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Abstract

From one hand a decentralized AGV Transportation System is a system which uses
Automated Guided Vehicles (AGVs) in a warehouse to transport loads from one
location to another. In such a system, AGVs are controlled by autonomous agents
which make their own decisions, rather than being controlled by a central server.
On the other hand, Delgate MAS represent an innovative approach to BDI agents
which alleviates agent complexity, using the environment and its resources to obtain
BDI functionality.

Can Delegate MAS approach fit AGV quality requirements?

To this end, Delegate MAS has to be applied to the AGV Transportation Sys-
tem. Several ways to do that are possible, but among them, taking into account
the mapping of the Delegate MAS model into the A&A framework the Horizontal
Integration way has been opted. In this thesis all the theoretical concepts related
to this issues have been discussed.
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Abstract

Da una parte un AGV Transportation System, sistema basato su Automated Guided
Vehicles (AGVs) in grado di trasportare carichi tra le diverse posizioni nell’ambito di
un’ ambiente industriale. Per fronteggiare la compessita di tale sistema, I’astrazione
di agente autonomo e utlizzata, dove ogni agente € in grando di controllare un
AGV: gli agenti sono in grado di prendere le proprie decisioni senza che esista un
server centralizzato in grado di contrallare i vari agenti. Dall’altra parte un novativo
approccio per agenti BDI, il Delgate MAS, si propone di alleviare la complessita
degli agenti nel sistema delegando la loro delegazione all’ambiente, entita di prima
di classe nella modellazione dei sistemi multiagente.

Ora, ¢ possibile apllicare il Delegate MAS all’AGV Transportation System in
maniera da rendere pia effcinete il funzionamento dell’intero sistema?

Per rispondere a questa domanda, un’ Integrazione Orizzontale & stata presen-
tata, tenendo in cosiderazione che il Delegate MAS e stato mappato nell’ A&A meta-
modello e concordemente al concetto di artefatto di coordinazione come servizio: in
questo modo il Delegate MAS rappresenta un servizio per ' AGV Transportation
System.
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Chapter 1

Introduction

The notion of coordination in MAS is a key issue in the engineering of Complex
Systems since it allow constructive interaction towards the system goal achievement.

Severals ways to coordinate (society of) agents have been proposed. Among
them, Delgate MAS can be found. This approach has been proposed by Holvoet et
el. [28] to alleviate agent complexity in order to achieve system quality requirement
and systems goal. To manage system complexity the main idea was to exploit the
environment as a coordination infrastructure for cognitive agents [10], separating,
this, the responsibilities in the system: obviously the agents’ computational burden
is less than putting the full complexity of coordination in them.

Delegate MAS have been developed for applications that perform real-time re-
source allocation and that supervise the execution of the tasks requiring these re-
sources. Among them AGV Transportation System is an interesting application
domain. AGV Transportation System uses Automated Guided Vehicles (AGVs) in
a warehouse to transport loads from one location to another.

Besides, a mapping of the Delegate MAS model into the A&A framework and
its mapping into an implementation oriented architecture built up on TuCSoN in-
frastructure [29] have been discussed.

The main goal of this thesis is to explore the way in which the (TuCSoN -based
implemented) Delegate MAS service can be used by the AGV Transportation System
and to argue all the theoretical issues stem from this matter.

1.1 The Structure of the Thesis

The thesis is structured as follows: Background, Horizontal Integration.

e Part I: Background - This part discusses in details the background context
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of the thesis, that is based on severals issues: the engineering of complex
software systems through multiagent systems and agent societies, the reference
architecture for the AGV Transportation System, the Delegate MAS model
and the A&A meta-model.

e Part II: AGV Transportation System and Delegate MAS - This part presents
the application of the Delgate MAS approach to the AGV Transportation
System, underlying the main abstraction and issues in the model.

e Part III: Horizontal Integration - This part introduce the problem of adding the
Delegate MAS to the existing AGV Transportation System, pointing out all
the keys issues needed to make Horizontal Integration conceptually consistent.

The thesis concludes by drawing some conclusions and identifying possible future
works.



Part 1

Background






Chapter 2

Multiagent Systems

The area of Multi-agent systems (MASs) brings together and draws on results, con-
cepts and ideas of many disciplines including artificial intelligence (AI), distributed
artificial intelligence (DAI), Parallel & Distributed Systems P&D, Mobile Com-
puting, Programming Languages and Paradigms (PL), Software Engineering (SE),
Robotics.

Generally speaking, MAS is an effective paradigm for modelling, understanding,
and engineering complex systems, providing a basic set of high level abstractions
that make is possible to directly capture and represent the main aspects of such
complex systems, such as interaction, multiplicity and decentralization of control,
openness, dynamism to cite few.

A MAS can be characterized by three key abstractions: agents, societies and
the environment. Agents are the basic active components of the systems, executing
pro-actively and autonomously some kind of work. Agent societies are formed by set
of agents that suitably interact and communicate so as to do some kind of collective
work, which requires the contribution - including knowledge, skills, activities - of
multiple agents. In order to do their work agents typically need to exploit and affect
the environment where they are situated.

2.1 The Notion of Agent

The first key concept of a MAS is that of “agent”. To give an agent definition is not
easy because, actually now, there is no accepted notion of the term “agent”, and
indeed there is a good deal of ongoing debate and controversy on this subject; we
can find a lot of agent definitions, more or less convergent, coming from the different
area cited above.

Essentially there is a general consensus and agreement that autonomy is central
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to the notion of agent. Part of the difficulty is that various attributes associated
with agent are of different importance for different domains.

Nevertheless, some sort of definition is important. The most accepted and cited
is that of [39):

“an agent is a computer system that is situated in some environment,
and that is capable of autonomous action in this environment in order
to meet its design objectives.”

Various definitions and classifications have been given in literature for the agent
concept, with different characterisations coming from different fields. From the
different contexts, different acceptation of the agent abstraction have emerged, still
sharing the basic issues of autonomy and situatedness. A synthesis is currently
ongoing in the MAS community.

2.2 Agent Societies

When adopting an agent-oriented view, it soon becomes apparent that most appli-
cation domain contexts require or involve multiple agents: to represent the decen-
tralised nature of the problem, the multiple loci of control, the multiple perspectives
or the competing interests. As obvious, MAS emphasise the multiplicity of the
agents composing a system as a “society” of agents.

Interaction is therefore a main dimension of multi-agent systems. Agents need
to interact either to fulfil their individual tasks or to take part to the collective
processes which characterise the MAS as a whole. Interactions can vary from simple
semantic interoperation through traditional client /server type of interactions, to rich
social interactions (the ability to cooperate, coordinate, and negotiate in the same
social context). More generally, we can say that different kind of interaction models
can be adopted for enabling interaction and communication inside a MAS.

A first main distinction is between direct and mediated interaction. In the former
case agents interact by directly exchanging informations; in the latter case, the
media enabling agent interaction and communication, are explicitly modelled, and
actually become fundamental in the engineering of the whole MAS. In this case
the interaction and communication is not considered to take place directly between
agents, but through these media as first class entities of the system. Such media
could be the environment itself, or a different object.
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2.3 The Environment

First of all, the notion of environment is what makes it possible to define agents’
situatedness, defining a notion of locality, a model for the stimuli that can be per-
ceived by the agents and also a model for the actions available to agents to affect
their environment.

Accordingly, the environment plays a key role of enabler and mediator of agents’
interaction: such a mediation role is crucial for realising forms of communication
among agents than are complimentary to direct communication (which takes place
directly between agents through some kind of agent communication language).
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Chapter 3
Automated Guided Vehicles

Automatic Guided Vehicles (AGVs) are fully automated vehicles that are able to
transport goods in an industrial environment. An AGV control system receives
transport requests from a client system such as a warehouse managing system or
machine operating software, and instructs AGVs to execute the transports.

The stream of transports that enter the transportation system is typically irregu-
lar and unpredictable. AGVs are provided with low-level control software connected
to sensors and actuators to move safely through the warehouse environment [5]. It
is fully automated, which means that it can perform all its actions without manual
intervention.

An AGV is equipped with a battery as energy source, which must be recharged
when the AGV runs out of energy. It also contains software, which enables it to
communicate with its environment and perform actions. AGVs can communicate
by means of a wireless LAN. To move around the warehouse or factory, AGVs must
follow a number of fixed paths [6].

3.1 AGYV Transportation Systems

Fig. gives a general overview of the AGV Transportation System and shows how
the application software is allocated to computer hardware. The software consists of
two types of subsystems: Transport Base System and AGV Control System.

In sections and will be deeply presented respectively AGV Control
System and Transport Base System, which are the main part of the AGV Trans-
portation Systems.

To introduce the two subsystems important issues such as functionalities, qual-
ity requirement and reference architecture, necessary for the development of the
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Figure 3.1: Deployment view of the AGV transportation System [5]

software system’s architecture, need to be considered.

3.1.1 Main Functionalities

The main functionality AGV Transportation Systems has to perform is handling
transports, i.e. moving loads from one place to another. There should be enough
AGVs available to execute the transports that enter the system, i.e. the AGVs
should be able to handle the load of the system. In order to execute transports, the
main functionalities the system has to perform are:

Transport assignment transports are generated by clients and have to be as-
signed to AGVs that can execute them.

Routing AGVs must route efficiently through the layout of the warehouse when
executing their transports.

Collision avoidance safety measures are necessary when AGVs cross the same
intersection at the same moment and when AGVs pass each other on closely
located paths.
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Deadlock avoidance since AGVs are relatively constrained in their movements
(they cannot divert from their path), the system must ensure that AGVs do
not find themselves in a deadlock situation.

Battery Recharging to perform transport tasks, AGVs have to maintain their
battery. AGVs can charge their battery at the available charging stations.

Parking when an AGV is idle, that means it does not have work to do, it can park
at a free park location.

Avoiding Traffic since there are other AGVs in the environment, it might be
required for an AGV to be able to adapt its route in order to avoid traffic.

3.1.2 Quality Requirements

The general quality requirements posed by the stakeholders of an AGV Transporta-
tion System are:

Performance is a major quality requirement of an AGV Transportation System.
Customers expect that transports are handled efficiently by the system.

Configurability allows installations to be easily tailored to client-specific demands.

Robustness any manual interventions have to be restricted to a minimum, because
they are time consuming and thus costly.

Other quality requirements are are put forward by the evolution of the market
and by the way to solve the problem. In fact, considering that agents are au-
tonomous, in that they encapsulate control along with a criterion to govern [7], it is
not so feasible to conceive the control system as centralized.

So, on the one hand Customers request for self-managing systems, which are
able to autonomously adapt their behavior with changing circumstances, and on the
other hand the autonomy of agents have led to a decentralized AGV Transportation
System.

Flexibility refers to the system’s ability to deal with dynamic operating condi-
tions. A flexible control system allows an AGV that is assigned a transport
and moves toward the load, to switch tasks along the way if a more interesting
transport pops up, allows the AGV to anticipate possible difficulties and, any-
way, it can be something that allow the system to handle particular situations
autonomously, for example adapting its behaviour if some conditions in the
environment are changed.
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Openness of an AGV Transportation System refers to the ability of a system to
deal with AGVs leaving and (re-)entering the system. AGVs can leave for
maintenance or for charging, and return when done, can leave because of
hardware or software failure, and later re-enter the system when repared.

