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Capitulo 1

Introducao

Planejamento Automético é uma das principais dreas de estudo do dominio da Inte-
ligéncia Artificial. Como tal, ela cresceu e se desenvolveu através de anos de estudo
e pesquisa. Naturalmente, essa area evoluiu para cobrir problemas mais sofisticados.

Alguns desses problemas mais recentes surgiram pela importancia obtida pelos
chamados sistemas distribuidos. Esses sistemas evoluiram de forma que os reuniu aos
sisternas multi-agentes, levando a sistemas mais complexos compostos por agentes
mais sofisticados. Tal crescimento em complexidade motivou a criagao do dominio
de pesquisa de Planejamento Multi-Agente.

Foi mostrado, em [van der Hoek and Wooldridge, 2002], que problemas de plane-
jamento multi-agente podem ser abordados como problemas de 16gica modal (através
da 16gica conhecida como ATEL). Porém, formular um problema desse tipo através
de légica modal pode ser problematico, uma vez que esse nao é o propdsito ori-
ginal da légica usada. Além disso, falta a essa abordagem estruturas semanticas
adequadas para formular planos facilmente compreensiveis pelos usuarios humanos.

KCTL é uma logica modal desenvolvida originalmente para permitir raciocinar
sobre tempo, o conhecimento de um conjunto de agentes e a evolugao desse conhe-
cimento [Benevides et al., 2004]. Ela foi baseada na légica modal temporal cléssica

CTL [Ben-Ari et al., 1981] e, portanto, seu foco primédrio é model-checking.



Esse texto propoe a evolugdo das estruturas semanticas da KCTL para obter

uma abordagem mais apropriada de problemas de planejamento multi-agente.

1.1 Planejamento Classico “Mono-Agente”

Antes de abordar planejamento multi-agente adequadamente, é necessario considerar
0 “caso basico”: Planejamento Automatico Cléssico. Conforme mencionado, ele
compoe uma, das dreas primordiais da Inteligéncia Artificial. Essa area se dedica a
resolver o chamado Problema de Planejamento Automatico, que consiste em tomar
o modelo de um determinado sistema e leva-lo de sua configuracao inicial até outra
configuragiao que atenda a uma determinada propriedade.

A area de Planejamento Automaético vem sendo estudada e pesquisada ha anos,
atualmente apresentando diversas abordagens para a resolugao de seus problemas.
Porém, por mais variadas que sejam, todas essas abordagens apresentant os mesmos

elementos fundamentais:

Estados As diferentes configurages que um modelo pode assumir;
Agoes As formas pelas quais uma configuracio é transformada em outra;
Objetivos Propriedades as quais se deseja satisfazer.

Neste trabalho, quatro abordagens foram estudadas:

Planejamento por Célculo de Situagao;

Planejamento por Légica Modal;

Planejamento STRIPS;

Planejamento por Andlise de Grafos.

Cada abordagem é apresentada brevemente a seguir. Maiores detalhes sao dados

no anexo A, pédgina 32.



1.1.1 Planejamento por Calculo de Situacao

Légica de primeira ordem foi largammente usada em planejamento automatico. Sua
técnica mais bem-sucedida foi o chamado Cedlculo de Situac¢do, proposta por Mac-
Carthy.

No Calculo de Situagao, a especificagdo de um problema de planejamento é dada
por wmn sistema de aziomas. As propriedades de cada estado sdo representadas por
predicados, sendo cada estado composto por férmulas de primeira ordem. Agoes sdo
representadas por fung¢des que mapeiam estados em outros estados. Objetivos sao
descritos por férmulas de primeira orden.

Essa abordagem foi bastante difundida por ser baseada em um sistema légico
conhecido. Portanto, sua seméantica era clara e comprovadamente correta. Pelo
mesimo motivo, podia-se utilizar provadores automaticos de teoremas jé disponfveis,
sendo desnecessario o desenvolvimento de ferramentas especificas para esse fim.

Em compensacao, ela sofre do chamado problema de frame, uma dificuldade
oriunda da necessidade de axiomas para especificar ndo sé o que caa agao modifi-
cava, mas também o que permanecia inalterado. Rapidamente verificou-se serem
necessarios muito mais axiomas para descrever o que cada agao ndo mudava. Como
resultado, as provas eraim longas e lentas demais, limitando em muito a sua aplicacio

a problemas reais.

1.1.2 Planejamento por Légica Modal

Légica Modal de AgGes ou Logica DinAmica é uma ldgica modal onde os operadores
modais de necessidade O e possibilidade ¢ sfo substituidos por uma familia de
operadores [a] e < a >.

Para cada agfo a, existe o par operadores modais [a] e < a >. A seméntica dessa
légica é a semantica dos mundos possiveis, onde para cada acdo existe wma relacéo
de acessibilidade: Uma férmula [a]o é valida em um estado s se @ é verdadeira em

todos os possiveis estados resultantes da execucio da agao a no estado s.



Parece bastante intuitivo utilizar l6gica dindmica na representagéo de problemas
de planejamento. Agoes sao representados pelos operadores modais descritos e esta-
dos sdo descritos por mundos possiveis. O estado inicial é o mundo onde o sistema
comega e o problema é especificado por um conjunto de axiomas.

As vantagens do uso da légica modal sdao similares as do uso do célculo de si-
tuagoes: a abordagem é baseada em um sistema 16gico bastante conhecido e estu-
dado, com uma seméantica comprovadamente forte e permitindo o uso de provadores
de teorema genéricos de logica modal. Além disso, a representagdo é mais clara e
elegante que a do calculo de situagoes.

Infelizmente, essa abordagem também sofre do problema de frame, resultando

em provas muito lentas e em limitagoes na sua aplicagdo a problemas reais.

1.1.3 Planejamento STRIPS

STRIPS é um solucionador automatico de problemas de planejamento proposto por
Fikes e Nilson. Os estados séo representados por modelos de mundo, que por sua
vez sao conjuntos de formulas de 1égica de primeira ordem. Cada agfo é definida
por um operador consistindo de utna descrigao dos seus efeitos no modelo de mundo.
O operador também descreve as condigbes necessarias para a execugao de sua agao.

A especifica¢io de um problema de planejamento consiste de um modelo inicial
do mundo, um conjunto de operadores e wm objetivo (que, por sua vez, é uma
férmula de primeira ordem). Um provador de teoremas por resolugao é usado para
encontrar uma sequéncia de operadores que transforma o modelo inicial em um
modelo final, onde o objetivo é satisfeito.

STRIPS foi, durante anos, a abordagem mais popular para a representagio de
problemas de planejamento automaético. Além de uma representacio clara e flexivel,
mais facil de ser compreendida por leigos, STRIPS faz uso de um mecanismo préprio
para evitar o problema de frame. Dessa forma, seu processo de prova e planejamento

é rapido e eficiente, podendo lidar com problemas reais.



Essa eficiéncia, porém, tinha wn prego: sua especificagao inicial deu liberdade
suficiente para a implementacao de planejadores automaticos que, entre outras coi-
sas, permitiam a manutengio de estados inconsistentes durante o processo de pla-
nejamento. Apesar de garantirem a eficiéncia do planejamento, esses planejadores
passaram a apresentar uma semantica duvidosa e fraca, o que possibilitava o surgi-
mento de planos errados ou simplesmente impossiveis.

Estudos sobre a seméantica da linguagem STRIPS foram apresentados por Lifs-
chitz, incluindo sugestoes para corrigir a fraqueza da linguagem. Infelizmente, essas

sugestoes impuseram séries restrigoes a linguagem, conforine exposto na segao A.5.

1.1.4 Planejamento por Analise de Grafos

Graphplan é um planejador automético apresentado por Blum e Furst. Ele infroduz
uma nova abordagem ao planejamento em dominios STRIPS-like. Esse paradigma,
se baseia em construir e analisar uma estrutura compacta chamada Grafo de Plane-
jamendto.

Um grafo de planejamento codifica o problema de planejamento de forma que
vérias restrigoes tteis e inerentes ao problema se tormem explicitos, reduzindo a
quantidade de buscas necessarias para alcangar uma conclusdo - seja ela um plano
ou a certeza de que nao existe um plano possivel. Esse grafo ndo € o grafo do espago
de estados. Enquanto um plano em um grafo de estados é um caminho, um plano
em umn grafo de planejamento é um fluzo, no sentido de fluxo de redes.

O planejador Graphplan usa o grafo de planejamento que ele cria para guiar sua
busca por um plano. Essa busca combina aspectos tanto de planejadores de ordem
total quanto dos de ordem parcial. Como os de ordem total, Graphplan faz fortes
restrigoes em sua busca - quando ele considera uma agao, ele a considera em um
ponto especifico do tempo. Por outro lado, como planejadores de ordem parcial,
Graphplan gera planos parcialmente ordenados: ac¢bes no mesmo passo de tempo

podemmn ser executadas em qualquer ordem - é um tipo de plano paralelizado.



Um grafo de planejamento é um grafo nivelado. Ele possui dois tipos de nés: nés
de proposicao, cada um rotulado com uma proposicdo do problema, e nés de agao,
cada um rotulado com um operador do problema. Ele tem dois tipos de niveis:
niveis de proposi¢ao, compostos apenas por nods de proposi¢io, e niveis de agao,
compostos apenas por nds de agao.

O primeiro nivel é composto pelos nés de proposigao correspondentes ao estado
inicial do problema. O segundo nivel é composto pelos nés de agao correspondentes
a todos os operadores aplicdveis ao estado inicial. A partir de entdo se alternam
niveis de proposicéo e de agdo, onde um nivel de proposicao é composto pela uniao
do nivel de proposi¢ao anterior com o ADD-LIST dos operadores do nivel de agéo
anterior.

Muito mais detalhes sobre essa abordagem séo apresentados na segdo A.6, pagina

56. Por agora, é necessario destacar:

e Estados sdo representados subconjuntos de niveis de proposicao;
e Acdes sao denotadas por 116s de agio;

e Objetivos sdo conjuntos de nds de proposicdo que precisam pertencer a um

miesmo nivel de proposicao;
e A especificagdo do problema é o préprio grafo de planejarmento.

Essa nova abordagem oferece uma, seméntica correta, fortemente baseada em
causalidade, e processamento rapido, devido a wmn processo de busca direcionada no
grafo de planejamento. Em compensagao, sua representacao é inusitada, lembrando
uma arvore de computagdo compactada. Sua semantica também pode ser dificil de
compreender a principio, por ser baseada em possibilidades ao invés de certezas.
Como resultado, com excecdo do estado inicial, todos os estados que o sistema pode

alcancar estao implicitos nos niveis de proposicéo.



1.2 Planejamento Multi-Agente

O planejamento multi-agente é uma evolugio do caso classico. Além dos elementos
mencionados (operadores, estados e objetivos), um problema de planejamento multi-
agente inclui os proprios agentes em sua descri¢do. Os operadores agora “pertencem”
aos agentes que os eecutam e os estados do sistema modelado agora é derivado dos
estados dos agentes que o compoemn.

Além dessas adaptagGes menores, a inclusédo de agentes implica na consideracao

de determinados aspectos:

e Relacionamento Inter-agentes;
e Conhecimento Distribuido;

e Influéncia Distribuida.

O Relacionamento entre os agentes de um determinado problema pode ser clas-
sificado como Cooperativo (os agentes tém objetivos similares e trabalham juntos
para alcangéd-los), Competitivo (cada agente tem objetivos conflitantes com os ou-
tros e deve se esforga: para os outros falharem, de forma que possa alcancar seus
préprios objetivos) ou Neutro (os agentes tém objetivos independentes e nao preci-
sam interferir uns com os outros).

O Conhecimento distribuido em um sistema descrito por um problema multi-
agente também tem classificagdes: Local (apenas um agente sabe de determinado
fato), Geral (todos sabem de wm certo fato) ou Comum (néo sé todos os agentes
sabem de um fato como também sabem que os outros sabem desse fato).

A Influéncia exercida por um agente ou por um grupo de agentes (coalisio) s&o
caracterizados pelos conceitos de Capacidade (wn agente ou uma coalis@io é capaz
de levar o sistema a um estado tal que uma determinada propriedade seja satisfeita)
e Controle (um agente ou uma coalisdo néo pode ser impedida de levar o sistema a

um estado tal que uma determinada propriedade seja satisfeita).



Cada uma dessas consideragoes adiciona uma dimensédo nova aos problemas de
planejamento. Como resultado, esses problemas se tornam muito mais complexos,
levando a processamentos muito mais longos na tarefa de planejamento. Mais que
isso, os planos gerados tendem a ser mais sofisticados, dificultando em muito qual-
quer verificacao humana da corretude desses planos - aumentando a chance de erros
passarem despercebidos!

Por esse motivo a secao de abertura deste capitulo menciona a necessidade de
métodos préprios para a andlise e planejamento automdticos em sistemas multi-
agentes. Esses métodos devem nao sé serem mais eficientes, como precisam ter uma

semantica forte, clara e rigorosa.

1.3 Organizacao do Texto

O texto é organizado conforme descrito abaixo.

O primeiro capitulo demonstra as motivages atras do estudo descrito e a estru-
tura usada para apresentar o estudo em si.

O segundo capitulo apresenta o framework MAPKAT, descrevendo os elemern-
tos e conceitos envolvidos para cumprir seu papel como estrutura semantica.

O terceiro capitulo comenta como o framework apresentado pode ser utilizado
como a estrutura légica do processo de model-checking da légica KCTL.

O capitulo de conclusdo encerra o texto expondo de forma resumida os frutos do
estudo realizado e propoe temas para trabalhos futuros.

Os apéndices apresentam em maior detalhe todos os aspectos envolvidos nesse
estudo. Eles se encontram em inglés.

O apéndice A apresenta diversas abordagens conhecidas para o problema de
planejamento mono-agente cldssico, incluindo um estudo do STRIPS e um resumo
do artigo que apresentou os grafos de planejamento.

O apéndice B comenta alguns aspectos préprios do problema de planejamento

multi-agente e apresenta um resumo do artigo que apresentou a légica KCTL.



O apéndice C é uma versao detalhada do segundo capitulo, tomando o cuidado
de ser rigoroso e nao ambiguo.

Similarmente, o apéndice D é a versdo mais extensa do terceiro capitulo. Por
questao de completude, ele apresenta muitos detallhies que, em nome da clareza, nao
foram apresentados no terceiro capitulo. Ele também apresenta todos os algoritmos
necessarios para efetuar o model-checking de uma férmula KCTL em um modelo

MAPKAT.



Capitulo 2

O Framework Semantico

MAPKAT

Conforme descrito em [van der Hoek and Wooldridge, 2002], a 1égica modal pode
ser utilizada para planejamento automadtico. Ao estender a seméantica da logica
KCTL, o framework MAPKAT se esfor¢ga em adequéd-la como uma ferramenta,
nao sé de model-checking, mas também de planejamento automéatico multi-agente.

A principal motivagao para essa tarefa vem do fato que planejamento automadtico
pode sofrer com dificuldades seménticas no cdlculo de solugbes. Légica modal, em
contraste, sempre garantiu corretude seméantica em suas solugoes, porém dificilmente
se aproximava da eficiéncia dos planejadores automaticos. Portanto, o estudo des-
crito focou o desenvolvimento de um framework “hibrido”, unindo as vantagens de
ambas as dreas e minimizando suas fraquezas e permitindo sua aplicagdo em ambos
o0s tipos de problemas.

O framework MAPKAT também foi projetado para superar a principal limitacao
da légica KCTL original: as estruturas légicas da versdo original da KCTL, os
autdmatos, ndo tém como sustentar a propriedade de “perfect recall”.

[van der Meyden, 1994] define perfect recall como a propriedade de um sistema

distribuido em manter um registro em cada processador tal que cada processador

10



registre todos os estados em que ele jé esteve. Podemos interpretar essa defini¢ao
como a propriedade de um sistema garantir que cada processador “se lembre” de
todos os estados que teve desde o inicio da execugdo do sistema. Para um sistema
multi-agente, isso significa que cada agente precisa “se lembrar” de todos os estados
que assumiu.

A abordagem oferecida pelo MAPKAT sustenta essa propriedade, visto que ele
precisa manter tal registro para poder formular suas respostas: cada resposta é
composta por uma ou mais “estratégias” capazes de levar o modelo a um estado que
atenda a uma dada propriedade, se existir. Logo, MAPKAT faz o modelo se lembrar
de cada passo necessario e, portanto, pode reconhecer quando um dado estado ja foi
alcancgado.

Esse capitulo apresentard a semantica légica por tras de um modelo MAPKAT.
Explicagbes de como essa semantica se aplica a um problema de plancjamento au-

tomaético sera exposto no capitulo 3.

2.1 Conceitos Basicos

MAPKAT usa uma estrutura hibrida que combina os conceitos semanticos da KCTL
com os conceitos 16gicos dos grafos de planejamento. Essa seg@o fornece uma des-
crigao de cada conceito envolvido.

Os modelos MAPKAT sio baseados em proposicoes. Porém isso nao se torna
um limitador de sua aplicabilidade: planejadores automdticos baseados em grafos
de planejamento traduzem dominios STRIPS-like! em grafos similares aos usados
pelo MAPKAT, conforme visto em [Blum and Furst, 1995]. Portanto jé é assumida

a aplicabilidade do framework MAPKAT a dominios STRIPS-like.

1Um dominio STRIPS-like é a descricao de um problema ou sistema que utiliza uma sintaxe
muito parecida com a lingnagem STRIPS e inclui varidveis discretas finitas. Durante a produgao
deste texto, dominios STRIPS-like se mostraram bastante populares na area de planejamento

automatico.
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A seguir sao dadas defini¢oes simplificadas dos conceitos envolvidos no fra-

mework. Para maiores detalhes, consulte o apéndice C, pagina 76.

Definigao 2.1.1 Operador.

Um operador € uma estrutura O = (C, A, D) tal que:

e C ¢ o conjunto das proposicoes que formam as pré-condicoes do operador -

denotado precond(O);

e A ¢ o conjunto das proposicdes que o operador torna verdadeiras apds sua
ezecucao. FEle também é chamado de Add-List do operador e é denotado por

addlist(O);

e D € o conjunto das proposicdes proposi¢ées que o operador torna falsas apds
sua execucdo. FEle também é chamado de Del-List do operador e € denotado

por dellist{O).

Se existir um conjunto ¥ tal que C C F, A CF eI C I, entao diz-se que o

operador é descrito por F l

Existe uma familia de operadores chamada “operadores nulos”. Existe um ope-
rador mulo para cada proposicio p e ele tem a forma “A,”. Cada A, é tal que

precond(A,) =addlist(A,) = {p} e dellist(A,) = 0. Sua seméntica é “fazer nada a

pﬂ.

Definigao 2.1.2 Agente.

Um agente é uma estrutura (F,0,.Sy) tal que:

o [F € 0 seu conjunto de proposigoes exclusivas;

o O ¢ o seu conjunto de operadores exclusivos, todos descritos por F e incluindo

um operador nulo A, para cada p € F;

o Sy CIF representa o seu estado inicial.
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Os operadores de um agente podem ser descritos por um conjunto que contenha
proposicoes fora do conjunto exclusivo desse agente. Isso é permitido para que haja
comunicacio entre os agentes. Porém, as pré-condigdes de um operador nao podem

conter nenhuma proposi¢gao que nao pertencga ao conjunto exclusivo do agente.

Definicao 2.1.3 Estado Local.
Um Estado Local é o conjunto de proposi¢ées que descreve a configuragdo de um
agente. Por isso, todo estado local de um agente € um subconjunto de seu conjunto

de proposicoes exclusivas.

O conjunto de todos os estados locais possiveis de um agente X é denotado por
s
Um operador é aplicdvel a um estado local somente se o estado local contiver

todas as proposicoes que compdem as pré-condigoes desse operador.

Definicao 2.1.4 Sistema Multi-Agente
Um Sistema Multi-Agente (ou SMA) é uma estrutura M = (X,N, Q) tal que:

e X={X'X? ..., X"} éo conjunto de agentes do sistema;

e N= O(O)i
i=1

OF ¢ o conjunto de operadores do agente X' € X;

F* ¢ o conjunto de proposicies exclusivas do agente X* € X.

e Q= LHJIFi
=1

Um SMA ¢ bem-formado somente se todo operador O € N for descrito por Q.

Assume-se que Q € uma unido de conjuntos disjuntos.l

Definicao 2.1.5 Estado Global e Verdade Global
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Seja X = {X1, X2 ..., X"} o conjunto de agentes de um SMA bem-formado 9.
Um, estado global é uma composicio paralela G = (ST || S2 || ... || S™) onde S* € o
estado local de X*.

