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ABSTRACT

We present a framework that uses epistemic logic and deontic to model a
multi-agent system consisting of humans and non-human agents.
Epistemic logic addresses belief, knowledge, notably common knowledge,
and, in many applications in computer science, it addresses knowledge
acquired by communication. With deontic logic, we represent obligations,
prohibitions, and permissions applying to agents. We are concerned with
agents actions, their attitudes, and what they know. Our framework
addresseses the ability of agents to maintain ongoing relationships with
each other. This framework supports a forma methodology for anaysis
and design for multi-agent/multi-human collaboration.

KEYWORDS: multiagent systems, epistemic and deontic logic, human-
computer interaction

INTRODUCTION

Epistemic logic, the logic of knowledge, and deontic logic, the study of normative
cnecepts, are modal logics originating in philosophy. Epistemic logic has modal operators
for various kinds of knowledge (or belief), and deontic logic has operators for obligation,
permission, and prohibition. We specify how agents (human and non-human) should
cooperate in a system. Our modeling of agents is uniform: human and non-human agents
are modeled with the same formalisms. Such modeling entails abstraction: we use a
forma methodology to formulate abstract specifications for a system of agents. An
abstract approach lets us express logical formulas that let us specify the communication
behavior of processes as required by their users. Continual communication, interaction,
and responsiveness among the agents ensure that a system maintains its reactive nature;
that is, the agents maintain ongoing relationships with each other.

We present a multi-agent/multi-person framework for constructing models to better
understand the interaction between human and non-human agents. This framework
supports formal methods by providing an abstract specification language, allowing us to
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eliminate ambiguities from expected system behavior. The next section addresses the
syntax and intuitive semantics of the framework. We then show the use of modal logics
through examples, and we present some specifications using our framework.

SYNTAX AND INTUITIVE SEMANTICS

We refer to [5] in defining the syntactic categories of our language using a sorted first-
order action logic. We can think of a sort as denoting a set whose elements are of the
same algebraic ‘type’. Predicates and function symbols used in the system are a so typed.
Agents and actions are the most interesting sorts. Agents perform actions and are the
recipients of actions performed. Since the most interesting actions involve
communication, we model actions as speech acts. We introduce predicates to describe
properties about and relations among entities. An n-ary predicate symbol applied to n
terms of the appropriate sorts results in an atomic formula.

Sorted First-Order Action Logic (SFOAL)

We now present our sorted first-order action logic (SFOAL). We begin by introducing
the syntactic categories, followed by the formation rules for our language.

Syntactic Categories
- A non-empty finite collection of sorts S = {Act, Agt, 1, 9, ...}, where Act is a

non-empty action sort, and Agt is a non-empty agent sort.
Constant symbols denoting individuas: for each sort s 1 S, there is a possibly
empty set of constants, each said to be of sort s.
Agent names: for al n> 0 and each n-tuple, &, ..., ssfisuch that s;,..., sy T S, there
isa (possibly empty) set of n-place agent names of sort Agt of type &s,..., St
Action names: for al n> 0 and each n-tuple, &, ..., ssisuchtha sy,... s, T S, there
isa(possibly empty) set of n-place action names of sort Act of type &, ..., Sift
Predicate symbol : for al n > 0 and each n-tuple, &,..., ssisuch tha s,... s, 1 S,
thereis a (possibly empty) set of n-place predicate symbols of type &y, ..., Sift
Variables: A non-empty collection of distinct variables for each sort, sT S.
Quantifiers: for each sort sT S, the universal quantifier, " s and the existential
guantifier, $s.
Logical operators: ‘@ (negation), ‘« ' (equivalence [iff]), ‘®’ (implication), ‘U’
(conjunction), ‘U’ (disunction), { ]’ (strong dynamic logic modal operator), and
the action combinators ‘;’ (sequential composition), ‘+ (non-deterministic choice),
and‘ ' (negation).
Punctuation: (, ), and ,.

Formation Rules

Terms
For each sort sT S, avariable or constant of sort s is aterm (most basic).
If tg,..., thareterms of sorts s4,..., s (resp.), and sy,..., S, are dl taken from S, and
a isan action symbol of type &s,,..., it then a(ty, ..., ty) isaterm of sort Act.
If tg,..., thareterms of sorts s,..., S, (respectively), and si,..., $, are al taken from
S, andi is an agent symbol of type &si,..., sifi theni(ty,..., t,) isaterm of sort Agt.




