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Introduction

W

e do not use computers merely as smart calculators and advanced type
writers anymore. We use them to find and purchase the cheapest, yet most
comfortable, flight to a conference, we let them plan a route without traffic jams
from Utrecht to Schiphol airport, and let them autonomously sell our ticket in
an auction when we discover we exceeded our budget and refrain from attending.
This development does not only make life easier, it also goes hand in hand with
an increasing complexity of software systems. Much of software engineering is
concerned with dealing with this ever increasing complexity, a research issue that
is considered one of the foundations of the field of computing science (Wing, 2008).
Software engineering is moving away from machine-oriented views of programming towards concepts and metaphors that more closely reflect the way in which
humans understand the world. Indeed, the history of software engineering is
marked by the introduction of engineering abstractions which allow us to focus only on a few essential concepts at the same time by factoring out details.
Well-known examples are: the abstract data types stack and queue; the concepts
mailbox and semaphore from concurrency; and files, folders and registries as used
by operating systems. The key idea is that by using these concepts by which we
understand and structure the complex world around us we can also understand
and structure (or engineer) complex software systems.
Besides aforementioned metaphorical constructs, also more high-level concepts
have appeared in the area of software engineering that are based on social concepts
we use for organizing our society, such as the roles we play within an organization
(e.g. playing the role of student within a university) and the norms we should
adhere to (e.g. handing in your homework before the deadline). The field of agentoriented software engineering – as a relative young sub-field of software engineering
and artificial intelligence – draws heavily upon metaphorical abstractions inspired
by such organizational abstractions. In this thesis we are interested in organizing
multi-agent systems by means of these organizational concepts. However, before
1

we explain what an agent and a multi-agent system is and how social concepts
are used to organize them, let us first briefly look at the use of organizational
abstractions (norms and roles in particular) in the area of “traditional” software
engineering.1 We do so, to show that the use of roles and norms in objectorientation is differently from their use in agent-orientation.

1.1

Organizational Abstractions in Software Engineering

Within the area of computer science the concept of role has gained much attention
and a myriad of different uses can be found in the area of “traditional” software
engineering. The first usage of roles in computer science can be traced back
at least as far as to the work of Bachman (1977) who is often seen as the one
who has introduced the concept of role into data modeling. Data modeling is
concerned with structuring and representing data with the purpose of storing,
manipulating and retrieving it. In traditional data modeling techniques data
was expressed as Pascal-like records and one could express one-to-many relations
between one instance of one record type (the owner) and multiple instances of
another record type (the members). The relation between a company (the owner)
and the managers (the members) that work for it is an example of such a one-tomany relation. However, expressing the concept of employment modeling that, for
instance, a company or a university or even another person employs a manager,
technician, secretary, etc. requires a many-to-many relation involving records of
different types on both the side of owner and members. This is not easily modeled
in traditional data models. Bachman observed that in modeling relations between
owner and member record types there have always been two roles involved, e.g.
in our example the role of employer and employee. He introduced an elegant
solution that essentially boils down to associating records not directly by means
of one-to-many relations, but allowing multiple records (e.g. employer) to be
associated via one role segment type (e.g. employment) to multiple other records
(e.g. employees).
Although the relational model that does not have an explicit account of the
role concept became the predominant data model, Bachman’s proposal was not
the last word on roles in software engineering. Quite the contrary is true. The
notion of role has also appeared in the field of object-orientation. There the
concept of role is basically used to address two issues:
1. An object possesses a set of attributes and methods that cannot be changed
after the object is instantiated. That is to say, no additional behavior can
be attached or removed to the object once it has been instantiated.
2. During the lifetime of an object different objects may be associated to it
1 By traditional software engineering we mean the part of software engineering that does
not directly use agent-oriented concepts, but of course the border between traditional software
engineering and agent-oriented software engineering is not always clear.
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and use its behavior in different ways. Although associated objects typically
only use specific parts of the object’s behavior, it is not possible to restrict
the attributes and methods that are visible to other objects on the basis of
their association. That is, methods and attributes can only be made private
or public for all associations, but not just for one association in particular.
Roles are seen as a suitable candidate to solve these issues in object-oriented
programming. One example is the work of Kristensen (1995) showing that the
properties associated to the concept of role is essentially different from that of class
and object in object-orientation, and cannot be simulated by standard techniques
such as aggregation, association and inheritance. Therefore, he introduces roles
as first-class implementation entities in object-oriented programming. Just like
an object a role has methods and state, but what (amongst others) distinguishes
it from an object is that unlike an object a role cannot exist without the object
it is associated to (its player), and shares its identity with that of the object.
Objects dynamically acquire and abandon roles, thereby dynamically extending
the behaviors of the role-playing object. From the outside the role-playing object
can be accessed through the roles it currently plays. The behavior that can be
used by an object interacting through a player’s role is restricted to the behavior
offered by that role. Examples of related efforts to integrate roles in objectoriented programming are the role-object pattern (Bäumer et al., 1998) and the
deployment of aspect-oriented programming to implement roles (Kendall, 1999).
Baldoni et al. (2005; 2007) introduce powerJava that takes a different approach
to roles. Whereas many (e.g. (Kristensen, 1995; Bäumer et al., 1998; Kendall,
1999)) take a player-centered view on roles meaning that roles are directly coupled
to their players and dynamically extend the behavior of the role-playing object,
they take an organization-centered view. The idea is that a role describes the
way objects can interact with and within an organization. In (Baldoni et al.,
2007) an example is given in which a printer is seen as an organization that can
be accessed through two roles, user and superuser. Objects can enact these roles
providing them powers to act upon this organization. More specifically, the roles
are implemented as inner classes of the class that implements the organization
and empower the objects that play them, by providing methods implemented in
the role, to access and change the state of the organization by means of method
invocation. The methods a player can invoke are restricted to the ones the role
provides. Conversely the role requires its players to possess certain capabilities
by requiring certain methods in the class that implements the player, e.g. a user
must provide a method for obtaining the player’s name to be printed on the page
headers.
Another use of roles can be found in the area of access control that is concerned
with mechanisms for regulating access from users to computer-based information
systems, e.g. granting a lecturer of the computer science department rights to
look up records in the student administration database. Now suppose that the
computer science department decides to no longer allow lecturers to access the
3

student administration database. If we assigned the permission to access the
database to each individual lecturer directly, this means we have to alter the permissions of all lecturers. To circumvent such problems, Sandhu (1996) proposed
to associate permissions to roles rather than to users directly. Roles may be combined in a hierarchy where roles inherit permissions from their super-roles. Users
that are authorized to be assigned a role then obtain all the permissions that are
associated to that role. Changing the access permissions of lecturers then boils
down to modifying only the permission associated to the (say) lecturer role.
Observe the use of permissions in RBAC. In RBAC one can only perform
those operations one is permitted to. That is to say, the performance of other
operations is forbidden and are made impossible by the system. These concepts
clearly have a normative flavour. The use of such normative concepts is extended
by Park and Sandhu (2002) who laid the basis for what they refer to as usage
control. Usage control extends (amongst others) traditional access control to also
include obligations. An obligation is used to describe the requirements one has
to fulfill after having obtained or exercised rights on an object. For example, a
requirement to share logging information with the vendor after having downloaded
an application. In (Park and Sandhu, 2002), however, the concept of obligation is
only discussed informally. Nothing is said about how to represent and use them
in a computer system, e.g. how to verify if they are complied with and how to
respond to their violation.
In the area of agents and multi-agent systems the concepts of role and norm
have also deserved a lot of attention. Although there are similarities in how they
are used, in the context of agency they have been used for quite distinct purposes.
To understand this, we first briefly explain what agents and multi-agent system
are.

1.2

Agents and Multi-Agent Systems

Agent-oriented software engineering is a promising paradigm that aims at developing complex, distributed applications, and is centered around the abstractions
of agent and multi-agent system. Although the term agent is really an umbrella
term for a wide variety of concepts, within the field of agent-oriented software
engineering the concept of (intelligent or rational) agent is commonly used to
mean:
“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.” (Wooldridge, 2001)2 .
The notion of agency derives from philosophical studies pertaining to models seeking to explain human behavior, and the approach in which agents are attributed
2 The definition presented in (Wooldridge, 2001) is an adapted version of the definition originally presented in (Wooldridge and Jennings, 1995).
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a mental state consisting of beliefs, goals and plans has gained wide acceptance in
the field of multi-agent systems research. An agent’s beliefs model the information the agent has abouts its world, whereas the goals describe the situation the
agent wishes to achieve. Its plans describe what the agent should do to achieve
its goals. In this view, an agent can thus be roughly considered the metaphorical
engineering abstraction of a human being. What is seen as the defining characteristic of an agent it is its autonomy. Autonomy is an agent’s capability to decide
itself what to do. This implies that an autonomous agent has control over its
internal state and decision making process. When mental notions are attributed
to an agent, autonomy means that the agent itself decides what to belief, which
goals to adopt and how to achieve them.
A multi-agent system consists of a collection of agents that interact with
each other by sending communication messages and perform their actions in a
shared environment. Communication between agents is typically done by means
of high-level communication messages based on dedicated agent communication
languages. Central to such communication languages are the so-called performative verbs, which correspond to verbs such as inform, request and promise. By
means of such communication messages agents can, for example, inform another
agent about some information and request or promise an agent to achieve a certain goal. It is then the agent’s own decision whether to belief the information
or adopt the goal. A multi-agent system can thus somehow be considered the
metaphorical counterpart of a human society.
To better understand the concept of an agent and the scope of this thesis,
it is helpful to understand the difference between a software agent that resides
in a multi-agent system and an object as we know it from object-orientation.
The most important characteristic that distinguishes agents from objects is the
characteristic of autonomy. To see why an object is generally not autonomous is
best explained by an example that can be found in (Wooldridge, 2001):
Suppose we have a Java system containing two objects, o1 and o2 , and
that o1 has a publicly available method m1 . Object o2 can communicate with o1 by invoking method m1 . In Java, this would mean o2 executing an instruction that looks something like o1.m1(arg), where
arg is the argument that o2 wants to communicate to o1 . But consider: which object makes the decision about the execution of method
m1 ? Is it object o1 or object o2 ? In this scenario, object o1 has no
control over the execution of m1 the decision about whether to execute
m1 lies entirely with o2 .
This is quite different from agents that communicate by means of messages rather
than method invocation, and decide themselves what to do with the content of
the message. In the agent community how agents differ from objects is often
captured by the popular slogan: “objects do it for free; agents do it for money.”
5

1.3

Organizing Multi-Agent Systems

Agents participating in a multi-agent system may have been engineered by different parties with different design objectives. In a multi-agent system agents
may encounter and interact with other agents having different (conflicting) goals.
An illustrative example is an online marketplace on which agents interact with
(unknown) parties to sell and buy their goods. Each buyer presumably wants to
buy its desired goods at the lowest price possible, a goal that does not match
well with other buyers who are after the same good and sellers who want to make
as much money as possible. Because little can be assumed about the behavior
the interacting agents will exhibit and nobody directly wrote the whole program
encompassing the multi-agent system it is hard to predict the emerging behavior
of the system as a whole. This makes it difficult to guarantee that the system will
achieve the objectives it is designed for. One of the challenges in the design and
development of such multi-agent systems is to coordinate and regulate the behavior of the individual agents to increase the likelihood that the design objectives
of the system will be met.
To overcome the coordination problems that arise in the context of a multiagent system in which different agents interact, a plethora of coordination techniques has been proposed to date. Most coordination techniques involve exogenous3 (as opposed to endogenous) coordination media that are introduced as
first-class entities that are designed, implemented and deployed separately from
the agents they coordinate. Real-life examples of exogenous coordination media
include blackboards for coordinating information exchange and traffic lights for
regulating traffic.
Some coordination media are centered around rather low-level concepts such as
action (or message) synchronization (e.g. (Omicini et al., 2004; Arbab et al., 2008;
Aştefǎnoaei et al., 2009b)), shared data spaces (e.g. (Omicini and Zambonelli,
1999)) and resource access relations (e.g. (Cremonini et al., 2000)). Yet others
focus on more high-level organizational concepts such as norms that should be
followed and roles that agents can play. (Examples of these organization-oriented
approaches will be presented throughout this thesis.) Organizational constructs
are assumed to be useful because they accord with how we conceive and structure the world around us. In agent systems roles are particular useful to abstract
away from the individuals that will play them. Getting back to the online marketplace example, agents play the roles of seller and buyer, and are expected to
abide by certain norms, e.g. paying the price agreed. The focus of this dissertation is on programming these exogenous coordination media – henceforth called
organizational artifacts – directly in terms of these organizational concepts.
Although there are similarities between organizational abstractions as we know
them from “traditional” software engineering and agent-oriented software engi3 The word exogenous is derived from the Greek words “exo” meaning “outside” and “gen”
meaning “production”.
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neering, it is important to already point out why organizational abstractions as
used in “traditional” software engineering cannot be directly applied in the agent
world. The rationale of deploying norms and roles in agent-oriented software engineering is to regulate the behavior of agents over whom little control can be
exerted. In object-orientation roles are deployed to dynamically extend an object’s behavior and restrict the way other objects may interact with a role-playing
object depending on the context of the interaction. Agents and objects are based
on quite distinct features; objects are built of attributes and methods and interaction is primarily based on method invocation, whereas agents are autonomous
entities that are built of a mental state and communicate via high-level communication languages. In usage control the use of permissions and obligations is
suggested for regulating how (external) parties may access and use digital objects, but no guideline is given on how to do this. Moreover, in usage control
permissions cannot be deviated from. As we shall see later on, in the agent world
this is highly undesirable as it limits the agents’ autonomy. Because of these important differences, for the rest of this thesis, we will focus on how organizational
abstractions are used in the area of multi-agent systems, rather than “traditional”
software engineering.

1.4

Main Motivation and Research Goal

To support the claim that the field of multi-agent systems in general, and agentoriented software engineering in particular, can make a significant contribution to
the development of complex, distributed software, there is a strong need for dedicated programming languages that allow us to straightforwardly build multi-agent
systems directly in terms of their key concepts (Dastani et al., 2004a)[preface].
Indeed, a myriad of agent-oriented and organization-oriented programming languages have been proposed to date. Agent-oriented programming languages focus
on constructs for programming individual agents such as actions, plans, goals and
beliefs. Organization-oriented programming languages allow a programmer to
implement a computational organization separately from the participating agents
directly in terms of social constructs such as groups, shared plans, roles and norms.
Research on programming agent organizations progressed rather independently
from research on programming individual agents, leaving a gap between agent
programming and organization programming. In particular:
• In the organization-oriented approach the agents that will participate in the
multi-agent system are intentionally treated as black-boxes, meaning that
their internals are viewed as unknown. This choice is mainly justified by the
fact that in a deployed multi-agent system it is assumed that the participants
are not a priori known. Not making any assumptions about the types of
agents that will participate, however, has led to a mismatch between the
representation of individual agent concepts (viz. goals, beliefs and plans)
and organization-oriented concepts (viz. roles and norms) (Winikoff, 2009).
7

• Most agent programming languages are underpinned by a formal (operational) semantics explaining the meaning of their programming constructs
in an unambiguous manner. On the contrary, most approaches to constructing agent organizations lack a formal description of their constructs. This
makes it difficult to thoroughly investigate the language’s semantics, validate it by showing the properties it exhibits and formally compare it with
other languages.
Motivated by these issues the general goal of this research is to develop an
organization-oriented programming language. The proposed programming constructs for implementing agent organizations should accord with the key concepts
and characteristics associated with individual agents. Moreover, the programming
language should be underpinned by a formal semantics in order to unambiguously
present the meaning of the proposed constructs and make claims about its main
properties.

1.5

Research Method and Validation

To achieve our main research goal to try to bridge the gap between agent-oriented
and organization-oriented programming we first need to know what the core ingredients of an organization-oriented programming should be, and what characteristics they should (or should not) have. Considering the large amount of
different approaches and proposals that have appeared to date this is a not a trivial task. To identify the programming language’s core elements and their essential
characteristics we proceed as follows:
(a) By studying literature from the field of multi-agent systems we formulate the
defining characteristics of our intended application area, i.e. that of agents
and multi-agent systems, focusing on how to program them.
(b) To identify the key concepts dictated by the organization-oriented view we
take the already existing organization-oriented implementation frameworks
and design models as a starting point.
(c) Considering the defining characteristics as identified in step 1, we study the
essential properties these concepts should exhibit by: 1) briefly reviewing
literature from the scientific fields they originated from, e.g. philosophy and
sociology, and 2) studying literature from the field of multi-agent systems in
particular and from the field of computer science in general on their use as
first-class engineering abstractions. The focus will be on their use in multiagent systems development.
Comparing the output of step (c) with existing approaches enables us to support the claim that there indeed exists a gap between agent-oriented programming
and organization-oriented programming, which justifies our main research goal.
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Further, it leads to the identification of some of the key reasons causing this gap.
Addressing each of these reasons can be considered the sub-goals whose fulfillment
contributes to our overall research goal. To understand what these sub-goals are,
let us make a small leap ahead and peek forward to the main causes underlying
the alleged gap that will be identified in chapter 2:
1. Organizational frameworks reside in (and are even part of) the agents’ environment. Most existing organizational frameworks, however, are merely
used for structuring and regulating the agents’ mutual interactions. However, an environment should also (amongst other) be able to encapsulate
resources and provide functionality the agents may use in achieving their
objectives. It is our aim to integrate these capabilities in an organizational
artifact.
2. In many approaches to organizational frameworks the notion of norm is
one that relates to (communicative) actions an agent should or should not
perform, rather than to a declarative description of a state that should or
should not be achieved. This does not accord well with the concept of
goal as it is often used in agent-programming languages, viz. a high-level
description of a state typically involving a complex sequence of actions to
establish it. We aim to develop a solution in which the norms refer to
declarative descriptions, rather than actions.
3. Because it is hard to at design-time predict the behavior the agents will
exhibit, there is not one-size fits all specification of the norms. Allowing for
the norms to change at run-time allows us to better cope with the actuality
of the running system. However, little work has been done up to now to
support the run-time modification of the norms. It is our goal to devise a
mechanism that allows the norms to be changed at run-time. Because computational frameworks that address this issue are few defining the desired
characteristics it should exhibit is not trivial. Moreover, such a mechanism
should be carefully designed such that it does have minimal impact on the
representation and meaning of the norms that are changed.
4. The concept of role can be seen as the cornerstone of an agent organization.
There are many different interpretations of the concept of role, and a crisp
definition is still lacking. Most organizational frameworks take a very simple
view in which a role is merely a label, but other approaches have shown
that a role can be a computational entity with its own state and behavior.
Research from the direction of agent-oriented programming has even shown
that roles may be constructed by agent-oriented concepts such that agents
can reason with them. It is our goal to define the key properties a role
should have. These can be easily extracted from existing literature. A
more challenging problem is how to develop a solution that unites all those
properties in one single proposal.
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5. The structure of an organization is to a large extent encompassed by various
constraints on the roles, e.g. a constraint that a role cannot be played by
the same agent at the same time. In current approaches such constraints
are typically expressed as hard-constraints that cannot be deviated from
and which are fixed at design-time. Such an approach limits the agents’
autonomy and undermines the flexibility of the organizational artifact to
adapt to the dynamic interactions of the agents. It is our goal to propose
a way to define these constraints as soft-constraints that can be deviated
from.
6. Agents are faced with choices about what to do next, e.g. executing a plan
to reach a goal or updating beliefs on the basis of incoming percepts. The
best order in which agents perform such activities is application-dependent
and is encoded by their deliberation cycle. An organizational framework
is faced with comparable decisions about how to perform its activities, e.g.
enforcing all norms versus enforcing only some in time critical systems.
However, in many existing approaches the order in which the framework
performs its activities is fixed. Our goal is to propose a mechanism, which
we will call organizational coordination cycle, by which the different orders
for executing the programming constructs can be expressed. The challenge
here is that the programming constructs and in particualr their semantics
should be designed such that they can be executed in various orders.
Having identified the core elements of our organizational programming language along with the essential characteristics they should posses to decrease the
gap between agent-oriented and organization-oriented programming, we proceed
as follows:
(d) We devise the syntax and intuitive semantics of a programming language for
the key concepts as identified in step (b). Defining the syntax and intuitive
semantics will be guided by the key characteristics as formulated by step (c)
and well-known software engineering principles, e.g. data hiding and separation of concerns. More specifically, we will break up the programming lanuage
in a set of coherent constructs each dealing with some of the above sub-goals
(the relation with the chapter can be found below), viz.
• basic constructs for programming functionality that may be exploited
by agents to achieve their goals (cf. sub-goal 1) and a mechanism for
expressing the organizational coordination cycle (cf. sub-goal 6).
• constructs for expressing normative concepts in a declarative manner (cf.
sub-goal 2)
• constructs for expressing roles and constructs for expressing their structural constraints (cf. sub-goals 4 and 5).
• constructs for programming run-time norm change (cf. sub-goal 3).
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(e) We profoundly explain the meaning of the syntax by means of a Plotkin style
operational semantics (Plotkin, 1981). Besides the reasons for choosing a
formal approach in general, the choice for this particular type of semantics
is justified by the fact that it is already close to the implementation of an
interpreter. However, when implementing an interpreter for a programming
language many important issues related to the semantics of the programming
constructs will be lost in details of these algorithms and data structures which
might even be specific to the programming language (e.g. Java or C++) the
interpreter is implemented in. An additional advantage is that an operational
semantics opens the way for formal verification and model checking purposes
(see also (Baier and Katoen, 2008)).
(f) We use the operational semantics to formally investigate and demonstrate
some of the language’s elementary properties.
Formulating the key properties our language exhibits not only increases understanding, it also allows us to make claims about the “rightness” of the constructs
and their interplay by formally proving that some desirable properties are exhibited. Validation of our results thus largely depends on a formal analysis. Of
course, not all properties can be mathematically evaluated. This is mainly due
to the fact that although syntax and semantics of a programming language are
important, its raison d’être is largely determined by its pragmatics, i.e. the way
in which the language is intended to be used in practice (Watt, 2004). Ideally, the
pragmatics of a programming language are validated (if it can be done at all) by
an empirical study on the basis of well-defined measurements (cf. (Sammet, 1971;
Fenton and Pfleeger, 1998)), but this requires an existing implementation. In
this research, however, we are concerned with designing a programming language
and finding the proper programming constructs. Although the first steps have
been taken to construct a prototype implementation (see appendix A) we used
to experiment with and evaluate some of the language constructs, a fully-fledged
implementation is not available already.
To at the very least create a better understanding of the pragmatics of the
various programming constructs we propose throughout this thesis and the intuitions behind them, (besides the prototype that is described in appendix A), we
rely upon an example involving the implementation of a (simplified) conference
management system. This example touches upon many interesting aspects in the
construction of an agent organization and reflects many of the characteristics of
our problem domain (see also (Zambonelli et al., 2003)). Examples of more challenging (and perhaps more realistic) domains in which a multi-agent system approach is taken using organizational abstractions are: applications for the support
of knowledge management in which different stakeholders interact and collaborate
to share their knowledge within a company (Dignum, 2004); the highly-regulated
area of organ and tissue allocation (Vázquez-Salceda, 2004); crisis management
in which the activities of and interactions between several organizations such as
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police, fire and medical departments need to be coordinated in calamity situations (Quillinan et al., 2009) and; the domain of warehouse management systems
in which logistical activities are organized (Hiel et al., 2010).

1.6

Chapter Overview

In this dissertation we use a bottom-up approach in constructing our programming
language. After having analyzed the core ingredients for programming organizational artifacts, we will start with the elementary concepts that are needed for programming a basic organizational artifact. In each subsequent chapter we expand
the set of constructs with more sophisticated organizational constructs. Each
programming construct that is proposed throughout this thesis is explained by an
operational semantics, cf. research step (e) of section 1.5. A concise overview of
the individual chapters and their relation with the aforementioned research goals
and steps from section 1.5 is given below:
Chapter 2 provides the context and background of this research. More specifically, it identifies the defining characteristics of agents and multi-agent
systems and motivates why norms and roles are the key organizational concepts involved in engineering agent organizations. The emphasis of this
chapter will be on programming multi-agent systems using the organizational metaphor. This chapter corresponds to research steps (a–c) and ends
with the identification and refinement of our sub-goals.
Chapter 3 introduces the concept of organizational artifact that is central to
this research. We explain how an organizational artifact provides functionality that can be exploited by the agents in reaching their objectives and
present the syntax of the elementary programming constructs by which they
are programmed. Also the concept of organizational coordination cycle is
introduced by which different strategies for executing the programming constructs can be expressed. The intuitive semantics is explained by means of
our running example of a conference management system. This chapter
provides both the conceptual and technical basis for the rest of the thesis.
This chapter addresses sub-goals 1 and 6.
Chapter 4 extends the notion of organizational artifact to include a normative
dimension encompassing an explicit representation of conditional obligations and prohibitions, and sanctioning rules to punish infringements and
reward obedience. Contrasting related work on organizational frameworks
the norms we present refer to declartive descriptions of a sitaution that
should (or should not) be established rather than an action that should or
should not be performed. This chapter addresses sub-goal 2.
Chapter 5 focuses on the structure of an organizational artifact, which is largely
specified in terms of roles and their mutual relationships and their con12

straints. We propose a view on roles in which they are computational
entities with their own state and behavior. In particular, they have the
ability to guide their players in interacting with the organizational artifact
in a meaningful way. A role becomes the interface through which agents
interact with an organizational artifact and provide functionality the agents
may use in pursuit of their goals. Moreover, we investigate to what extend
the constraints on roles can be expressed by the norms introduced in the
previous chapter. This chapter thus mainly addresses sub-goals 4 and 5,
and partially addresses sub-goal 1.
Chapter 6 proposes a mechanism to change the norms at runtime. More specifically, rule based constructs are introduced that specify when and how the
norms can be changed either by the agents or the organizational artifact
directly. As we shall see in this chapter, changing the norms at runtime
makes it even harder to predict and avoid normative conflicts, e.g. being
obliged and at the same time forbidden to view a file. In this chapter, a
mechanism is investigated for avoiding normative conflicts at runtime in the
context of the norm change mechanism. This chapter addresses sub-goal 3.
Chapter 7 concludes this dissertation and reflects upon to which extent we
achieved our research goal. We do so by summarizing our main results
and providing pointers to future research.

1.7

Relation with Earlier Published Work

The content of this dissertation is based on research we have published before
in a series of papers. A list of chapters and their relation with earlier published
work can be found below. In this dissertation, these earlier developed ideas are
extended and integrated to form a coherent story.
Chapter 3 is based on ideas that have been presented in (Dastani et al., 2008),
(Dastani et al., 2009) and (Tinnemeier et al., 2009c). These articles have
formed the basis of the notion of organizational artifact as we present it in
this dissertation.
Chapter 4 is an extension of work presented in (Tinnemeier et al., 2009c). The
operational semantics presented in this dissertation is reworked to increase
readability and make it fit with the idea of an organizational coordination
cycle.
Chapter 5 is mostly based upon (Tinnemeier et al., 2009b) which presents the
notion of role as it is presented in this dissertation. This chapter also includes some of the ideas about expressing organizational constraints that
were presented in (Tinnemeier et al., 2009a) for a different representation
of norms.
13

Chapter 6 is an extended version of (Tinnemeier et al., 2010). Also the operational semantics presented in this chapter is slightly reworked to fit the
idea of an organizational coordination cycle. The mechanism for avoiding
normative conflicts was not introduced in (Tinnemeier et al., 2010).

1.8

Not Covered by this Thesis

In this thesis we design the syntax and operational semantics of an organizationoriented programming language for programming organizational artifacts. Although a wide variety of organizational concepts has been proposed to date, the
core organizational ingredients addressed in this thesis are centered around the
concept of norm and role. A study of other organizational concepts is beyond
the scope of this thesis. Also beyond the scope of this thesis is how the agents
use and reason with the roles and norms that are provided by the organizational
artifacts. This is a very important topic indeed, but this thesis will focus solely
on the artifact’s perspective.
An operational semantics describes the meaning the programming constructs
of a programming language have in a precise manner. An operational semantics
describes how a program written in the programming language is interpreted as
sequences of computational steps. Such a description is very close to how a machine executes the programming constructs and is thus (at least when designed
properly) already close to the implementation of an interpreter. However, having
an operational semantics does not imply that implementing an interpreter is easily done. In implementing it one is, for example, faced with choices about which
data structures to use and designing (efficient) algorithms for computations that
in the operational semantics are succinctly described by a mathematical function. Although we have experimented with some (partial) implementations of the
operational semantics (see appendix A for a discussion on this prototype implementation), how to implement an interpreter is beyond the scope of this thesis.
Consequently, and as already mentioned, a discussion of the language’s pragmatics
is also outside the scope of this thesis.
The implementation of a multi-agent system is often preceded by a design
phase in which a conceptual and technical design of the system are produced.
Such a phase is typically accompanied by a modeling language and methodology.
Indeed, also within the area of agent-oriented software engineering many design
models and methodologies exist, some of which use organizational concepts (e.g.
Gaia (Wooldridge et al., 2000) and OperA (Dignum, 2004)). Ideally, a programming language allows for a straightforward implementation of the system’s design.
Just like our programming language, these design models and methodologies are
still under development. Although the constructs that can be found in our language are inspired by the concepts one can find in these models, an investigation
of how well the programming language we propose accords with existing design
methodologies is beyond the scope of this thesis.
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Finally, a lot of work can be found on the formalization and operationalization
of legal norms for the purpose of legal reasoning. The idea is that one tries to
capture legal codes in a formal framework with the purpose of (automatically)
reasoning with them. In this dissertation we are interested in how norms can
be used for programming computer applications. Such programming constructs
should meet people’s intuitive expectations. We have no such ambitious goal as
to design a language for implementing legal codes.
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Chapter

2

Background

O

ur approach of designing and programming an organization-oriented programming language is based on ideas from research in multi-agent systems,
normative systems, roles and research on programming languages for multi-agent
systems. Therefore, this section introduces some of the key concepts that we use
from these areas. In this thesis we devise a programming language for building
organizational artifacts; software entities with the purpose of coordinating and
regulating the behavior of autonomous agents that interact within a multi-agent
system. The programming language we present is centered around organizational
abstractions such as roles and norms. The main contributions of this chapter are
as follows:
• We present a brief overview of the research areas of agents (section 2.1) and
multi-agent systems (section 2.2), as agents that interact in a multi-agent
system are the entities we aim to coordinate. A good understanding of these
concepts is key when it comes to reducing the gap we argued to exist between agent-oriented programming languages and approaches to constructing organization-oriented multi-agent systems. Particular attention will be
paid to the environment agents are deployed in, as the environment plays
an important role in coordinating and regulating agents.
• We elaborate upon the coordination problems that arise in the construction
of multi-agent systems and how the widely adopted organizational view on
multi-agent systems can help to solve these problems (section 2.3). This
motivates our choice of incorporating organization-oriented abstractions in
our programming language. Moreover, it explains the role the environment
plays in coordinating agents and motivates our decision of adopting an artifact based approach.
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• We provide a concise overview of the concepts of norm (section 2.4) and role
(section 2.5), as these are the key constituents of the organization-oriented
view. Information presented in this section will be used in later chapters
to devise the main characteristics these concepts ought to exhibit in our
programming language. We give a brief (non-exhaustive) overview of some
exemplar approaches to engineering computational, organization-oriented
multi-agent systems that have appeared in literature (section 2.4 and 2.5).
The aim is to give an impression of how these organization-oriented concepts
are used in practice and to support our claim of the existing gap between
engineering computational agents and computational agent organizations.
Because the main focus of this thesis is on the concepts of role and norm,
we limit the discussion of existing frameworks to these concepts only.
Because our aim is to design a programming language for implementing computational agent organizations, the emphasis of this chapter will be on implementation related issues. Risking to state the obvious, although we draw many
inspiration from the field of artificial intelligence dedicated to build intelligent systems, the perspective we adopt here is mainly a software engineering perspective
dedicated to designing and implementing software systems intelligently. Finally,
we conclude this chapter by summarizing the main results and observations by
getting back to our claim about the gap between agent-oriented implementation
frameworks on the one side and organization-oriented approaches on the other.

2.1

Agents

Agents are the entities that engage in unpredictable interactions whose behaviors
we aim to regulate with the goal of making the outcomes of these interactions
more predictable. In the introduction we adopted Wooldridge’s definition of an
agent (Wooldridge, 2001), who defines it as “an encapsulated computer system
that is situated in some environment and that is capable of flexible, autonomous
action in that environment in order to meet its design objectives.” Even though
it clarifies the intuition of the concept, a better understanding is needed to define
requirements for the organization-oriented programming language we are after. In
(Wooldridge and Jennings, 1995) Wooldridge and Jennings present a (weak) notion of agency that has gained acceptance with a large group of agent researchers.
According to this (weak) notion agents are characterized by being:
Autonomous. Agents are able to operate on their own without the need for
human guidance while in the process of achieving their design objectives.
Social. In order to satisfy their design objectives agents typically interact and
cooperate with other agents.
Pro-active. Agents are able to exhibit goal-directed behavior in order to satisfy their design objectives. This is an important aspect in distinguishing
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agents from traditional software: “conventional computer software is task
oriented rather than goal oriented; that is, each task (or subroutine) is executed without any memory of why it is being executed.” (Georgeff et al.,
1999)
Reactive. Agents perceive their environment and adapt their behavior to changes
to this environment by modifying their information and objectives accordingly.
Autonomy is commonly seen as the most important characteristic. It assigns
an agent the ability to make its own decisions about, for example, which objectives
to achieve first and how to achieve them. A more elaborate discussion on the
notion of autonomy in the context of agency can be found in (Van der Vecht,
2009).
A stronger notion of agency that is becoming increasingly popular is the notion
in which agents are attributed a mental state formed by beliefs (the possibly
incorrect information about the world), desires (goals) and intentions (goals that
are chosen to be actively pursued).
Assigning beliefs and desires to entities in describing and explaining their behavior is referred to as the intentional stance, as first coined by the philosopher
Dennett (1987). The underlying thought is that describing the behaviour of a
complex system in terms of its architecture is hardly practical. Using the intentional stance to describe an agent’s behaviour in terms of the intuitive concepts
belief and desire allows us to abstract from the complex (technical) inside of the
system. We can predict and explain its behavior without having to reveal its
insides. Based on the same ideas, Bratman (1987) developed the BDI (Beliefs,
Desires and Intentions) theory of practical reasoning in which it is argued that
rational behavior needs, besides beliefs and desires, also intentions, i.e. the desires we have committed to. To explain the intuition of these concepts and some
other issues involved, we use an example in which we describe an agent using the
BDI model. Suppose we are an agent having two different desires: to finish our
dissertation within time and to visit many conferences in exotic places. Then,
hopefully, we will believe that visiting conferences all the time will most likely
stand in the way of finishing our dissertation. Assuming we go for having a dissertation instead of visiting conferences, we commit to the first as our intention.
Having determined what state of affairs we want to achieve is only one part of the
process. After having adopted our intention we have to figure out what we should
exactly do to achieve it; we plan to read literature about the subject, publish some
ground-breaking articles and finally write our dissertation. As simple as it may
seem, our beliefs about the world may change while pursuing our goal, causing,
for example our plan to become unachievable (the problem we are solving has
already been solved twenty years ago), more attractive options to arise (we win
the lottery), or worse, our intention becomes unachievable (the university goes
bankrupt). Concluding, we must continuously reconsider our options and verify
whether our adopted plans and intentions remain both attractive and achievable.
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The process of adopting intentions based on our desires and beliefs is called
deliberation. The second step of the process, answering the question of how to
achieve this state of affairs, is being referred to as means-end-reasoning or planning. In literature planning and plan execution are commonly put under the
umbrella of deliberation. This is not that surprising as all three steps are intimately related.
Various agent researchers recognized that the intentional stance provides us
with an elegant abstraction tool for describing, explaining, and predicting the
behaviour of agents in a familiar and convenient way. Hence, several proposals
have been made for formalizing the intentional notions in order to specify and
reason about the desired properties of agents’ behavior. The most well-known
examples of such a formalization are the work of Cohen and Levesque (1990), and
Rao and Georgeff (1991) who capture the BDI concepts in a modal logic (Chellas,
1980).

2.1.1

Programming Agents

It has been widely recognized that the BDI model revealed itself not only as a
good abstraction to explain complex systems’ behavior, but also serves as a good
architecture to implement agents. In the BDI architecture, plans represent the
knowledge of an agent of how to achieve a certain state of affairs, and can be
seen as a special kind of belief. The computational importance of plans, however,
make that they are sensibly separated out as a different component (Georgeff
et al., 1999). Examples of realizations of the BDI architecture are the Intelligent
Resource-Bounded Machine Architecture (IRMA) (Bratman et al., 1988) developed by Bratman et al. and the Procedural Reasoning System (PRS) developed by
Georgeff and Lansky (1987). These are examples of agent architectures, the need
for dedicated programming languages aimed at developing agents, became apparent after the publication of Shoham’s seminal paper (Shoham, 1993), in which
he presents a new programming paradigm called Agent Oriented Programming
(AOP). An agent oriented-language, AGENT-0, is presented in which agents can
be programmed directly in terms of the mentalistic, intentional notions developed
by agent theorists to represent the properties of an agent. Shoham interprets an
agent as: “...an entity whose state is viewed as consisting of mental components
such as beliefs, capabilities, choices and commitments” (Shoham, 1993).
Since the introduction of AGENT-0, a variety of BDI-style agent programming languages saw the light of day. Examples include GOAL (de Boer et al.,
2007), AgentSpeak(L) (Rao, 1996) and its revival Jason (Bordini et al., 2005),
the Java-based language Jadex (Pokahr et al., 2005), 3APL (short for An Abstract Agent Programming Language) (Hindriks et al., 1999) and 2APL (short
for A Practical Agent Programming Language) (Dastani, 2008). Even though
all languages differ in details concerning both syntax and semantics, they are
roughly centered around the same concepts. Another interesting thing to remark
is that all of these languages except for Jadex are underpinned by an operational
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semantics (Plotkin, 1981), which allows for a rigid explanation of the semantics
of the syntactical constructs by which agents are programmed. This operational
semantics facilitated the investigation of the relationship of some of the programming language’s properties with some of the properties that are investigated by
BDI-logics, cf. (Cohen and Levesque, 1990; Rao and Georgeff, 1991).
To explain the main concepts an agent-oriented programming language offers,
we take 2APL as a representative. We chose 2APL, because it offers the richest set
of BDI-based programming constructs that are all underpinned by an operational
semantics. The idea is to create a better understanding of the concepts involved,
and as we will see later on, parts of 2APL will be used in explaining our notion of
roles in chapter 5. 2APL provides programming constructs to implement individual agent concepts, i.e. one can specify an agent in terms of declarative concepts
such as beliefs and goals, and imperative concepts such as events and plans. In
this section we briefly describe those parts of the syntax and intuitive semantics
of 2APL that are relevant to this thesis. For a complete overview of the syntax
and formal semantics of the 2APL programming language we refer to (Dastani,
2008).
The (possibly incorrect) information an agent has about itself and its environment is represented by its beliefs. The agents beliefs are stored in its belief base,
which is implemented as a Prolog program. The situation an agent wants to realize are represented by its goals, which are stored in its goal base as conjunctions of
ground atoms. A 2APL agent has only goals it does not believe to have achieved
yet; any goals that become believed to be reached are automatically dropped.
This particular type of goal is often referred to as “achievement goal”, i.e. a
declarative description of a situation the agent wants to bring about. It should
be emphasized that also other types of goals exist, viz. performative goals that
are a description of an action an agent wants to perform, and maintenance goals
which are a description of a state an agent wants to maintain (see (van Riemsdijk
et al., 2008) for a more extensive overview). To illustrate these concepts, consider
an agent that is programmed to buy products in an online auction. The belief
and goal base of this agent are displayed on lines 6–11 of code fragment 2.1. In
this example, the agent believes its current bid to be EUR 0, the highest bid also
EUR 0, and will increase its bid each round with EUR 30 to a maximum of 300.
To achieve its goals an agent needs to act. Actions that a 2APL agent can
perform include actions to update its beliefs, actions to query its belief and goal
base, external actions to interact with its environment (implemented as a Java
program) and communicative actions to send messages to other agents. The
belief base of the agent can be updated by the execution of a belief update action.
Such belief updates are specified in terms of pre- and post-conditions. Intuitively,
an agent can execute a belief update action if the pre-condition of the action is
derivable from its belief base. After the execution of the action, the beliefs of the
agent are updated such that the post-condition of the action is derivable from the
agents belief base. The belief update for updating the current highest bid, for
example, is specified on line 2 of code fragment 2.1.
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Code fragment 2.1 2APL implementation of a buyer agent.
BeliefUpdates :
{ h i g h e s t (X) } U p d a t e H i g h e s t (H) { n o t h i g h e s t (X) , h i g h e s t (H) }
{ t r u e } Bought (X) { bought (X) }
{ p e r m i t t e d (X) } U p d a t e P e r m i t t e d (P) { n o t p e r m i t t e d (X) , p e r m i t t e d (P) }

1
2
3
4
5

Beliefs :
s t e p ( 3 0 ) . maxBid ( 3 0 0 ) .
p e r m i t t e d ( no ) .

6

highest (0).

7
8
9

Goals :
bought ( b i k e )

10
11
12

PG−rules :
bought (X)
<− p e r m i t t e d ( y e s ) and s t e p ( S ) and maxBid (M) and h i g h e s t (H) |
{ i f B(M > H + S ) then
) ; UpdateBid (H + S ) }
{ @ a u c t i o n ( b i d (X, H + S ) ,
else
) };
{ @ a u c t i o n ( b i d (X, 0 ) ,
Up da t e P e r m i t t e d ( no )
}

13
14
15
16
17
18
19
20
21
22

PC−rules :
e v e n t ( endOfRound ( prod (X) , h i g h e s t (H) , perm (P ) , win (W) ) , a u c t i o n )
<− t r u e |
{ i f B(W = y e s ) then
{ Bought (X) }
else
{ U p d a t e H i g h e s t (H ) ;
Up d a t e P e r m i t t e d (P)
}
}

23
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25
26
27
28
29
30
31
32

A 2APL agent adopts plans to achieve its goals. These plans are the recipes
that describe which actions the agent should perform to reach the desired situation. In particular, plans are built of basic actions and can be composed (amongst
others) by a sequence operator (i.e., ;) and a conditional choice operator. An agent
possibly has more than one plan to reach its goals. Which plans are the best usually depends on the current situation. Planning goal rules are used to generate
plans based on the agents goals and beliefs. Such a rule is typically of the form
κ <- ϕ | π. The head of the rule κ is a goal expression indicating whether the
agent has a certain goal. The guard ϕ of the rule is a belief expression indicating
whether the agent has a certain belief, and the body of the rule π is the plan that
can be used to achieve the goal as stated by the head. A planning goal rule can
be applied if the head and guard of the rule can be entailed by the agents beliefs
and goals, respectively. As an example, consider the planning goal rule of our
auction agent listed on lines 14–21 of code fragment 2.1. This planning goal rule
states that when the agent has a goal to have bought a product and believes to be
permitted to make a new bid, it places a bid of 30 higher than the current highest
bid (possibly its own bid). That is, if this new bid does not exceed the maximum
of 300. Otherwise, the agent gives up by bidding 0. Note that bidding is done by
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performing an external action bid in an environment named auction.
To react to its dynamically changing environment, the agent is equipped with
procedure call rules of the form φ <- ϕ | π allowing the agent to adopt a plan
π if event or communication message φ is received and belief expression ϕ can
be entailed by the agent’s beliefs. Our auction agent, for example, at the end of
each round receives an event with information about whether the agent won the
auction, is permitted to bid and the highest bid of this round. The agent responds
by updating its beliefs accordingly. Note that if the agent is told to have won the
auction for product X, it will not pursue its goal to have bought X further.
The beliefs, goals, plans and reasoning rules form the mental states of a 2APL
agent. What the agent should do with these mental attitudes is defined by means
of its deliberation cycle. The deliberation cycle states which step the agent should
perform next, e.g. execute an action, apply a reasoning rule or respond to external
events. The deliberation cycle can thus be viewed as the meta-level control cycle
of the agent program, as it determines which programming construct which we
find at the object level should be executed next. It has been observed by Dastani
et al. (2003) that there is not one single best deliberation strategy for an agent,
and therefore, the agent’s deliberation cycle should be programmable to flexibly
cope with different situations.

2.2

Multi-Agent Systems: Agents and Environments

A multi-agent system can be defined as a collection of possibly interacting (human or software) agents that are situated in an environment and each have their
own sphere of visibility and influence with respect to this environment (Jennings,
2000). This view is depicted in figure 2.1. There is, however, more to a multiagent system than this simple definition suggests. Software engineering is facing
the trend in which the whole program is no longer statically engineered by one
party. Instead, a program is typically made up of different interacting entities
which are each designed by different parties. Moreover, which interactions take
place amongst which entities may not be known at design time. Therefore, an
important factor for the successful use of multi-agent system technology as a tool
to build complex software systems lies in its characteristic of “openness”. Open
systems are characterized by the following properties as listed by Hewitt (1986):
Concurrency. Open systems are built of multiple physically separated components. These components operate concurrently to process the large amount
of information which simultaneously enters the system from outside sources.
Asynchrony. Information from the environment is usually unpredictable and
may enter the system at any time. This typically results in an asynchronous
interaction of the system with its environment. Moreover, the components
of the system itself are possibly deployed on different platforms (distributed)
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Figure 2.1: Characterisation of a multi-agent system. Adapted from (Jennings,
2000).
also implying asynchronous interactions as synchronizing them would result
in drastic loss of performance.
Decentralized control. Control decisions must be taken locally in a distributed
manner. A centralized controller would become a major bottleneck which,
if it fails, might cause a failure of the whole system. Moreover, it is hard to
see how one single agent could have complete, accurate information on the
state of the entire system having a decentralized nature.
Inconsistent information. Because of the system’s asynchronous and distributed
nature the information that flows through the system coming from different
sources may be inconsistent.
Arm-length’s relationships. To promote information hiding and reduce the
dependency between components information sharing proceeds by explicit
communication between the components. That is to say, the components
are at an arms-length relationship.
Continuous operation. Open systems often have a long uptime. The tasks of
failing components are ideally taken over by other components such that
failure of individual components does not compromise the continuation of
the system’s operation.
An additional, important requirement of open multi-agent systems that is not
explicitly defined by Hewitt is described by Artikis and Pitt (2001):
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Neutrality. An open multi-agent system should be neutral with respect to the
internal architecture of their members. That is to say, agents are treated as
black-boxes and no assumptions can be made about their internals.
Note how the characteristics of Jenning’s and Wooldridge’s (weak) notion of
agency are in accordance with some of the above-mentioned characteristics of
open systems. Autonomy, for example, accords with the notion of decentralized
control dictating that decisions should be taken locally, whereas sociality accords
with the idea of arm-length’s relationships promoting direct communication. Also
note that above characterization does not mention anything about whether agents
may dynamically enter or exit, or are statically defined at runtime. This property
is explicitly mentioned by Davidsson (2001) who defines the notion of openness by
distinguishing between four different categories of multi-agent systems (societies
in his terminology). That is, multi-agent systems can be categorized:
Closed. The set of agents that will participate in a system is known a priori and
it is impossible for external agents to join.
Open. Any external agent can join the system without restrictions by starting
to interact with some of the system’s members.
Semi-closed. External agents cannot enter the system directly, but instead have
the possibility to initiate a dedicated interface agent belonging to the system
which acts on behalf of the external agent. Conformity to the society’s
restrictions is hard-wired in the interface agents.
Semi-open. External agents may directly join the society by contacting an authority responsible for deciding whether the agent is entitled to join. Once a
society member an agent can directly interact with other members provided
that the constraints imposed by the system are respected.
Note that Davidsson’s classification is orthogonal to Hewitt’s and Artikis/Pitt’s
characterization. Indeed, the characteristics they attribute to open systems are
not unique to open systems alone. A closed system, for example, can still be
characterized by a continuous operation and distribution of the components in
the system.
Besides the collection of interacting agents, the environment plays an important role in the development of multi-agent systems. In Wooldridge’s definition of
agent, for instance, it is explicitly mentioned that agents are situated in an environment. That the environment is more than merely an agent container becomes
apparent from the definition of Weyns et al. who define an environment as:
“a first-class abstraction that provides the surrounding conditions for
agents to exist and that mediates both the interaction among agents
and access to resources.” (Weyns et al., 2007)
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This definition stresses that the environment is an essential part of a multi-agent
system. It is a first-class citizen encapsulating its own domain specific functionality and is developed independently from the agents that reside in the multi-agent
system. Weyns et al.attribute the following responsibilities to environments in
the context of multi-agent systems:
Structuring. The environment structures a multi-agent system by means of its
physical structure (e.g. distribution), by structuring the communication
messages that flow through the environment, and by structuring the social
relationships between the agents in terms of groups and roles.
Resource and service embedding. An environment encapsulates resources and
functionality that agents may exploit in pursuit of their objectives.
Maintaining dynamics. The environment may have its own dynamics separately from the agents’ activities (e.g. a daemon that automatically performs a daily task).
Local observability. Agents may inspect parts of the environment depending
on their sphere of visibility (see figure 2.1).
Local accessibility. Agents may alter parts of the environment determined by
their sphere of influence (see figure 2.1).
Regulating. The environment may regulate the agents’ behavior by means of
rules. The sphere of influence could, for example, be determined by the rules
stating which parts of the environment an agent may alter and perceive.
Centered around the same principle that an environment implements nonagent functionality agents may exploit in achieving their goals, is the view of
Ricci et al.(2006; 2007) who apply the real-life metaphor of humans who use nonautonomous tools in achieving their objectives on multi-agent systems. Just like
Weyns and colleagues they argue that a multi-agent system should not only be
composed of agents, but should also include the notion of artifact as a first-class
abstraction. An artifact is
“a computational device populating agents’ environment, designed to
provide some kind of function or service, to be used by agents – either
individually or collectively – to achieve their goals and to support their
tasks.” (Ricci et al., 2006)
An artifact comes with a usage interface defining the operations which agents can
invoke and operating instructions describing how to use these operations to fruitfully exploit the artifact’s functionality. What, according to Ricci et al. (2006),
discerns an artifact from an agent is that an artifact is merely a tool that agents
use by performing operations on it. Contrasting an agent an artifact is neither
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Figure 2.2: Characterisation of a multi-agent system adopting the agents and
artifacts (A&A) approach.
meant to be autonomous, nor pro-active, nor social. The decision to use a particular artifact can be hard-wired in an agent’s plan, but can also be the result of a
dedicated process in which the agent at run-time discovers artifacts and decides
which ones to use. Of course, the latter requires advanced reasoning capabilities
from an agent. The approach in which a multi-agent system is enriched with artifacts is called the agent and artifacts (A&A for short) approach to engineering
multi-agent systems (Ricci et al., 2007), and is depicted in figure 2.2.