Um estado global G representa uma configuracao do SMA e define um congunto
GP de proposigdes tal que GP = U St Esse conjunto é chamado de Verdade
Global do Estado Global G. =

O Estado Global Inicial de 9 ¢ a composicdo paralela dos estados locais iniciais

dos agentes do SMAM

Um operador é aplicdvel a um estado global somente se a verdade global corres-
pondente contiver todos os elementos de sua pre-condicao.

MAPIKAT seria muito limitado se considerdssemos apenas a utilizacao de agoes
isoladas. Usando uma abordagem inspirada em [Blum and Furst, 1995], utilizamos
“passos”. Intuitivamente, um passo é um conjunto de ag¢oes que podem ser aplicadas

em paralelo a um dado estado global.

Defini¢ao 2.1.6 Passos

Seja X = {X1, X2 ..., X"} o conjunto de agentes de um SMA bem-formado M
e seja G um estado global de IM.

Um Passo aplicdvel a G, ou simplesmente passo, € a composi¢ao paralela m =
(AL 1| A% | ... || A%) aonde AL é um congunto de operadores do agente X* aplicdveis

aG. R

Definigao 2.1.7 Producao
Seja G um estado global e seja m um passo aplicivel a G.

O resultado da aplicacdo de m a G € um novo estado global G' tal que
G' = G U ADD,, \ DEL,

onde ADD,, € a unido das add-lists dos operadores que compdem m e DEL, € a

uniao de seus del-lists.
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Dizemos que G € produzido pelo passo m aplicada a G. Fssa relagdo é denotada

MG, m)=G"1

Um passo s6 € valido se sua composicao nao incluir nenhum par de operadores
mutuamente exclusivos - ver definigdo 2.1.10, pagina 16.

O que nos leva a um importante conceito trazido dos grafos de planejamento:
Fxcluso Mutua. Em esséncia, dois elementos mutuamente exclusivos nao podem
coexistir: eles sao conflitantes. Esse conceito pode ser aplicado tanto a operadores

quanto a proposicoes. A definicdo adequada, mais uma vez, é dada na pagina 16.

Definicao 2.1.8 Execucoes

Uma ezecugdo - ou “run” - de IM € uma sequéncia K = mymoms ... de passos
ordenados no tempo. Essa sequéncia pode ser finita ou infinita. Se for uma sequéncia
finita de comprimento k, ela também é chamada de k-ezecucdo.

Seja M um SMA bem-formado. Uma execugdo sé é valida em 9 - ou simples-

mente vélida - se:
1. mq € aplicavel ao estado global inicial de 901;
2. Para todo i > 1, m; € aplicdvel ao estado global produzido por m;_y.

O produto do j-ésimo passo de R € denotada por m;(R) e o estado inicial €
denotado por mo(R). O produto de uma k-execucdo Ry, € mr(Ry).
A parte de uma ezecucio R formada pelos operadores de um agente X' é a

execucao local de X* e € denotada por R. B

Séo as execugbes que fazem o SMA evoluir no tempo, um passo de cada vez. Por
isso, os passos também podem ser usados como uma referéncia de tempo, apesar de

nio terem uwma duragio especifica nem qualquer forma direta de serem medidos.

Definigao 2.1.9 Niveis de Acao e Niveis de Proposicao
O nivel de agdo AL; de um SMA bem-formado, para algum t > 1, é a unido de

todos 0s passos que podem figurar como o t-ésimo elemento de uma ezecugdo vdlida.



Também pode-se considerar ALy como o conjunto de todos os operadores que podem
ser executados no tempo t.

O nivel de proposicao PL; para um SMA bem-formado 9 e algum t > 0, é o
conjunto de todas as proposi¢ées que podem ser verdadeiras no tempo t. Portanto,
PLy corresponde a verdade global do estado global inicial do SMA e Ply, parat > 1,
¢ a uniao das verdades globais de todos os estados globais que podem ser produzidos

por alguma t-execucao. B
Definicao 2.1.10 Exclusao Mutua

e FEntre Operadores

Sejam Oy e Oy dois operadores diferentes do nivel de agao ALy de algum SMA.

FEles sao considerados mutuamente exclusivos em k se:

— Para k > 1, o Del-List de um dos operadores contém ao tmenos uma
proposicdo que também pertence ao Add-List ou as Pré-Condi¢des do

outro (caso base); ou

— Para k > 1, uma das proposicdes pertencente as Pré-Condicoes de um
operador € mutuamente exclusivo em k — 1 de uma das proposicées per-

tencentes das Pré-Condigdes do outro operador.

e Entre Proposicoes

Sejam p,q € Q duas proposicoes pertencentes ao nivel de proposicao k de um
SMA bem-formado. FEles sdo mutuamente exclusivos em k se todo operador
Oy € AL, com p em seu Add-List for mutuamente exclusivo de todo operador

Oy € AL, com g em seu Add-List.

Esse conceito pode ser estendido a estados locais, estados globais, passos e

execucoes. No caso de estados locais: se as proposigoes p e ¢ forem mutuamente
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exclusivas em k, entdo qualquer estado local que inclua p é mutuamente exclusivo
de qualquer estado local que inclua q. Para estados globais, passos e execucoes, os

critérios sao andlogos. Uma definigdo mais detalliada é fornecida no apéndice C.

Definigao 2.1.11 Relagdes de Possibilidade Sejam X = {X*', X2, ..., X"} 0 con-
junto de agenies de um SMA, R, a ezecu¢do vdlida que produz o estado global G, e
Ry a execucdo vdlida que produz o estado global Gy.

Enido, para 1 > 1 > n, escrevemos G, ~; Gy se e somente se a execugdo local

RE for igual & execugdo local R:.

A relagao G, ~; Gy significa que o agente X* nio consegue distinguir G, de
Gy. Portanto, quando considerarmos o que o agente X* realmente sabe depois
de executar sua run local R, devemos considerar as propriedades comuns a todos
os estados globais que podem ser alcancados por runs contendo R como i-ésimo

componente.

2.2 Definicao de Modelo

A definicdo de um modelo MAPKAT é muito parecida com a definicao de um
dominio STRIPS-like. De fato, conforme mencionado antes, MAPKAT foi desenvol-
vido para utilizar tais dominios. Portanto, ao invés de uma especificagéio rigorosa de
sintaxe, essa secao especificard o que é necessario incluir na definicao de um modelo
MAPKAT correto.

Existemn dois elementos essenciais em uma especificagio de modelo: os agentes,
cuja funcao é definir o contexto do modelo, e 0s operadores, cuja funcao é definir a
evolugdo desse contexto. Juntos, os agentes definem as proposigoes que o Sistema
Multi-Agente tem e o estado global inicial. Ja os operadores definem as agoes que
podem ser executadas.

Obviamente, ha alguns detalhes importantes: wn agente deve especificar quais

operadores pode usar, enquanto os operadores devemn se restringir a manipular ape-
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nas as proposicoes dos agentes. Por esse motivo, e pelo bem de uma melhor or-
ganizacao, um modelo pode ser definido apenas pelo seu conjunto (nédo vazio) de
agentes, os quais incluirdo as descrigoes de seus operadores.

O conjunto de agentes é composto por estruturas com o formato apresentado na

figura 1.

Figura 1 Definicdo de Agente

1. Agente: Identificador do agente

[N]

. Conjunto de Proposi¢oes: Nao vazio.

L

. Conjunto de Operadores: lista nao vazia de definicoes de operador.

4. HEstado Inicial: Sub-Conjunto nao vazio do pardmetro 2.

O conjunto de operadores de um agente. por sua vez, é composto por elementos

com o formato da figura 2.

Figura 2 Definigao de Operador
1. Operador: Identificador de Operador

2. Pré-condigbes: conjunto nao vazio composto por proposigdes exclusivas do

agente que define o operador.
3. Add-List: conjunto composto por proposi¢oes do sistema.

4. Del-List: conjunto composto por proposigoes do sistema.

2.3 Linguagem de Verificagao

O formato de especificagao de modelos apresentado na se¢do 2.2 é um produto direto

da literatura de planejamento. J4 a linguagem de verificagao de propriedades reflete
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a influéncia da literatura de model-checking; de fato, ela é a linguagem da ldgica

KCTL.

2.3.1 Sintaxe

Nessa segao haverd referéncias a um SMA 9 composto pelo conjunto de agentes
k3

X = {X?1,..., X"} Também serd usado o conjunto Q = U IP?, onde IP* é o conjunto
_ i=1
de preposicoes do agente X*.

Definigao 2.3.1 A linguagem KCTL
O conjunto de formulas KCTL para o SMA 9, denotado por ForMAPKAT (9),

é o menor conjunto For tal que:
1. p€Q & p € Fory
2. {ﬁ¢1,¢"1 \ ¢2} C For & {¢1,¢2} C For;
3. {30 ¢1,3001,3[1Ugs] } € For o {41, 0} C For;
4. Ky € For <(¢1 eFor)A(1<i< n))
|

A primeira forma caracteriza a classe das proposi¢oes. Os operadores definidos
na segunda. forma compodem a classe de operadores booleanos. A terceira forma.
define a classe dos operadores temporais. Finalmente, a dltima forma caracteriza o
operador epistémico.

Além das definigoes apresentadas, existem algumas “abreviag¢ées” Uteis. Obvia-
mente, a abreviagdo de um operador pertence a mesma classe do operador original.

Elas incluem:
o 01 Ao = —(—¢py V —¢ho);

o )1 — P2 = oV —hy;
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o &1 da= (g1~ #2) A (2 — ¢1);

A0¢ = J[trueUg);

VO¢=-30"¢;
o VOP = -JO¢;

V[$1Udz] = —3[~aU (s A =¢h2)]

Ki¢ = ~Bi—¢

Uma férmula ¢ é chamada uma férmula de KCTL sobre 9 somente se ¢ €

ForMAPKAT(MN).

2.3.2 Semantica

A seméntica de uma férmula ¢ € ForMAPKAT(O) é dada naturalmente em
termos do modelo MAPKAT construido para 9.

Seja X = {X! X? ..., X"} o conjunto de agentes de 9.

Seja também G = ( S* || S* || ... || S™) wm estado global de 9.

Uma férmula KCTL ¢ sobre 9 é sempre testada para satisfabilidace em relacao
a algum estado global G de 9. Escrevemos 9M, G F ¢ para alguma férmula ¢
somente se ¢ € verdadeiro no estado GG do sistema 9.

Existem algumas variantes vélidas para a sintaxe da relacdo de satisfabilidade

e GG FE o, para algum estado global G do SMA 971, é o mesmo que M, G F ¢;
e M E ¢ éomesmo que M, Gy F ¢, onde Gy é o estado global inicial de 97;

e F ¢ significa que ¢ é um axioma, uma férmula véalida para qualquer estado

de qualquer SMA.
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n
Suponha que @ = U P' — onde P é o conjunto de proposicoes do agente X*
i=1 .
— é o conjunto de proposicoes de M e que N = U 0" — onde O é o conjunto de

i=1
operadores do agente X* — representa o conjunto de operadores de 1. A semantica

das férmulas KCTL obre 9 sdo:

1. M, G E true, para todo SMA 991 e todo estado global G;

2. M, G F pseesomentesep € GF, onde G é a verdade global de G;
3. MG E — pse esomente se MG ¥ y;

4. M, G F o1 V w9 se e somente se M, G F p; ou M, G E o

5 M, G FE F Oy se e somente se existe um passo m aplicavel a G tal que

Mm,g(G,m) F

6. M, G F dOp se e somente se existe uma execugao infinita B = mymoms. ..

que comega 10 estado G tal que M, 7 (R) F ¢, para k > 1;

7. MG E El[gol Ug02] se e somente se existe uma h-execucao h > 1, R* = mymaq...ms,

tal que M, m,(R) F ¢y e que, para cadainteiro 1 < k < h, M, m(R") E o1;

8. M, G F K;p se e somente se M, G’ F p para cada estado global G’ tal que, se
mr(Ri) = G para algum k > 1e Ri é a k-execugdo local em Ry, de X?, entdo
G' = m(R),) para alguma k-execugiio R, que também contenha a k-execugio

local R:.
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Capitulo 3

MAPKAT como um Framework

Logico

O capitulo anterior apresentou o framework MAPKAT e como ele pode suprir a
semantica da légica modal KCTL. Usando uma estrutura inspirada nos grafos de
planejamento, ele consegue descrever sistemas dindmicos de forma adequada.

O presente capitulo demonstra como é possivel utilizar esse framework como uma
estrutura légica para permitir o model-checking de sistemas multi-agente (SMA).
Essa funcéo é executada pelos algoritmos a serem apresentados na secao 3.2. Porém,
para melhorar a eficiéncia dos algoritmos mencionados, algumas pequenas adaptagoes

sa0 necessarias. Fssas adaptacoes sdo explicadas na préxima secao.

3.1 Do ideal para o concreto

Da forma como foi definido no capitulo 2, o framework MAPKAT toma algumas
liberdades para permitir wma melhor caracterizagdo da seméantica desejada para
a légica KCTL. Por exemplo, a possibilidade de se lidar com execugoes infinitas.
Pérém, tais liberdades devem ser estudadas e melhor modeladas para que o fra-

mework possa ser efetivo como uma estrutura de model-checking e planejamento.
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Utilizar um grafo de planejamento (ver segdo A.6.3, pégina 58) como estrutura
l6gica. € a abordagem mais natural. Porém uma estrutura légica exige mais in-
formagoes que uma estrutura de planejamento. E por esse motivo que as seguintes

tarefas s20 necessarias:

e Apresentar observagdes sobre o modelo construido;
e Dividir os nds de proposicdo entre nds positivos e nds negativos;
e Relacionar as adaptacdes do modelo com a semdntica dos operadores.

Explicar cada um dos itens acima é o foco desta secao.

3.1.1 Observagoes sobre o modelo

A estrutura bésica do framework MAPKAT é fortemente ligada aos grafos de plane-
jamento. Sendo assim, é necessario mencionar algumas de suas propriedades antes
de explicar como adapté-las e utilizéd-las. Esta secfo ird mencionar o essencial para
garantir o entendimento. Para maiores detalhes, consulte a segao A.6.3 ou o artigo
original ([Blum and Furst, 1995]).

Um grafo de planejamento é dividido em niveis, cada nivel formado exclusiva-
mente por um de dois tipos de nés: nds de proposi¢do ou nds de agao. Cada néd de
proposigo representa uma proposigao do sistema. Analogamente, cada né de agio
representa um operador do sistemna.

Um grafo de planejamento alterna niveis de proposicio com niveis de agao. Ele
comega com uin nivel de proposi¢cdo e termina com outro nivel de proposicao. O
primeiro nivel de proposigao, demarcado PLg corresponde ao estado inicial do mo-
delo - ou, seguindo o framework MAPKAT, a verdade global do estado global inicial
do Sistema Multi-Agente. Seguindo essa camada vem o primeiro nivel de agao, de-
nominado AL,, composto por todos os operadores apliciveis a PLg. Cada né de

operador é ligado aos nés de proposicao que representam suas pré-condigoes.



O modelo é entdo construido iterativamente, camada a camada. Para k > 1,
AL; é examinada para se determinar os pares de nds que representam operadores
mutuamente exclusivos. Entdo PL; é formado pela unido PL,_; U ADDyg, onde
ADDy, é a unido das Add-Lists de todos os operadores pertencentes a Aly. Cada
né de ALy é ligado, com as chamadas arestas de Add-effect, aos nés de PL; que
representam os elementos da Add-list do operador. Similarmente, cada né de ALy
é ligado aos nds de PL;, que representain os elementos da Del-list do operador, com
as chamadas arestas de Del-effect.

PL;, deve entdo sofrer uma varredura imediata para se demarcar os pares de ele-
mentos que representam proposicoes mutuamente exclusivas - isto €, as proposigoes
que obrigam a reordenacao de agdes. Em seguida, uma nova camada ALy, é de-
finida, composta por todos os operadores aplicaveis a PLy, comecando uma nova
iteragdo para k + 11

Eventualmente o modelo chegard a um nivel de proposi¢ao PL; na qual todas as
proposicoes do sistema estao representadas. O processo continua até que se encontre
um nivel PLy, f > ¢, com os mesmos pares de proposigoes mutuamente exclusivas
que PLs_;. Nesse ponto, a construgao do modelo se encerra e o valor f ¢ considerado
o comprimento do modelo.

O motivo para esse encerramento vem do fato que o grafo nivelou. Isto é, ele
alcangou uma profundidade tal que qualquer PL; = PL,, f < 2. Consequentemente,
AL; = AL, f < z. Ou seja, win modelo maior nao incluird mais informagoes sobre
a evolucdo do sistema do que as ja obtidas.

Urn modelo 16gico MAPKAT usa um processo de construgao similar. Porém, ele
difere na presenca de nds positivos e negativos (ver a segio seguinte) e nos critérios

de parada: a construgdo de um modelo MAPKAT somente se encerra quando no

INote que em nenhmm momento sao utilizados os Del-lists para REMOVER. proposigdes. Isso
se deve ao fato que estdo sendo modelados todas as proposi¢des que podem ser verdadeiras a cada
momento. Como execugdes podem inclhiir operadores nulos, qualquer proposiciio anterior pode ser

verdadeira a qualquer momento futuro.
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modelo nivela. Porém, isso nao significa que estaremos restringindo nosso sistema a
execucoes de comprimento f ou menor. No caso de uma execucao de comprimento

k> f, basta considerar PL, = PL; e AL, = ALy, para cada f <z < k.

3.1.2 Nbs Positivos e N6s Negativos

Os algoritmos de verificagio utilizam principios de planejamento para acelerar a des-
coberta de solugdes. Esses principios incluem a definigdo de “objetivos” adequados.
Muitas férmulas exigem néo sé que alguns fatos sejam verdadeiros, mas tamhém que
outros nao o sejam. Para representar esse fato adequadamente e de forma genérica,
incluiu-se o conceito de nds positivos e nds negativos.

Os néds positivos sao utilizados de forma igual aos nés de proposicao dos grafos de
planejamento. Cada um deles significa que a proposi¢ao representada é verdadeira.
Eles séo inseridos no modelo quando suas proposi¢oes aparecem na Add-List de um
operador. Sao ligados por arestas de Add-Effect aos operadores que contenham suas
proposi¢des na Add-list e por arestas de Del-Effect aos operadores que contenham
suas proposi¢oes na Del-list.

Os nds negativos sdo utilizados de forma inversa. Cada um deles significa que
a proposicao representada é falsa. Eles sdo inseridos no modelo quando suas pro-
posigoes aparecem na Del-List de algum operador. Sao ligados por arestas de Add-
Effect aos operadores que contenham suas proposicoes na Del-list e por arestas de
Del-Effect aos operadores que contenham suas proposi¢ées na Add-list.

Obviamente, o né positivo relacionado a uma proposicao e o né negativo relaci-

onado & mesma proposicao sempre sao mutuamente exclusivos.

3.1.3 Reflexos das Adaptacoes

Devido a relacao com grafos de planejamento, MAPKAT explora o principio de
busca por objetivos. Para cada férmula é calculado um conjunto de solugoes, cada

solucao composta de uma execucao que leva a um estado que satisfaca a férmula



e por um conjunto de proposi¢bes que precisam ser verdadeiras ou falsas para a
execugao ser aplicavel. Os algoritmos de todos os operadores informam algum con-
junto de proposigoes necessarias. Os operadores temporais utilizam os conjuntos de
proposi¢oes necessarias como objetivos dos algoritmos de planejamento para produ-
zirem as execugoes de suas respostas.

Devido as adaptacoes apresentadas e & natureza dos algoritmos utilizados, ha
uma pequena modificagdo na semantica de dois operadores: o operador de negacao
“—" e o operador epistémico “/C”.

Idealmente, o operador de negagio procuraria pelo conjunto de estados onde uma
dada férmula nao fosse satisfeita. Infelizmente, uma busca direta dessas alcangaria
complexidade exponencial. A solugdo adotada é o motivador da existéncia de nés
positivos e negativos: o algoritmo simplesmente calcula os conjuntos de nés positivos
e negativos necessarios para negar uma determinada férmula e os apresenta como
sua. solugdo.

O operador epistémico “K” teve sua semantica alterada. A seméntica original
exige uma. busca iterativa entre todas as runs que incluam uma determinada run
local. Devido & natureza dos algoritmos utilizados, que produzem “objetivos” para
acelerar o processo, essa semantica 11ao é compativel.

