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Abstract. The Multilayered Multi-agent Situated System
(MMASS) has been proposed as a general framework to build multi-
agent systems in which agents are situated in an environmentwhose
characterization can be multifaceted (each facet of the environment
is named alayer, hence the name of this framework). Agents in the
MMASS can be purely reactive and computationally lightweight, or
deliberative and employ highly sophisticated reasoning mechanisms.
As a consequence, the MMASS has proven to be useful to build mas-
sively multi-agent systems (in which typically each agent is compu-
tationally simple) as well as systems comprised by complex agents
(in which typically we have few agents interacting with eachother
and with the environment). In the present article we combinea sim-
plified version of MMASS with a specific logical system, whichwe
suggest that can be particularly suitable to solve problemsbased on
simulations. The proposed logical system is a variation of classical
FOPL, in which logical statements are tagged with probability val-
ues so that one can reasonwith probabilities as opposed of reasoning
aboutprobabilities.

1 INTRODUCTION

The Multilayered Multi-agent Situated System (MMASS) has been
proposed as a general framework to build multi-agent systems in
which agents aresituatedin an environment whose characterization
can be multifaceted (or, using the MMASS parlance,multilayered).
Agents interact with each other and with the environment by:

• sensing and emitting fields across the different layers of the envi-
ronment;

• communicating directly with each other;
• acting on the environment e.g. by picking and dropping objects;

and
• moving about [11].

A distinguishing feature of the MMASS framework is that it ac-
commodates a wide range of agent architectures, from computation-
ally lightweight, purely reactive agents to highly demanding, sophis-
ticated deliberative agents. The flexibility of the MMASS framework
makes it useful to build multi-agent systems comprised by hetero-
geneous agents ranging from complex deliberative architectures to
simplified and computationally tractable ones.

The MMASS framework has proven to be particularly useful to
model massively multi-agent systems, which can be used to analyze
system configurations based on empirical simulations (see,e.g., [3,
2]).
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The flexibility of the MMASS framework stems from its agent
architecture agnosticism: the MMASS framework is not related to
any particular agent architecture, and this is how it can accommo-
date a wide range of different agent architectures. The downside of
it is that, in order to employ the MMASS framework for practical
problem solving, one needs to complement it with suitable agent ar-
chitectures.

In the present work we introduce a specific architecture for agents
to be integrated with the MMASS framework, which is quite general
and seems of particular interest to model complex systems whose
analysis must be based on simulations.

Our proposed architecture is paired with a slightly simplified ver-
sion of the original MMASS framework. It is a variation of classical
FOPL in which logical statements are tagged with probability val-
ues. As a motivating example, if we have thatα → β and thatα is
tagged with a probability value of0.2, then we will be able to inferβ
wheneverα is observed, i.e. our logical system will sometimes infer
β (whenα is true) and will some other timesnot infer β (whenα is
false), sinceα is a premise to inferβ and it is sometimes true (with
probability 0.2) and sometimes false (with probability0.8). In the
long run, and assuming that no other proof path can inferβ or influ-
ence on the probability ofα, β will be inferred as true about twenty
percent of the times we attempt to infer it.

Notice that our proposed non-deterministic logical systemis ap-
propriate to reasonwith uncertainty, as opposed to reasoningabout
uncertainty, i.e. we are not designing a system to reason about prob-
ability values, rather we are designing a system whose inferences
are subject to probabilistic truth valuations [5]. Systemsto reason
with uncertainty can be more useful for simulation based analysis of
problem solving mechanisms (and randomness is also a recognized
element in dealing with the variability of human behavioursin simu-
lation [4]), contrasting with systems to reason about uncertainty that
can be more useful for theoretical analysis of problem solving mech-
anisms and systems.

This paper is organized as follows: in section 2 we briefly in-
troduce the MMASS framework and compare it with other similar
work found in the literature. In section 3 we simplify the original
MMASS model and put this simplified version together with ourpro-
posed non-deterministic system for deliberative agents. In section 4
we build a simple illustration, to show our proposed model inaction.
Finally, in section 5 we present some discussion, conclusions and
proposed future work.

2 THE MMASS FRAMEWORK

The MMASS framework was fully introduced in [11], although some
partial renditions of this framework had been published before that.



It has been employed successfully in a variety of problems, such as
the modeling of human interactions in Computer Supported Coop-
erative Work [8], simulation of crowd behavior [1] and ubiquitous
computing [7].

