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INTRODUCTION TO THE SPECIAL ISSUE ON PRINCIPLES AND PRACTICES IN
MULTI-AGENT SYSTEMS

Agent-based Computing addresses the challenges in managing distribed computing systems and networks
through monitoring, communication, consensus-based decision-making dncoordinated actuation. As a result,
intelligent agents and multi-agent systems have demonstrated the caghility to use intelligence, knowledge
representation and reasoning, and other social metaphors like 'trust’;game' and 'institution’, to not only address
real-world problems in a human-like way but to transcend human perbrmance. This has had a transformative
impact on many application domains, particularly e-commerce, but also on fanning, logistics, manufacturing,
robotics, decision support, transportation, entertainment, emergemwry relief & disaster management, and data
mining & analytics. As one of the largest and still growing research elds of Computer Science, agent-based
computing today remains a unique enabler of inter-, multi- and trans-disciplinary research.

This special issue provides a selection of papers concerning théate-of-the-art research in multi-agent
systems. Although the idea was initiated at 17th International Conferene on Principles and Practice of Multi-
Agent Systems, an open call allowed any researcher working on related tags to submit a paper for review.

This special issue features four articles:

The article entitled "Combining PosoMAS Method Content with Scrum: Agile Software Engineering
for Open Self-Organising Systems" by Jan-Philipp Steghefer, Helh Seebach, Benedikt Eberhardinger,
Michael Habschmann, Wolfgang Reif proposes PosoMAS-Scrum, an agile ageoriented software engi-
neering process for developing large-scale open self-organisingteyss. The authors also demonstrate
how this method can be applied in a development e ort and compare it wih existing approaches.

The article entitled "Modelling Dynamic Normative Understanding in Agent Societies" by Christopher
Konstantin Frantz, Martin K. Purvis, Bastin Tony Roy Savarimuthu, M ariusz Nowostawski proposes
an approach to build up normative understanding from the bottom up without using any prior knowl-
edge. Their approach combines both existing institution represerdtions (the structure) with a norm
identi cation process

The article entitled "A Multi-Agent Approach for Trust-based Service Discovery and Selection in Social
Networks" by Amine Louati, Joyce El Haddad, Suzanne Pinson proposes an approado use multi-agent
systems to model the service discovery and selection proces$he authors present a trust model for
social networks which supports agents in determining trustworthy service providers and allows agents
to reason about trust in their distributed decision-making process.

The article entitled "Multi-Objective Distributed Constraint Optimization using Semi-Rings" by Gra-
ham Billiau, Chee Fon Chang and Aditya Ghose proposes an extended SuppoBased Distributed Op-
timization algorithm to support Multi-Objective Distributed Cons traint Optimization problem. The
authors also demonstrate that by building a new DCOP de nition using an idempotent semiring to
measure the cost/utility of a solution, this approach is able to solve mutiple objectives without a total
pre-order over the set of solutions.

We would like to thank the editorial board of SCPE for the chance of arrangingthis special issue, and all
the reviewers for their hard work.

Hoa Khanh Dam, Jeremy Pitt, Guido Governatori, Takayuki Ito, Yang Xu.
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COMBINING POSOMAS METHOD CONTENT WITH SCRUM: AGILE SOFTWARE
ENGINEERING FOR OPEN SELF-ORGANISING SYSTEMS

JAN-PHILIPP STEGH OFER AND HELLA SEEBACH, BENEDIKT EBERHARDINGER, MICHAEL H UBSCHMANN,
WOLFGANG REIF Y

Abstract.  In this paper we discuss how to combine the method content fro m PosoMAS, the Process for open, self-organising
Multi-Agent Systems, with the agile iterative-incrementa | life cycle of Scrum. The result is an agile software enginee ring methodology
tailored to open self-organising systems. We show how the me thodology has been applied in a development project and disc uss the
lessons learned. Finally, we compare the Scrum version of Po sOMAS to other agile agent-oriented software engineering m ethodologies
and address the selection of a suitable process.

Key words:  Agent-oriented Software Engineering, Self-Organising Sy stems, Software Engineering Processes

AMS subject classi cations. 68T42, 68N30

1. Challenges of Agent-oriented Software Engineering Processes. The fact that multi-agent sys-
tems (MAS) and self-organisation have not yet arrived in the software engieering mainstream is a pity, especially
since the potential of these technologies with regard to robustness, agbtivity, and scalability has been demon-
strated (see, e.g., [22, 27, 28]). There are a number of reasons for this sitiion, not the least of which is that
discussion on these topics takes place mostly in academia and very rayeinvolves actual software companies.
Another reason might be that there is a plethora of approaches, often requing specialised modelling tools and
languages, and in general ways of thinking about the systems under constction di erent from \traditional”
software engineering, or depending on a certain runtime infrastruatre.

Interestingly, these \traditional" processes make no or very little assumption about which kind of software
is developed with them. They are agnostic of the framework used, the tl, modelling languages, programming
paradigm, and deployment platform. A process like OpenUP [20] is just asuseful in building a game for an
Android phone than it is for building a scienti ¢ application. Arguably, this agnosticism is possible due to the
fact that the guidance provided by these processes is on such an abatt level. It also considers the management
of the project much more than the actual technical execution. On the oher hand, these processes had a long
time to mature and grow with constant feedback from industry and academa.

Agent-oriented methodologies in general follow a di erent philosophy:instead of focusing on issues of project
management and providing structure for the di erent technical activities, they describe the way to a technical
solution in great detail. They are thus much more speci ¢ to the domain ard often to a certain architecture,
tool, or framework. Of course, this takes a lot of the guesswork out of builthg a multi-agent system and
especially allows inexperienced developers to come up with a sdilon that uses the somewhat unique or at least
unusual paradigm for a developer familiar with object-oriented programmng.

While this philosophy doubtlessly has its merits, it also prevens using the method content developed in
the di erent approaches to be interchanged and hinders the tailoringof the processes. If we look at the method
content of INGENIAS [18] or ASPECS [10], e.g., we can see that many of the activigs are specic to the
meta-model used and are not compatible with other processes using nar a di erent meta-model. This is
arguably an impediment to cross-fertilisation and convergence towardeommon standards in the community.

PosoMAS has adopted a di erent philosophy. As outlined in our previous pape on the process [40] and in
Sect. 2, it has been created to respond to a number of requirementsicluding extensibility and customisability as
well as independence from architectures or tools. By following thexample of OpenUP and de ning independent
practices, the method content is highly adaptable, amenable to tailonng, and can be re-used in di erent contexts.
We therefore consider PosoMAS to be more of a collection of reusable assétgn a process in and of itself.

Chalmers Technical University | University of Gothenburg, Software Engineering Division, Gothenburg, Sweden ( jan-
philipp.steghofer@cse.gu.se )

YAugsburg University, Institute for Software & Systems Engin eering, Augsburg, Germany ( ffirstname.
lastname g@informatik.uni-augsburg.de , michaelhuebschmann@hotmail.de)
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The management aspects of the process are provided by a framework pess and lifecycle. In this regard,
PosoMAS has similarities to O-MaSE [14] but does not enforce the use of a spi ¢ tool for process tailoring
and modelling.

At the same time, PosoMAS' technical practices address the needs of gsci ¢ subset of MAS that have
so far been somewhat neglected. If a system has to be open and has to éihiself-organisation, principled
software engineering techniqgues become even more important. For itace, in such cases, the benevolence
assumption, i.e., the assumption that the individual agents contribute to reaching an overall system goal, can
no longer be maintained. The dynamics of self-organisation and the poterdil negative emergent e ects are
thus coupled with self-interested, erratic, and even potentialy malevolent agents that still have to be integrated
in the system. Examples for domains that exhibit such e ects are enggy management [41] and open grid
computing [6]. Arguably, some of the practices dealing with the specics of the system class introduce specic
modelling elements or suggest certain notation| but by no means is the developer forced to adopt these
practices or to comply to a meta-model for the entire project.

Our previous scienti ¢ contributions (refer to, e.g., [41, 43, 17, 42]) hae dealt with these issues without
being embedded in a methodology for the principled design of such siems. While conceptual and algorithmic
solutions for such problems are often the focus of research, they are gly embedded in a methodology for the
principled design of such systems, a shortcoming that we aim to renuy with the PosoMAS method content.

This paper combines the method content of PosoMAS with the project mamagement practices of Scrum
and the Agile System Development life-cycle (SDLC) that embeds Sam sprints in an iterative framework. It
introduces the requirements that motivate the development of PosoM\S (Sect. 2), outlines the most important
practices of PosoMAS (Sect. 3), shows how they are embedded in thediftycle (Sect. 4) and demonstrates the
way the resulting process can be applied in the development of a MA%Sect. 5). We also put our work in
the context of other agent-oriented software engineering approaches anch iparticular compare the PosoMAS
method content and its application to Scrum with Prometheus [32], ASPECS, and with the Scrum version of
INGENIAS in Sect. 6. Finally, we discuss bene ts, limitations, and lessons learned in our development e orts
(Sect. 7).

The present work extends our previous paper on PosoMAS [40] in several way it o ers a guideline of
how the method content can be combined with di erent life cyclesand project management styles based on
situational method engineering and exempli es the guideline withScrum; it provides an example showing how
the process can be applied in practice; and it discusses the siraiities and di erences with INGENIAS-Scrum,
a process that has not been part of the analysis before. Since the format @f research paper is insu cient
to describe a comprehensive methodology in full detail, the readeis advised to peruse the detailed process
description at http://posomas.isse.de. The website also o ers the mé¢hod content for use in the EPF Composer
and additional information on the comparison of AOSE processes.

2. Requirements for a Process for Large-Scale Open Self-Organising S ystems. There are two
main themes that de ne the requirements we have identi ed for the design of PosoMAS: the ability to use the
method as readily as standard object-oriented methodologies and the ality to deal with characteristics of open
self-organising systems. The individual requirements listed blow address those themes and are the basis for
the solution that has been developed. The rst four requirements addess the need to create an open, exible,
and extensible process. As discussed in Sect. 1 and 6, other MAS metlplogies lack this exibility at this
point. The requirements listed here are the result of an analysis ofxasting agent-oriented software engineering
approaches and re ections of our own experience with processes andgneering of self-organising system (see,
e.g., [38, 43]). While they have guided the development of PosoMAS, we cader them work in progress. As
we gain more experience and con dence in applying the process, wepect to understand the needs better and
consequently re ne these requirements.

R1: Accessibility to \traditional" software engineers. We strive to create a process that incorporates
elements of agent-oriented software engineering approaches without ahating software engineers that have
previously worked with \traditional" systems, such as service-oriented or regular object-oriented systems. One
of the driving factors for this requirement is to allow designers wih a software engineering background to use
tools that they know and understand and not overwhelm them with agent-oriented speci cs from the beginning.
This means, e.g., that the process allows the use of any notation, inctling standards such as UML, and
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thus standard modelling tools. It also means that the process has to & as adaptable and customisable as
methodologies used for object-oriented software engineering.

R2: Architecture and tool agnostic The internal architecture of the agents (such as BDI) should play as
little role in the high-level design part of the process as the implenentation platform on which the agent system
will run. Object-oriented methodologies such as OpenUP or the V-Modkare de ned on a level of abstraction
that enables this agnosticism. The methodology should be applicable regdless of the concrete architecture
and implementation platform used to allow applicability to a wide array of scenarios.

R3: Level of detail. The process must contain support for all relevant advities in the design process. It
must make clear which knowledge it assumes the designer to have anaipt to additional material that can be
used to extend the level of understanding. The methodology must comtin su cient guidance and templates
for the artefacts that must be created. The methodology should also cowethe entire life cycle of a software
engineering methodology, including deployment of the system.

R4: Extensibility and customisability. The methodology must be extendible and it must be possible to
combine it with di erent process models and to customise it for speci ¢ situations as part of a situational
method engineering process. This means that it must be possibleotuse the method chunks put forward in
an agile context (e.g., by using it in a specialised Scrum process asstribed in this paper) as well as in a
heavy-weight context (e.g., using the still pervasive waterfall method), or to embed it in the risk/value life
cycle provided by the OpenUP (as described in [40]). It must also beossible to apply situational method
engineering [21] to the process to come up with a methodology suitabléor the project, the team, and the
environment it will be used in.

The second set of requirements deals more directly with the needsresent in open self-organising systems
and address their openness, their scale, and the aspect of self-orgaatien.

R5: Clear separation of di erent architecture domains. Especially in open systems, development of the
individual agents might not be in the hand of the system designer. In tre example of an autonomous power
grid [41], the agents representing the power plants are not designed bthe same people that design their
interaction in the system and set up the infrastructure. Instead, the system designer has to de ne interfaces,
data models, and interactions so that other development teams know he the agents should behave in the
system, interact with other agents, and with the system as a whole. Egn if the system and the individual
agents are implemented by the same company, di erent teams within tle organisation can be responsible for
the implementations.

R6: Special focus on interactions between agents and agent organisations. &ldynamics of an open
self-organising multi-agent system are de ned by the interactions letween agents within organisations under
uncertainty. The behaviour of the individual agent within an organisati on plays an important role for the
tness for purpose of the organisation and of its ability to reach its goal within the system. Organisations
and their structure also play an important role in terms of the scalability of the nal system. Di erent system
structures of organisations|among them hierarchical ones|must be support ed by the design activities as well
as requirements elicitation and analysis.

R7: Top-down design vs. bottom-up functionality. While a systems emgineering methodology is necessarily
top-down, starting from overall system goals, self-organisation proceses and coordinated processes within multi-
agent systems provide this striven for functionality in a bottom-up way [43]. A methodology that is suitable
for self-organising systems must take this change of perspective imtaccount and provide appropriate tools for
the design, test, and implementation of bottom-up processes.

In addition to these requirements, we adopt the principles of standrd software engineering methods such as
OpenUP, that promote reuse, evolutionary design, shared vision, and othrs. These principles are documented,
e.g., in [25] for the Rational Uni ed Process, a commercial software engirexing methodology that introduced
many of the features that are present in modern processes such as QpéP.

3. PosoMAS in a Nutshell. The technical practices for PosoMAS, compiled in apractice library, cover
the disciplines requirements, architecture, and development Testing and deployment are the focus of ongoing
work (see, e.g., [16]) since both disciplines are very important in MASand have not been dealt with su ciently
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Table 3.1: Simpli ed description of important process modelling corcepts.

Concept Description

Practice A collection of method content that addresses a specic isse or allows to achieve a
speci c goal. Used by EPF (and PosoMAS) to structure method content. Practices will
be printed in bold font in the following.

Task Describes a unit of work. A task can create or transform a work produt and can be
assigned to a certain role. It can contain individual steps that have tobe performed
as part of carrying out the task. Guidances can be provided, e.g., to givguidelines or
checklists. Tasks can be subsumed in activities. They will be pnted in italics in the
following.

Activity Groups other elements such as tasks, milestones, or other adtities. The order of elements
within the activity is denoted as the work breakdown structure and is established by
de ning predecessors for the elements in the structure. Activiies will be printed in bold
italics .

Work Product Documents, models, code, or other tangible elementshat are produced, consumed, and
modi ed by tasks. Responsibilities for work products can be assigne to roles.

Work Product Slot De ne an abstract work product that can be instantiate d with a concrete one. Play an
important role in the de nition of work products that are exchanged betw een practices.
As an example, requirements can be captured in a number of concrete wormproducts,
e.g., in a use-case model, in user stories, or in a systems goal modélsing the more
generic work product slot [Requirements Model] allows specifyig that requirements are
used by a practice but does not prescribe which kind of requirenmgs are necessary. Work
product slots are ful lled with concrete work products in the assembly of the process. To
di erentiate a work product slot from a work product, the former is al ways enclosed in
square brackets.

Role Denotes an individual or a group of individuals with a certain set of &ills, competencies,
and responsibilities required in the process. Di erent roles an be lled by di erent people
during the process and an individual can Il several roles if requied.

Process De nes the sequence of activities and tasks, phases, andlesitones to get to the nal
product. Within a process, concrete roles, tasks, work productsetc. are de ned. A
tailored process for a speci c project is modelled as ®elivery Process In EPF, partial
processes are captured itfCapability Patterns.

Guidance Provides additional information about the elements in the méhod content. Di erent
kinds of guidances are possible: guidelines, templates, checkbstool mentors, supporting
materials, reports, concepts, examples, and others.

as of yet. It is possible, however, to use practices from other prosses for these issues as illustrated in Sect. 4.2.
All PosoMAS method content is speci ed using SPEM-.. The most important SPEM concepts used in the
following are detailed in Table 3.1. Furthermore, PosoMAS makes use of EP¥ EPF provides a common
baseline for process development by providing a usable version oPEM as well as a tool to de ne processes,
the EPF Composer. In addition, it provides process content in the 6rm of method libraries, such as a model
of OpenUP. The EPF method libraries introduce a number of commonly sed concepts, such as pre-de ned
roles for developers and architects. PosoMAS makes use of these common capis instead of re-de ning them,
extends them if necessary and adds many speci ¢ elements that are naibvered in the standard libraries.

1Software & Systems Process Engineering Metamodel (http://  www.omg.org/spec/SPEM/2.0/), de ned by the Object Manage
ment Group (OMG).
2Eclipse Process Framework (EPF): http://epf.eclipse.org /
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3.1. Rationale and Structure of PosoMAS. We adopt the notion of situational method engineer-
ing [21]: while we de ne method content (i.e., tasks, activities, work products, guidance, etc.) and in some
aspect also the order in which this method content should be appliedthe content is formulated in such a way
that a process engineer can use it to construct a speci ¢ instance & process tailored to the development e ort
at hand. This means that the method content (collected in practices that address speci ¢ needs and purposes)
is combined with a speci c life cycle and selections are made, howhe content is used, who is going to |l the
roles, and which work products are created and used. The creation of a spi ¢ process instance from existing
method content is known asprocess tailoring Allowing this exibility and adaptability addresses requirement
R4: Extensibility and customisability.

The practices that contain the method content in PosoMAS introduce techniques for the principled de-
sign of individual agents, organisations, their interactions, as well as tk overall system and the environment.
The categorisation of these techniques is an important aspect of the degi of the process and addresses the
requirement for R5: Clear separation of di erent architecture domains

Agent Architecture: the design of theindividual agents separate for each type of agent relevant in the
system.

Agent Organisation:  the speci cation of organisational paradigms that will structure the agent population
at runtime.

Agent Interaction: the de nition of interfaces and protocolsused by agents to exchange information, delegate
control, and change their organisational structure.

System Architecture: the design of theentire system including the relationship between the di erent types
of agents, the supporting infrastructure, and external components as il as the environment.

The PosoMAS method content is connected by the use of work product slstto exchange information
between the activities and tasks speci ed for each practice. As an exaple for exchange within PosoMAS,
consider Practice: Agent Environment Design . It contains tasks that describe how a work product slot
[Requirements Model] is used as the basis for identi cation of the rcessary infrastructure to support the MAS
under construction (e.g., external services that must be used, fevant actors that require an interface to the
system). The identi ed infrastructure, which interfaces are necessary, and what these interfaces look like is
captured in the Multi-Agent System Architecture work product. Th is work product is used by other practices,
such asPractice: Evolutionary Agent Design or Practice: Organisational Design as an input for their
own design decisions. The ow of work products thus de nes how thepractices and activities within PosoMAS
are connected.

These work products are also the interface to method content from otbr processes. INGENIAS, e.g., o ers
method content for the design of BDI agents. If a concrete process itsnce for a specic project wants to
make use of this method content, it can, e.g., use the activityGenerate Agent Model[18] from INGENIAS. This
activity creates a concrete instantiation of the work product slot [Agent Architecture], as de ned in PosoMAS.
Since all practices in PosoMAS are independent of the concrete instaiattion of this work product slot, but
rather require abstract properties (the instantiation should be a description of the internal architecture of an
agent), the content from di erent processes can be readily combined In this way, the work product slots act
comparably to interfaces in object-oriented programming.

PosoMAS does not prescribe a speci ¢ modelling language or a certain toehain. Instead, it suggests the
use of UML and gives the developers support in that by providing a correponding UML pro le for the de nition
of agent concepts. This addresses R1: Accessibility to \traditional" sofivare engineers and R2: Architecture
and tool agnostic.

3.2. Overview of PosoMAS practices. As PosoMAS is targeted at open systems, the architectural
tasks are aimed at providing standardisation, separation of concerns, anchieroperability. The applicability to
a wide range of target systems has also been a concern. Therefore, evlough some content of the practices is
speci ¢ to open self-organising MAS, they do not require the use of apeci ¢ meta-model or agent architecture,
again addressing R2: Architecture and tool agnostic. The concrete practies are also tailored to address R6:
Special focus on interactions between agents and agent organisations, a uéeement that has greatly in uenced
the practice Practice: Organisational Design , and R7: Top-down design vs. bottom-up functionality which
is evident, e.g., inPractice: Goal-driven Requirements Elicitation and the interplay between Practice:
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and Practice: Organisational Design . The practice library provides the

practices described briey below. Missing from the content hee is Practice: Trust-based Interaction
Design , as it has not been applied in the case study. It encompasses the designd implementation of a trust
and reputation system to deal with agents for which the benevolence asmption does not hold. Please note
that rather than stating the concrete outputs of the practices below, we state the work product slots that the
outputs can I, in order to show how the practices can be combined.

Practice:
Description:

Main Input:

Main Output:

Practice:
Description:

Main Input:

Main Output:

Practice:
Description:

Main Input:

Main Output:

Goal-driven Requirements Elicitation

Operationalises the technique for requirements &itation based on KAOS [26] and the work of
Cheng et al. [9]. The purpose of this practise is to provide an iteratie process to successively
re ne the goal model until a complete model of the system requiremats is gained. Beside the
system goal model, a conceptual domain model as well as a glossary of the domaire outputs
of this practice. The approach is ideally suited for adaptive systemsiace uncertainties and
their mitigation can be directly modelled in the requirements. This allows the stakeholders to
reason about countermeasures and identify risks early on. The practices easily embedded in
iterative-incremental processes. System goals can be elaborated imatent iterations, with a
preference to elaborate those rst that have the greatest potential inpact and risk. Guidelines
detail the application of the practice in an agile environment and how to @pture process
support requirements. We demonstrate in Sect. 5 how this practie can be integrated with the
backlogs used in Scrum.

Vision Document

Requirements Model

Pattern-driven MAS Design

Provides guidance to design a MAS based on existing ardiectural, behavioural, and inter-
action patterns and reference architectures. These three types gfatterns correspond to the
system architecture, agent architecture, and agent interaction areas. The practice enables
reuse, avoids making mistakes twice, and allows tapping into the kawledge that has been
created elsewhere for a cleaner, leaner, and more exible design.

[Agent Architecture], [Interaction Model], [Multi-Age nt System Architecture], [Requirements
Model]

[Agent Architecture], [Interaction Model], [Multi- Agent System Architecture], Architectural
Style Notebook

Evolutionary Agent Design

Describes an approach to design agents and their archittare in an evolutionary way that
enhances the design over time while requirements become cleai@nd development progresses.
During the development process, the agent types, their capabilies and behaviour, their in-
ternal architecture, and their interactions become clearer as the rquirements mature and
development progresses towards a shippable build. To allow the pouct to mature this way,
the design of the agents has to adapt to new knowledge continuously and beme more speci c
by re nement when necessary and incorporating changes in the requéments or the system
environment.

[Requirements Model]

[Agent Architecture], [Interaction Model], [Multi- Agent System Architecture]
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Practice:
Description:

Main Input:

Main Output:

Practice:
Description:

Main Input:

Main Output:

Guidance:

Practice:
Description:

Main Input:

Main Output:

Guidance:
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Agent Environment Design

Outlines how the system the agents are embedded irsidesigned and how the agents interact
with it. This pertains to the System Architecture aspect. A MAS not only consists of au-
tonomous agents but also incorporates a multitude of additional often groundd infrastructure,
external actors, interfaces, hardware, and environmental factors. Thee can have a signi cant
impact on the overall system design and should be regarded early on. Theractice provides
tasks to identify these factors and incorporate them in the design of tle overall system. This
includes the identi cation and design of necessary interfaces beteen the agents and to external
components in the system's environment as well as the identi cationof uncertainty factors in
the environment.

[Interaction Model], [Requirements Model]

[Multi-Agent System Architecture], [System Envir onment Description], [Interaction Model]

Organisational Design

Describes the design of the organisation [23] the agents Wiinteract in, thus addressing the
Agent Organisation aspect. Multi-agent systems with many interacting agents require &orm of
structure or organisation imposed on the population. Sometimes, this stucture is permanent,
such as a hierarchy that determines the delegation of control and propagatioof information, or
transient, such as a coalition in which agents interact until a certaincommon goal is reached.
The system designer has to decide which organisations are suitable fohe¢ system to reach
the stated goals and implement mechanisms that allow the formation of thes organisational
structures at runtime. If this process is driven from within th e system, \self-organisation" is
present.

[Multi-Agent System Architecture], [Requirements Model]
[Agent Organisation De nition]

Bryan Horling and Victor Lesser { A Survey of Multi-Agent Organiz ational Paradigms
(Whitepaper) [23]

Model-driven Observer Synthesis

Describes how observer implementations can be synésized from constraints speci ed in the
requirements documents as described in [17]. In adaptive systemi is necessary to observe
the system and react if the system enters an undesirable state or sthwg unwanted behaviour.
For this purpose, feedback loops, operationalised as observer/controlie can be employed [36].
Therefore, this practice supports the developer on the automatic trasformation of speci ed
constraints into observers that monitor these constraints at runtime. A prerequisite of this
practice is that constraints have been captured during requiremats analysis. The process can
be repeated after the requirements or the domain model have changedgccording to a model-
driven design (MDD) approach. Changed parts of the system models and iplementation will
be re-generated while existing models and code are preserved.

[Agent Architecture], [Interaction Model], [Multi-Age nt System Architecture], [Requirements
Model]
Observation Model, Implementation

How to adopt the Model-driven Observer Synthesis pradte (Roadmap), Observation Model
(Concept), Observer/Controller Architecture (Concept), Benedikt Eberhardinger et al. {
Model-driven Synthesis of Monitoring Infrastructure for Reliable Adaptive Multi-Agent Sys-
tems (Whitepaper) [17]

Each practice is de ned by an appropriate guidance in EPF that states thepurpose of the practice, gives
a description, and provides a brief instruction on how the elemets of the practice relate to each other and in
which order they should be read. The practice usually references madmap that describes how a novice should
approach adopting this practice, a list of key concepts and white papersand a set of helpful material in the
form of guidances, thus addressing the requirement to have the nessary R3: Level of Detail. A practice also
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takes one or several work products (or work product slots) as inputs and aiputs.

For use within a process, tasks from di erent practices are combind in activities. These activities are often
addressing a common theme. For PosoMAS-Scrum, e.g., the activity Del@p Agent Architecture combines tasks
from Practice: Pattern-driven MAS Design and Practice: Evolutionary Agent Design . Activities and
tasks can in turn be combined in capability patterns (nested activities, so to speak) such as Design Architecture
Components. These patterns are then arranged within the lifecycle asemonstrated in Sect. 4.2.

The detailed practice descriptions and the models for use in EPF aravailable at http://posomas.isse.de.
We thus provide a repository for method content and make reusable ast® available for combination with
method content from other processes, ful lling the appeal of the IEEE FIPA Designh Process Documentation
and Fragmentation Working Group and many authors (e.g., [39, 11]).

4. The PosoMAS-Scrum Life Cycle. The process life cycle determines the progression of a product
under development in the context of the process, the stakeholdersand the environment. A well-de ned life
cycle provides guidance w.r.t. the order of activities the Scrum Bam has to perform, the project milestones
and deliverables, and the progress of the product. The advancement of product development e ort can thus
be measured based on the planned and the actual progress within the lifeycle. Scrum is an example of a
light-weight process framework that embraces the Agile Manifesto [5].1t consists of a number of rules that
prescribe how roles, events, and artefacts have to be combined for&crum Team to manage a complex software
development project and create value for the customer [37]. Within tlese boundaries it is possible to apply
custom development practices. Scrum has been modelled in the EPEomposer by Mountain Goat Software®
and a method plugin containing the method content is available. The cstomisation is based on a signi cant
extension of this method content.

4.1. Structure of Scrum. At the core of Scrum is the insight that it is impossible to conclusively de ne
requirements and that it is therefore necessary to include the ént in all phases of the development and be able
to react to changes in the requirements quickly. A change requessithus not an exceptional event but something
rather normal, making it very easy to incorporate changes into the devedpment process. The decisions of the
project team are always based on what is currently known about the progct, a principle called empiricism [37].
This makes it necessary to form decisions transparent for the stakehdérs, inspect past decisions based on new
data regularly, and adapt if the circumstances have changed.

The other principle is the focus on a self-organising Scrum Team. Wite di erent roles still exist, Scrum
promotes the notion that di erent members of the Scrum Team assume thee roles of their own accord. The
Scrum Team decides internally how the work is split among the team mmbers and is involved in all important
decisions, including assessment of the e ort required to perforntertain tasks. A Scrum Master is designated
in each team who ensures that the Scrum rules are adhered to, but also @cas a spokesperson for the Scrum
Team and coordinates communication with external stakeholders. Imporantly, a Product Owner, ideally a
representative of the client with the authority to make decisions alout the product and embedded in the Scrum
Team, de nes the requirements and prioritises them by importance She is also available to the Scrum Team to
answer questions and relay issues that come up during development tthe client organisations. The Product
Owner has, however, no authority over the Scrum Team [37].

The most important communication device between the Scrum Team and tle Product Owner is the Product
Backlog It contains all currently known and open requirements for the product, including features and non-
functional requirements [37]. While Scrum does not prescribe théorm in which requirements are represented in
the product backlog, they are often captured in the form ofuser stories (see, e.g., [31]). A user story describes
who wants to achieve what and why. Regardless of the form the requirements take, they are ordered in
backlog according to their risk, customer value, complexity, or any otter criteria the Product Owner deems
reasonable.

The Scrum Team estimates the e ort required to realise the requiements. As part of a \grooming" process,
the Product Owner and the Scrum Team together re ne the requiremants, re-order them and adapt estimates.
As part of a Sprint Planning Meeting, the requirements that will be tackled in the next development iteration |

3The corresponding content can be found in a human-readable f orm at http://epf.eclipse.org/wikis/scrum/, made availa ble
under the Eclipse Public License v1.0.
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Fig. 4.1: Ambler et al.'s Agile System Development life-cycle (SDLC) 8] as used for PosoMAS-Scrum. SDLC
is an extension of the standard Scrum sprint life cycle with iterations and consideration of preparatory as well
as release activities. Initial requirements are captured in aProduct Backlog An iteration consists of Sprint
Planning, in which the backlog is prioritised and the work items for the sprint are selected. The sprint itself
consists of small increments oDaily Work, initiated by a Daily Scrum. After the 2 to 4 weeks of the sprint
are completed, aPotentially Shippable Product Incrementhas been created. TheSprint Review, which together
with the Sprint Retrospective constitutes the Sprint Finalisation, gives all stakeholders the opportunity for
feedback. After construction is complete, the working system is rieased to production. The product backlog
can be changed or augmented by the stakeholders at any time during or after aprint.

called aSprint | are picked and transferred into the Sprint Backlog. During the sprint, the Scrum Team creates
a completePotentially Shippable Product Incrementthat realises the picked requirements (theSprint Goal) over
a time horizon of a month. The Product Owner can cancel the sprint if the Sprint Goal no longer aligns with
the client organisation goals.

During a sprint, daily structured meetings are performed to further communicate between the Scrum Team
members and to assess the progress of the sprint. Thed&&aily Scrums|also called Standup Meetingssince
they are usually held with all participants standing|are 15-minute meet ings in which the progress, the planned
work, and any issues are discussed [37]. In larger projects,Zcrum of Scrumscan be used with similar rules to
coordinate between di erent Scrum Teams. Scrum promotes co-locatin of all team-members, meaning that it is
easy to communicate directly with other members of the team, to exchnge information, and to help each other
with technical di culties. When the sprint is concluded, the S crum Team presents the Potentially Shippable
Product Increment to the Product Owner during the Sprint Review and ful Iment of the Sprint Goal as well
as future requirements and necessary changes are discussed. Fipathe Sprint Retrospective gives the Scrum
Team a chance to re ect on the last sprint and discuss possible impnements.

4.2. Embedding PosoMAS practices in Scrum. The description above does not include concrete
development practices. Indeed, Scrum is seen as a framework, deéng rules and an environment, in which
concrete development practices can be applied. Scrum does not pee énclude a process life-cycle in which
the method content can be embedded. It introduces the notion of a gpnt but there are no de ned places for
the preparatory and release work. Therefore, we use a variant of the \Agile #stem Development life-cycle
(SDLC)" [3], that embeds the elements Scrum provides. It containsa framework for the individual sprints,
including project setup and initial requirements and deployment and operation. Sprints are embedded in
iterations which contain sprint planning and review. The version of the life-cycle used here is shown in Fig. 4.1.

The PosoMAS practices are used within a sprint embedded within an ieration of the SDLC. An iteration,
depicted in Fig. 4.2 embeds the activities de ned in the PosoMAS pratices library in a Scrum sprint. The
Scrum Team decides which activities, sub-activities and tasks ithas to tackle each given day. This gives them
a exible structure within which to work. All guidances, work prod ucts, and other method content de ned in
the PosoMAS practices are at their disposal. In general, Scrum puts les®cus on documentation. Therefore,
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Fig. 4.2: Structure of an iteration in PosoMAS-Scrum, combining method ontent from PosoMAS, Scrum, and

OpenUP. An iteration is started by preparatory activities to produce a new version of the product backlog and
select requirements for the sprint. During the sprint, the activities from PosoMAS (highlighted) are performed

as required during the daily work. The sprint ends after a certain tme or when all backlog items have been
tackled with a Sprint Review and a Sprint Retrospective.

a Scrum Team can decide to create less models or combine models suggesby PosoMAS activities and
tasks. Since most of the management documents have been de ned inéghOpenUP and are not present in the
PosoMAS-Scrum method con guration, no additional customisation has to be rformed in this regard.

PosoMAS adds most of its method content in the design activities and regces use cases with system
goals as the main model to capture requirements. Therefore, PoSOMAS-&on has requirements engineering
activities in parallel to the ongoing development work, performed mosly by the Product Owner. The Scrum
Team estimates requirements whenever necessary. The sprint bdog that contains those requirements that
will be tackled in a sprint is created from the Product Backlog during the Sprint Planning Meeting. Initial
requirements are captured in the release planning stage, before thsprints are begun, a task similar to thelnitiate
Project activity described for the OpenUP earlier [40]. The product backlog & re ned by new requirements
that are created during sprints or come up during the Sprint Review PosoMAS-Scrum does not prescribe
the way requirements are captured and the example in the next se@n shows how goal-oriented requirements
engineering can be used in this context. This is an example of procedailoring where the generic process has
been adapted to suit the needs of the development e ort.

PosoMAS-Scrum also encompasses activities to prepare the release oétroduct. For this purpose, method
content from the OpenUP practice Production Releasehas been embedded at the end of the life cycle to provide
guidance for the eventual rollout of the nished product. The use of this practice from a di erent process also
illustrates the modularity of PosoMAS and OpenUP and how their element can be combined bene cially.

5. Sprint Example.  We present how PosoMAS-Scrum is applied in a case study that shows anxeerpt of
the development of a highly dynamic, self-organising material handlig and order ful Iment system constituting
a self-organising warehouse system inspired by the Kiva System [24The system has been developed in collab-
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oration with students applying PosoMAS-Scrum and now serves as a prowg ground for new self-optimisation
and self-adaptation mechanisms. In its current form, it consists of a ephisticated simulation environment with
a visualisation. It is based on the Jadex multi-agent platform [34], provding a distributed implementation of the
agents and an implementation of the environment the agents interact in, mcluding a mock enterprise resource
planing system.

The case study demonstrates the strengths of PosoMAS-Scrum, illuséites the interplay of Scrum manage-
ment techniques and PosoMAS technical method content, exempli esiow development progresses in POSOMAS-
Scrum, and documents the use of di erent process activities andasks supporting the development. While the
previous description of the practices does not go down to the task lal, we have included the tasks in the
description to indicate which PosoMAS method content is concretelyapplied.

In the following, we rst introduce the vision of the system to be developed before diving into the second
sprint of the development process. We then discuss brie y how Bsomas-Scrum has been tailored for that
speci ¢ development e ort before we introduce the status of the pioduct after the rst iteration. Based on this,
we detail how PosoMAS-Scrum has been applied in the second sprint.