Ao invés disso, o operador “K” exige que um conjunto de proposigoes seja feito
“evidente”: MAPKAT supbe que todos os agentes conhecem as “regras do jogo”,
ou seja, quais as pré-condigoes e os efeitos de todos os operadores do sistema, e
que nenhuma acao é “executada em segredo”, ou seja todos sabemn quando um
determinado operador é aplicado. Deixar uma proposi¢ao em evidéncia tao somente
significa exigir que wm operador que torne tal proposicdo evidente seja aplicado, e
que nenhum operador que negue tal proposicao seja executado mais tarde. Seguindo

essas regras, o operador alcanga um subconjunto correto da seméantica original.
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3.2 Verificagao de Formulas

Essa se¢ao descreve os fundamentos dos algoritmos utilizados para a verificagao de
férmulas KCTL no framework MAPKAT. Para maiores detalhes, favor consultar o
apéndice D, pagina 107.

Os algoritmos de verificagao calculam os requisitos necessarios para o modelo de
um dado Sistema Multi-Agente (SMA) satisfazer uma dada férmula KCTL . Ele o
faz calculando as pré-condigoes de ¢ e verificando se o estado global inicial satisfaz
essas pré-condigoes.

As pré-condigoes de uma férmula ¢ sao as proposi¢oes necessarias para satisfazer
. Se ¢ for da forma T, onde T se trata de um operador temporal, a execugao
que leva o modelo ao estado que satisfaz a 1) é retornada e as pré-condigdes dessa
execucao se tornam as pré-condicoes de ¢. Caso contrario, nenhuma execugio é
necessdria, sendo retornada uma execugdo nula junto dos pré-requisitos de . A
tupla formada pelo conjunto de proposi¢oes necessarias e a execucao associada é
chamada de solugdo.

Uma solugdo é calculada detectando-se o que é necessario para satisfazer as
porgdes atomicas (ou “mais internas”) da férmula e entdo, passo-a-passo, calcula-
se 0 que é necessario para satisfazer os operadores gradativamente mais externos,
combinando-se as solugbes até se alcancgar a solu¢ao da férmula como um todo.

Em outras palavras, cada passo do processo calcula o conjunto de solugoes
possiveis para um operador da férmula. Cada solugao é uma possibilidade e tem
a forma de uma tupla que inclui um conjunto de proposigoes necessarias e uma
execucao necessaria. Pode-se considerar o conjunto de proposi¢oes de cada resposta
como uma conjunciao booleana, e o conjunto de respostas alternativas como uma
disjuncao hooleana.

O primeiro passo € baseado no estado inicial do sistema dado pela configuracao
do modelo. Esse é o primeiro nivel de proposigéo, chamado PLy. Quando o conjunto

de solugoes possiveis de ¢ como um todo é calculado, retornamos apenas as solugoes



cujos conjuntos de proposigdes necessarias estiverem contidos em P Lyg.

O model-checking de operadores temporais toma o conjunto de pré-condi¢oes
de cada solugdo da formula interna e o utiliza como o conjunto de objetivos de
um algoritimo de planejamento adaptado do algoritmo original dos grafos de pla-
nejamento. Fsse algoritmo toma dois niveis de proposigtes - o atual (origem) e o
seguinte (destino). Se o algoritmo ndo encontrar a0 menos uma execugao entre a
origem e o destino que sirva como resposta, tenta-se de novo tomando como novo
destino o nivel de proposicao seguinte ao destino anterior, e de novo com o seguinte
se necesséario, desistindo apenas se o algoritmo tiver tentado com um ntmero de
niveis igual ao comprimento do modelo.

Operadores booleanos s@o calculados no nivel de proposicdo corrente. Suas
solugbes possiveis envolvem apenas as proposicoes para esse nivel e ndo manipu-
lam execugoes de forma alguma.

O operador epistémico segue uma seméntica adaptada, conforme explicado na
secdo 3.1.3. Hssa seméantica envolve o uso de ewvidéncias, proposicoes especificas
que sdo tratadas com mais cuidado. Quando o processo examina uma férmula. da.
forma “IC;ep", ele verifica, para cada resposta de ¢, as proposi¢oes necessérias que
pertencem ao conjunto exclusivo do agente X*. Essas figurarao na resposta de ;i)
correspondente como proposicoes necessarias normais. As outras proposicées da
resposta de 1 serao tratadas como “proposigoes que exigem evidéncias” e, portanto,
colocadas em um conjunto especial.

Quando uma resposta de uma formula epistémica é avaliada por um operador
temporal, ambos os conjuntos de proposigoes, o normal e o especial, sao tomados
como objetivos. Porém, as proposicoes do conjunto especial ndo poderao figurar nas
pré-condicoes das respostas fornecidas, que terao o conjunto especial esvaziado.

Quando uma resposta de uma formula epistémica é avaliada por operadores
booleanos, os elementos do conjunto especial sao tratados como proposi¢oes normais,
mas ainda nao sdo misturados com os do conjunto normal e nem sao retirados do

conjunto especial.
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Se, no final do processo, uma resposta tiver algum elemento no conjunto especial
no ato de avaliagao em P Ly, ela é descartada: essa resposta nao permitiu ao modelo
suprir o agente X* com todas as evidéncias necessédrias para saber 1.

Resumindo, Cada passo corresponde ao tratamento de uwm operador légico e €
sempre baseado em algum nivel de proposicao do SMA. A resposta de cada passo é

sempre um conjunto de tuplas (C, E, ) tais que:

o (' e I sdo conjuntos de proposigoes e © é uma execugao;
e (' é o conjunto de pré-condicoes de 7;

e F é o conjunto de evidéncias requeridas para que algum agente tenha o co-

nhecimento requerido pela formula sendo verificada.

Mais detalhes, incluindo todos os algoritmos envolvidos, sédo fornecidos no apéndice
D.2.

Por fim, resta o fato de que um modelo MAPKAT pode ser utilizado para pla-
nejamento automatico. De fato, algoritmos de planejamento foram adaptados para
apoiarem o processo de verificacdo de férmulas de l6gica modal. O problema de
“encontrar um plano que torne verdadeiro um conjunto de proposigoes” € simples-
mente outra formulagdo para a semantica do operador temporal “3IO¢”, onde ¢ €
uma férmula conjuncao de proposigoes “pAgA ... Av”.

Porém, quando utilizamos o operador 3¢ do framework MAPKAT para solucio-
nar problemas de planejamento, somos capazes de especificar objetivos com formas
diferentes de conjungoes de proposicoes: de fato, qualquer propriedade representdvel
por um férmula da légica KCTL pode ser especificada como o objetivo do plane-
jamento, provando que o framework MAPKAT expande o poder expressivo dessas

estruturas.



Capitulo 4

Conclusao

4.1 Contribuicao

Este texto apresentou um estudo da drea de planejamento multi-agente para a ex-
pansao da logica KCTL, cuja versao original é apoiada por modelos Kripke estendi-
dos (e autdmatos correspondentes) conforme introduzida por [Benevides et al., 2004].
Sua principal contribuicao foi o framework MAPKAT, desenvolvido para reforgar
o valor seméntico para a légica KCTL Como estrutura basica, o framework MAP-
KAT substitui os modelos Kripke extendidos por adaptacoes dos grafos de plane-
jamento apresentados por [Blum and Furst, 1995].

A maior vantagem dessa substituicdo é uma representacao mais adequada da
natureza dindmica e paralelizada de um sistema multi-agente. Fssa abordagem
permite modelos e respostas mais compactos pois, entre outros motivos, o framework
MAPKAT se baseia nao em sequéncias de agoes mas em sequéncias de moves.

O poder desse novo framework foi ainda mais refor¢ado ao se apresentar algorit-
mos que permitem o model-checking da l6gica KCTL no modelo seméntico em si.
Isso perinite aplicd-lo a uma fungao similar aos autématos usados pelo KCTL origi-
nal. Em outras palavras, o framework seméantico mostrou também ser um framework

1égico.
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A vantagem dessa caracteristica é trivial: nao é necessaria uma etapa de traducao,
diminuindo néo sé o processo de model-checking em si como também diminuindo
as chances de erros e confusoes. Os algoritmos podem ser muito mais préximos a
semantica exata de cada operador. Finalmente, por serem aplicados a grafos de
planejamento, os algoritmos se beneficiam dos mesmos principios que os métodos de
planejamento originais, podendo chegar a indices de eficiéncia similares. E impor-
tante lembrar que grafos de planejamento sao conhecidos por suas respostas rapidas.

Uma dltima vantagem é a capacidade que MAPKAT d4 a légica KCTL de
trabalhar em dominios STRIPS-like. Por se basear em grafos de planejamento

adaptados, MAPKAT pode lidar com dominios STRIPS-like da mesma forma

que Graphplan.

4.2 Trabalhos Futuros

Néao foi possivel desenvolver uma implementacéo da légica KCTL usando o fra-
mework MAPKAT. Essa tarefa é a primeira dentre as tarefas propostas para ser
possivel analisar a eficiéncia real do framework descrito.

A versao do MAPKAT apresentado nesse trabalho lida com o caso geral e
genérico de sistemas assincronos. O estudo de variantes que incluam sincronici-
dade e outras politicas de funcionamento figura como outra tarefa importante, visto

que o caso genérico nao inclui mecanismos simples para tal adaptagao direta.
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Appendix A

Planning

The roots of Al planning lie partly in problem solving through state-space search
(and associated techniques such as problem reduction and means-end analysis) and
partly in theorem proving and situation calculus [Russel and Norvig, 1995].

Planning agents (or planners) differ from problem-solving agents in the rep-
resentations of goals, states and actions. Inspired by situation calculus, planners
use explicit, logical representations, so they can direct their reasoning much more
sensibly.

Unfortunately, situation calculus planning using a general-purpose theorem prover
is very inefficient. Using a restricted language and special-purpose algorithms,
though, allows planning to solve quite complex problems.

However, before we can debate on an adequate language for the planning agents
and their plans, we need to define the scope of their reasoning - in other words, this
section will start by addressing the planning problem. The discussion on languages,

or planning representation, comes in the next subsection.

A.1 Planning Problem

The aim of this section is not only to provide a characterization of the classical

planning problem, but also to introduce some concepts related to it.
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A mini-world or simply a world is the part of the universe being modeled, as for
example a table with some wood blocks on it.

A state is a description of the world in a formal language at a point of time.
In general, there is an infinite number of states in which the world could be, but
at a certain time, it can only be in one state. An action is an operator that when
performed changes the state of the world. The only way of changing the world from

one state to another is by performing an action, otherwise it remains static.

State s; action a; State s

In order to illustrate these concepts, suppose the world consists of a table with

two labeled wood blocks on it. In the initial state both blocks are on the table.

State sq

A B

If the action of stacking block A on top of block B is performed, then the world

will change from the state sy to a state sy, as shown in the figure below.
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State sq State stack(A,B,s0)

stack(A.B,sn)

A B B

An action @ can be characterized as a set of ordered pairs of the form (cs,ns),
where cs is the current state and ns is the next state to be reached, if the action
a is performed in the current state cs. In this work, actions are supposed to be
deterministic, meaning that if a is an action, then for every state cs there is at most
one state ns such that (cs,ns) € a. If action ¢ is performed in state cs, it will always
change the state of the world to ns.

In the classical planning problem, the aim is to find a sequence of actions (a
plan) that, when performed sequentially, changes the state of the world from an
initial state to a desired goal state. A more formal and exact definition would be as

follows:

Definition A.1.1 Classical Planning Problem

A classical planning problem is a quadruple < S, A, so, Sq >, where:
1. S is the set of all possible states;

2. A is the set of actions;

3. s 1s a special element of S called the initial state;

4. Sg is a subset of S called the set of possible goal states;

The reason why there is more than one goal state is because, in general, the
goal is to reach a final state where a desired property holds. It could be any state

reachable from the initial one where this property is satisfied.
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A plan, or a solution to a planning problem, is a sequence of actions {ay, ag, ..., @)
such that (sg, 81) € a1, (s1, s2) € ag, ..., (Sn_1, Sn) € ayands, € S, It
means that a plan is a sequence of actions that when performed, one after another,

changes the state of the world from the initial one to one of the goal states.

A.2 Planning Problem Representation

In this section, four ways of interest to represent the planning problem are presented.
Three of them are classical, common approaches. The fourth one, more recent, is
presented last for it’s very close to one of the first three classic approaches, although
it does have significant differences.

The first one is a classical first order logic representation (Situation Calculus).
The second approach presented is a modal action logic (Dynamic Logic) represen-
tation. The third one is a well-known language (STRIPS) used to represent the
planning problem. And the fourth representation is a graph-based representation
(Graphplan).

The first two methods are based on logical systems, therefore with precise se-
mantics. The third one is not a logical system, although its syntax is very similar to
a logical language. But, as section A.5 will show, its lack of semantics can sometimes
lead to wrong results. On the other hand, the first two are in most cases inefficient,
due to the so-called frame problem, described in sections A.3 and A.4. STRIPS can
deal quite well computationally with this problem and therefore be more efficient.

Thus the interest on the fourth method: Graphplan uses several simple rules to
reach even better performance than STRIPS, while holding strong semantics based
on causality.

In order to illustrate each method, the Blocks World problem is used. In this
example, the world is supposed to be a table with labeled wood blocks on it. All
blocks have the same size, and each one can be either on the table or on top of just

one other block. Each configuration of the blocks corresponds to a different state of
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the Blocks World.

State sq State s1
A
A B B

There are two actions that can be performed in this example. The first one is
the action of stacking a block on top of another. And the second is the action of

“unstacking” a block from top of another. The “unstacked”block is put on the table.

State sg State s1
stack(A B.sg)
unstack(A . B.s;)
A
A B B

A.3 First Order Logic Representation:
Situation Calculus

First order logic has been widely used in the representation of the planning prob-
lem. The most successful of these representations has been the one proposed by
MacCarthy, which is called the Situation Calculus.

In Situation Calculus, predicates are used to represent properties about the
states. In the block world example, a predicate On(z,y,s) can be used to express
the information that a certain block x is on top of another block y in the state s.

The predicate Clear(z, s) can be used to describe that there is no block on top of a
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block x in the state s. Finally, the predicate T'able(x, s) can be used to assert that
a block z is on the table in the state s. Below is a figure showing a possible state of

the problem, followed by a corresponding state representation in situation calculus:

A
B
C D
On(A, B, S1)
Clear(A, S1)
On(B,C,S1)
Table(C, 1)
Table(D, $1)
Clear(D, S1)

Actions, in Situation Calculus, are represented by functions that map states into
states, i.e., a : S — S, where S is the set of all states. In the block world example,
the action of stacking a block z on top of a block y in a state s can be represented by
a function stack(z,y,s). In the same way, the action of unstacking a block x from
the top of a block ¥ in a state s, can be represented by a function unstack(z,y, s).

The following figure illustrates the representation of an action in Situation Calculus.
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State sg State s;

stack(A.B.sg)

A
A B B
Clear(B, sqg
Clear(A, sg Clear(A, s
Table(B, sp Table(B, $1
Table(A, sg On(A, B, s1)

The formalization chosen to present the first order logic follows the classical style
of natural deduction. The symbol # is assumed to be defined as -+ = (unot equal).
The axioms are presented in tliree groups.

The first group contains the descriptions of properties that are true in all states.
For instance, the predicate Free(z,s) is defined to assert that a block z is Clear

and on the Table in the state s. This definition must hold in all states.

Ax.1 VavyVs(Table(z, s) <« —Iy(On(z,y,s)))

Ax.2 VaVyVs(Clear(y, s) < —Iy(On(z,y,s)))

Ax.3 VaVyV2Vs(On(z,y, s) — (On(xz,z,s) « z =1y))
Ax.4 VaVs(Clear(z, s) A Table(z, s) — Free(z, s))

The axiom Ax.1 asserts that a block is on the table if and only if it is not on top
of another block. Ax.2 asserts that a block is clear if and only if there is no other
block on top of it. Ax.3 asserts that a block can be on top of just one block. Ax.4
asserts that a block is free only if it is clear and on the table.

The second group contains the axioms that define under what conditions (pre-

conditions) one action can be performed and how it affects the state of the world.
Ax.5 VaVyVs(Table(z, s) A Clear(z, s) A Clear(y, s) A (z # y) =
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On(z, vy, stack(z,y,s)))

The axiom Ax.5 describes the action stack. If a block z is on the table, blocks 2
and y are clear and z is different from y in the state s, then after stacking = on top

of y it is true that z is on v in this new state.

Ax.6 VzVyVs(On(zx,y, s) A Clear(z, s) =
Table(z, unstack(z,y, s)) A Clear(z, unstack(zx,y, s)))

The axiom Ax.6 describes the action unstack. If a block z is on top of a block
y and z is clear in the state s, then, after unstacking « from top of y, = is on the
table and y is clear.

The third group contains the so-called frame axioms. It describes which proper-
ties are not affected when a certain action is performed. The axioms of the second
group describe how one action changes the state of the world. But, they only say
what is changed. They do not show how the properties that were not affected can
pass from the current state to the next one when one action is executed. A group
of frame axioms must be provided for each action.

The frame axioms of the action stack are:

Ax.T VaVyVuVs(Clear(u, s) A (u # y) = Clear(u, stack(z,y, s)))
Ax.8 VaVyVuVs(Table(u, s) A (u # z) = Table(u, stack(z,y, s)))
Ax.9 VaVyVuvoVs(On(u, v, s) = On(u,v, stack(z,y, s)))

Axioms Ax.7, Ax.8 and Ax.9 assert that if a block u is clear, or on the table, or
on top of a block v, and if we stack a block & on top of a block y, then u remains
in the same situation that it was before, i.e., clear or on the table or on top of v,
respectively.

The frame axioms of the action unstack are:

Ax.10 VaVyvuVs(Clear(u, s) = Clear(u,unstack(z,y, s)))
Ax.11 VaVyVuVs(Table(u, s) = Table(u, unstack(z,y, s)))
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Ax.12 VaVyVuVoVs(On(u, v, s) A (u # z) = On(u, v, stack(z,y, s)))

Axioms Ax.10, Ax.11 and Ax.12 assert that if a block w is clear, or on the table,
or on top of a block v, and if we unstack a block & from the top of a block y, u
remains in the same situation that it was before, i.e., clear or on the table or on the
top of v, respectively.

The number of frame axioms is proportional to the product of the number of state
predicates and the number of actions. In this case, there are three state predicates,
two actions and six frame axioms.

Suppose that the Block World is in an initial state sg, where there are three
blocks on the table. Block C is on the table, block B is on top of block C, and block
A is on top of block B. The goal is to reach a state where block B is free. The

figure below shows the initial state.

State S0

vs}

The description of the initial state shown above is given by the facts below:

F.1 On(A,B,s0)
F.2 Clear(A,sq)
F.3 On(B,C,sp)
F.4 Table(C,s0)
The aim is to find a proof of the formula Free(B,s). This can be obtained as
follows:

If we apply the axiom Ax.6, which defines the action unstack, and use the facts

F1 and F2, we have:
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1.Table(A,unstack(A, B, so))

1".Clear(B,unstack(A, B, sp))

If we use the frame axiom Ax.12 and the fact I3, we have:

2. On(B, C,unstack(A, B, so))

If we use the axiom Ax.G again, 2 and 1’',we have:
3. Table(C,unstack(B, C,unstack(A, B, sp)))
3. Clear(C, unstack(B, C,unstack(A, B, so)))
If we use the axiom Ax.4, we have:

4. Free(B,unstack(B, C,unstack(A, B, so)))

The proof above is actually an informal explanation of the proof.

The formula 4 is the goal. A plan has been constructed to reach a goal state
where block B is free. The plan is the term unstack(B, C,unstack(A, B, sg)). If
this plan is executed in the initial state sy described above, the state of the world
will change to a goal state, where block B is free. The following figure illustrates

this situation.

State sp State sq

A unstack(A.B.sg)

B B

C ClA
State s State sq

unstack(B,C,unstack(A B,sn))
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Representing the planning problem in Situation Calculus has some good advan-
tages. First, it is based on a logical system, i.e., first order logic, which has a well-
known semantics. Second, there is a good range of theorem provers implemented
and available, that could be used to generate plans.

On the other hand, the number of frame axioms, in general, can be quite big.
All frame properties, i.e., properties that are not affected by an action, must be
deduced using the frame axioms. It makes proofs very long, and consequently, the
plan generation can be very inefficient. This is the so-called frame problem. The

figure below illustrates this problem.

State sq State ss5g0
B A
A C B C

Suppose that the Block World is in the initial state sg, as shown in the figure
above. After five hundred changes of state, block C was not involved in any action.
If any information about block C' is needed in the state sspp, it must be obtained
from the initial state sg, using frame axioms. It can be necessary to apply some of
the frame axioms hundreds of times in order to obtain simple information like ‘block
C' is on the table in the state s5oq’, i.e., Table{C, ss500). It can be a serious problem
in terms of efficiency. There are some partial solutions to this problem which can

reduce the number of frame axioms, but do not eliminate the problem.