Nothing else is aterm.
Atoms
- Ifty,..., t, areterms of sorts s,..., Sy, respectively, and s,..., S, are al taken from
S, and p is apredicate symbol of type &s,,..., Sifi then p(ty,..., tn) isan aom.
For esch sort sT S, given two terms of s, t; and tj;, tj =s t; is an atom, provided that
=sisin the language.
- Nothing else is an atom.
Formulas
- Anaomisaformula
Ifj isaformula soisj .
Ifj andy areformulas, so are:
jUy,j®y,jUy,adj «y
For each sort, s| S, if x isavariable of sort sand j isaformula, then " &} ad
$xj arealsoformulas.
Nothing else is a formula

The sentential connectives, punctuation, connectives, and quantifiers are standard. Our
constants, predicates, and variable names are categorized above. The action combinators
provide our framework with the ability to combine actions to make more complex
actions. In dynamic logic, [a]j means that every possible execution of a leads to a
situation in which formulaj istrue [4]. Our action operators have the form [i, a]j , s0 |
is true when agent i performs action a. For example, if agent i buys a Ford Explorer,
then that explorer issold: [i, BUY(explorer)] SOLD(explorer).

Temporal Extensions of Sorted First-Order Action Logic (TSFOAL)

We extend SFOAL to include temporal logic operators, using a linear, discrete time.
These operators are [ (“always’), a (“eventualy”), N (“next time”), and U (“until”) [3].
Intuitively, OJj istrueif j istrue currently and at al subsequent time points; aj is true if
] istrue at some point now or in the future; Nj istrueif j istrue at the next time point;
andj Uy istrueif j istrueuntil y istrue (andy iseventualy true).

To our existing formation rules, we add that, if j andy are formulas, then so are [Jj ,
a,Nj,andjUy. Weadso add the operators (1P, a°, N°, and UP for past time. The
semantics for these temporal operators are mirror images of their future-time
counterparts. We can express, for example, that agent i performed action a by a°(i, a).

Epistemic Extensionsof TSFOAL (ETSFOAL)

Epistemic logic (ETSFOAL) introduces a new category denoting finite groups of
agents. We augment our language with the operator ‘K;’ for each i of sort Agt, and ‘Eg’
and ‘Cg’ for each group of agents, G. We aso have additional formation rules. If i is of
sort Agt and j isaformula then Kjj isaformula and, if G is a group name, then Egj
and Cgj are formulas. Kjj means that agent i knowsthat j , Egj that every agent in
group G knowsthat j , and Cgj that it is common knowledge (see below) in G that j .

We define the modal operator Egj (‘everyonein the group G knowsj ’) as



Eej =aer U Kij
il G
(The “ operator is a metalinguistic symbol for iterated conjunction.) Iterated
applications of the Eg operator are expressed with the familiar superscript notation:

Ecj =daef Ecj (basecase),
Eé] = def EEglj fork > 1.

We establish Common knowledge by the common-knowledge induction schema [2]:
i¢and i2 have common knowledge thatj iff
(a) i¢and i know thatj and know that (a).
(Note that the sentence labeled @) refers to itself.) This can be generalized in the
obvious way for any finite number of group members. Thus, Group G has common
knowledge that | (Cgj ) if everyone (in G) knows j , everyone knows that everyone
knowsj , and so on, ad infinitum. We define the operator Cg as an infinite conjunction:
Cg =.iU Esj -

Mutual belief closely resembles common knowledge [2]. The important difference is
that mutual belief, like belief, in genera, lacks the knowledge axiom required for
knowledge, namely, Kijj ® j . We use belief operators Bj (‘agent i believes | '), Hgj
(‘everyone in group G believesj ‘), and Mgj (‘itismutualy believed in G that | *).

The semantics of epistemic logic is generally developed with Kripke structures
involving possible worlds and accessibility (possibility) relations among them defined for

each agent [3]. Severa standard axiomatic systems for epistemic logic have been
devel oped; we assume the axioms and rules of inference of the S5 system [3].

Deontic Extensions of ETSFOAL (DETSFOAL)

Wherei isof sort Agt and a is of sort Act, O(i, a) states that agent i is obligated to
perform action a. We use the same notation for permission, P(i,a), and prohibition,
F(i,a). These operators are related by the valid equivalences O « @PYj ad
Pj « @Fj. We distinguish between conditional obligations, permissions, and
prohibitions (dyadic deontic logic) and unconditional ones (monadic deontic logic) [1].
O(i, a)ly, for example, says that agent i is obligated to perform action a provided y
holds. The syntax allows nested deontic operators.

The semantics of deontic logic is also generally presented in terms of Kripke
structures, and there are several standard axiomatic systems. Our framework is quite
standard in these respects. A significant difference between the knowledge operators and
the obligation operator isthat G ® j is not valid. Thus, deontic logic distinguishes
between what is actual (e.g., j ) and what is ideal (e.g., G ). This is perhaps the most
significant feature of deontic logic and makes it appropriate, for example, for specifying
fault-tolerant software systems, where non-ideal actual states must be recognized.

