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Preface 

 

Agreement is one of the crucial social concepts that helps human agents to cope 

with their social environment and is present in all human interactions. In fact, 

without agreement there is no cooperation and ultimately social systems cannot 

emerge. Agreement is necessary in our everyday life. 

 

Until recently, the concept of agreement was a domain of study mainly for 

philosophers, sociologists and was only applicable to human societies. However, 

this situation has changed in the recent years, especially with the spectacular 

emergence of information society technologies. Computer science has moved from 

the paradigm of an isolated machine to the paradigm of a network of systems and 

of distributed computing. Likewise, artificial intelligence is quickly moving from 

the paradigm of an isolated and non‐situated intelligence to the paradigm of 

situated, social and collective intelligence. Hence, the concept of agreement has 

become key for a robust understanding and an efficient implementation of 

artificial social systems. 

 

In this context, Agreement Technologies is a new approach of Distributed Artificial 

Intelligence for constructing large‐scale open distributed computer systems. This 

workshop on Agreement Technologies is specifically addressed for any work that 

aims at developing models, frameworks, methods and algorithms for constructing 

such systems. In other words, this workshop focuses on approaches and solutions 

for the needs of next generation computing systems where autonomy, interaction 

and mobility will be the key issues. Most importantly, it concentrates on 

techniques that enable software components to reach agreements on the mutual 

performance of services.  

 

Agreement Technologies integrates many research efforts from different fields of 

Artificial Intelligence. Hence, this workshop is specifically tailored to research 

works related to this new approach. Finally, the editors would like to thank all the 

people that bring about WAT and Iberamia 2010. First of all, thanks to the authors 

for ensuring the richness of the workshop and the members of the program 

committee for their professionalism and dedication. Furthermore, we owe 

particular gratitude to the Iberamia organizing committee. 
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An Electronic Institution for Simulating
Water-Right Markets

Vicente Botti1, Antonio Garrido1, Juan A. Gimeno1, Adriana Giret1,
Francesc Igual1, Pablo Noriega2

1 DSIC, Department of Information Systems and Computation,
Universitat Politècnica de Valencia,

2 IIIA, Artificial Intelligence Research Institute,
CSIC, Spanish Scientific Research Council,

{vbotti,agarridot,jgimeno,agiret,figual}@dsic.upv.es,
pablo@iiia.csic.es

Abstract. In countries like Spain, and particularly in its Mediterranean
coast, there is a high degree of public awareness of the main consequences
of the scarcity of water and the need of fostering efficient use of water
resources. Two new mechanisms for water management already under
way are: a heated debate on the need and feasibility of transferring wa-
ter from one basin to another, and, directly related to this proposal, the
regulation of water banks1. This paper is about mWater, an agent-based
electronic market of water rights. Our focus is on demand and, in par-
ticular, on the type of regulatory and market mechanisms that foster an
efficient use of water while preventing conflicts. In this work we present
the regulated environment which is implemented as an Electronic Institu-
tion for simulating water-right markets in order to evaluate the impacts
of different regulations on the market behaviour.

1 Introduction

Water scarcity is becoming a major concern in most countries, not only because
it threatens the economic viability of current agricultural practices, but because
it is likely to alter an already precarious balance among its many types of use:
human consumption, industrial use, energy production, recreation, etc. Under-
neath this emergent situation, the crude reality of conflict over water rights of
use and the need of accurate assessment of water needs and use become more
salient than ever.

It has been sufficiently argued that more efficient uses of water may be
achieved within an institutional framework where water rights may be exchanged
1 The 2001 Water Law of the National Hidrological Plan (NHP) —’Real Decreto

Legislativo 1/2001, BOE 176’ (see www.boe.es/boe/dias/2001/07/24/pdfs/A26791-
26817.pdf, in Spanish)— and its amendment in 2005 regulates the power of right-
holders to engage in voluntary water transfers, and of basin authorities to setup
water markets, banks, and trading centers for the exchange of water rights in cases
of drought or other severe scarcity problems.

9



more freely, not only under exceptional conditions but on a day to day basis [3,
9, 12]. It has been claimed that if farmers cannot sell their extra water allot-
ment, they have no incentive to use the allotment efficiently and it may become
wasteful [5]. Moreover, a straightforward extension to other types of stakeholders
would promote trading for non-irrigation uses, such as industrial uses, aquicul-
ture, leisure or navigation, thus improving market conditions and hence efficiency
of water use [3]. We propose to implement such a market with a regulated open
multi-agent system, mWater, whose main features we discuss in this paper. Our
focus is on demand and, in particular, on the type of regulatory and market
mechanisms that foster an efficient use of water while preventing conflicts.

Considerable effort has been invested in the development of sophisticated
basin simulation models and in improvement and innovation of water use prac-
tices. Literature abounds in examples of decision support systems for water man-
agement [8], sustainable planning of water volumes [2, 6], or the use of shared
visions for negotiation and conflict resolution [7]. We explore an alternative ap-
proach in which individual and collective agents are an essential component
because their behavior (and effects) may be influenced by policy-making. There
are few projects along this line, but one may point to the NEGOWAT project
(http://www.negowat.org/ingles/inicio/Inicio.htm), whose goal is to help nego-
tiations between stakeholders in peri-urban catchment areas when water con-
flicts arise. Closer to our own approach, the recent effort is project MAELIA
(http://www.iaai-maelia.eu), which involves simulation of socio-environmental
impact of norms for water and other renewable natural resources and the envi-
ronment.

We are interested in the institutional framework that simulates the “rules
of the game” that may allow one to study the role that regulation, social envi-
ronment, coordination, conflict resolution mechanisms, reputation or trust play
in the decisions participating agents make and their aggregate results. Ideally,
the institutional framework should add flexibility to current water use practices
without increasing the number or complexity of disputes. To this end, we have
designed mWater as an agent-based system that simulates an electronic market
of water rights in which we use agreement technologies such as: normative rea-
soning, negotiation rules, argumentation, trust, collective decision-making, social
conventions, sanctioning mechanisms, as well as organizational and institutional
environments preferences, among others.

The main goal of this paper is to describe the mWater regulated environ-
ment that fosters efficient use of water resources by means of water-right transfer
agreements (Section 2). We propose mWater as our particular setting; nonethe-
less, it can be useful for other markets not related to water problems. In order
to be more concise, Section 3 devises the simulation environment for this elec-
tronic market. Section 4 provides a particular case study on regulatory aspects in
mWater, which again can be extrapolated to other domains. Finally, we conclude
the paper with some remarks in Section 5.
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2 An institutional framework for mWater

The mWater framework is rooted on traditional practices and regulations for
the use and transfer of water rights that are either currently established by
the Spanish National Hydrological Plan or are to be part of the forthcoming
Basin Hydrological Plans. However, it is somewhat idealized in order to provide
a richer sandbox for agreement technologies and a more malleable platform for
demand and water use modeling and simulation in an hydrographic basin. The
core component of mWater is an agent-based virtual market for water usage
rights that intends to grasp the components of an electronic market where water
rights are traded with flexibility and under different price-fixing mechanisms.
In addition to trading proper, mWater also includes those activities that follow
trading; namely, the agreement on a contract, the use and misuse of rights and
the grievances and corrective actions taken therein. These ancillary activities are
particularly prone to conflict albeit regulated through legal and social norms,
and therefore a crucial objective in policy-making and a natural environment for
agreement technologies.

For the construction of mWater we have followed the IIIA Electronic In-
stitution (EI) conceptual model [1], whereas for the actual specification and
implementation of mWater we use the EIDE platform2.

Procedural conventions in the mWater institution are specified through a
nested performative structure (Fig. 1) with multiple processes. As seen in the
figure, there are several roles: (i) guests, i.e. users before really entering the mar-
ket; (ii) water users, i.e. the guests that have valid water rights; (iii) buyer/seller,
thus representing the particular role the water user currently joins for the mar-
ket; (iv) third parties, i.e. those water users that are direct or indirectly affected
by a water transfer —usually conflicting parties; and (v) market facilitator and
basin authority, thus representing the governing roles of the market. The top
structure, mWaterPS, describes the overall market environment and includes
other performative structures. TradingHall (Fig. 2) provides updated informa-
tion about the market, and at the same time users and trading staff can initiate
most trading and ancillary operations here. Finally, TradingTables establishes
the trading procedures. An outline of their constitutive processes (performative
structures and scene protocols) follows.

Top structure, mWaterPS. Entitlement. Only bona fide right-holders may
trade water rights in the market and there are only two ways of becoming the
owner of a right. Firstly when an existing right is legally acquired from its previ-
ous owner outside of mWater (through inheritance or pecuniary compensation
for example). Secondly when a new right is created by the mWater authorities
2 EIDE is a development environment for Electronic Institutions, built at the IIIA,

http://e-institutor.iiia.csic.es/eide/pub. It is composed of a set of software tools
that support all the stages of an Electronic Institution (EI) engineering, namely:
1) ISLANDER, a tool for EI specification; 2) aBUILDER, a tool to support the
automatic generation of agent (code) skeletons from ISLANDER specifications of an
EI; 3) the AMELI middleware that handles the enactment of the institution; and 4)
SIMDEI, a testing and monitoring tool.

11



X
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Fig. 1. mWater performative structure. Participating Roles: g - Guest, w - Water user,
b - Buyer, s - Seller, p - Third Party, m - Market Facilitator, ba - Basin Authority

and an eligible holder claims it and gets it granted. Entitlement scene gives ac-
cess to the market to new right holders who prove they are entitled to trade. It
is also used to bootstrap the market.

Accreditation. This scene allows legally entitled right-holders to enter the
market and trade by registering their rights and individual data for management
and enforcement purposes. Staff have to validate admission conventions and
right-holder variables are given default variables. When a right suspension is
overridden or an agreement is void, rightful owners need to register again.

Agreement Validation and Contract Enactment. Once an agreement on trans-
ferring a water right has been reached, it is managed according to the market
conventions. mWater staff check whether or not the agreement satisfies formal
conditions and the hydrological plan normative conventions (Agreement Valida-
tion scene of Fig. 1). If the agreement complies with these, a transfer contract
is agreed upon and signed by the parties involved in the Contract Enactment
scene, and then the agreement becomes active.

Annulment. This scene in the mWater performative structure deals with
anomalies that deserve a temporary or permanent withdrawal of rights.

TradingHall performative structure. Intuitively, in this complex per-
formative structure, see Fig. 2, right-holders become aware of the market ac-
tivity (Open Trades and Ongoing Agreements scenes), and initiate concurrent
activities: get invitations to trade and/or initiate trading processes (Recruiting
scene), initiate grievance procedures as described below in Fig. 3 (Ongoing Agree-
ments scene), and get informed about anomalous situations, for example severe
drought situations, (Critical Situations scene). Actual trading starts inside the
TradingHall scene. On the one hand, updated information about existing trade-
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Fig. 2. TradingHall performative structure

able rights, as well as ongoing deals, active contracts and grievances is made
available here to all participants. On the other, as shown in Fig. 2, users and
trading staff can initiate most trading and ancillary operations here (from the
Recruiting scene): open, request trading parties and enter a trading table; query
about different agreements and initiate a grievance procedure from the Ongoing
Agreements scene or, in the same scene, get informed about a dispute in which
the water user is affected. Members of the Jury may also be required to mediate
in a dispute at the Jury Room scene. Technically speaking, all these scenes are
“stay-and-go” scenes: while the users are inside the market, they have to stay
permanently in these scenes but they may also go (as alteroids, clone-like in-
stantiations of the same agent that allow the agent to be active simultaneously
in different scenes) to other trading table scenes and contract enactment scenes
where they are involved: these scenes where user alteroids become involved are
created (as a new instance of the corresponding performative structures) when
a staff agent creates one at the request of a user, of an authority, or because of
a pre-established convention (like weekly auctions).

