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Abstract

In this paper we introduce a formal framework to spec-
ify agent-based systems where each agent is specialized in
a single task that will be fulfilled by making calls to other
simpler agents. In other words, we are interested in systems
that can perform a task by subdividing it in easier tasks
and by using the knowledge about each agent already in-
troduced in the system. The idea is to prefabricate a basic
structure that can be reused by either changing the main
goal or by adding several different specialized agents.

The main characteristic of our methodology is that each
complex agent contains a schematic definition of other
agents. Each agent is thus able to retain and produce cer-
tain information, such as the time needed to accomplish a
certain task, taking into account a given set of agents and
resources. This allows to quickly produce information re-
garding the necessities in resources and derive the demands
to other subsystems.

In order to increase the applicability of our approach,
we have fully implemented a tool that allows us to graphi-
cally specify complex systems. In addition, the tool allows
us to simulate the behavior of the specified systems so that
some interesting properties, such as starvation and maximal
progress, can be studied.

1 Introduction

The representation and study of communities where in-
telligent (electronic) agents replace their (human) owners is
a topic that has attracted a lot of interest. In particular, there
is ongoing research in technologies able to model users by
means of agents which autonomously perform electronic
transactions (see [9] for a survey on the topic). In order
to increase the power of these agents they must know the
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preferences of the corresponding user. In this line, the con-
cept of utility function is very useful. Essentially, a utility
function returns a real number for each possible basket of
goods: The bigger this number is, the happier the owner
is with this basket. Intuitively, agents should appropriately
simulate the systems that they are representing by consid-
ering the utility function that would establish the expected
behavior (see e.g. [25, 7, 6, 14, 19, 12]). In fact, there ex-
ist several proposals showing how agents can be trained to
learn the preferences of users (see e.g. [2, 6, 26]). Besides, a
formal definition of the preferences of the user provides the
agent with some negotiation capacity when interacting with
other agents [13, 26, 17]. Let us remark that, in most cases,
utility functions take a very simple form. For instance, they
may indicate that an agent A is willing to exchange the item
a by the items b and c.

Even though there are general purpose formalisms to for-
mally describe complex concurrent systems (such as pro-
cess algebras [11, 21, 3] or Petri Nets [4, 5]) they are not
suitable to describe agents since these languages and no-
tations do not provide specific operators to deal with the
inherent characteristics of agents. However, there has been
already several studies to formally describe the use of in-
telligent electronic agents that are nested into one another
(see, for example, [15, 16] for two approaches based on
Petri Nets and automata, [22, 23] for approaches based on
process algebras, and [24, 20] for approaches based on finite
state machines). Most of these approaches have been cre-
ated in favor of comprehensibility. Therefore they facilitate
to derive and apprehend new properties.

Even though there are already several formal approaches
to describe the systems that we are interested in, our expe-
rience shows that there is a need for another viewpoint to
confront this problem. If we try to incorporate the base of
facts to a system, there will always be a lack of capacity
to implement every possible structure of the agent, every
different solution to the same problem, and every combina-
tion of small pieces that constitute a complex problem. This
is the reason why we think that there is a need for a new



framework to formally define the class of systems previ-
ously described. We believe it is easier and more feasible to
incorporate bits of knowledge by having the system recom-
posing this information into complex tasks. This approach
simplifies at least two aspects. First, it helps to ensure the
completion of the base of facts. Second, it allows to relocate
the different agents, due to its modularity, so that they can
be spread over a network to parallelize some of the tasks.

If we take a look in another direction, we would like to
assimilate the systems that we are interested in to a com-
mon places structure in which one is able to locate the rest
of the structure from higher order points. If we use the sub-
way lines as a metaphor, we only need to know the location
of the different stations, but the exact location of that small
fruit shop that we are trying to reach is bounded to the lo-
cation of the closest metro station. Once we arrive to that
particular metro station, we will check the neighborhood
map so that we can find the shop; we do not need to know
in advance all the local maps associated with all the stations
of the network. This is how our system will work: Once we
have all the atomic agents, each time that a new complex
agent, embracing the knowledge of several atomic agents,
is created we will refer to this new agent when making sub-
sequent calls to the system. In this line, we are able to forget
how atomic actions are performed because we have a higher
order element to which we can call upon. In any case, even
with a complex structure, atomic agents are still the ones
that execute real tasks. Using another metaphor we could
say that our systems are similar to economic structures in
which there exist intermediate agents that gives us the result
of the transformation of resources as a final product. These
agents, in a hidden way, contract the prime manufacturers
that create these resource transformations.

