do.

S/he expects “to receive help from Student2” arahsithe belief “Student2 will cooperate”.

Student2 Student2 replies with “you should use a tool timereases as much as possible the energy
level”.

It adopts the intention “cooperate with Studentid ¢he expectation “the energy level will grow up”.

Tutor : The students are co-operating and building a comstrategy. As the level of energy is rising and
the students maintain its basic believes and deghe Tutor awaits. All elements have with 100%rgw.

kkkkkkkkkkkkkkkkkhkkkkhkhkkkkkkkhhhkhkkhkkkhkkhhkkikhk

(Time Point 3)

Studentl: Look this! Everything is going well!

Student2 Yes it is working!

Tutor: Awaits.
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(Time Point 4)

Then appear the polluters: 1 dredge, 1 Jet-Skichednical polluters. Energy level at this time: Bdan
40%, Micro-organism —40%, Bottom —50%, Fish —30%&t& —20%. The students notices the energy
dropped in several places. S/he looks at the calbtlre things in the lake.

Student®: | will intensifythe sunshine because it will place more energywangfast.

Mental states show the expectation “the energy Ieitegrow up” and the belief “powerful tools inease
the energy level soon”.

Student2 | will useremoves the licender everything to increase the energy level fast.

Mental states show the expectation “the energy leilegrow up” and the belief “powerful tools inease
the energy level soon”.

Tutor : Verifies that the energy level grew and the stissl@re not using the rule to control the number of
times that the tool can be used.

The students’ mental states do not shows the Belighber of tools should be controlled”. The tuéonits
a message of alert to the two students in thisesens

The Tutor will perform this action when the amoahsome of the tools is one. Its beliefs have “nandif
tools should be controlled” and activates the @g&iontrol number of tools”.

In this step, the tutor just analysed the inteosctiin fact, according to the agent model, thertjust
expanded its beliefs. But, these new beliefs doactivate any of the triggers. This means that rafrihe
tutor’'s desires are relevant. In fact, it is nohgidered rational to act in order to achieve aeritions if one
beliefs the intention will be satisfied without amgervention. In our case, if the tutor thinks @tadents is
performing well, it would not be rational to giverhany advice.

This is the usual behaviour when our agent modelsesd. The agent just maintains its set of beliefs
consistent. When the change in the belief set atetivsome trigger, the agent will try to adoptrititns,
build plans and so on. In this particular agend, ttitor, the possibility to build plans is not uskdfact, we
argue that the tutor should not have a long termn.ghstead, it should have very short term pla thkes
into account the history of interactions and, pattrly, the last one. It is a cognitive tutor thpmesents a
somewhat reactive behaviour. It is not a simpldiegiion of reaction rules because we take intamantthat
history of the interaction and the expectation d@liba next interaction. Besides being interestirognf the
computational point of view [22], it also respedt® pedagogical approach being used, namely the
construtivist approach [14].

kkkkkkkkkkkkkkkkkkhkkkhkhkkkkkkkhhhkhhkkhkkkkhkkhhkkrkhk

(Time Point 5)

At this time, more foreign elements appear: 1 gasom and 1 industrial sewer. Total of energyrafie
new polluters: Plants —65%, Personal computer —Eéttom —65%, Fish —25%, Water —80%.

Studentl: The lake is dying. | don't have more the timdénsifyand the strongest | havedsceleratesl
will play with this one.

Beliefs have “strong tools should be used to grpvthe energy fast”, “number of tool equal zero theoi
unavailable”, “should control the number of timésittcan use a tool” and “should control the timehaf
game”.

The desire “cooperate with student’” becomes amtitie. There are the expectations: “Student2 will
cooperate” and “the energy level will grow up”.

Total of energy after this intervention: Plants %§@Personal computer —20%, Bottom —50%, Fish —10%,
Water —65%.

Student2 | will use prohibition. The energy level will increase.

Mental states show the beliefs “strong tools shdaddused to grow up the energy fast’, “number of to
equal zero then tool unavailable”, “should contited number of times that can use a tool” and, utho
control the time of the game”. The desire “coopmraith student” is selected as intention. Ther¢hés
expectation “the energy level will grow up”.