2.3

Organization-Oriented Multi-Agent Systems

The agent-oriented paradigm is a potential powerful means to build systems in
which autonomous, heterogeneous and independently designed agents may dynamically enter and exit. The view on a multi-agent system sketched by figure
2.1 supposes that how the agents are organized, i.e. who to interact with and
how, is decided by the agents themselves. However, adopting a view in which all
the agents may interact freely without any form of external control and without
taking the possibility of self-interested behavior into account leads to the following
problems:
• Because agents are autonomous and decide at runtime who to interact with,
the patterns and the outcomes of their interactions are inherently unpredictable (Jennings, 2000);
• The behavior of the overall system based on its constituent components is
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extremely difficult to predict as a consequence of the likelihood of emergent
and possibly unwanted behavior (Jennings, 2000);
• The absence of external control compromises security as the agents could
easily revert to malicious behavior (Ferber et al., 2003);
• Because agents are accessible from everywhere, it is difficult to apply modularization on the multi-agent system, e.g. grouping together agents that
have to interact to achieve their goals (Ferber et al., 2003).
Adopting an organizational perspective, i.e. analyzing and designing a multiagent system as a computational organization using an explicit notion of social
concepts such as roles and norms, has been widely promoted as a potential candidate to overcome these difficulties (cf. (Jennings, 2000; Zambonelli et al., 2001b;
Ferber et al., 2003; Dignum, 2004, 2009a)). Jennings (2000) observed that the
organizational view is naturally reflected by the way in which agents interact and
behave to achieve their objectives, because these interactions are often determined
by their underlying relationships. A typical example of such an organizational relationship is a manager and subordinate relation.
In accordance with Weyn’s notion of an interaction layer, many researchers
have introduced approaches in which an organizational infrastructure is deployed
to take charge of managing the interactions determined by the agents’ relationships. Agents then dynamically enter and exit the system by enacting and deenacting roles that are explicitly defined at the organizational infrastructure.
They interact via the organizational infrastructure, a computational medium that
regulates the agents’ interactions based on explicitly defined protocols associated
to the roles they play.
A conceptual view of this organizational approach is depicted by figure 2.3.
The advantage of the organizational perspective is that it decreases the system’s
complexity and eases the management of multi-agent systems, because it leads
to a cleaner separation between the agent-level and organization-level dimensions
(Zambonelli et al., 2001b). Another advantage is that the organizational view
accords more with how we as humans understand and structure the world around
us. When the system is designed to support some real-world organization such as
an online auction or a conference management system, the organizational stance
reduces the conceptual distance between the software system and the real-world
system it has to support (Zambonelli et al., 2001b).
Despite (or rather because of) its wide use, terminological and conceptual
confusion exists when it comes to modeling agent organizations. The confusion
starts with the concept of “agent organization”. Sometimes this concept is used
to mean the whole society consisting of interacting agents (and possibly also including non-agent entities), irrespective of whether organizational concepts were
actually used in developing them and can be explicitly found. The term is also
often used to mean a computational entity (or organizational middleware or organizational artifact) that is developed apart from the agents with the aim of
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Figure 2.3: Characterisation of a multi-agent system in which groups of interacting
agents are conceived as organizations. Adapted from (Zambonelli et al., 2001b).
regulating the agent’s behavior by explicitly using organizational constructs such
as roles and norms. In what follows we will use the term agent organization to
denote the first and organizational middleware or artifact to denote the latter.
Note that an agent organization may (or may not) include organizational middleware. In an attempt to clarify some of the confusion about what constitutes
an agent organization, Coutinho et al. (2005) performed a comparative study of
existing organizational models to formulate a preliminary ontology of modeling
dimensions of agent organizations. They identify the following key dimensions of
an organization:
Structural dimension, e.g. groups, roles and their relations;
Normative dimension, e.g. norms, obligations, prohibitions;
Functional dimension, e.g. global goals, shared plans;
Dialogical dimension, e.g. communicative acts, communication protocols.
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In this thesis we mainly focus on the structural and normative dimension of
an agent organization. At these dimensions we find the concepts that arguably
can be considered the cornerstones of every agent organization, namely roles that
agents can play and norms that describe how the agents should behave. Both
concepts will be explained in more detail below. Orthogonal to these dimensions
we find the “dynamics” pertaining to how the elements at each of these dimensions
may evolve during the organization’s life-time. As we will see in a moment, the
dynamics are to a large extent explained by the structure and semantics of the
organizational constructs.
The functional dimension provides functionalities an agent may exploit in
achieving her objectives which she could not achieve on her own. At this dimension we often find concepts such as a task (or goal) decomposition tree. Such a
decomposition tree typically breaks a more abstract goal into a sequence of more
concrete goals (or even plans and single actions) that need to be achieved (or
performed) in achieving the more abstract top-level goal. A task (or goal) decomposition tree can be considered a global plan describing how a (common) goal
can be achieved by a group of agents by executing the plan together. Examples
of such approaches are the STEAM framework of Tambe et al. (1998) and the
functional specification of the MOISE+ model by Hübner et al. (2002). These
approaches usually assume the agents to be cooperative, an assumption that cannot be made for open systems in which little is known about which agents will
participate and about the behavior they will exhibit. Therefore, this concept will
not be the main focus of this thesis. That does not mean, however, no means
of providing functionality to the agents is provided in our approach. Why else
would the agents even bother obeying the norms? Functionality can be provided
in many ways, e.g. the artifacts are tools that can be used by the agents and,
as we will show later on, our view on roles (presented in chapter 5) provides the
agents functionality they may exploit.

2.4

Norms

Norms are a recurring concept in a broad set of different fields ranging from
sociology to computer science. Roughly, two types of norms can be distinguished,
viz. social norms and legal norms. Britannica online encyclopedia defines the
concept of social norm as a:
“rule or standard of behavior shared by members of a social group.
Norms may be internalized, i.e., incorporated within the individual so
that there is conformity without external rewards or punishments, or
they may be enforced by positive or negative sanctions from without.
The social unit sharing particular norms may be small (e.g., a clique
of friends) or may include all adult members of a society. Norms are
more specific than values or ideals: honesty is a general value, but the
rules defining what is honest behaviour in a particular situation are
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norms.
...
Norm is also used to mean a statistically determined standard or the
average behaviour, attitude, or opinion of a social group. In this sense
it means actual, rather than expected, behavior.”
Social norms are thus the rules that describe what is considered appropriate
(or inappropriate) behavior shared by members of a society or a group. Typical
examples of social norms are to wear a ceremonial dress at a grand ball, and to
take a taxi home if you are not sober. Closely related is the concept of legal norm
or law, which is defined by Britannica online encyclopedia as:
“the discipline and profession concerned with the customs, practices,
and rules of conduct of a community that are recognized as binding
by the community. Enforcement of the body of rules is through a
controlling authority.”
The difference between social and legal norms thus seems to be that with a
legal norm an enforcing authority is involved. Yet, the distinction between social
and legal norms is not that clear-cut. In fact, some social norms may become
legal norms when they are established as laws that are enforced by some legal
authority. For example, in many countries it is forbidden by law to drink and
drive. Note that not all social norms are legal norms, e.g. to dress appropriately
at a grand ball is usually not prescribed by law. Also the opposite, i.e. all legal
norms emanate from social norms, does not generally hold, e.g. in some societies
it is accepted (albeit forbidden by law) to drink and drive. Closely related to
the distinction between social and legal norms are the different views that can
be adopted, namely the legalistic view and interactionist view (see also (Boella
et al., 2008)). In fact, the legal norms accord with a legalistic view, whereas
social norms accord with a interactionist view. In the legastic view a top-down
view on the norms is adopted, presupposing a controlling authority regulating
the agents’ behavior by motivating them to abide by the norms by rewarding
their compliance and punishing their wrongdoings. In the interactionist view,
a bottom-up perspective is taken, in which no regulating authority is assumed.
Instead, norms may emerge from the interactions and behavior shared by a group
of agents. These norms are abided by because they contribute to (or at least not
obstruct) the goals of the individual agents or because the agents share the same
values. In this thesis we are interested in exogenous coordination artifacts that
use norms to govern the agents’ behavior. It should thus be noted that we are
not after mimicking social or legal laws; we are after developing a programming
language that is merely inspired by these concepts. Bearing that in mind, it is
interesting to note that because an organizational artifact can be considered an
authority that enforces norms, our view can be best compared with the legalistic
view on norms. The reasons for adopting this view will be motivated later on.
The above discussion of norms reveals a key aspect that has also been recognized by the field of philosophy. That is, norms do not describe how the world
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is, but rather prescribe how it should be. This implies that there can be a discrepancy between the actual behavior and the desired behavior, i.e. norms can
be violated. Originating from philosophy norms have found their way to the field
of computer science and multi-agent systems research through the field of deontic logic, a research field that endeavors to capture normative concepts such as
obligation, prohibition and permission formally in modal logic (Chellas, 1980).
Indeed, Jones and Sergot (1993) have illustrated that a computer system can be
seen as an instance of a normative system, that is, a system in which actuality
and ideality do not necessarily coincide. Based on this convergence between actuality and ideality Meyer and Wieringa (1993, preface) explain the importance
of using normative concepts in the specification of computer systems and the role
of deontic logic in doing so:
“Until recently in specifications of systems in computational environments the distinction between normative behavior (as it should be)
and actual behavior (as it is) has been disregarded: mostly it is not
possible to specify that some system behavior is non-normative (illegal) but nevertheless possible. Often illegal behavior is just ruled out
by specification, although it is very important to be able to specify
what should happen if such illegal but possible behavior occurs! Deontic logic provides a means to do just this by using special modal
operators that indicate the status of behavior: that is whether it is
legal (normative) or not.” (Meyer and Wieringa, 1993, preface).
In an open multi-agent system in which little assumptions can be made about
the participating individuals, non-normative behavior is likely to occur. From the
fact that no full control can be exerted over the individual agents (as is the case
in a system that is characterized by some degree of openness) it follows that nonnormative behavior cannot always be prevented from happening. Consequently, in
engineering such systems it becomes even more important to distinguish between
actual versus ideal behavior. Indeed, it has been observed in the AgentLink
Roadmap (Luck et al., 2003, Fig. 7.1.) that norms must be introduced in agent
technology and the use of norms for analyzing and designing software systems has
gained attention from many multi-agent system researchers.
The interest in the use of norms in multi-agent systems has led to the emergence of the research area of normative multi-agent systems, abbreviated as NorMAS. The area of normative multi-agent systems can be seen as the intersection
of the research areas of normative systems and multi-agent systems. A definition
of a normative multi-agent system that has a broad support in the NorMAS community can be found in (Boella et al., 2006), in which a normative multi-agent
system is defined as:
“A normative multi-agent system is a multi-agent system together
with normative systems in which agents on the one hand can decide
whether to follow the explicitly represented norms, and on the other
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the normative systems specify how and in which extent the agents can
modify the norms.” (Boella et al., 2006)
Three important observations can be made about this definition. A first observation is that norms are assumed to be explicitly represented in the system. One
reason for representing norms explicitly is given by Boella et al. (2009) who argue
that “[a]ny requirement can be seen as a norm the system has to comply with [...,
but] [c]alling every requirement a norm clearly make the concept empty and useless.” Moreover, an explicit representation opens up the opportunity for agents
to observe and reason about the norms, although approaches to agent programming that aim at the internalization of norms and the agent’s ability to reason
with them are still scarce. An example of work in this direction is the work of
Meneguzzi et al. (2009). From a software engineering perspective, having norms
as first-class citizens eases understandability and manageability of the system. A
second observation is, that in accordance with Meyer and Wieringa’s observation,
agents can (at runtime) decide whether to follow the norms or not, and consequently norms can be violated. Clearly, considering external agents over whom
little control can be exerted, the system cannot always coerce preferred behavior.
A normative system can, for example, only oblige an agent to perform an action,
but cannot force it to do so. Even in cases where a system can do so, having the
possibility to violate norms increases the choices agents have and thereby their
autonomy, as for example argued in (Aldewereld, 2007; Castelfranchi, 2004). A
third and final observation is that at runtime norms can be changed by the agents
or the system. Facing the unpredictable and dynamic nature of the environments
normative multi-agent systems are typically deployed in a static view in which the
norms are specified at design time and cannot be modified at runtime does often
not suffice (Castelfranchi, 2000; Boella et al., 2006; Dignum, 2009b). Modifying
norms at runtime increases the system’s flexibility to manage a priori unforeseen
situations. Although a more elaborate discussion on how norms may be changed
at run-time is postponed to chapter 6, we do note here that an explicit representation of the norms is necessary for them to be modified at runtime.
In what follows we give a concise overview of the key issues involved in using
normative concepts for the analysis, design – and most importantly – implementation of computational multi-agent systems. Because of its intimate relation with
norms as used in agent organizations, we start with a brief discussion on some of
the relevant logical formalisms which try to capture normative concepts.

2.4.1

On the Logic of Norms

Because it is generally hard to thoroughly explain every-day life concepts in natural language, researchers have tried to capture them in a formal system allowing
for a rigorous study of their key features. Deontic logic is the field of logic that
formally studies the concepts of obligation, prohibition and permission. What
is considered the first real system of deontic logic was proposed by Von Wright
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(1951) which evolved into what is now known as Standard Deontic Logic (SDL
for short). Introducing the modalities O for obligation, P for permission and F
for forbiddance, SDL is a system that consists of the following axioms and rules:
(Taut) All (or enough) tautologies of propositional calculus
(KO )
O(p → q) → (Op → Oq)
(DO )
¬O⊥
(P)
P p ↔ ¬O¬p
(F)
F p ↔ ¬P p
(MP)
p, p → q ` q (Modus Ponens)
(NO )
p ` Op (O-Necessitation)
From these axioms and derivation rules theorems can be derived, amongst which:
(1) Op ↔ ¬P ¬p
(2) O(p ∧ q) ↔ Op ∧ Oq
(3) O¬p → O(p → q)
(4) Op → O(p ∨ q)
Most of these theorems seem reasonable, such as (1) which tells us that you cannot be obliged to do p and at the same time not permitted to do so.1 They also
include, however, some rather paradoxical ones. Most of these paradoxes have to
do with how the derived formulae are read. If, for example, O(p → q) is (wrongly)
read as an obligation to do q if we do p, then (3) tells us that violating an obligation by not refraining from p commits us to any (absurd) action, e.g. to fly over
the moon. The last one (4) is known as Ross’ paradox, which can be illustrated
as “if one is obliged to mail a letter, one is obliged to mail the letter or burn
it”, which sounds strange indeed. Much of deontic logic has been concerned with
offering alternative logics with the goal of solving the paradoxes and increasing
expressiveness. What follows is a brief, non-exhaustive discussion of some of these
attempts that are relevant to the field of multi-agent systems and, in particular,
to this thesis.
Another important problem in deontic logic is that of how to represent conditional obligations. That is to say, obligations that only hold under certain conditions. For example, an obligation expressing that “if you are assigned a paper to
review, then you ought to read it.” From (semi-)paradoxical theorem (3) we know
that expressing it as O(assigned → read) can be problematic. It might seem adequate to express this sentence in SDL as assigned → O(read), but also this is not
satisfactory. Under this representation we are vulnerable to what is known as Forrester’s paradox of gentle murder. This paradox is illustrated as “it is forbidden
to murder, but if you murder, you ought to do it gently.” The sentences before
are expressed in SDL as F (murder) and murder → O(murdergently). Suppose
we adopt the macabre assumption that we indeed turn homicidal, i.e. adopting a
fact murder, and adopt the plausible assumption that gentle murder implies mur1 Another possible reading of these statements is “to have p” interpreting p as a description
of a state rather than the performance of an action as is the case in the reading “to do p”. This
pertains to the distinction between ought-to-do and ought-to-be statements, cf. (d’Altan et al.,
1996).
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der, i.e. murdergently → murder. Even though all the aforementioned sentences
make perfect sense, put together in SDL they are inconsistent. The gentle murder paradox illustrates SDL’s disability to express contrary-to-duty obligations,
that is, obligations that only arise in the sub-ideal situation some other norm is
violated.
Another attempt to formally capture norms is the one of Anderson who attempted to reduce deontic logic to the standard modalities of necessity (expressed
by 2) and possibility (expressed by 3) by introducing a special propositional atom
V denoting a violation (or the liability to sanction). In this system, an obligation
Op is reduced to 2(¬p → V ) meaning that not p necessarily implies a violation.
A prohibition F p is reduced to 2(p → V ) meaning that p necessarily implies a
violation. It turned out, however, that also this system is vulnerable to some
nasty paradoxes (cf. (McArthur, 1981)).
Enriching deontic logic with conditional obligations and prohibitions can without doubt be called a troublesome exercise. Another notoriously difficult problem
is that of how to express deadlines. In SDL having an obligation to do p means
having an obligation to do p now. However, an obligation is usually associated
with a deadline that specifies when an obligation should have been fulfilled. Examples of research that focuses on the expression of obligations with deadlines are
the work of Dignum et al. (2004) and Boella et al. (2008). Boella and colleagues,
for example, introduce a logic of conditional obligations with deadlines. The obligations take on the form of triples (c, x, d) with the intuitive reading that “under
condition c an obligation can be entailed to establish situation x before deadline
d holds.”
Much of deontic logic has been concerned with the modalities of permission,
obligation and prohibition that specify what is considered desired and undesired
behavior. Norms that include these modalities serve to regulate the behavior of
a society, and consequently, are typically being referred to as regulative norms.
It has been recognized that in specifying normative systems, besides regulative
norms, also constitutive norms are needed that define that something counts as
something else in a given society (cf. (Searle, 1995; Jones and Sergot, 1996; Boella
and van der Torre, 2004; Grossi, 2007)). To understand constitutive norms, it
is important to understand Searle’s (1995) distinction between brute and institutional facts. Brute facts describe the observable part of the world, whereas
institutional facts describe things that only exist in a society with certain conventions, rules, or norms in place. Holding a banknote is an example of a brute
fact (it is observable); that this banknote is money that is generally accepted as
payment for goods and services is an institutional fact (it is not observable and
does only hold for particular societies). Constitutive norms then establish the
institutional facts by describing what (described by brute and constitutive facts)
counts as what (described by institutional facts) in a given society. For example,
that giving someone money counts as a payment. Constitutive norms are typically expressed as so-called counts-as rules that take on the form “X counts as Y
in context C.”
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It is important to note that regulative and constitutive norms are intimately
related. Suppose, for example, we defined a regulative norm expressing an obligation to have made a payment. We can then use constitutive norms to specify that
(say) both transferring money by bank and paying in cash counts as a payment.
The intimate relation between constitutive and regulative norms also comes to
light in the work of Grossi (2007) who investigates different facets of counts-as
rules from a logical perspective, and even shows how counts-as rules can be used
to express regulative norms by using the same notion of violation as coined by
Anderson. Intuitively, the deontic notion of being prohibited to be in a state
characterized by X can be modeled in terms of counts-as statements by stating
that X counts-as a violation. If it is permitted to be in a situation in which X
holds then being in a situation in which X holds does not necessarily count as a
violation.2 An obligation to be in a state in which X holds means that being in
a state in which X does not hold necessarily counts as a violation.
All the debate about which primary concepts to include in a logic of norms
and the unsolved problems that have plagued deontic logic for decades now might
raise the question if norms and deontic logic can be used in practice, e.g. for
the implementation of computational organization-oriented multi-agent systems?
Meyer et al. (1994) give an answer to this question by arguing that:
“although [...] not all long-standing problems become clear or irrelevant when looking at these matters from the perspective of computer
science, it is nevertheless undoubtedly the case that some of the problems (i.e. paradoxes) lose their bite when one has the less ambitious
motives to use deontic logic and one is interested in such prosaic things
like a robot system in which a robot is allowed/forbidden to do certain
actions rather than the use of deontic logic for reasoning about moral
behavior of man.”
It seems that none of the above logical formalisms can be used directly when
it comes to using them to implement the normative component of computational
agent organizations. We are, for example, not in the first place interested in things
such as expressing nested obligations (e.g. OOp) and making logical inferences
based on a set of deontic expressions. Moreover, using one of the formalisms to
implement the normative component of an agent organization demands advanced
mathematical skills of the programmer. For a possible success of norms in an
organization-oriented programming language, we strongly feel that simplicity is
key! For our purposes we do not need full-blown deontic logic. On the other hand,
as we shall see below, implementing norms in computational multi-agent systems
raises new issues that were originally not considered by the field of deontic logic.
2 In (Grossi, 2007) also a more strong notion of obligation is defined in which p is permitted
iff p necessarily counts as −viol.
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2.4.2

Towards Norms in Computational Multi-Agent Systems

The use of norms in the implementation of multi-agent systems can be traced back
at least as far as (Shoham and Tennenholtz, 1995) by Shoham and Tennenholtz
who suggested an approach in which the agents of the system are implemented
to respect a set of social laws that are adopted by their designers. This means
that, in their view, the whole multi-agent system is developed off-line and laws
are devised the agents should follow in order to solve the coordination problem
at hand. The agents are then programmed such that they only exhibit normabiding behavior. In other words, the protocols are hardwired in the agents and
no explicit representation of the norms is needed.
An approach in which the whole system is designed off-line accords with the
view of a closed system (Davidsson, 2001). Clearly, the assumption that all the
agents are designed to obey the norms cannot be generally made for open multiagent systems in which agents that are designed by developers different from that
of the overall system and/or other agents dynamically enter and leave. These
agents might be endowed with objectives that jeopardize those of the global system. Moreover, as Dignum (1999) argued, hardwiring the social rules into the
agents compromises their autonomy and their flexibility to respond to environmental changes and other agents violating the rules. The agent’s autonomy is
limited because they cannot deviate from the expected behavior expressed by the
norms and their flexibility is compromised because they react in a predictable
manner dictated by the protocol. To overcome these issues Dignum proposes the
explicit use of normative concepts such as obligations, prohibitions and permissions to govern the agents’ behavior. These norms should then be defined as a
separate component external to the agents that are assumed to have the ability to internalize the norms in order to decide which ones to follow and which
actions to take. The issue of agents taking norms into account in their reasoning and decision-making process is related to the implementation of norms from
the perspective of an agent (examples of work on this perspective are (Broersen
et al., 2002; Meneguzzi and Luck, 2009; Lopez y Lopez et al., 2006)). To separate
the norms from the agents is related to the implementation of norms from the
perspective of the organizational artifact, i.e. the norm-enforcing authority. We
emphasize that both the agent as well as the organizational artifact’s perspectives
are important for a successful use of norms in the implementation of multi-agent
systems. However, in this dissertation we focus on the implementation of norms
from the organization’s perspective in which there is a computational entity (an
organizational artifact) that acts as an enforcing authority.
When taking an organizational perspective, there remain some questions to
be answered. For example, “who is responsible for creating the norms and how
can they be enforced?”. Below we discuss these questions.
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Norm legislation: off-line versus online design
When adopting an organizational perspective on the norms, there is still the
question of who legislates the norms, i.e. who is in charge of making the rules
that are to be enforced by the regulating authority? There are roughly two views
on this issue. In the first view is closely related to the interactionist view 3 (see
(Boella et al., 2008)) in which it is assumed that the agents themselves are in
charge of creating the norms. A second view, the one we will adopt in this thesis,
is the view in which the norms are designed off-line by the system’s designer.
Even though it can be argued that this reduces the system’s flexibility and is not
the only mechanism that is needed to guarantee systems to work as desired (cf.
(Castelfranchi, 2000)), taking a design stance in creating the norms has numerous
advantages as, for example, claimed by Moses and Tennenholtz, and Artikis and
Sergot:
• At design time, the designers of the system usually have a greater number of
resources at their disposal (think of computational power, information and
time), than the agents have at run- time. Therefore, some problems may be
better solved by the designers at design-time than they would be solved at
run-time by the agents. (Moses and Tennenholtz, 1995)
• When effective norms are hard to specify, the environment may be exploited
and modified (at design-time) such that the task of devising social constraints is simplified (e.g., the addition of traffic lights to an environment in
which agents move). (Moses and Tennenholtz, 1995)
• If the rules the agents should adhere to are a priori known, many conflicts
might be avoided when the agents (at design-time or run-time) produce
their strategies such that the rules are respected. This could significantly
reduce the number of run-time conflicts. (Moses and Tennenholtz, 1995)
• Publishing the social constraints facilitates agents in the process of deciding
whether to start their interactions in a system or not. Likewise, decisions
can be made by the designer of the agent whether to deploy an agent in a
system at all. (Artikis and Sergot, 2010)
In addition to these observations, we argue that having a system in which the
norms spontaneously emerge diminishes the predictability of the behavior of the
system a whole. As already discussed above, according to Jennings (2000) this
is exactly one of the major problems in the design of multi-agent systems we are
trying to overcome by deploying norms in the first place!
3 It should be noted that in the interactionist view there is often no enforcing authority
involved.
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On the representation of enforceable norms
Irrespective of whether we let the norms be created by the agents or the system’s
designer, the issue of how they should be represented for their implementation in
computational multi-agent systems is still open. We already argued that borrowing a logical formalism of norms does not suffice when it comes to operationalizing
norms for their use in computational multi-agent systems. Instead, different representations than typically used in, for example, deontic logic are needed together
with techniques for enforcing them. An extensive analysis of the representation
of norms for their use in multi-agent systems was done by Lopez y Lopez and
Luck (2006). Their analysis covers a wide range of topics involving in the area
of normative multi-agent systems. Here, however, we will concentrate on their
definition of norm. In their view, a norm comprises the following components:
Normative goals describing the things that ought to be done, i.e. states to be
achieved (obligations) or avoided (prohibitions).
Addressees relating to the agents responsible for satisfying the normative goals.
Beneficiaries relating to agents that benefit from the satisfaction of the normative goals.
Context specifying when the norm is active, i.e. in which context the normative
goals should be satisfied.
Exceptions describing the situations in which addressees are not liable to punishment in case of non-compliance.
Rewards specifying the incentives for complying with the norm.
Punishments specifying the penalties that are imposed in case of violation.
In addition to these components, Lopez y Lopez and Luck, define the notion of
interlocking of norms. That is, norms that are activated when some other norm
has been complied with or has been violated. A norm which (non-)compliance
gives rise to another norm is called the primary norm, whereas the norm that is
activated as a result of either the fulfillment or violation of the primary norm is
called a secondary norm. Secondary norms are linked to primary norms by means
of their context. Note that contrary-to-duty obligations (Prakken and Sergot,
1996) are a special case of norm interlocking. A contrary-to-duty obligation is an
obligation one obtains after violating some other norm. Interlocking pertains to
the more general case also including, for example, an obligation (or prohibition)
one obtains after the fulfillment of some norm.
Enforcing the norms
The analysis in (Lopez y Lopez et al., 2006) is merely syntactical. That is to say,
no information is provided on how to operationalize the norms for their use in a
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multi-agent system. In contrast to (Lopez y Lopez et al., 2006), Vázquez-Salceda
et al. (2008) propose a syntactical format of norms (one that roughly includes the
same components as that of Lopez y Lopez and Luck (2006)), together with some
guidelines on how to implement norms in multi-agent systems. They observe that
the operationalization of norms requires an implementation of a mechanism of
norm enforcement as a process that is responsible for detecting when a norm is
active, detecting violations of the norms and handling of these violations. How
such a concrete mechanism is implemented depends on the level of control that can
be exerted over the agents and the verifiability of the contents of the norms (i.e.
the conditions and actions the norm refers to) (Vázquez-Salceda et al., 2004). In
(Vázquez-Salceda et al., 2004) different types of norms are distinguished relating
to the level of control that can be exerted over the norm’s addressee, namely
norms concerning:
External agents that are developed apart from the organization enforcing the
norms. A further distinction is made between norms concerning behavior
that is directly observable by the organization (e.g. a norm stating that a
review should be uploaded to the system) and norms concerning behavior
that is not directly observable by the organization (e.g. a norm stating that
proceedings should be sent to all authors of accepted papers);
Internal agents that are developed by the same party as the organization, including agents responsible for enforcing the norms.
In case of internal agents, one might resort to a norm-obedient implementation of
these agents. (Although it should be noted that the above explained disadvantages
still apply.) In this thesis, however, we will also be concerned with external agents,
explaining the need for a norm enforcement mechanism. Regarding the levels
of verifiability of the contents of a norm, Vázquez-Salceda et al. discern three
different types, viz.:
Computationally verifiable , meaning that the condition or action the norm
refers to can be directly verified by the organization. The before-mentioned
norm concerning the review that should be uploaded to a database is an
example of a norm that is computationally verifiable.
Non-computationally verifiable , i.e. the condition or action cannot be (easily) verified by the organization, but extra resources are needed to check for
compliance. An example is a norm phrasing that reviewers should found
their claims with facts.
Non-verifiable , meaning that the condition or action cannot be verified by the
organization. An example of a non-verifiable norm is one expressing that
an agent is not permitted to have certain beliefs or goals in case its mental
state cannot be inspected (a plausible assumption in open systems!).
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When the norms are about actions or conditions that are not directly observable by the organizational artifact, it should rely on information from trusted
parties to check for compliance. To verify, for example, a norm expressing that
a hard copy of this thesis should be sent to each member of the reading committee, the system could rely on information about the delivery status provided
by the courier service. This stresses the need for a coordination artifact to have
the possibility to be informed about facts about the outside world by (trusted)
external agents. When norms are computationally verifiable, there are basically
two ways of motivating agents to abide by the norms, viz. by using regimentation
and enforcement of the norms, see also (Aldewereld, 2007; Castelfranchi, 2000;
Grossi, 2007; Jones and Sergot, 1993).
Regimentation, as coined by Jones and Sergot (1993), is based on the idea of
ruling out all the actions that will lead to an undesired state, such that a violation
of the norms will never happen. An illustrative description of the concept of
regimentation is given by Castelfranchi:
“By establishing certain ’material’ conditions in the environment that
the agent is not able to change, I prevent it from doing a given action
(or even from attempting to do it), and at the same time -since it is
motivated to achieve a given goal- I channel its behavior in a given
direction (towards the remaining practicable solutions) i.e.; towards
what is practically permitted. Sometimes towards the only remaining
possible move, that becomes ’obligatory’ since there are no degrees of
freedom for the agent. For example, if you put me in a tube, and I
want to go out, and you block one access (my way in), I’m obliged or
better constrained to go straight ahead, as you want.” (Castelfranchi,
2000)
Regimentation thus implies that the system can somehow prevent an agent from
performing an action that causes a violation. An example of a case in which this
presumption holds is an operating system that can disable certain operations for
users that do not have the right permissions. Note that this presumption does not
imply that the system has control over the internals of the agent, it can still try to
perform the operation, but the result is simply not effectuated by the operating
system.
As alternative to regimentation, enforcement can be used. Enforcement is
based on the idea of responding after a violation of the norms is detected. Following the old Roman saying “ubi lex ibi poena” (where there is a law, there
is a sanction), agents are motivated to abide by the norms by rewarding good
behavior and punishing bad behavior. Remember that even when regimentation
can be applied, enforcement might be used, because having the possibility to violate norms increases the choices agents have and thereby their autonomy, as for
example argued by Aldewereld (2007) and Castelfranchi (2004).
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2.4.3

Normative Frameworks in Multi-Agent Systems

In recent years a vast amount of computational frameworks have appeared in
literature that use normative concepts to regulate agents’ behavior. As already
mentioned in the introduction, also outside the area of multi-agent systems normative concepts have appeared, e.g. in the area of usage control (Park and Sandhu,
2002) the use of obligations has been mentioned (without explaining how to enforce them) for describing the requirements an individual has to fulfill after having
gained access to a resource. In this section we discuss (in no particular order)
some examples of the approaches from the area of multi-agent systems that we
believe are most related to our work. Considering the large amount of research
in this direction, an exhaustive survey seems impossible. The discussion that follows is merely intended to reveal the key issues that motivate our work in the
direction of normative multi-agent systems. It is fair to say that many of the
works mentioned here also include other organization-oriented concepts that will
not be considered in this thesis, e.g. the functional and dialogical dimension as
identified by Coutinho et al. (2005). Here, we will primarily focus only on the
normative dimension of these frameworks and only mention the other aspects if
strictly needed. In the next section we will elaborate upon the concept of role
that is a key ingredient of the structural dimension.
Electronic Institutions
A strand of work that primarily focuses on the normative dimension is the research on electronic institutions, computational interaction environments including a norm enforcement mechanism. One of the first platforms for executing
electronic institutions is the AMELI platform (Esteva et al., 2004) of Esteva et
al., a middleware that regulates the agents’ interactions. These institutions are
specified in the graphical tool ISLANDER (Esteva et al., 2002) by the formal language presented in (Esteva et al., 2001). ISLANDER/AMELI views an electronic
institution as a dialogic system in which the only interactions that take place in
the system are speech acts (communicative actions) performed by agents. The
interactions amongst agents take place in so-called scenes, group meetings agents
can enter and leave and in which messages are exchanged. Associated to these
scenes are communication protocols specifying the permitted dialogs by the agents
interacting in the scene. More precisely, a communication protocol is a directed
graph in which nodes represent the state of the interaction and its labeled edges
define the speech acts that must be uttered to reach a next state in the protocol.
How agents can legally move from scene to scene is specified by the performative
structure, a network capturing the transitions agents can make between different scenes. Finally, certain circumstances in one scene (e.g., winning an auction)
might lead to obligations in other scenes (e.g., an obligation to pay). Such obligations that are outside the scope of scenes are expressed as global norms that
hold in the entire institution. These norms specify which obligations hold when
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certain speech acts have (not) been uttered in particular scenes. Just like the
norms expressed by the protocols and the performative structure, these obligations can only refer to speech acts that should be uttered. A key aspect of the
ISLANDER/AMELI approach is that it rules out all actions that do not conform
to the specification. Agents cannot deviate from the behavior specified by the
protocols and performative structure; only the paths of the directed graphs can
be followed. Also the norms can never be violated; agents must typically have
fulfilled all their obligations before they can proceed to other scenes.
Since its introduction multiple research has focused on extending the ISLANDER/AMELI framework with the purpose of increasing its expressiveness
and flexibility. Garcia-Camino et al. (2005), for example, enrich the norms of
ISLANDER/AMELI to include an explicit representation of obligations, prohibitions and permissions with conditional and temporal restrictions (deadlines).
Moreover, they relax the assumption that norms can never be violated and introduce sanctions to punish agents that do not abide by the norms. This implies an
enforcement rather than a regimentation strategy of the norms. The meaning of
the syntactical constructs introduced in (Garcia-Camino et al., 2005) is explained
by means of an implementation in the rule-based programming language Jess.
In both aforementioned approaches to electronic institutions the norms can
only express which communicative acts an agent is obliged (permitted or forbidden) to perform. To overcome this limitation, the extension presented in (GarciaCamino et al., 2005) has been further extended by Silva (2008) to also include
norms that refer to non-dialogical actions. That is to say, actions that do not relate to the interaction between agents, but are performed in and have some effect
on an environment the agents act upon. This allows for the expression of normative statements that describe a situation that should be established (or avoided)
without referring to the actions that were used in reaching this situation. An example of such a normative statement is: “the total size of all uploaded files should
not exceed 1 Gigabyte.” There are many possible sequences of actions to reach
a situation in which we exceed this limit, e.g. uploading one file of more than 1
Gigabyte, uploading two files of 600 MegaBytes, etcetera. With only actions to
refer to such normative statements are hard (or even impossible) to express!
Norm-Governed Computational Societies in the Event Calculus and C+
Another example of work that uses normative concepts to regulate the behavior
of agents is the work of Artikis et al. who employ two formalisms for specifying
and executing normative system specifications, viz. normative specifications in
the event calculus (Artikis et al., 2009; Artikis and Sergot, 2010) and normative
specifications in the action language C+ (Artikis et al., 2009).
Event calculus is a logic programming formalism for representing and reasoning about actions (events) and their effects. Normative concepts including
conditional obligations, conditional permissions and sanctions are directly specified in the event calculus. The programmer gives meaning to these normative
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concepts through a set of rules (axioms) that are programmed in the event calculus. Suppose, for example, we are to express that when a merchant M is offering
a good G for price P at time T , then an accept action performed by costumer C
will initiate an obligation to pay for the good. This obligation is revoked when the
costumer performs the payment action. This can be specified in event calculus as
follows:
initiates(accept(C, M, G, P ), obl(C, pay(C, M, G, P )) = true, T ) ←
holdsAt(of f ered(M, G, P ) = true, T )

(2.1)

initiates(pay(C, M, G, P 0 ), obl(C, pay(C, M, G, P )) = f alse, T ) ←
holdsAt(obl(C, pay(C, M, G, P )), T ), P 0 ≥ P

(2.2)

Violation of an obligation and the circumstances under which sanctions should be
applied are defined in a similar fashion. A normative specification programmed
in the event calculus is directly executable and the semantics of this program is
thus determined by the semantics of the event calculus.
The implementation of a normative program in the C+ action language proceeds in a similar fashion as implementing normative systems in the event calculus; the program is programmed directly in C+ and the normative concepts
obtain their meaning through the axioms as defined by the programmer. The
C+ specification can then be executed by the Causal Calculator (CCalc) software
tool.
A particular strength of the CCalc are its prediction, planning and postdiction facilities. These enable (amongst others) the possibility to directly prove
properties about a C+ normative program in an automated way. This allows a
designer to verify, at design-time, whether a normative program meets certain requirements, e.g. that a violation of an obligation will always be sanctioned. With
an operational semantics this is not directly possible; to facilitate such automated
verification tasks the operational semantics first needs to be implemented, see for
example (Aştefănoaei et al., 2008; Dennis et al., 2009).
A key feature of the approach that is taken by Artikis et al. is that a normative
program is directly implemented in the event calculus/C+. The meaning of the
normative concepts thus depends on the axioms that are programmed by the
designer of the system. This gives a lot of freedom to the programmer in specifying
the semantics of the normative concepts, but at the same time this implies that
there is not one clear semantics attributed to the normative concepts the system
designer can rely upon. Further, what can be implemented is restricted by what is
expressible (syntactically and semantically) in these formalisms. It is, for example,
not clear how (and if) the constructs for changing a set of norms at run-time
(presented in chapter 6) can be implemented in the event calculus/C+. In this
thesis, we do not commit to a particular implementation formalism. We are
interested in defining the syntax and operational semantics of a set of dedicated
programming constructs by which normative programs can be implemented.
Another important observation to note (why this is important will be explained
later on) is that similar to most work on electronic institutions (except for (Silva,
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2008)), the normative concepts that are introduced in (Artikis et al., 2009; Artikis
and Sergot, 2010) refer to actions an agent is obliged or permitted to perform.
In (Sergot and Craven, 2006), however, Sergot and Craven extend the action
language C+ to include a native deontic component. In this extension it is also
possible to express which states are obliged/permitted.
Commitment-Based Approaches
Another normative concept that shows a strong relationship with the notions of
obligation and prohibition and that is often found in the area of computational
multi-agent systems is that of commitment. Examples of this work on commitments are (Singh, 1999; Yolum and Singh, 2002; Fornara and Colombetti, 2009;
Torroni et al., 2009). Even though (just like other normative concepts!) there
seems to be no consensus on the exact meaning of a commitment, an often found
interpretation is that they are obligations that are directed from one agent to another (Torroni et al., 2009). Commitments come in two forms: unconditional and
conditional commitments. An unconditional commitment is of the form C(x, y, p)
meaning that the debtor x commits to creditor y to bring about the condition p.
A conditional commitment is a four-tuple CC(x, y, p, q) with the intuitive reading that if the condition p holds, then x will be committed to bring about the
condition denoted by q.
Central to the approach of commitments is that agents manipulate them by
means of special designated actions. More specifically, in (Singh, 1999) six actions
are provided for manipulating commitments. Given that x, y, z are agents and c, c0
are commitments, commitments can be manipulated through the following actions
(taken from (Torroni et al., 2009)):
create(x, c) establishes the commitment c. This operation can only be performed
by the debtor of the commitment.
discharge(x, c) resolves the commitment c. The discharge operation can only be
performed by the debtor of the commitment to mean that the commitment
has successfully been carried out. Discharging a commitment terminates
that commitment.
cancel(x, c) cancels the commitment c. The cancel operation is performed by the
debtor of the commitment. Usually, the cancellation of a commitment is
accompanied by the creation of another commitment to compensate for the
cancellation.
release(y, c) releases the debtor from the commitment c. It can be performed by
the creditor to mean that the debtor is no longer obliged to carry out his
commitment.
assign(y, z, c) assigns a new agent as the creditor of the commitment. More
specifically, the creditor of the commitment c may assign a new creditor z
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to enable it to benefit from the commitment. Operationally, commitment c
is eliminated and a new commitment c0 is created for which z is the creditor.
delegate(x, z, c) is performed by the debtor of commitment c to replace itself with
another agent z so that z becomes responsible to carry out the commitment.
Similar to the previous operation, commitment c is eliminated, and a new
commitment c0 is created in which z is the debtor.
Even though in (Singh, 1999) the relation between commitments and other
normative concepts has been discussed, there still seems to be little (or no) consensus on their relation. Commitment-based approaches are particularly tailored
towards modeling obligations between agents that arise from inter-agent communications and not so much towards expressing more abstract norms. It is, for
example, difficult to see how a sentence saying that every paper that has been
submitted to a conference should be reviewed by minimally three reviewers can be
expressed by a commitment. It is these kind of normative statements we are interested in, in the context of this thesis. Moreover, commitment-based approaches
assume agents to be capable of manipulating commitments directly, whereas in
this thesis we will be primarily investigating the manipulation of obligations and
prohibitions by an organizational framework, rather than by agents directly. A
further discussion of the difference (or similarity) between the concept of commitment and other deontic concepts is beyond the scope of this thesis.
A Normative Programming Language based on Counts-As Rules
Inspired by the observation made by Grossi (2007) who has shown that countsas rules can be used to express regulative norms also, in earlier work (Dastani
et al., 2008, 2009) we presented a normative programming language based on
counts-as rules. Inspired by Searle (1995) brute facts (first-order atomic formulae)
describe the domain specific state of the environment agents act upon. Agents
may manipulate the brute facts, e.g. uploading a paper in a database by means
of performing actions. The normative program specifies how the brute state
may evolve under the performance of actions. Counts-as rules are then used to
normatively assess the brute facts and label a state with a normative judgment
marking brute states as, for example, good or bad. For example a counts-as rule:
paper(X, P ages) ∧ P ages ≥ 15 => viol(X, P ages, pagelimit)

(2.3)

states that uploaded papers that exceed 15 pages are marked as a violation of
the page limit. The normative judgments about the brute state are stored as
institutional facts, again taken from Searle (1995). To motivate the agents to
abide by the norms, certain normative judgments might lead to sanctions which
are imposed on the brute state. For example, rejecting a paper that violates the
page limit by removing it from the database, which is expressed by a rule:
viol(X, P ages, pagelimit) => not paper(X, P ages)
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(2.4)

Although this language is not as expressive as the normative languages we have
discussed above in the sense that is lacks an explicit representation of the concepts
of obligation, prohibition and deadline, it has two notable features. Firstly, similar
to many agent-oriented programming languages, the syntactical constructs of the
normative programming language are underpinned by an operational semantics
(Plotkin, 1981). This has the advantage that the meaning of the language can
be thoroughly described in a mathematical way that does not suffer from the
ambiguity of natural language. Another benefit of an operational semantics is
that it opens the way for model checking and formal verification. See for example
(Dastani et al., 2008; Dennis et al., 2009) for work in this direction. Secondly,
similar to the work of (Silva, 2008) our counts-as based language refers to states
that agents can achieve in an environment they act upon, rather than actions.
The rationale thereof has been explained above, and will be further explained in
chapter 4 in which we extend the language to include an explicit representation
of conditional obligations and deadlines. The solution provided in that chapter,
however, does not share the capability of (Dastani et al., 2008, 2009) to express
constitutive norms also. Another extension of the counts-as language can be found
in (Tinnemeier et al., 2009a) in which we proposed the use of temporal operators
(Emerson, 1990) in the antecedent of the counts-as rules. However, despite its
expressiveness it turned out that this language demands advanced mathematical
skills from the programmer. The normative language presented in chapter 4 is
more practical in its use.
The Deontic Aspect of MOISE+
S-MOISE+ (Hübner et al., 2006b) is an organizational middleware following the
MOISE+ model (Hübner et al., 2002). Besides a structural aspect defining the
structure of an organization in terms of roles and inter-role relationships (more
about that later on) and a functional aspect, the MOISE+ model includes a deontic aspect pertaining to the normative dimension of an organization. Because of
the intimate relationship of the deontic dimension with the functional dimension,
we first need a better understanding of MOISE+’s functional dimension.
MOISE+’s functional aspect is concerned with the functioning of the organization. It provides the agents with information about how more abstract, top-level
goals (for instance, scoring a soccer goal by a team of players) can be achieved,
and how agents should work together in reaching these goals. In particular, it
specifies social schemes, a kind of global plans that are stored in the organization, describing which sub-goals should be achieved and in which order to reach
the top-level goal. Coherent sets of sub-goals of a scheme, i.e. goals that coherently belong together forming a single task, are grouped together by so-called
missions. At the deontic dimension of MOISE+ it is specified to which missions
(coherent sets of goals) an agent (playing a certain role) is permitted or obliged
to commit. More precisely permissions are of the form per(r, m, tc) in which r is
the role an agent plays, m is the mission the agent playing role r may commit
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to and tc is a time-constraint specifying a set of periods during which this permission is valid, e.g.: every day, from 14h to 16h. Obligations are of the form
obl(r, m, tc) meaning that an agent playing role r is obliged to commit to mission m during time period tc. A key aspect of the MOISE+ approach is that
obligations and permissions do not refer to (communicative) actions that must
(or may) be performed, but to goals as often used in agent programming, i.e. a
declarative description of a situation to be achieved. This way an organizational
middleware can be better integrated with agent-oriented platforms, as done in
J-MOISE+ (Hübner et al., 2007) in which Hübner et al. integrate the MOISE+
middleware with the agent-oriented programming language Jason (Bordini et al.,
2005). The S-MOISE+/J-MOISE+ middleware informs agents about the missions they are obliged to commit to, when the goals4 belonging to their missions
should be pursued and prevents them (in the sense of regimentation) from committing to missions they do not have permission to. S-MOISE+, however, lacks a
monitoring mechanism to detect whether the agents actually fulfill the goals belonging to their obligated missions; it is the agent’s own responsibility to inform
the middleware about achieved goals. S-MOISE+ is thus somewhat constrained
to agents that are benevolent with respect to the organizational goals.
The organizational concepts used by the MOISE+ approach are not underpinned by a formal semantics. In a recent paper (Hübner et al., 2010), however,
Hübner and colleagues propose a simple normative language underpinned by an
operational semantics (Plotkin, 1981), in which the norms are expressed as conditional rules of the form ϕ− > ψ. The consequent of the norm is either an
obligation that should be created in case ϕ holds, or contains a special proposition with predicate f ail to denote that the situation described by ϕ should be
regimented. The condition of a rule ranges over facts that describe the situation
of the MOISE+ middleware, for example which agents are committed to which
missions and which goals are achieved. The idea is that the semantics of many
concepts (such as commitment to a goal or a mission) as used in the MOISE+
modeling language can be explained by (automatically) translating them to the
normative language. For example, the concept of being committed to a goal can
be explained in terms of a (simplified) norm:
committed(A, M, S)&goal(M, G, D)&ready(S, G)− >
obligation(A, achieved(S, G, A), ‘now0 + D)

(2.5)

meaning that when agent A is committed to a mission M of scheme S, and mission
M includes goal G, and the goal is ready to be pursued next, the agent will be
obliged to achieve the goal before its specified deadline D. It is important to note
that in (Hübner et al., 2010) it is merely shown that the semantics of various
concepts of MOISE+ can be explained in this way. No extensive analysis of the
semantics of all MOISE+’s concepts is provided.
4 It should be noted that Jason does not have native support for declarative goals (Hübner
et al., 2006a).
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2.5

Roles and Organizational Structure

Shakespeare’s “all the world is a stage, and all men and women are merely actors”
seems to fit well on every day life. During a typical day we naturally play many
different roles, e.g. when commuting by train we play the role of passenger, when
at work we act in the roles of employee, researcher, author and reviewer, and
when shopping on the Internet we take on the role of customer. Etymologically,
the word “role” derives from the same word as the English word “roll”, namely
from the Latin word “rotula” meaning “small wheel”. In theater the word role
was used to denote the role of papyrus on which the script for an actor was
written. This theatrical metaphor, in which actors generate predictable behavior
as they play by a script, has been applied by social scientists to explain social
systems. Within the field of sociology there seems to be little consensus on what
constitutes a role (see (Biddle, 1986) for a survey of the different views). As our
interest lies in using the concept of role to build software instead of explaining or
simulating social reality, the definition of Britannica online encyclopedia seems to
fit our needs best. In Britannica a role is defined as:
“the behavior expected of an individual who occupies a given social
position or status. A role is a comprehensive pattern of behavior that
is socially recognized, providing a means of identifying and placing an
individual in a society. It also serves as a strategy for coping with
recurrent situations and dealing with the roles of others (e.g., parentchild roles). The term, borrowed from theatrical usage, emphasizes
the distinction between the actor and the part. A role remains relatively stable even though different people occupy the position: any
individual assigned the role of physician, like any actor in the role of
Hamlet, is expected to behave in a particular way. An individual may
have a unique style, but this is exhibited within the boundaries of the
expected behavior.
Role expectations include both actions and qualities: a teacher may be
expected not only to deliver lectures, assign homework, and prepare
examinations but also to be dedicated, concerned, honest, and responsible. Individuals usually occupy several positions, which may or may
not be compatible with one another: one person may be husband, father, artist, and patient, with each role entailing certain obligations,
duties, privileges, and rights vis--vis other persons.”

2.5.1

The Characteristics of Roles in Computer Science

As we have seen in the introduction, within the area of computer science the
concept of role has gained much attention and a myriad of different uses can be
found of which some show striking similarities with above description. An extensive overview of the use of roles in the field of computer science has been given
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by Steimann (2000) who identifies a list of features by which various approaches
to the concept of role found in data modeling and object-orientation can be classified. Here, we repeat some of the (possibly mutually exclusive) features listed
in (Steimann, 2000) that can also be fruitfully applied for classifying different
approaches to roles in the field of multi-agent systems:
1. An object may play different roles simultaneously. This is regarded as one
of the most broadly accepted properties of the role concept.
2. An object may play the same role several times, simultaneously. Just like
previous point a fundamental finding. A frequently encountered example is
that of an employee holding several employments.
3. An object may acquire and abandon roles dynamically.
4. The sequence in which roles may be acquired and relinquished can be subject
to restrictions. For example, a person can become a teaching assistant only
after becoming a student.
5. Objects of unrelated types can play the same role.
6. Roles can play roles. This mirrors the condition that an employee (which
is a role of a person) can be a project leader, which is then a role of the
employee (but also another role of the person, although only indirectly).
A rather technical subtlety that seems to require that roles are themselves
instances.
7. A role can be transferred from one to another. It may be useful to let
a concrete role dropped by one object be picked up by another, or even
to specify the properties of a concrete role without naming a particular
role player. For example, the salary of an open position may be specified
independently of the person that will be employed.
8. Roles restrict access. When addressed in a certain role, features of the object
itself (or of other roles of the object) remain invisible.
9. An object and its roles share identity. In the object-oriented world this
entails that an object and its roles are the same.
Whatever features addressed to a role, the common assumption is that the role
metaphor accords better with how we conceive and structure the world around
us.

