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Abstract

It is recognised that normative systems, and in particlketenic institutions and
contracts are a potentially powerful means for making ageetactions in multi-agent
systems effective and efficient. However, correctly sp@agf the behaviour of such
systems is a difficult problem. Designers are faced with tarccarrent, complex tasks:
firstly they must specify the relationships (over time) betw agents’ actions and their
effects, and secondly they must also consider how agenisnacare to be regulated
through the definition of agents’ permissions and obligeticSuch systems are typi-
cally complex, and given this complexity it may be difficudt fa designer to determine
whether their original objectives have been captured bgpleeification of the system.
In this dissertation we seek to address some of the problesited with institu-
tional specification. In order to do this we present a modesfeecifying institutions
based on the notion of socially constructed reality thabants not only for how the
action and events which constitute the institution are lesd, but also how they are
regulated. Institutions may be used in a number of ways, amdancount for concepts
at varying levels of abstraction. Recognising this we atsestigate how several insti-
tutions, each accounting for a particular aspect of a spaiety be composed and how
the relationships between these institutions may be egedesGiven this model, we
then demonstrate how, using the answer set programmindigaranstitutional spec-
ifications based on our model may be checked for the abseruesence of certain
(un)desirable properties.
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Chapter 1

Introduction

Agent mediated electronic institutions are a class of ragent system where agents
coordinate their activities and interact to achieve thenspnal goals. What differenti-
ates electronic institutions from existing classes of ragent systems is the presence
of a set of social norms or regulations which govern thetuistin. Norms differ from
existing mechanisms for specifying agent behaviour in tvatle there is arexpecta-
tion for norms to be upheld, there is bsolute requiremerfor this to be the case.
That is to say, the system may still be considered to be dpgradithin its specifica-
tion even when the norms of the system are not all upheld bly aad every agent
involved in the system.

This work focuses on the construction and analysis of agesdiated electronic insti-
tutions, in particular how the specification and reprederaf normative aspects of
the institution at a high level can be translated and refinealpractical application in

a multi-agent system. We are especially concerned with theggses used by multi-
agent systems to detect violations of those norms and enéorg sanctions which may
follow.

1.1 A Motivating Example

In the following section we try to illustrate some of the re@as for using normative
concepts and some of the key problems with this approachtaitensth a toy example
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drawn from the real world:

We set the scene in a remote village which is governed by desuitage

elder. This elder has a responsibility to preserve the eihg of all of the
villagers to the best of her ability. In this village thereaisingle village
well which serves as a source for all of the villagers’ watEhne village
is in a relatively dry region so the amount of water which candbawn
from the well in a given year is limited. After a rainy seasbe twell

is replenished, but during the dry season it is unlikely tadg@enished
until the following year. Ignoring the elder’s other respinilities to the
villagers we shall consider how she might go about ensuhagthe well
does not run dry.

We state the elder’s goal with respect to the preservaticdhefvater supply in the
village as follows:

Ensure that in a given dry season the well does not run dry.

Assuming that the well yields sufficient water in a given deason to supply each and
every villager with enough water to survive, the elder migdatson that the most likely
cause for the well running dry would be one or more villagesimg more than their
fair share of water. Assuming that the elder determinesf@yyexample, examining
possible water availability or using previous year’'s waisage) that a fair share of
water for each villager is three buckets a day, we may refia@biove goal as follows:

Ensure that in a given dry season no villager takes more thesetbuckets
of water a day from the well.

Ignoring population change, the successful implemematfahis goal should be suf-
ficient to preserve the water supply of the village in a giveary The first problem

is that villagers might not share the same information os@eang power about the
availability of water from the well. In order for villager® tbe made aware of the
potential risk to the village of individuals taking more ththeir fair share the elder
might choose to make the above goal explicit. The elder ndghthis by placing a

sign above the well stating:
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It is forbidden for villagers to take more than three buckaitsvater from
the well a day during a given dry season.

This statement constitutes a possible regulation on theotugee well which, if ob-
served should maintain the elder’s original goal of preisgrthe water supply in the
village in a given dry season. The regulation is stated i suway that any villager
taking more than their fair share of water will be in violatiof this regulation.

However this presents the problem that while we might exipectnajority of members
of the village to share the elder’s goal of mutual preseovatihis isn’t necessarily so.
Some individuals might not share the elder’s view of what reasonable allocation
of water, or might simply ignore the needs of other villagand take more water than
their share for their own profit.

The elder now has a problem, in that she has identified a codehafviour which she
wishes the villagers to observe but she has no way of for¢iegriilagers to comply
with this code of behaviour. The elder may choose to re-tthekvay that access to the
well is controlled in order to make it impossible for a vilexgo break the regulation:
She might for instance place a locked cover on the well, thesggmting villagers from
obtaining water without her permission.

While this would allow the elder to prevent all violations thie stated regulation it
presents a problem: because the elder is the only villagkate access to the well
she must be present each time a villager wishes to draw wai@rcass which would
necessarily use a large amount of her time. In essence efilagould be delegating
their ability to access the well to the elder, or whoever siéd¢hosen to control access
to the well.

Instead of directly controlling access to the well, a mo@smnable approach might
be the instigation of a system which allows villagers to draare than their share but
imposes a penalty upon those villagers who draw more thanghare. The choice
for the level of this penalty or sanction may depend on a nurobéactors such as
how often villagers have drawn water in the past and/or howmwater remains in
the well. The purpose of the penalty may simply be to detéag@rs from violating
the regulation, or to repair the overall cost to the villagée well running dry.
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For now we will assume that the village elder decides to irepéine of 100 Groats
(the local currency) for each violation of the well regubeis. \We will not consider
how the value of this fine is determined and assume that thissfig the one that the
elder has determined to be sufficient sanction for violatibthe regulation.

In order that villagers are made aware of the fine, the eldstates the rule as follows:

It is forbidden for villagers to take more than three buckdtaater from
the well a day during a given dry season.

Any villager drawing more than three buckets of water a dagtpay 100
Groats to the village elder.

The elder does not have to restrict access to the well, fgegmher time for other
pursuits. But the new regulation presents a second probdeippose that a villager
does violate the rule and draw four buckets of water in a gdegnand the villager is
required to pay a fine but the villager then chooses not tos(@rdapable of) paying
the fine. In this case, the villager has violated the well l&gons but has not been
subjected to the relevant sanction for their violation;antfit is up to the villager to
impose the sanction of paying the fine upon themselves! \Wehegulation stated as
it is the elder is not able to subject the villager to furth@naion, nor does she have
any further means of preventing the villager who violatezlrgegulation from doing so
again.

In order to rectify this situation the elder revises the hee more, as follows:

It is forbidden for villagers to take more than three buck#taater from
the well a day during a given dry season.

Any villager drawing more than three buckets of water a daginpay a
fine of 100 Groats to the village elder.

Any villager failing to pay a fine due to the village elder wiitlone week
will be placed into the village prison for one month.

In this case, when a villager fails to pay a fine for drawingnaach water, the village
elder gains the power under the regulations to place thegeéHin jail, an action which
(we assume) can be conducted irrespective of the actiomgafiitager in question.

17



Of course there are other issues relating to this newly-éarfegislation, for instance
how does the elder know when a villager has drawn more thanghare of water?
Or, what if the villager escapes to an adjacent village tocapaying a fine? We leave
these questions aside and focus instead on the changebkdéhagulations introduce
to the society.

In the first case villagers now have a choice when it comes dwidg their fourth
bucket of water on a given day, if they decide not to draw thetfobucket, they will
remain in compliance with the well regulations. If, howesearillager chooses to draw
a fourth palil, by reading the regulations they know that tireyst pay a 100 groat fine
to the elder for breaking the rules. It may be that the viltdtges a great personal need
for the fourth bucket of water, or they may simply be wealthyyhich case they may
choose to pay the fine as part of the cost of drawing their fiobucket. The final
sanction however (that of being put in prison) is not depahde the actions of the
villager, once the villager has failed to pay the fine, theeelths the power to remove
the villager’s freedom to participate in village life (andrite draw water).

This form of regulation is typical of the types of normatiyestems we are interested
in modelling and incorporating in to multi-agent systems, meed only replace the
elder with a system designer, the villagers with softwarensg) and the well with
some finite resource such as CPU usage, memory or networkviithcand we find
ourselves with a system which is similar to many computatioasource allocation
problems found in distributed computing.

We summarise the key aspects of social regulation as we seedh follows:

Regulations allow for the expression of the objectives of #ir authors. In the vil-
lage example the elder’s ongoing objective was to prevehbeage of water in
the village; however this is an internal mental attitudehafélder which may not
be shared or even be within the grasp of the villagers. THrdhg codification
of the above rule into clear regulation the elder is able év@nt, or at least limit
the likely occurrence of one case where her objective mighba met.

Regulations allow these objectives to affect the objectigeof those subject to them.
While in the above case it might be reasonable to assume thateat shortage
would ultimately be to the detriment of any member of theag this is not
necessarily so. Individual villagers may place their ownspeal goals above
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those of the society, or may simply not share the societyasyoImposing
sanctions for violated regulations encourages the adprstraf individual's
attitudes and objectives to those which are consistent tvelobjective of the
regulation. In the above case, even though a villager mahawe the objective
of preventing a water shortage in the village, they will @ably prefer not to
pay fines on a regular basis and will almost certainly pre&ndpfree to being
placed in prison.

Regulations act as a substitute for knowledge and reasonirgpwer. In the above
case, the elder was able to reason that villagers drawing iin@an their fair
share of water from the village well may lead to a shortageatew however it
may not be the case that the villagers themselves would leetalgiome to the
same conclusion. A villager may be unaware of the seasopdlegje of water,
or may simply lack the reasoning capability to associateattieon of drawing
too much water with a subsequent shortage of water. By (it) papressing an
interpretation of their objective explicitly in a form whigelated directly to the
actions of those who are subject to the regulation (thegeits), the elder was
able to bypass this possible lack of reasoning power or kedgé on the part
of an ignorant or negligent user.

In the case of the above regulation a villager need not knawtalvater short-
ages or weather patterns instead they need only reasonytharforming a
given action (drawing too much water) they may necessasdlgubject to a di-
rect sanction (a fine, or being put into prison).

Norms indirectly prevent undesirable states of affairs In the above example the el-
der wished to reduce the risk of a water shortage in the \&|lagwever her only
mechanism for directly bringing about this state of affauss to take physical
control of the well and ensure that only a given amount of wates drawn. In
this case, the cost of directly enforcing a state of affaies/rbe so high as to
make it impractical and in many other cases there may be nasaailable for
performing such direct regulation. In these cases nondisectly bring about
the desired state of affairs by changing the behaviour oftsgearticipating in
the system.

In the above case we discussed a human society; there argdraveumber of signif-

icant problems which present themselves in order for us pdyapormative concepts
such as these to the governance of multi-agent systems afhediess clear in human
systems:
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Representation What language should be used to represent descriptionsmoatioe
concepts? In the above case, many of the aspects of thetiegsalare implicit.

In an electronic system we cannot rely upon informal or aggtikmowledge in
order for agents to interpret rules. The language we choasédbe capable of
representing elements of the system including agentrgtiand the states of
affairs to which they relate, as well as how those actiongiaverned within the
system in terms of agents’ permissions and obligations.

Logical Clarity and Consistency The language we choose must be unambiguous
and have a clear semantics for interpretation. While it isrothe case that we
find humans discussing the precise meaning of the regutasimund us, we do
not expect computational agents to have this ability. Afisumust be the case
that any language for representing normative aspects ofi-aggnt systems
must be both logically sound and complete.

Computational Complexity While the presence of a formal model for describing
normative systems is necessary for building normative iragient systems it
is not sufficient on its own. We must also consider how agenéspret this lan-
guage to reason about their own actions and the actions efstin particular
we must consider how agents acquire sufficient informatiomake decisions
about whether or not other agents are in violation and we snsire that these
decisions can be reached in a reasonable time using a réésanzount of com-
puting power. In many cases an agent must make a decisiorvotolaxct (such
as a villager deciding whether or not they must pay a fine) iivengamount of
time and any system for representing normative properfigsutti-agent sys-
tems must allow for these decisions to be made in that time.

Engineering SystemsWhile concise syntax and consistent semantics are obyiousl|
important, we must not forget the fact that we expect syst#dmdes for govern-
ing multi-agent systems to be designedhymans As such we must consider
how a human designer should go about translating their tiotes accurately
into written rules in this language.

1.2 Whatis an Electronic Institution?

An institution is a multi-agent system where agents’ bebawvis governed by a set of
published norms, rules or regulations which bring abouttasexpected behaviours
for agents interacting in a social context.
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We assume that those norms and their entailed expectatomng the behaviour of
participating agents are explicit and can be written dowa farm which is machine
processable. Further to this we assume that it is possiblgents within the system
to interpret those expectations and decide whether or i@ gufficient information,
they themselves and other agents they interact with areniptance or violation with
those norms.

The notion of an institution and their recognition as a fundatal mechanism for the

advancement of trade is widely accepted in contemporarga@uas and social the-

ory. Institutions play a role in the regulation of trade gimational relations, financial

markets and the management of natural and synthetic resotimough some regula-
tory framework that guides and controls the actions of pgints. Agent-mediated

electronic institutions are a social metaphor that emsltte procedures, interactions,
role assignments and enforcement activities that existiman institutions.

One might question the relevance of modelling man-madéerelgc institutions in a
multi-agent systems context. Observing institutions framsocial theoretic perspec-
tive, one of the underlying principles of institutional emence is the establishment
of frameworks either by decree or through an incrementdiéem over time. These
frameworks allow societies and organisations to struaunceregulatéheir ownactiv-
ities; this is certainly the case in political instituticersd in some economic institutions
such as cooperatives or publicly-owned companies where ttdirect feedback from
system users to control its own governance. However, thetsities and rules of the
majority of human institutions that one can imagine, suchasking and trading sys-
tems, mobile phone provision, educational and health cattutions, are imposed
upon their participants by external decree (albeit with gyivg degree of feedback
from the systems’ users).

At present it is clear that despite ongoing work in agent do@tion, collaboration,
self-organising systems and negotiation in multi-agesteyns. Agents will not be
capable of constructing their own institution-like sturets for some time, if ever. The
description of a given human institution, whose definiticamymappear relatively simple
may draw on very high-level aspects of human cognition actsbehaviour that fall
outside of current research into artificial intelligence.

The institutions we are concerned with are designed by hanparssibly as models of
similar systems in human interaction (taking into accowntain practical impossibili-
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ties and possibilities in multi-agent systems engine@nvitere the rules and structures
are imposed upon a society of agents. Those agents are égetofinteract to the de-
gree allowed by their own autonomy within the constraintpased by the system.
One could consider electronic institutions in relation tmeentional software engi-
neering approaches such as the unified modelling languagde, Wilere the goal of
system specification is to capture and specify (as complagepossible) the correct
functioning behaviour of a system so that this behaviour=angorously enforced in
implementation to the exclusion of all else. However, wildsc&onic institutions the
aim is to capture the minimal required functional aspecta system simultaneously
and to specify undesirable behaviours and how they shouti&bk with in as general
a way as possible.

1.3 Motivation

The field of multi-agent systems is an increasingly broac arestudy which can
summarised as the unification of the fields of distributedial intelligence (DAI)
and software engineering.

Historically those concerned with the engineering of magient systems have con-
centrated on:

e Agent-centred aspects, such as the formal aspects of aggghd These include
finding adequate logics to model various aspects of agemts‘nal states and
the effects of communicative actions on those states asaselie means for
implementing agents based on these theories.

e Society-oriented aspects such as how agents coordinateoamshunicate, the
structure and semantics of the interactions which takeepdacl the structure of
the societies which are created. Research in this field kla® la body of work
relating to the engineering of multi-agent societies, lwydwing on methodolo-
gies from conventional software engineering and buildieg ones.

The study of institutions draws on work in both of these arleasause the institu-
tions we are concerned with are engineered by humans ané hemaire a significant

22



amount of human effort while the agents participating in tdsulting system must
have sufficient intelligence and internal reasoning toipigte in the institution.

In this dissertation however, beyond some minimal and resse assumptions about
the capabilities of participating agent we are not conamigh the internal details of
agents’ construction. Instead we focus on how agent sesiatie specified and how
they can be built as electronic institutions. We do not adeshow, for instance agents
internal mental attitudes toward one another, or the usdits that they participate
may be constructed. We also do not intend to cover in depthehdasigner might go
about capturing the system requirements and norms at araetstvel and how they
are represented at this level, nor do we consider how theggreenents may change
over time in response to changes in behaviour of agents isysiem. While all of
these aspects are interesting areas of study in their ot tigey are left as areas for
further study.

Part of the goal of engineering electronic institutionsasstrike a balance between
agents’ autonomy and the restrictions placed on that autgriy the norms of the
society. This balance must be considered not only in theifsge@n of the institu-
tion but also in its implementation. One of the goals of argpinstitutions is societal
openness in so much as agents built using a variety of todlsethodologies should
be able to participate in an institution with the greategjrde of autonomy possible.
This goal has an implication for the openness of the undeglggent architecture used
to implement the institution. Existing architectures fplementing electronic insti-
tutions have failed to maintain agents’ autonomy at the &ievel of implementation,
relying on tightly specified protocols which do not allow fdeviation and centrally
manage agents’ messaging capabilities in order to enfoosetprotocols and the sys-
tem norms. It is this preservation of autonomy that formskasis of this work: we
seek to capture and specify the institution to the extentitian be executed in the
presence and with respect to its social norms without Ingitihe resulting imple-
mentation to a trivial centrally-coordinated interactimamework based on explicit
protocols for that interaction.

A single institution embodies a set of regulated behavioeleging to one aspect of an
agent’s social existence, in many cases however an agdmasticipate in a number
of societies and each of these societies may be governed/bsas@nstitutions, each
relating to a distinct aspect of social existence in thatetgc While in many cases
the institutions will be distinct from one another, in othéhey may inter-lock and
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despite being specified independently may have mutual deperes which must be
specified correctly in order for each institution to funaticorrectly and regulate its
own aspect of the society. The second motivation of thisishissto discover how
these dependencies are formed, and how their correct fumcdin be specified and the
resultant system verified for correctness.

1.4 Thesis Contributions

In this thesis we consider the specification of normativeeatspof agent interaction
through the use of electronic institutions. The main ctoitiion of the thesis is a model
for specifying agent interactions through electronicitngbns based on the answer-
set programming paradigm. The approach taken allows usewfgghow normative
aspects of agent interaction may be defined and reasoned ladthuoffline for the
purposes of verification and validation and online for thgppses of agent reasoning.

The first contribution of this thesis is a system of specifocatvhich captures funda-
mental aspects of electronic institutions, specificallwlastions, events, obligations,
permissions and institutionalised power can be incorpdraito a language for rep-
resenting norms and regulations in the contexsiofjleinstitutions. The model we
propose has concise formal semantics, and we show how spéoifis for single insti-
tutions based on this model may be represented as answeogedips encapsulating
these semantics. These programs may in turn be used to bethtexhe institution
online (i.e. observe the status of the institution as it eeslover time in response to
the actions of agents participating in it) and also to vepifgperties (such as whether
a particular social objective is maintained by the regal&tiof the institution) offline.

In the first case we consider only the specification of singstitutions; the second
contribution of this thesis is an understanding of how refeghips betweemultiple
institutions may be specified. In this case it becomes ples$ip dependencies to
arise between institutions, we analyse the effects of thependencies and address the
problem of how they may be represented allowing us to showgiogle institutions
can be composed into broader schemes of social regulatigainAve demonstrate
how these relationships may be represented as answer ggam® and show how
systems based on composed institutions may be verified foectoess.
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1.5 Thesis Outline

In chapter Pl we outline the state of the art in the study of normative systand
virtual institutions. We also discuss relevant approathesoblem specification
and reasoning in artificial intelligence.

In chapter Bl we introduce our model for specifying institutions, we diss how no-
tions of actions, events, time and deontic principals siscbldigation and per-
mission may be incorporated into the specification of ingbhs. We then use
these concepts to produce a formal model suitable for thefgion of single
institutions in which particular aspects of agent inta@actmay be specified.

In chapter @l we discuss cases where agents may be subject to the reguatimre
than one institution, and cases where systems may be ddsigriecorporate
multiple institutions, some possibly residing outside lo¢ tontrol of the de-
signer. We extend the model we define for single institutinorchaptefB to take
into account the specification relationships betweentirtgins — where one
institution depends on, or is expressed in terms of anoWergo on to discuss
how this extended model for institutions can be used to egdnew institutions
may be composed and incorporated, and how this composaiobe employed
to engineer complex specifications from individual ingtanal specifications.

In chapter Bl we show how specifications of both single and multiple instins can
be represented as declarative logic programs with answesegeantics. We
show how queries relating to the correctness of these spaoifins may be en-
coded and used to verify properties of the specificationmguenswer set solvers.

In chapter Bl we describe our action language Wktfor representing institutionsin a
human-readable format. We then demonstrate the effeetbseof the specifica-
tion mechanism defined in chaptéts 3 &hd 4 with two extendeds# studies.

In chapter [ we summarise and discuss future directions.

1.6 Some Definitions

Within the literature a plethora of definitions have been fomvard in the field of
normative systems. In this section we outline the convestigsed in the rest of this
thesis.

Agent An agent from[[Wo0002] is considered to be a unitary party Whsccapable of
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autonomous action and heterogeneous behaviour (witheespether agents).
Throughout the thesis, we assume that on the whole the agengk about will
implemented as computer programs, however this is not aeageassumption
and in most cases agents may also be played by human beings.

Society A society is a collection of two or more agents.

Norm Derived from the Latin worchormameaning “angle measure” or “law-like
rule”, the term is applied differently in different contexin the literature. In
sociology it (often referred to as a “social norm”) tendsdter to an “acceptable
pattern of behaviour” which is mutually accepted within &egi society. In
philosophy however, the term tends to refer to interpretatihat are subjective
either relative to an individual or group of individuals.

The definition we use through the thesis falls more on the sfdgociology,
and can be summarised as a description of some class oflg@deéptable or
unacceptable behaviour.

Norms themselves may be expressed at vastly differingd@fedpecificity, from
completely abstract statements such as “you ought to b€’ goadncrete ones,
such as “you must have taken the rubbish out by Tuesday night”

Violation A violation describes a point in time at which an agent ceaselde in
compliance with a norm or rule. For instance with “you musténtaken the
rubbish out by Tuesday night” a violation would occur at timel ®f Tuesday
night (however that is defined) if the rubbish has not beeeartaiut.

For some norms, such as “you should always be nice to youhdrbviola-
tions can be said to occur whoever you perform the actiomtpaasty to your
brother” which is contrary to the norm.

Sanction A sanction is any action or actions which have the purposesfonding
to some breach in normative behaviour. Sanctions are tyipanitive and
directed at the agent or agents responsible for bringingtabe violation.

Institution In this thesis we use the terinstitutionto describe a set of rules and
semantics which should hold in relation to a specific aspkttteraction in a
given society. An institution may consist obnstitutive rulesvhich define how
the institution (and hence all of the members of the sociegpeiated with it)
should interpret events which occur, amgulative ruleswhich define socially
acceptable behaviours for the members of the society. Triés® correspond-
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ingly define the norms of the institution. Unless otherwigecdsfied we assume
that the term refers to institutions which apply to compotal| agents.

27



Chapter 2

Background

2.1 Introduction

The application of normative concepts to the design andiaggua of distributed sys-
tems, particularly those involving intelligent agents heeen a matter of study for
some years now. Research has covered how norms may be coopaltg repre-
sented, how these computational representations of ndimgdsbe interpreted and
how agents might go about using them to influence their reag@bilities.

In this chapter we discuss what constitutes an agent scametyhe importance of so-
cial regulation as a means for governing the behaviour ofiggeith possibly hetero-
geneous goals. We then outline some existing approachaptiartg social regulation
in multi-agent systems, including looking at how such systenay be formalised, how
this may be used to create specifications from which systam#e built, and finally

how these systems may be implemented as part of distriboteguting environments
and multi-agent systems.

In the final part of this chapter we introduce the Answer Segpamming paradigm
which we use throughout the remainder of this dissertatfémdiscuss the syntax and
semantics of the language and how these may be used to rdamatrbath static and
dynamic domains.
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2.2 Multi-agent Societies

The multi-agent systems metaphor (best summarised in [?pbas received a great
deal of study in recent years as a means for implementing lexmapd robust software
systems.

The development of programming languages and tool kitsi&triduted computation
has been an area of study in computer science for some tirdethandevelopment
of systems such as CORBAJCOR], DCOM, MPI and more recenthAB®as made
it possible to build large, scalable systems whose impleatiem is spread across a
number of computing resources. Within these systems thaetey has been to try
and make distributed development as similar as possibleteentional uni-processor
development. The paradigm of agent-based computing arosederceived flaws in
existing approaches to developing distributed computystesns.

In the field of conventional distributed software developirees in uni-processor soft-
ware development, system designs are typically split upantumber of components
or objects each with a specified programmatic interface andtion which may be
divided among the available computing resources. Theseldis'ed components are
not endowed with any special status beyond that of a softpergram, and commu-
nication is simply treated as the exchange of structurea datr a (possibly unreli-
able) network. A particular feature of these existing apphes is that the behaviour
of the system as a whole is dependant on the components pértpwithin their
specifications.El. In contrast to this notion of regimented component behayim
multi-agent systems, it is (typically) assumed or expethead the components of the
system (agents) will embody some notion of internal auton@nd will be free to act
or perform according to their own specifications and thaseh&pecifications may or
may not be consistent with the behaviour of the agent sysgeawehole. This notion
of autonomy or the freedom of an agent to achieve its own gtesdsds us to a world
which is considerably more open than a conventional disteith computing environ-
ment, both in terms of the number and types of action whichagadable to agents
and in terms of the internal models which may be applied tocthrestruction of the
agents themselves.

it is false to say that conventional distributed computipgr@aches do not consider instances when
components may fail or act unreliably, however these itsia@re typically treated as exceptions which
must be rectified.
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The differences between conventional distributed systants multi-agent systems
may be highlighted further by examining how the introductad some degree of au-
tonomy affects the system’s ability to function as a whaeding us to the concept of
an agent society. In distributed systems it is almost usalgr assumed that the com-
ponents in the system will behave cooperatively (i.e. adlydunctioning components

will not be designed to impede the behaviour of other comptmer the system as a
whole.). In contrast most multi-agent systems relax th&iagption of component

homogeneity — the fact that agents may act autonomously anel their own goals

leads to the possibility of agents having conflicting oraiigj goals. It may be that one
agent is expressly intent upon disrupting the behavioumottzer, or that one agent
may not consider requests from another agent as being iemgdeccording to some
internal metric) enough to warrant their attention.

It is this property of agent heterogeneity which leads tortb@on of a multi-agent
society — if agents may act uncooperatively, how can delgraystemic properties
(such as the achievement of some function or goal) be maedar imposed?

In [ST92,[MT95[ST95] Shoham and Tennenholtz et al. obsédraewhen designing
multi-agent systems, the commonly taken approach of spegihow agents should
behave individually, is insufficient for ensuring the catrbehaviour of a system as a
whole which is based on those agents. Shoham and Tennentgitad propose the
use ofsocial lawswhich encapsulate the properties necessary for the cdrebetviour
of the system as a whole. These laws, then act as constraitiie execution of agents,
ensuring that the desirable systemic properties are esdofghoham and Tennenholtz
define social laws as follows (fror [STI95, page 1]):

“laws which guarantee the successful coexistence of nelppograms
and programmers”

In [ST95] the authors illustrate their approach and thatutdf such laws with an

agent-based robot simulation which we summarise here. ihin@lation consists of

an environment, represented by a finite two-dimensiond @nd a number of robots
which may move autonomously around the vertices of the dfid.is the case that

two robots move onto the same vertex then a crash occurs.t&Raleonly capable of
sensing objects in their immediate environment (on adjacertices). It is assumed
that each robot has an internal goal of reaching a partigdart on the grid and that
the robot is capable of the reasoning necessary to makenhgito that point.
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If it was the case that each of the robots is programmed iddally to achieve its
own goals irrespective of the other robots then it is cleat ttollisions may occur
when two agents enter the same square. If however robots@smmmed with some
collision avoidance behaviour (such as not moving into @ha squares if they are
occupied) then collisions will certainly be less likelyvirever they will still occur on
some occasions (for example when two robots attempt to nmiedhe same square
from opposite directions). In the second case it also besgmssible for deadlock
situations to occur where one or more robots may be unablehie\ze their goal(s).

Assuming that the system designer wishes to avoid robasamik at all cost Shoham
and Tennenholtz initially propose the following social léwom [ST95, page 8]) as a
means of avoiding both collisions and deadlocks:

Traffic Law 1

Each robot is required to move constantly. The direction ofiom is fixed

as follows. On even rows each robot must move left, while id omvs

it must move right. It is required to move up when it is on tlghtmost
column. Finally, it is required to move down when it is on eitlthe

leftmost column of even rows or on the second rightmost calofmodd

rows. The movement is therefore in a “snake-like” structared defines
a Hamiltonian cycle on the grid.

The authors observe that if this law is upheld then it becomg®ssible for agents
to collide and that regardless of other robots’ actions eabbt may always achieve
their goal eventually. The utility of the law is clear in that its imposition it becomes
impossible for some undesirable state (collisions) to ncEle authors go on to refine
their original law in a number of ways in order to take into@aat both the inefficiency

(in terms of increasing the necessary number of moves a molist make) of the

original law and a number of variations in the environment.

We make the following observations about multi-agent systewvith respect to
Shoham and Tennenholtz’s social laws:

¢ It may be the case that ensuring the correct behaviour of &-ag#nt system as
a whole is outside of the capability of the individual agenithin the system.

e Byimposing an artificial order or structure which regulatessystem as a whole
upon the individuals of the system, it becomes possiblee@tlin the above
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example) to ensure that undesirable system states aresavoid
e That the imposition of such a structure while benefiting ty&tesm as a whole,
may come at a cost to the individuals in the system.

2.3 Normative Multi-agent Societies

While the types of explicit constraints imposed on a systestdbed by Shoham and
Tennenholtz may demonstrably lead to better functionirgjesyis, this approach is
necessarily detrimental to agents’ autonomy — in their garthey did not consider
the case where it was possible for agents to violate the |anstaed. If agents’
actions must necessarily be limited in order for desirabtgerties to be maintained
we must place corresponding operational constraints oragleats’ environment in
order to ensure that these constraints are met. In resportsege constraints, many
researchers have proposed the useomativeconstraints as a means to regulate agent
societies.

Rather than expressing absolute constraints on a systematiee constraints sepa-
rateideal states fronsub-idealones and allow for the inclusion of both in the resultant
model. Where as a social law might say “property X must nesédgsold”, a corre-
sponding normative constraint might say éiightto be the case that the property X
holds” and treat all situations where X does not hold as selai

2.4 Deontic Principles

We now turn away from the utility of social regulation to th@pess by which it can be
specified and formalised. Attempts to formalise legal reaspin classical logics date
back to 1926 when Mally proposed the first formal logic fors@aing with deontic
(the study of duties and obligations) properties [in_[Mal@&erenced vial[Lok04]).
Mally’s original approach has since been refined and exetimd@ number of ways,
leading to an entire field of study. The most notable claskgic to be defined in this
field is standard deontic logic (SDL), originally due o [vW]5SDL is a modal logic
including modalityO(X ') which may be read asbligationor ought— “it ought to be
the case that X is true”, or “it is obligatory that X is true”t Airst sight it seems that
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this embedding gives us a great deal of flexibility to expoesaplex English-language
statements in a logically concise way. However on inspadtibecame clear that in
many cases, apparently simple formula may lead to countetitive or contradictory
conclusions according to the axioms of the logical system #te case of the “gentle
murder” paradox described in [F0r84].

2.4.1 Normative Positions

In parallel to the development of formal logics to descrikemtic properties legal the-
orists were also attempting to classify and formalise tipes$yof situations and legal
positions which arose within the law. Within the world of &gheory, the categori-
sation of legal positions includingower, duty, right, permissionliability, disability,
claim and immunityand the relationships between these positions, due to Hbhfe
[Hoh19], is of particular interest.

As well as serving to disambiguate legal terminology from plerspective of a human
attempting to read or write the law, these positions and #r@logues have also been
used as the basis for formalising legal language in a lodacat. In [Kan72[1Tin77]
Kanger and Lindahl use standard deontic logic to formalidesary ofnormative po-
sitions A normative position extends the conventional deontic atibdby directing
obligationsbetweenagents or groups of agents, such that (for instance) a ghieyee
tion can be said to be held by a given agent (to a given agen€ Kanger-Lindahl the-
ory and its extension by Sergot in[Ser01] considers thdiogiship between actions,
and captures many of the fundamental legal positions ifieshiby Hohfeld, allowing
one to categorise and enumerate the types of position whaghexist between two or
more agents.

2.4.2 Dynamic Deontic Logic

We stated that the formalisation of deontic properties ledstd the exposure of a
number of apparent paradoxes. In many cases these paraexatributable to the
way that actions and time are encapsulated in propositiogal. A number of logics
attempt to overcome these deficiencies by making explitdreace to the way in
which normative positions evolve over time. Of particulatenin this field is Meyer’s
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—¢
G NY » . "
6V Standard propositional connectives (proposition)
¢ — 1
b=
(o It is necessary that after executingo is true (proposition)
Q; Executex then executey (action)
a&f Executen andj in parallel (action)
aUp  Choose eithetv or 5 non-deterministically and execute it. (action)
Executea a non-deterministically chosen finite number of .
Qux . (action)
times (zero or more).
o7 Testo; proceed if true, fail if false (action)

Table 2.1: Summary of syntax of dynamic logic syntax (franaf8#, page 128)), for
action formulaey, 5 and propositional formulag and

re-formulation of the deontic logic SDL in dynamic logic [V&8,[Mey99].

Dynamic logic ([Har8%["HKTODO]) differs from classical lagg, in that it allows for
the explicit treatment of actions or events and their consrges, as well as allowing
for concurrent, sequential and non-deterministic act{@summary of the syntax of
dynamic logic is given in Table=d.1). Dynamic logic formulae divided into action
formulae which relate to the execution of actions, and theguence; and propositional
formulae which may be combined to capture complex properékating to sequences
of actions and their consequences.

Meyer's extends dynamic logic with a number of new proposgi formulae shown in
Table[Z2. As with standard deontic logic, he includes th@ons of prohibition ),
obligation (O) and permission#) (of which only one is needed to define the other
two). In Meyer’'s dynamic deontic logic, each of these deopbsitions is re-written
in terms of the performance of actions, in such a way thatwka&g action when it is
forbidden, or performing an action when another is obligedassarily leads to a state
in which the violation property” holds.
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Vv The violation symbol
F

(o) It is forbidden to dav
O(a) It is obligatory to dow
P(a) It is permitted to dax
F(a) =[a]V  Doing alpha necessarily leadsto
O(a) = F(a) « is obligatory is equivalent to it being forbid-
n den to do notx
P(a) = ~F(a) « IS permitted is equivalent to it not being for-

bidden

Table 2.2: Meyer’s deontic dynamic logic

2.4.3 Temporal Aspects of Normative Systems

Meyer’'s dynamic deontic logic represented a step forwaitthénconsideration of the
temporal aspects of obligation. However when considehegdypes of obligations we
expect to see in the real world, several problems arise. &éake for example the
obligation in Meyer’s dynamic logi¢]O(3) : “executinga leads to the obligation
to execute3” — if « has been executed then thiely non-violating subsequent step,
is the execution of;. While this may represent one valid state of affairs, initeal
we also wish to consider the case where daingeates an obligation to doat some
pointin the futurebut not necessarily immediately. Like the formulagO)(5) AO(7):
“executinga leads to the obligation to executeand the obligation to executé will
necessarily lead to a violation after the execution of

Deadlines

Many of the obligations in real life have some explicit or i deadline associated
with their satisfaction or violation, for instance the staent “you ought to take the
rubbish out” is more likely to be interpreted as “you oughtiaée the rubbish out
before the community refuse operatives artige “you ought to take the rubbish out
before the kitchen starts to smell Batian “taking the rubbish out should be the next
thing that you do” or “at some unspecified point in the future tubbish should be
taken out”.

In [DWV96] F. Dignum et al. model this kind of deadline in deigrlogic in a similar
fashion to Meyer, using a model of dense integer time (wheaétrme intervals be-
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tween time points are fixed). F. Dignum et al. use formuladeformO (¢ < a < )

to stand for the fact that whembecomes true, them ought to be done before be-
comes true, where andy are some points in time (which may be expressed either in
absolute terms or relative to some other time point, suctoas anda is an action.

The authors use this model to define two additional types ldation:

[oN
-

€

e Immediate obligationsQ!(a) = O(a < now + 1) : "Action « ought to be
done immediately” wheré(a < ¢) is a shorthand foO(true < a < ¢)
corresponding to Meyer’s dynamic logic obligations.

e Obligations allowing for more preferable actions to be perfed before the
obliged action:07(a) = O(true < aPREV(3) A PREFER(a, 3) “Action
« ought to be done before it is the case thabas been done, whehis less

preferable tax”

Additionally there as an operator for describing recurhjgations which we do not
discuss here.

In [DBDM0O4] V. Dignum et al. introduce the synta®(« < ¢) for obligations based
on deadlines, which states that “It is obligatory foto occur befor&” where botha
ando are actions. In this case a violation occurs in cases wherelthgation holds
andJ occurs beforev. The authors investigate the notion of exploiting deadlitee
express obligations by showing that a number of the paradpresent in SDL do not
manifest themselves when represented in the form of dessdlin

The key observations which we make about the use of deadtinepecifying deontic
properties are summarised as follows:

e In contrast to Meyer’s approach deadlines allow us to regmesiultiple depen-
dent or independent obligations at a single point in time.

e When combined with a notion of preference conflicting oldiigjas can also be
accounted for (as is also the case in the work of Chlovy anc€upin [CCT])

¢ Deadlines make obligations decidable: If we assume thatehdline event will
eventually occur (which is true in the case that the deadiimespecific point in
time) then it will always be the case that we will eventuakydble to determine
the status of the obligation.
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Norms in Temporal Logics

Temporal logics [[Pri57,_Pnu¥7]) have been developed asansor representing
temporal aspects of systems and a number of languages hewalbined, based on
existing temporal logics, to capture normative properties

A key benefit of temporal logics is the ability to capture in ecldrative form, not
only particular states of the world (as in the propositidogic for instance) but also
sequences of events or actions and the states which ocewedrethem. In the case of
branching temporal logics such as computational tree Iggjid.) [CES86] and”' T L*
the possible states of the world are viewed as a tree whiagithes from the current
state into the future, according to which actions have bgeawged, and formulae may
be quantified by whether it is true in the next state, in atestap until a given formula
holds true, in any future state and all future states.

Variants of the temporal logi€'T' L* are used by both Veridicchio and Colombetti
in [VCO3] and V. Dignum in|[Dig04, chapter 4, pages 99-11BIBDM04] to capture
normative specifications of multi-agent systems. In bottesaemporal logic formulae
are used to capture the instances in time when agents hdagda@and complied with
a given norm.

2.4.4 Abstraction and Norms

A key question in addressing normative systems is, at wival do we specify the
norms? For instance, the norm “you ought to be good” repteszrhigh-level of

abstraction in comparison to the norm “you ought to put thddish out before 8am on
Tuesday mornings”. F. Dignum addresses this problem inQBjignd identifies three
broad classes of norm specificity:

Abstract Norms Abstract norms represent the statutes, values and (pedjeverall
objectives in a society. Dignum summarises abstract nonons (from [Dig02,

page 7]):

1. They are referring to an abstract action that can be imgheed in many
ways
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They use terms that are vague and that have to be definactstypa
They abstract from temporal aspects

They abstract from agents and/or roles

o A DN

They refer to actions or situations that are not (dirgabntrollable and/or
checkable by the institution

Concrete Norms Concrete norms represent the explicit codification andnalsgua-
tion of the abstract norms. Dignum summarises how the abspects of ab-
stract norms may be realised: In the case where abstracsmefer to abstract
actions, these must be grounded to “real” actions. Onto&dgimbiguities must
be resolved into decidable specifications. Implicit aspedtabstract norms
must be made explicit and codified. The agents and/or rolesamt to the
abstract norms must be made explicit. Finally, un-cheekablun-controllable
aspects of norms must be examined and assimilated withreartstwhich may
be checked.

Procedures In order for the specified concrete norms to have any effieetetmust be
mechanisms in the environment (institution) which allowtfeeir enforcement.
These procedures may include operational constraintsemsi@ctions, as well
as rules governing how and when normative states should teendeed, and
protocols for addressing violations and imposing sanstion

It is clear, at least to humans, that norms have some meanial) three of these
levels, and that in our everyday life we use all three clas$specificity, for instance,
in the case of “you ought to be good” we might consider “kiglsomeone” a concrete
representation of a violation of this norm, and “being serprison for life” as valid
procedure for the enforcement of this norm.

[Sal03,[GD04] investigate this taxonomy of norms in moreadetind discuss how
norms may be translated from higher levels of abstractitmimplementations.

2.5 Social Semantics for Agent Interaction

Within agent societies we assume that certain informasshared and mutually un-
derstood by agents participating in the society. Researcdgent communication has
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focused on the creation of ontological descriptions of dosasing languages such
as DAML [dam&] and OWL[[danib] to define common concepts araticiships be-
tween them. In the same way, within societies, there is a teedtablish a similar
level of mutual understanding in order for agents withinisties to communicate ef-
fectively.

Social semantics can be considered as the set of mutuallgrstodd, mutually
adopted rules which form a necessary basis for the inteffpwatof regulatory aspects
of the system.

Within philosophy, in [Sea95] Searle gives an account inclvHacts which may be
held to be true by participants in a society may be broken doten brute factswhich
follow from a common-sense understanding of the world {tlee cup is on the table”,
“the earth is spherical”), and those facts which are crebyea society (i.e. “Ben and
Sam are married”). The latter class of facts, described layl&asinstitutional facts
only have meaning within a given context. Brute facts areeplable and institutional
facts are not, so how do institutional facts come into beiggarle accounts for the
creation of institutional facts by defining the notion o€anstitutive rule which de-
scribes when doing an action in one contestints agperforming another action in a
second context. By taking the physical world as the first exinand defining when
the presence of certain states or the performance actidhs physical world count as
the presence of certain states or the performance of cextéions in the institutional
world institutional facts may be created.

2.5.1 Social Semantics vs. Mentalistic Approaches

Much of the work on creating rational agents has focused emtbdelling of agents’
internal mental states, and attitudes, for instancein [REZL9%5] Rao and Georgeff
describe how an agent’s attitudes may be decomposeddatiefs desiresandinten-
tions In [[CL90K,[CL904a] Cohen and Levesque propose a correspgrapproach
for addressing the semantics ajent communicationFounded on speech-act the-
ory [Aus62[Sead9], their approach associates a commivgaaition between two or
more agents with some assumed mental state in the sendes{lailiey precondition)
and a change in mental state in the recipients of the comratioic(a rational effect).

This mentalistic approach forms the basis for the FIPA agemtmunication language
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[Fou00], however a number of criticisms have been raises [S@98 [ Woo98, PM99,
' Col00] for some examples).

We summarise these as follows:

Assumption of Common Rationality The mentalistic model assumes a common ra-
tionality for participating agents, in order for a stablensatics to occur each
agent must interpret each communication in a uniform waydrad/ the same
sorts of conclusions about the intended meaning of that aamative act.

Verifiability A perhaps more serious problem with accounting for spedshraterms
of mental states occurs when we consider the problem ofywegifwhether or
not the speaker truly held the necessary preconditionsein thental state im-
plied by when they issued the message.

Models of normative aspects of agent systems based on seomntics (rather than
mentalistic semantics) address these deficiencies. Thedelsiimit the interpretation
of the semantics of interaction to properties which may bévdé from the point of
view of an external observer. Using social semantics forroamication removes the
de-facto need for agents to have to reason about other agearttal states directly; for
example in the case of an auction room, where an agent issbabs anessage: In the
mentalistic approach one might suggest that the bid repredean agents intention
to win the auction, in contrast in the social model we mighmdy imply that the
occurrence of a “bid” message simply binds the agent to paptite they have bid.

2.5.2 Constitutive Aspects of Normative Systems

As we have observed, Searle’s account of institutionasfaot brute facts leads to the
guestion: how do the latter class come into being? Seartaiats for this relationship
with the notion of “counts-as” whereby real-world actiomslatates can be considered
to bring about institutional actions and states.
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Actions and Conventional Generation

In his study of the philosophy of actioh’[Gol76], Goldman cldses an account of
action generationwhich corresponds to this relationship for actions anahtszeGold-
man provides an account|[Gal76, page 22] of four cases witticna in the real world
may be considered to generate actions in another (instialtcontext) as follows:

Causal Generation An agent performs some action (in the real world) which gener
ates an effect (i.e. John flips a light switch, which causeditiht bulb to light
up). This effect then causes the generation of a correspgradition in the in-
stitutional world (John turns the lights on). It should beetbthat it is not the
flipping of the switch itself which is associated with the geation of “turns the
light on” but any action which brings about the lighting oétlght bulb.

Simple Generation An agent performs an action in a given context and this, by its
nature, generates an action in the institutional world.sTgeneration may be
conditional on some state of affairs in the first context.

Conventional Generation As with simple generation, but the generation is condi-
tional on some property in the first and/or second contegt. moving a piece
in chess generates a check-mate, but only if the move antigroare valid).
In the case of conventional generation the condition foregating the resultant
action in the second context may be seen as a social conmentio

Augmentation Generation Where an event is generated which elaborates on the
event from which it is generated. In this case the generatedtes fundamen-
tally linked to the meaning of the original event. Goldmatesithe example of
“John ran quickly” as an elaboration on the event of “Johri.ran

Goldman’s approach is relatively broad, and uses the natiayeneration between
actions to account for a number of different types of relahips between actions. In
many cases it is not clear, or it is debatable which type okgggtion is occurring, in
some senses this stems from the fact that Goldman was tryiogpture a definition
of human action where such ambiguities are often present.