Another point in favor of our approach is that it allows us
to have an unbounded growth (equivalently, subdivisions as
small as needed) either by adding systems in between exist-
ing ones or by assigning new atomic agents to the ones that
we had before. It is important to note that the way our sys-
tems are subdivided, in so called communication cellules,
facilitates their deployment in a distributed system in which
one can obtain a perspective of variable magnitude of the
global tasks. This holds as long as we keep the hierarchical
structure of the ensemble.

The rest of the paper is organized as follows. In Section 2
we introduce some auxiliary notation that will be used dur-
ing the rest of the paper. In Section 3 we present the formal-
ism to describe our systems. In Section 4 we briefly present
our tool and give a small example to show its main features.
Finally, in Section 5 we present our conclusions and some
lines for future work.

2 Preliminaries

In this section we introduce some notation that will be
used throughout the rest of the paper.

Since users have different preferences, in order to prop-
erly design agents the first step consists in expressing these
preferences. In order to extract preferences from users sev-
eral mechanisms have been presented in the literature (see
e.g. [6, 8, 10]). In this paper, preferences in a given moment
will be given by a utility function. These functions asso-
ciate a value (a utility measure) with each possible combi-
nation of resources a user could own. Alternatively, other
mechanisms such as preference relations could be used (see
e.g. [18] for conditions to transform one of the possibilities
into the other).

Definition 1 Let R; = {z € R |z > 0}. Vectors in R}
(for n > 2) are usually denoted by Z, ¥, ... The vector 0
denotes the tuple having all the components equal to zero.
Given z € R", x; denotes its i-th component. Let T,y €
Rﬁ. We write z < g if forall 1 < i <n we have z; < y;.
If there exist n different kinds of resources then a utility
function is any function f : R® — R. O

Intuitively, f(T) > f(y) means that T is preferred to
y. For instance, if the resource z; denotes the amount
of apples and x> denotes the amount of oranges, then
f(x1,x2) = 3-21+2- 22 means that, for example, the agent
is equally happy owning 6 apples or 9 oranges. Let us con-
sider another agent whose utility function is f(x1,z2) =
x1 + 2 - x2. Then, both agents can make a deal if the first
one gives 3 oranges in exchange of 4 apples: After the ex-
change both are happier. Alternatively, if x5 represents the
amount of money in any currency (for example in dollars)
then the first agent would be a customer while the second
one might be a vendor. A usual assumption is that no re-
source is a bad, that is, if the amount of a resource is in-
creased, so does the value returned by the utility function.
Using a derivative expression, this property can be formally
expressed as %ﬂﬂw) > O forall z9,...,2, € Rand
1 <4 < n. This réquirement does not constrain the ex-
pressive power of utility functions, as the existence of any
undesirable resource can be always expressed by consider-
ing a resource representing the absence of it.

During the rest of the paper we consider that agents use
messages to communicate among them. The next definition
introduces the different kinds of messages that can be sent.

Definition 2 We consider seven different types of messages
and we enumerate them as follows:



TYPE CONTENT
Information
Negotiation
Proposal message
Acceptance message
Hiring message

Job started message
Job finished message

NN AW~

Let I D be a set of agent identifiers. A message is a tuple
(T, s,d,c,t,D,Z), where T is the type of message, s € 1D
is the agent source of the message, d € ID U {*} is the
agent destination of the message (x represents a broadcast
message) ¢ € String represents the string of characters con-
taining the message, ¢ is the information regarding the time
that it takes an agent to perform a task, D is the information
of the necessary conditions to start the task and Z is the
transformation of resources function that the agent emitting
the message applies to its set of resources.

We denote by A the empty message. We denote by M
the set of all messages. a

3 Definition of the formalism

In this section we present our formal language to spec-
ify complete systems as well as all the agents taking part in
them. The main idea consists in having a world that is com-
posed of communication cellules. These components will
be interconnected in a hierarchical way, that is, the main
communication cellule will hold the main agent while each
of the next communication cellules will hold simpler agents.
This process is iterated until we reach the last level that will
hold only atomic agents.

We will make a distinction between generic agents, that
is, agents fulfilling a complex task (which will be done by
calling other agents) and atomic agents, which are basic
agents in charge of executing simple tasks. This distinction
is merely represented as a different set of variables taken
from the same general definition of an agent. Agents will
send messages using communication cellules. These cel-
lules will forward these messages to other cellules that will
broadcast them to the agents under their control, until the
final atomic agent is reached. Then, an atomic portion of
the global goal will be produced through the transformation
of resources that this atomic agent performs.