2.5.2

Roles in Multi-Agent Systems

Also within the field of multi-agent systems, that heavily leans on metaphors
borrowed from social theories, the role metaphor has been picked up by many
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researchers. Indeed, roles are a recurring concept in agent development methodologies (for example (Ferber et al., 2003; Odell et al., 2003; Wooldridge et al.,
2000; Dignum, 2004)) and they are first-class abstractions in several approaches
to implementing computational multi-agent systems (for example (Baldoni et al.,
2005), (Baldoni et al., 2007, 2008; Dastani et al., 2004b), and the work of (Esteva
et al., 2004), (Hübner et al., 2007)). Just as is the case within the area of computer science, a host of different interpretations of the role concept witnesses the
lack of consensus on a crisp definition. The only consensus there seems to be in
the area of multi-agent systems is that roles allow us to abstract away from the
individuals that will play them. This is a particularly useful characteristic in the
development of open systems in which no assumptions can be made about the
internals and behavior of the agents that will interact with it. In what follows
we give a succinct (non-exhaustive) overview of the different interpretations of
the role concept and their use within the area of agent research (appearing in no
particular order).
Agent Group Role
In the Agent Group Role (AGR) design model proposed by Ferber and colleagues
(2003) a role is conceived as the abstract representation of a functional position
of an agent. Roles are used to specify organizations and their structure without
committing to particular agents that will enact these roles. Agents always act in
a role and can play multiple roles at the same time. Moreover, one role can be
played by several agents. In AGR the organization is partitioned in groups to
which the roles and agents playing them belong. Communication between agents
is limited to the members of a group, i.e. only members of the same group may
interact. The organization can be further structured by means of constraints
(e.g. cardinality and dependency between roles) and communication protocols
describing sequences of messages that flow between roles. In AGR roles do not
have a structure; they are merely placeholders for agents used for specifying the
organizational structure abstracting away from the agents that will play them.
Roles and organizational rules in the GAIA design methodology
According to the Gaia methodology (Wooldridge et al., 2000) for designing multiagent systems a role is an abstract description of the expected functionality to
be fulfilled by the individual taking up the role. Differently from the AGR model
a role has a structure. More specifically, a role is characterized by two types of
attributes: 1) permissions describing which resources may or may not be used
while carrying out the role; and 2) responsibilities stating the tasks that should
be carried out by the player. In Gaia, links between roles are captured by the
interaction model, defining the sequences of interactions that may take place
between roles.
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More elaborate mechanisms for capturing the organizational structure are presented in (Zambonelli et al., 2001a) by Zambonelli et al. They propose organizational rules for (amongst others) specifying global constraints and relationships
between roles. For example, that two roles cannot be played by the same agent
or cardinality constraints stating that a role should be played by a certain number of agents. These organizational rules provide a fine-grained mechanism for
specifying the inter-role relationships and constraints.
Roles per AMELI and MOISE+
In many approaches to computational organizational frameworks (cf. the earlier
mentioned AMELI framework (Esteva et al., 2004) and the S-MOISE+ framework
(Hübner et al., 2006b)) the concept of role is used, comparable to RBAC, as a label
to assign normative concepts such as obligations, prohibitions and permissions to
agents based on the roles they play. The rationale is the same as in agent design
methodologies. That is, we can express the structure and functionality of a multiagent system abstracting away from the agents that will reside in it. Agents then
enact these roles at run-time and all the organizational rules and norms that are
associated to the role will be assigned to the agent playing it.
Just as in the design models, various properties of roles can be addressed
to further specify the structure of an organization. In AMELI, for example,
it is possible to specify incompatibility between roles, meaning that two roles
cannot be played by the same agent at the same time. In S-MOISE+ more
inter-role relationships can be defined. For example, compatibility, authority,
communication, and acquaintance links can be specified between roles to further
constrain the organizational structure and the behavior of the agents playing
the roles. A compatibility relation between two roles r1 and r2 means that an
agent playing role r1 is also allowed to play role r2 . If two roles are connected by a
communication link, this implies that agents playing this role may communicate to
one another. An authority relationship from a role r1 to another role r2 means that
the agent playing r1 has authority over the agent playing role r2 . An acquaintance
link from a role r1 to a role r2 means that an agent playing role r1 is allowed to
have a representation of the agent playing role r2 5 . To further constrain the
structure of the organization, cardinality constraints may be associated to the
roles to define the maximum and minimum number of agents a role is supposed
to be played by.
A key aspect of these approaches in specifying organizational constraints, is
that they are often defined as hard constraints that cannot be violated by the
agents. This pertains to a regimentation of the organizational structure. An
exception to this statement is the work of Hübner et al. (2010) who propose to
define the structural constraints provided by the MOISE+ model in terms of
norms (as discussed above). This implies that by using an enforcement strategy
5 What is meant by having a representation of an agent and having authority over an agent
is not defined in (Hübner et al., 2002, 2006b).
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of the norms structural constraints may be violated. The interesting idea of
using norms to express organizational constraints is illustrated by showing one
example of how to express a cardinality constraint. From (Hübner et al., 2010) it
is, however, not clear how other constraints such as the incompatibility between
roles can be expressed having only obligations. Based on the same idea (which
we also proposed in (Tinnemeier et al., 2009a)) we will explore the possibilities of
expressing various structural constraints as norms in chapter 5.
Roles for Agent-Oriented Programming
Dastani et al. (2003; 2004b) present a richer account of roles in the context of
agent-oriented programming. In their formal investigation, a role is attributed
mental attitudes that can also be found in agent programming, namely beliefs,
goals and planning rules. A role’s beliefs specifies the information an agent receives when taking up the role. Its goals specify the states the agent playing the
role wants to achieve, e.g. to have bought a good when enacting a buyer role. The
planning rules that are typically used for agents to generate plans for reaching
their goals and adopting new goals depending on the current situation, are in the
context of roles used to express different types of norms. For example, a conditional obligation to pay for received goods can be expressed by a planning rule
that generates a goal (or action) to pay if a belief can be derived that the good is
received. Agents that enact a role internalize the beliefs, goals and planning rules.
By activating a role (initially a role is inactive and only one role can be active at
a time) the role’s components are executed simultaneously with the agent’s own
beliefs, goals and planning rules. The role’s mental attitudes may thus influence
the agent’s mental attitudes.
Organizations as Socially Constructed Agents
Another example of attributing mental attitudes to roles can be found in the work
of Boella and Van der Torre (2004) who, in modeling an organization, conceive it
as a “socially constructed agent”. The idea is that agents may describe an organization as if it was an agent having its own goals and beliefs. More specifically,
an organization can be decomposed into functional areas, e.g. a university can be
decomposed in a direction area and different faculties which each can be further
decomposed in departments. Each functional area can be attributed mental attitudes, and at the lowest level we find the roles that can be played by agents, e.g.
students, lecturers and the dean. The main advantage of viewing an organization
as an agent is that an organization itself can create other social entitities by attributing mental attitudes to them. This way organizations can be hierarchically
decomposed; an organization can recursively define sub-organizations and roles
by describing them as agents.
Similar to (Dastani et al., 2003, 2004b) roles can also be attributed a mental
state, but differently from (Dastani et al., 2003, 2004b) a is linked to the organi53

zation. The idea behind considering an organization as an agent is close to the
fact that (in the real world) organizations can act as legal entities that can act
like agents, albeit via their representative(s) playing roles in the organization. It
is, however, important to note that Boella and Van der Torre do not suggest that
an organization is actually built in terms of mental constructs:
”socially constructed agents do not exist, but they are only used in
the design analysis to structure an organization. At the end of the
process there are only human or software agents which, to coordinate
their behavior, behave as if they all attribute the same beliefs, desires
and goals to the organization.” (Boella and Torre, 2004)
PowerJADE
Building on amongst others powerJava Baldoni et al. (2005; 2007) provide an
extension of the JADE (Java Agent DEvelopment) framework (Bellifemine et al.,
2007) to encompass organizations and roles as first-class abstractions in agent
systems (Baldoni et al., 2008, 2009). Like in powerJava a role is defined as an
intrinsic part of an organization providing its player powers to act upon the organization. Further, similar to powerJava a power may require certain requirements
(or capabilities) from the agent invoking the power. In powerJADE, however,
these powers and requirements are not implemented as methods of the class implementing the role, but as JADE behaviors associated to the role. In JADE a
behavior defines a task that an agent can carry out and is implemented as an
object of a class. The powerJADE middleware provides mechanisms allowing to
define protocols for (de-)enacting and (de-)activating roles and allowing agents to
invoke powers and powers to invoke requirements in an asynchronous manner.

2.6

On the Notion of Power

Before we end this chapter by providing a general discussion on the matters
discussed, it is worth pointing out a notion that has been ubiquitously present
throughout this chapter, but has not been mentioned explicitly thus far. It is the
notion of power we are referring to here. In general, the concept of power as used
within the context of a multi-agent system can be interpreted as the ability of an
agent to accomplish its goals at will, cf. (Castelfranchi, 2003).
The first implicit use of the notion of power we encountered in this chapter
is explained by Weyns’ observation (Weyns et al., 2007) that an environment
typically encapsulates resources and provides functionality the agents may use in
reaching their goals. By providing actions the agents may perform to physically
change the environment (e.g. deleting a file from the computer’s hard-drive or
moving a physical obstacle by a robot arm in the real world) it gives the agents
new powers. This role of power will be the subject of chapter 3.
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Not only the environment may give the agents means to achieve their goals,
also an organization may provide the agents with new capabilities in the form
of institutionalized powers as Jones and Sergot (1996) call them. An example
provided by Artikis clarifies the intuition behind the notion of institutionalised
power:
“in an auction house, the auctioneers utterance of the speech act “the
item x is sold” counts as, in the auction house, a way of establishing
that item x is sold. One then says that the auctioneer has the power,
or is empowered, within the auction house, to establish that item x is
sold. The same action performed by an agent without this power has
no effect.” (Artikis, 2003)
What distinguishes institutionalized powers from the powers that are provided by
the environment is that “physical” powers allow the agents to change the brute
state by providing physical actions (as Jones and Sergot call them), whereas
institutionalized powers allow the agents to establish institutional facts (e.g. an
item begin sold) that have specific meaning in the organization. Remark the
use of “counts as” in Artikis’ example. Indeed, Jones and Sergot (1996) use the
counts-as rules we discussed before to formalize the notion of institutionalized
power. This is the second notion of power we encountered thus far. Remember,
that in this dissertation we will not consider constitutive norms.
A third way the concept of power has appeared in this chapter is via the
concept of role. The powers (either physical or institutionalized) an agent can
exercise usually depend on the roles they play. The role an agent plays may for
example appear in the pre-condition of an action or the antecedent of a counts-as
rule. By enacting roles, an agent thus obtains new powers. That there are also
other, more sophisticated ways through which agents are empowered by the roles
they play is demonstrated, for example, by the approach taken by powerJava in
which
“the actions defined for the role in the definition of the institution
have access to the state and actions of the institution and to the other
roles state and actions: they are powers.” (Baldoni et al., 2005)
Also the interpretation of roles we propose in chapter 5 gives the agents new
powers.

2.7

Discussion

In this chapter we have discussed the key issues involved in the development of
multi-agent systems in which possibly unknown agents dynamically enter and
exit and perform their (inter)actions in a shared environment. One of the major
issues in the development of such systems is how to coordinate and regulate the
behavior of the individual agents in order to guarantee a correct behavior of the
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system as a whole. We have shown that the exploitation of coordination media
having organizational concepts such as roles and norms as first-class abstractions
are seen as a potentially powerful candidate to overcome this issue. Indeed, a
vast amount of organizational frameworks that are centered around the concept
of role and norm have been proposed to date.
Despite the great amount of work in this direction we still observe some major
limitations that need to be overcome to fully exploit the potential of organizational frameworks in the development of multi-agent systems. Most of them are
related to the gap between agent-oriented research and research in the direction of
organization-oriented approaches we mentioned in the introduction of this thesis.
In the next chapters in which we aim to overcome these limitations, they will be
discussed in more detail. Without getting into too much detail, we observe the
following major limitations that will be addressed in this thesis:
1. First and foremost, we observe that none of the approaches to organizationoriented multi-agent systems is underpinned by a formal operational semantics (Plotkin, 1981), whereas many agent-oriented approaches are. An
exception is our own work (Dastani et al., 2008, 2009) and the work of
Hübner et al. who provide an operational semantics of some parts of the
MOISE+ framework (Hübner et al., 2010). An operational semantics allows us to explain the meaning of programming constructs in a rigorous
manner. The importance of this is, for example, demonstrated by the study
of Van Riemsdijk et al. (2010) who tried to capture the constructs provided
by the MOISE+ framework in a formalism. The study revealed unclarity of
some concepts, for which we blame the impreciseness of a natural language
description. Moreover, an operational semantics allows us to formally prove
some main properties the constructs exhibit. Such properties can then be
compared with properties from, for example, logical frameworks to validate
our proposal. All concepts proposed throughout this thesis will be underpinned by an operational semantics.
2. Organizational frameworks are an important part of the agents’ environment. Most existing organizational frameworks, however, are merely used
for regulating the agents’ interactions by means of normative concepts,
whereas some others are used for structuring the social relationships between the agents in terms of groups and roles. As argued by Weyns and
colleagues (2007) an environment should also (amongst other) be able to encapsulate resources and provide functionality the agents may use in achieving their objectives. In other words, it should give the agents powers to
physically change their environment. In chapter 3 we offer a solution in
which an organizational artifact may also be used to encapsulate resources
and functionality the agents may use. In chapter 5 we provide a mechanism
by which agents may obtain even more sophisticated powers by enacting
and playing roles.
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3. In many approaches to organizational frameworks the notion of norm is
one that relates to (communicative) actions an agent should or should not
perform, rather than to a declarative description of a state that should
or should not be achieved. As we shall argue in chapter 4 this does not
accord well with the concept of declarative goal that is often used in agentprogramming languages. In chapter 4 we develop a solution that takes a
declarative view on norms.
4. The dynamics of the concepts of role and norm is intimately related with the
structure of the concepts. Agents, for example, may dynamically enact and
de-enact roles at run-time. Moreover, deontic concepts such as obligations
and permissions are dynamically created. However, despite the observation
that a static view in which the specification of the norms is defined at design
time and cannot be modified at runtime does often not suffice (Castelfranchi,
2000; Boella et al., 2006; Dignum, 2009b), little work has been done up to
now to support the run-time modification of the norms. Being able to dynamically adjust the set of norms that has been put in place at design-time
allows us to better cope with the actuality of the running system resulting
from the exact nature of the agents’ behavior. In chapter 6 we develop a
solution to overcome this issue. Because the issues involved w.r.t. computational norm change are better explained after having presented our own
representation of norms, a discussion thereof as well as a discussion of organizational frameworks that do support run-time norm change is postponed
to chapter 6.
5. There are many different interpretations of the concept of role, and a crisp
definition is still lacking. Most organizational frameworks take a very simple
view in which a role is merely a label, but other approaches have shown
that a role can be a computational entity with its own state and behavior.
Research from the direction of agent-oriented programming has even shown
that roles may be constructed by agent-oriented concepts such that agents
can reason with them. In chapter 5 we will use the approaches to roles
discussed in this chapter to identify the key properties the concept of role
should exhibit for efficiently constructing agent organizations and reducing
the gap between agent concepts and organizational concepts.
6. The organizational structure is to a large extent encompassed by various
constraints on the roles, e.g. a constraint that a role cannot be played by the
same individual at the same time. In current approaches such constraints
are typically expressed as hard-constraints that cannot be deviated from
(cf. regimentation). Such an approach limits the agents’ autonomy and
also the flexibility of the organizational artifact. In chapter 5 we investigate
to what extent the violable norms in chapter 4 are suitable for expressing
these constraints.
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7. Agents are faced with choices about what to do next, e.g. executing a plan
to reach a goal or updating beliefs on the basis of incoming percepts. The
best order in which agents perform such activities is application-dependent
and is encoded by their deliberation cycle. An organizational artifact is
faced with comparable decisions about how to perform its activities, e.g.
enforcing all norms versus enforcing only some in time critical systems.
Indeed, in (Aştefǎnoaei et al., 2009a) different strategies are discussed for
enforcing a set of norms. Inspired by the notion of a deliberation cycle we
introduce a coordination cycle (in chapter 3), by which an organizational
artifact determines what to do next.
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Chapter

3

Setting the Scene:
Organizational Artifacts

I

t has been variously stressed that the environment plays an important role in
the engineering of open multi-agent systems, see for example (Weyns et al.,
2007; Ricci et al., 2006, 2007). An environment is a first-class citizen encapsulating its own domain-specific functionality and is developed independently from
the agents that reside in the multi-agent system. This functionality provided by
the environment often includes organizational infrastructures for coordinating the
agents’ interactions. This accords with the widely promoted organization-centric
view on multi-agent systems, cf. (Jennings, 2000; Zambonelli et al., 2001b; Ferber et al., 2003; Grossi, 2007; Dignum, 2009a), in which a multi-agent system is
designed and analyzed using an explicit notion of social concepts such as roles
and norms.
In this chapter we set the scene for building organization-centric multi-agent
systems by introducing the notion of organizational artifact (previously introduced in (Dastani et al., 2008) and further discussed in (Dastani et al., 2009;
Tinnemeier et al., 2009a,b,c, 2010)); a computational entity that is deployed in
the environment of a multi-agent system and implements the organizational aspect. In particular, the main contributions of this chapter are as follows:
• We introduce our view on organization-oriented multi-agent systems, and
explain the role of organizational artifacts in constructing them in section
3.2. Contrasting most existing organizational frameworks (see chapter 2 for
some examples) our notion of organizational artifact is able to encapsulate
resources and provide functionality the agents may use in achieving their
objectives.
• We elaborate upon the elementary programming constructs by which an or59

ganizational artifact can be programmed in section 3.3. The constructs that
will be presented in this chapter are essential for programming any organizational artifact. In later chapters we extend this language by additional
constructs that can be optionally used depending on the problem at hand.
• We discuss the intuitive meaning of the programming constructs and illustrate how they can be used by an example involving a conference management system. We introduce this example in section 3.1 and will use it
throughout the rest of the thesis in explaining the additional concepts that
are introduced in later chapters.
• A formal semantics of the programming constructs is essential for a thorough understanding of the programming language at hand. In section 3.4
we explain the meaning of the introduced constructs by means of an operational semantics. Special attention is given to the concept of organizational
coordination cycle (comparable to an agent’s deliberation cycle) that explains the order in which different programming constructs are applied by
an organizational artifact.
• Organizational artifacts pertain to the environmental dimension of multiagent systems. In the previous chapter we discussed the responsibilities
assigned to environments by Weyns and colleagues (2007). In that chapter
we also discussed Davidsson’s different degrees of openness by which multiagent systems can be categorized. In section 3.5 we discuss to what extent
our notion of organizational artifact satisfies the responsibilities assigned
to environments and how they can be deployed for programming the different types of openness. In that section we also relate our work to other
approaches to programming organization-oriented multi-agent systems.
In summary, by introducing the concepts underlying an organizational artifact
and the programming language by which we can define them, we introduce the
pillars for the organizational programming language introduced throughout this
thesis.

3.1

Conference Management System Example

To illustrate our approach of programming agent organizations we use an example
involving a conference management system. Essentially, the conference management system consists of two related parts, namely the reviewing system and the
registration system. The reviewing system has as aim to guide agents playing
the role of reviewer, chair and author in the process of uploading and reviewing
papers. The registration system is responsible for managing the registration of
conference attendants and their payment. A similar example has been used by
Zambonelli et al. (2003) in explaining the Gaia methodology. They argue that a
conference management system naturally touches upon many interesting features
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that are characterizing for multi-agent systems. For example, authors that submit
their papers are not known at design time and start their interactions dynamically at runtime. This pertains to the openness of the system. The activities of
authors and reviewers typically take place in a distributed manner. Moreover,
authors and reviewers each have their own agenda, possibly conflicting with those
of other agents participating in the system. This may result in opportunistic
and unpredictable behavior. These characteristics and the fact that a conference
management system needs little explanation in the face of our audience, motivate
our choice for this example.
The reviewing system goes through different phases in which activities take
place. Initially, the system is closed. Opening the system will put it in the phase
in which abstracts can be uploaded. Authors should first register their abstracts
before papers can be uploaded. Uploading an abstract will assign an author a
unique number by which papers are identified. After the abstract phase comes
the submission phase in which authors can upload their contributions. After the
submission phase ends, the review phase starts in which the chair assigns reviewers
papers to review. During this phase reviewers can upload their reviews. Reviews
are collected and decisions are made about which papers will be accepted in the
collect phase. When decisions have been made for each paper, the notification
phase starts in which the authors are notified. Finally, when all authors are
notified, the registration phase starts in which authors of accepted papers are
expected to register for the conference. For this example we assume that only the
chair can cycle between different phases.
Just like the reviewing system, the registration system goes through different
phases. It is closed initially, meaning that registration is not yet possible. The
system is automatically opened when the reviewing system is put in the notification phase. Opening the system will start the early registration phase in which
the participation fee is lower than the normal fee to be paid in the registration
phase that comes after the early registration. Finally, registration is no longer
possible when the system is closed, e.g. some time prior to the conference or when
all tickets are sold out. It should be noted that the early registration phase of the
registration system is in sync with the notification phase of the reviewing artifact
and that the registration phase of the registration system is in sync with the registration phase of the reviewing system. All phases the conference management
system can be in and their transitions are summarized in figure 3.1.

3.2

Organizational Artifacts

In this section we explain our view on organization-oriented multi-agent systems.
In particular, we introduce the notion of organizational artifact and their core
building blocks. Moreover, we discuss the need for an organizational coordination
cycle that explains the activities an organizational artifact employs as a result of
the agents’ interactions.
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rev.registration

reg.registration

start(registration)
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start(registration)
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reg.early

early

rev.collect

• reg.closed

close

Figure 3.1: The different phases the conference management system goes through
depicted by a state chart. The system is composed of two (synchronized) systems
that run in parallel (as denoted by the dotted line). All the phases of the reviewing
system are shown above of the dotted line, and that of the registration system
below. A dot in a state denotes an initial state.

Multi-agent Systems and Organizational Artifacts
A multi-agent system, as we conceive it, is composed of a collection of agents and
a collection of organizational artifacts as illustrated by figure 3.2. The agents are
heterogeneous, meaning that they are possibly implemented by different parties
using different programming languages. To reach their goals, agents interact
with each other and may exploit the functionality provided by the organizational
artifacts. To explain the intuition of an organizational artifact recall the definition
of an artifact as coined by Ricci et al. who define an artifact as:
“a computational device populating agents’ environment, designed to
provide some kind of function or service, to be used by agents – either
individually or collectively – to achieve their goals and to support their
tasks.” (Ricci et al., 2006)
Our notion of an organizational artifact can be seen as a specialization of an
artifact as defined in (Ricci et al., 2006) with the additional purpose to regulate
the agents’ interactions. We (informally) define an organizational artifact as:
“An organizational artifact is an artifact that uses an explicit notion
of organizational abstractions to coordinate and regulate the agents’
behavior.”
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Figure 3.2: Conceptual representation of a multiagent system consisting of a
heterogeneous collection of agents interacting with organizational artifacts. The
interactions between agents consist of communication messages, the interactions
between agent and artifact of messages (from artifact to agent) and actions (from
agent to artifact), and the interactions between artifacts consist of actions solely.

Organizational Artifact Building Blocks
A (simplified) conceptual representation of the internals of an organizational artifact is depicted by figure 3.3. As can be seen from this figure some parts of
an organizational artifact are mandatory, whereas other parts can be optionally
added depending on the specific application the artifact is deployed for. This
allows for a greater flexibility in choosing the right abstractions for a particular problem domain. Each organizational artifact encapsulates a domain-specific
state and function, e.g. a database and accompanying operations to store information about submitted papers for the conference management system example.
The domain-specific state is modeled by a set of brute facts, taken from Searle
(1995). These facts store, for instance, information about which papers have
been uploaded and which phase the system is in. The artifact’s functionality
that agents may exploit to reach their goals is provided by actions that can be
invoked by the interacting agents. Agents can perform actions to modify the
brute state, e.g. for uploading a paper or a review and actions for communicating
with other agents interacting with the organizational artifact, e.g. the chair may
inform each reviewer about which papers to review. The effects actions have on
the brute state are described by so-called effect rules. Effect rules specify which
brute facts should be asserted or retracted as a result of performing an action.
Effect rules thus empower (Castelfranchi, 2003) the agents to alter the artifact’s
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norm dynamics

normative concepts

scheme change rules,

schemes, instances,

instance change rules

sanction rules

positions

coordination
cycle

brute facts

institutional facts

Figure 3.3: A (simplified) conceptual representation of the internals of an organizational artifact. Optional concepts (e.g. norms, positions) are outlined with a
dashed border. Solid arrows denote the reading and modification of the concepts
as explained in more detail below. Dotted arrows denote actions and messages
between agent and artifact.

physical state as described by the brute facts.
The operations by which agents may change the internal state of the artifact
may also have side effects in the form of communication messages sent to other
agents and actions performed upon other artifacts. By allowing an artifact to
send communication messages to other agents, the artifact can function as a communication medium. That is, agents can send messages to other agents without
needing to know their identity. Moreover, the artifact can provide agents feedback on the result of their actions by sending them a message. Allowing artifacts
to act upon each other enables information sharing across different artifacts; by
performing an action an artifact may automatically update the status of another
artifact upon a change of its own state. It is important to emphasize that the side
effects of sending messages and executing actions only occur as a consequence of
an agent performing an action upon the artifact. An artifact merely reacts to
agents’ actions. It does not perform actions and does not send messages on its
own initiative. Organizational artifacts thus not have a high level of autonomy,
which distinguishes them from agents.
From the artifact’s point of view, agents are treated as black boxes, i.e. no
assumptions are made about their internals and no control can be exerted over
their internal state. Although our approach is specifically tailored to BDI-oriented
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agents, a multi-agent system may also include active entities that implement tasks
and processes that are better implemented by a traditional software engineering
approach rather than an agent-oriented approach, e.g. a dedicated process that
performs an action updating the state of an artifact at settled times.
When little can be assumed about the internals of the agents interacting with
an artifact and when these agents are built by (unknown) developers different
from the artifact’s developer this implies that also no assumptions can be made
about their behavior. In such a case normative concepts may be put into place
to guide the agents in interacting with the organizational artifact in a meaningful
way. These normative concepts include norm schemes that specify the circumstances under which obligations and prohibitions (norm instances) are created.
Sanctioning rules specify the consequences of violating or abiding by a norm, i.e.
they can be used to punish agents who do not abide by the norms and reward
those who do. The normative component will not be discussed in this chapter,
but is explained in detail in chapter 4. Because in many cases a view in which the
norms are specified at design-time and cannot be changed at run-time is not sufficient when dealing with the unpredictable outcomes of the agents’ interactions,
we introduce programming constructs for changing the norms at run-time. These
constructs include mechanisms for changing the norm schemes and constructs for
changing the obligations and prohibitions that arise from them. Just like the
normative component, these constructs will not be discussed in this chapter.
In case the set of agents that will interact with the organization is not fixed at
design time (the system is not closed (Davidsson, 2001)) and not a priori known,
i.e. when unknown agents dynamically start and stop interacting with the organizational artifact, roles may be introduced. Roles allow the artifact’s developer
to abstract from the individuals that will play them. Norms, for example, can
then be associated to roles that agents play instead of associating them to the
agents directly. In this chapter we adopt the simple view in which roles are merely
labels denoting a role that can be played by an agent. In chapter 5 a richer view
on roles is introduced in which positions (roles played by an agent) act as organizational representatives of the agents playing them and provide functionality
to their players. Note that this view accords with the semi-closed (Davidsson,
2001) perspective on a multi-agent system. When positions are deployed agents
no longer perform actions to change the brute state, but instead interact with the
positions they occupy empowering the agents to modify the brute state through
their positions.
Information about which roles agents have enacted, and violations and fulfillment of norms is stored by the institutional facts, again taken from Searle (1995).
Institutional facts store information about the organization specific state of the
artifact, as opposed to brute facts which store information about the domainspecific state of the artifact. The fact that a role named r has been enacted by an
agent i is stored as an institutional fact rea(i, r). The fact that a norm has been
violated is stored by an institutional fact with predicate viol, whereas the obedience of a norm (e.g. fulfilling an obligation) is denoted by a fact with predicate
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symbol obey. These institutional facts will, however, not be discussed further in
this chapter.
Just like an agent needs to weigh executing its plans for reaching its goals
against rethinking its plans, goals and beliefs in a continuously changing environment, an organizational artifact has to do a similar weighing. It should, for
example, seek a balance between enforcing the norms and changing them in the
light of unpredictable interactions of agents. Similar to an agents deliberation
cycle, we define the concept of organizational coordination cycle. A coordination
cycle defines what the organizational artifact should do next, e.g. determining
the effect of an action and changing the brute state accordingly, handling role
enactments, determining which norms are complied with or violated, applying
sanctions, and changing the norms based on the current situation. In this chapter
we will focus at two particular steps the organizational coordination cycle encompasses, namely determining the effect of an action on the brute state and handling
the enactment and de-enactment of roles. These steps and the concepts of the
artifact that are involved are depicted in figure 3.4 and 3.5. In these pictures
that will be used throughout this thesis, arrows from coordination process (depicted as circle) to store (depicted as rounded box) denote the modification of the
store’s elements, whereas an arrow in the opposite direction denotes the reading
of the store’s elements. Dotted arrows pertain to agent-artifact or artifact-artifact
interactions.

institutional facts

effect rules

external action

handle external action

messages / actions

brute facts

Figure 3.4: The effect of an external action is determined by the effect rules that
specify the facts that should be accommodated to the brute state given a situation
described by the brute and institutional facts. The performance of an action may
result in messages to be sent and actions to be performed.
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roles

institutional facts

enact / deact

handle role
enactment

messages

Figure 3.5: An agent i enacting a role r results in the assertion of a fact rea(i, r)
to the institutional facts. De-enacting this role retracts this fact. By sending a
message the agent is notified in case of failure to (de-)enact a role.
hartifacti
hrolesi
hfactsi
heffectsi
heffecti
hprei
hposti
hb − liti
hr − liti

=
=
=
=
=
=
=
=
=

"Name:" hidi [ hrolesi ] [ hfactsi ] [ heffectsi ];
"Roles:" hrolei { hrolei };
"Facts:" hb − atomi { hb − atomi };
"Effects:" heffecti { heffecti };
"{" hprei "}" hactioni "{" hposti "}";
hb − liti | hr − liti | hprei { "," hprei };
hb − liti | hsendi | hdoi | hposti { "," hposti };
"true" | hb − atomi | "not" hb − atomi;
hr − atomi | "not" hr − atomi;

Figure 3.6: EBNF grammar of normative artifacts.

3.3

Programming Organizational Artifacts

This section explains the basics of the programming language by which the core
ingredients of an organizational artifact can be programmed. To specify the initial
configuration of a basic organizational artifact is to specify the roles that can be
played, its initial brute state, the actions that can be invoked by agents and
optionally the roles that can be played by agents. The EBNF syntax by which
our programming language is specified is listed in figure 3.6. The basic elements
our programming language is built of are explained in table 3.1. In what follows all
programming constructs and their intuitive meaning will be explained by means
of our conference management system example.
The conference management system is implemented by two mutually interacting artifacts, one implementing the reviewing system identified by rev and one
implementing the registration system identified by reg. The code specifying the
first is shown in code fragment 3.2 and the code for the latter is shown in code
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hidi
hrolei
hb−atomi

hr − atomi

hactioni
hsendi
hdoi

a term uniquely identifying an artifact.
a term identifying a role that can be played.
a first-order atom denoting a brute fact. The special facts starting with predicate symbol viol, obey and rea (their meaning to be
explained later on) are excluded from the set of brute facts.
a first-order atom of the form rea(i, r) in which r denotes a role and
i the agent playing it; “rea” is short for role enacting agent. All rea
facts are institutional facts.
a first-order atom of the form P (t1 , . . . , tn ) in which predicate P
denotes the name of the action, and t1 , . . . , tn the action’s arguments.
a first-order atom of the form Send(r, p, c) in which r denotes the
message’s receiver, p its performative and c its content.
a first-order atom of the form Do(id, α) in which id denotes the
artifact upon which action α is to be performed.

Table 3.1: Elementary syntactical constructs.
fragment 3.1.
To interact with the artifact agents enact roles. The roles that are relevant for
the registration system are specified on line 2. The only role that can be played
is the role of author. Roles that can be played in interacting with the reviewing
artifact are the roles of author, reviewer and chair as specified on line 2 of code
fragment 3.2.
The domain-specific state of an organizational artifact is described by the
brute facts. Brute facts are composed of ground first-order atoms, i.e. are free of
variables. The initial brute state of the artifact implementing the registration system specifies that the system is initially closed, the early registration fee amounts
to EUR 300,- and the normal fee EUR 350,-. This is shown on line 3 of code
fragment 3.1. The initial brute state of the artifact implementing the reviewing
system is shown on line 3 of code fragment 3.2. Initially the system is closed. The
fact id is used to remember the last unique identifier that has been assigned to a
paper. Initially, this identifier is set to zero. As at this point no papers or reviews
have been uploaded to the system, no facts about this are specified.
The brute facts change under the performance of actions by external parties.
The effects describe which effect an action has on the brute state and are used by
the organizational artifact to determine the resulting brute state after performance
of the action. They are defined by triples of the form (Φ, α, Ψ), intuitively meaning
that when action α is executed and set of facts Φ is derivable by the current
brute state, the set of facts denoted by Ψ is to be effectuated in it. The first
argument of action α is always the agent performing it. The precondition may
contain brute facts as well as institutional facts specifying the enactment of roles
by agents. This way actions that may be performed can be related to roles
played by agents instead of relating them to agents directly. The actions of the
reviewing artifact are shown on lines 4 - 50 of code fragment 3.2. Recall that a
68

Code fragment 3.1 Code implementing the registration system.
Name: r e g
Roles : p a r t i c i p a n t
Facts : p h a s e ( c l o s e d ) f e e ( e a r l y , 3 0 0 )
Effects :
{ phase ( c l o s e d )}
s t a r t ( rev , e a r l y )
{not p h a s e ( c l o s e d ) , p h a s e ( e a r l y ) }

1
2

f e e ( normal , 3 5 0 )

3
4
5
6
7
8

{ phase ( e a r l y )}
s t a r t ( rev , r e g i s t r a t i o n )
{not p h a s e ( e a r l y ) , p h a s e ( r e g i s t r a t i o n ) }

9
10
11
12

{ phase ( r e g i s t r a t i o n )}
c l o s e ( rev )
{not p h a s e ( r e g i s t r a t i o n ) , p h a s e ( c l o s e d ) }

13
14
15
16

{ phase ( e a r l y )}
r e g i s t e r ( rev , P , a u t h o r )
{ r e g i s t r a t i o n (P , a u t h o r , u n c o m p l e t e ) }

17
18
19
20

{ r e a (P , p a r t i c i p a n t ) }
r e g i s t e r (P , P , p a r t i c i p a n t )
{ r e g i s t r a t i o n (P , p a r t i c i p a n t , u n c o m p l e t e ) }

21
22
23
24

{ r e a (P , p a r t i c i p a n t ) , p h a s e ( e a r l y ) ,
f e e ( e a r l y , Amount ) }
pay (P , Amount )
{not r e g i s t r a t i o n (P , T, u n c o m p l e t e ) ,

r e g i s t r a t i o n (P , T, u n c o m p l e t e ) ,

25
26
27

r e g i s t r a t i o n (P , T, c o m p l e t e ) }

28
29

{ r e a (P , p a r t i c i p a n t ) , p h a s e ( r e g i s t r a t i o n ) , r e g i s t r a t i o n (P , T, u n c o m p l e t e ) ,30
f e e ( normal , Amount ) }
31
pay (P , Amount )
32
{not r e g i s t r a t i o n (P , T, u n c o m p l e t e ) , r e g i s t r a t i o n (P , T, c o m p l e t e ) }
33

fact rea(i,chair) denotes that an agent identified by i has enacted the role
of chair. The first effect rule specifies that an agent playing the role of chair
can open the reviewing system by performing a start action. After successful
performance, that is, if the system is still closed at the time of the action execution,
the system will be no longer closed and will be in the phase in which abstracts
can be uploaded. The actions for switching to other phases are all defined in a
similar fashion. After the specification of all the actions to move between the
different phases follows the specification of actions to invite reviewers, upload
abstracts and papers, (re)assign papers to reviewers, upload reviews, accept or
reject papers, update the registration status of authors of accepted papers, and
to notify authors. Note how the precondition is used to relate these actions to a
certain phase. The actions that can be used to act upon the registration system
include switching between different phases and paying. These are defined on lines
4-33 of code fragment 3.1. Note that the registration is final only if the payment
has been received.
Thus far, we only introduced means for agents to modify the brute state of the
artifact. As we already mentioned, interaction between artifact and agent is not
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limited to only agents performing actions upon the artifact. In fact, an artifact can
communicate with agents by means of sending communication messages, and an
artifact can even perform actions upon other artifacts. This is achieved through
designated atoms which may be used in the postcondition of an effect specification,
and which will not be added to the brute facts, but have side effects instead. In
particular, two types of special atoms are introduced. One for interacting with
agents by sending communication messages and one for performing actions upon
other (organizational) artifacts in the environment of the artifact.
To enable an artifact to send communication messages we introduce a ternary
atom, Send, which takes as first argument the receiver of the message, as second
argument the performative (e.g. inform, request, etc.) and as third argument the
content of the message. The format of a send atom is intentionally kept simple.
Extending it to, for example, a FIPA 1 compliant representation does not raise any
technical difficulties. An example of the usage of such a communicative act can
be found in the effect specification defining the effect of the action for notifying
authors. Performance of this action will have as effect that a message will be
sent informing the author about the acceptance or rejection of the submitted
paper. Providing constructs to let the artifact send communication messages not
only enables the artifact to be used as a communication medium coordinating
the agent’s interactions, but it also gives a means to provide an agent performing
an action feedback about the result of the performance. Consider, for instance,
the action of the reviewing system for uploading an abstract. Performing this
action will assign a unique identifier the agent should use in further interactions
to identify its paper. Therefore, we want to return the assigned identifier to the
author after having successfully uploaded an abstract.
As can be seen from figure 3.2, artifacts interact both with agents and other
artifacts. Interaction with agents is achieved through communication messages,
whereas interaction with other artifacts is achieved by means of performing actions. To allow an artifact to act upon other artifacts we introduce a binary atom,
Do, with as first argument the identifier of the artifact to fire the action upon and
as second argument a function term denoting the action with its parameters. An
example of such an action can be found in the effect specification for the action to
accept a paper as listed in code fragment 3.2. Because authors of accepted papers
are obliged to register for the conference, the registration system needs to know
the authors of accepted papers. Therefore, the action of accepting a paper has
as side effect that the registration artifact’s register action is executed, which
registers the author. Another example is the action for closing the reviewing
system (the second effect rule). Performing this action automatically closes the
registration system also. This way the phases of the registration and reviewing
artifact are synchronized.

1 see

http://www.fipa.org
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Code fragment 3.2 Code implementing the reviewing system.
Name: r e v
Roles : c h a i r , a u t h o r , r e v i e w e r
Facts : p h a s e ( c l o s e d ) , i d ( 0 )
Effects :
{ r e a (C, c h a i r ) , p h a s e ( c l o s e d ) }
s t a r t (C, a b s t r a c t )
{not p h a s e ( c l o s e d ) , p h a s e ( a b s t r a c t s ) }
:
:
{ r e a (C, c h a i r ) , p h a s e ( r e g i s t r a t i o n ) }
c l o s e (C)
{not p h a s e ( r e g i s t r a t i o n ) , p h a s e ( c l o s e d ) , Do( r e g , c l o s e ( ) ) }

1
2
3
4
5
6
7
8
9
10
11
12
13

{ r e a (C, c h a i r ) } i n v i t e (C, R) { i n v i t e d (R) }

14
15

{ r e a (A, a u t h o r ) , p h a s e ( a b s t r a c t s ) , i d ( PId ) }
u p l o a d A b s t r a c t (A)
{ a b s t r a c t (A, PId ) , not i d ( PId ) , i d ( PId +1) , Send (A, i n f o r m , i d ( PId ) ) }

16
17
18
19

{ r e a (A, a u t h o r ) , p h a s e ( s u b m i s s i o n ) , a b s t r a c t (A, PId ) }
u p l o a d P a p e r (A, PId )
{ p a p e r (A, PId ) }

20
21
22
23

{ r e a (C, c h a i r ) , p h a s e ( r e v i e w ) , p a p e r (A, PId ) }
a s s i g n (C, R, PId )
{ a s s i g n e d (R, PId ) }

24
25
26
27

{ r e a (C, c h a i r ) , a s s i g n e d ( R1 , PId ) }
r e a s s i g n (C, R1 , PId , R2 )
{not a s s i g n e d ( R1 , PId ) , r e a s s i g n e d ( R1 , PId , R2 ) }

28
29
30
31

{ r e a (R, r e v i e w e r ) , p h a s e ( r e v i e w ) , a s s i g n e d (R, PId ) }
uploadReview (R, PId , D e c i s i o n )
{ r e v i e w (R, PId , D e c i s i o n ) }

32
33
34
35

{ r e a (C, c h a i r ) , p h a s e ( n o t i f i c a t i o n ) , p a p e r (A, PId ) }
a c c e p t (C, PId )
{ a c c e p t e d ( PId ) , Do( r e g , r e g i s t e r (A, a u t h o r ) ) }

36
37
38
39

{ r e a (C, c h a i r ) , p h a s e ( n o t i f i c a t i o n ) , p a p e r (A, PId ) }
r e j e c t (C, PId )
{not a c c e p t e d ( PId ) }

40
41
42
43

{ r e a (C, c h a i r ) , p a p e r (A, PId ) , a c c e p t e d ( PId ) }
n o t i f y (C, A, PId )
{ Send (A, i n f o r m , a c c e p t e d ( PId ) ) }

44
45
46
47

{ r e a (C, c h a i r ) , p a p e r (A, PId ) , not a c c e p t e d ( PId ) }
n o t i f y (C, A, PId )
{ Send (A, i n f o r m , r e j e c t e d ( PId ) ) }

3.4

48
49
50

Executing Organizational Artifacts

Having defined the syntax and intuitive semantics of the programming constructs
by which organizational artifacts can be specified, we now turn to the formal
semantics of these constructs. We start with some preliminary definitions and
functions to ease our notation.
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3.4.1

Preliminaries

Throughout this chapter and the rest of this dissertation we use some auxiliary
functions in defining the semantics of our programming language. Our language
heavily builds on brute and institutional facts that are described by first-order
atoms (typically denoted by φ) of the form P (t1 , ..., tn ) with P a predicate symbol
and t1 , ..., tn either a constant, variable or function term of the form f (t1 , ..., tn ).
We introduce a first-order entailment relation to assess whether formula’s are
derivable from a set of (brute or institutional) facts. The clause dealing with
conjunctions will not be used in this chapter, but it will be needed in subsequent
chapters. As substitutions are essential in defining this entailment relation, we
define them first.
Definition 3.1 (Substitution and unification) A substitution, typically denoted by θ, is
a finite and possibly empty set of pairs {x0 /t0 , ..., xn /tn } in which ti denotes a
term and xi denotes a variable for 0 ≤ i ≤ n.
The application of a substitution θ to a constant term c, variable term x,
function term f (t1 , ..., tn ) or atomic formula P (t1 , ..., tn ) is defined as follows:
• cθ = c
• xθ = tθ if x/t ∈ θ, otherwise xθ = x
• f (t1 , ..., tn )θ = f (t1 θ, ..., tn θ)
• P (t1 , ..., tn )θ = P (t1 θ, ..., tn θ)
Moreover, given first-order atoms φ1 , φ2 , we define a function unify(φ1 , φ2 ) that
evaluates to the smallest substitution such that φ1 θ = φ2 θ, and ⊥ if such a substitution does not exist.
Definition 3.2 (Entailment Operator) Given a set of ground, first-order atoms X, (brute
or institutional) first-order atom φ, (conjunctions of ) first-order atoms ψ1 (x) and
ψ2 (y) with sets of variables x, y occurring in them, and substitution θ. The entailment operator |= is defined in the following manner:
• X |= φ iff there exists a ground substitution θ such that φθ ∈ X
• X |= not φ iff there is no ground substitution θ such that φθ ∈ X
• X |= (ψ1 (x) and ψ2 (y))θ iff ∃θ1 : [θ1 = θ|x
and X |= ψ1 (x)θ1 and ∃θ2 : [θ2 = θ|(y \ x) and X |= ψ2 (y)θ1 θ2 ]]
We also extend the entailment operator to deal with a set of literals (i.e. a set of
positive and negative atoms) Φ:
• X |= Φ iff ∀φ ∈ Φ : X |= φ
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The (brute and institutional) facts evolve under the performance of actions.
In defining the semantics of our programming language we need to update these
sets of facts. For this purpose we introduce an update operator. Essentially, this
update operator updates a set of atoms X with a set of literals Y by adding all
positive literals from Y to X and removing all negative literals contained in Y
from X. This is defined by the following definition.
Definition 3.3 (Update Operator) Let N egLit(φ) and P osLit(φ) be special predicates
denoting, respectively that a first-order literal is preceded by a negation (i.e. not)
or not. Given a set of ground, first-order atoms X and a set of ground, first-order
literals Y we define the update operator ] as follows:
X ] Y = (X \ {φ | φ ∈ Y and N egLit(φ)}) ∪ {φ | φ ∈ Y and P osLit(φ)}
We endow the syntax by which organizational artifacts can be programmed
with an operational semantics (Plotkin, 1981). In operational semantics the behavior of a programming language is described in terms of transitions between
program configurations. A configuration describes a state of the program and a
transition is a transformation of one configuration γ into another configuration γ 0 ,
denoted by γ → γ 0 . The transitions that can be derived for a programming lanP
guage are defined by a set of derivation rules of the form γ→γ
0 with the intuitive
0
reading that transition γ → γ can be derived in case premise P holds. An execution trace in a transition system is then a sequence of configurations that can be
generated by applying transition rules to an initial configuration. An execution
thus shows a possible behavior of the system at hand. All possible executions for
an initial configuration show the complete behavior. The notion of an execution
trace is formally defined below.
Definition 3.4 (Execution Trace) An execution in a transition system T is a sequence
of transitions γ 0 → γ 1 → . . . → γ n (often written as γ 0 →∗ γ n ) such that for
each 0 ≤ i < n a derivation γi → γi+1 can be made in T .
In this chapter we are concerned with three types of configurations, namely an
agent configuration that defines an individual agent, an organizational artifact,
and a multi-agent system that is composed of a set of agents and a collection
of organizational artifacts they interact with. The transitions operating on these
configurations are defined by three different types of transitions each defined by
their own transition system, viz. the agent transitions which will be denoted by
→agt , artifact transitions denoted by →org , and transitions at the multi-agent
level which we denote by →mas . The transition system that defines the execution
of the normative multi-agent system as a whole is defined compositionally in terms
of agent transitions and artifact transitions. Next, we define the transitions that
are found at the agent level, artifact level and the multi-agent level.
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3.4.2

Agent Level Transitions

Because in our view no assumptions about the internals of the individual agents
are made, definition of their configuration and transition system that explains
their execution are not provided here. Examples of such definitions can be found
in, for example (Dastani, 2008; de Boer et al., 2007; Rao, 1996). We do assume,
however, that agents are capable of performing observable actions to interact with
the organizational artifact and are able to receive messages sent by other agents
or artifacts. In particular, an agent can perform external actions to modify the
brute state of the organization. As previously mentioned, in specifying the effects of the action we assume these actions to be of the form P (i, t1 , ..., tn ) in
which the predicate name P denotes the name of the action and the first term i
corresponding with the unique identifier of the agent performing the action. At
the multi-agent level, however, we also need to know which artifact j this action is action is performed upon. Therefore, at this level actions are of the form
P (i, j, t1 , ..., tn ). Besides performing observable external actions, agents are also
assumed to perform non-observable actions that only modify their internal state.
In concrete, the following transitions are assumed for an agent configuration A
identified by i:
1)

A

P (i,j,t1 ,...,tn )!
−→agt

2)

A

msg(i,j,p,c)!
−→agt

A0

agent i sends message to receiver j with performative p and content c;

3)

A

msg(i,j,p,c)?
−→agt

A0

agent j receives message from sender i with performative p and content c;

A0

performance of external action named P with a
possibly empty list of arguments t1 , ..., tn at artifact j;

A −→agt A0
performance of non-observable internal action
The first transition indicates that an individual agent configuration A changes
to A0 when it executes an external action. This execution broadcasts an event
to the multi-agent level that carries the information about the performed action.
This broadcasting is indicated by an exclamation mark. The event is assumed to
contain the identifier of the performer, the identifier of the artifact it is fired upon,
and the values of the actions parameters. As we shall see later on, this event will
be passed to the artifact at the multi-agent level. The second and third transitions
involve the sending and receiving of communication messages. Besides changing
the agents configuration, the execution of a send action broadcasts an event that is
observable at the multi-agent level and which contains the message information,
including the sender, receiver, performative and content. The reception of a
message is indicated by a question mark. Of course, the reception may also change
the state of the agent. Finally, the fourth transition indicates the performance of
an internal, non-observable action by an agent. Examples of such internal actions
are the updating of the agent’s beliefs and the adoption of a plan.
4)
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3.4.3

Artifact Level Transitions

An organizational artifact is uniquely identified by its name and is composed
of a brute state pertaining to the application specific state, institutional state
containing information about role enactment and norm violations, a set of effect
specifications by which the outcomes of external actions are determined, as list
of events pertaining to the perceived actions fired upon the artifact, and a set
of events denoting the actions that are about to be performed and messages to
be sent. The notion of artifact configuration is formally defined by the definition
below. These notions define the core ingredients of an artifact. In subsequent
chapters this definition will be extended to include norms, a richer notion of roles
and constructs for changing the norms and organizational structure at runtime.
Definition 3.5 (Artifact Configuration) An organizational artifact, typically denoted by
O, is defined as a tuple hid, σb , σi , E, in , out i, in which:
• id is a name uniquely identifying the artifact;
• σb is a set of ground first-order atoms describing the brute state of the
artifact;
• σi is a set of ground first-order atoms describing the artifact’s institutional
state;
• E is a set of effect specifications;
• in is a list of ground first-order atoms, the events perceived by the artifact;
• out is a list of ground first-order atoms either with predicate name Send
or Do, the communication messages to be sent and external actions to be
performed.
We typically write lists as [φ1 , ..., φn ] and we use ‘:’ to denote the concatenation
operator. That is, [φ1 , φ2 ] : [φ3 , ..., φn ] = [φ1 , φ2 , φ3 , ..., φn ].
The first configuration of a computation is determined by the program specifying the artifact. Such a configuration is referred to as initial configuration. An
artifact’s program only defines the artifact’s name, its initial brute state and the
effect specifications. Initially, no events are received and no events need to be
sent.
Definition 3.6 (Initial Artifact Configuration) An organizational artifact hid, σb , ∅, E, ∅, ∅i
specified by a program such that id is specified by the program’s name component,
σb is characterized by the program’s facts component and E is defined by the program’s effect component is called an initial artifact configuration.
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In defining the transition rules explaining the execution of an organizational
artifact, we assume an artifact configuration hid, σb , σi , E, in , out i. In what follows, the components id and E, by which the effects of actions are specified, will
be omitted, because these components will not change during computation.
Agents perform actions to interact with the artifact. They may perform an
enact action to enact a role, a deact action for de-enacting a role, and external
actions for altering the brute state. Because agents and artifacts are typically
distributed, actions are initiated outside the scope of the artifact. The artifact
perceives the actions as events which are stored to handle them later on. More
precisely, the artifact appends the perceived actions to the end of the list of received events. The perception of actions by the artifact is defined by the following
transition rule.
Transition Rule Let P (i , id , t1 , ..., tn ) be an action where P denotes the name of
the action (including the special actions enact and deact), id the identifier of
the artifact, i the identifier of the performer, and t1 , ..., tn the remainder action’s
arguments. Then the rule for perceiving actions is defined as follows:
hσb , σi , in , out i

P(i,id,t1 ,...,tn )?
−→org

(rec)
hσb , σi , in : [P (i, t1 , ..., tn )], out i

Actions that are perceived last are thus inserted as last element of the list.
Note that the id, pertaining to the identifier the action is performed upon, is
left out after storing the action. How the effect of these actions are computed is
not defined by this transition rule. Additional transition rules that explain how
the artifact configuration changes under the performance of actions are defined
presently. These transition rules are defined such that the first element of the
list of perceived actions is handled first, i.e. they are processed on a first-come
first-served basis. Defining alternative strategies such as priority ordering boils
down to redefining transition rule rec. This is, however, beyond the scope of this
thesis.
The brute facts evolve under the performance of external actions. How the
brute state may change by these actions is defined by the effects specification.
To determine the effect of an external action is to apply an applicable effect
specification. An effect specification (Φ, α, Ψ) is applicable if and only if α unifies
with the perceived action for some substitution θ1 , and precondition Φ with θ1
applied to it can be entailed by the brute state for some substitution θ2 . To apply
the effect specification is then to update the brute state with the set of facts that
results after consecutively applying θ1 and θ2 to postcondition Ψ. Recall that the
special atoms starting with predicate symbol Send for communicating with other
agents and the special atoms starting with predicate symbol Do for acting upon
other artifacts are not added to the brute state. They are asserted to the set of
out events to be handled later on. The process of successfully applying an effect
specification for an external action is explained by the following transition rule.
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Transition Rule Let pred (φ) be a function that evaluates to the predicate name of
first-order atom φ. Then the rule for processing an external action by applying
an effect specification is defined in the following manner:
(Φ, α, Ψ) ∈ E
0

unify(α, α0 ) = θ1

hσb , σi , [α ] : in , out i

σb |= Φθ1 θ2
0
−→org hσb , σi , in , 0out i

(effect)

where σb0 = σb ] {φ | φ ∈ Ψθ1 θ2 and pred (φ) 6∈ {Send, Do}}
0out = out : [φ | φ ∈ Ψθ1 θ2 and pred (φ) ∈ {Send, Do}]