Summing up, the decentralization of the system had opened perspectives to
improve flexibility and openness, which are high-ranking quality requirements for
today AGV Transportation Systems but also to “confirm” the important general
requirements as Performance, Configurability, Robustness and Scalability and to face
in a suitable manner the design, develop and managing of complex software systems,
as AGV Transportation Systems, typically distribute. One way to cope with these
requirement could be to design a self-tuning system that adapts its parameters to
improve performance.

3.1.3 AGYV Agents and Transport Agents
In the system there are two types of agents: AGV Agents and Transport Agents.

AGYV Agent is responsible for obtaining and handling transports, and ensuring
that the AGV gets maintenance on time. As autonomous entity, AGV agent
can take advantage of opportunities that occur in its vicinity, and that can
enter and leave the system without interrupting the rest of the system. Each
AGYV in the system is controlled by an AGV agent.

Transport Agents is responsible for assigning the transport to an AGV and re-
porting the status and completion of the transport to the client that has re-
quested the transport. Transport agents have to interact with AGV agents to
find suitable AGVs to execute the transports and reside at a transport base,
i.e. a dedicated computer located in the warehouse. FEach transport in the
system 1s represented by a transport agent.

3.1.4 Virtual Environment

Most application domain contexts, as AGV Transportation Systems, require or in-
volve multiple and different agents: to represent the decentralised nature of the
problem/domain, the multiple loci of control [§].

Ricci has argued in [9]

“The engineering of interaction is a fundamental issue for designing
and building systems providing effectively their overall functionalities,
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achieving the objectives designed by engineers. Coordination, in partic-
ular plays, a fundamental role in making all the parts work fruitfully
together, toward the achievement of global objectives, besides the scope
of the individual parts.”

So, it is straightforward that to achieve the system functionality, AGV agents and
transport agents have to be coordinated. The choice was to exploit the prospective
of the environment as a coordination infrastructure for cognitive agents [10]. In this
mode it is possible to separate responsibilities in the system and to manage the
complexity, starting from the agents that are, obviously, more simple than putting
the full complexity of coordination in them.

Besides, the environment provides a medium for sharing information and medi-
ating coordination among agents and, as a mediator, not only enables interaction
but it also constrains it [10].

In Fig an high-level model of an AGV Transportation System is illustrated.

AGV agent

AGV agent

transport agents

Local Virtual Local Virtual Local Virtual
Environment Virtual Environment t Environment t
Environment

wireless
ethernet

transport base

Figure 3.2: High-level model of an AGV Transportation System [6]

3.2 Architecture of an AGV Transportation Sys-
tem

3.2.1 Architecture-Centric Software Development

Since the early 1990s, software architecture has been subject of increasing interest
in software engineering research and practice [11].

In [12], Bass et al. describe the software architecture of a program or computing
system as
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“the structure or structures of the system, which comprise software com-
ponents, the externally visible properties of those components, and the
relationships between them. The term also refers to documentation of a
system’s software architecture.”

Another interesting definition is provided by Weyns [11]:

“A software architecture defines constraints on detailed design and im-
plementation, it describes how the implementation must be divided into
elements and how these elements must interact with one another to fulfil
the system goals. On the other hand, a software architecture does not de-
fine an implementation, many fine-grained design decisions are left open
by the architecture and must be completed by designers and developers.”

Why architecture is important to software systems? There are many reasons [11]

[13]:

software architecture provides a basis for creating mutual understanding and
consensus about the software system

software architecture is the manifestation of the earliest design decisions that
have the most significant influence on system qualities

software architecture is a reusable, transferable abstraction of a system

software architecture constitutes a surveyable model for how a system is struc-
tured and works

software architecture model is transferable to other systems with similar re-
quirements and can promote large-scale reuse of design

How is possible to develop new software architectures? Weyns in [11] has pro-
posed to apply a reference architecture for the design of a concrete software archi-
tecture.

A definition of reference architecture, by Weyns, can also be found in [I1]

“Reference architectures [14, 12] go one step further in reuse of best
practices in architectural design..Rather than being a rigid frame that
restricts the architect’s creativity, the reference architecture is meant to
serve as a valuable guidance for the architect that should be complemented
with additional architectural approaches.”
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3.2.2 A Reference Architecture for Situated Multiagent Sys-
tems

The design of a software architecture for multiagent system is a complex matter: on
the one hand the role of the environment and the functionalities that can be assigned
to it [10, I1] and on the other hand the agent functionalities, i.e. action-selection
and perception mechanisms, communication etc.

For these reasons Weyns et al. have decided to adopt a reference architecture,
whose goal is to support the architectural design of self-managing applications. This
perspective is generally referred to as situated agent systems.

In a situated multi agent system (1) agents are considered as “simple” entities
and (2) the environment is considered as infrastructure for coordination, mediating
agent behaviour and interaction and providing services.

So, the environment is a “first-class abstraction in multiagent systems” [10] and,
more precisely, it can be conceived as a coordination infrastructure.

Concrete motivations for the adoption of the reference architecture are argued
by Weyns in [II]. The scope of this chapter is to give an overview of the main
concepts. So, subsequently, a brief overview of the reference architecture defined by
Weyns and colleagues is discussed.

This reference architecture integrates the agent and environment functionali-
ties, mapping them onto an abstract system decomposition, i.e. software elements
and relationships between them. It abstracts from the concrete deployment of the
multiagent system application, which highly depends on the particular system re-
quirements.

The software elements make up a system decomposition that cooperatively im-
plement the agent and environment functionalities. This system decomposition,
the reference architecture, provides a blueprint for instantiating target systems that
share the common base of the reference architecture.

In a situated multiagent system two basic modules can be identified: Agent and
application environment. Fig. shows the top-level module decomposition
of the reference architecture of situated MAS in which the main software units in
the system, as discussed above, are displayed.

Agent is an autonomous computational entity: they encapsulate control along
with a criterion to govern it [7]. Agents are situated in an environment which they
can perceive and in which they can act and interact: in fact the overall application
goals result from interaction among agents, rather than from sophisticated capabil-
ities of individual agents.
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KEY :l Module System Boundary

Figure 3.3: Top-level module decomposition of a situated MAS [15]

A concrete MAS application typically consists of heterogeneous agents, which
have different capabilities and are assigned different application goals [15].

The Application Environment is the part of the environment that has to be
designed for a concrete MAS application. The application environment enables
agents to share information and to coordinate their behavior. As a mediator, the
application environment not only enables perception, action and interaction, it also
constrains them. Depending on the specific application requirements, different ap-
plication environment types may be provided.

The deployment context consists of the given hardware and software and ex-
ternal resources such as sensors and actuators, a printer, a network, a database,
a web service, etc. For a distributed application, the deployment context consists
of multiple processors deployed on different nodes that are connected through a
network.

Thus, the environment is conceived as consisting of two parts: the application
environment and the deployment context.
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3.3 Collaborating Components View Packets

In this section, the collaborating components view of the reference architecture is
presented, in which the environment and agent functionalities are synthesized.

For Weyns et al., the collaborating components view represent an excellent ve-
hicle to learn the runtime behavior of a situated MAS: in fact the view shows the
data flows between runtime components and the interaction with data stores, and
it specifies the functionalities of the various components in terms of incoming and
outgoing data flows.

For clarity, the model, and so the presentation, is divided in two parts: situated
agent and application environment.

3.3.1 Collaborating Components View Packet: Agent

Agent
influence
request Decision Making >
o v Update [—
oci
Current
. AN .
Perception ——f Read-Write
h P O Knowledge
message
request Communication [€¢—p

@ Data Repository —( Provided Interface
KEY )— Required Interface

I:l Component — Data Flow

Figure 3.4: Collaborating Components of Agent [15]

As be seen in Fig. the Agent component consists of three subcomponents:
Perception, Decision Making and Communication. These components share the
Current Knowledge repository.
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The subcomponents in detail

Perception is responsible for collecting runtime information from the environ-
ment (application environment and deployment context). The perception compo-
nent supports selective perception [16]. Selective perception enables an agent to
direct its perception according to its current tasks. To direct its perception an
agent selects a set of foci and filters:

Foci allow the agent to sense the environment only for specific types of information.
Sensing results in a representation of the sensed environment.

The perception module maps a representation of elements or resources in the
environment to a percept, i.e. a description of the sensed environment in a form
of data elements that can be used to update the agent’s current knowledge. The
selected set of filters further reduces the percept according to the criteria specified

by the filters [15].

Decision Making is responsible for action selection. This action model, based
on the influence-reaction model introduced in [I7], distinguishes between influences
that are produced by agents and are attempts to modify the course of events in the
environment, and reactions, which result in state changes in the environment. As
discussed in [I8], the main responsibility of the decision making module has a twofold
aspect: the selection of influences to realize the agent’s tasks, and the invocation of
the influences in the environment [I§].

Weyns et al. have extended behavior-based action selection mechanisms with
roles and situated commitments to enable situated agents to set up collaborations
[19, 20| 21].

A role represents a coherent part of an agent’s functionality in the context of an
organization.

A situated commitment is an engagement of an agent to give preference to the
actions of a particular role in the commitment.

Agents typically commit relative to one another in a collaboration. Roles and
commitments have a well-known name that is part of the domain ontology and that
is shared among the agents in the system.

Communication is responsible for communicative interactions with other agents.
The agents, sharing the well-known name, are enabled to share information and to
set up collaborations via message exchange.
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The communication module processes incoming messages, and produces outgoing
messages according to well-defined communication protocols [21]. A communication
protocol specifies a set of possible sequences of messages.

The information exchanged via a message is encoded according to a shared com-
munication language, which defines the format of the messages, i.e. the subsequent
fields the message is composed of. A message includes many fields,i.e. fields with
the identity of the sender and the identities of the addressees of the message, a field
with the performative of the message, etc.

Communicative interactions among agents are based on an ontology that defines
a shared vocabulary of words that agents use in messages. The ontology enables
agents to refer unambiguously to concepts and relationships between concepts in the
domain when exchanging messages.

Current Knowledge repository contains data that is shared among the data ac-
cessors. Data stored in the current knowledge repository refers to state perceived
in the environment, to state related to the agent’s roles and situated commitments,
and possibly other internal state that is shared among the data accessors.

Fig. shows the interconnections between the current knowledge repository
and the internal components of the agent.
The current knowledge repository exposes two interfaces:

e The provided interface Update enables the perception component to update
the agents knowledge according to the information derived from sensing the
environment.

e The Read-Write interface enables the communication and decision making
component to access and modify the agent’s current knowledge.
Collaborations

The result of the coordination of Decision making and Communication is the key
for the fulfillment of the overall behavior of the agent.

Decision making is responsible for selecting suitable influences to act in the en-
vironment.

Communication is responsible for the communicative interactions with other agents.

As can be seen in Fig. [3.4] decision making and communication typically request
perceptions to update the agent’s knowledge about the environment. This issues
from two important topics:
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e A dominant assumption is that the point of activity is to change the environ-
ment in a way that (presumably) leads to goal satisfaction [22].

e Communication requires that the information transmitted by one agent result
in a state change of another [23].

Besides, decision making and communication also coordinate during the progress
of a collaboration, typically established via message exchange.