5.1. Automated Material Handling and Order Ful Iment System. An Automated Material Han-
dling and Order Ful Iment System (AMHOFS) includes the \chaotic" s torage of goods on shelves, the replen-
ishment of these shelves, as well as packing parcels in \pack stationsn the warehouse no human intervention
is needed as the AMHOFS manages itself. AMHOFS are usually regarded as blaclokes, i.e., the activities
of the system and information such as the current place of an item or whichrobot does what are irrelevant to
the order management system or the enterprise resource planning (BR system. Of course, interfaces exist so
that orders generated by an ERP system are ful lled by the AMHOFS and packed parcels are registered in the
ordering system.

An AMHOFS consists of movable shelves which are transported by mobile rafits to pack stations within a
warehouse. Five to ten of such battery-powered robots serve one packation to guarantee a continuous supply
of shelves. At the pack station humans put goods from arriving shelvesito parcels. This can be done in parallel
for several parcels. The robots visit charging or repair stations from tine to time. They nd their path by the
use of markings embedded in the ground. The control of the robots is mainlyperformed by a central dispatch
server which registers obstacles and accordingly calculates the roige The shelves o er a variety of rack bays,
so that di erent product types can be placed from piece-goods to bik-goods. They are placed in a special
arrangement within the warehouse, so that shelves with highly demaned, popular goods are placed close to
the relevant pack stations. The number of shelves carrying the samerpducts, currently pending orders, and
order history are included in the calculation of the arrangement. During operation the robots steadily take the
appropriate shelves to the stations where goods are removed or replished and afterwards move the shelf to a
newly calculated best slot.

While the original Kiva system [24] uses a centralised dispatch sysim that orders the robots to ful | certain
tasks, the development e ort described here implements a systa in which the robots negotiate which tasks
they take on and make autonomous decisions about routes and shelf placement., without control from the
outside. The overall aim is to make the system more robust to failuresand more scalable in the number of
robots, shelves, and orders.

5.2. Tailoring PosoMAS-Scrum for the Development E ort. Before the start of the development
e ort, PosoMAS-Scrum has been tailored for the necessities expectely the Scrum Team. Since the vision of
the system indicates that it is based on trustworthy individual components, the activity Develop Trust-Based
Interactions has been excluded. Likewise, agent organisations seem to play a minor eoand the associated
activity is not used at this point in time. Please note that the necessdties can change while the project runs
and the developers can re-visit the method content at any point in time to reintroduce tasks and activities that
have so far been left out.

Apart from these omissions, the Scrum Team and the Product Owner deded that they wanted to use
goal-driven requirements engineering in the project. There is arresponding method content in the PosoMAS
method library (cf. Sect. 3.2). Since the original method content wasot written with a backlog in mind, some
adaptations are necessary. The team discussed how a product and a sprbacklog can be used in conjunction
with the goal models and settled on a solution in which elements from tk goal model become part of the
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product backlog. The transfer happens during the Sprint Planning Meetings. The Scrum Team therefore only
has to deal with the backlog while the Product Owner is free to work wth the goal model. During the Sprint
Review, the Product Owner can check whether the goals have beenlflled as intended and update the goal
model accordingly. If the goal model has changed during the sprint, it an be synchronised with the backlog
again during the Sprint Planning Meeting®.

5.3. Status Quo after Sprint 1. We have chosen sprint 2 as an example, because it includes several
PosoMAS speci ¢ activities and tasks and is representative for a typial development sprint. Since this sprint
is not the rst in the development process, we brie y summarise the current status of the project.

Within sprint 1 the relevant environment of the AMHOFS system has been identi ed as the ERP system,
that delivers the input for replenishment as well as ful Iment orders to AMHOFS (PosoMAS-Task: Identify
System Environment from Practice: Agent Environment Design ). The orders from the ERP[in an initial
setting prede ned by the developer|are processed by a dispatch rver which was implemented to orchestrate
the robots, shelves, pack stations, and replenishment stations. Por to the rst designs and implementations
a choice has been made regarding the architecture of the agent®dsoMAS-Task: Apply Architectural Style
from Practice: Pattern-driven MAS Design ). The BDI architecture was chosen because of the preferences
of the Scrum Team and the familiarity with the MAS framework Jadex [35]. A corresponding meta-model
for this architecture is de ned as a UML pro le and used as the basis for he design models PosoMAS-Task:
Apply Patterns to Agent Architecture from Practice: Pattern-driven MAS Design ). This exibility is
one of the advantages of PosoMAS, because the process is not restricted toyaspeci ¢ architecture. A rst
version of a general protocol for the interaction between the participats of AMHOFS has been developed. It
is capable of selecting participants for several duties in the orderui Iment process (PosoMAS-Task: Design
Agent Interactions from Practice: Evolutionary Agent Design ). The selection is performed in a simple
rst come rst serve manner, but the protocol has been designed to beextensible for more complex selection
procedures. The output of the system is shown on a console that prist the states of all agents in the system
during execution. In the current version only one instance of each agenype (robot, shelf, pack station, etc.)
is used for evaluation.

5.4. Sprint 2: Graphical Representation and Smart Shelf Placement. Based on the current de-
velopment status, the Product Owner and the Scrum Team agreed on thedilowing two aspects for the Sprint
Goal: (1) extend the representation of the system by a graphical user terface and (2) add smarter decision
processes in the generic interaction protocol. The backlog has beextended appropriately (PosoMAS-Task:
Identify System Goalsand PosoMAS-Task: Re ne System Goals to Requirement$rom Practice: Goal-driven
Requirements Elicitation ). The entries relevant for this sprint are shown in the goal diagram in Hg. 5.1.
They are summarised by the following extensions which are also usdadr sprint planning:

Graphical Interface for representation of the system (display repesentations of robots, shelves, and
pack stations)
Enable user input for orders (provide interface to interact with simulation)
Tracking shelf usage for smart placement of shelves on slots (deternmgnwhere to place shelves that need
to be slotted, track shelf usage)
More mobility for the robots. (move shelf to slot)
Multiple agents per type, i.e., multiple shelves and robots in thesystem (no explicit goal but necessary
for evaluation purposes)
The product backlog is the starting point for the Scrum Team for discussing the topics and estimating the
e ort of the requirements. The following shows an excerpt of the acivities that have been tackled in the second
sprint.

5.4.1. Sprint Planning. The Scrum activity \Sprint Planning"” includes estimating the pri oritised goals
on the product backlog. Thus, the rst step is the description of the highest priority backlog items by the
Product Owner. If the Scrum Team has asked enough questions conceng the items to be con dent to make
appropriate estimations of their development e ort, they start de ni ng the goal for the sprint and estimating

4A more systematic way to connect the goal model with the vario us backlogs and how these artefacts are coupled is the subject
of ongoing investigations.
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Fig. 5.1: Excerpt of the goal diagram which de nes backlog items on the prodat backlog. After the \Task
Breakdown" the goal diagram is extended by the newly de ned task on the print backlog. Slanted rectangles
are goals, slanted rectangles with a thick border are requirements. Carections between goals as well as goals
and requirements indicate a re nement translation. Hexagons represat agent types and connections annotated
with \Resp" indicate that the agent type is responsible for the ful | ment of the requirement.

the items subsequently. For this purpose, the Scrum Team used # planning poker technigue [30] where each
team member proposes an estimate at the same time using numbered cardbe estimates are discussed, and
the process is iterated until a consensus is reached.

After the estimation of all product backlog entries, the requiremerts with the highest priority have been
selected for the sprint respecting the overall velocity of the $rum Team. The velocity of a Scrum Team is
estimated by the team itself (PosoMAS-Task \Estimate Velocity" ). It determines how much work the Scrum
Team can take on in that iteration. Each of the requirements has been broke down into tasks according to
the PosoMAS-Task \Task Breakdown'. Tasks are ner grained units of work for a requirement and are also
estimated. While some tasks have been taken verbatim from the goal modée.g., \Select winning slot"), some
new tasks have been added. These are necessary to break down largeuiegments into manageable chunks
for the sprint backlog. In AMHOFS the goal \display agent representation™ has been divided into eight tasks
which can not be found in the goal model but are represented on the task bodr The complete sprint backlog
of the current sprint is shown in Fig. 5.2.

5.4.2. Sprint Activities. During the sprint the Scrum Team performed several PosoMAS-Activities in
order to achieve the requirements in the sprint backlog.

Activity: Design System Dynamics The main aim in the current sprint is to implement a graphical
representation of the system and improve the movement of the robots aththe shelves.

PosoMAS-Task: Design Agent Interactions from Practice: Evolutionary Agent Design . A generic
protocol implementing a bidding mechanism for negotiating which agets take on which orders respectively
tasks has been specied. This protocol is used for example in order tand a position for a shelf that has
already been unloaded at a pack station. To place a shelf on a suitable slogll slots receive a request from
the pack station and reply whether the slot is free and suitable. The fest o er of the slots is selected, i.a.,
based on the optimal distance to the pack station depending on the loaded gals and anticipated future orders.
The robot that has to transport the shelf to the selected slot is also skected using the same generic protocol.
Selection criteria for the robot include shortest distance to the &elf or battery load.
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Fig. 5.2: Sprint backlog/task board at the beginning of sprint 2. Requiremeris have been estimated using
planning poker rst. Then they have been broken down into tasks which have been estimated in turn. This
ensures that the original estimate was sensible. Note that task estimat must not necessarily add up to the
estimate of the requirement.

PosoMAS-Task: De ne Agent Capabilities and Behaviourfrom Practice: Evolutionary Agent Design
All AMHOFS agents inherit from an abstract class called BaseAgentBDI This class implements the basic func-
tionalities for AMHOFS agents, e.g., the generic interaction protocol. Eat speci ¢ agent type, e.g., the robot
(responsible for transporting the shelves from point A to B), exterds this base agent by speci ¢ functionality
and a graphical representation. The capabilities and behaviours of theabot agent de ned and implemented in
the current sprint encompass the movement from a start to an end posion. This movement could be carried
out with or without a shelf on top. The outcome of the de nition of the capabi lities is shown in Fig. 5.3 as a
BDI agent model for the robot. In a nutshell, a movement of a robot is trigged by some external event (change
of a belief) that leads to a new goal, i.e., aMoveGoal This goal in turn triggers a plan that is executed until
the robot has reached the desired point. For implementing the plan tle movement is fragmented into steps that
in turn are realized as goals with regarding plans.

The Scrum Team made the design decision that each agent is responsibler fits graphical representation
and that it is always up to date. PosoMAS does not prescribe to use a spec framework to implement the
application but is open for the usage of such one. In our case study we use JAX, a MAS framework [35].
Within this framework it is easy to add a graphical representation to an aget by adding a reusable building
bloc, a capability called avatar, which enables the developer to dene the appearance of the agent and to
update its believes in the graphical user interface. This capabily is added to the generic BaseAgentBDI and
automatically all types of agents inherit the link to their environment and only have to specify their concrete
appearance properties.

Activity: Develop Solution Increment The aim of the activity is to build the control centre for
AMHOFS, that is responsible to simulate the external ERP system and povide the necessary inputs. In
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«goal» execute until currentSlot = destinationSlot «plan»
MovePlan
MoveGoal
-pathQueue : IComponentldentifier [1..*{ordered +executeMove( goal : MoveGoal ) : boolean
-destinationSlot : IComponentldentifier
SubGoal created for each nextSlot in pathQueue

I. triggered by belief change: moves

«goal» «plan»
StepGoal StepPlan

-nextSlot : IComponentldentifie

«agent»
RobotBDI

«belief»+moves : AMHOFSMove [0..*]
«belief»-currentSlot : IComponentldentifier

+executeStep( goal : StepGoal ) : boolean

execute until succeeded or waiting mode active

Fig. 5.3: Design of the movement capability of a robot agent as a UML diagram annotatd by stereotypes.
These stem from an ad-hoc BDI meta-model realised as a UML pro le.

L ® & ® ® & & 9 & 0
ol Lal dal Lol ol Lal bal fal lal |

Fig. 5.4: The slots form a road network. A robot may move horizontally and vertically between the slots. The
grey hexagons represent slots that are available for shelves while thdazk hexagons are reserved parking spaces
for idle robots. Yellow squares represent robots. The shelves are alvn as smaller black squares with numbers
that display the number of goods placed on that particular shelf. The pack station is represented by a blue
square.

addition the extensions of the generic protocol must be implemented

Task: Implement Solution from the EPF base method content: To ful | the assumption that all orde rs in
the AMHOFS system are satis able the user must be prevented from crating invalid orders and assign them
to the system. Therefore, a pre-de ned list of available goods has &en de ned. The \ERP system" simulated
by the user is consequently not able to demand any good that is not availde. In addition, the shelves are
assigned with an initial set of goods. An order is processed by the digich server that handles the order and
distributes tasks to the shelves.

The generic interaction protocol has been adapted for the smart placemerof shelves after being used at
a pack station. Therefore, the decision parameters were added as de den the PosoMAS-Task: Design Agent
Interactions.

5.4.3. Sprint Review.  During the review a deadlock between two moving robots has been tlected that
is a result of missing fallback procedures in the road network. The bg has been added to the product backlog
with a rather low priority, because the overall impact of the bug is categorized as low. Furthermore, the review
led to new requirements on the backlog: the graphical representation ofhe shelf, robot, and slot should be
enriched with more details viewable in a context menu. As the outcomeof sprint 2 is a shippable build of the
graphical representation (see Fig. 5.4) and more exible robots, the sprit was accepted by the Product Owner.

5.4.4. Sprint Retrospective. Re ecting the sprint the Scrum Team identi ed a major concern in the
delays that were mainly caused by di culties with the available to ols and techniques for quality assurance, i.e.,
systematically testing and debugging the application. Especially iterleaved and nested plans and goals|as
necessary for the movement of the robots|are hard to debug. Furthermore, failures that occurred once are
hard to reproduce, since during runtime pack stations create tasks&t random and the placement of the agents



348 J.-P. Steghafer, H. Seebach, B. Eberhardinger, M. Habsch mann and W. Reif

at initialisation is also randomised. As a consequence the team agreed on ftimg more e ort in designing test
scenarios for the requirements on the sprint backlog to improve thetest process. Furthermore, the e ort of
testing has to be taken into account during the task estimation procas. One of the successes of the sprint has
been the use of the generic interaction protocol. The e ort for designig this protocol for the agents paid o
during the development of further interaction mechanisms.

5.5. Lessons Learned. The development of PosoMAS and PosoMAS-Scrum and the accompanying vali-
dation provided a number of lessons that have been integrated in the qpcess and its documentation. First and
foremost, the distinction of architecture areas s vital for the creation of a modular, exible design. Many of the
problems with the initial system design in early iterations were cawsed by misunderstandings about which parts
of the design were on the agent level, which on the system level and ihé environment, and which are part of
the organisation design. Our observations with developers being ratheinexperienced with agent systems and
a rather coarse division of the architectural areas showed a tendencytdevelop a centralised system structure
as in an object-oriented approach. That made it di cult to assign responsibilities to agents and to identify
necessary communication ows. In contrast, an early and clear distincion, as we outlined it, helps guide the
developers during the rst iterations and leads to better results in forming a suitable agent-oriented system
architecture. These areas have thus been discriminated more thorgily and according tasks and guidance
have been disentangled. This not only leads to a better separation of caerns in the resulting design, but in
the method content as well.

Second, the concept ofscope and thus of the system boundary has been overhauled and extended from
the guidance provided by existing AOSE processes. Essentiallgverything outside the scope the system has
to interact with can not simply be ignored but assumptions must be capured and the environment has to
be modelled accordingly. This can, at least partially, be done in the rguirements engineering activities, but
also impacts the design of the system. ThePractice: Agent Environment Design has been updated in
response to these necessities. Miller et al. [29] advocate|based on #ir own experiences|to delay the decisions
of de ning system boundary as long as possible and at least to wait until tle stakeholders have formed a shared
understanding of the problem. PosoMAS-Scrum supports delaying thalecision. As long as the requirements
and the necessary design documents contain the vital model elemegtthe point in time where the decision
regarding the system boundary is made is fully up to the developersNevertheless, since the system boundary
directly in uences the project scope and thus development timeand costs our experiences indicate that delaying
the decision is not always bene cial.

Finally, a specialised UML pro le containing stereotypes for agents, nethods that are part of an agent's
interface, and external components was introduced to mark speci ¢ oncepts in the agent and system models,
thus clarifying the semantics of the modelling elements.

Third, the combination of goal-driven requirements engineering and $rum warrants a more detailed dis-
cussion. While the approach described here worked well enough in theontext it was used, there are a number
of challenges that were discovered. One aspect is that coming to an il version of the goal model that can
be used as the source for the rst product backlog is challenging. Theife cycle we chose allows for an initial-
isation phase that can contain a longer initial requirements engineerig e ort. How long this takes in practice
was, however, underestimated. Furthermore, when elements frorthe goal model are transferred to the Sprint
Backlog, they should be locked in the goal model. If not, the Product Owmer might change the goals that the
team is currently working on and this change can go undetected until tle next Sprint Planning session when
the artefacts are synchronised. As mentioned before, this area is sjéxt of future work.

6. Related Work and Comparison. This section introduces the most relevant existing AOSE method
ologies and then compares a selection of these to PosoMAS-Scrum. A moredepth comparison and additional
information about these other processes can be found at http://posomas.issde.

6.1. Characteristics of Existing AOSE Methodologies. There are a number of AOSE methodologies
and this section aims at pointing out their unique characteristics. Apart from the original papers on the
methodologies, we also use content provided by attempts to compare rtiedologies. Such comparative studies
(e.g., [45]) are, however, to be taken with a grain of salt, since the seif evaluation criteria used are not necessarily
agreed-upon standards. Since such standards are missing, howeverge#ie studies currently provide the only
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reference point for comparing AOSE methodologies. The processedessted below have been mainly chosen due
to the currentness of the published method content. A recent oerview of agent-oriented design processes is
presented in [12] where a number of processes are cast in the IEEEFA Process Documentation Template but
the book o ers no signi cant new method content or a qualitative comparison of the methodologies.

In the following, we refer to the requirements de ned in Sect. 2. As discussed there, these requirements
make sense for many circumstances but we make no claim for their geneitstl for speci ¢ development e orts.
They aim at providing exible method content and support for the system class we are concerned with. If these
requirements are relevant for a speci ¢ development e ort must bechecked before a decision for a process is
made.

The Prometheus methodology [32] combines speci cation, design, and implementation in aetailed pro-
cess and is commonly accepted as one of the most mature AOSE approaches (d#, 2, 13]). Prometheus uses
a bottom-up approach for the development of multi-agent systems with BO agents. While the focus on BDI
is often lauded [2, 13], some authors criticise that this constitutes a estriction of application domains [44].
According to [32], however, only a subset of Prometheus is speci c t@8DI. Still, independenceis thus limited.
The process has no notion of agent organisation and focuses solely orieractions between the agents. This
also limits the separation of architecture domains A main feature are detailed guidelines that support the de-
velopment steps, as well as support for validation, code generation, coissency checks, testing and debugging.
These guidelines promoteextensibility but it is unclear how the process can be adapted to di erent proces
lifecycles.

ADELFE has been specically developed for the design of adaptive multi-agentystems (AMAS) with
emergent functionality [7]. The methodology follows the Rational Uni ed Process (RUP) closely and uses UML
and AUML, an extension of the UML meta-model with agent-speci c concepts[4]. The method content for
ADELFE is provided in SPEM format, making it extensibleand reusable. It follows principles from the AMAS
theory as well as classical object-oriented approaches. Adherence todhAMAS theory is also the main criteria
when assessing the applicability of ADELFE for a specic system: it $iould have a certain complexity and
should be open. Additionally, the development of algorithmic solutions b the core problems is an integral part
of the process and therefore, the approach is mainly suitable when thalgorithms are not known yet. This
severely limits the methodology'sindependence If an agent reaches a certain complexity in ADELFE, it is
treated as a separate AMAS, thus providing a focus oninteraction between agents and agent organisations.
This also provides some separation oérchitecture domains but the process does not provide guidelines on the
separate, principled modelling of these domains.

ASPECS focuses on complex systems with an emphasis on holonic organisations [10] &d®n the PASSI
methodology. A holon is here de ned as \[...] self-similar structurecomposed of holons as sub-structures”. The
organisation into holons is captured in a meta-model that is used for the d nition of the system structure. An
important principle leveraged in ASPECS is the possibility of stepwise re nement of the holons. Like ADELFE,
the methodology therefore has drawbacks w.r.tindependenceand, in addition, relies on a speci ¢ meta-model.
It is, however, extensible since the method content is availald online. Both separation of architecture domains
and a focus oninteractions are ensured.

The M ulti agent Systems E ngineering methodologyMaSE includes a development life cycle starting from
the initial system speci cation and including implementation and d eployment [15, 2, 13]. It has been applied in
several research projects and has been lauded for its comprehentiilyi[44]. MaSE is independent of a speci ¢
agent architecture and can therefore be applied to heterogeneous syste [2]. A strength of the methodology
is the way agent interactions and protocols are de ned. Drawbacks are th complex description of concurrent
tasks, the absence of models for the environment and agent behaviour, dmmissing speci cation tools for agent
adaptivity [1, 13]. In addition, the methodology was di cult to customise and organisational factors were
not considered [14]. Based on this criticism,0-MaSE and \agentTool"® have been developed [14]. They
provide a method engineering framework with which method fragmets speci ed as SPEM activities can be
composed. The method content is based on a common meta-model and focasmainly on analysis, design,
and implementation. Organisations and the environment are now explidly considered. Extensibility and
independenceare limited due to the specialised tool required and due to the met-model. O-MaSE provides no

Shttp://agenttool.cis.ksu.edu/
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overall system design activities, thus reducing theseparation of architecture domains.

INGENIAS [33] aims at the development of organisational multi-agent systems and is theescendant of
MESSAGE [8]. It uses meta-models to describe the relevant concépin di erent aspects or \viewpoints" of
a MAS, including organisation, agent, goals/tasks, interactions, and enviroment [33]. Relationships between
the concepts for the di erent viewpoints are exploited to ensure onsistency of the modelling. Meta-models
are described in a specialised modelling language. The agents are basad BDI. INGENIAS is supported by
specialised tools for modelling and process customisation. Whilehts limits the extensibility and independence
of the methodology, it o ers full support for separation of architecture domainsand for interactions between
agents and agent organisations. The methodology is supported by specialise¢dols, the \INGENIAS Devel-
opment Kit (IDK)" and the \INGENIAS Editor" ©. INGENIAS originally uses the life cycle of the Unied
Process, allowing an iterative and incremental development, but aversion using Scrum as a framework has
been suggested [19]. Similar to PosoMAS-Scrum, the method content isrdedded in the iterative-incremental
lifecycle and supplemented by typical Scrum activities.

From the remarks above, it becomes clear that all AOSE methodologies sygort a di erent set of re-
qguirements and apply to di erent types of systems. A more detailed comparison between PosoMAS-Scrum,
Prometheus, ADELFE, and INGENIAS-Scrum is shown below. However, it nust be noted that not all require-
ments apply to all development situations. For some teams, it might be lelpful to have a meta-model available
or support by a dedicated tool. Others do not require support for agent oganisations since the scale of the
system under development is low or more complex organisational structes are not needed. In such situations,
PosoMAS may not be an ideal candidate and one of the other methodologies may bestter suited. It is thus
important to consider the actual requirements of the development eort before choosing a process [21].

6.2. Comparison between AOSE Processes. The validation of a software engineering process is di -
cult from a methodical point of view. Ideally, the process is testel in a productive environment for the creation
of a software product with an experienced team of software engineers andevelopers who can compare the
e ort to previous experiences with other methodologies. Such an apgrach, however, is not feasible in the
scope in which AOSE methodologies are created at the moment. Instead,emely on qualitative evaluation and
validation criteria. Tran et al. [45, 44] have introduced a catalogue of criteia that are used in Table 6.1 to show
the characteristics of PosoMAS and to compare it to other approaches. Theseriteria are related to the support
the methodologies give in di erent areas. To ensure that all relevant apects of the development process are
covered, Tran et al. identi ed 19 commonly used development stepshat were con rmed to be necessary by a
survey conducted among experts. The set of criteria can thereforedoconsidered quite exhaustive.

It should be noted that such a comparison is not suitable to make a statem@ about which methodology is
\better" in general, but rather serves as an aid in deciding which of the methodologies is suitable in a specic
development project. If such a project, e.g., requires explit support for proactivity, Prometheus, ASPECS,
or INGENIAS-Scrum might be more suitable than PosoMAS-Scrum. On the otherhand, if the focus is on
the development of an open system, PosoMAS-Scrum has advantages. Likewisghile Table 6.1 might give the
impression that ASPECS covers more criteria and is therefore suitale in all situations in which PosoMAS-Scrum
can be applied, this is not actually true since ASPECS prescribes th use of holons and a speci ¢ meta-model
that is not suitable to all projects. Ideally, a situational method engineering approach (cf. Sect. 3.1 would
identify method content from di erent methodologies that ts the p roject and combine it. Unfortunately, this
is di cult since most processes lack a readily available machine-eadable standardised process description.

Table 6.1 only captures if a process has explicit supporting contentor a certain criterion. It is, e.g., possible
to build proactive systems with PosoMAS even though the process doesot include speci ¢ support for them.
The process website contains a detailed description of the crités and comparisons under di erent aspects and
for additional methodologies.

The basis for the evaluation of PosoMAS-Scrum is the development e ort dscribed in Sect. 5. The OpenUP-
based version of PosoMAS has been evaluated with two simulated case stadi one of which | a power manage-
ment example |is available online along with a detailed description and a selection of artefacts. Information
about the other processes has been extracted from the relevant litature. We present the characteristics of

Shttp://ingenias.sourceforge.net/
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Table 6.1: Characteristics of PosoMAS-Scrum, Prometheus, ASPECS, and INENIAS-Scrum based on [45, 44,
32, 10, 19, 18, 12]. More details on criteria and values on http://posomas.isse.de.

Criteria PosoMAS-Scrum Prometheus ASPECS INGENIAS-Scrum
Process-Related Criteria

Development lifecycle Iterative-incremental life Iterative across all Iterative-incremental Iterative-incremental

cycle phases life cycle life cycle
Coverage of the lifecycle Requirements, Analysis, Analysis, Design Analysis, Design, Test, Analysis, Design,
Design, Management Deployment Implementation,
Deployment,
Management

Development Hybrid Bottom-Up Top-Down Top-Down

perspectives

Application Domain Any Any Any Any

Size of MAS Not Speci ed Not Speci ed Not Speci ed Not Speci ed

Agent paradigm Heterogeneous BDI Holonic BDI

Model Validation Yes Consistency and No Yes

completeness

Re nability Yes Yes Yes Yes

Approach towards MAS Object-Oriented, Object-Oriented, Role-Based, Goal-Oriented,

development Non-Role-Based Non-Role-Based Knowledge Role-Based

Engineering

Meta-model based No No Yes Yes
Model-Related Criteria

Syntax and Semantics Medium High High High

Model transformations Yes Yes Yes Yes

Consistency Yes Yes Yes Yes

Modularity Yes Yes Yes Yes

Abstraction Yes Yes Yes Yes

Autonomy Yes Yes Yes Yes

Adaptability No No Yes Yes

Cooperation Yes Yes Yes Yes

Inferential capability No Yes No No

Communication Yes Yes Yes Yes

Reactivity Yes Yes Yes Yes

Proactivity No Yes Yes Yes

Concurrency No No No No

Model Reuse Yes Yes Yes Yes
Supportive Feature Criteria

Software and Yes Yes Yes Yes

methodological support

Open systems and Yes No Yes No

scalability

Dynamic structure Yes No Yes No

Performance and Yes Yes Yes No

robustness

Support for Yes Yes Yes Yes

conventional objects

Support for Yes No Yes No

self-interested agents

Support for ontologies No No Yes No

PosoMAS-Scrum, Prometheus, ASPECS, and INGENIAS-Scrum in Table 6.1. Thee processes have been chosen
due to their pervasiveness (Prometheus), their currentnessASPECS), and their use of the same development
framework (INGENIAS-Scrum). Comparisons with other processes, inalding O-MaSE, Gaia, and Tropos can
be found at http://posomas.isse.de.

7. Discussion and Future Work. This paper introduced PosoMAS-Scrum, an agile agent-oriented soft-
ware engineering process for the class of large-scale open self-organgssystems. We demonstrate how it can
be applied in a development e ort and show how it compares with exising approaches. We also demonstrate
how easy it is to combine it with method content from other processe and to tailor it to the speci ¢ needs of
a development e ort or the predilections of the developers.

We are not claiming that PosoMAS-Scrum or its OpenUP-based cousin POsoMAS Wibe suitable in all
circumstances or are in general \better" than existing AOSE approaches Most of these methodologies are very
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concrete and prescribe solution approaches, techniques, and modais great detail. Such an approach excels
when a system ts the assumptions made by giving much more hands-on gport. However, it is rare that a
product ts the assumptions perfectly. PosoMAS and PosoMAS-Scrum tryto nd a middle ground between
these extremes by providing guidance without forcing adherencea a special paradigm and by formulating
method content in a way that lends itself to process customisatiorand tailoring. The comparisons in Table 6.1
can provide indications of the strength and weaknesses of the di ereprocesses and a starting point for selecting
a suitable process for a given project.

Most processes impose a certain way of thinking about the system umt construction. Prometheus enforces
the use of BDIl-agents, O-MaSE puts the focus on organisations, and ASPECSifces developers to think in
terms of ontologies and holarchies. PosoMAS has been designed to be indedent of most of these factors but
still contains elements that favour certain solutions, e.g., using he Observer/Controller architectural pattern as
the basis for adaptation. When choosing a process, the developmentde has to make sure that the perspective
taken by the process is compatible with the product.

Our main initiative for future work is to apply PosoMAS-Scrum in an indu strial project to validate and
re ne it according to the needs of an industrial partner. Additional fu ture work includes the creation and
integration of additional method content, especially w.r.t. testing of self-organising systems. A more in-depth
comparison of agent-oriented software engineering approaches is also undievelopment. In addition, a stronger
and more principled combination of goal-driven requirements engineéng with the di erent backlogs used in
Scrum will be developed. Our hope, however, is that by making PosoMA&nd all method content available as
a repository at http://posomas.isse.de both in browsable form and as EPF sotce code, other researchers and
practitioners will start using the practices and the framework they provide to adapt the process, create new
methodologies, and enrich the content with their own ideas and concep’.
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MODELLING DYNAMIC NORMATIVE UNDERSTANDING IN AGENT SOCIETIES

CHRISTOPHER K. FRANTZ , MARTIN K. PURVIS, BASTIN TONY ROY SAVARIMUTHU Y AND MARIUSZ
NOWOSTAWSKI *

Abstract.  Agent-based Modelling appears as a promising analytical to ol when it comes to a lasting question: in how far did
di erent institutions a ect the social and economic outcom  es of societies? Taking an incremental step to address this q uestion,
we present a re ned approach that combines existing institu  tion representations (the structure ) with a norm identi cation  process
to systematically “grow' normative understanding from the bottom up without relying on any prior knowledge. The propos ed
mechanism provides agents with the ability a) to detect comp lex normative behaviour by developing and di erentiating s  tereotypes
of social actors, and b) to generalise behaviour beyond obse rved social entities, giving agents the ability to develop n ormative
understanding as a potential precursor for predicting newc omers' behaviours. We exemplify this approach using a simul ated
prototypical trader scenario that is evaluated with respec t to behavioural diversity (di erent compositions of non-/ cooperative
agents) as well as structural diversity (di erent types of a  gents). Using the simulation results, we showcase the expla natory power
of the derived normative understanding beyond the interpre tation of quantitative results, and nally discuss the gene ralisability of
the proposed approach.

Key words:  Norms, Institutions, Institutional Grammar, Norm Generali sation, Norm Synthesis, Nested ADICO, nADICO,
Dynamic Deontics, Normative Understanding, Maghribi Trad  ers Coalition, Social Simulation, Agent-Based Modelling, Agent-Based
Institutional Modelling
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1. Introduction. Institutional modelling has received increasing attention in the area of multi-agent sys-
tems, and multi-agent-based simulation, such as in [17, 2, 45]. One centralriver is the continued interest in
explaining socio-economic development based on the institutional efronment that either fostered or restrained
economic development, which is a key theme of the area of New Institidnal Economics [48]. Agent-based mod-
elling is particularly useful in this context, since it can model human interaction on multiple levels of social
organisation (micro, meso, macro) and provide insight into the emergencef behavioural regularities.

This work contributes to this discussion by proposing mechanisms Hat allow us to "grow' institutional
understanding using the very individuals that are subject to the established institutions. In this context, we
interpret institutions from a behavioural perspective as manifestations of social behaviourthat transcend the
individuals that constitute them and exist in the form of conventions (e.g. use of left or right road side), social
norms (e.g. littering in the park), or formal laws and rules (e.g. contracts, tra c rules). The proposed mechanism
is an extension of the approach previously introduced in [15] and attempg to make bottom-up emergence
processes accessible using a human-readable structural repretsion (introduced in previous work [13, 14])
that captures the institutional spectrum. The concrete contribution includes a systematic formalisation of the
individual norm generalisation steps, along with proposing a novel appsach to multi-level norm generalisation
based on social structures.

Doing so, this work attempts to integrate “structure' and “process'to provide a generalisable framework
that allows for an accessible representation of institutional emergeres with particular focus on social norms.
In the area of normative modelling, this work bears relationships to two research areas, namely institution
representations as well as norm synthesis.

In the following Section 2 we lay out the motivation in more detail in th e light of existing work from the
area of normative modelling. In Section 3 we introduce the utilisedstructural and conceptual representations,
before moving towards the description of the proposed norm generalisgtn process in Section 4. In Sections 5
and 6 we apply this mechanism to a prototypical scenario that models emnomic cooperation based on informal
institutions to show the process' inner workings as well as its exjanatory value. We conclude our work with a
discussion of the contribution and its potential applications in Secton 7.
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2. Background, Related Work & Motivation. Coordination in human societies is increasingly recog-
nised as important, if not decisive, to set societies on a path towarsl prosperity [19, 1]. Realistic arti cial
models of human societies thus a ord mechanisms that are able to reptate behaviour leading to the emergence
of di erent forms of stabilising behavioural manifestations, or institutions. Even though this challenge is not
novel in the context of computational modelling but goes back to the poneering works on norm synthesis by
Shoham and Tennenholtz [38, 40], recent works have made promising advancisthe context of online norm
synthesis, thus inferring normative behaviour at runtime, as oppoged to identifying norms ex post (o ine de-
tection). Recent works in this area speci cally include Morales etal. [28, 29, 27] and Riveret et al. [37] that put
emphasis on learning-centred bottom-up inference of norms.

Morales et al. [27] propose a framework that identi es and selects norms basl on their e ectiveness and
e ciency. It does so using a central monitor that observes behavious and performs the balancing act of propos-
ing the greatest possible generalisation while avoiding overregulatin. Their model applies case-based reasoning
to inform future action choices and uses the concept of &lormative Network to represent the interrelationships
between systems of norms and to resolve norm conicts. The e ciencyof their system is described in the
context of tra ¢ scenario inspired by Shoham and Tennenholtz [39].

Riveret et al. [37] propose a trans guration mechanism in which agents lear norms from the bottom up
and use collective action to arrive at a consensus about the normative coatt, before enforcing this agreed-
upon prescription collectively. The authors' intent is to retrace the establishment of self-governing systems
by marrying bottom-up and top-down perspective on institutions, which they operationalise using stochastic
games.

In contrast to the previous works the approach proposed in this work is notprimarily informed from a tech-
nological perspective that yields towards the engineering of e cient normative outcomes. Instead of controlling
norm emergence with top-down processes, we emphasise the sociobadperspective, with the intent to remodel
characteristics typical for actual human societies, including compex behaviour that produces undesirable or
even seemingly inconsistent results. We further tolerate the @ablishment of ine cient norms (see e.g. [6]) that
the regulatory artefacts of the mentioned works prevent by design.

We entertain a comparatively broad understanding of institutions [31, 19] interpreting institutions as “'man-
ifestations of social behaviour'. Though being concise, this undetanding captures the essence of institutions,
which includes a) their grounding in interaction among individuals and/or groups, and b) their stability char-
acteristics that allows institutions to potentially survive the c ircumstances (and thus purpose) that brought
them about (see e.g. [35]). This understanding captures a broad range of stitution types that reach from
self-enforcing conventions, via decentrally enforced (informalsocial norms, to centrally enforced (formal) rules.
For this reason in this work we seek to operationalise a general repres@tion for institutions, such as that
found in Crawford and Ostrom's Grammar of Institutions [11], whose specication has previously been re ned
in [13]. For our purposes the e ectiveness of the "grammar’ lies in its azessible human-readable interpretation,
consideration of social structures (e.g. actors) as well as actions, alongitv its cross-disciplinary applicability
(see e.g. [42, 41, 17]). In the context of social simulation, we can thus uskeds an expressive interface between
the experimenter and the observed arti cial society.