Very briefly, a MMASS is a collection oflayers. Each layer is
comprised by an undirected graph, in which nodes represent loca-
tions in which agents can be placed (each node admits at most one
agent) and edges represent accessibility between nodes. Agents can
move across nodes following their accessibility relations, and in the
original MMASS model agents can only exchange messages with
other agents located in neighboring nodes.

In the original MMASS model, there existinterfacesconnecting
different layers. Essentially, an interface is an edge connecting nodes
from two different graphs.

An agent, when located in a node, can sense the environment and
perceive fields that are reaching that node, receive messages from
neighboring agents, and then, based on internal states and deliber-
ative capabilities, decide to move to a different node, act upon the
environment, emit fields and send messages to agents.

A field is characterized by its source, initial intensity, diffusion
and dispersion. A field source is the node from which it is being emit-
ted; the initial intensity is typically represented as a non-negative real
number; diffusion determines the intensity of the field as a function
of the topological distance between any node and the field source;
and dispersion determines the intensity of the field at the source node
as a function of the time since the field was emitted.

The power of the MMASS framework stems from its flexibility,
which is a direct consequence of its simplicity. In order to be ap-
plied in concrete situations, it must be complemented by specific
agent models that determine agent behaviors based on sensedfields
and received messages. Frequently, the specification of agent behav-
iors comes together with some sort of specialization of the generic
MMASS framework, to build special cases of interest to particular
applications.

In the present work we propose a partial specialization of the
MMASS framework, thus building a special case of the generic
framework that can be particularly well suited to model complex
multi-agent systems whose dynamics must be analyzed based on em-
pirical discrete-event simulations.

Our proposed partial specialization of the generic MMASS frame-
work is built in order to couple it with a particular non-deterministic
inference system, as detailed in the following section.

3 COUPLING MMASS WITH A
NON-DETERMINISTIC LOGICAL SYSTEM

Our goal is to put the MMASS framework together with a specific
agent model, to build a specialized framework for simulation of com-
plex multi-agent systems. Essentially, we have built a normative the-
ory based on which agents can infer obligations and permissions, i.e.
logical statements representing actions that they are either required
to perform (obligations) or allowed to perform (permissions). We in-
tend this normative theory to work as a foundation upon whichcon-
crete theories of action for agents can be built. We also intend that the
normative theory, heretofore referred to asCoupled MMASS, can be
implemented to support runs of an agent system, i.e. concrete simula-
tions that can be used to analyze empirically the behavior ofcomplex
systems.

Permissions and obligations connect naturally todeontic logics
[9], a particular class of multimodal logics that have been historically
used to model legal systems, and more recently have been employed

to model interactions in multi-agent systems [10]. We have explored
deontic logics as a formalism to model multi-agent systems for digi-
tal entertainment, and obtained rather appealing results [6].

For the purpose of the simulation of the dynamics of interactions
among agents in a multi-agent system, however, deontic logics may
not be the most appropriate formalism, as proof systems for even
relatively simple deontic logical systems can become computation-
ally intractable. For this reason, we have preserved thenotionof per-
missions and obligations and explored simpler logical systems, that
can be less computationally demanding and therefore more useful for
simulations of practical systems.

We have extended the language of classical FOPL withdeontic
tagsas follows. We have added to the alphabet of FOPL the tagsO
(standing forobligation) andP:ϕ (standing forpermission), in which
ϕ is a real number in the interval[0, 1].

Classical FOPL sentences can be tagged with zero or one deontic
tags. Operationally, when anO tag is found, the corresponding sen-
tence is forcefully true, i.e.O tags can be ignored in the course of a
proof. When aP tag is found, a random number generator is trigged
to generate a random value in the interval[0, 1] based on a uniform
probability distribution. If the generated value is largerthanϕ, the
tagged sentence is evaluated as false, otherwise it is true.

Intuitively, obligations are necessarily true, and permissions can
be either true or false, according to a probability estimate.

Using this logical system, well formed sentences are sometimes
labeled as theorems and some other times labeled as non-theorems
for the same logical theory. Logical proofs are non-deterministic, de-
pending on the interdependence of well formed sentences andthe
behavior of permitted sentences, which is determined by thevalues
ϕ.

We have envisaged this non-deterministic formal system to model
the actions of and interactions among agents in multi-agentsystems.
We now couple this system with MMASS.

Before putting the non-deterministic FOPL extended with per-
missions and obligations and MMASS, we simplify the original
MMASS in three ways, to make it more specifically applicable for
simulation models.

1. We add an explicit notion oftime, based on the simplest possible
model of time, namely discrete linear time with one startingpoint.
Since we aim at simulations and animations, we add a uniform
and very simple representation of time in the model. Time is rep-
resented as clock ticks, which are synchronized for all entities and
layers, i.e. we have a universal clock accessible to any element of
the model. A clock tick is a natural number.