From Fig. another important issue stems: it is clearly visible the separation of
functionality for coordination (via communication) from the functionality to perform
actions to complete tasks. This approach has many advantages:

e clear design
e improved modifiability
e reusability

e parallelisim, and so, difference pace of acting (consequently, adaptability and
efficiency are improved)

3.3.2 Collaborating Components View Packet: Application
Environment

As be seen in Fig. the Application Environment component consists of seven
subcomponents that share the Sate repository.

The subcomponents in detail

The Representation Generator provides the functionality to agents for per-
cewwing the environment. When an agent senses the environment, the representation
generator uses the current state of the application environment and possibly state
collected from the deployment context to produce a representation for the agent.
Agents’ perception is subject to perception laws that provide a means to constrain
perception [?].

Observation & Data Processing provides the functionality to observe the de-
ployment context and collect date from other nodes in a distributed setting. The
observation & data processing module translates observation requests into observa-
tion primitives that can be used to collect the requested data from the deployment
context.
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Figure 3.5: Collaborating Components of Application Environment [15]

Interaction is responsible to deal with agents influences in the environment.
Agents’ influences can be divided in two classes: influences that attempt to modify
state of the application environment and influences that attempt to modify the state
of resources of the deployment context.

Action laws put restrictions on the influences invoked by the agents, representing
domain specific constraints on agents’ actions. Influences related to the deployment
context are passed to the Low-Level Control module.

Low-Level Control bridges the gap between influences used by agents and the
corresponding action primitives of the deployment context. Low-level control con-
verts the influences invoked by the agents into low-level action primitives in the
deployment context. This decouples the interaction module from the details of the
deployment context.
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The Communication Mediation mediates the communicative interactions among
agents. It is responsible for collecting messages; it provides the necessary infrastruc-
ture to buffer messages, and it delivers messages to the appropriate agents. Com-
munication mediation regulates the exchange of messages between agents according
a set of applicable communication laws [21].

To actually transmit the messages, communication mediation makes use of the
Communication Service module.

Communication Service provides that actual infrastructure to transmit mes-
sages. In this mode the designer can express the communicative interactions be-
tween agents, abstracting from the underlying communication technology ( as, for
example, FIPA ACL message [25] ).

However, to actually transmit such messages, they have to be translated into
low-level primitives of a communication infrastructure provided by the deployment
context.

Depending on the specific application requirements, the communication service
may provide specific communication services to enable the exchange of messages in
a distributed setting, such as white and yellow page services ( as, for example, Jade
[26] ).

Synchronization & Data Processing synchronizes state of the application en-
vironment with state of resources in the deployment context as well as state of the
application environment on different nodes.

State updates may relate to dynamics in the deployment context (i.e. a network
abstraction maintained in the state of the application environment) and dynamics
of state in the application environment (i.e. evaporation of digital pheromones) that
happens independently of agents or the deployment context.

Synchronization & data processing converts the resource data observed from the
deployment context into a format that can be used to update the state of the appli-
cation environment. Such conversion typically includes a processing or integration
of collected resource data.

The State repository contains data that is shared between the components of
the application environment. Data stored in the state repository typically includes
an abstraction of the deployment context together with additional state related to
the application environment.

The state repository may also include agent-specific data, such as the agents’
identities, the positions of the agents, and tags used for coordination purposes.
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Collaborations

The representation generator collects perception requests from the agents and
generates representations according to the given foci. Representation generator
collects the required state from the state repository, and optionally it requests
observation & data processing to collect additional data from the deployment
context and possibly state of other nodes. State collection is subject to the
perception laws. Observation & data processing returns the observed data to
representation generator that generates a representation that is returned to
the requesting agent.

Interaction collects the concurrently invoked influences of agents and converts
them into operations. The execution of operations is subject to the action
laws of the system. Operations that attempt to modify state of the application
environment are immediately executed by the interaction component. Opera-
tions that attempt to modify state of the deployment context are forwarded
to low-level control that converts the operations into low-level interactions in
the deployment context.

Communication mediation handles the communicative interactions among agents.
The component collects the messages sent by agents, applies the communica-
tion laws, and subsequently passes the messages to the communication service.
This latter component converts the messages directed to agents on other nodes
into low-level interactions that are transmitted via the deployment context.

Furthermore, communication service collects low-level messages from the de-
ployment context, converts the messages into a format understandable for the
agents, and forward the messages to communication mediation that delivers
the messages to the appropriate agents. Messages directed to agents that are
located at the same node are directly transferred to the appropriate agents.

Synchronization & data processing performs its tasks independently of other
components of the application environment. To synchronize the state of the
application environment in a distributed setting, synchronization & data pro-
cessing components on different nodes have to coordinate according to the
requirements of the application at hand.

In this section an overview of the reference architecture introduced by Weyns
et al. has been given. Starting from the reference architecture and the system
requirements, presented in section [3.1.2] in the next section will be argued:

e the architectural design of the decentralized AGV control system
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e how the software architecture of the AGV control system relates to the refer-
ence architecture

zooming in on the evaluation of the software architecture.

3.3.3 The AGV Control System

This section gives an overview of a software architecture for an AGV Transporta-
tion System. Most of the architecture described in this chapter is inspired by the
architectural design discussed in section [3.2.2]

The architecture discussed in this chapter is considered as background architec-
ture: in fact it is used as a foundation to further build upon, in an attempt to enable
Delegate MAS service integration.

In order to separate the responsibilities, a layered approach is used to decompose
the AGV control system. In this mode every layer has its own responsibilities
and allows tasks to be handled at different levels of abstraction: this allows better
management of complexity.

The AGV control system is composed of three layers: the AGV agent layer, the
local virtual environment layer and the ObjectPlaces middleware & E’nsor layer

(Fig. 3.6).

The AGV agent is responsible for controlling an AGV. It makes the main deci-
sions of the AGV control system.

The virtual environment serves as a medium for AGV agents and transport
agents to exchange information and to coordinate their behavior. Moreover, the
local virtual environment:

e offers high-level primitives to agents to act and perceive the environment, and
communicate with other agents: this enables them to share information and
coordinate their behavior.

e the virtual environment serves as a suitable abstraction that shields the agents
from low-level issues.

The middleware enables communication with software systems on other nodes
(other AGV control systems and the transport base system at the lowest level), by
handling the actual transmission and receiving of low-level messages, providing a
means to synchronize the state of the local virtual environment with the state of
local virtual environments on neighboring nodes. Moreover it allows the steering of
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Figure 3.6: Module Decomposition View of the AGV Control System [0]

the AGV vehicle, with use of actuator commands and regularly receives data from
sensors (such as the AGV’s current position).

In the next sections, the collaborating components view for the three different
layers are presented, in which AGV functionalities are synthesized. The AGV Con-
trol System issues from the reference architecture presented in section [3.2.2} only
the concepts related to the AGV Transportation System will be presented.

AGV Agent Layer

Fig. shows a collaborating components view of the AGV agent: it shows the
software system as a set of interacting runtime components that use a set of shared
data repositories to realize the required system functionalities [11].

As can be see observing Fig. [3.7, a new software component has been added to
the already existing design to handle AGV system requirements.

The current knowledge is a shared data repository which contains all kinds
of states the agent uses for decision making and communication. This knowledge
repository contains static and dynamic states. An example of a static state is
the layout. The dynamic states are typically states which are collected through



26 Automated Guided Vehicles

AGV Agent

Router

Current Knowledge

Current
Position

Current
Transport

Communication ¢——e Battery &——e Decision Making
Status

Current
Station

\T/‘

0
0

Perception Manager

message request/percept influence
~

Local Virtual Environment

Software Repository State Item Interface Interaction
Component

Figure 3.7: Collaborating Components View of the AGV Agent [6]

the observation of the environment. Examples of dynamic states are the current
position of the AGV, the battery status, the current station the AGV resides at,
etc. These types of dynamic states can be updated with information from the local
virtual environment.

The perception manager enables the AGV agent to sense the local virtual
environment according to the perception requests of communication and decision
making, and to update the agent’s current knowledge accordingly. AGV agents use
different foci to sense the state of the local virtual environment that repre-
sents state in the physical environment (e.g., the positions of neighboring AGVs) and
state that relates to virtual representations (e.g., fields that are used for transport
assignment).
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The communication component handles the AGV agent’s communicative in-
teractions with other AGV agents or transport agents. In the developed system, this
is only used for transport assignment, but it is straight-forward to add other com-
ponents which use high-level communication as well. A collaborating components
view for the agent’s communication component can be found in [6].

The decision making component handles the AGV’s actions. Depending on
the situation the AGV agent is currently in, the component decides which influence
(3.3.1) needs to be executed. This decision is then forwarded to the local virtual
environment.

Due to the complexity of decision making of the AGV agent, it has been modeled as
a hybrid architecture that combines a blackboard pattern with sequential processing.
A collaborating components view for the agent’s decision making component
can be seen in Fig. [3.8l The current knowledge repository serves as blackboard,
while the action controller coordinates the selection of a suitable action. After job
selection (execute transport, charge battery, etc.), the action selection component
selects an action at a fairly high-level (move, pick, etc.).
Action generation transforms the selected high-level action into a concrete action
(e.g., move(Segment x)).
Collision avoidance and deadlock avoidance are responsible to lock the trajectory
associated with the selected action. As soon as the trajectory is locked, the selected
action is passed to the execution component that invokes the action in the local
virtual environment. If during the subsequent phases of decision making the selected
action can not be executed, feedback is sent to the action controller that will inform
the appropriate component to revise its decision.

The router provides an interface to find routes. This may be used by both the
decision making and the communication component. The decision making com-
ponent will need this to find the best (possibly the shortest) route to a certain
destination. The communication component may need the router to be able to in-
form a particular transport agent how far the AGV is located from a specific load.
The transport agent can hereby decide on which AGV is best suitable to handle a
particular transport task.

The Local Virtual Environment Layer

Fig. shows the software architecture of the local virtual environment, its main
components and how they interact with each other.
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As can be seen, the general structure of the local virtual environment is very
similar to the structure of the agent. Just as in the AGV agent layer, there are two
main components: the communication and action handling component, which are
both linked to a shared data repository, called the current state.

The current state repository keeps track of the states of the AGV. Some of the
states in this repository are states which are only needed by components at the
AGYV agent layer, such as the battery status. Other states are only used in the local
virtual environment, such as hulls and flags.
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The perception filler handles perceptions at the local virtual environment.
When an action handler at the AGV agent layer needs to know the current position
of an AGV, it forwards a “current position perception”, and the perception filler
fills this perception with the current position value before returning the perception.

The synchronization component has been added to the already existing design.
Its mainly behaviour is to systematically executes a synchronization process with
the AGV agent layer. The component uses the perception filler to synchronize
specific data of the current state (of the local virtual environment) with the current
knowledge of the AGV agent.

The action handling component translates the influences forwarded by the AGV
agent layer to concrete actions to be performed by the local virtual environment
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and/or the AGV vehicle and it contains two main component types: the action
manager and a number of action handlers. This software component has extended
the reference architecture to fit with the AGV system requirements.

The action manager receives influences from the agent layer, where the decision
making component decides which influence needs to be executed, based on the sit-
uation the AGV is currently in, and forwards these influences to the appropriate
action handlers.