The present work continues the re nement of this structural representation (building on [13] and [14])
and the associated systematic process (initially introduced in 15]) that describes how individuals can develop
normative understanding based on generalised experience and obsernats.

The essential contribution of this work is rstly to provide a syst ematic formalisation of the individual
norm generalisation steps, and secondly, to introduce a notion of multievel generalisation of social structures,
the latter of which provides the foundation to generalise behaviour lgyond the observed social entities and
potentially enabling the prediction of newcomers' behaviours. Theintroduced example further showcases how
this generated normative understanding can support the interpretaion of emerging behaviour, a challenge that
is particularly prevalent in complex social scenarios.

This process is driven by three key themes, that is a) the inhenet decentralised nature without central
coordinating entity, b) the strong generalisability by making mini mal assumptions about cognitive capabilities
of agents as well as absence of a priori knowledge about actions or social sttuies, and c) the accessibility to
the human experimenter.
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To illustrate our present work, we invoke the metaphor of a long-distane trading scenario inspired by the
Maghribi Traders Coalition [19] that operated around the 10th century along the North African coast. This
scenario describes a collective that relied informal trade arrangenmes: traders delegated the transport and
sale of goods to fellow traders in remote locations under the promiseotreciprocate that service, an aspect
that allowed them to expand the geographic range of their operations. The esntial aspect for our scenario is
the reliance on mutual compliance to assure a functioning economic stem; individuals that were suspected of
embezzling prots, i.e. cheating, faced exclusion from trade. At a ater stage, we will complement that society
with a counterpart that had to rely on formal institutions to govern comp liance, the Genoese traders. They
could not rely on a trust network to assure cooperation, but had to resortto contracts in order to sustain
a functioning economy. We operationalise those scenarios to provide an @essible evaluation scenario with
prototypical institutional con gurations, but do not claim to recreate t hose societies accurately.

In our prototypical societies traders can at the same time adopt two roles 1) sender and 2) operator.
Senders send goods to other operators who then facilitate the actual sal(and potentially cheat), and return
the realised pro ts to the sender.

3. Norm Representation.

3.1. Nested ADICO (nADICO). The concept of Nested ADICO (nADICO) [13] builds on the essential
purpose of the original institutional grammar [11] to represent conventiors (or shared strategies) , norms and
rules in the form of institutional statements. It consists of ve components (with the acronym ADICO), and is
brie y explained in the following.

Attributes ( A) { describe the characteristics of individuals or groups of individuals that are subject to
an institution;

Deontic (D) { indicates whether the institutional statement is of prescriptive or permissive nature.
The grammar relies on deontic primitives (e.g. may, must, must not) B6] to express the normative or
discretionary nature of a statement. The

Al'm (1) { describes an action or outcome associated with the institutional staement;

Conditions (C) { describe the circumstances under which a statement appliesihich can include spatial,
temporal and procedural aspects. If unspeci ed, the applicabilityis unconstrained and thus implies \at
all times and in all places" [11]. Finally, the

Or else O) { speci es the consequences or sanctions [36] that follow non-compliae with a statement
speci ed by the previous four components. In the nADICO interpretation, consequences can both be
attached to social norms and formal rules, whereas the original concept oplpermits the speci cation
for consequences for rules. The "Or else' itself can be a nestedsiitutional statement.

This grammar allows for the expression of statements of varying nature angtrength, representing di erent
institution types, while allowing a straightforward transformation f rom natural language.

A convention, for example, can be adequately expressed using the compents AIC, e.g.% Traders (A) trade
fair (I) when being observed (C). Adding the Deontic component to the (then ADIC) statement extends it to
a sanction-less norm statement:Traders (A) must (D) trade fair (I) when being observed (C). Finally, adding a

consequence@r else), constitutes a norm or a rule [13F
Traders (A o) must (D o) trade fair (I o) when being observed (C 0), or else observers

(A1) must ( D1) report this ( 11) in any case ( C1).

Institutional statements can be nested vertically (as shown above), in which aconsequential statement
(Level 1 on the previous example) backs a statement it monitors (above:ADIC(ADIC) (here the monitored
statement on Level 0 in the example). This allows the representation of institdional regress, i.e. the backing
of institutions by more deeply embedded institutions that descrbe monitors' duties and potential consequences
for their non-compliance. In contrast to the original institutional gramm ar, in NADICO both norms and rules
can have speci ed sanctions. This conception follows the understating that norms and rules are not so much
di erentiated by the absence of sanctions, but rather by sanction chaacteristics. In the case of rule sanctions,
prescribed actions, monitoring entities, and enforcers are explidy speci ed (i.e. formally appointed). For

1In the examples we use parenthesised letters to de ne the rel ationship of natural language expressions with the respect ive
grammar component, such as “Traders (A)' referring to the  Attributes component.
2We use indices on statement components to indicate nesting | evels (0 being the top level, 1 being the rst nested level, et c.).
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norms, in contrast, sanctions are characterised by varying/unknown actons as well as fuzzy (and potentially
con ated) conceptions of private monitors and enforcers [35}

Ideally this enables the modelling of comprehensive chains of respsibility. Beyond this, institutional
statements can behorizontally nested i.e. combined by logical operators that describe their co-occurreree
(e.g. ADIC and ADIQ or alternative occurrence (inclusive or: ADIC or ADIGC exclusive or:ADIC xor ADIQ. In
addition to that, statements can be negated using thenot operator. Horizontal Nesting, as we refer to such
co-occurrences, can be used both in the leading monitored statemeand trailing consequential statement of a
nested institutional statement. The syntax (in the Extended Backus-Naur Form [24]) is de ned in Figure 3.1.

attributes = "AT
deontic = "D"
aim = B
conditions = "ct o
aic = attributes , aim , conditions ;
adic = attributes , deontic , aim , conditions ;
and = "and" ; (* Conjunction *)
or = "or" ; (* Inclusive Disjunction *)
xor = "xor" ; (* Exclusive Disjunction *)
not = "not" ; (* Negation *)
WS = " (* Whitespace *)
LB = ("
RB = N
nadico = adic | (* Individual Norm Statement without Sanction *)

[ not , LB, ( nadico | aic ) , RB ] | (* Negation *)

[ nadico [ , LB, ( nadico | aic ) , RB ] ] | (* Vertical Nesting *)

[ LB, ( nadico | aic ) , ws , (and | or | xor ) ,

ws , ( nadico | aic ) , RB ] ; (* Horizontal Nesting *)

statement = aic | nadico ; (* nADICO Statement (including Top-Level Conventions) *)

Fig. 3.1: nADICO Grammar Syntax Speci cation

In nADICO, vertical nesting represents notions of structural institutional regress, i.e. the activation of one
or more consequential norms upon violation of monitored norm(sf Complementing this, horizontal nesting en-
ables the representation of institutional complexity on a given nestng level. Combining both nesting approaches
enables the comprehensive description of individual institutiors.

The concept of nested institution levels has previously been distssed by Grossi et al. [20] with focus on the
speci cation of interdependent norm types based onsubstantive normsthat are decomposed intocheck norms
(that monitor behaviour) and reaction norms (that prescribe sanctions associated with violations). lopez y
lopez et al. [26] propose a similar approach to manage the interdependencydiween norms. Similar to Grossi et
al. they separate norms into primary and secondary norms, but interlok those. The violation of normative goals
of secondary norms activates the corresponding primary norms. The nADIO grammar a ords the expression
of such dependencies in a single comprehensive structural regentation. The function of the norm is relative
to its nesting level in an institutional statement, guarding a statement on a lower nesting level (i.e. being
a consequential statement), while at the same time being guarded bytatements on a higher nesting level
(i.e. being a monitored statement).

To facilitate the derivation of normative understanding from behavioural feedback, we further utilise a
continuous conception of deontics (as opposed to discrete deontic pritives) to re ect the evolution of normative
understanding over time and integrate it with the institutional gram mar.

3This is discussed in greater detail in [13], [14], and [16].

4The conventional understanding of institutional regress (  as used by Aoki [3] and Hodgson [22]) emphasises the path-dep endent
formation of institutions over time, an aspect we label as  temporal institutional regress , in contrast to the structural dependency
highlighted by the institutional grammar.
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3.2. Dynamic Deontics. In place of the institutional grammar's use of conventional discrete deotic
primitives to signify prohibitions, permissions, and obligations, we apply a continuous notion of deontics, pre-
viously introduced as Dynamic Deontics [14], which we brie y introduce at this stage. The essential intuitions
of this approach are shown in Figure 3.2 and explored in the following.

Proscriptive Prescriptive

Permissive

< | 4 Continuous Range
= promissible  deterring ' suggestive  omissible "
——:[‘P—r——> 4——t—f—b—— Stability Aspects
«—> <——>» Dynamic Range
Prohibition | | Permission | | Obligation
(MUST NOT) : : (MAY) : : (MUST)
| SHOULD NOT | MAY NOT ! MAY | SHOULD |

Fig. 3.2: Dynamic Deontic Range

Instead of relying on a simpli ed discretised representation of nomative states, a continuous representation
of deontics bridges the gaps between the extremal prohibitions and olgations, re ecting gradual evolving nor-
mative understanding over time. Similarly, a continuous concepton can re ect the varying notions of oughtness
associated with speci ¢ prescriptions [7]. Along the continuum betveen prohibition and obligation, what we
conceive as deontic range, we can allocate deontic terms, deontics The original deontic primitives occupy the
extremes and centre point (deontic centre) of the deontic range. To gablish basic categories, the deontic range
is composed from deontic compartments that carry labels such asust and may, and indicate relative levels of
prescriptiveness> as shown in the “omissible' (obligations that can be foregone) or “promidslie’ (prohibitions
that can be ignored). The range itself is dynamic and determined by theindividual's experience, a possible
mapping being the direct association of the most positive and the most egative experiences with the respective
ends of the deontic range.

To operationalise this approach, we rely on reinforcement learning, or mar speci cally, Q-Learning [47]. It
o0 ers the direct representation of extremal reinforcements (highet and lowest Q-values) as well as discounting of
reinforcements over time, operationalising features such as the pansion and contraction of the deontic range.

In the context of this work, Dynamic Deontics are used to develop normaive associations with specic
actions (e.g. developing the understanding that one i®bliged to trade fair and prohibited from cheating). Along
with this, we maintain sliding windows of past extremal (i.e. positive and negative) reinforcements to smooth
the dynamics of the deontic range, from which deontic compartments are yhamically derived. For a detailed
account on the involved operational steps refer to [16].

4. From Experiences to Institutions. Although conventions and norms surround us, we are often barely
conscious of their existence and origin. Generally, norms implicif emerge on the basis of experiential [33] and
social [4] learning in the contexts of existing institutions [49], whereas rules are explicitly speci ed [32], which
allows their unambiguous communication and adoption.

To model the subconscious processes of evolving institutional umstanding, we employ a data-driven
approach that utilises the data structures we have described to fatitate agents' understanding of the normative
environment involving a minimal amount of explicit reasoning. In addition, the operationalisation proposed
here aims to be generalisable, operates decentralised (i.e. withoat central coordinating entity), and relies on
a minimal amount of prior information. To achieve this, in Subsection 4.1 we operationalise an institution

5Note that the choice of intermediate deontic terms for this e xample is not systematically grounded but is chosen with ana logy
to other elds, such as the keywords for requirements speci  cation in Request for Comment (RFC) documents [8] by the Internet
Engineering Task Force.
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representation that has the descriptive power to capture individual actions (action instances) as well as higher-
level institutions. Based on those principles, we present a systmatic process that describes the transition and
derivation of institutional statements from individual observations ( Subsection 4.2 onwards).

4.1. Action Representation. To operationalise actions, we use the syntax of the nADICO grammar's
AIC component that augments an action de nition ( Alm ) with the subject ( Attributes ) and context/conditions
(Conditions). Utilising the term act to identify an individual action instance (as opposed to an institutional
statement of the form aic ), an action statement is thus act(attributes, aim, conditions) , Where aim
represents the action de nition.

Attributes. Operationalising the Attributes component, we assume that individuals carry observable proper-
ties re ecting the notion of social markers individuals display in real life [43], such as name, ethnic background,
gender, etc. Such markers can be of individual nature (i.e. attachedd the personal identity) and social character
(i.e. one's social identity), and be temporary and/or modi able (e.g. clothing, situational role), or permanent
(e.g. physical features). For the context of this work we represent dributes as two sets, with the rst set i
representing individual characteristics and the second ones|) highlighting group features [21], providing the
generic structure attributes(i, s) . To facilitate the di erentiated treatment of attributes as part of th e gen-
eralisation process, we assume that individuals are able to categorisecal markers by their natural kind, such
as ‘role', “occupation’, “origin', as opposed to treating those as unstaiured tags as done in previous work [15].
The essential advantage of categorising markers is the ability to accountor asymmetric sets of markers, but
also to permit re ned characterisations by permitting combinations of markers (e.g. multiple occupations).

Individual and social markers are represented as key-value pairsk,v >, where the key k represents a
unique labef that describes a relevant category (e.g.occupation ), and the value v is the set of associated

markers (e.g.trader ). Consequently, individual and social markers are sets of such pairas exempli ed in the
Figure 4.1

Individual Markers Social Markers

attributes({name={trader1}}, {role={sender}, occupation={trader}, origin={maghribi}})

Fig. 4.1: Attributes Structure

Actions. To establish unambiguous symbolic references to an action and its propies, we require a struc-
tured action speci cation. We de ne actions using a label a and an associated set of propertiep, the set of
which depends on the nature of the action. Substituting the Alm component of the institutional grammar,
we can thus sayaim(a, p) . Taking an example from our scenario, the central properties of the actionsend
goods to trader' are the object that is dispatched (‘goods'), as well as the destinedarget (‘trader'). This action
de nition can thus be represented agim(send, fobject, target @), and instantiated as aim(send, fgoods,
trader g). Note that the representation shown here simpli es the Attributes component by substituting the
trader's complete attribute speci cation with the token “trader'.

Conditions. In addition, we tailor the Conditions component to capture the context of action execution by
allowing the speci cation of a potentially related preceding action (e.g. as a reaction to a previous action) as
the rst element in order to represent action sequences, or behawural regularities that can be precursors for
identi ed institutions.

Table 4.1 provides an overview of the operationalised component spedations®

4.2. Generalisation. Individuals generally and unintentionally engage in processes of “inijgit social cog-
nition' [18], one of which is the social generalisation process of “stasyping'. Stereotyping attributes individual
observations of behaviour or features to social structures generalidefrom observation instances. As such this

6Note that the label does not need to carry any semantic weight other than uniquely identifying a given category.
“For the sake of brevity the value sets in our example only cont ain individual values.

8To keep expressions concise, for given examples the complete attributes speci cation of agents (i.e. their social mark ers) is
substituted with their name (e.g. traderl).
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Table 4.1: Component Speci cations

Component Structure Example/Instance

Attributes attributes(i, s) , with i/s attributes(  f name#traderl gg,
being sets of individual/social frole= f senderg,
marker pairs occupation= ftrader g,

ethnicity= f maghribi gg)

Action De nition aim(a, p) , with a being a aim(send, fobject, target Q)
natural language action de-
scriptor, and p being a set of
action properties

Conditions conditions(act, ¢) , with act(trader2,
act being a preceding action, aim(trade, fgoodsg),
and c being a set of further conditions(act(traderl,
conditions aim(send, fgoods, trader2 Q),
N)
Action Statement act(attributes, aim, act(traderl, aim(send, fgoods,
conditions) trader2 g), *)

process bears similarities to inductive reasoning, but in contrasto the latter, stereotyping occurs subconsciously
and does not consider explicit probabilistic reasoning. Notwithstanding the disputed underlying causes for its
existence and attributed oversimpli cation in social contexts, this process can lead to uncertainty reduction
and e ciency enhancement, e ects that are characteristic for institutions [31, 50]. Since stereotyping builds
on the assumption that actors repeat previously displayed behaviourjt enables individuals to develop predic-
tors to anticipate others' behaviours and to call upon previously exeated successful reactions. This specic
aspect makes consideration of stereotyping important when modellingnstitutional evolution, since it provides
the mechanism that links agents' minds with their environment, shaping beliefs from presumed habits, or as
Peirce [34] put it: \[the] essence of belief is the establishment dfiabit." In a similar vein, Castelfranchi links
these conceptions by suggesting that minds themselves are sociaktitutions [9].

Apart from the resemblance of human behaviour in agents, adopting this appach for arti cial agents
minimises the cognitive load for agents, limiting the need for complexagent architectures, and, along with this,
potentially the demand for computational resources.

Following this understanding, the proposed mechanism operates ently based on collected action instances
as speci ed above. As highlighted in the individual transitions in Figure 4.2, the collected action instances are
generalised intodescriptive norms (or conventions), before aggregating associated experience to produealenced
expressions which are used to generateinjunctive norms.® In the following we provide a detailed description
of these individual steps.

Modelling subconscious generalisation processes shifts the ppextive from the observation of individual
behaviour instancesto the inference of social behavioural regularities narrowing the gap to what we perceive
as institutions. We thus perform an aggregation of individual action statements to form generalised AIC state-
ments, which we consider equivalent to observed conventions, omithis case,descriptive norms Operationally
we achieve this by grouping the observed action statements based on tinéndividual components.

To explore this generalisation process, let us use a running examgla trade action instance.trader2 trades
goods in the role of anoperator , after having been sent goods by another fellow tradetraderl (in the role of
a sender):

9Descriptive norms describe how norm participants behave whereas injunctive norms  specify how norm participants  should
behave [10].
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Fig. 4.2: Generalisation Process

act(attributes(  f nameftrader2 gg, frole= foperator g, occupation= ftrader g,
ethnicity= f maghribi gg),
aim(trade, fgoodsg),
conditions(act(attributes( fname#traderl gg, frole= fsenderg,
occupation= ftrader g, ethnicity= f maghribi gg),
aim(send, fgoods, attributes( fname#trader2 gg,
frole= f operator g, occupation= ftrader g,
ethnicity= f maghribi gg) g),
conditions(*))))

Focal statement components with relevance for the generalisation of belvioural conventions or norms from
individual observations include the actor (attributes component) and the action (aim component).

In an initial step, all observations are grouped by the action descriptor,ignoring additional action properties.
In our running example this resolves to the actiontrade . In the resulting action statements we ignore the
individual markers but concentrate on the aggregation based on social marker i.e. markers that are shared
among multiple individuals/groups.

The generalisation of grouped action statements can be attacked from two pepectives, one being the
identi cation of di erences among individual action instances in order to infer behavioural regulaities that are
speci ¢ to particular roles as described in [15].

An alternative is to approach generalisation from a bottom-up perspectiveby concentrating on similar
features to identify behavioural regularities on di erent social aggregation levels. Let us exemplify this approach
using a more realistic set of individual observations shown in Figuret.3.

attributes(*, {role={sender}, occupation={trader}, origin={maghribi}})
attributes(*, {role={sender}, occupation={trader}, origin={maghribi}})
attributes(*, {role={operator}, occupation={trader}, origin={maghribi}})
attributes(*, {role={sender}, occupation={trader}, origin={genoese}})
attributes(*, {role={potter}, occupation={artisan}, origin={maghribi}})

Fig. 4.3: Observation Samples for Hierarchical Generalisation

To model more complex multi-level generalisation processes, we anespired by agglomerative hierarchical
clustering [25], i.e. the generation of clusters of decreasing granulig&y by incrementally increasing permissible
distances of clustered elements. For the context of our work, we groumdividual observations based on their
shared attribute categories/features, before incrementally reduagig the number of shared categories to establish
more coarse-grained generalisations that cluster wider ranges of observatis.
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The initial grouping of observations operates on all attributes features ofgiven observations. We refer to
this as Level 0 Generalisation , since it does not permit deviating attribute values in aggregated staements.
Using the observation samples listed in Figure 4.3 we can group two obseations on Level 0,'° with all other
observations being unique with respect to their attribute sets asshown in Figure 4.4. For the sake of conciseness
we only show combinations with at least two matching statements.

{role=*, occupation={trader}, origin=*} (4),
Level 2 {role=*, occupation=*, origin={maghribi}} (4),
{role={sender}, occupation=*, origin=*} (3)

{role=*, occupation={trader}, origin={maghribi}} (3),
Level1 {role={sender}, occupation={trader}, origin=*} (3),
{role={sender}, occupation=*, origin={maghribi}} (2)

Level 0 {role={sender}, occupation={trader}, origin={maghribi}} (2)

Fig. 4.4: Hierarchical Generalisation

To model higher-level generalisations, we permit an increasing diance of observations. We operationalise
the distance between observations as number of deviating category valag since our action representation
operates based on nominal features. A.evel 5 Generalisation  would thus capture observations in which
ve features di er. A scenario consisting of n attribute categories thus permits a maximum generalisation level
of n 1, i.e. requiring at least one shared feature. In a scenario with sixefatures theLevel 5 Generalisation
would represent the most coarse-grained generalisation.

Shifting to Level 1, we consequently permit a single deviating feature between atthutes of statements
considered for generalisation. From the sample set of ve observationd,evel 1 Generalisation results in
three generalised attribute sets, one capturing allMaghribi traders and the second one describingraders that
operate as senders (of goodsps well asMaghribi senders

Permitting Level 2 Generalisation , we cluster observations that showcase two deviating features. For
our sample case, we extract three generalised attribute set$raders, Maghribis, and senders

Even though a uniform characterisation of attributes appears desirablethe established generalisations do
not con ict, but re ect multiple possible perspectives of generalisation. The relevance of whose can potentially
be determined by the number of observations captured, as well as the agggated reinforcements of the associated
actions that indicate the salience of behaviour (i.e. the extent to vhich all observations associated with this
generalisation actually describe uniform behaviour), an aspect dis@sed in the upcoming Subsection 4.3.

Returning from the generalisation of attributes to the extraction of generalised observations, let us sum-
matrise the involved individual steps.

With S,s being the collection of all individual observation action statements,S,ims being the individual
aims, and the functions

attr (act) extracting a given action statement's (act) attributes, or all attribute components from a set
of action statements, and
aim (act) extracting a given action statement's aim,

we can formalise the generalisation process as shown in Algorithm 1.

Initially all observations are grouped by the action they describe @im), followed by the generalisation
process that identi es intersections of attributes on di erent aggregation levels. The data structures keep track
of the number of observations that back a generalised statement. This gemalisation process operates across all
attributes occurrences in observation statements, including attibutes of preceding actions in theconditions
component of an action statement.

This generalisation process marks the initial step of deriving normaitve understanding from individual
observations in the form of descriptive norms, or conventions (AIC statenents in nNADICO (see Subsection 3.1).

10The number of captured observations per generalised attrib ute set is shown in parentheses.
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Algorithm 1 Hierarchical Generalisation Algorithm

1: Initialise set Obs (observations grouped by aim);
2: Initialise set Gen amjevel ) (generalised observations for aim aim and level level);
3: // Group action statements by aim
4: for aim in Syms doO
5: for act in Sacts do
6.

7

8

9

if aim (act) == aim then
Add act to set Obsym (Observations related to aim aim) contained in Obs;
end if
: end for
10: end for
11: /I Generalise grouped observations
12: for Obssm in Obs do
13: Remove individual markers;
14: /I Determine maximum cluster distance based on number of  attribute categories for observations
grouped by action aim
15: maxDist = max( attr (Obsaim )) - 1;

16: /I Determine generalised statements for all feature dis tances

17: for distance in maxDist do

18: level = maxDist - distance;

19: /Il ldentify intersections of size level among attributes of grouped observations for action aim
and save generalised statements

20: GeN(aimjevel ) = (X 2\ attr (Obsaim ); length (x) = level);

21: end for

22: end for

23: /I At this stage  Gen(aimjevel ) CONtains generalised observations for all aims and all leve Is

From the perspective of the observing agent, this generalised undstanding describeshow agents in his social
environment behave { independent of how theyshould behave.

Recalling the example provided at the outset of this subsection thegeneralisation process produces the
following aic statement:

aic(attributes(  frole= f operator g, occupation= ftrader g, ethnicity= fmaghribi gg),
aim(f action= ftrade gg, fobject= fgoodsgg),
conditions(aic(attributes(*, frole= f senderg,
occupation= ftrader g, ethnicity= f maghribi gg),
aim(faction= fsendg, fobject= fgoodsg, target= f
attributes(
frole= f operator g, occupation= ftrader g,
ethnicity= f maghribi gg) gg),
conditions(*))))

From a normative perspective this translates into the understandng that "Maghribi traders in operator
roles trade goods after having been sent goods by Maghribi traders actyy as senders'.

In order to develop more complex institutional statements, beyond comentions or objecti ed descriptive
norms, we need to assume that agents receive and associate feedbackhwitdividual action instances as part
of their experiential learning process. This is not only important to develop a understanding of “oughtness', as
introduced in conjunction with the Dynamic Deontics conception (see Subsection 3.2), but also to support the
evaluation of generalisation outcomes with respect to their contextual elevance as discussed in this subsection.

Any such feedback serves as input for a second aggregation process that certg the feedback into normative
understanding. The conceptualisation and implementation of feedback aturally depends on the application
scenario.

4.3. Feedback Aggregation. The central purpose of the feedback aggregation process is to build up
information used for an agent's overall understanding of a generalised cerntion. This is not to be confused with
its attitude towards that convention, but instead represents the result of cyclic internalisation and socialisation
processes that make agents experiential learners and shape their noative understanding, while, by means of
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Table 4.2: Exempli ed Action Instances with Valences

Simpli ed Action Example Feedback
act(attributes(  fnameftraderl gg, f... g), aim(action= ftrade g), ...) 30
act(attributes(  fname#trader2 gg, f... g), aim(action= ftrade g), ...) 10
act(attributes(  fname#trader3 gg, f... g), aim(action= ftrade g), ...) -20
act(attributes(  fname#trader4 gg, f... g), aim(action= ftrade g), ...) 20

conforming to normative behaviour, becoming enforcers in their owrright. This aggregation operates on the

action instances associated with a corresponding AIC statement as intrduced in the previous Subsection 4.2.
Table 4.2 shows (simpli ed) action instance observations for the actiontrade , along with hypothetical feedback

values.

To derive an aggregated feedback, odeontic value that is to be attached to the generalised institutional
statement, we consider variousaggregation strategies

Since the purpose of this work is centred around the process of deiig institutional understanding from
behaviour, as opposed to applying it to a speci ¢ scenario or types of ages, we concentrate on the rational
strategy. The rational aggregation strategyis the purest analytical approach to deriving normative understand-
ing, since it is based on the mean of all input values to determine a ratinally expected feedback for future
occurrences of a given action. Applying the rational deontic aggregation stategy, the exempli ed observation
sample in Table 4.2 would result in an aggregate feedback value (adeontic value) of 10. Recalling the de-
ontic range conceptualisation discussed in Subsection 3.2, we can map shinumeric value into an obligation,
prohibition or permission that the individual associates with the evaluated action.

A (non-exhaustive) set of alternative possible strategies include lie opportunistic strategy, in which indi-
viduals focus on extremal accounts of the most desirable or feared outcomgesolving to 30 for the sample
in Table 4.2), as well asoptimistic and pessimistic strategies that emphasise a bias towards best possible or
worst possible outcomes (i.e. resolving to 30 and -20 respectively)The informed choice of those strategies
can be used to express personal characteristics, such as a positwior negativity bias [5] of individuals, but
also to re ect cultural predispositions such as risk avoidance [23] wén evaluating normative behaviour. The
operationalisation of the mentioned alternative aggregation strategies is desibed in [16].

In preparation for the nal step of this process of norm identi cation, t he aggregated value { determined
based on strategies discussed in this subsection { is associated ihe generalised AIC statement as a precursor
for the development of nADICO statements. For this purpose we rely on he concept of Dynamic Deontics to
operationalise nADICQ's Deontic component.

4.4. Deriving nADICO Expressions. To derive higher-level NADICO expressions from AIC statements,
we revisit the developed action sequences that not only re ect an intvidual's actions but also multi-party ac-
tions. Actors can be generalised based on their social markers, such asesl(e.g. sender of goods, recipient, etc.).
Consequently, agents do not only generate behavioural conventions thatomsider themselves or only of roles
they play. In principle, individuals can form an institutional und erstanding about any role (or, more precisely,
set of social markers) they observe, and use this knowledge predietnknown individuals' behaviours based
on their social markers. This satis es an important purpose of institutions, the reduction of uncertainty [31],
based on the ability to predict normative behaviour using the steretypes attached to the observed individual.
The data-driven mechanism to develop normative understanding intoduced up to this stage gives agents the
ability to generalise and abstractly observe di erent role perspecives, both of which are precursors for applying
cognitive empathy [12], such as the ability to perform perspective takng.

However, to translate observed action instances from a mere descripe (AIC statements) to a prescriptive
perspective (ADIC/nADICO statements), we require the transformat ion of action sequences bgeparating those
into monitored statementsand consequential statementgsee Subsection 3.1) as well as the assignment of deontic
values.

In the following we describe the elementary steps involved in déving nADICO statements, which include:
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Identi cation of monitored and consequential statements
Assigning the deontic value to the monitored statement
Inverting the deontic value and assigning it to the consequential shitement

Identifying Monitored and Consequential Statements.In the course of their interaction, individuals collect
action sequences, i.e. actions along with preceding actions, expsesl asact statements with a subsequentact
statement's conditions component (see Subsection 4.1). These action sequences represetiba¢reaction pairs
that describe a "because of', or “on the grounds of' relationship, re @ing a direct causal dependency between
both actions. Using our running example we would then arrive at the intepretation: \The Maghribi operator
trades goodsbecausehe has been sent goods by the Maghribi sender.”, which representte descriptive horm
perspective directly derived from observed behaviour. Howeverto represent an injunctive perspective that
highlights an individual's perception of its duties [10], we requirethe transformation into " Or else' relationships
for cases in which multiple actions occur in sequence. An example ofiesh generalised action sequence is the
initial statement ~ Sender sending goods', followed by Operator trading goods.". To re ect the injunctive nature
of the "Or els€', we attach textual representations of perceived duty (deontics) b the individual statements and
invert the derived consequential statement's deontic (‘Sendersave to send goods, or else Operatorwill NOT
trade goods."). As discussed in Subsection 3.2, note that the deonticetms associated with the deontic range
(may, should must) may not precisely re ect this understanding, but they capture the intuition of varying
levels of duty.

To proceed along these lines, it is necessary to identify action seiences that involve one's social environ-
ment, i.e. multi-party interactions. Operationally, starting from the last element in the action sequence (i.e. the
most recent action), the agent iterates backwards through the action segence and identi es the rst action
statement whose attributes (i.e. generalised social markers) di e from the nal action statement's attributes.
The subsequence of all remaining action statements is then treated amonitored statement (i.e. the statement
whose compliance is monitored), whereas the sequence of all parsed actistatements is interpreted asconse-
guential statement Let us use the following example to explore these mechanicsSenderssend goods', followed
by "Operators cheating', followed by ‘Senders ring them'. Working our way backwards from the last statement
("Senders ring them'), we nd that the second last statement has a di ering ge neralised actor (Operators),
leaving us with the monitored statement Operators cheat after Senderssending goods' and the consequential
statement ‘Senders ring them'.

If an action sequencedoes notinclude multiple parties, i.e. all actions are performed by a singlendividual
(or multiple individuals carrying identical social markers), the last elementary action is then interpreted as
the previous action's consequence and treated aonsequential statementwith the preceding action statements
being the correspondingmonitored statement

Assigning Deontic Value to Monitored Statement. To give the statements normative value, we utilise the
aggregated deontic value for the entire action sequence derived as part ohé previously described feedback
aggregation step (Subsection 4.3) and assign it to the identi ed monitored satement's Deontic component.

Assigning the Inverted Deontic Value to the Consequential StatementFinally, to establish a deontic term's
corresponding counterpart (e.g.shouldvs. should not), we rely on the individual's existing deontic range to invert
the aggregated value. The inversion involves the proportional mapping of dentic values along the individual's
deontic range to the inverted deontic compartment. The resulting ceontic value is assigned to the consequential
statement to express the presumed consequence for the violation ohé inferred monitored statement. For
example, assuming a deontic range with midpoint value of 0, a value of 5 { pasbly mapping to should { is
inverted to its opposite scale value and deontic term ghould not) as schematically visualised in Figure 4.5. Note
that the assumption of a symmetric deontic range is an exemplary simplcation.

11 Alternative con gurations are discussed in [16].
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Fig. 4.5: Exempli ed Deontic Inversion Process

Applying the deontic inversion to our running example, the correspnding nADICO statement reads:

adico(attributes(  frole= fsenderg, occupation= ftrader gg),
deontic(b),
aim(action= fsendg, fobject= fgoodsg, target= f attributes(
frole= f operator g, occupation= ftrader gg) gg),

conditions(*),

orElse(adic(attributes( frole= f operator g, occupation= ftrader gg),
deontic(-5),
aim(action= ftrade g, fobject= fgoodsgg),
conditions(*))))

Let us summarise the individual steps in algorithmic form.

Using adicy to describe an individual action statement at the k-th position within a sequence of statements
(adick)E¢ (with the rst statement being the last performed action and max indicating the total number of
action statements in the sequence), we can derive the correspondimADICO statement nadico and de ne the
associated monitored statement (Functionnadic(nadico)) and consequential statement (Function o(nadico)) as
described in Algorithm 2.

In the context of the derivation of NADICO statements, it is important t o highlight a special case. This
derivation approach does not establish a consequential statement if nprevious action has been observed, gener-
ating an injunctive norm without speci ed consequences, e.g. an obfjation or prohibition without consequence.
This corresponds to an ADIC statement in the nADICO syntax.

At this stage, the derived nADICO statements provide the experimenter with a comprehensive insight
into individuals' experience-based normative understanding. Tle derived statements can be further generalised
based on individual grammar components, such as

actions (Alms) { by inferring an overall normative understanding of actions from aggregatel nADICO
statements { and

social structures (Attributes) { by generalising normative behaviour for speci c actor stereotypes €.g.
roles) on multiple generalisation levels (e.g. by occupation, by originetc.).

However, as in reality, this mechanism can only operate on action sequeas known to an agent, i.e. actions
an agent actually perceived. To a ord the representation of deceitful kehaviour and the associated information
asymmetry, we assume that some actions are performed internally withaubeing directly accessible to outside
observers. Agent can thus perform more actions than can be perceived by sérvers. An example is the action of
cheating, which may well be internalised by the cheating party, bu will not be visible to the subject of cheating.
Operationally, agents achieve this by internally maintaining action sequences that include the private actions
they performed in addition to the publicly visible ones. The genealisation process itself is indi erent about the
public or private nature of action statements in action sequences and opates on whichever statements have
been perceived by the individual agent, potentially leading to an iformation asymmetry between the cheater
(who knows he cheated) and the unknowing observer.

At this stage we will explore the introduced mechanism using the Bnulation scenario described at the outset
of this article.
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Algorithm 2 nADICO Statement Derivation Algorithm

1: /I 1 is last (i.e. latest) statement in sequence, max is rs t (oldest)
2: k=1,

3:if max==1 then

4 /I Only one statement in sequence

5 /I Assign monitored statement

6 nadic (nadico) = adic;

7 /I Assign aggregated feedback value (see Subsection 4.3) as monitored statement's deontic
8 d(nadic (nadico)) = d((adick)2y );

9: else

10 /I More than one statement in sequence

11 /I lterate backwards until attributes in statements di er
12: while a(adick) == a(adick+; ) & k<max do
13: k++;
14: end while
15 if k== max then
16 /I Make last statement consequential statement if no dev iating attributes found
17 k=1,
18 end if
19 /I Assign subsequence from last (i.e. most recent) actio n statement to action statement k as

consequential statement
20:  o(nadico) = ( adic|)k, ;

21: /I Assign all other action statements as monitored state ment
22: nadic (nadico) = ( adic| )2, ;
23: /I Assign aggregated feedback value (see Subsection 4.3 ') as monitored statement's deontic
24: d(nadic (nadico)) = d((adick)ey );
25: /I Assign the inverted deontic to consequential stateme nt
26: d(o(nadico)) = inv (d(nadic (nadico)));
27: end if
5. Simulating Normative Understanding amongst Maghribi Traders. The Maghribi trader society

highlighted in the beginning of this article provides an example of a nedieval society that ourished based on
informal cooperation { without the use of existing centrally enforcealde institutional instruments (such as
contracts). The mechanism described in this work thus bears charaetristics that are compatible with this
prototypical scenario, that is the decentralised nature, the informal normative perspective, and the purist
approach towards inference of norms from experience and observation. Wise this scenario to highlight the
features of this approach, speci cally the ability to inspect agents' minds individually, but also to develop an
understanding of the collective normative landscape. Instead of expking the test scenario comprehensively, we
explore distributions of non-/cooperative behaviour under which gereral economic cooperation can be sustained,
but more importantly, how it is re ected in the emerging normative u nderstanding.