TradingTable performative structure. In our mWater performative struc-
ture (recall Fig. 1), a market facilitator can open a new trading table whenever
a new auction period starts (i.e. automatically) or whenever a right-holder re-
quests to trade a right (i.e. on demand). In such a case, a right-holder chooses
a negotiation protocol from a set of available ones (e.g., face to face negoti-
ation, closed bids, standard double auction exchange or any others that are
agreed upon). Consequently, in order to accommodate different trading mecha-
nisms, we assemble the TradingTable performative structure as a list of different
scenes, each corresponding to a valid trading mechanism or negotiation protocol.
Each instance of a Trading Table scene is managed by a Negotiation Table Man-
ager, tm, who knows the structure, specific data and management protocol of
the given negotiation protocol. Among other negotiation mechanisms, we have
included face-to-face, Dutch auction, English auction, standard double auction
and blind double auction with mediator negotiation. Moreover, new negotia-
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Fig. 3. Grievances performative structure

tion protocols may be easily added providing that the new protocol definition
complies with the generic structure.

Every generic negotiation table is defined as a three-scene performative struc-
ture. The first scene is Registration, in which the tm applies a filtering process to
assure that only valid water users can enter a given trading table (recall situa-
tions when a private trading table is being executed or only a sub-group of water
users that fulfill a set of constraints may participate in the table). The specific
filtering process will depend on the given negotiation protocol and possibly on
domain specific features. The second scene is the negotiation protocol itself, in
which the set of steps of the given protocol are specified. Finally, in the last
scene, Validation, a set of closing activities are executed, for example registering
the final deals, stating the following steps for the agreement settlement, verifying
that the party that leaves the table satisfies the exit norms of the trading table,
etc.

Grievances. Once an agreement is active, it may be executed by the new
right-holder and, consequently, other right-holders and some external stakehold-
ers may initiate a grievance procedure that may overturn or modify the transfer
agreement. Even if there are no grievances that modify a contract, parties might
not fulfill the contract properly and there might be some contract reparation
actions. If things proceed smoothly, the right subsists until maturity.

Fig. 3 shows the different scenes of the complex Grievances performative
structure. In this structure any conflict can be solved by means of two alterna-
tive processes (these processes are similar to those used in Alternative Dispute
Resolutions and Online Dispute Resolutions [10, 11]). On the one hand, conflict
resolution can be solved by means of negotiation tables (Conflict Resolution Ne-
gotiation Table performative structure). In this mechanism a negotiation table
is created on demand whenever any water user wants to solve a conflict with
other/s water user/s, negotiating with them with or without mediator. Such a
negotiation table can use a different negotiation protocol, such as face to face,
standard double auction, etc. On the other hand, arbitration mechanisms for
conflict resolution can also be employed (Arbitration performative structure). In
this last mechanism, a jury solves the conflict sanctioning the offenses.

There are three steps in the arbitration process. In the first one, the grievance
is stated by the plaintive water user. In the second step, the different conflicting
parties present their allegations to the jury. Finally, in the last step, the jury, after
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hearing the dispute, passes a sentence on the conflict. The difference among the
two mechanisms for conflict resolution is that the arbitration process is binding,
meanwhile the negotiation is not. In this way, if any of the conflicting parties
is not satisfied with the negotiation results he/she can activate an arbitration
process in order to solve the conflict.

Islander

AMELI

Information Model in MySQL

Fig. 4. mWater Simulation Environment
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3 The mWater simulation environment

Fig. 4 depicts the overall structure of the mWater simulation environment. The
interface of the simulation tool is simple and intuitive, in which the user can con-
figure a given simulation with the following data: the starting and finishing date
for the period to be simulated, the water users that will participate in the market
(different groups/type of water users can lead to different results; consider for
example a group in which some water users do not trust on other members of
the group, this situation will probably result in a low number of agreements and
a high number of conflicts), the regulation that will be applied in the simula-
tion (in next section a case study example is presented with two different norm
regulations applied to the same water user population and simulation period).
The interface also provides graphical data that reflects how the market reacted
to the input data in terms of the number of transfer agreements signed in the
market (historical data including information about real or simulated users), vol-
ume of water transferred, number of conflicts generated, etc. Apart from these
straightforward functions, other quantitative results are shown. These results
are from a group of ”social” functions in order to asses values such as the trust
and reputation levels of the market, or degree of water user satisfaction, among
others.

The central element in the simulation tool is the EI described in last section,
that is specified in ISLANDER and executed in the AMELI runtime platform
(recall Fig. 4). In order to start a simulation of the market, mWater feeds from
an Information Model (implemented in MySQL) in which historical data from
a given basin are registered. In this way, policy makers can simulate the market
with real data from sever drought periods, rain spell, etc. depending on the
starting and ending dates defined for the simulation. Moreover, the Information
Model registers all the changes in the market in order to provide statistical data
to the policy makers about the market behaviour for the simulated period, the
water users that participated in the market, and the regulations selected for the
particular simulation.

Note that we have mainly considered mWater as a simulation environment,
but actually we are also interested in it as an open environment to human users
for conducting social and participatory simulations. In such situations, human
subjects take part in the simulation to see the effects of their interaction with
virtual agents, applicable norms and their adaptation. This is part of our current
work.

4 A case study simulation in mWater

The emphasis on regulatory aspects in mWater is motivated by the fact that the
main objective policy makers have in mind is to achieve an adequate behavior
of users. And regulation is the main tool that policy makers have to modify
behavior. However, in practice, users are prone to achieve “order without law”
[4], or at least to keep on adapting to regulations in order to preserve their
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successful practices while policy makers keep on adapting regulations to guide
users in a constantly changing environmental and political media. Thus, our
mWater demonstrator provides the foundations for the study of that interplay.
In order to show the way mWater can be used as a simulation tool for testing
how regulations and norms can modify the users’ behavior we show a simplified
case study that mainly focuses on the interplay of norms and relaxes the other
aspects in the market. In this case study, we test the user behavior when a
single norm is modified. This scenario is related with the registration of transfer
agreements.

In mWater we have three different types of regulations: (i) government laws,
issued by the Spanish Ministry of Environment (stated in the National Hydro-
logical Plan); (ii) basin or local norms, defined and regimented by the basin
authorities; and (iii) social norms, stated by the members of a given user as-
sembly and/or organization. The norms applied in this case study are currently
defined in the NHP. However, policy makers have observed that only few water
rights transfer agreements are registered in the basin while a lot of non-registered
transfers are taking place by means of private commitments. This situation ap-
pears due to the interplay of the following norms:

Government law - (N0): A water-user can use a given volume of water from a
given extraction point, if and only if he/she owns the specific water-right or
has a transfer agreement that endows him/her.

Government law - (N1): Every water-right transfer agreement must be regis-
tered within the fifteen days after its signing and wait for the Basin Author-
ities’ approval in order to be executed.

Local norm - (N2): The registration process of a water-right transfer agreement
is started voluntarily by the agreement signing parties.

Social norm - (N3): Whenever a conflict appears, a water user can start a
grievance procedure in order to solve it.

In order to include norm N1 in the current EI implementation of mWater we
have designed the Agreement Validation scene (see Fig. 1) as a successor scene
for any Trading Table. When any water user enters this scene, the Market Facili-
tator verifies the constraint of fifteen days from the agreement statement process
related to norm N1. If this constraint is satisfied the water-right transfer agree-
ment is forwarded to the Basin Authority, who activates a Normative Reasoning
process in order to approve, or not, the agreement, based on the basin normative
regulation. If the agreement gets approved it is published in the Trading Hall in
order for every water user of the basin to be informed of the transfer agreement.

On the other hand, norm N2 is automatically included in the mWater in-
stitution due to the EIDE implementation feature by which no participating
agent in the electronic institution can be forced to go to a given scene. For the
particular mWater example, neither the buyer nor the seller can be forced to
go through the transition between the Trading Table scene and the Agreement
Validation scene (see Fig. 1). This way, whenever the buyer and/or the seller
goes to the Agreement Validation scene he/she starts the scene voluntarily, so
norm N2 is satisfied.
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The implementation of norm N3 requires a specific performative structure,
named Grievances (Fig. 3), in order to deal with conflict resolution processes.

Finally, the observance of norm compliance is delegated to every water user.
Hence, the enforceability of norm N0 is delegated to every water user.

The implementation described above is fully NHP-compliant, but it leads to
a low number of transfer agreement registration and, moreover, to the following
very critical situation for the reliable execution of mWater. Let us suppose there
is a water user A who has a water-right w1 and wants to sell it. A starts a
Trading Table inside the TradingTables process (see Fig. 1) in order to sell w1.
The water user B enters the Trading Table and as a result there is an agreement
Agr1 between A and B, by which B buys w1 from A for the period [t1, t2], and
pays the quantity p1 for such a transfer. A and B belong to Basinx, in which
norms N1, N2 and N3 apply. A and B do not register Agr1 due to norm N2
(in other words, A and B do not go to the Agreement Validation scene of Fig.
1). Since there is no mechanism in Basinx by which water-right w1 is blocked
from A after its selling (due to Agr1 is not registered and w1 is still owned by
A in time periods not overlapped with [t1, t2]), A continues to operate in the
market. Afterwards A starts a new Trading Table to sell w1 for period [t3, t4],
with t1 < t3 < t2 and t4 > t2 (the new period [t3, t4] is overlapped with [t1, t2]).
In this second Trading Table A and C sign Agr2, by which A sells w1 to C for
the period [t3, t4] and C pays p2 to A. A and C belong to Basinx. In this case C
registers Agr2 in the Agreement Validation scene, due to N1 and N2, and obtains
the basin approval for executing Agr2. At time t3 (the transfer starting time)
C attempts to execute Agr2, but there is no water in the water transportation
node, since B is also executing Agr1. At this moment C has a conflict with B,
and in order to solve it he/she has to start a grievance procedure due to N3.

Although the previous described situation is critical, mWater can overcome
it thanks to the Grievance performative structure. When C cannot execute Agr2

(because there is no water in the water transportation node), C believes that B
is not complying norm N0. C believes there is a conflict because Agr2 endows
him/her to use the water, and moreover, there is no transfer agreement published
in the Trading Hall that endows B to do the same. In order to enforce norm N0
and to execute Agr2, C starts a grievance procedure. In this procedure, water
users C and B are recruited as conflicting parties and A as third party because
he/she is the seller of w1 as stated in Agr2 (Recruiting Conflicting Parties scene
of Fig. 3). Let us assume C chooses as conflict resolution mechanism arbitration,
because he/she does not want to negotiate with B. After stating the grievance,
C and B present their allegations to the jury. In this process B presents Agr1 by
which he/she believes there is fulfillment of norm N0. However, in the last step,
by means of a Normative Reasoning function, the jury analyzes the presented
allegations and the normative regulations of the basin and deduces that there
is an offense. Both B and A do not conform with norm N1, and additionally, A
has sold the same water right twice within an overlapped time period. In this
last step, the jury imposes the corresponding sanctions to A and B.
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Table 1. Market behaviour with varying regulations

Regulation Neg. Tables Agreements Water Volume Conflicts Periods

{N0, N1, N2, N3} 100 48,3 12.352 23,5 5
{N0, N1, N2′, N3} 100 25,6 3.521 6,2 5

mWater allows to simulate changes in the regulation in order to test what
will happen, for example, if norm N2 is replaced by norm N2’ :

mWater - Local norm - (N2’): The registration process of a water-right transfer
agreement is started automatically by the institution whenever a water-right
transfer negotiation ends successfully.