An action handler handles influences. It may appropriately change states in
the current state, and create actuator commands, which can be forwarded to the
middleware. Examples of such action handlers are the vehicle actions handler and
the collision avoidance handler, which are used for steering the AGV vehicle and
avoiding collisions respectively.

The Middleware Layer

Fig. shows the software architecture of the middleware and its main compo-
nents. This software component has extended the reference architecture to fit with
the AGV system requirements.

The current state data repository contains data concerning the state of the
AGV. This is data which is received from sensors. Further, the current state also
contains data which is used by low-level protocols performed at the middleware
layer, such as a messaging protocol for node-locking.

The synchronization component handles systematic synchronization with the
local virtual environment. Whenever a state, which requires synchronization, in
the middleware changes, its corresponding state in the local virtual environment
is updated immediately. This ensures that the data repository of the local virtual
environment always contains consistent information about the hole system.

The action handling component receives instructions from the local virtual en-
vironment to either execute a particular protocol, or perform a physical action:

e in the former case, the action handling component updates the current state
with appropriate data, so that the communication component can further
perform the actual execution of the protocol

e in the latter case, the action handling component sends low-level actuator
commands to the AGV vehicle
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The sensing component continuously polls the sensors of the AGV vehicle and
updates the current state of the middleware with sensory data.

3.3.4 The Transport Base System

The Transport Base System provides the software to manage transports in the

AGYV system. Moreover:

e provides a public interface that enable an external client to request trans-
ports, allowing also external monitor systems to observe the status of the
AGV Transportation System (see Fig. [3.1))

e handles the communication with the warehouse management system and ex-
ternal client systems (see Fig. [3.1])
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e receives transport requests and assigns the transports to suitable AGVs, re-
porting the status and completion of the transports to the warehouse manage-
ment system

e cxecutes on the transport base, i.e. a stationary computer

Fig. 4.5 shows the decomposition of the transport base system.
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Figure 3.11: Collaborating Components View of the Transport Base System [6]

The transport base manager, as well as handles the communication, manage
the new transport requests from the client, creating a new transport agent for each
of them (every transport agent represents a transport task).

The transport agent responsibility is to assign the transport task to an appro-
priate AGV. It is important to underline that:

Physically a transport agent is located at the transport base manager where it is
created

Logically the transport agent is situated at the location where the load of its
concerning transport is to be picked up by an AGV
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The local virtual environment, as in the AGV Control System, shields the
transport agents from low-level communication issues. Instead, contrary to the
AGYV control system, there is only one local virtual environment for the transport
base system: the same local virtual environment is thus used by the transport base
manager and the different transport agents.

The local virtual environment has, also, to maintain a list of all transport agents,
to forward message dedicated to a particular transport agent and, finally, to enable
communication with AGV agents by translating incoming and outgoing messages
(essential when a transport agent has find a suitable AGV agent to carry out a
particular transport task).

The middleware basically handles the actual transmission and receiving of low-
level messages. This enables communication between transport agents and AGV
agents at the lowest level.

3.3.5 Transport Assignment

As presented in the previous section, one of the main responsibility of the Trans-
port Base System is to assign a new transport task to an appropriate AGV. This
responsibility is handled from the transport agent. The problem is: in which mode
an AGV can be considered as being appropriate for the task assignment? And how
it can be handled in an adaptive way? In fact, if from one side clients expect that
transports are handled efficiently by the system, on the other side openness and
flexibility require adaptive transport assignment.

Holvoet et al. have so developed two different approaches for adaptive transport
assignment: FiTA (Field-based Transport Assignment) and DynCNET (Dynamic
Contract Net Protocol):

e the former employs computational fields in the virtual environment to guide

AGVs to loads

e the latter is an extension of the well-known contract net protocol (CNET
[27]), with “Dyn” referring to support for dynamic task assignment.

FiTA

The basic idea of field-based transport assignment is to let each idle AGV follow
the gradient of a field that guides it toward a load that has to be transported. The
AGYV agents continuously reconsider the situation of the environment and transport
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assignment is delayed until the load is picked, which benefits the flexibility of the
system (in Fig. a FiTA scenario can be seen).

Coordination between the AGV agents working in the system is achieved mainly
through the filed emission and the interaction between AGV agents and transport
agents: both emit fields in the local virtual environment. However, to avoid multiple
AGVs driving toward the same transport, AGVs emit also repulsive fields. AGV
agents, to reach pick locations of transports, have to combine received fields and to
follow the gradient of the combined fields. Fields have some properties:

e have a certain range and contain information about the source agent
e AGYV fields have a fixed range, while the range of transport fields is variable
e fields are refreshed at regular times, according to a predefined refresh rate

When an AGV agent perceives fields, it stores the data contained in these fields
in a field-cache that consists of a number of cache entries (each cache entry contains
the identity of the received field, the most recent data contained in that field and
the up-to-date frequency).

For example, in Fig. the field-cache of AGV A will consists of three entries,
one for transport u, one for transport w, and one forAGV B.

Finally, an AGV agent constructs a calculated-field, which is a combination of
the received fields, to decide in which direction to drive from a node and follows
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the calculated-field in the direction of the smallest value. This can be considered as
following the gradient of the calculated-field downhill.

Why this method can guarantee an adaptive task assignment?
Final transport assignment is delayed until an AGV actually reaches a pick location
and picks up the load. This allows agents to adapt the assignment of transports
while the AGVs drive toward loads. By delaying transport assignment, FiTA can
cope with changing circumstances that arise.

In [5] the software architecture of AVG agents that are involved in the generation
of move actions in FiTA is argued.

DynCNET

The DynCNET protocol describes communicative interactions among AGV agents
and transport agents to fulfill the transport assignment: one important point of this
protocol is that agents dynamically can switch the assignment of tasks.

DynCNET is an m x n protocol: an initiator that offers a task can interact with
m participants, i.e. the candidate agents that can execute the task. On the other
hand, each participant can interact with n initiators that offer tasks.

In the AGV Transportation System, an initiator corresponds with a transport
agent that represents a task (i.e., a transport) in the system and the participant
corresponds with an AGV agent that can execute tasks.

The dotted circles in Fig. show the current areas of interest of AGV A (top)
and transport z (bottom). For transport z, there are currently two candidate AGVs
to execute the transports: F and G (AGV E is delivering a load). For AGV A on
the other hand, there are three possible transports to execute: u, v, and w.

Due to the dynamics in the system, the set of candidate tasks (initiators) and
agents that can execute a task (participants) can change over time.

The default protocol consists of four steps (these four steps are basically the same
as in the standard CNET protocol [27]) :

e the initiator sends a call for proposals

e the participants respond with proposals

e initiator notifies the provisional winner

e and finally, the selected participant informs the initiator that the task is started

Why this method can guarantee an adaptive task assignment?
The flexibility of DynCNET is based on the possible revision of the provisional task
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assignment between the third and fourth step of the protocol (in [5] is explained in
detail how agents can switch tasks when the conditions in the environment change).



Chapter 4

Delegate MAS Overview

In the previous chapter FiTA and DynCNET have been present to resolve the task
assignment problem for the AGV Transportation System. These approaches have
one crucial property: in both agents are directly involved in the task assignment.

FiTA AGYV agents have to combine received fields and to follow the gradient of the
combined fields: the agent action generation need to be extended

DynCNET being basically based on contract net protocol, AGV agents have to
communicate with transport agent(through different message types): his com-
munication module have to be extended to integrate the protocol properties

In this section an innovative approach to BDI agents which alleviates agent
complexity will be discussed, presented by Holvoet et al. [28]: this particular BDI
based approach is called “Delegate MASs”.

To manage system complexity the main idea was to exploit the environment
as a coordination infrastructure for cognitive agents [10], separating, this way, the
responsibilities in the system: obviously the agents’ computational burden is less
than putting the full complexity of coordination in them.

So, rather than creating and maintaining complex world and agent models them-
selves, the agents delegate this to the environment through light-weight agents, that
are more simple than A&A agent. They can be issued either by:

e resources for building and maintaining information on the environment

e task agents in order to explore the options on behalf of the agents and to
coordinate their intentions

37
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Light-weight agents can alleviate agents responsibilities ezploring the environ-
ment and bringing relevant information back to their responsible task agent, eval-
uating optional paths and putting the intentions of their task agent as information
in the environment.

This allows delegate MASs of different agents to coordinate by aligning or adapt-
ing the information in the environment according to their own tasks.

4.1 Basic agents

Delegate MASs is thought for the family of MAS applications characterized by
their large scale in terms of number of agents and physical distribution, such as
manufacturing control, traffic control and web service coordination. For this reason
two BDI agents are defined: Task agents and Resource agents.

Resource agents In the real world, such as a factory, a resource is a production
means, such as machines, conveyors, tool holders, material storage or even
personnel and is able to perform some kind of operations (capabilities). A
resource agent is an abstraction of the resources and lives in a virtual world
that represents the underlying system. The resource itself offers processing
capacity and functionality to the resource agent.

Task agents In a factory there can be one or more tasks to be performed correctly
and in time. A task agent represents and controls a task in the coordination
and control application, and resides on a (physical or virtual) mobile entity in
the environment.

A task agent is responsible for performing its task by guiding its mobile unit
through the environment, and communicating with resource agents in order
to perform operations on the unit. Every task agent is aware of the goal of its
task, and has available the schemes or plans that can be followed in order to
reach this goal.

Besides, task agents need to explore the feasible paths that correspond to
their task schemes. A feasible path describes a sequences of resources that
can be reached by following this path and corresponds to a task scheme if
following this path routes the task agent along the resources that are necessary
to reach its final goal. A task agent needs to consider all possible schemes (i.e.
sequences of operations) which can bring the current task toward its goal, and
match these plans with the feasibility information.
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4.2 Ant agents

As presented above, Delegate MASs consist of light-weight agents which are issued
either by resource agents or by task agents in order to reach the goal of its tasks. To
present and to understand well light-weight agents’ nature is important to underline
some relevant Delegate MASs’ aspects.

In fact, this pattern, to some degree is inspired by collective intelligence systems
and some of its properties are the theoretical basis for Delgate MASs:

e the computation is distributed
e agents equipped with simple computational capabilities

e multiple interactions among agents through direct and indirect interactions
(one agent modifies the environment and the other agent reacts to the changed
environment)

In particular, foraging behavior of ants is interesting because:
e ants can find the shortest path between the nest and a food source
e while walking ants deposit a substance called pheromone on the ground

e they choose with higher probability paths that are marked by stronger pheromone
concentrations

e cooperative interaction leads to the emergence of short(est) paths

In this sense light-weight agents are “ant agents”: this ant agents are issued by
basic and reside in a virtual software environment which reflects the application
environment, and in which ant agents can navigate.

There are three types of ant agents: Feasibility ants, Exploration ants, Inten-
tion ants. Each of them has a particular activity to perform autonomously, yet
which information they distribute or how the information they gather is used, is the
responsibility of the issuing basic agents. Particularly:

Feasibility Ants form a delegate MAS that is issued by resource agents. Their
purpose is to roam the environment and, at each node they pass, drop infor-
mation on feasible paths that start from this node. This way Task Agents are
alleviated from direct topological information handling as they can retrieve it
from the environment [29].
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Exploration Ants form a delegate MAS that explore a feasible route through the
underlying system, evaluating it. They alleviate task Agents by managing
path exploration [29].