A.4 Modal Action Logic Representation

Modal Action Logic or Dynamic Logic is a modal logic, where the modal operators

of necessity O and possibility & are replaced by a family of operators [a] and < a >
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respectively, where a is an action. For each action a, there are two modal operators
[a] and < a >. The semantics for this logic is a possible world semantics, where for
each action there exists an accessibility relation.

It seems quite intuitive to apply dynamic logic to planning problem represen-
tation. Actions are represented by means of the modal operator [a] and states by
possible worlds. A formula [a]o holds in a state s, if a holds in all possible states
which could result from the action a being performed in s.

For notational simplicity, sequences of actions ¢ = ayay ... are also represented
by means of modal operators [c] and < ¢ >. Analogously, a formula [cja holds in
a state s, if a holds in all possible states which could result from the actions in ¢
being performed as ordered since state s.

The logical axioms are:

AtlkFa— (f—a)

AL2F (@ (=) — (@ B) = (@ — 7))

AL3F (of = —a) = (06 — @) — F)

At A (Vz(a — f)) — (@ — Vz3) , where x is not free in «
At.5 F (Vza(z)) — aft), where t is not free for z in a

AclF [c,dd TRUE

Ac2F (fe (@ — B) = (e ale - [e,alf)

Ac.3 FVz([c, a]a) « [c, a)Vza, where x is not free in ¢ or in a
AcAF (¢, a]-e) = —([e, ala)

Ac.5 F 3z([c, ala) — [¢, a]Fza, where x is not free in ¢ or in a
A6 (fe,ala) A ((6,alB) < e, al(er A B)

AT F (e da) v (6 alf) — [ al(a v 6)

Definitions of other logical connectives and the quantifier 3 are:

Dlavf=(-a)—p
D2aAf=-(a——p)
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D3a-fA2(a—= AL —a)

D4 dpa =2 —Vz—a

Rules of Inference:

'Fa TFa— g

IP :
M g
THa
EN: ——
G T'FVzo
NEC : —2
e, a]a

In the modal action logic representation of the planning problem, actions are
represented by modal operators of the form [a]. Predicates are used to describe
properties about the states. But, there is no state component as argument of each
predicate. The modal operator of a formula indicates in which state this formula
is. For instance, a formula Table(A) means that the block A is on the table in the
initial state, and [unstack(A, B)|Table(A) means that A is on the table, in the state
where A is unstacked from the top of B, i.e., after unstacking block A from the top
of block B, block A will be on the table.

A Block World representation in modal action logic is presented below. As in

the situation calculus version, there are three groups of axioms.

Ax.1 VaVy(Table(z) <« —Jy(On(z,y)))

Ax.2 VaVy(Clear(y) < ~Iy(On(z,v)))

Ax.3 VaVyVz(On(z,y) — (On(z, z) < = =1y))
Ax.4 Vx(Clear(x) A Table(x) — Free(x))

The axiom Ax.1 asserts that a block is on the table if and only if it is not on top
of another block. Ax.2 asserts that a block is clear if and only if there is no other
block on top of it. Ax.3 asserts that a block can be on top of only one block. Ax.4

asserts that a block is free if it is clear and on the table.
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The second group contains the axioms which define each action, i.e., under what

conditions an action can be performed and how it affects the state of the world.

Ax.5 VaVy(Table(x) A Clear(z) A Clear(y) ANz # y —
[stack(z,y)|On(z,y))

The axiom Ax.5 describes the action stack. If a block z is on the table, blocks z
and y are clear and z is different from y in the state s, then after stacking = on top
of y it is true that z is on top of y in this new state.

Ax.6 VaVy(On(z,y) A Clear(z) — [unstack(z,y)]|(Table(x) A Clear(y)))

The axiom Ax.6 describes the action unstack. If a block z is on top of a block y
and z is clear in the state s, then, after unstacking « from the top of y, = is on the
table and y is clear.

The third group contains the frame axioms. As in the Situation Calculus rep-
resentation, they describe which properties are 1ot affected when an action is per-
formed.

The frame axioms for the action stack are:

Ax.7 VaVyVu(Clear(u) Au # y — [stack(z, y)]Clear(u))
Ax.8 VaVyVu(Table(u) A u # = — [stack(z,y)|Table(u))
Ax.9 VaVyVuVo(On(u,v) — [stack(z, y)]|On(u,v))

Axioms Ax.7, Ax.8 and Ax.9 assert that if a block w is clear, or on the table, or
on top of a block v, and if we stack a block x on top of a block y, then u remains
in the same situation that it was before, i.e., clear or on the table or on top of v,
respectively.

The frame axioms for the action unstack are:

Ax.10 VaVyVu(Clear(u) — [unstack(z,y)]|Clear(u))
Ax.11 VaVyVu(Table(u) — [unstack(z,y)]Table(u))
Ax.12 VaVyVuVv(On(u, v) A u # x — [unstack(z, y)|On(u, v))
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Axioms Ax.10, Ax.11 and Ax.12 assert that if a block w is clear, or on the table,
or on top of a block v, and if we unstack a block z from the top of a block ¥y, «
remains in the same situation that it was before, i.e., clear or on the table or on the
top of v, respectively.

The number of frame axioms is proportional to the product of the number of state
predicates and the number of actions. In this case, there are three state predicates,
two actions and six frame axioms.

Suppose that the Block World is in an initial state sy, where there are three
blocks on the table. Block C' is on the table, block B is on top of block C, and block
A is on top of block B. The goal is to reach a state where block B is free. The

figure below shows the initial state.

State s

w

The description of the initial state is given by the facts below:

F.1 On(A,B)
F.2 Clear(A)
F.3 On(B,C)
F.4 Table(C)

The aim is to find a possible world accessible from the initial one such that block
B is free, i.e., the formula F'ree(B) holds. This can be obtained as follows.
If we apply the axiom Ax.6, which defines the action unstack, and use the facts

1 and F2, we have the situation 52:

1.[unstack(A, B)|(Table(A) A Clear(B))
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If we use the axiom Ac.6, which gives us a kind of distributivity of modalities

over conjunction, we have:

2.[unstack(A, B)|Table(A)
3.[unstack(A, B)|Clear(B)

If we use the frame axiom Ax.12 and the fact I3, in the situation S2, we have:
4.[unstack(A, B)|On(B, C)

We can apply the rule NEC to the axiom Ax.6 and then use axioms Ac.3, Ac.2 and

Ac.6.

5.VaVy([unstack(A, B)|On(z,y) A [unstack(A, B)]Clear(z)) —
[unstack(A, B)|[unstack(z,y)|Table(x)A
[unstack(A, B)|[unstack(z,y)|Clear(y)

If we use b, 4 and 2,we have the situation S3:

6.[unstack(A, B)|[unstack(B, C)|Table(B)
7.[unstack(A, B)|[unstack(B, C)|Clear(C)

We can apply the rule NEC twice to axiom Ax.4 and then use the axioms Ac3, Ac2

and Ac6.

8.Va[unstack(A, B)|[unstack(B, C)]Clear(z)A
[unstack(A, B)|[unstack(B, C)|Table(z) —
[unstack(A, B)|[unstack(B, C)|Free(x)

If we use 8, we have:
9.[unstack( A, B)|[unstack(B, C)|Free(B)

The proof above is actually an informal explanation of the proof.
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The formula 4 is the goal. A plan has been counstructed to reach a goal state
where block B is free. The plan is the term [unstack(A, B)][unstack(B, C)]. If this
plan is executed in the initial state sp described above, the state of the world will

change to a goal state, where block B is free. The following figure illustrates this

situation.
State sg State sq
A [unstack(A, B)]
B B
C C A
State sq State sg
[unstack(A, B)|[unstack(B,C')]
B
C A C B A

In modal logics (not in modal action logic presented above), the rule of necessi-
tation can only be applied to logical axioms. The reason for that is to make them
hold in all possible worlds. In dynamic logic, the situation is different. In most
applications, there are some extra-logical axioms which are intended to hold in all
possible worlds. The necessitation rule can be applied over these axioms.

In the Block World example, the axioms Ax.1 to Ax.12 must be valid in all
possible states, and the necessitation rule is allowed to be applied over them. But,
facts F1 to F5 are only valid in the initial world, therefore the necessitation rule
cannot be applied over them. In conclusion, in dynamic logic there are two groups
of extra-logical axioms: those that are intended to be valid in all possible states,
and others that are only valid in the initial state.

Representing the planning problem in modal action logic has some advantages.
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First, it is based on a logical system, dynamic logic, which has a well-known seman-
tics. Second, there are some theorem provers that could be used for plan generation.
Third, there is not a state component as argument of each predicate, like we have
in Situation Calculus. It provides more clarity and elegance in the representation.
The disadvantage is the same as that for the first order logic representation, i.e.,
the number of frame axioms, in general, is quite big. It can make the plan generation

very inefficient.

A.5 STRIPS - Problem Solver

STRIPS is a problem solver proposed by Fikes & Nilson. States of the world are
represented by world models, which are sets of first order logic formulas. Fach action
is defined by an operator consisting of a description of the effects of the action in
the world model, and under which conditions this operator can be performed. A
planning problem represented in STRIPS consists of an initial world model, a set
of available operators and a goal statement. A resolution theorem prover is used
to find a sequence of operators that transforms the initial world model into a final
model, where the goal is satisfied.

The description of each operator follows the schemata below.

< operator >:
PRECONDITION < formula >
ADD LIST < list — of — formulas >
DELETE LIST < list —of — formulas >

The precondition is a formula that must be satisfied before the application of
the operator. The ADD LIST is a list of formulas that must be added to the current
world model. The DELETE LIST is a list of formulas that are no longer valid and

must be deleted.
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A Block World representation, in STRIPS, is presented below.

The operators descriptions are:

stack(z,y):
PRECONDITION Table(x) A Clear(z) A Clear(z) Az #y
ADD LIST On(z,y)
DELETE LIST  Clear(y), Table(x)

unstack(z, y):
PRECONDITION Clear(z) A On(z,y)
ADD LIST Clear(y), Table(x)
DELETE LIST  On(z,v)

There is some information that must be valid in all world models. This is ex-

pressed by the following axioms:

Ax1. Vavy(Table(z) <« —Jy(On(z,y)))

Ax2. VaVy(Clear(y) <« —3z(0On(z,y)))

Ax3. VaVyVz(On(z,y) — (On(z, z) < z =1y))
Ax4. Vx(Clear(z) A Table(z) — Free(z))

The axiom Ax1 asserts that a block is on the table if and only if it is not on top
of another block. Ax2 asserts that a block is clear if and only if there is no other
block on top of it. Ax3 asserts that a block can be on top of only one block. Ax4
asserts that a block is free if it is clear and on the table.

Suppose that the Block World is in an initial state so, where there are three

blocks on the table. Block C is on the table, block B is on top of block C, and block
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A is on top of block B. The goal is to reach a state where block B is free. The
figure below shows the initial state.

State sg

A
B
C

The description of the initial state shown above is given by the facts below:

F.1 On(A,B,sq)
F.2 Clear(A,sy)
F.3 On(B,C,sp)
F.4 Table(C,sq)

The goal is to find a final state where block B is free, i.e., formula Free(B).

This can be obtained as follows:

Initial state sg:
CLEAR(A) | ON(4,B)

ON(B,C) | TABLE(C)

Applying the operator unstack:

State sq:
CLEAR(B) | TABLE(A) | -

ON(B,C) | CLEAR(A)| TABLE(C)

Applying the operator unstack again:

Final state ss:
CLEAR(B) | TABLE(A) | CLEAR(C)

TABLE(B) | CLEAR(A) | TABLE(C)

If the operator unstack is applied twice, the last world model is obtained. By

instantiating the axiom Ax.4, we have:
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(Clear(B) A Table(B)) — Free(B)
Applying the rules A-I and modus ponens, the goal is reached.
Free(B)

The formula above is the goal. A plan has been constructed to reach a goal state
where block B is free. The plan is the term unstack(B, C,unstack(A, B)). If this
plan is executed in the initial state sy described above, the state of the world will
change to a goal state, where block B is free. The following figure illustrates this

situation.

State sp State s; State g9

A unstack{A B) unstack(B.C)

B B
C C A C B A
Semantics

Since Fikes & Nilsson presented STRIPS, in 1971, very few investigations were
done in the direction of providing a semantics for STRIPS. Only in 1987 Lifschitz
provided a semautical investigation for it. It is very useful, in the sense that it brings
out what are the limitations of this problem solver. Quoting from Lifschitz: ‘it draws
a clear line between good and bad uses of the language of STRIPS’. The rest of this
section is dedicated to presenting Lifschitz’s semantical approach to STRIPS.

Let L be a first order language. A world model is any set of sentences in L. An
operator description is the triple (P, A, D), where P is a formula (pre-condition),
and A and D are sets of formulas (add and delete lists).

A STRIPS system % is a tuple < My, Op, OD >, where:

My - is the ingtial world model;
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Op - a set of operators symbols;

OD - a family of operator descriptions {(Pa, Aa, Do)l € Op};

A plan is a sequence of operators G = (ay, ..., ().

Tt is assumed that sg is the initial state, and that it is defined for each state
s which formulas are satisfied in this state. An action is a partial function f that
maps states into states. And for each operator a there is an action f,. A function
f is applicable in a state s, if f is defined in s. An interpreted STRIPS system is a
STRIPS system with all this additional information.

A world model M of an interpreted STRIPS system ¥ is satisfied in a state s, if
every element of M is satisfied in s.

Lifschitz proposes and discusses three possible semantics for STRIPS. They are

briefly explained below.

a) First:
The first step is to give a definition of an operator description. Let X be an

interpreted STRIPS system ¥ = (Mg, { P,. Aa, Do}acop)

Definition A: An operator description (P, 4, D) is sound relative to an action f,
if for every state s such that P is satisfied in s,

(i) f is applicable in state s,

(ii) every sentence which is satisfied in s and does not belong to D is satisfied in

f(s),
(iii) A is satisfied in f(s).

Y is sound if My is satisfied in the initial state sq, and each operator description

(P, Aq, D,) is sound relative to f,.

Theorem A.5.1 (Soundness)
If Y is sound, and a plan @ is accepted by X, then the action f; is applicable in

the initial state sq, and the world model R(@) is satisfied in the state fz(so)-
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Quoting from Lifschitz:

“There is a serious problem, however, with definition A: it eliminates

all usual STRIPS systems as unsound.”

In the description of the operator stack(z,y), in the example above, the delete
list contains the facts Clear(y) and Table(z). But these are not the only formulas
that become false when action stack is performed. For instance, their conjunction
with any other formula will be false, as well as many other formulas. In order to
satisfy definition A, the delete list should be infinite.

A solution to this problem could be to allow the world models to have only
atomic formulas. The operator description should change: the add list and the
delete list should only have atomic formulas. This solution is too restrictive. Most
of the practical problems can not be represented in STRIPS if these conditions are

imposed.
b) Second:

In order to have a more general semantics, which satisfies more STRIPS systems,
some modifications are made necessary. First, non-atomic formulas are allowed in
the initial state, provided they are valid in all world models. The reason for this can
be illustrated by the following example.

Suppose that in the Block World example, in the initial state, all blocks are on

the table and clear. It can be expressed by the following formula:

VaTable(z) A Clear(x)

If the operator stack(A, B) is performed, this sentence will not be valid any
more. But according to the stack operator description, it will not be deleted.

The second modification is to allow the add list to have non-atomic formulas.
Tor the same reason, these formulas must be valid in all world models. Otherwise,

in the next change of state, it will lead the STRIPS system to malfunction.
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In order to enforce the modification proposed above, definition A must be rewrit-

ten to definition B as follows.

Definition B: An operator description (P, A, D) is sound relative to an action f, if
for every state s such that P is satisfied in s,

(i) f is applicable in state s,

(i) every atomic formula which is satisfied in s and does not belong to D is
satisfied in f(s),

(iii) A is satisfied in f(s)

(iv) every non-atomic formula in A is satisfied in all states of the world.

Y is sound if
(v) My is satisfied in the initial state so,
(vi) every non-atomic formula in M, is satisfied in all states of the world,

(vii) every operator description (P,, A4, D,) is sound relative to f,.
The soundness theorem remains valid for definition B.
c¢) Third:

The semantics presented in b) can be slightly generalized if a set £ of essential
formulas is defined. The aim is to allow non-atomic formulas to appear in the delete

list. Definition B could be changed to definition C as follows:

Definition C: An operator description (P, A, D) is sound relative to an action f,
if for every state s such that P is satisfied in s,

(i) f is applicable in state s,

(ii) every essential formula which is satisfied in s and does not belong to D is
satisfied in f(s),

(iii) A is satisfied in f(s)

(iv) every formula in A, which is not essential, is satisfied in all states of the

world.
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3} is sound if

(v) Mp is satisfied in the initial state s,

(vi) every formula in Ay, which is not essential, is satisfied in all states of the
world,

(vii) every operator description (P, A,, D,) is sound relative to f,.

The soundness theorem remains valid for definition C.

If the set of essential formulas is chosen as the set of atomic formulas, then
definition B and C are the same. The set £ must be carefully chosen in order to
avoid the delete list being infinite, as we have already described.

Representing the planning problem in STRIPS has a very interesting advantage:
the frame problem can be avoided. It is not necessary to have axioms to express
the properties that are not changed by an action. This is made possible because the
operator description contains already the information of how the world is going to
be changed, when this operator/action is performed. In general, this can improve
the efficiency of the plan generation a lot. On the other hand, STRIPS’s lack of
semantics can lead in some cases to wrong results. We can only obtain a reasonable
semantics to STRIPS, if strong constraints are imposed on it, and only in this case

the soundness of the plan generation can be assured.

A.6 Planning Graph Analysis

The text in this section is based on [Blum and Furst, 1995].

The Graphplan is a planner presented by Blum & Furst. It introduces a new
approach to planning in STRIPS-like domains. This paradigm is based on building
and analyzing a compact structure called a Planning Graph.

A Planning Graph encodes the planning problem in a way that many useful
constraints inherent in the problem become explicitly available, reducing the amount

of search needed to reach a conclusion (be it finding a plan or realizing that there
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isn’t suchi a plan). The Planning Graph is not the state-space graph. Unlike a
state-space graph, where a plan is a path through the graph, in a Planning Graph a
plan is a flow in the network flow sense.

The Graphplan planner uses the Planning Graph that it creates to guide its
search for a plan. The search it performs combines aspects of both total-order and
partial-order planners. Like total-order planners, Graphplan makes strong commit-
ments in its search - when it considers an action, it considers it at a specific point in
time. On the other hand, like partial-order planners, Graphplan generates partially
ordered plans. The semantics of such a plan is that the actions in the same time
step may be performed in any desired order - it is a kind of “parallel” plan.

One valuable feature of this approach is that it guarantees it will find the shortest
partial-order plan. Another interesting feature is that this approach isn’t particu-
larly sensitive to the order of the components of the goal in a planning task, unlike

traditional approaches.

A.6.1 Definitions and Notations

Planning Graph Analysis applies to STRIPS-like planning domains. These domains
are characterized by a set of operators. Operators have preconditions, add-effects
and delete-effects, all of which are conjuncts of propositions, and have parameters
that can be instantiated to objects in the world. Operators do not create or destroy
objects, and time may be represented discretely.

Specifically, Graphplan defines a planning problem through:

A set of operators (a STRIPS-like domain);

A set of objects;

A set of propositions (literals) called the Initial Conditions;

A set of Problem Goals which are propositions that are required to be true at

the end of a plan.
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An action, in the Planning Graph approach, is a fully-instantiated operator. For
example, the operator ‘put ?x into ?y’ may be instantiated to the specific action
‘put Objectl into Container2’. An action taken at time ¢ adds to the world all
the propositions which are among its Add-Effects and deletes all the propositions
which are among its Delete-Effects. It will be convenient to think of “doing nothing”
to a proposition in a time step as a special kind of action we call a no-op or frame

action.

A.6.2 Valid Plans

A walid plan for a planning problem consists of a set of actions and specified times
in which each is to be carried out. Several actions may be specified to occur at the
same time step so long as they do not interfere with each other.

We say two actions interfere if one deletes a precondition or an add-effect of the
other. In a linear plan, two actions that don’t interfere could be arranged in any
order with exactly the same outcome. Such actions are called independent.

A valid plan may perform an action at time ¢ > 1 if the plan makes all its
preconditions true at time {. Because no-op actions carry truth forward in time, a
proposition can be defined to be true at time ¢ > 1 if and only if it is an Add-Effect
of some action taken at time ¢ — 1.

Finally, a valid plan must make all the Problem Goals true at the final time step.

A.6.3 Planning Graphs

A Planning Graph is similar to a valid plan, but without the requirement that the
actions at a given time step must not interfere. It is a type of constraint graph that
encodes the planning problem.