Total of energy in the time after this interventiétants —35%, Personal computer —10%, Bottom —40%,
Fish —5%, Water —55%.
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Tutor: Verifies that the two students are co-operatidhen co-operatio'f'l exists the Tutor tends to
reinforce their behaviour. In fact, the tutor slibhve a belief describing what indicates themisperation
between students. For instance

BEL (tutor, student_co-operation) if BEL(tutorydént_exchange_messages).
BEL (tutor, student_exchange_messages) if BEL (tatonber_message (NM)),NM > 0.

At this point, the triggerg2) connected with beliefl) set at by the at the beginning are activated.
Therefore, the tutor adopts an intention (to a@gtudents) that is satisfied by sending a mesgatfgs case
a reinforcement message.

The dialogue proceeds in this way until the gamevisr. The students controlled the pollution arel th
Tutor aided them.

At this point, the tutor produces a descriptiontiod student’s interactions. This description, wtitie
evolution of the mental states, allows the teadbeverify how well the students understand the [amwb
domain. The choice of inadequate tools or of lownbat power in a critical situation indicates thia¢ t
student still misunderstands the problem and naedsre direct orientation.

6 Conclusions and Future Work

The use of the mental states for modelling theesttgland tutor behaviour in ITS is based on th®not
that this is the usual way to describe interactiarong people. It is a not only a metaphor useduttl ka
model. We try to understand what is happening éngtudent’'s mind when s/he is thinking. According t
McCarthy [19], the use of mental satesigefulbecause it helps to organise the dynamics of itheegs and
necessaryo get the insights for this mechanism.

Initially the system MCOE was designed to use teedf mental states according to the SEM agent
architecture presented by Corréa [6]. However,itoslel does not have an operational environmerilaiNe
at this moment. This made us reconsider the imtiaposal and we are now using the Moéra, Viccarela
and Coelho [21, 23] approach. They have a formdl@mputational model to treat the mental statasith
based on the same set of mental states as Cohréaefdre, we have the same theoretical foundatisesan
treat the past, present and next interaction andpredit from them proximity between the description
languages used by the two systems.

Although we show here a very simple and small diadg in order to identify better all the necessary
mental states that should compose the choreogragthgr dialogues have been created. These dialogues
represent two students with great co-operationcamient domain, two students with medium co-opeanati
and medium domain content and, two students with do-operation level and they don't dominate the
content. These three stereotypes seems to be emowglr propose. The full formalisation of thesereno
complete dialogues is yet to be done. Nonetheltss,results we have until now are by themselves
stimulating and they allow us to trace the agen&tiaviour at the desired abstraction level. It aldowvs us
to refine the algorithms and to test the set adshat regulate the system.
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10 AIED99 — "Towards a New
Computational Model to Build a

Tutor”

Este artigo, apresentado no AIED99 e publicado como "poster”, mostra
como a arquitetura multiagente utilizada para construir o tutor, com o agente
cognitivo definido através do modelo formal e executavel, pode servir de mod-
elo padrao para construcao de qualquer tutor que siga a abordagem adotada pelo
MCOE. Uma vez formalizado o modelo, realizados os experimentos com a arquite-
tura subjacente e com a ferramenta construida a partir do modelo, demosntra-se
agora a generalidade desta arquitetura para uma classe de aplicagoes, nomeada-
mente os Tutores Inteligentes.
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Abstract

In this paper, we show how a Multi-Agent Systems (MASproach may be used to build an
Inteligent Tutoring Systems (ITS). We model the ITSaasociety of both reactive and
cognitive agents that interact to implement the tutte purpose of this new paradigm is to
try to overcome the weaknesses of the student molalsate usual in current ITS. Our
model is based on mental states that are used to debotibthe tutor and the students, what,
we believe, helps to decrease the gap between whatng goiwith the student during the
learning process and what we are able to represent abbstutant.

Key words: Intelligent Tutoring Systems, Multi-agents SystemsetgModelling, Mental

States.
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Towards a New a Computational Model to build a Tutor

Abstract

In this paper, we show how a Multi-Agent Systems (MAS) appraaay be used to build an
Inteligent Tutoring Systems (ITS). We model the ITS asoaety of both reactive and cognitive
agents that interact to implement the tutor. The purpbdgsonew paradigm is to try to overcome the
weaknesses of the student models that are usual in currerDUr $nodel is based on mental states
that are used to describe both the tutor and the studems, we believe, helps to decrease the gap
between what is going on with the student during the learning gyamed what we are able to
represent about that student.