Intension Ants form a delegate MAS that is issued by task agents.Their purpose
is to propagate the intention of task agents through the environment. They
alleviate task Agents by managing intension propagation [29].

4.3 Conclusion

After this considerations and taking into account the application domain of Delegate
MASSs, some interesting principles can be recognized:

e direct communications between BDI agents is substituted with environment
mediated ones

e place relevant information as signs in the environment ensuring that locally
available data informs about remote system properties (direct and indirect
interactions)

e limit the lifetime of this information (evaporation) and refresh the information
as long as it remains valid - this allows the system to cope with changes and
disturbances.

Besides, resource agents and task agents have other responsibilities:

e resource agents need to be able to make schedules based on requests from task
agents

e resource agents must also be able to answer what-if questions: a task agent
may ask a resource agent when and according to what quality standards a
particular operation could be performed if the task would arrive at a future
time. This allows task agents to evaluate the total time to completion and the
expected quality of the finished task for a particular plan

e delegate MASs can be used for obtaining feasibility information, exploration
and propagation of intentions toward the resource agents



Chapter 5
A& A Meta-Model Overview

Agents are not alone in multi-agent systems (MAS). They interact with other agents,
and with the surrounding environment as well: a shared view exists in the litera-
ture that agent, society, and environment can be taken as the three basic categories
to interpret and model the structure and dynamics of non-trivial MAS. However,
whereas the study of the direct intercourse between agents appears as quite a well-
explored subject in MAS literature, grounded on solid philosophical foundations
like Searle’s philosophy of human language, the study of interaction within agent
societies and of agent interaction with and through the environment apparently still
lacks a well-grounded conceptual foundation.

In the work of Omicini et el., MAS are modelled and engineered based on two
fundamental computational abstractions, agents and artifacts. Recent work on the
A& A framework has introduced workspaces as a new abstraction in the meta-model.

Agents are the autonomous, (pro-)active entities that encapsulate control, and are
in charge of the goals/tasks that altogether define and determine the whole
MAS behaviour

Artifacts are instead the passive, reactive entities in charge of the services and func-
tions that make individual agents work together in a MAS, and shape agent
environment according to the MAS needs. According to social / psychological
theories like Activity Theory (AT), artifacts plays a fundamental role in the
context of human organizations for supporting cooperative work and, more
generally, complex collaboration activities. Artifacts are either physical or
cognitive tools that are shared and exploited by the collectivity of individuals
for achieving individual as well as global objectives

Workspaces as conceptual containers of agents and artifacts, useful for defining
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the topology for the environment and providing a way to define a notion of
locality.

The resulting agents & artifacts (A&A) meta-model promotes the modelling and
engineering of agent societies and MAS environment as first-class entities.

5.1 Agents

The A&A meta-model recognises autonomy as the fundamental defining feature for
agents. From a computational viewpoint, autonomy means that agents encapsulate
(the thread of) control. So, control does not flow through agent boundaries: agents
never give up control, nor are they controlled by anything-unless they deliberate
to do so, of course. Correspondingly, agents provide no interfaces for being used,
and cannot be invoked or controlled-agents can say “no”. Only data (information,
knowledge) crosses agent boundaries.

As a result, MAS are to be viewed as a multiplicity of distinct loci of control,
interacting with each other by exchanging information.

Literally, the etymology of the word “agent”-from Latin “agens”-means “the one
who acts”. So, autonomous agents are intrinsically active entities: more precisely,
they are proactive, since they encapsulate control, and self-govern their own course
of action-where pro-activity simply means “making something happen”, rather than
waiting for something to happen.

As a further consequence, the agent concept should by definition come equipped
with a notion of agent action-that is, a conceptual model for agent actions is needed
to provide a coherent notion of agent.

In the context of a MAS, an agent action has two potential targets: either another
agent, or the world around the agents of the MAS, the environment. According to
the A&A model agent actions can be roughly classified as: (i)internal actions, (ii)
communicative actions, involving direct communications with one or more agents
as the only means to directly affects their state, and (iii) pragmatical actions, as
interactions within the environment.

Finally, any “ground” model of action is strictly coupled with the context where
the action takes place: so, the model of action depends on the context where agents
act: in this sense, autonomous agents are essentially situated entities, since any
agent is strictly coupled with the environment where it lives and (inter)acts.

Other “fundamental” features have often been attributed to agents, like intelli-
gence, mobility, or the ability to learn.
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5.2 Artifacts

An A&A artifact is a computational entity aimed at the use by A&A agents.

So, as their first characterisation, artifacts are to be used by agents. From use,
many other features stem, which are either essential or desirable, but need not be
used as definitory ones.

First of all, artifacts are not autonomous, unlike agents. Since they are designed
to serve some agent’s purpose, artifacts are not to follow their own course of action.
An artifact is a tool in the “hands” of agents, and does not need to be self-governed.
Instead, artifacts are governed by agent’s use: as such, artifacts are (computation-
ally) reactive, that is, they are reactive in terms of control. Artifacts behave in
response to agent use, and their behaviour just needs to emerge when they are used
by an agent.

Then, every artifact has a function. Artifacts are designed for use: being aimed
at the agent’s use, artifacts are designed to serve some purpose, and built as such.
At the time of their design, they are then associated to their function by the artifact
designer.

Since they are aimed at being used, artifacts are the primary target/means of
agent’s action. Also, their function is expressed in terms of change to the envi-
ronment, that is, what the artifact actually does when used by an agent. So, the
artifact’s model, structure and behaviour are expressed in terms of agent’s actions,
and their effects on their environment, which makes artifacts intrinsically situated.
Finally, since they are situated, and also structurally reactive in computational
terms, artifacts are easy to be thought as reactive to changes in the environment.

In order to be used, artifacts should make operations available to agents. Oper-
ations change an artifact’s state, make it behave and produce the desired effects on
the environment. So, either explicitly or implicitly, an artifact exhibits its interface,
as the collection of the operations they made available to agents for use.

Finally, in order to promote their use by intelligent agents, artifact function
should be available to agents, and understandable by them. Also, artifact behaviour
should be predictable, so that agents could effectively exploit artifacts in their practi-
cal reasoning, and actually improve their ability to act successfully. So, transparency
and predictability of behaviour are indeed desirable features of A&A artifacts.

5.2.1 Artifacts Taxonomy

Many sorts of different artifacts can populate an agent environment, providing a
number of different services, embodying a variety of diverse models, technologies
and tools, and addressing a wide range of application issues. In order to help
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engineers while working in shaping the agent environment, the A&A meta-model
introduces an artifact taxonomy, focusing on the mediation role of the artifact as
classification criterion. More precisely, artifacts are classified based on the sort of
the (non-artifact) MAS entities they are meant to tie together. According to this
criterion individual artifacts, social artifacts, and resource artifacts are identified
[38].

Individual artifacts are artifacts exploited by one agent, and mediate between an
individual agent and the environment. In general, individual artifacts are not
directly affected by the activity of other agents, but can, through linkability,
interact with other artifacts in the MAS.

Social artifacts are instead artifacts exploited by more than one agent, and medi-
ate between two or more agents in a MAS. In general, social artifacts typically
provide MASs with a service which is in the first place meant to achieve a
social goal of the MAS, rather than an individual agent goal.

Environmental artifacts are artifacts that conceptually wrap external resources,
and mediate between agents of a MAS and the external resources. In principle,
resource artifacts can be conceived as a means to raise external MAS resources
up to the agent cognitive level. In fact, they can equip external resources with
a usage interface, operating instructions, and a service description, and realise
their task by dynamically mapping high-level agent interactions upon lower-
level interactions.

In the end, individual, social and resource artifacts can be used as the basis
for building the glue keeping agents together in a MAS, and for structuring the
environment where agents live and interact: altogether, they can be taken as the
conceptual, layered foundation for artifact design in MAS engineering.

5.3 MAS in the A&A meta-model

An A&A MAS is a computational system made of agents and artifacts (this definition
is not fully complete, since it lacks the essential concept of workspace).

In the overall, the behaviour of A&A MAS results from the interaction of au-
tonomous, self-governing entities (agents) and reactive, functional entities (arti-
facts). Since both agents & artifacts are situated computational entities, A&A MAS
are situated computational systems: a MAS is always immersed within an environ-
ment, and cannot be conceived/modelled /designed in a separate way with respect
to its environment.



5.4 Summury 45

The space of admissible interactions within a MAS in the A&A meta-model is
generated by the four sorts of interaction potentially occurring between the two
fundamental entities composing MAS:

communication agents speak with agents
operation agents use artifacts
composition artifacts link with artifacts
presentation artifacts manifest to agents

As a result, interaction in the A&A meta-model amounts to the four sorts
above, plus the interaction with MAS environment-which, depending on the de-
sired /required level of abstraction, we may attribute to either individual agents/artifacts,
or to the MAS as a whole.

5.4 Summury

In this chapters, a background architecture of a decentralized AGV Transportation
System and an overview of Delegate MAS and A&A meta-model was described.
This issues serve as a basis of our architectural design for Horizontal Integration,
which is thoroughly discussed in the next chapter.
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Chapter 6

AGYV Transportation System using
Delegate MAS model

6.1 Introduction

In chapter {4, Delegate MAS approach has been presented as an innovative approach
to BDI agents which alleviates agent complexity, exploiting the environment as a
coordination infrastructure for cognitive agents [10], separating, this way, the re-
sponsibilities in the system: obviously the agents’ computational burden is less than
putting the full complexity of coordination in them.

In [40] a Delegate MAS approach for Anticipatory Vehicle Routing has been
proposed in which the prototype application has explained, initial test results have
been showed. Finally, the Delegate MAS approach has been compared with related
work, this way identifying benefits and novelty of this recent approach.

The objective of this part is to define a Delegate MAS model for the AGV
Transportation System, similarly to the Anticipatory Vehicle Routing case.

6.2 AGVs and transports

An AGYV is a unmanned, battery powered vehicle, capable of picking up a load,
driving around and dropping it. AGVs can communicate by means of a wireless
LAN. The AGVs are restricted to follow a predefined layout in the warehouse envi-
ronment. The layout is defined in a map that consists of a network of stations and
segments that are accessible by the AGVs. AGVs can leave and re-enter the system
to charge their battery or for maintenance [37].

AGVs are equipped with low-level control software that uses sensors and ac-
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tuators to stay on track, turn, pick and drop a load, and determine the current
position.

A transport represents a task to move a load from a pick location to a drop
location. Transports are generated by an external system, typically a warehouse
management system. The stream of transports that enter the system is typically
wrreqular and unpredictable.

Each transport has a priority that depends on the importance of the task and
that increases over time to avoid starvation. Transports in an AGV Transportation
System are characterized by delayed commencement, i.e., an AGV first has to drive
to a load before it can pick the load and transport it to the destination.

While driving toward the load all kinds of changes in the system may occur.
New tasks may enter the system that are more suitable for the AGV to execute,
new AGVs may become available that are more suitable to perform the task, etc.

6.3 Basic Abstractions and Functionalities for AGV
Transportation System

We now introduce the basis abstractions for a software architecture for AGV Trans-
portation System and the required functionalities of the AGVs to have the task
assigned will be discussed.