The most important type of generation recognised by Goldfoathis work, is that
of conventional generation, in this case the basis, or thesnwhich define a given
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relationship between two or more actions originate in theetp in which the action
occurs, and are comparable to the types of social norms watarested in.

Institutionalised Power

The relationship between brute fact and institutionali@entified by Searle and others
is accounted for formally by the notion ebunts-asn [JS96], which corresponds to
Goldman’s notion of conventional generation.

In their formalisation of the notion ahstitutionalised powein [JS96] Jones and Ser-
got argue for the necessity of distinguishing between:

i) legal power

i) the physical capability to carry out the acts necessarytie exercise
of legal power, and

iii) the permission to carry out those acts.

Institutionalised power acts as a constraint on the geioeraf actions, and can be
viewed as the dual of capability in the real world. Just ashareal world we may
be concerned with our capability to directly bring about sostate of affairs, in the
legal (“institutional”) world we should be concerned abaten the creation of certain
states is considered valid. In contrast, permission isgaddent of capability as an
agent may be permitted to perform an action for which theyrateempowered or
likewise capable of doing an action which they are not pdedito do.

In [JS96] Jones and Sergot use the notion of institutioedl{gower as a means for
modelling conventional generation; using the logic of@ttl,. This logic accounts
for the notion of agency by allowing the association of amageéth performance of a
given action or the creation of a given state of affairs. |gsims logic Jones and Sergot
formalise conventional generation witltaunts-a®perator which formally allows for
the definition of conventional generation.
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2.5.3 Commitment-based Approaches

The notion of social commitment, first introduced in the extbf multi-agent systems
by [Cri95] has been used extensively to model the types oftileproperties we are
concerned with in this dissertation.

Commitments are applied practically to the field of multeagsystems by Singh et

al. in [SIN99/VS9B, SinC0, YSOZ, CS03].

Singh defines a commitment N [SIN99] as a 4-tul¢x, b, G, p) wherea, b are agents

— the debtorandcreditor respectively is a group of agents — theontext group
andp is a proposition — thelischarge condition The presence of a commitment of
the formC'(a, b, G, p) may be read as “Within social group G, agent a is committed to
agent b to bring about p”.

Singh defines a number of primitive operators for the creatisscharge, cancellation,
release, delegation and assignment of commitments witeotel group and relates
how (many of) these may be associated with speech acts. gathe paper Singh also
shows how many normative positions such as pledges, ougttisps and conven-
tions, may be naturally represented (at some level) by caments, and how sets of
commitments may be grouped and associated with roles (stied2.6.1, pagE44).

While commitments are flexible in many ways, in some casesiskeeof such a low-
level approach does not allow some normative scenarios taybeired. A particular
instance of this occurs in the case of collective commitmastidentified in[[PJ0O3];
in some cases we wish for a group of agents to be committecetachievement of
a goal as if they were one agent, such that any agent fulfittveggoal is sufficient
for each and every agent to be dispensed of its commitmenileWhs possible to
commit each agent individually to the achievement of a goabingh’s account of
commitments, this is not the same as a collective commitjreenthe fulfilment of
the collective goal by a single agent leaves the remainirenisgcommitted to the
achievement of the (now satisfied) goal.

The notion of commitment is also used in the context of etettr institutions by

Fornara, Vigano and Colombetti in [EVC04, VECO5, VECOG}. this case commit-

ments are used as the basis for describing the semanticef @gnmunication lan-
guages. Unlike Singh’s approach to commitment, the auttioestly account for the
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notions of conventional generation and empowerment (whhely termAuthorisa-
tion). In this ontological approach to the definition of commuation frameworks,
abstract communicative and normative actions can be tiedriorete communicative
actions withcounts-agelations. This approach is similar in many respects to e a
proach we take in ChaptEr 3.

2.6 Pragmatic Issues in Normative Multi-agent Sys-
tems

The idea of building agent systems which capture some nofigrhat we as humans
would call a society has been studied extensively, and hragefd the basis for a large
part of current research into the engineering of multi-agsstems. The notion of
agent societies stems partly out of the desire to build systehich embody many
of the perceived benefits of human societies (such as gereddtwealth, economic
efficiency, robustness in the face of a number of possiblerés) and partly out of the
wish to integrate agents systems with the rapidly growirigl@ishment of electroni-
cally based human societies associated with the growthedftiernet.

2.6.1 Social Structure

Many approaches to engineering multi-agent systems takei¢hw that within these
systems it is beneficial to establish some form of sociatstine by classifying agents
according the roles which agents are expected to play. Radsitications are used in
methodologies such as Gala [WJK00, ZJWO03] and others [GKMIRAO1, Dig04]

in an analogous way to classes in object oriented programnttach role embodies
some prototypical elements which agents fulfilling thaterate expected to embody,
or fulfil through their behaviour. Additionally roles can bsed as a means of coarsely
classifying groups of permissions, obligations and in§thal powers in such a way
as to limit the need to reason about these aspects outside s€bpe of agents partic-
ipating in a given role.
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2.6.2 Open vs. Closed Societies

The study of agent-based systems has led to a great deal efstiaualding about the
way in which agents may be built in order to go about theiribess and achieve their
goals, however a number of assumptions are often placeer @thother agents in the
system (such as reliability or veracity), or on the enviremtnor system in which the
agents act or operate.

In everyday human existence the only definite limit on ourateigies is that placed
on our physical forms by the world — in essence we are free t@asaave choose.
In artificial societies and multi-agent systems as a whoie ¢nvironment and the
constraints it places on an agent’s execution are lessdeéithed. While it is possible
to specify that the agent is free to do as she pleases witailmtlits of the computer or
network in which it is executing, this property poses a nundeignificant problems
when it comes to actually building agents. In answer to th@sélems, designers
of agent systems must typically make assumptions aboutaoe gonstraints on the
underlying environment in which their agents operate.

In [Dav00,[Dav0ll] Davidsson studies these types of comgiram the context of arti-
ficial societies and produces the following broad taxonoamekisting approaches to
the development of agent societies:

Open Societiesare those societies in which agents are free to join the soasethey
please (simply by communicating with other agents) and evtliere may be
a common communication language or limited set of socias@nd regula-
tions there are no other implicit boundaries to agentsratgons. In this case
we must assume no implicit guarantees of agent reliabtliagtworthiness or
veracity. Open societies have the property of allowing agteal of agent free-
dom (i.e. anything the agent is capable of is possible in tlogesy) at the cost
of reliability and internal complexity of the participagragents. In order for
an agent to participate effectively in such a society it nhestapable of deal-
ing with other agents’ malicious, unreliable or simply upegted behaviours as
well as being able to reason in an open way about how its owavietr will
effect the system.

Closed Societiesare those societies in which the agents participating instieeety
and the constraints on the system are strictly defined ajésie. As Davidson

points out in[DavOl, page 4]
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The MAS is designed to solve a set of problems, specified bydbie
ety owner. The solving of these problems is then distribbetgdveen
the agents of the MAS.

Closed societies can be seen as an extension of existingpdist computing
techniques, with the process substituted for agents. @ksaeties have the ad-
vantage that, as all properties of the system are desigrklearce known a pri-
ori, many difficult problems in agent reasoning can be elated. For instance
we could make the assumption that all agents behave rdiaarad truthfully,
or that the environment makes it possible for agents to ebsarery event and
state of the world. Such assumptions make the problem ofaleing the agents
themselves much easier for a designer, at the cost of gépenadl the potential
for future changes to the underlying societal structure.

Davidsson goes on to define two further refinements to theecabmdels:

Semi-open Atrtificial Societiesare societies where agents may enter the society, but
may be subject to certain constraints imposed by that so@ed where the
environment in which they operate is tailored to the enforeet of these se-
lected constraints. The society itself still consists cérdg communicating au-
tonomously, and individual agents will still be able to aclitiously, however
such behaviours may be detected by other agents with theohéte environ-
ment. Davidsson argues that semi-open societies onlytlfiiimit the capa-
bilities of agents in comparison to truly open societies] #mat making the
boundary between the society (and environment) well-défedows design-
ers to focus on the underlying issues of goal achievemeheiimiplementation
of agents.

Semi-closed Agent Societiesre the final type of society which Davidsson considers
and are those in which the society itself is closed (i.e. ypes and behaviours
of agents defined in the system are fixed a priori) but extegahts may interact
with members of the society or with each other via some eatenterface to the
society. In this case, the behaviours of some agents (thsgieithe society) is
fixed and known, leading to much greater potential for siiglaind reliability,
while the behaviours of those agents outside the sociesfti®pen. In semi-
closed societies the types of behaviour possible withirhaosugh interaction
with the society are fixed, so there is defined scope for agetetscting outside
of the limitations defined within societies. The semi-clbe®del for societies is
particularly appropriate in cases where some parts of tkeathsystem require
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the properties of the closed model (Davidsson cites an ebeamfip travel agency
for booking flights) while other parts are better left as arropystem.

The reality of how open a given society will be depends largel the choices of its
designers and implementers. That said, it is clear for thgefaclass of normative
systems, more open models tend to be closer to our intuitidenrstanding of social
systems in the human world. We do not adopt a particular modélow the societies
we are interested in specifying in this thesis should be @mgnted but these factors
must be taken into account.

2.6.3 Life-cycle

An important question in the consideration of normativetsys is how and when
norms or groups of norms come into being or cease to have ext eff

In the human world, many institutions such as contractse eadistinct life-cycle:
they are created when the contract is signed, and the cehagda@ny force when the
contract is dissolved. In contrast, institutions such addiwv seem to exist indefinitely.

Marin and Sartor analyse this problem In_[MS99a] where ttmysider the concept
of a norm’sexternal timeas the interval in which a norm is applicable (i.e. when it
may have some possible effect) andiitgernal timeas the time in which the norm’s
conditional effect actually comes into force. Their apmtoéwhich is formalised using
the event calculus) can be summarised as “wrapping” aniegisbnditional norm
with an interval stating when that norm may have an effect.

2.6.4 Violation, Enforcement and Sanction

A lot of work has focused on the representation of norms agdlagions, the focus
of much of this work has dealt with the problem of how you aigtiish between sit-
uations in which agents are in compliance with or in violataf these norms. An
important question which follows from this is: Once you knthat an agent has vio-
lated a norm, what do you do about it?
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The processes for enforcing contracts in human societeesyaically broken down
into two distinct processes which may independently or ecafpvely support the en-
forcement of the terms of a contract.

Private Enforcement

The first of these processes, typically call@ivate enforcemenin contract law de-
scribes processes by which a wronged party (that is, a pgaiyst whom a violation
has occurred according to the terms of a contract) mighglalvout sanctioning the
violating party through their own action. In the most geiheese the wronged party
might simply adjust their future behaviour to reflect a lovegpectation of compli-
ance with future contracts with the violating party. Thisnfoof reputation-based
enforcement has formed the basis for the formation of saMracts on sites such as
eBay, where despite the presence of a limited framework®public enforcement of
contracts buyers and sellers use reputation informatitenskely to make decisions
about whether to engage in sales.

Trust and reputation in distributed systems have beenesdugitensively in the con-
text of multi-agent systems and other distributed comguénvironments,[[RHJ04]

contains a good overview of the state of the art and curresgiareh questions. The
key concept in systems incorporating models of trust andtegjon is that agents’ past
performance can be used to build a model of their expecteddyterformance, these
models may then be used by individual agents to make desisioout how to act with

respect to these agents.

The formulation of models of trust can be viewed as an agesigdeproblem, as
decisions based upon these models are the responsibiéigeots making them. There
is however a relationship between broader multi-agenegystengineering problems
including those relating to institutional multi-agent ®ms discussed in this thesis. In
order for agents to form models of trust it is necessary fos¢hagents to be aware of
when other agents have failed to meet up to expectations.

In the context of regulated multi-agent systems, privat®reement does not rely
on external descriptions of sanctions, as sanctions aresetpindirectly by agents
through their own actions (or using independent mechanfemaggregating reliabil-

ity information such ag[SSD1]). An advantage of privateoecément is that agents
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may decide for themselves if a violation by another agentukhtead to that agent
being sanctioned and how severe that sanction might be.eCaely, private enforce-
ment has a number of disadvantages, firstly in order for garecto have any effect
it must be assumed that agents will participate in futureraxttions with the violated
agent or society (in the case that negative information eitv@uagent’s performance is
disseminated), while this might be reasonable for humareses the transient model
of identity (agents may typically discard an identity whishassociated with a poor
reputation and assume a new unknown one) and the fact tlsatitlikely that there
will be a single society of agents (agents may cease integast one society and
move to another) both mean that sanctions may go effectivelgnforced. Private
enforcement also limits the strength of sanctions to thogleimthe powers of vio-
lated agents, the purpose of sanctions may be seen as twofoltie one hand they
discourage violations of norms, on the other they may alsasled to restore some or
all of the cost to the violated individual or society of thegimal violation. In private
enforcement, because violated agents have no power ovatingpagents other than
to affect their future interactions restorative sanctiatlsbe difficult to impose.

Public Enforcement

Whereas private enforcement relies heavily on the capéaitagents to both form
models of other agents’ behaviour and select actions bas#tsee modelpublic en-
forcementvorks by making explicit the sanctions for violating regidas. By incor-
porating sanctions explicitly as actions into the deswi it should become possible
for agents to reason directly with some degree of confidehoatahe effects of their
own or other agents’ violations.

In the case of private enforcement the violated agent isoresple for bringing about
the sanction against the violating agent (by for instanégsreg to interact with that
agent in future, or informing other agents of the violationpublic enforcement the
sanction may be imposed by a third party agent against thatiig agent. Examples
of this kind of enforcement in human societies might inclfides or imprisonment
imposed by judicial bodies.

Public enforcement poses a number of questions with redarttee implementation
of sanctions,
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e Who is responsible for enforcing the sanction?

e Once a violation has taken place, can the sanction for tledation effectively
be imposed, regardless of the actions of the violating dgent

A number of possible solutions to the second problem are insedman societies.

A commonly found example in human contracts occurs wheretisesome degree of
uncertainty about one party’s possible performance in éiméract and a solution is to
include some form of deposit.

1. Alice and Bob agree to interact according to some contract

2. Under this contract Alice pays a deposit of 100 Groats tio 80a deposit against
violation.

3. Alice violates the terms of the contract, and is liable sgaaction of 50 Groats.
4. Bob deducts this from Alice’s initial deposit.

5. Upon termination of the contract any remaining deposgitsrned to Alice.

Assuming that the contract is upheld correctly by Bob, \tiolas for which the sanc-

tion is paying less than or equal to paying the remaining di¢égan always be upheld
by Bob. However, in the case that Bob does not comply withéhms$ of the contract

Alice has no capability to either recover their deposit opase any financial sanctions
against Bob.

Another more typical approach to public enforcement is tiegkge the power of en-
forcement to a third party agent or set of agents who always kize capability to
sanction parties in the case of violation. This model is mio#ne with the way that
human contracts are typically executed where violatioreoimtracts may be enforced
through civil courts which have explicit powers to imposatract sanctions.
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2.7 Approaches to Specifying Normative Systems

In this section we present relevant existing approachele@toblem of specifying
normative multi-agent systems.

2.7.1 Thee-Institutor Framework

The objective of the-Institutor framework is the construction of agent-meelb¢lec-
tronic institutions (they use the term from_[Nof91]). Tharfrework consists of a
formal specification of electronic institutioris [JRACT, EPISIERAS 01]], a tool (IS-
LANDER) for editing these specification5 [EJICS$02] and a-tume environment
(AMELI) for the execution of agent systems based on theseifsgations: [MJBJOK].
The key components of specifications in this framework maguremarised as:

Roles A set of Roles, which are divided into Institutional rolesldxternal roles, and
a role hierarchy, which denotes when two or more roles canflic

Dialogic[al Structure] A dialogical (or dialogic) structure , contaigia set otonver-
sation protocolgMPRA9Y,[RA01] which define how agents may interact with
one another, these are expressed in terms of finite-stateimeac Transitions
indicate when agents assuming particular roles may conuvatei

Performative Structure A performative structure, which divides the institutiorian
sceneseach of which refer to a conversation protocol in the dielalgstructure.
Scenes in the performative structure are linked by tramsstiwhich indicate
when agents may enter and move between these scenes.

Norms A set of norms. Norms in the lstitutor are expressed as a form of condi-
tional obligation directed toward a particular agent. Armd in the framework
consists of: amntecedenivhich describes when the norm is triggered antta
feasible antecedenthich describes when the norm is satisfied. Both of these
are expressed in terms of communicative acts within a gigenes

The implementation of the framework ([MJBJ04]) acts as aiatezh environment,
enforcing norms and protocols on behalf of agents particigan the system, this is
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Figure 2.1: Relationship between agents and governor&iARELI framework

done through the implementation gbvernor agentseach of which acts as a media-
tor in the overall system on behalf of an agent (see Figulefébin [MJBJ04, page
2]). The governors themselves enact a closed multi-agete¢sy(following specific
protocols deterministically) in order to ensure that Vilas of protocols are noted
and sanctions are brought into effect. Agents may “join” éngironment at will by
connecting through a governor, navigate the performativesire, interact indirectly
with other agents who share the same scene, and leave whaiitpdrto by current
obligations and their position in the performative struetu

The following observations may be made about the framew®he execution envi-
ronment (described in [MJBJ04]) unconditionally enforbesh the conversation pro-
tocol rules, and the obligations entailed by norms of thétunson, while violations
are detected at the interface to the system, their effeattipaissed on. In essence it
is impossible for agents to either deviate from the prescriimteraction patterns or,
more importantly effectively violate any obligations thHegve acquired — in the case
where an agent attempts to perform an interaction which avieald to the necessary
non-fulfilment of an obligation, the effect of the interaxtiis blocked. In this sense we
would consider what the authors call norms to actually bepa tf constraint. Finally
the types of norms which can be represented within the fraorieare limited to those
which can be expressed as conditional obligations overcépeets within the language
of the conversation protocols, this in itself is reasongtdsvever it significantly limits
the overall expressiveness of the normative language.
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2.7.2 OperA

In [Dig04] V. Dignum describes a framework for specifyingyanisations founded on
the concept of a social contracts.

The formal basis for these contracts can be found_in [DMDW@B¢re Dignum de-
scribes the language LCR (discussed in Sediion]2.4.3, [pAgeaB extension of the
temporal logicCT'L* including deontic properties and a mechanism for reasoning
about agents’ actions.

The OperA framework is composed of three components:

Organisational Model The organisational model accounts for the underlying abstr
specification of an organisation, it consists of: a spedifioeof asocial struc-
ture, describing the types of roles which are available to agentee organi-
sation and the dependencies between them, amgt@maction structurewhich
acts as a template for the possible interaction of agentsrasg those roles.
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The interaction structure is similar in nature to thénstitutor framework de-
scribed above, in that the possible interactions betweentagvithin the organ-
isation are decomposed into a set of scenes, each contaiuagsible type of
interaction. These scenes are connected in such a way thatsagay move
between them in order to achieve their goals.

In contrast to conversation protocols in thénstitutor framework, interaction
within OperAs scenes is specified usitgndmarks Landmarks (based on
[KHCMOZ])) can be summarised as a set of partially orderectrifgsons of
the necessary and/or desirable intermediate states thsehigh an interaction
must travel in order for it to achieve one or more results. draarks allow
for the specification of the results pbssibleinteractions without prescribing
exactly how those results should be brought about.

Social Model Roles in OperA are specified ascial contractsin such a way that the
process of an agent adopting a given role is equivalent toatpant adopting
the terms of contract associated with it. In the case of Opargocial contract
outlines an agent’s responsibilities within the framewankluding their obliga-
tions and permissions with respect to interaction withenss of the framework.

Interaction Model Scenes in OperA, are abstract entities in so as they omiixee e
details of how the objectives of the scene should be achiekedrder for in-
teraction within a scene to occur, agents (or designers) dacsde on a definite
protocol to enact within the scene (ensuring that such aopobtorings about
the necessary intermediates states described by the stam#rnarks). Dignum
suggests a number of alternatives for determining the potgowithin scenes,
including on-the-fly negotiation by the agents about to etteescene.

The relationship between these different models is shoviaigare2.2.

V. Dignum’s work provides a holistic approach to the speatitns of organisations,
allowing for a high-degree of generality in both the way tin&tractions are specified
and regulated, and in the way that those interactions ar@osed and enacted through
the roles of the organisation. The model which is proposes aot focus specifically
on how it should be implemented, while it is true that the falisation of contract
using temporal logics leads to a semantics which could kepréted in a running
system, the model itself does not prescribe how such a sysiigimt be built, or the
contracts enforced within it.
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2.7.3 Artikis et al.

In [Ale03,[ASPO3B] Artikis et al. address the problem of ddsiog executablespec-
ifications for normative systems. Artikis takes a formal mgeh, building on the
work of [Ser01[JS96] to show how normative properties suebldigation and in-
stitutional power may be expressed and understood in tefriteaelativised action
logic E,. They go on to realise examples of operational specificatarsuch proto-
cols which may be interpreted using the event calclilus [ 886 the action language
C+ [EJVT04] (discussed below in Secti@n 2110, pége 80). Artikis gieramples in
[Ale03] of how roles, obligations, permissions and ingtdoalised power may be for-
malised in the above systems, how specifications based a@vém calculus may be
executed (visualised in situ), and finally how specificatiorC+ may be analysed and
gueried using the Causal Calculator (a tool for analysingetsowritten in a subset of
the action languagé+ ).

Their work focuses on the modelling of normative protocalsfined in terms of ac-
tions which are observable in the real world), and shows Hwgd models may be
enacted as specifications for a variety of offline and a smeilver of online cases.

While their work does include a formalisation of institutedised power, based on
the work in [JS96], it does not consider conventional getiemaexplicitly, instead
they assume a model where every institutional action cpomss to exactly one real-
world action and the relationship between the occurrendbefeal-world action is
constrained through the notion of institutional power — plogver for an action to be
performed effectively.

2.8 C+(tH)

Related to the work of Artikis et al. is the action languayelt*) described by Ser-
got in [Ser04].Cc+**) is defined as an extension to the causal-theories-baseuh acti
languageC+ (discussed in Sectidn 2110 below) and includes the notibosunts-as

(in a related form to that described by Jones and Sergot B6JJS As well as the
mechanism for specifying when states or actions are pexhdt forbidden. Sergot
defines the semantics 6f-(**) in terms of transition systems, but also notes that they
may be translated back into the underlying logic of causplamations used by the
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C+ language. This latter translation (in theory) permits a piag fromC+™+) into
the C+ language, allowing problems to be solved and reasoned ®weg the SAT-
based CCalc reasoning tool designed for@relanguage. At present no implemen-
tation of C+(*++) exists, however a number of the features of the languagecanet-
strated in the work of Artikis above.

2.9 Answer Set Programming

Answer set programming (Aﬂ’)s a declarative logic programming paradigm that
admits reasoning about possible world views in the absehceroplete information.
Due to its formal semantics, and combined with efficient tstigrsolvers, answer set
programming provides an excellent basis from which derimedels may be queried.
We use ASP throughout this dissertation and give an overeoiethe syntax of the
language, its semantics and the tools which may be usedve answer set programs.

As with other logic-programming techniques one of the peezkadvantages of using
ASP is that its rigorous and formal semantics allow us tooe@s a formal and useful

way about the semantics of programs. In essence an answaogeam can be seen
as a formalisation of the underlying reasoning problemsroin right, with the ad-

vantage of being able to execute this formalisation digattiough the use of answer
set solvers.

ASP is a powerful and intuitive non-monotonic logic programg language for mod-
elling, reasoning and verification tasks. One common qoesisked of researchers
working on non-monotonic logic programming systems suciA@R is ‘Prolog has
been around for many years and is a mature technology, whysitise that?’. The
short answer is that Prolog has a number of limitations botboncept and design
that make it unsuitable for many knowledge representatioh’r@al world’ reasoning
tasks.

As with comparing any languages or language paradigms thes&ees here are suit-
ability and ease of expression in the problem domain in dquest

2Also referred to in the literature as AnsProlog, A-Prologs&et-Prolog, and Extended Logic Pro-
gramming
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Negation is problematic in logic programming languages Rralog is no exception.
A variety of different mechanisms for computing when the atemn of a predicate
is true and a variety of different intuitions of what this meahave been proposed
[Den03]. The most common approach is to compute negatioailesd, i.e. not(p)

is true if p cannot be proved using the current program; and to charsetdris as
classical negation i.e. every proposition is either truiatse and cannot be both. This
combination creates a problem referred to as the closedh@sdumption when using
Prolog to model real world reasoning. By equating negatsfadure with classical
negation anything that cannot be proven to be true is knowretéalse, essentially
assuming that everything that is known about the world igaioed in the program.

In contrast the semantics used in ASP naturally give risevto different forms of
negation: negation as failure and constraint-based reegalegation as failure, (i.e.
we cannot prove to be true) is characterised as epistemic negation, (i.edoveot
know p to be true). Constraint-based negation introduces cantdridat prevent cer-
tain combinations of atoms from being simultaneously truany answer set. This
is characterised as classical negation as it is possiblestepta and—a both being
simultaneously true, a sufficient condition for modellingssical negation. This is
a significant advantage in some reasoning tasks as it alleasoning about incom-
plete information, and is supported by the intuition thatiél not know that P is true”
(auto-epistemic negation) and “I know that P is not trueasgsical negation) are fun-
damentally different. Critically the closed world assuroptis not present in ASP, as
negation as failure is not associated with classical negati

One key difference with Prolog is that the semantics of ASRinadly give rise to
multiple possible world views in which the program is cotesié. The number and
composition of these varies with the program. This type asoming is indirectly pos-
sible in Prolog using the cut operator, however this presgsnbwn problems and can
lead to confusion as the multiple possible views may manifesmselves differently
dependant on the query asked (due to the procedural natprelofy rules). In ASP
terms Prolog would answer a query oras true if there is at least one answer set in
which a is true. However there is no notion of in which answer setithisue. Thus

a subsequent query éimight also return true, but without another query it would no
be possible to infer if: andb could be simultaneously true.

In Prolog the language used for querying a knowledge basmisgy linked with the
language that is used for representing the knowledge basewl€dge is essentially
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stored in the form ‘to answer a question about X we must anspestions about Y
and Z' (notated asY : —Y, Z.). In ASP there is a strong distinction between the
two: The program itself is used to generate answer sets,enguery language then
constrains these to only those which are consistent withgtlery. The separation
helps clarify the conceptual difference between représgior manipulating data and
guerying it. It also allows the query semantics to make fa# of the multiple possible
world views provided.

ASP is particularly suited to model-based reasoning. Arwanset programming
problem typically starts with the definition of a domain aass of problem about which
we wish to reason. Such definitions (written as answer-sgrpms) are constructed
in such a way that each possible world in the domain corredptman answer set of
the program. Queries may then be constructed over this doimarder to determine
if particular models are valid according to the definitionéogending the program to
limit the answer sets produced to those which match the radelare interested in.

The ability to perform model based reasoning is not an exaysroperty of answer
set programming. For instance, in first order logic, a givemaence may have many
models with which it is consistent. ASP is unusual in thaikenfirst order logic, it is
associated with a practical problem solving framework asetaf tools which may be
used to automatically solve real-world problems in reabtsname. While first order
logic is considerably more expressive than ASP (allowirg eékpression predicates
with infinite domains, for example), this expressivenesamsehat existing tools for
reasoning with first-order systems typically require hurmdarvention either in the
process of specifying problems or in order to prove propstaibout them.

Answer set programming has been successfully applied inad@mrsuch as plan-
ning [EELF02a,[Lif02], configuration and verification [SN99], supetimisation
[BCDVEQQ], diagnosis [[EELP99], game theory [DVV99] and mMaigent sys-
tems [BGOD, [BGO2/ DVV04/ BC05,_CDVPO6c] wherE [BCA5, CDVEDGIse
answer set programming to reason about the behaviour of @ grbagents, while
[BGOU, [BGO2,[DVV04] use the formalism to model the reasonagapabilities,
knowledge and beliefs of a single agent within a multi-aggistem.
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2.9.1 ASP Syntax

A number of syntactic variants of ASP exist — the broadest bictv is referred to
as AnsProlog* (using the notation of [Bar03]). Within this dissertatioe Wimit our-
selves to the use of syntactic and functional subgrougrofProlog*, referred to as
AnsDatalog™ which we describe here.

The language of an ASP program consists of a set of consiargst set of n-ary
predicates, a set of n-ary function symbols and a set of biasa

Constants are expressed as a sequence of charactergystattira lower-case letter.

Variables are expressed a sequence of letters startingawitipper case letter. N-ary
predicates are expressed as a sequence of characters@dieapg name) starting with

a lower-case letter followed by a bracketed list of zero orerayguments. In the case
that a predicate has zero arguments, the brackets are dniitary Function symbols

are expressed as a sequence of characters starting witleadage letter followed by

a bracketed list of one or more arguments.

The above alphabet forms the basis for an ASP program. Tpiebet used to the
define terms, atoms and rules which make up a program.

Terms in ASP are recursively defined as follows (frém [Bagixgye 9)):

i) Avariable is a term
i) A constantis aterm

i) If £ is an n-ary function symbol and, ..., t, are terms theri(t,,...,t,) iS a
term.

For instance, iV is a variablef is a function symbol with a single argument, ants
a constant then all of the following are terms:

c V f(c) £(V) £(£(c))) £(f(f(c)))

Terms may be applied to the arguments of predicates to famsatAtoms are defined
as follows:
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i) If po is a predicate with zero arguments thgrs an atom.

i) If p,isa predicate witlhh arguments, ant, .. ., t, are terms, thep,(t4, ..., ty)
is an atom.

For instance, ip0 is a predicate with zero argumengs, is a predicate with one argu-
ment,p2 is a predicate with two arguments aodv, £(c) are terms, the following are
atoms:

p0 p1(V) pi(c) p2(c,V) p2(f(c),V)

A term is referred to agroundif is not a variable or does not contain variables in the
arguments to any function symbols it contains. An atom isrrefl to as ground if all
of its arguments are ground. Terms and atoms are referresluoground if they are
not ground.

A literal in AnsProlog® is an atomp(ts,...,t,) or its classical negation
—p(ty,...,ta) (i.e. p(ty,...,ty) can be shown not to be truefinsProlog: omits
negated literals so allns Prolog™ literals are positive.

An extended literain AnsProlog* is aliteralp(ty, ..., t,) ornot p(ty, . .., t,) with
not referring to negation as failure (i.e(t,, . .., t,) cannot be proven to be true).

An AnsProlog* programis made up of a set afiles Each rule has the form:

1
or

h « 1;,...,1;,not 1,,4,...,not 1.

Wheren is a literal or L andl andl; 1 < ¢ < m are literals.
We refer toh as theheadof the rule, denoted by/ead(r) for ruler and{14,...,1,}
as thebodyof the rule, denoted®ody(r). A rule is said to be ground if all literals in

the head and body of the rule are ground.

Terms applied to predicates in rules may contain varialphesrder to interpret a rule
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containing variables, the rule is expanded through a psocatedgrounding Ground-
ing translates a program containing variables in to a pragrantaining no variables.

In order to ground a program we must first determineHeebrand universeof the
program (writteri4y; for a programll). This is defined as the set of all ground terms
which can be formed with the constants and function symimoilseé program.

The Herbrand baseof a program (writter3y; for a programil) is defined as the set
of all atoms which can be formed by applying element&/gfto the arguments of the
predicate symbols ifl.

A programII is grounded by taking each rule i and applying each possible
grounded term id4y; to each variable in each rule of

This process is perhaps best illustrated by example, gikerfdllowing unground
program:

bird(tweety).
bird(polly).
has_feathers(X) « bird(X).

The Herbrand universe of the program includes the tetweety, andpolly, and
these are used to expand the variable the third rule. The Herbrand base of this
program includes the atomsird(tweety), bird(polly), has_feathers(tweety)
andhas_feathers(polly).

Having computed the Herbrand universe, a seagrotind instancesf a rule may be
obtained by replacing each variable symbol by one of thedemthe Herbrand uni-
verse. In the case where an atom contains multiple varidbiseach permutation
of the possible values for each variable is included. @toeind versiorof a program
(written ground (I1) for programll) is the set of all ground instances of all the rules in
the original program.

For the above example we would obtain the following grouraypsim:
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bird(tweety).
bird(polly).
has_feathers(tweety) <« bird(tweety).

has_feathers(polly) <« bird(polly).

It should be noted that for an unground program containimgtion symbols, the
Herbrand universe and Herbrand base will always be be iafifbr a ground program
the Herbrand Universe and Herbrand Universe will both bésfini

In the case where the Herbrand universe is infinite, the apoveess may lead to an
infinite number of grounded rules, consider the followinggie unground program:

The unground representation of this program is infinite ansists of the rules:

p(a).

p(f(a)) < p(a)
p(f(f(a))) < p(f(a))
p(£(£(f(a)))) « p(f(f(a)))
p(£(£(£(£(a))))) < p(£(£(f(a))))

Current ASP solvers operate only on ground programs witkefisets of rules, as a
consequence of this, we limit acceptable unground progtarosly those which have
a finite ground representation.

In order to constrain programs to those with only finite nurslé rules we introduce
two constraints on the structure of rules and programs. Tétedi these constraints is
therange restriction propertyand is specified as follows: An unground rule is range
restricted, if each variable in the rule appears in at leastamsitive atom (not negated
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by negation as failure) in the body of the rule. A program isgerestricted if all of
its rules are range restricted. The range restriction ptppequires that each variable
be associated with one or more predicates in the body of the ru

The second property applies to the whole program and isccelkxlomain restriction
propertyand is specified as follows: A rule is domain restricted ifrgwariable which
appears in the rule also appears in a positive domain pteditéhe body of the rule.
A program is domain restricted if all rules of the program doeain restricted. A
predicate is a domain predicate if a ground atom derived fitwath predicate appears
in the head of at least one rule with an empty body (as a fact)tae predicate does
not appear in the head of any rules with non-empty bodies.

The program :

is range restricted but not domain restricted, as the paésicappears in the head of
both a domain restricted rule and a non-domain restrictied ru

While variables allow a great deal of flexibility and syntactlarity of programs, it
should be noted that in the worst case the number of rulesageaeby the grounding
process may be exponentially larger than the original @ogr

We now turn to the intuitive semantics of ASP programs, gaeule of the form:
lo«—1l1,...;lp,not [, 1,...,n0t [,

An intuitive definition of the semantics of rules of this fooan be given as follows: if

all positive atoms (those without negation as failure) i blody of the rulei,, ..., 1,

are known to be true and none of the negated literals in the hagd, . . . ; [, are known

to be true, then the head of the rujecan also be considered to be true. In the case
thatl, is false (L), then this indicates a contradiction.

When speaking about the status of rules with respect to ageeof ground atoms we
use the termapplicableandapplied A rule is said to be applicable with respect to a

set of atoms, if all of the positive literals in the body are inthe set:€ S, 1 < i < n,
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and none of the negated literals are in thelset S, n +1 < m. Arule is applied if it

is applicable and the head literfglis also in the set. When every rule in the program
is either applied or not applicable, the $ebf atoms which only appear in the heads
of applied rules is said to be amswer setWe discuss the formal definition of answer
sets further in SectidnZ.9.2, pdge 65.

In addition to adding literals to the answer sets of a prograies can also be used to
indicate inconsistencies in a given answer set of lite’s refer to rules of this form
asconstraint rulegor simplyconstrainty. A constraint inAnsProlog™ is a rule of the
form:

1 b1,...,bm,notbm+1,...,n0tbk

A rule of this form indicates that if the body of the rule is &ipable, then the current
set of considered literals is not considered as an answef 8e program. We discuss
the definition of answer sets further in Secfion 4.9.2, pagidréthe standard syntax of
AnsProlog* we may omit thel. symbol from constraint rules and assume its presence
in any rule with an empty head.

Finally we refer tofactsin programs as an abbreviation for rules of the farm- T,
for a given atomb. Again in the remainder of the thesis we treat theas being
implicit, and assume its presence in any rule with an emptiybo

Syntactic Extensions

A number of syntactic extensions s Prolog have been proposed, the most impor-
tant of these for this thesis is the usecbbice rules

Choice rules are a syntactic extensionfsProlog™ for selecting applicable atoms
non-deterministically from a set of possible atoms. A cbaide of the form:

{hl,...,hn} — bn+1,...,bm,notbm+1,...,n0tbk

states that if every positive atom in the body of the nale,, ..., b, is applied, and
every negated atom is not applicable then any subsgt;of .. . h,} is applicable.

Consider the following program containing the choice rule:
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Q.

{b,c} — a.
The valid answer sets of this program 4eg, {a, b}, {a, c}, and{a, b, c}.

Choice rules may be eliminated from a program by re-writingherule as follows.
Given a choice rule

{lo, ... lm} —€ly... el,

wherel, ,, are literals andl, ,, are literals. For each literglin the head of a choice
rule we introduce a new atothsuch that; is not in the Herbrand base of the original
program. We then replace the original rule with a se2mfrules such that for each
literal in the head or the original rule we have two rules & tbrm:

li «— elg,...,el,,notel.

! «— notl;.

These two rules serve to create a choice between the inclasipin the program or
not as it can only be the case that oné;@ind(; are true.

2.9.2 Semantics of Answer Set Programs

Having defined the syntax ofnsProlog* programs we now turn to their semantics.
In this section we deal only with ground programs (wherealae terms have been
eliminated by grounding) where the Herbrand Base of thenarags finite.

An answer set program consists of a set of statements, callesl Each rulé — B

is made of two parts namely the bod@y which is a set of extended literals, and a head
literal [. It should be read as: "if all the elementsBfare true, so is the heddor “[”

is supportedf all elements ofB are considered to be true. Obviously we only assume
those literals to be true that are actually supported. Tdris fof reasoning is referred

to as the minimal model semantics.

An interpretationof a programl is any set of literals of the program’s Herbrand Base:
I C By. We use interpretations to defineodelsof a program, as follows:
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Definition 1 LetII be a ground program consisting of rules of the forin+— B € II
(constraints) and <— B < II, whereB is the set of (non-negated) literals in the body
of the rule and is a literal. An interpretation/ C By of the programI is amodelof
the programlI iff for each rule of the program the following is true:

h=1:B¢ZI

h<—B€H{
hZl1l:BCl=lel

A model M is a minimal model of IT if, given the set of all models ofl:
{M,...,M,}, Aj,1 < j < nsuchthat)/; is a strict subset ofl/.

Models of programs represent interpretations of the pragraich include atoms that
are supported by one or more rules of the program. A minimalehof a program is
a model in whiclonly supported atoms are included.

The above definitions do not take into account negatioradsré, in this case rules
of the program may contain negated literals which nmagbe in the interpretation of
the program in order for the rule to be supported. In orderctmant for programs
containing negation-as-failure, we define a reduct or foangation, often referred to
as theGelfond-Lifschitz transformatiofirom [[GL88]) as follows:

Definition 2 LetII be a ground program. The Gelfond-Lifschitz transformatdnl
w.r.t an interpretation/ wherel C By, is the programll’ containing rules «— B
such that for all rules of the forth«— B,not C € I1,C NI =10

The reduced program includes all rules of the original paogromitting any rules
which contain negated literals which are in the interpretat The answer sets of a
program are defined as follows:

Definition 3 A set of ground atomsis an answer set ofI iff I is the minimal model
of II.

The uncertain nature of negation-as-failure gives riseeiemal answer sets, which
are all acceptable solutions to the problem that has beerlhedd It is in this non-
determinism that the strength of answer set programmisg Wée refer to the set of
answer sets for a prograthas Ay;.
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Consider the simple prograhi:

a <
b «— a,not c.

c « a,not b.

The Herbrand base of this program (the set of all atoms usedan in the program)
By contains the atom&, b, c}.

The program has interpretations

{{}:{a}, {b}, {c}, {a;b},{a,c}, {b,c},{a,b,c}}

Given the interpretatiod = {a, b}, and the Gelfond Lifschitz transformati®f’:

a <

b «— a.

The interpretationy/ is a model offI, as the atoms iy are supported by both rules.
This interpretation is also a minimal model with respediifaas it includes only atoms
supported by the program.

In contrast, given the interpretatidti = {c} and the transformatiol*:

The interpretatior is not a model ofI¥ as it does not include the atoanwhich is
supported byT¥.

Finally given the interpretatioh = {a, b, c} and the Gelfond Lifschitz transformation
HL

The interpretatiorl. is a model oflI” as it includesa but is not a minimal model as
it includes the atomgb, c} which are not supported Hy”. The same is also true for
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the empty sef}.

The answer sets of the above program are the interpretgtion$ and{a, c}.

Reasoning with ASP

guilty <« evidence. (2.2.2)
evidence <« trusted_witness. (2.2.2)
trusted_witness <« not lying, witness. (2.2.3)
witness. (2.2.4)
believe <« not disbelieve. (2.2.5)
disbelieve <« mnot believe. (2.2.6)
lying <« disbelieve. (2.2.7)

Figure 2.3: Program for jury example

We now continue with a slightly more complex example whicimdastrates the type
of reasoning which ASP allows. Consider the following diiia A jury member has
to decide if the accused is guilty or not based on evidencegbed by a witness. The
only problem for the jury member is to decide whether thegttthis witness or not.
This situation can be represented by the program shown @i 3. In this program
the rules are summarised as follows:

ZZ1 If there is evidence then the accused is guilty.

ZZ2 If we have a trusted witness then we consider what tgwps evidence.
223 If we have a witness, and they are not lying then we hamested witness.
ZZ34 We have a witness.

ZZ5 If we do not disbelieve the witness then we believe them

226 If we do not believe the witness then we disbelieve them

221 If we disbelieve the witness then they are lying.

The program has exactly two answer sets as follows:

i) {guilty,evidence, trusted witness,witness,believe}
i) {witness,lying,disbelieve}
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These two answer sets indicate that the jury member has idedec the credibility of
the witness and her decision is vital for her judgement ofit®ised.

2.9.3 Answer Set Programming and Dynamic Domains

As well as being used to represent static reasoning proldenisas the simple exam-
ple above, ASP has been applied to the problem of dynamic ikemdoere situations
evolve over time.

Answer set program may be used to represent actions andelradgscriptions, by
encoding possiblsequencesf actions and events and their consequences as models
of a program it becomes possible to query the program foresemps which match cer-
tain properties. These queries may be used for the purpdsenpbral projection (i.e.
determining what the effects of a known sequence of actice)s planning (determin-

ing what sequence(s) of actions lead to a particular stagffect) and investigating
general properties of the encoded action descriptiorf.itsel

While the definition of such action descriptions in ASP isgibke, the syntactic com-
plexity and repetitive nature of the programs may be cundmeesand difficult for a
human to write. These deficiencies may be mitigated by inicod) propositional ac-
tion languagedor writing human-readable specifications of these actiescdptions,
which may then be translated or implemented using eithex@nset solvers or other
reasoning techniques such as SAT.

Since the development of the planning system STRIPS [FNi@ahy such languages
have been proposed in order to provide declarative, humadable descriptions of
the effects of actions and events. [N JGLB8a] Gelfond anddtiftz summarise action
languages thus:

“Abstract action languages are formal models of parts ointeirral lan-
guage that are used for talking about the effects of actions.

The semantics of action languages are typically descrilved a transition system
where each state (or situation) is composed of the valuatibzero or more fluents
and each transition is accounted for by one or more actiorbeign
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The action languagdl [GL92,[GL93] is one such language based on answer set pro-
gramming. The alphabet of consists of two nonempty, disjoint sets which define a
set offluentsandactionsrespectively. A fluent expression is a flughor its negation

~f.

A given A description may be broken down into three parts consistirgnoaction
description, an observation description and a query whield@ascribe as follows:

Action descriptions ind are defined using a set a€tion lawsof the form:

a causes f if pi,...,pn, 0q1, ..., G,

wherea is an action and andp, .., ¢;... are fluents.

Each action law defines the effects of an action on a singlatflcenditional on the
truth values of zero or more fluents. The intuitive semariticsuch an action descrip-
tion may be summarised as “After the execution of actiorf will hold in the next
state, ifpy, ..., p, hold in the current state, ang, ..., g, do not hold in the current
state”.

For instance the two laws:

take_box causes have_box if box_on_table, ~box_glued_to_table.

take_box causes —box_on_table if box_on_table, —box_glued_to_table.

Both laws describe the actiamke_boz (taking a box). The first law states that ex-
ecution this action will cause the fluehtve_boz (having the box) to be true, if the
fluentboz_on_table is also true, and the fluent ba}uedto_table is false. The second
law states that execution of this action will cause the fliemt on_table to be false
if that fluent is true when the action is executed, and the flien glued_to_table is
false when the action is executed.

In addition to an action description languagealso defines anbservation language
which allows us to account for both things which are knownutlibe state of the
world and actions which are known to have occurred. Theserazeded using rules
of the form:

f after ay, ..., a,,

wheref is a fluent literal and, . . . a,, are actions. Rules of the above form state that
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that after the occurrence of the sequence of actigns ., a,, the literal f is true. In
the case where the sequence of actions is empty the syntax:

initially f
is used, indicating that litergl is true in the initial situation.

Finally, A allows for the definition of queries using the same syntaofigervations.
A query of the form

f afteray, ..., a,

is said to be entailed by a given action description in thegmee of a set of obser-
vations, if for all initial states entailed by the obserwat over the action description,
the fluentf holds after the execution of actions, . . ., a,,.