Key words: Intelligent Tutoring Systems, Multi-agents Systems. Adéotlelling, Mental States.
1. Introduction

In recent years a new paradigm arose for educationaloanwimts: to put more than one student
interacting with the same environment under artificial tusapervision. From the educational
viewpoint the idea is not new, but became feasible througtlehelopment of hardware and software
that allow us to connect people using computer networks datkdetechnologies. The impact of
these technologies on educational software research wasdiateieResearches have begun to
introduce these new possibilities to improve educationalremvients. Some Intelligent Tutoring
Systems (ITS) were built using this approach like Baldqd&f Colazzo [8], Elliot [14], Frasson and
Aimeur [16, 2], and Leroux [23].

The student model remains the weak part of such systdnsssifuation imposes a great restriction
for designing better tutoring systems to aid the studetutial his/her own knowledge. We have
many reasons to explain this (hardware, software, afthigues to model the student, knowledge
representation, and others). However, the strong restricbores from our imprecise knowledge
about mental activities of the students during teachingitegaprocess. To build an ITS with a good
student model we need to better understand what is happenisgudant’s mind during the
interaction. We need to understand the process and repridute the machine. Much has been
done to understand such process, according to different vigsppsaychological, educational and
from computer science. The work of Correa, Coelho e Vigéarl0, 11, 12]; Moussalle [29] and
Self's work [1, 32] are examples of such improvements.

The state of the art of the technology and our restricted kdgelabout the human information

process still do not allow us to build the ideal ITS. Howewar,have now different tools and new

possibilities. The multimedia techniques and agents pragnagnparadigm are some of these new
technologies that impact the way to design ITS. Nowadaysandind many experiments that try to

use multimedia and/or Multi-Agent Systems (MAS) architees to improve the traditional ITS. The

state of art can be evaluated by the followings works: &f@l;Costa [13], Frasson [15], Hayes-Roth
[20, 21, 22], Lester [24] and Mitsuru [25].

We have been doing many developments in our group in oré&ptore the possibilities to build ITS
using a MAS approach, and specially modelling the tutor usisgt of mental sates, such as beliefs,
intentions, motives, expectations, obligations and sdrothis paper we present a how we use the
notions of agents and mental states to build a tutor. fRjadlgi, we use the set of mental states
composed by beliefs, desires, intentions, and expectatimmsidered as future beliefs. Although our
model includes both reactive and cogntive agents, we focusohetBe aspects of the cognitive
agents.

The paper is organised as follows: section 2 describes themgdel and how its concepts are used
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to build the tutor, section 3 describes the tutor architecimd shows how the interaction with the
students occurs and finally, section 4 presents some cmdwend point out some future work.

2. ITS modelling using MAS approach

To build an ITS using a MAS architecture allows us todesther important aspect, namely to design
educational systems with hybrid architecture, where iksaeind cognitive agents are used. This
mixture of different types of agents is important§ome applications like the one in our system.

The hybrid architecture present the advantages of reamtivieonments, namely we can use reactive
agents to exhibit the results of cognitive agents actiomsdunick and clear way, and the cognitive
agents can be designed and implemented using different wiag ofactive one. The possibility to
connect cognitive environment modelling with some agent’s language tnis case with the
mentalist approach where we use the computational model prdppdéddra et ali.[26, 27, 28] allow
us to propose a new architecture for the tutor that caadapt in different environment trough a
interface that can be build with a low computational codtlaw degree of complexity.

Our work has some similar items with those systemsiored in the introduction that represent the
state of the art in ITS using MAS approach, namely:
» the use of graphical and multimedia interface to improverttaeeaction between the tutor
and the student;
« the distribution of knowledge among agents;
e communication among the agents (by messages or by sensors);
« the environment changes dynamically and it is possible see thlesref the actions
immediately.

We have explored the possibility to build cognitive agents udiagmental state choreography to
improve the student model and the interactions between the dntbrthe students. This new
possibility arose with Correa’s [9, 10, 11] work. Aftdrist work another experiment built by
Moussalle [29] showed that it is possible to trace sdmmesat's mental activities using this approach.
Correa, Coelho e Viccari [12] recently improved the notationthadormalism to observe and test
the mental activities that can happen during a teachamgiley session.