AN EXAMPLE

We present an example of the modeling and framework discussed. We shall model
aspects of an imaginary car dealership, denoted by a constant, Als Ford, of sort D, the



sort of dealerships. At the top of our chain of command, the supervisor (of sort Agt and
type &) of Al’s Ford (denoted Als_Ford) is denoted by Supervisor(Als_Ford). Our two
car deders are in the next level. We denote them with Representative(Als Ford, 0) and
Representative(Als_Ford, 1) of sort Agt and type &ealership, NA Next, the Liaison (or
proxy) agent is the link between the customer and the representative(s). This agent is of
sort Agt and of type &ealership, NA and is denoted by Liaison(Als Ford, 0). He
forwards information from the customer to the dealer. Customers are denoted by names
of the form Customer(Als_Ford,n), of sort Agt and type aDealership, Nii Any of these
agents could be human or non-human, but we might expect the supervisor to be human.
The agents communicate with one another by speech acts, often about cars. So we

introduce another sort, Car. Some action names are as follows.

BUY of type &Car, Agtfi

NOTIFY of type &Agt, Agt, Actfi

MAKE_APPOINTMENT of type &Agt, Dateft

ORDER of type &Vlakefi

Agents actions (whether performed jointly or independently) are enabled by their

common knowledge. For example, suppose that the supervisor posts a memo stating that
ordering new cars is the responsibility of Representative(Als Ford, 1). Then, provided
that it is common knowledge in the dealership group, G (which includes the supervisor,
liaison, and representative agents), that job assignments are posted in this way, it
becomes common knowledge in group G that Representative(Als Ford, 1) should order
the new inventory. Expressing this common knowledge requires nesting modal
operators, as in the following case specialized to Tempo (of sort Make):

Cc (O(Representative(Als_Ford, 1), ORDERtempo)),

Our framework presents certain general axioms in addition to the purely logica
axioms and rules (such ass those of the S5 system for epistemic logic) that we use. The
general axioms constrain the meanings of certain ubiquitous action names (such as
NOTIFY), interrelate the operators from the different modal and tempora logics, and
express general principles of common knowledge about actions. For each domain
modeled, we formulate certain proper axioms that capture the rules governing the agents
in that domain. Some of these rules are illustrated below.

Suppose that Representativg(Als Ford, 1) has ordered the new inventory and has
notified the supervisor of the order. (We have instances for this domain of a general
axiom governing the NOTIFY action.) Upon knowing that the new inventory is on its
way, the supervisor can begin to make room for the new cars in the showroom, or the
liaison could call a customer who asked when the new inventory would arrive. In generadl,
when an agent is notified of something, that agent acquires new knowledge and can
perform actions accordingly. So, when Representative(Als Ford, 1) notifies
Supervisor(Als_Ford) that he has ordered the new inventory, the supervisor has the
knowledge that the representative agent ordered the inventory:

[(Representativg(Als Ford, 1) , NOTIFY(Supervisor(Als_Ford),
((Representativg(Als_Ford, 1), ORDER(tempo))]
Kaupervisor(ais Ford) (Representative(Als_Ford, 1), ORDER(tempo).
Performance of some actions requires that some condition hold prior to the action
being performed. For example, Representative(Als Ford, 1) can order the new inventory



only if there is ample space for the new cars. Where the predicate Lot Space means there
is ample space on the lot for the new cars, we write

O(Representative(Als_Ford, 1), ORDERmM) aLot_Space(Ford_Lot),

where Ford_Lot denotes car lot and is of sort Lot. It may be important that an agent has
known that he had a certain obligation. To state that Representativeg(Als Ford, 1) has
known that he was supposed to order the new inventory, we write

AP (K representative(Als Forg, 1) O(Representative(Als_Ford, 1), ORDER(tempo)).

Finally, since deontic logic alows us to mode the actual versus the ideal, our
framework allows us to capture fault-tolerance. We use a proper axiom to illustrate. |If
some incident prevents (Representative(Als _Ford, 1) from ordering the new inventory
(e.g., he forgets), the responsibility then may become that of another agent, say
(Representative(Als Ford, 0). We expressthisrule as follows:

(O(Representative(Als_Ford, 1), ORDER (tempo)) U

(Representative(Als_Ford, 1), ORDER (tempo))) ®
O(Representativg(Als_Ford, 0), ORDERtempo)).

CONCLUSION

Our framework relates artificial and human agents to formalisms involving concepts from
epistemic logic and deontic logic, which capture critical aspects of how agents interact.
Thus, content is given to the formalisms specifying the agents, and a forma analysis and
design methodology can be based on this framework. Proof techniques can be used to
show that a formal specification is internally consistent and complete with respect to the
requirements, and a forma design can be proved correct relative to a formal
gpecification. Our framework can address the needs of the human user and thus should
help in designing systems that aid human users in completing tasks efficiently [6].

We are specificaly interested in agents sharing context and understanding in a relevant
way. Thus, by developing this framework, we have gained a better understanding of the
interaction between humans and non-humans, user modeling and system usability issues
involved in modeling such systems, and the context in which these specifications can be
applied. We have used our framework to specify and design a prototype of a small part
of the above dealership example. The prototype was implemented using AgentBuilder.
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