2. We enforce that all layers have the same topological structure. In
other words, we have a singlelayer structure i.e. an undirected
graph - that is applied to all layers in an MMASS model. The
edges of the layer structure are tagged with real, non-negative val-
ues, with the addition of the symbol⊥ that are representations of
costs to move between nodes and for fields to propagate. The tags
can vary across layers.
Edge tags are abstractions of some appropriate notion of distance.
For example, one of the layers can represent geometrical distances
between nodes, and tags can represent these distances usingsome
uniform distance unit measure. This is the reason why we assume
that the tags are non-negative real numbers. Notice that we leave
on purpose the possibility of having zero as a legal tag. Thiscan
be used to collapse nodes in a layer without having to change the
layer topology. The symbol⊥ represents instead an infinite dis-
tance, meaning that agents cannot move from one of the connected



sites to the other, and also fields do not diffuse across the edge.
3. We assume that one layer represents the physical layer, onwhich

agents can move, and that the movements of an agent imply
on travel costs that are calculated independently for each layer.
Agents move across the layer topology, and therefore

(a) When an agent moves from one node to another, it does so in
all layers; and

(b) It makes no sense for an agent to migrate between layers, since
agents do not move from the physical layer. Therefore, we do
not need to have explicit interfaces between layers.

This basic structure for agents’ environment supports the repre-
sentation of composite situations, characterized by different aspects
that may influence agents’ behaviours. In particular, Figure 1 de-
picts a three–layered environment comprising (i) a basic grid whose
edges represent airline costs of movement between sites, (ii) an ad-
ditional layer in which edges represent the actual possibility to move
from a site to another (e.g. a map of a building including walkable
space, passages and walls) that could be used to effectivelyconstraint
agents’ movements, but also (iii) a layer connecting “homogeneous”
sites (e.g. indoor or outdoor sites) with edges of null cost,creating ar-
eas in which fields diffuse uniformly, for instance to support agents
in distinguishing the different areas.

For each layer we also have the definition of a finite collection of
fields. A field is determined by four elements:

1. A source nodep0, i.e. the identification of a node in the layer
topology;

2. A starting momentt0, i.e. a natural number;
3. An initial intensityf0, i.e. a real, non-negative number;
4. A field equation, i.e. any mathematical relation that univocally de-

termines the intensityf of the field at any nodep and at any mo-
mentt ≥ t0, based on the topological distance betweenp andp0.
As a simplifying assumption for Coupled MMASS, we assume
that fields are represented as real non-negative values thatdepend
primarily on time interval and topological distance between nodes.

Fields and edge tags are the available resources in this framework
to modelcontext.

We now add entities to our model. Entities can be of two basic
sorts:

1. Objects: an object is any inanimate entity, i.e. an entitythat does
not perform actions, does not emit fields and does not move by
itself. We can have an arbitrary number of objects sitting onany
node.

2. Agents: an agent is an entity that performs actions including ac-
tions that interact with objects emits fields and moves across the
edges of the layer topology. We can have at most one agent on a
node at any given moment.

An agent can tune to a layer and sense the fields that are hitting it at
the node where it is. Fields are composed based on specified compo-
sition laws. Fields interact only with other fields at the same layer. An
agent can also communicate with other agents. We simplify and re-
lax a little the conditions imposed in the original MMASS, and allow
that agents communicate independently of location (in the original
MMASS, agents could only interact including communicate with
other agents at neighboring nodes). An agent can interact with ob-
jects which are at the same node where it is, performing operations
allowed for each object (open a box, kick a ball, pick an object, drop
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Figure 1. A sample multilayered structure of a coupled MMASS
environment.

an object, etc.). An agent can emit fields the source node is necessar-
ily the node where the agent is, the starting moment is the moment in
which the agent decides to start emitting the field, the initial intensity
can be arbitrarily selected by the agent, and of course the field type
must be defined in the layer in which the agent is emitting the field.
Finally, an agent can move to a neighboring node following the layer
topology.

At a time t an agent can sense the fields that are hitting it and
receive messages from other agents, trigger the appropriate internal
mechanisms to reason about its state, goals, history, etc. and decide
a course of actions, which can include messages sent to otheragents,
interactions with inanimate objects, emission of fields anddisplace-
ment. As a consequence, at timet + 1 the world must be updated:
fields are updated, the internal states of agents are updated, messages



reach their recipients, the effects of interactions with objects are reg-
istered, and displacements occur. If some sort of conflict occurs re-
garding displacements, e.g. if two agents decide to go to thesame
node at timet, some sort ofconflict resolutionis triggered. A very
simple form of conflict resolution can be as follows: one layer is
elected to be the referee (e.g. the one representing geometrical rela-
tions), and in case of conflict the agent with shortest label (i.e. the one
that is closer to the target node) wins the race, and the otheragent(s)
stay where it(they) is(are). If there is a draw (e.g. if two agents are
equally distant from the target node) then one agent is arbitrarily cho-
sen to win the race.