Previous work using this approach just considered two agenta amdple testbed with a specific
teaching/learning situation using learning by explanatioategy. Just one Tutor and one student
were modelled and observed. But results were very integdséicause the dynamics of the interaction
can be traced and observed. However, the tendency of edhadagnvironments is to consider more
than one student working in a co-operative way based on Wigkcations and the change of the
traditional educational paradigm where the teacher was this to another one where the student is
the focus (learn to learn). We believe in these two a@mbies (learn to learn, and to have at leats two
students interacting with the system at the same tinme) dacided to join the previous study about
the mental state choreography and to apply it to a morelerrgaching/learning situation where
more than two agents appear. Although the goal of ourrasgeoup is to have a social environment,
where several tutors and systems interact, we do notawdnieved this situatuion at this moment. The
cognitive aspect in our system has a co-operative behavetween the two students, but it happens
out off system control.

To better observe these behaviours and their consequeaaeigded to create an environment using
agent’'s techniques, with a MAS architecture and MeS8taltes modelling (Computer Science -
Artificial Intelligence viewpoint) and a game-like intack, using simulation with the characteristics
of problem solving (by the Educational viewpoint). The purpiigbe problem solving is to provide a
tool for students and teachers to discover the way s/he thittkshow to integrate conceptual and
strategy knowledge to a specific situation (problem). Becagsbave computational limits we are
able to model problems not concepts. Therefore, we desigrethudation environment not an
executable environment where we simulated the behaviohegdarticipants as rational entities. We
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know it causes a pedagogical restriction in our system, btihéatime being there is nothing we can
do.

The choice of environment education for the domain area isdb@sdhe importance to educate
children to preserve the nature and learn to control pollutionpeggkrve the planet. More details
about the system modelling and the application (MCOE systan be found in [16, 17, 18, 19].

3. The Tutor architecture

The proposal here is a tutor architecture for ITS maugelin MAS approach using the mentalist
approach. The elements of the Tutoring agent architeatare
e The tutor mental states. It is a BDI (Belief-Desinaentions) model that represents the
desires and beliefs of the tutor. The knowledge about the ssufthetiefs about the student’s
beliefs and intentions) is in the tutor’s beliefs. Inimmé are derived by the agent system;
» Knowledge about what tool to use with specific foreign elmeThis is also part of the
tutor’s beliefs, in the formal model;
» Knowledge about energy levels of scenario elements, a piue tftor’'s beliefs, as well;
* Rules to help it to decide what action should be taken dicgpto changes of the students’
mental states. This is also part of the tutor’s beliefs
e Sensors for receiving data about the environment.

The BDI model is based on Bratman’s analysis abouttiotes its role in rational reasoning and how
it relates beliefs and desires. According to Bratman §bice agents are assumed to be resource-
bounded, they cannot continuously evaluate their competingfelied desires in order to act
rationally. After some reasoning, agents have to commd#otne set of choices. It is this choice,
followed by a commitment that characterises the intesti@ur model does not define a complete
agent, but only the cognitive structure that is part of thatagedel.

An agent cognitive structure is a tuple(B, D, |,T) whereB is the set of agent’s belief§, is the set

of agent’s desird, is the set of agent’s intentions afds the set of time axioms, as defined above.
Thedesires of the agent is a set of sentenPES(Ag,P,Atr), whereAg is an agent identificatior® is

a property anditr is a list of attributes. Desires are related to theesof affairs the agent eventually
wants to bring about.

Beliefs constitute the agent’s information attitude. Thegresent the information that agents have
about the environment and about themselves. Th& sentains sentences describing the problem
domain using ELP An agentA believes that a properBholds at a timd if, from B andT, the agent
can deducd®EL(Ag,P) for the timeT. We assume that the agent continuously updates its tdief
reflect changes that it detects in the environment. We asthaty whenever a new belief is added to
the beliefs set, consistency is maintained.

Intentions are characterised bytmice of a state of affairs to be achieved, armb@mitment to this
choice. Thus, intentions are seen as a compromise, whiclyém: assumes with a specific possible
future. This means that, differently from desires, m@tertion may not be contradictory with other
intentions, since it would not be rational for an agtmtintend something that it believes is
impossible. Once an intention is adopted, the agentpaitsue that intention, planning actions to
accomplish it, re-planning when a failure occurs, and sadAgaents must also adopt these actions to

! MCOE is an educational game with characters represegtadents (with reactive and cognitive capabilities)
and designed under a construtivist approach. The chalfengbe students is control the pollution fighting
against foreign elements using special tools.