Norm N2’ is implemented directly in the Negotiation Table, allowing the
Negotiation Table Manager to monitor all the negotiation protocol in order to
detect the Accept message for a given bid. When the message is detected the
Negotiation Table Manager informs the Basin Authority of the new agreement
and it gets automatically published in the Trading Hall. In this way if the policy
maker decides to include norm N2’ as a regulation for the market in a given
simulation the market participants that negotiated a successful agreement in
a Negotiation Table go directly to Contract Enactment scene without going
through Agreement Validation, and all the water user in the market get informed
of the new agreement.

Recall in the previously described situation the first transfer agreement Agr1.
Norm N2’ makes Agr1 public just after the Accept message issued by A or B in
the given Negotiation Table. In this way, when A tries to open a new Trading
Table to sell w1 for the period [t3, t4], the Market Facilitator verifies that the
new period overlaps with the period associated in Agr1 (that affects the same
water right) and consequently rejects the request of A. In this way, norm N2’
reduces the number of conflicts caused by second selling of the same water right.

In order to test the market behaviour with the different group of norm regu-
lations described above, we executed various simulations in mWater varying the
regulation and the simulated period (5 different periods) with the same group
of water users. Table 1 shows the results of these evaluations. From this table,
we can conclude that regulation {N0, N1, N2, N3} leads to a higher number
of agreements (Table 1 reflects both registered and non-registered agreements)
and indeed a higher amount of water transferred. Unfortunately, the number of
conflicts is also higher. On the other hand, {N0, N1, N2′, N3} leads to fewer
agreements, not only because the water-rights cannot be re-sold any more, but
because not all the water users wanted to participate in the market due to the
obligation to make public all the transfer agreements3. In order to evaluate other
type of market reactions to regulation changes we are now working on ”social”
3 This situation happens in Spanish basins, and it was deliberately included in the

agent behaviour of the water user participants in order to observe its effects on the
market.
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functions in order to asses values such as the trust and reputation levels of the
market, or degree of water user satisfaction, among others. We believe that this
type of measures will provide the policy makers with valuable data for decision
making about new or modified regulations.

5 Conclusions and Future Work

As a whole, mWater constitutes a rather sophisticated regulated open multi-
agent system. It is designed with three objectives in mind. First, as a demon-
strator in the AT project (www.agreement-technologies.org), it provides a testing
environment and inspiring problem domain for conceptual proposals and tools.
Second, it may be used as the demand component of a sophisticated basin model
to simulate, visualize and explore different water management policies, users and
norms. That is, it helps explore the interactions between the basin hydrographic
resources and infrastructures, together with the use of water as it is being modu-
lated by market mechanisms and policy directives and regulations. Third, given
the possibility of the creation of an actual market for water rights or analogous
public goods, mWater would be a first proof of concept version to build upon.

The work we report in this paper provides insights on the regulated en-
vironment of mWater as an Electronic Institution for simulating water-rights
markets. We are now developing a richer normative regulation in order to allow
to simulate different types and group of norms. We are also working on defining
performance measures that can evaluate ‘social” issues in the market behaviour.
At the same time we are developing different populations of water users in order
to simulate varying type of members in a basin and to observe what are the
effects of a given regulation when different type of water users are interacting
the market.
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Abstract. Service-Oriented Multi-Agent Systems are dynamic systems popu-
lated by heterogeneous agents. These agents model their functionality as services
in order to allow heterogeneous agents or other entities to interact in a standard-
ized way. Furthermore, due to the large-scale and the adaptive needs of the sys-
tem, the traditional directory facilitators or middle-agents are not suitable for the
management of the agents services. In this paper we present a distributed system
where there is no a ce. The proposal provides a fully decentralized structure and
allows agents to locate services using only local information. The system is en-
hanced using semantic information in the generation of the system structure and
also in the search process.

1 Introduction

Service-Oriented Multi-Agent Systems (SOMAS) can be described as open and dy-
namic systems, where agents provide basic functionality through services and new
agents can enter to the system and existing ones leave. An important issue that has
raised great interest in the research community in the latest years is service discov-
ery. In open systems where there is a large number of agents and the available agents
change dynamically, finding the appropriate agent which offers the service required is
not an easy task. Conventional approaches to locate agents with certain functionality in
SOMAS, such as registries or middle-agents, are centralized approaches which are not
always appropriated for large-scale and highly dynamic environments. These proposals
present some weakness such as bottlenecks, complexity or the huge amount of mem-
ory needed to keep all the information about the agent’s functionality when the system
scales. Distributed approaches, such as agent coalitions or federations of registries, have
been proposed to solve some of these problems but the required coordination effort to
create the coalitions and to maintain data consistency between distributed registries
makes these proposals not suitable for highly dynamic environments.

An alternative for traditional proposals is the use of social networks[25][28]. Hu-
man beings create social structures in a decentralized way which allows to locate other
individual in a few steps considering only local information. This fact was observed by
Milgram in the well known experiment of ’six degrees of separation’[24]. The results
of this experiment arose two questions: how is the structure of these social networks
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and how an effective search of individuals is carried on only with local information. In
the wake of this experiment, several works started to pay attention on the analysis of
the underlying structures in human societies and the properties of these structures.

As a result of that, several models based on mathematical functions have been pro-
posed to simulate the structure in real social networks. These models try to reflect how
social links are established between individuals to form a network which can guide
the search. These networks such as small-world or preferential attachment network,
are called navigable social networks and it can be ensured that short paths between
two random individuals can be found using only local information. How an effective
search is carried on only with local information is the other important aspect. Which
criteria should be follow by the individuals in order to guide the search towards the tar-
get? This depends on the structure of the network. There are some strategies that have
better results depending of the underlying structure where it is applied. For instance
in small-world networks similarity or geographical distance can be considered a good
parameters to consider while strategies guided by degree are not so suitable.

In this work, we propose the use of a social network model as the underlying struc-
ture of a service discovery system for agents. The structure relies on a social feature
present in many social networks called homophily[15]. Homophily expresses the idea
that similar people interact with higher frequency than dissimilar people. Therefore, in
our system agents with similar roles and services have more probability to be linked.
The system provides a fully decentralized structure and allows agents to locate services
using only local information. The system is enhanced using semantic information in the
generation of the system structure and also in the search process.

2 Related Work

Open and dynamic environments where the scalability and the workload are low make
use of middleagents to facilitate service discovery [14][22][23]. The matchmakers could
provide an optimal matching due to they consider all the registered services in the sys-
tem. Unfortunately, this kind of agents could be a bottleneck when the workload in-
creases. Other drawbacks are their complexity, the huge amount of memory needed to
keep service advertisements and the cost of service composition as the number of ser-
vices grows significantly. Different approaches have been suggested to overcome the
above mentioned problems. Peer-to-peer approaches [12][2][20][31] broadcast a query
using local knowledge The drawback of this approach to service discovery is that the
communication among agents is essential and the overall communication traffic over-
head may be large. Another distributed way to locate distributed services is to form
coalitions or clusters[19][18][16]. Nevertheless, the choice of what coalitions are going
to be formed is a difficult task. This entails recursively to calculate the values of the
coalitions and later selecting the coalition with the best result. A third way for agents
to discover services in efficiently is the distribution of the middleagents or facilitators
[21] [17] [13]. These proposals suggest to split the function of the service facilitator
among a group of agents. The system designer assigns a local matchmaker to each host
or segment of the system, which provides matchmaking services to agents in its vicinity
(its segment). In systems with very large segments the problems of scalability are only
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marginally relieved by this approach because the large segments become overloaded
systems which have local bottlenecks. Another case in which this approach is not use-
ful is in systems with many cross-links between segments. In this case the overhead of
coordinating tasks among local matchmakers might be greater than the benefit obtained
from their distribution.

3 Proposed System and Definitions

The proposal that we present here tries to overcome drawbacks of current discovery
approaches in open SOMAS through a completely distributed approach, considering
semantic information about organizational roles and services. This approach is based
on social networks as underlying structure. The advantages and contributions of this
proposal compared to others are:

– System which integrates services and agents. Agents have social and proactive ca-
pabilities which provide more flexibility and adaptability to the system. Services
facilitate the reusability and interoperability. Here, agents functionality is described
in terms of services, therefore we obtain the advantages of both technologies.

– System structure that guarantees, in general, that a service if it exits is going to be
found in a bounded number of steps.

– Service discovery strategy that only needs local information to navigate the network
in order to reach the required service.

– The use of semantic information to create the system structure and to lead the ser-
vice search.

– Inclusion of organizational information in the service discovery process.

DEFINITION 1 (Agent-Service Discovery System). An SDS is defined as SDS = (A,
L), where A is the set of agents that are part of the SDS (nodes): A= {a1,...,an},
and each edge `=(ai, aj)∈L indicates the existence of a knowledge or communication
relationship between agent ai and aj in the system (undirected links).

Agents are social entities which have local knowledge about its immediate neigh-
bors, including their identity, degree, organizational information and the semantic de-
scription of the services they offer, but it is unaware of the rest of the agents present in
the system.

DEFINITION 2 (Agent). An agent ai=(R,N ) |ai ∈ A is a social entity which can play
several roles in different organizational units R={r1,. . . ,rn}:|R| > 0, has a neighbor-
hood N={ak,...,an}| ak ∈ N , ∃ (ai,ak)∈L, |N | > 0.

The agent role determines the kind of services an agent offers. The role provides an
abstract layer over the services that the agent offers and it is used to create the structure
of the system. Roles are defined inside an organization unit ou. The organization unit
establishes a set of policies responsible of the structure of the system. These policies
are related to basic system operations (join, leave, discover. . . ).
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DEFINITION 3 (Role). A role in our system is defined as r = (φ,S,ou) ∈ R where φ is
a semantic concept for the role, ou is the organization where the agent plays the role r
and S={s1,. . . sn} is the set of services offered by the agent.

Each service si is a semantic service defined by the tuple: si = (I,O), where I
denotes the set of inputs and O denotes the set of outputs. The I and O of the service
are semantic concepts defined in a common ontology. To simplify the system, we are
going to consider that each agent plays one role and offers one service.

The agent-service discovery system that we present relies on a property present in
many real social networks: homophily. This word expresses the idea that similar people
tend to interact and establish links with higher probability than dissimilar people. There
are two types of homophily[15]:

– choice homophily, where patterns of interaction are driven by preferences for sim-
ilarity. This kind of homophily has two forms: status homophily, where the indi-
viduals are considered similiar if they share a cultural background, and value ho-
mophily, where individuals are considered similar on the basis of shared values,
attitudes, and believes.

– induced homophily, emerges not from individual choice, but from influence dynam-
ics that make individuals more similar over time[29].

In this work we focus on choice homophily and its two forms. In general, homophily
has demonstrated that is one of the most pronounced features in social networks[3][27].
Due to the efficiency of the social networks with this feature, we consider important to
consider this property in our system.