A Planning Graph is a directed, leveled graph with two kinds of nodes and three
kinds of edges. The levels alternate between propositions levels containing proposi-

tion nodes (each node labeled with some proposition) and action levels containing
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action nodes (each one labeled with some instantiated action).

The first level of a Planning Graph is a proposition level and consists of one
node for each proposition in the Initial Conditions. The levels in a Planning Graph,
from earliest to latest, are: Propositions true at time 1, possible actions at time 1,
propositions possibly true at time 2, possible actions at time 2, propositions possibly
true at time 3, and so on.

Edges in a Planning Graph explicitly represent relations between actions and
propositions. The action nodes in action-level ¢ are connected by “precondition-
edges” to their preconditions in proposition level ¢, by “add-edges” to their Add-
Effects in proposition level 2 + 1, and by “delete-edges” to their Delete-Effects in
proposition-level 7 + 1.}

The conditions imposed on a Planning graph are much weaker than those im-
posed on valid plans. Actions may exist at action-level 4 if their preconditions exist
at proposition-level i but there is no requirement of *independence”. In particular,
action-level 4 may legally contain all the possible actions whose preconditions all
exist in proposition-level 7.

A proposition may exist at proposition-level i + 1 if it is an Add-Effect of some
action in action-level ¢, even if it is also a Delete-Effect of some other action in
action-level 7. Since there are “no-op actions”, every proposition that appears in

proposition-level 7 may also appear in proposition-level i + 1.

A.6.4 Exclusion Relations

An integral part of Planning-Graph Analysis is noticing and propagating certain
mutual exclusion relations among nodes. Two actious at the same action level in a

Planning Graph are mutually ezclusive if no valid plan could possibly contain both.

1A length-two path from an action a at one level, through a proposition @ at the next level, to
an action b at the following level is semantically similar to a causal link a 2, b in a traditional

partial-order planner.
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Similarly, two propositions at the same given proposition level are mutually
exclusive if no valid plan could possibly make both true at the given level.

Identifying mutual exclusion relationships can be of enormous help in reducing
the search for a subgraph of a Planning Graph that might correspond to a valid
plan.

The method explained here notices and records mutual exclusion relationships
by propagating them through the Planning Graph using a few simple rules. These
rules do not guarantee to find all mutual exclusion relationships (a task proven to

be as hard as finding a legal plan), but usually find a large number of them.

Definition A.6.1 Mutually Ezclusive Actions
Two actions a and b are considered to be mutually exclusive if they both belong

to the same action-level and one of the conditions below is true:

1. If either of the actions deletes a precondition or Add-Effect of the other (In-

terference).

2. If there is a precondition of action a and a precondition of action b that are
marked as mutually exclusive of each other in the previous proposition level

(Competing Needs).

Definition A.6.2 Mutually Ezclusive Propositions
Two propositions p and q are considered mutually exclusive if they are both in
the same proposition level and each action a with an add-edge to proposition p s

marked as exclusive of each action b having an add-edge to proposition q.

It is interesting to notice that a pair of propositions may be mutually exclusive
at every level in a planning graph or they may start out being exclusive in early
levels and then become non-exclusive at later levels.

Note that the notion of competing needs and the exclusivity between propositions

are not just logical properties of the operators. Rather, they depend on the interplay
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between operators and the Initial Conditions. In many different domains, exclusion
relations seem to propagate a variety of intuitively useful facts about the problem

throughout the graph.

A.6.5 Algorithm

In high-level terms, the basic algorithm of Planning Graph Analysis is the following.
The planner runs in stages and it starts with a Planning Graph that has a single
proposition level (containing the Initial Conditions).

In stage 7, the planner takes the graph from stage i — 1, extends it one step
(adding the next action level and the following proposition level) and then searches
the extended Planning Graph for a valid plan of length 4. This search either finds a
valid plan (and halts) or else determines that the goals are not achievable by time
1 (in which case the planner goes on to the next stage).

This algorithm is sound and complete: cite [Blum and Furst, 1995] for the proves.
We will now pay more attention to a few key details of the algorithm.

Extending Planning Graphs

All the initial conditions are placed in the first proposition level of the graph.
To create an action level, the following is done: For each operator and each way
of instantiating preconditions of that operator to propositions of the previous level,
imsert an action node if no two of its preconditions are labeled as mutually ezclusive.
Also insert all the no-op actions and insert the precondition edges. Then check the
action nodes for exclusivity and create an “actions-that-I-am-exclusive-of” list for
each action.

To create a proposition level, simply look at all the Add-Effects of the actions in
the previous level (including no-ops) and place them in the next level as propositions,
connecting them via the appropriate add and delete-edges. Mark two propositions
as exclusive if all the actions that generate the first are exclusive of all the actions

that generate the second.
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Searching for a Plan

Given a Planning Graph, the planner searches for a valid plan using a backward-
chaining strategy. It uses a level-by-level approach, in order to make best use of the
nmtual exclusion constraints.

Given a set of goals at time ¢, it attempts to find a set of actions (no-ops included)
at time ¢t — 1 having these goals as add effects. The preconditions to these actions
form a set of subgoals at time ¢ — 1 having the property that if these goals can be
achieved in t — 1 steps, then the original goals can be achieved in ¢ steps. If the goal
set at time ¢ — 1 turns out not to be solvable, the planner tries to find a different
set of actions, continuing until it either succeeds or has proven that the original set
of goals is not solvable at time ¢.

In order to implement this strategy, the following recursive search method is
used: For each goal at time ¢ in some arbitrary order, select some action at time
t — 1 achieving that goal that is not exclusive of any actions that have already been
selected. Continue recursively with the next goal at time ¢. Of course, if a goal has
already been achieved by some previously-selected action, we do not need to select a
new action for it. If the recursive call returns failure, then it tries a different action
achieving our current goal, and so forth, returning failure once all such actions have
been tried. Once finished with all the goals at time ¢, the preconditions to the
selected actions make up the new goal set at time £ — 1. We call this a “goal-set
creation step”. The planner then continues this procedure at time step ¢ — 1.

A “forward-checking” improvement to this approach is that after each action is
considered, a check is made to make sure that no goal in the list has been “cut-oft”.
In other words the planner checks to see if for some goal still ahead in the list, all
the actions creating it are exclusive of actions we have currently selected. If there
is some such goal, then the planner knows it needs to back up right away.
Memoization

One additional aspect of this search is that when a set of (sub)goals at some

time ¢t is determined to be not solvable, then before popping back in the recursion
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it memoizes what it has learned, storing the goal set and the time ¢ in a hash table.
Similarly, when it creates a set of subgoals at some time ¢, before searching it
first probes the hash table to see if the set has already been proved unsolvable. If
s0, it then backs up right away without searching further.
This memoization step, in addition to its use in speeding up search, is needed

for our termination check as described below.

A.6.6 Terminating on Unsolvable Problems

To a first view, the Planning Graph Analysis conducts something like an iteratively-
deepened search. As described so far, nothing prevents the algorithm from mind-
lessly running forever through an infinite number of stages.

Now a simple and efficient test will be described, a test that can be added after
every unsuccessful stage so that if the problem has no solution then the planner will
eventually halt and say “No Plan Exists”.

Planning Graphs “Level Off”

Asgsume a problem has no valid plan. Observe that in the sequence of Planning
Graphs generated there will eventually be a proposition level P such that all future
proposition levels are exactly the same as P, i.e., they contain the same set of
propositions and have the same exclusivity relations.

The reason is as follows. Because of the no-op actions, if a proposition appears
in some proposition level, then it also appears in all future proposition levels. Since
only a finite set of propositions can be created by STRIPS-style operators (when
applied to a finite set of initial conditions), there must be some proposition level ¢
such that all future levels have exactly the same set. of propositions as ).

Also, again because of the no-op actions, if propositions p and ¢ appear together
in some level and are not marked as mutually exclusive, then they will not be marked
as mutually exclusive in any future level. Thus there must be some proposition level

P after @) such that all future proposition levels also have exactly the same set of



mutual exclusion relations as P.

In fact, once two adjacent levels P,, P, are identical, then all future levels will
be identical to P, as well. At this point, we say the graph has leveled off.
A Quick and Easy Test

Let P, be the first proposition level at which the graph has leveled off. If some
Problem Goal does not appear in this level, or if two Problem Goals are marked as
mutually exclusive in this level, then the planner can immediately say that no plan
exists.

Notice that in this case, the planner is able to halt without performing any search
at all. However, in some cases it may be that no plan exists but this simple test does
not detect it. So we need to do something slightly more sophisticated to guarantee
termination in all cases.

A Test to Guarantee Termination

As mentioned earlier, the planner memoizes, or records, goal sets that it has
considered at some level and determined to be unsolvable. Let St be the collection
of all such sets stored for level ¢ after an unsuccessful stage . In other words, after

an unsuccessful stage ¢, the planner has determined two things:

1. Any plan of t or fewer steps must make one of the goal sets in .S true at time

1, and
2. None of the goal sets in S? are achievable in ¢ steps.

The modification to ensure termination is just the following:

If the graph has leveled off at some level n and a stage ¢ has passed in

which |SF7| = |S¢|, then output “No Plan Exists”.

[Blum and Furst, 1995] proves that this modification is sufficient.
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A.6.7 Example

As an illustration, this subsection presents the graphical representation of a planning
graph for the Block World composed only of two blocks: Block A and Block B.

The picture shows only the most basic of the edges - precondition edges, add-
edges and del-edges - for purposes of clarity. A complete picture would include the
edges for mutual-exclusion relations in proposition levels and the no-op nodes in
action levels.

In this picture, the precondition edges are shown as the directed edges that
link a proposition node to an action node in the next action level. The add-edges
are all the directed full edges that link an action node to the proposition nodes
on the next proposition level corresponding to the action’s add-list. Finally, the
remaining directed edges linking an action node to the proposition nodes on the

next proposition level corresponding to the action’s del-list are the del-edges.

On(A, B) —unstack(A, B) - - = On(A, B)

/

Table(A) — stack(A, B) — — > T'able(A) stack(A, B — - > Table(A)
Clear(A) > Clear(A) Clear(A)
N 7 7
s g \\ A
Clear(B) .7 Clear(B) Cleur(B)

Table(B) — stack(B, A) - - > T'able(B) stack(B, Ay~ - - > Table(B)

\

On(B,A) —unstack(B, A) - - > On(B, A)
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Appendix B

Multi-agent planning

The planning problem described in the previous chapter is the original, classical kind.
The focus of this text is an extrapolation of the classical problem: the Multi-agent
Planning Problem. The classical problem assumes only one active agent involved
in the plan-making process and handles only the interactions of this agent with the
world around. Multi-agent planning, however, takes into consideration not only
the interactions of more than one agent with the world, but also the interactions
between two or more agents. It allows for reasoning about concepts like coalitions
and disputes, depending on whether the plans of the agents aim for complementing
or conflicting goals.

Before handling this more sophisticated problem, though, it’s necessary to choose
a suitable representation. Such a good representation must be both semantically
accurate and easily readable by human eyes. It should also be compact and simple
to compile - which would favor the development of correct and automatic planning
tools.

STRIPS fulfills most of these requirements. Unfortunately, STRIPS fails to live
up to the most important requirement: semantic accuracy. Such a shortcoming
leads us to suspect it’d be less than wise to try extending STRIPS to represent

multi-agent planning problems. Thus, this text explores the use of modal logics to
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represent such problems. Still, STRIPS was proven to be a valuable development
in the historical planning paradigm, so it’s only natural that it could influence any

modal logic designed for multi-agent planning.

B.1 The Multi-Agent Planning Problem

This section is intended to extend the definitions and concepts introduced in sec-
tion A.1 in order to present a detailed description of what we call the Multi-Agent
Planning Problem.

The Multi-Agent Planning (or MAP) Problem is a generalization of the classical
Planning Problem. The classical version assumes that only one agent, the planner,
is active in the scope of any problem. Thus, the planner must only consider the
changes it can inflict upon the world in its reasoning.

The multi-agent version, though, is intended to handle problems which involve
not one, but several acting agents. Thus, a multi-agent planner must not only
evaluate the changes it can inflict on the world, but it also must consider the changes
the other agents can bring to the world. It must also consider the way such changes
fit together and find ways to reach his goals no matter how the other agents behave.

In more concrete terms, any two agents can have different relationships, depend-

ing on the goals each of them pursues. There are 3 possibilities:

e Collaborative: The two agents share the same goals and may unite to bring

such goals about;

o Adwversarial: The two agents have opposing goals (or the goal of one is exactly

to keep the other to reach some other goal) and must then compete;

o Indifferent: Neither agent is concerned about the other’s goals, or they just

have independent policies.

The most important aspects of the MAP problem revolves around the two first,

extreme cases.
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The collaborative situation is the easiest to deal with. When collaborative agents
act together, they form what is called a coalition. A coalition can be thought of as
a meta-agent, with the combined abilities of its member agents.

The adversarial case is at the core of Game Theory. As such, it brings a bias from
the classical Game Theory: the agent must play safe - it must be protected from
the worst line of events. Some of the recent work on MAP through model-checking
follow the saie tradition: a goal is achievable only when it can be enforced for every
possible response from the rest of the agents, otherwise no plan can he generated
[van der Hoek and Wooldridge, 2002].

However, it’s not always acceptable that no plans can be generated, so [Bui and Jamroga, 2003]
proposes a measure of ”degree of satisfiability”- when not all goals can be achieved,
an utility function can judge how good a plan is, depending on which goals it does
fulfills. The idea is that a plan that fulfills the most important portion of the goal
is better than no plan at all.

Ewven in problems where the agents have independent goals, the planning agent
must look for a plan against the worst possible line of events. However, in this case,
there are two possible approaches: independent searches, or collaborative search to
the best extent.

In the literature regarding MAP, ” plans” and ”strategies” are sometimes used with
the same meaning. In this text, we make a point in separating these notions in the

following way:

e Plan: A plan is an ordered list of actions which leads from the initial state to

another state containing the most reachable goals possible for the problem;

e Strategy: A strategy is a function, or a set of rules, to help select the best

action to take given the properties of the current time.
There are other aspects to keep in mind when dealing with MAP:

o Whether the agents have complete knowledge of the situation;
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e Whether the agents have complete knowledge of the outcomes of every action;

e Whether the outcome of every action is deterministic:

Whether the problem is characterized by a synchronous structure (discrete

time where the agents take turns);

Whether all the goals of all the agents are public.

B.2 Knowledge in Computation Tree Logic - KCTL

Computation Tree Logic was developed to reason about the behavior of a given
program during its execution. It was intended to help handling non-determinism
and its consequences. Although there were several extensions and derivatives, CTL
stays as an interesting and important modal logic, not only for its historical value,
but also because of the efficiency of the algorithms it uses.

In order to create a correct and powerful logic to reason about distributed knowl-
edge, and aiming at achieving linearly efficient algoritlims, [Benevides et al., 2004]
proposed a natural extension to CTL: KCTL.

The resulting extension, which will be presented with details during this section,
allows for reasoning about Time and Knowledge, allowing for a flexible comnbination
of these two concepts in the properties of any problem.

Just like other Model-Checking logics were proven to be useful in planning prob-
lems, KCTL was shown to be useful in Multi-Agent Planning problems. Thus the

interest in using and extending it.

B.2.1 Semantic Structures

The text of this section is based on [Benevides et al., 2004].
As mentioned before, KXCTL is an extension of CTL intended to reason about

knowledge in a Multi-Agent System (MAS). Computation in a Multi-agent System
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is dictated by the local programs each agent runs. Global states of the systemn are
compositions of local states of each agent. [Lamport, 1978} presents a classic event-
based model for Asynchronous MAS. The Asynchronous Multi-Agent System Model

is composed by:

e a network with m agents, connected by communication channels;

a set R of asynchronous runs (distributed computations or parallel runs of all

agents involved);

a set E of events, including internal actions and communication events;

a set C' of global states of the system; and

a protocol P (or distributed algorithm) corresponding to a set of local programs

that specifies the behavior of each agent.

We represent the program for each agent in the MAS as an automaton. Each
automaton represents the local states (nodes) and events from E (edges) for an

agent. P is the set of all automata.

Definition B.2.1 Automaton

Let ¥ be an alphabet, an automaton is a structure A = (S, 5%, E, {pi }iez, L) such that
S is a set of states, ¥.* is the language generated by the alphabet 3, E C S x X" x §
a set of edges, {piticr a set of propositions, T is the agent set and L : S — olpitiez

the function that assigns to each state a subset of the propositions.

When we put all the agents running together, we obtain a global automaton that
is the parallel asynchronous composition of the automata of the agents.

The idea is that the states of the composed automaton are n-tuples where each
of its components corresponds to a local state of each of the agents, and the edges

correspond to all edges of local automata.
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Definition B.2.2 Parallel Asynchronous Composition of Automata
Let A; = (S5, 2%, By, {pk teez,, Li) be an automaton for all i € [1,...,n]. Then the

parallel asynchronous composition of the automatons, denoted as |\1<i<ni, is the

structure (S, X%, E, P, L) defined as follows:
- S =TN<i<nS;,
- (81,5 80), L, (81 80)) € B iff Vigie, 1 € Ta(E) L
- P= U1§i§n P

- L((s1,.- -1 80)) = Ulgign Li(si)

States in the composed automaton correspond to the MAS’s glohal states, and
are the elements in C. The set of runs can be easily obtained from the global
automaton: each run in R is a path on the global automaton’s computation tree.

When making the Parallel Asynchronous Composition of a set of automata
(where each automaton dictates the behavior of an agent), it is possible and reason-
able to get a composed global automaton G = (S, 2*, F, P, L) where many states
from S correspond to the same local state component for a particular agent. When
two such states s and ¢ with the same local state component for agent ¢ are con-
nected by an edge (s,{,t) € E, | € I3(E;), j # i, it means that agent i is incapable
of noticing that a global state change has occurred when the global state passes from
s to t. These edges denote local actions made by other agents different from ¢, and
for this reason are imperceptible for agent i.

An equivalence relation for each agent can be defined over the states with this

“indistinguishable” property.

Definition B.2.3 Possibility Relation ~; for agent i
Let |h<i<n; = (S, 2%, E,P,L) be the parallel asynchronous composition of au-
tomata A; = (S, X%, By, {pk ke, Li) for all i € [1,...,n]. The possibility relation

1Given a label | € ©%, a set of states S and a set of edges £ € § x ©* x §, 1 € II3(E) if and

only if there exists s, s’ € S such that (s,l,s') € FE.
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~;€ § xS for each agent i is the smaller equivalence relation containing all pairs

(s,t) such that s,t € S and there is an edge (s,1,t) € E, l € IIh(E;) and j # 1.

Intuitively, two states are related by ~; if agent ¢ can’t distinguish the two states.

That is, 7 does not see any difference hetween the two states.

B.2.2 Semantics & Syntax

This section is also based on [Benevides et al., 2004].

Asin CTL, KCTL formulas reason about properties of computation trees. The
tree is formed just by unwinding the global automaton that represents the MAS
from it’s initial state. The computational tree illustrates all possible runs in R
[Clark et al., 1999].

However, the classical Kripke model doesn’t give us support to proper handling
of distributed knowledge.

The way chosen by [Benevides et al., 2004] to deal with knowledge and uncer-
tainty in Kripke Models is by means of “indistinguishable states”. We also label
propositions with its corresponding agent identification, assigning propositions to
one agent information set and reinforcing the notion that each agent has its own
separate knowledge base.

Thus, a classic Kripke model isn’t enough to map all the information we need.
The structure [Benevides et al., 2004] uses to model a MAS and supply the semantics
of KCTL is an enhanced version of the classic Kripke Model, which includes the
possibility relations ~;. For each agent k, there is an equivalence relation ~ over
S. Two states s and ¢ of S are related by ~y, if and only if agent k can not tell them
apart. This means that the information that agent k& has in both s and ¢ states is
the same.

In the KCTL semantics, a MAS is described by a Knowledge-Extended (or K-

Extended) Kripke Model as defined below:
Definition B.2.4 (K-extended Kripke Model)
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A structure M = (S, Sy, R, E, P, L) is said to be a K-extended Kripke Model if

1ts components are as follow:

S is the set of possible states of the system (also called the set of global states);

So 18 a singleton set containing the unique initial state of the system (also

known as the initial global state );

R is the set of directed edges (transitions) linking the states of the system (also
known as the set of global transitions) - a transition from state x to state y

is written Ry,

E = {~rh<k<; is the set of “indistinguishability” relations of the system,
where j is the number of agents of the system and each ~y, is an equivalence
relation of the form “X ~yp Y” which exists if and only if X and Y are two

indistinguishable global states for agent k; 2

P = {thgk.gj 1s the set of the sets of propositions of the multi-agent system,
where j is the number of agents of the system and each {Py} is the set of

propositions corresponding to agent k;

L£:8 — 2% s g function which maps each global state X to a set formed

only by the propositions which hold in this state X.