2 The formalism we are using Isgic programming extended with explicit negation (ELP) with theWell-
Founded Semantics eXtended for explicit negation (WFSX). ELP with WFSX (simply ELP) extends normal
logic programs with a second negation naregglicit, in addition to the usualegation as failure of normal
logic programs, which is calladplicit negation in the ELP context. More details in [26, 27, 28].
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achieve their intentions.

The fundamental idea, according Corréa [11, 12], is thahtion are related to the belief and desire,
i.e., beliefs represent the world and how it is possibkeatiosform it. Internally, this is done through

non-monotonic reasoning, belief revisions, and constructiorratkgies to achieve intention through

planning.

The kernel of the Tutor architecture is the Behaviouralddat Centre (BDC) (figure 1).
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Figure 1: Behavioural Decision Centre

The tutor receives information about each student modelinférenation is composed by the mental
states of each student, after they perform an actiwhttee environment energy levels. The tutor uses
it to select a specific strategy with the associadetlds, according to the selector module.

The set of the students’ mental states is obtained throughdale of inference of attitudes, as
presented in Quaresmal[30]. The dialogues are seen as s@mnpy a sequence of speech acts.
According to [31], to speak is to act. When agents spigey accomplish speech acts. The speech
acts, according to Cohen and Perrault [6], are actionsendftscts affect both the originator and the
receiver. Quaresma’s work offers a formal and computdtioodel of how to infer the mental states
of the participants in a dialogue. Although this is not pathe implementation of the MCOE system,
it is considered in the BDC project as an explanation of toasbtain the students' mental states.

The function of these selected strategies is to giveutteats (with different profiles) under the same
tutor supervision a personal orientation so that they caerlzathieve their goals.

All students have the same desire: to win the game.tédlents have strong desires that move their
actions, these desires having urgency attributes that compel tthechieve their intention. The
differences among agents are on their beliefs about therss#heir own knowledge, and ability to
solve the problem.

We selected a set of tactics to implement the tutatiess related with the selected strategies. The
mental states will be used to select the tutor behavide .tutor can behave as reactive, a coaching,
or an assistant tutor. Each of the selected behaisouonnected with a set of rules, which will
determine the specific tactics.
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The tutor works through pedagogical actions and inducesttitent to reflect about his/her actions
and create strategies with associated tactics. Thedauate the action that will be performed by the
tutor and expected by the student. We selected a sima# from a dialogue, in order to illustrate
how to use the architecture and the formalism in our apiplicalable 1 presents some examples
about the mental states formalised using Mora’s compuatdtmodel.

Student 1 is playing with the Mayor character and studemt @aying with the Mother Nature
character. Both observe the visual gauge that aids thehawe a clue about the environment
condition and the colour is yellow. They have been playingHiare minutes and there remains two
minutes more. They just have few tools available in eacracte. Student 1 has two powerful tools
reaming and student 2 has just one powerful tool to play.

Student 1 says to Student 2:

| am going to play with restore de bottom of the lake because the Ecometer is yellow and we have all
kinds of fishes in the lake and we have many plants in the bottom. The situation is not dangerous.

He beliefs that if the time is more than 1 minute thayst be careful because more pollution can
come and they need to have a powerful tool to fight agairildeiknows his colleague just have one
powerful tool. He has few powerful tools, however his situatiohetter than his colleague’s. The

Ecometer is yellow and the number of fish and plants dindatates a dangerous situation.

The tutor sent a message just warning about the numiveawing tool for this character. In the set

of mental states of the tutor we find:

The ecometer now is green. Sudent 2 waits and she does not do anything.

She believes that if the Ecometer is green it is notssecy to do anything. The tutor does not have
any reaction and wait. In the set of mental statettf@tutor have about student 2, the environment
and about the students behaviour we find:

Table 1: The mental sates expressed using the formalism

Some example of students mental states

DES(student, exchange_message)) if DES(student, exchange_message)) if
BEL(student,energy(ecometer,Ee)), BEL(student,energy(ecometer,Ee)),
Ee<70, Ee<70,

BEL(student, number_tool(changebottom, N)), | BEL(student, number_tool(prohibition, N)),
N <=2, N <=2,

BEL(student, number_tool(sunlight, N)), BEL(student, number_tool(fine, N)),

N <= 2, N <= 2,

BEL(student, number_tool(put_plants, N)), BEL(student, number_tool(campain, N)),
N> 2, N <=2,

BEL(student, number_tool(decompsition, N)), BEL(student, number_tool(license, N)),
N>2, N <=2,

BEL(student, time(T)), BEL(student, time(T)),

T<5 T<5

T>3. T>3.