DEFINITION 4 (Agent homophily). In our SDS the homophily between two agents is
based on the status homophily and the value homophily:

– value homophily (Hv(Si,Sj)) is defined over the agent’s services and it is consid-
ered as the semantic similarity between the services offered by the agents.

– status homophily (Hs(ri,rj)) is defined over the agent’s role and it is considered as
the semantic similarity between the roles played by the agents

Therefore, the homophily between two agents is defined as the linear combination of
value and status homophily:

H = α ∗ Hv + (1− α) ∗ Hs (1)

We are going to describe with more detail how are calculated each kind of ho-
mophily. The homophily function Hs(ri,rj), means the degree of match dom (exact,
subsumes, plug-in, fail) between the semantic concept of the roles played by the agents.

Hs(ri, rj) = role match(ri.φ, rj .φ) (2)

where role match is the function which calculates the semantic similarity between
ri.φi and rj .φj . The homophily function Hv(ri.S,rj .S), means the degree of match
between the services offered by the agents.
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Hv(ri.S, rj .S) = β ∗match(Ii, Ij) + (1− β) ∗match(Oi,Oj) (3)

I =
⋃
∀s∈r.S

s.I,O =
⋃
∀s∈r.S

s.O (4)

match(Ii, Ij) = max(WG′=(Ii∪Ij ,E′)) (5)

where function match solves a bipartite matching problem between semantic ser-
vices. In our case we have two bipartite graphs, one where the vertexes are the inputs
of the services and the other where the vertexes are the outputs. In the case of matching
between the inputs of the services (the process is the same for the outputs), the bipar-
tite graph G=(Ii∪Ij , E) has a set of vertexes with Ii inputs and the other set with
Ij inputs. Given a bipartite graph for the service inputs, G=(Ii∪Ij ,E), its matching
G′=(Ii∪Ij ,E′) E′ ⊆ E is a graph where all the vertexes of one set are connected with
the other set of vertexes only with one edge. In this graph, we allow that edges share a
vertex to give more flexibility to the matching. The sum of weights (WG′) of the edges
in the matching is maximized:

WG′=(Ii∪Ij ,E′) =

∑
∀ek∈E′

ωk

max(|Ii|, |Ij |)
(6)

4 System Operations

4.1 Join

The process that an agent should follow to get into the SDS is as following (see Alg. 1):
the agent ai tries to establish a set of connections with other agents already present in
the system. The number of connections that the agent is going to establish is generated
by a random function which follows an exponential distribution. The idea is to generate
a system with an exponential degree distribution to achieve the structure of a preferen-
tial attachment network[1]. A preferential attachment network it is characterized by a
degree distribution which follows a power-law degree distribution, p(dg) ∝ dgλ, where
p(dg) indicates the probability to be connected to a node with degree dg. This means
that there are some nodes have a high degree and the majority has a low degree. This
structure ensures that the diameter of the network is ln |A|, where |A| is the number of
agents in the SDS and in some situations, when 2<λ<3, is lnln |A|[11]. This model is
present in many ’online communities’ such as WWW, electronic mail or citation graphs
[26]. These networks are the result of a growth process in which new nodes that join
the system prefer to be connected to well connected nodes.

Once the agent knows the number of connections, it should decide which agents
are going to be its neighbors. The probability of an agent ai to establish a connection
with agent aj is directly proportional to the homophily degree between the agents, if
the agents are more similar, they have more probability to be connected. This condi-
tion allows a new agent not only to establish ’short connections’ between agents with
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similar roles and semantic services, but also between agents that are not similar (’long
connections’). The idea of ’long connections’ is to create short paths between groups
of agents that do not offer similar services and reduce the number of hops needed to
discover services. The probability to establish a connection between two agents in the
system is based on the homophily degree between themH(ai,aj).

Algorithm 1 Join, where a is the new agent and SD the system

function Join(a, SD)
connections←ExpRandom(λ)
connected←False
dg← 0
while ¬connected ∧ dg ≤ connections do
ar←random(SD)
ifH(a, ar)≥ UniRandom(0,1) then
`(a,ar)
a.dg←a.dg+1
updateNeighbors(a, ar)
connected←True

end if
end while
end function

4.2 Leave

When an agent leave the system could be for three reasons: the agent decide voluntary to
leave the system, failure or ’sabotage’. Periodically an agent sends a keep alive message
to its neighbors. The agent will notice that one of its links is broken whether after
sending a message, the time to receive an answer from the neighbor expires. In that
case, the agent deletes the neighbor from its neighbor list and establishes a new link
with other agent in the network to keep their degree (see Alg. 2 and Alg. 3).

Algorithm 2 Leave, where a is the agent and SD the system

function Leave(a, SD)
local
for ai ∈ a.N do
removeLink(a, ai)
newLink(ai,SD)

end for
end function

4.3 Search

DEFINITION 5 (Service discovery problem) Given a set of agentsA situated in a SDS=
(A,L), the service discovery problem is defined as a probabilistic decision-making task
in which an agent ai∈ A is looking for an agent aj∈ A, which offers the required
service st.
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Algorithm 3 newLink, where a is the agent and SD the system

function Link(a, SD)
connected←False
while ¬connected do
ar←random(SD)
if sim(a, ar)≥ UniRandom(0, 1) then
`(a,ar)
ar.dg←ar.dg+1
updateNeighbors(a, ar)
connected←True

end if
end while
end function

The search process in the system is based only on the agent local knowledge. When
the agent ai is looking for an agent aj which offers the required service st, ai selects
which of its neighbors is the most appropriated to redirect the query instead of broadcast
the query to all the neighborhood. In many networks which reflects power-law charac-
teristics, the search is suggested to be based on degree. However, this makes that highly
connected nodes could be overloaded with requests. Our selection criteria is based on
previous proposals presented in [27][30], where the selection of the most promising
neighbor is based on two criteria: degree and the similarity. In our sytem the selection
criteria is based on the agent degree and the semantic similarity between agents services
and roles. Until the target agent aj is found, all future agents involve in the discovery
process will make their decision similarly (see Alg. 4).

Algorithm 4 Search where as is the source agent, st is the required service and S the system and Θ is the similarity
threshold

function Search(as, st, S,Θ)
s←getService(Ags)
a←as

steps←0
while sim(s, st)≥Θ ∧ steps≤TTL do
pmax←0
for ai ∈ a.N do
dg← a.dg
s← a.s
p← P (H(a, ai),dg)
if p > pmax then
pmax← p
a← ai

end if
end for

end while
return a
end function

5 Simulation Results

The test can be divided in two groups. The first group compares the performance of typ-
ical distributed search strategies (degree, similarity, random) to the proposal presented
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in this paper. The second test evaluates the fault tolerance of the SDS when relation-
ships between agents in the system are broken randomly (an agent leaves the system)
or following some patterns (which corresponds to deliberate failures ’sabotage’).

5.1 System Characterization

The experiments have been done in a set of networks that simulate the SDS structure.
These networks are preferential attachment networks and have generated as the result
of the join operation of agents. We have implemented two kind of networks: A where
the agents have not roles and Network B where each agent plays a role. We consider
10 types of different roles. Each network is composed of 1000 agents with one seman-
tic service each one. The services and roles have been assigned to the agents using a
uniform distribution.

5.2 Performance

In this section we evaluate the search operation in our SDS. Due to the similarities of
our system and p2p systems, we compared the search operation to other typical search
strategies used in p2p systems: random, degree, similarity, similarity and degree. We
have analysed the behavior of each strategy in 5000 searches in networks A and B.

In figures 1a and 1b, the results obtained after the service search process are pre-
sented. We see that in general the strategies in a network with organizational informa-
tion have a better performance than the same strategies in a network without this infor-
mation. That shows that organizational information in the system can guide the search
process better than the systems that only provide information related to the degree and
services. Between all the strategies, the search operation that we present in this paper
has a better performance than the others. This is because it considers, apart form the
degree and semantic service information, the roles that agents play. This information
reduces the set of possible agents suitable to offer the service.

An important parameter to consider in SDS is the number of steps to reach the tar-
get agent. Figure 2a shows the mean path length obtained with each strategy in networks
with role information (B). In general, all the strategies return paths with more steps as
the number of agents in the network grows. When the size of the network is over 700
agents, the path length does not increase significantly. This shows that the structure of
the SDS is suitable for large-scale systems.

In Figure 2b the success rate of each search strategy in SDS is depicted. An obvious
result is that as the system scale increases, the percentage successful searches decreases.
The search operation presented here is the algorithm less influenced by the number of
agents in the system. In general, the search operation in the 80% of searches finds a
path between the source agent to the target agent.

5.3 Fault Tolerance

The last and very important check is the behavior of the SDS under failures. The prob-
lem appears when a broken link splits the system into two isolated parts, since some
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Fig. 1: Search performance without/with role information
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Fig. 2: Mean path length and success

agents will no longer be reachable. To analyse it, agent failures have been modelled as
a failure of all its connexions. When some links are broken, an alternative path has to
be found. For random failures (see Fig.3a and Fig.3b), it can be observed that when
the number of deleted agents is from 10% to 30%, the path length increases, due to
there are alternative paths (with more steps) to find the agent with the required service.
When the number of deleted agents ranges from 30% to 50%, the network is divided in
several isolated parts. Only the searches inside the isle will success, so the number of
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successful searches decreases and the path length decreases because the isle diameter
are smaller.
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Fig. 3: Mean path length and success with random failures

An interesting case is what happens when a deliberate failure is provoked. In the
case of systems that follow a power-law, the worst case occurs when agents with high-
est degree (hubs) are disconnected. Figure 4a and 4b shows how ’sabotage’ affects the
performance of the search process. In this case, the path length increases due to only
a few highly connected hubs have been deleted and an alternative path exists. The per-
formance attending the number of successful searches decreases considerably as the
number of deleted hub increases.

6 Conclusions

The aim of this work is to provide an alternative to traditional approaches that deal
with the service discovery task in large-scale open SOMAS. Our proposal tries to over-
come drawbacks present in other centralized (bottlenecks, complexity, huge amount of
memory needed, global knowledge) and distributed (network traffic, congestion, coor-
dination effort, data consistency between distributed registries, update data) discovery
approaches. We consider that structures used in social networks facilitate the task of
locating agent services in a few steps using only local information. For that reason we
investigate the use of social networks as underlying structure of a service discovery
system. This structure is based on the concept of similarity between individuals, con-
sidering organization role and services, and uses semantics to calculate this similarity.
Furthermore, we provide several operations for the agents to be part of the system. An
evaluation of the search functionality compared to other traditional p2p strategies is also
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Fig. 4: Mean path length and success under ’sabotage’ conditions

provided. The behavior of the system under failure and ’sabotage’ circumstances have
been also evaluated. The results of the experiments show that the system is robust under
failure and that the search functionality performs well.
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Abstract. We introduce the modal system B2
T which is a multi-modal

language designed to talk about trust and belief of two agents. The belief
operators are based on modal system KS. This gives the main difference
with already known system BA introduced by Churn-Jung Liau [2] and
also carries its own intuitive meaning. As a main result we prove that
B2

T is sound and complete with respect to the given semantics, which is
a mixture of the Kripke and neighborhood semantics.