The set of KCTL formulas regarding the MAS described by some K-Extended

Kripke model follows the syntax defined below:

Definition B.2.5 (Syntaz of KCTL formulae)

Let j € IN and {Pk}lgksj be the set of disjoint sets of propositions. The language
of KCTL formulae is defined as follows:
ForCTL(j,{Pr}1<k<;) s the smallest set For of formulae such that:

- p € For if and only if there ezists k such that 1 <k < j and p € Ps,
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- =1, b1V b2, 3X1,3Ge, I[P U]} C For iff {¢r, 2} € Flor.
- Ki(¢) € For iff 1 <k <7 and ¢ € For,

Definition B.2.6 (Set of runs of a K-Fxtended Kripke model)
Let M = (S, S, R,E, P, L) be a K-Fxtended Kripke model. Then, the runs of 9N,

denoted by Rgy are characterized as follows:
oo = {0 € 5eq™(S) | m1(c) € So A (Vi€ IN :mi{c) Rma(0))}.2

We will use Ran to denote the infinite set of finite prefizes of the sequences of Ry

Notation B.2.1 (Prefix of a run)

Let M = (5,50, R, E,P, L) be a K-Extended Kripke model, T C RS, 0 € Ry
and i € IN, ;o will denote the prefiz of length i of o, defined as ;0 = o' €
seq(S) | Length(c’) =iA(Vje IN:1<j<i = 7;(d') =mn;(0)).

The intuition behind the next definition is that of a run where, given a binary
relation over the set of states, successions of states that are related via that relation
are compressed keeping only one of them, for instance, the first one. This definition

somehow establishes a notion of indistinguishability of states in a run.

Definition B.2.7 (~-quotient of a run)

Let S be a non-empty set, and ~C S x S a binary relation on S, we define the
~-quotient of a sequence, of elements of S, ¢ as o|™ = o' € seq™(S) | m(o) =
m{cYANNi € IN : (j,k € IN : j < kAm(c") = mj(0) ANmipa (o) = me(o) A (Vr €

IN:j<r<k = m(0) ~m0)))).

The satisfiability relation for a KCTL formula will be slightly modified to consider

the previous definition to give meaning to the operator “K”.

2We use seq®(S) to denote the set of infinite sequences of elements taken from the set S, and

th

a; as the projection of the ¢*" element of a sequence.
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Definition B.2.8 (Satisfiability relation for KCTL formulae)

Let {Pr}<pe; be a set of disjoint sets of propositions and M = (S, So, R, {~k
bckes, U Pi, L) be a K-extended Kripke Model, the satisfiability relation is de-
fined in exactly the same way that it was done for CTL formulae, except for the new

operator that is interpreted as follows:

0,i |:P if pe Lm(o))
- if M, (o, [~ ¢
|:d>v¢ iff M, {(0,7) |E ¢ or M, (0,0) =
EaXé  iff 3o C R0 =0 AM, (o it 1) ¢
o,1) = 3Go iff o' R0 =0AVj:1<j = M(d,j)EP
Ao,3) E @Ud]  iff Fo' € R0’ = oA
(Fjc IV i <5 A, (o', 5) | A
VEcIN:i<k<j =
m, (o', k) = ¢))
M, (0,i) = Kp(d) iff Vo' € R :Vje IN: o'\~ = 0™ =
m, (o',4) = ¢

b

y\O, 2

y AT 2

(0,4)
(0,4)
(0,4)
(0,4)
(0,4)
(0,9)

S 22388
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Appendix C

The MAPKAT Semantic

Framework

As mentioned, this text is centered on the idea of using and evolving the KCTL
language not only as a model-checking tool, but also as a multi-agent planning tool.

There are several reasons for such a course of action. They include our choice on
approaching the multi-agent planning problem as a model-checking problem, a choice
which, in its turn, is motivated by the observations explained in the introduction of
section B.

Section B.2 presented the language we chose as a starting point, KCTL. The
current section will now propose a new semantic and logical framework for a new kihd
of model. This framework is designed to support and develop KCTL’s semantics on
Multi-Agent Planning Problems and for Model-Checking multi-agent systems about
time and knowledge.

The MAPKAT framework was designed to overcome a limitation of the original
KCTL: The original logical structure was based on automata. Thus, the model-
checking process can not detect whether it has already passed through a given
state.

This shortcoming happens because KCT'L’s approach doesn’t have perfect recall.
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[van der Meyden, 1994] defines “perfect recall” as the property of a distributed sys-
tem keeping, at all times, a record in each processor state of all the previous states
of this processor. Using the proper terms used in this text, a multi-agent system is
said to have perfect recall if and only if each local state contains a complete record
of all the previous states that agent has assumed.

The MAPKAT enforces the perfect recall property. The proof is the very nature
of the model-checking process itself: it returns not only "true”or ”false”, it also
produces a set of alternative strategies that bring the model to a state where a
query is successful. Each strategy itself is a sequence of actions starting from some
initial state. Thus MAPKAT brings the model to remember each and every step
that must be taken and, thus, can recognize a given state if it has already been

reached.

C.1 Basic Concepts

The original I{CTT uses an expanded version of the classical Kripke model to in-
clude the relations needed for its knowledge modalities. This approach had several
advantages, including the fact of being based on the analysis of automata to acceler-
ate its functions. MAPICAT uses a hybrid structure that mix the semantic concepts
of IKCTL and those of the planning graphs. As such, we will need to define the tools
we will need to build such a hybrid structure in a non-ambiguous way.

We’'ll start by the definition of the agents themselves. An agent is defined by its
set of propositions - also called local propositions because they are used to map local,
specific facts or properties on the agent’s own state -, its initial state - a set of the
local propositions that map the conditions under which the agent start acting - and
by the set of actions it can execute. An agent’s state is defined by the propositions it
contains, and it changes as the tinte passes because of the actions the agent executes,
which in furn are recorded as a sequence. In a system with n agents, the state of a

single agent 4, where 1 < ¢ < n, is called a local state, or the local state of agent <.
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An action is a specific application of some operator to some given state. This
operator is defined by it’s preconditions and its effects. If an operator is applied to
a state, the action changes the current state into a new state. The preconditions
are a set of propositions that must belong to any state of the agent to which the
operator is to be applied. The effects may involve the inclusion of new propositions
to the state (such effects are called add-effects) and they may involve the exclusion
of old propositions (these effects are named del-effects).

We define a special kind of operator, with the form “A,”. There is one such
operator for each proposition p, which is the only precondition of the operator and
also its only effect. An operator “A,” can be read as “do nothing about proposition
p”. This kind of operator forms the “null action family”.

The multi-agent system (“MAS”) itself is defined by its agent set. In contrast
with the local states of an agent, the multi-agent system has global states. A global
state is a parallelization of the current local states of all the n agents of the system
and the environment. It is composed of n local states, one local state for each agent.
The initial state of a multi-agent system is the global state formed by the union of
the initial local state of each agent. A proposition is said to bhelong to a certain
global state if and only if that proposition belongs to one of the states that form
the global state. It is assumed that no preposition belongs to the preposition set of
more than one agent.

Analogously, a system doesn’t evolve by single actions, but by moves. A move
is a parallelization of sets of actions, one set for each agent. The set of actions for
an agent 4 belonging to a certain move is regarded as the component i of the move.
An action belonging to a component of a move is said to also belong to the move. A
move has preconditions, which is a set containing the preconditions of all the actions
belonging to the move. In the same manner, the add-effects of a move is the union
of the add-effects of all the actions belonging to the move and the del-effects of a
move is the union of the del-effects of all the actions belonging to the move.

A move can be applied to a certain global state if and only if that global state
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contains all the propositions which form the preconditions of the move. If a move
is applied to a global state, that global state is called the origin of the move or the
origin global state. The resulting global state, called the destination of the move or
the destination global state, is formed by the parallel application of the actions of
the move to the corresponding component of the origin state of the move.

Time is defined on terms of “time steps”. A time step is a function that maps
a natural number to the global states that the MAS can reach at that time step.
Whenever a move is applied to a global state, the MAS advances one time step. The
value of the time step has no real-life meaning and is only meant to give an order
to the moves and the global states of the MAS.

Instead of automata, like those used by KCTL, MAPKAT uses a structure similar
to the planning graphs introduced by Graphplan as described in section A.G. The
graph used by MAPKAT, just like the one used by Graphplan, is formed by two
kinds of nodes: proposition nodes and action nodes. Just like Graphplan, there are
ordered levels in the graph, where levels formed only by proposition nodes alternate
with levels composed only of action nodes. Still following the original planning
graphs, the first and last levels are always formed by proposition nodes only. Also,
any two pair of elements in a proposition or action level can be linked by a special
kind of semantic edges: mutual-ezclusion edges. These special edges always link
only pairs in the same level and mean that those two elements cannot co-exist.

Unlike the original planning graphs, though, MAPKAT splits proposition nodes
into two kinds: the positive nodes and the negative nodes. A positive node for a
proposition p encodes “proposition p is true”, while a negative node for the same
proposition p explicitly encodes “proposition p is not true”. A positive node for p
is labelled simply p, while a negative node for p is labelled as neg(p).

Next, we will follow with the formal definitions of each element described before
and of any other element needed to make the system described so far to function

properly.
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C.2 Formal Conceptual Definitions

This section presents the formal definitions of the semantic concepts related to a
model of the MAPKAT framework. One of MAPIKAT’s roots is in Model-Checking.
The other is in the approach to multi-agent planning using planning graphs. Since
the first uses propositions, and the former can easily translate STRIPS-like domains
to propositional domains, as seen in [Blum and Furst, 1995], the MAPKAT model

is based on propositions.

Definition C.2.1 Operator.
Let P be a set of possible propositions and let there be a set F C IP. An operator
described by Fis a structure O = (C, A, D) such as:

o C CF is the operator’s set of preconditions, denoted as precond(Q);
o A CT is the operator’s Add-List, denoted as addlist(O);

o D C T is the operator’s Del-List, denoted as dellist(O).

There is one special family of operator called the “null operator family”. There
is one such null operator for each proposition p and it has the form “A,”. Every
A\, is such as precond(A,) =addlist(A,) = {p} and dellist(A,) = @. Its semantics

mean “do nothing about p”.

Definition C.2.2 Agent.
Let P be a set of possible propositions. An agent is a structure (F,Q, Sg) such

as’

o F C IP represents the agent’s own set of facts or set of possible propositions;

e O is a set of operators described by F such as A, € O for each p € F:
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e Sy C F represents the agent’s own initial state.

An agent’s operators may be described by a superset of the agent’s own facts,
even if it will allow for many operators involving issues that the agent’s not even
aware of. The reason is that we are building the model of a Multi-Agent System and,
as such, we must allow coimmunication. However, the preconditions of one agent’s

operator must contain only elements of this agent’s set of propositions.

Definition C.2.3 Local State.
Let X be an agent, and let B% be X ’s set of facts. Then a Local State of agent
X isaset SCFY. W

The set of possible local states of a given agent X will be denoted by S*. Also,

it comes directly fromn the definitions that S* C oF

Definition C.2.4 Applicable Operator.

Let P be a set of possible propositions. Let us consider some set . C IP and some
operator O described by F C P. O is said to be applicable to a set Z if and only if
7 2 precond(O). B

Please note that 7Z is a set of propositions, just like any agent X's local state was
defined. However, since we are building a Multi-Agent System, we can'’t restrict our

view by considering only operators applicable to a local state of some agent.

Definition C.2.5 Multi-Agent System
Let P C L be a set of possible propositions. A Multi-Agent System (or MAS) is
a structure M = (X, N, Q) such as:

o X={X1, X2 ... X"} is a set of agenls;

k18
e N= U@i O* is the set of operators of agent X' € X
i=1
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F is the set of facts of agent X' € X

L] Q = U IFi
i=1
M is a well-formed Multi-Agent System if, and only if, every operator O € N is
described by Q.

Q must be an union of disjunct sets; that is, for every P € Q there is only one

agent X* whose set of facts F* is such as P € F*. I

As an illustration, consider the example agents described in figures 1 and 2.
Together, they form a Multi-Agent System which is partially described in figure 3.

This MAS encodes a simple planning problem: How can Mr. Walker, who lives
in a luxurious building, get help in case of problems, like his telephone line suddenly
going mute?

Following tliis toy problem, something can be done about it by at least asking
the receptionists at the front door for some help and some information on who to
contact about it — assuming, of course, that the building offers maintenance services
for its dwellers.

Yet, the receptionists are mere human and may be distracted — in this simple

illustration, talking on the phone should be distraction enough.

Definition C.2.6 Global State and Global Truth

Let X = {X', X2 ..., X"} be the set of agents of a well-formed Multi-Agent
System M (as in Definition C.2.5). A global state is a parallel composition G =
(S| S| ... || S™) where, for each 1 <i < mn, S*is a local state of agent X*.

The Global State G represents a state of the u:T{lole Multi-Agent System and it
defines a set GP of propositions such as GF = U S®. The set GP is called the
Global Truth of Global State G. =

The Global Initial State of 91 is the parallel composition Go = (S || Sa || - . |

S®) where, for each 1 <14 <wn, S§ is the initial local state of agent X*. W

When we state that an operator is applicable to a global state, we imply that

the operator is applicable to the global truth defined by this global state.
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Figure 1 A simple Server with “distractions”

Agent: Receptionist {
Propositions Set: { Receptionist:Free; Receptionist:Distracted; Reception-
ist: Busy; Receptionist:Finished }
Initial State: { Receptionist:Free }
Operators Set: {

Operator: Receptionist-Talk {
Preconditions: { Receptionist:Free }
Add-List: { Receptionist:Distracted }
Del-List: { Receptionist:Free }

Operator: Receptionist-Return {
Preconditions: { Receptionist: Talking }
Add-List: { Receptionist:Free }
Del-List: { Receptionist: Talking }

Operator: Receptionist-Attend {
Preconditions: { Receptionist:Free; Walker:AtFront; Walker:NeedHelp }
Add-List: { Receptionist:Busy; Walker:GotAttention }
Del-List: { Receptionist:Free; Walker:NeedHelp }

Operator: Receptionist-GiveHelp {
Preconditions: { Walker:GotAttention }
Add-List: { Receptionist:Finished; Walker:GotHelp }
Del-List: { Receptionist:Busy }

Operator: Receptionist-Reset {
Preconditions: { Receptionist:Finished; Walker:AtHome }
Add-List: { Receptionist:Free }
Del-List: { Receptionist: Finished; Walker:GotAttention }
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Figure 2 Example of a client for Receptionist 1

Agent: Walker {
Propositions Set: { Walker:AtHome; Walker:AtFront; Walker:NeedHelp,
Walker:GotHelp; Walker:GotAttention }
Initial State: { Walker:NeedHelp; Walker:AtHome }
Operators Set: {
Operator: Walker- WalkToFront {
Preconditions: { Walker:AtHome }
Add-List: { Walker:AtFront }
Del-List: { Walker:AtHome }
Operator: Walker-ReturnHome {
Preconditions: { Walker:GotHelp}
Add-List: { Walker:AtHome }
Del-List: { Walker:AtFront }

Figure 3 Part of the description of the resulting Multi-Agent System
X= {Receptionist; T/Valker}

Q= { Receptionist: Free;, Receptionist: Talking; Receptionist: Busy;
Receptionist: Finished; Walker: AtHome; Walker:AtFront; Walker: NeedHelp;
Walker:GotHelp; Walker: GotAttention }
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An example of a global state and its corresponding global truth is given inn Figure

4.

Figure 4 An example of global states.
Go = ( {Receptionist:Free} || {Walker:NeedHelp; Walker: AtHome} )

Global Initial Truth:
Gh = { Receptionist:Free; Walker:NeedHelp; Walker: AtHome }

Definition C.2.7 Action

Let G be the set of all possible global states of a well-formed MAS 9N and let N
be the set of operators of M.

An Action is an instance of some function g : GxXN — G that applies an operator
O € N to a global state G € G — that is, it checks whether O is applicable to the
global state G and produces a new global state g(G, O) by changing the elements of
G according to the contents of O’s Add-List and Del-List:

US| S1,0) = (SENSEN.. Il Sp)
Ft = Set of facts of agent X*.
S o= SU (Addlist(O) N )
Sto= S\ (Dellist(O) NI
If our MAS were to evolve only through individual actions, it would be very

limited. Using an approach inspired by [Blum and Furst, 1995], we will work with

moves.

Definition C.2.8 Moves

Let X = { X', X?,..., X"} be the set of agents of a well-formed MAS M and let
G be a global state of M. Let AL, A%, ... AL be sets of operators such as each AL
denotes the set of all operators of agent X* € X applicable to the global state G, for

alll <i<n.
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A Move applicable to a global state G of a MAS 9, or simply move, is the
parallel composition m = (AL || A% || ... || AR) where, for each positive integer

jgn,AngAjG.-

A move is, intuitively, the collection of all the actions executed during a given

time step, or turn. An example is given in Figure 5.

" Figure 5 Examples of moves
Two valid moves applicable to the global state given in Figure 4:

m = { {Receptionist-Talk} || {Walker-WalkToFront} )
m' = ({ Aneceptionist:Free } || { Walker-WalkToFront} )

There are a few conventions we follow for notational simplicity:

o Ifm = (AL || A% || ... || A%) then we define the aliases m¢ such asVz(( 1 <i<n)A
(Al =m) );

e For any m = (m! || m® || ... || m™), we say O € m if and only if (O € m?);

o For any m = (m! || m2 || ... || m™), if there is some 1 < i < n such as m? is

composed only by operators of the A, form then we call m® a null component;

e For any m = (m! || m? | ... || m™), if m® is a null component for all 1 < i < n,

then we call m a null move;

Definition C.2.9 Production

Let G be the set of all possible global states of a well-formed MAS 9 and let M
be the set of all possible moves of 9. A Product is an instance of some function
h:GxM — G that applies a move m € M to a global state G € G — that is,
it checks whether each operator O € m is applicable to the global state G — and
produces a new global state h(G,m) by changing the elements of G according to the

contents of the Add-List and Del-List of each operator O € m:
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R(G,m) = h(G,{(mL]|m2| ...| mm"))
MG, g fm || I mi)) = 9(G,5(Uiz, m0)
J{OYL0%...,0*}) = an operator O such as:
)

Preconds (O) = U Preconds (O7)

7=1

Addlist () = | ] Addlist (O7)
i=1

Dellist () = UDellist (O
i=1

The function j : 2N — N, where N is 0 ’s set of operators, returns a single special
operator £ which sums up the effects of the whole move m applied to G.
The function b is assumed to follow the property that, if ma is a null move, then

VG (h(G,ma)=G) M

A global state G is said to be produced by a move m if m is a valid move and

there is some G’ such as h(G',m) = G.

Definition C.2.10 Valid Move .

A movem = {m! [[m?| ... || m™) is valid if and only if the set m, = U m’
doesn’t contain any peir of mutually exclusive operators — see definition 0.12:.%13.

This brings about an important concept mentioned in [Blum and Furst, 1995]:
Mutual Exclusion. In essence, two mutually exclusive elements can’t happen at the
same time — or coexist — because they are conflicting. Mr Walker can’t be in
two different places at the same time, thus Walker:AtHome and Walker: AtFront are
mutually exclusive. This concept can be applied to both propositions and actions.

Mutual exclusion of two actions imply that these two actions must be explicitly
ordered. A Move, as defined above, is a set of possible actions that each agent can
execute at a given global state. The actions of any move can be executed in parallel,

or in any order. Therefore, these actions must be independent, that is, one must
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not interfere with another. The formal definition of this concept is presented in

Definition C.2.13 because it uses concepts yet not introduced in this text.

Definition C.2.11 Runs

Let MM be a well-formed MAS. A run of M is a sequence R = mymamg ... of
moves of M ordered in time and starting at some global state G of M. G s then
called the origin.

It may be finite or infinite. A finite run Ry = myms...my of length k is also
called a k-run.

A run is called valid if and only if the first move is applicable to the origin and
each move after the first is applicable to the product of the previous move.

The product of the j-th move of R is denoted by m;(R) and the origin s denoted
by mo(R). The product of a k-run Ry, is mp(Ry).

The part of a run R that is formed by an agent X*’s operators is called the local

run of X* and is denoted by R:. A

Figure 6 Example of a run and a local run.

For Gy and m. (from figures 4 and 5, respectively):

R = ( {Receptionist-Talk} || {Walker-WalkToFront} ); ( { Receptionist-Return }
| { Awalker:AtFront }) 1S & 2-run and

Rwaker = ( {Walker-WalkToFront} ); ({ Awalker:AtFront }) 18 & local 2-run for agent

Walker.