DES (studentl, play _changebottom) if INT (student, fight foreign_elements) if
BEL(student,energia(fishA,N)) if BEL(student,energy(ecometer,Ee)),
before(BEL(student,changebottom)), Ee<70,

N=N+(N * 0.05). BEL(student, time(T)),
BEL(student,energia(fishB,N)) if T<5.

before(BEL(student, changebottom)),

N=N+(N * 0.05).

BEL(student,energia(fundo,N)) if

before(BEL(student,fishback)),

N=N-+(N * 0.05).

BEL(student,energia(water,N)) if

before(BEL(student, changebottom)),
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N=N+(N * 0.15).
BEL(student,energia(water,N)) if
before(BEL(student, changebottom)),
N=N+(N * 0.15).

Some example of tutor mental states

BEL(tutor, sent_message(7)) if

BEL(tutor, is_a_character(mothernature)), BEL(tutor, do_not_do_anything) if
BEL(tutor,INT_THAT(studentl, wait),

BEL(tutor, number_tool(tchangebottom, N)), BEL(tutor, energy(ecometer, Ee),

N <=1, Ee >=70.

BEL(tutor, time(T)),

T<5

T>2.

With this tutor’architecture we just describe the setnwntal sates connected with the actions,
describe the set of mental states that the tutor mustdizout the student and the application domain,
and all the choreography will be held according the studmsitens. The use of mental states adds
more information about the student (in a quantitative angdaditative way). It allows us to try to
reduce the gap between what the student is and what wepmasent in the computer.

We have chosen to implement this application (MCOE systerngst the architecture because it is
simple to program and reduces the complexity that existthiers agent’'s developing environments.
Mora et ali's system allows the designers to write theofemental sates in an easy way, as the
formalism used is quite simple (similar to an actianguage). Also, the environment is compatible
with different platforms (PC, Macintosh, and Unix). Tregyeitive kernel used in the MCOE system
was linked to the graphical interface through sockets therénterface sends the set of mental states
connected with students actions and the cognitive kernel senkistdahe graphical interface the
selected tactic chosen by the tutor.

4. Final considerations and future work

There is still a big gap in our knowledge of how natural mimik. However, by looking to the
structure of mental states we probably may build replidatese systems to help us to understand
how these biological systems work. Such computer models arekingdbe secrets of a variety of
artificial reactions. This can be the breakthrough weeh@een waiting for to design cognitive agents
tuned to particular problem domains.

The agent's behaviour is based on the fact that the luinly the programmer has to do is to specify
the agent's mental states. According to [12], the inclusfoexpectations in the traditional BDI
architectures enables bigger flexibility because, thoroughaessmore complex behaviours. The
ideas behind this social approach introduce promising concepislénstand how to construct agents
with special abilities, for example, to learn and tefdéh 17, 18].

What we want to achieve with our research group?

The acquisition of knowledge by the agents in a multi-agemétyoemerges from their interactions in

which each agent can behave as a tutor or as a leasarnfatter of fact, there is no tutor and no
learner, but only tutor and learner attitudes. Is importartighlight that the Tutor only has the

personal model of each one student but does not have the ellactilel yet.
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11 ICCMA99 — “Modelling and
Interactive ITS using a MAS
Approach: from Design to
Pedagogical Evaluation”

Este artigo, apresentado no ICCMA99, faz uma avaliacao do tutor MCOE,
ja completo e utilizando a primeira versao da ferramenta de implementacao de
agentes resultante do modelo teérico apresentado, a X-BDI. O X-BDI é um kernel
independenque, dado uma definicao do agente em termos de suas crengas e dese-
jos, é capaz de gerar planos e intencoes, bem como fazer a revisao de intengoes
e crencas. Além de experimentar novamente com aspectos de implementacao
e projeto dos agentes segundo o modelo proposto, se faz uma anéalise de como
esta implementacao de agentes deve ser utilizada para satisfazer as necessidades
pedagogicas nas classes de tutores trabalhadas.
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Modelling an Interactive ITS Using a MAS
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Abstract

The paper shows how a Multi-Agent Systems (MAS) approach
may be used to build an interactive Intelligent Tutoring Systems
(ITS designed with a game. We moddl the ITS as a society of both
reactive and cognitive agents that interact through a graphical
interface. We present the experiment made in school in order to
test our hypothesis about the architecture pedagogical potential,
and the results obtained.