1 Introduction

In a notion derived from Plato’s dialogue Theaetetus, philosophy has tradition-
ally defined knowledge as justified true belief. The relationship between belief
and knowledge is that a belief is a knowledge if the belief is true, and if the
believer has a justification for believing it is true. Dropping out the part about
justification we can express this connection in a standard modal language by well
known translation Sp (splitting translation from S5 to KS), The main clause
of which states: Sp(Kp) = Bp ∧ p. Mainly because of this connection together
with some doxastic properties of the axiom system, the modal logic KS could
be adopted as a good concurrent to the classical doxastic logic KD45. First
introduced in the 1980s by Segerberg as a modal logic of some other time [8],
KS was rediscovered as a modal logic of inequality [5], [7] and recently it was
investigated as a doxastic logic which carries quite adequate properties for mod-
elling beliefs of agents [1]. In this paper we consider only those agents whose
doxastic properties are formalized in the modal logic KS.

Different types of trust have been proposed and studied in the disciplines
like philosophy, economics, computer science, etc. In this paper we focus on the
interrelation of trust and belief in the two agents case. On the one hand, we follow
the ideas introduced in [2], but on the other hand, we simplify the language in
a sense that we leave only two types of modalities: �i as a belief operator of
agent i and Ti,j for trust of agent-i in agent-j. So the logic B2

T we introduce is
especially designed to talk about belief and trust and their interrelation. As for
belief operators, as we already mentioned, they satisfy the axioms of KS and
this makes the main difference with the logic BA discussed in [2].

The paper is organized in the following way: In section 2 we recall the logic
KS, provide basic definitions and some known facts. In section 3 we introduce
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the logic B2
T and also give its semantics on Kripke’s structures. In the same

section we prove the main result of the paper which states that the logic B2
T is

sound and complete with respect to the given semantics.

2 The Modal Logic KS

In 1976 Krister Segerberg [8] explicitly formulated a modal logic KS in which
the diamond modality ♦ is interpreted as ”somewhere else”. In this section we
define the system KS and its Kripke semantics.

2.1 Syntax

Definition 2.11 The normal modal logic KS is defined in a standard modal
language with infinite set of propositional letters p, q, r, .. and connectives ∧,�,¬,

• The axioms are all classical tautologies plus three axioms containing modal
operators. Namely:

�(p→ q)→ �p→ �q,

�p ∧ p→ ��p,

p→ �♦p, where ♦p ≡ ¬�¬p.

• The rules of inference are: Modus-ponens, Substitution and Necessitation.

Observe that doxastic interpretation of the last axiom states that If p is true
then agent believes that it is not the case that he believes the negation of p.

It is an easy task to show that if we add axiom �p→ p to the KS we will get
the classical epistemic system S5. Following Smullyan [9] this means that if the
KS-reasoner is accurate (never believes any false proposition) then his beliefs
coincide with his knowledge.

2.2 Kripke semantics

Kripke semantics for the modal logic KS is provided by weakly-transitive and
symmetric Kripke frames. Below we give the definition of weakly-transitive re-
lation.

Definition 2.21 We will say that a relation R ⊆W ×W is weakly-transitive if
(∀x, y, z)(xRy ∧ yRz ∧ x 6= z ⇒ xRz).

Obviously every transitive relation is weakly-transitive also. Moreover it is
immediate to notice that weakly-transitive relations differ from transitive ones
just by the occurrence of irreflexive points in clusters. As you can see the frame
on the picture is weak transitive, but not transitive.
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x y

pic. 1

The picture represents the diagrammatic
view of Kripke structure, where irreflexive
points are colored by grey and reflexive ones
are uncolored. Arrows represent the relation
between two distinct points. So as we can
see yRx and xRy, but we do not have yRy,
which contradicts transitivity, but not weak
transitivity as y = y.

In the study of modal logic the class of rooted frames plays a central role.
Recall that a frame (W,R) is rooted if it contains a point w ∈W , which can see
all other points in W . That is R(w) ⊇ W − {w}, where R(w) is the set of all
successors of w. The class of all rooted, weakly-transitive and symmetric frames
can be characterized by the property which we call weak - cluster.

Definition 2.22 We will say that a relation R ⊆ W × W is weak-cluster if
(∀x, y)(x 6= y ⇒ xRy).

It is easy to see that every weak-cluster is just a cluster where we allow
irreflexive points. We will see the detailed characterization of finite weak-clusters
in the next section. The following proposition makes the link between weak-
clusters and rooted, weakly-transitive, symmetric frames.

Proposition 2.23 A frame (W,R) is rooted, weakly-transitive and symmetric
iff it is weak-cluster.

Proof. It is immediate that every weak-cluster is rooted, weakly-transitive and
symmetric frame. For the other direction let (W,R) be rooted, weakly-transitive
and symmetric frame. Let w ∈W be the root. Take arbitrary two distinct points
x, y ∈ W . As w is the root, we have: wRx and wRy. Because of symmetry we
get xRw. Now as R is weakly-transitive, from xRy∧yRw and x 6= y we get xRy.
Hence R is a weak-cluster.

For the sake of completeness we will just briefly state the main definitions,
like: Kripke model, satisfaction and validity of modal formulas. These definitions
are standard and can be found in any modal logic book.

Definition 2.24 The pair (W,R), with W an arbitrary set (set of possible
worlds) and R ⊆W ×W is called a Kripke frame.

If we additionally have a third component V : Prop ×W → {0, 1}, then we
say that we have a Kripke model M = (W,R, V ) (Here Prop denotes the set of
all propositional letters).

The satisfaction and validity of a modal formula are defined inductively. We
just state the base and modal cases here.

37



Definition 2.25 For a given Kripke model M = (W,R, V ) the satisfaction of a
formula at a point w ∈W is defined inductively as follows: w  p iff V (p, w) = 1,
the boolean cases are standard, w  �φ iff (∀v)(wRv ⇒ v  φ).

We will say that a formula φ is valid in a model (W,R, V ) if for every point
w ∈W we have w  φ. We will say that a formula φ is valid in a frame (W,R) if
it is valid in every model (W,R, V ) based on a frame (W,R). We will say that a
formula φ is valid in a class of frames C if φ is valid in every frame (W,R) ∈ C.

So far we defined the modal logic KS syntactically and we gave the definition
of weak-cluster relation. The following theorem links these two notions:

Theorem 2.26 [4] The modal logic KS is sound and complete w.r.t. the class
of all finite, irreflexive weak-cluster relations.

Mainly because of the theorem 2.26 the modal logic KS is called the modal
logic of inequality. As the reader can easily check the interpretation of box in
irreflexive weak-clusters boils down to the following: w  �φ iff (∀v)(w 6= v ⇒
v  φ).

3 Trust

In this section we extend the language for multi-agent case and in addition we
add modalities for trust. We restrict the language for the case with two agents
as far as the other cases (for finite agents) follow as an easy generalizations of
two agent case. We take the ideas from [2] and introduce modal logic which has
enough expressive power to talk about trust and belief. We do not consider the
same language as in [2], but just its fragment, since we are only interested in
interrelation between trust and belief. We give the semantics for this logic and
as a main result of the paper we prove the completeness of the described logic
with respect to the semantics. Main crucial difference from [2] lies in the fact
that the doxastic properties of agents follow KS axioms not KD45 axioms as
is classically adopted.

3.1 Syntax

The language consists of infinite set of propositional letters p, q, r, ..., connectives
∨,∧,¬,→, and modalities �1,�2 T1,2, T2,1

Axioms:Each �i satisfies KS axioms,

` T1,2p↔ �1T1,2p,
` T2,1p↔ �2T2,1p.

Rules of inference are: Modus ponens and substitution for each modality,
necessitation for �i where i ∈ {1, 2} and the following rule `p↔q

`Ti,jp↔Ti,jq
for each
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Ti,j with i, j ∈ {1, 2} and i 6= j.

The desired interpretation of Ti,jp carries the following idea: Agent-i trusts
agent-j about the claim p. In these settings the last two axioms have very in-
tuitive meaning, mainly: Agent-i trusts agent-j about the claim p iff Agent-i
believes that he trusts agent-j about p. Hence trust does not contradict one’s
beliefs. These are the only (very natural) restrictions we have on the interrelation
between trust and belief.

3.2 Semantics

Kripke semantics is provided by bi-relational Kripke frames together with two
neighborhood functions. More formally

Definition 3.21 A B2
T -frame F is a tuple (W,R1, R2, u1,2, u2,1), where:

W is a set of possible worlds,

R1, R2 ⊆W ×W are weakly transitive and symmetric relations,

u1 : W → PP (W ), u2 : W → PP (W ) are functions (neighborhood maps),
such that the following equalities take place: ui,j(w) =

⋂
v∈Ri(w) ui,j(v), for every

i, j ∈ {1, 2} where i 6= j.

B2
T -model is a pair M = (F, V ), where F is a B2

T -frame and V : Prop →
P(W ) is a valuation.

Definition 3.22 A satisfaction of a formula in a given B2
T -model M = (F, V )

and a point w ∈W is defined inductively as follows:
w  p iff w ∈ V (p),
w  ¬α iff w 6 α,
w  α ∧ β iff w  α and w  β,
w  �iα iff (∀w′)(wRiw

′ ⇒ w′  α),
w  Ti,jα iff |α| ∈ ui,j(w). Here |α| denotes the set {v|v  φ}.

A formula is valid in in a given B2
T -model if it is true at every point of the

model. A formula is valid in a B2
T -frame if it is valid in every model based on

the frame. A formula is valid in a class of B2
T -frames if it is valid in every frame

in the class.

Theorem 3.23 The logic B2
T is sound and complete with respect to the class of

all B2
T -frames.

Proof. The soundness easily follows by direct check as for completeness, the
proof is standard and therefore we just give a sketch.

Let W be the set of all maximally consistent subsets of formulas in a logic
B2
T . Let us define the relations R1 and R2 on W in the following way: For every
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Γ, Γ ′ ∈ W we define ΓRiΓ
′ iff (∀α)(�iα ∈ Γ ⇒ α ∈ Γ ′), where i ∈ {1, 2}.

The following lemma is proved in [4] when proving completeness of the logic
KS. It also directly follows from Sahlqvist theorem and the observation that
KS-axioms characterize the class of all weakly-transitive and symmetric frames.

Lemma 1. [4] Each Ri is weakly-transitive and symmetric.

So far we defined a set W with two weakly-transitive and symmetric relations
R1, R2 on it. Now we define functions u1,2 and u2,1 in the following way:

ui,j(Γ ) = {{Γ ′|φ ∈ Γ ′}|Ti,jφ ∈ Γ}.

It immediately follows that ui,j are functions defined from W to PP (W ). Before
we show that ui,j(Γ ) =

⋂
Γ ′∈Ri(Γ ) ui,j(Γ

′), for every i, j ∈ {1, 2}, where i 6= j
and every Γ ∈W , let us define the valuation and prove the truth lemma.

The valuation V is defined in the following way: V (Γ ) = {p|p ∈ Γ}.

Lemma 2 (Truth). For every formula α ∈ B2
T and every point Γ ∈ W of the

canonical model, the following equivalence holds: Γ  α iff α ∈ Γ.

Proof. The proof goes by induction on the length of formula. Base case follows
immediately from the definition of valuation. Assume for all α ∈ B2

T with length
less then k holds: Γ  α iff α ∈ Γ.