The semantics afd are based on transition systems with each state correspptali
the truth value of zero or more fluents. An action languagergeson in .4 may
also be translated into an answer set program. A number ¢f sanslations exist
(see [Bar0B, page 199] for an account of several of them) talleadifferent types
of reasoning. The simplest of these accounts for tempoogegtion with a complete
initial state, this translation defined the answer set Enogi+ as follows:

Each fluent in thed description is mapped to a constant (term) in ASP, we usesatom
of the formholds(£, s) to indicate that fluenf holds in states. For each action law

of the form described above, if the fluehin the head of the law is positive, we add a
rule of the following form tall.

holds(f,res(a,S)) <« holds(ps,S),...,holds(ps,S)

not holds(qy,S),...,not holds(q,,S)

Wherea is an ASP constant corresponding to the actio8 is a state, andes(a, S)
is a term representing the state achieved after the exeanit@ctiona in statesS.

In the case that the flueritin the head of an action law is negated we add a rule of the
form:

ab(f,a,8) <« holds(ps,S),...,holds(ps,S)
not holds(qy,S),. .., not holds(q,, S)
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Wheref is the ASP constant representing the the fluémt A. These rules indicate
that in a state where a fluenff holds andf is terminated by the occurrence of action
a in stateS then the fluenyf is removed from the state following the executioruoh
states.

Finally we define rules which govern the inertia of fluents.r Each fluent in the
language we define a rule of the form:

holds(F,res(A,S)) <« holds(F,S),not ab(F,A,S)

This rule states that if a flueRtholds in a stat€ and the inertia of is not overridden
by the occurrence of actianin the states thenF holds in the state which follows from
the execution of actioa in states.

The programs of the above type may be used to assimilate seegi@f actions
in order to determine which fluents hold after those actiomsehoccurred.
Take for instance the simple action description above. Tiamstated an-
swer set program for the two laws in this description would d= follows:

holds(have_box, res(take_box,S)) <« holds(box_on table,S),
not holds(box_glued_to_table, S).
ab(box_on_table, res(take_box,S)) <« holds(box_on_table,S),
not holds(box_glued_to_table,S).
holds(have_box, res(take box,S)) <« holds(have_box,S),
not ab(have_box, take_box, S).
holds(box_on_table,
res(take box,S)) <« holds(box_on_table,S),
not ab(box_on_table, take box, S).
holds(box_glued_to_table,
res(take_box,S)) <« holds(box_glued_to_table,S),

not ab(box_glued_to_table, take box, S).

Observations and queries.fican also be expressed in ASP; for instance the following
initial situation:
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initially —have_box
initially —box_glued to_table

initially box_on_table

indicating that the box is not held, the box is not glued tottid#e and that the box is
on the table would be encoded as the following fact in ASP:

holds(box_on_table, s0).

Likewise the query :

box_on_table after take_box

which asks if the box is on the table after the execution oftdle_box action, would
be encoded as:

state(s0).
state(res(take_box, s0)).

1 « not holds(have_box, res(take_box, s0)).

The first two rules indicate that we consider two states; &l states0 and the state
following the execution of the actiotake_box from the initial state. The third rule
constrains the answer sets produced to only those in whe&fitnthave_box holds
in the latter state.

When combined with the translation of the action descriptjoven above a single
answer set is obtained in which the query is satisfied:

{ holds(box_on_table, s0)

(
holds(have_box, res(take_box, s0))
holds(box_on_table, res(take_box, s0))
ab(box_on_table, res(take_box, s0))
state(s0)

state(res(take_box,s0)) }

indicating that the query was satisfied.
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The above translation od to answer set programs is the simplest of those defined and
a number of alternative semantics may be considered. Theimpertant extension

to the above semantics is where we reify the definitionadidsat literals by defining
both their inferred presence and absence (using classgation as well as negation

as failure). In addition to the types of temporal projectmoblem described in the
example aboved has also been used for planning [Bar96].

The above characterisation gf is based on a branching model of time, such that
each situation or state is expressed as the compositioe piitiormance of the action
which leads to that state. This corresponds to the modelho# tised by the situ-
ation calculus discussed in Section 2.10, pade 77. A siroHaracterisation of the
semantics of4 exist for linear time where states are expressed in termsiasspn a
time line corresponding to the model of time used by the ewaltulus discussed in
Sectior 21D, padel8.

2.9.4 Tools For Computing Answer Sets

A number of algorithms have been proposed for computing tisevar sets of a logic

program, leading to the definition of maayswer set solversEach of these takes a
(possibly unground) answer set program, a query over thgrano (i.e. which models

to include or omit) and produces the answer sets which qmoresto the program and
guery (based on the semantics defined above). We focus oadtuars which address
different aspects of answer set solving.

The SMODELS System

ThesMODELS system introduced ifNS97] was the first answer set programming sys-
tem which included an efficient solving algorithm (discubse]NS96]) and associated
tools to assist the practical application of answer setnamogning.

The SMODELS system consists of two programs: teBRODELS solver, which finds
answer sets to ground-programs (without variables) reptes in an efficient internal
format; and theparse (described in[[SIm0C0, NS0O0]) pre-processor which takes un-
ground answer set programs and produces a program in thiee@guput format for
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the solver.

The language accepted by the lapse tool which we refer tdrasrolog®™ is an
extension ofAnsProlog* and includes the following additional features (descrilmed

[NSO0)):

Cardinality rules In addition to choice rules of the form mentioned above stieD-
ELS system also supportardinality ruleswhich extend the above syntax with
an upper and lower bound for the number of atoms which may desgiby a
choice rule. A cardinality rule of the form:

N{hl,...,hn}X — bn+1,...,bm,notbm+1,...,n0tbk

whereN andX are natural numbers indicates that at laaatoms and no more
thanX atoms should be picked from the set enclosed in curly bracléet with
choice rules, the body of the rule must be applicable in ofoleany atoms in
the head to be picked. In the case where eitharX are left unspecified then no
lower or upper limit is imposed on the number of atoms whicly ina picked
by the rule.

Weighted atoms and Weight Constraint RulesThese allow an integer quantity
(weight) to be associated with each atom in the program. & hesights
may be used in a similar way to cardinality rules to consteaiset of atoms
which are picked in a choice rule to only those atoms whosghtgisum to a
particular value. Additionally the weights of atoms may Is®d to calculate
the accumulated weight of a given answer set. By associatgtwger or lower
weights with atoms in more or less preferred answer sets ptiocess makes it
possible to rank answer sets by preference (based on thefdime weights of
the atoms which appear in that answer set).

SMODELS s capable of reasoning efficiently with programs which eamtarge num-
bers of rules and atoms, and has been applied to a numberabicataeasoning do-
mains including (for instance) a system for diagnosingtéaul components of the
space shuttle [NBGO1], and the bounded model checking of large Petri netsvavol
ing millions of states[HNO1].
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The DLV System

The DLV system[[LPE02,[ELMT98] originated as a system for reasoningisjunc-
tive Datalog— an extension of answer set programming which includesusie
disjunction in the head of rules. As well as supporting disjion, DLV also handles a
large subset of thdnsProlog* language and is capable of solving problems involving
large numbers of rules efficiently.

In addition to problem solving using conventional ASP synfa/ }"has also been ex-
tended to include front ends for languages such as SQL assg/planning and domain
representation with the action languafé V" [EELT02H] which has similar syntax
and semantics to the action languagkandC+ (discussed below) but is particularly
suited to planning in the absence of complete information.

CModels & ASSAT

Answer set solvers such amoDELS and DLV produce answer sets efficiently using
carefully adapted heuristic algorithms designed for thappse. In recent years the
study of complex reasoning and problem solving systemsdaabtb the definition of

a number of efficient algorithms for solving the more gen®ablean satisfiability
problem (see [MMZ01] for an example). These advances have led to the develop-
ment of ASSAT [E._0R] and CModels [LM04, LieD5] for determigianswer sets using
Boolean satisfiability (SAT) solvers.

Both of these systems translate an answer set program (@vitle sonstraints on the
program structure) into a Boolean satisfiability problemtaming a set of Boolean

formula which describe the constraints on the atoms in tbgnam. These satisfiabil-
ity problems may then be solved directly using a SAT solveicWlyields the solutions

to the satisfiability problem and which may in turn be tratesiesback into answer sets
of the program.

SAT based answer set solvers have been shown to perform tvell @ompared to con-

ventional solvers, outperforming their conventional deuparts [[Lie05] by an order
of magnitude in some cases while performing significantlysgan others.
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2.10 Alternative Reasoning Approaches

The problem of how a given domain is represented, in termeefttions which are

possible in that domain and their effects, is one that has berlied extensively since
the inception of the field of artificial intelligence. Whilecamplete study of this field

is far beyond the scope of this thesis, we summarise two appes based on first
order logic (the Situation Calculus and the Event Calcylasyl contrast these with a
number of approaches based in propositional logic.

The Situation Calculus

The situation calculus, introduced by McCarthy and HayefMiH69] is one of the
earliest examples of an attempt to formalise a model fooacind change for use
within artificial intelligence. The situation calculus mdves around the definition of a
set of fluents, which describe both the corresponding (thgiatal) state of world and
the effects of the performance of actions upon that state.

We give a brief outline of the situation calculus, based orteRe formalisation in

[Rei91], [Rei01, page 47].

Situations in the situation calculus refer to states of tleldvand each situation con-
tains the conclusions about some aspects of that world, attecglar point in time,
in terms of the valuation of a set of situation fluents. Sitrafluents in the situation
calculus are treated as propositions, and are relativertwplar situations. For exam-
ple, the fluentOn(Monkey, Table, o) states that in situatiom the monkey is on the
table. We use functions of the forRuss(«, o) to indicate that action is possible or
executable in situation.

Change in the situation calculus is expressed through a@sseocfunction which takes
some action and situation and produces a new situationeiRgfines the successor
functiono’ = do(«, o) for this purpose (i.e. the new situatiet is brought about
by the execution of action in situationo) although other formalisms use differing
terminology (see [Mue06, page 272] for an overview of them@ous formalisations).

For example, given an actiofump(X,Y) indicating that objecK has jumped from
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objectY and a Boolean fluen®n (X, Y, o) indicating that objecK is on top ofY, we
define the semantics of this action as follows.

Poss(Jump(X,Y),0) «— On(X,Y,0)
-0On(X,Y,0") «— o = do(Jump(X,Y),0)
On(X,Y, o)

The first axiom states that it is only possible férto jump fromY” in situationo, if X
is on top ofY in situationo. The second axiom states thatXifdoes jump fromy” in
situationo then X is not considered to be dn in the situations’ which immediately
follows o.

In their presentation McCarthy and Hayes observe a numbdefigiencies in their
approach. Most notable of these is fn@me problemwhich stems from the fact that
description in the situation calculus operategartial descriptions of the world.

It should be noted that McCarthy and Hayes use the feremtto refer to both propo-

sitions which relate to state as well as functions whichteeta changes in state. In
the remainder of this chapter, and in following chapters we this term to refer ex-
clusively to propositions relating to states.

A number of systems have been developed based on the thesitpation calculus

including GOLOG [LRLF97].

The Event Calculus

A number of approaches have been proposed as solutions foathe problem in
situation calculus, the most notable of these is the evéatikcs. Originally proposed
by Kowalski and Sergot i [KS86], the event calculus expesedsoth how events (or
actions) may change the valuations of fluents, and how theatiahs of fluents may
be determined, over time, based on the occurrence of e\evest calculus solves the
frame problem by reifying when fluents hold in particulargipoints.
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Clipped(ty, f,12) “3 a,t - Happens(a,t) Nty <t <ty (EC1)

Terminates(a, f,t)

Declipped(ty, f,ts) “3 a,t - Happens(a,t) Nty <t <t (EC1)
Initiates(a, f,t)
HoldsAt(f,t1) «[Happens(a,ti) A Initiates(a, f,t;) (EC3)
Aty <ty N Clipped(ty, f,t2)]
—HoldsAt(f,t1) «[Happens(a,t,) A Initiates(a, f, 1) (EC4)
Aty <ty AN = Declipped(ty, f,t2)]
HoldsAt(f,ta) «[HoldsAt(f,t1) Nty < ts (EC5)
A = Clipped(ty, f,t2)]
—HoldsAt(f,ts) <[~ HoldsAt(f,t1) Nt1 < to (EC6)

A _|D€Cl7;pp€d<t1, f7 t2)]
Figure 2.4: Domain independent axioms of the Simplified Ealculus

We include a brief summary of the event calculus and its agiagifollows: The more

commonly used simplified event calculus (from [Sha97b, SHaAE02 [MS99b]) is
axiomatised in Figure2.4.

In this axiomatisation,Declipped(t;, f,t2) and Clipped(ty, f,t,) are some events
that cause a fluent to cease and start holding (respectivety)een times; andt,,
Happens(a,t) denotes that eveathappens at time poirt HoldsAt(f,t) denotes that
fluent f holds at time point and Initiates(a, f,t) and Terminates(a, f,t) denote
that event: causes fluenf to start and stop holding respectively.

The axioms in Figur€2l4 represaddmain independeraxioms in event calculus, in
addition an event calculus theory must defilmenain dependaraxioms which define
how the fluentdnitiates and Terminates are brought about in relation to given events.
For instance the theory “Pulling the door handle opens tha,daushing the door
handle closes the door” may be expressed using the eyRitsand Push denoting
pulling and pushing the handle and the fluéhn denoting when the door is open as:

Initiates(a, f,t) dEef[a = Pull, f = Open, —HoldsAt(Open,t)]

Terminates(a, f,t) dEef[a = Push, [ = Open, HoldsAt(Open,t)]
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An underlying assumption of the event calculus is that fls¢allow the common-
sense law of inertia: that is, once a fluent is initiated by s@went, it holds until it
is terminated by some other event. The original version @ftvent calculus included
features for specifying concurrent events and for expngsshen fluents do not follow
the common-sense law of inertia, we omit these features fhendiscussion here.

The event calculus is defined as a formal logic, however a euofidools exist for rea-
soning using descriptions based on the logic. Historidalkse have relied on abduc-
tion [DMB9Z] or theorem provind[Sha9i7a], however recentkmy Mueller [Mue04]
describes a model-based reasoning technique based oro8&fssusing a variant of
the event calculus.

The Action LanguageC+

First and second order logical formalisms such as the siuatlculus and the event
calculus provide an expressive means for modelling chanddime in dynamic sys-
tems, however these systems come at a computational caktprasent tools for
reasoning with both of these systems make a broad class smieg problems in-
tractable. In contrast to these higher order techniquean@er of approaches based
on proposition logic have been proposed including the adamguagesA4 [GL93],
and DLV *mentioned above.

The languag€—+ is a notable example of one of these languages and was fipsiged
in by Giunchiglia, Lee and Lifschitz ini [GLLT01] as an extéms to the languag€
[GL98K], which in turn derives much of its syntax from the darageA.

C+ extends the syntax of the languagésandC with the inclusion ofdynamic laws
andmulti-valued fluentsWhereas the determination of the value of every fluent ia
dependent only on the previous state and the actions whi@hdwurredC+ permits
the definition of a second class of fluents adyhamic fluents The value of these
fluents in a given state is based on an expression which isateal over the other (dy-
namic or otherwise) fluents in the current state. This aoldithakes the representation
of a number of properties in the language simple and moreirsttccMulti-valued
fluents are fluents which may take on a number of values, inrasinio the Boolean
fluents in4 which may only be true or false in a given state.
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In A, if we have a state property which may take on exactly oné&/ofalues we
must represent each of thedévalues as a Boolean fluent, leading2® possible
combinations of fluent values, of which only one may be trua given time. Multi-
valued fluents reduce the number of possible state-fluenssiti a property to exactly
N leading to a corresponding decrease in model size.

In contrast to4 which has a semantics based on answer set prog@mss based

on the logic ofcausal theoriesA causal theory defines under what circumstances the
valuation of a formula can be considered todaisedand hence the necessary and
sufficient conditions for that formula to be held to be truaminterpretation.

[GLLTOI] defines a translation between causal theories aodldan satisfiability
problems allowing the solution of problem descriptiondn using Boolean sat-
isfiability solvers (c.f. CModels discussed in Section 24)9. This translation is
implemented in the reasoning tool CCaicjccal.

2.11 Summary

In this chapter we started by presenting an overview of resaalevant to the study of
the formalisation and specification of normative multiHaiggystems, the observations
from this are summarised as follows:

i) We identified the importance of regulation in multi-agsotieties, and the im-
portance that this regulation should be normative — thdtotd follow from the
decisions made by agents rather than being an intrinsiop#re system itself.

i) We outlined several approaches to the formalisationafws and deontic prop-
erties which have been applied in multi-agent systems, iticodar the use of
permissions, prohibitions and obligations and the diffgnvays that these may
be manifested. Specifically, we highlighted the importaatéhe inclusion of
deadlines in the specifications of obligations.

iii) We then noted the fact that norms may be applied at dffietevels of abstraction,
and discussed how these may be accounted for.

iv) We discussed how normative systems should be based @l semantics rather
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than individual mental attitudes of agents, as these pecardagent-independent
representation of normative states.

v) We identified that, in part, the definition of these semamnis constitutive —
that is, they define not only how societies are regulated,hbut members of
societies should interpret particular types of actionghia context we identified
the importance of conventional generation and institiced power.

vi) We then went on to discuss a number of pragmatic issueshwdpply to the defi-
nition of normative multi-agent systems including the oo8 of social structure,
the openness of a society, the life-cycle of institutiond anforcement mecha-
nisms.

vii) We summarised a number of existing systems for the spr&tion and imple-
mentation of normative concepts in multi-agent systems.

In the second part of this chapter we introduced answer sgt@mming which we use
as the basis for reasoning about institutions in the renesintithis dissertation. We
discussed the basic syntax of the language, including sgntadic extensions, and
its semantics. We also showed how ASP may be used to reasgnamic domains
by summarising the action languageand gave an overview of four commonly used
answer set solvers. Finally we discussed three alternapipeoaches to representation
and reasoning about dynamic domains.
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Chapter 3

A Model for Specifying Institutions

3.1 Introduction

In the previous chapter we have discussed what constitutesmaative agent system
and a number of approaches which have been proposed to kelpedblems of de-
scribing how agents’ activities may be regulated in suclesys.

In this chapter, which is the first containing original méikrwe clarify the assump-
tions that we will make about the nature of institutions, artcular how institutions

come into being and how the semantics they define affect sigategractions. We go

on to formalise a model for specifying institutions and tHiée-cycle, based on these
assumptions.

The purpose of this chapter is to define a model and semantisgfyleinstitutions,
each defining and regulating a particular aspect of the kbeiaaviour in a group

of agents. In subsequent chapters we will use the materal &= the basis for an
extended model which accounts for multiple institutiond #reir interactions.

Parts of this chapter have been presented in [CDVHO6b, CB&P0
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Figure 3.1: Relationship between the emergence of normgatitiitions in a society
and its behaviour.

3.2 Institutions as Specification Entities

The concept of an institution has long been used in econgtegal theory and polit-
ical science to refer to developed systems of regulatiorcivBhable or assist human
interaction at a high-level. In English terminology, useta word ‘institution’ is typ-
ically limited to describing ubiquitous entities such agaéfncial institutions” or “legal
institutions”.

This thesis is, however, concerned with the developmentagpdication of a model
for institutions in the context of multi-agent systems whtre presence and function
of entities such as those found in the human sphere are ldsdefieed. The most
important observation we make about institutions is thatftinction and nature are
mutually understood by a significant part (if not all) of thecety which they exist
within. This mutual understanding leads to what we percas¢he most important
benefit of institutions in human society — that through th@sence, by modelling
or defining individuals’ expectations, institutions leadchanges in the way that indi-
viduals behave within a society.

In many human institutions (such as banking, insurancep@auives, clubs and cor-
porations) the present structure, rules and perceptionioistitution come as the result
of hundreds, if not thousands of years of continuous ewatuvithin human society.

In contrast some institutions (like for instance the meddrarfor buying goods on the
Internet) have developed relatively recently.

In both the case of more long-standing institutions, andgehehich have emerged
recently, the nature of the institution in question arisessad a society’s need both to
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Figure 3.2: Relationship between the definition of insitng and the adoption of
norms in a society.

standardise on a particular way of interacting in order todeat some activity within
that society. Correspondingly, an institution developd elmanges over time in order
to cater for changes in the way that members of a societyact&rhile conducting the
activity for which the institution arose. In the case of egegrce, an institution emerges
from a set of behaviours which are adopted voluntarily by foers of a society. The
institution typically becomes formally recognisable wlzelarge enough subset of the
population adopt, and rely on these norms as a means fovauiie particular social
goal. Figurd-3]l shows this relationship, with norms enmgy@iom societal behaviour,
and the definition of institutions emerging from those narms

Within human institutions, the process of an institutioneleping and evolving over
time, can be attributed in some part to a process of ratioasigd on the part of
those agents who affect the definition of the institutionttsicture. As part of this

process a particular agent or agents make a decision to ehthegstructure of an
institution (or even abandon the adoption of the institutas a whole) in order to
achieve some effect on the society governed by that institutn the context of multi-

agent systems, present developments make the automatiois &find of reasoning a
practical impossibility at a high-level. Instead, we assuat the institutions we are
concerned with specifying are the outcome of a human desigeeps which occurs
prior to the implementation or creation of the agent systseifi

In the case of institutional design, the process of feedlmmtween the society, its
norms and the institutions used within it is reversed. Whestitutions are defined
explicitly by a society the institution is to capture a clagsnormative behaviour,
and then impose a regulatory framework which subsequaerftlyeinces the normative
behaviour of a society. Figute—B.2 shows this relationsbipristitutions defined by
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or for a society, these institutions in turn reinforce a $etams which consequently
influence the behaviour of the society.

In the human world, it is clear that both processes take plttesome institutions
emerging naturally from individuals adopting and reinfogca set of pre-existing so-
cial norms, and with other institutions being designed whthintention of re-enforcing
or imposing a class of normative behaviour upon a societthdrcontext of this thesis
we are primarily concerned with the latter type of developth&here the primary
source of input to the institutional development procesikas of rational design.

3.2.1 Institutional Design

Having established that the types of institution we are eomed with are defined
through external, rational design, we now turn to the deprgieess itself.

The first comment we make about this process is that we asdwahéne institution
is created to serve some purpose which we will callitfstitutional objectiveor ob-
jectives, we implicitly assume that this objective is bottokwn and understood by the
designer at the time that the institution is designed. Thpgae of institutional design
should be to define and codify of the rules of the institutrosuch a way that, through
the implementation of these rules the institutional olyecbdr objectives are met.

When considering the institutional design process, we caw @n analogy with the
conventional software engineering life cycle, with thetitosional objective corre-
sponding to the functional requirements of a software sysénd the definition of the
rules of an institution corresponding to the specificatiba software system (and to
a certain extent its implementation). In contrast to theveational software design
process, the specification for a society’s behaviour giwearbinstitution’s rules does
not represent the absolute boundaries within which theeppanust behave. Instead,
these rules represent an ideal set of behaviours for memb#rs society which may
be followed or violated, according to the choices of the meralof that society.

In many cases it may be that for individual members or grouipisinva society, it is
preferable to conduct interactions which fall within thevgmance of an institution,
but which do not strictly adhere to the idealised behaviarceived by the designer
of that institution. In part, the complexity of institutiahdesign derives from the need
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to permit some or all of these behaviours, while preventithgis (where for instance
this behaviour leads to a material disadvantage for one oe egents).

This work is in part motivated by the desire to assist thisituisonal design process,
by making it possible priori to determine whether or not a given institutional spec-
ification complies with, or violates the designer’s expgotss. In order to do this it
becomes necessary to define both the means for writing symfs and a practical
reasoning framework through which properties of the spmatifins may be verified.

3.2.2 Relationship to Normative Systems

An institution is a class of normative system as discusse@atction[2, pagé 28),
consisting of both a constitutive component, describing meembers of a society
should understand particular actions and events, and &tegucomponent, defining
the idealised behaviour of agents in relation to these eetmd events.

The field of normative systems is broad however, and it is igmb to distinguish
institutions and multi-agent systems employing instdns from other classes of nor-
mative systems as studied in the literature. In additionegfinchg constitutive and
regulative aspects of interaction, it is our view that ingions embody two special
properties which are not necessarily assumed in the cootexirmative systems.

The first property relates to how the institution is defined parceived within a so-
ciety. Many existing normative systems address the prolEnegulation from the
point of view of the society being closdln essence it is assumed that all regulations
apply equally to all members of a society at all times. Theaul&iipns embodied by
institutions may, however only be in force for a limited petiof time, and govern

a subset of the population of an agent society. Consequirstigutions define the
scope of regulation, in terms of which agents are regulatbd;h of their actions are
regulated, and when (in time) the institution has an effect.

The second property assumed within institutions is thatetlie an expectation that
institutions arenternally consistensuch that the regulations of a single institution are
not self-contradictory or mutually defeating. In the fielchormative systems, where

1See SectionZ8.2, pafgd 45 for Davidsson’s definition of @mehclosed societies.
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no structure is placed on where or how regulations are definbdcomes important
to consider the possibility for conflicting regulationsdamow these conflicts are re-
solved. Within a single institution, however, where themeof regulation is defined,
these types of conflict are considered to be undesirablenayde treated as a failure
of the institutional designer to correctly capture thevaig interaction between rules.
This desire for internal consistency through the omissioroatradictory or ambigu-

ous rules relates directly to our motivation to provide afeavork where properties of
institutions are verifiable off-line.

3.2.3 The Scope of Institutions

An institution defines some aspect of social reality withsoaiety of agents, however
this influence may be limited in a number of ways, dependinthertype of institution
and its purpose. This scope will vary from institution totihgion and we break the
limitations of an institution down into the following fact

Abstraction Some institutions may regulate behaviour at differing lewé abstrac-
tion, with some tending to influence only specific actions atiers influencing
broad classes of behaviour.

Constitutive vs. Regulative Likewise, some institutions may focus more on how
some activities are defined (i.e. how they are understooc tbrbught about
in the society) while others may place more emphasis on tgelagon of
pre-defined actions (including those derived from the pregiation of other
institutions).

Temporal Scope Many institutions persist and create states of affairs twhace
durable over time, or rely only upon information from rechi#tories.

Population Scope While the definition of an institution is assumed to be unted
or known by all agents within an agent society, the agentstheinstitution
influences may be limited to a sub-group of that society. Tt say the group
of agents upon which an institution has an effect, may bddidjiand may vary
from small groups of agents associated with the performahagoarticular task
to all agents in the society.

These factors play a part in distinguishing between class@sstitution commonly
described in the human sphere as follows:
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Protocols Protocols give a low-level definition of how agents may actimgiven
situation and largely focus on solving problems relatingcdéordination(i.e.
turn-taking) rather than defining the semantics of the comuoative interac-
tions which they regulate — they define when and how an agest ancan act,
in such a way that other participating agents may know theesam

Within the multi-agent systems literature, approachesefinohg agent inter-
action protocols, such as those found[in_ [MPRA99] (Conweraagprotocols),
[GHBOC] (Conversation Policies), function by identifyitige sequences of agent
interactions which are considered valid in order to achaegeven goal or state
of affairs. Protocol-based approaches are widely consttieragent-based soft-
ware engineering methodologies and applied in agent emviemts. A number
of off-the-shelf protocols have been described for perfogwperations such as
exchanging information (i.e. request-response) and fagragreements within
groups (i.e. contract-net [Smi80]).

Protocols are typically focused on the syntactic speciboadf interactions and
hence only regulate concrete communicative actions. litiaddthey are usu-
ally limited to the duration of the interaction, which is tgally short. The scope
for participation in a protocol is normally determined at 8tart of the protocol
and is most often limited to small numbers of agents.

Contracts Whereas an interaction protocol describes when a givenaictien (e.g.
message) may be performed, contracts focus on specifyidgeulating the
achievement of some joint action between two or more ag&siracts must
be formed by explicit agreement among two or more parties.

The level of abstraction of the types of actions regulateadytracts may in-

clude both concrete actions and also abstract actions wiéghin turn be con-

stituted by the semantics of the contract. The temporalesoba contract may
vary greatly, depending on the nature of the contract, aadigent scope of a
contract is limited to the contracting parties.

Legal Systemsin contrast to contracts and protocols, legal systems giedly fo-
cused on the regulation of a broad class of agent behavidiggal systems
(such as common law, or other regulations of a given humaiets9cegulate a
broad class ofocietalactions, describing which actions are legal, illegal, and
how the performance of these actions ought to be treatedal Isyggtems may
also treat how contracts and other agreements are enforced.

The actions regulated by legal systems are usually abstradttconstituted
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Types of Types of Temporal Agent
action regulated semantics Scope Scopg

U

Protocol Concrete Regulative  Transient Limited
Contract Abstract Regulative  Transient Limited
Concrete Constitutive  Persistent
Abstract Regulative  Persistent  Broad
Legal System -
Constitutive

Table 3.1: Comparison of features of different classes stfturtion

within that system. The temporal scope of a legal systemrnsigient, in that
there are typically no provisions within the system for itssolution and the
agent scope covers all members of a society.

In Table[3:1 we summarise the distinctive features of thesettypes of institution.

3.3 Aspects of Institutional Specification

We choose to model an institution as a reactive processjwvigicreated, evolves over
time through the interpretation of events in some exteroatext (the world), and
may be dissolved. Within this process the institution @eatates — interpretations
of effects of changes in the world on the institution, whicaynn turn affect how the
institution changes in the future.

3.3.1 Constitutive Aspects of Institutions

The mechanism through which the institution creates thiedessis constitutive, it is
the institution and the institution alone which is respbtesior defining its own evo-
lution. We choose to express this constitutive mechanisoutih a set o€onstitutive
rules which describe an idealised and possibly abstract irgéapon of some aspects
of interaction within an agent society in terms of a corregping class of concrete and
observable actions and events which may occur within thaeso

In addition to describing the state of the institution, weshwvto capture events which
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Figure 3.3: A visualisation of the relationship betweengsous events, institutional
events and changes in institutional state.

have some significance in the institution (for instance ¢aland Bob get married”).
These events may in turn lead to changes in institutiontd dt@wever there are often
cases when the interpretation of an event lies outside ahgteution. In for instance,
the case of violations when an institution relies on pubfifoecement, we wish to
represent the fact that the violation event has occurrezh éthis violation does not
necessarily lead to a change in the institutional state.

3.3.2 Events

The use of conventional generation, where an event witlgmstitution is considered
to have occurred as the result of the interpretation of thesrdefining the institution
naturally accounts for two different types of events: thagech may be considered
to be external (i.e. in an external context) to the insttutand those internal to the
definition of an institution which are generated by eitheteexal events, or by other
internal events. Figulle:3.3 presents a visualisation sfribtion of conventional gen-
eration, showing the generation @fvent; from the occurrence ofzevent; and the
generation ofviol; from ezevent,, which is in turn generated yrevent,.
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Institutional Events

Institutional events may be considered to be brought abolglyas the result of the
interpretation of the rules of the institution and are ket to capture significant oc-
currencewithin the institution. These events must therefore have somecand we
assume that this cause must originate from some stimulesmattto the institution.

Exogenous Events

The second class of events we consider originate from soteenak context, such as
the environment, we call thesxogenougvents. Within the context of multi-agent
systems we consider possible candidates for the origing®otlass of message as:

e Messages passed between agents suclmagis sent by agenBob to agent
Alice’.

e Time-related events, such as timeouts (i.e. “00:16 on 2808")

e Signals from the environment such as: “The agent Alice start

We make the following initial assumptions about the naturexternally triggered
events:

Unambiguous Two or more agents observing the same stimuli will conclindg the
same event has occurred.

Universally Observable All agents in the current society are capable of observing
events when they occur. While it is clear that this assumpsaot necessar-
ily representative of most existing models of multi-ageygtems (where, for
instance, messages are only observable by the sender @miémeof the mes-
sage), we make this assumption initially as it simplifiesgtaeess of specifying
resulting institutional states.

The key to the definition of these external events is that &terchination of the occur-
rence of an external event is assumed to be independent ofithent internal states
of the agent(s) observing the event.
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3.3.3 Institutionalised Power

Institutional events represent key points in the evolutbran institution over time
and conventional generation rules describe how instilalievents may be generated
and hence be considered to have occurred. However, an ampguestion about the
generation of institutional events is: how is this generafirocess constrained? We
have said that the conventional generation may be condit@mnsome properties of the
institutional state, however we wish to elaborate on thidéfning in general when it
is valid for an institutional event to occur. We use the notbinstitutionalised power
to describe this constraint, and define the property of antdseingempowereds it
being valid (but not necessarily acceptable) for that et@ntcur.

The distinction between institutionalised power and theatéity for an event to be
generated is subtle, we could say for instance that the eempognt for an event to be
generated was equivalent to the definition of the generatmwlitions of that rule.

However, these conditions are intended more as a means aildeg the “usual”
requirements for an event’s generation. In contrast empuoeet can be considered as
acceptance of an event generation as beaigl on the part of the institution.

A good example of the distinction between “the usual casegdaeration” and “em-
powerment” is given in the account of declarative power SeetiofZ5P pade 1 ).
Where an action is linked to some effect such as the creafiarparticular normative
position, and this effect is then constrained by the per&isnpower to perform the
action with the expected result.

3.3.4 Regulatory Aspects of Institutions

Constitutive rules are associated with the semantics ofristution, they make it

possible for an agent to see a sequence of events which hauvereat in the real

world (or some other context which is external to the insitt) and then create an
institutional interpretation of those events in terms a thstitutional events which
should be considered to have occurred.

With these rules alone however it is not possible for an agemtetermine which

93



situations or events the institution considers to be “gawdbad”. In order to account
for this aspect of the institution’s function we must haveaafework which allows for
this sort of classification which we outline as follows:

Prohibition and Permission

The first aspect of the society’s regulatory function is thfgbrohibition and permis-
sion. Prohibitions indicate that some state of affairs imithe institution is considered
to be unacceptable or undesirable, and permissions carebeaseheir dual such that
if an action is permitted it is considered not to be forbidden

While it is possible to represent both permission and piiibibbat the same time, we
assume that as one may be re-written as the dual of the othepéirmission indicates
the absence of prohibition or vice versa), for the sake op#eity, we may choose

to limit ourselves to the representation of either permissir prohibition leaving one
as an implicitly defined by the absence of the other. For tlugkwe focus solely on

permission, with the absence of permission indicatingdinadction is forbidden.

Having chosen which operator to use to separate good andtbatians in institution
specifications, we must then select to what that operatdrespExisting approaches
to normative specification have focused on regulating ormoth of:

States of the institution In this case we allow statements of the form “it is [not] per-
mitted for situationX to come about” wher& describes some state of affairs
in the institution.

Actions and events|n this case we permit statements of the form “it is [not] pitteal
for actiona to be performed” where is some action or event which may occur
within the institution.

In essence both of these approaches are interchangeablghibifed action can be
replaced by creating a prohibited state following the ekeouof that action, and a
prohibited state may be replaced by making all actions wiaat to that state prohib-
ited (c.f. Sergot's Green-Green-Green transition coirggan C+(+1) [Ser04)).

The specification of permitted or prohibited states makessnple to specify certain
cases of violation and is hence appealing, in particulalioiva for the states to be
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labelled as violating without any consideration as to hoasthstates were reached.
Taking this approach however, introduces a practical grokh the process of spec-
ification. We typically wish to consider the consequences ofolation,as wellas
identifying its occurrence and those consequences suchnasians (discussed fur-
ther in (Sectio.3.314, pad@el97)) are likely to be dependehbnly on the violation
which has occurred, but also on the action, or some progeofiehe action which
brought about that state. In the case where we allow for pr@d states, there is no
association between the violation of a prohibition and tttea which lead us to that
violation (we have simply arrived in a violating state). &ivthis we choose to focus
solely on the expression of prohibited actions and events.

It should be noted that from the point of view of reasoningutbmodels the adoption
of a single operator represents a closed world assumptarnwe assume that we we
must know all cases where an action is permitted, in ordenfer ithat the action is
forbidden by the absence of permission). From the point eivwof analysing and
verifying institutional specifications this point of view sufficient as we are always
dealing with complete models. In the case that we were facg$s1 agent reasoning
we would have to include a mechanism for inferring all thriesges of “knowing that

an action is permitted”, “knowing that an action is forbidd@nd “not knowing if
either is the case”. We discuss this type of reasoning fuith®ectio ZTK pade 2133.

Obligations

Permissions and prohibitions allow one to make assertibositawhich actions are
allowed or disallowed at a given pointin time, as well as éh@ncepts we also wish to
be able to capture the notion of an agent being required tovhath is typically done
using an obligation operator of some form. In (Secfion 2aygh3P), we discussed a
number of possible ways of expressing obligations, inclgdmmediate obligations,
prioritised obligations and obligations with deadlinegf@e we make a choice for a
deontic operator we first discuss the possible shape thatassuoperator may take.

As with permissions or prohibitions, the subjects of oliigas may be either states or
events. In the first case the obligations take the form of “ghdynot] to bring about
the state X”, and in the second case we have obligations dbthe “A ought to do
action X”. As with permissions and prohibitions these twaots are interchangeable
by replacing actions with states containing the actions@e-aondition or states with
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all actions leading to that state. As in the case of permissize make the choice to
opt for an event-oriented operator.

The second question we must ask is whether obligations di@udlirectly associated
with the actions of a particular agent, or whether they stheumhply be associated with
a particular type of event which in turn may be internallycasated with one or more
agents. Intuitively one might see a directed obligationasitg the form (in English)
“Agent A ought to do X” and an undirected obligation as having form “It ought to
be the case that X is done ”. The importance of this distimdb®comes clear when we
consider obligations on groups: suppose we have an oldigafithe form “X must
be done” and we wish for action “X” to be performed by any memifea particular
group. In the case our obligation operator is not directedatd particular agents,
we can simply specify the obligation as is and rely on the andéfinition (in the
constitutive rules of the institution) for what the perfante of “X” is considered to
be. If, however we choose to require that all obligationglanexted then the obligation
“X must be done” must be treated as a set of obligations, apgplp each member of
the group, which we consider to be cumbersome. Given thisheese an undirected
operator, relying on the specification of the actions witte obligation operator to
associate the obligation with one or more agents.

An important final question is whether to treat pairs of staets such as “You ought
to do X before Y” and “You ought to do Y before X” as consistentimconsistent
according to the our model. Many approaches (such as [DW\@jose to eliminate
the apparent conflict caused by such statements by intnoglEcidefeating relation
which forces one or other of the obligations to be overridd&hile one could take this
approach it is our view that this over simplifies the procdssoomative specification.
In real life normative conflicts are commonplace, and in meases it is our ability to
choose which rule to break which is important (consider @meeovhere a very close
friend asks you to do something which will break the law).t &isswe as humans must
make our own decisions about how to handle inconsistensiesee no reason why
such dilemmas cannot be passed on to agents, and we optid@illihe possibility of
inconsistent obligations in our system. While we permitscenflicts, it is not always
the case that they will be considered as acceptable, faanostit may be desirable
to limit the possibility of normative conflicts in the caseaparticular procedure or
contract. Itis our view that such conflicts should be elinéleby a process of analysis
and refinement of the rules of the process or contract itself.
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Violations and Sanctions

A violation is any case where an agent performs a prohibittidm or fails to fulfil
one of their obligations and sanction is the process by witiahagent is penalised for
bringing about that violation.

An important question about sanctions is whether or not #reydistinct from the
norms which they enforce. One approach might be to treatrtheeps of enacting a
sanction as exceptional and this is the approach taken kguéz-Salceda, Dignum
et al in their paper[[VSADOX] which describes an operational apph to the spec-
ification of norms — a sanction is expressed as a plan which brubrought about
by a sanctioning agent in order to penalise the violatingheagad also recovers the
institutional state from the effects of the violation. Instkense the sanction is treated
separately from the process of enforcing the norm itsetfuireng both special treat-
ment of actions which take part in the process of sanctioamgnts and a separate
language for expressing those sanctions), in additionasamt accommodate the pos-
sibility of treating sanctions in a normative way or dealimigh cases where sanctions
are not applied as required by sanctioning agents.

As we remarked in (Sectidn 2.6.4, pdgé 47) enforcement majtbher enacted indi-

rectly by changes in agents’ behaviour (private enforcejnen directly through the

application of a sanction within the context of the instat(public enforcement). In

the latter case the imposition of the sanction may eithergbewal - i.e. the violation

merely opens the possibility for the sanctioning agent togoabout the sanction, or
mandatory in which case it is not permitted for the sanctigragent to not bring about
the sanction. Both of these cases may be expressed as nanudds (either a permis-
sion or an obligation to perform the sanction), which simijoljow as consequences
and it is our view that sanctions are more naturally expegse¢he language of the
norms which they enforce, and we choose not to give them aagiapstatus in our

specifications.

Sanctions play an important role when considering efficdaystitutions. In order for
a sanction to produce the intended result it must be bothcaigé and effective. In
the first case it must be possible for the sanctioning agesui¢oessfully perform the
actions required in order for the sanction to be brought aldlokewise it should not be
possible for the agent being sanctioned to to prevent thicapgity of the sanction.
In the case of efficacy, the function (or outcome) of the sananust be sufficient to
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discourage or negate the social cost of the violation thatdpnt about the sanction in
the first place.

The issue of determining or quantifying the cost of a sanctm a given agent is
outside the scope of our approach (as we do not quantify siggilities in our model)
however the issue of determining the applicability of a sanccorresponds directly
with the types of problems we wish to test for in written sfieations.

3.3.5 The Life-Cycle of Institutions

As we remarked in (Sectidn_3.2.3, pdgé 88) institutions meeta temporal scope,
where an institution is only considered to be in force fongegitime interval. In order
to capture this notion within the specification of instituts we must make it clear what
it means for an institution to be in force or in existence akeMise what it means for
an institution to cease to have an effect.

The process of creating an institution can be seen as aticanBbm a point in time
when no rules defined within the institution have any effexia subsequent point in
time when those rules have an effect, and likewise the psamfadestroying or tearing-
down an institution is simply the transition from a point dtieh the institutional rules
mayhave an effect to a point at which they may no longer have degtef

Given that the focus of this chapter is on single institusicone might ask what rele-
vance is of cases where the institution in consideratios do¢have any effect. There
are cases where we may wish, for instance, to parameterisstéation upon creation
by associating particular values or agents with partiquésameters or roles, where the
process of creation may be of importance.

In principle there is no need to give these processes anyad@tatus as one could
parametrise all institutional rules directly (as consatkby Artikis for specific rules
in [Ale03, pages 101-102]) in such a way as to take into accthentime at which
the institution was active. In the case of the instituticamb whole this may become
cumbersome and we choose to directly consider the casesimgiguations are created
and destroyed.
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3.3.6 Time

An important aspect of any system designed to model actidrchange is how it deals
with the problem of representing time. As is pointed oui @4l a number of meth-
ods have been found to be useful in different areas of adifictelligence, including
representations based on explicit dating, intervals, angboral logics.

For the purposes of this thesis we assume a model of timestogsof a set of totally
ordered time instants, such that at each point exactly aa-Wworld” event may occur.
We do not make any assumptions about durations of real timehwhay take place
between these instants.

3.4 Formal Definition

We define an institution as a 5-tuple:= (£, F,C,G, A) consisting of a set of in-
stitutional events, a set of institutional fluentg, a set of causal rules, a set of
generation ruleg and an initial staté\. A definition of these sets follows.

3.4.1 Events:&

Each institution defines a set of event symhots £, each of which denotes a type of
event which may occur.

We break the sef down into two disjoint subsetg,., consisting ofexogenous events
and¢&;, . consisting ofinstitutional events

Exogenous eventsé,, consists of events which may be accounted for outside of the
scope of the institution. These may include agent commtinic&vents such
astell(a, b, yes) (a tells b “yes”) and other externally defined events, such as
timeouts.

We additionally define a subset of the exogenous evefits:which contain
events which account for the creation of an institution. &@iven institution,
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when a creation event occurs, and that institution does Ineady exist, the
institution is created.

Institutional events: &;,,.; In contrast to exogenous evenisstitutional events,,, .
contains the events which are generated by the institutsmmaantics.

We break institutional events into the disjoint subsatstitutional actionst,.
which are intended to capture significant changes in ingiital state, andi-
olation events,;,; denoting points at which violations have occurred. The set
of violation events is defined such that it contains at least @olation event
corresponding to each institutional action and each exageavent as follows:

Ve € Eget U Eey : viol(e) € Epior-

Specifications may also define additional violation evemtihis set, which are
not directly associated with particular exogenous or fagtinal actions.

We define the set afissolution events,, as a subset of the institutional actions.
When a dissolution event occurs within an institution, th&titution ceases to

exist.
Definition 4

£ =& Ubma (D4.1)

ge:v N gz’nst - @ (D42)

Sinst - gact U Sviol (D43)

Eact N Eviot = (D4.4)

g>< g 5act (D45)

g-i— g gea: (D46)

Exogenous events relate only to things which may be obsenvdte world outside
the institution. In the case that an exogenous event refatas action performed by
an agent, it should be made clear that the event is associgtedbservation of the
occurrence of this action. While events may be associatednally (with respect to
an agent) with some intentional stance, there is no extezpatsentation of this stance
embodied within the description of an institution.

We assume that the institution has no control over when otlvehe given exogenous
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event may occur. This view is consistent with the model thatinstitution provides
an interpretation of rather than a definition of the world ihieh it operates. The
interpretation of these external events is expressedartbigl institution through the
generation of institutional events. As a given externahéweay have several distinct
meanings in the context of the institution, each externahémay be associated with
the generation of several institutional events. Insttgil should be considered as ex-
isting only within the context of the institution and the aoence of an institutional
event does not bring about any direct effects in the outsiolddw These events may
bring aboutindirect effects in the outside world by either changing state of tissi4
tution (thus changing agents’ power,permissions or obbga), or by causing agents
who observer their occurrence to change their internal ahettitudes. The latter case
corresponds to the notion of private enforcement discuiss8dctior 2,64 pade #7.