Traders, potentially acting as sender and operator establish a maximum number (naxRelationshipg of
mutual trade relationships to other traders based on random requests, d which they then send goods. The
receiver trades those goods at a pro t that is determined by a xed fador pro tFactor .12 If initialised as cheater,
the trader cheats by embezzling a fraction of the prot (as describedbelow) and returns the remainder to the
original sender. Sending agents memorise a parameterised number oftl@sturned pro ts (as action feedback),
which they can query for speci ¢ individuals or across all their partners in order to decide on the correctness of
the returned pro t. In cases of presumed cheating, traders can re the suspect and memorise it as a cheater, or
reward it with wageFactorof the generated pro t. The interactions represent actions of the structure introduced
in Subsection 4.1, with preceding actions stored in theConditions component, successively building up action
sequences that represent the comprehensive transactions betwemndividual agents.

To re ect the ongoing trade relationship, rewards are represented astte accumulated prot from previous
interactions with the rewarding party (i.e. the pro ts a respecti ve trader had generated for the service provider
over time). If the operator's cheating was not detected, the cheateradds the embezzled fraction as part of his

12\We use a xed factor since it simpli es the detection of cheat ing. The focus of this work does not lie in the evaluation of an
agent's ability to detect cheating, but to understand the im  pact of cheating on the emerging normative understanding pr oduced
by the generalisation process.



Modelling Dynamic Normative Understanding in Agent Societ ies 369

reward from a trade interaction. In the case of ring, the red trader me morises the inverted trade value and
associates it with the action sequence.

For each transaction agents generate corresponding action sequences. Epresent deceitful actions, agents
maintain private actions which they include in their internalised action sequences in addition to the overtly
observable actions, as alluded to in Subsection 4.4. If an operator cheatsglinternalises the action “cheating'
(in addition to “trading’) but merely indicate that he traded the good s. He can then monitor this action
sequence and internalise if his cheating (in combination with tradhg) was successful. Another case is the
suspected cheating (from the perspective of the original sender ofhe goods). If suspecting cheating by an
observed agent, the original sender can add the private action “cheating'at his internalised action sequence of
the observed individual without sharing this suspicion.

Based on their experience agents derive normative statements as outkd in the previous sections. Traders
can query the derived statements to guide their decisions whettreto continue sending goods by aggregating
deontic values for given actions (e.g. sending goods) across one's ovéetperience. Given our characterisation
of norms as continua, agents stop committing to actions such as “sending gd& as soon at those actions appear
undesirable from a normative perspective. Using the labels of the mtotypical deontic range (see Subsection
3.2), this would be the case if such actions are associated with the dedntcompartments may not, should not
or must not. However, instead of having agents rigidly act according to those companhents, we introduce an
element of randomness. To achieve this all deontic values are normalideacross the deontic range (i.e. lowest
deontic value to 0 (must not), deontic centre as 0.5 (neutral), and highest deontic value as 1nfust)). Those
normalised values are then used as input probabilities for the random nmber generator to determine whether
the behaviour is performed (and economic transactions sustained). Decting from performing such actions
naturally limits market interactions if they are deemed normatively undesirable. In consequence, this a ects
the overall economic performance, with the best possible case beirmpmplete market participation, and the
worst case being the breakdown of any market activity. The notion of normaised deontic values is likewise used
to determine the fraction of embezzled pro ts { the embezzled fration increases with the internalised normative
desirability of cheating.

Algorithm 3 outlines the agents' execution cycles described in the gevious paragraphs; Algorithm 4 speci es
agents' reactions to possible types of incoming requests (which are arked as di erent "cases').

Algorithm 3 Agent Execution Cycle

. if < maxRelationships relationships to other traders then

Pick random another trader this agent does not have relati onship with and send relationship
request;

3 if request is accepted then

4 Add accepting trader to set of relationships;

5 end if

6: end if

7

8

9

N

: if agent has relationships to other traders then

Pick random fellow trader from set of relationships;

Determine random Boolean to decide whether to send goods ( using normalised deontic
value for action “send goods' as probability);

10: if sending goods then

11: Send goods to selected trader and await return of prot;

12: if prot < 0and mean value of memorised past transactions from trader is < 0 then
13: Extend received action statement with action cheat;

14: Memorise trader as cheater;

15: Fire trader;

16: else

17: Reward trader by paying a reward of wageFactor prot;
18: end if

19: Memorise action statement in association with pro t;

20: end if

21: end if

22: Derive nADICO statements from memory;
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Algorithm 4 Agent Reactions

1: Initialisation: Initialise agent as cheater with probability  pcheater ;

2: Case 1: Receipt of Relationship Request

3: if requester is not memorised as cheater and < maxRelationships relationships then
4: Accept request and add requester to relationships;

5: else
6:
7
8
9

: Reject request;
: end if
. Case 2: Receipt of Trade Request

. Perform market transaction (goods' value pro tFactor );

10: if initialised as cheater then

11: Determine fraction f of prot to embezzle as normalised d eontic value for action “cheating'
O<f 1)

12: Create private copy of action statement and add action cheat;

13: Memorise extended action sequence;

14: end if

15: Return (remaining) prot to sender;

16: Case 3: Receipt of Firing Noti cation
17: Remove sender from own relationships;
18: Mark sender as cheater;

6. Evaluation. Turning to the evaluation, we develop a baseline scenario (Subseon 6.1) in order to
understand how the generalisation mechanism can be operationalised. Foling this, we modify the parameter
set of the base model by introducing cheating (Subsection 6.2) and anmgde how this a ects the overall simulation
outcome. As a third step, we change the composition of the arti cial soci¢y to see the impact of changing
social structures on the emerging normative understanding (Subsgion 6.3), before exploring the generalisation
of norms beyond the observed actor characteristics as a precursor for piietive capabilities (Subsection 6.4).

6.1. Establishing Normative Understanding in the Base Scenario. We initialise the simulation
with the base parameter set outlined in Table 6.1, one of which we vary in lhe course of the evaluation. Since
our intent is to measure economic cooperation, we use the number of gfermed transactions per round as a
target variable to indicate overall economic performance. With the exeption of the wageFactor that is derived
from documented pro t distributions in commenda relationships [44], the chosen parameter set has not been
empirically explored. Instead it is initialised to produce return for both sender and operator in the case of
cooperative interaction to show how such outcomes are re ected in te generated normative understanding,
without assuming an accurate representation of historical happenstance

Table 6.1: Simulation Parameters

Parameter Default Value Variation in Section
Number of Agents 50

maxRelationships 20

pro tFactor (Factor of Goods' Value) 1.3

wageFactor (Factor of Total Pro t) 0.33

Pcheater (Fraction of Cheaters) 0 Subsection 6.2
Deontic Aggregation Strategy Rational

Number of Pro t Memory Entries 100

Number of Cheater Memory Entries 10

Running a base scenario without any cheating we can establish the maxium level of cooperation, that is
100 transactions per simulation round. In this scenario each agent is invekd twice per round, once for sending
goods to initiate trade by another agent, and once for returning goods to e original sender. For all simulation
runs we evaluate the emerging normative understanding after 1000 roundsa period after which behaviour
stabilised in all simulation scenarios.
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In the base scenario the absence of cheaters o ers limited surpriseHowever, it is a good starting point
to identify how our generalisation mechanism translates individual agets' observations into normative under-
standing at large. Inspecting an individual's traces in Figure 6.1, we an identify the situational deontic range
boundaries as well as the generated nADICO statements.

MUST NOT: -13.730727; SHOULD NOT: to -6.8653636; MAY NOT: to -0.6865364 Situational
INDIFFERENT: to 1.405492 .
MAY: to 14.054919; SHOULD: to 28.109838; MUST: 28.109838 Deontic Ra nge

LO: A=A(*, {ROLE=[OPERATOR], ORIGIN=[MAGHRIBI], OCCUPATION=[TRADER]}), D=13.750001 (MAY), I=I(RETURN_PROFIT, *),
1 C=C({PREVIOUS_ACTION=L0: A=A(*, {ROLE=[OPERATORY], ORIGIN=[MAGHRIBI], OCCUPATION=[TRADER]}), I=I(TRADE, *),
C=C({PREVIOUS_ACTION=L0: A=A(*, {ROLE=[SENDER], ORIGIN=[MAGHRIBI], OCCUPATION=[TRADER]}), I=|(SEND_GOODS, *), C=C(*), O=(null})}), O=(null})}),
0=(L1: A=A(*, {ROLE=[SENDER], ORIGIN=[MAGHRIBI], OCCUPATION=[TRADER]}), D=-6.716421 (inv) (MUST NOT), I=I(REWARD, *), C=C(*), O=(null))

0O=(L1: A=A(*, {ROLE=[OPERATOR], ORIGIN=[MAGHRIBI], OCCUPATION=[TRADER]}), D=-13.636368 (inv) (MUST NOT), I=I(RETURN_PROFIT, *),

2 LO: A=A(*, {ROLE=[SENDER], ORIGIN=[MAGHRIBI], OCCUPATION=[TRADER]}), D=27.916664 (MUST), |=I(SEND_GOODS, *), C=C(*),
C=C({PREVIOUS_ACTION=NAdicoAction [A=A(*, {ROLE=[OPERATOR], ORIGIN=[MAGHRIBI], OCCUPATION=[TRADERY]}), I=I(TRADE, *), C=C(*)]}), O=(null))

Fig. 6.1: Situational nADICO Statements for Individual Agent in Baseline Scenario

For this particular agent, the deontic range spreads from around -13.73 to +28.11with the deontic centre
lying at 0. The subranges from centre to proscriptive end, and from cetne to prescriptive end are divided into
equally-sized deontic compartments within the respective sukanges.

Based on its experience this particular agent has inferred two nADICOstatements, both of which are
identi ed by indices. The essential features, such as actor attrilutes, deontic, and actions (aim) are highlighted
to ease the interpretation. The statements consist of monitored statenents on nesting level 0 (LO) that includes
all preceding actions, as well as consequential statements, nested dmvel 1 (L1), that attach an experientially
derived presumed sanction for non-compliance. Translating the rststatement into natural language, we can
read "Operators may want to return prot (Line 1 of Statement 1), after having been sent goods by senders
(Line 3) and traded those (Line 2), or else senders must not reward operatorélLine 4)." As noted before,
the preceding actions leading to the monitored action are stored in theConditions component of a nADICO
statement on a given nesting level and may carry preceding actions orheir own, as found in this example.

The second statement concerns the action “sending goods' and readSehders must send goods (Line 1 of
Statement 2), or else operators must not return pro t (Line 2) after havin g traded those (Line 3).'

Both statements manage to capture the complexity of the interactions androle associations, while being
accessible for human interpretation. However, even though both statemnts describe inferred obligations their
deontic strength varies, with strong inclinations for sending goodgStatement 2) and initiating trade interactions
themselves, while the return of prot (Statement 1) is of lesser piority. This is associated with the varying
levels of reinforcement both actions experience based on the inteatised feedback.

This aspect is better re ected when observing the normative undestanding on the macro-level. For this
purpose we rely on a Kiviat-inspired chart that shows distributions across adjacent ordinally scaled values, such
as deontic terms associated with the individual deontic compartmens. Figure 6.2 shows the distribution of
normative understanding for identi ed nADICO statements, with fo cus on the monitored statements'Attributes
component (in our case "Operator' or “Sender' and further social markes), followed by the action sequence (to
be read in reverse order similar to the individual statements above with the last action being the guarded
action in the monitored statement; the consequential statement's adbn is omitted).

Observing the aggregated overview, we can see that the vast majority of ages (82%) feels obliged to
send goods, with a minor fraction of 18% perceiving it as omissible (genally obligatory, but exceptionally
foregone). Returning prot nds more moderate reinforcement, with 70% only feeling mildly inclined to do so,
mostly because of the lesser feedback compared to the aggregated feedb&dkn sending goods (which includes
the incurred prot). However, in all cases the normative understanding suggests economic cooperation. This
example highlights the relationship between reinforcement and thesalience of a given norm for our generalisation
mechanism, thus o ering a possible approach to model the prioritisaton of con icting or alternative norms.
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 {ROLE=[SENDER], ORIGIN=[MAGHRIBI], ... }: SEND_GOODS
© {(ROLE=[OPERATOR], ORIGIN=[MAGHRIBI], ... } RETURN_PROFIT-TRADE-SEND_GOODS

INDIFFERENT
MAY NOT MAY

SHOULD NOT SHOULD

MUST NOT MUST

Fig. 6.2: Distribution of Normative Understanding for Baseline Scenario

With this baseline in mind, we can introduce di erent levels of cheating into the social composition and
observe how this is re ected in the level of cooperation, as well as dgividuals' normative understandings.

6.2. Modifying Behaviour: Introducing Cheating. To analyse the e ect of cheating on the arti cial
society, we incrementally increas@cheater , i-€. the fraction of all agents that involve in cheating.

Introducing a fraction of 25% as cheaters, the society can still sustai nearly full cooperation (as shown in
Table 6.2). This implies that the modelled society can sustain a modrate amount of cheating. However, to
gain insight into what exactly facilitates this, we can inspect the nomative understanding shown in Figure 6.3,
which, in addition to the previous gure, includes an additional thir d action sequence, re ecting experience of
cheating (to be read as ‘returning pro t after having been sent good, traded, as well as cheated").

Observing the traces in the radar chart, we can see that the majority ofagents has a stronger inclination
to trade fair (the blue trace) than to cheat. This dominant commitment to honour the operator's obligation to
return goods over cheating ensures the continued sending of goo@®d trace), even though to a slightly lesser
extent than in the baseline case (see Figure 6.2 in Subsection 6.1).

Only for higher levels of cheating we notice an incremental breakdowrof market operations, with mean

transactions counts for selected cheater fractions shown in Table 6.2. Aktatistical values are based on 30
simulation runs per con guration.

Table 6.2: Transaction Counts for Di erent Cheater Fractions

Cheater Fraction Mean Std. dev.

0 98.873 5.164
0.25 99.805 0.565
0.5 84.378 5.338
0.75 35.428 5.544

1 11.442 4.485

More interesting than the breakdown of market cooperation are the meansy which we can retrace this
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 {ROLE=[SENDER], ... } SEND_GOODS
 {ROLE=[OPERATOR], ... } RETURN_PROFIT-TRADE-SEND_GOODS
©{ROLE=[OPERATOR], ... } RETURN_PROFIT-(TRADE-SEND_GOODS AND CHEAT)

INDIFFERENT
MAY NOT MAY

SHOULD NOT SHOULD

MUST NOT MUST

Fig. 6.3: Distribution of Normative Understanding for a Cheater Fraction of 25%

shift in normative understanding. While cheating levels up to 0.5 ory a ect the priorisation of actions on the
prescriptive part of the deontic range (see Figure 6.4(a)), higher levs a ord a shift of the action “send goods'
into the proscriptive range, thus promoting the undesirability of t hat action (red trace) as shown for a cheater
fraction of 75% in Figure 6.4(b). This shift is based on the declining reenue for initiating trades in the light
of increasing levels of cheating (note the desirability of cheatingdreen trace) over honest trading (blue trace))
and thus the incremental breakdown of cooperation.

© (ROLE=[SENDER], ... }: SEND_GOODS © (ROLE=[SENDER], ... }: SEND_GOODS
© {ROLE=[OPERATOR], ... }: RETURN_PROFIT-TRADE-SEND_GOODS © {ROLE=[OPERATOR], ... }: RETURN_PROFIT-TRADE-SEND_GOODS
@ {ROLE=[OPERATOR], ... }: RETURN_PROFIT-(TRADE-SEND_GOODS AND CHEAT) ©{ROLE=[OPERATOR], ... }: RETURN_PROFIT-(TRADE-SEND_GOODS AND CHEAT)
INDIFFERENT INDIFFERENT
MAY NOT MAY MAY NOT MAY
SHOULD NOT ) SHOULD SHOULD NOT 167 SHOULD
S 62 N/
526 5 V13
1855 . 18
7 3
o 87>
MUST NOT MUST MUST NOT MUST
(a) Cheater Fraction of 50% (b) Cheater Fraction of 75%

Fig. 6.4: Distribution of Normative Understanding for Di erent Cheater F ractions

To get a better understanding of an individual agent's motivation to adjust its behaviour, we can observe
the generated statements for an individual trader in a scenario with acheater fraction of 75% as shown in Figure
6.5.

In this example, the agent has generated three nADICO statements, wh the rst one highlighting the
desirability of cheating, the second one indicating theundesirability of sending goodsand the third one indi-
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LO: A=A(*, {ROLE=[OPERATORY], ORIGIN=[MAGHRIBI], OCCUPATION=[TRADER]}), D=30.12369 (MUST), I=I(RETURN_PROFIT, *), C=C({PREVIOUS_ACTION=
(LO: A=A(*, {ROLE=[OPERATORY], ORIGIN=[MAGHRIBI], OCCUPATION=[TRADER]}), I=I(TRADE, *), C=C({PREVIOUS_ACTION=
LO: A=A(*, {ROLE=[SENDERY], ORIGIN=[MAGHRIBI], OCCUPATION=[TRADERY]}), I=|(SEND_GOODS, *), C=C(*), O=(null)}), O=(null)) AND
(LO: A=A(*, {ROLE=[OPERATORY], ORIGIN=[MAGHRIBI], OCCUPATION=[TRADER]}), I=I(CHEAT, *), C=C(*), O=(null))}),
0=(L1: A=A(*, {ROLE=[SENDERY], ORIGIN=[MAGHRIBI], OCCUPATION=[TRADER]}), D=-0.4248632 (inv) (MUST NOT), I=I(FIRE, *), C=C(*), O=(null})

LO: A=A(*, {ROLE=[SENDER], ORIGIN=[MAGHRIBI], OCCUPATION=[TRADER]}), D=-0.64500105 (MUST NOT), I=I(SEND_GOODS, *), C=C(*),
0=(L1: A=A(*, {ROLE=[OPERATOR], ORIGIN=[MAGHRIBI], OCCUPATION=[TRADER]}), D=45.731926 (inv) (MUST), I=|(RETURN_PROFIT, *),
C=C({PREVIOUS_ACTION=NAdicoAction [A=A(*, {ROLE=[OPERATOR], ORIGIN=[MAGHRIBI], OCCUPATION=[TRADERY]}), I=I(TRADE, *), C=C(*)]}), O=(null))

LO: A=A(*, {ROLE=[OPERATOR], ORIGIN=[MAGHRIBI], OCCUPATION=[TRADER]}), D=16.916664 (SHOULD), I=|(RETURN_PROFIT, *), C=C({PREVIOUS_ACTION=
LO: A=A(*, {ROLE=[OPERATOR], ORIGIN=[MAGHRIBI], OCCUPATION=[TRADER]}), I=(TRADE, *), C=C({PREVIOUS_ACTION=
LO: A=A(*, {ROLE=[SENDER], ORIGIN=[MAGHRIBI], OCCUPATION=[TRADER]}), I=l(SEND_GOODS, *), C=C(*), O=(null)}), O=(null}}),
0=(L1: A=A(*, {ROLE=[SENDERY], ORIGIN=[MAGHRIBI], OCCUPATION=[TRADERY]}), D=-0.23859188 (inv) (SHOULD NOT), I=|(REWARD, *), C=C(*), O=(null))

Fig. 6.5: Situational nADICO Statements for Individual Agent in Scenario with a Cheater Level of 75%

cating a moderate inclination to trade fair. We highlighted the essential Attributes components and actions for
monitored and consequential statements. To emphasise the compositeature of the rst statement (speci cally
in contrast to the third one), we additionally emphasised the horizontal nesting of the composite action “trade
and cheat' that precedes the returning of goods.

While the second and third statement bear limited novel insights,the rst one clari es the motivation as to
why cheating is desirable. Interpreted literally, the agent presuimes that “operators must trade, cheat and return
the prot, or otherwise they are not red'. This essentially re ect s the inferred expectation of being red as a
result of cheating. However, even though the agent identi es this norm it does not have any prior conception
of what “cheating' or “returning pro ts' entails, but infers this bas ed on long-term reinforcement. In this case
the accumulated net pay-o of cheating and potentially being red afte rwards exceeds the pay-o received from
trading fair (third statement), which makes cheating a pro table opt ion. This interpretation shows that agents
are able to identify the normative behaviour, while their actions choices remain utilitarian.

This collective shift in normative understanding with increasing penetration of cheating highlights the con-
ditions under which cooperation can be sustained in this agent socigt and beyond the quantitative evaluation
of the dependent variable “transaction count', gives us insight into he normative understanding on micro- and
macro-level.

6.3. Modifying Structure: Introducing Outsiders. To explore the impact of introducing a wider set
of di erent social actors (as opposed to merely changing behavioural congsition as done up to this stage),
we introduce a secondary type of trader into the social pool. While he Maghribis' economic success built
on the successful use of informal institutional instruments, Europan societies predominantly relied on formal
institutional instruments such as contracts [19]. They did so in thelight of changing social composition of their
societies (especially in City States such as Genoa), lacking long+t@ commitment of individuals, and thus an
increased incentive to cheat { since only long-term employment wold have provided the necessary incentive to
act compliantly. 3

We thus conceive a second prototypical group of traders that is more indlied to cheat*, which we will refer
to as "Genoese'. Note that this composition is synthetic. Historically Maghribis and Genoese hardly engaged
in trade interactions with each other [19].

With an initial fraction of 25% as Genoese (and otherwise non-cheating Maghbis), after 1000 rounds
we arrive at a transaction level of around 49, i.e. e ectively half of the posible transactions. The incremental
breakdown for changing social compositions (in fraction levels from 0.0d 1.0 in steps of 0.25 across 30 simulation
runs each) is shown in Table 6.3.

To maintain an accessible representation of the normative understandig, we separate the aggregated state-
ments for Maghribis and Genoese, with the Maghribi representation shwn in Figure 6.6(a) and Genoese one
in Figure 6.6(b).

13 For an in-depth elaboration refer to [19] and [16].
14 For Genoese we induce higher cheating levels by increasing t he fraction of embezzled pro ts by 20%.
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Table 6.3: Transaction Counts for Di erent Fractions of Genoese

Genoese Fraction Mean Std. dev.

0 98.873 5.164
0.25 48.997 9.48
0.5 35.52 6.966
0.75 32.003 6.634
1 8.11 3.501
= (ROLE=[OPERATOR], ... }: RETURN_PROFIT-TRADE-SEND_GOODS = {(ROLE=[OPERATORY, ... }: RETURN_PROFIT-(TRADE-SEND_GOODS AND CHEAT)
» (ROLE=[SENDER], ... }: SEND_GOODS » (ROLE=[SENDER], ... }: SEND_GOODS
'{ROLE=[OPERATOR], ... }: RETURN_PROFIT-TRADE-SEND_GOODS
INBIFEERENT INDIFFERENT
MAFRGT MY MAY NOT MAY
&
SHOUHAT SHOLLD SHOULD NOT‘\11Z; " 67 __.SHOULD
AT 2F17.33
/ |
MST NOT 1) MUST NOT MUST
(a) Maghribis (b) Genoese

Fig. 6.6: Distribution of Normative Understanding for Maghribis and Genoese

Observing the non-cheating Maghribis, we can see how committing tdrade requests and returning the
generated pro ts is considered an obligation, since it yields in promigg returns. Due to the increasing cheating
levels, sending of goods becomes increasingly undesirable as of tlensiderable risk of being cheated by the
introduced Genoese.

This complements with the impression of the Genoese traders. Gemse initiate the bulk of trade trans-
actions, but have a clear preference for cheating, with 67% treating itas a should with the same 67% of
interpreting only mild inclinations for fair trading.

In essence, integrating two di erent trader society's operating based on di erent institutional principles
shows interesting interaction patterns, which we can derive fromthe emerging normative understanding. The
Maghribis concentrate their honesty on a role as operators, i.e. pursuip Genoese' trade dealings, while this
honest trading behaviour sustains the Genoese' commitment to irgct a moderate level of goods into the market,
thus preventing the economic collapse. Maintaining this base levebf fair trading by Genoese senders and
Maghribi operators, Genoese operators can retain their preference foheating.

These interdependencies become clearer when inspecting imaiuals' normative understandings { this time
from a Genoese perspective shown in Figure 6.7.

The produced set of statements is double in size than for the uni-dtural case. Recall that Level O generali-
sation (as introduced in Subsection 4.2) operates on all social markers ADICO's Attributes ), that now not only
di erentiates senders and operators as roles, but further includegshe marker “origin' (Maghribi vs. Genoese),
for which normative behaviour can be characterised.

Speci cally statements 2 and 3 are of particular interest. Both descibe the agent's normative understanding
of cheating in the context of trading goods and returning prots, but t hey do so for di erent attribute sets.
Statement 2 highlights that a Genoese operatorshould return prot to a Genoese sender when embezzling
prots, whereas when dealing with a Maghribi sender, cheating is stongly undesirable. For this case, the
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LO: A=A(*, {ROLE=[SENDER], ORIGIN=[GENOESE], OCCUPATION=[TRADER]}), D=96.73126 (MUST), I=|(SEND_GOODS, *), C=C(*),
0=(L1: A=A(*, {ROLE=[OPERATORY], ORIGIN=[MAGHRIBI], OCCUPATION=[TRADER]}), D=-85.12692 (inv) (MUST NOT), I=I(RETURN_PROFIT, *),
C=C({PREVIOUS_ACTION=NAdicoAction [A=A(*, {ROLE=[OPERATOR], ORIGIN=[MAGHRIBI], OCCUPATION=[TRADER]}), I=(TRADE, *), C=C(*)]}), O=(null))

LO: A=A(*, {ROLE=[OPERATOR], ORIGIN=[GENOESE], OCCUPATION=[TRADER]}), D=58.2375 (SHOULD), I=|(RETURN_PROFIT, *), C=C({PREVIOUS_ACTION=
(LO: A=A(*, {ROLE=[OPERATOR], ORIGIN=[GENOESE], OCCUPATION=[TRADER]}), I=I(TRADE, *), C=C({PREVIOUS_ACTION=L0: A=A(*, {ROLE=[SENDER],
ORIGIN=[GENOESE], OCCUPATION=[TRADER]}), I=I(SEND_GOODS, *), C=C(*), O=(null)}), O=(null)) AND
(LO: A=A(*, {ROLE=[OPERATOR], ORIGIN=[GENOESE], OCCUPATION=[TRADER]}), I=I(CHEAT, *), C=C(*), O=(null}))}),
0=(L1: A=A(*, {ROLE=[SENDER], ORIGIN=[GENOESE], OCCUPATION=[TRADER]}), D=-51.251053 (inv) (SHOULD NOT), I=I(FIRE, *), C=C(*), O=(null))

LO: A=A(*, {ROLE=[OPERATOR], ORIGIN=[GENOESE], OCCUPATION=[TRADER]}), D=-72.62001 (MUST NOT), I=I(RETURN_PROFIT, *), C=C({PREVIOUS_ACTION=
(LO: A=A(*, {ROLE=[OPERATOR], ORIGIN=[GENOESE], OCCUPATION=[TRADER]}), I=I(TRADE, *), C=C({PREVIOUS_ACTION=L0: A=A(*, {ROLE=[SENDER],
ORIGIN=[MAGHRIBI], OCCUPATION=[TRADER]}), I=I(SEND_GOODS, *), C=C(*), O=(null)}), 0=(null)) AND
(LO: A=A(*, {ROLE=[OPERATOR], ORIGIN=[GENOESE], OCCUPATION=[TRADER]}), I=I(CHEAT, *), C=C(*), O=(null}))}),
0=(L1: A=A(*, {ROLE=[SENDER], ORIGIN=[MAGHRIBI], OCCUPATION=[TRADERY]}), D=82.51943 (inv) (MUST), I=I(FIRE, *), C=C(*), O=(null))

LO: A=A(*, {ROLE=[SENDER], ORIGIN=[GENOESE], OCCUPATION=[TRADER]}), D=-27.59 (MAY NOT), I=I(SEND_GOODS, *), C=C(*),
0=(L1: A=A(*, {ROLE=[OPERATOR], ORIGIN=[GENOESE], OCCUPATION=[TRADER]}), D=31.351017 (inv) (MAY), I=I(RETURN_PROFIT, *),
C=C({PREVIOUS_ACTION=NAdicoAction [A=A(*, {ROLE=[OPERATOR], ORIGIN=[GENOESE], OCCUPATION=[TRADER]}), I=I(TRADE, *), C=C(*)]}), O=(null))

LO: A=A(*, {ROLE=[OPERATORY], ORIGIN=[GENOESE], OCCUPATION=[TRADER]}), D=4.9500003 (MAY), I=|(RETURN_PROFIT, *), C=C({PREVIOUS_ACTION=L0: A=A(*,
{ROLE=[OPERATOR], ORIGIN=[GENOESE], OCCUPATION=[TRADER]}), I=I(TRADE, *), C=C({PREVIOUS_ACTION=L0: A=A(*, {ROLE=[SENDER],
ORIGIN=[MAGHRIBI], OCCUPATION=[TRADER]}), I=I(SEND_GOODS, *), C=C(*), O=(null)}), O=(null)}),
0=(L1: A=A(*, {ROLE=[SENDER], ORIGIN=[MAGHRIBI], OCCUPATION=[TRADER]}), D=-4.356175 (inv) (MAY NOT), I=I(REWARD, *), C=C(*), O=(null))

LO: A=A(*, {ROLE=[OPERATOR], ORIGIN=[GENOESE], OCCUPATION=[TRADER]}), D=4.9500003 (MAY), I=[(RETURN_PROFIT, *), C=C({PREVIOUS_ACTION=L0: A=A(*,
{ROLE=[OPERATOR], ORIGIN=[GENOESE], OCCUPATION=[TRADER]}), I=I(TRADE, *), C=C({PREVIOUS_ACTION=L0: A=A(*, {ROLE=[SENDER],
ORIGIN=[GENOESE], OCCUPATION=[TRADERY]}), I=I(SEND_GOODS, *), C=C(*), O=(null)}), O=(null)}),
0=(L1: A=A(*, {ROLE=[SENDER], ORIGIN=[GENOESE], OCCUPATION=[TRADER]}), D=-4.356175 (inv) (MAY NOT), I=I(REWARD, *), C=C(*), O=(null))

Fig. 6.7: Situational nADICO Statements for Individual Genoese Agent in Senario with 25% Genoese

Genoese operator favours fair trading instead (Statement 5).

To understand how this di erentiation comes about, we recall the principles of evaluating cheating: agents
evaluate the situational prot for negative values, but also keep track of historical cheating both on individual
level (i.e. past returned pro ts of individual agents) and global level (i.e. average across all past trade interac-
tions), which makes the evaluation relative to the context agents inteact in. For example, interacting within a
pool of cheaters the embezzling of prot is less likely to be identied, in contrast to a predominantly compliant
environment. As mentioned above, Maghribis stop initiating trade interactions (by sending goods) over the
course of the simulation as of declining pay-o s (since cheaters evéuelly learn that cheating is pro table). In
consequence, since they only act as operators they are hardly subjead theating. However, if cheating occurs
they operate based on past observations (from their earlier experiencef fair trading), which leads to improved
identi cation of cheating, resulting in negative feedback for the cheater. The Genoese, in contrast, continue to
operate as senders in this mixed society and “got used' to a moderate aunt of cheating, which makes it less
likely to identify and re cheating individuals. Strategically, f or Genoese it makes more sense to cheat their own
kind, than embezzling pro ts from non-cheating Maghribis.

6.4. Generalising Identi ed Behaviour. This introduced complexity provides grounds for more dif-
ferentiated social behaviour, with agents learning about actions as wehs their social environment. However,
as seen in the previous example, this complexity re ects all knowncategories of social structures, but does
not give agents the ability to predict or stereotype behaviour on a more geeral level. Currently, agents can
predict behaviour for “Genoese traders' or "Maghribi traders', butfail to characterise behaviour for traders more
generally.

In Subsection 4.2 we proposed a conceptual solution by a ording multi-©vel generalisation that system-
atically aggregates normative understanding by subsets of social markerombinations. In Figure 6.8 we can
observe an extract (2 out of 6 statements) of the same individual's undestanding (as from Figure 6.7) on the
highest generalisation level, in our case Level 2 { the generalisation of wattributes (out of three ones in our
case: role, origin, occupation).

The traces concentrate on generalisations from a Genoese perspectiemnd result in the aggregation of state-
ments based on the marker “Trader' or “Genoese'. Generalisation based the category “Genoese' produces the
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Fig. 6.8: Extract of Situational nADICO Statements on Generalisation Level 2 for Individual Genoese Agent
in Scenario with 25% Genoese

same results as for the Level 0 generalisation (see Figure 6.7), whereas an agation by “Trader' integrates the
previously separated statements for "Maghribi' and "Genoese'. Foging on the cheating behaviour (Statements
1 and 2 in Figure 6.8), we nd that Statement 2 corresponds to Statement 2in Figure 6.7, while Statement 1 in
Figure 6.8 is an aggregation of Statements 2 and 3 in Figure 6.7. For this exampleye can now develop a more
abstract picture of normative behaviour: while cheating is a desiralte strategy for dealings amongst Genoese,
for traders in general (which includes trades with Genoese and Maghbis) the likeliness of being red leads to a
mild disinclination ( may not) from cheating. In principle, a Genoese trader could now ascribe tis behavioural
stereotype to newly entering non-Maghribi and non-Genoese traderge.g. Venetian traders), and avoid cheating
as of the anticipated negative consequence.

With this derived abstract understanding, we can re ect stereotyping capabilities that extend beyond
the “known' of the individual. This approach thus facilitates the reduction of uncertainty when dealing with
newcomers, as well as providing a shortcut for decision-making, whico ers the potential for an e ciency
increase { both of which are functions characteristic for institutions [32, 50].

7. Summary, Discussion & Outlook. In this work we extend a comprehensive approach to model
norm emergence and identi cation in arti cial agent societies previously introduced in [15]. It builds on an
expressive institutional grammar that captures di erent types of institutions, including conventions, norms,
and rules (Subsection 3.1). The essential bene ts of this structue are a) its generic and uni ed nature (one
representation for di erent institution types), while b) provi ding what we believe is an acceptable compromise
of accessible interpretation by human observers, and c) capturing istitutions with great detail, facilitated by
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notions of nested institutional statements.

This structural representation is augmented with a continuous concetion of normative duty, capturing
prohibitions, permissions, and obligations (Subsection 3.2). This not oly facilitates a nuanced expression of
norms and a better re ection of their evolution over time, but provi des the foundation for prioritising con icting
norms along a continuous and dynamically changing deontic range. This regsentation is individualised, thus
re ecting individuality on the micro-level, while maintaining ge neralisability for macro-level inspection of the
normative landscape. This analysis of the normative landscape can be permed on arbitrary social aggregation
levels, i.e. for all agents (macro-level), speci c sub-groups (meskevel), such as cheaters or non-cheaters, as well
as for an individual-centric micro-perspective.

Apart from a re nement of the aforementioned structures and their speci cation, the essential contribution
of this work lies in the systematic formalisation of the norm identi cat ion process and its extension with a
multi-level generalisation of behaviour that operates on an individuals experience of its social environment.
The mechanism attempts to reconstruct subconscious norm internaiation processes by relying on concepts
such as (experiential or social) learning and multi-level generalistion (stereotyping).

The integrated use of both “structure' (nADICO & Dynamic Deontics) and “process' (Generalisation) has
been demonstrated in a multi-agent trader scenario in which agents gesrate experience-based normative un-
derstanding that feeds back into their action decisions. As part of theevaluation we explored the impact of
cheating behaviour and structural diversity on the emerging normative understanding.