Each agent will have a different utility function, as de-
fined in the previous section, depending on the utility that
each of the resources represent for the specific agent. This
function will take into account different combinations of re-
sources to decide which task should be performed.

We will start by defining the simpler element in the sys-
tem, the agents, and scale up in complexity to define the
complete system.

Figure 1. A generic agent.

Definition 3 We denote by A the agent domain; a4, ..., a,
will be used to denote elements of .A. We consider a set [ D
containing all the agent identifiers.

An agent is a tuple
(id, S, s0, 85, R, V, Tey, Tin, ib, 0b, ') where

e id € ID is the agent identifier.

o S is the set of states.

e sg € S'is the initial state.

e s; € Sis the final or goal state.

e R is the set of resources of the agent.

o A valuation is a function p : R +— R, being |R| =
m, that returns the current value of each variable. We
denote by Val(R) the set of all valuations R. V €
Val(R) is the initial valuation of the agent.

e Ty, CSXID xRy xS x p(Val(R)) x Val(R)
is the set of internal transitions. The set of external
transitions must fulfill the following restrictions:

- |sz | 2 1.
- If |T;,| = 1, thatis Ty, = {(s1,4d’,t, 82, D, Z)}
then id’ = id.

- If |T;, | > 1then forall (s1,id,t,s2,D,2) €
T;n we have id’ # id.

o To € M X p(M) x p(M) is the set of external
transitions.

e ib,ob € p(M) are the input and output buffers, re-
spectively. We will use them to receive incoming
messages (ib) and to send outgoing messages (br).
We can use the functions Choose : (M) — M,



Remove : p(M) x M — (M) and Concat
M x p(M) — p(M), having the expected meaning,
to manage buffers.

e I': Val(R) — Ry is the utility function of the agent.

O

Intuitively, an internal transition (si,4d’,t, s2, D, Z) €
T;, is a tuple where s; is the initial state, so is the fi-
nal state, id’ identifies the agent assuming the transition!,
t € Ry is the time? consumed to perform the transition,
D C Val(R) denotes a subset over the set of valuations
that denotes which valuations allow the transition to occur,
that is, the transition can be performed only if the current
valuation belongs to this set, and Z : Val(R) — Val(R)

is the transformation of resources produced by this tran-

.. . id' t,D,Z
sition. We write s

(81, Z'd/, t,s2, D, Z) € Tin.

External transitions are tuples
(m, 0borigin, tdestination) Where m is the message
being transmitted containing all the necessary information,
0borigin is the output buffer of the agent/communication
cellule that originates the message and ibgestination 1S the
incoming buffer of the communication cellule/agent that
receives the message. Let us remember that a * message
denotes a broadcast message, that is, a message that will be
transmitted to all agents belonging to the destination cel-
lule. We write 0borigin — e 1bdestination as a shorthand
of (m7 Oboriginv Z.bdestination) S Tem-

In Figure 1 we show a graphical representation of a
generic agent. Next, we introduce some auxiliary concepts
that will be useful to describe the evolution of agents.

in S2 as a shorthand of

Definition 4 An agent is called atomic if it is in charge
of executing a single task. Formally, we use a function
atomic : A — Bool, such that for all a = agent we have
atomic(a) = (| Tin | =1).

In order to have the current state of an agent we specify
its configuration as an element belonging to .S x Val(R) x
p(M) x p(M). Configurations are modified through the
performance of either internal or external steps:

Internal step of the system:

Given a configuration M = (s,V,ib,0b), an internal

.. id',t,D,Z . . .
transition s; — in S2 will be triggered if D(V) and

will modify the configuration to (s, Z(V), ib, ob).
External step of the system:

'If id = id’ then we are considering an atomic agent that is itself in
charge of performing the transition

2This value will be defined by default only for atomic agents since
complex agents will calculate the associated time from the information
collected from the contracts with other agents. In addition to consider the
sum of all the involved time values, we have to take into account the time
that it takes to perform communications among agents.