We do not consider cases where multiple exogenous evenis acthe same time. In
the context of multi-agent systems this is reasonable, @exkernal events we deal
with are typically associated with message exchanges wtheraotion of absolute
simultanaety is meaningless (i.e. it is impossible for twormre agents to send the
same message at the same time). It may be the case that we datermine exactly
in which order events have occurred, however we treat theesescas a set of possible
models (where each possible ordering has occurred) rdtherin a unified approach.
This type of reasoning is discussed further in SediionHadd 15P.

3.4.2 Fluents

We now turn to the definition of the institutional state whigke model through the
definition of a set of fluent properties. We make a distinchetweemormative flu-
ents which express normative properties of the institutiomatlessuch as permissions,
powers and obligations, artibmain fluentsvhich correspond to properties which are
specific to the institution itself. In both cases we modelritseas propositions which
may be true or false in a given institutional state.

We define the seb to include all institution-specific fluents which may be tinghe
institutional state.

The set of normative fluents is broken down into sets of fluesitging to powers/V,
permissions? and obligationg) as follows:
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W A set of institutional power fluents of the forpow (e) : e € &,.; where each power
proposition denotes the capability of some actioio be brought about in the
institution.

P A setof event permission fluentserm(e) : e € &,,,UE., each permission proposi-
tion denotes that it is permitted for actieto be brought about. We do not define
a proposition for “forbidden” but simply define it as the abse of permission
for that event to be brought about.

O A set of obligations, of the formbl(e,d,v)e € £,d € £,v € E,4. The presence
of an obligation fluent in the institutional state denotest tvente should be
brought about before the occurrence of evéat be subject to the violation

We define the sef as all institutional fluents which may be held to be true in\eegi
state as follows:

Definition 5

F=WUPUOUD (D5.1)
WNPNOND =1 (D5.2)

The above definition describes which fluents may be creatddnithe context of the
institution, however we also wish to consider the life-eyof the institution. In order

to do this we define a flueritve which indicates when the institution has been created
and its rules may have some effect on the institution’s ste treatment of this fluent
differs from the institutional fluents, in that its defintias external to the semantics
of the institution itself. To take this fact into account wefide the sefF* as the set of

all institutional fluents, including external fluents.

Definition 6

F* =F U {live} (D6.1)

We then go on to use this definition to define the possible stafteéhe institution,
including those in which the institution has not been creéa®follows:
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Definition 7

» =27 (D7.1)

It should be noted that not all of these states will be redehab

Rules in the institution may have an effect in multiple ihdibnal states, and this
effect may be conditional on the institutional state. Inesrtb qualify the effect of
institutional rules over a specific set of states, we defirmmguagel’ of state formula
which allows us to specify which institutional states thiemmay apply as follows:

Definition 8 Given a set of institutional fluent propositiofsthe set of state formulae

is defined:
X = 2.7:U—|.7:

Where F U =F denotes the set of literals, including negations o¥erlt should be
noted that this language is limited to fluents which may be while the institution is
active.

3.4.3 Causal Rules

Each institution defines the functiéhwhich describes which fluents are initiated and
terminated by the performance of a given action in a statemra some expression.
The function is expressed s X x £ — 27 x 27. Where the first set in the range of
the function describes which fluents are initiated by thegigvent and the second set
represents those fluents terminated by the event.

We use the notatio@' (¢, ¢) to denote the fluents which are initiated by the eveint

a state matching and the notatiog! (¢, e) to denote the fluents which are terminated
by evente in a state matching.
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3.4.4 Generation Rules

Each institution defines an event generation funcfiomhich describes when the per-
formance of one event counts-as, or generates, angthet’ x £ — 28inst,

The generation of events may be conditional on some pr@geirti the institutional
state, and one event may generate multiple events. It sheutdted that this relation
describes explicitly specified relationships between &/rthe institution. There are
cases when events may be generated which are not in thi®relftr instance in the
case of unsatisfied obligations in (Section 3.5.1, page. Wdgitionally this function
represents cases where event generatiay occur, however as institutional events
require empowerment, they will only be generated when thipgrty holds. Event
generation is discussed further in (Secfion3.5.1, pagk 105

3.5 Semantics

During the lifetime of an institution, its state changes dou@vents that take place.
Each exogenous event possibly generates more events whicmicould create fur-
ther events. Each of these events could have an effect onuthent state. The com-
bined effect of these events determines the next state.

We define the semantics of an institution over a set of stat&sach state comprises a
set of fluents inF* which are held to be true at a given time. We say that a state-
satisfies fluenf € F*, denotedS |= f, whenf € S. It satisfies its negation f, when

f & S. This notation can be extended to sg¢ts X in the following way: S = ¢ iff
Veegp-SEu.

Definition 9 For a given stateS € X and a given expressiop € X we define the
operatorS |~ ¢ as follows:

¢={} (D9.1)
SEoe ¢={p},pes (D9.2)
o={-nphp¢s (D9.3)
Vp € oSk {p} (D9.4)
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3.5.1 Event Generation

Event generation allows us to consider events which may be as being bought
about by the occurrence of a given underlying exogenoustevidre intention is to
capture cases such as “saying 'aye’ counts as a valid bid auetion, if auction has
started” in this case the act of saying “aye” may be seen azweet, and the act of
issuing a valid bid may be seen as an event generated by a Is@giag “aye”. This
approach allows us to specify actions and events and tHeictefat a high level of
abstraction without being explicit about under exactly ethcircumstances an event
comes about. We might consider in the same example the case albid might be
brought about by a telephone bidder: the action of a buyeadibgdover the phone
can be considered as a different type of event to the actidmdaoling on the floor of
the auction house, but might bring about the same “bid” aciiothe auction, with
the telephone buyer being bound by the same obligations amalfuyer. We use
the notion of institutional power to constrain when eventgration may occur, such
that an event may only be generated if it is empowered to bielabove example we
might wish to say that bidders may only make valid bids if taey currently registered
with the auction house, in this case we would associate @t @ an agent registering
with the auction house with the creation of an institutigm@lver to bid in the auction.

In order to account for event generation we define an evergrgéan function which
describes which events may be generated in a given stdte: © x 2¢ — 2. In a
given stateS and a for a given set of events, GR(S, £) includes all of the events
which must be generated by the occurrence of evénits stateS and is defined as
follows:
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Definition 10 The set of events directly generated by a set of evéntben in a state
S'is defined as:

GR(S,E) =
{eefleckE or
(D10.1)
deeFE,geXecG(p,e)-e€c&uNSEPOW(E)ANSEQP or
(D10.2)
deeFEopeXecG(oe)-e€luaNSE O or
(D10.3)
de' e E-e=viol(¢'),S | —perm(e’), e’ € E,,¢ & Ey or
(D10.4)
de'eé& de E-SEoble,de)} (D10.5)

With [DI0.2 we consider event generation explicitly speditiy the institutional re-
lation G. One event generates another event in a given state, if émration was
specified by the institution and the current state satisfiexonditions for that gen-
eration and the generation is empowered. The final conditikes into account the
fact that while an institution may indicate that a given évgeneration should occur
that generation may only take place if the generated actiempowered in the current
state.

Definition[DI0.2 does not include violation events which gemerated explicitly by
inclusion in theg relation. These violation events do not need to be empowaandd
this fact is taken into account by DID.3.

With [DI0.4 we consider the generation of violation eventthasresult of performing
non-permitted actions. A violation is generated if an ati®performed and that ac-
tion is not permitted in the current state, and the actiomtsrcreation or a dissolution
event.

With [DITO3 we consider the generation of violation eventthasresult of the failure
to perform obligated actions. For all obligation fluents g¥hare asserted in a given
state, then the occurrence of the deadline evgeanerates the corresponding violation
eventu.
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The parallel generation of events, allows for the possyhilf an event which fulfils an
obligation being generated simultaneously with its desd(i.e. the deadline counts as
the fulfilment of the obligation or the obligation counts las tulfilment of the deadline
or another action counts as both the fulfilment of the deadiimd the fulfilment of the
obligation), while we consider this case as being undelgriatan institution we allow
for its specification, and say that when it does occur thegakithn is considered as not
being fulfilled.

Generated events come about from the performance oéxogenous eveirt a given
state. When applied to itself the functi@R is monotonic (fronZDI0I1), so for a
given stateS and a given exogenous event there exists a fixpoinGR” (S, {ec. })
which includes all events which are generated by the ocoaeréhis event in this state.

Theorem 1 For a given stateS and a given event,,;, GR(S, {e..}) is monotonic
with respect to the set of generated events. (Trivid[hy.)0.

That is to say that given a single exogenous evgntn a given state5, the first ap-
plication of GR to the stateS and the set of event&,, } will yield a set of events
which includes at least,,. This set will also include events which are immediately
generated through the application of either specified geloerrules inG or due to vi-
olations non-permitted events and unfulfilled obligatioBsibsequent applications of
GR to the original state and this set will also include eventsegated by previous iter-
ations (due t@DTI0I1). As the set of events in an institutiofimite, the re-application

of GR will yield a fixpoint GR* which defines the set of all events generated in the
statesS.

The above definitions ofsR and GR* do not take into account the fact that the in-
stitution might not have been created and as they stand vadighd for events to be
generated when this was not the case. We take this into acestimthe definition

of theevent occurrencéunction OC which denotes all events which occur which are
relevant to the institution in a given state € ¥, and for a given exogenous event
Cex € Eeu!

Definition 11

0C(S. e01) gt | 0: S —live,ec, & Ey (D11.1)
DTN GRS, {ewnd) : S live GRE(S, {ean}) : S I live, enr @©F1.2)
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With [DI13, if the institution has not been created, and ttagenous event does not
create it, then no events are considered to have occurredaition to the institution.
With BDIT12, if the institution is live (i.e. it has been credtand it has not been dis-
solved) then all events generateddyy are considered to have occurred. WIth D11.2 if
the institutionis not live (i.e. it has not been created bag previously been dissolved)
ande,, is a creation event then all events generated_ byre considered to have oc-
curred, note that this also leads to the creation of thetutgth and the inclusion of
the live fluent in the subsequent state (see Definiflon1313.2 below).

3.5.2 Event Effects

Each fluent inF* may either be asserted or not in each statg.irmrhe status of flu-
ents may change over time according to which generatednadtiave occurred in the
previous transition. We assume that fluents follow the comisense law of inertia, in
that if a fluent is initiated in a given state, then it remamsated in subsequent states
until it has been terminated.

We define the functiodNITI : ¥ x &, — F to determine the fluents which are
initiated in a given state when the institution is active.

Definition 12 When the institution is active, the set of fluents initiated given state
S € ¥ by a given exogenous event € £, is defined as:

INITI(S, e.,) =

{(pe F |3ecOC(S,e),d €X -pEC(p,e) NS |= ¢}

Fluents are initiated within an institution if a relationdrspecifies that a given event in
the extended set of generated events for that state andiriteates that proposition,
and the current state satisfies the conditions for thaatntn.

As with GR the definition ofINITT does not take into account the fact that the institu-

tion may not have been created. We define a correspondingdand/IT : X x &, —
JF* to take this into account.
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Definition 13 The set of fluents initiated in a given statec > by a given exogenous
evente., € £, are defined as:

def

INIT(S, e0p) =
{f € F*|f € INITI(S, ecp), S = live, Ve € OC(S, eer) € € Ex  or
(D13.1)
f € INITI(S, €er) UA U live, €., € Ey, S - live, (D13.2)
Ve € OC(S,ec) e € Ex, }

By [DI31, if the institution is active in stat&, then all fluents by specified
INITI(S, e.,) are initiated unless an event which terminates the ingiituis
generated, in which case no fluents are initiated.

By [DI3.2 if the institution is not active in stattand a creation event occurs, then all
fluents specified byNITI(S, e.,), the institution’s initial state\ and the fluentive
are initiated, unless that event also generates a dissolevient.

It should be noted that Hy D13.2, when an institution is dissidh, any effects on the
subsequent institutional state (but not any correspondugnt generations) are ig-
nored.

We go on to define the functichERM : ¥ x &, — F* to define which fluents are
terminated in a given state by the occurrence of a given event

Definition 14 The set of fluents which are terminated in a given state X by a
given exogenous actian, € &, is defined as:

[oN
-

€

TERM(S, eer) =
{peS|3ecOC(S,en),d €X-peCtp,e),SE¢ or (D14.1)

p=obl(e,d,v) Ape SAee OC(S,e.) or (D14.2)
p=obl(e,d,v) Ape SAd e OC(S,ec) or (D14.3)
e € OC(S,ec) Ne € Ex} (D14.4)

By DIZ1 a fluent is terminated if a relation dhspecifies that a given event in the
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extended set of generated events for that state and evanhétes that proposition,
and the given state satisfies the conditions for that terioina By [DIZ A DTAB an

obligation proposition is terminated if either its deadlior the obligated action are
in the extended set of generated events.[By [314.4 all fluentha institution are

terminated if an dissolution event is generated.

Finally we define a transition relation for the institutionfallows:

Definition 15

TR(S, e0n) = {f € F* |f € S, f ¢ TERM(S, e..) or (D15.1)
f € INIT(S, e.0)} (D15.2)

From[DI51, all fluents which are asserted in the currene giatsist into the next
state, unless they are included in teeminatedcomponent of a relation fro.

From[DI&2, all fluents included in thieitiated component of relations fror@ which
match the current state and an action in the generationeset@unded in the following
state.

Conceptually, the transition from one state to the next aaxiéwed in three distinct
phases. Firstly the exogenous event which causes thetioansi considered to have
occurred. In the second phase, the set of all institutiomahes which are generated
from the original exogenous are determined by repeatedtiter of theGR on the
set of generated events and the original state until thes&illof generated events is
calculated (i.e. when the application@R returns the set of events which were applied
to it). In the third phase the set of fluents which are initieded terminated by the set
of generated events is calculated usingliREl' andTERM functions. The successor
state is then computed using th& function as the union of the set of fluents which
were initiated by the transition and all fluents from the jpveg state which were not
terminated by the transition.

Each exogenous event may lead to the generation of zero @& imgiitutional events
and each of these may lead to the initiation, or terminatfareco or more fluents. In
the definition above the set of fluents that change from ore gidhe next is entirely
dependant on previous state and whichever exogenous emgsgsthe transition. It
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is not the case, for example, that an event can bring abouéethenation of the em-
powerment for itself to occur. When an institutional eveotuwrs the empowerment
and all other conditions for its generation are drawn ordyrfiother events which have
occurred and the previous state. Given a state and a givgeegas event, the transi-
tion to the next is also deterministic, for each state anth @xogenous event there is
exactly one successor state.

3.5.3 Ordered Traces and Models

Now that we have defined how states may be generated from spsestate and a
single exogenous event, using these we are able to defims wamultiple events and
their corresponding state evaluations.

Definition 16 An ordered tracel’? of institutionZ and lengthn is defined as a se-
quence of exogenous events:

def
7 & A
Tn = <€0,...,€n_1>, €; €&

ex’

0<:<n-—-1

We use ordered traces to defim®delsof our institutional semantics as follows:

Definition 17 A modelof an ordered trac€? is defined as a tupl®IODEL(T7) =
(MS, M E) such thatM S is a sequence of stated7S = (S, ..., 5,),S; € F*and
ME is a sequence of evemi$E = (Ey, ..., E,_1).

The modeMODEL(T?) is computed over eventsitf = (e, ..., e, ) as follows:
[y i=0 (D17.1)
MODEL(T?), £ { S, = TR(MS,_1,¢,.1) O<i<n  (D17.2)

Models describe which events (including those generatatdinstitution) and which
fluents hold over a series of time instants.
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3.6 A Simple Example: War Institution

In order to demonstrate how an institution may be modell¢derabove formalisation,
we give a simple example not based in the field of multi-aggstiesns.

A country is constantly swinging between war and peace wstheighbour. The coun-
tries have agreed that when they are at peace, a citizen bfghghooting a citizen of
the second counts as murder, when they are at war and a digzelpeen conscripted
into the army it is permitted to shoot, and that conscripi®only permitted when
the countries are at war. When one country is provoked, ibiged to start war first
before it is allowed to shoot.

The institutional model shown in Figuie B.4 represents dgeilations of one of these
countries.

The institution relies on a number of exogenous evehis,4B.4hoot indicates that
a shooting has occurregtartwar that a war has startedeclaretruce that a truce
has been declareth11up that the citizens have been called up amdvoked that the
country has been provoked.

The institution constitutively describes two evertenscription when citizens of a
country are called up to fight amdurder. when a citizen of one country Kills a citizen
of the other without permission (for the sake of simplicitg @Wo not model exactly
which citizen has committed the murder). These are captimexligh institutional
eventsconscription andmurder as stated by (3.4.5).

A single creation evenireate is defined and no dissolution events are defined (i.e.
once created the institution is never dissolved).

B4.3) indicates all violations that could occlt. {3 48fines one domain fluent stat-
ing that the country is at war, whil€{3.4110), (3.4.1114(F2) indicate the empow-
erments, permissions and obligations the country may hdlke decision to start a
war in time of peace results in the institutional creatiomatate of war, as shown in
B413). [(3.4715) generates the obligation to start a wstrfiefore shooting to avoid
committing a murder whenever being provoked during a peoibdeace. [[3.4.16)

provides the permission to shoot, whenever conscriptigrtdieen place, which is em-
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Eex = {shoot,startwar,declaretruce, callup,

provoke, create}

Ewt = {conscript,murder}
E. = {create}
& = {}
Eviov = {viol(shoot), viol(startwar), viol(declaretruce),

viol(callup), viol(provoke), viol(conscript),

viol(murder)}
{atwar}

D
W = {pow(conscript), pow(murder)}
P

= {perm(shoot), perm(startwar), perm(declaretruce),

perm(callup), perm(provoke), perm(conscript),

perm(murder) }
O = {obl(startwar, shoot, murder)}
A = A{perm(callup), perm(startwar), perm(conscript),

perm(provoke), pow(murder), perm(murder)}

C'(X,&): ({-atwar},startvar)
({—atwar}, provoke)
(), conscript)
(0, startwar)
CY(&,X): ({atwar},declaretruce)

G(E&,X): (D, callup)
(0, viol(shoot))

— {atwar}
— {obl(startwar, shoot, murder)}
— {perm(shoot)}
— {pow(conscript)}
— {atwar, perm(shoot),
pow (conscript) }
— {conscript}

— {murder}

Figure 3.4: The War Institution
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powered only when a war is started, as indicated[by (3.4.Déxlaring a truce will
end the state of war when at war and revoke the permissiondwot sind the power
to conscript[[34.78). When a country issues¢hup command, the institution will
treat this as conscriptiow@nscrip), when this is empoweref{3.4]119). Shooting when
it is not permitted generates a murder evéni(314.20). alyiti{@.Z.13), the countries
are at peace, and a number of events are empowered and pdrmitt

The semantics of the formalisation above for this instilaitnay be demonstrated by
examining ordered traces of exogenous events belongimgtostitution. We start by
examining a simple trace of the five events defined as follows:

T.'" = (create, provoke, shoot, startwar, declaretruce)

denoting the creation of the institution, a provocatiomaating, the starting of a war
and finally the declaration of a truce. The model of this tiaahown in Figuré&-316 on
page[11l7, in this figure an ordered sequence of six time itsstamresponding to the
states of the institution are shown as linked circles. Thents/which occur between
these time instants are shown above the links with the uyidgrbbserved event being
shown in italics, and all events (those which are generatelddapplication of th€&R
function) shown below them. The fluents which are true at amginstant in time are
denoted below the instants. Fluents which are initiatedgiven state are highlighted
in bold.

In the model denoted in FiguEe_B.6 we start at time instamtith state being empty.
The transition from this state to the statés brought about by thereate event which
creates the war institution instantiating theve(war) fluent and other initial fluents
in the setA. The following transitiorprovoke initiates the obligation to start a war
before shooting in the state at time instantThe next transition is brought about by
theshoot event, this event generates thel(shoot). The violation is simultaneously
generated by the fact that teeoot event is not permitted in the state at time instant
and the presence of the obligatiol(startwar, shoot, murder) which is violated by
the generation of the shoot event. The final two eventgtwar anddeclaretruce
initiate and terminate thetwar fluent.

Figure[3b shows a similar model for the trace:

T:" = (create, provoke, startwar, callup, shoot)

114



in which theshoot event does not count as a murder in this case as the occurrence
of the startwar event leads to a state where thellup event counts as the
conscription event, which in turn leads to the initiation of the permissio shoot
(perm(shoot)) in the state associated with time instant

3.7 Summary

In this chapter we stated that the institutions we are comeemwith arise from the
outcome of a human led design process. We then discusseddeéying properties
which define the types of institution that we are concernegt.\W\e also identified that
these institutions may be applied to a broad range of sttnatwith varying degrees
of abstraction, different temporal and agent scopes.

We established that the principles of constitutive socgallity, particularly that of

conventional generation may be used to form a natural madehstitutions by rep-

resenting the relationship between actions and eventgiretd world and those iden-
tified within the institutions in question. We then examirtad types of regulation
which may be applied within institutions and argued thanhpssion and obligation

with deadlines are sufficient for modelling regulations, also noted that institutions
may be transient and that this must be taken into accouneindesign.

We then used these observations to build a formal model éosplecification of institu-
tions. The model we have presented is based on a set of tiwtigpecific fluents and
normative fluents (relating to possible obligations andrpssions in the institution).
These fluents are then used to build a model of the possiliesdtaat an institution
may be in over time.

We subsequently define two classes of evestsgenous eventghich relate to events
which occur outside of the scope of the institution amtitutional eventsvhich occur
within the scope of the institution. These events are usel@bote particular types of
change within the institution. The occurrence of instdngl events is accounted for
through the definition of generation rules, which asso@ateyenous events with the
institutional events they generate.

Finally, we account for changes in the institutional stdteagh the definition of
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causal rules, which link the occurrence of both exogenodsrestitutional events with
changes in the fluents which hold in the state following theuo@nce of a given event
or events.

Based on this model we then defined how the semantics of atutiest are interpreted

in terms of a set of ordered traces of exogenous events. Welshw, given a sequence
of exogenous events (an ordered trace) a model of the igtitmay be determined

for these events. A given model defines the sequence of set®ofs which are gen-
erated by the sequence of exogenous events, and a corregpseduence of states,
denoting the fluents which hold after the execution of a gerogenous event. For
each sequence of exogenous events (ordered trace) a Ingsponding institutional

model exists.

Finally we demonstrated the application of these semawiittsa simple example.
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LTT

shoot

shoot declaretruce
create provoke viol(shoot) startwar declaretruce
create/‘\ provoke /\ murder startwar wWol(declaretruce,
00 o1 102
live(murder) atwar
live(murder) live(murder) live(murder) live(murder)
obl(startwar, shoot, murder)
perm(callup) erm(callup) perm(callup) perm(callup) perm(callup)
perm(conscript) perm(consczj"i £) perm(conscript) perm(conscript) perm(conscript)
perm(murder) perm(murderz)) perm(murder) perm(murder) perm(murder)
perm(provoke) perm( rovoke) perm(provoke) perm(provoke) perm(provoke)
perm(startwar) perm(gtartwar) perm(startwar) perm(startwar) perm(startwar)
powmurder p powmurder pow(conscript) powmurder
powmurder
powmurder

Figure 3.5: Model of for tracécreate, provoke, shoot, startwar, declaretruce)

callup
create provoke startwar callup shoot
create /\ provoke /\ startwar conscript
00 o1 102
atwar atwar atwar

. live(murder) . live(murder) live(murder)
live(murder) live(murder)

obl(startwar, shoot, murder) perm(callup) perm(callup)
perm(callup) perm(callup) . .

A perm(callup) . perm(conscript) perm(conscript)

perm(conscript) ) perm(conscript)

perm(conscript) perm(murder) perm(murder)
perm(murder) perm(murder)

perm(murder) perm(provoke) perm(provoke)
perm(provoke) perm(provoke)

perm(provoke) perm(shoot) perm(shoot)
perm(startwar) perm(startwar)

perm(startwar) . perm(startwar) perm(startwar)
pow(murder) pow (conscript) . .

pow (murder) pow (conscript) pow (conscript)

pow(murder)
pow(murder) pow (murder)

Figure 3.6: Model of for tracécreate, provoke, startwar, shoot, declaretruce)



Chapter 4

Relating and Composing Institutional
Specifications

4.1 Introduction

In the previous chapter we described a model for specifyimgje institutions and we
stated in Sectioh 3.1, pafel 83 that our objective for eachese specifications was to
capture a particular aspect of agent interaction. Withimgent society a number of
institutions may be specified and put into force. Each of tienés in this society may
play arole in the enactment of some, all, or none of the usbibs which are in place.

We could take the view that each of these types of intera¢sooh as protocols and
contracts) should be enacted and considered completedpamdiently, with each insti-
tution having its own, independent interpretation of thergs taking place. However
this approach is undesirable, as each institution mustidecthe necessary semantics
to encapsulate all aspects of its execution: At the conteees, each institution would
have to define its semantics exactly in terms of events whiglolbservable in the en-
vironment, as well as incorporating the abstract (ingtnally constituted) semantics
for that case; At the abstract level we would like to be ablleandle certain categories
of scenario (such as contract violations for instance) ctvimay have numerous dif-
ferences, in a common way. In the case where the institugoasted by a society
are independent, each of those institutions would nedgséave to duplicate that
common process within their semantics.
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In this chapter we consider the problem of how the normatiepgrties of institutions

of the form described in the previous chapter may be compogededsign. We develop
a mechanism which allows for institutions to be expressddpendently of each other,
and then composed into a specification for a society as a whlieh binds these

individual component specifications together in such a waythey might be enacted
concurrently.

4.2 Institutional Composition

We now address the question of what it means for a set ofutistit specifications to
be composed.

In the model described in Chapfdr 3 an institution specifioat defined as a mech-
anism for providing an (institutional) interpretation ofsat of external (exogenous)
events — which may be brought about outside of the contexteiristitution — in
terms of the generation of some institutional events ansidone change to the state
within the institution.

The nature of the type of institutional composition we wishcapture can be sum-
marised as the problem of explaining when an event in oneefrttitutions in the

society, counts as the occurrence of a corresponding avanoither institution in that
society.

4.2.1 An Example: Contract Enforcement

Suppose that in a given society agents conduct some businessling to the regu-
lations of a set of contracts, each of which governs somes dagteraction within
groups of agents in that society.

Suppose that within this society there is also an enforcébmy whose purpose it is
to enforce violations of regulations in society by enacsagctions upon those agents
who have performed actions which are considered to be ll{egaording to that soci-
eties definition of illegal). Further suppose that the ecgarent body is governed by
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a single rule as follows (significant events are highlighteiialics):

e If an agent has performed ditegal act (some action which is considered to be
illegal in the society), then a member of the enforcemenybuodst apply some
prescribed sanctioto the agent within a given period of time.

Now consider a single type of contract which relates to theileg of money which is
described as follows:

A loan contract isreatedwhen one ageriends moneyo another agent.
When a loan is created, after a given period of time the aediust bereim-
bursedfor the value of the loan.

If after this period of time, the debtor has not repayed thanlthen they are
considered to haveefaultedon the loan.

The contract iglissolvedvhen the debtor has beegimbursedor the value the
loan.

The intention of the enforcement institution is to enfollee $anctioning of illegal acts
by ensuring the application of the prescribed sanctiongiese acts. The rules of this
institution do not state what kind of acts are to be consulélegal, but simply that if
some action which is considered to be illegal occurs, thehauld be sanctioned.

In the loan contract, we do not say exactly which specificoastiaccount for when an
agent lends money or when a loan must be repayed — be it innmestiés or as a lump
sum.

In our particular society we compose these institutionf wie following rules:

e Defaultingon a loan is considered to be #legal act

¢ When an agendefaultson a loan then thprescribed sanctiofor this violation
is that a member of the enforcement body nifust the debtothe remaining
value of the loan and thgmay this sum to the creditor of the loan

e The action of a member of the enforcement bpdying the creditor the value
of the loanis considered aimbursemenfor the loan.

As we can see, the significant events in these two institstoa linked by rules within
the society, such that in the case where a loan goes unpail, aways be the case
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(if the enforcing agent fulfils her obligations) that the tetwill be sanctioned.

In another society the rules may be different, for instageay be the case that a
society forbids the lending of money, in which case the ewdntreating the loan
contract would be treated as the violation. In either casth the loan and enforcement
institutions remain the same, however the rules which gottee actions which they
create are different.

4.2.2 Features of Specifications

The above example informally illustrates how two indeperndestitutions may be
composed by linking the events which constitute the seroswofi each individual in-
stitution. We could express the above specification as desingtitution using the
syntax defined in the previous chapter. However, in this t@s@ormative aspects of
borrowing money and enforcing contracts are distinct, d@pam the rules which link
violations of contracts and their enforcement, and gerevsatigations on different
groups of agents (those borrowing money and those enfomongacts). Addition-
ally, the same enforcement process may equally be applietthés, as yet unspecified
aspects of the society.

We now go on to discuss a number of general cases in whiclutistial composition
may be applied, and be of some benefit to the process of spegiiye institutions
which are composed.

Delegation

In the above example the contract institution on its own @sfiwhen a loan is violated,
but in the case that a violation occurs, no further actionasdated by the institution
itself. By linking a loan contract to another institution ih provides the means for
enforcing that contract, additional force is applied tovtwation of defaulting on the

loan (the possibility that the enforcement institutionlviiie the debtor). In general,
composition of this sort can be seen as a kind of delegatiberevone institution (in

this case the loan contract) delegates the enactment of agpeets of their execution
to another institution, which in turn provides some addiibfunction (in this case the
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Figure 4.1: Delegation from Institution A to Institution B
enforcement of loan repayments) to the original institutio

Delegation also plays a role when considering the lifeptinstitutions, in the above
example, the contract institution is dissolved when thetrean is either violated or
when the loan is repayed. In many cases we wish to represeifachthat an agent
violating such a contract may lead to an effect on some aspéthat agent’s ability
to take part in future interactions in the society. In anitnibn with a short temporal
scope, such as the loan contract, the representation obsuefiect may be delegated
to a second institution which persists beyond the scopeebtiginal. We illustrate
this type of composition in Figuie 4.1 whereent,; in institution A generatesvent;;

in institution B, allowing institution B to interpret soms@ect of the world (in this case
generatingzvent,;) before returning control to institution A by generatiggnt,..

Abstraction/Elaboration

The second case where composition may be used can be seerdasltbf delegation.
When we chose to define a broad enforcement institution, wkldwave specified an
enforcement procedure explicitly for the purposes of aipglganctions for each type
of contract, including one for enforcing the loan procedutas likely, however that
such an institution would share many of the same featureshes enforcement in-
stitutions leading to a degree of redundancy within the miment institution spec-
ifications. The absence of specificity in the definition of @kawhat type of event
is considered to be an illegal act in the enforcement intgtituabove allows for the
same institution specification to be re-used for all congrachere similar classes of
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Figure 4.2: Institution A provides elaboration to Institut B
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Figure 4.3: Temporal Composition of Institution A Followley Institution B

violation are considered. The same point may be made abewefnition of which
events are significant to the loan contract, while it may leedase that these events
(lend and reimburse) could be directly associated with ssigreals in the environment
it is also the case that they could be generated through tibigonetation of some other
institution, such as a negotiation protocol. This type ahposition is illustrated in

Figure[4.2 where institution B relies on institution A foetinterpretation of events in
the real world.
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Temporal Composition

A case which is not considered in the example above is onehwhecall temporal
composition. Whereas delegation and abstraction consals where two or more
institutions are active concurrently, there are also cedese the types of interaction
prescribed by some institution may be composed accordisgrite defined ordering.
In this case, the completion of some interaction descrilyedr® institution may be
seen as a pre-requisite for the creation and subsequenitigof a second institu-
tion. This kind of composition allows for the representatiaf high-level temporal
relationships between some subset of the institutions oceety and is illustrated in
Figure[43B where institution A is composed with institutiBnIn this casecvent
both terminates institution A and generatesnt,; which in turn creates institution B.

Specification Re-Use

A pragmatic case for composable institutions may be madw fhe point of view of
the author responsible for defining the normative aspectiseofociety. By isolating
descriptions of particular aspects of society as singletin®ns it becomes possible
to verify that particular desirable properties hold in thasstitutions independently of
how they are composed in a particular agent society. Thessigution specifications
may then be re-used in other societies and will retain theseable properties.

The above example is simple, and it is not unreasonable foosethat the loan con-
tract could have specified its own enforcement mechanismewer in a larger exam-
ple with more complex contracts and enforcement procedthvesecessity to define
a mechanism for enforcement for each possible case of Molat the contract will
quickly become unwieldy.

4.3 Formalising Institutional Composition

In the above example, the rules which describe how the loatvaxt and enforcement
institution are composed correspondctmventional generation rulasa single insti-
tutions, with the refinement that the events which are geeérare exogenous events
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in the composed institutions, and the events which bringiatheese events are insti-
tutional events in these institutions. Additionally whasesvent generation in single
institutions may only be conditional upon the state witlmattinstitution, event gener-
ation between institutions may depend on the state of aflyeafémposed institutions.

Given these similarities, we can account for event germratihen institutions are
composed using a generation relation in the same way as wa dmfle institutions,
but mapping from the institutional events which are brougjtiut by the composed
institutions to exogenous events of those institutions.

In the composition of institutions, we assume that eventegded between institu-
tions are conditional only upon the states of the instingiowhich are being composed,
so we omit descriptions of institutional fluents other thiaose already described by
the institutions which are being composed.

In the remainder of this chapter, we use the tenoiti-institutionto refer to the com-
position of one or more institution specifications and theoagted rules defining this
composition.

4.3.1 Syntax of Multi-institutions

A multi-institution is defined as follows:

Definition 18 A multi-institutionM is defined as a three-tuple:
def
M = (Insts, Ear, Gm)

Wherelnsts is a set of institution specifications of the fodmsts = {Z,,Z,,...,Z,
and each element ofnsts is an institution specification of the forri, =
(€, F,C,G,A), Eris a set of events angly is an event generation relation.

In the remainder of this chapter we use the subscript notdtito refer to a particular
institution in Insts, and the superscript notatiafi, F* to refer to the events (and
respective subsets) and fluents of institutign
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We require that for each institution imsts the set of fluents and the setinétitutional
events (but not exogenous events) is pairwise-disjoirtt witery other institution in
Insts. This requirement corresponds to our assumption that ée st each institution
is distinct and defined by that institution, and that insiitnal events represent an
interpretation, specific to that institution, of some exages event. We do not place
this restriction on exogenous events in order to reflectdbethat these events may be
derived from the environment, and that two distinct insitias may interpret the same
event in the environment (providing possibly conflictingeirpretations of the same
event).

For convenience we define the following sets for a given ma#titution:

Definition 19 For a given multi-institutionM we define the sef\!"* as containing

1mst

all institutional events of component institutions/ef as follows:

e | & (D19.1)

inst
0<i<n

Such that the institutional events of each institution asgoint:

Ve € &

n

o AT € Insts,j#i-e€El

inst

(D19.2)

We define the sé&}!* as containing all exogenous events of component institsitd
M in the same way:
(D19.3)

We define the sef* as containing all institutional fluents of component ingtiins
of M:
FME | F (D19.4)

such that the sets of fluents of each institutiopMihare disjoint

VfeF' . AT € Insts,j #i-f € F’ (D19.5)

We then define the s@t™ as the set of all expressions over these flugfts’—+"".
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As with single institutions we make a distinction betweerrdgs which may be gen-
erated by the semantics of the multi-institution, and thaké&h are accounted for
externally.

For a multi-institutionM a set ofenvironmengevents is defined as follows:

Definition 20 For a given multi-institution\ we define a set of exogenous evéilfs
such that:

EM, C EM" (D20.1)

For a given multi-institutionM, we define the set of all everdts® as follows:

ML g M gMs (D20.2)

inst

In a single institution, exogenous events are those evemitshvare accounted for by
something which occurs outside of the scope of that inglitut These events may
be implicitly associated with concrete definitions, suchiragouts, or the sending and
receiving of messages with a particular syntax or they mahiséract, denoting that an
event which is considered to fulfil certain criteria has aoed — where the definition
of these criteria lie outside of the scope of the institution

In the case of multi-institutions we assume that all exteemants are related to some-
thing which may occur or may be brought about in the envirammi@ a given speci-
fication the sefM is defined as the set of all exogenous events in componeittiinst
tions which have a concrete interpretation in the enviramme

Certain types of exogenous events in component institsitisucch as the observation
of time-outs and real-world agent interactions, will alwdye derived from the envi-
ronment. For the remainder of the exogenous events in coaemponstitutions, the
multi-institution must specify how the occurrence of thesents is accounted for, in
terms of events in the multi-institution.

In composed specifications, we apply a similar mechanisrevfent generation as we
do for single institutions. However, instead of specifylmmyv institutional events are
generated within an institution, we use event generatidetme relationships between
events in different component institutions.
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In the previous chapter we made the assumption that disgkwgenous events in a
given institution may not occur at the same time. In the cakenaall events are
brought about by the environment, this assumption holdsdfgudt, however when
we consider the specification of event generahetweennstitutions, as we do in this
chapter, it is possible that this assumption will be incctrdf it is the case that any
institutional events in any institution may be associateth whe generation of any
exogenous events in another institution, then at a givee tmstant an event in the
environment may either be specified to generate multiplateve the same institution
directly, or may generate multiple events indirectly asrdsailt of events generated by
another institution. While this possibility is not incos&nt with the general semantics
of events and the change in status of fluents in single itistits, it does lead to the
possibly of different behaviours arising from those of #&ngxogenous events.

We define an event generation relati@g, for a multi-institution M that specifies a
generation relation as a mapping from a given event to a setesfts conditional on
some expression.

Definition 21 For a multi-institution M an event generation relatio@i,, is defined,
such that:

) — 2%

Gag s XM x (EMF U eM

inst env

This relation differs from the event generation functionairsingle institution as it
allows event generations to be defined from an exogenous ievée multi-institution
M or a generated (institutional event) event in a composedutisn to an exogenous
event of a composed institution k.

In order to maintain the property of a single exogenous ewentirring at a given
time in any given institution, we place a restriction on tledinition of the generation
relation in multiple institutions as follows.

We first define a functio®R ., : 26+ — 25m which describes when one eventin

maybe considered to directly generate another, such that the’pain PR y,(e) if it
is possible that evertgenerates’ in M:
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Definition 22 For a given multi-institutionM, the functionPR , is defined such that:

PRu(E) E {¢ € En, |

JoecxMecE-€ cGu(o,e) or
(D22.1)

17, € Insts,e € E,¢ € X; - ¢ € Gi(¢,e) or
(D22.2)

37, € Insts,e € E,¢" € & -obl(e,e,€) € F'} (D22.3)

In the construction of this function we assumdin D?2.1 n@.B2hat all cases of
event generation described by relati@g, in M and by relationg; in an institution

in M are possible. Likewise we assume that for every obligatefmdd in the set of
fluents F* of institution ; that it is possible that the obligation may be violated and
that the deadline condition might be generated as a result.

For a given event € &, the set of all events which may be generated in given
transition of M may be derived as the transitive closufe}, PR)* of {e} over
PR . We use this property to define the following constraint om ¢bntents of the
relationG .

Definition 23 A generation relatiorG,, is valid w.r.t the specification oM iff it is
not possible for two distinct exogenous events in a giveitution to be generated at
the same time.

VI, € Insts, {e,e'} C &, ¢ ¢&({e}, PRy)*

We note the fact that this restriction on the generation @név may also remove
the possibility of some generation relationships which dolaad to the concurrent
generation of two events in the same institution (where iigtance, the conditions
of two rules are logically opposite, or the set of states imclwhhey are applicable is
disjoint). We could have included these cases by definirgréstriction directly as
a constraint on the model semantics, such that an exceptiasa was raised only in
those cases where concurrent event generations do occeteatanot to do this as it
adds a degree of complication to the interpretation of nedéthe multi-institution

which we feel is unnecessary. A second alternative we coale shosen is to define
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the property completely as a specification constraint,rage choose not to do this
as the enforcement of this constraint entails that an imeigation would necessarily
have to verify the disjunction of all possible generatiotesuin all reachable states,
an operation which as a validation step for the correctnegsesyntax specifications
seems undesirable.

As we have said, the omission of concurrency in inter-in8oh generation is a design
decision, which simplifies the specifications of individiredtitutions. We could have
taken the opposite view, and permitted concurrency and seds this possibility and
its implications further in Sectidn4.4.

As with single institutions the semantics of a multi-instion are defined over a set of
states:

Definition 24 For a given multi-institution M including composed institutions
Instspy = {Zy...7,} a stateSy, of M is defined as a se{S,...S,} such that
Sk, 0 < k < n s a state of institutiorT,.

The set of all states ,, of M is defined as:
Sy XX,
such that’,, 0 < k < n contains all states of institutiaf,.
Each state oM is a set of the states, consisting of one state for each ofimpased

institutions. The set of all statés,, of multi-institution M is hence defined as the
power set of all possible states of all component instihgio

4.3.2 Semantics

We now go on to define the semantics of multi-institutionsl@sve, re-using much of
the terminology defined in Chap{@r 3.

Generation rules within a multi-institution may be conaiital on the states of the
institutions from which the multi-institution is composed order to account for this
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we refine the definition of the binary operadox, = X\ for states and expressions in
multi-institutions as follows:

Definition 25 For a given multi-institution stat& ,, € >, and a given expression
oM € Xy We define the operatdf, = ¢ as follows:

dm =1} (D25.1)
dm={p}, 3L, €nsts-pe F*,pe S, (D25.2)
¢={-p},3Ts € Insts-pe€ F*,p & S, (D25.3)
Vp € ¢ Sm = {p} (D25.4)

SmE om =

We now define conventional generation for events defineddertwomponent institu-
tions and the environment in a multi-institution.

Definition 26 For a given multi-institution we define an event generationction
GM : 28 — 28m for a given stateS ,, € ¥, and a given set of events C £, as
follows:

GM (S, E) =
{e€émlec or (D26.1)
de' € E o € Xy -€ € Grmlom, €),Sm E dm or (D26.2)
3T, € Insts, S, € Sy, ¢ € EX e € OC(Sy, €) (D26.3)

¥

and a corresponding event occurrence function for a giverirenment event™ ¢
gM

OM (S pp, €M) € GM= (S, €M), (D26.4)

Such that, for a set of evenfs all events which are generated directly by the oc-
currence ofE in a given stateS,, are defined byGM (S,,, £). Where an event is
considered to be generated when it is in the set of generardseof a component
institution of M in states .

For a given environment evenf! in £ and multi-institutionS ,, € X4, the set
of all occurred events, including those which are generbyecbmponent institutions
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in @ multi institution, is the defined by the functi@M (S, ex) as the fixpoint of
GM (S, F) applied toE.

We now use this event generation function to define a tramsftinctionTM (S, e...)
for multi-institutions in terms of the transition functidar single institutions as fol-
lows:

Definition 27 For a multi-institution M, a state S,, € X, such that
Sy = (Si,...5,) and an exogenous event, € EX the functionTM(S , e..) is
defined as follows:

TM(Spp, ee0) = {80, ..., S}

such that for each single institution stag: 0 < k£ <n

Sp={feF*Pectl, ec OM(Sp.ee), € € &, . f € TR(Sk, )}

This function takes a multi-institution state, and an exmyes event and determines a
new state for each institution in the multi-institution be$n those events which were
generated in the multi-institution using th& function defined for that institution.

Ordered traces of multi-institutions have the same fornhasé of single institutions
(Section3.51, padeTi1), consisting of a sequence of exageevents. Models of
these traces are defined as follows:

Definition 28 A modelof an ordered tracd is defined as a tuplRIODEL(TM) =
(MS, ME) such thatMS is a sequence of multi-institution statesMS =
(S, ..., SM) SM e ¥\, and M E is a sequence of evem$¢E = (Ey, ..., E, 1),
E; C &

The modeMODEL(TM) is computed over eventsTi = (e, ..., e, 1) as follows:
SM =10, ..., 0} i=0 (D28.1)

MODEL(TM), € { $M=TM(SM,e,;) 0<i<n  (D28.2)

E; = GM (SM, ¢)) 0<i<n (D28.3)

The interpretation of an ordered trace of a multi-instantcorresponds to that of the
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single institution, however the sequence of states in theenmonsists of sets of sub-
states of the component institutions and the sequence oteweensists of sets of
events in each of those institutions.

4.3.3 Formalising the Contract Enforcement Example

We now return to the loan enforcement example discussethmafity in Sectio 4. 211,
we first formalise this as a multi-institution specificatiemmd then show how this spec-
ification may be analysed as an answer set program.

In the following formalisations we assume that the namesl(&&et Agents, Enforcers,
Sanctions) are defined elsewhere as containing unique identifiert@si@agent iden-
tifiers) for their respective domains. We use predicatetiartan the naming of events
and fluents to indicate that each fluent, and rule in whicheduss applicable to all
valuations over the respective domains of its arguments.

We give the formalisation of the loan contract (shown in F&jd.4), in this contract
we identify four events that may be related to the interpi@taof loan contracts as
exogenous event£{® ) in the formalisation[[4.414): the creation of a loan coatra
(borcreate), the event of a given agemt borrowing money from another ageit
(borrowed(a, b)), the event of an agent being reimbursedyedback(a, b)) and the
expiration of a timeoutl¢anexpired) before which the loan must have been re paid. It
should be noted that while we give English names to these®geh as “borrowed”
with which we associate meaning, such connotations are imglass as far as the
specification is concerned, and these events should bedraatconditions which are
necessary, but not necessarily sufficient to account fovengnstitutional interpreta-
tion. In order to account for the institutional interprésatof loans, we identify three
corresponding institutional events ifilf,) &Z3): the event of a loan being created
(newloan(a, b)), the event of the loan being resolvedsplved(a, b)) and the event of
the loan being defaulted on by a given agehif{ulted(a)). Violation events, corre-
sponding to the performance of these events when they angenaiitted are defined
by the se€” , in LZ.8.