Our evaluation scenario is inspired by a realistic medieval scenawifrom the area of comparative economics,
in which we explored the e ect of cheating in societies that operateon di erent institutional principles, with one
society being the Maghribi collective that relied on informal coordination mechanisms, and a second one, the
Genoese, that inherently relied on formal coordination mechanismsa foster long-distance trade interactions.
Even though the results themselves bear limited surprise with espect to the introduction of cheating { eventually
economic cooperation collapses { the emerging normative understandindpes. Using the proposed generalisation
mechanisms we can shed light on the inner workings of individuals as weds the motivations that underlie their
action selection, such as understanding why speci c levels of cheiaig can be tolerated while sustaining economic
cooperation. Another interesting nding relates to the hypothetic al mixing of both societies, with Genoese goods
senders developing a normative preference to interact with comnt Maghribis, while preferring to cheat their
own kind when acting as operators. These conceptions cannot be validatedince no interaction between both
societies has been documented [19]. However, it sheds an interi@sf insight into what could have happened if
both collectives had interacted, and perhaps even sketching a posde reason why they did not (or ceased to do
s0).1°

Our approach aims to provide a pragmatic account of realistic norm identi cation processes as evident in
humans beings as well as non-human species. This is in contrast to humanspired norm engineering approaches
that rely on additional assumptions, such as central coordinating entiies to guarantee the identi cation of
e cient norms (as is the case with Morales et al. [28, 29, 30]), or explicit colective action processes to facilitate
consensus (as used by Riveret et al. [37]). In contrast to their work, ougeneralisation of social structures does
not rely on prior knowledge, such as ontologies or the like, but is inferd as part of the norm identi cation
process { the individuals themselves derive structure from bkaviour. As with human societies, our conception
of social norms is inherently virtual. No central entity maintains or governs a social norm. Individuals share
norms via continuous internalisation and socialisation processes, litthe normative understanding only exists
on the micro-level. A system-wide identi cation of norms only occurs for evaluative purposes, a feature that is
facilitated by the expressive but uniform institution representations.

The proposed process bears strong generalisability characteristicsince it operates on the subconscious
level and makes minimal assumptions about agents' cognitive capabilitiedt merely requires a representation of
individual and social markers, as well as actions and associated feedbaskeci cations { equivalents of which
are found in most social simulation scenarios.

We further believe that this approach bears strong potential for custonisation beyond scenario-specic
marker and action speci cations, including di erent con gurations of t he deontic range (see Subsection 3.2), or

15Recall that the Maghribis stopped sending goods in the cours e of the simulation because of the Genoese cheating behaviour,
but continued to facilitate trading for others.



Modelling Dynamic Normative Understanding in Agent Societ ies 379

the personality- and/or culture-dependent choice of feedback aggregatiostrategies (see Subsection 4.3).

Similarly, the means by which agents can attain normative understandirg are not constrained to reinforce-

ment learning, but could involve notions of imitation, social learning, or even explicit communication. The latter

further opens the prospect of injecting institutional (i.e. normative and/or legal) prescriptions, thus comple-
menting the bottom-up perspective as emphasised in this work witha top-down perspective. The generalisation
mechanism itself can furthermore be combined with other componentso form a more realistic cognitive agent
architecture, or be “plugged into' existing architectures and compément explicit reasoning capabilities (such as
the case with BDI-style architectures) with a subconscious norm geeralisation process.

We believe that the proposed approach is an important contribution towards a more realistic representa-

tion of institutions in general, and norms in particular, moving agents an incremental step closer towards a
comprehensive representation of human behaviour in silico.
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A MULTI-AGENT APPROACH FOR TRUST-BASED SERVICE DISCOVERY AND
SELECTION IN SOCIAL NETWORKS

AMINE LOUATI, JOYCE EL HADDAD, AND SUZANNE PINSON

Abstract.  Service discovery and selection approaches are often done using a centralized registry-based technique, which only
captures common Quality of Service criteria. With more and mo re services o ered via social networks, these approaches are not
able to evaluate trust in service providers and often fail to comply with new reques ter's expectations. This is because theses
approaches are not able (i) to take into consideration the so cial dimension and (ii) to capitalize on information result ing from
previous experiences. To address these challenges, we propose the use of multi-agent systems as they have demonstrated the
capability to use previous interactions, knowledge repres entation and distributed reasoning, as well as social metap hors like trust.
More precisely, in this paper, we enhance service discovery and selection processes by integrating the societal view in trust modeling.
Based on relationships between agents, their previous expe riences and extracted information from social network, we d e ne a trust
model built upon social, expert and recommender -based components. The social-based component judges whet her the provider is
worthwhile pursuing before using his services (viz. trusti n sociability). The expert-based component estimates whet her the service
behaves well and as expected (viz. trust in expertise). The r ecommender-based component assesses for an agent whether me's can
rely on its recommendations (viz. trust in recommendation) . However, when searching for a service in a social network, a gents
(service requester and service providers) may have no direc t interactions or previous experiences. This requires a met hod to infer
trust between them. Based on a probabilistic model, we estim ate trust between non adjacent agents while taking into acco unt roles
(recommender or provider) of intermediate agents. Moreove r, we propose a distributed algorithm for trustworthy servi  ce discovery
and selection using referral systems in social networks. Ex periments demonstrate that our approach is e ective and out performs
existing ones, and can deliver more trustworthy results.

Key words:  Service Discovery and Selection, Multi Agent System, Trust Model, Referral Systems, Social Networks.

AMS subject classi cations. 68T42, 91D30, 90B22, 62F07

1. Introduction. More and more services are proposed vigocial networks (SN). In such context, a
requester needs trustful and e cient methods to discover reqiested services given by trustees and to choose
among them. Existing service discovery and selection approaches agenerally based on non-functional service
descriptions usually done through quality-driven techniques usig QoS attributes and centralized registires (e.g.
ebXML). In most of these approaches, trust in not considered ( [3, 8, 11]). Reent research works ([28, 32, 38, 50])
have shown that trustworthiness is a key factor for good service settion in order to comply with requester's
expectations.

This paper proposes a new approach to discover and select services édon trust. Liu and Wang in [32]
de ned trust as \the belief of one participant in another, based on their interactions, in the extent to which the
future action to be performed by the latter will lead to an expected oucome”. Several authors have proposed
to integrate the societal view into the classical service discovg process [4, 9, 28, 31]. The societal view takes
into account various sources of trust information located in the social etwork of the trustor and considers past
interaction between agents. Sabater and Vercouter distinguished in44] three principal sources of information
that agents can use to build trust: (i) individual experience between the trustor and the trustee which comes
from a direct interaction between them, (i) communicated experience which represents knowledge coming from
other agents describing their interactions with the trustee and, (ii) social information which may encompasses
a variety of semantic and structural knowledge useful to evaluate trist (see Sect. 4 for description).

In this work, we propose to use a multi-agent system (MAS) to model tte service discovery and selection
process where arti cial agents represent requesters, providerand intermediate agents in the social network of the
requester and interactions between agents are done through message eaxbe. Castelfranchi and Falcone [14]
claimed that trust is a basis of interactions among arti cial agents in multi-agent systems: one agent must
trust a counter-party to be willing to carry out interactions and del egate a task. Consequently, we design a
trust model for social networks that 1) assists agents in identifyingtrustworthy service providers and 2) gives
agents the ability to reason about trust in their distributed decision-making process. Our trust model is based
on real world characteristics of trust between people that are depictd in social science studies. Other elds are
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concerned with trust such as philosophy, socio-psychology and econorsig2, 7, 36, 41]. All these elds show
that trust could have multiple components [1, 27] and that each component an play a speci c role in assessing
the service trustworthiness. Some research works [29, 47, 51] focus omakating trust from a practical point
of view by means of a reputation measure. However, this expertise-bad component of trust presents several
limits. As pointed out in [22, 42], trust evaluation comes from additional information sources di erent from
those used in reputation computation such as social relationships betaen agents and their roles in the society.
For example, [6, 32, 38, 43, 45] incorporate social network analysis as a part of the calation of trust. Following
previous works, our trust model is built upon three components namael trust in sociability, trust in expertise and
trust in recommendation (see Sect. 2 for a review). First, a high soiability value indicates relevant providers
and good recommenders. The interest of such a component lies in evaliing trust in a provider without relying
on observations of other agents avoiding underlying subjectivity. Seond, a high expertise value re ects the
capability of a provider to o er good services that behaves as expeed. Finally, a high recommendation value
gives rise to good recommenders that one's can rely on their opinion.

During the service discovery and selection processes, agentseuthe aforementioned trust components to
decide with whom to interact. However, in absence of direct interations, a social and decentralized approach
namely referral systems allow agents to cooperate by giving, pursuingnd evaluating referrals [53]. In the
literature, a number of techniques for trust inference in socialnetworks can be found [19, 21, 33, 48, 49] but
they usually focus on an evaluation based on a single trust value betweeadjacent agents regardless of their
roles in the chain. In this paper, we propose a distributed algorithm br service discovery and selection in
social networks that propagates trust values among agents using referralystems. Based on [48], we infer trust
between non adjacent agents using a probabilistic model. This moddbkes into account roles (recommender or
provider) of intermediate agents along the chain. Experiments demostrate that our approach is better than two
well-known trust methods, namely Bansalet al. [6], and Maaradji et al. [38], and can deliver more trustworthy
results.

The paper is organized as follow. In the Sect. 2, we present a literater review of di erent trust-based
approaches for service discovery and selection in social networks.e@. 3 de nes the main concepts used in
this paper. Sect. 4 describes our trust model and its three compomts. In Sect. 5, we provide a detailed
description of our trust-based discovery and selection approach. Sec6 discusses the experimental setup and
the performance evaluation of our approach. Finally, Sect.7 concludes anprresents perspectives for future work.

2. Related Work. In the literature, most of the existing Web service discovery andselection approaches
use QoS attributes (e.g., latency, throughput, response time) to ditinguish between functionally equivalent ser-
vices. However, without trust consideration, selected servicesften fail to comply with requester's expectations.
In the following, we brie y review the relevant trust-based service discovery and selection related work from
three viewpoints.

2.1. Trust-based expertise. Many works have evaluated providers' trustworthiness from an expetise
perspective [9, 25, 29, 47, 51] aiming to improve the quality of the underlijng composition. Vu et al. [47]
presented a QoS-enabled distributed service selection framewoincluding trust and reputation management.
They use some dedicated QoS registries to collect QoS feedbacks fromnsumers. In [51], Xu etal. proposed
a reputation-enhanced QoS-based Web service discovery algorithm fa@ervice matching, ranking and selection
based on existing Web services. Billhard etal. [9] examined the problem of service provider selection using
an experience-based approach in which clients use con dence and ngption mechanisms to infer expectations
of future providers' behavior from past experiences in similar duations. More precisely, when no previous
experience is available for a particular provider/service pair, auhors proposed a way to estimate con dence
values based on past experiences with similar services. Lalanne at. [25] proposed an approach for using
quality of past experiences as a factor for service selection, inclimy an analysis of the di erent factors that
may a ect the quality perceived by the end-user. Likewise, Li etal. [29] used users' feedbacks including ratings,
opinions and relevant comments after use to estimate service reputain. All of the above approaches have
evaluated trust from a subjective point of view based on the advertisd QoS values.

2.2. Trust-based sociability. The expertise-based component evaluating trust between agents ances
vices lacks social features, as for example relationships betweeneus to make a signi cant assessment. To
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address that, Da Silva and Zisman [17] proposed a trust model that takesnto account di erent levels of trust
among users, di erent relationships between users, and di erentdegrees of importance that a user may have for
certain QoS attributes. Some other works [6, 32, 38, 45] have investigated sat network analysis techniques
to evaluate the trust in sociability an agent may have in a provider. Bansal et al. [6] for example, evaluate
providers' trustworthiness based on the degree centrality that gi\es an indication of their prestige in the network.
However, this is a poor de nition of trust, since it just uses a sirgle measure, the degree centrality. Maraadiji
et al. [38], consider social proximity as an indicator to measure trust in soiability. Sierra used in [45] prestige
and centrality measures to compute the strength of information ow when there is no complete independence
in the opinions expressed by agents. Recently, Liu and Wang preserdein [32] a service provider selection
model considering both adjacent and end-to-end constraints, based orhé quality of trust and a complex social
network structure. This complex social network takes into consideation three concepts which are trust, social
relationships and recommendation role re ecting better the real-wold situations.

These works present several limits, most of them do not take into accaut the semantic information and
deal with social networks with only one type of relationships. To cope \th these limits, we integrate in the
present work semantic information by including pro les and relationship types between agents in trust modeling
to enhance its e ectiveness and expressiveness.

2.3. Trust-based recommendation. The goal of a trust-based recommendation system is to generate
personalized recommendations by aggregating the opinions of users in theust network. According to Golbeck
[19], recommendation techniques that analyze trust networks providemore accurate and highly personalized
results than other classical collaborative ltering techniques. Gobeck proposed a FilmTrust site for generating
predictive movie recommendations from trust in social network. Ths trust-based movie recommendation is
grounded on knowledge extracted from annotations and user ratings added irhe system. Hang and Singh [20]
use a graph-based approach to recommend a node in a social network usiagnilarity in trust networks. Al-
Sharawneh and Williams developed in [5] an approach to model systems tlii autonomous interacting agents.
Through a set of simulations, they investigated the impact of Goldbaum'sinnovative \Follow the Leader"
strategy in social networks in the context of Web service selectionThey use a recommender system that guides
a user to select the best service that matches his requirementsd preferences. Massa and Aversani [39] proposed
a trust-based recommendation system where it is possible to seardor trustworthy users by exploiting trust
propagation over the trust network [40]. Trust-based recommendation tebniques provide a way of disseminating
trust information within a social network which is the basis for inferring trust between non adjacent users.
However, similarly to trust-based expertise approaches, they onlydepend on subjective information provided
by users.

3. Preliminaries.  We describe in this section the overall concepts used in this wotki.e., social networks,
services, user needs, and software agents.

Social Networks.  We consider a Multi-Relation Social Network (MRSN) [46] which takes into account
di erent types of relationships linking two nodes. For example, in Fig. 3.1 there are three di erent relationships
between nodes: family, friend, and colleague relationships. Unlikeultiplex networks [30] that deal with multi-
layered graphs de ned over the same set of nodes where each layepresents a di erent relationship, we assume
that there is one single layer which contains di erent types of relaionships. A multi-relation social network
is modeled by a graph, where nodes represent agents and, an edge bedwdwo agents indicates a symmetric
social relationship between them. More formally, a multi-relation social network and neighborhood are de ned
as follows:

Definition 1. Given a setV = fag;ap; :ii; a,g of agents and a setR of types of symmetric rela-
tionships with R = fR31; Ry; :i1; Ry g, a multi-relation social network (MRSN) is a connected graphG =<
V;Ei;Es; i E, > where E; V  V8i 2 f1;::;rgis the set of edges w.r.t thei-th relationship and
8i 6 i%E;\ Efo= ;. Let :E 7! R be a function that links edges to the relationship they represent, i.e.

an edge(ax; a;) 2 E; represents a social relationship of typeR; betweena, and a; .

Definition 2. Given a MRSN graph G = (V; E), the neighborhood of an agenty 2 V w.r.t. a type of
relationship R; 2 f Ry; Ry; ity Ry g, denotedNg, (ax), is de ned as Ng, (ax) = fa; 2 Vj(ax;a) 2 EjgQ.

In the MRSN, each agentay interacts with a subset of agents, called the social acquaintanceSAy. This
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Fig. 3.1: Example of a MRSN Fig. 3.2: Trust-based Agent Architecture

set representsay's local view in the MRSN such asSAy = o [ZRNR‘ (ak)-
Services. A service is described in terms of functionality, inputs, outputs, and non-functional attribute
values. We de ne a service as follows:

Definition 3. A service s is a n-uplet (in, out, f, g*;:::;q") wherein is a set of inputs required to use

User needs. A user communicates his needs by expressing a set of required @ees and his preferences
over relationship types and trust threshold values.

Definition 4. A query Q is a 5-uplet (F;U; ; ; ) whereF = fs;; s;; ::i; 510 is a set of the required
services,U : R 7!]0; 1] is an utility function expressing user's preferences over relationshigypes in the social
network, 2 [0;1] is a trust in sociability threshold, 2 [0;1] is a trust in recommendation threshold and

2 [0; 1] is a trust in expertise threshold.

The utility of a relationship R;, wherei 2 N is the rank of R; in the preference order, can be de ned as
follows U(R;) = 2,11. For example, consider the MRSN in Fig. 3.1 with three relationship ypesR; = family ,
R, = friend and Rz = colleague and a user's preferences over them such damily friend colleague
Therefore, U(R;) = 1;U(Rz) = 3 and U(R3) = 3.

Software Agents. We have chosen a deliberative architecture as in [12, 18] in order to en&bagents to
evaluate their trust in other agents before interacting with them. It is composed of four modules and two data
repositories as shown in Fig. 3.2. The four modules are: the reasoning rdole RM , the trust module T M,
the control module CM and the interaction module IM . The two data repositories are: the belief repository
BR and the goal repository GR.

Definition 5. An agent a is de ned as a 6-components structure< BR, GR, RM , TM, CM, IM >
with:

BR = <Pry;Sk;PITk>, the belief repository withPry a prole?l, Sy = fsci;:::, skm, g a set of o ered
services andP 1Ty a Personal Interaction Table. Each record in PITy (see Tab. 3.1) contains the
following elements: an acquaintance agers; 2 SA, the prole Pr; of g, the social acquaintances set
SA; of g and the set of servicesS; provided bya; . This information is acquired through interactions
among agents.

GR, the goal repository which encompasses the required services neededsblve user's query.

1A pro le consists of a set of items structured into a set of el ds, each eld containing one or several values (e.g., gender =[female],
music-likes=[folk, jazz, pop]).
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Table 3.1: Personal Interaction Table Example 1T of agentay in Fig. 3.1)

Acquaintance | Prole Social Acquaintances O ered services
az Pr; SA; = fap;as; as; as; ag; a129 S; = fs21;5220
ag Pr3 | SAz = fag; a1;az;a4;a11; @129 Sz = fsa10
ay Pry SA,4 = fag;a;;a3;a7;,ag;a110 Sy = fsag0
as Prs SAs = fag;az;ag;asQ S5 = fss10
as Pre SAg = fag;agg Se = fSe1;S62; S639
ay Prs SA; = fag;as; ag; a109 Sy = fsng

RM , the reasoning module representing the matching function. A matdhg function between a service
s 2 Sk and a services 2 F is de ned as follows:

matching (s;sw) = True, (Sg:in sin)”™ (siout syg:out) N (sg:f  sif).

T M , the trust module which computes all trust measures that an agemt has with its social acquain-
tances before interacting with them.

CM , the control module which manages agent's behavior and guides its deéoismaking in the discovery
and selection process.

IM , the interaction module which structures the messages built by the agest and handles the received
ones.

We now make some assumptions about agents and their behavior:

- Assumption 1. Agents are cooperative and have the good will to share their experiems with others.

- Assumption 2. Agents have limited view in the social network, they only know agentsthat belong to
their social acquaintance set.

- Assumption 3. Agents perform decentralized decision-making in contacting other ages.

Agents are endowed with a bounded set of services and act on behalf of theissociated users to discover and
select trustworthy providers with good services. During the ®rvice discovery process, some agents may be good
providers and some others may not be good providers but may be welloonected and thus, may recommend
good providers. We consider four di erent roles that an agent may haveduring the discovery process:

requester: a requester is the agent that receives the query from its associatedser containing the
required services. It is the initiator of the discovery and seletton processes. It determines from its
acquaintances set the most trustworthy acquaintances and sends therrhe query.

provider: a provider is an agent which o ers one or many requested services. Whean agent receives
a query, it determines how to ful Il it with its o ered service s. If there is a matching between desired
services and o ered ones, it claims to be a provider and participatego the search of other potential
providers by propagating the query to its trustworthy acquaintances.

recommender: a recommender is an agent which has no required services but may paipate to the
query solving by discovering good providers. Unlike provider aget, a recommender agent queries only
trustworthy acquaintances providing required services.

stopper: a stopper is an agent that cannot participate to the query solving as it can rither provide
a service nor recommend a provider. In the discovery processhis role is seen as a lock that blocks
the query propagation in the social network. This allows us to limit the search space and reduce the
computational cost.

4. Trust Model.  This section presents our trust model for service discovery andedection processes in
social networks. First, we present the di erent sources of infornation that we used for trust evaluation. Then,
we describe subsequently the three trust components of our model

4.1. Sources of trust information. Trust is a complex social phenomenon which is the basis of all social
interactions [1]. Thus, any computational model of trust must be desigred based on how trust works between
people in society. As stated in [44], trust models that use only one soge of information usually fail to provide
a signi cant trust value of the trustee agent. Moreover, in a MAS context, trust evaluation is considered as an
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internal reasoning from di erent sources of information that leads the aget to build a belief about the behavior

of another agent [22]. For these reasons, we consider four di erent sources information to build our trust

model:
Individual experience: It models the direct interaction between the trustor (i.e. agent which evaluates)
and the trustee (i.e. agent which is evaluated). Based on its personalrpvious experiences, the trustor
estimates how the trustee would behave in the current interacton. This type of information is used to
compute trust in recommendation and is a part of the calculation of trust in expertise.
Communicated experience In the individual experience we considered only the direct ineraction be-
tween the trustor and trustee. In the absence of direct interactiors, indirect interactions or opinions
of other agents can be consulted. This mechanism is called the referralstem, often used for locating
services through trusted referrals.
Social information: In addition to agent interactional history (which are used in the two p revious types
of information), knowledge extracted from social networks can be a riclsource for gathering information.
Such information can be classi ed into two categories; semantic and strctural. Semantic information
includes trustor and trustee pro les and the relationship types beween them. Structural information
are derived using social network analysis techniques. It encompass the position of the trustee in the
social network graph, the proximity between the trustor and trustee and their neighborhood structure.
This information is used to evaluate the trust in sociability between two agents.
Certi ed information provided by the trustee: In the previous cases, the trustor needs to collect the
required information itself. However, the trustee can also seek ta trust of the trustor by presenting
arguments about its trustworthiness. In this paper, such arguments ae non-functional attributes (e.qg.,
reliability, specialization, and experience rating) of the di erent services that it o ers. In contrast to
communicated experience which needs to be collected by the trtar, the trustee stores and provides
such certi ed information on request to gain the trust of the trustor. As we mentioned before, a part
of the calculation of trust in expertise is based on individual experence. The other part is based on
this type of information.

Our trust model integrates these four sources of information and it is abe to provide a trust evaluation
that helps agents in their decision-making process when they wantd interact. The problem of various sorts
of disinformation and inaccuracy will be considered in future work. Irtegrating these various sources will also
enhance the precision and the expressiveness of the trust modelThis will be veri ed subsequently in our
empirical evaluation (cf. Sect. 6).

4.2. Trust in Sociability (ST). Trust in sociability evaluates the level of social trust an agentay may
have in another agenta; . It is computed by extracting information from MRSN such as the structure of the
graph, agents' pro les that contain personal data and information about their interests, and relationship types
between agents. Based on the analysis of the MRSN graph and the extractedformation, three measures are
computed which are: the social position (SPo), the social proximity (SPr) and the social similarity (SSi). Next,
we describe these measures, then we give the way to compute trust sociability.

4.2.1. Social Position Measure (SPo). The social position of an agenta; is computed based on its
degree centrality which represents its social power. In a singleelation social network, it is computed as the
degree of an agent (see for example [6]). In our work, we do not simply compeitSP o(a; ) as the number of
relationships of agenta;, but we also consider relationship typesfR;;1 i  ng connecting & to the other
agents as follows:

X X .
SPog) = U( ((a;a)) ba;a) (4.1)

i=1 a|28Ai

where b (a;a)=1i & anda are directly connected with an edge of relationshipR;, O otherwise.

An agent with a high degree centrality has an important structural position in the social network because
the more interactions it has, the more prestigious it is in the social rtwork. Therefore, we believe that agents
with a high degree centrality have a leading position and are consideck trustworthy by other agents in the
network.



A Multi-Agent Approach for Trust-based Service Discovery a nd Selection in Social Networks 387

4.2.2. Social Proximity Measure (SPr). It is de ned as the average cost of a path between two agents
in the graph. Since there are dierent kind of relationshipsfR;;1 i ng in the MRSN with preferences
associated with them, we de ne SPr as follows:

cost of the edge & 1;a) 2 path (see Def. 4).

"4 U (@ sa))
d

In a single-relation social network, the shortest path between a pairof agents is the best path for social
proximity [38]. In a multi-relation social network and according to Eq. 4.2, proximity between two agents
depends not only on the length of the path but also on semantic aspects, #t is the type of links that compose
it. In some cases, a longer path may have a better cost if it is composed oélationships preferred by the user.

SPr(ax;a) = (4.2)

4.2.3. Social Similarity Measure (SSi). The social similarity between two agents is computed based
on the comparison of their proles and their social acquaintance sets. As @monstrated in [55], we believe
that similarity between two agents goes beyond the similarity of ther pro les and includes similarity of their
neighborhoods.SSi(ax; & ) is an aggregation of two measures, namelfNeighborhood Similarity (NS) and Pro le
Similarity (PS). First, we present NS and PS then we show how to aggregate them toompute SSi.

Neighborhood Similarity Measure (NS). As proved by Hang and Singh in [20], the number of common neigh-
bors in uences the trustworthy recommendation process. Thus, tke higher the number of common neighbors
between two agents, the higher the social intimacy degree betweermém. This is the case of Facebook which
recommends friends based on the number of mutual friends betweermém. One of the fundamental principle
in social psychology [41] is that an agent can trust more agents with intimate scial relationships than agents
with less intimacy. Following this principle, we de ne a measure called neighborhood similarity to nd links
between agents based on their social acquaintances as follows:

WRi .
NS(ax;a) = U( (a ;&) (k&) (4.3)
i=1

with "(ax;q) = ﬁ where jac' = sanZ is the Jaccard distance betweenax and g according to the

relationship R; such asx; = jNg;(ax)\ Ngr, (&), ¥i = [Nr, (&)j Xi, zi = jNgr,(g)] Xi.

Pro le Similarity (PS). In social networks, an agent's pro le is not only characterized by its acgiaintances,
but also by a set of personal information (e.g., gender, work) and interds (e.g., games, music, movies). We
de ne a pro le as follow:

- <Profil> :i=<item> *
- <item> :;=<field> *
- <field > :=<value >

We use this information to compute trust between agents taking into acount the similarity of their pro les.
As shown in [55], in a real online community, a correlation exists betwen the degree of trust between agents
and their pro le similarity. The more two users trust each other, th e more similar their pro les are. Based on
these ndings, we de ne a measure called pro le similarity as follows:

X
PS(ax;a) = 1 i Sia:a) (4.4)
JI ] i21
where S;(ax; &) is the similarity between the ith items of ax and & ,ysing Burnaby measure [13]]| is the set
of items in proles and ; is the weight attributed to the item i with ,,, ; = 1. For more details concerning
item similarity computation, readers are referred to our previous wok [34].
The overall measure of social similarity, SSi(ax; &), between a requester agentax and an agenta; is
computed as the product of the two above measures:

SSi(ax;a) = NS(ax;a) PS(ax:a) (4.5)
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4.2.4. Trust in Sociability Computation. ST between a requester agend, and an agenta; is computed
from SPo (Eq. 4.1), SPr (Eqg. 4.2), and SSi (Eq. 4.5). Let M; be a vector associated with each ager# such
asMj = (SPo(a); SPr(ax; & ); SSi(ax; 8)). Let M be a matrix obtained by merging the M; vectors of all
acquaintancesa; such asM = (Mj: ;& 2 SA¢ and 1 t 3) in which each rowM; corresponds to an agent
g, and each column corresponds to a social measure. To compute the valuetbe trust in sociability for each
agent a;, we use a Simple Additive Weighting technique that proceeds inwo phases:

Scaling phase: which aims to transform each measure value, M; vector, into a value between 0 and
1 according to the following formula.

( My M™ ; max min
Ml(t) - M{naX—NIHnF |f M t M'[ 60

) _ (4.6)
1 if MM MM =0
where M{™ = Max (M;;);8a and M{™ = Min (Mj );8a; are the maximal value (respectively the
minimal value) of a column in the matrix M. Applying the formula 4.6 to M, we obtain a matrix
MO= (Mj‘t’;a,- 2 SAcand1 t 3), in which each row MJ-0 corresponds to an acquaintancey , and
each column corresponds to a social measure.
Weighting phase: which aims to give a social trust value to each acquatance a; 2 SAy. The overall
social trust value is computed as follow:

x@
ST(ax; ) = o MR (&) (4.7)
t=1

P
where 2 [0;1] is the weight of the t-th social measure with f:l ¢ =1

4.3. Trust in Expertise (ET). Trust in sociability checks whether an agent is socially trustworthy or
not. However, it does not evaluate the relevance of its o ered service We think that building trust solely on
the basis of a social-based component is insu cient to lead to a good seice selection. According to [4], when
an agent relies on another socially trustworthy agent there is still an amout of risk regarding the quality of
its o ered services. The quality of the selection process can be iproved further by assessing providers quality
of service called expertise. Based on this statement, we introdécanother component of trust called trust in
expertise ET that considers the non-functional properties of a service. Therefa, a good agent should be not
only socially trustworthy but also su ciently expert. Based on [25], we de ne a trust in expertise ET (ax; a; ; Sji )
that an agent ax has in a services; o ered by an agent a; as the aggregation of three following non-functional
attributes.

1. Specialization (Sp). is the percentage of successful use of an agent's servige compared to the other
services it o ers. It is de ned as the ratio between the number of imes that a services; has been
successfully completed [38] and the total number of successful exdions of the agenta regardless of
the used service.

N bsuccess (Sjl )
Sp(si ) = P+
p( ) ) {nzjl Nbsuccess (Sjt )

(4.8)

where Nbsyccess (Sji ) is the number of successful executions of; and m; is the number of services
o ered by agent g;. This means that the more the services; is sought for in the social network the
more & is recognized as an expert in this eld.

2. Reliability (Re): is the probability that a service s; is operational at the time of invocation. It is
computed as the rate between the number of successful executiohHs,ccess (Sji ) and the total number
of functionality invocations NDBinyoc (Sji )-

N bsuccess (Sjl )

Re(sjl ) = N binvOC (Sjl )

(4.9)
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3. Experience rating (Eval): is the rating of the service realization quality. After the execution of a service
sji , an agentax gives an evaluation 2 [0; 1] of this execution re ecting its experience feedback as a
customer of this service.

Unlike the previous attributes, the evaluation of this attribute res ults from a subjective perception. Let
Eval(ax; s ) be the average of the experience ratings o for n uses byay.
P n
Eval(ax;sj) = %X (4.10)

For the cold start, we introduce a trust bootstrapping phase. The goal br trust bootstrapping phase

is to assign an initial trust value Evalj, to the new services (i.e.,n = 0). We consider two strategies:

negative and positive bootstrapping. In the rst strategy, Evaliy,; 2 [0;0:5[ whereas in the second
strategy Evali, 2 [0:5; 1].

The overall trust in expertise ET (ax; 8 ;S ) that an agent ax have in a services; o ered by an agent g
is computed as follows:

ET (ak;a,- ST ) = Sp(S“ ) Re(s“ ) Eval (ak;s“ ) (4.11)

4.4. Trust in Recommendation (RT). According to [19], two types of trust are needed to evaluate the
reliability of an agent: trust in this agent and trust in its recommendat ions for a specic service. When an
agent ay receives a recommendation from an agend; , apart from the fact that it ensures that a; is socially
trustworthy, it prefers also that & recommendations are trustworthy [7]. We associate a trust value called
trust in recommendation (RT ) with a service recommendation made by ana; to ax. The estimation of the
recommendation trustworthiness is done using previous experiees with the potential recommender during
past compositions. We decompose trust in recommendatioiRT (a; g; ; Spi) that an agent a, gives to another
agenta; regarding the quality of its recommendations for a servicesp 0 ered by the provider a, into two parts:
the objective part, [ryjsp] 2 [0; 1], which indicates the performance ofg in terms of the number of good
recommendations for the servicesy, and the subjective part, [0y jSpi] 2 [0; 1], which re ects the satisfaction of
the agent a, for recommendations given bya; concerning the services, . Based on a formula given in [16], we
de ne RT as follows:

1 if [rij jSpi] = 0 or [0 jspi] = O

RT (a; a5 spi) = ([rijjsp]+ 1) isal 1 otherwise

(4.12)

As mentioned above, fy; jspi] represents the ratio of the e ective selection made bya, among the total
number of recommendations ofa; for the service sy o0 ered by the provider a,. Based on [37], il jSp] is
de ned as follows:

. 1 if Nbregys, =0
[Fijispi] = Nbseljsy
Nbrec ji ispl

otherwise (4.13)

where Nbrecy js,, and Nbsel; s, correspond to the number of times thata; has recommended the servicep,
o ered by a, to ax and the number of times that ax has selecteds, in the underlying composition, respectively.

However, [o jspi] indicates how much an agentay is satis ed with the recommendations of & concerning
the servicesy o ered by the provider a,. Given Eval(ax;sp) (Eq. 4.10), the experience rating ofsp given by
ax after its execution, [gq jSpi] is de ned as the average of the di erent ratings made byay to sy after successful
executions:

8
< 1 if N bselkj isp — 0

(o jsp]= . P ks : _ (4.14)
)P T k,E\jlsa:,.(ak'Spl) otherwise




390 A. Louati, J. El Haddad and S. Pinson

5. Trust-based Service Discovery and Selection Approach Descript ion. In this section, we de-
scribe the three steps that encompass our Trust-based Service @igvery and Selection approach (TSDS): service
discovery, trust inference, and service selection.The sere# discovery step (Step 1) is an algorithm composed of
three phases: trust in sociability computation as de ned in Sect. 42, matching functionalities, and computing
trust in recommendation as de ned in Sect.4.4. The output of this stepas shown in Fig. 5.1 is a tree graph
called Trust-Relation Social Network (TRSN) in which providers as wel as recommenders are identi ed. Rela-
tionships between agents in TRSN are weighted by a pair of values repsenting trust in sociability and trust
in recommendation between them. The second step, trust infererec (Step 2), enables the service requester to
evaluate trust it has in each of the discovered providers in the TRSI. It consists of propagating trust values
from each discovered provider along the chain until the service guester. The latter retrieves the propagated
trust values as an input and uses them to infer its trustworthinessto each discovered provider. The output of
this step is a Requester-Centered Social Network (RCSN) in whicha relationship between the requester and
a provider is weighted by a trust value representing the infered trust of the requester in the corresponding
provider. The third step is the service selection one (Step 3). r this last step, the service requester ranks
services of discovered providers depending on the value of theiirust in expertise as de ned in Sect. 4.3. Only
services with trust in expertise value greater than a certain threshold will be selected.

Note that in both the discovery and the selection steps of our TSDS approdg, di erent trust components
are computed. Each trust component has a specic role in the process.Trust in sociability and trust in
recommendation used in Step 1 act as a rst Iter leading to a set of trustworthy providers and recommenders.
Trust in expertise used in Step 3 enables the selection of good séces among those o ered by the discovered
providers. This separation allows us to avoid missed opportunitiesduring the service discovery step. If we
consider trust in expertise in Step 1, only trustworthy providers will be discovered during this step and a
socially trustworthy agent that does not have a required service (ie. a recommender) will not be discovered.
However, in some cases, such a trustworthy agent may be well connedt@and thus, may recommend a good
provider.

5.1. Step 1. Service Discovery. The aim of this step is to discover trustworthy providers through a
distributed trust-based breadth- rst search algorithm, namely Algo. 1. The inputs of this algorithm are the
MRSN graph and a queryQ = (F;U; ; ; ). To start the algorithm, the requester agent a, assigns itself the
requester role fole, = Req), sets to 0 its distancedist,? in the provider-recommender chair¥, and initializes
the setPSet % to ; (see Algo. 1 lines 2 4).

To start the tree construction, a, needs to ensure that queried agents are socially trustworthy. To pdorm
trust computation, a; updates its Personal Interaction TableP 1T, (see Tab. 3.1) regarding current information
of each of its social acquaintancey 2 SA, (i.e., o ered servicesS;, social acquaintanceSA; and prole Pr;).
To do that, a, sends aRequest message to eacts; 2 SA,, (see Algo. 1 lines 5 7).