The above transition rule pertains to the case in which an effect specification
is applicable. However, an action might also fail. For example, because there is
no specification for the action at all, or because there is no effect specification
of which the precondition is satisfied. In such a case the action is removed from
the list of received actions and the agent is notified about the action failure. As
the action will not be applied, the brute and institutional state of the artifact
remain unchanged. This is defined by the following transition rule. Note that the
message informing the agent about the failure is not sent instantaneously, but is
stored in the set of out events to be processed later on.
Transition Rule Let α be an external action performed by an agent identified by i.
Then the rule for action failure is defined as follows:
6 ∃(Φ, α, Ψ) ∈ E : (unify(α, α0 ) = θ1 and σb |= Φθ1 θ2 )
hσb , σi , [α0 ] : in , out i −→org hσb , σi , in , 0out i

(effectf )

where 0out = out : [Send (i, inform, failed (α0 ))]

To interact with the artifact agents enact roles. At present it is assumed that
any agent i may enact any role defined by the artifact by performing an enact
action. That is to say, no further conditions are assumed for role enactment.
Besides its own identifier and the identifier of the artifact, it provides the identifier
r of the role it wishes to enact as argument. Successful enactment is indicated by
the assertion of an institutional fact rea(i, r). When the agent no longer wants to
play the role r, it may be de-enacted by performing a deact action, resulting in
the retraction of the rea(i, r) fact. Successful role enactment and de-enactment
is specified by the subsequent two transition rules.
Transition Rule The rule for enacting a role is defined as follows:
r ∈ Roles
hσb , σi , [enact(i, r)] : in , out i −→org hσb , σi0 , in , out i
where σi0 = σi ∪ {rea(i, r)}
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(enact)

Transition Rule The rule for de-enacting a role is defined as follows:
σi |= rea(i, r)

(deact)

hσb , σi , [deact(i, r)] : in , out i −→org hσb , σi0 , in , out i
where σi0 = σi \ {rea(i, r)}

Just like the performance of an external action, the (de-)enactment of a role
might fail. For one reason because the role is not known to the artifact. For another reason because the agent tries to de-enact a role it is currently not playing.
Similar to the failure of external actions, these actions do not change the artifact’s brute and institutional state, and the agent is informed about the failure.
Erroneous (de-)enactment is specified by the following two transition rules.
Transition Rule The rule for failure of enacting a role is defined as follows:
r 6∈ Roles
hσb , σi , [enact(i, r)] : in , out i −→org hσb , σi , in , 0out i

(enactf )

where 0out = out : [Send (i, inform, failed (enact(i, id , r )))]

Transition Rule The rule for failure of de-enacting a role is defined as follows:
σi 6|= rea(i, r)
hσb , σi , [deact(i, r)] : in , out i −→org hσb , σi , in , 0out i

(deactf )

where 0out = out : [Send (i, inform, failed (deact(i, id , r )))]

Application of above transition rules possibly adds events to the list of out
events, i.e. messages informing an agent about the failure of an action and the
side effects the successful execution of an external action may have. Messages that
need to be sent and external actions that need to be performed are propagated to
the multi-agent level such that their addressee can perceive and transact them.
Transition rule send defines how messages are sent. Rule act defines how external
actions are performed by an organizational artifact.
Transition Rule The rule for sending messages is defined as follows:
hσb , σi , in , [Send (r , p, c)] : out i

msg(id,r ,p,c)!
−→org

(send )
hσb , σi , in , out i

Transition Rule The rule for performing actions is defined as follows:
hσb , σi , in , [Do(env , P (t1 , ..., tn ))] : out i
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P(id,env ,t1 ,...,tn )!
−→org

(act)
hσb , σi , in , out i

3.4.4

Multi-Agent Level Transitions

Hitherto we defined that agents can perform actions to interact with an organizational artifact, can receive messages sent by an artifact, and we defined how
an organizational artifact responds to actions it perceives. Having defined these
transition rules we are now able to define the transition system that brings all
this together and specifies the execution of a multi-agent system. A multi-agent
system is composed of a set of agents that interact with organizational artifacts
in pursuing their goals as defined by the following definition.
Definition 3.7 (Multi-Agent Configuration) A multi-agent configuration is a tuple hA, Oi
in which:
• A is a set of heterogeneous agents;
• O is a set of organizational artifacts.
In defining the multi-agent level transition rules we assume a multi-agent system hA, Oi. We start with the rule that defines the communication between
organizational artifact and agent. Recall that an artifact may send messages as a
result of applying an effect specification and to inform an agent about the failure
of executing an action.
Transition Rule Let A ∈ A be an agent identified by j and let O ∈ O be an organizational artifact. Then the rule for message synchronization is defined as
follows:
O

msg(i,j ,p,c)!
−→org

O0

A

msg(i,j ,p,c)?
−→agt
0

A0

hA, Oi −→mas h(A \ {A}) ∪ {A }, (O \ {O}) ∪ {O0 }i

(oamsg)

Note that in the above transition rule we do not explicitly assume that artifact
O is identified by i. We do so, because in our extension in chapter 5 also roles
that are part of the organization may send messages to their players. In that case,
the sender of the message will be the role, instead of the artifact.
Although it is assumed that agents interact via an organizational artifact,
there is nothing that prevents agents from communicating directly with each
other without an artifact knowing about it. Communication between agents is
defined by the following transition rule.
Transition Rule Let A1 , A2 ∈ A be agents identified by respectively i and j. Then
the rule for message synchronization is defined as follows:
A1

msg(i,j ,p,c)!
−→org

msg(i,j ,p,c)?
−→agt A02
{A1 , A2 }) ∪ {A01 , A02 }, Oi

A01

hA, Oi −→mas h(A \

A2
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(aomsg)

The following rules define the performance of an observable action by agent
or organization that is observed by the organizational artifact the action is intended for. Recall that the perception of actions by the organization is defined
by transition rule rec.
Transition Rule Let A ∈ A be an agent identified by i and let O ∈ O be an organizational artifact identified by id. Then the rule for action synchronization is
defined as follows:
A

P(i,id,t1 ,...,tn )!
−→agt

A0

O

P(i,id,t1 ,...,tn )?
−→org
0

O0

hA, Oi −→mas h(A \ {A}) ∪ {A }, (O \ {O}) ∪ {O0 }i

(aoact)

Transition Rule Let O1 , O2 ∈ O be organizational artifacts identified by id1 and
id2 respectively. Then the rule for action synchronization between organizations
is defined as follows:
O1

P(id1 ,id2 ,t1 ,...,tn )!
−→org

O10

P(id1 ,id2 ,t1 ,...,tn )?
−→org
O20
0
0
{O1 , O2 }) ∪ {O1 , O2 }i

O2

hA, Oi −→mas hA, (O \

(ooact)

The above rules define interaction between artifact and agents that, consequently, change the state of these two components. Both artifact and agent can
make internal transitions that only affect their own state. The last two transition
rules define the case in which agent and artifact make an internal transition.
Transition Rule Let A ∈ A be an agent. Then the rule for a silent agent transition
at the multi-agent level is defined as follows:
A −→agt A0
hA, Oi −→mas h(A \ {A}) ∪ {A0 }, O0 i

(asilent)

Transition Rule Let O ∈ O be an organizational artifact. Then the rule for a silent
artifact transition at the multi-agent level is defined as follows:
O −→org O0
hA, Oi −→mas hA, (O \ {O}) ∪ {O0 }i
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(osilent)

3.4.5

Organizational Coordination Cycle

Hitherto, we defined how the constructs of an organizational artifact are executed,
but we did not impose any order in which the transition rules are applied. In our
approach, such an ordering is imposed by the artifact’s coordination cycle. Different strategies for imposing an ordering on the transition rules are possible. We
might, for example, decide to receive actions only when no outgoing messages
or actions are on stack. Of course, with the small number of tasks our present
notion of organizational artifact needs to perform, not many sensible orderings
exist. However, as we shall see in the next chapter, when our artifacts also need
to enforce norms and apply sanctions, different strategies might be applied on
the basis of the problem domain. Questions become relevant such as whether we
should always sanction every infringement of the norms, and if we should monitor the compliance of all norms before applying sanctions or should monitor the
compliance of one norm and immediately apply sanctions for a possible violation
of that norm. Even more questions arise when we consider constructs for changing the norms at run-time. These questions suggest that multiple strategies for
implementing the artifact’s coordination cycle exist.
Indeed, in (Aştefǎnoaei et al., 2009a) the same issue has been discussed by
Astefanoaei et al. for our counts-as based programming language we presented in
(Dastani et al., 2008, 2009). Based on the observation that no single best strategy
for applying the rules exists, they propose a meta-level language (based on the
language of (Eker et al., 2007)) to define strategies to implement different coordination cycles without affecting the semantics of the programming constructs.
This way a clear separation is achieved between the executions at the object
level describing the meaning of the programming constructs and the meta-level
describing how the artifact may evolve in its computation.
Based on similar ideas as the strategy language of Astefanoaei et al. we introduce a meta-level strategy language that describes how the coordination cycle
gets executed. Here we introduce a simple language that allows us to describe
the execution strategy for the coordination cycle. It should be emphasized that
this language is not intended to be part of the programming language (although
it might be). Our primary aim is to be able to express different strategies and
show the implications different strategies might have for the overall behavior of
the organizational artifact. For this aim we borrow the language presented in
(Aştefǎnoaei et al., 2009a). The idea is that we can apply transition rules on a
configuration γ. We write l@γ to mean that transition rule labeled l (e.g. transition rule rec or effect) is applied on configuration γ. This expression evaluates to
the (possibly empty) set of all configurations applying this rule might result in.
The simplest expressions that can be defined in this coordination language are
idle@γ evaluating to {γ} and fail @γ evaluating to the empty set. Coordination
expressions can be concatenated by the operator ;, repeated by the operator +
(repeat one or more times) and ∗ (repeat zero or more times) and we can even
write conditional expression of the form E ? E 0 : E 00 to mean that if expression E
81

does not result in the empty set we apply expression E 0 on its outcome, otherwise
we apply expression E 00 on the initial configuration. All this is formally defined
below.
Definition 3.8 (Coordination Expression Execution) (Aştefǎnoaei et al., 2009a) Given
coordination expression E and configuration γ, we define the semantics of coordination expressions as follows:
• l@γ = {γ 0 | γ → γ 0 is derivable by applying transition rule labeled l}
• idle@γ = {γ}
• fail @γ = ∅
S
• E@Γ = γ ∈ Γ : E@γ
• (E; E 0 )@Γ = E 0 @(E@Γ)
• (E | E 0 )@Γ = E 0 @Γ ∪ E@Γ
S
• E + @Γ = i ≥ 1 : E i @Γ s.t. E 1 = E and E n = E n−1 ; E
• E ∗ @Γ = idle@Γ | E + @Γ
 0
E @(E@Γ)
0
00
• (E ? E : E )@Γ =
E 00 @Γ

iff E@Γ 6= ∅
iff E@Γ = ∅

Note that according to the first bullet applying a rule on a configuration gives
us a set of possible outcomes, while one might expect that applying a transition
rule gives us only one. However, the application of a rule may have multiple
outcomes. Consider, for example, transition rule effect. Because this rule does
not deterministically pick one applicable effect rule and more than one effect rule
might be applicable, this rule can have more than one possible outcome. Building
on these expressions we define some auxiliary expressions, namely:
• not(E) = E ? fail : idle, i.e. reverse the outcome of E;
• try(E) = E ? idle : idle, i.e. apply E only when applicable, and otherwise,
do not change the final outcome;
• test(E) = not(E) ? fail : idle, i.e. test whether E can be applied without
applying it on the final outcome; and
• E! = E ∗ ; not(E), i.e. recursively apply E until it is no longer applicable.
With this strategy language we can now specify the coordination cycle defining
the order in which the transition rules are applied. In other words, we can define
the steps of handling role enactment and processing an external action as depicted
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in figure 3.4 and 3.5. Consider, for example, the following strategy for applying
the effect of an action:
rec; (effect|effectf |enact|enactf |deact|deactf )

(action)

which first applies transition rule rec for receiving an action. Then, it applies
either one of the rules effect, effectf, enact, enactf, deact or deactf for handling
the action. Note that these rules are all mutually exclusive, meaning that at
most one of the rules is applicable, i.e. will evaluate to a non-empty result. It
is important to note that when no action can be received, i.e. the rule rec is
not applicable, the whole expression evaluates to the empty set. Also note that
this expression may evaluate to a set of configurations. Suppose, for instance,
there is more than one effect rule applicable. The final outcome of applying the
expression effect will then contain one configuration for each applicable effect
rule. Furthermore, this strategy merely determines the effect of an action. It
does not send all outgoing messages that are added to the list of outgoing events,
nor does it perform any external actions. To handle all outgoing events we define
the following strategy:
(send|act)!

(out)

that iteratively applies rule send, for sending out all messages, and act, for performing all external actions, until no longer applicable.
The two strategies defined above can now be combined in one strategy defining
one step of the coordination cycle (we refer to a strategy expression by its name):
action; out. This expression gives us all the artifact configurations that may result
after applying the transition rules as described by the expression. That is to
say, it evaluates to all the possible configurations after executing one step of
the coordination cycle. Throughout this thesis we are often interested in one
possible outcome of executing the coordination cycle one or more times, and all
the intermediate configurations that were used in reaching it. For this purpose
we define the concept of a coordinated trace.
n
Definition 3.9 (Coordinated Trace) We define the function CE
(O) that evaluates to a
possible execution trace that results after iteratively applying coordination strategy
E n times on organizational configuration O in the following manner:
n
CE
(O0 )

=

O0 O1 · · · On s.t. for 0 ≤ j < n : Oj+1 = O for some O ∈ E@{Oj }

The coordinated trace, which C evaluates to, allows us to refer to executing
the coordination cycle one or more times, abstracting away from the micro-level
transitions that underly these executions. Note that C is undefined for the case
there is an empty outcome of executing (one of the intermediate steps of) the
coordination strategy.
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3.5

Discussion

We introduced organizational artifacts for implementing the environmental part
of a multi-agent system. Revisiting the responsibilities described in chapter 2 that
are assigned to the environment by Weyns et al. (2007), organizational artifacts
fulfill these responsibilities in the following manner:
Structuring. A multi-agent system is physically structured by a distribution
of agents and the organizational artifacts they interact with. Allowing interactions between artifacts facilitates to break up a system in a set of
coherent, loosely coupled interacting artifacts, as shown by the conference
management system example. This promotes a further distribution of the
system. Moreover, organizational artifacts may be deployed for structuring
the communication between agents. An agent may use an artifact for communicating with other entities, being oblivious about the details of whom is
being communicated with. The view on roles (to be extended in subsequent
chapters) accounts for a social structuring of the agent’s interactions.
Resource and service embedding. An organizational artifact embeds a domainspecific state by means of brute facts. Functionality the agents may exploit
to reach their objectives – i.e. giving them new powers (Castelfranchi, 2003)
– is provided by the set of actions that can be used to manipulate the artifact’s brute state and send communication messages. The artifact’s action
specification shields the agents from the low-level implementation details.
That is to say, an agent only needs to perform actions to alter the brute
state without needing to be concerned with how these brute facts change.
Maintaining dynamics. Our notion of organizational artifact does not directly
maintain its own dynamics. However, task-oriented processes may be deployed that act upon an artifact and in this way implement the environment’s dynamics. These task-oriented processes are not agent-oriented and
deployed separately from the agents.
Local observability. Actions may result in messages being sent informing agents
about the state of the organizational artifact. This allows agents to inspect
the internals of the artifact. The precondition of an action effect specification can be used for granting permissions to agents to perform these actions.
This is typically done on the basis of roles that are played by the agents.
The sphere of visibility of an agent is thus determined by the actions it may
perform.
Local accessibility. Similar to inspecting, agents may alter the brute state of
the artifact by means of performing actions. The sphere of influence of an
agent on an artifact’s internal state is determined by the actions it may
perform.
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Regulating. An organizational artifact may be equipped with norms (discussed
in the next chapter) to regulate the agents’ interactions. These norms can
then be used to further specify who the agent may interact with and which
actions are (il)legal, thereby restricting the agents’ sphere of influence.

An important class of multi-agent systems is the class of systems that are
characterized by their openness. In chapter 2 we discussed four types of openness as identified by Davidsson (2001), namely open systems, semi-open systems,
closed systems and semi-closed systems (also see chapter 2). Considering the
artifact and the agents that directly interact with it as the systems’ boundary,
our approach in which a basic organizational artifact is used (without norms and
positions), can already account for all four types of openness. By not putting
any restrictions on which agents may start interacting with the artifact a system
that pertains to an open system can be built. Note that because any agent may
enact a role, the conference management system can be characterized as an open
system. A closed system can be built by specifying the actions in such a way (i.e.
by explicitly referring to the identity of each agent that may perform an action in
the precondition of the effect specifications) that the collection of agents that can
interact with it is fixed. By allowing such a fixed set of agents to interact with
arbitrary external agents a semi-closed system is reached. Finally, a semi-open
system can be engineered by assigning gatekeeper agents with the responsibility to
decide whether an external agent is entitled to join. If an external agent is entitled
to join the gatekeeper registers this agent to the artifact which will change the
brute state in such a manner that now actions are enabled for this newly joined
agent. Note that the way in which semi-open and semi-closed systems are built
with basic artifacts, the burden of the task of deciding who may interact with
the organization and the task of acting as an interface between the artifact and
the agents is on the agents themselves. In subsequent chapters we will introduce
more powerful mechanisms, i.e. norms and positions, alleviating the agents from
this burden.
Before ending this chapter it is important to point out the relation with the
work on the agents and artifacts approach to engineering multi-agent systems as
introduced by Ricci et al. (2006; 2007). Based on the same idea as the A&A
approach the agents’ environment is enriched with artifacts providing non-agent
functionality the agents may exploit in pursuing their goals. Differently from
their approach, however, our approach does not provide a usage interface defining
the operations which agents can invoke and operating instructions describing how
to use these operations to fruitfully exploit the artifact’s functionality. This is
left for future research. Another major difference is that the A&A approach is
a meta-level engineering approach, whereas we describe a concrete programming
language, by which artifacts can be programmed, in terms of a formal syntax and
operational semantics.
85

3.6

Conclusion

In this chapter we introduced the notion of organizational artifact as a tool that
agents can exploit in achieving their objectives. An organizational artifact is built
separately from the agents and deployed in the environment of a multi-agent system. We discussed the essential syntactical constructs involved in programming
an organizational artifact and we demonstrated how to use them by means of a
conference management system example. We endowed the syntax with an operational semantics. Finally, we discussed to what extent our notion of organizational
artifact fulfills the responsibilities an environment is supposed to fulfill according
to Weyns et al. (2007), and we have discussed how artifacts may be used for
building different types of open systems. In subsequent chapters the syntax and
semantics of the basic organization-oriented programming language will be extended to include more organization-oriented constructs such as roles and norms,
as well as constructs for changing the norms.
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Chapter

4

Programming Regulative
Norms

I

n the previous chapter we introduced the notion of organizational artifact as a
useful tool that resides in the environment of the agents. In the class of systems
that can be characterized by a degree of openness in which agents that are not
a priori known dynamically start interacting with an organizational artifact (cf.
(Davidsson, 2001)), also little can be assumed about the behavior these agents
will exhibit. When unknown agents start their interactions dynamically and little can be assumed about the features of these interactions, there is a strong
need for mechanisms to regulate their behavior in order to guarantee the global
objectives of the artifact (and the system as a whole) to be achieved or maintained. Agents may, for example, (deliberately or accidentally) exhibit behavior
that obstructs the system’s global goals. The use of an explicit representation
of normative concepts such as obligations, prohibitions and sanctions has been
widely promoted as a suitable tool for such regulation. Indeed, much literature
can be found on the formal specification and verification of norms ( (Meyer and
Wieringa, 1993), (Prakken and Sergot, 1996), (Dignum et al., 2004), (Sergot and
Craven, 2006), (Boella et al., 2008) and also our own work (Dastani et al., 2008)
are just but a few examples), and literature on the practical issues associated
to operationalizing norms for their use in computational (multi-agent) systems
e.g. (Esteva et al., 2004; Garcia-Camino et al., 2005; Silva, 2008; Minsky and
Ungureanu, 2000; Dastani et al., 2009) (more examples can be found in chapter
2).
Despite these developments we observe a gap between research on the construction of normative frameworks and multi-agent programming languages. We
conjecture that the following two issues underly the root cause of this gap. First,
all of the above mentioned implementations (except for (Dastani et al., 2009;
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Silva, 2008)) are primarily targeted at “procedural” norms specifying which actions agents ought or ought not perform and disregard the issue of expressing
“declarative” norms related to a description of a desired state of affairs that
should be brought about in an environment the agents interact with. Norms
in existing frameworks thus typically take on the form of “ought-to-do” statements pertaining to actions rather than “ought-to-be” statements pertaining to
the declarative description of a state. We argue that expressing declarative norms
is also important, because:
1. If we can relate to actions only, writing norms to ensure a certain state is
achieved might become a rather tedious task, especially when establishing
it involves a multitude of actions and the endeavor of multiple agents. It
is, for example, difficult to express a norm for a conference management
system that at least two reviews should be received for each paper;
2. By only stating the actions the agents should perform to reach a desired
situation we risk to limit their autonomy, because we leave them no choice
in deciding how to reach it. For example, by telling an agent to take the
train to a conference we leave it with less options than by just telling it to
be at the conference;
3. Related to the previous point, expressing declarative norms accords more
with the concept of declarative goal as often used for modeling agents, viz.
a description of a desirable situation. This conformity facilitates the internalization of norms by agents for reasoning with them (see for example
(Meneguzzi and Luck, 2009)). In the above example, the agent probably
has multiple plans to achieve the goal of being at the conference, such that
this obligation can be more easily internalized and acted upon.
Second, current work on normative frameworks for regulating the behavior of
agents is not endowed with an operational semantics (Plotkin, 1981) that allows
for a direct implementation of an interpreter. An operational semantics allows
us to evaluate a framework by formally studying the key properties it exhibits
and it relates it to some of the results established by the field of deontic logic.
Many agent-oriented programming languages are already investigated by means
of an operational semantics and also doing this for the normative concepts contributes to the longer-term goal of studying the properties of a multi-agent system
regulated by norms.
In this chapter we aim to narrow this gap by extending the basic idea of an
organizational artifact to include normative concepts for regulating the agents’
interactions with the aim of preventing the artifact from ending up in sub-ideal
states. More concretely, the main contributions of this chapter are:
• We describe the overall architecture of a multi-agent system regulated by
normative components in section 4.1. In particular, we explain our norm
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enforcement mechanism in the context of an organizational artifact as presented in previous chapter and motivate our choice of the involved normative
constructs.
• We introduce the syntax and intuitive semantics by which norms can be
programmed in section 4.2. Our norms take on the form of conditional
obligations and prohibitions with a deadline. Their representation and semantics is inspired by norms as presented by Boella et al. (2008) who only
consider obligations. Contrasting existing work on computational norms
(except for (Dastani et al., 2009; Silva, 2008)) that is primarily targeted
at “procedural” norms specifying which actions agents ought or ought not
perform, we consider “declarative” norms related to a description of a desired state of affairs that should be brought about in some environment the
agents interact with.
• To motivate agents to abide by the norms we introduce sanctioning rules
which are taken from our earlier work on counts-as rules (Dastani et al.,
2008, 2009; Tinnemeier et al., 2009a) (also in section 4.2). The solution
we develop allows both for regimentation and enforcement of the norms (cf.
(Aldewereld, 2007; Castelfranchi, 2000; Grossi, 2007)). We demonstrate how
these norms and sanctioning rules can be used to regulate the agents’ behavior and to prevent an organizational artifact from ending up in unwanted
situations by means of our conference management system example (section
4.2).
• We endow the syntactical constructs with a structured operational semantics (Plotkin, 1981) in section 4.3. This enables us to study the normative
concepts in a rigorous manner and an operational semantics is already close
to the implementation of an interpreter without committing to a particular
programming language. Moreover, it reduces the gap between research on
agent programming languages (that are often endowed with an operational
semantics) and research on computational, normative frameworks (that are
rarely studied by an operational semantics).
• We demonstrate that different strategies exist for enforcing the norms in
section 4.4. This has not been done before in respect of a computational
normative framework (except for (Aştefǎnoaei et al., 2009a)). Moreover, in
this section we show some of the key properties our norms exhibit, relating
them to some of the properties that have been long studied by the field
of deontic logic and normative multi-agent systems. This relation is generally overlooked by existing work on computational frameworks for norm
enforcement.
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4.1

Organizational Artifacts with Norms

As previously explained in chapter 3, we conceive a multi-agent system as consisting of a collection of heterogeneous agents and a collection of artifacts. The
agents exploit the functionality provided by organizational artifacts to achieve
their goals. An organizational artifact implements the non-autonomous functionalities that are better implemented by non-agent concepts. They encapsulate a
domain specific state and function, which is modeled by a set of brute facts. The
agents perform actions that change the brute state to interact with the artifact
and exploit its functionality. An overview of the internals of an organizational
artifact is shown in figure 4.1. In this chapter we will focus on the normative
dimension of the organizational artifact.

norm dynamics

normative concepts

scheme change rules,

schemes, instances,

instance change rules

sanction rules

positions

coordination
cycle

brute facts

institutional facts

Figure 4.1: A (simplified) conceptual representation of the internals of an organizational artifact. Optional concepts (e.g. norms, positions) are outlined with a
dashed border. Solid arrows denote the reading and modification of the concepts
as explained in more detail below. Dotted arrows denote actions and messages
between agent and artifact. A brief description of all the concepts can be found
in chapter 3.
When unknown agents of which little can be assumed about their behavior
interact with the artifact, it is essential to coordinate their behavior and to guide
them in interacting with it in a meaningful way. What is considered to be desired
behavior is described by the norm schemes, a set of conditional obligations and
prohibitions. The norm schemes define under which conditions obligations and
prohibitions should be created. For example, if a reviewer is assigned a paper to
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review, then an obligation to have uploaded a review for that paper is created.
The condition of a norm scheme relates to the brute and institutional state of
the artifact and whenever its condition is satisfied the artifact instantiates the
obligation or prohibition belonging to it, hence the name norm instance. The
process of triggering is summarized in figure 4.2.
The norm instances that are created out of the norm schemes are thus a set
of active (unconditional) obligations and prohibitions. They specify which brute
and institutional states should (not) be achieved. Seeing to it that the norms
and their instances are about the brute and institutional state an artifact encapsulates and maintains, we consider it the artifact’s responsibility to detect when
obligations and prohibitions should be created and detect violations and fulfillments. We refer to this process by the name monitoring as shown in figure 4.3.
Assigning this responsibility to third-party entities or even to agents, would break
the principle of data hiding. Moreover, delegating this responsibility to another
entity with its own thread of control introduces nasty synchronization issues. In
particular, putting the burden of monitoring on designated ‘enforcement’ agents,
requires advanced reasoning capabilities of those agents. In chapter 2 we showed
that such capabilities are beyond the reasoning capabilities agents typically have,
and additional mechanisms would be needed to verify if the monitoring agents
carry out their task satisfactorily. To conclude, assigning the responsibility of
monitoring to external entities does not buy us anything, it would be merely
shifting the problem. We do note, however, that this is differently from how it
is done in the real world where, for example, policemen are used to detect traffic
violations. The point we make here is that if the system itself can detect violations, monitoring should be done by the system. Indeed, the same trend can be
observed in real life where the tasks of policemen are often replaced by automatic
devices, e.g. speeding cameras.
Usually, a norm instance is accompanied by a deadline (cf. (Dignum et al.,
2004; Boella et al., 2008)). For example, an obligation to have reviewed a paper
should be fulfilled before the notification phase starts. Intuitively, an obligation specifies which brute state should be established before a particular moment,
whereas a prohibition specifies which brute state should be avoided until the deadline. Resembling the specification of deadlines as propositional formulae instead
of time (Boella et al., 2008), in our approach, deadlines are expressed as a situation that can be entailed by the brute state. This gives us more freedom in
specifying different notions of deadlines and allows us, for example, to relate to
a situation that is established by the actions of other agents without the need to
know if and when it will be established.
A special type of norm that has also been discussed in chapter 2, is the one that
specifies which obligations or prohibitions should be instantiated in the sub-ideal
situation in which some other norm instance is violated. Contrary-to-duty norms
(Prakken and Sergot, 1996) are a special case of this. For example, a reviewer
that did not abide by its obligation to have reviewed a paper obliges the program
chair to remind him/her of this task. Recall that information about which norm
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norm instances

norm schemes

institutional facts

triggering
process

brute facts

Figure 4.2: Triggering amounts to checking if the condition of a norm scheme can
be entailed from the current brute and institutional state. If so, an obligation or
prohibition is created and added to the set of norm instances.
instances are violated is stored by the institutional facts (as taken from (Searle,
1995)). To also allow for the specification of these types of norms we let the
condition of norm schemes relate to institutional facts. We call a norm that is
triggered by some condition of the brute state a primary norm, and a norm that
rises due to the violation of another norm a secondary one. This resembles the
notion of interlocking of norms as proposed in (Lopez y Lopez et al., 2006).
Usually, a norm instance is directed at someone (Lopez y Lopez et al., 2006),
but because the artifact’s interactants are not known beforehand, in expressing the
norm schemes we rather refer to the roles that are played by agents instead of to
the agents directly. For the present work we adopt the same simple representation
of roles and their enactment as we did in the previous chapter. A role is a label
r that identifies it by a unique name. We model the institutional fact that an
agent identified by a has enacted role r by a proposition rea(a, r) as stored by
the institutional facts. In subsequent chapters we will change this representation
of roles to include a richer account.
To motivate agents to abide by the norms, there are often sanctions associated
to the violation or fulfillment of a norm (cf. (Vázquez-Salceda et al., 2008; Lopez
y Lopez et al., 2006)). These sanctions include punishments for an agent who
infringes the norms and rewards for an agent who obeys the norms. For example,
an author that violates a prohibition to upload a paper of more than 15 pages is
punished by an instant rejection of the paper by removing it from the database.
A question that rises is “who should be responsible for applying these sanctions?”
We already argued that the organizational artifact is responsible for activating
obligations and prohibitions based on their underlying norms, and detecting violations and fulfillments of these active obligations and prohibitions. Based on a
similar reasoning we could conclude that also sanctioning should be the artifact’s
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norm instances

institutional facts

monitoring
compliance

brute facts

Figure 4.3: Monitoring compliance of an obligation amounts to checking if the
desired situation (of the brute and institutional state) can be entailed before the
deadline. Violated and fulfilled obligations are removed from the set of norm
instances. Monitoring obedience of a prohibition boils down to checking if the
undesired situation can be entailed before the deadline. Prohibitions are removed
when their deadline can be entailed. Information about violation and fulfillment
is added to the institutional facts.
task. Additionally, sanctioning might require to modify the brute facts as our
example of removing a paper suggests. However, sanctioning does not require advanced reasoning capabilities of the agents; they only need to know that someone
has complied to or has infringed the rules without needing detailed knowledge
about how the norms are expressed. This pleads for a mechanism that at the
very least allows the artifact to notify agents about (non)compliance and leaving
the decision and act of sanctioning to them, but at the very same time allows for
the artifact to apply sanctions automatically.
Note that not every norm has a sanction associated to it. One might, for
example, decide not to punish the infringement of a norm, but only reward compliance (or vice versa). Based on this observation and the fact that sanctioning
is a different concern than norm activation and verifying compliance, we argue
that the specification of sanctions and the process of applying them should be
sensibly separated out as a different component. In our approach, sanctions are
specified by so-called sanctioning rules taken from (Dastani et al., 2008, 2009;
Tinnemeier et al., 2009a). They take on the form of a kind of reversed counts-as
rules that specify which brute facts should be accommodated to the brute state
of the artifact as a consequence of a violation or fulfillment of some obligation
or prohibition. To enable the artifact to inform agents and other artifacts about
(non)compliance we allow these reverse counts-as rules to have the same side effects as the performance of actions, namely messages to be sent or actions to be
performed upon other artifacts.
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sanctioning rules

institutional facts

sanctioning
process

brute facts

Figure 4.4: Sanctioning amounts to accommodating the brute facts that appear
in the consequents of applicable sanctioning rule to the brute state. A sanctioning
rule is applicable when its antecedent is satisfied by the brute and institutional
state.

4.2

Programming the Normative Dimension

In this section we describe the syntax of the programming constructs by which
the normative component of an organizational artifact can be defined. We use the
conference management system example to show how norms can be programmed
and to explain their intuitive semantics. Recall that to program a basic normative
artifact is to specify the roles agents can play, a set of facts specifying the initial
brute state and a set of effects specifying how the brute state evolves under the
performance of actions. The grammar of these constructs can be found in table
3.1 of chapter 3. All these constructs were explained in detail in that chapter
and will not be repeated here. We do, however, repeat some of the elementary
syntactical constructs in table 4.1 that were originally listed in table 3.1 and
extend them, because they are needed for defining the syntax by which norms
can be programmed. To extend our notion of organizational artifact to include
norms, we extend the previously defined clause hartifacti as defined in figure 3.6
of chapter 3 in the following manner:
hartifacti

=

"Name:" hidi [ hrolesi ] [ henactsi ] [ hfactsi ] [ heffectsi ]
[ hnormsi ] [ hsanctionsi ];

The grammar of norms and sanctions is shown in figure 4.5. In what follows,
we explain the intuitive semantics of the syntactical constructs by our conference
management system example.

Norm schemes and Norm Instances
The conference management system has some behavioral expectations about its
participants. We expect, for example, reviewers to review their assigned papers
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hlabeli

a first-order atom with constants and variables used to uniquely identify norms
a first-order atom denoting a brute fact. The special facts starting with predicate symbol viol, obey and rea (their meaning to be
explained later on) are excluded from the set of brute facts.
a first-order atom of the form viol(φl ) or obey(φl ) with φl a hlabeli
identifying a norm. The first denotes a violation of norm labeled φl
whereas the latter denotes the obedience to the norm.
a first-order atom of the form rea(i, r) in which r denotes a role and
i the agent playing it; “rea” is short for role enacting agent.
a first-order atom of the form Send(r, p, c) in which r denotes the
message’s receiver, p its performative and c its content.
a first-order atom of the form Do(id, α) in which id denotes the
artifact upon which action α is to be performed.

hb−atomi

hi − atomi

hr − atomi
hsendi
hdoi

Table 4.1: Elementary syntactical constructs.
hnormsi
hnormi
hcondi
hOPi
hddlni
hassertioni
hsanctionsi
hsanctioni
hpresanci
hpostsanci
hb − liti
hr − liti

=
=
=
=
=
=
=
=
=
=
=
=

"Norms:" hnormi { hnormi };
hlabeli ": <" hcondi "," hOPi "," hddlni ">";
hb − liti | hr − liti | hi − atomi | hcondi "and" hcondi;
"O(" hassertioni ")" | "F(" hassertioni ")";
hassertioni;
hb − liti | hr − liti | htesti "and" htesti;
"Sanctions:" hsanctioni { hsanctioni };
hpresanci "=>" "{" hpostsanci "}";
hb − liti | hr − liti | hi − atomi | hpresanci "and" hpresanci;
hb − liti | hsendi | hdoi | hpostsanci "," hpostsanci;
"true" | hb − atomi | "not" hb − atomi;
hr − atomi | "not" hr − atomi;

Figure 4.5: EBNF grammar of norm schemes.
in time. Such behavioral expectations are are expressed by the norm schemes,
that is, conditional obligations and prohibitions. In our framework, we do not
consider permissions; if something is not explicitly forbidden, we assume it to be
permitted.1 A conditional obligation is expressed as a labeled tuple of the form
φl : hϕc , O(ϕx ), ϕd i with the intuitive reading that “if condition ϕc holds then
there is an obligation to establish the brute state denoted by ϕx before deadline
ϕd ”. A conditional prohibition is expressed as a labeled tuple φl : hϕc , F (ϕx ), ϕd i
that can be intuitively read as “if condition ϕc holds then it is forbidden to
establish the brute state denoted by ϕx before deadline ϕd .” Note that each ϕ
1 Here we assume that permission is the dual of prohibition. It should be noted that there
are also interpretations in which this is no longer the case, see for example (Hansen et al., 2007)
for a discussion.
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Code fragment 4.1 Norms and sanctions of reviewing system
Norms :
p a g e s i z e ( PId ) :
< p h a s e ( s u b m i s s i o n ) and a b s t r a c t (A, PId )
, F( p a g e s ( PId ) > 1 5 )
, phase ( review ) >

1
2
3
4
5
6

r e v i e w d u e (R ) :
< p h a s e ( r e v i e w ) and a s s i g n e d (R, PId )
, O( r e v i e w (R, PId ) )
, phase ( c o l l e c t ) >

7
8
9
10
11

minimum reviews ( PId ) :
< p h a s e ( s u b m i s s i o n ) and p a p e r ( PId )
, O( n r r e v i e w s ( PId ) >= 3 )
, phase ( c o l l e c t ) >

12
13
14
15
16

viol
<
,
,

minimum (C ) :
v i o l ( minimum reviews ( PId ) ) and r e a (C, c h a i r )
O( r e v i e w (C, PId ) )
phase ( n o t i f i c a t i o n ) >

17
18
19
20
21

Sanctions :
v i o l ( r e v i e w d u e (R) ) => { b l a c k l i s t (R) }

22
23
24

v i o l ( viol minimum (C) ) => { b l a c k l i s t (C) }

25
26

v i o l ( p a g e s i z e ( PId ) ) and p a p e r (A, PId ) => { f a l s e }

27

is a conjunction of brute and institutional literals. By allowing the precondition
to contain rea atoms, we can associate norms to roles that are played by agents.
The parameterized labels φl the norms are equipped with, is used to uniquely
identify them and to keep track of which of them are violated. Remember that
we distinguish between primary norms that are triggered because of a particular
condition of the brute state and secondary norms that are triggered due to the
violation of another norm. The condition of primary norms thus relates to brute
facts, whereas the condition of norms at level one and beyond relates to violation
and obedience facts as stored in the institutional state. We acknowledge that norm
schemes can contain more components as, for example, explained in (Lopez y
Lopez et al., 2006; Vázquez-Salceda et al., 2004). Nevertheless, we limit ourselves
to the elementary components that are needed to explain the semantics of the
enforcement mechanism. Other components such as addressees and beneficiaries
and rewards can be incorporated without any technical difficulties, but including
them will obfuscate the explanation of the norms’ semantics.
The norm schemes of the reviewing system, expressing the desired behavior of
the agents playing the role of reviewer, author or chair are listed in code fragment
4.1. The first norm scheme expresses that uploaded papers should not exceed the
page limit of 15 pages. Suppose an author, say jane, has uploaded an abstract
and has been assigned id. 547. As soon as the chair puts the system in the
submission phase the condition is satisfied and the norm scheme is instantiated
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Code fragment 4.2 Norms and sanctions of registration system
Norms :
a u t h o r e a r l y r e g (A ) :
< a u t h o r (A) and p h a s e ( e a r l y ) and not r e g i s t r a t i o n (A, a u t h o r , c o m p l e t e )
, O( r e g i s t r a t i o n (A, a u t h o r , c o m p l e t e ) )
, phase ( r e g i s t r a t i o n ) >

1
2
3
4
5
6

Sanctions :

7
8

v i o l ( a u t h o r e a r l y r e g (A) ) => { Send (A, r e q u e s t , r e g i s t e r ) }

9
10

f u l f i l l ( a u t h o r e a r l y r e g (A) ) => { f r e e b a n q u e t t i c k e t (A) }

11

into a norm instance pertaining to a prohibition F(page size(547) > 15)
stating that jane’s paper is not allowed to exceed 15 pages. This prohibition stays
into effect during the whole submission phase, i.e. until the review phase starts
which is expressed by the deadline phase(review). A violation is detected as
soon as jane uploads a paper of more than 15 pages. Note that a norm scheme
may instantiate multiple norm instances; they are implicitly universally quantified
in the widest scope.
To be able to make decisions about which papers to accept and which ones
to reject during the collect phase, reviewers are required to have uploaded their
reviews before the end of the reviewing phase. This is specified by the second
norm scheme, which states that a reviewer is obliged to have uploaded its assigned
reviews before the reviews are collected. This obligation becomes active as soon
as a reviewer is assigned a paper and stays into effect until it is either fulfilled
(the review has been uploaded) or it is violated (the review has not been uploaded
before the deadline).
To increase the quality of the reviewing process, the third norm specifies
that by the end of the reviewing phase there should be at least three reviews
per paper. In the sub-ideal situation this norm is violated, the chair is expected to take charge of reviewing this paper as expressed by the fourth norm
scheme. To explain this norm scheme, suppose that when the review phase has
ended still only two reviews for paper 547 have been received. Then the obligation O(nr reviews(547)>=3) that emanated from the second norm scheme
is violated. This violation is marked by the assertion of an institutional fact
viol(minimum reviews(547)) to the institutional state. This will trigger
the fourth norm scheme, that will instantiate an obligation for the chair to have
uploaded a review for paper 547 before the notification phase starts. Note how
parameters of labels are used to pass information between norm schemes at different levels. It should be emphasized that the parameters of the labels are formal
output parameters that become actual parameters upon instantiation of the norm
scheme. By allowing the condition of a norm scheme to contain institutional facts
that contain information about norm violations, we can express obligations and
prohibitions that are effectuated when certain norms are broken (or abided by).
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Remember that in our example participants should first register themselves to
the registration system (authors of accepted papers are automatically registered
by the reviewing system). Registering alone is not enough, a registration is considered completed if the conference fee has been paid for. Authors of accepted
papers are requested to complete their registration in time, preferably already
during the early registration. This is expressed by the first norm scheme of code
fragment 4.2 specifying that authors should complete their registration during
the early registration phase. Early registration is preferred, but not a hard requirement. In fact, as we shall see later on, no punishment is associated to the
violation of this obligation.

Sanctioning Rules
To make agents respect the norms, sanctions are often imposed to punish infringements or reward obedience. Sanctions (taken from (Dastani et al., 2008, 2009;
Tinnemeier et al., 2009a)) are expressed separately from the norms as a kind of inverted counts-as rules. They associate a sanction with a normative assessment of
the artifact’s situation as modeled by the brute and institutional facts. More concretely, they are expressed as rules of the form ϕ => Ψ which can be intuitively
read as: “a normative situation (as modeled by the brute and institutional facts)
expressed by ϕ is sanctioned by accommodating brute facts Ψ to the artifact’s
brute state.”
The sanctioning rules of the reviewing system are listed on lines 22-27 of code
fragment 4.1. The first sanctioning rule of the reviewing system states that reviewers who fail to have uploaded their reviews in time are blacklisted, i.e. a
decrease in reputation. This information could be used in deciding who should be
on the programme committee of a future conference. The same sanction is applied
to the chairs who do not conform to the obligation to review a paper for which less
then three reviews have been uploaded. This is expressed by the third sanctioning
rule. Again, note how the parameters of the norm scheme in combination with
the violation (and obey) facts are used to pass on information about the actual
norm instance that has been violated (or abided by). The third sanctioning rule
of the reviewing system is an example of regimentation, cf. (Aldewereld, 2007;
Castelfranchi, 2000; Grossi, 2007; Jones and Sergot, 1993). Recall that regimentation boils down to ruling out all the actions that will lead to an intolerable state,
such that a violation of the norms will never happen. The fact that this state
is intolerable is denoted by the special atom false. The third sanctioning rule
thus says that it is impossible for an author to upload a paper that exceeds the
page limit. Even though an author might still try to upload a paper of more than
fifteen pages, the effect of this action will not be effectuated by the organizational
artifact.
Recall the norm specifying that authors of accepted papers should register for
the conference, preferably during early registration. To motivate these authors
to register already during early registration, we associate a reward to the fulfill98

ment of the obligation to register before the registration phase starts (i.e., the
first norm of the registration system.) The reward that is imposed is a free ticket
for the banquet, which is presumably handed out at the registration desk. As a
consequence of violating this obligation a reminder to register is sent to the author concerned. Because this norm pertains to a suggestion expressing preferable
behavior instead of required behavior, no punishment is involved. Both sanctions
are expressed by the first and second sanctioning rule listed on lines 7-11 of code
fragment 4.2.
Ideally, an author who fails to register before the registration system closes is
punished by automatically rejecting all its formerly accepted papers. Expressing
such a norm and associated sanction, however, turns out not to be trivial. Information about the registration of authors is stored in the registration artifact. This
suggests that the norm which obliges authors to register should be implemented
as part of the registration artifact. This registration artifact, however, does not
have information about which papers belong to that author. This information is
stored by the reviewing artifact. The underlying problem is that the information
that is needed to enforce this rule is spread across different artifacts. In this case
we can overcome this problem by (for example) letting the registration artifact
inform the reviewing artifact about the registration status of authors. Then, the
norm and sanctioning rule can be implemented as part of the reviewing system.
However, this introduces the storage of redundant information, which may lead to
nasty synchronization issues. Besides, we can also imagine comparable problems
that are not so easily fixed by letting artifacts exchange information. Suppose, for
example, we would break up our reviewing system in different organizational artifacts each implementing the reviewing functionalities of a conference sub-track.
How to express a norm scheme specifying that a reviewer can only be on the
program committee for one sub-track or a norm scheme that specifies that not
more than a certain amount of papers may be accepted for the whole conference
is unclear. We believe the problem to be a fundamental one; we need norms
(and sanctioning rules) to overspan multiple artifacts. This issue is left for future
research.

4.3

Executing the Normative Dimension

In the previous section we have defined the syntax of the language by which
the normative component of organizational artifacts can be specified and have
shown an example of such an implementation. In this section we explain how
the normative component of artifacts is executed by endowing the syntax with an
operational semantics (Plotkin, 1981).
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Intended Semantics of Obligations and Prohibitions
Before we proceed with defining the formal operational semantics of our norm
enforcement mechanism, we first recapitulate and motivate the intended semantics
of norm schemes and their instances, i.e. obligations and prohibitions. Once we
have defined the formal operational semantics, we return to the intended semantics
described in this section by proving that the norm schemes and their instances
indeed behave as we claim. The semantics we attribute to norm instances is not
completely designed by ourselves. In fact, the semantics of obligations is based on
the one of Boella et al. (2008), in which the logic of conditional obligations with
deadlines is presented. This choice is motivated by the fact that the way in which
their semantics is presented is already close to an operational one. The choice
for the semantics of prohibitions is mainly driven by some elementary properties
from the field of deontic logic and pragmatical considerations.
As discussed before, a norm scheme instantiates a norm instance (obligation
or prohibition) when its condition is satisfied. We write a norm instance as a
tuple (φl , Mϕx , ϕd ) with M either O to denote an obligation or F to denote
a prohibition, φl the parameterized label identifying the norm scheme, ϕx the
description of the state to be achieved or avoided before deadline ϕx . Once
instantiated the behavior of an obligation and a prohibition differs as illustrated
by figure 4.6.
Figure 4.6a shows the behavior of an instantiated obligation. As can be seen,
the obligation stays into effect as long as it is not fulfilled or violated. An obligation is fulfilled when the state denoted by it can be entailed by the brute (and
institutional) state before or when the deadline is reached. Fulfillment of an obligation labeled φl is marked by the assertion of a fact obey(φl ) to the institutional
state, whereas an institutional fact viol(φl ) denotes a violation of φl . It is violated
when ϕx has not been established from the state the obligation was instantiated
up to the state in which the deadline can be entailed. Note that this means
that when the brute state is changed such that deadline ϕd starts to hold and
desired state ϕx starts to hold the obligation is considered to be fulfilled, instead
of violated. From a conceptual point of view, one can argue that an action was
undertaken to reach the desired state before the deadline held, and therefore the
obligation should be considered achieved. The foremost argument, however, is of
a technical nature. In this semantics we can express so called instantaneous obligations (see also (Broersen and van der Torre, 2007)). Instantaneous obligations
are of the form (φl , O(ϕx ), >), i.e. ϕx should be established now. If we would
have chosen a semantics in which an obligation is fulfilled if, and only if, it is
reached before the deadline, an instantaneous obligation (φl , O(ϕx ), >) would be
vacuously violated! Our semantics of an obligation resembles the one presented
in (Boella et al., 2008).
The behavior of a prohibition is shown in figure 4.6b. Unlike an obligation, a
prohibition stays into effect until its deadline ϕd is reached. That is, a prohibition
is removed only when its deadline ϕd holds irrespective of whether it is violated.
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ϕx , ¬ϕd
obey(φl )
(φl , Oϕx , ϕd )

(φl , Oϕx , ϕd )

¬ϕx , ¬ϕd

¬ϕx , ¬ϕd

¬ϕx , ϕd
viol(φl )

ϕx , ϕd
obey(φl )

(a) Obligation
(φl , F ϕx , ϕd )
ϕx , ¬ϕd
viol(φl )
(φl , F ϕx , ϕd )

(φl , F ϕx , ϕd )

¬ϕx , ¬ϕd

¬ϕx , ¬ψ

¬ϕx , ϕd
obey(φl )

ϕx , ϕd
viol(φl )

(b) Prohibition

Figure 4.6: Some possible evolutions of an organizational artifact and the corresponding behavior of a norm instance (φl , M(ϕx ), ϕd ) instantiated out of a norm
scheme φ0l : hϕ0c , M(ϕ0x ), ϕ0d i. Each circle denotes a possible state of the artifacts
that evolves from one state into another by actions performed by agents. The
relevant brute state is shown inside of the states, the effectuated norm instances
above of them, and the institutional facts viol and obey below. States in which
it is concluded that the norm instance is respected are colored white, whereas
violation states are colored black. Gray states denote the situations where the
norm instance is not yet violated or abided by.
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Note that this implies that one and the same prohibition can be violated more
than once. It is violated when the state described by ϕx can be entailed before
or when the deadline starts to hold. It is abided by when ϕx cannot be entailed
by the brute and institutional state during the period starting from when the
prohibition was effectuated up to the moment the deadline holds for the first time.
The fact that a prohibition φl has been respected is denoted by the assertion of
a fact obey(φl ), whereas a violation is denoted by an institutional fact viol(φl ).
Based on a similar reasoning as that for an obligation, we chose to consider an
action that simultaneously establishes the prohibition’s deadline ϕd as well as
the undesired state ϕx as a violation. The action leading to ϕx was performed
at a moment when establishing it was still forbidden. Moreover, we can now
meaningfully express instantaneous prohibitions (φl , F (ϕx ), >) meaning that ϕx
is forbidden only in the present state.
As observed before, a prohibition can in principle be violated more than once.
Suppose, for example, that ϕx is established in multiple states until deadline ϕd .
Then in each such state a violation as denoted by institutional fact viol(φl ) can
be inferred. To express a prohibition that disappears after it has been violated is
to ensure that deadline ϕd = ϕx . In this case a violation will be detected because
an action has been performed that led to a forbidden state, and because the
deadline is now established, the prohibition will be revoked. Note, however, that
this implies that the prohibition will be in effect as long as it is respected. Due
to the lack of disjunctions in the deadline it is in general not possible to express a
prohibition that stays into effect until its deadline ϕd 6= ϕx is established or until
it is violated.
Although a prohibition can be violated multiple times, it can only be fulfilled
once. A prohibition is abided by when during the whole time the prohibition was
in effect, the forbidden state ϕx is not established. To illustrate the intuition
behind this consider, for example, we forbid someone to be in the park between
sunset and sunrise. Suppose that someone walked through the park at night, but
has left the park before sunrise. Would we now at sunrise – when the prohibition
ceases to hold – conclude that this person has respected the prohibition? We
would say no, the prohibition is only abided by if the person has not entered the
park the whole night. In other words, once a prohibition is violated it cannot be
abided by anymore. So, to conclude whether a prohibition is abided by or not,
information about past violations becomes relevant.