6.3.1 Basic Abstraction

The software architecture of Delegate MAS approach is based on three basic ab-
stractions: task agent, infrastructure agent and virtual environment. This model
need to be adapted to the AGV Transportation System. In fact:

e task agent is an AGV agent
e infrastructure agent is a resource agent (RA)
e transport agent (TA) is associated to a task in the system

e virtual environment reflects the real AGV environment

AGYV Agent

Each AGV is equipped with a computer containing an AGV control system. The
AGYV control system contains a single AGV agent that is responsible for obtaining
and executing transports, and ensuring that the AGV gets maintenance on time
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(such as charging the AGV’s battery). As such, an AGV becomes an autonomous
entity that can take advantage of opportunities that occur in its vicinity, and that
can enter/leave the system without interrupting the rest of the system.

Two important observations:
e the AGV agents are created at application start up

e the AGV agent is not disabled after the task execution

Virtual Environment

Since the physical environment of AGVs is very restricted, it offers little opportuni-
ties for agents to use the environment for coordination purposes. The local virtual
environment (LVE) is a software entity that represents and maintains relevant state
of the physical environment and state that is used by the AGV agent to exchange
information with other agents and to coordinate their behavior.

The VE reflects the real AGV environment: the physical environment is mapped
onto a graph representation. The nodes of the graph represent station (any point on
which the AGV can stand still, and from which other segments start or arrive in)
and location (a station where an AGV can perform an action - picking or dropping
a packet) while segments the paths on which AGVs can drive.

Resource Agent

At every station and location a resource agent (RA) is associated. AGV agents
can book road elements via the RAs. Bookings must be refreshed regularly to
maintain the reservation. In particular RA provide the transit function to the AGV
agent, informing the agents if they can pass for the specific location or the station
represented by RAs.

Moreover, considering that transport agents (TAs) are not created when a new
task is inserted in the system but is already associated to all the locations, when a
new task is inserted in the system the correspondent TA is switch on. This way the
scenario is:

e at every station a RA is associated

e at every location or a RA is associated (no task) or a RA and a TA if in that
node a new task has been added
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6.3.2 Functionalities to Support AGV Transportation Sys-
tem

The main functionalities AGV agents require for task assignment are (i) function-
ality to explore relevant paths in the environment, and (7i) based on the evaluation
of the possible alternatives, functionality to choose one path and record it as an
intention.

AGYV agents need to explore the relevant paths to reach their destination. This
results in different alternatives the AGV agent can select to achieve its goal. Based
on the evaluation of the alternatives, the AGV agent chooses one path as its inten-
tion. Adopting an intention obviously has implications on the possibilities of other
AGVs. Therefore, the AGV agent needs to communicate with the corresponding re-
source agents and inform them of the time they intend to occupy the corresponding
segment, i.e. the information agents need to book these reservations.

6.4 Delegate MAS for AGV Transportation Sys-
tem

The use of Delegate MASs allow exploration of alternatives and propagation of
intentions toward the infrastructure agents. In classical approaches AGV agents and
resource agents use direct communication protocols to achieve the functionalities for
AGYV Transportation System.

Delegate MASs instead, being inspired by food foraging in ant colonies [37],
exploit the environment to achieve the AGV System functionalities. Food foraging
ants execute a simple procedure: in absence of any signs in the environment, ants
walk around randomly in search for food. When an ant discovers a food source, it
drops a smelling substance - a pheromone - on its way back to the nest while carrying
some of the food. This pheromone trail evaporates over time, and disappears if
no other ant deposits fresh pheromone. Another ant in search for food will use
pheromones in the environment as a source of information to direct its own behavior.
Pheromones indicate possible routes to a food source, and ants are urged by instinct
to follow this trail to the food source. When the ant finds the food source, it will
return with food, while depositing pheromone itself. When the ant discovers that
the food source is exhausted, it starts a random search for food again. As the
pheromone trail is no longer reinforced, it disappears over time [37].

These simple behavioral patterns result in an emergent behavior of the ant colony
that is highly ordered and effective at foraging food while being robust against dy-
namics in the environment. An important property of this type of collective behavior
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is that global information is made available locally.

This leads to the following engineering principles: (i) place relevant information
as signs in the environment (7i) limit the lifetime of this information - evaporation
- and refresh the information as long as it remains valid (allows the system to cope
with changes and disturbances).

Delegate MAS model takes into account these principle, specifying three types
of light-weight agents 4.2 which represent three different Delegate MASs and which
share a common virtual environment for indirect communication: Feasibility ants
(FAs), Exploration ants (EAs) and Intention ants (IAs). It is important to notice
that the ants of the delegate MASs can explore alternative paths orders of magni-
tudes faster as AGV can drive.

Feasibility ants An AGV agent generates FAs at a certain frequency which explore the whole
graph from the AGV’s current position in order (i) to discover the feasible
path in the graph, (ii) to have informations about all the nodes (location and
station) in the graph and (%) for each nodes to have informations from RAs if
the AGV can transit in that node and if there is a task. This way FAs reports
back all the feasible path of the graph and the status concerning the inner
nodes.

Exploration ants An AGV agent, beyond FAs, generates exploration ants at a certain frequency
which have to explore the feasible paths from the AGV’s current position (ac-
cording to the previous explanation, a feasible path gives also informations
about its inner nodes and their status - transit and task issues). These explo-
ration ants are scouts that each explore a feasible paths through the underlying
system and evaluate this route. To evaluate a path, an exploration ant follows
the path through the virtual environment, and interacts with the resource
agents at the different nodes. If a node is passable, two possibilities can be
outlined:

— if there is no task an AGV agent asks to the RA connected to the node
“what the travel time would be if 1 would arrive at a particular time in
the near future?”. The answer by RA is a delay time value

— if there is a task an AGV agent asks to the RA connected to the node
“can 1 execute the task if I would arrive at a particular time in the near
future?”. The answer by RA is a boolean value

The EA collects this information, and then proceeds till all the nodes in the
path have been evaluated. When it happens, the exploration ant returns and
reports back to its base, i.e. the AGV agent that issued the exploration ant.
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Figure [6.1] illustrates the exploration process for a simplified scenario. The
AGYV agent on the right hand side creates three exploration ants for scouting
feasible paths. These ants bring back information on the current informa-
tion about transition and task in the nodes. This information are refreshed
regularly as exploration ants are sent out regularly.

3 candidate

Figure 6.1: Exploration ants, issued by a AGV agent, scout feasible paths

Intention ants When an AGV agent has constructed a set of valid paths to follow, the vehicle
agent selects one candidate path to become its intention. This way, AGV
agents generate [As, which propagate the intentions of AGV agents through
the virtual environment. The criteria used for the path selection depend on
quality factors, based on:

— the whole time to travel a path (sum of the delay time)

— number of available tasks
An AGV agent try to select the path with the smaller travel time and the
maximum number of tasks. After the decision, the AGV agent creates Als,

at a certain frequency, to inform the resource agents that are involved in this
intended path.

The TAs follow the selected path, and virtually travel the route of their se-
lected candidate solution. On their virtual journey, the IAs acquire travel and
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queuing informations from RAs on their path.

Changes which occurred since the exploration, immediately become visible
when these RAs provide the information. In contrast to the EAs, IAs inform
RAs that their AGV agent is likely to visit them at the estimated time. In this
way, [As make a booking on the road segment. As a consequence, RAs are able
to predict what is the AGV agent that want to pass through a node (where a
task can be there or can not be there), more accurately to their visiting EAs
and [As. Similar as EAs, [As report back to their AGV agent to inform the
agent about the quality and schedule of the bookings.

The intention information at the AGV agent - the booking - evaporates. Fvap-
oration of bookings reflects truth maintenance of the intention information in
the environment. Vehicle agents must create intention ants to refresh their
intention at a frequency that is sufficiently high to maintain their bookings for
the task to execute. While refreshing, a vehicle agent observes the evolution
of the task landscape through the EAs issuing: in fact, when an AGV agent
decide for a particular path, beyond IAs, EAs are issued as well to trigger
changes (one or more nodes are not passable or a new inserted task can be
better - it is nearest).

This estimate is compared to the estimates of the candidate solutions that
are found and refreshed by the exploration agents. When the quality of the
estimation of the current intention drops significantly below the qualities of
other candidate solutions, the vehicle agent may revise its intention.

Figure illustrates an example scenario. Based on the information that was
gathered by the three EAs, the vehicle agent decides that the path explored by
the last EA (which explored candidate path 3) fits the goal best. To confirm
this and align this decision with the involved road elements, an TA walks path
3 and makes bookings on its way.

It is important to underline that FAs, EAs and IAs are issued in parallel.
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.
time td

Figure 6.2: Intention ant, issued by an AGV agent at t4, communicate the intention
of the vehicle agent through the environment
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Chapter 7

Integration: the theoretical issues

7.1 Introduction

Differently from FiTA and DynCNET approaches, in which both agents are directly
involved in the task assignment, Delegate MAS can represent an innovative way
to resolve the task assignment problem for the AGV Transportation System: the
main idea is to exploit the environment as a coordination infrastructure for cognitive
agents [10], separating, this way, the responsibilities in the system.

As reported in chapter 3] AGV Transportation System incorporate several func-
tionalities like transport assignment, routing, collision avoidance, deadlock avoid-
ance, traffic avoidance, battery recharging and more, all needed to fulfill main func-
tionality AGV Transportation System has to perform and some quality requirement
(see section . In particular, to achieve transport assignment functionality,
FiTA and DynCNET has been developed in the system (which supports flexible
integration of functionalities).

But, the question is: Does Delegate MAS represent an innovative approach, re-
ally improving the whole system behaviour and alleviating agent (AGV) complexity?

The best way to answer this question is to apply Delegate MAS in AGV Trans-
portation System, comparing Delegate MAS with DynCNET and FiTA through
some tests (like in [37]): in this mode is possible to know exactly if the new ap-
proach meets or not expectations.

According to the mapping of the Delegate MAS model into the A&A framework
and its mapping into an implementation oriented architecture built up on TuCSoN
infrastructure [29], several ways to apply Delegate MAS in AGV Transportation
System are possible, among them:

29
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e completely re-design TuCSoN tuple centers to fit the AGV Transportation Sys-
tem reference architecture, including integration of topological aspects

e the support of the AGV Transportation System for flexible integration could
suggest to add the Delegate MAS approach as a functionality that can be
plugged-in and plugged-out

e to build a bridge between TuCSoN tuple centers and the AGV Virtual Envi-
ronment, allowing tuple center of a TuCSoN node to be directly accessed from
the AGV application

I opted for the latter approach, which (i) requires no re-design of the two infras-
tructures, this way resulting in more theoretical effort rather then practical one, and
(ii) promotes heterogeneity, since adding the Delegate MAS as a service for the
AGV AGV Transportation System, paves the way for integration of other kinds of
services that could be interesting and useful for the AGV application (e.g. in this
case, it allows AGV (BDI) agents to transparently interact and coordinate with any
other agents accessing TuCSoN ).

In next chapters, all the issues related to this approach will be discussed.

7.2 Infrastructure Landscape

Infrastructures, in Multi-Agent Systems, play a key role as support for complex
agent (social) interplay, expressed in terms of services, convention and knowledge.
Their services, indeed, typically cover critical system issues, and provide features
that individual system components could not afford to provide or obtain elsewhere
.