Let us prove the claim for α with length equal to k. If α is conjunction
or negation of two formulas then the result easily follows from the definition of
satisfaction relation and the properties of maximal consistent sets, so we skip the
proofs. Assume α = �iβ and assume Γ  α. Take a set B = {γ|�iγ ∈ Γ}∪{¬β}.
The sub claim is that B is inconsistent. Assume not, then there exists Γ ′ ∈ W
such that Γ ′ ⊇ B. This by definition of the relation Ri means that ΓRiΓ

′. Now as
¬β ∈ Γ ′, by inductive assumption we get Γ ′  ¬β. Hence we get a contradiction
with our assumption that Γ  �iβ. So B is inconsistent. This means that there
exists γ1, γ2, ...γn ∈ B such that ` γ1 ∧ γ2 ∧ .. ∧ γn → β. Applying necessitation
rule for �i we get ` �iγ1 ∧ .. ∧ �iγn → �iβ so Γ ` �iβ, hence we get that
�iβ ∈ Γ .

We just showed the left-to-right direction of our claim for α = �iβ. For the
right-to-left implication assume that �iβ ∈ Γ . By definition of Ri for every Γ ′

with ΓRiΓ
′ we have β ∈ Γ ′. From this by inductive assumption it follows that

Γ ′ ` β. So we imply that Γ  �iβ.

Now assume α = Ti,jφ. Assume Γ  Ti,jφ. By definition this means that
|φ| ∈ ui,j(Γ ). Hence there exists β such that {Γ ′′|β ∈ Γ ′′} = |φ| with Ti,jβ ∈ Γ .
This means that we have ` β ↔ φ in B2

T . Hence by the rule for trust modality
we have ` Ti,jβ ↔ Ti,jφ. But the last implies that Ti,jφ ∈ Γ .

Conversely assume that Ti,jφ ∈ Γ this implies that {Γ ′′|φ ∈ Γ ′′} ∈ ui,j(Γ ).
Now by inductive assumption we know that Γ ′′  φ iff φ ∈ Γ ′′ hence |φ| ∈
ui,j(Γ ). Hence Γ  Ti,jφ.
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Now let us show that the model we constructed falls into the class of B2
T -

models. The only thing left to show is the following equality:

ui,j(Γ ) =
⋂

Γ ′∈Ri(Γ )

ui,j(Γ
′).

Assume X ∈ ui,j(Γ ). This means that X is of the form {Γ ′′|φ ∈ Γ ′′} for
some φ with Ti,jφ ∈ Γ . Because of the B2

T axioms and because Γ is maximally
consistent set, we imply that �iTi,jφ ∈ Γ . From this we imply that Ti,jφ ∈ Γ ′

for every Γ ′ ∈ Ri(Γ ). Now by definition of ui,j this means that {Γ ′′|φ ∈ Γ ′′} ∈
ui,j(Γ

′) and as Γ ′ was arbitrary member of Ri(Γ ), we get that X = {Γ ′′|φ ∈
Γ ′′} ∈

⋂
Γ ′∈Ri(Γ ) ui,j(Γ

′).

Conversely assume some set X ⊆W belongs to
⋂
Γ ′∈Ri(Γ ) ui,j(Γ

′). By defini-

tion this means that there exists a formula φ such that Ti,jφ ∈
⋂
Γ ′∈Ri(Γ ) Γ

′ and

X = {Γ ′′|φ ∈ Γ ′′}. Now as far as (∀Γ ′)(ΓRiΓ
′ ⇒ Ti,jφ ∈ Γ ′) by truth lemma

we get that (∀Γ ′)(ΓRiΓ
′ ⇒ Γ ′  Ti,jφ). Hence Γ  �iTi,jφ. Now applying

axioms for trust modality we get that Γ  Ti,jφ and hence X ∈ ui,j(Γ ). This
completes the proof.

4 Conclusions

As a conclusion we mention that the logic described is very much alike to the
fragment of BIT defined in [2] and techniques used are also much similar. The
only motivation for considering B2

T and hence moving from ”KD45-reasoner” to
”KS-reasoner” lies in the future perspective to generalize the semantics of the
logic and impose topology instead of neighborhood maps. It is well known that
KS has much closer connection with topology then KD45. As a future work we
use the system PρLog [3] to implement a reasoner for reasoning questions in the
B2
T .
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Abstract. Service matchmaking is an integral link of service discovery,
composition, invocation and other similar task under Service-Oriented
Architecture (SOA). Most current approaches measure the degree of
match of two service based merely on their I/O pairs which could leads
to false result. This paper presents an approach for matchmaking in Se-
mantic Web Services (SWS) that considers each service as a sub-graph
of semantic network, which is formed by inputs, outputs, pre-conditions
and post-condition, with contribution of syntactical information such as
keywords from the service description. Thus the similarity between ser-
vices is defined as the similarity between two sub-graphs. The aim of this
approach is to reveal the internal work flow and intention of services, i.e.
behaviors, thus it agrees with human intuition to a larger extent than
previous approaches.

1 Introducction

The original intention of adding semantic annotations to web services is to
improve the automation of services discovery, selection, invocation and inter-
operation by letting service descriptions to be machine-processable [7]. One in-
tegral part of such automation is matchmaking among services.

Various approaches have been proposed in previous studies. Without con-
cerns about semantics of its components, one primitive method to calculate the
similarity of services is based on the syntactical information - e.g. keywords,
tag-clouds and textual descriptions.

For services with semantic information, inputs/outputs (I/O) matching is a
common method for measuring the similarity. Inputs and outputs of a semantic
service are instances of ontological concepts, the similarity of two services is
determined by the minimal distance in the taxonomy tree between corresponding
concepts of I/O pair, the result is a degree of semantic simialrity, such as exact,
plug-in and subsumes [6]. Some studies, such as [5], aimed to achieve higher
robustness and precision by combining both.

More recently, various graph based approaches have been proposed. In [4],
a service was considered as a composition of processes and thus could be rep-
resented as a finite-state machines (FSMs), the similarity between services was

? Work partially supported by the Spanish Ministry of Science and Innovation through
grants TIN2009-13839-C03-02 and CSD2007-0022(CONSOLIDER-INGENIO 2010)
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defined as the similarity between two FSMs. Like other similar graph-based ap-
proaches [[3,2],[3,2]], it concentrated on structural similarity of services instead
of the semantic similarity of atomic units of functionality.

This paper presents a novel but preliminary approach for service matchmak-
ing. The main notion behind this approach is that a service could be considered
as a sub-graph of a semantic network, which maps input concepts to output
concepts via elements specified in preconditions, post-conditions or retrieved
from textual description, it reveals the behavior of service that could be a more
intuitive option for calculating the degree of match of services.

2 Motivation

Although an appropriate measurement of degree of match is difficult to define,
it is consensus that the result of matching should agree with human intuition.
Inputs and outputs sometimes may not provide sufficient information about
service’s behavior, and replying solely on them may lead to false result. An
example is presented in the rest of this section.

Thing

Date

Publication

Person

Expression

Music

Price

Book

Journal

Newspaper

Writer

Publisher

Reader

Title

Text

Novelist

Journalist

Composer

Novel

Short_story

Article

Newspaper_article

hasPrice

composedBy

datePublished

writtenBy

writtenBy

writtenBy

publishedBy

contains

contains

isTitled

isTitled

isTitled

reads

hasBirthday

Fig. 1. An ontology of publications with 22 concepts and 10 relations, brown solid lines
represent subsumption relations.
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Figure 1 1 illustrates an ontology of publication1 with 22 concepts and 10
relations connecting them. Table 1 presents three services using this ontology.
Every service description used in this paper is a quintuple (T; I;O; P;Q), where:

– T is the syntactical information of service, such as description, key-words,
etc.

– I is a set of input concepts.
– O is a set of output concepts.
– P is a set of predicates that must be true prior to the invocation of the

service, i.e. preconditions. These predicates are relations between concepts
defined in ontology, such as writtenBy(Book, Writer).

– Q is a set of predicates that must be true after the execution of the service,
i.e. post-conditions. Same as for P, these predicates are relations defined in
ontology as well.

S1 =



T returns the birthday of a given novelist

I {Novelist, Novel}
O {Date}
P writtenBy(Novel, Novelist)

Q hasBirthday(Novelist, Date)

S2 =



T the date of publish of a writer′s first book

I {Writer, Book}
O {Date}
P writtenBy(Book, Writer)

Q datePublished(Book, Date)

S3 =



T published date of a novelist′s premier work

I {Novelist, Novel}
O {Date}
P writtenBy(Novel, Novelist)

Q Ø

Fig. 2. Services using ontology of publication

By using I/O matching approaches, matchmaker will not be able to distin-
guish between S1 and S3 as their inputs and outputs are identical, thus these
two services matches exactly, even though the functionality of these two services
are different. On the other hand, S2 would give a lower degree of match against
S3 despite they are more similar behaviorally.

Therefore the aim of our approach is to overcome above limitations by ex-
ploiting the behavioral information of services.
1 This ontology is partially adopted from “books.owl” of OWL-TC3
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3 Service Behavioral Graph (SBG)

To exploit the behavioral information of a service, we consider a service as a func-
tion that maps its inputs to outputs. In SWS, inputs and outputs are ontological
concepts, this mapping is defined by relations in the same domain ontology. As
an ontology can be represented by multi-relational graph where each vertex de-
notes a concept and each edge denotes a relation between concepts, a service
thus can be further considered as a sub-graph of an ontology. More formally,

Definition 1. if G = (V × E ⊆ (V × V )) where V is the set of concepts and
E is the set of relations of heterogeneous types, is a multi-relational graph of
an ontology, then service S is denoted as GS =

(
V

′
, E

′
)

where V
′ ⊆ V and

E
′ ⊆ (V

′ × V
′
) ⊆ E

′
.

This graph is referred as service behavioral graph (SBG) in this paper, it can
be discovered from the ontology graph using critical elements and behaviorally
correct path defined in the following sections. Algorithm 1 is the pseudo-code
for SBG discovery2, details can be found in Section 3.3.

An example can be seen in Figure 3, the elements in blue of the graph depict
the SBG of S1 defined in Figure 2.

3.1 Critical Elements

We have mentioned in the beginning of this section that the mapping from inputs
to outputs is defined by the relations in the domain ontology, this mapping is,
in fact, a set of paths from input concepts to output concepts, consisting one
or more relations. There may exist multiple paths between a pair I/O concepts,
therefore, finding proper paths is critical for describing the the service’s behavior
correctly.

Such paths is determined by several components in the ontology, which can
be concepts or relations, they are referred as critical elements in this paper.
P(Precondition), Q(Post-condition) and T(Syntactical information) of service
description may offer some clues to these critical elements.

Syntactical Information Syntactical information is valuable for revealing ser-
vices’ behaviors. For example, even though S1(I,O) = S3(I,O), the textual
descriptions (T) differ these two services at human-readable level. To find
the critical elements, syntactical information and ontological components’
identifiers (besides those in I/O sets) need to processed using Information
Retrieval techniques to transform into a set of keywords with irrelevant words
and morphological variants removed. Then components with keywords ap-
peared in the syntactical information of the service is considered to be a
critical element. For example, in S2, relation datePublish, concepts Date,

2 We do not concentrate on finding the shortest behaviorally correct path in this paper,
various existing approaches on shortest path problem can be adopted with minimal
effort.

46



Publication, Writer and Book are identified as a critical elements as the
word “publish”, “date”, “writer” and “book” have appeared in S2(T ).