Preliminaries
To understand the execution of the normative component, we extend the previously defined configuration of an organizational artifact to include norm schemes,
norm instances and sanctioning rules also. However, before doing so, we provide
some auxiliary functions regarding norm schemes and norm instances. They will
facilitate defining the configuration of an organizational artifact and the transition
rules explaining how an organizational artifact configuration may evolve.
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We start with defining the notion of instantiating a norm scheme into a norm
instance. As explained before, a norm instance is instantiated from its norm
scheme when its condition is derivable from the brute and institutional state
for some substitution of its formal parameters. Instantiating a norm scheme is
then to apply this substitution on it resulting in a norm instance. Norm instances
denoting a prohibition are annotated with extra information about past violations.
This information is needed later on to enshrine obedience. For now, an annotation
⊥ means that the prohibition has not been violated.
Definition 4.1 (Scheme Instantiation) Let ns = φl (v1 ) : hϕc (v2 ), M(ϕx (v3 )), ϕd (v4 )i be
a norm scheme with M either an obligation O or prohibition F and v1 , . . . , v4
the sets of variables occurring in the formulae. Then the function inst(ns, θ) that
instantiates a norm instance from norm scheme ns given a formal substitution θ
for the variables is defined as:

(φl (v1 )θ, O(ϕx (v3 )θ), ϕd (v4 )θ)
if M = O
inst(ns, θ) =
(φl (v1 )θ, F (ϕx (v3 )θ), ϕd (v4 )θ) ◦ ⊥
if M = F
The substitution that is applied in instantiating a norm scheme is obtained
via its condition. In what follows we demand norm instances to be ground, i.e. no
variables to occur in them. To ensure a norm instance to be ground, we demand
each variable that occurs in the norm scheme also to occur in the condition. Having unground norm instances raises the question whether the variables occurring
in them are existentially or universally quantified. This question and a possible
extension of the language to include quantifiers is left for future research. To
ensure norm instances to be ground, we demand each variable that occurs in the
norm scheme also to occur in its condition. This is formally defined by the next
definition introducing well-formedness of norm schemes.
Definition 4.2 (Well-formedness of Norm Schemes) Given a norm scheme ns of the form
φl (v1 ) : hϕc (v2 ), M(ϕx (v3 )), ϕd (v4 )i such that M either an obligation O or prohibition F and v1 , . . . , v4 the sets of variables occurring in the formulae. We say
that ns is well-formed if and only if it holds that v1 ∪ v3 ∪ v4 ⊆ v2 .
Having defined some auxiliary functions and knowing how (well-formed) norm
schemes are instantiated we are now in a position to define the configuration of
an organizational artifact with a normative component. This definition extends
the previous definition of an organizational artifact as defined in chapter 3. For
the sake of readability we repeat all the previously defined components here.
Definition 4.3 (Artifact Configuration) An organizational artifact, typically denoted by
O, is defined as a tuple hid, σb , σi , E, ∆, δ, Σ, in , out i, in which:
• id is a name uniquely identifying the artifact;
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• σb is a set of ground, first-order atoms describing the brute state of the
artifact;
• σi is a set of ground, first-order atoms describing the artifact’s institutional
state;
• E is a set of effect specifications;
• ∆ a set of well-formed norm schemes;
• δ ⊆ {inst(ns, θ) | ns ∈ ∆ and θ a ground substitution of the variables}, i.e.
a set of ground norm instances defining the active obligations and prohibitions;
• Σ the set of sanctioning rules by which the punishments and rewards associated to norm compliance and violation are defined;
• in is a list of ground first-order atoms, the events perceived by the artifact;
• out is a list of ground first-order atoms either with predicate name Send
or Do, the communication messages to be sent and external actions to be
performed.
Just like in previous chapter we define the notion of an initial artifact configuration. This configuration redefines the one previously defined in chapter 3.
The initial organizational artifact is the one that is determined by the program
code. The artifact’s program defines the artifact’s name, its initial brute state,
the effect specifications, its norm schemes and their associated sanctions. Initially,
no events are received, no events need to be sent, no obligations and prohibitions
have been instantiated, and no norms have been complied with or violated and
no roles have been enacted. This is defined by the following definition.
Definition 4.4 (Initial Artifact Configuration) An initial artifact configuration is an artifact hid, σb , ∅, E, ∆, ∅, Σ, ∅, ∅i specified by a program such that id is specified by
the program’s name component, σb is characterized by the program’s facts component, E is defined by the program’s effect component, ∆ is determined by the
program’s norm component and Σ is defined by the program’s sanctions.

Execution of Norm Schemes and Their Instances
Having defined the organization configuration we can now define the transition
rules that specify how an organizational artifact may evolve in the light of norm
schemes that trigger obligations and prohibitions, and monitoring of the compliance of these instantiated norm schemes. In what follows we assume an artifact
configuration hid, σb , σi , E, ∆, δ, Σ, in , out i. The components that will not change
during computation will be omitted, viz. the artifact’s id, its effects specification
E, its norm schemes ∆ and its sanctioning rules Σ.
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We start with the transition rule explaining how norm schemes are triggered.
Call to mind that a norm scheme is triggered when its condition can be entailed
by the artifact’s brute and institutional state. Triggering a norm instance is to
create a norm instance (as defined by the instantiation function) which is added
to the set of norm instances. Triggering is defined by the next transition rule.
Transition Rule Given ground substitution θ, the rule for triggering of norm schemes
is defined as:
ns = (φl : hϕc , M(ϕx ), ϕd i)

ns ∈ ∆

σb ∪ σi |= ϕc θ

ni = inst(ns, θ)

(trig)

hσb , σi , δ, in , out i −→org hσb , σi , δ ∪ {ni}, in , out i

Next, we define the rules specifying the (non)compliance of an obligation.
When there is an obligation (φl , ϕc , O(ϕx ), ϕd ) in a certain configuration and the
deadline ϕd has passed, but ϕx has not been achieved yet then this obligation is
violated. Remember that violated obligations are removed from the set of norm
instances. An obligation is achieved in this configuration when the state denoted
by ϕx can be entailed by the brute and institutional state. Also in this case
the obligation is removed from the set of norm instances. This is defined by
the following two transition rules. The first pertains to violation, the second to
fulfillment of an obligation.
Transition Rule The rule for violation of an obligation is defined as follows:
ni = (φl , O(ϕx ), ϕd )

ni ∈ δ

σb ∪ σi 6|= ϕx

σb |= ϕd

hσb , σi , δ, in , out i −→org hσb , σi ∪ {viol(φl )}, δ \ {ni}, in , out i

(violo )

Transition Rule The rule for fulfillment of an obligation is defined as follows:
ni = (φl , O(ϕx ), ϕd )

ni ∈ δ

σb ∪ σi |= ϕx

hσb , σi , δ, in , out i −→org hσb , σi ∪ {obey(φl )}, δ \ {ni}, in , out i

(obeyo )

Just like obligations we define the transition rules that specify when a prohibition is (not) abided by. When there is a prohibition (φl , ϕc , F (ϕx ), ϕd ) in a certain
configuration and the deadline ϕd has not passed, but ϕx has been achieved, then
this prohibition is violated. As opposed to an obligation, a violated prohibition
remains in effect. That is, it is not removed from the set of norm instances. A
prohibition is abided by when deadline ϕd holds and ϕx has not been established
during the whole period for which the prohibition was in effect. In defining the
transition rules by which we can derive a transition γk → γk+1 we cannot refer
to the trace γ0 →∗ γk−1 that was used to reach γk . But in defining the transition
rule for obedience of a prohibition we still need to know if the prohibition was violated in the past. Recall that, to have this information at our disposal in defining
105

the transition for obedience, we annotate a prohibition ni with information about
past violations by adding flags ⊥ (not violated) and > (violated). In concrete, we
write ni ◦ > to denote that prohibition ni has been violated, whereas annotation
ni ◦ ⊥ means that ni has been abided by up to now. Note that obligations do
not need this annotation, because for detecting the fulfillment of an obligation we
only need the present state (cf. transition rule obeyo ).
The following two transition rules define when a prohibition is not complied
with. The first rules amounts to the case in which a prohibition is violated before
its deadline holds. In this case the prohibition will stay in effect as its deadline
is not yet reached, i.e. it is not removed from the set of norm instances. Besides
asserting a violation fact to denote its violation, also its flag is set to > to record
that it has been violated (and remember this during the rest of its lifetime). The
second rule pertains to the case in which a prohibition is violated just when the
deadline holds. In this case it is removed and a violation fact is added to the
institutional state.
Transition Rules The rules for violation of a prohibition are defined as follows:
ni = (φl , ϕc , F (ϕx ), ϕd )

(ni ◦ s) ∈ δ

σb ∪ σi |= ϕx

σb 6|= ϕd

hσb , σi , δ, in , out i −→org hσb , σi ∪ {viol(φl )}, (δ \ {ni ◦ s}) ∪ {ni ◦ >}, in , out i
(viol1p )
ni = (φl , ϕc , F (ϕx ), ϕd )

(ni ◦ s) ∈ δ

σb ∪ σi |= ϕx

σb |= ϕd

hσb , σi , δ, in , out i −→org hσb , σi ∪ {viol(φl )}, δ \ {ni ◦ s}, in , out i

(viol2p )

The following two transition rules handle the case in which the deadline holds,
but the prohibition is abided by, at least at that moment. More specifically,
the first transition rule pertains to the case in which the deadline holds of a
prohibition that is momentarily not violated and has not been violated in the
past (as denoted by its annotation ⊥.) In this case the prohibition is removed
from the set of norm instances and an institutional fact recording its obedience
is asserted to the institutional facts. When this prohibition was not respected in
the past, i.e. it has been violated before (as indicated by its annotation >), such
an obedience fact is not added to the institutional state. This is expressed by the
second transition rule.
Transition Rules The rules for detecting compliance to a prohibition at the deadline
are defined as follows:
ni = (φl , ϕc , F (ϕx ), ϕd )

ni ◦ ⊥ ∈ δ

σb ∪ σi 6|= ϕx

σb |= ϕd

hσb , σi , δ, in , out i −→org hσb , σi ∪ {obey(φl )}, δ \ {ni ◦ ⊥}, in , out i
ni = (φl , ϕc , F (ϕx ), ϕd )

ni ◦ > ∈ δ

σb ∪ σi 6|= ϕx

σb |= ϕd

hσb , σi , δ, in , out i −→org hσb , σi , δ \ {ni ◦ >}, in , out i
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(obey1p )

(obey2p )

As can be seen from the definition of above transition rules, the normative
judgment about the organizational artifact, i.e. information about (non)conformity
to the norms, is stored by the institutional facts. As we shall see in a moment,
sanctioning rules are applied based on these institutional facts to punish infringements and reward obedience. The institutional facts are designed such that, by
default, they do not contain any information about when a norm has been violated
or abided by. The intended meaning of violation (and obedience) facts is that a
norm is violated (or abided) by now. That is to say, no information is stored in
the institutional facts about past (non)conformance. As we will show later on,
the organizational coordination cycle is designed such that, before detecting new
infringements and obedience, all institutional facts containing information about
(non)conformance are removed first. For this purpose, we introduce a transition rule that takes care of cleaning up the institutional facts by removing all
information concerning the normative judgment. Note that the rea facts keeping
information about role enactments should not be removed.
Transition Rule Let pred(φ) be a function evaluating to the predicate name of a
first-order atom φ. Then the rule for cleaning up institutional facts is defined as
follows:
hσb , σi , δ, in , out i −→org hσb , σi0 , δ, in , out i

(clean)

where σi0 = σi \ {φ | φ ∈ σi and pred (φ) ∈ {viol, obey}}

When, for some reason, past occurrences of non(conformity) should be recorded,
for example, to apply sanctions based on past and current violations, this can be
achieved by designing the norm schemes such that information about when the
norm instance was in effect is stored by the parameters of the norm scheme’s
label. Of course, this implies leaving out the previous rule in the organizational
coordination cycle. Alternatively, information about past (non)conformities could
be stored by the brute facts that are established by the sanctioning rules.

Executing Sanctioning Rules
Now we know when a norm has been complied with or has been violated, we
define the transition rule that explains how sanctions are applied by executing the
sanctioning rules. Recall that a sanctioning rule is applicable when its antecedent
is satisfied by the brute and institutional state for some substitution θ. To apply
a sanctioning rule is to assert the facts of its consequent to the brute state of
the organizational artifact. That is, if the special atom false is not part of
the sanctioning rule’s consequent. Remember that similar to effect specifications,
the consequent of a sanctioning rule may contain special atoms Send and Do for
sending messages and performing actions, both of which are not asserted to the
brute state, but added to the list of out events instead. Recall that we use a colon
‘:’ to denote the operation of appending two lists.
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Transition Rule The rule for applying an enforced sanctioning rule is defined as
follows:
(ϕ => Ψ) ∈ Σ

σb ∪ σi |= ϕθ

hσb , σi , δ, in , out i

false 6∈ Ψ

−→org hσb0 , σi , δ, in , 0out i

(sanc)

where σb0 = σb ] {φ | φ ∈ Ψθ and pred (φ) 6∈ {Send, Do}}
0out = out : [φ | φ ∈ Ψθ and pred (φ) ∈ {Send, Do}]

The above transition rule denotes the application of a sanctioning rule pertaining to an enforcement strategy of the norms. In other words, the violation of
some norm(s) is tolerated, but possibly punished. In case a sanctioning rule is applicable that pertains to a regimentation strategy of some norm(s), i.e. has special
atom false in its consequent, the sanction is not materialized. In fact, not only
the sanctioning rule is not effectuated, the whole configuration that causes this
intolerable situation is dismissed. Note that this is not expressible by one single
transition rule, because we cannot refer to the artifact configuration(s) preceding
the undesirable configuration that has just been reached by the application of
some transition rule(s). We can, however, do exactly that in our coordination
strategy language in which we are able to talk about the outcome of a sequence
of transitions. To enable us to refer to intolerable configurations reached by the
application of some “regimented sanctioning rule” in defining the organizational
coordination strategy, we define the following transition rule. A configuration is
intolerable if some sanctioning rule with special atom false in its consequent is
applicable. To indicate the impossibility of actually applying a sanctioning rule
with false in its consequent, we write ⊥ to denote a “deadlock” configuration.
As we shall see later on, the coordination strategy ensures that such a state is
never reached.
Transition Rule The rule for applying a regimented sanctioning rule is defined as
follows:
(ϕ => Ψ) ∈ Σ

σb ∪ σi |= ϕθ

false ∈ Ψθ

hσb , σi , δ, in , out i −→org ⊥

(reg)

When at some point a regimented sanctioning rule is applicable, we want to roll
back to the desirable configuration preceding the intolerable one we just reached.
Typically, the effect of some action has been determined (followed by triggering,
monitoring and sanctioning), causing the intolerable configuration. We thus want
to return to the configuration before the effect of the action was effectuated.
However, because at this point we already know that handling the received action
would lead to a regimented action, there is no sense in leaving this action on
top of the list of received actions when rolling back. Therefore, we introduce the
following, auxiliary transition rule that merely removes the head of the list of
received actions. We use this transition rule in defining our coordination strategy
that accounts for regimentation.
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Transition Rule Let α be an action (including enact and deact) performed by an
agent. Then the rule for ignoring this action is defined as follows:
hσb , σi , δ, [α] : in , out i −→org hσb , σi , in , out i

4.4

(ignact)

Organizational Coordination Strategies

Just like previous chapter we only elaborated on the meaning of the programming
constructs, without committing to a particular sequence in which they are executed. Different sensible strategies exist, each possibly yielding different outcomes.
In this section we discuss some possible organizational coordination strategies by
means of the coordination language introduced in previous chapter. The next
section, that formally studies some of the elementary properties of the normative component, further elaborates upon the implications different strategies may
have.
Call to mind that the strategy language we borrowed from Astefanoaei et al.
and Eker et al. (2009a; 2007) includes: construct l@γ for applying a transition rule
labeled l to a configuration γ, evaluating to the set of all possible configurations of
applying this transition rule; idle@γ evaluating to {γ} and fail @γ evaluating to
the empty set; sequence operator ’;’ for sequencing expressions; choice operator |
for non-deterministically choosing among two expressions; operator ! for repeating
an expression until no longer applicable; operator + to repeat an expression one
or more times; operator ∗ to repeat an expression zero or more times; and choice
operator of the form E ? E 0 : E 00 to mean that if expression E does not result
in the empty set we apply expression E 0 on its outcome, otherwise E 00 on the
initial configuration. In what follows we apply some of the strategies that were
also discussed by Astefanoaei et al. (2009a) for the counts-as based language on
the normative language presented here.

4.4.1

Monitoring and Triggering Strategies

We start with some strategy that focus on the triggering and monitoring process,
and do not include sanctioning. We do so, because sanctions complicate the proofs
of the propositions we posit next (see also (Tinnemeier et al., 2009c)). As a first
strategy consider the following organizational coordination step (that presumably
comes after having determined the effect of an action):
clean; (trig!; (violo |viol1p |viol2p )!; (obeyo |obey1p |obey2p )!)!

(totalitarian)

saying that we first clean information about past violations and obedience, after
which we trigger all applicable norm schemes, detect all violations of obligations
and prohibitions, and finally detect all obedience of obligations and prohibitions.
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The process of triggering and checking for compliance and infringement is repeated, because the violation of or compliance to some norm instance may trigger
a secondary norm scheme. This coordination strategy is called totalitarian, because it amounts to a strategy where all norms are enforced.
Remark that trig!; (violo |viol1p |viol2p )!; (obeyo !|obey1p |obey2p )! always terminates, because the sets of brute and institutional facts and the set of norm schemes
are all finite and, consequently, will create a finite set of norm instances. However,
it should also be remarked that the repetition of the triggering and monitoring sequence might not terminate at all. Suppose, for example, we have a norm scheme
that instantiated an obligation that is instantaneously fulfilled (say), and thus
removed. Because the same norm scheme then might again instantiate the same
obligation this process would be repeated ad infinitum. Instead of accounting for
such situations in the semantics and strategies, it is the responsibility of the programmer to define the schemes’ conditions such that this situation never happens.
In (Tinnemeier et al., 2009c) we stratified the norms in different levels such that
at level 0 we find norms of which the condition only refers to brute facts, and
at each level k > 0 we find norms that only trigger because of some violation or
fulfillment of a level k − 1 norm. Determining (non)conformity and triggering is
then done per norm level such that it will always terminate.
In the totalitarian strategy every norm is enforced. That is to say, if a norm
scheme is applicable, it will be applied and, consequently, all instances it may create will be instantiated. Moreover, each norm instance is monitored for violation
and fulfillment. When there is a large amount of norm schemes creating many
norm instances, a totalitarian strategy might not be feasible. As an alternative,
a strategy might be deployed in which not all instantiable norm instances are
actually created, but only some of them. An example of such a strategy is the
following:
clean; (trig ∗ ; (violo |viol1p |viol2p )!; (obeyo |obey1p |obey2p )!)+

(liberal)

that imposes no restrictions on if and how many norm schemes are triggered, i.e.
not all norms are enforced. The process of triggering and checking for compliance
and infringement is possibly repeated (due to the repetition operator +), because
the violation of or compliance to some norm instance may trigger a secondary
norm scheme. It should be emphasized that also in this strategy all active obligations and prohibitions are monitored for (non)conformance. This is an important
feature in proving the propositions that follow.
Of course, many other sensible coordination strategies are possible, but a
thorough investigation of all these strategies is not our aim. By showing these we
merely want to point out that different strategies do exist. Our foremost aim is to
show that in the coordination strategies totalitarian and liberal, the interpretation
of obligations and prohibitions is indeed the one as explained in 4.6. The crux of
most of the proofs that will follow is that in both strategies all norm instances
are monitored for (non)compliance and that this is always done after triggering
norm schemes.
110

Remember the coordination step ‘action’ we defined in previous chapter for
processing the effect of an action and the coordination step ‘out’ for processing
all the events (messages and actions) that are stored in the list of out events. In
what follows we assume an organizational coordination strategy E that is either of
n
the form action; out; totalitarian or action; out; liberal. Recall the function CE
(O)
(defined in chapter 3) that evaluates to the execution trace that results after
iteratively applying coordination strategy E n times on organizational artifact
configuration O.
What is more, we write σb [j] to refer to the brute state of the jth organizational
configuration, i.e. Oj , as part of a coordinated trace O0 · · · On . We use a similar
notation to refer to the other elements of Oj . Although it should be clear from
the context, the notation we use for organizational artifacts, viz. O, should not
be confused with the modality for obligations, namely an italicized O.
The first three propositions are about the behavior of an obligation. The first
proposition shows that an obligation persists as long as it is not achieved and it
is still before the deadline. More precisely, it will be in effect if and only if it is
not violated or achieved.
Proposition 4.5 Let O0 be an artifact configuration s.t. ni = (φl , O(ϕx ), ϕd ) ∈ δ[0]
n
(O0 ) = O0 · · · On with n > 0 be a coordinated trace. Then it holds that
and CE
ni ∈ δ[n] if and only if σb [j] ∪ σi [j] 6|= ϕx and σb [j] 6|= ϕd for 0 < j ≤ n.
Proof
(←) Given a derivation of length 1 we have to prove that ni ∈ δ[1]. The totalitarian strategy ensures that ni ∈ δ[1] because: 1) ni ∈ δ[0] (by assumption);
2) violo and obeyo are the only rules that remove obligations; 3) both rules are
not applicable for (φl , O(ϕx ), ϕd ) because σb [1] ∪ σi [1] 6|= ϕx and σb [1] 6|= ϕd (by
assumption). The proof for the inductive case proceeds by a similar reasoning.
(→) Given a derivation of length 1 we have to prove that σb [1] ∪ σi [1] 6|= ϕx and
σb [1] 6|= ϕd . In the strategy E this is indeed the case, because: 1) ni ∈ δ[1] (by
assumption); 2) transition rule trig is applied before violo and obeyo are applied
until no longer applicable; and 3) ni would have been removed by violo or obeyo if
either σb [1] ∪ σi [1] |= ϕx or σb [1] |= ϕd . The proof for the inductive case proceeds
by a similar reasoning.
An obligation of which the state denoted by it has not been fulfilled from
the moment it was created up to the deadline is marked violated. It is marked
fulfilled when the state denoted by it is achieved before or at the state at which
the deadline first holds. This is demonstrated by the proposition below. Note
that from previous proposition it follows that an obligation is removed upon a
violation or fulfillment.
Proposition 4.6 Let O0 be an artifact configuration s.t. ni = (φl , O(ϕx ), ϕd ) ∈ δ[0].
n
Then for every coordinated trace CE
(O0 ) = O0 · · · On for n > 0 s.t. σb [j]∪σi [j] 6|=
ϕx and σb [j] 6|= ϕd for 0 < j < n it holds that:
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(a) if σb [n] ∪ σi [n] 6|= ϕx and σb [n] |= ϕd then σi [n] |= viol(φl )
(b) if σb [n] ∪ σi [n] |= ϕx then σi [n] |= obey(φl )
Proof
(a) Given a derivation of length 1 we have to prove that σi [1] |= viol(φl ). The
coordination strategy ensures that σi [1] |= viol(φl ), because: 1) ni ∈ δ[0] (by
assumption); 2) σb [1] ∪ σi [1] 6|= ϕx and σb [1] |= ϕd (by assumption); 3) transition
rule violo will be applied (because of strategy E and 1 and 2); transition rule violo
ensures that σi [n] |= viol(φl ). Assume this proposition holds for a derivation of
length k. To prove that it also holds for a derivation of length k+1. That ni ∈ δ[k]
follows from proposition 4.5. The rest of the proof is based on a similar reasoning
as the base case.
(b) Given a coordinated trace of length 1 we have to prove that σi [1] |= viol(φl ).
The strategy E ensures that σi [1] |= obey(φl ), because: 1) ni ∈ δ[0] (by assumption); 2) σb [1] ∪ σi [1] |= ϕx (by assumption); 3) transition rule obeyo will be
applied (because of strategy E and 1 and 2); transition rule obeyo ensures that
σi [n] |= obey(φl ). Assume this proposition holds for a derivation of length k. To
prove that it also holds for a trace of length k + 1. That ni ∈ δ[k] follows from
proposition 4.5. The rest of the proof is based on a similar reasoning as the base
case.
Unlike an obligation, a prohibition is removed if and only if the deadline
is reached, irrespective of whether the prohibition is violated or not. This is
demonstrated by the proposition that follows next.
Proposition 4.7 Let O0 be an artifact configuration s.t. ni = (φl , F (ϕx ), ϕd ) such
n
that ni ◦ s ∈ δ[0]. Then for every coordinated trace CE
(O0 ) = O0 · · · On for n > 0
0
it holds that there exists an s that is either > or ⊥ such that ni ◦ s0 ∈ δ[n] if and
only if σb [j] 6|= ϕd for 0 ≤ j ≤ n.
Proof
(←) Given a derivation of length 1 we have to prove that ni ◦ s0 ∈ δ[1]. The
coordination strategy ensures that ni ◦ s0 ∈ δ[1] because: 1) ni ∈ δ[0] (by assumption); 2) viol2p , obey1p and obey2p are the only rules that remove prohibitions;
3) neither of these rules is applicable for ni because σb [1] 6|= ϕd (by assumption).
The proof for the inductive case proceeds by a similar reasoning.
(→) Given a derivation of length 1 we have to prove that σb [1] 6|= ϕd . In the
strategy E this is indeed the case, because: 1) ni ◦ s0 ∈ δ[1] (by assumption); 2)
transition rule trig is applied before viol2p , obey1p and obey2p are applied until no
longer applicable; and 3) ni ◦ s0 would have been removed by either viol2p , obey1p
or obey2p if σb [1] |= ϕd . The proof for the inductive case proceeds by a similar
reasoning.
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A prohibition is violated whenever the forbidden state denoted by it is established before or at the moment at which the deadline holds. It is abided by if its
forbidden state has not been established during the whole period the prohibition
was in effect. These two properties are shown by the next proposition.
Proposition 4.8 Let O0 be an artifact configuration s.t. ni = (φl , F (ϕx ), ϕd ) and
n
ni ◦ ⊥ ∈ δ[0]. Then for every coordinated trace CE
(O0 ) = O0 · · · On for n > 0 s.t.
σb [j] 6|= ϕd for 0 ≤ j < n it holds that:
(a) if σb [n] ∪ σi [n] |= ϕx then σi [n] |= viol(φl ).
(b) if σb [j] ∪ σi [j] 6|= ϕx for 0 ≤ j ≤ n and σb [n] |= ϕd then σi [n] |= obey(φl )
Proof
(a) Given a trace of length 1 we have to prove that σi [1] |= viol(φl ). The strategy
E ensures that σi [1] |= viol(φl ), because: 1) ni ◦ ⊥ ∈ δ[0] (by assumption); 2)
σb [1] ∪ σi [1] |= ϕx (by assumption); 3) either transition rule viol1p or viol2p will
be applied (because of strategy and 1 and 2); both transition rules ensure that
σi [n] |= viol(φl ). Assume this proposition holds for a trace of length k. To prove
that it also holds for a derivation of length k + 1. That ni ◦ s ∈ δ[k] with s either
> or ⊥ follows from proposition 4.7. The rest of the proof is based on a similar
reasoning as the base case.
(b) Given a trace of length 1 we have to prove that σi [1] |= obey(φl ). The strategy
E ensures that σi [1] |= obey(φl ), because: 1) ni ◦ ⊥ ∈ δ[0] (by assumption); 2)
σb [1] |= ϕd and σb [1] ∪ σi [1] 6|= ϕx (by assumption); transition rule obey1p will
be applied (because of strategy and 1 and 2); transition rule obey1p ensures that
σi [1] |= obey(φl ). Assume this proposition holds for a derivation of length k. To
prove that it also holds for a trace of length k + 1. Observe that ni ◦ ⊥ ∈ δ[k]
because of: 1) proposition 4.7 and the fact that rule viol1p will never be applied
because of the assumption σb [j] ∪ σi [j] 6|= ϕx for 0 ≤ j ≤ n. From here on, the
rest of the proof is similar as that of the base case.

4.4.2

Sanctioning Strategies

Up till now we did not mention sanctions that are applied upon a violation or
conformance to a norm. In our framework there are basically two ways to respond to a violation of some norm. The first is to impose punishments on the
brute state, whereas the second is to rollback to the situation the artifact was in
before the effect of the action causing the violation has been applied. The first
strategy pertains to an enforcement of the norms, whereas the latter pertains to
the regimentation of the norms (see also chapter 2).
Choosing an enforcement strategy does not exclude the possibility to use regimentation also. Typically, only some norms will be regimented, whereas most
norms will be enforced. Whichever strategy is chosen, still many choices remain.
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For example, whether to apply every applicable sanctioning rule or to apply only
some of them. What is more, different sanctioning strategies can be applied in
combination with different monitoring and triggering strategies. Consider, for
example, the next coordination strategy:
test(action; totalitarian; reg) ? ignact : totalitarian; sanc!; out!
(totalitarian-reg)
saying that a totalitarian strategy will be applied after which all applicable sanctioning rules will be effectuated only if applying the totalitarian strategy does not
enable the application of regimentation rules. If a regimented sanctioning rule is
indeed applicable the result of this strategy is as if the action would not have been
received at all. Observe that this implies that no punishments are carried out.
Also note that in case an organizational artifact would not have any regimented
sanctioning rules, this strategy would produce the same outcome as the strategy:
action; totalitarian; sanc!; out!

(totalitarian-enf)

In both of these strategies the totalitarian strategy could be easily replaced by
a liberal strategy. Moreover, instead of applying all applicable sanctioning rules we
could have chosen to apply only some. Again, the investigation of these and more
alternative strategies is beyond the scope of present work. Though, it is interesting
to note that in these strategies the propositions 4.5–4.8 do not hold. This is due
to the fact that the application of a sanction might establish or undo the ϕd
and ϕx components of a norm instance (φl , M(ϕx ), ϕd ). Suppose, for example,
we have a norm instance ni = (φl , O(ϕx ), ϕd ) for some artifact configuration,
and that ϕx can be entailed by the brute state. Applying rule obeyo will then
remove this norm instance and mark it as achieved. Now, suppose that some
sanctioning rule is applied such that ϕx no longer holds, but ni is still removed
and considered achieved. For those who think that such interference should be
prevented consider the following example. In the conference management system
example we regimented the act of uploading a paper exceeding the page limit.
Now suppose that we still want to prevent papers of more than fifteen pages from
being uploaded, but we also want to punish one for trying (regimentation is thus
not an option). Then we could model this by replacing the original regimented
sanctioning rule by a rule (with the same antecedent) that removes the paper
from the system and at the same time imposes a sanction. The facts that are
imposed as sanction thus interfere with the state denoted by the prohibition.

4.5

On the Notion of Normative Conflict and Coherency

Due to the many different representations and meanings of normative concepts
that have been proposed in literature, there are also many different conceptions
of when a set of norms is said to be conflicting. An overview of some different
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notions of normative conflict can be found in the article of Elhag et al. (2000).
Standard deontic logic, for example, comprises ¬(Op ∧ O¬p) and ¬O(p ∧ ¬p) as
theorems. The first stating that one cannot be obliged to do conflicting action,
and the second stating that there cannot be contradictory obligations. In standard deontic logic, normative conflicts thus do not exist. However, deriving (by
law) that someone is obliged to pay his taxes and is not obliged to pay his taxes
seems strange, but might happen in practice (and is why we have judges to interpret the law.) Based on the observation that such situations seem to occur in
practice, some have argued that normative conflicts do exist (cf. (Hansen et al.,
2007) for a discussion). That normative conflicts may occur, does not imply,
however, we should do nothing to prevent them. Indeed, in (Vasconcelos et al.,
2007) Vasconcelos et al. propose a mechanism for avoiding normative conflicts.
They adopt a representation of norms expressing obligations, prohibitions and
permission relating to a single action. They mark a situation in which an agent
is simultaneously obliged and forbidden to perform an action α as a normative
conflict.
Suppose we adopt the same definition as that of (Vasconcelos et al., 2007),
meaning that we say that two norms are in conflict when whatever action is undertaken, a violation is inevitable. Because the situations that should be achieved
or avoided and the deadlines of our norms range over states that can be achieved,
defining when a set of norm instances is conflicting is suddenly not trivial anymore. It seems, for example, that we should mark two norm instances (l1 , F (p), q)
and (l2 , O(p), q) as conflicting, because a violation is inevitable. However, here a
violation is only inevitable in case the deadline q will eventually hold. A more
fundamental difficulty in defining a notion of normative conflict is caused by the
fact that both deadline and the state denoted by the norm instances may be related. Consider, for example, three norm instances (l1 , O(p), q), (l2 , O(r), p) and
(l3 , F (r), q). To abide by the first obligation we should establish p before q, but to
also abide by the second obligation we should have first achieved r. This implies
that we achieve r before q, but this would violate the prohibition! It somehow
seems that from the norm instances (l1 , O(p), q) and (l2 , O(r), p) we can derive
an obligation (l2 , O(r), q), which reduces this example to the first example given
above. This suggests that to detect normative conflicts we need a derivation
mechanism, which is a non-trivial problem in itself.
Even when we have a mechanism at our disposal by which we can make derivations from a set of norm instances, there are still situations in which a violation is
inevitable, but are nevertheless hard to detect. Consider, for example, an obligation (l1 , O(p), q) and a prohibition (l2 , F (not q), not p). The only way to avoid a
violation is to satisfy both p and q at the same time. The fact that a violation can
be avoided, means that these two norm instances are not in conflict. Now assume
that these two norm instances are directed to a single person, p stands for “being
in room 1” and q for “being in room 2” with room 1 and room 2 being physically
separated rooms. Then a violation is inevitable, because it is physically impossible
to be in two rooms at the same time. The problem here is that to conclude that
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these two norm instances raise a conflict we need background knowledge about
the brute state telling us that ¬(p ∧ q). However, such background knowledge is
usually not available, at least not in our framework.
Another issue that is closely related to normative conflicts pertains to the
coherency of norm schemes (see also (Hansen et al., 2007)). That is, the issue
of whether a set of norm schemes generates situations in which a violation is inevitable. If we classify two norm instances (l1 , F (p), q) and (l2 , O(p), q) as conflicting, we should also regard two norm schemes l1 : hc, F (p), qi and l2 : hc, O(p), qi as
incoherent. Here also the issue of background knowledge plays an important role.
Suppose norm schemes l1 and l2 had different conditions, say c and c0 . At first
sight, these norm schemes seem coherent. But they are incoherent if we know that
c0 is always true whenever c is true, i.e. c → c0 . Moreover, norm schemes are not
only incoherent when they give rise to conflicting norm instances. Consider, for
example, a norm scheme l3 : hc, F (c), qi. Triggering this norm scheme leads to a
norm instance that in itself does not necessarily lead to a normative conflict. But
knowing that the forbidden state is already established when the norm instance
is asserted, triggering the norm scheme nevertheless inevitably causes a violation.
Above discussion shows the intricacies of defining the concept of normative
conflict and normative coherence. Detecting, resolving or even preventing normative conflicts at runtime or design time is not trivial. We strongly feel that model
checking techniques might prove useful in verifying and detecting situations in
which violations cannot be avoided given a normative specification. This issue is
left for future research.

4.6

Conclusion

In this chapter we enriched our organizational artifacts with a normative dimension. We introduced the syntax of norm schemes pertaining to conditional obligations and prohibitions that are accompanied by a deadline. These norm schemes
instantiate (unconditional) obligations and prohibitions when their condition is
satisfied. We underpinned the syntax with an operational semantics (Plotkin,
1981), which allowed us to formally investigate some essential properties our obligations and prohibitions exhibit. Where norms in existing frameworks typically
take on the form of “ought-to-do” statements pertaining to actions that should (or
should not) be performed, our norms take on the form of “ought-to-be” statements
pertaining to the declarative description of a state that should be achieved (or
avoided). To motivate agents to abide by the norms we introduced a sanctioning
mechanism to reward obedience and punish infringements.
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Chapter

5

Programming
Organizational Structure

I

n chapter 3 we explained the role of organizational artifact in the development of
multi-agent systems in which agents that are possibly unknown to the artifacts’
designers may dynamically enter and exit. In chapter 4 we further extended our
organizational artifacts with a normative component in order to guarantee the
global objectives of the artifact (and the system as a whole) to be achieved or
maintained. Similar to many existing normative frameworks we used a simple
representation of roles in which roles were labels used for, e.g. associating norms
(such as obligations and prohibitions) with agents based on the roles they play.
This allows us to abstract away from the individuals that will play a role, which
is particularly useful in the development of artifacts for which it is not a priori
known which agents will interact with them (not to mention the case in which,
for example, a secretary gets replaced by another one). This property alone
already makes that roles can be considered the cornerstones in constructing open,
organization-oriented agent systems.
Indeed, as already shown in chapter 2, roles are a recurring concept in agent
design methodologies (see for example (Odell et al., 2003), (Wooldridge et al.,
2000), (Zambonelli et al., 2001a) and (Dignum, 2004)) and they are first-class
abstractions in several approaches to implementing software systems – within
the area of multi-agent systems (see for example (Baldoni et al., 2008), (Baldoni
et al., 2009), (Dastani et al., 2004b), (Esteva et al., 2004) and (Hübner et al.,
2007)) and outside this area (cf. (Kristensen, 1995; Sandhu et al., 1996; Baldoni
et al., 2005, 2007)). The host of different interpretations of the concept of role
witnesses the lack of consensus on a crisp definition. Despite little agreement
on a definition of role still some properties can be identified we believe should
be exhibited by a notion of role for efficiently constructing organization-oriented
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multi-agent systems:
• Firstly, as argued by Colman and Han (2007) for developing adaptable organizations roles need to be organization-centric rather than player-centric.
This means that a role exists inside an organization as is the case with the
approaches of (Baldoni et al., 2005) and (Baldoni et al., 2008), instead of
being an adjunct of its player, an approach taken by, for example, (Kristensen, 1995) and (Dastani et al., 2004b). The organization-centric view
promotes the principle of separation of concerns. That is, the organization
and its roles can be developed apart from the agents that will play them.
Moreover, taking a stance in which agents internalize their roles implies
making assumptions about the internal structure of the agents playing the
roles.
• Secondly, we observe that roles seem to have a prescriptive character. That
is to say, they prescribe a behavior to their players and in this way guide
the players in how to interact with the organization in a meaningful way.
This property is in some way exhibited by all of the previous mentioned
approaches. In most approaches by associating norms to roles, and in powerJADE (Baldoni et al., 2008, 2009) and powerJava (Baldoni et al., 2005,
2007), for example, by requiring the role’s players to posses certain properties. The prescriptive character of roles also directly follows, for instance,
from (a part of) the definition of Odell et al. (Odell et al., 2003) who introduce a role as “a class that defines a normative behavioral repertoire of an
agent.”
• Thirdly, roles are employable, meaning that a player can employ its role by
“delegating” it a task without the need to know how this task is being executed. This way a role provides a player extra functionality, which might be
an incentive for agents to enact roles in the first place. Moreover, in combination with the organization-centric view, this property hides the player
from details about how the organization is structured. The roles of (Baldoni
et al., 2005), (Baldoni et al., 2008), (Baldoni et al., 2009), (Dastani et al.,
2003), (Dastani et al., 2004b), (Kristensen, 1995) all provide functionality
that can be used by their players.
• Lastly, we argue that roles should be BDI-oriented. BDI-oriented concepts
are declarative in nature, and this accords with the declarative nature of
other concepts such as norms, obligations and prohibitions by which organizations are specified. Moreover, most agent-oriented programming languages are based on BDI-oriented concepts such as beliefs, goals and planning rules that are equiped with a well-defined formal semantics. By reclycing these concepts we rely on a great body of research and it allows the
programmer to specify roles in terms he/she is already familiar with. Specifically, assumed that roles are employable, attributing goals to roles seems
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to offer the right level of abstraction, because agents that interact with the
organization then need not be concerned with which low-level procedures to
use to reach a certain state. The approaches of, for example, (Dastani et al.,
2003, 2004b; Esteva et al., 2004; Sandhu et al., 1996; Hübner et al., 2007)
adopt a declarative view on roles, but only Dastani et al. (2003; 2004b)
explicitly attribute mental attitudes to roles in the conext of agent programming. Also Boella and Van der Torre (2004) have advocated the use
of BDI concepts for roles.
Roles are the cornerstones in defining the organizational structure. By interrole relationships it is, for example, expressed which roles cannot be played by the
same agent and which role players an agent may communicate with on the basis
of the role it plays. In many existing frameworks that have support for roles and
their relational constraints (cf. (Esteva et al., 2004; Hübner et al., 2007; Ferber
et al., 2003)), the inter-role relationships can typically be characterized by two
properties, that is: 1) they are specified at design time and will unconditionally
hold at run-time, and 2) they are seen as hard-constraints. The first property
implies that, if it is specified that, say, an agent cannot play the role of reviewer
and chair at the same time, then this restriction remains into effect during the
whole computation independent of the situation the organization is in. It is in
general not possible to express conditional restrictions, for example, that a reviewer cannot be chair given that there are enough reviewers. This also means
that above mentioned approaches lack expressiveness to specify more temporal
structural constraints such as that an agent should enact a role after another
role has been enacted (see for example (Zambonelli et al., 2001a)). The second
property implies regimentation of the organizational structure, i.e. agents may
not deviate from the prescribed organizational structure. This property undermines the flexibility of the organizational artifact and limits the agents’ autonomy
(Aldewereld, 2007; Castelfranchi, 2004).
In this chapter we develop a solution for role-based programming constructs
aiming to overcome the issues discussed above. In particular, the contributions
of this chapter are as follows:
1. We discuss how we extend our notion of organizational artifact (section 5.1)
to include roles that exhibit all four key properties identified above. That
is to say, roles in our framework are organization-centric, prescriptive, employable and BDI-oriented. We are not aware of any existing organizational
frameworks that include roles exhibiting all four key properties.
2. We present programming constructs for implementing roles in section 5.2
and explain them by our running example involving the conference management system. We underpin our syntax by an operational semantics (Plotkin,
1981) in section 5.3. This allows us to explain the meaning of the programming constructs in a mathematically rigourous manner, without needing to
commit to a specific implementation platform. Another benefit is that we
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bring organization-oriented programming closer to agent-oriented programming languages which are often investigated by an operational semantics.
3. We explore the possibility to express structural constraints for expressing the
structure of an organization by means of the normative concepts presented
in chapter 4. We demonstrate that the limitations of existing frameworks
as discussed above can be overcome (section 5.4). The idea of using norms
to express structural constraints has also been suggested in our earlier work
(Tinnemeier et al., 2009a) and in a recent work by Hübner et al. (2010).
We end this chapter by discussing to what extend the properties that are
identified by Steimann (2000) are present in our solution to programming roles
and giving directions for future research.

5.1

Organizational Artifacts with Roles

In chapter 3 we explained that in our view a multi-agent system consists of a set
of heterogeneous agents that may exploit the functionality provided by organizational artifacts to achieve their goals. An organizational artifact implements
the non-autonomous functionalities of a multi-agent system that are better implemented by non-agent concepts. An artifact provides actions that agents may
use to manipulate the domain specific state, which is modeled by a set of brute
facts. In previous chapter (chapter 4) we enriched the artifact with a normative
dimension (i.e. norms and sanctions) to protect the artifact from ending up in
sub-ideal states. In this chapter we further extend the notion of an organizational
artifact with roles and positions that agents can play. An overview of the internals
of an organizational artifact is shown in figure 5.1. In this chapter we will focus
on the roles and positions through which agents interact with an artifact.
To interact with the organizational artifact in a meaningful way agents enact
roles. Inspired by (Odell et al., 2003) we refer to a role enactment by the term
position: “a role assignment that can be occupied by at most one agent at a
time.” An agent can play multiple roles at the same time, and can even play the
same role more than once via multiple positions, e.g. being a reviewer for two
conference sub-tracks. Positions are computational entities with their own state
and behavior, and act as organizational representatives of the agents playing
them. Positions are an integral part of the organization, which accords with
organization-centric view as put forward by Colman et al. (2007). The idea is that
agents now interact via their positions, which can be seen as their organizational
assistents, guiding them to interact with the artifact in a meaningful way. Similar
to BDI agents a position has a mental attitude comprised of beliefs, goals and
plans. A player can inspect and configure its position by testing and updating
the position’s beliefs and goals. By means of its plans a position is able to modify
its own internal state, alter the brute state of the organizational artifact (by
performing external actions) and communicate with other positions within the
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norm dynamics

normative concepts

scheme change rules,

schemes, instances,

instance change rules

sanction rules

positions

coordination
cycle

brute facts

institutional facts

Figure 5.1: A (simplified) conceptual representation of the internals of an organizational artifact. Optional concepts (e.g. norms, positions) are outlined with a
dashed border. Solid arrows denote the reading and modification of the concepts
as explained in more detail below. Dotted arrows denote actions and messages
between agent and artifact. A brief description of all the concepts can be found
in chapter 3.

system and send communication messages to its player. In what follows, we will
discuss all of these aspects in more detail.

5.1.1

Role Enactment

Before an agent can start interacting with its position, the agent should first notify the organizational artifact that it wishes to enact a role. If the request for
enacment is granted by the organization, a position will be instantiated from the
role specification. The relation between role and position can thus be compared
with the relation between class and object from object-oriented programming.
The same roles enacted by different agents share a common type of mental state,
yet this state may differ in particular details. For example, the reviewer role
has goals and beliefs about papers to review, but which papers and how many is
specific to the role enactment at hand. Upon enacting a role these details (some
of which may be provided by the enacting agent) are incarnated resulting in an
instantiation of the role, i.e. a position. Instantiating a role amounts to executing
the role’s constructor plan; a special plan for configuring the position’s initial
state. Likewise, positions may have destructor plans that specify the actions that
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should be taken upon de-enactment, e.g. de-registering a reviewer from the system. Both constructor and destructors are guarded by a condition specifying the
circumstances under which a role may be enacted or a position may be de-enacted.
The part of the coordination cycle that explains the enactment and de-enactment
of roles is depicted by figure 5.2. Recall that in these pictures, arrows from process
(depicted as circle) to store (depicted as rounded box) denote the modification
of the store’s elements, whereas an arrow in the opposite direction denotes the
reading of the store’s elements. Observe from 5.2 that a constructor/destrcutor
plan is able to perform external actions to modify the artifact’s brute state.

roles

enact/deact

positions

role
(de-)enactment

actions

brute facts

institutional facts

Figure 5.2: Role enactment/de-enactment results in the creation/deletion of a
position (a role instance). To initialize/finalize a position is to execute the role’s
constructor/destructor, i.e. a special plan that may perform actions to alter
the position’s mental state and the brute state of the organizational artifact.
Information about which positions are enacted by which agents is stored by the
institutional state.

5.1.2

Position Configuration and Execution

Once enacted, a player can perform special designated actions for configuring its
position by inspecting and altering its mental state, in particular, by querying and
updating the position’s beliefs and goals. A player of the reviewer position can,
for example, delegate it a goal to guide its player while reviewing its papers and
update the position’s beliefs with the written reviews. By activating its position
a player can start employing its position; similar to (Dastani et al., 2004b) a
position can be either active or inactive. An inactive position will not execute
any of its plans, whereas an active position will start adopting and executing plans
to achieve its (player’s) goals. It is important to note that a position obtains its
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computational meaning by the interaction of its player, and therefore differently
from (Odell et al., 2003) in our approach a position cannot exist without an agent
associated to it. Indeed, this property explains an important difference between
an agent and a position - agents act because they want to, whereas positions act
because their players want them to. In other words, positions are not autonomous!
The process of the configuration of a position is explained by figure 5.3.

positions

configuration actions

position
configuration

messages

Figure 5.3: Players can configure their positions by performing actions to: 1)
inspect the mental state of the position (e.g. testing if certain beliefs hold), 2)
manipulate the mental state of the position (e.g. adding/dropping a goal), and
3) activate and de-activate the position. Results of inspection are communicated
to their players by means of communication messages.
The actions a position can use in its plans are not limited to actions to modify
the positions’ own mental state. In fact, positions may act upon the brute state by
means of external actions, e.g. for storing a review in a database that can be read
by an author position later on. An important characteristic of our approach is that
only positions can access and alter the brute facts by performing external actions.
That is to say, external agents can only influence the brute facts indirectly by
manipulating the mental state of the positions they enact, rather than modifying
the brute state directly. Note that this way positions implement a mechanism
comparable to Role Based Access Control (RBAC) (Sandhu et al., 1996). Letting
only positions act upon the organization’s internals promotes the principle of
‘data hiding’, i.e. the brute facts are encapsulated by the organizational artifact
and can only be (partly) read and manipulated by the agents via their positions.
This way players are not required to have in-depth knowledge about the artifact’s
internal state.
Besides performing actions to modify its own mental state and alter the brute
facts, a position has some communication abilities. An active position can communicate with other positions within the organizational artifact and can even send its
player (but no other agents) communication messages. The reviewer position can,
for example, inform its player about its assigned papers once the chair position
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has informed it about which papers it has been assigned. By allowing a position
to communicate with its player, the property of descriptiveness is implemented;
the position by sending messages can inform its player about what it is expected
to do to achieve a certain goal. The advantage of letting positions communicate
with each other is that this way many details of the communication structure
can be hidden from the players, which we refer to by the term ‘communication
hiding’. Proper communication protocols can be implemented by the positions
and the agents playing them do not need to know how to carry them out and can
rely upon their correctness. Moreover, by letting communication flow through
the organization more control can be exerted over the communication between
agents, facilitating the artifact’s ability to regulate the agents’ interactions.
The part of the artifact’s coordination cycle pertaining to the execution of
active positions together with the concepts involved are explained by figure 5.4.

brute facts

positions

position
execution

messages

Figure 5.4: Positions execute actions to modify their own mental state, send
messages to their players and other positions in the system and manipulate the
artifact’s brute state.
The ‘communication hiding’ and ‘data hiding’ obtained by positions as discussed above has some implications for the functionality of an artifact as proposed
up to now. Bear to mind that in chapter 3 we introduced a mechanism for letting
the performance of external actions have side-effects, viz. communications messages to be sent to agents interacting with the artifact and external actions to be
performed upon other artifacts. Communicating to agents interacting with the
artifact is now done via the positions, which makes the ability of communication
by the actions’ side-effects superfluous. But most importantly, letting artifacts
directly act upon each other seems not unifiable with letting interaction with the
artifacts only proceed through positions. Unifying both approaches would break
the principle of data hiding. Therefore, we decided to exclude the functionality
of side-effects in the present chapter. Consequently, it is not possible to link artifacts as we have demonstrated in chapter 3. In section 5.5, in which we give
some prospects on future research, we discuss a way to compose artifacts via their
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positions.