We account for the presence of a loan between two partaxlb through the defini-
tion of single domain fluernban(a, b) iINE.4.9 and define the sets of fluents relating to
the empowerment (in the case of institutional actions) athssion (in the case of
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Given a set of agentdgents such that: andb are distict agents{a, b} C Agents, the
loan institutionZ'” = (£, F,C, G, A) is formalised as follows:

g™ = {borcreate, borrowed(a, b), payedback(a, b),loanexpired} (4.4.4)

g = {newloan(a, ), resolved(a, b), defaulted(a)} (4.4.5)
Eviy = {viol(e),e € (EHUER)} (4.4.6)
E" = {borcreate} (4.4.7)
" = {resolved(a, b)} (4.4.8)
Dy = {loan(a,b)} (4.4.9)
Wi = {pow(e),e € &, (4.4.10)
Pn. = {perm(e),e € MU (4.4.11)
O, = {obl(resolved(a, b), loanexpired, defaulted(a))} (4.4.12)
A, = {pow(newloan(a, b))} U Py, (4.4.13)
ClTn(X, E):

(0, newloan(a, b)) — {pow(resolved(a, b)), pow(defaulted(a)),
obl(resolved(a, b), loanexpired, defaulted(a))

loan(a, b)} (4.4.14)
gln(X7 gM) :
(0, borrowed(a, b)) — {newloan(a, b)} (4.4.15)
(0, payedback(a, b)) — {resolved(a, b)} (4.4.16)
(4.4.17)

Figure 4.4: Formal model of the loan institution
both exogenous and institutional actions) with the #4211 and\,,, EZ4.T10.

Within the contract we define a single possible obligation
obl(resolved(a, b), loanexpired, defaulted(a))

in the se0,,, 2212 which, when in force, states that if the loan valu®iseimbursed
before the specified deadline expires, then the debjas Considered to be in default.

The initial state of a loa 4.4.113 corresponds to the empmeet of any pair of agents

to bring about loans. The rules of the contract are formalisefZ. 213 {Z4.2.76) and
are summarised as follows:
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e The creation of a loah’ 4.4114 initiates the power for than ltmabe resolved and
defaulted (i.e. aloan may never be resolved or in defaulivbis never created).
The rule also creates an obligation for the loan to have bessived before the
loan expires (lest the loan be considered in default). Binle rule records the
fact that the loan is in force through the fluémin(a, b).

e The event of one agent borrowing money from another agenitsas a loan
BE4TH

e The event of one agent repaying money to another agent casitit® resolution
of a loan.

In the above formalisation of loans we do not specify the amofithe loan, simply
that some event brings it into being, that there is some eatevent which may occur
causing the loan to expire, and that some event may be brabglt to repay the loan.

The formalisation of the enforcement instituticff'(/, shown in Figuré4Zl5) is as fol-
lows.

We define four exogenous event$1n 4.5.18. These account for:

illegalact(a, s): The occurrence of some illegal act. This eventincludes socated
sanctions and the violating agent.

applysanction(ea, a, s): The imposition of sanctios on agent: by enforcerea.

enftimeout(a, s): The expiry of the deadline before which a sanction on a gigema
must be brought about .

enfcreate: The creation of the enforcement institution .

We define a single institutional acticfanctioned(a, s) which records that a given
agent has been appropriately sanctioned (after their pmeaioce of some illegal act).
We specify one violation event explicitlyp{dgov) for accounting for violations of the
governance rules by enforcers, as well as related violattdmon-permitted actions
E5.20.

The set of fluents in the enforcement institution include itisgitutional capability
(empowerment) for an agent to be sanctioned 415.24 andargleermissions, as well
as a single type of obligatiosbl(sanctioned(a, s), enftimeout(a, s), badgov) repre-
senting the necessity for a given agertte sanctionedsénctioned(a, s)) before the
prescribed timeouefftimeout(a, s)), lest a case of bad governantadgov) be gen-
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Given a set of sanctionSanctions, a set of agentslgents and a set of enforcers
Enforcers such thatEnforcers C Agents anda € Agents, ea € FEnforcers, s €
Sanctions the enforcement institutiob*”/ = (£, F,C, G, A) is defined as follows:

gt = illegalact(a, s), enftimeout(a, s),
applysanction(ea, a, s), enfcreate} (4.5.18)
£’ — {sanctioned(a, s)} (4.5.19)
£ = {badgov} U {viol(e)|e € & U £ (4.5.20)
£ = {enfereate} (4.5.21)
EM =0 (4.5.22)
D = () (4.5.23)
werd - = {pow(sanctioned(a, s))} (4.5.24)
Prf = {perm(e),e € £ UET) (4.5.25)
O/ = {obl(sanctioned(a, s), enftimeout(a, s), badgov)}  (4.5.26)

A = {perm(sanctioned(a, s)),
perm(illegalact(a, s)), perm(enftimeout(a, s))} (4.5.27)
CeTnf(Xu 5) :
(), sanctioned(a, s)) — {pow(sanctioned(a, s)),
perm(applysanction(ea, a, s)), (4.5.28)
obl(sanctioned(a, s), enftimeout(a, s), badgov)}
Celnf(Xu 5) :
(0, applysanction(ea, a, s)) — {pow(sanctioned(a, s)),
perm(applysanction(ea, a, s))} (4.5.29)
(0, enftimeout(a, s)) — {pow(sanctioned(a, s)),

perm(applysanction(ea, a, s)), (4.5.30)

obl(sanctioned(a, s), enftimeout(a, s), badgov)}
genf(Xa g/\/i) :

(0, applysanction(ea, a, s)) — {sanctioned(a, s)} (4.5.31)

Figure 4.5: Formalisation of the enforcement institution
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erated. The initial state\*™/) of the enforcement institution indicates that by default
H.5.27, all actions except applying a sanction are percitte

The rules of the institution are formalised as follows:

e The occurrence of an illegal act by a given agentith associated sanction
initiates the power for the enforcement institution to grabout the event of that
sanction being imposed on the agent. This this also ingliite permission to
perform actions which count-as sanctiopsrn(applysanction(ea, a, s))), and
the obligation for a sanction to be imposed before a givepoint occur§4.5.27.

e The imposition of a sanction on an agent terminates the ptmwerpose further
sanctions on that agent as well as the permission to perfotiona which count
as sanctions 4.5.P9.

e The occurrence of an enforcement timeeauftimeout(a, s) (where an enforcer
has failed to enforce a sanction before a given timeout)itextes the power for
the violating agent to be further sanctioned and the peramger an enforcer to
impose such a sancti@nZ.5.30.

e Any action which counts as the imposition of sanctienon agenta
(applysanction(ea, a, s)) generates the event that this sanction has been
imposed fanctioned(a, s)) according to the institution, assuming that this
event is empowerdd 25131

It should be noted that the obligation to bring about an egemictioned(a, s)) which
counts as the sanctioning of a given agebt (sanctioned(a, s), enftimeout(a, s), badgov))
is not directed toward a particular enforcing agent, it dingtates that this must be
achieved in order to avoid a violation of the governance efitistitution. As the
performance ofipplysanction(ea, a, s) by any enforcer generatesanctioned(a, s)
event, any enforcer may sanction the agent.

It should also be noted that assertions of the forenm (illegalact(a, s)) — “It is
permitted for an event which counts as an illegal act to dogbile counter intuitive at
first glance, represent tiseibjectiveview of the institution towards that act, rather than
the objectivesocietal view. The institution does not regulate which acesillegal, so
the occurrence of an event corresponding to one of thesésausin itself a violation
of the enforcement institution, simply an external eventolvimay entail some effect
within that institution (in this case obligating all enfers to bring it about that a
sanction is applied on the violating agent).
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Given a set of agentslgents, and a set of sanctionSanctions such thata,b €
Agents,a # bandfine, s € Sanctions the multi-institution) “'" = (Insts, Erq, G
is defined as follows:

Insts®" = {1 1} (D4.32)
£ —  [enftimeout(a, s), loanexpired, enfcreate, borcreate,
applysanction(ea, a, s), borrowed(a, b),
payedback(a, b)} (D4.33)
g = &, U {illegalact(a, s), defaulted(a), newloan(a, b),
resolved(a, b), sanctioned(a, s), badgov} (D4.34)
geln(Xa 5) :
(0, defaulted(a)) — {illegalact(a, fine)}  (D4.35)

({loan(a, b)},sanctioned(a, s)) — {payedback(a, b)} (D4.36)

Figure 4.5: Formal model of the composed loan and enforcemstitution

We now go on to formalise the multi-institutiom*» defined by the composition of
these two institutions (show in Figure.5).

The setlnsts“" defines which institutions are being composed. This inclumeh the
original contract institutiod” and the enforcement institutidri”/ [D4.32.

The events which may be derived directly from observatianghe environment
(£¢m)IDZ33 are taken as a subset of the exogenous events defiresth of the
component institutions as follows: timeouts, relating ke texpiration of loans
(loanexpired) and the enforcement deadline for sanctiongtimeout(a, s)); events
accounting for the creation of both loan and contract iagths (porcreate)

and enfcreate); and finally events relating to the application of sandion
applysanction(ea, a, s), borrowing, and reimbursement of monéyrrowed(a, b)
payedback(a, b). The remainder of the exogenous events in the component

institutions are defined as possible events in the multitirtion in[DZ4.33.

We now define the relationship between loan contracts anertfagcement institution
as follows:

1. The fact that an occurrence of an ageniefaulting on a loandefaulted(a)) is
considered to be an illegal act in the society (and henceestty sanction) with
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an associated sanction of the application of a fjiref and is accounted for by
the ruldDZ4.3b.

2. When an agentis party to a loanlpan(a, b)) then the implementation of a fine
as a sanction on agent by some enforcer counts as a necessdityon for the
reimbursement of the lodnDZ4136.

The second rule represents a somewhat simplified versioheo$tate of affairs we

might expect to see in a realistic example, as we assumelitisies are equal and

that any fine is sufficient to constitute the reimbursemenbans. In the case where
the value of loans is recorded in the borrowing institutias &n institution fluent), we

could have qualified this relationship further to state tmy fines which were greater
or equal to the value of the loan constituted a reimbursewiehte loan.

4.4 Discussion

As we stated in Sectidn4.3.1, we could have defined the syftelti-institutions
to mirror those of single institutions, allowing us to deflmgher-order compositions
(multi-multi-institution and so on...), while this kind structure may be appealing it
IS not necessary in practice as hierarchies of this sort neafjatened into a single
multi-institution.

The analysis of the composition of specifications of corentrrsoftware systems
has been studied extensively in the software engineerieature (see for instance,
[Pnu86, LAL89, (AP PJ91, _AL9S, AHB9, HMPO1]). In these sasassume-

guarantegeasoning is typically used. In this process the speciboaif a component

of the system is extracted, and then tested under certaum@a$®ns about the
behaviour of the larger specification. In the case whereatimhs of a property are
found in the component of the specification their soundnesthé context of the

whole specification is then checked.

A similar paradigm may be applied to multi-institution reamg. In this case, our goal
IS, given a multi-institution containing a number of companhinstitutions, to select a
subset of these institutions which may demonstrate thegptppve wish to check and
to verify that this property holds under an open assumptimuathe behaviour of the
remainder of the institutions in the multi-institution. \Ween take any cases where the
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property that we wish to verify does not hold in the subsemnetitutions, and show
that these cases are not possible in the broader multititisti, in order to verify the
property over the system as a whole.

In Section[4.3]1 we rejected the idea of concurrent eveneérgdion for exogenous
events within single institutions in favour of enforcingrabst one exogenous event
per time step, per institution. While we could have adoptttestance, the introduc-
tion of multiple causal events (as opposed to generatedgviena single institution
poses a number of problems, the first of which relates to ttre@sed complexity of
checking properties of such systems. In our current mo@dktingth of possible traces
is bounded by the number of possible events which may occargaten time point
raised to the power of the number of time instants, with theeoled complexity in
answer set programs in most cases being much lower thardtiest¢ constraints on
which events may occur). In the case where we introduce adeterministic set of
causal events at a given time step the number traces for giviétength is raised by
another order of magnitude. A more compelling argumentregaoncurrent event
generation is that in our case at least, permitting it exdehd possible interpretations
of single institution.
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Chapter 5

Modelling Institutions Using Answer
Set Programs

5.1 Introduction

In the previous two chapters, we formalised a model for $pieg both single insti-
tutions and how these institutions may be related and coetpioso larger specifica-
tions. The model we chose expresses institutions in terrtieadvents that they define
(institutional events), the external events that have ssigr@ficance to the institution
(exogenous events), the relationship between these tweadaf event (event gener-
ation) and the effects of these events on the institutioiadd gcausal effects). As we
have stated, our objective is to reason about (for the pegpobverification) and with
(for integration into multi-agent systems) these spedifice.

In order to achieve this goal, we define a mapping from the &definition of either a
single institutiorZ = (£, F,C, G, A) or amulti-institutionM = (Insts, Exq, Grq) INtO
answer set programs such that the answer set programshaesby this translation
model the semantics of the institution or multi-institutiomn question. By expressing
verification problems as queries over these programs, dtrhes possible to determine
the presence or absence of desirable properties of theakigstitution specification,
through the presence or absence of answer sets to queriethevastitutional pro-
gram.
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In our model for specifying single institutions describedihaptel3, we expressed the
semantics of an institution in terms of a set of states whi@nge following the occur-
rence of a sequence exogenous events, which we callediared tracegSectio 3513
pagd11l). Each ordered trace corresponds to a single [ossdel for the interpre-
tation of the institution. We model these semantics for atitintion using an answer
set program (which we refer to as tbase prograjsuch that for a given ordered trace
a single answer set which corresponds to the model of theg tsaobtained. As well
as single traces we also wish to reason about sets of tractss icase we define an
associated program calledrace program(discussed further in Sectign 5.13.1) which
when combined with the base program for the institution poed all possible models
of the institution for a given time interval as answer setsve@ that we now have a
program that describes all models, we add a third comporadiedcaquery program
(discussed further in Sectidnb.4) which constrains thevansets of the combined
trace and base programs to only those representing modile wistitution which are
consistent with the query.

5.2 Translation into Answer Set Programs

In the following section, we define the fundamental compts i@ use for represent-
ing an institutional specification as an answer set progrémorder to do this we
base(n

define a set of rules which when combined form tlase programl; ) fora given
institutionZ.

Each base program models the semantics of the institutien asequence of time
instants of lengtm such thatt; : 0 < ¢ < n. Time instants represent snapshots
of the world such that each time instant corresponds to desjpagssiblestateof the
institution at a given time. Events are considered to obetnweerthese snapshots, for
simplicity we do not define the intervals at which events o@xplicitly, and instead
refer to the time instant at the start of the interval at wrachevent is considered to
occur. An event occurrence or consequence at timghould be considered to occur
in the real world after time instant and beforet; ;.
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5.2.1 Fluents

We express fluents in our answer set programs as terms swébrtbach fluentf € F,

the ASP constant represents the fluerftin the translated program. Fluents may be
true or false at any instant of time, we use atoms the fasiisat(f, t;) to indicate
that fluentf holds at time instant; .

In order to represent changes in the state of fluents over timeise atoms of the form
initiated(f,t;)andterminated(f, t;) to denote the fact that fluefitwas initiated
or terminated respectivelyetweertime instants andi + 1.

We now add rules to the prograﬂﬂﬁ““(”) that account for the common-sense inertia of
base(n)

fluent. For each fluent € F and each time poirtt : 0 < ¢ < n the programl;
contains the following rules to model the inertia of fluents:

holdsat(f,t;y4) <« initiated(f,t;). (D5.1)
holdsat(f,t;,4) <« holdsat(f,t;), not terminated(f,t;). (D5.2)

By D51 fluentf holds at time instant; , if it was initiated between time instants
andt; ;. By[D5.2 fluentf holds at time instant; , , if it holds at time instant; and it
was not terminated between andt; ;. Together these two rules ensure that fluents
will only hold at a given point in time if they have previouddgen initiated and have
not been terminated at an intervening point in time.

5.2.2 Expressions

In order to translate rules in the relatiofisindC of the institution we must first define
a translation for expressions that may appear in these rules

The valuation of a given expression taken from theXadepends on which fluents
may be held to be true or false in the current state (at a give imstant). We translate
expressions into the bodies of ASP rules, as conjunctiorexiginded literals using

negation as failure for negated expressions.

For a given expression € X, used at in a given time instant we use the term

143



EX(¢,t;) to denote the translation gfinto a set of ASP atoms as follows:

[N
N

e

EX(~ft) £ not EX( f, t) (D5.4)
EX(f,t:) ¥ holdsat(f,t;) (D5.5)

For example, the expressidn, b, —c} used at time instartt would be translated into
a sequence of extended literals in ASP of the form

holdsat(a,t;),holdsat(b, t;), not holdsat(c,t;).

5.2.3 Events

Each event in a specificatienc £ is represented using a corresponding terim the
ASP translation, this term is applied to a number of atomswimdicate the type of
event and its occurence in a model. Each event in the modssiswéed to be unique,
however in our syntax we allowed the syntax of events to ohelparameters. Where
an event has parameters (such as those referring to partiagénts), the event is
represented using a function symkg!. . ) with parameters (constants) corresponding
to the parameters of the original event.

For each event we define a rule corresponding to the defirofitimat event:

event(e). (D5.6)

For each event € £ we define domain facts of the fornevtype(e, t). wheret
denotes to which set(s) of evertbelongs such that:

e€ &, — evtype(e,ex) (D5.7)
ec &, — evtype(e,cr) (D5.8)
e €&t — evtype(e, act) (D5.9)
e € Eyio — evtype(e,viol) (D5.10)
ec &y — evtype(e,di) (D5.11)

Note that for each creation and dissolution event two sules will be defined, stating
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that the event is both an exogenous event and a creation ieviia case of creation
events or a dissolution event and an institutional everftérchse of dissolution events.

We use atoms of the formccurred(e, t;) to indicate that event € £ is considered

to have occurred between instantandt; ;. These atoms denote events which occur
in an external context or are generated by the institutioor. @xogenous events we
additionally use atoms of the forabserved(e, t;) to denote the fact that e has been
observed.

We treat the occurrence of exogenous events differentlgmidipg on whether or not
they create the institution. For exogenous events whichadareate the institution
eex € Ee — &4, fOr each time point; : 0 < i < n we define a rule of the form:

occurred(eq,t;) <« observed(ee,t;),

holdsat(live,t;). (D5.12)

This states that the event may only be considered to havereckii it is observed
and the institution is active (indicated by the presenceuaitlive in the state at;).
Note that these rules are only defined for time instants ulpubnot including:,,.

For each time instarit : 0 < i < n and for each creation eveny. € £, we define a
rule of the form:

occurred(e.,,t;) <« observed(ec,t;). (D5.13)

Which states that creation events are considered to haveredcif they are observed,
regardless of the status of the institution.

5.2.4 Event Generation

As we have said in Sectign 5.2.3 pdgel144, we use atoms ofrtefacurred(e, t;)

in our program to indicate that an evenbccurs at instant,. We also consider events
that are generated by institutions in this way and we tra@shee generation function
G as follows:

For each time instarit : 0 < i < n and for each event and expressigre £, ¢ € X
such thake, € G(¢, 1) andey € &, we define a rule of the form:
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occurred(es, t;) < occurred(es,t;), EX(¢, t;),

holdsat(pow(es), ti). (D5.14)

Each generated event is said to have occurred at a giveminktae event which
causes it to be generated has occurred in that instant, tititioms for the generate
are satisfied in the preceding state are satisfied and theagedevent is empowered
in the preceding state.

Generated violation events are not subject to the conssrafinstitutional power, and
so have a similar rule omitting the condition on the evenhg@&mpowered, such that
for €y € g((f), 61) and€2 € gm'ol:

occurred(ey, t;) <« occurred(es,t;), EX(o,t;). (D5.15)

As well as events generated explicitly by eelation in the institution some events
may be generated implicitly through the occurrence of nermitted actions or the
failure to fulfil obligations as follows.

For violation events due to non-permitted actions we defirgefollowing rules for
each instant; : 0 < 7 < n and for each event which is not itself a violation event, and
does not create, or destroy the institutiere (E,.; — Ex) U (Eex — E4):

occurred(viol(e),t;) <« occurred(e,t;),

not holdsat(perm(e), t;). (D5.16)

which states that violatiomiol(e) occurs ife occurs at instantande is not permitted
at that time.

For violation events due to unfulfilled obligations we defiihe following rule for each
instantt; : 0 < i < n and for each obligationbl(e, d,v) € O:
occurred(v,t;) <« holdsat(obl(e,d,v), t;),

occurred(d, t;). (D5.17)

which states that the eventoccurs between time instafhtandi; if the obligation
obl(e, d,v) holds in the state &t and the evend occurs between time instarttsand

Lit1-
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5.2.5 Event Effects

Effects of events are represented as changes in value ofranere fluents from one
state to the next. As we have said in Secflon $.2.1 page 1d4td#te of a fluent at
time instantt; is represented in the program by atoms of the fawdsat(f, t;).
Changes in these fluents are brought about by the assertiatowis of the form
initiated(f, t;) andterminated(f, t;). The assertion of these atoms and subse-
guent changes in institutional state are brought about &g nwhich define the cre-
ation and dissolution of the institution, causal rules désd in the relatiorC and

rules defining the termination of satisfied or violated osligns.

For each fluent irf € A Ulive, each creation event, € £, and each instartt : 0 <
1 < n we define a rule in the program of the form:

initiated(f,t;) <« occurred(e.,t;), not holdsat(live,t;),(D5.18)

not dissolved(inst,t;).

Which states that if a creation event occurs when institutBonot active and the
institution is not dissolved at time instantthen each fluent in the initial state of the
institution is initiated.

For each time instant : 0 < i < n and for each event and expressioa £, ¢ € X
such thatf € C'(¢, ) and for all dissolution event&ed, 4,..} = £« we define rules
of the form:

initiated(f,t;) <« occurred(e,t;),EX(x,1), (D5.19)

not dissolved(inst,t;)

Which states that fluertt is initiated at time; if an event which causally initiates
occurs in a state matching the conditions for that initiatiand no dissolution event
is generated. The last condition ensures that when theutisti is dissolved, no
institutional fluents are initiated by events generatedarajtel with the dissolution
event (se€D5.24 below).

For each time instant : 0 < ¢ < n and for each event and expressioa £,¢ € X
such thatf € C!(¢, e) we define rules of the form:

terminated(f,t;) <« occurred(e,t;),EX(x,I). (D5.20)
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Which state that fluert is terminated at time; if an event which causally terminates
that fluent occurs.

We must also consider obligations, which are terminatedtbgetheir satisfaction, or
violation. For each instart : 0 < i < n and for each obligationbl(e, d,v) € O we
define the rules:

terminated(obl(e,d,v),t;) <« occurred(e,t;). (D5.21)

terminated(obl(e,d,v

~—

,ti) < occurred(d,t;). (D5.22)

We then consider the dissolution of the institution: Forteiastant) < ¢ < n and for
each fluentf € 7* we define a rule of the form:

terminated(f,t;) <« dissolved(inst,t;). (D5.23)

and for each dissolution event £, we define a rule of the form:

dissolved(inst,t;) <« occurred(e,t;). (D5.24)

These two rules ensure that upon the occurrence of a digsolexent, all fluents
in the institution are terminated. We use the liteféssolved(inst,t;) to denote
any case where the institution is terminating, the teénst in this literal refers to the
unique name of the institution, we add this term to permiséheanslations to be used
in the context of multi-institutions which we discuss in Sech.8.

5.2.6 Summary of Translation

For a given institution specificatioh = (£, F,C, G, A), we use the translation de-
scribed above (summarised in Figlrel5.1) to define an ansyt/ﬂrtsgranﬂ?se(") as

the translation of the institution.

It should be noted that the translation described abovdiisatEfor a particular, known

number of instants and all rules are expanded over thosanitsstin many cases we
wish to reason with the same institution, but over diffeiategrval ranges. Rather than
translating the program repeatedly for each duration, weusa variables in ASP to
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671

For each event in the set of institution evefits
e €& event(e).

e €&, evtype(e,ex)
e€ &, evtype(e,cr) D53
e € et evtype(e,act)
e € Eyioy evtype(e,viol)
ec &, evtype(e,di)

For all time instant < ¢ < n!

fer

ferr

ez € Eex — E4

e €EL

er€&,pe X en€G(h,e1),62 € Euer

er€E,0€ X e €G(h,€1), €3 € Epial
€€ (ot —Ex) U (€ — E4)
obl(e,d,v) € O

f € AUlive,e.. € &,

ec& peX, felloe)

e€c& pe X, felCp,e)
obl(e,d,v) € O
obl(e,d,v) € O

fer

e € &y

holdsat(f,t;,4) « initiated(f,t;).

holdsat(f,t;1) < holdsat(f,t;), not terminated(f,t;).

occurred(eey, t;) <« observed(ee, ti), holdsat(live,t;).

occurred(ec,, t;) < observed(ec,t;).

occurred(e,, t;) «— occurred(ey, t;), EX(¢, t;),

holdsat(pow(e;),t;).

occurred(e,, t;) « occurred(ey, t;), EX(¢, t;).

occurred(viol(e),t; )« occurred(e,t;), not holdsat(perm(e),t;).
occurred(v,t;) < holdsat(obl(e,d, v),t;), occurred(d, t;).
initiated(f,t;) « occurred(e.,t;), not holdsat(live,t;).

not dissolved(inst,t;).
initiated(f,t;) < occurred(e,t;),EX(x,ti),
not dissolved(inst,t;).

terminated(f, t;) <« occurred(e, t;), EX(x, t;).
terminated(obl(e,d,v),t;)« occurred(e,t;).
terminated(obl(e,d, v),t; )< occurred(d,t;).

terminated(f, t;) « dissolved(inst,t;).

dissolved(inst,t;) < occurred(e,t;).

O U — —
A A B G
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Figure 5.1: Summary of translation of institutidn= (£, 7,C, G, A) into programll;




quantify rules over time. We do this by defining a progrBifi*” which may be
used for any number of time instants as follows:

In all rules[D5.PEDS.23, instead of using the instant tetmswe use a variabl&
and append the conditionsistant(T) to the body of the translated rule. In rules
and D51 we replace the tertn,; with a variableTN, and append the condi-
tion next(T, TN) to the body of the translated rule, yielding an unground oy
Figurel5. 2.6 shows the unground versions of all of the ruéddd by the translation.

In order to ground the programé‘“e(T) we then define a separate prografii**(™ as
follows:
For each time instarit : 0 < i < n we define arule:

instant(t;). (D5.25)

denoting each ground instant of time. To account for ordeointhese time instants,
for each time instant; : 0 < ¢ < n we define arule:

next(ti, ti+1) (D526)

finally we define a rule:
final(t,) (D5.27)
which denotes the final state. It should be noted that thésistddded to assist the def-

inition of query programs and is not used in the body of anyefttanslated unground
rules.

It should be clear that the prograﬂﬁﬁ“sem U IT%m<() has the same semantics as the

corresponding prograﬁiﬁ““(”), as grounding will have the effect of grounding to each

applicable instant id, producing a program equivalent in semanticﬁ[ﬁ&se(”).

5.3 Properties of Institutional Programs

In this section we investigate the properties of institaggwograms and prove among
other things their soundness and completeness with retspbetformal model defined
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For each event in the set of institution evefits

ee€ & event(e). D5.4
e€ &, evtype(e,ex)
e€ &, evtype(e,cr)
e €& evtype(e,act) D5.9
e € Evia evtype(e,viol) [DEIT
ee€ &, evtype(e,di) D517

f € F* holdsat(f,T1) « initiated(f,T), instant(T), instant(T1),next(T, T1).

f €F* holdsat(f,T1) < holdsat(f,T), not terminated(f, T),
instant(T), instant(T1), next(T, T1).

e € Eex — &4 occurred(eey, T) «— observed(eey, T), holdsat(live, T),
instant(T), instant(T1), next(T, T1).

e € €4 occurred(ec,T) < observed(ec, T), instant(T).

.
]

TGT

€1 657¢6X7€2 Eg(¢a€1)762 egact

occurred(e,, T) < occurred(ey, T),EX(¢, T),
holdsat(pow(ey),T), instant(T).

7 BB E
il

i
™

e €& € X, eq €G(h,e1), 69 € Epin 0ccurred(e,, T) < occurred(es, T),EX(¢, T), instant(T).
e € (Eaet —Ex) U (Eex —E4) occurred(viol(e),T)« occurred(e, T), not holdsat(perm(e), T), instant(T).
obl(e,d,v) € O occurred(v,T) < holdsat(obl(e,d,v),T), occurred(d,T), instant(T).
f e AUlive e, € & initiated(f,T) « occurred(e.,T), not holdsat(live,T).

ec&peX, felCl(pe)

not dissolved(inst, T), instant(T).
initiated(f,T) < occurred(e, T),EX(x,T),

oo Ll

i
=

not dissolved(inst, T).
ec&,pe X, f€CHp,e) terminated(f,T) < occurred(e,T),EX(x,T), instant(T).
obl(e,d,v) € O terminated(obl(e,d,v), T)« occurred(e,T), instant(T)
obl(e,d,v) € O terminated(obl(e,d,v), T)« occurred(d,T), instant(T)
f € F* terminated(f,T) < dissolved(inst,T), instant(T).
e € &, dissolved(inst,T) < occurred(e, T), instant(T).

Figure 5.2: Summary of unground translation of institutios: (£, F,C,G, A) into prograrrﬂ'[%“se(T)




in ChapteiB.

5.3.1 Trace Programs

H%““(”) in itself is doing very little; its single answer set conwinly the event facts
provided in the program:

Theorem 2 Let H?“(”) be the program obtained from translating instituti@n =

(€,F,C,G,A) using the rules described in Figureb.1 on pagel149. Thisanoghas
exactly one answer sét/ with M = {event(e) | e € £} U {evtype(e,ex) | e €

Eex}U{evtype(e,cr) | e € & FU{evtype(e,act) | e € &, } U{evtype(e, viol) |

e € Ein} U{evtype(e,di) | e € Ex}

Proof: The well-founded model[GRSBS] for this program is the/gtnot Bt (r).

A
This well-founded model is total; each atom has been asdigitber true or false.
This impliesM is the unique answer set for this program. O

To obtain more useful results, including transitions, wed& add information on
occurrences of exogenous events and to provide a time lirtbdanstitution. We do

this by defining a trace program that provides one or moreesemgs of exogenous
events (corresponding to an ordered trace in the model)hndmie in turn interpreted
by the base program to give a model. We consider two typesoé tprogram, those
accounting for single traces of events, and those accayufdmall possible traces of
events up-to length. The properties of these programs are discussed below.

Single Traces

one(n)

Definition 29 A single trace programlil; of length n for an institution
I =(& F,C,G,A)isan ASP program consisting of the rules of the form:

observed(e;,t;) 0<i<m,e €&,
such that exactly one rule is defined for each time instand < i < n.
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Theorem 3 LetZ = (£, F,C,G, A) be an institution and15™™ be a single trace
program. Then, the answer sgibserved(e;, j), instant(i), next(j,j +1) | 0 < i <
n,0 < j < n} corresponds to the tracgy, ..., e,_1).

Proof: Follows immediately from the definition of tracEsl 16 and theicture of
trace programig29. O

Theorem 4 LetZ = (£, F,C,G, A) be an institution and letr = (e, ...,e,_1) be
an ordered trace fofZ. Then, there exists a single trace progrﬂﬁft‘;(") containing
the factsobserved(e;, i) with 0 < ¢ < n such that its answer set correspondsito

Proof: Follows immediately froni.29 and Theordin 3. O

one(n)

We will use the notatiofl; ;" to denote the single trace program that corresponds to
an ordered trace-.

If we combine the trace information from the single tracegoam with the information
for state transitions encoded iif}* “¢(") we can obtain a model of an institution, as we
show in the next section. Before we do this, we demonstraiethie union of a single
program trace anf[b““ (") results in a stratified program.

Within our programs, for a given instaithere are three distinct strata, the first relating
to the fluents that are true at that instant, the secondmglédi the events that occur
(and are generated) betweeand: + 1 and the third relating to the effects of those
events.

base(n)

Theorem 5 Given an institutional programl; and a singular trace program
H”"e ") the programil* = ground(Hb“se "y H%"e(")) can be stratified int@dn + 1
strata: m, ... w3, based on the time instants: 0 < i < n, such that each type of
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atom appearing in the head or body of a ruleliri is stratified as follows:

initiated(f,t;) T3i42
terminated(f,t;) : m3iio

holdsat(f,t;) : w3
occurred(e,ti) : T3

observed(e,t;) :
dissolved(inst,t;) : w341

ifluent(f) o

event(e) o

evtype(e, {ex, cr,act,viol,di}) o

Proof: The translationF X (¢, ¢;) of any expressiow : fi,..., fo, 7 fmsts - —fk
with respect to instant is stratified as follows:

holdsat(fy,t;) : sy, ..., holdsat(fy, ti) : mas,

not holdsat(f,,,t;) : 7ai,. .. not holdsat(fy, t;) : ma;

such that the expressidiX (¢, ) is stratified at levet; (taking into account that this
translation may include negated atoms).

All the facts in the programifistant(t; ), next(t;, t;1), final(t,), event(e) and
theevtype(e, -)) are automatically satisfied by the absence of body elements

Figure[5.311 shows that the stratification conditions (Taed® on pagE_I5$3) are also
met for the remaining rules.

As can be seen in FigurEZEB.1 which shows the stratificationditions for
all remaining rules inﬂg‘m(”)n, all rules have acceptable stratifications ac-
cording to Theorem[]5. To keep the figure readable, we haveacegl
instant(t;) : mo, instant(t; 1) : Mo, next(ti, tit1) : M and instant(t;) : mo

with time : 7. O
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holdsat(f, tiy1) : M(141) < initiated(f, t;) : T340, time : mo.
holdsat(f,ti ) : T3i41) « holdsat(f,t;) : ms;, not terminated(f,t;) : mai4o,, time : 7.
occurred(eqy, ti) : Mai 1< observed(eey, ti) : msi, holdsat(live, t;) : ms;, time : 7.
occurred(ec,, ti) : i1 observed(ec,t;) : mai,,time : .
occurred(ey,ty) : m3344 < occurred(ey, t;) : Taiiq, EX(, 1) @ 73

holdsat(pow(esy),t;) : ma;, time : mo.
occurred(e,,ty) : m3344 < occurred(es,ty) : Maitr1, EX(¢), t1) 1 w3y, time : 7.
occurred(viol(e),t;) : ma;1¢— occurred(e,t;) : m3;11, NOt holdsat(perm(e),t;) : m3;, time : mo.
occurred(v,t;) : ma;41 < holdsat(obl(e,d,v),t;) : ms;, occurred(d, t;) : mz;41, time : 7.
initiated(f,t;) : m3349 < occurred(ec,ti) : m3it+1, NOt holdsat(live,t;) : sy,

not dissolved(e,t;) : a3;41, time : mo.
initiated(f,t;) : m3;49 < occurred(e,t;) : a1, EX(x,1) : 73,

not dissolved(e, t;) : 3311, time : 7.
terminated(f,t;) : a0 <—o0ccurred(e,t;y) : mai 11, EX(x, I) : 35, time : 7.
terminated(obl(e,d,v),t;) : M350 occurred(e,t;) : m3i1q, time : 7.
terminated(obl(e,d, v),t;) : msj 40— occurred(d,t;) : maii1, time : 7.
terminated(f,t;) : m3; 0 < dissolved(inst,t;) : m3;44, time : .
dissolved(ints,t;) : m3i44 < occurred(e,t;) : m3;44, time : 7.

)
):

Figure 5.3: Stratification conditions of rules in progrﬁiﬁse(“)



base(n

Theorem 6 Given an institutional prograrfl; Janda singular trace program pro-

gramII™™ the programil* = H?“(”) U I has exactly one answer set.

Proof: If we combine the results of Theordh 5 showing thHatis a stratified logic
program with the theorem i JGL88, p8] stating that a strdifprogram has a unique
answer set, we obtain thHt has a single answer set. O

All Traces

As well as single traces, we also define a trace program tleatpiable of producing
all traces of length for a given institution.

Definition 30 A trace programH;”(”) of length n for an institution Z =

(€,F,C,G,A)is an ASP program consisting of the rules:

{observed(ecx, ti)}. 0<i<n, ey € Ees
ev(t;) <« observed(ee,ti) 0<1i<n, e €&
— not ev(t;) 0<i<n

By the first set of rules, any exogenous eventmay be non-deterministically chosen
as observed at any time instant. The second and third setesf define that at each
instant an exogenous event must be observed, at all instaletsst oneevent must be
observed.

A trace progranﬂg”(”) generates all possible combinations:aéxogenous events as
its answer sets together with theme andev facts provided. Given these events are
bounded by time, they provide traces.

Theorem7 Let Z = (£,F,C,G,A) be an institution andﬂg”(”) be a trace
program for that institution. Theney,...,e, 1) with ¢; € & is a trace iff
{observed(e;, j),ev(5),| 1 < j < n} is an answer set for%" ™,
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Proof: Follows immediately from the definition of tracEsl 16 and theicture of
trace programi_30. O

The following theorem demonstrates a different way of obtey the answer set pro-
grams for a given trace program.

Theorem 8 Given an institutional progranﬂ%“se(") and its trace prograrrﬂ%ll(").

ThenAH;use(n)UH;ll(n) - {AH;use(n)UH;ne(n)} U {thl ‘ 1 S Z < n}

Proof: ~ TheoremdI3 an@l 7 show that answer sets of both the trace asfany o
the single trace programs correspond with traces of thetutisns. Combining
Theorenl with Definitioli 29, it is easy to see that if we igntiveev(¢;), we can
construct a single trace program by using elements of an emset as the facts,
that produces the same answer set withoutth{¢;) atoms. Given that neither trace
program uses any head atom Hﬁ““(”), we know that combining both programs
will result in extending or ignoring the answer sets of thac& program. From
Theorem[B it is clear that in the case of the single trace problthe latter can
certainly be not the case, i’s}"e(") on its own only produces a single answer set
(Theorem[®B). If we combine all the above information, we hawerything to
ConCIudesAH;:ase(n)UH;:ll(n) = {AH;:ase(n)Un;ne(n)} U{evt; |1 <i<n} O

5.3.2 Soundness and Completeness

We now show soundness and completeness of the translatenmiottitutionZ with
respect to the formal definition of that institution desedbn Chaptefl3.

We start by proving the soundness of the translation.Givanstitution in the formal
syntax (described in Chapf@r 3), and it's corresponding &&Rslation (according to
the rules defined above), we show that each atom containedinsaver set of the ASP
translation (when combined with the translation of of aneoed trace) is supported
by a corresponding fluent status or event occurence the robtted formal institution
for that ordered trace.
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We then go on to prove the completeness of the translatiorenG model produced

by an ordered trace of events in an institution, we show thatset of ASP atoms

which correspond to the events an fluents in the model aregticated by rules in the

translation. As a corollary we also show that this set of @&wra model (in the ASP

sense) of the translated programmed that this model is rairamd hence an answer
set of the translated program.

Theorem 9 (Soundness)Given an institutiory = (£, F,C, G, A) with n@““(") as its
base ASP program. Leét = (eq...e,_1) be an ordered trace fof. Let Mp be the
unique answer set of the prografRt = ground(H%““(”) u H%Zi(”)). Then, the tuple
M = (MS,ME) with MS = (So,...,S,),ME = (Ey,...,E,_,) with S; € %,
0 <i<n,andE; C £withe; € E; such that

Vi,0 <i<mn-Mp [ holdsat(f,t;) = f € 5; (D5.1)
Vi,0 <i<mn-Mp |= occurred(e,t;) = e € E; (D5.2)

is a model off w.r.t the tracetr.

Proof: Under the assumption thdt» is an answer set, we need to prove théat
is a model forZ w.r.t the tracetr. Following DefinitionCI¥ on page_Tll1 we need to
demonstrate:

1. S(] = (Z)

We will look at each of these conditions separately:

1. Sy = 0: From the creation of\/p we know that all state§; are made up from
theholdsat(f, t;) atoms. The mapping from an institution to its base program
does not create any rules wittvldsat(p, to) in the head. Sincé/p is an
answer set we know thatMp = s -3 r € P*-s € H, andr is applied. This
implies thatMp [~ holdsat(p) for any fluentp. So we have to conclude that
has to be empty.
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2. E; COC(MS;, e;): SinceMp is an answer we know that every atom in it will be
produced by at least one applied rule. This is also true ®ptiturred(e, t;)
atoms fore € E;. This means that for such an atom one of the riles105.12 to
has to be applied. RulesD3.12 4nd Dk.13 can only hase applied
if e = e; has only therobserved(e, t; ) would have been created by the single
trace program. The first condition of Definitibnl 10 on phAgé i0&utomatically
satisfied:e € GR”(S;, {e;}). Itis very easy to see, combining the way and
112" were created, that satisfying either rile D%.1AT0 Db.17 sitisfye €
GR¥(S;,{ei}). All of these four rules depend recursively oticurred(f’, t;).
The only way to get out of this recursion is through rliles aadD5.1B. They
state that either the institution is aliviéye € S; or thate; € £,. This means,
with Definition[I1 on pagEI07, thate OC(M S;, ¢;).

3. E; O OC(MS;,e;): Lete ¢ FE;. By construction of M this means
occurred(e,t;) ¢ Mp. SinceMp is an answer set, this implies that none
of the rules withoccurred(e, t;) in the head cannot be applicable. From the
construction ofP,; and DefinitionID on pade_1D6, it is obvious thatannot
be an observable events, so# ¢;, and that none of the conditions for event
generation are satisfied, ¢ GR*(S;,{e;}). This automatically implies that
e; ¢ OC(MS;, e;).

4. S; = TR(MS,_1,e;): This means we have to show, according to Definifigh 15
on pagé 110 that; = (S;—1 \ TERM(S;_1, ;1)) UINIT(S;_1,¢€;,-1)). In order
to demonstrate this equation we need to be able to ex@rB8M (.S;_1,¢e;-1)
andINIT(S;_1,¢e;_1)

(@) f € TERM(S,,e;,) iff terminated(f,t;) € Mp: BecauseMp is an
answer set of”*, we know thatM/p = terminated(f,t;) iff an applied
rule exists with this atom in the head. This means that onbefiles of
type[D5.20 td D523 of”* will have fired. From above we already know
thatoccurred(e, t;) € Mp iff e € OC(S;, {e;}). We also have that, due
to rule[D5.24, thatV/p | dissolved(inst,t;) iff ¢, € OC(S;,{e;})
with e; € €. If we combine this with the construction é%, and M/, we
have that such a rule could have only been applied #f TERM(S;, e;,),
as each of the rules match the termination conditions of RiefimI4 on
page 10P.

(b) f € INIT(S;,e;,) iff initiated(f,t;) € Mp: SinceMp is an answer of
P*, we have thaf\/p |= initiated(f,t;) iff an applied rule exists with
this atom in the head. This means that either the rule of fysd® or
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type[D5.IP must have been satisfied. From above we already Krad

Mp = occurred(e, t;) iff e € OC(S;,{e;}). We also have that, due to
rule[D5.24, thatV/p = dissolved(inst,t;) iff e € OC(S;, {e;}) with

eq € Ex. Furthermore, we know that [~ live whenOC(S;, {e;}) # 0 iff

a creation event occurred. If we combine all this inform@atiogether with

the way M and P, are constructed, then it is easy to see that those two
rules could only be applied iff € INIT(.S;, e;,), as each rule matches one
of the initiation conditions of DefinitiohZ13 on pafe-109.

Becausel/p is answer set we have, with rules of tyipe 135.1 Bnd D572, =
holdsat(f,t;) iff initiated(f,t; 4) € Mp Or Mp |= holdsat(f,t; 1) and
Mp [~ terminated(f,t;_1). Given the creation of/ and the above items be
obtain:S; = (S;-1 \ TERM(S;_1,€;—1)) UINIT(S;_1,€;-1)).

Theorem 10 (Completeness)Given an institutior = (£, F,C, G, A) with TI2**")
as its base ASP program. Let = (ey...e,_1) be an ordered trace fof. Let M =
(MS, ME) with MS = (Sy,...,5,), ME = (E,...,E,_1) with S; € £ with 0 <
i<nandE; C £ withe; € £; be a model fofZ w.r.t. the tracelr. Let Mp be the set
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of atoms:

Vi,0<i<mn-feS; = Mp}holdsat(f,t;) (D5.3)

Vi,0 <i<mn-e€ E;live € S; = Mp = occurred(e,t;) (D5.4)
Vi,0<i<mn-e€ E;e €& = Mp |= occurred(e,t;) (D5.5)
Vi,1<i<mn-fe(S;\Si—1) = Mp |= initiated(f,t;4) (D5.6)
Vi,0 <i<n-fe(S;\Sit1) = Mp |= terminated(f,t;) (D5.7)
Vi,0<i<mn-ec (E;NE,;) = Mp =dissolved(e,t;) (D5.8)
Vi,0 <i<mn-e €tr= Mp [ observed(e,t;) (D5.9)

Mp |= final(n) (D5.10)

Ve € £- Mp = event(e) (D5.11)

Ve € . - Mp |= evtype(e,ex) (D5.12)

Ve € &, - Mp |= evtype(e,cr) (D5.13)

Ve € Euet - Mp [= evtype(e,act) (D5.14)

Ve € Eyioi - Mp [= evtype(e,viol)Ve € - Mp |= evtype(e,di) (D5.15)

Then,Mp is the unique answer s@t’p of P* = 115 U H%"ti(")

Proof: Theorenib guarantees the uniqueness of the answer set.