In very few words, it is a dynamic model of agent interactions
together with the structuring of space provided by the layertopology
and contextual information provided by the fields emitted ineach
layer. Some standard tricks can be used to provide agents with useful
information, e.g. we can build lamp posts, which are agents that never
move and continually emit a special sort of field. Based on lamp
posts, the other agents can locate themselves geographically.

Operationally, we have a new FOPL theory built for each time
t. Based on this theory, the agents reason and decide what actions
they shall be obliged and permitted to take. Permitted actions are
followed by their corresponding probabilities. Once theseactions are
determined, they actually take place, thus changing the environment
and updating the status of every agent for timet + 1 - formally, this
is accomplished by updating the FOPL theory of timet so that it
becomes the correct theory for timet + 1.

We believe that the Coupled MMASS has great potential for ap-
plications related to digital entertainment (games, feature movies),
ubiquitous computing, and simulations in general.

In the next section we illustrate through a simple example the Cou-
pled MMASS in action.

4 THE COUPLED MMASS IN ACTION

In this section we briefly illustrate the operations of the Coupled
MMASS, through a simple example. The example is a simple com-
puter game, in which the computer plays against itself and wecan
watch the evolution of a match.

We have a five-by-five board, and two teams of two agents each,
depicted asx ando as presented in Figure 2.

The goal of thex team is to reach the rightmost column of the
board before any agent from theo team reaches the leftmost column
of the board, and vice-versa. The movements of each agent, however,
are constrained by the following rules:

1. Any agent ispermittedto emit a field at any moment. An emitted
field lasts for one clock tick and reaches the whole board. Given
that each agent ispermittedto emit a field, we must also define
the probability that each agent actually does so. In our example,
we fix it as a probability of0.2.

2. If an agent of the opposite team is emitting a field, then an agent
is obligedto stay at the same position for one clock tick.

3. If no agent from the opposite team is emitting a field and thepo-
sition immediately ahead of an agent is vacant, then the agent is
permitted(with probability0.5) to move to that position.

4. If no agent from the opposite team is emitting a field and thepo-
sition immediately ahead of an agent is occupied, then the agent
is permitted(with probability0.5) to move one position sideways,
always to its right, and only if the position at its right is vacant.
The right of anx agent is one position below it, and the right of an
o agent is one position above it.

Figure 2. Initial configuration of five-by-five board.

The layer topology for the corresponding Coupled MMASS model
for this simple board game coincides with the board itself, i.e. each
position is a node, and we have edges connecting each node with its
neighbors above, below, to the right and to the left.

We have one physical layer, which corresponds to where the
agents are, and one field layer, which is used to represent theexisting
fields at any clock tick.

We have built a simple (and rather roughly finished)PROLOG
program to run simulations of this game. The game depicts a radi-
cally simple world in which agents behave according to a few gen-
eral laws and regulations. Despite its simplicity, it can besurprisingly
entertaining to watch the non-deterministic simulations.

Our goal with this simple example is to show the potential of the
Coupled MMASS framework to build models for the applications
referred to in the previous sections.

5 DISCUSSION AND FUTURE WORK

In this article we have introduced a variation of the MMASS frame-
work, coined the Coupled MMASS, in which a simplified version
of the original MMASS framework is integrated with a variation of
FOPL with non-deterministic proof rules characterizing permissions
and obligations of agents to behave according to laws and regula-
tions.

We envisage that the Coupled MMASS framework can be use-
ful to model massively multi-agent systems in which the behavior of
agents is governed by complex rules, thus producing complexsystem
behavior that can be best analyzed through computer-based simula-
tions.

Our future work concerning the Coupled MMASS shall focus on
three issues:

1. We shall adjust some fine grained details about the framework
(e.g. the detailed characterization of proof rules for thisframe-
work) and study more carefully some remaining formal issues
(e.g. a model theoretic semantics for the framework).

2. We shall work out efficient implementations for the Coupled



MMASS, so that it can be effectively employed on practical ap-
plications.

3. We shall implement solutions for practical applications, e.g. re-
lated to the fields referred to throughout the present article.
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