5.1.3

Positions and The Normative Dimension

Although a position is ideally implemented to obey the organizational rules, we
still consider a separate monitoring and sanctioning mechanism crucial for the
coordination of the overall system. Why norms and sanctions are needed is explained by the synergy of position and player – the behavior of position and player
can only be understood in terms of their interaction – and the fact that disallowing violations of the norms drastically decreases the players’ autonomy (Grossi,
2007). Why a separate mechanism is needed is explained by three observations:
1. Violations of the rules cannot be fully prevented by the position alone. The
position cannot by itself, for example, prevent a violation of the rule that
reviews should be uploaded before the notification phase starts.
2. Some rules are hard to implement in the positions because some pertain to
the interplay between different position/player pairs, i.e. violations of one or
more players might be revealed by actions performed on behalf of another.
When the program chair, for example, puts the system in the notification
phase this will lead to a violation by all the reviewers which have not yet
uploaded their reviews.
3. Finally, and most importantly, the implementation of norms and sanctions
is a different concern than the implementation of roles. Separating their implementation increases the manageability and reusability of both concepts.
Therefore, the solution developed in this chapter allows for a seamless integration with the normative constructs proposed in chapter 4. In fact, in section 5.4
we will show how norms can be used for expressing structural constraints, such
as incompatibility between roles and cardinality constraints.
Because agents now interact with the artifact via the positions they occupy, we
also need information about through which position an agent has enacted a role.
For this purpose we introduce another variant of the rea facts, viz. rea(i, r, p) to
denote that agent i has enacted role r through a position identified by p. This
way we have still access to the agent playing a role, which will prove useful in
specifying the norms and sanctions of an artifact. For example, in sanctioning a
reviewer for violating its obligation to upload its review in time (see code fragment
4.1 of chapter 4), we still want to blacklist the agent playing the reviewer role.
Having access to the positions through which an agent plays its role, will prove
useful in programming the roles as we will see in a moment.

5.2

Programming Organizational Artifacts with Roles

Recall that to program an organizational artifact is to specify a set of facts specifying the initial brute state and a set of effects specifying how the brute state
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hrolei
hb−atomi

hr − atomi

hi − atomi

a term identifying a role that can be played.
a first-order atom denoting a brute fact. The special facts starting with predicate symbol viol, obey and rea (their meaning to be
explained later on) are excluded from the set of brute facts.
a first-order atom of the form rea(i, r) or rea(i, r, p) in which r denotes a role and i the agent playing it and p the identifier of the
position through which the role is enacted; “rea” is short for role
enacting agent.
a first-order atom of the form viol(φl ) or obey(φl ) with φl a hlabeli
identifying a norm. The first denotes a violation of norm labeled φl
whereas the latter denotes the obedience to the norm.

Table 5.1: Elementary syntactical constructs.
evolves under the performance of actions. Optionally, normative concepts such as
norm schemes and sanctioning rules may be put into place to regulate the behavior of the artifact’s unknown participants as shown in chapter 4. The grammar of
the basic constructs can be found in figure 3.6 of chapter 3 and that of the normative components in figure 4.5 chapter 4. All these constructs were explained
in detail in previous chapters and will not be repeated here.
In this section we replace our simple view on roles, in which roles are merely
labels, by a richer account of roles that exhibit the four properties as explained
above. We describe the syntax and intuitive semantics of the programming constructs by which this new notion of roles of an organizational artifact can be
programmed. Again, we use the conference management system example to show
how roles can be programmed and to explain their intuitive semantics. The meaning of some elementary syntactical constructs that were introduced in previous
chapters are repeated in table 5.1.
As discussed in previous section, we restrict the artifact’s ability to let the
performance of actions have side-effects. To do so, we slightly change the definition
of the syntax of the hposti clause (originally defined in figure 3.6 of chapter 3) to no
longer contain the special atoms Send and Do, that are responsible for causing
side-effects. We used the hposti clause in defining the post-condition of effect
specifications in figure 3.6 of chapter 3. In concrete, we replace the previously
defined clause hposti by the following clause1 :
hposti = hb − liti | hposti { "," hposti };

For the specification of the syntax of roles the first-order atom with predicate
name construct is denoted by hconstr atomi and the first-order atom with
predicate name destruct by hdestr atomi. Moreover, by hpc atomi we denote
first-order atoms of the form msg(s, p, c) with s the sender of the message, p the
performative and c the content of the message. To introduce our new notion of
1 The same restriction applies to the sanctioning rules presented in chapter 4, but this is not
shown here.
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hRolei

= hrolei "= {" [ hbeliefsi ] [ hgoalsi ] hconstructorsi [ hpgrulesi ]
[ hpcrulesi ] hdestructorsi "}";
hbeliefsi
= "Beliefs:" hbeliefi { hbeliefi };
hgoalsi
= "Goals:" hgoali { hgoali };
hconstructorsi = "Constructors:" hconstructori { hconstructori };
hpgrulesi
= "PG-rules:" hpgrulei { hpgrulei };
hpcrulesi
= "PC-rules:" hpcrulei { hpcrulei };
hdestructorsi = "Destructors:" hdestructori { hdestructori };
hconstructori = hconstr atomi "<-" htesti "|" hplani;
hpgrulei
= hgoalqueryi "<-" hbelqueryi "|" hplani;
hpcrulei
= hpc atomi "<-" hbelqueryi "|" hplani;
hdestructori = hdestr atomi "<-" htesti "|" hplani;
htesti
= "B(" hbelqueryi ")" | "G(" hgoalqueryi ")" |
| "E(" henvqueryi ")" | "I(" hinstqueryi ")" | htesti "&" htesti;
henvqueryi
= "true" | hb − liti | henvqueryi "and" henvqueryi
| henvqueryi "or" henvqueryi;
hinstqueryi
= "true" | hi − liti | hinstqueryi "and" hinstqueryi
| hinstqueryi "or" hinstqueryi;
hb − liti
= "true" | hb − atomi | "not" hb − atomi;
hi − liti
= "true" | hr − atomi | hi − atomi | "not" hr − atomi |
| "not" hi − atomi;

Figure 5.5: EBNF grammar of the minimal syntax constituting a role.
roles we replace the previously defined clause hrolesi as defined in figure 3.6 of
chapter 3 by the following clause:
hrolesi = "Roles:" hRolei { hRolei };

in which the syntax for specifying roles (i.e. the element hRolei) is defined
as depicted in figure 5.5. The syntacticial element hrolei is as specified before,
i.e. a label uniquely identifying the name of a role that can be played. Note
that as for now the full role specifications are embedded in the code defining the
organizational artifact. We envisage that in an actual implementation the code
that specifies the role is located in a separate file.
For the sake of generality we leave the language by which roles are implemented
largely unspecified. That is to say, we deliberately leave the specification of some
syntactical elements such as beliefs, goals, the queries that can be performed on
them, and plans open. We do so, to encourage the reuse of (parts of) existing
BDI-based programming languages endowed with a formal semantics, for example
GOAL (de Boer et al., 2007), AgentSpeak(L) (Rao, 1996), Jason (Bordini et al.,
2005) or 2APL (Dastani, 2008). Figure 5.5 includes what we believe to be the
minimal set of programming constructs a role should have. Additionally, we
assume the plans (denoted by hplani) to at least include actions for acting upon
the brute facts and actions for communicating with its player and other positions
127

present in the system. It should be noted, however, that also the minimal syntax of
the elements presented above might vary depending on the specific agent-oriented
programming language at hand.
Each of the core ingredients of the programming language by which roles can be
programmed will be explained below. For the sake of illustration we assume that
the account of roles presented here is based on the 2APL programming language
(Dastani, 2008) (which also explains why the syntax of roles closely resembles the
one of 2APL). A brief overview of the 2APL language can be found in chapter 2.
We explain the syntactical elements involved in programming roles by means of a
simplified, partial implementation of a reviewer role for our conference management system example. The example is by no means meant to be exhaustive; we
merely use it to show how roles may be implemented.
As explained before, a position is an instantiated role encapsulating the state
(e.g. beliefs and goals) of a specific role enactment. When enacting a role a
position containing the initial details about the role enactment is instantiated.
Inspired by object-oriented programming we introduce the notion of a constructor, a plan that is executed upon instantiation with the responsibility to put a
freshly created position in a valid initial state. A constructor is a rule of the
form construct(t1 , ..., tn ) <- Φ | π. The terms t1 , ..., tn of atom construct
are the arguments that are provided by the role enactant with which it wishes to
enact the role. It is assumed that the first parameter is always the identifier of the
agent enacting the role. In many cases a role can only be enacted under certain
circumstances. The reviewer role can, for example, only be enacted by players
that are invited. For this reason a constructor plan is guarded by a pre-condition
Φ. This pre-condition is a query that is evaluated over the beliefs and goals of
the position (marked by B and G), the institutional state (marked by I) and the
brute state (marked by E from environment). Finally, the sequence of actions π
specifies the actions that should be taken to put the position in its initial state.
Once the whole constructor plan has completed its execution the position is added
to the organizational artifact and the player is sent its unique identifier in order
to interact with it. While the constructor plan π is still executing the position
is not yet properly instantiated. Interacting with a position that is not yet in a
valid state might lead to erroneous results. A position should thus not publish
its identity while still in the process of being constructed. This suggests that
communication actions cannot be used in a role’s constructor.
The constructors of the reviewer role are displayed in code fragment 5.1 on
lines 15 – 27. The first constructor states that a player is allowed to enact the
reviewer role during the submission phase and when invited (which is stored by
brute facts). To initialize this position is then to store the identity of the player as
a belief by means of the belief update specified on line 7 and, similarly, to store the
identity of the chair. Note that the identity of the chair is obtained by querying
the institutional state in the role’s pre-condition. The second constructor takes a
second argument by which the player may indicate a maximum number of papers
it wishes to review. The constructor’s pre-condition ensures that a reviewer agrees
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Code fragment 5.1 Implementation of a reviewer role.
reviewer =
{
Beliefs :
maxReviews ( 5 ) .

1
2
3
4
5

BeliefUpdates :
{ } S e t P l a y e r (P) { p l a y e r (P) }
{ } S e t C h a i r (C) { c h a i r (C) }
{ maxReviews (X) } SetMaxReviews (Y) { n o t maxReviews (X) , maxReviews (Y) }
{ n ot t o l d (X) } T e l l (X) { t o l d (X) }
{ } Assigned ( PaperId ) { a s s i g n e d ( PaperId )}
{ } UploadReview ( P a p e r I d ) { r e v i e w e d ( P a p e r I d ) }

6
7
8
9
10
11
12
13

Constructors :
construct ( Player )
<− E( p h a s e ( s u b m i s s i o n ) and i n v i t e d ( P l a y e r ) ) & I ( r e a (C, c h a i r , P ) )
{ SetPlayer ( Player ) ;
S e t C h a i r (P)
}

14
15

|

16
17
18
19
20

c o n s t r u c t ( P l a y e r , maxReviews (X) )
<− E( p h a s e ( s u b m i s s i o n ) and i n v i t e d ( P l a y e r ) )
& I ( r e a (C, c h a i r , P ) ) & B(X≥ 3 ) |
{ SetPlayer ( Player ) ;
S e t C h a i r (P ) ;
SetMaxReviews (X)
}

21
22
23
24
25
26
27
28

PG−rules :
true
<− n o t t o l d ( maxReviews ) and maxReviews (X) |
{ s e n d (C, i n f o r m , maxReviews (X) ) ;
T e l l ( maxReviews )
}

29
30
31
32
33
34
35

reviewed ( PaperId )
<− d e c i s i o n ( PaperId , D e c i s i o n ) and a s s i g n e d ( P a p e r I d ) |
);
{ @org ( uploadReview ( PaperId , D e c i s i o n ) ,
UploadReview ( P a p e r I d )
}

36
37
38
39
40
41

PC−rules :
message (C, i n f o r m , a s s i g n e d ( P a p e r I d ) )
<− p l a y e r (P) and c h a i r (C) |
{ adopta ( r e v i e w e d ( P a p e r I d ) ) ;
Assigned ( paperId ) ;
s e n d (P , r e q u e s t , r e v i e w e d ( P a p e r I d ) )
}

42
43
44
45
46
47
48
49

Destructors :
d e s t r u c t ( ) <− E( n o t p h a s e ( r e v i e w ) )
}

50

| { }

51
52

to review at least three papers. This additional information is stored as a belief
by performance of the belief update action specified on line 9. This update will
replace the default initial belief that a reviewer will have to review at most five
papers as specified on line 4.
During its lifetime a position may communicate with other positions by means
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of message passing. To be able to handle messages from other positions we append
PC-rules (borrowed from 2APL) to a role’s repertoire of programming constructs.
Recall that 2APL’s PC-rules are of the form φ <- Φ | π allowing the agent to
adopt a plan π if communication message φ is received and belief expression Φ
can be entailed by the agent’s beliefs. An example of such a PC-rule is shown
on lines 43 – 48 of code fragment 5.1. This rule handles a message of the chair
informing the reviewer position that it has been assigned a particular paper to
review. In reaction to this information the reviewer position automatically adopts
a goal to have reviewed this paper, updates its beliefs by adding a belief that it
is assigned this paper and sends a messages to its player requesting it to review
this paper. It is thus the player who should actually review the paper, who is
assumed to inform its position about its decision by adding a belief of the form
decision(PId,Decision) to the position’s belief base.
To reach its (player’s) goals a position needs to adopt plans. For this purpose
we equip a position with planning-goal rules (PG-rules), which are directly borrowed from 2APL. PG-rules are rules of the form κ <- Φ | π with the intuitive
meaning that plan π can be used for reaching goal κ under circumstances Φ. The
PG-rules of the reviewer role are listed on lines 30 – 40 of code fragment 5.1. The
first rule is an example of a reactive rule, that states that when it is not believed
that the chair has been notified already about the maximum number of papers
the reviewer desires to review, the desired number of reviews will be sent to the
chair who uses it in assigning papers to reviewers. The player of the reviewer role
is oblivious about the communication taking place with the chair, which has the
benefit that playing the role of reviewer is simplified from the player’s point of
view. The second PG-rule states if a goal has been adopted to have reviewed an
assigned paper and there is a belief about a decision for that paper, then a plan
will be adopted that uploads the decision by performing an external action in the
organizational artifact and updates the beliefs with the fact that the review for
that paper has been completed.
Similar to enacting a role, a player may often only quit playing its role under certain conditions. Moreover, upon de-enactment the position possibly needs
to perform some operations to safely de-enact its role, e.g. informing another
position about the de-enactment. Therefore, we introduce destructors for specifying the conditions under which a role may be de-enacted and the final actions
that should be performed. More specifically, a destructor is a rule of the form
destruct() <- Φ | π with the intuitive meaning that plan π should be executed upon de-enactment of the position, which can be done under condition Φ
(just like the constructor ranging over the position’s mental state and artifact’s
internal state). When de-enacting the reviewer role, no actions need to be performed. The reviewer role can only be de-enacted when not in the reviewing
phase. This is listed on line 51 of code fragment 5.1.
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5.3

Executing Organizations with Positions

In the previous section we have defined the syntax of the programming constructs
by which roles can be programmed. Moreover, we have shown an example of such
an implementation. In this section we define the meaning of these programming
constructs and the operations that can be performed on positions by their players
by means of an operational semantics (Plotkin, 1981).

5.3.1

Preliminaries

In our system roles are a core ingredient in implementing organizational artifacts.
As an instance of a role a position has a state that changes during its execution. In
particular, this state is composed of beliefs denoting the information the position
has about its environment including its player, goals describing the situations to be
established by the position, and a set of plans the position has currently adopted
for achieving its objectives. Further, a position has an identifier associated to it
for uniquely identifying the position and a flag to indicate the position’s activation
status. Again, we do not make any assumptions about the exact structure of a
position’s internal mental components for the sake of generality; their structure
depends on the choice of the agent-oriented programming language.
Definition 5.1 (Position Configuration) A position, typically denoted by ρ, is a tuple
hp, Σ, Γ, Π, f i, in which:
• p is the label uniquely identifying the position. This name has the form
i.k with k a unique identifier and i an agent identifier denoting the player.
From here on we say that a position p is played by i iff p = i.k;
• Σ is a set of beliefs representing the belief base of the position;
• Γ is a set of goals representing the goal base of the position;
• Π is a set of adopted plans generated by the PG-rules;
• f ∈ {>, ⊥} is a boolean flag indicating the activation status of the position,
> denotes active and ⊥ inactive.
In the following we say that a position hp, Σ, Γ, Π, f i with f = > is active.
To explain the execution of positions and the interaction with their players,
we further extend our notion of organizational artifact as originally introduced in
chapter 3.
Definition 5.2 (Artifact Configuration) An organizational artifact, typically denoted by
O, is defined as a tuple hid, Roles, %, σb , σi , E, in , out i, in which:
• id is a name uniquely identifying the artifact;
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• Roles is a set of tuples (r, s) in which s is the program specification of the
role uniquely identified by label r.
• % is a set of positions (role instances);
• σb is a set of ground first-order atoms describing the brute state of the
artifact;
• σi is a set of ground first-order atoms describing the artifact’s institutional
state;
• E is a set of effect specifications;
• in is a list of ground first-order atoms, the events perceived by the artifact;
• out is a list of ground first-order atoms with predicate name Send, the communication messages to be sent to agents interacting with the organizational
artifact.
Optionally, the normative components that were introduced in the previous
chapter could be included in the definition of the organizational artifact. Because
the transition rules specifying their meaning are defined independently from the
transition rules for the extension with roles introduced in present chapter, we
decided not to include them here.
As before, we define the notion of an initial artifact configuration, redefining
the one previously defined in chapter 3. The initial organizational artifact is the
one that is determined by the program code. The artifact’s program defines the
artifact’s name, its initial brute state, the effect specifications, and the roles that
can be played. Initially, no events are received, no events need to be sent, no roles
have been instantiated, and no roles have been enacted. This is defined by the
following definition.
Definition 5.3 (Initial Artifact Configuration) An organizational artifact configuration of
the form hid, Roles, ∅, σb , ∅, E, ∅, ∅i specified by a program such that id is specified
by the program’s name component, Roles is specified by the program’s roles component, σb is characterised by the program’s facts component, and E is defined by
the program’s effect component, is called an initial artifact configuration.
At the beginning of a computation of an organizational artifact, no positions
are thus instantiated. Positions are instantiated when an agent requests to enact a
role and that request matches with a constructor of that role, i.e. the parameters
provided by the agent match and the precondition of the role is fulfilled. As
we have seen in the example discussed in previous section, the condition of a
constructor (and destructor) allow a test on its intrinsic state (goals and beliefs)
and extrinsic state (brute and institutional facts). Hence the definition of the
special entailment operator |=t that evaluates such a test.
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Definition 5.4 Given htesti expressions ϕ(x) and ϕ0 (y) in which sets of free variables
x and y occur, hbelqueryi expression φb , hgoalqueryi expression φg , henvqueryi
expression φe , hinstqueryi expression φi , first-order entailment relation |= and
substitution function θ, the entailment relation |=t that evaluates test expressions
w.r.t. beliefs, goals, brute facts and institutional facts (Σ, Γ, σb , σi ) is defined as:
• (Σ, Γ, σb , σi ) |=t B(φb )θ iff Σ |= φb θ
• (Σ, Γ, σb , σi ) |=t G(φg )θ iff ∃γ ∈ Γ s.t. γ |= φg θ
• (Σ, Γ, σb , σi ) |=t E(φe )θ iff σb |= φe θ
• (Σ, Γ, σb , σi ) |=t I(φi )θ iff σi |= φi θ
• (Σ, Γ, B, I) |= (ϕ(x)&ϕ0 (y))θ iff ∃θ1 : [θ1 = θ|x and
(Σ, Γ, σb , σi ) |= ϕθ1 and ∃θ2 : [θ2 = θ|(y \ x) and (Σ, Γ, σb , σi ) |= ϕ0 θ1 θ2 ]]
with ‘|’ to be read as ‘restricted to the domain’.
Note that we make some assumptions about the structure of the belief and
goal base. In accordance with most agent-oriented programming languages we
assume that both goal base and belief base are based on some subset of first-order
logic. We need to make such assumptions because we introduce actions to change
the positions’ goals and beliefs. Also note that the derivation of goals is different
from the entailment of beliefs. It is such that from a goal base Γ = {φ1 ∧ φ2 , φ3 }
we can derive, for example, φ1 , but not φ1 ∧ φ3 . Other possible goal entailment
relations can be found in (van Riemsdijk et al., 2005).
Recall that we distinguish between transitions at the multi-agent system level
consisting of agents and organizational artifacts (denoted by an arrow −→mas ),
transitions made by agents (denoted by −→agt ), and transitions of the organizational artifact (denoted by −→org ). Because positions are computational entities
with a state that may change during execution, we also introduce transitions to
refer to the execution steps made by a position. We denote these transitions by
an arrow −→pos . In defining these compositional transition systems we use a
bottom-up approach. That is to say, we start with defining the transitions agents
and positions may make. Then we define the transition system from which the
transitions of the organizational artifact can be derived. The transitions at the
multi-agent level that explain the interaction between agents and organizational
artifacts are defined in chapter 3. These derivation rules remain the same and
will not be presented in this chapter.

5.3.2

Executing Positions

The basic types are the transitions that define the execution of an agent and the
transitions that define the execution of a position. The transitions that explain
the execution steps an agent may make were explained in chapter 3 and will not
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be repeated here. Bear to mind, however, that we do treat agents as black-boxes
and, consequently, did only list the transitions an agent can make without defining
the transition system by which these transitions can be derived. In particular, we
assumed that an agent can make internal transitions to change its own mental
state, perform observable external actions, and send messages to communicate
with other agents.
The programming constructs by which positions can be programmed show
many similarities with that of agent programming languages. To preserve generality of our approach we do not commit to a particular agent programming language for programming positions. In fact, the semantics of a position is similar
to that of agent programming languages and is defined elsewhere, cf. (Rao, 1996;
de Boer et al., 2007; Bordini et al., 2005; Dastani, 2008). Therefore, similar to
agents, we do not present the transition system by which transitions for positions
can be derived. Without loss of generality we assume that active positions can
execute external actions δ (of type hatomi) that at the organizational level change
the brute state. We also assume that positions can make internal transitions that
only affect their internal state. Examples of such internal actions are updates of
the belief base and the addition and deletion of goals. Moreover, we assume that
positions can send messages to their players and other positions within the same
organizational artifact. More precisely, we assume transition rules by which the
following transitions for an active position ρ can be derived:
1)

ρ

P (i,t1 ,...,tn )!
−→pos

2)

ρ

msg(i,j,p,c)!
−→pos

3)

ρ −→pos ρ0

ρ0

performance of external action named P with a
possibly empty list of arguments t1 , ..., tn ;

ρ0

position i sends message to receiver j with performative p and content c;
performance of non-observable internal action.

Additionally, we assume that positions can always receive communication messages. That is, even if the position is not active, it is able to receive the message to
be handled when activated again. How these messages are stored and handled by
the position depends on the agent-oriented programming language that is chosen.
4)

ρ

msg(j,i,p,c)?
−→pos

ρ0

position i receives message from sender j with performative p and content c.

As appears from the transitions above, a position is capable of sending and receiving communication messages. The transition system explaining the execution
of organizational artifacts, which we present in next section, will be designed such
that the communication of a position is limited to sending and receiving messages
to/from its player, and sending and receiving messages to/from other positions
within the organizational artifact. In other words, positions cannot communicate
with any other agent than their player.
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5.3.3

Execution of Organizational Artifacts

In defining the transition system for organizational artifacts we assume an artifact
configuration hid, Roles, %, σb , σi , E, in , out i. For the sake of presentation, the
components that will not be modified by the transition rules that will be defined
below will be omitted. That is, the identifier id, the set of roles Roles and the set
of effect specifications E.
Before we explain how agents take up roles we first introduce the transition
rules that define the execution of positions, because these transitions will be used
in defining position enactment and de-enactment later on. Most actions of a
position only affect its internal state and leave the state of the organizational
artifact unchanged. Recall that a position can only advance in its computation if
it is activated by its player. Internal transitions are defined by the following rule.
Transition Rule Let ρ = hp, Σ, Γ, Π, >i be an active position, then the rule for internal actions performed by a position is defined as:
ρ∈%

ρ0 = hp, Σ0 , Γ0 , Π0 , >i

ρ −→pos ρ0

h%, σb , σi , in , out i −→org h(% \ {ρ}) ∪ {ρ0 }, σb , σi , in , out i

(psilent)

In previous chapters, agents were capable of performing external actions in
order to change the artifact’s brute facts directly. How the organizational artifact
responds to external actions performed by agents is defined by transition rule effect
of chapter 3. Adopting roles and positions, agents only act upon the artifact’s
brute state indirectly via the positions they hold. In this chapter we introduce
another transition rule for handling external actions performed by some active
position. This rule is meant to replace the formerly defined transition rule effect.
Recall the consistency-preserving update operator ] defined by definition 3.3 of
chapter 3. Also recall that the entailment operator |= and the unification function
unify are defined in chapter 3.
Transition Rule Let α0 be an external action. Then the rule for processing an external action by applying an effect specification is defined as follows:
ρ∈%

α0 !

ρ −→pos ρ0

(Φ, α, Ψ) ∈ E

unify(α, α0 ) = θ1

σb |= Φθ1 θ2

h%, σb , σi , in , out i −→org h(% \ {ρ}) ∪ {ρ0 }, σb0 , σi , in , out i

(effect)

where σb0 = σb ] {φ | φ ∈ Ψθ1 θ2 }

During their life-time positions may communicate with other positions. For
example, a reviewer position may inform the chair about the maximum number
of papers it wishes to review (as shown in code fragment 5.1). In case of interposition communication no message leaves the organizational artifact, because
communication can only take place between positions that are member of the
same artifact. So, there is no need to store the message to be delivered in the
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artifact’s list of out events; we rather deliver the message instantaneously. This
has the additional advantage that we do not need to account for the situation in
which the receiving position is de-enacted before the message could be delivered,
which would complicate the semantics. Sending a communication message to
another position changes the internal state of the sender and that of the receiver
as expressed by transitions 2 and 4 of previous section.
Transition Rule Let ρ1 be an active position identified by i and let ρ2 be a position
identified by j. Then the rule for message synchronization between positions is
defined as follows:
ρ1 ∈ %

ρ2 ∈ %

ρ1

msg(i,j,p,c)!
−→pos

ρ01

h%, σb , σi , in , out i −→org h(% \ {ρ1 , ρ2 }) ∪

msg(i,j,p,c)? 0
−→pos ρ2
0
{ρ1 , ρ02 }, σb , σi , in , out i

ρ2

(ppmsg)

Positions not only communicate with other positions in the system, they also
communicate extensively with their player. In case a position sends a communication message to its player, this message does leave the organizational artifact.
Therefore, we append it to the list of out events to be processed by the artifact
later on. This processing boils down to propagating these messages to the multiagent level such that their addressee can perceive and transact them, as explained
by transition rule send defined in chapter 3. Transition rule send, however, presupposes that messages are sent by the artifact and is such that messages will have
the artifact as sender. As explained before, we deprive the artifact of its capability
to communicate; only positions may send communication messages. Therefore,
we slightly modify the previously defined rule send to deal with messages sent
by positions. Using a similar notation as in chapter 3, messages that need to be
sent are stored in the list of out events as special atoms of the form Send(i, r, p, c)
meaning that position identified by i sends messages with performative p and
contents c to receiver r (its player or another position within the artifact).
Transition Rule The rule for sending messages that may originate from either a
position or the artifact is defined as follows:
hσb , σi , in , [Send(i, r, p, c)] : out i

msg(i,r,p,c)!
−→org

(send )
hσb , σi , in , out i

With this rule we can now define the transition rule pertaining to the communication from a position with its player. Remember that the identifier of the
position has the form i.k with k a unique identifier and i the identifier of its player.
We use this information to guarantee that a position cannot communicate with
any other agents than its player.
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Transition Rule Let ρ = hi.k, Σ, Γ, Π, >i be an active position. Then the rule for
sending a message from a position to its player is defined as follows:
ρ∈%

ρ

h%, σb , σi , in , out i −→org h(% \ {ρ})

msg(i.k,i,p,c)! 0
−→pos
ρ
∪ {ρ0 }, σb , σi , in , out

: [Send(i.k, i, p, c)]i
(pamsg)

An agent i indicates that it desires to take up a role r with a list of parameters t1 , ..., tn by performing an action enact(i, r, t1 , ..., tn ). Recall that actions
performed by external agents are stored in the artifact’s received events. A role
can be enacted only if the organizational rules are respected. More precisely, when
the arguments t1 , ..., tn match with the arguments of some constructor of which
the pre-condition is satisfied. If so, a fresh position is instantiated out of the
role specification by executing its constructor. Evaluating the constructor’s condition and execution of its plan occurs as one computation step, i.e. atomically.
This way, while executing the constructor, it is guaranteed that the constructor’s pre-condition may only cease to hold due to one of the constructor’s actions.
Moreover, the programmer is relieved from well-known concurrency issues while
putting the position in a valid state. A disadvantage of executing the constructor in one shot, however, is that no normative assessment can take place while
executing the constructor.
The execution of the constructor boils down to creating an initial position ρ
out of the role specification and putting the constructor’s plan in ρ’s plan base,
and performing all derivation rules until its plan base is empty, i.e. until the
constructor plan is fully executed. Because the execution of the constructor’s
plan base may include external actions to modify the artifact’s brute state, its
execution can only be explained in the context of the artifact configuration. More
specifically, the execution of a position’s constructor is denoted by a sequence of
transitions:
h{ρ}, σb , σi , in , out i −→∗org h{ρ0 }, σb0 , σi , in , out i
that are to be derived from transition rules effect and psilent. Recall that according to these rules only active positions can be executed, whereas similar to
(Dastani et al., 2004b) an enacted position is initially inactive. This explains the
need for de-activating active position ρ0 . If the position is successfully instantiated the agent is informed about this and is sent the identifier of the position such
that it can interact with it. Moreover, the fact that the agent identified by i has
enacted role r through position identified by p is stored as an institutional fact
rea(i, r, p). Note that these facts differ from the binary rea(i, r) facts we used up
to now. The next transition rule defines role enactment.
Transition Rule Let (r, s) ∈ Roles such that construct(Ψ1 ) <- Φ | π is a
constructor of role specification s with Ψ1 a list of terms (the constructor’s parameters) and let Ψ2 be a list of ground terms (the parameters provided by the
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agent through the enact action). Moreover, recall the function unify(Ψ1 , Ψ2 ) that
evaluates to the most general unifier θ of Ψ1 with Ψ2 if they are unifiable and
returns ⊥ otherwise. Further, let Σ be a belief base characterised by the belief
component of role specification s and let Γ be a goal base specified by the goals of
role specification s. Then the rule for role enactment is defined as:
unify(Ψ1 , Ψ2 ) = θ1 (Σ, Γ, σb , σi ) |=t Φθ1 θ2
h{ρ}, σb , σi , in , out i −→∗org h{ρ0 }, σb0 , σi , in , out i
h%, σb , σi , [enact(i, r, Ψ2 )] : in , out i
−→∗org
00
0
0
h% ∪ {ρ }, σb , σi , in , out : [Send (p, i, inform, enacted (r , p))]i
where p
ρ
ρ0
ρ00
σi0

=
=
=
=
=

(enact)

i.k in which k is a unique identifier
hp, Σ, Γ, {πθ1 θ2 }, >i
hp, Σ0 , Γ0 , {}, >i
hp, Σ0 , Γ0 , {}, ⊥i
σi ∪ {rea(i, r, p)}

Enactment of a role might not be successful for many reasons. For example,
when the role does not exist in the artifact, the pre-conditions of role enactment
are not respected or in case the parameters do not match with any constructor,
but also when the plan’s constructor somehow fails to execute. The circumstances
under which a constructor plan cannot advance in its computation depends on
the semantics of the agent-oriented programming language chosen. The definition
of the transition rules covering all the cases in which role enactment fails are
beyond the scope of this chapter, although we stress that in an implementation a
failure handling mechanism notifying the agent when the enactment fails should
be present.
Once an agent occupies a position, the agent can start interacting with it. It
does so by performing designated actions, e.g. activate(i,p) to indicate that
agent i wishes to activate position p. The first parameter of an action is always
the agent performing it. Because the agent’s identity is coded in the identifier p
that is of the form i.k with i denoting the position’s player, we can guarantee that
an agent can only interact with its own position(s). In what follows all the actions
an agent can perform to configure a position it plays are explained in more detail.
An agent may change the operation status of a position p it plays by means of
an activate(i, p) and deactivate(i, p) action, respectively. A position can only be
activated if it is inactive and can only be deactivated if it is active. The following
two transitions define the organization’s response to an activate and a deactivate
action performed by the player of a position.
Transition Rule Let ρ = hp, Σ, Γ, Π, ⊥i be an inactive position played by agent i.
The rule for activating a position is defined as:
ρ∈%
h%, σb , σi , [activate(i, p)] : in , out i −→org h%0 , σb , σi , in , out i
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(pactivate)

where %0 = (% \ {ρ}) ∪ {hp, Σ, Γ, Π, >i}

Transition Rule Let ρ = hp, Σ, Γ, Π, >i be an active position played by agent i. The
rule for deactivating a position is defined as:
ρ∈%
h%, σb , σi , [deactivate(p)] : in , out i −→org h%0 , σb , σi , in , out i

(pdeactivate)

where %0 = (% \ {ρ}) ∪ {hp, Σ, Γ, Π, ⊥i}

An agent can inspect and alter the mental state of a position it has enacted.
In particular, an agent can inspect and update its beliefs and goals. The next
transition rules define the inspection and modification of positions. The performance of action test(i, p, φ) indicates that the player i of position p performs test
φ on position p. The organizational artifact responds to such an action by sending
the agent a message with the resulting substitution θ of the test, if φ is derivable
and ⊥ otherwise. Special substitution  is used to indicate that φ is not derivable
from the position’s mental state. Note that a player can only perform a test on a
position’s mental state and not on the brute and institutional facts.
Transition Rule Let ρ = hp, Σ, Γ, Π, f i be a position played by agent i and let φ be
a htesti expression containing solely hbelqueryi and hgoalqueryi expressions. The
rule for performing an internal test on a position is defined as:
ρ∈%
h%, σb , σi , [test(i, p, φ)] : in , out i −→org h%, σb , σi , in , out : [φ0 ]i
(
Send (p, i, inform, test(φ, θ))
if (Σ, Γ, ∅, ∅) |=t φθ
0
where φ =
Send (p, i, inform, test(φ, ⊥)) otherwise

(ptest)

A goal φ can be delegated to a position p by its player by means of an action
adoptg(i, p, φ). Dropping a goal proceeds similarly by action droptg(i, p, φ). The
transition rule defined below only works for the addition and removal of atomic
formulae. This most basic operation we believe should be supported at the very
least. Other operations for adding and removing goals, as for example can be
found in (Dastani, 2008), may be introduced depending on the particular structure
of the goal base. Goals can always be delegated to and dropped from a position
by its enacting agent. This is specified by the following rule.
Transition Rule Let ρ = hp, Σ, Γ, Π, f i be a position played by agent i and let
α = adoptg/dropg(i, p, φ) with φ a ground hgoali expression. The rule for adopting/dropping a goal to/from a position is defined as:
ρ∈%
h%, σb , σi , [α] : in , out i −→org h(% \ {ρ}) ∪ {ρ0 }, σb , σi , in , out i
(
hp, Σ, Γ ∪ {φ}, Π, f i if α = adoptg(p, φ)
0
where ρ =
hp, Σ, Γ \ {φ}, Π, f i
if α = dropg(p, φ)
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(pmodg)

An agent i can also alter the belief base of a position p it plays by adding or
removing a belief atom φ with actions adoptb(i, p, φ) and dropb(i, p, φ), respectively. The following transition rule defines the addition and deletion of beliefs
to a position. For updating the belief base we use consistency preserving update
function ⊕. The actual implementation of this operator depends on the representation of the belief base that comes with the specific agent-oriented programming
language. Note that similar to the goal update actions, here we define the the
most basic action (i.e. only supporting removal and addition of belief atoms) that
should be supported for updating a position’s belief base.
Transition Rule Let ρ = hp, Σ, Γ, Π, f i be a position played by agent i and let α =
adoptb/dropb(i, p, φ) in which φ is a ground atom. The rule for adopting/dropping
a belief to/from a position is defined as:
ρ∈%
h%, σb , σi , [α] : in , out i −→org h(% \ {ρ}) ∪ {ρ0 }, σb , σi , in , out i
(
hp, Σ ⊕ {φ}, Γ, Π, f i if α = adoptb(i, p, φ)
0
where ρ =
hp, Σ \ {φ}, Γ, Π, f i
if α = dropb(i, p, φ)

(pmodb)

When the agent is finished with interacting with a position it plays, it may
de-enact that position by performing an action deact(i, p). Similar to enactment,
a position can only be de-enacted under a priori specified conditions. The conditions under which a player may leave its positions are dictated by the position’s
destructors. A destrcutor also dictates the actions that should be performed to
leave the system in a valid state. If the de-enactment of the position is allowed, it
is de-instantiated by executing its destructor and the position is removed from the
system. As we have seen before with the constructor, also the whole destructor is
executed in one computation step. Upon successful de-enactment of the position
the institutional fact rea(i, r, p) denoting that agent i plays role r via position
p is retracted from the institutional facts. A position can only be de-enacted
when it its inactive. This rule is meant to replace our previsouly defined rule for
de-enactment deact as defined in chapter 3.
Transition Rule Let ρ be a position played by agent i and let destruct() <- Φ
| π be a destructor of ρ. Then the rule for role de-enactment is defined as:
ρ = hp, Σ, Γ, Π, ⊥i ρ ∈ % (Σ, Γ, σb , σi ) |=t Φθ
h{ρ0 }, σb , σi , in , out i −→∗org h{ρ00 }, σb0 , σi , in , out i
h%, σb , σi , [deact(i, p)] : in , out i
−→org
h% \ {ρ}, σb0 , σi0 , in , out : [Send (p, i, inform, deacted (p))]i
where ρ0 = hp, Σ, Γ, {πθ}, >i
ρ00 = hp, Σ0 , Γ0 , {}, >i
σi0 = σi \ {rea(i, r, p)}
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(deact)

5.4

Expressing Structural Constraints with Norms

Roles are the cornerstones in defining the structure of an organizational artifact.
Part of the definition of the organizational structure is achieved by the ability of a
position to communicate with other positions within the organizational artifact.
However, the structure of an organization encompasses more than communication alone. We also need means to specify structural constraints, for example,
how many times a role may be enacted and which roles are incompatible with one
another. In the introduction of this chapter we argued that in existing frameworks
such structural constraints can be characterized by two limitations, namely they
are: 1) specified at design time and will unconditionally hold at run-time, and 2)
are seen as hard constraints that cannot be violated. In this section we further
elaborate upon means to define the structure of an organizational artifact by carrying out a preliminary exploration of expressing structural constraints as norms.
In particular, we demonstrate that by expressing the structural constraints by the
norms presented in chapter 4 we can overcome these limitations.
The norm schemes we introduced in chapter 4 take on the form of conditional
obligations and prohibitions. Conditional obligations are expressed as labeled tuples of the form φl : hϕc , O(ϕx ), ϕd i with the intuitive reading that “if condition
ϕc holds then there is an obligation to establish ϕx before deadline ϕd ”. A conditional prohibition is expressed as a labeled tuple φl : hϕc , F (ϕx ), ϕd i that can
be intuitively read as “if condition ϕc holds then it is forbidden to establish ϕx
before deadline ϕd .” The scheme’s condition ϕc and (un)desired state ϕx may
refer to institutional facts that model information about role enactment. By modeling conditional obligations and prohibitions that relate to role enactment we can
model structural constraints that are dynamically created as obligations and prohibitions are instantiated. Call to mind that in chapter 4 we defined coordination
strategies that can be used for norms that can be either regimented (no violations
are possible) or enforced (violations are possible and may be sanctioned). This
feature allows us to define the organizational structure both as soft-constraints
and hard-constraints.
In this chapter we modeled the fact that an agent identified by i plays role r
through a position identified by p by an institutional fact rea(i, r, p). Because the
norm instances of chapter 4 are supposed to be ground, we cannot write rea(i, r, p)
in which p is a variable to denote the fact that agent i plays role r. Therefore,
we explicitly define how the binary rea facts can be derived from the ternary rea
facts. Note that this type of fact was also used in previous chapters when we did
not have positions yet.
Definition 5.5 Let i and r be constants. Then given a set of institutional facts X
we extend the entailment operator |= in the following way:
• X |= rea(i, r) iff there exists a ground subst. θ0 such that X |= rea(i, r, p)θ0
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When using norms to express structural constraints we also need information
about how many times this agent plays role r and how often role r is played.
To obtain this information from the institutional facts we assume special functions times(i, r) and times(r) to derive this information. Intuitively, the function
times(i, r) evaluates to the number of times agent i plays role r. This information can be deduced from the institutional facts by counting all the occurrences
of rea(i, r, p) for agent i. Function times(r, n) evaluates to the number of times
role r is played, possibly by different agents. This information can be entailed by
counting all the occurrences of rea(i, r, p) facts for any agent i.
Having this extra information at our disposal, we are now able to use the norm
schemes for defining structural constraints. To start with, we show how to express
incompatibility constraints. To define that an agent cannot play role r1 and role
r2 simultaneously is to write two norm schemes of the form:
φl1 : hϕc ∧ rea(i, r1 ), F (rea(i, r2 )), ϕd i

(5.1)

φl2 : hϕc ∧ rea(i, r2 ), F (rea(i, r1 )), ϕd i

(5.2)

meaning that if role r1 (or r2 ) has been enacted under circumstances ϕc it is
forbidden to enact role r1 (or r2 ) until ϕd . The norm scheme’s condition ϕc and
deadline ϕd can thus be used to define the circumstances under which these two
roles are incompatible. If this constraint has to hold invariably, that is if these two
roles can never be played simultaneously, we simply let ϕc = > and ϕd = ⊥ such
that this norm scheme will be immediately instantiated and will stay in effect,
because its deadline will never be reached. One might wonder why we did not
write this constraint as one norm scheme:
φl1 : hϕc , F (rea(i, r1 ) ∧ rea(i, r2 )), ϕd i

(5.3)

The reason is that in the current semantics of the norm schemes instantiated
obligations and prohibitions should be ground, i.e. contain no variables. The
incompatibility constraint can thus only be expressed by the above norm scheme
if terms r1 , r2 and i are constants or, otherwise, also occur in the norm scheme’s
condition ϕc .
With the special times functions we can also express cardinality constraints
by means of norm schemes. Provided that terms m, n and r are either constants
or also occur in the norm scheme’s condition ϕc , we can specify that role r should
be played between m and n times by means of the following norm scheme:
φl : hϕc , F (m > times(r) > n), ϕd i

(5.4)

A cardinality constraint stating that a role r should be played between m and
n times by a particular agent i can be expressed as follows:
φl : hϕc , F (m > times(i, r) > n), ϕd i
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(5.5)

Also constraints of a more temporal nature can be expressed by means of norm
schemes. Consider for example the following norm scheme:
φl : hϕc , O(rea(i, r)), ϕd i

(5.6)

that states that under condition ϕc an agent is obliged to enact role r before
deadline ϕd . Because we may also use rea facts in the norm scheme’s condition,
we can also express by a norm scheme of the form:
φl : hϕc ∧ rea(i, r1 ), O(rea(i, r2 )), ϕd i

(5.7)

that an agent who plays role r1 should under circumstances ϕc eventually (or
actually before deadline ϕd ) also play role r2 .
These examples show that norm schemes can indeed be used to express an
organization’s structural constraints. The temporal nature of our norms obtained
by the norm scheme’s condition and deadline allows for a flexible definition of
structural constraints that are invoked at run-time, depending on the circumstances the organizational artifact is in. It is, however, fair to say that not every
constraint can be expressed by means of norm schemes. Suppose, for instance,
that we would like to define a constraint that some role r2 should be enacted
after an agent has finished playing role r1 . To express this constraint, we need
information about when this agent has stopped playing role r1 . At the moment,
this information is not available. Storing this information and exploring to what
extent other structural constraints can be modelled by means of norm schemes is
left for future research.

5.5

Discussion

In this chapter we started with identifying four key properties we believe should
be exhibited by a notion of role for efficiently constructing organization-oriented
multi-agent systems. Based on the observation that none of the existing rolebased approaches we studied in chapter 2 exhibits all four of these properties, we
developed a solution that does exhibit all four. These properties thus distinguish
our solution from related work on roles. To summarize, our roles are:
• organization-centric, meaning that they are an instrinsic part of the organizational artifact instead of being an adjunct of their player.
• prescriptive, implying that roles prescribe an expected behavior to their
players and in this way guide the players in how to interact with the organization in a meaningful way.
• employable, meaning that a player can employ its role by delegating it a
task without the need to know how this task is being executed.
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• BDI-oriented, which means that roles are developed by the same mental
attitudes that are often found in agent-oriented programming languages
such as beliefs, goals and plans.
Although we deem these properties essential for an implementation of roles in
multi-agent systems, also other properties have been identified to classify roles.
These properties were identified by Steimann (2000) with the purpose of classifying different approaches to roles in software engineering (see also chapter 2). To
give better insights in our approach, we repeat the characteristics that can also
be applied on roles from a viewpoint of multi-agent systems (by replacing object
by agent) and briefly explain to what extend our proposal exhibits them:
1. An agent may play different roles simultaneously. This property is clearly
present in our approach; an agent may occupy multiple positions at the
same time. In fact, even multiple positions can be activated simultaneously.
2. An agent may play the same role several times, simultaneously. In our
approach an agent can enact the same role via different positions.
3. An agent may acquire and abandon roles dynamically. By performing enact
and deact actions, an agent may take on and leave roles at run-time.
4. The sequence in which roles may be acquired and relinquished can be subject
to restrictions. In our solution, restrictions about the order in which roles
may be enacted and de-enacted can be expressed to some extend by the role’s
constructor and destructor. Also norm schemes may restrict the enactment
sequence, as discussed in section 5.4.
5. Agents of unrelated types can play the same role. In our approach, we make
limited assumptions about the nature of the agents that will play the roles.
A role can thus be played by any agent that is capable of performing all the
required actions for interacting with a position.
6. Roles cannot play roles. In our approach a position is not capable of enacting
roles within the artifact or another artifact. Only agents are allowed to enact
roles.
7. A role cannot be transferred from one to another. In our approach a position
cannot be transferred from one player to another player; a player can only
de-enact a position.
8. Roles restrict access. Players can only access the internals of the organizational artifact and can only communicate with other positions in the system
indirectly via their positions. This way, access to the internal state and
other positions is restricted by the roles an agent plays.
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9. An agent and its roles share identity. In our view, a role is organizationcentric. This implies that whatever roles an agent enacts, it keeps its own
identity. Also the positions that are occupied by some agent have their own
identity. An agent and its roles thus do not share identity.
Points 6 and 7 are not yet exhibited by our solution, but do suggest good
directions for future research. Indeed, letting roles play roles has also been suggested by Colman et al. (2007) as a means for composing different organizations.
In our framework this means that a position would be able to play another role in
a different (or the same) organizational artifact. In our conference management
system, for example, an author position of the reviewing artifact could enact the
role of participant in the registration artifact, and register for the conference via
this position. By letting positions occupy and interact with other positions we
can dynamically compose organizational artifacts. At this point, one might think
that this can be easily achieved by letting positions perform enact and deact
actions as introduced in this chapter. However, letting positions play positions
gives rise to new issues. What, for example, should happen to all the positions
that are enacted by a position p in case the agent that plays position p leaves
this position? And, what should happen to all positions a position p has enacted
when p is (de-)activated? It is interesting to note that answers to these questions
can be found in (Dastani and Steunebrink, 2009). In this work Dastani and Steunebrink propose a solution in which agents can be composed of (BDI-oriented)
modules, and modules may enact modules. As the authors argue, a module may
be considered as an implementation of a role. Indeed, many operations on roles
we presented here are inspired by this work. However, an important issue that
need to be overcome is that the modules of (Dastani and Steunebrink, 2009) are
agent-centered, whereas we argued for an organization-centric view on roles.
Transferring positions from one player to another while preserving state of the
position could be useful in case a player is not able to finish its interaction (for
example due to failure) before the position can be legally de-enacted. Suppose, for
example, that a player of the reviewer role is not able to complete all its reviews,
but has already uploaded some of them. In this case it might be beneficial to
let another agent take over its task by transferring its position to that agent.
This way, all the information, responsibilities and rights of the old player will
be transferred to the new player. When transferring positions, mechanisms and
policies should be defined for when a position can be transferred from one player to
another. We envisage similar constructs for this as the constructor and destructor
plans, defining the conditions under which a role may be transferred to another
player and the actions that should be taken.
In section 5.4 we carried out a preliminary analysis to what extend structural constraints can be expressed by means of the norm schemes we introduced
in chapter 4. This preliminary analysis already showed that norm schemes can
indeed express some structural constraints. A further analysis in this direction
should reveal to what extend more structural constraints can be expressed and
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might lead to a reconsideration of the expressiveness of the norm schemes. Further, the organizational structure encompasses more than structural constraints
only. Other concepts related to the structure of an organization that are, for example, supported by the Moise framework of Hübner et al. (2007) are inheritance
of roles, and authority relationships between roles (see (Grossi et al., 2005) for
a formal analysis of more structural relationships). Extending our proposal with
these structural relationships is left for future research.
Another issue we did not explore in this chapter is how the agents obtain
knowledge about which roles can be enacted in an organizational artifact and
which goals can be delegated to them. This issue is left for future research.
We think the solution of Yellow Pages as used in (Baldoni et al., 2008) is a
promising first step in this direction. To end with, we stress the importance of a
proof of concept in the form of an implementation. Some notes on a preliminary
implementation can be found in appendix A.

5.6

Conclusion

We presented programming constructs for implementing roles and explained them
by our running example involving the conference management system. Our notion
of roles exhibit four key properties that none of the existing frameworks studied
exhibit. We underpinned our syntax by an operational semantics (Plotkin, 1981),
allowing us to explain the meaning of the programming constructs in a mathematically rigorous manner, without needing to commit to a specific implementation
platform. This way we bring organization-oriented programming closer to agentoriented programming languages which are often investigated by an operational
semantics. We explored the possibility to express structural constraints for expressing the structure of an organization by means of the normative concepts
presented in chapter 4. We demonstrated that by means of norm schemes structural constraints can be expressed in a flexible manner.
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Chapter

6

Programming Norm Change

I

n chapter 4 we enhanced our organizational artifacts with a normative dimension for regulating and coordinating the behavior of the interacting agents.
Similar to many organizational frameworks (see chapter 2 for an overview), a key
characteristic of our norms is that they are designed offline by the system’s developer and cannot be changed at runtime. However, there is usually not “one
size fits all” specification of the norms. The agents’ interactions may have unpredictable outcomes, making it hard for the system’s designer to foresee which set
of norms fits best for regulating the agents’ behavior. Consequently, facing the
unpredictable and dynamic nature of the environments organizational artifacts
are deployed in, a static view in which the norms are specified at design time and
cannot be modified at runtime does often not suffice (Castelfranchi, 2000; Boella
et al., 2006; Dignum, 2009b). Modifying norms at runtime increases the system’s
flexibility to react to the unpredictable interactions that emerge. Suppose, for
example, that many reviewers indicate that they will not be able to comply with
their obligation to upload their reviews in time. The system (or chair) might react
to this by relaxing this norm. A considerable amount of work has been devoted
to the theoretical aspects of norm change. Examples are (Alchourron et al., 1985;
Boella and van der Torre, 2004; Governatori and Rotolo, 2008)). Thus far, rather
less attention has been paid to the practical aspects related to computational
mechanisms of norm change.
Similar to the work of Artikis et al. (2009), Bou et al. (2006), Campos et
al. (2009), and Oren et al. (2010) we focus on a computational mechanism for
runtime norm change. Our main contributions are:
• We highlight some of the key challenges involved when changing the set
of norms of an organizational artifact at runtime in section 6.1. Each of
the challenges will be addressed in this chapter. The identification of the
key issues involved allows us to explain how our work advances the state of
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the art by comparing our work with related work on computational norm
change in section 6.6. The discussion is based on the representation of the
norms as explained in chapter 4.
• We present the syntax and intuitive semantics of generic programming constructs (section 6.3) allowing the programmer to specify under which circumstances and how the norms may change at runtime.
• We formalize the programming constructs with an operational semantics
(Plotkin, 1981) (section 6.4), allowing us to study the proposed constructs
in a mathematically rigorous way and show some of the key properties our
framework exhibits. Another advantage is that an operational semantics is
already close to an interpreter, without committing to a particular implementation language. To our best knowledge, we are the first to study the
operational semantics of norm change.
• We propose a construct allowing a programmer to specify which norms
are in conflict, e.g. obliging and at the same time forbidding someone to
review a paper could be regarded as a conflict. Based on this construct we
investigate a mechanism for avoiding normative conflicts when changing the
norms at runtime in section 6.5. This has not been done before in respect
of a computational mechanism of norm change.
We conclude this paper and give prospects for further research in section 6.7.