Given thatM is a model forZ we need to prove that/ is an answer set faP*. In
order to do so, we need to demonstrate thiatis a minimal model forP*-»

We start by proving thad/p is a model oﬂl?“(”) U ngf”). Letr € P*Mr be an
applicable rule. In order fodp to be a model we need to show the = Head(r)
(that the rule is applied). We will go through each type otrir the same order as
they are mentioned in Figute 5.P.6 pagel151

e 7 is afact: automatically true due to the constructionf.

e risoftypelDb1:initiated(f,t;) is included becausg ¢ S; while f € S;. ;.
With[D53, the latter implies that/p = holdsat(f, t; 1).

e ris of typelD5.2: we know because of the Gelfond-Lifschitnsf@rmation that
terminated(f, t;) is false. If we combinED5l 7 adid D%.3 fgrat¢;, we obtain
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MP ): hOldS&t(f, ti+1)-

r is of type[D5.IP: Sincebserved atoms originate from the trace events and
becausel/p is a model antholdsat(live, t;) is true, we know that., € E;.
With[D5.4 this means that/p |= occurred(eq, t;).

r is of type[D5.IB: a similar reasoning as above without takmg account the
life predicate.

r is of type[D5.TH: from the body elements and the way the atomsr@ated
we can infer thak; € E;, S; &= ¢ andpow(ey) € S;. Becauser is of this
particular type, we have that € G(¢,e;). If we combine all of this withA/
being a model and the definition of event generation (Defin[id ruleDI0P
on pagd_106) then we obtain that € E;. With[D5.4, we obtain thal/p =

occurred(es, t;).

r is of type[DaIb: we can apply the same reasoning as abovg udafD10.3
for event generation.

r is of type[D5.I6: again we can use the same reasoning. Théesuienuse
rule[DI04 in the event generation. We can do this as the btadgssthat no
permission was given.

r is of type[DR.1V: for this we use the last rule of event genendDI0.5.

r is of type[D5.IB: The body of this rule implies, thanks to theation of Mp,
thatS; = —live and thatt; contains,,. € £, and does not contain a dissolution
event. Becausé/ is a model and the definition of an initiation function of
Definition[I3 ruldDI3R on pade 109, we obtain tfiat .S;, ;. With the creation
of Mp, this implies thatV/p |= initiated(f,t;).

r is of type[D5.ID: We can apply the reasoning from above usiagule D311
of the initiation definition.

r is of type[D5.2D: From the creation af » we know thate € E£;. Combining
this with the type of rule and the termination definition (Défon[14 ruldDI4.P
on pagd_109), we obtain thite S; but f ¢ S;.,. With the creation of\/p this
givesMp |~ terminated(f, t;).

r is of type[D5.2Il: Here we can follow the same reasoning aseghog only
need conditiof D1413 of the termination function instead.
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e 1 is of type[D5.2P: We can use the same reasoning again, oslyithé we use
termination conditiol DI414.

e 1 is of type[D5.2B: From the creation 8f » we know that in order to have the
body true, we must have, € E; for somee., € £,. With this we can apply
condition[DIZ¥ from the termination function in order t@pe the head to be
true, just as we did above.

e 7 is of typdD5.2H: Given the type of rule and the creatiodff conditionDE.8,
we obtain that the head must be true.

By demonstrating that every rule is applied, we have shoanth is indeed a model
for P*Mr_\We must now show that that/, is minimal. In order to do this, we must
show that there does not exist another moddPotf’r which is a strict subset af/p.

Let Z be an interpretation such that C Mp. Leti be the lowest strata in whicA
and Mp differ in terms of atoms. Leb be the set of atoms € S such thats : 7;
ands € (Mp \ Z). If sis an atom that is used as a fact, we immediately knowthat
is not a model. We proceed with the different atoms that dappear as facts in the
program.

e s = holdsat(f,t;): Mp |= s implies thats € S;. BecauseMp is a
model we know that eithes was true in stateS;_; and either it was not
terminated in that state or that it was initiated in the pdeog stateS;_;. The
construction ofMp guarantees that/p |= holdsat(f,t;_;) for the former
or Mp = initiated(f,t;_;) for the later. Both atoms are in lower strata
(Theorem[b), which means that either one of them is incluaed i while
Z - holdsat(f,t;). This means that the either rUle D5.1 or rlle 5.2 is
applicable but not applied. S6 cannot be a model.

e s = occurred(e, ty): Mp |= simpliesthat € E; andthat € &, orlive € S;.
We now have to make a distinction between the different tgpesents.

— e € &,.: The construction ofP* guarantees the existence of a fact
observed(e, tj). If Z is a model, it must contain this fact. We assume
Z k= observed(e, t;). But doing so, this makes the rule of typeD3.13 in
P*Mr gpplicable but not applied. S6 cannot be a model.

163



—e € (& \ &€+): In this case we know that, from the creation &fp,
that Mp = holdsat(live,t;). Given thatholdsat(live,t;) belongs
to a lower strata tham (Theorem[b), we have to conclude thét =
holdsat(live,t;). Just as before, we know with the that this implied
thatZ |= observed(e, t). This however, leaves the rile D512 applicable
but not applied. Therefore; cannot be a model.

— e € &,: Due to the construction af/p, we know thate € E;. Because
M p is model forZ we know that must have been generated from a certain
exogenous event occurring in the state(using DefinitiorID page106).
Sincee is an institutional action we know that the conditian D10.8sh
have been applied. This means with the constructioR*athat a ruler of
type[D5T# must have been created with = ¢, pow(e) € S; ande; €
E;. The creation of\/p makes sure thatf € ¢ - Mp = holdsat(f, t;),
Mp = holdsat(pow(e), t;) andMp |= occurred(es, tj). Given that all
atoms belong to a lower strata, this implies that all of theenedements of
Z. This means that is applicable but not applied, socannot be a model.

— e € &, The construction of\/p implies thate € E;. Given thatM is a
model, we know that had to be generated using Definitlod 10. Because
is a violation event we can be certain that either of the Wity three rules
have been used:

« Rule[DIOB: This implies, € E;, S; = ¢. Using the same reasoning
as before, we obtaid/p |= occurred(es,ty), Vf € ¢ : Mp =
holdsat(f,t;). With the construction of* we have a rule of type
which is applicable w.r.t.Mp. Since all body elements are
belonging to a lower strata, they are also element&.oThis means
that the rule is applicable but not applied w.r4, indicating that”
cannot be a model.

* Rule [DIO4#: This implies that; € E; with e = wviol(e;) and
perm(e;) ¢ S;. The construction ofA/p assures in this case
Mp = occurred(es, t;) and Mp [~ holdsat(perm(e;),t;). The
mapping toP* guarantees a rule of type D516, which also appears
in P~Mr since the negative part of the body is satisfied w.ifp.
Because the remaining body element belongs to a lower sirega
know that the body is applicable w.r.tZ. This it the case that
cannot satisfy this rule and therefore cannot be a model.

« Rule[DIOD: The application of this rule implies that(e, d,v) € S;
and thatd € E;. Given the creation of\/p, this means thad/p =
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holdsat(obl(e,d, v),ty),occurred(d, t;). The application of the
event generation function and the constructio6fguarantees a rule
of the form[D5.IV. Since all body elements are modelled/fyyand
belong to a lower strata, they also are element& .ofThis means”
cannot satisfy this rule. S&; is not a model.

e s = initiated(f,tj): From the creation ofMp we know that
Mp [ initiated(f,t;) iff f ¢ S; andS € S;;,. BecauseM is a
model, we know that fluents come into existence via the inimafunction
(Definition[I3 on page109). There are two possibilities:

— Rule[DI31: If this rule is used we have that X’ such thatS; = ¢ such
that there exists a generated event E; and af € C'(¢,e;). We also
know that in this time instance no dissolution occurs, ortireowordsE; N
E. = 0. The creation of\/p is such that’p € ¢ : Mp |= holdsat(p, t;),
Mp [= occurred(e;, ty), andMp [~ dissolved(inst,t;. Given the
way PM is constructed we have a ruteof type[D5.ID which survives the
Gelfond-Lifschitz transformation. Because the remairiiogy atoms are
from a lower strata we have that, apart from element&/pf they are also
included inZ. This means that cannot satisfy this rule and fails to be a
model.

— Rule[@I32: If this rule is used, we know that the institutismot yet
"live”, that no dissolution event has happened, and that A U live
or that f € C'(D,e;). In the latter case, we have the same argu-
ment as above. In the former case, we have with the creation of
Mp that Mp [~ holdsat(live,tj), Mp |= holdsat(f,t;) and
Mp [~ dissolved(int,t;). If we combine all the information we have
obtained with howP" is created we have a rule of the form[af D3.18 that
is sustained after the Gelfond-Lifschitz transformatioBecause of the
lower strata oholdsat(f, t;), we have thaholdsat(f, t;) € Z, making
it impossible forZ to be a model.

e s = terminated(f, tj): Giventhe way thad/p is created, we know thgt € S;
while f ¢ S,.,. Given that) is a model, we know that the termination function
function (Definitior I# on padeID9) is responsible for thikis implies that one
of its four conditions must have fired.

— Condition[DIZ41: When this conditions is triggered we hdvat tthere
exists¢ € X such thatS; = ¢ and an event € E; such thatf €
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C'(¢,e). With the creation ofM/p, we can translate this intdp € ¢ :
holdsat(p,t;) € Mp andMp = occurred(e,tj). Thanks to the cre-
ation of P* we have a rule of typEZD5.P0 with these atoms in head and
body. Given that the atoms in the body are in lower strata, ave that the
body is also satisfied b¥, disqualifyingZ as a model.

— Condition[DIZ.P: If this condition is executed we have thatc E; such
that f = obl(e,d,b) € S;. Given the way thafl/p is created this means
thatoccurred(e,t;) € Mp. Due to the creation oP* we also have a
rule of typdDR.2IL. Given that the body element comes frormefstrata
than the head which is in stratave have that the rule is applicable but not
applied w.r.t.Z; making it impossible foZ to be a model.

— Condition[DIZ.B: We can use the same reasoning as abovetéRaethis
time the deadline event occurs and not the actual event.rnéas that a
rule of typelD5.2P is created instead.

— Condition[DIZ4}: When this condition fires, we have that aaligtion
eventd occurred at time; and that all fluentsf € S; will be termi-
nated. The occurrence of a dissolution event at time marked inMp by
dissolved(inst, t;) and with a rule ofP* of type[D5.Z2B. Also here we
can use stratification argument, to show tAas not a model.

e s = dissolved(inst,tj): The creation of Mp makes sure that
dissolved(inst,t;) € S; iff a dissolution event happens at time instant
This also means thalt/p = occurred(e, t;) for somee € £,. Previously we
have demonstrated thatmust contain the sam&:curred(e, t;) in strata; as
Mp if Z is to be a model. From Theordmh 5 we know that both atoms belong
to the same strata Thereforeoccurred(e, t;) € Z. Unfortunately forZ this
means that it cannot satisfy the rule of type Db.24, so alshigncaseZ cannot
be a model.

When combined this implies that cannot be a model if it differs from/p on strata
i. So we can conclude that» is indeed a minimal model faP*** and therefore an
answer set forP*. O

Theorem 11 LetZ = (£, F,C,G,A) be an institution WithH%“se(T) its base ASP
program. Lettr = (e ...e,_1) be an ordered trace faf. Then, the single model &f

W.rt. tr corresponds to the unique answer sefof= ground (112" U Hﬁfn(”)).
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Proof: Follows immediately from Theorefd 9 and Theorerh 10. O

Theorem 12 Given an institutior¥ = (£, F,C, G, A) and its corresponding program
Hg‘“@ and a trace progranﬂ“” ™ then there is a one to one correspondence be-
tween the models dfand the answer sets ") U 12",

Proof: The result follows immediately from Theordml 11 and Theokém 8 O

5.4 Reasoning About Specifications In ASP

In the previous section we introduced the concept of a traacgram which allows us
to model (as answer sets) of one or all possible traces ohgtietition when combined
with an institution prograrﬂﬂb““(”)

Using the definition of trace programs given above we may yced

Single Traces when we simply wish to determine the modellobver a single finite
trace of a known length. These types of traces may be used cade when, for
instance we know exactly which events have occurred and ¢héering; and
we wish to find the sequence of institutional events and statech over that
trace.

All possible traces when we wish to investigate all models bfor a given number of
time instants. These types of trace are of particular isténghe case of general
analysis and verification.

In the case where we only wish to reason about single tracesimply take simple
trace progranﬂ""e(" As H%"e(") only has one answer set (the set of facts in the pro-
gram) from Theorerﬁ]BI;"‘z(") u H?S&(") will then yield a single answer set containing
a model of the ordered trade’.

Being able to generate all traces is necessary for all ré@g@mnoblems as it defines
each of the possible world that an institution may be in fornaig period of time. In
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most cases however, we wish to either find the subset of the&sestwhich represent
the answers to a particular question or determine that @wereno answer sets for a
particular question. In order to do this we introduaguary progranwhich constrains
the traces generated by the combination of a trace progralhradrase program as
follows:

Definition 31 (query program) A programH‘”y(” is a query program of for a given
trace programH“” and a given base prograif; of an institutionZ iff:

base(n)

Head(T1EY™) U Lit(IT5<™) = ¢ (D31.1)
Head (TIZY™Y U Lit(1I2" ™) = ¢ (D31.2)

l.e. all atoms which may be obtained from rules in a a querg@mm 15" y(n (those
appearing in the head of rules Gf" ry(n) ) are disjoint with all atoms (those appearing
the body of rules) of both the trace program and base program.

Theorem 13 LetZ = (£, F,C,G,A) be an institution witfﬂ%‘“em as its base ASP
program and IetH“” ™) pe its trace program. Le]ﬂ%ry(”) be a query program. Then,
the answer sets di5**™ U 12" U 2™ correspond to a model df based on a
trace of lengtm.

Proof: From Theorenid2 we know that:?**™ U 113" generates all models of

I with traces of lengtm as the answer sets of the program. From Definifigh 31,
we know that the head atoms of the query program are not detatéhe program
12t U 115%™ . This means that the answer sets of the progrgfit™ U 112"

can only be extended or contradicted when one dlﬁﬂ%(" to the program, which
exactly proves the point. O

Query programs may be of any form so long as they follow Defin[B1. When we
combine atrace prograﬁh;” with the base program for the institutidrand a query
programI1?¥™ the answer sets obtained fraf/ ™ 115" U 112¥(™) represent all

possible traces and models of institutibmhich are consisted with the query program
H%Ty(n)_
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We now go on to consider some useful general types of quegr@nowhich may be
used to form the basis of more complex queries.

5.4.1 Effective Traces

Using the trace prograrﬁg”(”) we obtain all traces regardless of whether they cause

a change in institutional state or not. While this is usefujéneral, in many cases we
are only interested in traces where each event has somd effaston the state of the
institution. We call traces of this kinefffective traces

In order to refine the set of all traces to only those in whicleast one causal effect is
observed in each transition we define a query program asel{this and remaining
programs use the unground definition of the translationigexVin Figurd 5.216):

We start by defining at which instants an effective transihas occurred:

changed(T) <« initiated(F,T),not holdsat(F,T),
ifluent(F), instant(T).
changed(T) <« terminated(F,T), holdsat(F,T),

ifluent(F), instant(T).

The first rule states that something changes at time inS{@mdicated bychanged(T))
if there is a fluen¥ which does not hold at time instamitwhich is initiated at time
instantT. The second states the converse for fluents that hold at tist@ntT and are
terminated.

We then define the following rules:

valid(I) « changed(I), instant(I).
valid(I) « final(I),instant(I).

1 «— notvalid(I), instant(I).

These rules state that any state in which something has etlasigalid, the final state
is valid (as nothing may be initiated or terminated in thete}, and that any answer
set which has a time instant which is not valid is removed.
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Traces up to Lengthn

The trace progranﬂ;”(”) produces traces axactlylengthn. We can also use this

program to reason about tracesupfto and includindengthn. In order to do this we
define a query prograrﬁ?(gn) and add a single event indicating an empty transition
to the base program that is used to define a suffix to the traodsed by the program

in which no changes of state occur.

In order to account for transitions in the suffix that are iggtbwe define a special
event epsilon which must be disjoint from the set of events in the origimeti-
tutional program. It should be noted that becausestfs 1on event and the atoms
corresponding to its occurrence are disjoint from the tastnal program, they will
have no influence on the semantics of the translated irsfit@ity[D5.2 andD5]1). In
a given institutional model, state following apsilon event will be the same as the
state preceding the event. Likewise as #peilon event is disjoint from the set of
institutional events, no institutional events may be gatest in such a transition. We
define this event in the progralif?® as follows:

event(epsilon).

evtype(epsilon, ex).
This program is then used to extend the institution progtﬁ%ﬁe(") such that
H;ase(n),eps — TI¢Ps U Hgase(n).

We then define a quei?*™ program oveilI?**"”* which constrains the occur-

rence of epsilon events to suffixes of traces.

The constraint and associated rules are defined as follows:

etrans(I,J) <« observed(epsilon,I),next(I,J).
valid(I,J) <« observed(E,I),E! = epsilon,evtype(E,obs),next(I,J).
valid(I,J) <« etrans(I,J),final(J),next(I,J).
valid(I,J) <« etrans(I,J),next(I,J), etrans(J,K),next(J,K).

1 « notvalid(I,J),next(I,J).
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The first rule defines when an epsilon transition takes pthessecond rule states that,
all transitions in which an observable event occurs, whiehreot epsilon transitions
are valid. The third and fourth rules state that an epsilandition is only valid, if

it occurs in the transition prior to the final state, or if itooics in a transition prior to
another epsilon transition. Finally, the constraint rliemaates any answer sets where
either of these two cases do not occur.

The combination of 1™ 11}*“™-* | 112/ will yield all traces of the original
programH%ll(") UH?SQ(") as well as each of those traces suffixed with up ¢psilon
events. In order to obtain traces of the institutibwe simply remove the epsilon

events from the traces and their corresponding states.

Query programs of this kind are particularly useful when borad with the effective
trace query program defined above. When using that querygrggany traces in
which the institution cannot proceed with an event that gearthe state, which are
not of lengthn will not be included as answer sets. In this case, if we arenensf the
length of traces for which the query will be satisfied we megeatedly solve for each
trace length up tm. When we combine the above query with the query for effective
traces these traces will also be included as answer setfiolidsbe noted that all
suffixes of traces are generated 1§/ ¥(*) and in some cases we are only interested
in either the longest or shortest trace in this case, we gingohove either shorter or
longer traces with a common prefix.

5.4.2 Partially Ordered Traces

Another class of problem we wish to use our translated progr reason about is
when we have some partial information about the occurrehegemts in a trace. In
this case we wish to limit answer sets to only those which ansistent with the partial
ordering of these events.

In this example we assume that we know exactly which evevs becurred and that
no two events with the same signature have occurred twice.

Given a set of exogenous everttsC £Z, and a partial ordering® C E x E of these
events such that; < e; € R,e; # e; andn = |E|, we define the query program:
117 as follows:
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We define two rules iil7"™:

before(I1,I2) « mnext(I1,I2),instant(I1),instant(I2).
before(I1,I3) « before(Il,I2), before(I2,I3),

instant(I1),instant(I2), instant(I3).

These rules define a transitive ordering over instants sattidr each pair of instants
ti,t; where0 < i < j < n an atombefore(t;, t;) is applied.

Then, for each event orderirg < e; € R we define a constraint rule nﬁ'f(") of the
form:

«— observed(e;,I1),observed(e;, I2),before(I2,I1), instant(I1), instant(I2).

This constraint limits the answer sets of the proglﬁfﬁn) to those where event
occurs before;.

We then say that all events fi must occur exactly once in each answer set. For each
eventine € E we define the rules:

obs(e) <« observed(e,I)

— not obs(e)

The answer sets 6f; "™ UTLY" ™ UL will then only include models of traces, in
which the ordered relation specified Byholds. These types of trace may be applicable
in the case of agent reasoning, where an agent has partialdaige about the events
that have occurred or their ordering in the world.

5.4.3 Visualising Answer Sets

The answer sets produced from the output ofgkeDELS solver for a translated insti-
tution program and query are expressed as a set of unordemrad.aVhen examined
in their original form, it is difficult to see exactly what theace and corresponding
model described by the answer set means, this is especiayrtthe case that many
fluent values or generated events are used. In order to asesigner in understand-
ing the output of the answer set solver we have developeditmgle tools that allow
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the answer sets to be parsed and then displayed in a humabledarmat.

The first of these tools is the trace visualiser (InstVizjs thkes a set of answer sets
written in the output format asMODELS and produces a graphical visualisation of the
traces and models described by those answer sets. For eaxéraet specified in the
input, the visualiser extracts the sequence of exogenam®that represent the trace
(represented bybserved(E, T) atoms in the answer set), the set of generated events
that are derived for this trace (represented by atoms ofdime éccurred(E, T)) and

the corresponding fluent values for each state in the trdoes@are then displayed as

a sequence allowing a designer to see what has happenedveratgice. A screen
shot of this tool in action is show in Figuteb.4
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Figure 5.4: Graphical Output produced by the InstViz tool

In addition to visualising individual traces, we sometinaso wish to show the rela-
tionship between all answer sets produced for a particuiang In order to do this we
have developed a tool for producing a graph visualisatiah@fstates and transitions
represented imll of the answer sets for a given program. This tool takes a sat-of
swer sets specified in the output formatsefODELS and computes a graph consisting
of a set of states and a set of transitions. This graph is ctedfay taking each pair
of states (consisting of the fluents true in those statesjch ef the input answer sets,
and the associated transition between those states (togfa set of events). This
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graph generator tool then uses this transition system thyoean output file written in
the GraphViz languagé&[ATT]. This output file can then be eatcally laid out and

rendered by one of the GraphViz tools. Examples of the oudpthis program may

be found in FigureE &l €, 3.7, 5.8 and]5.9 in this chapter aherdigures elsewhere in
this dissertation.

The graph which is displayed by this process shows eachabbehtate which occurs
in any of the traces, and all transitions in those tracegivelto each state.

5.5 Revisiting The War Example

We now return to the simple war example we discussed in Chi@ptegd T1P.

The translation of this example is shown in Figlrd 5.5. Eauhdf the figure shows a
corresponding rule in the program (with rules for inertiagl ahe generation of viola-
tions omitted for brevity).

Using the process described in Secfion%.4.3 we may competeeachable states for
this institution, which are shown in Figufe’b.6. As we can Bee the figure, the
institution has four distinct states corresponding torfieft to right):

i) The initial (empty) state.

i) The initial state of the institution following its crean, this is also the state
achieved following a successful declaration of truce frostede of war.

i) The state following a provocation in which the countsyabliged to start a war.

iv) The state following the declaration of war in which theuotry is empowered to
conscript its citizens.

v) The state following the introduction of conscription virfnich the citizens of the
country are permitted to shoot at their enemy.

The transitions shown in Figufe’b.6 show only those in whictegent that brings
about a change of state occurs, for all other events the statees achieved after the
execution of the event.
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ifluent(obl(startwar, shoot, murder)).
ifluent(live(murder)).
ifluent(atwar).
ifluent(perm(callup)).

(
(
(
(
(
(
(
(
(
(

event(create).
event(startwar).
event(shoot).
event(provoke).
event(callup).
event(conscript).

(
(
(
(
(
(
(
(
(
(
(
(
(
(v

ifluent(perm(conscript)). event(declaretruce).
ifluent(perm(shoot)). event(viol(startwar)).
ifluent(perm(startwar)). event(viol(create)).
ifluent(pow(conscript)). event(viol(shoot)).
ifluent(perm(murder)). event(viol(provoke)).
ifluent(perm(provoke)). event(viol(callup)).
event(viol(conscript)).
event(viol(declaretruce)).
evtype(create, ex). evtype(viol(startwar),viol).
evtype(shoot, ex). evtype(viol(murdercr),viol).
evtype(provoke, ex). evtype(viol(shoot),viol).
evtype(callup, ex). evtype(viol(provoke),viol).
evtype(declaretruce, ex). evtype(viol(callup),viol).
evtype(startwar, ex). evtype(viol(conscript), viol).
evtype(conscript, inst). evtype(viol(declaretruce), viol).

occurred(murder, I)
terminated(obl(startwar, shoot, murder), I)

terminated(obl(startwar, shoot, murder), I)

«— holdsat(obl(startwar, shoot, murder), I),
occurred(shoot, I), instant(I).
holdsat(obl(startwar, shoot, murder), I),
occurred(shoot, I), instant(I).
holdsat(obl(startwar, shoot,murder), I),

occurred(startwar, I), instant(I).

«—

—

initiated(atwar,I)
initiated(pow(conscript),I)
initiated(perm(shoot), I)
initiated(obl(startwar, shoot, murder),I)
terminated(atwar, I)
terminated(perm(shoot), I)

terminated(pow(conscript), I)

— occurred(startwar, I),not holdsat(atwar, I),
holdsat(live(murder),I), instant(I).

— occurred(startwar, I),not holdsat(atwar, I),
holdsat(live(murder),I), instant(I).

— occurred(conscript, I),holdsat(live(murder), I),
instant(I).

«— occurred(provoke, I), not holdsat(atwar, I),
holdsat(live(murder),I), instant(I).

— occurred(declaretruce, I),holdsat(atwar, I),
holdsat(live(murder),I), instant(I).

— occurred(declaretruce,I),holdsat(atwar, I),
holdsat(live(murder),I), instant(I).

— occurred(declaretruce, I),holdsat(atwar, I),

holdsat(live(murder),I), instant(I).

occurred(conscript,I) «

occurred(murder,I) «

occurred(callup, I),holdsat(pow(conscript),
occurred(viol(shoot), I), holdsat(pow(murder), I), instant(I).

I), instant(I).

intiated(live(murder),I) <« occurred(create,I), not holdsat(live(murder),I), instant(I).
intiated(perm(callup),I) <« occurred(create,I), not holdsat(live(murder),I), instant(I).
intiated(perm(startwar),I) <« occurred(create,I), not holdsat(live(murder),I),instant(I).
intiated(perm(conscript),I) <« occurred(create, I),not holdsat(live(murder),I),instant(I).
intiated(perm(provoke),I) <« occurred(create,I), not holdsat(live(murder),I), instant(I).
intiated(perm(murder),I) <« occurred(create,I), not holdsat(live(murder),I), instant(I).
intiated(pow(murder),I) <« occurred(create,I), not holdsat(live(murder),I), instant(I).

Figure 5.5: ASP translation of war institution
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atwar
live(war)
declaretruce perm(callup)

perm(conscript)
N perm(declaretruce
live(war) live(war) w perm(provoke)

startwar perm(shoot)

docreate(war) perm(callup) A perm(callup)

created(war, perm(conscript) declaretruce perm(conscript) perm(startwar_)
perm(declaretruce perm(declaretruce pow(war,conscript)
perm(provoke) provoke startwar perm(provoke)
perm(startwar) \ live(war) perm(startwar)
shoot obl(startwar,shoot,murde pow(war,conscript)
[murder] perm(callup)
viol(shoot)] perm(conscript)

perm(declaretruce)
perm(provoke)
perm(startwar)

Figure 5.6: All reachable states for the translated waituigin

5.6 Translating Multi-Institutions to Answer Set Pro-
grams

We now turn to the problem of representing multi-institnsaising answer set pro-
grams. In Sectioi’4.3.1, we defined a multi-institution asabmposition of one or

more single institutions of the form described above, a setuti-generation rules

and a set of environment events using the tuple:

M o (Insts, Eam, Gm)

The semantics of the transition functioiM described in Definitiol 26 page 131 for
a multi-institution M, are expressed in terms of the transition functions of the-co
ponent institutions of that multi-institution. Given this is the case, the semantics
of each of the component institutions is preserved in théssaof a multi-institution.
This property allows us to re-use the translation of the Isimgstitutions to answer
set programs in the context of multi-institutions, leavimgy the translation of the
multi-generation relation and accounting for the defimtod environment events.

The translation of a multi-intuitiotM consists of the translations of each component
institution and an additional prograﬂlﬁ’““(”) which accounts for the generation re-
lation G, of a multi-institutionM. This translation is defined as follows:

Definition 32 Given a multi-institutionM with the generation relatiog ,,,the events
e1, e € Epq, @n expressionp € Xy, such thaties € Gu(o, 1)

multi(n)

The programlI, contains a rule of the form:
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occurred(ey, T) «— occurred(e;s, T), EX(¢, T), (D32.1)

For each environment event,, € £ of the multi-institution, we add a rule of the
form:

evtype(eeny, €nv). (D32.2)

With[D3Z.1 we define the translation of the generation retain the multi-institution,
this translation is identical to the translation of evemeation in single institutions
however, in this case the generated events correspond gersos events in the com-
ponent institution rather than institutional events witthiose institutions.

With D322 we account for the definition of the environmenems of the multi-
institution, we do this using atomsvtype(E, env) in the same way as we do for
exogenous, institutional and violation events in singititations.

We then use this program to define the translation of a rrmﬁlﬁi{UtionHTf““(”) in-
cluding component institutions as follows:

Definition 33 For a given multi-institutionM and for a given number of instants

multi(n)

the programil ), as is defined such that:

multi(n) def mbase(n) base(n)
HM = M U HL-

Z;€Insts pm

mbase(n)

WhereH%”e(”) are translations of the component institutions/ef and IT'y, is
the translation of the mapping rules described\u.

We define trace programs for multi-institutions in a simikay same way as we do
for single institutions such that a progrdmﬂ(") is a program that produces answer
sets defining ordered traces of the environment events ehthie-institution M.

The properties of a multi-institution program are closégto the definitions of single
institution programs:
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Theorem 14 (soundness and completeness) Given the translation of di-mul

mbase(n

institution I,

one(n)

) and a singular trace progranil},”"’ containing a tracel,

the programHKﬁf‘“e(") u Hﬁe(") has exactly one answer set and this answer set
1™ MU T contains an interpretatiodlODEL(TM) of the tracel™™.

Given the translation of a muIti-institutidﬁT,f““(")M and any trace prograrﬁ[j’\l,f("),
every answer sdﬁﬂ’““(”)/\/l U Hﬂ(”) represents an interpretatiol ODEL(7M) of

a traceT™ in the multi-institution..

The validity of these theorems follows from proofs of the @hes of soundnes§gl(9)
and completenesg{[10) for single institutions.

5.7 Analysing Specifications of Multi-Institutions

By translating a specification of a multi-institution into answer set program, we can
analyse this specification in much the same way as we caresimgjltutions.

Given an answer set program defined by a multi-instituti@cggation and its com-
ponent institutionﬁxﬁ‘l“(") and a trace program describing a set of ordered traces over
the environment events in that multi-institutiﬂﬁﬁ("), we can use an answer set solver
to query the model for the presence or absence of particekirable or undesirable
properties in the multi-institution as a whole. In this case are evaluating the com-
position of all reachable states of each of the componetitutisns over the event

bindings defined within the multi-institution.

5.7.1 Analysis of the Enforcement Example

We now consider the specifications described above may dgsadaas answer set

e

programs. We first define the base progrzrm‘liﬁfm andH;‘f,f,f(T) for the institutions

of borrowingZ®" and enforcemerif*”/ using the same schema as described in Chap-
ter[3. Independently of this, we translate the generatitation specified inM“" as
programHﬁfijflT). For the above institution, given two agents with identffieandb
this will lead to a program of the form:

178



occurred(illegalact(b,fine),I) <« occurred(defaulted(b),I),instant(I).
occurred(illegalact(a,fine),I) <« occurred(defaulted(a),I),instant(I).
occurred(payback(a,b),I) <« occurred(sanctioned(a,fine),I),
holdsat(loan(a,b),I),instant(I).
occurred(payback(b,a),I) <« occurred(sanctioned(b,fine),I),
holdsat(loan(b,a),I),instant(I).

multi(T)

e IS then defined as the union of

The program for the whole multi-institutidn
Hbase(T) Hbase(T) andease(T).

Tenf ’ Tbor Meln
We consider an example with this specification where two &g@ay be party to loan
agreements.

We first consider the loan institution alone for two agenasdb. We use the technique
described in Sectioh 5.4.3 to compute all reachable statethis problem instance
which are shown in Figure 8.7 (with fluents relating to pesiages, and transitions
that do not change the state of the institution omitted froendiagram).

As can be seen, both agents may enter into loans with eachtb#tenust eventually
be payed back in order for the loan to be satisfied. Additigni&khe debtor of a loan

does not fulfil their obligation to repay, leading to theifaldting on the loan then the
contract will remain active, even after the loan duratios égpired.

We may also do the same for an instance of the enforcemeittitiest, this time with

an agent: and an enforcet. In this case we assume that the enforcer (who is also an
agent) does not perform illegal acts by imposing the follmywonstraint in the query
program :

: —occurred(illegalact(b,fine), I), instant(I).

this constrains the answer sets of the program to those ichwid illegal act by agent
b is considered to have occurred.

The reachable states of this instance of the enforcemetituiien are shown in Fig-
ure[G.8.

As can be seen from Figukeb.8, if agentommits an illegal act then the it becomes
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ldocreate(borrowing

live(borrowing)
pow(borrowing,loaned(a,b)
pow(borrowing,loaned(b,a)

payback(a,b) borrow(a,b) borrow(b,a) payback(b,a)
[reimbursed(a,b) [loaned(a,b)] \[loaned(b,a)] reimbursed(b,a)]

payback(a,b)
[reimbursed(a,b)

payback(b,a)
reimbursed(b,a)]

live(borrowing) live(borrowing)
loan(a,b) loan(b,a)
obl(reimbursed(a,b),expireloan,defaulted(q))| obl(reimbursed(b,a),expireloan,defaulted(p))
pow(borrowing,defaulted(a)) pow(borrowing,defaulted(b))
pow(borrowing,reimbursed(a,b)) pow(borrowing,reimbursed(b,a))
expireloan expireloan
[defaulted(a)] defaulted(b)
live(borrowing) live(borrowing)
loan(a,b) loan(b,a)
pow(borrowing,defaulted(a)) pow(borrowing,defaulted(b))
pow(borrowing,reimbursed(a,b)) pow(borrowing,reimbursed(b,a))

Figure 5.7: Reachable states of the loan institution foragents: andb

docreate(enf)

live(enf)
perm(enftimeout(a,fine)
perm(enftimeout(b,fine)
perm(illegalact(a,fine))
perm(illegalact(b,fine))

perm(sanctioned(a,fine)|
perm(sanctioned(b,fine)
. .__enftimeout(a,fine)applysanction(c,a,fine)
||Iegalact(a,f|neFbadgov] sanctioned(a,fine)]
live(enf)

obl(sanctioned(a,fine),enftimeout(a,fine),badgov)
perm(applysanction(c,a,fine))
perm(enftimeout(a,fine))
perm(enftimeout(b,fine))
perm(illegalact(a,fine))
perm(illegalact(b,fine))
perm(sanctioned(a,fine))
perm(sanctioned(b,fine))
pow(enf,sanctioned(a,fine))

Figure 5.8: Reachable states of the enforcement institditiioan agent. and an en-
forcerc

obliged for an enforcer agent to bring about the sanctiona@ated with this act (in
this case a fine), if this sanction is not brought about betoeedeadline then a case of
bad governanceddgov) is considered to have occurred.

We now consider how the composition of these institutiong#9™ and the corre-

sponding program1™(7)

Meln We consider the case where two agemtand b may
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start

mcreate
[borcreate]
[enfcreate]

payedback(a,b|
[resolved(a,b)]

s1)live(enf)
live(loan_contract)

payedback(b,a)
resolved(b,a)]

applysanction(c,a,fing)
[sanctioned(a,fine)]]
[payedback(a,a)]
[resolved(a,b)]

borrowed(a,

[newloan(a,b)] [newloan(b,a)]

applysanction(c,b,fine)
[sanctioned(b,fine)]
payedback(b,a)]
resolved(b,a)]

borrowed(b,a)

s3)live(enf)
live(loan_contract)
loan(a,b)
obl(resolved(a,b),loanexpired,defaulted(

)

s2)live(enf)
live(loan_contract)
loan(b,a)
obl(resolved(b,a),loanexpired,defaulted(

loanexpired
[defaulted(a)]
[ilegalact(a,fine)]

loanexpired
[defaulted(b)]
illegalact(b,fine)]

s4)live(enf)
live(loan_contract)
loan(a,b)
obl(sanctioned(a,fine),enftimeout(a,fine),badg

s6)live(enf)
live(loan_contract)
loan(b,a)
obl(sanctioned(b,fine),enftimeout(b,fine),badg

enftimeout(a,fine)
[badgov]

s5)live(enf)
live(loan_contract)
loan(a,b)

enftimeout(b,fine)
[badgov]

s7)live(enf)
live(loan_contract)
loan(b,a)

Figure 5.9: Reachable states of the combined enforced tsiution for an agent

and an enforcer

participate in loans and where a single enforcisrresponsible for enforcing them. In
this case, the reachable states of the combined protoctihése agents are show in
Figure[R.®. In this figure fluents relating to power an periisare not shown.

We now demonstrate the how the translated answer set pragraspecification may
be used reason about possible scenarios which may occue muhi-institution. We
do this by posing the question : “is it the case thatmiever repays a loan, and enforcer
c always enforces violations, that whenever a loan fbdo is defaulted the loan will

be resolved?”.

In order to verify that this query holds we construct a quemygpam which filters
answer sets of the model to those in which the assumptiorireajuery hold and the
property we wish to test is false. In this case the assumgaoa that & never repays
the loan” , that ¢ always enforces violations” and that “a loan has been difdul
The property we wish to check is that that “the defaulted Iesmolved”. This query
program may then be applied to the translated institutiog@m such that any answer
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sets of the resultant program represent cases in which they gwes not hold. We
break the construction of the query down as follows:

For the phrased never repays the loan” we assume that the loan can only bgeépa
if the loan is in force and that in this caseperforming apayback event satisfies this
condition. We first specify a rule which identifies answessehich contain agent's
repayment of the loan, and then eliminate them using a ainstas follows.

repayed <« holdsat(loan(a,b),I),occurred(payback(a,b),I),instant(I).
1« repayed.

For the phrase “enforceralways enforces violations” we assume that cases where
does not enforce violations are those in which an obligataspply a sanction exists
in the enforcement institution which is then violated. Wetevthis as follows:

notenforced <« occurred(badgov,I),instant(I)

1 <« notenforced.

In the above query we also assume that a loan actually exgstge constrain answer
sets to those containing at least one state in whikhs a loan frond as follows:

loaned <« holdsat(loan(a,b),I),instant(I)

1l <« mnot loaned.

|.e. there should be no answer sets in whichned does not hold.

Finally, we add rules which determine answer sets whichaiontnresolved loans as
follows:

resolved <« holdsat(loan(a,b),I),occurred(reimbursed(a,b),I), instant(I).

1 <« mnot resolved.

l.e. we exclude cases where a is reimbursed when it is in fancean event which
reimburses it occurs.

For the above query we get no answer sets for traces up tdhlé@gtndicating that
the property holds at least in all of those cases. Additignas this depth exceeds the
maximum cycle depth of the transition system for the aboeaaco with only three
agents, this also proves the property for scenarios of this k
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5.8 Summary and Discussion

In this chapter we have defined a mapping from the formal séosor single institu-
tions defined in Chapté&l 3 and multi-institutions defined a@te £ into the language
answer set programs. We proved that these answer set prograbody precisely the
semantics defined by the original specifications and oudther properties of these
programs. We then showed how given a translation of a singlaudti-institution
specification it is possible to verify properties of thesstimtions using two small
examples.

The translation to ASP defined in this chapter is suited tafwieg and reasoning

about specifications institutions as a whole. While thigglation may also be used
for some agent reasoning problems (as we show in Sdciibra§eBgD1L), it may be the
case that other translations to ASP may be better suitechtr atrcumstances such
as cases where we must account for agents’ knowledge abmenthronment. We

discuss these as extensions to our approach as further wQfkaptefTr.

It should be noted that, while ASP is particularly well sdite the types of model-
based reasoning that we use for reasoning about instifutiene is no intrinsic de-
pendency between our formal semantics and ASP. For instédrvwee simply wished

to implement an observer which builds the institutionatestaased on the messages
which are exchanged in the environment, we could equallygmpnted the semantics
of the transition functiorill'R using a procedural program. We could also have con-
sidered verifying institutional specifications using ®other than ASP, in this case
could produce a translation similar to the one describedalfar the relevant target
system. We discuss one such alternative reasoning appro8eictio_Z T2 pade 2P9
where we consider the possibility of using symbolic modelatting to verify institu-
tion specifications.

Given that ASP is limited to solving programs containing d@déimumber of ground
rules referring to a finite set of ground terms and literals,axve necessarily limited
to verifying scenarios where we know in advance that we hafieite set of events
and fluents (and hence a finite set of states) in advance. itiaddy the nature of
the translated programs described above, we must also knadvance the maxi-
mum number of instances over which a given institution sthéal investigated. This
limitation only extends to particular verification scemari and not to the institutions
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themselves as the full set of events and fluents which maytggsgpear in an institu-
tion need not necessarily be known in advance (see the grotspecifying institution
domains described the following Chapter in Seclion .2defd@9®. From a pragmatic
perspective there will be practical limits on the size ofrer@ which can be verified
in reasonable time. Given that the set of rules in a groundrara must be determined
advance with current ASP solvers, we are limited to programsh can be stored in
memory for instance.

There may also be intrinsic limits caused by the computatioomplexity of investi-
gating models of institution. The upper bound on the numberadels of an scenario
with k& eventd fluents for an time points i2°T+". In practice most specifications will
have a considerably smaller number of models, as the setesftiwvhich can be true
in a given state and the set of events which can be generatediuen transition will
be limited by the semantics of the institution (and henctatsslation). While there is
a fundamental theoretical limit based on the complexityhef institution, answer set
solvers include heuristics which can curb this complexitynany cases (consider for
example the class of solvers based on state of the art SAErsdlo a tractable level.
From the point of view of verification we are often more insteal in whether or not
a particular property is present or not than in how long tleeess of verification will
take. While it is unlikely that a developer would be prepat@dvait for years for a
result, hours (or even days) may be acceptable under soowrstances. We discuss
the empirical complexity of analysing a more complex exantphn those discussed
in this chapter in Sectidn 8.4 page222.

In the following chapter we discuss this problem in more gaiterms and examine a
more complex case study.
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Chapter 6

Specification and Analysis of
Institutions in Practice

6.1 Introduction

In Chapter$13 and 4, we introduced a model for specifying bothle and composed
institutions using a formal set-based notation. In ChaBtewe then demonstrated
how answer set programs based on these specifications maet@aireason about
institution properties.

In the previous chapter, we hand-wrote the answer programshvdescribe the in-
stitutions in question by manually translating a formala@fpeation. This process is
cumbersome and may lead to programming errors that in tusnresailt in the pro-

gram failing to capture the institution specification cathg Given the possibility

for this type of error and the level of complexity inherensjmecifying institutions as
answer set programs (consider the translation of the velgtsimple institutions de-
scribed Sectiof 815 page174) it is desirable to have a maa@rs language which
is semantically closer to our formalisation of institutsorSpecifications written in this
language can then be automatically translated into ansstgregrams, which can in
turn be analysed.

Action languages (such a andC+ discussed in Sectidn ZJ10) have evolved over re-
cent years as a means for providing human-readable and hwnitable descriptions
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of the effects of actions on a world. In addition to this, antianguages also have for-
mal semantics which may be used to query about action déscigpwritten in these
languages.

The semantics of action languages are typically descrilved a transition system

where each state (or situation) is composed of the valuatibzero or more fluents
and each transition is accounted for by one or more actiorbseign In this chapter

we introduce our own action language iktfor modelling institutions, based on the
semantics defined in Chapté&is 3 &hd 4.

Previous chapters have included somewhat simplified exasrpl demonstrate the
process of modelling institutions and translating theno IASP, in this chapter we
use the IngiL language to demonstrate the effectiveness of our approagiving an
extended case study. The case study analyses the spemifiohtin auction protocol,
which we specify in full and then investigate using the teghas described in the
previous chapter.

6.2 The Action Language InsAL

In this section we describe our action languageAhstbefore we introduce the lan-
guage itself we should first answer the question as to why weqgse a new language
for representing descriptions of institutions rather thaectly using an existing lan-
guage such ag or C+ .

Action languages such a4 andC+ have evolved to meet certain needs, in particu-
lar these languages consider the problems of assimilatodgia of cause and effect
in the real world, and how an agent may reason about the emagat in which it
exists, including reasoning about the observations it makel planning its actions
in order to achieve its goals. While many of these problenkexist in the con-
text of institutions, we must bear in mind that the instibntl semantics are not the
same as real-world semantics, instead the institutionasaah overlay on some other
real-world semantics providing an institutional intetateon of the events that have
occurred. This distinction between modelling the world asdimilating observations
leads to a number of problems in the use of action languag#sasd andC-+ which
we discuss further in Sectién 6.5. In addition to these molsl, we wish the language
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we use to naturally model institutional behaviour, inchglconventional generation,
institutionalised power and permissions. If we had chosdyase our implementation
on an existing action language, we must express the sersanticese things directly
within our descriptions rather than implicitly as part oétlanguage, possibly leading
to a loss of clarity in specifications.

We start by giving an outline of the syntax of our languagéAhs the material in this
section represents an extension to the outline of the layjegdescribed il [CDVP06d].

We define the language I#dt in order to simplify the process of specifying institu-
tions. Individual institution specifications and multstitution specifications are writ-
ten as single IngtL programs in a human-readable ASCII text format, these fées c
then be automatically translated into answer set prograasdirectly represent the
semantics of the institutions specified in the original dgsions.

An InstAL reasoning problem consists of the following:

One or more IngiL institution descriptions each of which describes a single
institution or a multi-institution that should be procesgse

A domain definition that grounds aspects of the descriptionkis provides
the domains for types and any static properties referencétkiinstitution and
multi-institution definitions.