The behavior of an agentay® is event-driven: the reception of a message triggers the execution af
particular procedure. Upon receipt of a Request message, an agenty replies with an Inform message
containing information about its o ered services Sy, its social acquaintanceSAy and its prole Pry (see Algo. 1
lines 29 31). As a result of receiving aninform message by an agent ir6A;, the requester increments its
message counter and updates its Personal Interaction Tabl® 1T, (see Algo. 1 lines 32 35). Once allinform
messages have been received; begins trust computation phase in which it evaluates trust in sociablity of
each acquaintances; based on the social measure values described in Sect. 4.2. Agents witlust in sociability

2 dist), represents the distance of an agent ay in the provider-recommender chain to the requester agent a, (initially equals
+1).

3 A provider-recommender chain corresponds to a sequence of a gents starting from the requester agent and leading to a prov ider
in which all intermediate agents are either providers or rec ommenders.

4 PSet, is a data structure that contains for each discovered provid er its o ered services as well as trust values of the intermed iate
agents with their respective roles in the provider-recomme nder chain. This information is useful to infer trust that ar has in each
discovered provider.

5 The index k identi es the agent executing the code.
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Algorithm 1 Distributed Trust-based Discovery Algorithm

Variables : role x 2 f? ;Req;Pro;Rec;Stop g, distyx 2f 0;:::;n g, count ¢ 2f 0;:::; jSAkjg, LTA ¢ a set of trustworthy potential providers,
LRA  a set of trustworthy potential recommenders, x is an array of stacks where each stack represents a provider- recommender chains
of a discovered service, P Set, a set of stacks [] one per discovered service, father  the predecessor agent in the chain to the requester,
child ¢ a list of agents representing children of ag in the tree.

1. procedure  Propagation (F, U, , , )

2 if (role x == Req) then

3 dist ¢ 0;

4: PSety ; ;

5: for all aj 2 SAy do

6: Request( ak, a;, ;); . go to line 29
7 end for

8 wait ( count x == jSAkj);

9: count 0;

10: LTA f a 2 SA«jST(ak;aj) g;

11: end if

12: if (rolex 2f Req;Pro g) then

13: forall a; 2 LTA y do

14: if (9s2 Fands; 2 PIT:S; jmatching (s;sj ) == True) then

15: Propagate( ax, a;, (F, U, , , , disty)); . go to line 36
16: else

17: if (9s2 FjRT (ak;aj;s) f (disty)) then

18: Propagate( ax, aj, (F, U, , , ,disty)); . go to line 36
19: end if

20: end if

21: end for

22: end if

23: if (rolex == Rec) then

24: for all aj 2 LRA i do

25: Propagate( ax, a;, (F, U, , , ,distg)); . go to line 36
26: end for

27: end if

28: end procedure

29: procedure  Receive _Request (aj, a, ;)

30: Inform( ax, aj, (Sk., SAk, Pr)); . go to line 82
31: end procedure

32: procedure  Receive _Inform (a;, ax, (S, SA, Pr))

33: count count ¢ +1;

34: PIT i .set(aj, S, SA, Pr);

35: end procedure

36: procedure  Receive _Propagate (aj, ax, (F, U, , , ,dist)

37: if (dist ¢ >dist +1) then

38: dist dist +1;

39: father aj;

40: Inform( ax, father , child ); . go to line 62
41: for all aj 2 SAy do

42: Request( ax, aj, ;);

43: end for

44: wait ( count x == jSAkj);

45: count 0;

46: if (9s2 F and sy 2 Sk jmatching (s;Sik)== True) then

47: role Pro;

48: k [k].add( ak, sk );

49: LTA« f a 2 SA(jST(ak;a;) f (disty)g;

50: Propagation (F, U, , , ); . go to line 12
51: else

52: LRA ¢ f aj 2 SA(jST(ax;aj) f (disty)and 9s2 Fandsj; 2 PIT y:Sj jmatching (s;sj )== Trueg;

53: if (LRA ¢ 6 ;) then

54. role Rec;

55: Propagation (F, U, , , ) . go to line 23
56: else

57: role Stop ;

58: end if

59: end if

60: end if

61: end procedure

62: procedure  Receive _Inform (a;j, ax, child )
63: child  .add( a; );

64: end procedure
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value greater than threshold © are kept in the LTA, set (see Algo. 1 lines 8 10).

An agent a, has to check before propagating the query to a trustworthy agents; 2 LT A\ whether it could
participate or not to the query resolution. Either by o ering a requi red service or if not, by being a potential
trustworthy recommender. In both cases,ax sends toa; a Propagate message containing the user's query
and its current distance (see Algo. 1 lines 12 22). We use trust in recommendation thresholdf (disty) during
service discovery step to reduce the search space (i.e. vigit@gents) while ensuring recommendations given by
trustworthy recommenders.

An agent ay that receives aPropagate message, compares the received distance value with its current
distance value distx. If the received value is less than its current distance value the, ax sets distyx to the
new value (see Algo. 1 lines 37 38). This test condition allows to give the shortest trustworthy path tree
that prevents cycles. Then, it sets its father valuefather \ to the sender and sends to it aninform message
containing a child string (see Algo. 1 lines 39 40). Upon receipt of aninform message containing achild
string, the father adds to its childy list the identi er of the sender (see Algo. 1 lines 62 64). Thanks to
this Inform , each agent knows its children in the tree. After that, ax updates its beliefs and matches required
services against its own o ered service$y using the matching function (see Algo. 1 lines 41 46). The matching
result could lead to two cases:

ax has a service that matches a required service. In this casey sets its role toprovider (rolex = Pro)
and initializes its stack y[k] 7 as follows: y[k] = fax;sk g where ay is its identier and sy is its
o ered service. Next, ax determines the LT Ay set (see Algo. 1 lines 47 48). To be in this set, an
acquaintancea; 2 SAx must have a trust in sociability value ST(ax; ;) greater than f (disty) (see
Algo. 1 line 49).Thereafter, ax executes thePropagation  procedure that sends aPropagate message
to all acquaintances inLT A (see Algo. 1 lines 50 and 12 22).

ax does not provide any of the required services, it determinegRA ¢ set containing its acquaintances
which are not only trustworthy but also that o er one of the required services (see Algo. 1 line 52). If
LRA \ set of ax does not contain relevant acquaintances (i.e. either they are not enougtrusty to be
recommended or they do not o er a required service) then, it stops he query propagation and sets its
role to stopper (rolex = Stop) (see Algo. 1 lines 56 58). Otherwise, ax sets its role to recommender
(rolex = Rec) and executes thePropagation  procedure by sending aPropagate message to all
acquaintances inLRA ¢ (see Algo. 1 lines 53 55 and 23 27). In this case, althoughax does not
provide any required service, it participates in the discoveryprocess while leading to relevant agents.

The output of the rst step is a tree called Trust-Relation Social Network (TRSN) as shown in Fig. 5.1 in
which the requester is the root and the providers (black nodes) ad recommenders (white nodes) are identi ed.
The di erent provider-recommender chains allows to build a directed and acyclic graph where the requester is
the root and the distance of each discovered provider to the requésr is the length of its chain. At this stage,
providers are discovered on the basis of the functional aspect as welk of the degree of their sociability. So far
, the non functional aspect expressed by the trust in expertise isot yet considered.

5.2. Step 2: Trust Inference. In social networks, an agent evaluates the trustworthiness of another
based on direct interactions with it. With the absence of direct interactions, atrust inference mechanism is
applied. This mechanism uses trust values along paths that connect tov agents to come up with a single
evaluation. In this step, we rst show how trust values are propagated \a intermediate agents to infer trust
between non adjacent agents then, we describe how to build a new teegraph called a Requester-Centered Social
Network (RCSN).

dist

Sfy(disty)=(1 x) (1 eTk)+ k where D is the network diameterand x 2f ; gis the function that updates trust threshold
value depending on the chain length d (for more details see [35]). The initial values f (0) and f (0) correspond respectively to
and the preference of the requester's query. These values are in cremented locally by ax according to its dist. We believe that the
longer the chain is, the higher the requester's sociability —and recommendation value expectations are. Therefore, it i s reasonable
to adjust and values to the current search depth. This ensures high sociab ility and recommendation values for providers that
are discovered far away from the requester.

7\ is an array of stacks. Each stack represents a provider-reco mmender chain of a discovered provider containing its o ere d
service and trust values of the intermediate agents leading to it with their respective roles.
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Fig. 5.1: Trust-Based Service Discovery and Selection Approach (TSDS

Algorithm 2 Trust Values Propagation Algorithm
1. procedure Trustinference ()

2: for all & 2 child, do

3: Inform( ar, a;, infer );

4: end for

5: end procedure

6: procedure Receive _Inform (&, ax, infer )
7 for all & 2 childy do

8: Inform( ax, a, infer );

9: end for

10: if (rolex == Pro) then

11: Inform( ax, father , «[K]);
12: end if

13: end procedure

14: procedure Receive _Inform (g, ax, )
15: id last( ):getld()

16: k[id] ;

17: Upgrade( «[id]);

18: if (rolex == Req) then

19 PSetc PSet [f «[id]g:
20: else

21 Inform( ax, father x, k[id]);
22: end if

23: end procedure
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Function 1 Upgrade( )

if (:length ()==1) then
2 role Pro;
3: else
4: role  top( ):getrole();
5: end if
6

7

8

9

D P

. if (role == Rec) then

: :push (frolex, ST(ax;aj), RT (a; aj)Q);
. else
: :push (frolex, ST (ax;a;), 19);
10: end if

Trust Values Propagation. Recall that the output of the previous step is a tree where agents are tier
providers or recommenders and relationships between them are weitgd by a pair of values representing their
corresponding trust in sociability and trust in recommendation. In this second step, the requester, starts
a trust inference algorithm, called Algo. 2, by sending to each of its clidren in TRSN an inform message
containing an infer string (see Algo. 2 lines 1 5). An agent ax that receives such a message, sends in turn
each of its children aninform message (see Algo. 2 lines 6 9). Additionally, if ax is a provider, then it
sends its father in the tree aninform message with a copy of its «[k] containing its identi er and one of
its 0 ered services that matches one of the required services (seklgo. 2 lines 10 12). Upon receipt of an
inform message containing a stack from its child a; (see Algo. 2 line 14), an agenty determines theid of the
provider and applies an upgrade function (see Algo. 2 lines 15 17 and Func. 1) as follows. Depending on the
role of &, ax inserts a new element in [id]. If & is a recommender (see Func. 1 lines 6 7), then ax upgrades

k[id] with frolex, ST(ax;a;), RT (ax; & )g whereroley is its role, ST(ax; ;) and RT (ax; &) are respectively
its trust in sociability and trust in recommendation to its child &. If & is a provider, then a, upgrades
k[id] with froley, ST(ax;a;), 1g. In this case,a; being a provider, it does not generate recommendations and
therefore RT (ax; &) = 1 (see Func. 1 lines 8 10). Once the upgrading is done, ifax is the requester agent
(rolex== ReqQ), then it adds this stack to its PSet. = PSet [f ([id]g (see Algo. 2 lines 18 19). Otherwise, ax
is an intermediate agent in the chain, then it applies the same mechasim by transmitting its upgraded [id]
to its father and so forth until the stack reaches the requester agen{see Algo. 2 lines 20 23). An example of
trust values propagation in the TRSN of Fig. 5.1 from the provider ag to the requesterag is given in Fig. 5.2.

o9 = ( 6[9] + (Req; ST(ao; a), 1))

>
>

>

@ 9[9]=(a9;59|)‘e 8[9] = ( o[9] + (Rec; ST(ag; ag); 1)) ee[g]z( g[9] + (Pro; ST(as; as), RT(as;ag;sm);) 2

Fig. 5.2: A provider-recommender chain

At the end of Algo. 2, the requester setP Set, contains one stack for each discovered providea,. Each
stack includes trust values (i.e. trust in sociability and trust in recommendation) of intermediate agents in the

Trust values propagation is essential to infer trust that the requeser has in a provider although it has no
direct interaction with it. In the literature, several methods h ave been proposed for trust inference in social
networks [19, 21, 33, 49, 48]. Most of these works [21, 33, 49] propose well de ned operaaf aggregation to
infer trust between non adjacent agents stemming from di erent paths. In this work, we infer trust between
non adjacent agents from the provider-recommender chain based on the pbabilistic approach proposed in [48].
Compared to [48], our contribution consists of integrating trust in recommendation in the calculations depending
on the role of intermediate agents in the chain. Using information stored m P Set and the total probability
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Trust(a;;ap) = P(a) P(akjar) P(akssjax) 0 P(apjap 1) (5.1)

where P (a;) = 1 denotes the trustworthiness of a, to itself. P(axja;) denotes the trustworthiness ofay from
a;'s point of view. This is an aggregation of trust in sociability and trust in recommendation such a® (axja;) =
ST(ar;ak) RT(ar;ak) where, RT(ar;ax) = 1 if rolex = Pro. At the end of this phase, from P Set. set and
Eq. 5.1, a, infers its trustworthiness in each discovered provider in theTRSN network.

RCSN Construction. The aim of this phase is to build a new network from the requestera, point of
view. Based on the trust valueT rust (&, ; ap) for each discovered providera,, we build the Requester-Centered
Social Network (RCSN) modeled by a directed and weighted tree grapiG®= (V%E9, where VCis the set of
providers and the requester, andE® is the set of edges. An edgea;;a,) 2 Eis a social trust relationship
betweena, and a, and the weight of an edge & ; a,) is the inferred trust value between them. Detailed results
are stored in a data structure P Set, computed as follows:

Fi1:PSet ! PSet
([Pl 7! (¢ [pl; Trust(a; ap))

whereF 1 is a function that takes as input each stack , [p] of a discovered providera, and adds it to T rust (& ; ap),
its inferred trust.

5.3. Step 3: Service Selection. In the previous steps, the service requestea, has discovered a set of
trustworthy providers in the social network. This present step consists of sorting these discovered providers and
select the best to perform the service selection. After computig the trust in expertise ET, a, constructs an
ordered setP Sel using the following function:

F,:PSet ! PSel
( r[pl; Trust(as;ap)) 7! ( ([p]; Trust(ar;ay); ET (ar; ap; Spi))

where F, is a function that takes as input each record ofP Set, and adds it to the trust in expertise that a;
has inay. Then for each required servicea, selects providers that have a trust in expertise value greater thn
as shown in Fig. 5.1.

6. Experimental setup and performance evaluation. In order to empirically evaluate TSDS, our
multi-agent approach for trust-based service discovery and seleai, we have developed a prototype using
Java 1.7 and the Jad& multi-agent platform. The MRSN graph data was stored in a GML format®. Several
experiments have been performed, and all of them were run on a 3.1GHz G&({TM) i5-2400 running windows
7, with a 8Go of RAM. In the rst series of experiments, we examine theperformance of our service discovery
step by assessing it® ectiveness and e ciency . In the second series of experiments, we focus on the evaluation
of the performance of our service selection step. The performance riew is carried out through a comparative
study versus two trust-based approaches, Bansaét al. [6] and Maaradji et al. [38], on two criteria, utility
and requesters' satisfaction The aim of this evaluation is to check whether or not our TSDS approach hels
users to acquire good providers an so, allows them to gain better uity and satisfaction comparing to other
approaches. Note that none of the aforementioned approaches have presentexperimental results that evaluate
their performance.

6.1. Experimental setup. The testbed environment for evaluating our approach is a social networkof
agents providing services (called providers) and agents using thesservices (called requesters). We focus on two
network families: small-world and scale-free networks. Small-worlchetworks are de ned as a family of graphs

8 Telecom ltalia Lab. JADE 4.3 http://jade.tilab.com/.
9 Graph Modeling Language, 1997, http://www. m.uni-passau  .de/en/ m/faculty/chairs/theoretische-informatik/pr ojects.html
10 http://snap.stanford.edu/data/egonets-Facebook.html
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exhibiting three properties: weak connectivity, strong clusteing, and small diameter. Scale-free networks are
networks following a power-law degree distribution, a model for @scribing the behavior of node degrees. Most
nodes in such networks have few edges, but a few nodes have mudgtrer degree.

In the rst part (Sect. 6.2), we run simulations on synthetic graphs t ting the small-world properties (the
maximal path length in each of these graphs is seven hops). To do that, we gerate 5 graph instances where
the number of agents is equal to 1000 and the number of edges is equal to 6000. Wansider 3 categories of
functionalities: transportation, accommodation and entertainment. In each of them we generates 5 di erent
services. We equip randomly each agent with three di erent servies, one from each category. Recall that a
requester's query is dened as F;U; ; ; ). For sake of simplicity, we suppose that requesters need only one
serviceF = fsg. We vary the initial 's value in [0; 1], while and are both set to 0.4.

In the second part (Sect. 6.3), we conduct experiments on a real datasewhich is Facebook dataset’
containing 4039 agents and 88234 edges. This dataset has been proved to posséss dmall-world [52] and
scale-free [24] characteristics of social networks. We use the datasétSDream ' of [54] which contains 5825
Web services distributed among all agents. Each agent is equipped witthree di erent services. Similarly, for
requester's query we suppose that requesters need only one see/F = fsg. We set trust thresholds as follows:

=0:6, =0:4and =0:4. In both datasets (real and synthetic), we consider three type of redtionships
fR1;R2; R3g. The requester's preferences over relationship types are equad U(R;) = 2% with i 2 J1; 3K For
non-functional values, we consider also the dataset WSDream of [54].

6.2. Performance evaluation of our service discovery step. E ectiveness consists of monitoring the
average quality of providers' expertise in terms of trust in expetise for di erent trust in sociability threshold
values. E ciency consists of examining the distribution of the tru stworthy discovered providers along the
provider-recommender chain. The goal of these two experiments isotdetermine the best trust in sociability
threshold as well as the provider-recommender chain length to enhae the service discovery results.

E ectiveness. This experiment evaluates the e ectiveness of our service diseery step based on referral
systems. It allows us to estimate in advance the quality of discovexd services for di erent ranges of trust in
sociability values. As experimental methodology, we consider the tree following referral policies:

referAll : an agent sends the query to all agents in its social acquaintances set.his is a special case
of referencing in which trust is not considered. This is similar b GNUtella's search process [23] where
gueries are spread by ooding i.e. each agent forwards an incoming quetto all of its neighbors if it
doesn't have the required le.

referTrust : only agents with sociability value above a prede ned trust in socability threshold are
referred. This means, the higher the trust threshold is, the smder the number of discovered providers
is. This policy corresponds to our approach.

referBest : an agent refers a single agent with the best sociability value among itacquaintances. This
is similar to Freenet's routing for request messages [26], where eaéheenet client forwards the request
to another that is the likeliest to have the required information.

Figure 6.1 illustrates the evolution of the average quality of the expetise (averaged over all graph instances)
versus the variation of the 's value of dierent policies. We limit the length of chains to ve si milar to
GNUtella's time-to-live value. During the simulation, each agent geneates 5 queries resulting in 5000 queries
all together over which we compute the average value of the trust in exprtise of discovered providers. ReferAll
policy corresponds to the case where's value is set to zero. ReferBest policy is independent of and remains
constant for all values. It is interesting to note that, among the three policies, the referAll policy performs the
worst and its average quality is equal to 0.27. This result can be justi e given that trust is not considered.
Trustworthy as well as not trustworthy providers are discovered which would substantially decrease the average
quality of the expertise. Furthermore, it is also interesting to note three important points about the evolution
of the average quality of the expertise of referTrust policy versus e variation of 's value. First, as shown
in Fig. 6.1, the best average quality of the expertise corresponds to a's value equals to 0.6. Thanks to this
nding, we can consider this value as a reference which could be recamended to the requester before launching
the service discovery process. Second, when= 1, referBest and referTrust curves intersect. This is equivaént

11 http://www.wsdream.net/dataset.html
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to keep in both policies a single agent, which is the most trustworthyone. Third, within the range of values
[0; 0:6], the referTrust policy curve has an increasing slope (i.e. proders with a low sociability also have low
expertise). This indicates the existence of a correlation betweethe sociability and the expertise of an agent.
With the increase of 's value, less trustworthy providers are found as the average value ohe expertise quality
increases. However, when the 's value is high, this correlation is no longer relevant. In this case, agds are
too selective and few trustworthy agents are queried. This means tat for high 's values, some providers with
good expertise are no longer discovered because there are no chain mfstworthy agents leading to them. This
indicates that these providers are socially disconnected from theequester agent.

E ciency. We study in this experiment the e ciency of the discovery step according to another experi-
mental parameter which is the length of the provider-recommender kain. During the simulation, each agent
generates 5 queries resulting in 5000 queries all together over whiakie compute the average number of the
discovered providers for di erent chain length.

Approaches which evaluate trust in social networks o er computational madels based on social relationships
which are often inferred from long paths. To illustrate this point, we represent in Fig. 6.2 the distribution in
cumulative percentage of the discovered providers (averaged ovell graph instances) depending on the length of
the provider-recommender chain. For di erent 's values, we note that the number of the discovered providers
in requesters’ social acquaintances represents a small fraction (abt 1%) of the total number of discovered
providers. Some agents may not be good experts, but may be well concted and may recommend good
providers hence the interest of referral systems in searchingf providers. In our approach, sociability credits
the ability to give good referrals. The propagation of the search is perfaned via navigation in the social
network, which explains the increase of the number of discoveredrpviders depending on chain length. It is
also interesting to note that there is a trade-o between the length of the provider-recommender chain and the
number of discovered providers. As a matter of fact, there is six tnes more chances (from 14% to 80%) to
nd a trustworthy provider in a chain length equal to 7 than in chain | ength equal to 3. However, the average
number of discovered providers tends to level o once the chain legth reaches a certain point (here equal to 8)
regardless of trust threshold value. Concretely, when the chain legth goes beyond a certain limit, the remaining
providers are socially disconnected from the requester. Follow these results, we can consider the length of
the provider-recommender chain as a parameter that could be adjustetbefore launching the discovery process.
Setting a maximum length of 7 for example gives us the possibility to ontrol the scope of search which would
substantially limit the computation cost.

6.3. Performance evaluation of our service selection step. In this section, we evaluate the perfor-
mance and the benet of our service selection step in terms ofitility and requesters' satisfaction through a
comparative study including three di erent approaches. The idea s to note the values of the di erent non-
functional attributes of the selected services for each approach. The we compare the performance of our
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three-step approach with (i) a one-step approach (i.e. Maaradijiet al.) that aggregates trust in sociability and
trust in expertise as a single value in service selection, (ii) andter one-step approach (i.e. Bansaét al.) that
uses only trust in sociability in service selection without any corsideration of the non-functional aspect, and (iii)
a random approach that selects services randomly and does not pay any codsration of trust. To do that, we
perform experiments on real data (Facebook dataset) and we plot the avaiged utility/satisfaction of selected
services for all agents in the network while changing the requester ageat each round. In the experiments we
test three di erent service selection strategies:
Random Strategy: a requester chooses a provider randomly among poteati providers. Thus, the
service selection does not pay any consideration of trust.
Basic Strategy: a requester makes its selection decision by evaluatj the trustworthiness of the potential
providers using Bansalet al. [6] or Maaradiji et al. [38] approaches. Bansaét al. approach is based only
on trust in sociability component using the degree centrality. Maaradi et al. approach considers both
trust in sociability (i.e. social proximity) and trust in exper tise components to evaluate the provider
trustworthiness.
Our inference Strategy: which implements TSDS approach as descrdal in Sect. 5. Similar to the Basic
strategy, the selection decision is guided by trust. Compared to Maarajfil et al. and Bansal et al.
approaches, TSDS approach intervenes at service selection step and argice discovery step.
In the social network, we de ne 4 sets of agents where each set of agentsequipped with a di erent strategy.
Utility.  Ultility is an objective criterion de ned as the average of the values talken by the specialization or
the reliability attributes of the selected services. In this experiment, we evaluate the utility of each strategy
where each agent generates 10 queries during the simulation resulgrin 40390 queries all together.
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Fig. 6.3: Utility of our service selection step lection step

As we expected, Fig. 6.3 shows that Random strategy (i.e. agents that saeleservices randomly without any
consideration of trust) has the worst performance on all non-functional attibutes. On the other hand, TSDS,
Bansal et al. and Maaradiji et al. approaches are bene cial to requesters, helping them to obtain a sigrcant
utility i.e. services with better specialization and reliability values. This indicates that a selection strategy
based on trust is more e ective than without. We also note that our approach outperforms Bansalet al. and
Maaradji et al. approaches on both attributes. This is because TSDS approach is more exgssive and richer as
it evaluates not only sociability and expertise of an agent but also the reommendation quality of intermediate
agents leading to this agent. This increases the quality of the seleetl services and thereafter the measured
utility. The performance di erence between TSDS and Maarad;ji et al. approaches is explained by the fact that
TSDS approach di erentiates between sociability and expertise wien choosing an agent to interact with. This
separation allows us to avoid missed opportunities at the service di®very step. A socially trustworthy agent
that has low expertise will not be queried using the Maaradjiet al. approach because the aggregation of the
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two components may give a trust value bellow the threshold. In TSDSapproach, this agent will be queried as
it is socially trustworthy and even if it does not provide the required service, it can be helpful in recommending
a good provider. Although Maaradji et al. approach is richer than Bansalet al. approach, since it considers
both sociability (i.e. social proximity) and expertise in assessig agent's trustworthiness, we note that it is less
e cient on specialization attribute. This can be explained by the fact that the specialization of a provider is

naturally correlated to its degree which is the measure used by Bansat al. approach. Therefore, the more
an agent is specialist in a speci ¢ service, the more it is sought for irthe social network. This increases the
number of its interactions and subsequently its degree. These refis justify the fact that the utility of Bansal

et al. approach is better than Maaradiji et al. approach for this attribute.

Requesters' satisfaction.  In the second experiment, we perform the same comparative study butrom a
subjective point of view. Speci cally, our focus will be on identifying the e ect of TSDS and how it may impact
requesters' satisfaction. Satisfaction is a subjective criteriorthat re ects the opinion of a requester regarding
the behavior of a service after use. It corresponds to the average of ¢hvalues taken by the attribute Eval for
all selected services. For the initial values, we adopt a negative bostrapping (see Sect. 4.3) to better observe
the in uence of the selection strategies on requesters's satisfaicin. As shown in Fig. 6.4, the objective of this
experiment is to examine the evolution of the requesters' satisfa®n over time for each of the selection strategies:
TSDS, Bansal et al., Maaradji et al. and Random. To do that, each agent generates 100 queries (resulting
in 403900 queries all together) which are sent sequentially in the socialetwork. To monitor the progress of
requesters' satisfaction, we note every 10 queries the average ragja of services after use. At the beginning of
the simulation, we note that requesters' satisfaction behaves sinrly for the three selection strategies. This
is due to the fact that for a small number of queries, these values chaje slowly. However, after 10 queries we
notice a signi cant di erence in the satisfaction performance. Comparing the Bansal et al. approach with other
groups of agents, results show that initially Bansalet al. approach is the most e cient. This can be explained
by the fact that at the beginning of the simulation, the quality of all services is initialized with a low value
(negative bootstrapping). Therefore, for a selection strategy as TSDS athMaaradj et al. using this attribute in
trust evaluation, agents fail to nd the good providers. However, these low quality values do not in uence the
evaluation of Bansal et al. approach because it is based solely on the degree centrality. Thus, priders which
are selected by Bansakt al. with a high centrality degree have a good chance to provide good seises which is
the case. This con rms our intuition about the great in uence of the sociability component in assessing trust.
Another noticeable point is that satisfaction tends to level o after a n ite number of queries and this for all
selection strategies that use trust (i.e., TSDS, Bansakt al., and Maaradji et al.). These groups of agents are
able to learn gradually the quality of service, but at di erent speeds, the actual quality of service. For example,
the TSDS agent group is the fastest group and it is able to learn after 50 quées. However, as we expected,
satisfaction is uctuating and gradually falls for a Random strategy that does not use trust. We also note that
among all the selection strategies that use trust, TSDS is the most e dent because it maintains a stable and
high requesters' satisfaction value. In addition, we note that after 45 gieries the satisfaction in Maaradji et al.
approach outperforms the satisfaction in Bansalet al. approach.

7. Conclusion and Future Work. In this work, we have presented an original approach for trustworthy
service discovery and selection to satisfy users' needs in digiuted environments like social networks. This
approach is performed by a three-step process in which agents propagatee query as well as trust values in the
social network using referral systems. Trustworthiness in proiders and their services is evaluated over three
measures namely sociability, expertise and recommendation. Socidity measure consists of analyzing the social
network to evaluate the provider trustworthiness. Expertise measure quanti es the capability of the provider to
o er good services. Recommendation measure evaluates the ability of an ageto give good recommendations.
Based on a probabilistic approach proposed in [48], we infer trust betweenon adjacent agents while integrating
trust in recommendation in computation. The conducted experimentshave demonstrated that our model and
approaches could yield more trustworthy results and recommendationshan classical approaches by considering
societal factors. The proposed distributed algorithms are e cient and can be applied to real social networks.

As future work, we would like to generalize, evaluate and test our approacton more complex networks such
as multiplex networks. We intend also to explore the extension of ourmodel to perform a service composition
built upon a coalition formation of trust-based selected services.
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MULTI-OBJECTIVE DISTRIBUTED CONSTRAINT OPTIMIZATION USING
SEMI-RINGS

GRAHAM BILLIAU , CHEE FON CHANG Y AND ADITYA GHOSE *

Abstract. In this paper, we extend the Support Based Distributed Optim ization (SBDO) algorithm to support problems
which do not have a total pre-order over the set of solutions.  This is the case in common real life problems that have multip le
objective functions. In particular, decision support prob lems. These disparate objectives are not well supported by e xisting Dis-
tributed Constraint Optimization Problem (DCOP) techniqu es, which assume a single cost or utility function. As a resul t, existing
Distributed COP techniques (with some recent exceptions) r equire that all agents subscribe to a common objective funct ion and
are therefore unsuitable for settings where agents have dis tinct, competing objectives. This makes existing constrai nt optimization
technologies unsuitable for many decision support roles, w here the decision maker wishes to observe the di erent trade -os before
making a decision.

Key words:  Multi-objective Optimisation, Constraints, Semi-Rings.
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1. Introduction.  The simple approach of modelling DCOPs, where the cost/utility of a lution is mea-
sured as a single real number, is quite restrictive. This approachan only represent problems where there is
a total pre-order over the solutions. Many real world problems only havea partial order over the solutions.
Examples of these problems include problems with multiple objedtes and problems with qualitative valuations.
To further complicate things, a problem may include a mix of qualitative and quantitive valuations.

Bistarelli's c-semiring framework [3] is very successful for moelling problems in the Constraint Optimisation
Problem (COP) domain. The Distributed Constraint Optimisation Prob lem (DCOP) domain introduces several
new modelling challenges over centralised problems. These chatiges include agent responsibility, privacy, co-
operating/competing agents and no global objective. Further, these chalinges lead to classes of DCOP problems
which have not been addressed in the literature so far. The existig modelling frameworks do not support these
new classes of problems, so we are proposing a hew modelling framewarkpired by c-semirings.

We have identi ed three classes of problems within the DCOP domainwhich can not be adequately de-
scribed using c-semirings; equitable problems, maximisation prdems and “committee' problems. For equitable
problems, we speci cally refer to problems with an objective of theform “minimise the maximum di erence
between the best and worst criteria’. Examples of these problems iglude distributing rewards to a team, as-
signing jobs to workers and minimise the impact of ood mitigation. Someexamples of maximisation problems
include maximise pro t within a supply chain, maximise the value of targets tracked in a sensor network and
maximise the area a team of drones can search. Committee problems are wha group of agents must agree
on one (or more) shared decisions. This includes problems such as d#ioig on a requirements speci cation or
a CEO's bonus package.

Equitable problems are particularly interesting within a distri buted system. This is because there may
not be a single “dictator' agent who de nes the entire problem. Instad the problem may grow organically,
as individual agents discover they share a common goal and agree to limitecbeoperation. While the agents
may loosely agree on the common goal, each agent has other goals, which may con.icthe end result is that
there may not be a single objective which all agents subscribe to. Ftiner, individual agents may be sel sh or
altruistic, which determines how much weight they put on their local objectives. In these cases, a compromise
(such as an equitable solution) is required.

Equitable problems often occur in the medical setting, where the ofective is to balance the patients quality
of life and their survival chances. To do this, the doctor must nd a balance between the most aggressive
treatment (maximum survival chances, minimal quality of life) and th e least aggressive treatment (minimal
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survival chances, maximum quality of life). Two examples of this indude treating larynx cancer and methicillin-
resistant staphylococcus aureus. Radiotherapy is an e ective way d treat larynx cancer, but at high doses
paralyses the patient's vocal cords. Similarly, amputation is the moste ective way to treat staph infections,
but then the patient looses the a ected limb.

One possible way to represent an equitable problem is using a tuplof n real numbers to represent the
utility for each agent. This can be represented using the semirindh< < < ; 11 . The objective is to
minimise the di erence between the highest and lowest values inthe tuple. De ning the  operator as follows
captures this idea.

(Aif (max(A) min(A)) (max(B) min(B))

(A;B) = .
B otherwise

largest or smallest value in the tuple respectively. The real numbes represent utility, so to get the total utility
for an agent, the individual utilities are added together.

This problem can't be represented as a c-semiring. A c-semiringequires a> value which is the absorbing
element of and the unit element of . It also requires a? value which is the unit element of and the
absorbing element of . In this problem, there does not exist a unique “best' value to us as> or a unique
“worst' value to use as?.

Egalitarian problems, a more common class of problems with a similar inttion also can't be represented
as a c-semiring. By an egalitarian problem we speci cally refer to probdéms with the objective \maximise the
minimum utility" or \minimise the maximum cost". In these problems there is still no unique best or worst
value. So long as one of the values it , then any assignment to the other values will compare as the equal best
(or worst) value. To represent such a problem using a c-semiring,lte objective must be de ned as \minimse
the maximum cost, then minimise the next highest cost, ... then mhimise the lowest cost". This objective still
satis es \minimise the maximum cost", though it also considers the other values.

Maximisation problems are often represented using valued constrailst They can also be represented using
the semiring h<; max;+i. These problems can't be directly represented as c-semirings, ds is the absorbing
element for both max and +. In centralised settings, maximisation problems are commonly transformed into
minimisation problems (represented by the c-semiringh<g ;min;+;0;1i ). This transformation involves rst
mapping < to <, by subtracting 1 , then changing it to a minimisation problem by multiplying all the v alues
by 1. Performing this transformation in practice requires knowing the maximum possible utility value. In
dynamic or distributed settings, this is not possible. For dynamic ®ttings, changes to the problem may result
in a larger maximum possible utility value. For distributed settin gs, computing the largest possible utility value
requires complete knowledge of the problem, which violates one of thessumptions of distributed problems. As
the transformation is not applicable in these settings, the framework las to support the maximisation problem
directly.

Finally we consider committee problems. This is a class of problems kere a group of agents must agree
on the answer to one (or several) decisions. Committee problems can beodelled as a standard DCOP by
arbitrarily assigning agents control of decisions (variables). They coud be modelled much more elegantly if
agents are allowed to share control of variables. Problems of this form are usally modelled and solved as
negotiation problems. If the committee problem is a sub-problem of a lager optimisation problem, then solving
the larger problem requires a hybrid DCOP/negotiation algorithm or modelling the entire problem as a DCOP.
Further, negotiation algorithms generally assume competitive agents, wite for this work we assume cooperative,
though not trusting, agents.

Committee problems are orthogonal to the utilitarian/equitable problems previously discussed. Whether a
committee problem is a satisfaction, optimisation or even a multi-objestive problem depends on the constraints
and semiring chosen. If the agent's preferences are de ned as valuembnstraints, then it is an optimisation
problem.
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We present a simple requirements engineering problem as an exangpbf a committee problem. There
are n candidate requirements (the variables,X), which have been identi ed during the requirement elicitation
process. Each candidate requirement can either be included (Te) or excluded (False) from the speci cation

preferences for which candidate requirements should be include(the constraints, C). Finally, the objective is
to maximise the total utility of the stakeholders (maximisation proble m, V).

In this setting all of the stakeholders know all of the candidate requiements and may propose a value
for any of them. The stakeholders would like to keep their preferenes private. Modelling this as a traditional
DCOP problem would require arbitrarily assigning stakeholders contiol over the candidate constraints. Further,
if we assume that each stakeholder has preferences regarding most of thenstraints, then they will be forced to
reveal their preferences to most of the other stakeholders. This ibecause most DCOP solvers require all agents
involved in the constraint must know the details of the constraint. Recent work on asymmetric constraints [8]
goes some way towards addressing this concern. By allowing multiplagents to share control of variables, this
problem can be modelled naturally. The resulting model is also beer at maintaining each agent's privacy.