6.1

Challenges and Issues for Computational Norm Change

Before we explain the solution we develop for changing the norms at runtime, we
first identify what we consider key challenges and issues for runtime norm change.
The challenges and issues listed here further motivate the solution we develop and
explain how we advance the state of the art with respect to runtime norm change
in a computational framework.

Changing Norm Schemes versus Changing Norm Instances
As we have seen in 2, norms are typically specified as conditional sentences defining under which circumstances deontic concepts such as obligations, permissions
and prohibitions are established. If, for instance, a reviewer is assigned a paper,
an obligation to have uploaded its review for that paper is created. Norms can
thus be considered the program specification distinguishing them from the deontic
concepts they instantiate. The norms we presented in chapter 4 are no exception
to this rule. The norm schemes we presented in 4 take on the form of conditional
obligations and prohibitions, that instantiate detached obligations and prohibitions (norm instances) when their condition can be satisfied. Norm change can
thus be considered at two levels, namely changes at the level of:
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1. the normative specification, i.e. the level norm schemes;
2. the active obligations and prohibitions, i.e. the level of norm instances.
An example of a change at the first level would be relaxing the requirement that
each paper should be reviewed by at least three reviewers in case it turns out that
there will be too many papers to review. This change affects all norm instances it
will instantiated in the future, and thus amounts to a more fundamental change.
An example of a change at the second level would be granting the request of
a (group of) author(s) who have asked for an extension of the page limit, by
altering already instantiated prohibitions. This change only affects some norm
instances, without changing the norm scheme. To successfully employ normative
frameworks in dynamic, unpredictable environments we argue that changes at
both levels should be supported.
When considering change at the level of norm schemes, a key question becomes
what happens to the detached obligations and prohibitions that where already
created when their underlying norm scheme changes. In some cases it is desirable
that the instantiated norm instances remain unaffected, whereas in other cases the
associated norm instances should be changed accordingly. Consider, for example,
a norm scheme that specifies that conference registrants are obliged to have paid
a fee a week before the conference starts. Suppose that for some reason (the costs
were higher than expected) we decide to increase this fee, then this increased
fee will sensibly only apply for new registrants. In other words, we want the
payment obligations that were in effect before the change to remain unaffected.
If, however, the payment deadline is extended we might decide to apply this
change retroactively. That is to say, the deadline of already existing payment
obligations will also be extended.
This issue has been theoretically investigated in the context of modifying legal
systems (Governatori and Rotolo, 2008). However, existing work (Artikis, 2009;
Bou et al., 2006; Campos et al., 2009; Oren et al., 2010) on computational norm
change considers changing the normative specification only. That is to say, the
intricacies of how the associated deontic concepts may evolve when a change of
their underlying norms occurs is not investigated.

System-Dependency and Enforcement-Independency
Another issue related to computational norm change pertains to who is responsible
for deciding under which circumstances and how the norms are changed. Some
(e.g. (Castelfranchi, 2000; Artikis, 2009)) consider it the task of the agents to
alter the norms. Yet others (e.g. (Bou et al., 2006; Campos et al., 2009)) consider
it the responsibility of the organizational framework to autonomously modify
the norms. To support a wide variety of application domains, a norm change
mechanism ideally empowers both agents and normative framework to initiate
norm change. In the solution we develop changes to the norms can be made by
external agents as well as the organizational artifact itself.
149

When external agents that are not a priori known to the system’s designer
are empowered to change the norms, there should be means to define policies
specifying when and how they may change the norms. Firstly, if the system
does not put restrictions on who and to which extent norms can be changed
the power of the system to regulate the agents’ behavior would be compromised.
Secondly, deciding when and how norms are changed requires knowledge about
and capabilities to reason with norms, fulfillments and violations. The normative
framework might benefit from keeping this information private. Most importantly,
norm-reasoning capabilities are beyond the competences of typical agency and
requiring such a specialized capability limits the types of agents that can interact
with the framework, thereby restricting its openness. Therefore, we argue that
the normative framework should provide suitable actions by which the agents can
change the norms without needing detailed knowledge about their structure. This
promotes the principle of encapsulation (a.k.a. data hiding).
The fact that a normative artifact encompasses the policies for when, how
and by who the norms may change, implies that present programming languages
by which artifacts can be programmed should be enriched with constructs for
specifying such policies. We argue that these programming constructs should be
such that norm change policies can be defined separately from the norm schemes.
That is, the code by which norm change is programmed must be explicitly defined
as a separate component rather than entangling it with the code defining the norm
schemes. This has the following benefits:
• Separating norm change policies from the norm schemes pertains to the wellknown software engineering principle of separation of concerns, promoting
readability and manageability of the program code.
• Another advantage is that (if desired) different computation mechanisms
could be used for the norm change mechanism without affecting the norm
enforcement mechanism and vice versa. In principle, the program that defines how the norms may change could even be plugged in at runtime to
deal with unforeseen situations even more flexibly. This is, however, left for
future research.
• A final advantage of separating the norm change mechanism from the enforcement mechanism is that it could provide a basis for studying mechanisms allowing agents to reason about norm change. Just like previous
point, this is left for future research.
In summary, our approach to norm change is motivated by two key principles
of which the first accords with the definition of a normative multi-agent system
presented in (Boella et al., 2006) (see also chapter 2) which includes that “the
normative systems specify how and in which extent the agents can modify the
norms.”. That is, our norm change mechanism is:
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system-dependent: how, who and under which circumstances norms and their
instances may be changed must be specified by the normative framework
(organizational artifact in our case);
enforcement-independent: the norm change mechanism must be defined separately from the enforcement mechanism.

Conflicting Norm Instances
Suppose that the conference management systems has implemented a rule that
a reviewer is forbidden to review papers of (former) colleague’s. Furthermore,
suppose that jane and john are colleagues. Now imagine that some reviewer
informs the chair that he will not be able to fulfill his obligation to review john’s
paper, and the chair (possibly not aware that john and jane are collegueas) decides to change the norm instances by re-assigning this obligation to jane. Above
situation could be regarded as a conflict between the norm instances; whatever
jane decides to do – review the paper or not – some norm will be violated. Some
have argued that such conflicts between norm instances are ubiquitous, whereas
others have argued that normative conflicts do not exist (e.g. standard deontic
logic in which we have the D-axiom ¬(Op ∧ O¬p)) (Hansen et al., 2007). When
the latter view is adopted, a mechanism should be devised to avoid normative
conflicts when norm instances are dynamically added.
It is our goal to devise programming constructs for changing the norms at
runtime. Ideally, a programming language is general purpose. Therefore, we do
not commit to a particular view on whether the set of norm instances may or may
not contain conflicting norm instances. We also do not commit to a particular
view on when exactly a set of norm instances is conflicting; there seems to be no
consensus on a definition of normative conflict (cf. (Elhag et al., 2000)). Instead,
we propose a generic solution in which information about which norm instances
are conflicting is assumed to be explicitly present at design time. This information
can be (automatically generated) based on some theory of normative conflict, but
it can also be defined by the programmer. Additionally, information about which
norm instance(s) should be given up in case of conflict is also assumed to be
readily available. Getting back to jane’s dilemma of our previous example, we
can thus decide not to mark these norm instances as conflicting, meaning that
jane herself should decide which norm to abide by (or should perhaps inform the
chair about her dilemma). We could also decide that, say, a prohibition to review
a paper of a (former) co-worker should always precede any obligation to review
that paper.
In section 6.5 we study a mechanism for avoiding normative conflicts. We
deliberately present this mechanism as an incremental extension of the basic norm
change mechanism presented in sections 6.3 and 6.4. As we shall see later on, the
message is that different strategies exist for resolving normative conflicts and the
solution developed in section 6.5 is primarily meant to promote discussion.
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6.2

Organizational Artifacts with Changing Norms

As previously explained in chapter 3, we conceive a multi-agent system as consisting of a collection of heterogeneous agents that interact with organizational
artifacts. An organizational artifact implements the non-autonomous functionalities that are better implemented by non-agent concepts, such as the functionalities that should be provided by a system implementing a conference management
system. The agents exploit the functionality provided by these organizational artifacts to achieve their objectives. They encapsulate a domain specific state and
function, which is modeled by a set of brute facts. The agents perform actions
that change the brute state to interact with the artifact and exploit its functionality. An overview of the internals of an organizational artifact is shown in figure
6.1. In this chapter we will focus on the norm dynamics pertaining to constructs
for changing the norms presented in chapter 4 at runtime.

norm dynamics

normative concepts

scheme change rules,

schemes, instances,

instance change rules

sanction rules

positions

coordination
cycle

brute facts

institutional facts

Figure 6.1: A (simplified) conceptual representation of the internals of an organizational artifact. Optional concepts (e.g. norms, positions) are outlined with a
dashed border. Solid arrows denote the reading and modification of the concepts
as explained in more detail below. Dotted arrows denote actions and messages
between agent and artifact. A brief description of all the concepts can be found
in chapter 3.
In chapter 4 we extended our notion of organizational artifact with a normative
concepts to coordinate the behavior of the possibly unknown interactants and to
guide them in interacting with the artifact in a meaningful way. Recall that our
normative dimension is programmed by the norm schemes which take on the form
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of conditional obligations and conditional prohibitions. Conditional obligations
are expressed as labeled tuples of the form φl : hϕc , O(ϕx ), ϕd i with the intuitive
reading that “if condition ϕc holds then there is an obligation to establish ϕx
before deadline ϕd ”. A conditional prohibition is expressed as a labeled tuple
φl : hϕc , F (ϕx ), ϕd i that can be intuitively read as “if condition ϕc holds then it
is forbidden to establish ϕx before deadline ϕd .” The norm schemes define under
which conditions obligations and prohibitions should be created. For example, if
a reviewer is assigned a paper to review, then an obligation to have uploaded a
review for that paper is created. The condition of a norm scheme relates to the
brute and institutional state of the artifact and whenever its condition is satisfied
the artifact instantiates the obligation or prohibition belonging to it, hence the
name norm instance. Recall that norm instances are of the form (φl , M(ϕx ), ϕd )
in which M is either an obligation (denoted by O) or an inhibition (denoted by
F ).
For changing the norms at runtime, we introduce rule-based constructs allowing the artifact’s designer to specify how, when and by who the norms may be
changed. The rules are specified as an intrinsic part of the organizational artifact. This pertains to the property of system-dependency as explained above.
Moreover, the norm-change rules are defined completely separate from the norm
schemes which obtain their meaning by the monitoring mechanism. That is to
say, the code that defines how, when and by who the norms may be changed is
not entangled with the code that defines the norms themselves. This way the
norm change mechanism can be guaranteed to be enforcement-independent.
As we mentioned earlier, a change to the normative dimension could be initiated by both agents and the organizational artifact itself. The antecedent of
a norm change rule defines the circumstances under which a change should be
made to the norms, whereas its consequent lists the changes to be made. The
antecedent ranges over both brute and institutional facts, and even includes a test
to assess whether particular norm instances are invoked. This way, one the one
hand, the rules can be designed to assess the situation of the artifact at runtime
and express how the artifact could autonomously change the norms accordingly.
On the other hand, because agents can alter the brute facts by the execution of
actions, the norm change rules can also be designed to empower agents to change
the norms.
We also argued earlier that a norm-change mechanism should facilitate both
changes at the level of norm schemes, as well as at the level of norm instances. For
this purpose we introduce two types of norm-change rules, namely norm scheme
change rules denoted by sc-rules, and norm instance change rules denoted by icrules. Because the answer to the question whether the norm instances should
evolve accordingly when their underlying norm scheme changes is application
specific, we introduce two types of norm scheme change rules. One that does
modify the norm instances according to the modification made to their underlying
norm scheme, and one type of rule that only changes the norm schemes and
leaves their instances unaltered. How this exactly works is explained in more
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detail below. The relevant steps of the coordination cycle (see chapter 3) that
will be introduced in this chapter and concepts involved in changing the norms
are summarized by figures 6.2 and 6.3. Recall that in these pictures, arrows
from process (depicted as circle) to store (depicted as rounded box) denote the
modification of the store’s elements, whereas an arrow in the opposite direction
denotes the reading of the store’s elements.

norm instances

ic-rules

brute facts

norm instance change

institutional facts

Figure 6.2: Ic-rules specify when, who and how the norm instances may be
changed. If the condition of the rule pertaining to brute facts, institutional facts
and norm instances that are in effect is satisfied, the norm instances are changed
as described by the rule’s consequent.

6.3

Programming Norm Change

To facilitate runtime norm change, we introduce rule-based constructs allowing
the system’s designer to specify how, when and by who the norms may be changed.
More concretely, we introduce norm scheme change rules for altering the norm
schemes and norm instance change rules for modifying the active obligations and
prohibitions. The grammar of ic-rules and sc-rules is shown in figure 6.4. The elementary parts of the syntax are explained in table 6.1. Both types of rules consist
of a precondition that describes under which circumstances the rule is applicable
and a consequent that specifies the changes to be made. The preconditions of the
rules can range over brute facts, institutional facts and norm instances that are
in effect. This way we can empower the artifact to change the norms, but also
empower agents to modify the norms as agents can change the brute facts via the
actions they perform. Both types of rules will be explained in more detail below.
In explaining the norm change rules we use some norms of the conference
management system example that were introduced in chapter 4. For the sake of
simplicity, we assume that the unique labels of the norm schemes of chapter 4 do
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norm schemes

brute facts

sc-rules

norm scheme
change

norm instances

institutional facts

Figure 6.3: Sc-rules specify when, who and how the norm schemes may be
changed. If the condition of the rule pertaining to brute facts, institutional facts
and norm instances that are in effect is satisfied, the norm schemes are changed
as described by the rule’s consequent. A change in the norm schemes might also
change the instances of the norm schemes that are modified.
not contain variables. By doing so we avoid the need for additational functions
to uniquely identify a norm scheme. Because of this assumption, and to promote
readability, the norm schemes of the example of chapter 4 that are also used in this
chapter are repeated in code fragment 6.1. The first norm states the obligation
for reviewers to have uploaded their reviews in time, i.e. before the collect phase
starts. The second norm pertains to the page limit, and the third norm states
that each paper should be reviewed by at least three reviewers.

6.3.1

Changing Norm Instances

The ic-rules offer a fine-grained mechanism to change one or more norm instances
without changing their underlying norm schemes. They specify under which conditions and how changes to the norm instances are made. They are expressed
as rules of the form β ⇒ [ni0 , ..., nin ][ni00 , ..., ni0m ] with the intuitive reading that
under circumstances β norm instances ni0 , ..., nin are to be retracted and norm
instances ni00 , ..., ni0m are to be asserted. The rule’s precondition ranging over
brute facts, institutional facts and norm instances thus describes when the norm
instances should be modified. How they should be modified is specified by the
rule’s consequent.
Examples of these ic-rules in the context of our running example are given
in code fragment 6.2. Suppose that a reviewer R1 informs the chair that he
will not be able to fulfill his obligation to review a paper, then the chair might
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hb−atomi

hr − atomi

hi − atomi

a first-order atom denoting a brute fact. The special facts starting with predicate symbol viol, obey and rea (their meaning to be
explained later on) are excluded from the set of brute facts.
a first-order atom of the form rea(i, r) (or rea(i, r, p) when positions
are used) in which r denotes a role and i the agent playing it (and
p the identifier of the position through which the role is enacted);
“rea” is short for role enacting agent.
a first-order atom of the form viol(φl ) or obey(φl ) with φl a hlabeli
identifying a norm. The first denotes a violation of norm labeled φl
whereas the latter denotes the obedience to the norm.

Table 6.1: Elementary syntactical constructs.
hic − rulei
hanti
hnii
hic − consi
hic − listi
hsc − rulei
hsc − consi
hsc − cons∗i
hsc − listi
hsc − list∗i
hnorm∗i
hb − liti
hi − liti

=
=
=
=
=
=
=
=
=
=
=
=
=
|

hanti "=>" hic − consi;
hb − liti | hi − liti | hnii | hanti "and" hanti;
"(" hidi "," hOPi "," hddlni ")";
hic − listi hic − listi;
"[" hnii { "," hnii } "]" | "[ ]";
hanti "=>" hsc − consi | hanti "=>*" hsc − cons∗i;
hsc − listi hsc − listi;
hsc − listi hsc − list∗i;
"[" hnormi { "," hnormi } "]" | "[ ]";
"[" hnorm∗i { "," hnorm∗i } "]" | "[ ]";
hnormi | "nil";
"true" | hb − atomi | "not" hb − atomi;
"true" | hr − atomi | hi − atomi | "not" hr − atomi |
"not" hi − atomi;

Figure 6.4: EBNF grammar of norm change rules.
decide to reassign this paper to another reviewer, say R2. In this case the obligation for reviewer R1 is transferred to reviewer R2, which boils down to removing the obligation of R1 and creating a new one for R2. To give the new
reviewer enough time to fulfill its obligation the deadline will be set to the notification phase instead of the collect phase in which reviews are collected. Consider an action reassign(R1,PId,R2) by which the chair can reassign paper PId from reviewer R1 to R2, modifying the brute state such that the fact
assigned(R1,PId) is retracted and a fact reassigned(R1,PId,R2) is asserted. Then transferring the obligation from reviewer R1 to reviewer R2 is taken
care of by the first ic-rule.
The first ic-rule is an example of a norm modification that is initiated by
an agent. To illustrate a change of the norms on the decision of the normative
framework consider the second ic-rule. Recall the norm of code fragment 6.1 that
specifies that at the start of the collect phase at least three reviews should be
156

Code fragment 6.1 Norm schemes repeated from chapter 4.
r e v i e w −due :
< p h a s e ( r e v i e w ) and a s s i g n e d (R, PId )
, O( r e v i e w (R, PId ) )
, phase ( c o l l e c t ) >

1
2
3
4
5

pl1 :
< p h a s e ( s u b m i s s i o n ) and a b s t r a c t (A, PId )
, F( p a g e s ( PId ) > 1 5 )
, phase ( review ) >

6
7
8
9
10

min−r e v i e w s :
< p h a s e ( s u b m i s s i o n ) and p a p e r ( PId )
, O( n r R e v i e w s ( PId ) ≥ 3 )
, phase ( c o l l e c t ) >

11
12
13
14

Code fragment 6.2 Example norm instance change rules.
r e a s s i g n e d ( R1 , PId , R2 ) and ( r e v i e w −due , O( r e v i e w ( R1 , PId ) , p h a s e (P ) )
⇒
[ ( r e v i e w −due ,O( r e v i e w ( R1 , PId ) ) , p h a s e ( c o l l e c t ) ) ]
[ ( r e v i e w −due ,O( r e v i e w ( R2 , PId ) ) , p h a s e ( n o t i f i c a t i o n ) ) ]

1
2
3
4
5

p h a s e ( r e v i e w ) and 3∗ n r P a p e r s ( ) / n r R e v i e w e r s () >5 and
( min−r e v i e w s , O( n r R e v i e w s ( PId ) ≥ 3 ) , p h a s e (P ) )
⇒
[ ( min−r e v i e w s , O( n r R e v i e w s ( PId ) ≥ 3 ) , p h a s e (P ) ) ]
[ ( min−r e v i e w s , O( n r R e v i e w s ( PId ) ≥ 2 ) , p h a s e (P ) ) ]

6
7
8
9
10

uploaded for each paper. Assume that this implies that given the actual amount
of uploaded papers and reviewers each reviewer would be assigned more than
five papers. Suppose that the system reacts to this observation by relaxing the
requirement of three reviews per paper by only requiring two. This is expressed
by the second ic-rule that will modify all min-reviews’ instances. Note that
the variables of the ic-rule are thus implicitly universally quantified in the widest
scope. Because (for the sake of the example) min-reviews only instantiates
obligations in the submission phase there is no need for modifying the norm
scheme also.

6.3.2

Changing Norm Schemes

Whereas ic-rules are used for altering the norm instances, sc-rules are used for
modifying the norm schemes. The sc-rules take on a similar form as the icrules. More specifically, they are rules of the form β ⇒ [nsi , ..., nsn ][ns00 , ..., ns0m ]
in which β is a precondition that specifies when the norm schemes should be
changed. How the norm schemes should be changed is specified by the two lists
of the rule’s consequent. The first list contains the norm schemes that are to be
removed, whereas the second list contains the norm schemes that are to be added.
As discussed earlier, in some cases it is desirable that the instantiated norm
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Code fragment 6.3 Example norm scheme change rule.
n r P a p e r s ( ) > 10 and n r V i o l a t i o n s ( p a g e l i m i t ) / n r P a p e r s ( ) > 0 . 2 5
⇒∗
[ p l 1 : h p h a s e ( s u b m i s s i o n ) and
a b s t r a c t (A, PId ) , F( p a g e s ( PId ) >15) , p h a s e ( r e v i e w ) i ,
p l 1 : h p h a s e ( s u b m i s s i o n ) and
a b s t r a c t (A, PId ) , F( p a g e s ( PId ) >15) , p h a s e ( r e v i e w ) i ]
[ p l 2 : h p h a s e ( s u b m i s s i o n ) and
a b s t r a c t (A, PId ) , F(15< p a g e s ( PId ) ≤ 1 7 ) , p h a s e ( r e v i e w ) i ,
p l 3 : h p h a s e ( s u b m i s s i o n ) and
a b s t r a c t (A, PId ) , F( p a g e s ( PId ) >17) , p h a s e ( r e v i e w ) i ]

1
2
3
4
5
6
7
8
9
10

instances remain unaffected when their underlying norm scheme changes, whereas
in other cases the associated norm instances should be modified accordingly. For
this reason, we propose two types of norm scheme change rules. One that leaves
the instantiated norm instances unaltered when their underlying norm scheme is
changed and one that revises the associated norm instances accordingly. We name
the first type of norm scheme change instance-preserving and the latter instancerevising. To distinguish between the two rules, the arrow of the instance-revising
rules will be annotated with an asterisk, i.e. will take on the form ⇒∗ .
Updating a norm scheme is to delete the original norm scheme, say ns, and
replacing it by a new one, say ns0 . If an instance-preserving update is performed,
all the instances of ns will remain intact. If, however, an instance-revising update
is performed this means that each instance of ns is removed and transformed into
an instance of ns0 . We thus need to know by which norm scheme a scheme should
be replaced. We relate a norm scheme with the norm scheme it should transform
into by the position they respectively have in the retract and assert list, visualized:
β ⇒∗

[ ns0 , ns1 , ..., nsn ]
↓
↓
↓ replaced by
[ ns00 , ns01 , ..., ns0n ]

As demonstrated by the following example, the transformation of norm schemes
is not necessarily one on one. In fact, a norm scheme might evolve into multiple
norm schemes and multiple norm schemes might be merged into one. If one only
wants to remove a norm scheme ns together with all its associated instances,
special element nil can be used to transform ns into an empty norm scheme.
Suppose that it is observed that the norm scheme pl1 of code fragment 6.1 is
often violated, e.g. more than ten papers have been uploaded of which more than
25% violates the page limit norm.1 In reaction we could, for example, decide to
allow authors to pay for an additional two pages and reject papers which exceed
the limit by more than two pages. To be able to distinguish between violations
that stay within the boundary of two pages and violations by more than two
pages, we replace the pagelimit norm scheme by two norm schemes pl2 and
1 Even though we assume this information to be available, in chapter 4 no history about violations
is recorded. Extending the enforcement mechanism to store this information is beyond the scope of
this chapter.

158

pl3 as listed in code fragment 6.3. Because the pl1 norm scheme evolves into
two norm schemes it occurs twice in the removal list. To illustrate how the norm
instances of norm scheme pl1 are transformed by the application of this sc-rule
consider the norm instance:
(pl1, F(pages(547) > 15), phase(review))

(6.1)

that was instantiated out of norm scheme pl1 using substitution {PId/547}. To
transform above norm instance into norm instances of pl2 and pl3 we use this
same substitution. That is to say, we apply the substitution {PId/547} on the
norm schemes pl2 and pl3, thereby re-instantiating norm scheme pl1. After
application of the sc-rule instance above norm instance will thus be transformed
into the two norm instances:

6.4

(pl2, F(15 < pages(547) ≤ 17), phase(review))

(6.2)

(pl3, F(pages(547) > 17), phase(review))

(6.3)

Operational Semantics

In chapter 4 we explained that a norm instance is instantiated from its norm
scheme when its condition is derivable from the brute and institutional state for
some substitution of its formal parameters. Instantiating a norm scheme is to
apply this substitution on it resulting in a norm instance as defined in chapter
4. Because norm instantation plays an important role in the definition of the
semantics of the norm change rules we repeat the definition of norm instantiation
here. Henceforth, to denote the set of all variables v that occur in an unground
norm instance or formula φ we write φ(v).
Definition 6.1 (Norm Instantiation) Given norm scheme ns of the following form φl :
hϕc (v1 ), M(ϕx (v2 )), ϕd (v3 )i in which v2 ∪ v3 ⊆ v1 and a ground substitution θ
for the variables the function inst that instantiates a norm instance from ns is
defined as2 :
inst(ns, θ) = (φl , M(ϕx (v2 )), ϕd (v3 ))θ
Recall that the restriction on the variables is to assure norm instances to
be ground, otherwise it would not be clear if the variables occurring in them
should be universally or existentially quantified (see also chapter 4). Although we
assume ground substitutions in the previous definition and some that will follow,
we introduce the notion of well-formedness of a norm change rule. Later we show
that given this restriction and the semantics provided below the norm instances
indeed remain ground.
2 Remember that in chapter 4 we annotated prohibitions with a flag to denote if the obligation
has been violated in the past. Here we ommit this annotation for the sake of simplicity.
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Definition 6.2 (Well-formedness) We say an ic-rule that takes on the form β(x) ⇒
[ni0 (y 0 ), ..., nin (y n )][ni00 (z 0 ), ..., ni0m (z m )] is well-formed iff all the variables
that
S
y
occur
in
the
rule’s
consequent
also
appear
in
its
condition,
i.e.
j ∪
0≤j≤n
S
0≤k≤m z k ⊆ x.
We say an instance-revising sc-rule of the form β ⇒∗ [ns0 , ..., nsn ][ns00 , ..., ns0n ] is
well-formed iff each norm scheme nsj = l : hϕc , M(ϕx (v)), ϕd (w)i and each norm
scheme ns0j = l0 : hϕ0c , P0 (ϕ0x (x)), ϕ0d (y)i for 0 ≤ j ≤ n we have x ∪ y ⊆ v ∪ w.
It should be noted that this restriction only guarantees the instances to remain
ground in the context of the norm change mechanism. We are now in a position to
define the configuration of an organizational artifact extended with norm change
rules.
Definition 6.3 (Artifact Configuration) An organizational artifact configuration is a tuple of the form hσb , σi , ∆, δ, Ric , Rsc i with:
• σb a set of ground brute facts;
• σi a set of ground insitutional facts;
• ∆ a set of norm schemes;
• δ a set of ground norm instances;
• Ric a set of well-formed ic-rules;
• Rsc a set of well-formed (instance-revising and instance-preserving) sc-rules.
A configuration hσb , ∅, ∆, ∅, Ric , Rsc i specified by a program s.t. σb is characterised
by the program’s facts component, ∆ defined by the program’s norms component,
Ric and Rsc respectively defined by the program’s ic-rules and sc-rules component
is called an initial artifact configuration.
Henceforth, we assume an artifact configuration hσb , σi , ∆, δ, Ric , Rsc i. The
components Ric and Rsc will be ommitted, because they will not change during
computation. In applying the rules of norm change their precondition needs to
be evaluated. Recall that the condition ranges over brute facts, institutional facts
and norm instances. We define the entailment for preconditions as follows.
Definition 6.4 (Entailment) Let φ be a (brute or institutional) literal, (l, M(ϕx ), ϕd )
a norm instance, and ψ1 (x), ψ2 (y) a rule’s antecedent. Given substitutions θ, θ1
and θ2 , the entailment relation |=t that evaluates rule condition expressions w.r.t.
sets of brute facts, institutional facts and norm instances (σb , σi , δ) is defined as:
• (σb , σi , δ) |=t (φ)θ iff φθ ∈ (σb ∪ σi )
• (σb , σi , δ) |=t (l, M(ϕx ), ϕd )θ iff (l, M(ϕx ), ϕd )θ ∈ δ
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• (σb , σi , δ) |=t (ψ1 (x) and ψ2 (y))θ iff ∃θ1 : [θ1 = θ|x
and (σb , σi , δ) |=t ψ1 (x)θ1 and ∃θ2 : [θ2 = θ|(y \ x)
and (σb , σi , δ) |=t ψ2 (y)θ1 θ2 ]]
in which “|” is to be read as “restricted to the domain”.
An ic-rule is applicable when its precondition can be entailed for some substitution θ. Applying an ic-rule is then to apply this substitution that satisfies
the precondition on each element of the rule’s retraction and assertion list. The
result is a set of norm instances to be removed and a set of norm instances to be
asserted. The artifact’s norm instances will then be updated by first removing
the first set and then asserting the latter set. The following transition rule defines
the application of an ic-rule. We annotate the transition (and the transitions that
will follow) with information about the which rule is applied and the substitution
for which the antecedent was applicable. This is not essential for the semantics,
but we use it later on to ease notation.
Transition Rule The transition rule for applying an ic-rule is defined as:
r = (β ⇒ [ni0 , ..., nin ][ni00 , ..., ni0m ]) ∈ Ric
hσb , σi , ∆, δi

r,θ
−→org

(σb , σi , δ) |=t βθ}

hσb , σi , ∆, δ 0 i

(ic)

with δ 0 = (δ \ {ni0 θ, ..., nin θ}) ∪ {ni00 θ, ..., ni0m θ}

Recall that the application of an instance-preserving rule does only affect
the norm schemes, leaving their associated instances unaltered. The transition
rule that defines the application of instance-preserving sc-rules is defined in a
similar manner as that of the ic-rules. The difference is that now the norm
schemes are updated instead of the norm instances. Unlike ic-rules, we assume
that each variable that occurs in an (instance-revising or instance-preserving) scrule’s antecedent does not occur in its consequent. We take this assumption to
not unnecessarily complicate the semantics and the proofs of the propositions of
the (in particular instance-revising) sc-rules.
Transition Rule The transition rule for applying an instance-preserving sc-rule is
defined in the following manner:
r = (β ⇒ [ns0 , ..., nsn ][ns00 , ..., ns0m ]) ∈ Rsc (σb , σi , δ) |=t βθ
r

hσb , σi , ∆, δi −→org hσb , σi , ∆0 , δi

(ipsc)

with ∆0 = (∆ \ {ns1 , ..., nsn }) ∪ {ns01 , ..., ns0m }

The application of an instance-revising sc-rule not only involves updating the
norm schemes, but also involves updating the norm instances that have been
instantiated out of them. Recall that we use the substitutions that are used for
creating instances of the norm scheme to be modified, say ns, for creating new
161

norm instances of the norm scheme ns is replaced with. We need to know which
norm instances it has created and which substitution of the variables has been
used in creating them.
Definition 6.5 (Instances) Let ns be a norm scheme and S be a set of norm instances.
The function I that evaluates to all norm instances in S which are instances of
ns together with their associatated substitutions, is defined as:
I(ns, S) = {(ni, θ) | ni ∈ S and inst(ns, θ) = ni and θ a ground substitution}
Remember that the consequent of an instance-revising scheme change rule
takes on the form [ns0 , ..., nsn ][ns00 , ..., ns0n ]. When an instance-revising sc-rule is
applicable, this intuitively means that each norm scheme nsi for 0 ≤ i ≤ n will
be replaced by norm scheme ns0i and all instances of nsi will be re-instantiated
into instances of ns0i . Applying this instance-preserving sc-rule then boils down
to: 1) removing each norm scheme nsi from the normative artifact; 2) asserting
each norm scheme ns0i to the normative artifact; 3) removing all instances of each
norm scheme nsi ; and 4) instantiating each ns0i with the same substitutions that
were used in instantiating the associated norm instances of nsi .
Transition Rule The transition rule for applying an instance-revising sc-rule is defined as follows:
r = (β ⇒∗ [ns0 , ..., nsn ][ns00 , ..., ns0n ]) ∈ Rsc
hσb , σi , ∆, δi

r
−→org

0

(σb , σi , δ) |=t βθ
−

hσb , σi , ∆ , (δ \ δ ) ∪ δ + i

(irsc)

with ∆0 = (∆ \ {ns0 , ..., nsn }) ∪ ({ns00 , ..., ns0n } \ {nil})
S
δ − = 0≤j≤n {ni | (ni, θ0 ) ∈ I(nsj , δ)}
S
δ + = 0≤j≤n {inst(ns0j , θ0 ) | (ni, θ0 ) ∈ I(nsj , δ) and ns0j 6= nil}

We conclude this section by showing some basic, yet essential, properties the
semantics exhibits. These properties summarize the meaning of the norm-change
rules and demonstrate they indeed behave as we intuitively explained in previous
sections. To ease notation we define some auxiliary operators. Given an ic-rule
or sc-rule rule r = β ⇒(∗) [φ0 , ..., φn ][φ00 , ..., φ0m ] and substitution θ we define:
add(r)θ
del(r)θ
tail(r)

= {φ00 θ, ..., φ0m θ}
= {φ0 θ, ..., φn θ}
= [φ0 θ, ..., φn θ][φ00 θ, ..., φ0m θ]

Substitution θ will be omitted whenever empty. This notation allows us to
define the following auxiliary operators.
Definition 6.6 (Update, addition and retraction) Let hσb , σi , ∆, δi be an artifact configuration. The operators ⊕, and ~ are defined as follows:
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• δ ⊕ add(r)θ = δ 0 iff r = β ⇒ [ ][ni0 , ..., nin ]
r,θ

and hσb , σi , ∆, δi −→org hσb , σi , ∆, δ 0 i
• δ

del(r)θ = δ 0 iff r = β ⇒ [ni0 , ..., nin ][ ]
r,θ

and hσb , σi , ∆, δi −→org hσb , σi , ∆, δ 0 i
• (∆, δ) ~ tail(r) = (∆0 , δ 0 ) iff r = β ⇒∗ [ns0 , ..., nsn ][ns00 , ..., ns0n ]
r
and hσb , σi , ∆, δi −→org hσb , σi , ∆0 , δ 0 i
The following propositions highlight the essential meaning of norm instance
change rules. The first two show that instances of the retract list are indeed removed from the set of norm instances and that this set is indeed expanded by the
instances of the addition list. The third shows that retracting and consecutively
asserting a set of instances yields the same set. It tells us that we can recover a
change once made. It is interesting to note the similarity (but not equivalence!)
with the success of retraction and expansion, and recovery AGM postulates (Alchourron et al., 1985). The AGM postulates formulate the properties that an
update operator should satisfy.
Proposition 6.7 Given set of norm instances S. We have that:
1. S ⊆ (δ ⊕ S)
2. S ∩ (δ

S) = ∅

3. if S ⊆ δ then δ = (δ

S) ⊕ S

Sketch of Proof. Follows from the definition of rule ic which adds/removes the
whole set and only the whole set of norm instances {ni0 θ, ..., nin θ} to/from δ.
Similar (trivial) results can be shown for the instance-preserving sc-rules. The
propositions pertaining to the update of the instance-revising scheme change rules,
however, are more interesting. These are shown below. The first proposition pertains to success of addition, whereas the second pertains to success of retraction.
The third proposition could be considered success of re-instantiating the norm
instances according to the change of their underlying norm scheme. The fourth
proposition can be considered the recovery postulate for an instance-revising update of the norm schemes.
Proposition 6.8 Given instance-revising sc-rule r1 = β ⇒∗ [ns0 , ..., nsn ][ns00 , ..., ns0n ]
and its reverse r2 = β ⇒∗ [ns00 , ..., ns0n ][ns0 , ..., nsn ] s.t. all norm schemes have
disjoint labels and are not nil, and (δ 0 , ∆0 ) = (δ, ∆)~tail(r1). Then the following
propositions hold:
1. add(r1) ⊆ ∆0
2. del(r1) ∩ ∆0 = ∅
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3. if inst(nsj , θ) ∈ δ with 0 ≤ j ≤ n and subst. θ then
inst(nsj , θ) 6∈ δ 0 and inst(ns0j , θ) ∈ δ 0
4. if del(r1) ⊆ ∆ and add(r1) ∩ ∆ = ∅ and ∀0≤j≤n : I(ns0j , δ) = ∅ then
(δ, ∆) = (δ 0 , ∆0 ) ~ tail(r2)
Proof. Let S = {ns0 , ..., nsn } and S 0 = {ns00 , ..., ns0n }.
(1 and 2) Follows from rule irsc in which ∆0 = (∆ \ S) ∪ S 0 and S disjoint
with S 0 (by assumption of disjoint labels).
(3) Note that δ 0 = (δ\δ − )∪δ + (definition of rule irsc). We have inst(ns0j , θ) ∈
0
δ , because inst(ns0j , θ) ∈ δ + through 1) inst(nsj , θ) ∈ δ (by assumption) and 2)
ns0j 6= nil (by assumption). We have inst(nsj , θ) 6∈ δ 0 since 1) inst(nsj , θ) ∈ δ −
and 2) inst(nsj , θ) 6∈ δ + (assumption of disjoint labels).
(4) Let (δ 00 , ∆00 ) = (δ 0 , ∆0 ) ~ tail(r2). To prove that (δ, ∆) = (δ 00 , ∆00 ). Rule
irsc ensures ∆ = ∆00 because 1) ∆0 = (∆\S)∪S 0 (rule irsc), 2) ∆00 = (∆0 \S 0 )∪S
(rule irsc), 3) S ⊆ ∆ and S 0 ∩ ∆ = ∅ (by assumption) and 4) S ∩ S 0 = ∅
(assumption of disjoint labels). To prove δ = δ 00 we show that ni ∈ δ ⇔ ni ∈ δ 00
with ni an instance of nsj or ns0j for 0 ≤ j ≤ n. Note that δ 00 = (δ 0 \ δ 0− ) ∪ δ 0+
and δ 0 = (δ \ δ − ) ∪ δ + (by definition of rule irsc). Note that I(ns0j , δ) = ∅ (by
assumption), so for (⇒) we only take inst(nsj , θ) ∈ δ for ground substitution θ.
Rule irsc ensures inst(nsj , θ) ∈ δ 00 because 1) inst(ns0j , θ) ∈ δ 0 (by definition of
δ + and ns0j 6= nil), 2) (inst(ns0j , θ), θ) ∈ I(ns0j , δ 0 ) (because of well-formedness)
and consequently 3) inst(nsj , θ) ∈ δ 0+ (by definition of δ 0+ and nsj 6= nil). For
(⇐) we use contraposition. Assume inst(nsj , θ) 6∈ δ for ground substitution θ.
Rule irsc ensures inst(nsj , θ) 6∈ δ 00 , because 1) inst(ns0j , θ) 6∈ δ (by assumption),
2) inst(ns0j , θ) 6∈ δ 0 (by definition of δ + and disjoint labels) and consequently 3)
inst(nsj , θ) 6∈ δ 0+ (by definition of δ 0+ ). Next, assume inst(ns0j , θ) 6∈ δ for some
substitution θ. Rule irsc ensures that inst(ns0j , θ) 6∈ δ 00 because 1) δ 0− is such
that all instances of ns0j are removed and 2) inst(ns0j , θ) 6∈ δ 0+ (by assumption of
disjoint labels).
Interestingly, recovery only holds under certain conditions of which the least
obvious one is the restriction that all labels are disjoint. (In fact, this restriction
is too strong, but keeps the proposition comprehensible.) This excludes consecutively applying a rule with consequents [ns1, ns2][ns3, ns3] and [ns3, ns3][ns1, ns2]
(and assume that no variables in the consequent are bound by variables in the
rule’s antecedent). Suppose ns1 = l1 : hc, O(x(X)), di, ns2 = l2 : hc, O(x(X)), di
and ns3 = l3 : hc, O(x(X)), di. It is left to the reader to check that given set
of norm instances δ = {(l1, O(x(a)), d)} this execution yields the set of norm
instances δ 00 = {(l1, O(x(a)), d), (l2, O(x(a)), d)}.
The concept of well-formedness was introduced with the goal of guaranteeing
the norm instances to be ground. The following proposition shows that given the
semantics for the norm change rules they indeed remain ground.
Proposition 6.9 Let γ0 = hσb , σi , ∆, δi be an artifact configuration s.t. all norm
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instances in δ are ground. Then for every trace γ0 →∗ γn with γn = hσb0 , σi0 , ∆0 , δ 0 i
it holds that that each norm instance ni ∈ δ 0 is ground.
Proof. Only transition rules ic and irsc add instances. Rule ic is such that the
substitutions that satisfy the antecedent are applied on the norm instances in the
consequent. These substitutions are ground because of well-formedness. Rule irsc
re-instantiates the instances of each scheme in the retract list by applying the
substitution used in creating them on the corresponding scheme in the assert list.
Because of well-formedness these substitutions are ground.

6.5

Towards a Mechanism for Avoiding Normative Conflicts

Hitherto, we did not take the possibility of conflicting norm instances into account
when defining the semantics of the norm change rules. Suppose, for example,
we regard two norm instances, say ni = (ϕc , F ϕx , ϕd ) and ni0 = (ϕ0c , Oϕx , ϕd ),
conflicting, because no matter what actions the agents undertake, a violation
cannot be avoided3 . Then there is nothing that guarantees the remaining set of
norm instances to be free of conflict when we execute a rule that asserts ni to a
set of norm instances already containing ni0 .
In this section we explore a mechanism for avoiding conflicting norm instances.
We emphasize that multiple strategies exist for avoiding normative conflicts when
updating the set of norm instances by means of the norm change rules. Here,
we study only one of many possible strategies and study the implications for the
properties we have previously shown for the ‘standard’ semantics. As mentioned
earlier, the solution presented here is by no means meant to be definite, but
rather to provoke discussion and show the intricacies of defining a mechanism for
avoiding normative conflicts.
As pointed out earlier, different opinions exists to what is a normative conflict
and if they should be part of a theory of deontic concepts at all. Here, we do
not commit to a particular notion of normative conflict. We simply assume that
information about when norm instances are conflicting is available to the system.
More specifically, we introduce a precedence relation  over norm instances. We
use this relation in deciding which norm instances should be retained and which
should be given up in updating the norm instances. The idea of this relation
is twofold. Suppose we have that (ni, ni0 ) ∈ (also written as ni  ni0 ), this
intuitively means that: 1) ni and ni0 are considered to be conflicting and, consequently, should not be issued at the same time and; 2) ni precedes (or overrules)
ni0 , i.e. norm instance ni is deemed more important than ni0 . The notion of our
precedence relation can be compared with the notion of epistemic entrenchment;
it gives us extra information in determining which norm instances should be given
up in case conflicts occur when updating the norm instances.
Definition 6.10 (Normative Precedence Relation) A conflict relation  is a set of pairs
3 In

chapter 4 it has been shown that in this case a violation is inevitable.
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of (possibly unground) norm instances such that:
• if (ni, ni0 ) ∈ and (ni0 , ni00 ) ∈ then (ni, ni00 ) ∈;
• if (ni, ni0 ) ∈ then (ni0 , ni) 6∈ and ni 6= ni0 .
In what follows we write ni  ni0 to denote that (ni, ni0 ) ∈.
Note that in specifying  the norm instances may contain variables. The
intuitive meaning of the conflict relation is as follows. When some norm instances
ni and ni0 are related by , i.e. ni  ni0 , these norm instances are considered
to be in conflict and ni has precedence over ni0 under every possible substitution
θ. Note that  is irreflexive and transitive, which together imply asymmetry. In
fact,  defines a partial order over the norm instances. Also note that we do not
commit to any particular definition of when norms are conflicting. The precedence
relation indicates which norm instances are in conflict. It can be specified by the
programmer, but it can also be generated automatically based on some theory of
normative conflict.
Definition 6.11 (Subordination and Normative Conflict) Given sets of norm instances S
and S 0 , and a normative precedence relation , we define the function Sub  (S, S 0 )
to determine all norm instances in S that are subordinate to some norm instance
in S 0 :
Sub  (S, S 0 )

=

{ni ∈ S | ni0 ∈ S 0 and y  x and xθ = ni and yθ = ni0
for some substitution θ}

We say S is non-conflicting (under ) iff Sub  (S, S) = ∅.
We aim to avoid normative conflicts when updating a set of norm instances
by means of the norm change rules. To define such a semantics, we first need to
extend the notion of an organizational artifact to include a conflict relation also.
Definition 6.12 (Extended Organizational Artifact) An extended (normative) artifact configuration is a tuple hσb , σi , ∆, δ, Ric , Rsc , i in which σb , σi , ∆, δ, Ric and Rsc are
as defined in definition 6.3, and  is a normative precedence relation.
Henceforth, an extended artifact configuration hσb , σi , ∆, δ, Ric , Rsc , i is assumed. As before, components that will not change at runtime (viz. Ric , Rsc ,
and ) will be omitted in defining the operational semantics. This operational
semantics is an extension of the transition rules defined in the previous section.
The transition rules presented here thus replace the ones previously defined. In
defining them we introduce the following conflict-avoiding update function that
updates a set of norm instances S by a set of norm instances S 0 under normative
precedence relation :
Up  (S, S 0 ) = S \ Sub  (S, S 0 \ Sub  (S 0 , S)) ∪ (S 0 \ Sub  (S 0 , S))
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This function thus adds all norm instances from S 0 that are not weaker than
some norm in S, i.e. the set S 0 \ Sub  (S 0 , S). Moreover, it removes all norm
instances from S that are weaker than some norm that is added, i.e. Sub  (S, S 0 \
Sub  (S 0 , S)). Note that in removing weaker norm instances from S, we must limit
ourselves to norm instances that are actually added instead of all norm instances
in S 0 . Otherwise, we might end up with removing too many instances. To see
this, suppose we did not limit ourselves only to norms that are added and that
we update a set {ni1 , ni2 } with {ni3 } with ni3  ni1 and ni2  ni3 . Then ni3
will not be added because ni2  ni3 , but we also unnecessarily remove ni1 .
We use this update function for re-defining the operational semantics for the
norm change rules designed to avoid normative conflicts. Recall that ic-rules
as well as instance-revising sc-rules may modify the norm instances. Therefore,
the semantics of both rules needs to be redefined to guarantee the absence of
normative conflicts. When updating the norm instances by means of an ic-rule,
avoiding normative conflicts then boils down to first removing all instances from
the retract list and using the conflict-avoiding update function U p to assert
the norm instances from the assert list. Additionally, we require that the norm
instances that will be asserted by an applicable ic-rule are not in conflict with
each other. It should be noted, however, that this requirement could be relaxed
by, for example, modifying the update function U p such that conflicting norm
instances in S 0 are also filtered out before asserting them.
Transition Rule The application of a conflict-avoiding ic-rule is defined as:
r = (β ⇒ [ni0 , ..., nin ][ni00 , ..., ni0m ]) ∈ Ric


+

(σb , σi , δ) |=t βθ

+

Sub (δ , δ ) = ∅
r,θ

hσb , σi , ∆, δi −→org hσb , σi , ∆, Up  (δ \ δ − , δ + )i

(ic* )

with δ − = {ni0 θ, ..., nin θ} and δ + = {ni00 θ, ..., ni0m θ}

An instance-revising scheme change rule changes the norm instances according
to the changes made to their underlying norm schemes. To avoid normative
conflicts is to assure that the re-instantiated norm instances do not conflict with
already existing norm instances. Hereto, we first remove all instances of all norm
schemes that are removed and then use the conflict-avoiding update function U p
to assert all re-instantiated norm schemes. Again, we demand that the newly
asserted norm instances are not mutually conflicting.
Transition Rule The application of a conflict-avoiding instance-revising sc-rule is
defined as:
r = (β ⇒∗ [ns0 , ..., nsn ][ns00 , ..., ns0n ]) ∈ Rsc


+

(σb , σi , δ) |=t βθ

+

Sub (δ , δ ) = ∅
r

hσb , σi , ∆, δi −→org hσb , σi , ∆0 , Up  (δ \ δ − , δ + )i
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(irsc* )

with ∆0 = (∆ \ {ns0 , ..., nsn }) ∪ ({ns00 , ..., ns0n } \ {nil})
S
δ − = 0≤j≤n {ni | (ni, θ0 ) ∈ I(nsj , δ)}
S
δ + = 0≤j≤n {inst(ns0j , θ0 ) | (ni, θ0 ) ∈ I(nsj , δ) and ns0j 6= nil}

The aim of the conflict-avoiding semantics is to guarantee that under the execution of the norm change rules the set of norm instances remains non-conflicting.
The following proposition shows that this is indeed the case for the conflictavoiding strategy.
Proposition 6.13 Let hσb , σi , ∆, δ, Ric , Rsc , i be an extended artifact configuration
such that δ is non-conflicting. Then:
r,θ

1. if h..., ∆, δ, ...i −→org h..., ∆, δ 0 , ...i then δ 0 is non-conflicting.
r

2. if h..., ∆, δ, ...i −→org h..., ∆0 , δ 0 , ...i then δ 0 is non-conflicting.
Proof. (1) Note that δ 0 = Up  (δ \ δ − , δ + ) (by definition of rule ic*). We have
that δ 0 is non-conflicting, i.e. Sub  (δ 0 , δ 0 ) = ∅ because: 1) δ is non-conflicting
(by assumption) and consequently 2) δ \ δ − is non-conflicting, and 3) δ + is nonconflicting (due to the condition of rule ic*) and 4) U p is constructed such that
only norm instances are added to δ \ δ − that are not weaker than some norm
instance in δ \ δ − and all norm instances in δ \ δ − that are weaker than some
norm instance that is added are removed. We thus have Sub  (δ 0 , δ 0 ) = ∅.
(2) Based on a similar reasoning as (1).
In previous section we have shown some basic, yet essential, properties the
norm change rules exhibit under the ‘standard’ semantics. Having introduced
an alternative semantics for avoiding normative conflict, we show some similar
properties under this new semantics. Hereto, we define update operators similar
to those of definition 6.6.
Definition 6.14 (Update, addition and retraction) Let hσb , σi , ∆, δi be an extended artifact configuration. The conflict-avoiding operators ⊕∗ , ∗ and ~∗ are defined as
follows:
• δ ⊕∗ add(r)θ = δ 0 iff r = β ⇒ [ ][ni0 , ..., nin ]
r,θ

and hσb , σi , ∆, δi −→org hσb , σi , ∆, δ 0 i
• δ

∗

del(r)θ = δ 0 iff r = β ⇒ [ni0 , ..., nin ][ ]
r,θ

and hσb , σi , ∆, δi −→org hσb , σi , ∆, δ 0 i
• (∆, δ) ~∗ tail(r) = (∆0 , δ 0 ) iff r = β ⇒∗ [ns0 , ..., nsn ][ns00 , ..., ns0n ]
r
and hσb , σi , ∆, δi −→org hσb , σi , ∆0 , δ 0 i
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Proposition 6.15 Given set of norm instances S, S 0 and let δ be non-conflicting.
Moreover, let WF (S, S 0 ) = S \ Sub  (S, S 0 ), i.e. the subset of S that is free of
norm instances that are weaker than some instance in S 0 . Then the following
holds:
1. WF (S, δ) ⊆ (δ ⊕∗ S)
2. S ∩ (δ

∗

S) = ∅

3. if S ⊆ δ then δ = (δ

∗

S) ⊕∗ S

Sketch of Proof. (1) The U p function is constructed such that all norm instances from S are added except those that are weaker than some norm in δ.
(2) Note that in this case the update function U p will not add any norm
instances. Rule ic* assures that exactly the set S is removed from δ.
(3) Note that because S ⊆ δ and δ is non-conflicting by definition, no norm instance from S is weaker nor stronger than any norm instance in δ. Consequently,
Up  (δ, S) = δ ∪ S.
As can be seen from above proposition, the success of addition only holds for
norms that are not weaker than some norm in δ. An alternative strategy could be
used that implements a more cautious approach of updating the norm instances,
viz. one that guarantees that a norm change rule is executed only if no norm
instance it will assert is overruled by a stronger norm instance in the original set.
Proposition 6.16 Let r1 = β ⇒∗ [ns0 , ..., nsn ][ns00 , ..., ns0n ] be an instance-revising
sc-rule s.t. all norm schemes are not nil, and (δ 0 , ∆0 ) = (δ, ∆) ~∗ tail(r1). Then
the following holds:
• if inst(nsj , θ) ∈ δ with 0 ≤ j ≤ n for substitution θ and
Sub  ({inst(ns0j , θ)}, δ) = ∅ then inst(nsj , θ) 6∈ δ 0 and inst(ns0j , θ) ∈ δ 0
Sketch of Proof. Based on a similar reasoning as proposition 6.8 item (3). Note
that without the restriction that no instance in δ is stronger than inst(ns0j , θ),
inst(ns0j , θ) might not be added. Also note that this restriction is actually too
strong (for the sake of readability) as instances of each nsj are still removed.
With present conflict-avoiding semantics a recovery postulate for the instancerevising sc-rules (cf. 6.8 item (4)) requires strong conditions (ruling out virtually
all possibilities of precedence between the norm instances), because norm instances may be removed when more preferred norm instances are added. Our
mechanism does not support a way for re-asserting these removed norm instances
in the process of re-instantiation. This is left for future research.
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6.6

Related Work

The issue of norm change has been studied mostly from a theoretical perspective.
Up to date, computational frameworks of norm change are scarce and have appeared in literature only recently. In this section we briefly compare our work to
related work on the subject of norm change, thereby primarily focussing on the
research on computational mechanisms rather than theoretical research. An exception is the theoretical work on norm change of Boella and Van der Torre (2004)
that shows close similarities to our work. They propose a logical framework for
modeling a normative system (“normative agent” as they call it) in which “countas rules” specify when and how the norms of the system may be changed. These
count-as rules resemble our norm change rules; the antecedent of the rules ranges
over brute and institutional facts specifying when the norms may be changed,
whereas the consequent contains actions that define how the norms should be
modified.
Artikis (2009) has presented an infrastructure allowing agents to modify a
protocol (a set of laws) at runtime. A protocol specification is stratified in n
layers, in which layer 0 defines the domain protocol and each level 0 < k ≤ n
defines a meta protocol specifying the regulations for changing the level k − 1
protocol. Part of a protocol specification are the “Degrees of Freedom” which
define the protocol’s specification components that may be modified, for example,
different alternatives for a law that are replaceable at runtime. Unlike Artikis we
do not distinguish between different protocol levels; under which circumstances
the norms in our framework may change is statically specified by the norm change
rules’ conditions. Another difference is related to the principle of enforcementindepency (cf. section 2). In Artikis’ approach the changes that can be made to
the protocols are hardwired in the protocols themselves, whereas in our approach
the code that defines how the norms may evolve is completely separated from
their specification.
In (Bou et al., 2006; Campos et al., 2009) Bou et al. and Campos et al. have
proposed an approach in which the normative framework (“electronic institution”
in their terminology) can change the norms at runtime. They extend a normative
framework with a set of values modeling information about environment and
agents, and a set of quantitative goals denoting the desired values and a transition
function that specifies how the norms evolve based on the institutional goals and
observed properties. The main aim of (Bou et al., 2006) is to learn the transition
function that best accomplishes the institutional goals, whereas more close to
our approach in (Campos et al., 2009) it is assumed that this transition function
is defined by the programmer. Contrasting our approach in (Bou et al., 2006;
Campos et al., 2009) changing the norms is limited to the modification of existing
norms. That is, neither new norms can be added nor can existing norms be
removed. Moreover, we adopt a qualitative rather than a quantitative approach
in modeling information about agents and environment.
Recently, Oren et al. (2010) have developed a solution in which powers are
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used to create, delete and modify norms. Resembling our change rules, a power
consist of a condition describing when it is applicable, a set of norms that will
be removed and a set of norms that will be added when the power is applied.
Similar to our work, a distinction is made between norm schemes (abstract norms
in their terminology) and instantiated norms; powers can be used to modify both.
Differently from our approach, however, does not specify what needs to occur to
instantiated norms when their underlying abstract norm changes. Another difference with our work is their notion of norm subsumption, which can be used
to identify families of norms that are affected by a modification rather than individual norms only. Moreover, Oren et al. allow for the runtime modification of
powers, whereas our change rules cannot be changed at runtime.
Also related is the work of Vasconcelos et al. (2009) who propose a mechanism
for avoiding normative conflict, albeit not in the context of a norm change mechanism as we do. Their norms take on the form of obligations, prohibitions and
permissions ranging over atomic first-order formulae (denoting actions rather than
declarative descriptions of a state as in our approach). They associate constraints
to these formulae imposing restrictions on the domain of the variables occurring
in them. In their view, a conflict occurs when some action is simultaneously prohibited and obliged/permitted and their variables are overlapping. Similar to our
work, a precedence relation is introduced defining under which restrictions which
norm is more preferred in case of conflict. Their mechanism of conflict avoidance
then boils down to sharpen the restrictions associated to the norm that takes
precedence such that the overlap is removed. A difference with our work is that
we do not commit to a particular definition of when norms are in conflict. On
the one hand, by annotating norms with restrictions on their variables conflicts
are specified on a finer-grained level than in our approach in which conflicts can
only be specified on the level of norm instances. On the other hand, our approach
does not rely on such detailed information to be specified by the programmer.
Finally, and most importantly, differently from all computational frameworks
mentioned above, our approach is underpinned by an operational semantics, contributing to a rigid understanding of the constructs introduced and allowing us
to formally prove some basic, yet essential properties our framework exhibits. In
the practical approaches mentioned here no such formal claims are given.