Definition C.2.12 Proposition Levels and Action Levels

A proposition level PLy, for a well-formed MAS 9 and some t > 0, is the set
of all propositions that can be true at time step t. The action level ALy, for some
t > 1, is the set of all actions that can be considered for erecution at time step t or,
in other words, applied to proposition level t — 1.

PLy is always defined as the initial state of M. PLy, for everyt > 1, is obtained

by unifying PL,_, with the Add-List of each operator in action level AL, M
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We say G C PIL; for some global state G and some proposition level PL; as a
notational simplification for G¥ C PL; : G is G’s global truth. Consider two global
states: G and H. Suppose that they have the same propositions. We only may say
G = H if, and only if, they belong to the same proposition level — and in this case
they are the same global state. Otherwise, G # H because they represent sets of

propositions valid in different time steps.
Definition C.2.13 Mutual Exclusion

e Among Operators

Let Oy and Oy denote two different operators of the action-level AL, of some

well-formed MAS 9. Then Oy and O are called mutually exclusive in k if:

— For k > 1, the Del-List of either Oy or Oy contains a proposition which

also belongs to the Preconditions or the Add-List of the other; or

— For k > 2, there is a precondition of Oy and a precondition of Oy that

are mutually exclusive in the proposition level PLy_y.

e Among Propositions

Let p,q € Q be two propositions of some well-formed MAS 9 in the same
proposition level PLy. They’re called mutually exclusive if every operator O, €
ALy with p in its Add-List is mutually ezclusive of every operator Oy € Al
with q in its Add-List.

e Among Local States

Let X = {X1, X?,..., X"} be the set of agents of a well-formed MAS M and
let PLy, be the proposition level of 9N for some time step k. For all1 <1 < mn,
let B be the set of facts of agent X' and let the set Sk = 2F N Pl contain
all possible local states of agent X* in the proposition level PLy. Let the set

n
O, = USZ contain all possible local states of all agents for the proposition
i=1
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level k. Any agent X can only achieve a given local state s in time k if
s € Uy,. Two local states S, Z € ¥, are called mutually exclusive of each other

in proposition level k if:

— S and Z are different local states of the same agent; or

— S contains a proposition that is mutually exclusive of some proposition

in Z in proposition level k.

Among Moves

Let m and n be two different moves belonging to the same action level k of
a well-formed MAS 9. Then m and n are called mutually exclusive of each
other in action level k if and only if there is at least one operator p € m such

as p is mutually exclusive of at least one operator q € n.

Among Global States

Let PLy, be the proposition level of a well-formed MAS 9N for some time step k
and let X be the set of agents of M. Two global states G = { S* || ... || S*I)
and H={Z' | ... | Z®) are called mutually exclusive in proposition
level k if G, H C PL; and if there are integers i and j such as S* and Z7 are

mnutually exclusive.

Among Runs

Let Ry and Ry be two different runs of a well-formed MAS 9. Then R; and
Ry are called mutually exclusive if there is an action level k such as the move

m of Ry mutually exclusive to the move n of Rg in k.

Definition C.2.14 Possibility Relations

Let M be a well-formed MAS, let X = {X1, X?,..., X"} be the set of agents of

M and let G be the set of all possible global states of M.
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Let Ry be the valid run of 9N that produces G, and let Iy be the valid run of
that produces Gy. Then G, ~; Gy, if and only if the local run K, is equal to the local
run R, W

The possibility relation ~; between two global states G,,G, € G means that
agent X° can’t distinguish G, and G,,.

There are a few observations we can derive directly from Definition C.2.14:

e Since G, ~; Gy, «— R. = R then G, and G} must belong to the same
Proposition Level. Otherwise, the length of R! would be different from the

length of R} and thus R} # R{, which contradicts Definition C.2.14;

e For the same reason, it is clear that we assume that the local state of X* is

the same in both G, and Gy;

o IfG, ~; Gpforalli, 1 < i < n,then G, = G, Conversely, if G, ~; Gy
and G, # Gy, then there is at least one agent X7 such as R # RZ.

o The only constraint for the ~; relation involves agent X*’s own local run: it
must stay the same. The local runs of each other agent can be any possible
local run for that agent, as long as none of them are mutually exclusive of X*’s

local run;

e When we consider whether G, ~; G, at a given proposition level k, we are
actually considering whether there are valid runs R, and Rj, both featuring

the same local run for X* but resulting in different global states;

e Since validity is tied to mutual exclusion as much as runs are tied to global
states, the only global states that can’t be reached by valid runs featuring
the desired local run for X* are those featuring local states of other agents

mutually exclusive to the desired local state for X°.
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C.3 The Model Definition and Verification

MAPKAT has its roots in two different disciplines of the Artificial Intelligence sci-
entific literature: Model Checking and Planning. As such, one expects to combine
the best aspects of both disciplines: the semantic strength and tractability of the
first and the efficiency of the second.

The result is a logic of flexible expressiveness and semantic complexity, which in-
volves the use of an unusual model built step by step. Thus, it’s necessary to specify
what is expected from each step. There are two major steps to be considered: model
definition and model verification. The first step must handle the specifications of a
given system for the construction of a correct model. The second step involves the
model-checking of properties, which include the operations of automatic planning.

The Model Definition step involves the configuration of one whole Multi-Agent
System by declaring the key aspects of the system: the agents themselves. The
agents carry the possible facts of the system and also the operators that will change
these facts as the system evolves. Thus, the core of each agent, and of the resulting
MAS, is composed by the propositions and the operators defined in this step.

The second step, Model Verification, is the very reason of existence for this model.
It’s where the MAPKAT logic works to reason about the properties of the model
and to produce plans for each agent. In fact, when one mentions the MAPKAT

Language, one is referring to the language used in this step.

C.3.1 Agent definition language

As stated before, both System Definition and System Verification are equally im-
portant. Without a well-formed definition, any verification risks to be inconsistent.
On the other hand, there is no use for a detailed definition without the verification
itself. Thus, while the MAPKAT Language itself is about verification, this text will

also state the specifications of a language for system definition.



Syntax

MAPKAT is a propositional logic: the agents must be declared through the use of
propositions. The sets of propositions mentioned in this section are assumed to be
in alphabetic order of the proposition’s name, one proposition separated of another

by a 7.

An agent is described by a structure of the form show in Figure 7.

Figure 7 Agent Definition
Agent: Agent Name {

Propositions Set: {...}
Initial State: {...}
Operators Set: {...}

Within this structure, Propositions, Initial State and Operators are the param-
eters of the agent and form the information needed to make this agent functional,
while Agent Name is a sequence of characters to uniquely identify this agent. No
two agents may have the same name for obvious reasons.

The parameters have the following specifications:

e The Propositions Set parameter is a non-empty set of propositions — it is not,
allowed for one agent to have a proposition in this set with the same name as

some element of another agent’s propositions set;

e The Initial State is also a set of propositions, but it must be a subset of
the propositions parameter and must be interpreted as a conjunction of its

elements;

e The Operators Set parameter is a non-empty set where each element is a
structure called Operator that describes an instance of the concept with the

saime naine.
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Figure 8 Operator Definition

Operator: Operator Name {
Preconditions: {...}
Add-List: {...}

Del-List: {...}

An Operator of some agent is a structure with the form shown in Figure 8.

Analogously to the agent structure, Preconditions, Add-List and Del-List are
the parameters of the operator. The Operator Name is the word used to uniquely
identify this operator within the agent’s own set of operators. No two operators
may have the same name in one agent’s operators set, but one agent may have an
operator in its operators set with the same name as ainy operator of any other agent’s
operators set.

Each parameter is a set of propositions. It is possible to include in a parameter
of some agent’s operator a proposition that doesn’t belong to this agent. However,
it is necessary to clarify to which agent the proposition belongs by adding a prefix

“ agent_name: ”

of the form
A very simple example of a complete agent definition is shown in Figure 9.
When describing a Multi-Agent System, one needs only state which are the

component agents, one after another. A more complete but still simple example is

shown in Figure 10.

Semantics

The semantics of the language introduced in the previous section is quite straight-
forward.

A proposition symbolizes a possible fact. One shouldn’t assume that a propo-
sition is true or false by itself. It’d be like stating that a fact is true or false by

definition, a value which would never change and thus would not be mapped into a
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Figure 9 A very simple example
Agent: Walker {

propositions Set: { Here; There }
Initial State: { Here }
Operators Set: {
Operator: Walk {
Preconditions: { Here }
Add-List: { There }
Del-List: { Here }

proposition, or even needed to hegin witlh.

An agent structure describes some entity able to reason and/or act — for ex-
ample, an intelligent program, a reactive system or a human. One agent’s set of
proposition is assumed to declare the propositions that symbolize each and every
possible property of the agent. One agent’s set of operators is assumed to specify
the operators that map each and every possible action this agent can take. One
agent’s initial state is assumed to include all the propositions that describe the
unique configuration with which the agent always begins.

An operator in some agent’s set of operators interprets a possible action of the
entity described by this agent in terms of changes in the agent’s state and the special
conditions under which such changes may happen.

The operator’s Preconditions is assumed to include only the propositions nec-
essary and sufficient to map such special conditions. The changes are mapped as
parameters for operations on propositions, including the propositions that will be
true right after the operator is applied (the elements in the Add-List) and the propo-
sitions that won’t be true anymore after the operator is applied (the elements in the

Del-List).
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Figure 10 Another simple example

Agent: Walker {
propositions Set: { Here; There }
Initial State: { Here }
Operators Set: {
Operator: Walk {
Preconditions: { Here }
Add-List: { There }
Del-List. { Here }
}
Agent: Receptionist {
propositions Set: { Free; Busy }
Initial State: { Free }
Operators Set: {
Operator: Attend {
Preconditions: { Free; Walker:There }
Add-List: { Busy }
Del-List: { Free }
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There are no requirements a priori on the validity of any element of the Del-List
on the state to which the action is applied. Analogously, there are no requirements
on the validity of any element of the Add-List on the state to which the action is
applied. If such requirements are needed, they must be mapped in the preconditions
of the operator.

It is necessary that the set of operators of the agents are disjoint. To guarantee
such property, the operators of each agent are renamed by adding a prefix of the
form “ageni_name-" to the operator’s old name, creating the new name “agent_name-
operator_old_name”.

We assume that each agent’s proposition set is disjoint of the proposition set
of any other agent’s set. But similar agents will have similar properties and, thus,
similar propositions. Although similar, these propositions are not the same: any
proposition in agent X1’s proposition set reflects only one property of X! and is
unrelated to any properties of agent X2 or X?, for example.

To guarantee that the propositions sets will be disjoint, it is necessary to re-
label each element of each agent’s propositions set by adding a prefix of the form
“agent_name.”.

For clarity, this relabelling should be applied on each element of each parameter
of each operator of each agent, in order to allow only propositions of the form
agent_name:old_proposition_name in the resulting MAS.

Figure 11 shows the effects of such changes applied to the MAS described in

Figure 10:

C.3.2 \Verification & Planning language

While the System Definition language of the previous section is a straightforward
product of the classical planning literature, the System verification language reflects
the influence of model-checking literature. In fact, the language presented here is

the same from KCTL logic.
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Figure 11 Another simple example, revisited

Agent: Walker {
propositions Set: { Walker:Here; Walker: There }
Initial State: { Walker:Here }
Operators Set: {
Operator: Walker-Walk {
Preconditions: { Walker:Here }
Add-List: { Walker:There }
Del-List: { Walker:Here }
}
Agent: Receptionist {
propositions Set: { Receptionist:Free; Receptionist:Busy }
Initial State: { Receptionist:Free }
Operators Set: {
Operator: Receptionist-Attend {
Preconditions: { Receptionist:Free; Walker:There }
Add-List: { Receptionist:Busy }
Del-List: { Receptionist:Free }
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Syntax

During this section there will be references to a multi-agent system 9 with X =
7

{X1, ..., X"} as its set of agents. Also, it will use the set Q = UIF’i, where P* is
i=1
the set of propositions of agent X

Definition C.3.1 The KCTL Language, revisited
The set of KCTL formulae for the MAS 9, denoted by ForMAPKAT(9M), is the

smallest set For such as:
1. pe Q< pe For;
2. {1,681V 2 } S For > {61, 02 } € For;
3. {30 ¢1,300,3[4:Us] } € For o {41, } € Tor;
4. K¢y € For < <(¢1 eFor)A(1<i< n)) ;
|

The operators defined in the second form compose the class of boolean operators.
The third form defines the class of temporal operators. Finally, the last class is that
of the epistemic operator.

Besides the previous definition, there are a number of optional but useful “aliases”.
For simplicity, the alias of some operator is said to belong to the same class of the

original operator. Such aliases include:

o 1 Ao = (=1 Va);
e Oy — o= oV dy;
o ¢y 2= (1 — ¢2) A (2 — 1);

o 3C¢ = J[truelUq);
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e VO = ~IO—¢;

o VO = ~30¢;

V[p1Uds] = —I[aU(—¢1 A —¢p2)]

Kip = —B;i—¢

A formula @ is called a formula of KCTL over M if and only if ¢ € ForMAPKAT(IN).

Semantics

The semantics of a formula ¢ € ForMAPKAT(ON) is naturally given in terms of the
model built for 9. Let X = {X1, X2 ... X"} denote the set of agents of 9 and
let G=(S'|| S*| ...]|| S™) be some global state of M.

A formula ¢ of KCTL over 9 is always tested for satisfiability in relation to
some global state G' of 9. We write 9, G E ¢ for some KCTL formula ¢ if and
only if ¢ is true in state G of the system 97.

There are a few valid variants to the syntax of the satisfaction relation F, as

follows:

o G F o, for any state G of the system 9N, is the same as I, G F ¢;

e M E ¢ is the same as M, Gy E ¢, where Gy is the initial state of the system
o,

e F ¢ means that g is an axiom, a formula valid at any state of any multi-agent

systemni.

Let Q = U P* — where P? is the set of propositions of agent X — be the set

=1

n

of propositions of 9 and N = U 0" — where Q° is the set of operators of agent
i=1

X* — denote the set of operators of 9. The semantics of KCTL formulae over a

MAPKAT model 97 is defined below:

100



1. M, G E T, for all MAS 931 and all global state G;

2. M, G F pifand only if p € GF, where GF is G's global truth;
3. MG E ~pifand only if M, G F ¢;

4. MG F o1 V g ifand only if M, G F @ or MG F y;

5. M, G F JO ¢ if and only if there is a move m applicable to G such as
m,g(G,m) F o

6. M, G E 3Oy if and only if there is an infinite 1im R = mimgms ... starting

at state G such as 9, m,(R) F ¢, for each integer £ > 1;

7.MG F EI[(,QIUQOQ] if and only if there is a run of finite length A > 1,
R = mymgy...my, such as M, m,(R") F g and that, for each positive

integer 1 < k < h, MM, m(RY) F o

8. M, G F Kyp if and only if M, G’ F ¢ for every global state G’ such as, if
me(Re) = G for some k& > 1 and Ri is the local k-run in Ry, for X", then

G’ = mp(R,) for some k-run R}, which also contains the local k-run RY.

There are not many differences between the semantic given above and the one
presented in section B.2. In fact, the only difference is that the semantics presented
above are all given in terms of a MAPKAT model. That was the intention, since
MAPKAT is supposed to support at least the same semantics that the K-Extended

Kripke models allows for the original version of KCTL.
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Appendix D

Model-checking MAPKAT models

The previous chapter brought an extensive explanation on the MAPKAT framework
developed to enrich the semantics of KCTL. Using a structure which mixes concepts
from the K-Extended Kripke models and the planning graphs, it manages to describe
a very dynamic system.

The current chapter shows how the semantic MAPKAT framework can be used
to perform model-checking of multi-agent systems in the most general case. The
model-checking itself is carried out by the algorithms presented in section D.2, which
takes a MAPKAT model - built as described in section D.1 - and a KCTL formula

as parameters.

D.1 Building the Model of a Multi-Agent System

Section C.2 presented and defined each and every concept involved in the seman-
tic framework of MAPKAT. However, the following explanation makes explicit the
ideal method of setting up a MAPKAT model in order to be model-checked by the
algorithms given in this chapter.

In order to build a model for MAPKAT, the following parameters are needed:

o A set of agents;
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e An objective, which may be one of the following:

— a set of goals
— a time limit

— an extensive, complete model.

The objective is used as a halting criterion for the model construction. It’ll be
further explained in page 106.
Given a set of agents {X?!, X2 ..., X"}, a Multi-Agent System 9 = (X, N, Q)

is directly derived as the definition states:
1. Making X = {X1, X2 ... X"}

n
2. Making N = LJ{(D)7 | O is agent X*’s set of operators };

i=1
n
3. Making Q = LJ{]P’Z | P is agent X"’s set of facts };
i=1

Then a check is made to verify whether each element O € N is described by Q.
If, and only if, the check verifies so, then the MAS 91 is recognized as well-formed
and the construction of the model may proceed.

As stated before, the model is a directed, levelled graph. This graph is composed
by several kinds of edges and two kinds of nodes: proposition nodes, which can be
either positive or negative, and action nodes.

Bach level of the graph is composed by only one kind of node. Levels composed
by proposition nodes are called proposition levels and levels composed by action
nodes are called action levels. Do not mistake the proposition and action levels of
the model with the semantic concepts with the same name presented in definition
C.2.12. The node levels of the model are mappings which carry similar meaning,
but while the semantical constructs are sets of propositions or operators, the model

levels are sets of labelled nodes.
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The first and the last levels are always proposition levels. The immediate level
after a proposition level, unless it is the last proposition level, is always an action
level and the immediate level after an action level is always a proposition level.

It should be noted that, just like in the original planning graphs, the action
nodes represent fully instantiated operators: they already have their parameters
chosen and their outcome is a set of defined propositions.

The first proposition level is obtained from G, which denotes the global truth
of the initial global state of 9M: this level has one positive proposition node for each
proposition ¢ € G§ and each node is labelled with the correspondent proposition.
This level also includes one negative proposition node for each proposition g €
(N\ Gp).

All other levels are obtained by ezpansion. Expansion consists of an operation

performed on a given proposition level — the origin — composed of these steps:

1. Form an action level composed by one action node for each operator applicable
to the origin that doesn’t have a pair of preconditions mutually exclusive in
the origin — analogously, each action node is labelled with the corresponding

operator.;

2. Link with special edges each action node to the proposition nodes of the origin
labelled by the preconditions of its correspondent operator — these special

edges are called precondition edges;

3. Scan the new action level to detect relations of mutual exclusion — the pairs

of mutually exclusive action nodes detected are linked by ezclusion edges;

4. Build a proposition level — called the destination — by following this proce-

dure:

e Copy each proposition node in the origin level to the (initially empty)

destination level;
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e For each proposition in the Add-list of each operator labelling a node in
the newly-created level, add to the destination level one positive proposi-
tion node labelled with said proposition unless there already is a positive

proposition node labelled with that proposition in the origin level,

e For each proposition p in the Del-list of each operator labelling a node in
the newly-created level, add to the destination level one negative propo-
sition node labelled with neg(p) unless there already is a negative propo-

sition node labelled with that proposition in the origin level;

5. Scan the destination to detect relations of mutual exclusion — the pairs of
mutually exclusive proposition nodes detected also are linked by exclusion

edges;

6. Link each action node to the positive proposition nodes of the destination
labelled by the elements of the Add-List of its correspondent operator with

Add-Effect edges;

7. Link each action node to the positive proposition nodes of the destination
labelled by the elements of the Del-List of its correspondent operator with

Del-Effect edges;

8. Link each action to any negative proposition nodes present in the destination
labelled by the elements of the Del-List of its corresponding operator with

Add-Fffect edges;

9. Link each action to any negative proposition nodes present in the destination

labelled by the elements of the Add-List with Del-Effect edges.

The rules to detect mutual exclusion between proposition or action nodes are
the same as those in page 89, plus the rule that, for every proposition p, if the
proposition level features both the positive and negative nodes for p, then they are

mutually exclusive.
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The mutual exclusion edges may violate the characterization of the model as
a levelled graph, but this is a characteristic inherited from the planning grapls
approach.

The model for MAPKAT is built by expanding first the initial proposition level
and then each proposition level produced by a previous expansion. So far, it is done
much like building a planning graph (see section A.G.3). The first, most obvious
difference is the division of proposition nodes between positive and negative ones.

Another important difference appears at the end of the construction of the model.
The process is concluded when the objective is fulfilled. The fulfillment of the
objective is purposefully flexible. It covers any criteria one could have to stop the
construction of the model in order to avoid making it unnecessarily large. Such valid

objectives include:

1. Graph “levels oft” (see section A.G.6) — useful for complete analysis of the

problern and model-checking;

2. The last expansion produces a proposition level which includes a desired set
of proposition nodes (or “goals”) such as no two of these nodes are mutually

exclusive — useful if only seeking a fast plan;

3. There is a maximum number of expansions allowed — useful to map time limit

constraints.