A trace program(defined in Chaptdd 5 pa@e152) which defines the set traces of
exogenous events that should be investigated.

A query program(defined in Chaptd5 pade 168) which describes the desired
property which should be validated by the Wdktreasoning tool.

The process of reasoning over lAktspecifications is illustrated in Figude_5.1
pageI8B. In the diagram processes are shown as shaded inpxgsjocuments as
white boxes with solid borders, and intermediate (autoradi generated) documents
as white boxes with dashed borders.

The reasoning process is summarised as follows:

1. The InsAL to ASP translator takes one or more single or multi-ingbtutle-
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Figure 6.1: Overview of the InaL translation process
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scriptions (in the IngiL syntax described below), and domain definition files
(described below) as input. Using these files, the transigdoerates a set of
answer set programs (in the form described in Chdgter 5)wtiéscribe the
semantics of the input institutions.

2. The translated institution programs along with a tracegy@m and query are
then grounded by theParseprogram (part of th&modelgoolkit).

3. This grounded program description is then given as irptiteSmodelanswer
set solver. This produces zero or more answer sets. Eacleassticorresponds
to a possible model of the input institution for a given trdescribed by the trace
program that matches the given query.

4. These answer sets may then be visualised (see SECI@pagd 172) and in-
terpreted by the designer.

We start by describing the syntax of single institution dggions in InsAL and then
go on to describe how multi-institutions are specified. Tyetax consists of a set
of declarations which define the institution name, typegrita and events which are
supported by the institution and a set of rules which defieeofperational semantics
of the institution. We illustrate the syntax of IAdt using the formalised loan contract
described in Sectidn'4.3.3 and Figlird 4.4 on fjagé 134 as ampéxa

Each InsAL specification starts with a declaration of the institutieiny modelled
using theinstitutionkeyword, as follows:

institution | oan_contract;

The following sections give an overview of the other aspettbe language’s syntax.

6.2.1 Type System

In the formalisations of institution specifications givenChaptef4, we used a set-
based notation based on our formalised model for institstidNithin these descrip-
tions, we used externally defined sets to allow for the dédimibf properties such as
agent identifiers Agents in the loan contract institution). While these sets may be
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used by specifications the definition of the domains of thgsest do not form part of
the specification itself as they may change depending onatieplar instance of the
institution we are dealing with. Instead the domains of sygee defined externally, we
do this in InsAL by defining a set ofypeseach of which corresponds to a particular
set of atomic values (such as agent identifiers, role nanges et

Within specifications, types are declared by including zermoretype declarations
using thet ype keyword. An example of such a type definition is that of theafet
agents discussed above. In an Alstanguage specification this type would be de-
clared as follows:

type Agent;

As we have said, the domain of each type corresponds to a Btdraf values, these
literal values are specified externally in one or mdoenain definition filesA domain
definition file specifies a set of literals that may appear exdbmain of a given type.
In the case of thégent type, an example definition is as follows:

Agent: agentl agent?2 agent3

This defines three valuesgent 1, agent 2 and agent 3 as members of the type
Agent . Domain definitions are read by the translator at the same &asninstitution
definitions and serve to ground variables in the body oftuistin rules (see Variables
in Sectio 8. 2K below).

In addition to user-defined types, |A&tdefines three internally-defined types which
are specified automatically by the translation tool usirggdpecification(s) being pro-
cessed. These types are described as follows:

Fl uent : Thistype is defined as the set of all grounded fluent litetteds occur in all
specifications being processed (see Fluent DeclaratioBedtiof 6.2 below).

Event : This type is defined as the set of all event literals (see Edeglarations in
Sectiof6.213).
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I nst : This type is defined as the set of unique names of each of Higuitions
included in the current multi-institution or the name of thstitution being pro-
cessed in the case of a single institution.

6.2.2 Fluent Declarations

Fluent declarations in In&L declare the types of domain fluents which may occur in a
given institution. In our formalisation of institutions @haptefB, we stated that each
institution includes a set of domain fluents that may be a®rsid to be true at a given
time in the institution, this set of domain fluents is desedbn InsAL using one or
morefluent declarationsising thef | uent keyword.

A fluent declaration in In#L consists of a fluent name and the types of the fluent
parameters if any.

The following declaration for example:

fluent | oan(Agent, Agent);

defines a fluent with namkeoan with two parameters which range over the type
Agent .

Each fluent declaration corresponds to a set of possible iddinants which may be
used in the institution, the full set of fluents described lgnen fluent declaration is
dependant on the types of the parameters of that fluent. onge if the typeAgent
includes the valuesgent 1, agent 2 andagent 3 thenl oan( agent 1, agent 2) and

| oan(agent 2, agent 3) are valid fluents in the institution. We refer to all of the
literals corresponding to a particular fluent as ttmmainof the fluent. In the case
where a fluent has no parameters then the domain of the fluelaragon contains
only a single literal corresponding to the fluent name.

Fluent declarations in an Inst specification correspond to the definitionddmain
fluentsin the formal model (see Sectibn 3.2, pAgel 101), such teay duent literal
in a fluent declaration corresponds to a member of th®sfetr the institution being
specified .
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In addition to the fluents declared in a specification theofeihg types of normative
fluents are implicitly defined (based on events describeldanrtstitution, see below):

() pow( Event) : A given event is empowered.
(i) per m Event): A given event is permitted.
(iif) obl (Event, Event, Event) : A given obligation exists.

Static Properties

In addition to fluents that change over time, it is sometinseful to refer to external
properties that will not change during the execution of astifation, but which we
do not wish to make explicit at the time of specification. ld@rto do this we use
what we callstatic propertiesvhich have a similar syntax to fluents. As with fluents,
static properties consist of a unique name and zero or mpesitgarameters, and are
declared using thst at i ¢ keyword. For example the declaration:

static rol eof (Rol e, Inst);

defines a static property with namel eof and parameters which range over the types
Rol e andl nst . A declaration of this form may be used to indicate which saee
present in the institution. As with fluents, static propetéclarations correspond to a
set of literals with a name and signature that matches thiamd¢ion. The domain of

a static property is specified in a domain definition in a samivay to the declaration
of a type’s domain by giving a list of the literals that may Issigned to that property.
For example, the propertyol eof (Rol e, | nst) may be grounded by the following
statements in a domain definition:

r ol eof (buyer, shopi nst).
rol eof (sel | er, shopi nst).
r ol eof (manager, shopi nst).

Unlike fluents static properties may not be changed, andeheray not be included
in the heads of ni t i at es andt er mi nat es rules (see below), instead they may be
used to alter the ways in which rules are grounded usingstagiressions (see below).
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In terms of semantics, static properties are equivalentiemtk that are initiated when
the institution is created, and never changed by any ruléseoinstitution. As well
as allowing for the definition of static domain informatiordependently of the insti-
tution these properties also serve to decrease the size tfthslated ASP programs.
Static properties eliminate the overhead of their fluenivadents, and also allow the
rules that are generated for a given institution to be camstd to only those which
correspond only to the properties in the domain of the iattih in question.

6.2.3 Event Declarations

Each specification may define zero or more event types, eaathioh describes the
event’s status (exogenous, institutional action, violaticreation or destruction), its
unique name and the types of any parameters associatecheidvent.

An event declaration consists of the event type that may be :
cr eat e : Indicating that the event is a creation event.
exogenous : indicating that the event is an exogenous event.
i nst : Indicating that the event is an internal institutional @ve
vi ol ati on : indicating that the event is a violation event.

dest : Indicating that the event is a destruction event.

This is followed by the keywordvent , and a unique name (which may be any lower-
case identifier) and the types of the event parameters ()f any

For example, in the loan contract institution the declarati

create event borcreate;

corresponds to the creation event for the loan contradtutisin. The definition:

exogenous event borrowed( Agent, Agent);
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corresponds to events where money is borrowed by one agenténother, and the
definition:

i nst event new oan( Agent, Agent);

correspond to events where a loan is created between twisagen

As with fluents, event signatures may be parameterised tisgrigpes described in the
institution such that each event signature describes oneog event literals (derived
from the domains of the types of the event’s parameters). itsfluents, we refer to
the set of all event literals for a particular event type asdbmain of that event. In
the case that an event has no specified parameters, the dointfagnevent declaration
contains a single event with the same name as the declafatsowithbor cr eat e
above).

Event declarations correspond directly to the definitioevents in the formal model
(see Sectioh:3.4.1 pafel99) as follows:

1. Every literal in the domain of ar eat e event corresponds to a member of the
set of create events, .

2. Every literal in the domain of agxogenous event corresponds to a member of
the set of exogenous everdis.

3. Every literal in the domain of amst event corresponds to a member of the set
of institutional actiong,.;.

4. Every literal in the domain of @i ol at i on event corresponds to a member of
the set of violation events,;,;.

5. Every literal in the domain of dest event corresponds to a member of the set
of dissolution events§,,.
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6.2.4 Institution Rules

The final part of an institution specification in IAdt consists of the declaration of
zero or more institution rules.

Following from our definition of institutional rules in Chagr[3, the applicability
of rules in InsAL may be qualified by an expression. Recall that in Sedilofi3.4.
(pagd10ll) of our formal model of institutions, expressioécate which fluents must
be true or false in a given state for the corresponding rubketapplicable in that state.
Each expression consists of a conjunction of zero or morss{pty negated) fluent
literals.

Expressions in IngtlL are expressed similarly: each IAstexpression consists of a
comma-separated list (indicating conjunction) of fluetdrhls, with each literal each
coming from the domain of one of the fluent declarations initisatution definition.

For example the expression:
‘ | oan(a, b), not owns(a, obj)

corresponds to all states where the litdrabn( a, b) is true and where the literal
owns( a, obj ) is not true.

In addition to fluent expressions we also perstdtic expressions InstAL , these

expressions do not refer to fluents directly but may be uselldoge the way in which
variables are grounded in a given rule, these are not ti@alstirectly into the model,
but effect the types of rules which will be generated whennkatution is translated.
Static expressions are discussed below.

The set of all fluent expressions possible in a givenAhstpecification corresponds
to the set of expressioms in the formal model of the institution in question.
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Variables

Variables are indicated in the language by capitalisedgdror the special unbound
variable* ' (which behaves in a similar way to its counterpart in oth@gpamming
languages such as Prolog).

Variables may appear in the parameters of fluent and everggsipns within the body
of rules or within the conditions of rules. Variables aredlbg scoped to each rule and
each variable is automatically assigned a type correspgrtdithe first instance it is
used in the rule. In the case where variables are used in p&estwith conflicting
types an error is raised.

During translation, a rule containing variables is expahotg#o a set of rules con-
taining all valid possible assignments of each variableebasn the domain of the
type assigned to that variable. For example given a fluert deéclared signature
al i ve( Per son) and an event with declared signatdiees( Per son) ,and a ground-
ing ofowen, zach for the typePer son the rule:

‘ dies(X) term nates alive(X);

would cause the variabbéto be assigned the tyger son and would cause the rule
to be expanded into the ground rules:

di es(owen) term nates alive(owen);
di es(zach) term nates alive(zach);

Static expressions may be used to constrain how variabdesxganded within rules.
These expressions appear alongside rule conditions amdssr equality, inequality
and static property expressions are permitted inAhst

Given two variablesi andB, in a rule when the static expressions:
Al =B

and
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=B

appear in the condition of a rule, the variabkeandB will only be grounded to values
which are equal or different respectively.

Static property expressions look similar to fluent exp@ssi however instead of
changing the condition of a rule, they change the way in whiehrule is grounded.
For example given the static propertyl eof (Rol e, | nst) described above, a rule
of the form:

act(A) initiates powassuneRol e(AR)) if
rol eof (R, shopi nst).

would expand to a set of rules where the varia®las assigned to each role of the
institutionshopi nst .

We now go on to describe the three types of rules that may hefigaein INSAL .

Initial Rules

Initial rules describe which fluents will be initiated whergaen institution is cre-
ated. An initial rule is declared using the keywordi ti al | y followed by one or
more fluent expressions. For example the following initiderin the loan contract
institution:

initially pow newl oan(A, B)), pern(| oanexpired),
pern(resol ved(A B)), perm(borrowed(A B)),
pern(defaul ted(A)), pern(payedback(A, B)),
per n( new oan( A, B))
if Al =B

This rule states which of the fluents will be true when the loantract institution is
created. The rules is qualified for all pairs of age~i@ndB whereA andB are not
equal (making it impossible for an agent to create a loan thieimselves).
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Initial rules correspond to the definition of the set of @itfluentsA in our formal
model of institutions. Every fluent literal in an expanded ti al |y rule corre-
sponds to a member of the s&tfor the institution in question.

Causal Rules

Causal rules describe when fluents change in response ta¢heence of events. A
causal rule consists of:

(i) A trigger evenexpression which denotes which events may activate the rule

(i) An operationwhich indicates whether the rule initiates or terminatesfthents
in the rule body, this may be either of the keywords$ t i at es ort er ni nat es.

(i) A set of fluentsthat are initiated or terminated by the rule.

(iv) A (possibly empty)condition consisting of an expression describing fluents
which must be true in order for the rule to have an effect, @nd/ static
expression defining how the rule should be expanded.

In the loan contract institution we have the followiingi t i at es rule:

new oan(A, B) initiates pow(resol ved(A B)), powdefaul ted(A)),
obl (resol ved( A B), | oanexpired, defaul ted(A)), | oan(A B);

This rule states that every occurrence of the ememi oan between two agen#sand

B initiates the power for the loan to be resolved and default&ée rule also creates an
obligation for the loan to be resolved before the loan pegxyuires lest it be defaulted
and the state of there being a loan betwa@amdB. The same syntax is used for causal
rules that terminate fluents.

Each causal rule corresponds to the definition of the@etdC'n the underlying for-
mal model of the institution.
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Generation Rules

A generation rule description in In&st consists of:

(i) A trigger evenexpression that denotes which events may activate the rule.

(i) A set of generated eventthat are generated by the occurrence of the trigger
event.

(i) A (possibly empty)conditionconsisting of an expression describing fluents that
must be true in order for the rule to have an effect, and/oatcsexpression
defining how the rule should be expanded.

The following rule, taken from the loan contract institutio

borrowed( A B) generates newl oan(A,B) if Al =B ;

causes aor r owed event to generate the creation of a loan (if this is empowerely
if the two agents involved in this event differ.

Generation rules correspond to the definition of the eveneggion relationg de-
scribed in Sectiof3.4.4 pa§e_104 of our formal model of instns. In the formal
model, the generation relatighconsists of a mapping between a condition expression
and a single event to a set of generated event literals. Foea generation rule, after
the rule is expanded (see Variables above) the followingpmrants correspond to
the formal model: The event literal represented by the &iggyent of the rule cor-
responds to a trigger event ¢h  The conditions of the expanded rule correspond to
fluent expressions in thg relation for the given trigger event. The generated event
literals described by the rule correspond to set of eventisammange of thg; relation

for the given trigger event and condition.

6.2.5 Multi-institutions in Inst AL

So far, we have explained the syntax of a single-institusipecification in IngiL .
We also use IngtL to specify the relationships between single institutiona multi-
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institution. These relationships are specified separatedyr InSAL multi-institution
definition which shares most of the syntax of single-initudescriptions.

Following from the formal definition of a multi-institutiom Chaptel¥ a multi-
institution specificationM consists of a set of single-institutiongpsts, a set
of environment event§,,, and a set of multi-generation rul€s,. In a multi-
institution definition in InsAL the individual institution definitions are derived from
InstAL institution specifications in the format described abovehe Tinstitutions
referenced by a multi-institution are specified implicifly the inclusion of those in-
stitution descriptions in the translation process. Theaieaer of the multi-institution
is included in anulti-institution definitionwritten in the InsAL language.

To illustrate the definition of a multi-institution we useetformalised enforced loan
contract example (shown in Figure .5 p&gel138) from Chépter

A multi-institution definition in InsAL starts with a declaration using thal t i key-
word, this identifies the multi-institution with a uniquema. For the enforced loan
contract example this is stated as follows:

mul ti enfl oan;

The set of environment events of the multi-institution iscfied in a similar way to
the declaration of exogenous events in a single institytiowever theenv keyword

is used in place ofxogenous. The environment events of the enforced loan contract
are specified as follows:

env event borrowed( Agent, Agent);

env event payedback(Agent, Agent);

env event expireloan

env event appl ysancti on( Enforcer, Agent, Sancti on);
env event enftineout (Agent, Sanction);

The types used in these events correspond to the types defitireglindividual insti-
tutions.

The definition of the environment events in a multi-instidat description in
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InstAL correspond directly to the set of environment eveéhts in the formal model
of a multi-institution.

Finally, a multi-institution definition specifies the geagon rules for the multi-
institution. These rules correspond exactly to the synthgemeration rules for
single institutions above, however trigger events may lmseh from the environment
events of the multi-institution or the institutional eveioff related institutions, and the
generated events may refer to any exogenous events ind@iatéutions.

The generation rules for the enforced loan contract examlpiere are specified as
follows:

defaul ted(A) generates illegalact(A fine);
sanctioned( A fine) generates payback(A X) if loan(A X);

Wheredef aul t ed( A) andpayback( A, X) are events in the loan contract institution
andi | | egal act (A, fine) andsancti oned(A, fine) are events in the enforce-
ment institution.

6.2.6 Translation into ASP

The semantics of InAlL are based directly on those of our formalisations given in
Chapterd 3 anfl4 as such we refer to Chalgter 5 for a formal atodhow these
semantics are translated into answer set programs.

6.3 Case Study : Analysis of an Action Protocol

Our framework ascribes a social interpretation to a sequenevents that are con-
sidered to have occurred in some environment, the sourcéisdse events may stem
from the performance of actions by particular agents, oottwairrence of other events
within the environment such as timeouts. In previous chraptee focused on the
off-line analysis of specifications however, one of our objes for specifying such

systems is their use in on-line reasoning by agents.
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The key problem we see with agent reasoning in the contexteofytpes of specifi-
cations we discuss above, is that of the agent determinirggheh or not a particular
sequence of actions which has occurred in the past wasieffestd whether a given
action or sequence of actions will be effective in the futurae underlying problem
in both cases can be summarised as the agent’s ability tondet some or all of
the current institutional state according to our modelstlear that in a completely
open and heterogeneous environment that this problem iscigable in general (as
it is not possible for agents to take into account those astad which they have no
knowledge). We could place restrictions on specificatitiesriselves to ensure that,
for instance each agent broadcasts its actions to all otfests, however this is not
scalable, and does not take into account the fact that sofmenation contained in
messages may be private.

For this case study we assume a semi-open model of agentys¢ommtrast with
Davidson'’s taxonomy in[[Dav01], discussed in Secfion 2@@e[4b). Where we
make some assumptions about the underlying communicatomefvork that agents
use to exchange information, but put no explicit restritsion the acts (expressed as
messages) which may be performed by agents.

The assumption we make about the environment is that in aagnteraction, agents
have complete knowledge of the initial social state and bdedrpartial knowledge of
the events that occur in the system. For the basis of thisrgstsan we follow the work
of Venkatraman and Singh [VS99] and usector clockdo assist in the inference of
the possible worlds which may exist after a given agent atgon, we discuss the
definition of vector clocks below.

We start by describing the auction protocol that we will ustha basis for this scenario
and then go on to demonstrate how, with the use of vector s|adents may reason
about the institutional state. The full I#dt source code to this case study is included
in Appendi{Al pagé261.

6.3.1 Dutch Auction Round Protocol

The protocol we use as a case study is a fragment of the Duttioayrotocol with
only one round of bidding. Protocols such as this have betmsively studied in the
area of agent-mediated electronic commerce, as they atieypary suited to com-

202



puter implementation and reasoning.

In this protocol, a single agent is assigned to the role ofianeer, and one or more
agents play the role of bidders. The purpose of the protog@ whole is either to

determine a winning bidder and a valuation for a particutmion sale, or to establish
that no bidders wish to purchase the item. The protocol issansed as follows:

e Round starts: Auctioneer selects a price for the item anarimé each of the
bidders present of the starting price. The auctioneer trats\for a given period
of time for bidders to respond.

e Upon receipt of the starting price, each bidder has the ehascto whether to
send a message indicating their desire to bid on the itemaaptice, or to send
no message indicating that they do not wish to bid on the item.

e At the end of the prescribed period of time, if the auctioneas received a
single bid from a given agent, then the auctioneer is obligedform each of
the participating agents that this agent has won the auction

¢ If no bids are received at the end of the prescribed perionh,tthe auctioneer
must inform each of the participants that the item has nat lseé.

¢ If more than one bid was received then the auctioneer mustnméach agent
that a conflict has occurred.

e In the case where the item is sold or unsold, the protocol ished.

¢ In the case where a conflict occurs then the auctioneer magtene the bidding
and start the round again in order to resolve the conflict.

We focus on the protocol for the round itself, in order to de,ttve omit a definition of
the item in question and the starting price from these messafyhile the inclusion of
these aspects in the protocol is possible, their inclusaesdot change the structure
of the protocol round so we omit them for simplicity.

We now go on to outline the IN&L specification of this protocol, the full definition of
the protocol is included in AppendixA.1.

The protocol definition uses two ISt types: the first of theséuct , refers to agents
assuming the role of the auctioneer, and the sed®inter , refers to agents who may

bid in the protocol.

Based on the protocol description above, the following ageessages are defined in

203



the InsAL specification. In each case, we have an exogenous actiontidegahe
agents’ physical performance of the action (prefixed witin) and a corresponding
institutional action that accounts for when the physicaioacwas performed validly
according to the institution. In all cases the two eventdiaked by an unconditional
generates statement in the description.

annpri ce(Auct, Bi dder) , price(Auct, Bi dder): The auctioneer sending a
message to a bidder indicating the initial price.

annbi d( Auct, Bi dder) , bi d( Auct, Bi dder) : A bidder sending a message to the
auctioneer indicating a bid for the current item under coesition.

annunsol d( Auct, Bi dder) , unsol d( Auct, Bi dder) : The auctioneer sending a
message to a bidder indicating that the item is unsold.

annsol d( Auct, Bi dder) , sol d(Auct, Bi dder) : The auctioneer sending a mes-
sage to a bidder indicating that the item has been sold.

annconflict (Auct, Bi dder) ,conflict (Auct, Bi dder): The auctioneer
sending a message to a bidder indicating that there wereitigarbconflict.

In addition to the agent actions, we also include timeoutiscating the three exter-
nal events (which are independent of agents’ actions) waifdctt the protocol. For
each timeout, we define a corresponding institutional esefiixed byd| indicating
a deadline in the protocol

priceto,pricedl: Atimeoutindicating the deadline by which the auctioneeisin
have announced the initial price of the item on sale to altierd.

bi dt o, pri cedl : A timeout indicating the expiration of the waiting perioar fthe
auctioneer to receive bids for the item.

dest o, desdl : Atimeoutindicating the deadline by which the auctioneesthave
announced the decision about the auction to all bidders.

We assume that the timeouts will occur in the order specified (hat due to their
durations it is impossible for this to be otherwise) howeverhave no way of directly

204



encoding this constraint in the institution specificatidio. counteract this we use the
corresponding institution events in the protocol desmipand constrain the order in
which they are empowered in the institution. This ensuras while the exogenous
events may occur in any order, the institution events whiely torrespond to may only
occur once and in the order specified. The ordering is speaifseng the following
rules within the definition of the institution:

priceto generates pricedl;
pricedl term nates pow pricedl);
pricedl initiates pow biddl);

bi dt o generates biddl;
bi ddl term nates pow(bi ddl);
biddl initiates pow desdl);

dest 0 generat es desdl;
desdl term nates pow(desdl);

We define a single additional institution evenbt i f i ed( Bi dder) which represents
the event of a bidder being validly notified of the result & #uction. We additionally
specify a dissolution evelfi ni shed which indicates the end of the protocol.

We do not focus in detail on what the effects of the auctiong@ating the proto-
col are, instead we define a dissolution institutional ewentgov which accounts
for any instances when the auctioneer has violated the gobt@nce an auctioneer
has violated the protocol, we choose to treat the remainidieregorotocol as invalid
and dissolve the institution. We could have extended thépaobd to include, for in-
stance, sanctioning the auctioneer and recovering to @ptaide state in the case that
this happens (as was the case in the enforced loan contratipdx in Sectiof 4.3.3
pagd13B) however for the sake of simplicity we omit this friba case study.

The rules of the institution are driven by the occurrencehaf timeouts described
above and hence may be broken down in to three phases asdollow

In the first phase of the protocol the auctioneer must issige gtatements to each of
the bidders, we represent this in the Kistrotocol by defining an initial obligation
on the auctioneer to issue a price to each bidder before ibe geadline as follows:
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initially obl (price(A B), pricedl, badgov);

In this case the statement represents a number of obligatore for each bidder in
the protocol.

Once a price has been sent to the bidder, that bidder is empdvaad permitted to
bid in the round as follows (note that we permit both the actibvalidly bidding itself
(bi d( B, A)) as well as the action of sending the message that may cound@isg
(annbi d(B, A))):

price(A B) initiates powbid(B,A)), perm(bid(B,A)),
per m(annbi d( B, A));

In the second phase of the protocol bidders may choose toisbiig, these must
be sent before the bid timeout event. In order to accountiferfinal phase of the
protocol, we must capture the case when one bid, no bids dipleubids (a conflict)

has occurred. In addition, in a given round, we must also irsikeaccount that bids
may be received asynchronously from different agents oyperiad of time. In order
to capture which outcome of the protocol has occurred we luge ffluents to record
the state of the bidding as follows:

fl uent onl ybi dder ( Bi dder) ;
fl uent havebi d;
fluent conflict;

The first of these fluents denotes the case where a single bioea received and no
others (and records the bidder which made this bid), thensefioent records cases
where one or more bids have been received and the third iecasks where more
than one bid has been received.

These fluents are determined in the second phase of the proting the following
three rules:

bi d(B,A) initiates havebid, onlybidder(B) if not havebi d;
bi d(B, A) term nates onlybidder(_) if havebi d;
bid(B,A) initiates conflict if havebid,
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The first rule accounts for the first bid that is received, aahily triggered if no previ-
ous bids have been made. The second rule accounts for ahgrfbitls and terminates
theonl ybi dder fluent when a second bid is received. The final rule recordsiflico
if a bid is received and a previous bid has occurred.

Once a bid has been submitted we do not wish to permit an agesuthimit further
bids, or for those further bids to be valid. In order to acddon this we introduce a
rule of the form:

bi d(B,A) term nates pow bid(B, A)), perm bid(B, A)),
perm(annbi d(B, A));

In the third and final phase of the protocol the auctioneertmosfy the bidding
agents of the outcome of the auction. This phase is broughitdly the occurrence
of thebi ddl event that denotes the close of bidding. In order to accaurthis, we
terminate each agents’ capacity to bid further in the anam®follows:

bi ddl term nates pow bi d(B, A));

and correspondingly initiate the auctioneer’s power tadp@about a resolution to the
auction as follows:

biddl initiates powsold(A B)), powunsol d(A, B)),
pow conf (A B)), powm notified(B));

Finally, we create an obligation upon the auctioneer toagka right kind of response
depending on the determined outcome of the protocol asasllo

bi ddl initiates pernmannunsol d(A, B)), permunsol d( A, B)),

obl (unsol d( A, B), desdl , badgov) if not havebi d;
biddl initiates permannsol d(A, B)), pern(sol d(A B)),

obl (sol d( A B), desdl, badgov) if havebid, not conflict;
bi ddl initiates permannconf (A B)), pern{conf(A B)),

obl (conf (A B), desdl, badgov) if havebid, conflict;
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For each outcome, the auctioneer is obliged and permittesistee the appropriate
response to every bidding agent before the decision deadfian auctioneer fails to
issue the correct outcome to any agent before the final aatlien a violation will
occur.

Once an agent has been notified we wish to prohibit the aletioinom notifying that
agent again, we do this by introducing a rule which termisi#ite auctioneer’'s power
and permission to issue more than one notification to any gestas follows:

notified(B) term nates powunsol d(A B)), perm(unsol d(A, B)),
powsol d(A B)), powconf(A B)), pownotified(B)),
pern(sol d(A B)), perm(conf(A B)), perm(notified(B)),
per m(annconf (A, B)), pern(annsol d( A B), per m{annunsol d( A B);

Finally. in the case where a conflict occurs, the auctionagstmre-open the bidding
with a new round. We represent this by adding two rules, tiseédirwhich terminates
the intermediate fluents which were used to represent theoo#t of the protocol
(havebi d andconflict), and the second of which initiates the obligation for the
auctioneer to re-open the round by issuing a price to theebgddnd all associated
powers and permissions:

desdl term nates havebi d, conflict;
desdl initiates powprice(A B)), pern(price(A B)),

perm(annprice(A B)), perm(pricedl), pow pricedl),
obl (price(A B), pricedl,badgov) if conflict;

6.3.2 \Verifying the Specification of the Auction Round Proteol

We now turn to the analysis of the auction round protocol.

lllustrating the States of the Protocol

Using the description above we may obtain an ASP progrando@asé¢he translation
of the semantics described in Chagdier 5. This program may lhleecombined with
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a trace program and query, allowing us to query propertiesdatermine possible
outcomes of this protocol.

The simplest type of verification procedure we can do is tacetethe program with
no query, in this case all possible traces of the protocdlbeiprovided as answer sets
of the translated program.

Each answer set represents all possible sequences of wtatds may occur in the
model, these may in turn be used to visualise all reachabtessfor the protocol
(for a given number of agents). In our first example, we do #dhis. In order

to execute the protocol we must give domain definitions fer tifpes described in
the protocol Auct andBi dder ) using a domain definition. Assuming that we had a
single auctioneest and a single bidddy the domain definition would be specified as
follows:

Auct: a
Bidder: b

We could execute the translated program as is, however gweeaisets of the program
would includeall traces of the protocol, including those containing actiwwhgh have
no effect. Transitions of this kind may be of interest in sarases (we may be inter-
ested in the occurrence of associated violations for icgfahowever in this case we
would prefer to omit them in order to reduce the number of ansets we must anal-
yse. We do this by specifying a query program of the form dbeedrin Sectiol 5.3]1
pagdIhP that limits answer sets to only those containiraggran which a change in
state occurs.

Solving the translated program with the associated quesgram yields 60 answer
sets corresponding to each possible trace where an effeatsom each transition.
By extracting the states from the answer set we may genegi@phical representa-
tion of the transition system which the protocol createsgisihe process described in

Sectior 5413, pade 5.4.3.
In order to include all possible states of the protocol we inseect a large enough

upper bound for the length of traces such that all possibtestre reached. In general
the selection of this upper bound depends on the programwery qm question and it
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live(dutch_auction_round)
obl(price(a,b),pricedl,badgo

priceto
[badgov] / createdar annpnceb(a b)
[pricedl] [Price(a.b)]

live(dutch_auction_| round

annbid(b,a) prlceto
[bid(b,a)]

havebid
live(dutch_auction_round
onlybidder(b)
priceto annbid(b,a)
[pricedl] [bid(b,a)]
A

havebid
live(dutch_auction_round
onlybidder(b)

bidto
[biddl]

havebid
live(dutch_auction_round, live(dutch_auction_round) L
)

obl(sold(a,b),desdl,badgoy. obl(unsold(a,b),desdl,badgo
onlybidder(b)

annconf(a,b) annunsold(a,b) annsold(a,b) annconf(a,b)

annsold(a,) [conf(a,b)] [notified(b)] annunsold(a,b) [notified(b)] [conf(a,b)]

[notified(b)]| [notified(b)] [unsold(a,b)] [notified(b)] [sold(a,b)] [notified(b)]

[sold(a,b)] \ [viol(annconf(a,b))] /[viol(annunsold(a,b))] [unsold(a,b)] [viol(annsold(a,b))] |[viol(annconf(a,b))]
[viol(conf(a,b))] [viol(unsold(a,b))] viol(sold(a,b))] viol(conf(a,b))]

desto - havebid

[badgov] | . haveblq live(dutch_auction_round!
live(dutch_auction_round

[desdl] onlybidder(b) obl(sold(a,b),desdl,badgoy)

[finished] onlybidder(b)

live(dutch_auction_round) l/
)

live(dutch_auction_round obl(unsold(a,b),desd,badgo

[finished]

desto desto desto desto

[desdl] [badgov] [desdi] [badgov]

finished) \ [desdl [finished] [desd]
finished] [finished]

Figure 6.2: States of the auction round for a single bidder

should be noted that the answer sets of the program represirihose solutions to
the query which can be found in the given trace length.

In the case of the auction protocol, we established this mppand empirically by
iterating the process of solving and determining the statéd no more states are
found. For the example above, with only two agents, the Iehgaces that yield new
states are of length 7, yielding 33 answer sets.

Figure[&2 illustrates all possible states for a single doahthe protocol with one
bidder (for a larger number of bidders, the state space wilcnsiderably larger).
Note that as there is only one bidder participating in thetqmaol conflicts cannot
occur. For the sake of clarity, we omit fluents relating to posvand permissions from
the figure.
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createdar

live(dutch_auction_round)
obl(price(a,b),pricedl,badgov)

@annprice(a,b)
[price(a,b)]

live(dutch_auction_round

annbid(b,a)
[bid(b,a)]

priceto
pricedl]

havebid
live(dutch_auction_round| live(dutch_auction_round
onlybidder(b)
priceto annbid(b,a) pidto
[pricedl] [bid(b,a)]  [biddl]
havebid
live(dutch_auction_round
onlybidder(b)
bidto live(dutch_auction_round)
[biddl] obl(unsold(a,b),desdl,badgo
havebid

@annunsold(a,b)
[notified(b)]
[unsold(a,b)]

live(dutch_auction_round)
obl(sold(a,b),desdl,badgoy)
onlybidder(b)

annsold(a,b)|
[notified(b)] | live(dutch_auction_round|
[sold(a,b)]

havebid esto
live(dutch_auction_round desdl]
onlybidder(b) [finished]

Figure 6.3: States of the auction round without violations

We can also use this process to illustrate the possiblestfacgueries on the program,
for instance if we wish to show only those traces where naatiohs occur we could
introduce a simple query program of the form:

bad <« occurred(badgov,I),instant(I).
1« Dbad

These two rules state that all models which include a tramsivhere the event
badgov occurs are considergshd, and that these models should be omitted. For
this query we obtain the set of traces illustrated in FiguBe 6
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Verifying Outcomes in the Protocol

In the above protocol we stated that when there was a conilittd bidding for the
protocol (i.e. when two or more bidders issue valid bids} the bidding should re-
open. In order to ensure that this new round continues agéefe would like to
ensure that the institutional state at the beginning of @pened round is the same as
the institutional state when the original round opened.

This property may be specified as a query program in our frarewiscussed as
follows. In this case we are only interested in traces whex@dlict has occurred, we
specify this by adding the following constraints to the guarogram:

hadconflict <« holdsat(conflict,I),instant(I).

1l +« not hadconflict.

The first rule states that if any state where theflict fluent occurs then the literal
hadconflict should be included in the answer set. The second rule staésve
should not include any answer sets where the litesaktonflict is not included.

We are also only interested in traces where the protocol-&daited and bidding is
re-opened. We add this constraint in a similar way, usingrivies as follows:

restarted <« occurred(desdl,I),
holdsat(conflict,I), instant(I).

1l +«+ not restarted.

The first of these rules state that if thesd1 event has occurred at any time we include
the literalrestarted in our answer set and the second rule states that we shouyid onl
include answer sets where this literal is included.

In order to determine the fluents (if any) which differ betweestate following the cre-

ation of the institution and a state following a protocoktart, we mark these fluents
using the literalstartstate(F) indicating that fluenF is true in the start state of this
trace, andrestartstate(F) indicating that the fluer was true in a state following

a protocol re-start.

Literals of the formstartstate(F) are defined using the following rule:
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startstate(F) <« holdsat(F,I1),
occurred(createdar, 10),

next(I0,I1),ifluent(F).

Which states that is a fluent in the start state Hfholds at time instarit1 and creation
eventcreatedar occurred at instarto and that instarit1 immediately follows instant
I0.

We similarly define the fluents which hold in the re-startestaith the rule:

restartstate(F) <« holdsat(F,I1),occurred(desdl,I0),
holdsat(conflict, I0),next(I0,I1),ifluent(F).

Which states that holds in the restart state, if it held in the statewvhich immediately
followed the occurrence the decision deadliredl when a conflict held in that state.

We then define the following rules which indicate the diffezes between the start
state and the re-start state:

missing(F) <« startstate(F),notrestartstate(F),ifluent(F).

added(F) <« restartstate(F),notstartstate(F),ifluent(F).

These rules indicate that a fluent is present in the stae,sbatt missing from the
restart state (indicated missing(F)), or missing in the start state, but present in the
restart state (indicated kadded(F)) respectively.

Finally, we define the query constraint, in this case we afg ionerested in traces
where a difference occurs between the start state and tteetretate. We add these
constraints using following rules:

invalid <« missing(F), ifluent(F).
invalid <« added(F),ifluent(F).

1l <« mnot invalid.

The first two rules state that if a flueRtis eithermissing or added, then the literal
invalid is true. The third rule constrains answer sets of the progaonly those
containing the literainvalid.
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These rules, when combined with the translated programeofristitution allow us
to determine which fluents have changed between the stéstastd end state of the
protocol. It should be noted that in accordance to DefinBfinthe heads of the rules
in this program are disjoint from those of the translatedaanset program.

As we showed in the previous section, it is only possible fooaflict to occur in the
auction protocol when more than one bidder is present. Tibbie above constraint
we add a second bidderand update the domain definition accordingly.

Given the translated program and the query program descabeve, we obtain no
answer sets for the protocol as defined, indicating thatntdeed the case that there are
no fluents which differ in the state following a protocol asiand the state following
the creation of the institution. This result is consistefthvthe original description
of the protocol and will permit subsequent rounds to comimuthe same way as the
original after a conflict has occurred. The same query holasfor auctions including
three or four bidders.

Supposing however that the rule accounting for the remo¥gbesmissions and
powers to re-notify bidders was changed to the following ifong the final
per n(annunsol d( A, B)) fluent):

notified(B) term nates pow unsol d(A B)), permunsol d(A B)),
pow(sol d(A B)), pow(conf(A B)), pownotified(B)),
perm(sol d(A, B)), perm(conf(A B)), perm(notified(B)),
per m(annconf (A, B)), perm(annsol d( A, B);

In this case we obtain answer sets for each trace which, eftaoving all liter-
als referring to the state of fluents and the occurrence ofiteyeve obtain liter-
als of the formmissing(perm(annunsold(A,B))). These indicate that the fluent
perm(annunsold(A, B)) differed between the start state and the restart state.

6.3.3 \Verifying Compliance at Run Time

In this example, we are interested in investigating the iptsssutcomes of a protocol
from the perspective of a single agent rather than analyamigistitution as a whole
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as we have done in the previous two sections.

In this case, agents may be party to no or godytial information about the inter-
actions in which they were not directly involved. In this exae we are interested in
cases where agents may have partial information aboutti@ations of other agents,
assuming that agents may not observe every aspect of evergation, it is reasonable
to ask how agents this information might be derived.

Vector Clocks

One possible source of this partial information may comenftbe environment (such
as the agent system or communication layer that is used ggdats) and a possible
mechanism for defining partial information is the use of a sage time-stamping
scheme. Vector clocks represent one such time stampingieche

Vector clocks[[Mat8P] are a distributed algorithm propobgdViattern as an extension
to Lamport’s logical clocks [Lam78]. Vector clocks help tsta&blish causal or paral-
lel relationships between observed events in a particutargss or distributed system
where events pass between components of that system (&sdagb of message ex-
changes).

The distributed algorithm is enacted by each agent (partcgss) maintaining an
internal vector clock consisting of a sequence of integeng, for each party of the
protocol (which must be known in advance). Whenever an agamis a message to
another agent, they includevactor time-stampbased on their internal vector clock,
along with each message they send.

The vector clocks for each party are updated whenever tinel/as®d receive a message
according to the following algorithm for a given agemh the set of: agents:

e For a set ofr agents, such that < i < n, let the vector clockc; of agenti be
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a vector of lengt such that

ve; = k’z

kn
and initially all elements of the vector are zero.
e Upon sending a message ageimcrements elementof its internal vector clock

and copies the new vector clock into the message as the \tgowstamp.
e Upon receiving a message containing a vector time-stamp

Lo
vt =

tn

of sizen, agent; increments elemeritof its internal vector clockc;, and then
updatesve; such that each element of the new clack is set to the pairwise
maximum of elements inc; and the vector time-stamy:

max ko, to)

maz(ky,t,)

Figure[6.3 shows the vector clocks and message time-stampgrotocol involving
three agents.

With a given pair of time vectors and v, it is possible to establish the following
ordering relationships (froni [Mat89, page 8]):

u=v <=V50<j<n-ulj] <ov[j u is not afterv
U<V <= uxvAUuUFv u is strictly beforev
ullv <= =(u 2 v) A=(v < u) w andv are concurrent
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Agent 1 Agent 2 Agent 3

o o o

Figure 6.4: Example vector clock values for three agents.

The first two relations represent a partial ordering on tiraeters and are transitive,
the third is thé'simultaneity” relation indicating that ordering of a pair of time vectors
is indistinguishable.

Vector clocks may be used in protocols where messages asartithed point to point
from one agent to another, as is the case in the Dutch auciordmprotocol discussed
above where the auctioneer interacts with bidders indegrghdof one another. They
may be used to determined both the number of messages whietbban exchanged
out of bandrelative to a particular agent in a given time interval aslaglrefining the
possible set of interactions which may have occurred.

Reasoning with Partial Information

We assume that the environment in which our agents intemaktiides a vector-clock
time-stamping system, such that every message is assbaidtea valid and truthful
vector time-stamp based on internal vector clock of the isgndgent at the time at
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which that message was sent. Given this assumption, we rowsdetermine how this
partial information may be used by agents.

In the following example, we act from the perspective of adeidin the auction and
analyse traces of a round of the auction protocol describedea We assume that
there are two bidders with identifiebsandc and one auctioneer with identifiat

We assign indexes (for the vector clocks) to each agent &sv&la = 0, b = 1,
c=2.

Suppose that the bidder in question is party to the followmegsages with correspond-
ing vector time-stamps (we assume that the institution lraady been created):

Message Sent/Received Time-Stamp
1
1 | annprice(a,b) received 0
0
1
2 | annbid(b,a). sent 1
0
5
3 | annsold(a,b). received 1
0

The above time-stamps indicate a course of events as follows

i The first message received by the bidder from the auctiomastthe first message
sent by the auctioneer.

i When the third message was received by the bidder was genguctioneer had
not received any messages from agent

In order to reason with this information, we first define a guerogramII*c that
constrains traces to only those which are consistent wéhagent’s vector clock ob-
servations. The prograii* models how the vector time stamps and vector clocks of
messages are defined according to the messages that haueddacuhe correspond-

ing trace. The entailment di*c is such that each message that appears in the trace
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has a corresponding time-stamp, and for each time instdheitrace, each agent has
corresponding internal vector clock.

While we omit a full descriptiodI** here (see AppendixA.2 for a full listing), we
summarise its entailment as follows:

Given a set ofn agents, the vector clock for an agenat a given time instart’ is
defined by literals of the form:

vholdsat(vc(a, as, ¢;), T)

vholdsat(ve(a, a;, ¢;), T)

vholdsat(vc(a, ay, ¢,), T)

Such that the value of indexor agenta is the value:;.

We assume that exactly one timestamped message occurddtreadnstant. For a
given time instanfl’, the corresponding vector time-stamp for the message that o
curred atl’ is defined by literals of the form:

vholdsat(vt(a;, c;), T')

vholdsat(vt(a;, ¢;), T)

vholdsat(vt(a,, c,), T')

It should be noted that we use literals of the fommoldsat(X,T) rather than
holdsat(X,T) to ensure that the head literals of the query program remiajoiuit
from the institution program.

In addition to the above rules, we also defineaservability relationship for mes-
sages that indicates which agents are party to which evdms #hey have occurred.
We do this for each exogenods. event that represents a message in the institution by
defining the literals:
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sndr(eey, A)

to indicate that agemnt was the sender of the message associated with eyeahd
literals:

revr(ee, A)

to indicate that was the recipient of the message associated with message

For the message events described in the auction institweahefine the associations:

sndr(annprice(A,B),A) <« agent(A),agent(B), Al =B.
rcvr(annprice(A,B),B) <« agent(A), agent(B),Al =B
sndr(annbid(A,B),A) <« agent(A),agent(B),A! =B
rcvr(annbid(A,B),B) <« agent(A), agent(B),A! =B
sndr(annsold(A,B),A) <« agent(A), agent(B), Al =
rcvr(annsold(A,B),B) <« agent(A),agent(B),A! =B
sndr(annunsold(A,B),A) <« agent(A),agent(B),A! =B
rcvr(annconf(A,B),B) <« agent(A),agent(B),Al =

In all cases, we simply assign the sender and receiver of aagego the correspond-
ing agent in the event literal, ignoring the possibility gfeats sending messages to
themselves.

For timeout events, we do not have a sender or a receiver leoywee include these
events in a similar way by treating a timeout event as if itevarmessage sent by
the agent who observes the timeout but not received by amy atfents. In the case
of the auction institution, we assume that the timeout ewvan¢ only observable by
the auctioneer. It may be the case that the bidders could tideintervals in which
timeouts occur however, we do not consider that here. Thereaon literals for the
timeout events in the auction institution are defined agvedt

sndr(biddl, a).
sndr(pricedl,a).
sndr(desdl, a).