Preconditions The preconditions is a set of predicates that must be true be-
fore the service can be invoked. It is not concerned with the behavior of
the service, but indicate the relations among input elements. An inputs
sub-graph of service behavioral graph can be formed. For example, in S2,
(Book,writtenBy,Writer) is the inputs sub-graph of service behavioral
graph.

Post-conditions The post-conditions is a set of predicates that must be true
after the execution of the service. These predicates often connect input ele-
ments with output elements, hence reveal valuable information.

3.2 Behaviorally Correct Path (BCP)

To connect inputs with outputs, a path containing critical elements defined in
the previous section needs to be find, we refer this path as a behaviorally correct
path (BCP).

In semantic networks, concepts are usually connected by heterogeneous links,
including hierarchical relations as well as other relations. There may exist mul-
tiple paths with same length (in term of number of edges) from on concept to
another. For similarity measuring purpose, it is necessary to have unique path
between two elements, and such path should not only contain the critical ele-
ments, but also be semantically correct.

In [1], Aleksovski et al. considered a path to be semantically correct if and
only if no hierarchical links appear after a non-hierarchical one. For example,
in Figure 1, a path {ShortStory, is_a, Book, writtenBy, Writer} is semantically
correct, while {ShortStory, is_a, Book, writtenBy, Writer, is_a, Person} is not.

In practice, however, there is a high possibility that no semantically correct
path exists between two concept using Aleksovki’s definition. Therefore, for the
purpose of this paper, we define a behaviorally correct path as:

Definition 2. A behaviorally correct path is a path in semantic network be-
tween two concepts containing critical elements with maximum one turn from
non-hierarchical relation to hierarchical relation.

And two assumptions must be hold to ensure the existence of a BCP:

1. Any relation in an ontology is at least partially symmetric.
This assumption implies that if a relation exists between two concepts, then

there also exists an inverse relation between same two concepts which is at least
partially symmetric.

2. All relations are inheritable from a super-concept to a sub-concept.
This assumption implies that if there exists a relation p between concepts

x and y, i.e. p(x, y), and is_a(z, x), then p(z, y). This eliminates sequence of
subsumption relation that might be appeared in the beginning of a BCP and
also reduces the length of BCP.

Together, Definition 2, Assumption 1 and 2, ensure that there always exist a
behaviorally correct path between two concepts.
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Fig. 3. SBG of service that returns a novelist’s birthday in blue

3.3 Algorithm

Algorithm 1 presents how a SGB is discovered. In line 3, inputGraph denotes
a graph formed by input concepts and preconditions. CriticalElements in line 4
determines the critical elements described in Section 3.1, this procedure can be
implemented using IR techniques. Variable P at line 6 denotes a set of paths
from a input concept to output concept via various relations, these concepts and
relations are elements of the set of critical elements CES. The final result SBG
is a union of all shortest paths connecting critical elements and inputGraph.

4 Calculating Similarity

The similarity of services is defined as the similarity of their corresponding SBGs.
As sub-graphs of a semantic network, SBGs are multi-relational graphs, which
can be represented by binary 3-way tensor.

A tensor is an object that extends the notion of scalar, vector and matrix to
higher orders. A single-relational graph has representation of a adjacent matrix
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Algorithm 1 Algorithm for SBG discovery.
1: procedure SBG(S) . S is the service description quintuple
2: SBG← ∅
3: inputGraph = (SI , SP )
4: CES ←CriticalElements(SP , ST , SQ) . critical elements
5: for ∀i ∈ CES ∩ SI , R = CES ∩ (SP ∪ SQ), o ∈ CES ∩ SO do
6: P ← BCP(i, r, o) . set of behaviroally correct paths
7: SBG← (SBG ∪ (argmin

p∈P
(| p |)) . shortest path

8: end for
9: return SBG ∪ InputGraph(S)
10: end procedure

that can be seen as a 2-way tensor, if we consider a multi-relational graph as
a union of multiple single-relational graphs, it thus can be represented using a
3-way tensor. A tensor representation of an ontology with n concepts and m
relations is

A ⊆ {0, 1}n×n×m

where

Ak
i,j =

{
1 if (i, j) ⊆ Ek, k < m

0 otherwise

Figure 4 illustrates such tensor in a visualized form.
An intuitive approach for calculating the similarity between two tensors is

subtraction, as two services share same ontology, the order of tensors of services
are equal. The result of subtraction will be a tensor of symmetric difference
of two SBGs. Under service discovery scenario, a service request is compared
against a candidate service advertisement:

SBGDiff(SR, SA) = SBG(SR)− SBG(SA) (1)
inputGraphDiff(SR, SA) = InputGraph(SR)− InputGraph(SA) (2)

where SR and SA are service request and service advertisement tuples re-
spectively. Since the SBGs and InputGraphs are binary three-way tensor, the
result tensor is R = (−1, 1, 0)n×n×m where each -1 indicates an element appear
in service advertisement only, 0 indicates an common elements and 1 indicates
an element appear in service request only.

We further define six degrees of match based on this resulting tensor. Let
D denotes the symmetric difference tensor between SBGs of service request SR

and service advertisement SA; G denotes the symmetric difference tensor of In-
putGraphs. The degrees of match of a service request and service advertisement
are,
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Fig. 4. 3rd-order tensor representation of an ontology with n concepts and m relations

Exact SR exactly matches SA ⇐⇒ ∀d ∈ D : d = 0. This degree indicates
that two services match exactly at both behavioral and structural level.

Tail-match SR is Tail-match with SA ⇐⇒ ∀d ∈ D : d ≥ 0 ∧ d ∈ G.
This degree indicates that service request provides extra excessive inputs
but matches with service advertisement’s behaviors and outputs.

Head-Match SR is Head-aligned with SA ⇐⇒ ∀g ∈ G : g = 0 ∧ ∀d ∈
D : d ≤ 0 ∧ ∀or ∈ SR

O∃oa ∈ SA
O : or > oa. This degree indicates that service

request requires only a subset of advertisement’s outputs but matches its
behaviors and inputs.

SubgraphOf SR is a sub-graph of SA ⇐⇒ ∀d ∈ D : d ≤ 0. This degree
indicates that the SBG of service request is a sub-graph of service adver-
tisement, which cannot be invoked directly but might be padded through
service composition.

Subsumes SR subsumes SA ⇐⇒ ∀d ∈ D : d ≥ 1. This degree implies that
the service advertisement is a subgraph of request, invocation might be done
after service composition.

Fail SR does not matches SA.

The service advertisements that match with service request on first three degrees
are invokable while the following two degrees, subgraphof and subsumes, require
extra units of functionality,i.e. services, to be participated.

5 Conclusion and Future work

This paper presents a novel but preliminary approach of calculating the similarity
between two services. This approach intends to reveal the behavioral informa-
tion of services, and by comparing their similarity to achieve higher accuracy,
robustness and in agreement with human intuition. The main notion behind this
approach is that we consider a service as a sub-graph of semantic network that
connects its inputs concepts and output concepts via critical elements, referred
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as Service Behavioral Graph (SBG). We use syntactical information and condi-
tions to determine the critical elements, and a SBG is discovered by exploiting
these elements. The similarity of services is defined as six degrees of match in
this paper based on the differences between two SBGs. In practise, services do
not often belong to the same ontology, alignment needs to be performed in case
of multiple ontologies are participated in matchmaking.

Experiments with actual realistic test cases are necessary to access the prac-
ticability of our approach. One expectable limitation of our approach is that it
depends on the quality (in term of richness) of the ontology to a large extent,
which is highly unstable in practise. Our future work includes implementation,
experiments and evaluation of this approach, also solving open issues such as
diminish the deviation caused by the instability of the quality of ontologies and
refine the degree of match.
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Abstract. Knowledge and best practices on auction systems are cur-
rently disseminated across the research literature, which limits its access,
reuse, evaluation and feedback by practitioners. This article presents a
systematic approach to collect this knowledge as design patterns, in order
to provide assistance to software developers. An ontology has been de-
fined for formalising design patterns in auction systems, with the aim of
improving its searchability by software developers. Finally, a case study
illustrates how the proposed pattern ontology provides assistance in the
development of a dynamic pricing model for an e-commerce service.

1 Introduction

Auctions provide a market system model that enable the exchange of resources
on the basis of supply and demand. They have proved to be an effective model
for dynamic pricing of resources in different scenarios such as electronic com-
merce [1], resource allocation [2], service pricing [3] or sponsored search pric-
ing [4].

Nevertheless, software engineers have few available resources that provide
them support in the design of auction mechanisms and automatic bidders, since
current knowledge and best practices on auctions are disseminated across re-
search publications. It is a good practice to identify the elements of good and
reusable designs in auctions, and provide a systematic framework for formalising
the experience with these designs. This is precisely the role of design patterns [5],
which describe general reusable solutions to commonly recurring problems in
software design. The notion of design patterns was originated in the object-
oriented software engineering community and has been widely accepted by this
community, having a strong impact on how object-oriented software is designed,
implemented and communicated nowadays.

The purpose of this article is to provide a structured and formalised schema
for describing design patterns in the field of agreement technologies and validate
it through its application in the domain of auctions.

The rest of the article is organised as follows. Section 2 presents an ontol-
ogy for describing agreement patterns, in order to provide standard facilities
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for retrieving patterns based on the user requirements. This agreement patterns
ontology has been linked with an auction domain ontology for describing the
main concepts of the auction domain, in order to provide a common language
for describing the auction patterns. In order to show the applicability of our ap-
proach, a case study is developed within section 3. Finally, section 4 summarises
the main contributions of this paper and the future research activities.

2 Modeling an Ontology for Auction Patterns

Even though design patterns are usually expressed in natural language, several
works have proposed its formalisation in order to provide tool support for con-
sulting a pattern catalogue and guide developers in its application. Ontologies [6]
have been considered as a natural formalisation technique that enables an infras-
tructure for sharing and interconnecting semantically pattern languages in the
web. Several works have used ontologies [7] for formalising both the structure of
the patterns [8,9] (how to apply the pattern) as well as its intention (when to
apply the pattern) [7,10].

This article presents an ontology for formalising the intention of agreement
patterns in order to improve its findability. The ontology is organised into three
levels as shown in fig. 1 which are detailed below. The first level defines an
ontology (APO) for agreement patterns (section 2.1), with the aim of facilitat-
ing the searchability of the patterns by software developers. A domain ontology
(AUTERMS) for the auction domain (section 2.2) provides the common termi-
nology for describing auction patterns. Finally, an ontology (AUPA) has been
defined for describing the auction patterns (section 2.3) . This ontology extends
the APO ontology and is described using the AUTERMS ontology.

Fig. 1. Layers of the Auction Pattern Ontology

2.1 The Agreement Pattern Ontology (APO)

Agreement patterns [11] provide a way to collect best practices for reaching
agreements in a structured way. In this section, the Agreement Patterns Ontology
(APO) is introduced in order to catalogue agreement patterns. This catalogue
should support developers in choosing a pattern for a given problem.

In order to determine the scope of the ontology, the ontology should be able
to answer the following competency questions [12]:
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– Which design patterns can solve a given problem?
– Which design patterns can solve a given problem and are applicable in a

given context?
– Which design patterns are related to a given domain concept?
– Which design patterns are available for a given task?