Given a configuration M = (s,V, b, 0b)
and another one M’ = (¢,V' ib,0b') belong-
ing to a second agent, an external transition
(m, 0borigin, tdestination) € Tex Wwill modify the
configurations to M = (s,V,ib, Remove(ob,m)) and
M’ = (¢',V',Concat(m,ib"), ob’). O

Agents are grouped into communications cellules. These
structures are useful to organize, connect, and produce in-
dependent agents of different complexities. The need for
this kind of organization is clear if we take into account the
fact that when making a call to find an agent that fulfills
the considered activity, if they would be grouped into the
same structure, all agents, either atomic or complex, would
answer the request, forcing the new agent to consider too
many possibilities and therefore making the system unus-
able. The communication cellules allow to first ask more
complex agents and then if none knows how to answer then
the request will go on to next level, having agents of a
greater simplicity.

Definition 5 A communication
(1, A, ib, ob), where

cellule is a tuple

e | € N denotes the level of the cellule: Higher levels
indicate more complex tasks.

e A C Ais the set of agents associated with this cellule.

e ib,0ob € p(M) are the incoming and outgoing buffers,
respectively. We will use the functions introduced in
Definition 3 to manage them.

The set of all communication cellules is denoted by C. O

Let us remark that when an agent is added to a cellule,
the incoming buffer of the agent is connected to the out-
going buffer of the cellule, while the outgoing buffer of
the agent is associated with the input buffer of the cellule.
This means that an agent does not send messages to another
agent; it sends them to the associated cellule. Similarly, an
agent receives messages only from the cellule to which it is
attached. A graphical representation of this can be seen in
Figure 2 where we can observe several agents connected to
the cellule C'.

In the next definition we introduce the concept of world,
that is, a set of cellules interconnected in the appropriate
way.

Definition 6 We say that the tuple W = (Cw, Fw,Sw)
is a world if Cyy C C is a set of cellules, and Fy, Sy :
Cw +— Cyw U{A} are two injective functions such that given
a cellule C' we have that Fy (C) (resp. Sy (C)) returns the
father (resp. son) of C. If a cellule does not have a father
(resp. son) then the special symbol A\ will be returned.



In order to have meaningful worlds, we suppose that
for all C,C" € Cyw we have Fy (C) = C’ if and only if
Sw (C") = C. Moreover, we also assume that Fyy, through
transitivity, induces a total lineal order. O

Let us remark that the previous conditions on worlds im-
ply that we have a linear structure of cellules. In particular,
Sy will also induce a linear order. Moreover, if our world
contains more than one cellule, we also have that there are
exactly two cellules C, C’ € Cy such that Fyy,(C') = A and
Fs(C") = A. In Figure 3 we show a graphical representa-
tion of a world including three cellules.

~an,s&%.
transsg,:

4 The A\U tool

€T
transggs

In this section we briefly describe the A\U tool. In the
previous section we have presented a modular framework
that has the capability of expressing constraints, specifica-
tions, agents, cellules, and resources. The A\LI tool, facili-
tates the definition of systems so that a user of our method-
ology can abstract most of the mathematical technicalities
transet needed to define a system/world. We illustrate the behavior

of the most relevant phases of the framework by following
an example from scratch.® First we will show how we can
create a new world, assigning resources, agents, cellules,
etc. Second, we will see the communication among agents,
in order to obtain resources, subcontract other agents, etc.
Finally we will show how we achieve the proposed goal.

In order to start the simulation, a preliminary phase is
necessary to create the world, the cellules, and the agents.
We create the world called Complutense and inside it we
add three different Cellules (C1, C2, C's) with some agents
in them. In Figure 5 we can observe how A\ shows the
generated world as well as an agent of this world. The set
of agents that we have introduced in the system is defined
in Figure 4.

As we can observe in the table, agent,5 is an atomic
agent because it is in the lower level of the cellules and,
according to the definition of level, this cellule can only
have atomics agents; an atomic actions only goes from s,,
to s,4+1. The values that are in the fifth column represent

ex
transsyy

Figure 2. Communication cellule.

trans$s transss the money and the time. Even though there are other re-
S [ sources involved in the system we have only represented

these two resources since they are the most relevant for our

@\—/@v@ example. Complutense represents a world where agents
transyy transs; can build houses. We have subdivided the task of building

in six states. In Figure 6 we give a description of each of
these states.

Once the world is created, we start with the second
phase. We generate the connections that are in charge of

Figure 3. World.