1. Introduction

We have been doing many developments in our group in order
to explore the possibilities to build ITS using a MAS appiy
and specially modelling the tutor using a set of mentaksauch
as beliefs, intentions, motives, expectations, obbgatiand so
on. Some results were published in Moussalle (1996), Morh et a
(1997,1998), Giraffa, Viccari and Self (1998), Giraffa, Mord an
Viccari (1998a, 1998b, 1998c), and Silveira and Viccari (1997).
In this paper we present a different aspect from ouarekgethe
evaluation process made with teachers from schools of gqur cit
about the improvements that can be overcome using a MAS
approach to design a educational game.

The paper is organised as follows: section 2 describes the
games named Eco-Légico and MCOE (Multi CO-operative

! Extended version of the paper accepted in thc ICCMA’99.

2 Faculdade de Informética — Pontifical Catholic UniversityRio Grande do
Sul. Av. Ipiranga 6681 — prédio 16 — Porto Alegre — RSaziBro0610-900.

% Curso de Pés-Graduagéo em Ciéncia da Computacao - Fédiekity of
Rio Grande do Sul. Av. Bento Gongalves 9500 — Bloco IVroPdegre — RS
— Brazil.
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Environment), section 3 describes the methodology developed for
the experiment, section 4 presents the results, sectiombao
our future work, and section 6 presents the references.

2. The games

After three years of research we have developed two
pedagogical games with different software engineering
approaches: with and without MAS architecture. They artte no
exactly the same game but they have the same domain, and the
same working principles. The following sections present more
details about the both games.

2.1 Eco-Logico

The Eco-Légico is an educational game developing using
Toolbook Multimedid The domain application is Ecology (water
pollution). In this ecological environment the student chooses a
character to play using six options: Mother Nature, Mayor,
Citizen, Fish, Ecologist, and Tourist. After that, theident
defines the game configuration (foreign elements thatoailise
pollution) by a selecting process from a graphical menu. The
student’s first see a lake in equilibrium (representedgtnoa
background bitmap) where there are different types of fish
swimming. After 30 seconds the chosen polluter’'s appears which
soon begins to show their action (take out energy from scenery
elements).

There is a visual gauge (the Ecometer) that helps the auser t
observe the conditions of the lake. A well-balanced situation is
shown when the gauge is full and green. As the equilibraum i
lost, the colour changes gradually to yellow, finally ridiag to
red when a dangerous situation is reached. The numbeshof fi
swimming in the lake indicates the situation. The student's
challenge is to maintain the equilibrium and fight agaihe
action of these foreign elements using a set composeaury f
tools. Each character has its own tools with diffeneoiver to
fight against the pollution (put energy on scenery elements. T
period of time is five minutes.

4 Toolbook Multimedia is a trade mark from Assimetrix.Inc
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The game was modelling to be played by one student. There
are sounds effects during the animations, and some infiormat
about the scenery elements can be obtained pressing the mouse
right button. At the end the student receives a message eifplain
s/he achieve the goal or not.

2.2 MCOE

The conception of the ‘MCOE’' was based on an ITS
architecture (Giraffa, Viccari, Self, 1998). This arctiitee is
composed of a hybrid society of agents that work toexehia
common goal: to fight against the pollution resulting fromitpre
elements (pollutants) and to maintain the system équith. We
have reactive agents (bottom of the lake, micro-organisms -
plankton, water, plants and three types of fish) aoghitive
agents (the Tutoring agent, and students represented by
characters).

The cognitive agents are modelled using amentalistic
approach, where the term agent means a computer system that
can be viewed as consisting of mental states such asfsbeli
intentions, motives, expectations, obligations and solrorthis
case the question of which is an agent is replaced by tlstiaue
of which entities can be viewed as possessing mentaksfBhe
model of each student and the tutor contains a set af bals&fs,
desires and expectatichsFrom this set emerges the dynamic
selection done by Tutor to select a personal teachinggirdibe
formalism using islogic programming extended with explicit
negation (ELP) with theWell-Founded Semantics eXtended for
explicit negation (WFSX). ELP with WFSX extends normal logic
programs with a second negation nanegplicit, in addition to
the usuahegation as failure of normal logic programs, which is
calledimplicit negation in the ELP context. This extension allows
us to explicitly represent negative information (like adig¢hat a
propertyP does not hold, or an intention that a propé&tshould
not hold) and increases the expressive power of the larfguage
The cognitive agent’s implementation was made using Prolog.