These classes of problems may overlap, as shown in the following expla. There are two agentsf 1, 2g
sharing control of two variablesf X, Y g with the same domainf 1;0;1g. The global objective is that the sum
of the variables should be zero. Agent 1's objectives are to maximise X and imimise Y. Agent 2's objectives
are to minimise X and maximise Y.

The (utilitarian) optimal solutions for this problem are:

X =1;Y = 1 (Infavour of Agent 1)

X = 1;Y =1 (In favour of Agent 2)
There is one equitable solution:

X =0;Y =0 (balance between both Agents)
A utilitarian solver will likely not return the equitable solution as a possible solution. While the equitable
solution satis es the global objective, it does not satisfy either of the local objectives.

In section 2 we describe the framework which we propose to model tee classes of problems. Next we show
the relationship between our framework and some of the established fraeworks in section 2.3. We then detail
an algorithm designed to solve problems expressed using this framewoin section 3 and show the performance
of the algorithm in section 4. Finally the conclusion summarises our contibution.

2. Semiring-based Distributed Constraint Optimization Problems. In this section, we will intro-
duce our proposed framework, the Semiring-based Distributed Cons#int Satisfaction/Optimization Problem
(SDCOP). The proposed framework draws inspiration from Bistarelli & al. [3]. As such, there exists many com-
monalities. Bistarelli et al. [3] proposed the use of ac-semiring for comparing di erent solutions. The original
formulation of a c-semiring was for use within the CSP domain. We view his approach to be too restrictive
for use within the CSOP domain. Speci cally, a c-semiring does notsupport optimization problems where
the objective is to maximize utility. Objective functions of thi s form are required for some recent algorithms
(speci cally SBDO [2]). Thus, we propose the use of an idempotent seiring. The use of the semiring structure
allows for two main bene ts. Firstly, in multi-objective problem s where no total pre-order over the solutions are
prescribed, the use of an abstract structure (i.e. semirings) allws the framework to induce a partial ordering.
Secondly, using an abstract comparison and aggregation operators allows the frawork to support comparison
and combination across both qualitative and quantitative domains.

2.1. Preliminaries: ldempotent Semirings. A semiring consists of a set of abstract values and two
operators. The two operators allows for the comparison and combination of the gescribed abstract values.
Definition 2.1. A semiring [17] is a tupleV = hV; ;i satisfying the following conditions:

V is a set of abstract values.
is a commutative, associative and closed operator ovey.
is an associative and closed operator ovey .
left and right distributes over
We shall call a semiring anidempotent semiring if is idempotent.
Definition 2.2. [3] A c-semiring is a tuple V = h; ; ;?;>i satisfying (for all 2 V):
V is a set of abstract values with? ;> 2 V.
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is de ned over possibly in nite sets as follows:

{ 8v2YV,; (fvg)=v

{ (S): ?and (V)= >

{ ( vi;i28)= (f (vi);i 2 Sg) for all sets of indicesS

is a commutative, associative and closed binary operator oW with > as unit element ( > = )
and ? as absorbing element ( ? = ?).
distributes over (i.e., ( ) =( ) ( ).

The idempotent property of the  operator can be used to obtain a partial order \ over the set of abstract
values V. Such a partial order is de ned as: 8(vi;Vvo 2 V);vi v Vo i Vvi Vo = vy (intuitively, vi v V2
denotes thatv; is at least as preferred as;). The  operator enables comparisons between two semiring values
while the  operator allows us to aggregate two semiring values.

This idempotent semiring structure is now capable of representig all the di erent constraint schemes. As
a c-semiring is an idempotent semiring, all constraint schemes thatan be represented as c-semirings can also
be represented as idempotent semirings.

Bistarelli has shown that classic, fuzzy, probabilistic, weightedand set based constraints are all instances
of a c-semiring [3]. Valued constraints with a maximization objectiveare not an instance of a c-semiring, but
can be represented by the idempotent semirindi<; max; +i where < is the set of values, max is the comparison
operator and + is the combination operator.

Multiple idempotent semirings may be combined into a single iderpotent semiring in the same way that
c-semirings are combined [3]. The semirings being combined may ialve evaluations on multiple heterogeneous
scales - both qualitative and quantitative. We leverage this property n handling multi-objective DCOPs.

The following de nition is based on that provided by Bistarelli et. al [3] (de nition 7.1) for c-semiring. It
formalizes the combination of idempotent semirings.

Definition 2.3. Given the n idempotent semiringsS; = hvi; ; ;i for i = 1;:::;n we de ne the
structure Comb(Sy;:::;Sy) = hig; i Vhi; ;i where and are de ned as follows: Givenhay;:::;ayi

hag; a0 hbgiiibyi=hag o bjiiisan, nbai.

Theorem 2.4. If S = hv; ; i fori=1;:::;n are all idempotent semirings, thenComb(S;;:::;Sy)
is an idempotent semiring.

Proof. From de nition 2.3, the combined semiring uses the and operators from the component semirings
directly. Hence, the properties that hold for the component semirirgs also hold for the combined semirindl

If a b= athen for all componentsi, & ;h = a. This corresponds to the “‘dominates' concept in
pareto-optimality. Hence the Comh() operator implements the commonly accepted pareto-optimal ordering
over multiple objectives. If a di erent ordering is desired then the operator can be rede ned to implement
the desired ordering.

2.2. Distributed Constraint Optimization Problems. In Constraint Satisfaction Problems (CSPs),
the constraints within the problem and the criteria that the soluti on must satisfy can be viewed as one and the
same. However Constraint Satisfaction/Optimisation Problems (CSOPs)allow both objectives and constraints
as criteria that the solution must satisfy, so the three concepts mst be addressed separately. Hence the core
concept in CSOPs is to assign a value to each of the variables from the vatiles' domain such that not only the
constraints are satis ed but also the set of optimization criteria are satis ed. Due to the structure of a CSOP,
objectives cannot be realized directly, they must be realized vidntermediate soft constraints. For example, in
valued CSOPs, the criteria is to minimize (resp. maximize) thetotal value of the soft constraints. This requires
soft constraints that return a real number, rather than true or false. Using optimization criteria such as minimize
or maximize has other di culties, as a naive solver must explore the etire solution space to determine if the
criteria is satis ed. Furthermore, the relaxation of an over-constrained problem yields a CSOP. Over-constrained
problems can be converted by either relaxing the constraints or the @utions. Relaxing the constraints yields
an optimization criteria on the constraints (satisfy the maximum numb er of constraints). While relaxing the
solutions means that some variables can be left without a value assignededding to the objective: maximize
the number of variables assigned a value. If there exists more than one timization criteria, then often there
is no solution that satis es all of them. So, the criteria is normally relaxed to nd a pareto-optimal solution.
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A uni ed formulation must also support the concept of agents. The concep of agents is required for
distributed problems. An agent has knowledge of a subset of the entirproblem and can only a ect a subset of
the sub-problem it knows. There are several common justi cations (sich as resource limits, privacy concerns and
communication capacity) for limiting an agent's knowledge to only a sub®t of the entire problem. Furthermore,
resource and communication limitations can lead to e ciencies, such asa reduction of memory requirements
for each agent and a reduction in required messages to keep the knowfglof all agents synchronized. An agent
may also not know of variables and constraints that represent privilegd information held by another agent.

Definition 2.5. A Semiring-Based Distributed Constraint Satisfaction/Optimiz ation Problem (SDCOP)
is a tuple hA; X; D; V; Ci where

A is a non-empty set of agents. An agent is a pair = R ;W i. R, is a set of variables for which

the agent hasread privileges , and W R is a set of variables for which the agent hasvrite
privileges .

X is a set of variables.

D isasetfDq;:::;Drg wheren = jXj and eachD; is a set of values to be assigned to a variable (the
domain).

V = hV; ;i is an idempotent semiring utilized to evaluate variable assignments.

Cis a non—em%y set of constraints, where each constraint; is a pair hdef;;coni where def; is a
function def; : (_ D) !V (wherek =j con j) and con; X is the signature of constraint ¢ (i.e.,

the set of variables referred to in that constraint).

If an agent has write privileges for a variablev, must also have read privileges for all variables which
share a constraint withv i.e. 8v2 W ;8¢ 2C, if v2 con, thencon, R .

The set of agents refers to the agents that must co-operate to solve the pblem. There is of course much
more to an agent than just its privileges, such as the amount of resourcesvailable or the ‘temperament' of
the agent. We do not consider those attributes (and similar ones) of agentss they only apply to solving the
problem, not to the description of the problem.

Read privileges serve a dual purpose. The primary purpose is to idéify which agents must know the
value assigned of a variable. The secondary purpose is to determine tliequired communication links between
agents. Knowledge of variable assignments is only one aspect of privacy. 1©h it is also desirable to ensure that
other agents can not discover the constraints on an agent's variables. Theow of such information is entirely
dependent on the algorithm and so is outside the scope of this work.

As the required communication is already prescribed by read privilges, the write privileges are purely to
determine which agents have permission to allocate a value to a varidd. In most situations, it is acceptable
for there to be variables in the problem for which no agent has write pileges. These can be viewed as hard
constraints or environmental constants. This concept is particularly useful in a mixed-initiative setting whereby
assignments made by the human operator should not and cannot be overruledylthe machine solver.

The explicit assertion of read/write privileges is unique to this formulation. Traditional formulations im-
plicitly prescribe global read privileges while maintaining only local write privileges. We feel that this approach
over simpli es real world problems. Such an assumption creates addibnal communication overhead to main-
tain synchronization and impedes on the scalable and distributed natue of DCSOPs. Furthermore, to honestly
re ect the privacy property in DCOPs, the read/write privileges p rescribes access control machinery to control
access to information. However, note that the traditional formulation (global read/local write) approach is a
special case for our formulation where agents are given read privileges tol @ariables. It also allows for param-
eters (variables for which no agent has write access) to be naturally mresented within the problem and allows
the community to explore problems without the simplifying assumption that agents have exclusive control over
variables. Designing algorithms which support allowing multiple agems to write to a variable presents new
challenges. The algorithm must have some mechanisim for either managingccess to the variable or resolving
the resulting inconsistancies.

The de nition of read and write privileges allows a graph representirg the commiunication channels between
agents to be de nied. Each node in the graph represents an agent and theris an edge between two nodes if
the respective agents must communicate. Two agents must communicaté they each control a variable which
contributes to the same constraint or objective. To minimize commurication bandwidth and privacy loss, the
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communication channels between agents exist only in situations wherehe agents share variables. More formally,

Definition 2.6.  Given a SDCOP = hA; X; D; V; Ci, a neighbourhood graph is a directed graphhN; E i
whereN = AandE A A suchthat8; °2A;h; G2 Ei 6 9%9x2X suchthatx2W ~x2R o.

If an agent has write privileges to a variablex and another agent °has read privileges tox then they must
be able to communicate, as must inform © of any changes it makes tox. If two agents must communicate
then they are in the same neighbourhood.

Variables are identi ed by a unique name. All variables share the same dmain, rather than having separate
domains as per common practice. The common domain can be viewed as the unionaf individual domains,
with unary constraints on the individual variables restricting whi ch subset of the domain values can be assigned
to the variables. This approach generalizes existing practice. Thedea of having the domain of each variable
de ned by unary constraints was discussed by Ross et. al. [18]

Our use of functions that return a value from an idempotent semiring alows for the representation of
a range of di erent forms of constraints. In classic satisfaction problens, the semiring hfTrue; Falseg; ;N is
su cient to re ect the satisfaction of the constraints. For valued con straint optimization problems, the semiring
h<; min; +i is suitable for minimization problems and h<; max; +i is suitable for maximization problems. In the
cases where there are multiple objective functions, each objectvis represented by its own idempotent semiring.
The Comb() operator can then be utilized to combine the individual semirings Using this approach to combine
the di erent objectives naturally leads to a search for a pareto-optimal solution. By using this approach we do
not impose an ordering on the objectives, however an ordering can be addef so desired. Furthermore, such
an approach also allows for all the di erent types of constraints to be comined.

We also distinguish between two classes of constraints: local consints and shared constraints. A local
constraint is known by only one agent and can only be evaluated by that agent. &r this to occur one agent
must have write privileges to all of the variables incon; (refer to de nition 2.5). Shared constraints are known
by all agents which have write privileges to a variable in the constrants signature and can be evaluated by any
one of those agents. This occurs when more than one agent has write privijes to one of the variables incon
(refer to de nition 2.5).

Definition 2.7. Given an SDCOP hA; X;D;V;Ci, S is the set of all possible assignments to variables.
Each assignment is a set of variable-value pairs where no variable appsanore than once. We will refer to an
assignments 2 S as acomplete assignment if it assigns a value to every variable inX. For some assignment
s2 S, we will uses#x to denote theprojection of the assignment to a set of variableX (i.e., the subset ofs

The di erent criteria are re ected in the de nition of a solutiont o a SDCOP. The concept of a solution to
a satisfaction problem is generalized in our de nition of an acceptable saltion.

Recall that our uni ed de nition of a CSP is agnostic to the solving meth od, so while it has been shown [16]
that combining semirings is not su cient for soNing multi-objecti ve problems using inference based methods [1,
5, 6, 7, 15] (speci cally the operators and ). However, combining semirings is su cient for search based
methods [2, 20], which are common in the DCOP literature. For this reasorwe de ne the solutions to a SDCOP
in terms of the properties they must satisfy, which are independat of the solving method and the semiring
used to evaluate assignments. Furthermore, we utilize a notion of acpgable threshold to de ne an acceptable
solution to an optimization problem. The idea of an acceptable threshold oran optimization problem has been
proposed by J. Larrosa [11].

Definition 2.8.  An acceptable solution to a SDCOP with C= fcy;:::;c,gis a complete assignmens
such thatdefi(val(s #con,)) ::: defp(val(S#eon,)) v VvV, Wherev 2V is a minimum threshold on the value
of the solution.

The solution to a classic satisfaction problem can be represented as an@ptable solution with a threshold
of True. An acceptable solution is also useful to represent problems knere the optimal solution is not required
or it is too expensive to search for the optimal solution.

Definition 2.9. An optimal solution to a SDCOP with C = fc;;:::;¢c,g is a complete assignments
such that there does not exist another complete assignmesttwheredef;(val(s®#.on,)) ::: def,(val(s®#on,
)) v defi(val(s #con,)) ::: defp(val(s#won,)) (note:a v bi a yv bandb v a).
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Theorem 2.10. At least one optimal solution exists for any SDCOP.

Proof. The associative property of means that the ordering  derived from s transitive. Due to the
ordering being transitive, cycles can not exist within the orderng. Because there are no cycles there must be
at least one abstract value which is not dominated by another abstract value.

The constraints map each assignment to exactly one abstract value, whicks used to order the assignments.
As such, the ordering over assignments is also transitive. Therefer there must be at least one complete
assignment which is not dominated by another complete assignmerft.

Note that the de nition of an optimal solution is equivalent to a non-dominat ed solution, as such the set of
all optimal solutions is the pareto-frontier. If an acceptable solution (for a given threshold) does not exist, one
way to get a solution which is acceptable is to relax the concept of a sotion. This is done by not requiring a
complete solution to the SDCOP.

Definition 2.11. Given a constraint ¢ = hdefj; conji the projection of ¢ onto a set of variablesX,

G #x = hdef%con \ Xi. If con. X then g is returned unchanged.def? is de ned such that for a given input
V it returns one of the valuesdef; can return for the input V expanded to include values for the other variables
in cory.

There are two di erent intuitions about which value to return in th e projected version of the constraint.
First, the projected constraint should return the best possiblevalue using the assigned variables. Second, the
projected constraint should return the worst possible value usinghe assigned variables. It is possible that there
is more that one best or worst value, as the semiring allows a partial ordeng. In this case the choice between
the best or worst values is arbitrary.

Definition 2.12. Given a set of constraintsC = fcy;:::;¢,g and an assignments, let C° = fc; #a (s)
115G Bar ()0 S is a relaxed solution  with reference to the constraints C° i def(val(s #con,)) i
defp(val(s #con,)) v V, wherev is a minimum threshold on the value of the solution and there doesoh exist
another assignments® where s > jsj and def;(val(s®#on,)) ::: defp(val(s®#con,)) v V.

There are many other ways to de ne a solution to a SDCOP, such as &-optimal solution [13]. These other
solution concepts can be easily modi ed for the SDCOP structure.

2.3. Example Instantiations. In this section, we will illustrate the usefulness of our frameworkby the
SDCOP instances that correspond to several common DCOPs. We will doosby presenting three instantiations:
a CSP instance, a DCOP instance and a DCOP variation. Bistarelli's csemiring framework [3] is one of the
commonly accepted frameworks for generalizing CSP problems. Both Biatelli's c-semiring framework and
our SDCOP framework are based on using a variation of a semiring to order t# solutions. As highlighted
earlier, CSPs are special instances of DCOPs. Hence, it is be tingd illustrate the generality of SDCOP by
demonstrating Bistarelli's c-semiring framework is a special inance of an SDCOP.

Theorem 2.13. Any problem represented as a c-semiring can be represented as an idempdtsemiring.
Any idempotent semiring which also satis es the following propeiies can be represented as a c-semiring.

? i 2 V is the absorbing element of and the unit element of
> ; 2 V is the unit element of and the absorbing element of .

Proof. We consider two representations of a constraint optimisation problento be equivalenti the solutions
of the representations are equal. The solution to a constraint optimisaion problem is de ned in terms of the
and operators. Therefore it is su cient to show that the and operators in c-semirings and idempotent
semirings have the same properties.

Given a c-semiringhV.; ¢; ¢;?c¢;>cl and an idempotent semiringhVi; i; i;?i;>ii as described above,
we show that the two are equivalent.

Vi and V. are equivalent by de nition, as are ; and . ?i;?. are the absorbing elements of ;;
respectively, as per the de nition. Similarly >;;>. are the unit elements of ;; . respectively.

It remains to show that ; is equivalentto .. . is de ned over a set of operands, while ; is strictly
a binary operator, as such the behaviour of . with zero or one operands is not relevant. ; is commutative,

associative and idempotent, so it follows that ;(fvi;vi+1;:::5vj0) = Vi Vier i v; for all sets of
indicesi;i +1;:::;j. It is shown in Bistarelli's paper that . is idempotent, commutative and associative. By
specifying that > is the absorbing element of j;vi Vv, i Vo = > for vq;:::;vy 2 V, which is equivalent

to (V)= >; i(Vi)= > will be the casei > is the absorbing element ofv;. O
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We have just shown that the idempotent semiring used in our framewrk is more general than the c-
semiring used in Bistarelli's framework [3]. Therefore, all the costraint schemes which can be represented in
Bistarelli's framework can also be represented in our framework. Namglclassical, fuzzy, probabilistic, weighted
(minimization), set based, and multi-objective constraint optimiz ation problems.

There exists several formulations of DCOPs [2, 7, 12, 14, 20]. All of these fornations capture the important
aspects of DCOPs equally well. We will focus on the instantiation of Pé&u's formulation [14] into SDCOP as
it is the most formal de nition.

Petcu [14] de nes a COP as follows:

Definition 2.14. [14] A discrete constraint optimization problem (COP) is a tuple hX; D;Ri such that:

X = fXyq;:::; X0 is a set ofvariables (e.g. start times of meetings);

D = fd;;:::;dnhgis a set of discrete, nite variable domains (e.g. time slots);

R = fry;:::;rmgis a set ofutility functions , where eachr; is a function with the scope(X;,;:::;Xi,);
ri :d, di, ! < . Such a function assigns autility (reward) to each possible combination of

values of the variables in the scope of the function. Negative amounisean costs. Hard constraints
(which forbid certain value combinations) are a special case of uity functions, which assignO0 to feasible
tuples, and inf to infeasible ones;
Definition 2.15. [14] A discrete distributed constraint optimization problem (DCOP) is a tuple of the
following form: hA; COP;R™i such that:

R'@ = fry;:::;rhgis a set of inter-agent utility functions de ned over variables from severaldi erent
local sub-problemsCOP;. Eachr; : di, di, !'< expresses the rewards obtained by the agents
involved in r; for some joint decision. The agents involved irr; have full knowledge of; and are called
‘responsible’ forr;. As in a COP, hard constraints are simulated by utility functions which assign0 to
feasible tuples, and1 to infeasible ones;

Further, Petcu de nes a solution as:

Definition 2.16. [14] The goal is to nd a complete instantiation X for the variables X; that maximizes
the sum of utilities of individual utility functions.  The de nition of a solution provided by Petcu [14] corresponds
to the de nition of an optimal solution within SDCOP. This de nition of a DCOP corresponds to the following
SDCOP:

Theorem 2.17. Petcu's de nition of a DCOP is a SDCOP hA; X ;D;V; S; Ci with the additional properties:

§xactly one agent has write access for each variable.
D is nite.
V = h<;max +i.

Proof. The two formulations are equivalent i every problem that can be desaibed by Petcu's de nition
has an equivalent de nition within the SDCOP and every problem that can be described by the SDCOP has
an equivalent de nition within Petcu's de nition.

We start by showing that every problem that can be described by Peta's de nition has an equivalent
de nition within the SDCOP. It is clear that both formulations suppor t the concept of agents. Petcu's de nition
allows an agent to control a set of variables described as a sub-problem videan SDCOP directly species the
variables that an agent controls. Petcu's use of real numbers to measuretility can easily be represented by
the idempotent semiring h<; max; + i

Now we show that every problem that can be described by the SDCOP has aaquivalent de nition within
Petcu's de nition. Both de nitions support the concept of agents. Th e rst additional restriction on a SDCOP
results in each agent controlling a distinct set of variables. The varables which an agent controls form the
agent's sub-problem in Petcu's de nition. There is no formal concep of read privileges in Petcu's de nition,
instead it is simply assumed that if an agent knows a constraint, it has ead privileges for all variables in
the constraint, which is the minimal read privileges required for COP. SDCOP uses a single domain for all
variables, as opposed to separate nite domains for each variable. The secdrestriction limits SDCOP to
a nite domain, which can be transformed into variable speci c domains by rst assigning each variable the
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entire domain, then propagating all the unary constraints on that variable. The resulting domain is specic
domain for that variable. After this the unary constraints can be removed. Restriction three limits SDCOP to
using real numbers as the utility, which is equivalent to Petcu's use of real numbers. Finally the use of n-ary
constraints in SDCOP is almost identical to the constraints in Petcu's de nition. O

Recently, Grinshpoun et al. proposed the Asymmetrical DCOP (ADCOP) model [8]. In this model, the
utility gained by each agent participating in a constraint is tallied separately, however the objective is to
minimize (maximize) the sum of the utilities of all agents. The motivation is to preserve the privacy of each
agent regarding its local utility. Grinshpoun et al. [8] de ne a DCOP as follows:

Definition 2.18. [8] A DCORP is a tuple hA; X;D;Ri. A is a nite set of agents A1;Az;:::;Aq. X is a

be assigned to variableX; . R is a set of relations (constraints). Each constraint C 2 R de nes a non-negative
cost for every possible value combination of a set of variables, and is thfe form:

C:Dij; Dij Dy !'< * (2.2)

Grinshpoun et al. [8] de ne an ADCOP as follows:

Definition 2.19. [8] An ADCOP is de ned by the following tuple hA; X ;D;Ri , whereA, X , and D are
de ned in exactly the same manner as in DCOPs. Each constraintC 2 R of an asymmetric DCOP de nes a
set of non-negative costs for every possible value combination of a sétvariables, and takes the following form:

kK

C:Dj;1 Dj> Dy I< (2.2)

Grinshpoun's de nition of a DCOP is comparable to Petcu's, which we have already shown to be an instance
of of an SDCOP. It remains to show that the constraint de nition in an ADCO P is an instance of an idempotent
semiring.

Theorem 2.20. Asymmetrical constraints as de ned in a ADCOP can be represented ashe an idempotent
semiring hv; ;i where: V is the Cartesian product of the set of utilities for each agent.<?, given agents
ai;::;ay, isdenedas (v;v)= hvy+ v¥ivo+ vd;iii;vy + V0 and  is de ned as

( v Ly Lyo
vivy= ', " (2.3)
v’ otherwise
In addition, if there does not exist a variable which is owned by an agent, in the signature of a constraint c,
then the cost for in the result of the constraint ¢ must be zero.

Proof.

The ADCOP de nition allows the cost for each agent to be recorded separatly, by having one integer/real
number for each agent, the idempotent semiring described also alleswvthe cost for each agent to be recorded
separately. The aggregation operator in ADCOP is sum, with the cost for each agdémaggregated separately,
this is re ected in the  operator. The comparison operator in ADCOP is a utilitarian minimization operator,
this is re ected in the  operator.

The idempotent semiring always includes a cost for all agents, everf the agent is not involved in the
constraint, thus it may represent constraints that can't be represented in an ADCOP. The restriction on the
cost for an agent if the agent is not part of the constraint prevents this casel

3. Semi-Ring Support Based Distributed Optimisation. The Support Based Distributed Optimisa-
tion (SBDO) algorithm [2], which this algorithm extends, is intended to be deployed in real life environments.
We characterise real life environments as having the following proerties:

Dynamic
Anarchic
Unreliable agents/communication
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Hetrogeneous agents
Sel sh agents
Malicious agents
These are in addition to the properties of the problem, such as di erat constraint types and multiple objectives.

In order to operate in this environment, we identi ed three ideals that the algorithm should meet. These are
autonomy, equity, and fault tolerance. Autonomy means that the agent retainscontrol of its local knowledge
and has the power to act or not act as its situation dictates. Equity means hat each agent has the same
in uence over the nal solution and requires a similar amount of resources to the other agents. Fault tolerance
means that the overall system should not fail when any of its componentsdils.

In order to attempt to meet these ideals, SBDO is based on negotiation/argmentation between the agents,
rather than a power structure as commonly used. Because of this, the ages have equal power over the other
agents and the nal solution to the problem. In the process of solving tre problem, the agents dynamically form
coalitions and use their combined power to in uence the other agentsThese coalitions are determined based on
the structure of the problem and random chance, rather than any bias in the algorithm. The lack of an enforced
structure means that the algorithm is not unduly a ected should an agent fail, and can continue attempting
to solve the problem without the failed agent. The redundancy built into the message passing means that an
agent which fails can be recovered quickly. The communication protoa used is also not sensitive to messages
arriving in the wrong order. Together these make the algorithm tolerant of a variety of di erent faults.

The version of SBDO described in this chapter can solve SDCOP probias which meet the following
conditions:

The domain of variables (S D) must be nite.
The quality of a solution must be monotonically non-decreasing as the sotion is extended, i.e. 8a;b2
V;a b a
How SBDO and SBDOsr support dynamic problems is discused in earliepublications [2], so is not discused
here.
We start our discussion of the SBDOsr algorithm by de ning the messagesent between agents.
Definition 3.1. An assignment is a triple ha;v;ui wherea is an agent in the SDCOP,vV is a set of
variable-value pairs, andu is the utility of this assignment returned by the agents local constints. v must
contain a variable-value pair for every variable inW, for which another agent has read privileges.

Definition 3.2. Given an SDCOP = hA; X;D;V; Ci, a proposal is a pair hvA; SCEi, where VA (variable

through the neighbourhood graph and there are no con icting assignemts. SCE (shared constraint evaluations)

is a set of evaluations of shared constraints. A shared constrat can only be evaluated if an assignment to
every variable involved in the constraint is included in VA. Each evaluabn is a tuple ho; ui whereo is a shared

objective andu is the utility returned by the objective function o given the assignments inv A.

As an example, consider the two agents A and B, who share a constraint O, aselN as having their own
local constraints. When A rst creates a proposal it simply contains an asignment to A, hhiA; fha; 1ig; 3ii ; fgi .
Later when B extends the proposal, B then has enough information to evaluat¢he shared objective, producing
hhi; fha; lig; 3i; hB; fhb;2ig; 2ii ; fhO; 10igi .

The sequence of variable assignments indicates the order in which ighproposal has been constructed and is
required both to store the utility of the solution and for the generation of nogoods. The set of shared constraint
evaluations is required to record the utility of constraints shared by more than one agent. If the utility of the
shared constraints is combined with the local constraints they mightbe double counted when cycles form. Note
that in situations where privacy is important, the assignment to a variable only needs to be disclosed if another
agent has a constraint involving this variable.

The utility of an assignment can be determined by evaluating the applcable functions in C and aggregating
them using . The total utility of an proposal is determined by applying the aggregation ( ) operator over
the utility of each assignment and evaluation. As such a proposal encodes fartial solution to the problem as
well as the relative utility of the partial solution. When a proposal is considered as an argument the rstn 1
assignments form the justi cation and the last assignment is the conclsion.



Multi-Objective Distributed Constraint Optimization usin g Semi-Rings 413

The utility value provides a partial order over the the proposals (partial solutions). Comparison between
proposals can be performed by rst applying the operator over the utility of each assignment and evaluation
to determine its utility value and then the operator to determine which proposal is better. Whenever we
refer to one proposal being better than another in this paper it is with respect to this induced ordering.

The counterpart of a proposal is a nogood. A nogood represents a partial sdion that violates at least one
constraint and should never be reconsidered or included in the nal slution. This inconsistency is discovered
when the utility of an isgood is ?. Nogoods with justi cations [19] are used as these allow us to guarantee that
all the hard constraints are satis ed (as shown in [10]) as well as allowingobsolete nogoods to be identi ed
after the constraints that the nogood violated are removed from the probém. For our purposes, a nogood with
justi cation (originally de ned in [19]) is treated as follows:

Definition 3.3.  Given an SDCOP hA; X ;D;V; Ci, a nogood is a pair hP; Ci whereP is a set of variable-
value pairs representing a partial solution andC C is the set of constraints that provides thejusti cation
for the nogood, such that the combination o and C is inconsistent (results in ?).

A minimal nogood is a nogoodn = hP;Ci such that there does not exist a nogood® = HP%Ci where
PY% P or anogoodn®= HP;CY% whereC® C.

In static environments, detecting that the network has reached a qiescent state is su cient to detect
termination. This can be achieved by taking a consistent global snapshof4]. The algorithm will also terminate
if it detects that there is no solution to the problem, by generating the empty nogood. Otherwise, due to
the dynamic nature of the input problem, the algorithm will only termi nate when instructed to by an outside
entity. Detecting that the network of agents has reached a quiescenstate, or detecting that the problem is
over-constrained are in themselves insu cient as terminating criteria, since new inputs from the environment,
in the form of added or deleted variables/constraints might invalidate them.

Algorithm 1 sendnogood(l)

Let N be a nogood derived from |
Send N to A
Delete |

Algorithm 2 process remove-nogood message
Let C be the constraint referenced
for Each received nogood Ndo
if N is in the remove-nogood messagthen
Delete N from nogoods
delete N from the remove-nogood message
if counter 6 O then
Add the remove-nogood message teemoved-constraints

receive remove constraint(C)

3.1. Algorithm.  The core of SSBDO is very simple. First the agent reads any messages ia# received
from other agents and updates its knowledge. If it has received a propodesolution from another agent that is
inconstant, it responds with a nogood message. Second it chooses an assignt for all variables for which it
has write privileges. Third the agent sends a message to each of its ggbours, informing them of any change
to its proposals. Finally the agent waits until it receives new message

All agents continue in this fashion until all their proposals are consistat. When this happens all agents will
no longer send any new messages, as their proposed solutions don't changleddployed in a static environment,
termination can be detected by taking a consistent global snapshot [4]. @erwise they continue to wait until
they are informed that the environment has changed, or they are requesd to terminate.

Because there is no ordering de ned over the agents, this algorithman very easily adapt to changes in
the problem, such as adding or removing constraints. It also degrades gcefully when agents fail, making the
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Algorithm 3 process remove-constraint message
Let C be the removed constraint
for Each neighbour Ado
for Each nogood N sent to Ado
Let obsolete = fg
if N contains C as part of its justi cation then
Add N to obsolete
Delete N from sent-nogoods
if jobsoletg¢ > O then
Let M be a new remove-constraint message with C and nogoods
Send Mto A
for Each received nogood Ndo
if N contains C as part of its justi cation then
Mark N as obsolete

overall system fault tolerant.

In order to generalize SBDO to support SDCOP, agents have been adaptetb maintain more than one
proposed solution at a time. This allows the algorithm to nd many solutions in one execution. Changing the
agentsview from a single proposal to a set of proposals requires changes to the way thgentsview is created
as well as how proposals are sent to other agents. After these changes thddarmation an agent stores is:

support The agent that is using as the basis for almost all decisions it makes. Theupport 's
beliefs about the world (its view ) are considered to be facts.

view This is a set of proposals consisting of the proposals received frosupport with an assignment
to 's variables appended. This represents the's current beliefs about the world, or its world view.
recv(A) This is a mapping from an agent to the last set of proposals received from . This stores
the other agents most recent arguments.

nogoods This is an unbounded multi-set of all current nogoods received. It ontains pairs hsender
nogood.

sent(A) This is a mapping from an agent to the last set of proposals sent to . This stores the
arguments most recently sent to the agents neighbours.

sent-nogoods This is an unbounded set of all nogoods sent by . It contains pairs

hdestination; nogood .

removed-constraints  An unbounded set of known obsolete nogoods. This stores referencesat the
nogoods that are known to be obsolete, but have not yet been deleted.

constraints A set of all constraints  knows. It must include all of an agent's local constraints and all
constraints this agent shares with other agents.

As with SBDO each agent must rst update its view based on its currentsupport , as new information
may have made its currentview obsolete. The approach used in SBDO is to choose the neighbour that has
sent the best proposal as this agentsupport , which clearly does not apply to SSBDO. Instead the agent
that has sent the largest number of non-dominated proposals is chosen as thagentssupport . Speci cally,
all proposals this agent knows of, i.e. those it has received from its nghbours and those it has generated as
its current view , are considered. Out of those proposals the set of non-dominated proposat ¢omputed and
they are partitioned based on their source. If the source of the largest grtition is this agents view , then this
agentssupport does not change. Otherwise this agent changes isupport to the agent which is the source of
the largest partition. If there is a tie for the largest partition, it is broken by considering the following criteria,
in lexicographical order:

1. Largest number of proposals received from each source.
2. Largest total length of received proposals from each source.
3. Consistent random choice. i.e. if the set of proposals A is preferredver the set of proposals B, A will
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Algorithm 4 main()
while Not Terminated do
for all received nogoods Ndo
if this nogood is obsoletethen
decrement counter on the removed-constraint message
if counter = zero then
delete constraint-removed message

else
Add N to nogoods
for all neighbours Ado
if There is no valid assignment to myself wrtrecv(A) then
send _nogood(A)

for all received environment messagedo
Process message

for All received sets of proposalss; do
Let A be the agent who sent |
Setrecv(A) tol
for Each proposal | in S; do
if There is no valid assignment to myself wrt |then
send _nogood(A)

Setview to the non-dominated sub-set of all consistent extensions to all re¢eed proposals
for All neighbours A do
Set proposedproposals to an empty set
for Each proposal | inview do
if | is part of a cycle then
if 1is dominated by an proposal inrecv(A) then
Postpone this proposal
else
Add | to proposed_proposals
else
Set preferred such that it meets the criteria
Set I' to a tail of I, such that the length of | is min(max _length, preferred)
add I' to proposed_proposals
if proposedproposalsé sent(A) then
Set sent(A) to proposedproposals
Send proposedproposals to A

Wait until at least one message has been received

always be preferred over B.
To illustrate this procedure, consider an agent which has received the following proposals from it's
neighbour
hhh; fhe;0ig; (3;0)i ; h; fhb;lig; (0; 3)ii ;fgi with a total utility of (3, 3).
hhh; fhc;0ig; (2;1)i ; h; fhe;1ig; (0; 3)i ; h; fhb;lig; (0; 3)ii ;fgi with a total utility of (2,7).
has also received the following proposals from it's neighbour:
hhh; fhe;0ig; (3;0)i ; h; fhc;0ig; (2; 1)ii ;fgi with a total utility of (5,1).
Finally, 's view consists of the following proposals:
hhh; fhc;lig; (1;2)i ;h; fha;lig; (0;3)ii ;fgi with a total utility of (1,5).

1Hash functions can provide a suitable comparison.
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hhh; fhc;lig; (1;2)i ;h; fha;0ig; (3;0)ii ;fgi with a total utility of (4,2).
Given this information, the set of non-dominated proposals are:

hhh; fhe;0ig; (3;0)i ; h; fhb;lig; (0; 3)ii ;fgi with a total utility of (3, 3).

hhh; fhc;0ig; (2; 1)i ; h; fhe;1ig; (0; 3)i ; h; fhb;lig; (0; 3)ii ;fgi with a total utility of (2,7).

hhh; the;0ig; (3;0)i ; h; fhc;0ig; (2; 1)ii ;fgi with a total utility of (5,1).

hhh; fhc;lig; (1;2)i ;h; fha;0ig; (3;0)ii ;fgi with a total utility of (4,2).
One of the non-dominated proposals originate from , two originate from  and one from . This will cause

to change its support to . If there was a tie between and , then would win, as it has three total

proposals compared to 's two. In the case of a tie between and , would win, as the total length of its
proposals is ve compared to 's four.