Moreover, infrastructures model and shape the agent environment from a twofold
viewpoint: the agents’ viewpoint in which agents access the environment through
expressive runtime abstractions, possibly provided as services by the infrastructure
and the engineers’ viewpoint from which infrastructures are the most suitable
place where to embed elements of control (constraints, coordination laws, norms)
for open, unpredictable systems.

In this way, it is possible to conceive MAS engineering process as a continuum:
from design down to development and deployment and thank to which abstractions
used at design time should not disappear.

As in the human society people are different in their culture, skillness, in what they
think and in what they are but can live well-integrated in the society, interacting with
other people through well-known social artifact, as languages, laws (it is not always
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so simple..) that we can conceive as being regulated by a sort of infrastructure
depending on the role (e.g. State Rights) also in the Multi-Agent Systems this
concept can fit.

Firstly, it is important to focus on the agent interaction notion for which differ-
ent models, technologies and infrastructures have been defined: also for this issue
infrastructure is important, providing abstractions and technologies to make it pos-
sible interaction among components.

Not only the pure interaction within the MAS boundaries is interesting but also
among MAS: in fact MASs are applied in a wide set of real world application and
are specialized to solve certain types of problems.

According with this point of view, it is easy to introduce the Horizontal Inte-
gration concept thanks to the role of the infrastructure: in fact Horizontal Integra-
tion means MAS Integration that is possible through Infrastructure Integration.
Applications include not only the integration for legacy, but also for Web Services,
for most of the existing technologies (i.e. FTP, HTTP, mail, GSM, etc.) and the
new application scenarios like business-to-business and business-to-consumer activ-
ities on the Web [2].

In [2] the concept of Interoperability is introduced as the way to assure inter-
action, communication and cooperation between heterogeneous agents and heteroge-
neous services. The aim of their work is to provide transparency between user and
services: joining application as services to the agentspace on the one hand and for
using and integrating them by heterogeneous agents on the other hand.

In this case, also like in [3], the service abstraction can work as the bridge to
embed coordination artifact in the system following the coordination as a service
approach [4].

In the next chapters the main issue concerning the integration of the Delegate MAS
service in the AGV Simulator will be argued, taking in account the key prerequisites
discussed in the previous section.

7.3 Some Important Notions on Environments

In chapter [3| the reference architecture was presented, underlying the key notion of
the environment around which the main concepts were built, consistently with the
notion of environment as a “first-class abstraction in multiagent systems.

Indeed, before Weyns, J. Odell and colleagues have remarked the primary role
of the environment as well, pointing out that

“without an environment an agent is effectively useless [30]”
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The environment is a key issue because:

e the agency definition subsume that an agent is operating in a environment
through perception and action means

e environment as a coordination infrastructure for cognitive agents allow to sepa-
rate responsibilities in the system and to manage the complexity, starting from
the agents that are, obviously, more simple than putting the full complexity
of coordination in them

e environment provides a medium for sharing information and mediating coor-
dination among agents

e it is the glue for agents behaviour: indeed it mediates agent interaction and
supports agent access to resources

From these brief properties stem that environment has a crucial role not only
for Situated MASs but for the paradigm of MASs as a whole [31].

In general MASs represent a way to handle the complexity of modern Complex
Software Systems that consist of a number of related subsystems, within which
the constituent components work together to deliver the overall functionality: in-
deed, modelling software as a composition of agents and designing them to be goal-
oriented, it is possible to suitably face the complexness.

These agents, referring to the environment, have one important feature that is
the situatedness, that is the feature of being situated in a common computational
and/or physical environment from both the spatial and temporal standpoint.

Complex MASs, however, can ask for multi-environments definition, because:

e openness is another critical and novel feature of Complex Software Systems for
which systems are permeable and subject to change in size and structure: the
different agents may need to use an environment as communication medium
to intercact

e the application domain can encapsulate some functions or services for the
agents characterized by different ontologies: each environment can target a
specific function or service of the application with one specific ontology

e the integration of new services can bring agent to access environments having
different ontologies: one way can be the use of an environment as communi-
cation medium
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The reference architecture presented in [3lembrace these issues: figure[7.1] presents
the 3-Layer model in which three class of environment can be distinguished [24]:

e application environment, the environment of the MAS application layer
e the environment defined by the execution platform

e the environment defined by the physical infrastructure
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Figure 7.1: 3-Layer model for MASs [32]

As can be seen in figure the application environment can be decomposed
in building block called environment abstractions: indeed an environment embrace
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and provides certain functionalities.

It is important to underline some aspects about the agent-environment relation-
ship. Russel and Norvig book has been presented a scenario in which sensors and
actuators are situated on the agents’ side: this means that the sensors and actuators
are defined by the ontology of the agents and that is the environment that depends
from the agents’ontology (figure . It is obviously presumed that the environ-
ment constituents are used by agents and never the opposite. Besides, in opposition
with agents definition and properties, the environment is reactive, function-oriented
design and behaviour, partially (or sometimes complete) controllability, and so on.

Sensors

W

Environment 2 |Agent

AQN

Actuators

Figure 7.2: The original agent-environment diagram by Russel and Norvig [24]

Keeping to the diagram defined by Russel and Norvig it is clear that the environ-
ment is not independent from the specific model of an agent. Putting the actuators
and sensors on the environment side, instead (figure [7.3)):

e the environment providing functionalities makes sense

e an environment can host agents that use different ontologies and reasoning
models

e the environment encapsulates significant portion of the system’s complexity in
terms of services, mechanisms and responsibilities that the agents can fruitfully
be free of [32]

It is clear that environment offers to the agents actuators and sensors in order
to act and perceive on it: so the environment ontology has to be explicitly defined.
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Figure 7.3: Environment provides actuators and sensors to the agents [24]

With these assumptions it is easy to deduce that in a multi-environment sce-
nario the agent-environment interaction would have been more difficult since every
environment would have to follow the ontology of each agent.

In particular, it is interesting the scenario in which one environment is used as
communication medium between agents and the environment. Figure depicts
this case.
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Figure 7.4: Environment as communication medium to access another environment
[24]

Agents (indirectly) access environment 2, having (directly) access to the envi-
ronment 1 that is the communication medium: they do not have to know anything
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about the environment 2. So they are awareness of the environment 1’s ontology:
this makes integration of services and interaction between different agents reasoning
models more easy.

7.4 Infrastructures for Environment

An important element related to the environment is the infrastructure, which
encapsulates and supports critical features and properties of MAS expressed in terms
of services, convention and knowledge. Its main role in MAS is to model and shape
the agent environment, from the two points of view (i) of the agents living in the
MAS; and (ii) of MAS designers [33].

It is possible to distinguish two important classes of infrastructures: agent in-
frastructures - like JADE |, RETSINA or JACK - and environment infrastructures - like
TOTA , TuCSoN or AMELI . The former provides the designer with the agent concept
while the latter provide the designer with tool to form the environment. These are
very useful abstraction to model and develop the environment of the multiagent
systems.

Multiagent systems do not have always to resolve new types or classes of prob-
lems, so it is clear that building them from scratch each time hates reuse and
effectiveness, pillars of software engineering principles.

To avoid this trend, it is almost a mandatory to develop a middleware, that
Viroli et al. in [32] defines as a software layer handling the life-cycle of environment
abstraction and theri interaction with agents. So, considering that a middleware
for environments can be thought as an infrastructure that provide some class of
environment abstractions at run-time, by analogy with agent infrastructure, a mid-
dleware of this kind can be seen as an infrastructure of services that provide certain
environment abstractions to agent.

Also in this case it is possible to distinguish two kinds of MAS middleware:

e an infrastructure for agents (e.g. JADE )

e one or more environment infrastructures (e.g. TuCSoN )
that cannot be completely isolated. In figure can be see that an intersection
between them exists: actions and perceptions are agent to environment interactions.

Not only agent-environment interaction but also interactions between environment
abstraction can occur.
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7.4.1 MAS Infrastructures for Environment: TuCSoN

TuCSoN is an agent infrastructure providing coordination services through artifact
called tuple centres which are collected in nodes of the network and belong to spe-
cific organizations [34]. Each tuple center is a programmable tuple space: indeed
is a space of logic tuples that can be programmed to react to certain interaction
events (e.g. insertion or removal of certain tuples). Obviously, the state of the
space is modified accordingly, through a chain of internal transitions [32]. Agents
interact by writing, reading, and consuming tuples to/from tuple centres via simple
communication operations (out, rd, in) that access tuples associatively. ReSpecT
is the logic-based language used to program the tuple centres and to make them
encapsulating coordination laws.

As a result:

e TuCSoN infrastructure supports the creation, access and manipulation of tuple
centres, distributed among the nodes of the multiagent system

e TuCSoN makes no assumption on the model of individual agents: that is this
agent infrastructure can be, in principle, exploited along with different agent
platform

Figure shows a logical view of a multiagent system, split in the three layers
as reference architecture like, with TuSCoN used at the middleware layer. Over
TuCSoN , one application can be engineered as a multiagent system, where agents
play a role and tuple centres represent some abstractions of the application.

One important aspect to underline is that agents can be built on any middle-
ware and only require the TuCSoN API (written in Java) in order to access tuple
centres.

7.4.2 MAS Infrastructures for Environment: Virtual Envi-
ronments in the AGV Application

In chapter [3] the reference architecture for AGV Transportation System has been
deeply discussed. Here the goal is to focus the infrastructural support for the Virtual
Environment in the AGV Application.

The AGV application is supported by the ObjectPlaces infrastructure, where
unmanned vehicles controlled by agents transport various kinds of loads through a
warehouse. A “virtual environment” (VE) is supported that keeps a consistent and
updated map of the physical environment (including vehicles’ location and status,
such as whether they are executing a job). This is realised through a number of
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Figure 7.5: MAS layers with TuCSoN as agent infrastructure [32]

partial representations called local VEs (LVE): each AGV keeps a LVE used as the
information to share.

Besides AGVs, the system contains one or more transport bases, where orders
are generated and assigned to AGV agents by a number of Transport Agents. Each
Transport Agent is responsible for assigning one transport to an AGV, and for
making sure it is executed. To achieve this goal, a Transport Agent uses a LVE to
get an up to date view on the AGVs position and status. Other than mere sharing,
the VE encapsulates important functionalities to support agent cooperation. Agents
can e.g. put marks in the VE to avoid collisions, and the VE takes on the burden of
handling the interaction protocol between the various AGVs in the mobile network
to synchronise these marks.
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Figure represents the AGV application, with the various layers in evidence.

e the ObjectPlaces middleware implements the distributed environment for the
agents

e the Message Transfer System (MTS) is a middleware used to enable commu-
nications between AGVs and Transport Agents

e E'nsor ® (Egemin Navigation System On Robot) is a S/W layer running on
AGV robots which handles their low-level control

In this application, the two middlewares ObjectPlaces and MTS both contribute
in devising an infrastructure providing a shared environment to agents: the global
VE can hence be considered here as the global and distributed environment abstrac-

tion made available to agents.
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7.5 'Towards Integration

7.5.1 Delegate MAS as Coordination Service?

In the previous sections, important issues, such as infrastructure and environment,
has been explored to achieve the horizontal integration goal. However, other ingre-
dients are needed: one of these is the coordination issue.