The proposed ontology is based on the structure of the DPIO ontology[7].
That ontology describes the relationship between patterns and problem types,
which are described by problem constraints. We have extended DPIO by focusing
on pattern constraints, instead of problem type constraints.

apo:Concept

apo:Constraint

apo:Pattern

apo:relatedConcept

apo:hasConstraintapo:relatedPattern

apo:ArchitecturalPattern
isA

apo:OrganisationalPattern

isA

apo:BehavioralPattern

isA

apo:ProblemType
apo:solves

Fig. 2. Ontology for agreement patterns

The structure of the APO ontology is depicted in fig. 2. The main relation-
ships of the core ontology are described below. A Pattern can solve one or more
ProblemTypes and is applicable only if some Constraints are fulfilled. A Pattern
can be related with other Patterns. Domain Concepts can be related with one or
more ProblemTypes and one or more Patterns. Patterns are organised according
to the task they solve into:

– Organisational Patterns. These patterns collect social structure patterns
which define the norms, social and interaction model [13] which form the
society as a whole, and which determine, to some varying degree, the ac-
tions of the individuals socialised into that structure.

– Behavioural Patterns. These patterns collect individual behaviours of the
participants in the agreement in order to satisfy a goal.

– Architectural Patterns. These patterns describe architectural patterns de-
scribing the software architecture of the participants in the agreement.

2.2 The Auction terms Ontology (AUTERMS)

The objective of the Auction Terms Ontology (AUTERMS) is modelling the
auction domain in order to provide a common vocabulary for describing auc-
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tion patterns. Previous work have also proposed ontologies in the negotiation
domain [14,15,16], and have been extended to the auction domain, but we have
not found a specific ontology in the auction domain. We have modelled a basic
ontology based mainly on the auction patterns proposed by Ré [17], the research
survey on auctions by Parsons et al. [1] and the ontology for the agent trad-
ing competition developed by Wellman [18]. The core structure of the proposed
ontology AUPA is shown in fig. 3.

aupa:Participant aupa:Resource

aupa:AuctionHouse

aupa:registeredUsers

aupa:Auction

aupa:manages

aupa:offers aupa:AuctionProtocol

aupa:auctionType

aupa:Bid

aupa:hasBids

aupa:AuctionProperty

hasPropertyaupa:madeBy aupa:offers

Fig. 3. Auction Ontology

The main concepts of this ontology are AuctionHouse, Auction, Participant,
AuctionProtocol and AuctionProperty. Auctions are a negotiation process in
which different Participants exchange information in the form of Offers in or-
der to obtain a Resource. Those Auctions are placed in different AuctionHouses
which represents the auctioneer of an Auction. An AuctionHouse has the respon-
sibility of sharing Auction information between different Participants following
the rules of a specific AuctionProtocol. An AuctionProtocol represents which Auc-
tionProperties must be meet in a specific Auction. An AuctionProperty helps to
classify an AuctionProtocol in order to find the most suitable based on the prob-
lem constraints.

2.3 Auction pattern Ontology (AUPA)

Previous works have also proposed the usage of design patterns in agreement
technologies and auctions. Iglesias et al. [11] propose Agreement Patterns for
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formalising recurring solutions to agreement problems. Ré et. al. [17] propose
auction patterns from an object oriented perspective. In the field of multiagent
systms, Oluyomi [19] proposes a classification scheme for agent oriented patterns
which is applied to a relevant number of agent patterns. Jureta et al. [20] describe
three agent oriented patterns in the auction domain.

Fig. 4. Auction Pattern Catalogue

This article extends the work developed by Iglesias et al. [11] in order to
organise, identify and describe semantically auction patterns as a specific family
of agreement patterns. In order to validate our approach, several patterns have
been formalised within this ontology. Fig. 4 shows these patterns grouped by
the related Concept in the domain on AUTERMS ontology. In addition, the
auction patterns are classified in Architectural, Organisational and Behavioural
according to the APO Ontology.

The pattern catalogue includes the following patterns:

– Organisational: AuctionPattern, English Auction, Dutch Auction, Vickrey
Auction, First Price Sealed Auction

– Architectural: Lying Agent [21], AA Agent [22], Basic Negotiation Agent [19]
– Behavioural: Proxy Bidding [20], Sniping, Dispute Resolution [20], Pay-

ment [20], Fraud Detection [20], Colussion, Estimate Market Value.

In order to illustrate how auction patterns are described, the pattern Vickrey
Auction is described in natural language in table 1, while its semantic description
is depicted in fig. 5 and fig. 6. The ontology has been defined using the ontology
editor Protégé [23]. Thanks to the semantic description, the catalogue can be
consulted and filtered according to the user constraints, as described in section 3.
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Name Vickrey auction
Alias Second-price sealed-bid auction.
Keywords Auction, service pricing.
Problem Type Resource assignation.
Problem Auction of multiple similar resources, or items, in which

participants should be encouraged to share their true valu-
ation using incentives.

Context There are different consumers willing to get the resources,
and the real value of the resource is not known.

Solution This auction is defined by the next properties, as seen on
fig. 5 :
– One round: Bids are received in a unique round, which

last until all participants have made their offer, or until
a specific time.

– Sealed: Offers are not visible, in any mean, to partici-
pants, until the auction has finished.

– Multiple items per bid: Offers should be for more
than a resource, and associated with a price. Only an
unique bid per participant.

– Second pricing: the highest n bids are awarded the re-
source and pay a price equal to the n+1 highest amount
bid.

– Incentive compatibility: Each participant maxi-
mizes its expected utility, by revealing their true valua-
tion, as final price is not dependant on the offer made,
but in the last highest offer. Also, in scenarios with dif-
ferent auctioned resources, a preference assignation of
resources, will be an incentive to bid as high as possi-
ble [24].

The most important advantage of this auction, is that sell-
ers don’t require to have knowledge about buyers willing-
ness to pay. Because of that, this auction is highly suitable
in scenarios without that information.

Examples Mobile spectrum assignment[1], Internet advertising[25].
Related patterns Sealed auction, Fake bidding.

Table 1: Vickrey Organisational Pattern in Natural Language

3 Case study

In order to illustrate the practical application of agreement patterns, this section
describes a case study consisting of the development of an opera ticket selling
service.
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Fig. 5. Screenshot of Protégé of the semantic description of the Vickrey Pattern

<owl:Class rdf:ID=" VickreyAuctionPattern">

<rdfs:subClassOf rdf:resource ="# AuctionPattern "/>

<rdfs:subClassOf >

<owl:Class rdf:about ="# OrganisationalPattern "/>

</rdfs:subClassOf >

<rdfs:subClassOf >

<owl:Restriction >

<owl:onProperty >

<owl:ObjectProperty rdf:about ="# hasConstraint "/>

</owl:onProperty >

<owl:hasValue rdf:resource ="# ManyParticipants "/>

</owl:Restriction >

</rdfs:subClassOf >

<rdfs:subClassOf >

<owl:Restriction >

<owl:hasValue rdf:resource ="# DivisibleResources "/>

<owl:onProperty >

<owl:ObjectProperty rdf:about ="# hasConstraint "/>

</owl:onProperty >

</owl:Restriction >

</rdfs:subClassOf >

// similar restrictions for #FixedProtocol , #SealedNegotiation ,

// and #UnidirectinalInformationExchange

Fig. 6. OWL class of Vickrey Auction Pattern

59



An opera thether desires to maximize its benefit from sold tickets, which are
sold by different online enterntainment ticket selling services. Several strategies
for offering this service are available, such as defining a fixed pricing policy based
on position of the seat or dynamic pricing based on an auction protocol. The
opera theather desires to explore this second alternative.

In order to evaluate the ontology, we are going to review the competency
questions enumerated in section 2.1, translate these consults into formal ques-
tions in SPARQL, and evaluate the result set of the queries.

Which design patterns can solve a given problem?. In our case, we are in-
terested in consulting all the organisational patterns that solve the problem
Resource Allocation. Fig. 7 shows the corresponding SPARQL query. The result
set contains all the Organisational Auction Patterns of the ontology. In a full
version of the ontology we could obtain other patterns not related with auctions,
such as bargaining.

SELECT DISTINCT ?pattern

WHERE {

?pattern rdfs:subClassOf apo:OrganisationalPattern.

?pattern rdfs:subClassOf apo:Pattern.

?pattern rdfs:subClassOf [

rdf:type owl:Restriction;

owl:someValuesFrom apo:ResourceAllocation;

owl:onProperty apo:solves

].

}

Fig. 7. SPARQL query for organisational patterns for resource allocation problem

Which design patterns can solve a given problem and are applicable in a given
context?. The results of the previous query can be filtered specifying constraints.
In our domain, opera seats are auctioned. We can decide whether opera seats
are divisible or indivisible. In our case, we can sell all the seats for each opera
performances, but each seat can be sold at a different price, so we add the
constraint DivisibleResource. Fig. 8 shows the corresponding SPARQL query,
which would return the Vickrey Auction Pattern.

Which design patterns are related to a given domain concept?. In our domain,
we could be interested in which design patterns are related with the Auction
House concept as shown in Figre 9.

Which design patterns are available for a given task?. In case we desire to
define the architecture of a bidder, we can query the Architectural Patterns
related with the concept Participant (Fig. 10).

60



SELECT DISTINCT ?pattern

WHERE {

?pattern rdfs:subClassOf apo:Pattern.

?pattern rdfs:subClassOf apo:OrganisationalPattern.

?pattern rdfs:subClassOf [

rdf:type owl:Restriction;

owl:someValuesFrom apo:ResourceAllocation;

owl:onProperty apo:solves

].

?pattern rdfs:subClassOf [

rdf:type owl:Restriction;

owl:hasValue apo:DivisibleResources;

owl:onProperty apo:hasConstraint

].

}

Fig. 8. SPARQL query for organisational patterns of resource allocation of divisible
resources

SELECT DISTINCT ?pattern

WHERE {

?pattern rdfs:subClassOf apo:Pattern.

?pattern rdfs:subClassOf [

rdf:type owl:Restriction;

owl:someValuesFrom auterms:auctionHouse;

owl:onProperty apo:relatedDomainConcept

].

}

Fig. 9. SPARQL query for design patterns related with the Auction House Concept

SELECT DISTINCT ?pattern

WHERE {

?pattern rdfs:subClassOf apo:Pattern.

?pattern rdfs:subClassOf apo:ArchitecturalPattern.

?pattern rdfs:subClassOf [

rdf:type owl:Restriction;

owl:someValuesFrom auterms:participant;

owl:onProperty apo:relatedDomainConcept

].

}

Fig. 10. SPARQL query for architectural patterns related with the concept Participant
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4 Conclusions and future work

Design patterns can contribute to promote knowledge reuse and advance in the
field of agreement technologies, since the expertise of practices is formalised and
can be easily shared among practitioners, allowing them to share their expe-
riences and understand better the advantages. limitations and applicability of
these patterns.

In this paper, several auction patterns have been identified in the research
literature and described and classified according to a pattern form. In addition,
a domain ontology for auctions has been defined in order to provide automated
reasoning on the application of patterns.

Current work is focused on several directions. First, our aim is progressing on
the formalisation of the patterns themselves in order to provide and ontology-
based design pattern repository as [26,27,7]. Second, since the targeted users
of this research are software developers, our goal is providing at hand support
during their development tasks, through the integration of this tool in a stan-
dard IDE such as Eclipse or Netbeans. In addition, this paper has presented
an initial set of identified patterns, and our aim is enlarging this set, analysing
available systems and documented practices as well as with the cooperation of
other researchers and users.
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