The model, once finished, is closely related to a planning graph. It is not acci-
dental. The planning graph was proven to be an eflicient tool to map the complex
interaction of dynamic facts. The use of a model similar to a planning graph allows
MAPKAT to be efficient without sacrificing any expressive power.

This model is even closer to the application of planning graphs to multi-agent
planning problems depicted in [Bui and Jamroga, 2003]. However, this model doesn’t
require for the agents to have a synchronous behavior. In fact, they may act at the

same time, or not act at all.
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D.2 Formulae Verification Algorithms

The verification algorithm calculates the runs which bring the MAS to satisfy some
MAPIKAT formula ¢. It does so by calculating the preconditions of ¢ and checking
whether the initial state satisfies these preconditions. The whole computation makes
use of the levelled graph structure described in section D.1. For the purpose of these
algorithms, we assume that the levelled graph is part of the MAS description 991

The preconditions of some formula ¢ are the preconditions of at least one run
r within the model that brings about the property encoded in ¢. The process of
calculating the mentioned preconditions is the same as calculating r and, thus, the
tuple of r and its preconditions is called a solution.

A solution is calculated in a backward-chaining fashion, detecting what is needed
to satisfy the atomic (or "most inward”) portions of the formula and then, step-by-
step, it calculates what is needed to satisfy the whole formula.

Each step corresponds to the treatment of one logical operator and it is always
based on some Preposition Level (PL) of the MAS. The data returned by each step

of the verification algorithims is always a set of tuples (C, E, r) such as:
e (' and FE are sets of prepositions and r is a run;

e (' is the set of preconditions for the run r and is contained in some valid global

state of the PL of the current step;

o M, G E ¢, where G is the global state obtained by applying r to some global

state of the PL of the current step;

e F is a set of evidences required to be collected for model-checking knowledge

of some agent.

In other words, each step of the process calculates the set of possible solutions
for an operator or preposition of the formula. Each solution is to be viewed as a
possibility and such a possibility is an ordered pair composed of a set of necessary

prepositions (the preconditions) and a necessary run.
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The first step is based on the initial state of the system given by the problem
configuration. That is the first preposition level, or PLg for short. Once the set of
possible solutions of all of ¢ are calculated, we return only the solutions whose sets
of necessary prepositions are a subset of P L.

Boolean operators are evaluated on the current preposition level. Their possible
solutions involve only the prepositions for that preposition level and they don’t
manipulate runs in any way.

The model-checking of time-modal operators involves two preposition levels, the
current one as the origin and a later one as the destination. They always return
possibilities composed of a run, which leads to a future state that satisfies some
formula, and the prepositions that form the precondition of the said run. These
prepositions are always required to form a subset of the global truth of a valid
global state on the origin preposition level.

The Knowledge operator is a bit complicated. The original semantics in section
C.3.1 involves iterations through runs, which can be too slow to compute. Instead,
we follow the following criteria.

While model-checking a formula ¢, we need to find certain prepositions required
for the verification of ¢. Some of these prepositions may be known by an agent i,
while the others aren’t. By definition, every agent knows the prepositions which
form its own local state. The problem is identifying the prepositions of the local
states of other agents.

We assume that each agent knows the preconditions, the add-effects and the del-
effects of every operator. We also assume that every agent knows (or “can see”) when
some action is executed by some agent. Thus the identification of the prepositions
of other agents depends on the actions these agents perform: in fact, some agent ¢
cannot be sure of anything about the state of any other agent, except whatever facts
the actions of the other agent make evident. Generally, an action makes evident any
preposition belonging to either its Add-list or to its Preconditions (except for those

prepositions that may appear in its Del-list - On the contrary, the negation of the
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elements in its Del-list is evident).

To model-check knowledge, the algorithin uses the evidence. This parameter
indicates the prepositions which must be made evident by a run to be calculated in
the next step of model checking. Notice that it doesn’t use or trigger the planning
algorithm, it only signals a special kind of target. If by the end of the mocel checking
no step has triggered the planning routine, the model-check returns a failure.

This computation of the knowledge operator isn’t proven to fulfill the exact
semantics of the knowledge operator presented in section C.3.1, but it is trivial that

this approach computes a correct subset of the original semantics.
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D.2.1 Root Algorithms

Procedure IsValid (90, ¢)

Data: A MAS 9t and a MAPKAT formula .

Result: In case of successful model-checking the value TRUE is returned
followed by a list of runs r, if applicable, such as each r brings 9T to
a global state G where 9, G E . Otherwise, it returns FALSE.

begin
P « CheckValid(91, 0, ¢);

R
for each tuplet =(C,FE,r), t € P do

if £ =0 then
| R—RU{r}

else
| P« P\t

if P = () then
| return (False,<null>)

else
| return (True,R);

end
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Procedure CheckValid (O, PL, )

Data: A MAS 9, some PL of 9t and a MAPKAT formula ¢.
Result: A set of tuples (C, E,r) as explained before.

begin
Let z be an empty set;

switch ¢ is of the form... do

case (0)
| 2 «CheckValid(9, PL, §);

case —f
| x «CheckValidBoolean(I, PL, ¢);

case 0, A0y
| z «CheckValidBoolean(9, PL, p);

case 01 V 0,
| z «CheckValidBoolean(9t, PL, ¢);

case 6; — 0y
| z «CheckValidBoolean(?, PL, ¢);

case 10
| x «CheckValidTime(, PL, ¢);

case Y0
|z «+-CheckValidTime(9N, PL, p);

case ;0
| z «CheckValidKnowledge(9, PL,14,0);

otherwise
| {y is actually a preposition.} = — {({¢},0,0)}

return z;

end
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Procedure CheckValidBoolean (S, PL, )

Data: A MAS 9, some PL of 9 and a boolean formula ¢.
Result: A set of tuples (C, £, 1) as explained before.

begin
Let x be an empty set;

switch ¢ is of the form... do

case f
| 2 «CheckNeg(9, PL,0);

case 01 N 0,
| = «CheckAnd(9M, PL,6;,05);

case 0V 0,
| « «—CheckOr(ON, PL,64,05);

case 0 — 0,
| = «CheckImp(9, PL, 61, 05);

return z;

end
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Procedure CheckValidTime (9, PL, ©)

Data: A MAS 91, some PL of 9t and a time-modal MAPKAT formula ¢.
Result: A set of tuples (C, E, r) as explained before.

begin
Let = be an empty set;

switch ¢ is of the form... do

case 300
| 2 « CheckExistsNext(9, PL,0);

case VOO

| z « CheckForAllNext(9M, PL,0);
case 300

| 2 « CheckExistsEventual(9t, PL, 6);

case VOF
| 2« CheckForAllEventual(90, PL, 6);

case JO6
| 2 « CheckExistsConstant(90, PL, §);

case YO0
| 2 « CheckForAllConstant(90, PL,6);

case J [61 UHQ]
| 2« CheckExistsUntil(9, PL,6,,0;);

case V[Hl UHQ]
| 2« CheckForAllUntil(9N, PL, 6,,65);

return z;

end
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D.2.2 Boolean Algorithms

Procedure CheckNeg(9, PL, @)

Data: A MAS 991, some PL of 9t and a MAPKAT formula ¢.
Result: A set of tuples (C, E,r) as explained before.

begin
P «—CheckValid(9M, PL, ¢);

R — @

P «—0;

C" — B;

for each (C,E,r) € P do
for each p € C' do

if p is of form “not(q)” then
| ¢« C'"U{q};

else
| ¢ —C'U {not(p);

P’ — Junction(P',C");
for each D € P do R+« R U{(D,0, <null>)};

return R;

end
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Procedure CheckOr (901, PL, @1, )

Data: A MAS 9, some PL of 9T and two MAPKAT formulae: ¢; and s.
Result: A set of tuples (C, E,r) as explained before.

begin
Py — CheckValid(®, PL, ¢1);

Py « CheckValid(9, PL, v5);
P—{p|pec (PLUR)}

for each (C,E,r) € P do
D—{plpeC}k

F—{qlqeE}
s —<null> ;
R—RU{(D,F,s)};

return A;

end
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Procedure CheckAnd (M, PL, @1, v2)

Data: A MAS 9, some PL of 9t and two MAPKAT formulae: ¢, and ;.
Result: A set of tuples (C, E,r) as explained before.

begin
Py « CheckValid(ON, PL,y1);

Py — CheckValid(9M, PL, vs);
R« 0
for each (Cy, Ey,72) € P do

for each (Cy, Ey,ry) € P, do
C.—{plpe(CeUCy)};

E, —{qlqe (B UE)}
T, «—<null> ;

if PLValid®M,C, U E,, PL) then
| R— RU{(C,,E,1.)};

return RA;

end

Procedure CheckImp(9R, PL, 1, vs)

Data: A MAS 9, some PL of 9T and two MAPKAT formulae: ¢; and 5.
Result: A set of tuples (C, E,r) as explained before.

begin
| return CheckValid(9N, PL, 02V —p1);

end
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D.2.3 Time-Modal Algorithms

Procedure CheckExistsNext (9N, PL, )

Data: A MAS 9, some PL of M and a MAPKAT formula ¢.
Result: A set of tuples (C, F, 1) as explained before.

begin
P « CheckValid(9, PL + 1, p);

R «— 0
for each (C, E,s) € P do

if PILValid(®,C U E,PL+ 1) then
P’ «— CheckPlan(M, PL,PL+ 1,C, E);

for each (C',E',s") € P' do

if PLValid(M,C", PL) then
r—s+s;

R—RU{(C",E' )},

return R;

end

Procedure CheckForAllNext (9N, PL, )

Data: A MAS 9, some PL of 9 and a MAPKAT formula ¢.
Result: A set of tuples (C, E, 1) as explained before.

begin
R« CheckValid(®0t, PL, -3 O —yp);

return A;

end
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Procedure CheckExistsEventual (I, PL, )

Data: A MAS 9, some PL of 9T and a MAPKAT formula ¢.
Result: A set of tuples (C, E,r) as explained before.

begin
PT « PL;

Ready + No;
R« 0;

while Ready # Yes and PT < LastPL(1) do
PT « PT +1;

P « CheckValid(OR, PT, p);
for each (C,E,s) € P do

if PLValid®N,C U E, PT) then
P' — CheckPlan("%, PL, PT,C, E);

for each (C',E',s") € P' do

if PLValid(®N,C’, PL) then
T — 5 +s;

R— RU{(C'",E',1)};
Ready «— Yes;

return R

end
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Procedure CheckExistsConstant (N, PL,p)

Data: A MAS 99, some PL of 9t and a MAPKAT formula ¢.
Result: A set of tuples (C, F,r) as explained before.

begin
PT «— PIL;

Ready « No;
R« B,

while Ready # Yes and PT < LastPL(") do
PT «— PT + 1,

P« CheckV alid(9N, PT, ¢);
for each (C, E,s) € P do

if PLValid®,C U E, PT) then
P’ «— CheckPlanFiz(9n, PL, PT,C, E, ),

for each (C',E' s) € P' do

if PLValid(®M,C, PL) then
r— 5 +s;

R« RU{(C',E',1r)};
Ready «— Yes;

return R

end
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Procedure CheckExistsUntil(I, PL,p1,¥2)

Data: A MAS M, some PL of MM and two MAPKAT formulae: ¢; and ¢,.
Result: A set of tuples (C, F/,r) as explained before.

begin
PT « PL;

Ready «— No;
R — §;

while Ready # Yes and PT < LastPL(91) do
PT — PT +1;

P « CheckValid(M, PT, ¢2);
for each (C,E,s) € P do

if PLValid(9n,C U E, PT) then
P’ «— CheckPlanFix(9, PL, PT,C, FE,);

for each (C', F',s") € P' do

if PLValid(9%,C, PL) then
r—3s+s;

R — RU{(C"E', "}
Ready «— Yes;

return R

end
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Procedure CheckForAllEventual (I, PL, )

Data: A MAS 9, some PL of 9t and a MAPKAT formula ¢.
Result: A set of tuples (C, E,r) as explained before.

begin
R « CheckValid(9M, PL, =30—¢);

return K;

end

Procedure CheckForAllConstant (I, PL, )

Data: A MAS 91, some PL of 9t and a MAPKAT formula .
Result: A set of tuples (C, E,r) as explained before.

begin
R « CheckValid(t, PL, =30—¢);

return K;

end

Procedure CheckForAllUntil (9N, PL,p1,ps)

Data: A MAS 9, some PL of 9 and two MAPKAT formulae: ¢; and ¢s.
Result: A set of tuples (C, E, 1) as explained before.
begin

R « CheckValid(9, PL, ~3[~p2U(—p1 A —p2)] A =30—0);

return K;

end
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D.2.4 Knowledge-Modal Algorithms

Procedure CheckValidKnowledge (90, PL, %, )
Data: A MAS 9, some PL of 91, an agent index 7 and a MAPKAT formula

®.
Result: A set of tuples (C, F,r) as explained before.

begin
P « CheckValid(91, PL, ¢);

R« 0
S « LocalPrepositions(9, i);

for each tuple B € P,B =(C,E,r) do
Xi—{p|Vpe (SNO)}L

Xo —{p|Vpe (C\ X1)}
X2 <« EUXQI
R« RU {(Xl,XQ,T)};

return R;

end

D.2.5 Utilitary Algorithms

This subsection details all the algorithms that support the correct functioning of
the formula verification algorithms presented in section D.2. While the verification
algorithms deal explicitly with the logic of the operators they encode, the utilitary
algorithms described in this section are the “tools” through which those operators

can be encoded.
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Procedure PLValid(9M, PL, P)
Data: A MAS 9, the number PL of some preposition level in 91 and a set

of prepositions P.
Result: TRUE, if the elements in P belong to the global truth of some valid
global state in preposition level PL of 90t; FALSE, otherwise.

begin
Let X be the set of mutual exclusion edges among the elements of the

preposition level PL of 90;
foreach (p,q) € X do

if pe X and g € X then
| return FALSE;

return TRUE;

end

Above is the description of the main procedure used to verify the correctness
of any solution found by the model-checking process. It uses two principles: First,
each preposition level of any Multi-Agent System model is the minimal superset of
the sets of Global Truths corresponding to each and every possible Global State
in a given time step. Second, any subset of a preposition level is a subset of the
global truth of at least one global state as long as it doesn’t contain any pair of

mutually-exclusive prepostions.
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Procedure CheckPlan (9, PL;, PLg,Goals, Evidence)

Data: A MAS 9, The PL PL; of 9 where the plan should begin, the PL
PLr where the plan should end, the set of Goals and the set of
required Fvidences.

Result: The set of tuples (C,E,r) which describe the possible plans found.

begin

if not PLValid(9, PLg,Gouls) then
| return §;

else
G «— {Goals U Evidence},

R «RecursivePlanStep(9N, PL;, PLr, G);
foreach (C,E,r)e R do

if (CN Evidence) = {) then
| R« R\{(C,E,n)};

return R;

end
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Procedure RecursivePlanStep (9, PL;, PLg,Goals)

Data: A MAS 91, The PL PL; of 91 where the subplan should begin, the
PL PLyr where the subplan should end and the set of Goals.

Result: The set of tuples (C,E,r) which describe the possible subplans found.

begin

it PL; < (PLp —1) then
| P« RecursivePlanStep(9, PL; + 1, PLr,Goals);

else
| P« {(Goals, ), <null>)};

R «— {;

foreach (C,E,r)€ P do
L+ 0,

foreach pe C do
L, «—Causes(9M, AL; + 1, p);

L «—Junction(L, L,);
foreach m € L do
X «— W
foreach a € m do
| X <« XU Preconds(9, a);

if PLValid(9, PL;, X) then
| R« RU{(X,E,AppendRunToMove(r,m))};

return F;

end

The previous two procedures compose a translation of the original Graphplan
planning algorithm for the MAPKAT model. It was adaptated at the initial call so
it can handle the use of Evidence Sets properly. The next two procedures form an
useful extension: a planning algorithm that ensures that a given formula ¢ is true

at each and every point of any returned plan.
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Procedure CheckPlanFix (M, PO, PF,Gouls, )

" Data: A MAS 991, The PL PO of 9t where the plan should begin, the PL
PF where the plan should end, the set of Goals and a MAPKAT
formula .

Result: The set of tuples (C,r) which describe the possible plans found.

begin
begin
if not PLValid(IM, P Lr,Goals) then
| return {;
else
G «— { Goals U Evidence};
R «—RecursivePlanFixStep(IM, PLy, PLr, G, ¢);
foreach (C,FE,r) € R do
if (Cn Bvidence) = ) then
| B R\{(C E,n)}
return E;
end
end
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Procedure RecursivePlanFixStep(9, PL;, PLg,Goals, )

Data: A MAS 9, The PL PL; of 9 where the subplan should begin, the
PL PLp where the subplan should end, the set of Goals and a
MAPKAT formula ¢.

Result: The set of tuples (C,E,r) which describe the possible subplans found.

begin

if PL; < (PLp — 1) then
| P « RecursivePlanFixStep(", PL; + 1, PLg,Goals, /varphi);

else
| P« {(Goals,?, <null>)};

Q « CheckValid(9N, PL;, v);
R« 0;
S « CombineSolutions(", PL;, P, Q);

foreach (C,E,r) e P do

L« 0;

foreach p € P do

L, «Causes(MM, AL; + 1,p);
L «Junction(L, L,);
foreach m € L do

X «— 0;

foreach o € m do

| X « XU Preconds(9M, a);

if PLValid(9t, PL;, X) then
| R« RU{(X,E,AppendRunToMove(r,m))};

return R;

end
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Procedure Causes (91, AL,p)

Data: A MAS 9, a chosen action level AL of 9t and a single preposition p.
Result: The subset of AL formed by the actions with p in their Add-lists.

begin
R« 0

T « {a | a appears on action level number AL of M};
foreach action a € T do

if p €Addlist(9, a) then
| R RU{{a}};

return R;

end

Procedure Junction(Ly, I.5)

Data: Two sets of sets: L; and Ls.
Result: The set of unions X UY forall X € I, and Y € L.

begin
R« 0

foreach X € L, do

foreach Y € L, do
| R« RU{XUY}

return R;

end
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Procedure CombineSolutions (O, PL, P, Q)

Data: A MAS 90, a preposition level number PL for some preposition level
of Mt and two solution sets P and ) which represent the respective
solution sets for two unknown formulae ¢p and ¢g.

Result: The set of solutions for the unknown formula @p A @g for the

preposition level PL of 9.

begin
R —0;

foreach (Cp,Ep,7rp) € P do
foreach (Cgq, Eg,mq) € Q do

if PLValid(?t, PL,CpU Cq U Ep U Eg) then
7" «— CombineRuns(N, PL,7p,rq);

if ' # FAILURE then
| R— RU {(CP U CQ,EP U EQ,’I",)};

return E;

end
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Procedure CombineRuns(r{,ry)

Data: A MAS 9, a preposition level number PL for some preposition level
of M and two runs, supposedly starting at preposition level PL: 1y
and 7.
Result: The run resulting from executing 71 and 74 in parallel. If they can’t
run in parallel, the algorithm returns FALSE. Notice that FALSE is
different of <mull>.

begin
Let 7' be the longest run among 1 and ra;

Let 7° be the shortest run among r; and ry;
Let ! be the length of 7!;

Let: I* be the length of r°;

7 —<null>;

safe «— TRUE;

for i from 1 to I° do
Let m! be the 7 — th move of *;

Let m* be the i — th move of ¥,

if Bxclusive(R, PL + 4, m!, m®) then return FAILURE;
m«— {a|a € (mum};

T — T +m,

for i from I° 4+ 1 to I! do
Let m! be the i — th move of r!;

m — {a|ae€mt}

T — T +m,

return r;

end
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Procedure AppendMoveToRun(r,m)

Data: A run r and a move m.
Result: The run v = rm.

begin
| return r+m;

end

Procedure AppendRunToMove (r,m)

Data: A move m and arun 7 .
Result: The run v/ = mr.

begin
| return m+r;

end

Procedure Preconds(N,a)

Data: A MAS 2T and an operator a.
Result: The set of prepositions which forms the list of preconditions of a.

begin
Check the definition of a in Mt and copy the preconditions of a to some

set C;
return C;

end

Procedure Addlist(9M,a)

Data: A MAS 91 and an operator a.
Result: The set of prepositions which forms the add-list of a.

begin
Check the definition of a in 9t and copy the add-list of a to some set C;

return C;

end
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Procedure Dellist(9M,a)

Data: A MAS 91 and an operator «.
Result: The set of prepositions which forms the del-list of a.

begin
Check the definition of a in 9 and copy the del-list of a to some set C;

return C;

end
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