Coordination in multiagent systems has been focused as natural result of autonomous
agents living and interacting within agent societies & MAS. Two main viewpoints
are interesting for Delegate MAS model:

e the subjective viewpoint, for which coordination can be conceived as an agent
activity: is required when defining individual agents’ architecture and inner
dynamics [29]

e the objective viewpoint, for which coordination can be conceived as an activity
over agents: in order to have observers’ goals achieved (objective viewpoint)
it is necessary to affect somehow agents’ interaction space [29]

Subjective and objective coordination were defined as coordination inside and out-
side the agents respectively: in the former the components are the coordinating
entities while in the latter the components are the coordinated entities.

Even if the differences between these two approaches has led to radically differ-
ent way of building multi-agent systems, a unifying view of these approaches is not
only possible but also necessary in complex scenarios where intelligent autonomous
entities are required to interact in a system achieving global goals that do not simply
reduce to single agents’ individual goals [29].

Delegate MAS support both viewpoints:

Subjective viewpoint the use of Feasibility and Exploration Ants can be consid-
ered a sort of delegated environment sensing (resulting in agent’s perception),
while Intension Ants, by spreading agents’ intensions execute some kind of
agent actions, whose effects influence both the issuer agent and the other
members of the society: the resulting coordination arises from single agents’
reasoning and perception of the environment (intra-agent issues) [29]

Objective viewpoint In the case dependencies among tasks are present, Delegate
MAS can have in Delegate-d Ants the fundamental environment abstractions
contributing to an objective coordination. In that they are immersed in the en-
vironment and, being enhanced with more responsibilities than actually are,
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they can act by modifying the agent environment or using environment re-
sources (other than topological ones) such to satisfy global goal [29]

Moreover, Tedeschini in [29] has underlined that is possible to think about Del-
egate MAS as a new coordination pattern where two kinds of agents, namely Task
Agents and Resource Agents, exploit this coordination pattern to achieve “entering
tasks” execution, alleviating them from the task assignment responsibilities.

Following the coordination as a service approach [4], the Delegate MAS can
be conceived as a service, where the service abstraction can work as the bridge to
embed coordination artifacts inside a multiagent system for which Delegate MAS
can be a suitable means to achieve global goals.

This way, conceiving Delegate MAS as a coordination service, Task Agents can
exploit the service both if agents and Delegate MAS share the same system (inter-
nal) and if the Delegate MAS is external to Task Agents’ system.

So, it is now clear that the final objective is to capture the concepts of Delegate
MAS'’s service elements, thus enabling the integration with the AGV Simulator.

7.5.2 Delegate MAS as an AGV Coordination Service

Looking towards integration, the main difficulty arising is AGV Simulator consid-
ers interactions both among agents, and between agents and the (logical/physical)
environment, having no knowledge about the artifact abstraction.

So, the first point here is how to introduce coordination artifacts in the AGV
Simulator world. This raises a couple of relevant issues:

Discovery and Awareness How do agents discover and become aware of the co-
ordination artifacts available in a specific organization context? How can they
understand the coordination services provided by the artifacts?

Use & Management How can interaction between agents and coordination arti-
facts be modeled and engineered?

In this thesis, the focus is on the latter issue.

In [29], a mapping of the Delegate MAS model into the A&A framework has
been proposed. This mapping is one of the most important pillars for the final in-
tegration because it allows to define the bridge between AGV agents, BDI agents,
and the A&A meta-model, in which agents, artifacts and workspaces are the main
abstractions.
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The result of the mapping in the A&A meta-model can be summarize as follows:

Agents Task Agent, Resource Agent, Feasibility Ants, Exploration Ants, Intention
Ants

Individual Artifacts Scheduling Artifact, Task Management Artifact, Resource
Management Artifact, Feasibility Artifact, Exploration Artifact, Intention Ar-
tifact

Environment Artifacts Node Artifact
Social Artifacts Delegation Artifact, Communication Artifact

Aggregates Delegation Aggregate: Feasibility Ants, Exploration Ants, Intention
Ants, Delegation Artifact

Workspaces Node Workspace
Use interaction inherited from Architectural design phase

According to the A&A meta-model, interaction within MAS could occur in five
ways [35]:

communication agents speak with agents (speech act)
operation agents use artifacts (physical acts)
composition artifacts link with artifacts
presentation artifacts manifest to agents

reaction (environment) artifacts react to events coming from the resources (of the
MAS environment) [36]

For this work, two of these interaction are interesting: the operation and the
reaction one. Obviously, this two different types of interaction entail different to
AGYV agents to conceive coordination service:

e in the first case the agents, in order to use artifacts, have to be aware of the
set of operations which agents can execute to use them and, obviously, have
to share the same environment
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e in the last case the agents do not have direct knowledge of the artifacts but
they indirectly use it through the environment: it has to know the operations
which can be execute to use the coordination artifacts. In this mode agent
actions spawn an event in its LVE at which the (environment) artifacts react.

In such a conceptual model, the coordination artifact is then to be exploited by
BDI agents by accessing a specific service: the Delegate MAS service. Accordingly,
embedding coordination artifacts as coordination services requires:

e the definition of a specific environment artifacts, as well as a coordination ar-
tifact: only an environment artifact is directly connected with an environment
entity

e according to the mapping, the definition of an environment artifact and a
coordination artifact for every Node Artifact and their relationship (artifact
linkability)

e the definition of the physical act that the agent has to execute on its environ-
ment (LVE) in order to produce the proper event

7.5.3 Adding the Delegate MAS Service

According to the mapping of the Delegate MAS model into an implementation ori-
ented architecture built up on TuCSoN infrastructure [29], adding the Delegate MAS
Service means make AGV agents able to access and use tuple centers provided by
TuCSoN infrastructure (as coordination artifacts) in an unaware way. In a unaware
way because AGV agents can execute basic operation on a tuple center (in, out and
rd) indirectly accessing tuple centers through their LVEs.

Figure shows a logical view, at a high-level of abstraction, of the (TuCSoN
-based implemented) Delegate MAS service integrated with AGV Transportation
System, each supported by the own infrastructure: TuCSoN for Delegate MAS, Ob-
jectPlaces, MTS, E'nsor middleware for the AGV application. To well understand
how horizontal integration works, a fine-grain model description is needed.

It is possible to define a fine-grain model of the Horizontal Integration specifying
some important issues.

LVEs allow to keep a consistent and updated map of the physical environment
(including vehicles’ location and status, such as whether they are executing a job).
In order to make integration possible, a connection between LVE representation
of the physical environment and Delegate MAS once is needed. Figure [7.8 shows
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Figure 7.8: A representation of the layout

an example of a virtual representation of the real AGV environment. Important
concepts to underline are:

Station any point on which the AGV can stand still, and from which other segments
start or arrive in

Segments the paths on which AGVs can drive

Locations a station where an AGV can perform an action (picking or dropping a packet)

According to this topology and to the mapping of the Delegate MAS in the A&A
meta-model, can be pointed out that at every Station and Location corresponds a
Workspace (in Figure a concrete topology for a coordination and control applica-
tion is taken as an example). AGV and Transport Agents, in order to use Delegate
MAS service, as argued in the previous sections, have to interact properly with their
LVE. They can perform some predetermined actions on their LVE:

AGYV Agents can (i) move over the layout, (ii) observe their immediate environment, (7ii)
communicate with each other, (iv) pick and drop packets, (v) wait a second
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Figure 7.9: Example of concrete design scenario and node abstractions [29]

Transport Agents insert new task in the system, meaning that a new load to pick up is added in
a specific location

To make AGV Agents able to use the Delegate MAS service, the actions they can
perform have to be extended with the ant issuing operation, allowing AGV Agents
to issue Feasible, Exploration and Intention Ants according to the Delegate MAS
model: this new action, as well as the other, is obviously an action on its LVE.

On (TuCSoN -based implemented) Delegate MAS some important concerns have
to be discussed as well. Firstly, it is possible to identify the delegation artifact as
the key abstraction for the coordination issue: but how can it be exploited by AGV
Agents? Part of the response to this key dilemma can be found in [36], in which
ReSpecT , the language for MAS coordination has been extended according A&A
meta-model providing a simple and solid grounding for MAS situatedness [36]. The
key issue is that environment artifact, handling the interactions between an external
entity of some sort belonging to the MAS environment and the MAS itself, can react
to events coming from the environment resources. According to this issue, it is clear
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that the definition of an environment artifact for every Workspace makes interaction
between LVEs and delegation artifact possible: obviously the composition interac-
tion, thanks to which delegation and environment artifacts are linkable, is necessary
to guarantee the proper interaction behaviour.

To call integration of the Delegate MAS service quits, at last being able to answer
the previous dilemma, only one issue need to be discussed. A sort of transducer
between the LVE and the artifact is needed: it has to translate the action performed
by (AGV and Transport)agents into events sent to the environment artifact (TuCSoN
API) and to translate the invocation by environment artifact into a perception to
the (AGV and Transport) agents. This transducer, being a real bridge between the
two environment, is so called bridge. The bridge, according to the including vehicles’
current location kept by LVE (in which it is defined), is able to access the proper
workspace. Figure [7.10] shows the chain of interaction from the AGV application to
the (TuCSoN -based implemented) Delegate MAS and vice versa.

Workspace

wironment [ | communicat tion
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Figure 7.10: Fine-grain model of the Horizontal Integration
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Chapter 8

Conclusion

This thesis has discussed the integration of the Delegate MAS model into the AGV
Transportation Systems. In particular, according to a mapping of the Delegate MAS
model into the A&A framework and its mapping into an implementation oriented
architecture built up on TuCSoN , the keys issues have been discussed.

This work have led towards the theoretical definition of all concerns making the
proper interaction behaviour, between the two different systems, possible.

The choice was to build a bridge between the Delgate MAS environment and the
AGYV Virtual Environment, allowing tuple center of a TuCSoN node to be directly
accessed from the AGV application. This way (i) requires no re-design of the two
infrastructures, this way resulting in more theoretical effort rather then practical
one, (i) remark the key role of infrastructure for MASs for which this integration
has been possible and (iii) promotes heterogeneity, since adding the Delegate
MAS as a service for the AGV AGV Transportation System, paves the way for
integration of other kinds of services that could be interesting and useful for the
AGYV application.

8.1 Future Works

In Chapter ?? a question was put: Does Delegate MAS represent an innovative
approach, really improving the whole system behaviour and alleviating agent (AGV)
complexity?

The best way to answer this question is to apply Delegate MAS in AGV Trans-
portation System, comparing Delegate MAS with DynCNET and FiTA through
some tests (like in [37]): in this mode is possible to know exactly if the new ap-
proach meets or not expectations.

81
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This thesis paves the way to this direction. Obviously, an implementation of the
theoretical integration discussed in this work is needed to compare Delegate MAS
with DynCNET and FiTA through some tests.

Moreover, a number of parameters can affect the behaviour of Delegate MAS
approach such as the ant issuing frequency, the number of tasks to execute that
an AGV agent can book, etc: it could be interesting to tune up these parameters
during the simulation. Not only the parameters to be tuned are interesting but also
the way in which this can be done: in an endogenous way, for which the system
components are aware of the tuning and cooperatively realize the tuning parameter,
in an erogenous way, for which the system is adapted through an external entity
(e.g. an agent) and engineering the tuning according to the integration conceptual
model.
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