3Even though this is a toy example, so that we can concentrate on the
main features of the tool, we have already tested our tool with some more
complex examples. However, as we indicate in the last section of the paper,
we still need to use our tool to specify a real system.
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NAME LEVEL INITIAL RESOURCES GOAL

agent; 1 S1 (410, 290) Se
agenty 1 S1 (370, 340) S6
agents 2 S1 (175, 151) S3
agent, 2 S1 (220,241) Sq
agenty 2 S1 (312,287) S5
agentg 2 So (149, 150) Sq
agent, 2 S2 (224, 159) S5
agentg 2 So (220, 176) Se
agentg 2 S3 (231, 148) S6
agent; 2 Sy (149, 101) S6
agent;; 3 S1 (70, 100) So
agent; o 3 So (75, 50) S3
agent; s 3 S3 (72, 68) Sq
agent, 3 Sy (72, 35) S5
agent; 5 3 S5 (72,43) Se

Figure 4. Agents in the world.

=

Options  Agents World Cellules l

Workd | Messages Cellule | Agent Traces

Automata

[ Agent15

e S ¥ Show Information

Figure 5. Phase 1 in A\U

@
S1

52
53
S4
S5
S6

- Q = Q = Q - Q =
S s3 Sq S5

:money.

:money-+land.

:money-+land+plan.

:money-+land+plan+construction materials.
:money+land+plan+construction materials+worker.
:money+land+plan+construction materials+worker+house.

Figure 6. Global task.
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Cellule 1 [Agent2 |- It [Goal 5_6 [(370.340) [46 <<Back
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Simulate

Speed —d by
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Figure 7. Phase 2 in A\U

telling the agent that it has reached a certain state or to al-
low the agent to move to a new state (and, subsequently,
call the next agent to perform the new task). We try to let it
solve a certain task. This phase is presented in Figure 7.

First agent; and agent, send a message. Both of them
need to move from state 1 to state 6, but agent; owns more
money than agent, while it has less time to reach its goal.
So, we expect that agent; will find a faster, although more
expensive, way to proceed than agent,.

We will show the decision that agent, takes in order to
obtain a faster path. The agent, follows a similar process to
agent,. The first message from agent; has type=1, that is,
information, and it is a broadcast message to another com-
munication cellule. This message is used to look for all
agents in that cellule that have the same final state. This
first message is sent from C; to Cs.

The agents agentg, agenty and agent, obtain their goal
when they reach state sg. All of them answer to the previous
message by sending information concerning their amounts
of resources. After receiving the answers, agent; starts
building a tree in order to decide the best path to the goal.

Now agent, asks, by sending a broadcast message to Ca,
which agents have as goal state so, s3 and s4. These mes-
sages flow through C';. We have that agent,, agentg, and
agent,; will answer with messages sending sq, s; and ss.
Respectively because the initial state of agent; is s, it only
has to obtain one possible way for so.

In the final step of this phase agent; sends to Co a mes-
sage asking for agents whose goal is so. No agents will
answer to it. The A\ tool has a timeout module which
sends an internal transition for agent; denoting that nobody
is going to answer this last message. When this timeout is
sent, agent; starts to decide which path it prefers to follow
according to its utility function.

In phase 3 we have the situation described in Figure 8.
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Figure 8. Phase 3 in A\LU

First, agent; has all the possible paths to achieve its goal
already displayed in front of him. By applying its utility
function, as an example I"' = 3 % money + 1/time which
will give for path agents+agentg a value of 1218.00 and for
the other path (agents+agentig) a value of 1107.00, there-
fore this agent decides that the best way is to step through
s3. So, it calls agents to start its internal processes. Then,
agents; will then restart the whole process until it finally
calls agent,; which is an atomic agent. Therefore, it will
start to transform the resources by taking part of the money
(in s1) and transforming it into land (reaching s3).

5 Conclusions and future work

In this paper we have presented a formalism to represent
complex hierarchical systems where tasks can be distributed
and/or subcontracted among agents. We are aware that our
formalism is difficult to use since there are a lot of mathe-
matical machinery underlying the definition of our systems.
Thus, we have decided to build a tool that fully implements
our methodology. In this way, a user of our methodology
does not need to pay attention to the formal details and can
concentrate on defining the appropriate hierarchical struc-
ture.

There are at least two lines for future work. On the

one hand, there is a lot of room to continue the theoretical
study. In particular, we can exploit the trace relation be-
tween agents so that we can define a conformance relation
to determine whether a real system correctly implements
one of our worlds. On the other hand, more practical, we
have used our tool only with small/medium size examples.
We are working on the complete definition of a real system
by using our tool. Specifically, we are considering [1] as a
non-trivial system to be described in our tool.
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