° The expectation is considered for us as a future belief.
6 More details see the references, specially 1998b, and 1998c
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We designed the system to be played by two students. The first
student chooses a character to play using four options: Mothe
Nature, Mayor, Citizen, and Tourist. After that, thecend
student can choose one of the three remaining charactegs. T
system defines the game configuration (foreign elemeatstiti
cause pollution) by a sorting process using a random function.
Their challenge is to maintain the equilibrium and fitfie action
of these foreign elements for a period of time previousddfby
the teacher or the students.

The three types of fish, micro-organisms, and plantepose
the reactive agents. So, when the game begins the studemt see
lake with the select scenery elements (sorting by thessys
trough a random function) which soon begins to show the action
of the polluters. The number of plants, micro-organismg fish
swimming in the lake indicate the situation. There is suali
gauge (the Ecometer) that helps the user to observe the conditions
of the lake. A well-balanced situation is shown when the gesuge
full and green. As the equilibrium is lost, the colour rafes
gradually to yellow, finally changing to red when a dangerous
situation is reached.

The system equilibrium is based on the energy level, the
occasional predatory actions that can happen in the environment
and the number of elements that remain in the sysfam the
pollutants impact. The fish, plankton, and plants also repeduc
using a function based on the energy level. However, when they
reproduce they naturally loose energy, because they give energy
to their descendants. If an agent dies (zero energg)rénioved
from the system.

The reactive environment was built with Visual C++. The
game’'s main window is implemented with DirectX, and the
scenery and its elements are implemented with Dire&8&fained
Mode. The controls that the player can select during the gaene
implemented as bitmaps controlled by DirectDraw. Theabj
were models in 3D Studio MAX 1.0. The relationship between
the agent and the environment is affected by the occurrence of
external incentives (polluters) that cause some paraation of
the agent. Each example of an agent can have reactiomititzt
differ even if the same incentives is present and willagb
change during the lifespan of each one. Initially, we n@mdet
of actions rules for each agent's reaction. The agengs ar
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repositories of actions and data. The system contralvislys
tracing each event for the respective object-action tiws
instanced to treat that event.

The reactive environment is connected with the cognitive
kernel trough an interface made using socks that allow fmotis
exchange data. The cognitive kernel was implemented using
Mora’s environment (Mora et al, 1997; Mora et al, 1998).

There is a help system wich allows the student solve some
doubts about the game rules, the domain, and a small digtionar
(because we use some technical words to explain the ps)luter

3. The experiment

We built an instrument under to evaluate some aspedteof t
system according to the point of view of the teaches # form

with 26 questions to put a stick for all aspects studied auk

guestions that allows teacher put comments and suggestiarns abo

the systems and possible improvements.
The goals of this questionnaire are:

e Verify how the two interfaces influences the teachers
perception about the educational possibilities of the two
games (Eco-Logico e MCOE) as an auxiliary tool to aid to
teach their students;

« Verify the possibilities of domain exploration (water
pollution) increased using agent’s techniques, since the two
systems (Eco-Légico and MCOE) have the same goals and
the same contents.

The hypotheses are:

1) The possibilities of domain exploration (educational point

of view) in the ITS building using as MAS architecture using

multiple strategies are bigger than the conventional

architecture;

2) The understanding of goals of the game increase using the

MAS architecture;

3) The agent's oriented interface is more dynamic and

interactive than the interface implemented with Toolbook.

Six teachers, from third and fourth level of three eptary
schools compose the sample for our experiment.

The experiment was applied in two phases. First phase w
explain the two games for the teachers, and explain hevaadth
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games work. After that, we gave a little printed ovesvidbout
the domain (water pollution), the games user manual, put the
teachers interact with the games in order to ansvibegddoubts
about the way how the two systems work. We explain ated, t
the main goal is obtain their impressions about the pedadogica
potential of the two environments, and the positive and negativ
aspect