6.7

Conclusion and Future Work

We presented the syntax and operational semantics of generic programming constructs to facilitate the runtime modification of norms. The operational semantics is already close to the implementation of an interpreter and allowed us to
mathematically investigate some basic properties our framework exhibits. We introduced rule-based constructs for modifying 1) conditional obligations and prohibitions (normative specification), 2) the detached obligations and prohibitions
(deontic instances) they create, and 3) the normative specification such that also
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their associated deontic instances are automatically updated. The architecture
we presented enables a programmer to specify when and how the norms may be
changed by external agents or by the normative framework itself. Moreover, we
investigated a mechanism for avoiding conflicts between norm instances.
Computational norm change is still in its infancy and we see many directions
for future research. To start with, the norm change rules are currently defined at
design time, and cannot be changed at runtime. Constructs for modifying norm
change rules at runtime should be investigated. Further, presently, no order is
defined in which the norm change rules are applied. Observe that applying norm
change rules in different order might yield different results. We envisage different
strategies for applying norm change rules, e.g. an explicit priority ordering among
the norm change rules. This is left for future research. Moreover, we did not say
anything about preserving the coherency between norm schemes (cf. (Hansen
et al., 2007)). Hereto, the mechanism for avoiding normative conflicts might be
used as a starting point. Also different mechanisms for avoiding normative conflict
should be investigated, e.g. by enriching the precedence relation with a condition
stating the circumstances under which some instance precedes another.
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Chapter

7

Conclusion

R

esearch on developing (BDI-oriented) agents has progressed rather independently from research on the development of multi-agent systems in which multiple agents interact. This has led to a gap between agent-oriented programming
languages for the development of individual agents and organization-oriented programming languages for the development of coordination infrastructures. These
coordination infrastructures aim to achieve and maintain the overall system’s objectives by supporting individual agents to achieve their goals and preventing
them from exhibiting undesired behavior. The main aim of this thesis was to develop an organization-oriented programming language that more closely accords
with the concepts and constructs used for programming the individual agents that
need to be coordinated.

7.1

Main Contributions

The main contribution of this thesis is a programming language by which exogenous coordination entities can be programmed in terms of organizational concepts. The representation and meaning of these concepts are chosen to match the
constructs and characteristics of agent-oriented programming languages as much
as possible. To gain a thorough understanding of the programming constructs
proposed, their meaning is explained by a structured operational semantics. To
evaluate to what extent we attained our primary research goal, let us briefly recall
the main contributions and results presented throughout this thesis.
- We started (in chapter 2) with a critical analysis of related approaches
to engineering organization-oriented frameworks that have appeared in the
literature. To this end we identified the main characteristics and core ingredients of agents and multi-agent systems and compared them with the
key properties of existing organizational frameworks. We observed that the
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concepts of belief, plan, and goal form the cornerstones of agent-oriented
programming, whereas the cornerstones of organization-oriented programming are formed by the notions of role and norm. In evaluating existing
work on organizational frameworks we also studied some literature from
related fields (e.g. deontic logic and computer science) to gain a better understanding of the concept of role and norm. This analysis supported our
claim that there indeed exists a gap between the construction of agents and
multi-agent systems on the one hand and organizational frameworks on the
other. Moreover, our analysis led to the identification of some of the most
important points that should be addressed to reduce this gap. These points
are discussed in the rest of this list of this contributions in the same order
they appeared in chapter 2.
1. Syntax and semantics are the two pillars every programming language rests
on. In agent-oriented programming the meaning of the syntactical programming constructs is often explained by a structured operational semantics,
giving a precise specification of the execution of the programming constructs
without suffering from the ambiguity of natural language. This formal semantics has provided a basis for 1) comparing different language constructs
(possibly from different languages); 2) establishing a relation with BDI logics and; 3) formally verifying and model checking agent programs. A central
theme of this dissertation has been the structured operational semantics by
which the meaning of all the organization-oriented programming constructs
that are proposed throughout this dissertation are explained. The result is a
unambiguous description of the meaning of the programming language constructs. The operational semantics allowed us to make some formal claims
about the key properties our framework exhibits and paved the road for
some preliminary work on model checking (Dennis et al., 2009). To our
best knowledge, we are the first to present the full operational semantics of
an organization-oriented programming language.
2. The environment the agents are situated in has been recognized a first-class
engineering abstraction with distinguished responsibilities. One of the key
responsibilities of the environment is to encapsulate resources and functionality that the agents may exploit to reach their objectives. Most existing
organizational frameworks do not fulfill this responsibility, but rather focus
on the ability to coordinate and structure the multi-agent system – another
key responsibility assigned to the environment the agents are situated in.
In chapter 3 we introduced the notion of organizational artifact, a computational entity that encapsulates resources and provides functionality the
agents may use in achieving their objectives. Organizational artifacts are
compositional in the sense that they can perform actions upon other artifacts. The internal architecture of an organizational artifact is modular in
the sense that more sophisticated organizational constructs for coordinating and structuring a multi-agent system (cf. roles, norms, sanctions and
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norm change rules) can be matched and mix depending on specific needs.
These constructs can then be glued together by means of the coordination
language we described in chapter 3.
3. In a multi-agent system that is characterized by a degree of openness, agents
that are unknown to the organizational artifact’s designer may dynamically
start their interactions. To guide these agents in interacting with the organizational artifact in a meaningful way, and to prevent the artifact from
ending up in undesired situations, we enriched the artifact with a normative dimension (chapter 4). We argued that a declarative view on norms in
which the norms relate to descriptions of situations that should be achieved
or avoided has several benefits over a procedural view on norms in which
the norms range over actions the agents must (not) perform. The most
important benefits being that a declarative view better respects the agent’s
autonomy and more closely accords with the concept of achievement goal
that is typically found in agent programming languages. The normative
dimension we proposed is comprised of conditional norm schemes that instantiate declarative obligations and prohibitions and sanctioning rules for
motivating the agents to abide by the norms. The presence of a formal
operational semantics allowed us to demonstrate some essential properties
of the behavior of our norms.
4. If unknown agents dynamically start their interactions with an organizational artifact, at design-time it is hard to predict the exact nature of their
demeanor. The set of norms that has been put in place at design-time might
need adjustment at run-time to better cope with the actuality of the running system. Research on how a set of norms may evolve at run-time in the
context of a computational enforcement mechanism is few and has only appeared recently. Existing research on this matter does not investigate how
the invoked obligations and prohibitions evolve when their underlying norm
scheme’s are modified. In chapter 6 we proposed rule-based constructs for
changing the norms at run-time, also taking into account how already existing obligations and prohibitions evolve when their underlying norm schemes
are altered. Another distinguishing feature of our norm-change rules is that
both agents and organizational artifact are entitled to initiate norm change.
If norms change at run-time it becomes increasingly difficult to foresee possible normative conflicts, loosely meaning that a set of norms prescribes a
behavior that will inevitably lead to a violation. Therefore, we enriched our
norm change mechanism with means for avoiding normative conflicts. Because there is no consensus on whether normative conflicts should always be
avoided and a definition for normative conflict is hard to come up with (as
argued in chapter 4), our mechanism relies upon the presence of a relation
indicating which norm instances are conflicting. This relation can be either
provided by the system’s designer or can be automatically generated based
175

on some definition of normative conflict.
5. Roles are the cornerstones of agent organizations. They are typically used as
placeholders for agents to allow the system’s designer to abstract away from
the individuals that will play them. By means of an extensive analysis of
existing literature on roles, in this thesis we have shown that roles are really
more than merely placeholders for agents. We identified four key characteristics roles should exhibit to reduce the gap between agent development and
organization development. That is, roles must be 1) organization-centric
meaning that they are defined as an intrinsic part of the organizational
artifact; 2) employable, meaning that tasks can be delegated to roles; 3)
prescriptive, which means that roles may guide their players in the process
of interacting with the artifact, and 4) BDI-based meaning that they should
be developed by employing the same concepts as agents. In chapter 5 we
developed a solution exhibiting all these properties, in which a role can be
seen as the organizational counterpart of an agent acting as the interface
through which agents interact with the organizational artifact. This has
not been done before and is an important step in reducing the gap between
agent-oriented approaches and organization-oriented approaches.
6. We investigated the possibility to use norms for expressing various constraints related to roles in chapter 5. This novel approach opens the possibility to express these organizational constraints not only as hard-constraints
that are not violable, but also as soft-constraints that can be deviated from.
This increases flexibility and better respects the agents’ autonomy. Moreover, this investigation has led to some directions for possible extensions of
the norm scheme’s expressiveness.
7. During its lifetime, an agent is faced with choices about what to do next,
e.g. executing a plan to reach a goal or updating beliefs on the basis of
incoming percepts. The best order (if any) in which agents perform such
activities is application dependent and is encoded by their deliberation cycle.
Likewise, different strategies exist for an organizational artifact to perform
its activities, e.g. enforcing all norms versus enforcing only some in time
critical systems. Inspired by the notion of a deliberation cycle we introduced
the concept of coordination cycle (in chapter 3), by which the organizational
artifact determines what to do next. We defined operational semantics
in such a way that there is a clean separation between the object level
pertaining to the meaning of the programming constructs and the meta
level pertaining to the order in which the constructs are applied.

7.2

Ten Things to Think About Before Finishing This Thesis

We believe that the results of this thesis are a significant step towards reducing the
gap between agent-oriented and organization-oriented approaches for developing
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multi-agent systems. We also believe that there is still much work to be done
to flexibly build organization-oriented multi-agent systems in which BDI-oriented
agents interact. Indeed, the gap is not completely closed and still much research
needs to be done, both on the side of organization-oriented programming (as we
did in this thesis), but also on the side of agent-oriented programming. On the
way to bridge the gap we also identified many interesting points for future research
that not directly contribute to reducing the gap. In the individual chapters we
have occasionally discussed lines for future research. Here, we will capture their
essence and point out directions we have not mentioned before. These are the ten
things to think about before finishing this thesis.
1. In this thesis we offered various programming constructs and concepts for
building organization-oriented entities that better accord with the constructs agents are built with. However, we did not say anything about
how these concepts may influence the agents’ decisions. To fully exploit the
use of organizational abstractions in the design of multi-agent systems it
is of crucial importance that agents are somehow able to understand and
reason about the concepts and constructs offered by an organizational artifact in making their decisions. Enabling them to do so, requires extended
capabilities of the agents who need to reason with organizational constructs,
but also requires additional mechanisms for the organization to make agents
aware of relevant organizational constructs (e.g. what roles can be played
and which capabilities are expected from their player, and which obligations are directed to them). We believe that we should be conservative in
extending the agents’ capabilities, as this would limit the types of agents
that can interact with an organizational artifact. We think that the roles
presented in chapter 5 are a good candidate for fulfilling a bridging function
between agent and organizational artifact by extending their capabilities
to, for example, translate obligations to goals that can be communicated
to their player. We deem this research direction to be the most important
one in bridging the gap between agent-oriented software engineering and
organization-oriented software engineering. Yet, it is the direction in which
most work remains to be done. For a more elaborate discussion on this
matter the interested reader may refer to the work of Van Riemsdijk et al.
(2009).
2. In chapter 4 we have argued for a declarative view on norms, meaning that
norms refer to a declarative description of a situation that must (not) be
established. Although this has several advantages, we believe that extending our norms to also include procedural norms for enforcing or preventing
the execution of actions might be of added value. For example, when we
are interested in choreographing the concrete steps an agent must take in
reaching a more abstract situation, declarative norms may fall short. Combining both declarative and procedural norms in one framework facilitates
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the enforcement of states to be reached as well as the means to reach them.
It is important to emphasize that this exercise is not simply a matter of
defining the operational semantics for the norms of one of the existing normative frameworks. The norms in existing work typically range over one
single action; we envisage an integration of more expressive action patterns,
as can, for example, be found in the work of Meyer (1987). Also the work
of Astefanoei et al. (2010) in which declarative counts-as statements are
combined with procedural norms in the form of choreography expressions
may serve as a good basis for this extension.
3. The norms presented in chapter 4 have the purpose of regulating the agents’
behavior; they are regulative norms. It has been recognized that in specifying normative systems, besides regulative norms, also constitutive norms are
needed for connecting more concrete brute facts with more abstract institutional facts. Such constitutive norms facilitate to specify regulative norms
on a higher level of abstraction. Suppose, for example, we are interested in
expressing an obligation to have paid the conference fee. Then constitutive
norms allow us to specify which different methods for paying (e.g. paying
by credit card, issuing a check, paying in cash) count as a payment, such
that in specifying the regulative norm we can refer to the more abstract
notion of payment. We believe that the counts-as rules we presented in
(Dastani et al., 2008, 2009) might serve as a basis for an integration with
our regulative norms.
4. The influence of norm schemes has been restricted to the organizational
artifact they are part of. That is to say, a norm scheme can only refer
to (brute or institutional) facts of the artifact it belongs to and can only
instantiate obligations and prohibitions in that artifact. This characteristic
limits the ability to build truly distributed systems. Suppose, for example,
we would break up our reviewing system in different organizational artifacts
each implementing the reviewing functionalities of a conference sub-track.
How to express a norm scheme specifying that a reviewer can only be on the
program committee for one sub-track or a norm scheme that specifies that
not more than a certain amount of papers may be accepted for the whole
conference remains to be explored. To express such norms, a norm scheme
must refer to the state of more than one organizational artifact. Research
on the distribution of norms can be found in (Gaertner et al., 2007) in which
it is investigated how to manage (procedural) norms in an architecture in
which the activities are distributed, but the problem of how to express
(declarative) norms that span across multiple artifacts is not addressed.
5. The issues of how to define and deal with normative conflicts and normative
incoherency are known as long-standing problems in the field of deontic
logic (Hansen et al., 2007). Also in our computational norm enforcement
mechanism these turned out to be difficult matters. No definite answers are
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provided on this subject. We think it will be interesting to investigate to
what extent model checking techniques can be used to identify situations in
which, say, violations cannot be avoided. Such an analysis not only reveals
possible conflicts and incoherences given a specific program, but might also
give new insights in when norm instances are in conflict and norm schemes
are incoherent. Moreover, as model checking is typically done off-line, no
computationally expensive mechanisms are needed for detecting conflicts at
run-time.
6. A mechanism to prevent normative conflicts from happening has been investigated in the context of our norm change mechanism in chapter 6. As
we argued, multiple strategies exist for avoiding normative conflicts and we
only presented one. More research in this direction is needed. Moreover,
preventing normative conflicts in the context of the norm enforcement mechanism is equally important. An extension of the enforcement mechanism to
avoid normative conflicts is left for future research. Moreover, also attention
should be given to a mechanism for preventing normative incoherency.
7. Roles are an important ingredient in structuring organizational artifacts. In
chapter 5 we explored how various constraints on roles can be expressed by
means of our norms presented in chapter 4. This exploration revealed that
the norm schemes are not expressive enough to model some constraints. It
will be interesting to explore this line of research further, as this might lead
to the suggestions for extending the expressiveness of the norm schemes.
Moreover, we remark that also other means (than constraints) for structuring the roles of an organizational artifact need to be investigated. In (Grossi
et al., 2005) Grossi et al. for example, formally analyze some fundamental
structural relationships that may exist between roles (viz. power, coordination and control). But we can also think, for example, of inheritance of roles
and letting roles enact other roles (cf. (Kristensen, 1995; Colman and Han,
2007)). As observed in chapter 5 letting roles enact roles of other artifacts
might be a useful means for composing different organizational artifacts.
8. In this dissertation we have given most attention to the concepts of norm
and role as these are arguably the key organizational concepts in constructing organization-oriented agent systems. However, also a wide range of
other organizational concepts has been proposed to date. Commitments
(cf. (Torroni et al., 2009)), task hierarchies (cf. (Tambe and Zhang, 1998))
and permissive norms (cf. (Hansen et al., 2007)) are just but a few examples. No matter how useful a concept might seem, before our organizational
framework is extended to include it, we stress that the relation of that concept with the concepts proposed in this thesis first needs to be explicated.
We believe that our operational semantics provides a profound basis for such
an analysis.
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9. One of the benefits of an operational semantics is that it paves the road
for model checking activities (cf. (Baier and Katoen, 2008)). Indeed,
the operational semantics facilitated the automated formal verification of
organization-oriented programs written in our counts-as based organizational language (see chapter 2) that formed the basis of present organizationoriented programming language, e.g. (Aştefănoaei et al., 2008; Dennis et al.,
2009). This line of research should be continued to enable formal verification
of programs written by the programming constructs proposed throughout
this thesis.
10. Defining the meaning of the programming constructs in a rigid manner and
proving that some desirable properties are exhibited, only provides a partial
answer to the question about the rightness of our programming language.
Indeed, as we pointed out in the introduction, the raison d’être of a programming language is largely determined by its pragmatics, i.e. the way in
which the language is intended to be used in practice (Watt, 2004). The
question of how pragmatic a programming language actually is, is a difficult
one to answer. The answer to that question is not simply yes or no; it is
either useful or useless and all shades in between. To at the very least make
some claims about its pragmatics we deem an implementation to experiment
with the different constructs indispensable. This way our proposal can be
put to the test and provides means to identify useful coordination strategies. Our operational semantics is already close to the implementation of
an interpreter and at this moment we have already taken some first steps
towards a prototype implementation. A discussion of this prototype and
the lessons learned can be found in appendix A.
As above list of future directions shows, this is not the final word on the
organization-oriented development of agent systems. Quite the contrary is true.
The above points are not just meant to think about before finishing this thesis;
they are meant to be born in mind after having finished this thesis as well. Of
course, this list is far from being exhaustive. Indeed, we hope our work will
inspire many researchers to carry on this line of research and make the multi-agent
systems paradigm to live up to its promise as a suitable paradigm for developing
complex, distributed software.
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Appendix

A

A Prototype
Implementation

T

hroughout this thesis we have stressed the importance of an implementation.
Here we briefly comment on a prototype we have been experimenting with
and show how the prototype was used to implement a simple application involving an auction. This prototype is mainly based on the normative constructs of
chapter 4 and the roles of chapter 5, but does not cover everything. It should
be emphasized that, although we developed our prototype with the operational
semantics in mind, no investigation has been done to verify that the prototype
is indeed faithful to the semantics. At the very least we can say that we implemented a prototype based on the ideas presented in this thesis. The main goal
of this prototype is to provide the opportunity to already experiment with some
of the language’s features in an early phase. On the one hand this effort shows a
possible road towards an implementation. On the other hand experimenting with
some of the language’s features might lead to new insights on possible extensions
of the operational semantics.

A.1

General Architecture

The general architecture of our prototype is shown in figure A.1. As can be seen
in this figure, the prototype consists of two parts. One part is responsible for
simulating the roles and positions, whereas the other part is responsible for maintaining the brute state, institutional state and norm instances, and the execution
of effect rules, norm schemes, etc.
The part of the organizational artifact that is responsible for the latter is
handled by the Jess Norm Engine (JNE). As its name suggests, the JNE is based
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Figure A.1: The general architecture of our prototype. The prototype consists of
two parts, the Jess Norm Engine (JNE) and an extension of the 2APL platform.
The JNE that is responsible for maintaining brute facts, institutional facts and
norm instances, and executing effect rules, norm schemes and sanctioning rules.
Positions are simulated by 2APL modules that are created and manipulated by a
special designated manager agent running on the 2APL platform. External agents
(shown outside of the platform) interact with their positions via the manager
agent.
on the Jess framework.1 Jess (acronym for Java Expert System Shell) is a rule
engine and scripting environment that is implemented in the Java programming
language. Jess facilitates to straightforwardly implement computationally efficient
rule based systems. That is, software implemented by means of declarative rules
that are used to reason about knowledge as provided by the system developer. One
of the most attractive features of Jess is its seamless integration with Java that
gives the developer access to the entire Java API from its scripting environment
and access from a Java program to the API of the Jess engine. The knowledge
of the Jess engine is represented as a set of facts that is stored in the engine’s
working memory. The core ingredient of the Jess rule engine are the rules that
define which actions should be performed based on a certain state of the working
memory. The rules of the Jess engine are forward-chaining-rules of the form C =>
A in which C is a condition referring to facts as present in the working memory and
A are the actions to be performed in case C holds. Note the similarity of these
rules with the traditional if C then A statements of a procedural language.
Examples of actions that can be used in the right-hand-side of a rule are the
assertion, modification and deletion of facts in working memory. Rules (and also
facts) can be stored in modules. When running Jess only one module will have
1 http://www.jessrules.com
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focus at a time and only the rules belonging to that module will be considered in
firing them.
The roles and positions are simulated on an extension of the 2APL framework.
This version of the 2APL platform involves an extended version of the modules
that are used in 2APL and has been described in (Cap, 2010). 2APL modules
are built of the same mental state as a 2APL agent. Agents (and modules) can
dynamically create modules and manipulate their goals and beliefs, and activate
and de-activate them. In our prototype the modules are used to simulate positions. The external agents interact with the positions they play via a designated
manager agent who manages all the positions (modules). Note that this is differently from how it has been proposed in chapter 5 in which the agents interact
directly with the organizational artifact and their positions. Because the JNE is
wrapped by a 2APL external environment, the modules (and agents) can directly
perform their external actions upon the JNE. The 2APL platform thus acts as
the interface between the external agents and the organizational artifact as implemented by the JNE.2 In what follows, we explain in some more detail how to
implement organizational artifacts with roles in our prototype.
We illustrate how our prototype can be used by showing the implementation of
an example involving a simplified auction artifact. Products are put on auction by
an agent playing the role of auctioneer. Agents playing the buyer role are informed
about products that are put online by the auctioneer. After having informed all
potentially interested buyers, the auctioneer starts the auction by announcing the
first round. The auction consists of different rounds in which buyers can submit
a bid. At the end of each round the auctioneer collects all bids, and informs all
buyers about the highest bid of that round. A buyer wins the auction when it
has submitted the highest bid in a round and is not overbid by any agent in the
next round. The winner of the auction is expected to pay the price equal to its
last bid. Only one product is put on auction at the same time.

A.2

Organizational Artifacts Simulated in Jess

To implement an organizational artifact (without positions) in our prototype is
to translate the program specifying the artifact into executable Jess code that is
handled by the dedicated JNE framework. The syntax provided by Jess differs
from the syntax proposed throughout this thesis. Because the implementation
here is merely a prototype, no parser has been implemented to translate the code
directly. The disadvantage is that one has to be careful not to use constructs
that are not supported by our original framework whilst translating the code.
The advantage is that one can easily deploy Jess functionality to experiment
with possible extensions of the original language. How the various programming
constructs are translated to executable Jess code is shown in figure A.2.
2 In the current implementation the external agents run on the same platform as the modules,
but could in principle run on a different platform.
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Facts:
fact1
...
factn

{fact1 ,...,factn }
action(term1 ,...,termk )
{fact1 ,...,factm }

(deffacts brute-facts
(fact1 )
...
(factn )
)
(a) Translation of facts.

7→

(defrule E::action
(fact1 ) ... (factn )
(DO::action term1 ,...,termk )
=>
(α fact1 ) ... (α factm )
)
(b) Translation of effect rules.

7→

label(term1 ,...,termk ):
< fact1 and ... and factn
, M(fact1 and ... and factm )
, (fact1 and ... and factk )
>

7→

(norm
(label term1 ,...,termk )
(and fact1 ... factn )
(M (and fact1 ... factm ))
(and fact1 ... factk )
)

(c) Translation of norm schemes.

fact1 and ... and factn
=>
{fact1 , ... , factm }

(defrule S::rulename
(fact1 ) ... (factn )
=>
(α fact1 ) ... (α factm )
)
(d) Translation of sanction rules.

7→

Figure A.2: Translation of the programming constructs for specifying an organizational artifact into executable Jess code. Each diagram shows the programming
constructs from our original language on the left and the corresponding Jess code
on the right. The special designated Jess actions for the assertion and deletion of
facts are denoted by α.
Recall that the domain specific state of an artifact is described by a set of
brute facts and that the information about which roles are enacted and which
norms have been violated or fulfilled is stored by the institutional facts. In Jess
these facts are straightforwardly translated to Jess’ facts. To distinguish between
the two, brute facts are stored in a module B, whereas the institutional facts are
stored in a module I. The initial state of the brute state is specified by stating the
facts that hold from the start. Specifying the initial state in Jess boils down to
providing all the brute facts that should initially hold as argument to the built-in
deffacts function. This is depicted in figure A.2a. The fact that the auction
artifact initially starts at round 0 is expressed as follows:
( d e f f a c t s b r u t e −f a c t s
(B : : rnd 0 )
)

The B:: preceding the predicate name rnd is for indicating that this fact belongs
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to the module encompassing the brute facts. It should be noted that Jess facts
can take on the form of ordered and unordered facts. Ordered facts are Jess’
implementation of plain lists consisting of a head that usually acts as the category
for the fact and the tail as its fields. The above fact is an example of an ordered
fact named rnd having one element, viz. 0. The elements of unordered facts, as
the name already suggests, are not ordered and their fields are distinguished by
naming them. They need to be defined by a template before they can be used in
a program. Consider, for example, the template definition of a bid:
( deftemplate B : : bid
”A b i d p l a c e d by an a g e n t . ”
( s l o t agent )
( s l o t amount )
( s l o t product )
( s l o t rnd )
)

The effect rules specify the effects actions have on the brute state. They are
translated to Jess rules that are stored in the module E as shown in figure A.2b.
The action and its pre-condition specifying the circumstances under which it is
executable is written as the left-hand side of a Jess rule. Note that the action
of the effect rule is denoted by a special designated fact with the same name as
that of the action and is stored in the module DO. The first argument of every
action is the identifier of the agent performing it. The framework ensures that
these special facts are derivable from the working memory when an agent has
just performed the action denoted by it. The right-hand side of the rule specifies
the modifications that should be made to the brute state when the rule fires, i.e.
when the action is performed and its pre-condition holds. Consider, for example,
the following effect rule:
( d e f r u l e E : : bid
(DO : : b i d ? a ? x ?p ? r )
(B : : rnd ? r )
=>
( a s s e r t (B : : b i d ( a g e n t ? a ) ( amount ? x ) ( p r o d u c t ?p ) ( rnd ? r ) ) )
)

specifying that an agent ?a may bid amount ?x for product ?p in round ?r if
the current round is ?r. After a succesful performance a corresponding bid fact
will be asserted to the brute state.
The norm schemes for expressing the conditional obligations and prohibitions
are implemented in Jess by using the custom defined function norm as shown in
figure A.2c. The first argument denotes the unique label of the norm scheme.
The second argument pertains to the norm scheme’s condition taking on the form
of a conjunction of facts. The obligation or prohibition is denoted by the third
argument, in which modality M can be either O in case of an obligation or F in
case of a forbiddance. Finally, the fourth argument denotes the norm scheme’s
deadline. An example of a norm scheme is the following pay norm:
( norm
( pay1 ? a ? x )
(B : : w i n n e r ( a g e n t ? a ) ( amount ? x ) )
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(O (B : : p a i d ? x ) )
(B : : rnd 0 )
)

stating that the winner of the auction is obliged to pay the amount equal to its
highest bid. The winner is given time to do so, before the auctioneer resets the
system to round 0 again. Recall that a violation of this norm is indicated by the
assertion of a violation fact. If the winner does not respect this obligation a new
obligation is issued to pay the amount plus a 25 euro fine, as expressed by the
following norm scheme:
( norm
( pay2 ? a ? amount )
( and
( I : : v i o l pay1 ? a ? amount )
)
(O (B : : p a i d (+ ? amount 2 5 ) ) )
(B : : f o r e v e r )
)

Note that the winner is given ad infinitum to fulfill this obligation. The reason is
explained by the sanctioning rules.
The sanction rules by which we define sanctions that should be imposed on the
brute state of the organization given a certain normative judgment are directly
translated to Jess rules. This is shown in figure A.2d. The left-hand side of these
rules refers to brute and institutional facts and the right-hand side specifies which
brute facts are to be added to or retracted from the brute state. The sanction rules
are defined in a module named S. Consider, for example, the following sanction
rules:
( d e f r u l e S : : pay1
( I : : v i o l pay1 ? a ? x )
( I : : r e a ? agnt ” buyer ” ?a )
=>
( a s s e r t (B : : b l a c k l i s t ? a g n t ) )
)
( d e f r u l e S : : pay2
( I : : obey pay2 ? a ? x )
? b l <− (B : : b l a c k l i s t ? a g n t )
=>
( retract ? bl )
)

The first sanction rule specifies that an agent who violates the payment norm
will be blacklisted. Observe how the rea fact is used to obtain the identity of
the agent playing the buyer role via its position. An agent who is blacklisted
can only be get of the list again by complying with norm scheme pay2, i.e. by
paying the amount of its winning bid plus the fine. This is expressed by the
second sanctioning rule. Information about blacklisted agents can be used to
refuse agents to enact the buyer role in the future.
The JNE implements a fixed coordination strategy in which all the norm
schemes are triggered, all norm instances are checked for compliance and all applicable sanction rules are applied. This pertains to a totalitarian strategy as
discussed in chapter 4. A regimentation strategy has not been implemented.
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Often, an agent that performs an action is interested in the result. Indeed, in
2APL it is not atypical for an external action to return a result. This feature has
been overlooked in the operational semantics and we discovered it when implementing the prototype. Returning a value (a term) from an action that can be
perceived by the agent performing it is achieved by means of asserting a ground
fact named result in an effect specification. The framework ensures that this
fact is bound to the result of the return parameter of the external action.

A.3

Roles Simulated in Modular 2APL

In chapter 5 we did not commit to a specific agent-oriented language for implementing roles. For the example, however, used in chapter 5 we committed to the
2APL programming language. For the implementation of our prototype we did
the same. In what follows we briefly explain how the constructs that were introduced in chapter 5 are simulated by our prototype by showing some examples
from our auction artifact.
In our prototype 2APL modules are used to simulate roles. In what follows
we call everything a role, although in the underlying model it is really a module.
To enact a role an agent sends a message to the manager agent, e.g. by sending
a message:
s e n d ( manager , r e q u e s t , e n a c t ( buyer , [ b i k e , 1 6 0 , 3 0 ] ) )

an agent indicates it wishes to enact the buyer role for buying a bike for at most
160 euros and indicates that it likes to increase its bid by 30 euros each round.
The manager role then instantiates the buyer role and tries to execute a suitable
constructor for instantiating a position. Recall that the constructor of a role
may query the role’s mental state and organizational state. In 2APL, however,
the notion of constructor has not been implemented and it is only possible to
query the role’s beliefs. How we circumvented this limitation is illustrated by the
following example showing the implementation of the buyer’s constructor:
e n a c t ( [ Product , MaxPrice , S t e p ] ) <− t r u e |
{
B( p l a y e r (Name) ) ;
@org ( p e r f o r m ( b l a c k l i s t ( [ Name ] ) ) , R ) ;
i f B(R = [ r e s u l t ( [ no ] ) ] ) t h e n
{ SetStep ( Step ) ;
adopta ( bought ( Product , MaxPrice )
enactSuccess ( )
}
else
{ enactFail ( )
}

);

}

The constructor itself is implemented as a traditional PC-rule in the buyer role.
Consequently, it cannot be guaranteed that no other positions perform their actions whilst executing the constructor. This is differently from the operational
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semantics. To simulate the constructor’s pre-condition, we introduced the special
designated enactSuccess and enactFail procedures to indicate the satisfaction or failure of the constructor’s condition. In the above example the buyer
role may be enacted when the agent that tries to enact the role is not blacklisted. We simulated this test on the brute state by introducing a special action
blacklist([Name]) that returns yes in case the brute fact indicating that the
agent named Name is blacklisted can be derived and no otherwise. The actual
constructor plan that is only executed if the position’s pre-condition holds makes
the buyer adopt a goal to have bought the desired product and update its beliefs
with the desired step size for bidding. The above enact PC-rule thus simulates
the constructor:
e n a c t ( [ Product , MaxPrice , S t e p ] )
<− B( p l a y e r (Name ) ) & E( n o t b l a c k l i s t e d (Name ) )
{
SetStep ( Step ) ;
adopta ( bought ( Product , MaxPrice ) ) ;
}

|

When an agent has succesfully enacted a position, the manager sends the agent
the position’s identifier. The role’s destructor is implemented in a similar fashion.
Once an agent has enacted a position and has received the position’s id from
the manager, an agent can activate and de-activate its position by sending the
manager a request to activate/de-activate its position, e.g.:
s e n d ( manager , r e q u e s t ,

a c t i v a t e ( Pos ) )

in which Pos is set to the identifier of the position.
Once activated the buyer position will start acting on behalf of its player, by
adopting plans to achieve its goal to buy the product for the best price available
(but not more than its player is willing to pay for it). The PG-rules and PC-rules
that are used by the buyer role are directly implemented in 2APL and will not
be explained further. In pursuit of its goal to buy the product for the best price
available, the buyer will respond to messages that were sent by the auctioneer.
The auctioneer, for example, publicly announces each round’s highest bid and
at the end of the auction informs each individual buyer position whether it has
won the auction or not. A buyer position responds to a win/los declaration by
forwarding the information to its player, e.g.:
,
, w i n n e r ( Winner , Product ,
message (A, i n f o r m ,
<− me( Winner ) |
{
s e n d ( manager , i n f o r m , won ( Product , P r i c e ) )
}

Price ))

Note that the buyer position does not send its messages directly to its player. It
sends the message to the manager agent which in turn forwards it to the player.
More specifically, it wraps the content of the position’s message (say Content)
in its own message’s content msg(Pos,Content) in which Pos is the identifier
of the position sending the message. An agent who is just informed by its position
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about winning or losing the auction, may respond to this message as described
by the following PC-rule:
,
, msg ( Pos , Content ) ) <− t r u e |
message ( manager , i n f o r m ,
{ i f B( Content = won ( Product , P r i c e ) ) t h e n
{ s e n d ( manager , r e q u e s t , adoptg ( Pos , p a i d ( Product , P r i c e ) ) )
};
i f B( Content = l o s t ( Product , P r i c e ) ) t h e n
{ s e n d ( manager , r e q u e s t , d e a c t ( Pos ) )
}
}

This agent thus delegates its position a goal to pay for the product if it has won
the auction and deacts the position in case someone else won. It should be noted
that in the prototype it is not possible to delegate a position any goal. In fact,
which goals exactly can be adopted should be specified in the manager position.
The same goes for dropping goals and adopting/dropping beliefs. The actions to
inspect the mental state of a position were not implemented.

A.4

Inspecting Organizational Artifacts

When constructing and running an organizational artifact it would be helpful to
have some way of inspecting the artifact’s internal state. For example, one may
wish to inspect the artifact’s current brute and institutional state and inspect
the mental state of the positions that are played by external agents. Because the
positions are simulated by the 2APL platform one can use the functionality of
this platform for inspecting the position’s mental state and display the contents
of the messages that were interchanged between positions and between positions
and their players. Some screenshots showing the use of the 2APL platform for
inspecting the state of positions and the messages being sent are shown in figures
A.3 and A.4.
The part of the organizational artifact that is responsible for maintaining
the brute and institutional state, and the active prohibitions and obligations is
implemented by the JNE. To visualize this part of the artifact we implemented
a simple inspector that allows one to cycle through the whole history of states,
starting with the artifact’s initial state. Each state pertains to the situation
the artifact is in that results after the performance of an action. An example
screenshot of the artifact inspector is shown in figure A.4.

A.5

Conclusion and Lessons Learned

We implemented a prototype that allowed us to experiment with some of the
programming constructs that were presented throughout this thesis, roles and
norms in particular. It should be noted that also other attempts have been made
to implement an interpreter based on the ideas presented in this thesis. For
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Figure A.3: Using the 2APL platform to inspect a buyer position’s mental state.

example, an implementation based on the counts-as based norms can be found in
(Adal, 2010).
During the implementation of this prototype together with the auction and
some other examples some interesting observations have been made. These observations point to possible directions for future research. Some other observations
led to revisions of earlier versions of our operational semantics. For example, in
a first attempt to model a prohibition, no violation occured when an agent performed an action that simultaneously establishes the deadline and the forbidden
state. (See also the discussion at the end of section 4.2 of chapter 4.) An example
revealed that this did not adequately capture the intuition, which made us revise the operational semantics. In the rest of this section we briefly discuss three
observations that may lead to future research directions.
The auctioneer agent is currently played by an external agent who delegates
it a goal to put a product on auction. Ideally, these external agents should not
enact the auctioneer role directly, but instead play a seller role that delegates
products to be put on auction to the auctioneer. But then the question becomes,
who plays the auctioneer role? It would be rather strange if any external agent
would play this role. An agent that plays it, should at the very least be trusted
by the organization. This suggests that the auctioneer is an internal agent of the
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Figure A.4: Using the 2APL platform for inspecting messages.
organization rather than a role played by some external agent.
In the current design as discussed in chapter 5 players can inspect and modify
the entire mental state of their positions. During implementation we needed to
change the representation of specific beliefs and goals of the buyer role more than
once. These changes often led to a change in the external agents also. This made
us wonder whether the complete mental state of a role should be inspectable by its
player or if we should somehow provide the player a stable interface that specifies
which beliefs and goals can be inspected and modified. This way the underlying
implementation that may change can be hidden to the implementation according
to the principle of encapsulation.
Finally, in implementing the auction and some other applications we found
that the cases in which the mental state of a position needs to be inspected and
modified could all be handled by means of PC-rules implemented in the role. This
way it could be defined which, when and how the position’s goals and beliefs can
be modified/inspected rather than modifying/inspecting all of them any time as
suggested in chapter 5. It thus seems that the actions to directly modify and
inspect a position’s mental state as presented in chapter 5 are superfluous. This
topic needs further investigation.
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Figure A.5: Using the artifact inspector for inspecting the artifact’s internal state.
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Arbab, F., Aştefănoaei, L., Boer, F. S., Dastani, M., Meyer, J.-J., and Tinnemeier,
N. (2008). Reo connectors as coordination artifacts in 2apl systems. In PRIMA
’08: Proceedings of the 11th Pacific Rim International Conference on MultiAgents, pages 42–53, Berlin, Heidelberg. Springer-Verlag.
193

Artikis, A. (2003). Executable Specification of Open Norm-Governed Computational Systems. PhD thesis, Imperial College London.
Artikis, A. (2009). Dynamic protocols for open agent systems. In AAMAS, pages
97–104.
Artikis, A. and Pitt, J. (2001). A formal model of open agent societies. In
Proceedings of the fifth international conference on Autonomous agents, pages
192–193, New York, NY, USA. ACM.
Artikis, A. and Sergot, M. (2010). Executable specification of open multi-agent
systems. Logic Journal of IGPL, Advance Access published December 14, 2009.
Artikis, A., Sergot, M., and Pitt, J. (2009). Specifying norm-governed computational societies. ACM Trans. Comput. Logic, 10(1):1–42.
Bachman, C. W. and Daya, M. (1977). The role concept in data models. In
VLDB ’1977: Proceedings of the third international conference on Very large
data bases, pages 464–476. VLDB Endowment.
Baier, C. and Katoen, J.-P. (2008). Principles of Model Checking (Representation
and Mind Series). The MIT Press.
Baldoni, M., Boella, G., Genovese, V., Grenna, R., Mugnaini, A., and van der
Torre, L. (2009). A middleware for modeling organizations and roles in jade. In
Programming Multi-Agent Systems, First International Workshop, PROMAS
2009,. Springer-Verlag.
Baldoni, M., Boella, G., and van der Torre, L. (2005). Roles as a coordination
construct: Introducing powerjava. In Proceedings of 1st International Workshop
on Methods and Tools for Coordinating Concurrent, Distributed and Mobile
Systems.
Baldoni, M., Boella, G., and van der Torre, L. (2007). Interaction between objects
in powerjava. Journal of Object Technology, 6(2).
Baldoni, M., Genovese, V., Grenna, R., and van der Torre, L. (2008). Adding
organizations and roles as primitives to the jade framework. In Proceedings of
the 3rd International Workshop on Normative Multi-Agent Systems.
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Summary

T

he history of software engineering in general and programming languages in
particular is marked by the introduction of high-level engineering concepts,
abstracting away from the rather low-level principles that are used by the machine on which the software is executed. Such high-level abstractions allow us to
focus only on a few essential concepts at the same time by factoring out details.
The abstractions by which we engineer complex software systems are more than
often inspired by metaphorical concepts by which we understand and structure
the complex world around us. A well-known example is the concept of folder
for archiving our files. Introducing the concepts of agent as the metaphorical
counterpart of humans and multi-agent system as the metaphorical counterpart
of a society, the field of agent-oriented software engineering brings the use of
abstractions in programming to an even higher level.
Agents are autonomous entities that are typically programmed in terms of
beliefs modeling the information they have about their world, goals denoting the
situations they desire to establish and plans describing how to reach their goals.
Agents participating in a multi-agent system may have been engineered by different parties with differing design objectives, implying that agents may encounter
and interact with agents having conflicting goals. An illustrative example is an
online marketplace on which agents interact with (unknown) parties to sell and
buy their goods. Because little can be assumed about the behavior the interacting
agents exhibit and nobody directly wrote the whole program encompassing the
multi-agent system it is hard to predict the emerging behavior of the system as a
whole. To increase the likelihood of the design objectives of the system being met,
coordination media are put in place to regulate the individual agents’ behavior.
Some of these media are based on constructs that resemble physical every-day
structures, such as a tube’s entrance gate and traffic lights. Yet others use more
abstract concepts we use for organizing our society, such as norms that should be
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followed and roles that agents can play. Getting back to the online marketplace
example, agents play the role of seller and buyer, and are expected to abide by
certain norms, e.g. paying the price agreed within a certain time. In this thesis
we will focus on organization-oriented coordination media.
In this thesis we show that research on individual agents progressed rather
independently from research on agent organizations, leaving a gap between agentoriented and organization-oriented programming. We identify what we consider
the root causes underlying this gap and develop an organization-oriented programming language whose constructs accord better with the key concepts and
characteristics associated with agents. Constructs for programming roles, norms
and constructs for changing the norms at runtime will be investigated in particular. To understand what our programming language can (or cannot) offer, a
precise description of its meaning (semantics) is indispensable. For example, to
use an obligation properly, we need to know exactly when it is fulfilled or violated,
and when sanctions will be imposed. Therefore, in this thesis, we formally describe the semantics of the programming constructs in a mathematically rigorous
manner.
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Samenvatting

D

e geschiedenis van software engineering in het algemeen, en die van programmeertalen in het bijzonder, wordt gekenmerkt door het gebruik van
abstracte concepten. Deze concepten gaan voorbij aan de principes die door de
machine waarop de software wordt uitgevoerd, worden gebruikt. Het gebruik
van dergelijke abstracties staat ons toe om ons slechts te hoeven concentreren op
de essentiële zaken, zonder ons te hoeven bekommeren om details. De abstracties waarmee wij complexe software bouwen zijn vaak gebaseerd op metaforen van
alledaagse concepten, die we ook gebruiken om onze complexe wereld te begrijpen
en te structureren. Het concept map (folder) voor het archiveren van bestanden
(files) is een bekend voorbeeld hiervan. Met de introductie van het concept agent
als metaforische tegenhanger van mens, en multi-agent systeem als metaforische
tegenhanger van maatschappij, wordt het gebruik van abstracties op het gebied
van agent-georiënteerde softwaretechnologie in software ontwikkeling op een nog
hoger niveau gebracht.
Agenten zijn autonome entiteiten die veelal geprogrammeerd worden in termen van kennis, die zij hebben over hun wereld, doelen die de situaties aanduiden
die zij wensen te bereiken en plannen die beschrijven hoe ze hun doelen kunnen bereiken. Agenten die onderdeel vormen van een multi-agent systeem zijn
mogelijk ontworpen door verschillende ontwikkelaars met verschillende ontwerpdoelen en kunnen dan ook agenten ontmoeten met doelen die conflicteren met hun
eigen doelen. Een illustratief voorbeeld is dat van een online marktplaats, waarop
de agenten met (onbekende) partijen interacteren om hun goederen te kopen en
verkopen. Agenten spelen de rol van koper en verkoper en worden verwacht
aan bepaalde normen te voldoen, bijvoorbeeld het tijdig betalen van een gekocht
product. Omdat weinig over het gedrag van deze agenten kan worden verondersteld en het gehele multi-agent systeem niet door één persoon geschreven is, is
het moeilijk om het uiteindelijke gedrag van het gehele systeem te voorspellen.
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Om de kans te vergroten dat de ontwerpdoelen van het systeem worden behaald,
worden zogeheten coördinatiemedia ingezet om het gedrag van individuele agenten te regelen. Sommige van deze coördinatiemedia zijn gebaseerd op fysieke
coördinatiestructuren uit het dagelijks leven, zoals tolpoortjes en verkeerslichten.
Andere zijn gebaseerd op concepten van hogere abstractie die we gebruiken voor
het organiseren van onze maatschappij, zoals normen die gevolgd dienen te worden
en rollen die gespeeld kunnen worden.
In dit proefschrift richten we ons op organisatie-georiënteerde coördinatiemedia,
waarbij we aantonen dat de gebieden van individuele agenten en agent organisaties onafhankelijk van elkaar zijn onderzocht, waardoor er een hiaat is ontstaan
tussen het programmeren van agenten en agent organisaties. We identificeren
de belangrijkste oorzaken die hier aan ten grondslag liggen en ontwikkelen een
organisatie-georiënteerde programmeertaal met constructies die beter aansluiten
bij de karakteristieken en concepten van agenten. We zullen in het bijzonder constructen voor het programmeren van rollen, normen en voor het veranderen van de
normen onderzoeken. Om te begrijpen wat onze programmeertaal te bieden heeft,
is een nauwkeurige beschrijving van zijn betekenis (semantiek) onontbeerlijk. Om
een verplichting te gebruiken moet het bijvoorbeeld duidelijk zijn wanneer deze
vervuld dan wel geschonden is en wanneer eventuele sancties opgelegd zullen worden. Om deze reden beschrijven we de semantiek van de voorgestelde constructies
nauwkeurig in een formeel raamwerk.
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