Using these definitions as its domain, the progi@thensures that each agent’s vec-
tor clock is consistent with the traces described by thesteded institution program.
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Given this, we can translate agents’ knowledge about veéich@stamps and their in-
ternal clock directly into constraints in the query program

These constraints may then be used to establigissible traces that are
consistent with those timeouts. For instance given theetra€ messages

annprice(a,b),annbid(b, a), annsold(a,b) described above and their corre-
sponding internal vector clock values of the bidder we obtain the program:

tsl

ts2

ts3

L

vholdsat(vc(b,a, 1), J),

(
vholdsat(vc(b, b, 0), J),
vholdsat(vc(b, c,0), J),
occurred(annprice(a,b), I),
next(I,J).

not tsl.

vholdsat(vc(b, a, 1), J),
vholdsat(vc(b, b, 1), J),
vholdsat(vc(b, c,0), J),
occurred(annbid(b, a), I),
next(I,J).

not ts2.

vholdsat(vc(b, a,5), J),
holdsat(ve(b,b, 1), J),
vholdsat(vc(b, c,0),J),
occurred(annsold(a,b), I),
next(I,J).

not ts3.

These rules state that the trace must contain an occurréreaeio of the described
events, and that the state of the vector clock for ageaiter the occurrence of each
event must be consistent with the specified values.

When combined withI¢, the resulting query program limits the answer sets pradiuce
to only those consistent with the given vector timestamg®e iiformation provided
by the vector time stamps entails not only the ordering ofsagss, but alsbow
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manymessages have occurred which may have a causal effect ogehewp until
the reception of the last message. The total numbeaatalmessages that may be
considered as being causally related to the final state aigkat after the occurrence
of the last event is equal to the sum of each of the vector dloadéxes for the agent
at that state. For instance, the trace above indicates tia¢ @oint of receiving the
last message, no more than 6 messages (or events) haveedoatnich could have a
causal effect on the bidder at that point. Additionally tkeavalue for the clock index
of agentc indicates that these messages were either exchanged hahedsdder and
the auctioneer, or were events internal to the auctionetredbidderb.

We still have no guarantee that the auctioneer complied thighprotocol, however
these constraints allow us to consider only those traceshmmay have occurred,
significantly reducing the number of traces the agent mussider.

For instance, suppose that the agent assumes that thermactivas complied with
the protocol, if we add a further constraint to the query parogdescribed above, we
obtain three answer sets corresponding to the sequencesrase

o+ | 2 | 8 | 4 |5] 6
a) | annprice(a,b) | annprice(a,c) priceto annbid(b,a) | bidto | annsold(a,b)
b) | annprice(a,b) | annbid(b,a) | annprice(a,c) priceto | bidto | annsold(a,b)
C) | annprice(a,b) | annprice(a,c) | annbid(b,a) priceto | bidto | annsold(a,b)

In the case that we obtained no answer sets for this queryowle conclude that a
violation must have occurred.

6.4 Analysis

The complexity of evaluating a given query against a givestitutional model is
broadly dependant on three factors: the size of the grouadsder set program gen-
erated by the institution, the number of branches or chaitet which must be eval-
uated by the answer set solver, and (in the case where moretiesanswer set exists
for the program) the number of answer sets produced by tkersol

We include the empirical complexity results for the quedescribed above in Ta-
ble[64. We list the results for the display example with albwer sets PA), the
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display example excluding violating traceBR), the verification example in which
we determined that the re-start state was equivalent tdanessate {/A) and the com-
pliance verification problem described abov&). Each specific problem listed in the
table is sub-scripted with the number of time instants itigaged and super-scripted
with the number of bidders modelled in the run.

For each run, we list the following factors:

The number of answer setsias: While this is not a factor in the underlying
complexity of solving a given problem, it does have imphoas for any
post-processing of the problem’s results.

The number of ground atomsna: This indicates the total number of ground atoms
after grounding of both the institution program and the gy@ogram and cor-
responds to the size of the Herbrand base for that progranenGihat current
solver implementations require that the full ground prablee stored in mem-
ory while the solver runs this is the first limiting factor fibre size of problems
which we can attempt to solve.

The number of ground rules nr: This corresponds to the total number of ground
rules of both the institution program and the query progreenall from Sec-
tion[Z9.1 pag€l9 that each unground rule in the programpareed to zero
or more ground rules, based on the variables included irs rofi¢he original
program. As with atoms, each ground rule must be stored inangby current
solvers. This leads to the second limiting factor on the sizerograms which
we can attempt to solve.

Grounding time gt: This is the total time in seconds that the LParse tool took to
produce a ground instance of the original on disk.

Solving time st: This is the total amount of time spent by the solver produeih§f
any) answer sets of the ground program.

Total time t¢: This is the total time spent solving the problega ¢ st).

The results presented in table indicate the timings and lim@fiinforma-
tion obtained for each of the problems described in the previsection
(DAY, DB, VAL, VA3, VAs,and VB2).  The results were obtained using LParse
1.0.17 and Smodels 2.28 on a machine containing a singléuReM processor with
2Gb of physical ram running Ubuntu Linux 6.05. The numberatoims and literals
listed are taken from the Smodels output and the timings asedon the mean total
time listed by the UNIX time command for 5 runs of each prohlem
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Case\ nas ‘ na ‘ nr ‘ gt ‘ st ‘ tt
DA;| 60 | 1566 | 8967 | 0.85]0.91| 1.76
DB; | 23 | 1567 | 8985 | 1.03| 0.54| 1.57

VA3, | O | 6465 | 65088 | 2.56| 1.92| 4.48
VA5, | O | 9326 | 108089| 4.01| 2.88| 6.89
VAgO 0 | 11725|173224| 6.34| 4.78| 11.12
1 O I

VB2 | 3 | 4325 103601] 3.59] 4.71| 8.30

Table 6.1: Empirical Complexity Results For Case Study

For the problems listed in the section above, each is solvad@asonable amount of
time (a small number of seconds). To show the limits of ourapgh with the Smod-
els solver we also include an intentionally large problgr}owhich attempts to prove
the state property over 40 time instants with 10 agentsptioiduces a 560Mb ground
program for which Smodels failed to produce a solution éteminutes of execution
at 100% CPU. As we have said, the solving times for the renesiofithese programs
are reasonable. In the case of verification we are often nmbeeeisted in getting an
answer at all than we are in getting that answer quickly. éndfise that a verification
problem did require a large amount of computing time and we liae computing re-
sources available we could also have considered using strébdited solver Platypus
[GIMT05] which distributes the solving problem over two or moréwwked ma-
chines. The grounded size of the programs is large (of therafitens of thousands
of rules for this relatively simple case) and in the case efekamples described in Ta-
ble[6.4 takes up over a half of the total query time in mostsaghis problem of large
ground program represents the largest perceived barrieider application of our
approach, with larger problems including more atoms anesrtiie size of the ground
program will increase correspondingly. In part, this laggeunding may be mitigated
by eliminating impossible rules in our translated progrdur current approach had
the intention of translating the institution into a gengmogram, specifically the defi-
nition of the trace program may lead to the generation oElagmber of unnecessary
atoms and rules.

The ground program enumerates over all possible exogenamsseat each possible
time instant, this leads to the definition [&1,.|” atoms of the formbccurred(e, t;),

e € &, 0 <i < n,with the number of rules being a multiple of that. In manyssas

the problems we are interested in only deal with a subsetesfetlevents and a corre-
sponding subset of traces and we may remove atoms and rldeageo these event
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from the ground-program a priori as we know that the rule$ m@lver be applicable
and the atoms will never appear in the resulting answer sets.

For instance, in the first example we immediately constrdimtams of the form
occurred(badgov, T) from the answer sets of the program, despite this the ground
program still containg” of these atoms as they appear in the body of ground rules,
albeit ones which will subsequently never be applicablene models of matching
traces.

These grounding problems are largely seen as limitatiorsiweént grounding tech-
nology, recent investigations into the possibilityusfground solvergsee for instance
[Bra04,[HNVO®]) may over come these problems. These sok&ek to build an in-
ternal representation of the ground program from rulesasnimtg variables on the fly,
rather than computing the ground program before hand.

6.5 Discussion and Summary

In this chapter, we have presented the action languagalriet representing institu-
tion specifications based on the semantics we defined in €ts&pand4 which may
then be translated into answer set programs using the nagpstribed in Chaptél 5.
We then examined a specification case study where we ded@ibauction protocol
using the language and investigated a number of propekims ghat specification.

The syntax and underlying semantics of the action languasgLll here are similar
to those of the action languaggsandC-+ . Besides a direct implementation of the
support for the semantics of institutions, our approacltifips the effects of actions
(in particular the termination of inertial fluents) in a d@ifent way. The semantics
of A andC+ are designed to naturally model the possible states of thlewerld
(i.e. models of programs are each meant to represent a fwasidel of what could
happen in the real world). For example,dnandC+ the rules

a causes f.

a causes —f

will necessarily lead ta being non-executable, and any trace containing the aation
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will not be a model of the program. Our semantics on the othedrare intended to
be denotationalin that we assume thainy sequence of events may occur in the real
world albeit with the possibility of them having no instittal effect. For example
given rules of the form:

ainitiates f;
a termnates f;

in InstAL , the tracea will still be a valid model of the program (leading toholding
immediately aftel), and the presence afin a trace does not inhibit the generation
of models of this trace. In this respect our approach is st the treatment of
fluents in the event calculus TKS86] (hence our choice ofénminologyi ni ti at es
andt er mi nat es). The choice of our semantics stems from a desire to assemila
actions in the real world rather than produce accurate nsoafethat world, in this
case the semantics of the institution should always be abjenerate consistently a
consequent institutional state (albeit one in which noatffes occurred), regardless
of the originating event.

In the last part of the case study, we examined the assionlati traces of messages
for agents, where only partial information is present. \Wlnle were able to reason
with these traces in the example, this represents only pakheoproblem of imple-
menting institutional reasoning, based on our system,jmébents. These matters are
discussed as further work in Section_711.4 dage 231.

The tools described in this section, including the Alstranslator, answer set visu-
aliser and graph generator are available from the authorsitel as open source
software.

Inttp: /7 www. cS. bat h. ac. uk/ ~occ/ 1 nst al /|(as of 27/9/2006)
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Chapter 7

Summary and Future Directions

The previous chapter concludes the original research iceatan this dissertation,
in this chapter we summarise our contributions and examassiple extensions and
further work.

7.1 Summary of Contributions

The key contributions and implications of this disserta@we summarised as follows:

i) In Chaptei B, we established the necessary principleddéining specifications
of electronic institutions that may be enacted by compaoitati agents.

i) We outlined the applicability of the notion of constredtsocial reality, in partic-
ular the notion of conventional generation to the definitbactions and events.

iii) We then established a simple model for regulating tusions based on obliga-
tions with deadlines, and used these notions to define a famodel for the
representation of single institutions and their semantid&hin this model, we
also included a definition of the institution’s life-cycle.

iv) In Chapteil#, we discussed the relationships that maedyetween institutions
and argued that modelling these relationships explicitiyriead to benefits in
terms of simplifying the specification and analysis of th@ividual institutions.
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v) We used these observations to define notion afwti-institutionas a context
in which single institutions may be composed and whereiogiahips between
those institutions may be defined based on the same prinafptenventional
generation that we used in single institutions.

vi) In Chapterb we outlined how single institutions and miudstitutions may be
represented as or translated into answer set programs. filedléhe syntax for
such programs and proved that the semantics of the progreemejaivalent to
those of the institutions that they represent.

vii) We then discussed the types of verification procedure/iech these programs
may be applied and outline how queries may be specified oesetprograms to
determine if particular properties hold or not in the ungeg institutions.

viii) We then demonstrated how our approach based on angwvpr@gramming may
be applied to the verification of both single and composetitit®ns.

ix) In Chapteil® we noted that while answer set programming sudficient for the
verification of institutions, a more natural, human-reded#mguage may be more
suited to the definition of specifications.

x) We defined such a language (lAkt) based directly on formal syntax of single
and multi-institutions described in Chaptdis 3 Bhd 4, tddhethe generation of
answer set programs which describe institutions in a hureadable and human
writable fashion.

xi) Finally we showed how this language, and our approacleiregal may be applied
by demonstrating how compliance may be verified in a simpiti@o protocol.

7.1.1 Further Work

In this dissertation we have focused on the answer set prognag paradigm for

reasoning about institution specifications. We chose ansetgprogramming as the
basis for our approach because of its rigorous formal saosaamd efficient solving

tools. In this sense and separately provides a very germarakfvork in which a large
variety of reasoning tasks may be conducted.

228



7.1.2 Symbolic Model Checking

Apart from ASP, a number of other techniques could be appbethe problem of
reasoning about institution specifications. One of theshrigues, which has had
considerable attention in field of multi-agent systems mlsglic model checking.

The generality we obtain from using answer set programmarges at a cost. Our
encoding of institutions as answer set programs describ&haptefb allows us to
investigate the properties of institutions over only a fixadnber of time instants.
This fixed interval subsequently limits verification prailketo only those institutional
states that can be reached in the given time interval coreid&Vhile this is suitable
for most verification problems, the number of institutiogtdtes itself may be much
larger than this and hence it is possible that our verificetigachnique will fail to detect
certain class of error.

Symbolic temporal logic model checking is a technique faifyang finite state sys-
tems with a large number of states. The technique was firstrides in [CES86]
and has been applied to the verification of electronic dirdasign as well as more
complex software design in general, including multi-ageygtems (sed_ [WHFEPD2,
[HEPF02,[CP0P] for examples).

A temporal logic model checking problem consists of a desiom of a transition
system and a temporal logic formula which describes theectimess property which
we wish to check the system against. The structure of theitran system and the
formula are then taken as input byraeodel checkewhich investigates the state space
in order to determine the validity or otherwise of the praper

Typically either computational tree logic (CTL) or lineane logic (LTL) are used for
expressing correctness properties. In both cases efficiedel checking tools (such
as SMV [K.L92] and NuSMV[[CCGRUOQ] for CTL, and Spih [HoI97]rf&TL) have
been developed which have been used to verify systems norgaiery large numbers
of states.

Model checkers typically take an encoded symbolic reptasen of the transition
system, which will be checked as their input, this is then pib@d and expanded in-
ternally into an efficient structure (typically a binary d@on diagram in the case of
CTL model checking) which may be used to test the validityhef given temporal
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logic formula. Given that our specifications have semarthias may be expressed as
a transition system (see the definition of fhB function in Chaptefl3 padeT110), in
order to model check our specifications we must translatstitueture described by
this relation into the input representation of the modelcklee This translation may
either be done using the answer set programs which we desorildirectly from the
InstAL language.

In previous work, we have investigated the translation @nder [EAICS02] specifi-
cations for institutions (an alternative formalisatioretéctronic institutions based on
protocol descriptions summarised in Secfion 2[7]1 51) inéoinput language of the
NuSMV model checking tool with some promising results. Atiahinvestigation of
the translation of IngtL into the NuSMV input language, which is not documented
here, suggests that a similar technique may be applied tepmaifications.

While model checking may be applied to much larger stateespttan those which
can be studied using ASP we are limited to queries which caexpeessed in the
temporal logic used by the underlying model checker. In tee®f CTL for instance
we are limited to formulae which are quantified over all fetpaths — making some
gueries impossible to specify. As such temporal logic metletking may be seen as
a complementary method for checking properties that reghe full investigation of
the state space, but not do not require the expressive péRe&R

Other types of automated model checking exist, in partrduainded temporal logic
model checking. In this case, the correctness propertascin be investigated are
limited to those which can be detected in a finite trace of yistesn. Unlike symbolic
model checking, bounded model checking may be conducted imsore expressive
logics such as CTL*, relaxing the expressiveness conssrahlogics such as CTL
and LTL. Such systems typically use an approach to modektigagion which is
comparable to our own system in ASP, and in fact ASP has alieaeh applied to the
problem of bounded model checking in a different domain [B&&1] for an example
of the investigation of Petri in this context). It should beted that we expect this
technique to be applicable without changing the underlgemantics of the institution
specifications. The application of this technique to our el®ds left as further work.
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7.1.3 Alternative Semantics For Describing Institutions

In the model we selected an institution is specified by itstunsonal state that in turn

is affected by the specification of the transitions brouditdua by the occurrence of
one or more actions or events. In Chafier 2 we discussed aarushlalternative

semantics for the representation of events and time inofuthie event calculus and
the situation calculus.

Up until recently, using the event calculus for performihg types of model-based
reasoning we are interested in this dissertation was natidered to be practical. The
work of Mueller described in [Mue04] overcomes some of thiaséations by de-
scribing a translation from a derivative of the event calsuthe discrete event calcu-
lus (DEC), to satisfiability problems which may be solvedhgdboolean satisfiability
solvers. Mueller’s work originated (based on his accoufifine0€]) by defining com-
monsense reasoning problems using DEC as answer set pgnahience a parallel
may be drawn with our own ASP semantics.

The syntax of discrete event calculus is similar to our owpragch in that change
is specified by the description of the time instants at whiabkrfts are initiated and
terminated. The semantics of DEC are however derived infardiit way and the use
of these semantics and an analysis of the relationship witloen work are left as a
topic for future investigation.

7.1.4 Implementation Within Agents

We now consider the problem of how our specifications may leel as part of the
reasoning processithin agents.

We have focused on the general problem of analysing institsitand have not dis-
cussed in detail how specifications of these institutiong beautilised by agents di-
rectly (although one possible application is discussedhapgie).

In order for our institutions to be incorporated into ageattsun time the agents must

be able to use institutional specifications to reason atbmueffects of their own ac-
tions and the actions of other agents. While our approaainddhe basis for this
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process, some key aspects were omitted which were not regdesthe design-time
investigation of specifications.

Agent implementation typically focuses on a cycle of therageensing events that
have occurred in its environment, planning toward its imaigoals and/or updating
existing plans, and then acting upon those plans. Thesatesimust all be taken into
account in relation to the semantics of institutions.

Observation of Events

Our formalisation does not define a direct association batvilee performer of an ac-
tion and the corresponding exogenous event associatedhaithction. The definition
of this relationship is necessary in order for agents toomeadoutvhich agents were
responsible for other actions. In Sectfonl 6.3 we overcaimsegtioblem by defining the
relationship explicitly for each event in order to model tleetor clocks protocol.

In our formalisation we did not base the syntax of exogeneasats on a standardised
language for agent interaction (such as FIPA ACL) we chosead to allow exoge-
nous events to be defined freely as atoms.

In our examples the types of events that an agent must takagobunt may be broken
down intomessageandtime-outsand we expect these two broad classes of events to
be sufficient for the majority of specifications. Specifigalhe exogenous events that
an agent will have to take into account will be derived from:

i) Events relating to messages that the agent sends.

i) Events relating to messages that the agent receivetugiimg broadcast mes-
sages).

iii) The occurrence of time-out events for which the agensahle to observe the
event that initiated the time-out.

In our original formalisation of events in Sectibn 313.2 vesamed that each exoge-
nous event is universally observable by each agent. Intyehis constraint is unlikely
to be met and agents will only be party to certain types of e particular we
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expect that in an implementation of our system agents wily tle able to observe
certain types of events. In order to account for this refesiop between certain types
of events and agents in our system we could define an obsarvatation as part of
the specification that makes the events that an agent woold kbout and would not
know about explicit.

In previous examples, such as the auction protocol destib€haptefl, we defined
the parameters of exogenous events to refer to the agentsehainvolved in those
events. One approach to the definition of the observatiatiosl may be to simply
prescribe that for certain types of exogenous event (suchessages) the sender and
recipient are explicitly included as the first and secon@dpeaters of the message (for
example).

In multi-agent systems it is typical for agents to commutgaasing a standardised
agent communication language that describes the pern@ssibtax of messages. An
alternative approach to linking the observation of message¢he semantics of their
interpretation would be to follow the example 6f [VCO03] anefide a common un-
derlying ontology for message interchange as an institatispecification in its own
right. This definition may then be used in a normative contextefine a set of con-
versational norms that are common to all agents in a giveteisyas well as defining
how the occurrence of messages may be associated with gjeatsa This underlying
communication institution could then be used as a compooieatmulti-institution
definition to provide an account of valid messages (as ogptssimply events) to
drive the evolution of other more abstract institutions.

Agent Reasoning

From the point of view of an agensensingwithin an institution corresponds to the
problem of determining the current institutional statestates in the case where there
is the possibility of uncertainty.

In the case that agents can observe all events which occaeiinenvironment (i.e. in
the presence of full information) sensing is simply the peabof taking the last known
institutional state and then projecting the sequence oérvesl events onto that state
to give the current institutional state. This is trivialmgiour system as each transition
associated with a single institutional event corresponds single subsequent state
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(see the definition of th&R function in Chaptefl3).

In the case where agents are not party to all events in theiroemment, (i.e. in the
presence of partial information) sensing may lead the atgerdnclude that the insti-
tution is in one of a number of possible states, and this msy la¢ determined using
our system as we showed in Chagfer 6 with the auction exarpthis case, given a
set of observed events from the perspective of a single atpenproblem for the agent

is to determine which event tracesyhave occurred (this may either be a subset or
the set of all possible traces), and then use this informagifectively to plan and act.

The problem for the agent is that it does not know exactly Wit these states is
the actual institutional state. Indeed, it may be the caaernb agents interacting
in a system know the current state. Given this kind of infaromg one possibility
approach may be for the agent to take the set of fluents whecls@anmon to all of
these possible states (these are guaranteed to be truegétlud states is correct)
and act only upon that information. This approach (knownla&pscal reasoning)
guarantees that the agent always acts upon valid informalinsome situations, this
common subset may however be small or empty, making this &imgasoning of
limited use. This could remedied by modifying the designhef institution to ensure
that each agent sends and receives as much up-to-date atimnras possible, however
in many situations this may also be impractical. In the cxndé normative systems
the use of declarative power (s€e [JGAGO02] for an overvieh@ns in some cases we
permit agents to declare institutional states. In this eds&tever the agent says must
be true in the institution and hence may be relied on for thpgaes of reasoning.

Alternatively we may consider trying to live with the nontdeminism inherent in the

system, by introducing some form of default, or preferrexsoming into the agent. In
this case given certain types of messages or communicdtangsertain agents, some
default assumptions about what has or has not occurred manatle. We make these
kinds of assumptions in the human world all the time. Foransg, in the case of a
library where a book loan is only empowered if the book is sipoff by a registered

librarian, we would rarely stop to consider whether the petsanding the book to us
over the counter of the library was not in fact a librarian.

One approach to the use of this kind of reasoning in the coofeour model may be

to link the occurrence of exogenous event with the specifitititional events such
that when an exogenous event occurs the agent assumes bl ttefaa given institu-
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tional event was intended and may have happened. For iresifeart agent transmits a
message, where the exogenous event related to that messagatgs an institutional
event we might assume that unless we have any informatitve toantrary, that institu-

tional event occurs. This corresponds exactly to the kifidssumptions about event
occurrence and their intended cognitive semantics whiclshied away from when

we discussed mentalistic models for agent communicatiddectionZ5]1 pade B9.
In this case however, we permit the default relationshipgéen events and their in-
tended semantics to be defined internally to each agenérridithn by specification for

all agents.

Before we can express such defaults in an agent program weertaad our semantics
to permit reasoning about unknown information about fluenitss can easily be done
within ASP using existing mechanisms for default and ayistemic reasoning based
on both negation as failure and classical negation.

In this case, when we know that a fluent is true at a given tineeassert that fluent
as true in the same way as we did before (heldsat(f,I)). In the case that we
know a fluent is false (when for instance we know that an evdmthvalways termi-

nates that fluent has occurred), we would assert the classigation of the fluent (i.e.
—holdsat(f,I)) and then add a constraint to the program which allows flutamts
which neither of the above cases hold to range over the valuesr false.

We may then express defaults by adding rules of the form:

holdsat(f,I) « mnot —holdsat(f,I), instant(I).

(i.e. f holds if we cannot show that it is false).

For instance an agent may assume that all institutionalte\aae empowered, unless
we have any information to the contrary, in this case we wbalek rules of the form:

holdsat(pow(E),I) <« mnot —holdsat(pow(E),I),

evtype(E, inst), instant(I).

This type of reasoning is commonplace in the knowledge sgpriation and reasoning
literature and falls into a broader class of problems ne¢atd the representation of
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choices and defaults in logic programs.

One example of such an attempt to formalise internal chaoesbeliefs for agents
using logic programs may be found in_[DVEBEF] where WE investigate the use of
the ordered choice logic programming (OCLP) paradigm f@ gurpose (not in the
context of institutions). OCLP is a choice-logic programgiianguage that represents
a decision problem as a hierarchy of sub-programs linket it ordering relation
representing preference. In the case that a rule in one coempeannot be satisfied,
a rule from a less-preferred component is chosen. This leadgich system which
can be used specifying both agents’ objectives knowleddeesferences about those
objectives and knowledge. The incorporation of institaéibsemantics into such de-
cision processes is left as an area for future work.

Planning, or the problem of determining which action or @wsi to perform next in
order to achieve some goal in the context of institutiongesponds directly to the
problem of agent planning in other dynamic domains. In essdme institution may
be seen as the environment, or part of the environment innntheeagent may interact
with other agents according to a set of rules. Answer setrproming has already been
applied to the problem of planning in such domains (for edaspeel[Bar(d3]) and we
expect planning problems with respect to a given institubo set of institutions to
follow from this work, taking into account the permissiomslgpowers associated with
particular actions.

Of interest in this area is how agents consider both their walations and the vio-
lations of other agents in a given institution. Our framewaltows such violations to
be made explicit (as violation events) and one of the reaiorhis inclusion was the
possibility of these violations affecting agents’ behawvio

This change in agent behaviour would be manifested as pamh @fgent’'s planning
process; and as such agents may choose to avoid situaticare wieir actions will
lead to them violating institutional rules or making deais because they know that a
given action will lead to a violation.

In addition to violations affecting agents’ choices abdit own behaviour, agents
may also take the violations of other agents into accountnwdmsidering interac-

LJoint work between Marina De Vos, Martin Brain, Julian Pagddenty Needham, Tom Crick and
the author
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tions with agents who have committed violations in the pddtis process may be
manifested through, for example, a trust model that couldgzated based on previ-
ous observations of agent behaviour.

Exploiting Institutional Composition in Agent Reasoning

Just as agent may use the performance of other agents intauatias to guide their
choices about future interactions with those agents, dasimiodel may be applied to
the consideration of institutions as a whole.

Our system allows for the specification of institutions adejpendent entities, and by
accounting for which events are associated with whichtimsbins an agent may form
a model of the performance of the institution as a whole basegatevious experience
with that institution. This model may then be used to assistgents’ decision whether
or not to participate in an institution. It should be notedttthe performance of an
institution may differ with respect to different agents hwdiffering implementations

and as such this model of institutional performance may eahle same in different

agents.

While this approach would lead to a course-grained ordeoing/hich institutions
were preferable, in some cases the agent will have no prfornmation about the
performance of the institution. A possible application af gystem may be to use
the specification and corresponding structure of the instits in question to make
decisions about which institution to use.

Suppose that an agent has the purchase of an item of clothiirgl{irt for example) as
a goal. Suppose also that the same type of T-shirt is avaifablpurchase from both
an online auction site (eBay for example) and an online skap (The Gap) and the
agent must choose between which of these two sources togagthe T-shirt from.

Assuming that both of these organisations are describethdynstitutional specifi-
cationsZ¢?% andZ*"*? embedded in the context of a multi-institution that repnése
the agents’ environment1“"”. Suppose that both institutions have the outcome of the
item being delivered however, in the auction institutioa item will be delivered by
the seller and in the shop institution it will be deliverededily from the shops’ ware-
house and in both cases a violation will occur if the item isdwlivered. In the case
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of the auction however this violation may only be associaté a limited sanction,
whereas in the shop institution the sanction on the shoplemata obligation for the
shop to supply a full refund.

By speculatively reasoning about both institutions usinagftamework, an agent may
be able to conclude that the outcome in the auction institu dependant on the non-
violation of the seller as well as the non-violation of thgamisation providing the
auction whereas in the shop institution it may only be depahdn the non-violation
of the shop company. In either case these dependencies feaiyaf agent’s decision
to participate in either institution.

This type of reasoning may be applied not only in the case evagents must de-
cide which of a set of existing institutions to participate but also at the point of
institution creation. In the case where an institution in@tminstitution relies upon

another institution for the purposes of enforcement (ag#glen relationship using the
terminology of Chaptdrl4). The agent or agents responsiblthé creation of the in-
stitution may elect to be governed by one of a number of eefaent bodies, all of
which, while providing the same function (that of sanctranviolating agents), may
operate using different procedures or have differing dased costs.

7.1.5 Extending our Model

A number of extensions may be considered to the syntax andrdes of our model
for institutions and we discuss some of these below.

Time and Timeouts

We stated in Section3.3.2 pagd 92 that we assume that exagexments may occur
at any time in order to account for the fact that our institng are intended to capture
observations about the world without making any assumptabout how that world
was constructed. While this is especially true for eventhsas messages in the case
of time-related events such as timeouts may be impliciticeiahips about the order
in which these events may be considered to have occurred.
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In our examples in previous chapters we encoded timeoutsagepous events that
may be considered to have occurred at any time. While thissuéfgient for our
purposes, we had to incorporate the implicit relationsbigisveen the initiation of a
timeout and its expiration as institutional events in thecsication.

In order to account for timeouts in our existing specificasigsuch as the auction
protocol described in Chapterb.3) we defined a single examgeavent that accounts
for the expiration of a timeout and a corresponding instndl event which accounts
for the valid expiration of the timeout. In order to account the period in which the

timeout may validly expire (i.e. it may not occur more tharcenand it must occur

after the timeout had started ) we changed the empowerméiné afistitutional event

representing the expiration of the timeout corresponging|

We expect timeouts to be a common feature of protocols ancehiewould be prefer-
able to include the encapsulation of their semantics intplicather than having to
encode them explicitly as part of each institution spedifica One approach to this
would be to define the semantics of timeouts directly in oecgfrations in following
way:

Each timeout consists of an event that corresponds to thingtaf the timeout and
an event which corresponds to the expiration of that timedbe first event may be
treated as an institutional event, such that the initiatiba timeout corresponds to
the generation of that institutional event in the speciitcat In order for a timeout
to operate successfully the second event (the expiratiarst mot occur before the
corresponding event which started the timeout, and if itsdmecur it must occur no
more than once after the timeout is initiated. These comssranay be specified in
ASP and added to the underlying trace program for the inigtitu

We could do this by defining a set of timeouts in the institutising an ASP literal
(as we do for events and fluents) as follows:

timeout(t1).

timeout(t2).

Then, for each timeout define a pair of institutional and exuys events correspond-
ing to the initiation and expiration of the timeout:
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event(expire(T0)) <« timeout(TO).

) (T0)
evtype(expire(T0)),ex) <« timeout(TO).
event(started(T0)) <« timeout(TO).

) (T0)

evtype(started(T0)),inst) <« timeout(TO).

and a single fluent corresponding to whether or not the tirisactive:

ifluent(active(T0)) <« timeout(TO).

The semantics of timeouts may then be expressed as rules fafllibwing form:

initiated(active(T0),I) <« occurred(started(T0),I),
not holdsat(active(T0), I),
timeout(T0), instant(I).
terminated(active(T0),I) «— occurred(expire(T0),I),
holdsat(active(TO0), I),

timeout(T0), instant(I).

That is, a timeout is considered as active if theitiated event occurs for that
timeout and it is not already active, and a timeout ceases tmhsidered active if the
expire event occurs for that timeout.

These rules still permiéxpire events to occur when the timeout is not active, so we
must also extend the trace program of the institution tolldisaraces where this is
the case. We do this by adding a constraint of the form:

1 <« observed(expire(T0), I),not holdsat(active(T0), I),

instant(I), timeout(TO).

i.e. itis not the case that a timeout expiration can be olesbnhen the timeout is not
active.

Another aspect of timeouts that we have not considered isftiogl and exploiting
duration relationships between timeouts. In this case wams that timeouts have a
fixed duration. In our existing model, once a timeout becoaative it may expire at
any point following that point in time. For example, giveniméoutto, which starts
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time

Figure 7.1: Visualisation of two timeouts with differing idions

at time instant, with durationd(to,) and a second timeoub, which also starts at
time instant, duration ofd(to,) such thati(to,) < d(to,) our model will permit the
expiration of timeouto, to occur before that ofo,. In the analysis of specifications
this may lead to false-positives for some verification qeeeriFor the above example,
we can limit traces containing invalid occurrencesgpireto, with constraints of
the form:

1 « observed(expire(to,),I),holdsat(toy,I),
initiated(toyp, I1), initiated(to,, I2), before(Il,I2),
before(I1,I), before(I2, 1),

instant(I1), instant(I2), instant(I).

l.e. to, may not expire ifto, is active, ando, was initiated beforeo, .

Within institutions we expect timeouts to be expressed wiplicitly grounded with
time intervals, in this case as with the above mechanismpossible that a similar
technique could be used to limit traces based on intervid@ragtic. One such example
of where this may be applied is shown in Figlird 7.1. In thigceg have two timeouts
with the second timeout having a duration of one quarter effitst. Given these
properties we can infer properties such as the fact that me than four instances of
timeout 2 may occur between the start of timeout 1 and itsraipn.

This process could be automated as part of the translatmgga set of constraints of
the form described above. This corresponds to the appra&einm to handle intervals
when model checking dense real-time systems (see [ACD93] fbscussion of the
topic). The analysis of applications of this technique im owodel are left as future
work.
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Representing Roles and Social Order

We have not considered the representation of social rolssugked in Sectidn 2.6.1).
A role may be considered as an association between an ageat@articular identi-
fier that is in turn associated with particular capabiligesl responsibilities within an
institution.

We can represent the concept of a role in our framework witbbanging the seman-
tics. A fluent foleOf(Agent,Role) for example) may be used to take into account
which roles an agent has. Roles are also dynamic and the pgearand departure of
an agent to or from a role, and the event of an agent actingateanmay similarly be
represented as institution events. The underlying proogseghich an agent assumes
a role may differ from institution to institution, and thefohtion of how the events
relating to role assumption, departure, and enactmentdvogllgenerated by the se-
mantics of the institution in question. We may also chooseepoesent role conflicts
(cases where, for instance, assuming two given roles isdenesl as a violation) in a
similar way.

Roles and other features will be common to many institutio@s/en this fact, we
could extend the Ingil language with a set of modules for representing such common
features.

Institutional Change

In all of our work, we assume that once an institution has bestantiated its rules

and structure will remain static. In reality as with in sofive engineering in general
this may not be the case, and institutions may need to chargg¢ime. These changes
may come from a realisation (by the designer) that the ugtit is not, for instance,

adequately sanctioning existing violations, or that ¢ertgpes of behaviour, which

were permitted before should no longer be permitted.

The process of institutional change is complex and raisagmber of questions. In
particular one must take into account that certain agenysnmotbe aware of a change
of rules. One approach may be to represent the institutroahés as fluents in their
own right (perhaps in some broader super-institutionatexdi this, however would

242



necessarily lead to a significant increase in complexity.

In the context of our existing approach, these changes masgkes into account as
follows: In such cases the institution we wish to change maynbexistence with
a number of (possibly long-standing) fluents that governiisgtution present in its
state. One option would be to simply dissolve the existisgjintion, and then create a
new institution using the mechanisms for institution deatand dissolution described
in Chaptel(B, this however may fail to transfer any existiteges from the old insti-
tution into the new one. This may be overcome by defining asttiam event which
simultaneously creates the new institution, transfersralgvant state from the exist-
ing institution into the new one, and then immediately deasthe existing institution.

Institutional change may also be considered as a procesesdires from within the

institution. One aspect that we have not considered at alligndissertation are pro-
cesses by which agents may themselves change the rulesiostitetion. We stated
in SectionC3.P page84 that it is unlikely that current tedbgp will allow reasoned

changes to the rules or structure of the institution to beangdagents directly. While
this may be the case in general there may be some types ofehdmchcanbe made

by agents such as setting levels of particular sanctiongtmngto apply certain sets
of rules or not. Allowing such changes within the definitidraa institution may lead
to more robust specifications where there is less need fanragh) designer to inter-
vene and revise the rules of the institution. We leave arstinyation of the means for
implementing such changes and their impact as a topic faréuesearch.

7.2 Concluding Remarks

We have focused on the applications of answer set prograghtoithe problem of
reasoning about specifications of institutions. The apgibo of this technique and
others described elsewhere should be seen as a means to,aateadthan an end
itself. It is clear that by their nature, institutions arergaex beasts, and that the
specification and analysis of institutions forms only a $ipait of the larger puzzle of
how to build effective, and efficient multi-agent systemse KMépe that in some small
way that the work described here contributes to that largguge, but it is clear that
before institutions and multi-agent systems can be appii¢de kinds of real-world
problems for which we feel they are destined, a large am maiunbrk remains to be
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done.
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Appendix A

Source Code for Verification Scenario

A.1 InstAL Description

The following source code describes the compliance vetifioacenario in Chaptéf 6.

institution dutch _auction_round;

type Bi dder;
type Auct;

% single creation event
create event createdar

% t he deadline by which the price nust be announced
exogenous event priceto;

% t he deadline by which bids nust be sent.

exogenous event bi dto;

% t he deadl i ne by which a decision nust be announced.
exogenous event dest o;

% The nessages:

% aucti oneer announces a price to a given bidder
exogenous event annprice(Auct, Bi dder);

% bi dder bids on the current item

exogenous event annbi d(Bi dder, Auct);

% aucti oneer announces a conflict to a given bidder
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exogenous event annconf (Auct, Bi dder);

% aucti oneer announces that the itemis sold and unsold respectively
exogenous event annsol d( Auct, Bi dder);

exogenous event annunsol d( Auct, Bi dder);

% the institutional deadline events which correspond to valid
% timeout occurrences

i nst event pricedl;

i nst event biddl;

i nst event desdl;

% I nstitutional actions referring to valid nessage perfornances

% A valid price is sent.

i nst event price(Auct, Bi dder);
% a valid bid has been received
i nst event bid(Bidder, Auct);

% bad governance and deci sions dissolve the institution
dest event badgov;

% institution events corresponding to the valid performance of the
% bi dder actions annconf, annsold annunsol d

i nst event conf (Auct, Bi dder);

i nst event sol d(Auct, Bi dder);

i nst event unsol d( Auct, Bi dder);

dest event finished;

i nst event notified(Bidder);
% fluents

fluent conflict;

fluent onl ybi dder ( Bi dder);
fluent havebi d;

% the base initial state
initially pow(price(A B)), pern(price(A B)),
per m(annprice(A B)),
per m badgov), pow( badgov),
perm(pricedl), pow(pricedl),
perm priceto),
per m(bi ddl ),
per m bi dt o),
per m( dest 0) ;
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% PHASE 1 :

% auctioneer nust send bids to each participant before the
% ti neout

initially obl (price(A B), pricedl, badgov);

% any price announcenent generates a price if this is enpowered.
annprice(A B) generates price(A B);

% and term nates the power to send another (prices cannot be

% validly sent tw ce)

price(A B) term nates pow(price(A B));

% a valid price announcenent enpowers an agent to bid.
price(A B) initiates powm bid(B,A)),

per m( bi d(B, A)),

per m(annbi d(B, A));

% PHASE 2 - bidding

annbi d( A, B) generates bid(A B);

% bi ddi ng term nates an agent’s power to bid again (only one bid
% per round)
bi d(B, A) term nates pow(bid(B, A)),

per m( bi d(B, A)),

per m(annbi d(B, A));

%the first bidder gets noted in onlybidder(B).
bi d(B,A) initiates havebid, onl ybidder(B) if not havebid;

%if we get a subsequent bid we term nate any onl ybi dder fl uent
% and generate a conflict

bi d(B, A) term nates onlybidder(_) if havebid;

bid(B,A) initiates conflict if havebid;

% PHASE 3 - resolution

% at this point we have three possible states:

% if "havebid" is false then we have no bids

% if havebid is true and conflict is true then we have a

% conflict

% if havebid is true and onlybidder(B) is true then Bis the
% Wi nner
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% once a bid deadline has occured, it is valid for a decision
% deadl i ne to occur

annsol d( A, B) generates sol d(A B);
annunsol d( A, B) generates unsol d( A, B);
annconf (A, B) generates conf (A B);

%t he bid deadline di senpowers each agent from bi ddi ng any nore.
bi ddl terninates pow(bid(B, A));

% the bid deadline enpowers the auctioneer to legitimately notify
% t he bi dder of any outconeg;
bi ddl initiates powsol d(A B)), pow(unsol d( A, B)),

pow( conf (A, B)), powm notified(B)),pern(notified(B));

% if unsold, unsold or in conflict we nmust announce this to each
% bi dder
bi ddl initiates perm annunsol d( A B)), perm(unsol d(A B)),
obl (unsol d( A, B), desdl , badgov) if not havebi d;
bi ddl initiates pern(annsol d(A B)), perm sol d(A, B)),
obl (sol d( A, B), desdl, badgov) if havebid, not conflict;
bi ddl initiates pern(annconf (A B)), perm conf(A B)),
obl (conf (A, B), desdl, badgov) if havebid, conflict;

unsol d( A, B) generates notified(B);
sol d( A B) generates notified(B);
conf (A, B) generates notified(B);

% once an agent has been notified it nay not be notified again
notified(B) term nates powunsol d(A B)), pern{unsol d(A B)),
pow(sol d(A B)), powconf(A B)), pownotified(B)),
perm(sol d(A, B)), perm(conf(A B)), perm(notified(B));

%if there was not a conflict then the institution is over.
desdl generates finished if not conflict;

%if there was a conflict then the itemnust be re-listed

desdl term nates havebid, conflict, pern(annconf (A, B));

desdl initiates powmprice(A B)), perm(price(A B)),
perm(annprice(A B)), perm(pricedl), powpricedl),
obl (price(A B), pricedl, badgov) if conflict;



% deadl i nes
% each may only happen once in the protocol

priceto generates pricedl;
pricedl term nates pow(pricedl);
pricedl initiates pow biddl);

bi dt o generates biddl;
bi ddl terni nates pow(biddl);
biddl initiates powdesdl);

dest o generates desdl;
desdl term nates pow desdl);

A.2 Vector Clocks Query Program

The following ASP progranil”* entails the semantics of vector clocks for messages,
as described in the compliance example in Chdpter 6.

It should be noted that the atomiscurred(E, T) are mis-spelledccured(E, T) in this
program but spelt correctly in the dissertation, this was tutypographic error in the
InStAL to ASP translator (which consistently uses the mis-spgthie literaloccured)
which was spotted at a late state and has not been corredtegln@sulting programs..

% Vect or Cl ocks Senmanti cs:

% all vector clocks start at 0 in the initial state
hol dsat (vc(A, B,0),i00):- agent(A), agent (B).

%there is exactly one vector clock event per tine instant
%this is identified by vensg(E, ).
versg(E, 1):- occured(E 1),
sndr (E, A), event (E), agent (A),instant(1l).
vermsg(E, 1):- occured(E 1),
rcvr(E, A, event (E), agent (A),instant(l).
.- vensg(E 1), venmsg(F, 1), E'=F, event(E),
event (F),instant(1).
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% if an agent neither sends nor receives
% a message then their clock stays the sane
vhol dsat (vcchanged(A), 1) : -

vensg(E, 1), sndr(E A), agent (A),instant(1).
vhol dsat (vcchanged(A), 1) : -

vensg(E, 1), revr(E, A, agent (A),instant(l).

vhol dsat (vc(A, B, C),J):-vholdsat (vc(A B, O, 1),
next (1,J), not vhol dsat (vcchanged(A), ),
agent (A), agent (B), count (C).

%the time stanp for the current nessage is set to the vector
% cl ock of the current sender

%in the first case the tine stanp for all non-sender indexes
% is equal to the senders internal clock
vhol dsat (vt (B, O, 1): -
% the nessage at | is E
vensg(E 1),
% the sender of Eis A
sndr (E, A),
% the value of the current clock for Bis C
vhol dsat (vc(A B, O, 1),
Al =B,
agent (A), agent ( B),
count (C),instant (1), event (E).

%the timestanp for the sender is increnented
vhol dsat (vt (A C+1),1): -
vensg(E 1),
sndr (E, A),
% the value of the current clock for Bis C
vhol dsat (vc(A A O, 1),
agent (A),
count (C),instant (1), event(E).

% for a sender the new vector clock is set to the new tinestanp
vhol dsat (vc(A B, C),J): -

vensg(E 1),

sndr (E, A),

vhol dsat (vt (B, O, 1),

next (1, J),

agent (A), agent ( B),
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count (C),instant (1),
instant(J), event (E).

% for a receiver the clock is set to the naxi mum of the receivers
% own cl ock and the current tinmestanp

vhol dsat (vc(A B, C),J): -
vensg(E 1),
rcvr(E, A,
vhol dsat (vc(A B, D), 1),
vhol dsat (vt (B, O, 1),
C=D,
next (1,J),
agent (A), agent ( B),
count (C), count(D),instant(l),
instant(J), event (E).

vhol dsat (vc(A B, D), J): -
vensg(E, 1),
rcvr(E, A,
vhol dsat (vc(A B, D), 1),
vhol dsat (vt (B, O, 1),
D>=C,
next (1, J),
agent (A), agent ( B),
count (C), count (D), instant(l),
instant(J), event (E).

% t he maxi mum count for a given cl ock/index.
count (0..5).

% the agents

agent (a; b;c).

sndr (annprice(A, B), A : -agent (A), agent (B), Al =B.
rcvr (annprice(A B), B):-agent (A), agent (B), Al =B.
sndr (annbi d(A B), A): - agent (A), agent (B), Al =B.
rcvr (annbi d( A, B), B): - agent (A), agent (B), Al =B.
sndr (annsol d( A, B), A): - agent (A), agent (B), Al =B.
rcvr(annsol d( A, B), B): - agent (A), agent (B), Al =B.
sndr (annunsol d( A, B), A): - agent (A), agent ( B), Al =B.
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rcvr (annconf (A, B), B): - agent (A), agent (B), Al =B.
sndr (biddl, a).

sndr (pricedl, a).

sndr (desdl , a).
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