In the case of SBDO, where there is at most one proposal from each source,etie is normally only one
proposal in the non-dominated set. It is possible for two (or more) proposa with equal utility to form the
non-dominated set. When this happens the tie breaking proceduresi equivalent in SSBDO and in SBDO.

If this agents support has changed, then it must re-compute itsview . To generate itsview , this agent
extends the proposals it has received from itsupport . For each proposal it has received from its support, this
agent computes the set of non-dominated proposals which can be generated bytending the received proposal
with an assignment to this agent. If the agent changes the value of a variablevhich already has a value assigned
to it in this proposal (i.e. more than one agent has write privileges), it must trim the proposal such that there
are not two di erent values assigned to the same variable. The resultig reduction in the total utility of the
proposal ensures that variables which have already been assigned by anethagent will only be changed if there
is signi cant bene t in doing so.

The procedure in SBDO for updating an agent's neighbours assumes that @nproposal has been sent to and
received from each neighbour. It must be generalized for sending sebf proposals, taking care to ensure the
properties required for the proof of termination and completeness $if hold. These are: postponing of proposals
that are involved in a cycle, sending a new proposal if this agent is in @n ict with the destination agent and
not sending a new message if the content has not changed since the last ssage.

As with SBDO, each proposal is treated individually, then the proposalsthat will be sent to this neighbour
are grouped and sent in one message. Cycle elimination is the same as in SBDIf there are two consecutive
assignments in the received proposal which were generated by this ageand the destination agent respectively,
then this proposal is part of a cycle. If the proposal is dominated by one ofhe proposals previously sent to
the destination agent then it must not be sent at this time. Instead the proposal which dominates it should be
resent. If the proposal dominates all of the previously sent proposals,hen the entire proposal should be sent.
Otherwise, when neither proposal dominates the other, both should besent. If the proposal is not part of a
cycle the next consideration is how much of the proposal to send to thelestination agent. The proposal must
be long enough to meet the following criteria:

1. If one of the proposals previously sent to the destination agent is a suproposal of this proposal, then
this proposal is an update. In which case the length of the newly sent mposal should be the length of
the previously sent proposal +1.

2. It must contain enough assignments to evaluate shared objectives/consdints. Speci cally, if there
exists a constraint/objective involving at least the destination agent B and another agent C in this
agents' view, then the proposal must contain the assignment to C.

3. If the assignment to A is not consistent with any proposal received fom B, then A should send a
counter-proposal that is more preferred than the con icting proposal.

4. The proposal should be equal to or longer than the shortest proposal previaly sent to B.

It is not always possible to send a proposal of the desired length, as tHength of the sent proposal is limited by
the length of the proposal inview . Once the correct length of the proposal has been decided a new proposal i
created. Once all proposals irnview have been considered, the new proposals are checked against the propesal
previously sent to this agent. If any of them have changed a proposal meage is sent to the destination agent
containing all of the proposals.

To illustrate this procedure, again consider an agent . 's view is currently:
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hhhy thb;0ig; (2;0)i ; h; fhe;lig; (0;3)i ; h; fhc;0ig; (2;1)i ; h; fha;lig; (0;3)ii ;fgi

with a total utility of (4,7).

hhh the;1ig; (0; 3)i ; h; fhc;lig; (1;2)i ;h; fha;lig; (0; 3)ii ;fgi

with a total utility of (1,8).

hhh fhc;0ig; (2;1)i ;h; fha;0ig; (3;0)ii ;fgi

with a total utility of (5, 1).
Further, has previously sent the following proposals to :

hhh fhb;1ig; (0; 3)i ; h; fhe;0ig; (3;0)i ; h; fhc;1ig; (1;2)i ; h; fha;0ig; (3; 0)ii ;fgi
with a total utility of (7,5).

hhhy fhc;0ig; (2; 1)i ;h; fha;0ig; (3;0)ii ;fgi

with a total utility of (5,1).
Finally, has received (along with other proposals) the following proposal from :

hhh fhe;0ig; (3;0)i ; h; fhc;lig; (1;2)i ;h; fha;0ig; (3;0)i ;h; fhb;1lig; (0;3)i ;i ;fgi

with a total utility of (7, 5).

We can see that the proposal received from contains an assignment to then an assignment to , as
such they are part of a cycle. The rst proposal in 's view has assignments to the same variables in the same
order as the proposal received from , so it might need to be postponed. Neither proposal dominates the other,
so both proposals are sent to . The second proposal in 's view is an update to the second proposal sent
previously, so a slightly longer subset of that proposal is sent to . Finally, the third proposal is new, so
attempts to send a length three version of it, but as it is only length two, the entire proposal is sent. Therefore
the new proposal message sends to is:

hhh fhb;1ig; (0; 3)i ; h; fhe;0ig; (3;0)i ; h; fhc;1ig; (1;2)i ; h; fha;0ig; (3; 0)ii ;fgi
with a total utility of (7,5).

hhh fhb;0ig; (2;0)i ; h; the;1lig; (0; 3)i ; h; fhc;0ig; (2; 1)i ; h; fha;1lig; (0; 3)ii ;fgi

with a total utility of (4,7).

hhh fhe;1ig; (0; 3)i ; h; fhc;lig; (1;2)i ;h; fha;lig; (0; 3)ii ;fgi

with a total utility of (1,8).

hhh fhc;0ig; (2;1)i ;h; fha;0ig; (3;0)ii ;fgi

with a total utility of (5, 1).
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The procedure for determining the length of each proposal to send ishe same as in SBDO. However there
are some changes due to it acting on two sets of proposals, rather than two pposals. First, for each new
proposal, it is not clear which old proposal it should be compared with. In his case it is compared with all
of them and the longest required proposal is sent. Further, when a propsal is postponed, the old version of
the proposal must be sent. Otherwise the proposal will be lost when th destination agent updates its received
proposals. Finally, an updated proposal message must be sent when any of thiedividual proposals change.

The changes made to the procedure for sending updates to an agents neligturs invalidate the proof of
termination for SBDO. Here we present a generalization of the proof of temination for SBODsr. This is based
on the proof of termination for SBDS [9].

Lemma 3.4. If no new nogoods are generated, then eventually the utility of view wilebome stable for each
agent.

Proof. Let W; X be the set of agents whose view dominateis2 Z of the possible solutions to the problem.
An agent's view v dominates a solutions i there exists a proposal p 2 v such that the utility of p is greater
than or equal to the utility of s (not less than or incomparable). We will prove that any decrease inW;j must
be preceded by an increase ifW; j, wherej <i .

First, we note that an agent will never willingly reduce the number of solutions its view dominates, as per
the proposal ordering and the requirements ofipdate _view() . So, in the usual casejW;j will be monotonically
increasing, for alli. However, in limited circumstances an agent may receive a weaker pposal from its support,
and so the number of solutions its view dominates could be forced to degase. Such events are rare, but they
can occur whenever a cycle of supporting agents is formed. Let us assanthat some agentv receives a worse
proposal | from its current support, and so v is forced to choose a view which dominates less solutions. Let
i number of solutions v's old view dominates, andj be the number of solutionsv's new view dominates,
respectively. The new, worse view fowv will obviously decrease eachWyj, wherej <k 1.

However, forv to have received the worse proposdl, some agentw must have formed a cycle by changing
its support. Note that w will only have selected a new support if it could increase the numebr of solutions its
view dominates, as per the proposal ordering and the requirements afpdate _view() . Also note that the
newly-formed cycle cannot have a total utility of more than j, else there would have been no reason to reduce
the number of solutionsv's view dominates. Therefore, the number of solutionsv's new view dominates must
then be less than or equal toj, but is certainly more than it's old view.

So, if an agentv is forced to reduce the number of solutions its view dominates, therthere must be some
preceding agentw which increased the number of solutions its view dominates. Furthe w's new view is
guaranteed to dominate no more solutions thanv's new view. Therefore, the termjW;j:jW,j:jW3j:::: must
increase lexicographically over time. As the term is bounded above, & can conclude that the utility of view
must eventually become stable for each agentl

Theorem 3.5. SSBDO is andnstance of SDCOP with the following limitations:

The domain of variables ( D) must be nite.
The quality of a solution must be monotonically non-decreasig as the solution is extended, i.e8a; b2
Via b a.

Proof. The elementsA;X;D;V and C are de ned the same in SSBDO and SDCOP.

SSBDO does not support problems where the domain of a variable may be ite. This case is excluded by
the rst restriction on an SDCOP.

Further, the SSBDO algorithm is only sound when aggregating two semirilg values does not produce a less
preferred semiring value. This case is excluded by the secondsteiction on an SDCOP. O

3.2. Example. As an example of how SBDOsr works consider the following simple graph amliring prob-
lem. Note that while SDCOP requires the constraints to be encoded asunctions returning semiring values,
for ease of understanding we will discuss the problem in terms of hardnd valued constraints. There are three
agents, , and , each of which have write privileges for one variable, , and respectively. Each variable
can take one of three “colours’, 0, 1 and 2. Neighbouring variables share a vatlieonstraint of colour di erence,
maximize the di erence between the values assigned to each agent. Hawariable also has a unary valued
constraint of colour a nity, minimize the distance between its value and an ideal value. The ideal value is 0, 1
and 1 for , and respectively.
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When the algorithm starts each agent has received no other proposals to bidi upon. So all of them choose
an assignment based on the colour a nity constraint. adopts the proposal hhh;fh ; Oig; (0; 2)ii ;fgi , adopts
the proposal hhh ;fh; 1ig;(0; 2)ii ;fgi and adopts the proposal hhh ;fh ; 1ig; (0; 2)ii ;fgi . Each agent then
sends their choice to each of the other agents.

Now we concentrate only on . The reasoning for the other agents is similar. None of the proposals
has dominate any of the others, and each of itself, and have supplied onenon-dominated proposal, and all
proposals are of length 1. As such randomly chooses as itssupport and extends each of 's proposals to
nd the following non-dominated proposals:

hhh ;fh ; Qig; (0;2)i;h ;fh; 2ig;(0;0)ii ;th(; );(2;0)igi with a utility of (2 ;2)

hhh ;fh ; Qig; (0;2)i;h ;fh; lig;(0; )i ;th(; );(1;0)igi with a utility of (1 ;3)
As the rst proposal found is new, only the front of it, hhh ;fh ; 2ig;(0; 0)ii ;fgi, is sent to the other agents,
while the entirety of the second proposal is sent.

In 's next cycle it receives the following proposals from and :

hhh ;fh; 1ig; (0; 1)i;h ;fh ; Oig; (0;2)ii ;fh(; );(1;0)igi with a utility of (1 ;3)
hhh ;fh; 1ig; (0; 2)i;h ;fh; 1lig; (0; 2)ii ;fh(; );(0;0)igi with a utility of (O ;4)
hhh ;fh ; Oig; (0; 0)ii ;fgi with a utility of (O ;0), (because it is a new assignment it starts at length one)
hhh ;fh; 2ig; (0; 0)ii ;fgi with a utility of (0 ;0)
then decides to retain as its support because the largest number of non-dominated proposals are from 's
view ( and supply one each). Next extends the proposal received from to get:
hhh ;fh; 1ig; (0; 1)i; h ;th ; Oig; (0; 2)i;h ;fh; 1ig;(0; 1)ii ;
fh(; ) (L 0)i;h(; );(L;0)i;h(; );(0;0)igi with a utility of (2 ;4)
hhh ;fh; 1ig; (0; 1)i;h ;th ; 0ig;(0;2)i;h ;fh; 2ig; (O;0)ii ;
fh(; );(L;0)i;h(; );(2;0)i;h(; );(1;0)igi with a utility of (4 ;3)
Again then informs and of the solutions it has chosen.

As these two proposals represent the optimal solutions for this problemexecution continues for one more

cycle, as and accept them as the optimal solutions.

4. Results. We ran a set of experiments to evaluate SBDOsr. To do so, we implemésd SBDOsr in C++ 2
and ran tests on a set of graph colouring problems. The tests were run on amtel Xeon X3450 CPU with 8GB
of RAM.

At this time, there is only one other published algorithm that is capable of solving problems with many
objective functions, B-MUMS [7]. We do not compare SBDOsr with B-MUMS as B-MUMS does not support
hard constraints, as are used in our experiments, and B-MUMS only retuns one solutior?.

In our test problem, there is a one to one mapping from agents to variablesnd each variable can take a
value from the domainf0; 1; 2; 3; 49. Each variable is identi ed by a unique integer. There are three comstraints
between each pair of neighbouring variables. The rst is a hard constrait that neighbouring variables must not
have the same value. The second is a valued constraint to maximize thdistance between the two values, given
that the values wrap around i.e. the distance between 0 and 4 is 1. The fid is a valued constraint where the
variable with the higher identi er should be assigned a larger value. RFnally, every variable has a unary valued
constraint to minimize the distance between the variables value andan ideal value, being the variables identi er
modulo 5.

For our tests, we varied the number of variables in each problem and the umber of constraints. The
parameter for the graph connectedness varies linearly between 0, wheethe constraints form a spanning tree
over the variables, and 1, which is a fully connected graph. We used aumber of variables from the setf4, 5,
6, 7, 8,9, 10, 15, 20, 2§ a number of constraints from the setf 0.0, 0.1, 0.2, 0.3. 0.4, and randomly generated
ve problems for each pair of parameters. Each problem was solved ve time and the performance averaged
to give the results presented here. Individual runs were termrmated after half an hour of wall clock time.

We present the performance of SBDOsr based on ve metrics, and the ahdard deviation for each metric:

1. (Terminate) Time for the algorithm to terminate.

2Source code available from http://www.geeksinthegong.ne  t/svn/shdo/trunk/.
3We acknowledge that B-MUMS could easily be modi ed to return many solutions, as it nds them during processing.
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Table 4.1: Performance of SBDOsr. See text for description of metrics.
variables | Terminate (s) Aggregate (s) number of solutions | solution quality | Proportion
4 0.15 (0.13) 0.01 (0.00) 9.66 (5.20) 0.13 (0.13) 0.46 (0.26)
5 0.20 (0.12) 0.01 (0.01) 11.38 (6.33) 0.22 (0.32) 0.49 (0.26)
6 0.35 (0.33) 0.02 (0.01) 13.58 (6.11) 0.25 (0.29) 0.52 (0.24)
7 0.76 (0.83) 0.04 (0.04) 17.54 (10.18) 0.23 (0.27) 0.47 (0.24)
8 1.87 (3.24) 0.05 (0.04) 21.87 (14.65) 0.35 (0.34) 0.38 (0.24)
9 3.68 (5.54) 0.15 (0.24) 31.63 (24.70) 0.38 (0.33) 0.35 (0.24)
10 6.02 (8.33) 0.16 (0.20) 30.27 (17.72) 0.50 (0.33) 0.25 (0.21)
15 125.10 (233.45)| 5.43 (20.17) 52.47 (66.61) - -

20 287.72 (259.97)| 64.67 (184.73) | 76.44 (189.77) - -
25 433.88 (548.73)| 269.87 (546.00)| 50.00 (158.81) - -
2. (Aggregate) Time to aggregate the partial solutions.
3. (number of solutions) Total number of solutions found.

4. (solution quality) The average of the minimum euclidean distance fom the utility of each non-optimal
solution to the utility of an optimal solution. Formally:

quality = —
IN]
where f (x;y) is the euclidean distance betweerx and y, S is the set of the utilities of the solutions
found by SBDOsr, O is the set of utilities of the optimal solutions and N = S=0.
5. (Proportion) The proportion of optimal solutions found. Formally:

jo\ s

roportion = ——
prop i0j

Note that the set of optimal solutions must be known to compute metrics bur and ve. We used exhaustive
search to nd all the optimal solutions for problems with up to ten variab les, it proved to be infeasable to solve
bigger problems using exhaustive search.

Because each agent only has a local view of the problem a post-processistgp is required to combine
all the partial solutions into complete solutions. Whether this step is required depends on the problem being
solved, decision support applications will require complete solutins, but some things like autonomous robots
may be able to function using only local knowledge. It also depends ohow many solutions are desired, for these
experiments we extracted all pareto-optimal solutions found by SBDOs. Because of this, we have presented
the time required for the algorithm to terminate and the time to aggregate the partial solutions into global
solutions separately.

The performance of SBDOsr is shown in Table 1. The number of constrairgt in the problem had very little
e ect on the performance, so we have not reported those results hereAs expected, the number of variables
in the problem has a large impact on the performance. Both the time requied for the algorithm to terminate
and the number of solutions found when the algorithm does terminate inceases exponentially as the number
of variables increases. Furthermore, the time required to aggregate aflolutions is dependant on the number of
solutions, so aggregation time also rises exponentially as the number of silons increases.

The standard deviations show that the performance of SBDOsr is highly uastable, often the standard
deviation is greater than the mean. This is due to the highly non-deteministic nature of the SBDOsr algorithm.
The order in which agents preform actions introduces a search bias. Tk bias determines which solutions are
found and how much e ort is required to terminate.

The proportion of optimal solutions that SBDOsr nds drops o as the number of variables increases.
While the average distance from each non-optimal, found solution to an opthal solution remains constant,
representing a change to the assignment to one variable by about one unifThis shows that while the number of
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points discovered on the actual pareto-front drops o as the number of varables increases, the solutions found
remain close to the actual pareto-front.

In the process of solving these problems, SBDOsr generates a largember of nogoods. As our implementa-
tion of SBDOsr only has relatively simple code for searching and chedakg nogoods, this represents a signi cant
performance bottleneck and contributes to the time required for the larger problems.

5. Conclusion. We have presented a modi cation of SBDO to support problems with mutiple objectives,
or in general, any DCOP problem where there does not exist a total pre-ater over the set of solutions. In order
to represent these problems, we propose a new de nition of a DCOP ursg an idempotent semiring to measure
the cost/utility of a solution. The SBDO algorithm was then modi ed to u se this new de nition. To solve
problems of this form, each agent maintains multiple candidate solutionssimultaneously. The partial solutions
maintained by each agent can then be combined into a set of complete solons.

Empirical evaluation shows that the algorithm nds a good approximation of the pareto-frontier, however
the post-processing step to combine each agent's partial solutions i@ complete solutions requires signi cant
computational e ort, and is currently done centrally. While this is a weakness of this approach, in situations
such as autonomous robot control where complete solutions are not requiredif the agents to act, such a
weakness is acceptable.
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SCALING BEYOND ONE RACK AND SIZING OF HADOOP PLATFORM

WIESLAWA LITKE AND MARCIN BUDKA Y

Abstract. This paper focuses on two aspects of con guration choices of the Hadoop platform. Firstly we are looking to
establish performance implications of expanding an existi ng Hadoop cluster beyond a single rack. In the second part of t he testing
we are focusing on performance di erences when deploying cl usters of di erent sizes. The study also examines constrain ts of the
disk latency found on the test cluster during our experiment s and discusses their impact on the overall performance. All testing
approaches described in this work o er an insight into under standing of Hadoop environment for the companies looking to  either
expand their existing Big Data analytics platform or implem  ent it for the rst time.

Key words:  Hadoop, Big Data analytics, scalability, benchmarking, te  ragen, terasort, teravalidate, inodes, platform bottle-
necks, disk latency

AMS subject classi cations. 11Y35, 20B40, 68, 68U, 93B40

1. Introduction. Hadoop is a distributed computational environment designed to faciliate storage and
analysis of large heterogeneous datasets (Big Data), which typically grow ahigh velocity [14]. It is a very
sought after technology platform that many companies have either already dployed, are currently deploying
or are looking to investing into. According to [15] the market penetration of Hadoop reached 32% among all
enterprises at the end of 2014 and is predicted to grow to as much as 66% withthe next two years.

One of the key components of the platform is the Hadoop Distributed FileSystem (HDFS). Its roots stem
from a simple problem: the transfer speeds of hard drives have not k¢ up with growing storage capacity. In
1990 a typical drive could store 1,370MB of data which could be accessed at 4.4 M8[14], so the contents
of that drive could be read in just over ve minutes. Two decades late, 1TB drives are the norm with access
speeds of around 100MB/s taking almost 3 hours to read, which is an unacceptablbottleneck in the datacentre
world, where the size of a typical dataset is measured in petabytes. Hawbp overcomes this limitation by
simultaneously reading from multiple drives. 100 drives sharing an gual share of 1TB of data could be read
in less than two minutes. This comes with a trade-o : higher risk of drive failure. Again this shortcoming
is mitigated through storing multiple copies of les (replication). An alytics in this setting is facilitated by
the MapReduce programming model which enables processing of large detets via e cient parallelisation
techniques [3], handling both structured and unstructured data that is complex, large and rapidly growing.

A typical architecture of a Hadoop cluster consists of a number of racks ppulated with commodity servers,
referred to as nodes (cf. Fig. 1.1). Majority of those servers will beslave nodes (or data nodes) with a single
master node (or management server), responsible for overseeing tkey functionality of services such as HDFS
or MapReduce [5]. The data nodes are normally populated with a moderate apacity of memory and storage
(for details please refer to Sect. 2). Connectivity is provided va a high-throughput switch and boned network
links.

Planning deployment of a Hadoop cluster involves consideration of hardare type, software choices, size
(i.e. number of nodes) and anticipated load of the platform. If a business is looking to invest into Big Data
analytics they face the problem of how considerable the investmenttould be, to deliver required storage and
computational capacity to handle their workload. Future expansion also neds to be considered.

In this study we look into the scalability issues of the Hadoop platform and its impact on performance
de ned as time required to complete any given task. Two test scenans have been devised:

1. Implications of scaling out a single-rack solution to a second rack. TH scenario is applicable to
businesses that already have an in-house Hadoop installation, howevehé¢y need to expand. In this
study we investigate expected performance improvements.

2. Performance of processing a workload as a function of the number of nogl@t varying loads. This part
of the study aims to aid the organisations with decision of size of the clusr that they want/need to

Intel Corporation, Pipers Way, Swindon Wiltshire SN3 1RJ, Un ited Kingdom, wieslawa.litke@intel.com
YFaculty of Science and Technology, Bournemouth University , Fern Barrow, Talbot Campus, Poole, Dorset, BH12 5BB, Unite d
Kingdom, mbudka@bournemouth.ac.uk
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implement.

The remainder of this paper is structured as follows. Sect. 2 briey reviews related work. In Sect. 3
we outline the con guration of a cluster that was used to perform the experiments. The subsequent section
describes in detail the chosen benchmark suite (TeraSort). The behmark results and the performance of the
cluster are reported in Sect. 5, while Sect. 6 contains analysis and stussion of the results. Finally, conclusions
and outline of plans for future work can be found in Sect. 7.

2. Related work. When planning implementation of Hadoop cluster(s) the deployment nodel is one of
the most important decisions to make. Keeping Return of Investment(ROI) in mind the decision makers must
choose whether to deploy on-premise hardware (bare metal), fully eploy in the Cloud or opt for something
in between. Each of those options carries its own challenges and concernFive main deployment models are
distinguished in [13]:

On-premise full custom (bare metal) with Hadoop installed directly on companys hardware and the
business holding full control of data and cluster management.

Hadoop appliance, which allows the business to jumpstart the data analgis process on a precon gured
cluster owned by a third party operator.

Hadoop hosting, where the service provider takes care of both clusteron guration and operation on
behalf of the client.

Hadoop on the Cloud, which allows the business to create Hadoop environmeon virtual machines
while maintaining full control as in bare metal.

Hadoop-as-a-Service, in which the business is charged on pay-pereusasis.

2.1. Scaling beyond 1 rack. In [10] the author describes scalability as one of the most important
attributes organisations are looking for in the Hadoop architecture. He reognises Hadoop environment deployed
on commodity hardware as the most common model of deployment which prades incremental scalability
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capabilities ideal for inevitable expansions of the platform.

Many analytic workloads require large memory resources to enable e ciet search, read and write job
execution. Unsurprisingly, 1/O intensive in-memory operations outperform the ones that require hard drive
access. However due to hardware constraints any commodity server walibe limited in the available memory
for analytic jobs processing. This is where the expansion of the clust comes in. By adding additional racks
an organisation can add extra pools of memory. However, that entails spreadmthe workload over multiple
parallel servers, which can increase accompanying job coordination ofleeads.

When all those conditions are met and an organisation has installed new nodess part of the cluster it is
likely that the expanded cluster has become unbalanced [4]. Although ne hardware is added to the platform,
linked to the management server, and seen and recognised by the exisf nodes, the data will stay where it is
unless instructed otherwise. Job Tracker is a service that contrd and assigns MapReduce jobs on the cluster.
In order to avoid data shu ing between racks it will always assign jobs to run locally where the les are stored,
if possible. This means that the MapReduce tasks are not going to be assigd to the new nodes unless the old
nodes are at their maximum capacity. This results in underutilisation of the new resources.

Currently there are two tends for expanding the resources of the Hadop cluster: scale out and scale up.
The scale up option is based on adding additional storage devices to the esting rack and although it is the
economical choice the cluster will rely on the same amount of management cabilities as before which may
cause bandwidth issue. The scale out alternative adds both storage and plermance to the existing environment
which is what this paper focuses on. In [12] Sevilla presents a poinhere scaling up of the cluster a ects its
parallelism due to bottlenecks. In various tests he illustrates hav scale up clusters work in sequential job phases
and are outperformed by scale out clusters on which the jobs are paralleled. His point is being argued by
Appuswamy [2] where he illustrates how to improve the performance ofcale up by series of optimisations.

2.2. Scalability of nodes processing the workload. In [7] the author has surveyed 202 IT professionals
from organisations that were either already deploying Hadoop or considerig to do so. According to the results,
the most common initial size of Hadoop clusters fall between 11 and 60 nodeSmaller and larger deployments
are a minority.

The same companies have also been asked about the storage infrastructugeowth within the cluster in
order to establish the general prospective need to expand the iniél deployment. The most common answer
among the participants was 20-29%, however a sizable amount of respondent@svseeing growth of as much as
50%. This leads to the conclusion that exibility and scalable architecure of cluster and storage needs to be
accounted for in the planning of a Hadoop environment.

Some ideas on how to make an educated judgment with respect to the siz# initial Hadoop deployment
are given in [11]. The most commonly used method involves estimating th storage capacity required to process
the data currently held. The planner should allow for future growth of the data, taking into account that
management of the organisation may not be willing to invest into expansionimmediately, at least until data
analytics provide tangible bene ts to the business. Two common estnates are at growth of 5% or 10% per
month. Over time, upgrading a running cluster becomes necessarysually driven by the data ingest rates,
which means that as more data comes into the system more nodes need te bdded, providing not only storage
but also computational resources.

The second, less common way of assessing the required start-up sixfethe cluster is the time to complete
speci c jobs. Itis a rather complicated process where factors suchs CPU resources, available memory, disk I/O
latency have to be taken into consideration and complex calculations red to be performed to give an informed
judgment on the required size of the cluster to complete MapReducgbs within an expected timeframe.

3. Platform architecture and system con guration. For the purpose of this study a 16 node Hadoop
cluster has been commissioned. The cluster consists of 16 servenstalled in a single physical rack that are
running a Cloudera Deployment of Apache Hadoop (CDH) managed by a single Maagement server (IMS). All
the nodes are 1U chassis form factor, two socket Wildcat pass server&ach data node is populated with 12
HDDs with a total capacity between 10.5 and 11.4 TB per node. One of the nodeis serving as Name Node
which keeps the record of the le location of all the les and their replicas. The master node has 4.7 TB of
storage. Every node is running two Intel Xeon E5-2697 v3 processors. Fevnodes (out of 16) and IMS are
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populated with 252.2 GB of RAM. The remaining nodes use 125.9 GB of memory. Carectivity is provided by
the 40 GbE.

The cluster is linked to an automated OS/con guration provisioning system. It is a mechanism that allows
automatic deployment, monitoring, updating and management of all the node. It has been used to deploy the
ost.

In order to deploy Hadoop 2.0, Cloudera Manager version 5.3.3 has been utiid. Cloudera Manager is a
piece of software that simpli es and shortens the process of Hadoop inatlation and con guration. The built-in
monitoring utilities have been used to collect data for this study.

4. TeraSort benchmark. Careful consideration has been put into the choice of benchmarks usetb
validate the outcomes of this study. Ultimately the TeraSort benchmark suite has been chosen as a single
point of reference. TeraSort is a set of benchmarks very widely knowand used in the Hadoop world [9]. It's
purpose is to test the CPU power of the cluster. The benchmark comeniently has data generation utilities as
well as sorting functionality. It consists of three stages:teragen, terasort and teravalidate. The benchmarking
procedure starts with teragen which generates a data set of size speci ed as the number of rows to lneeated
during the run. Terasort uses Map and Reduce functions to sort the generated dataset, which ii&n read and
validated by teravalidate.

For the purpose of this study two teragen sizes have been used: 10 bin (bIn=billion) and 20 bin rows, in
order to accommodate benchmarking scalability.

Before the benchmark is run, the script performs a pre-run clearup of the root directories to guarantee a
clean run every time. Without that step the directories could be |led with data from previous benchmark runs
and compromise the consistency of testing as the preconditions of thduster would be di erent to the previous
step. In cases where a number of nodes had to be decommissioned (parbf testing) some manual cleaning of
directories was required.

After the clean-up is complete, the following sequence of tests igin three times:

Teragen - 10 bin,
Terasort - 10 bin,
Teravalidate - 10 bin,
Teragen - 20 bin,
Terasort - 20 bin,
6. Teravalidate - 20 bin,
producing a total of 18 test results per script run.

The benchmark metrics can then be retrieved from Cloudera Manager (¥#rn > Applications). Two main
metrics have been recorded:

1. Time to complete, which marks the duration of the run for every bentimark, as the most meaningful
indication of the cluster performance.

2. CPU time, which is the total time the processor has spent executig instructions during the run and is
usually expressed in higher time units e.g hours (h) or days (d). @ multi-processor machines like the
ones in this study, where each CPU holds multiple cores, the total CR time is calculated by summing
up the CPU time for all processors and their cores. This metric givesan indication of the energy
e ciency of a particular processing scenario.

The results for each run are collected and an average for every test from lahree runs is taken, with a
provision that any deviation larger than 20% will call for a full retest, which is a protocol accepted at the
company that has provided the facilities for this study.

Also to validate the acceptable range of results a 99% con dence intervaldir mean has been calculated [1],
giving an indication of a tolerable margin of error in the results based on tle sample size, observed mean and
standard deviation.

agprwNE

1For con dentiality reasons the name of the OS vendor has been withheld. List of OSs compatible with Cloudera can be
found at: www.cloudera.com/content/cloudera/en/documentation/ cdh4/latest/CDH4-Requirements-and-Supported-Version s/
cdhrsv _topic _1.html
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5. Results.

5.1. Scaling beyond 1rack. Inthe rstpart of the benchmarking process three tests have bea performed
(cf. Table 5.1). The mean of the three runs in all three tests have bee used to examine the implications of
scaling out Hadoop beyond one rack.

Table 5.1: Scaling beyond one rack tests speci cation

Test no | # of nodes Notes Label

1 16 deployed in 1 rack 16-node-A
2 16 deployed in 2 logical racks, 8 nodes each 16-node-B
3 8 deployed in 1 rack 8-node

Fig. 5.1(a) summarises the time to complete for testsl6-node-A 16-node-B and 8-node As it can be seen
the di erences between 16-node-A and 16-node-B are marginal. A single rack with all 16 nodes performed
slightly better when generating and handling 10 bin rows. As expectd, the di erence between the rst two and
the third benchmark consisting of only 8 nodes is considerable - thbenchmark took more than 2 times longer
to complete in the latter case.

There is no surprise in that di erence as the number of nodes has ben halved. In case oferagenand terasort
the time to complete grew by 102% and 144% respectively. Theeravalidate time however has surprisingly
increased by as much as 265% relative t@6-node-B test results.

The results from generating 20 biln rows prove to di er from the 10 bln row scenario. As it can be seen in
Fig. 5.1(a) the results from 16-node-A and 16-node-B appear to be very similar. While in test 16-node-A the
time to complete on teragen is considerably lower than test16-node-B, in the case ofterasort and teravalidate
it's only marginally shorter.

Similarly to 10 bin row benchmarking the di erences in results on 20 bln rows between tests16-node-A
and 16-node-B remain very small. In fact, they are small enough to say that they fall within the margin of
error (cf. Fig. 5.1(b)). A t-test, which according to [1], T-test takes into account all the three resits from the
benchmarking and can judge whether the di erence between the twalata sets is statistically signi cant. The
test compared the result of all three runs between both tests A and B evealed, that in the case ofterasort and
teravalidate the di erences in results are not statistically signi cant .

Results from the 8-node test show that the cluster has taken 106%, 138% and 347Rdnger to complete
teragen, terasort and teravalidate respectively.

The CPU time metric does not show major changes between the benchanks results. For both the 10 and
20 bin scenario, the results are very close to each other as depicted kigs. 5.1(c) and 5.1(d).

5.2. Scalability of Hadoop cluster. The second part of testing constitutes of a series of tests that aim
to evaluate performance di erence when choosing to deploy clusts of varying sizes. The speci cation of the
test has been given in Table 5.2.

Table 5.2: Scalability of Hadoop cluster tests speci catior?f

2The results from test 1 and 3 have been reused as the their spec i cations matched the required testing. The test numbering

Test no | # of nodes Label

1 16 16-node test
4 14 14-node test
5 12 12-node test
6 10 10-node test
3 8 8-node test

rst column is dictated by the number of nodes in the tested cl  uster.

in
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Fig. 5.1: Time to complete and CPU time for 16-node test A, 16-node test B and-node test

Similarly to test described in Sect. 5.1, the average of all three bashmarks for every result was taken as
the most reliable value. As it can be seen in Fig. 5.2(a), which summariethe time to complete results for all
ve tests on both 10 and 20 bin rows, the scaling rises at half parabolic maner. The time to complete the
benchmarks gradually rises for bothteragen sizes as more and more nodes are taken away from the cluster.

A simpli ed graph with the results only for 10 bin rows teragen size (cf. Fig. 5.2(b)) shows more clearly
how the results grow steadily but not linearly. The growth in case ofteragen has progressed with a 17% rise
for 14-node test, 37% for 12-node test, 70% for 10-node test and 119% for 8-node téstm the initial value in
test 1. Similar values were recorded foterasort: 13%, 37%, 78% and 146% respectively. In case wravalidate
the 14-node test and 12-node test have taken only 12% and 19% longer to complettegan 16-node test. The
remaining two tests however have taken 102% (10-node test) and 293% (8-nedest) more time to run the
benchmark.

The half parabolic growth tendency is also visible for the 20 bln rows geeration and processing (cf.
Fig. 5.2(c)). The teragen and terasort maintain very similar growth percentage wise in time to complete
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compared to the results of 10 bin tests. The changes in théeravalidate benchmark are more dramatic with
48% growth in 14-node test, 72% in 12-node test, 154% in 10-node test and 333% in 8deotest compared to
16-node test.

Similarly to the experiments of Sect. 5.2 the CPU time did not exhbit major uctuations (cf. Figs. 5.2(d)
and 5.2(e)).

During the tests we have also observed that the cluster CPU utilsation® was gradually dropping as the
subsequent nodes were taken away to process the workload. In the b®de test peaks were uctuating around
the 55% mark, with a maximum of 56.57% as shown in Fig. 5.3(a).

In the 14-node test, with just two nodes less that number came dowrio about 45% with a peak at 46.82%
(cf. Fig. 5.3(b)).

The cluster with another 2 nodes removed in 12-node test (cf. Fig. 8(c)) brought down the CPU utilisation
to about 40% (peak at 40.78%).

In test 6 with 10 nodes the cluster CPU utilisation drops to about 30% reaching up to 32.61% at its highest
(cf. Fig. 5.3(d)).

In the 8 node test (cf. Fig. 5.3(e)) the CPU utilisation stays just above 20% with peak utilisation of 23.25%.

Throughout the testing we have kept a close eye on the Disk Latency of ta drives on the utilised cluster.
Disk latency constitutes the amount of time that the hard drive takes to write a chunk of data. It has transpired
that there are some serious constraints on the existing system. Theoler the number of nodes processing the
workload, the higher the latency of the drives. In 16-node test the nods were scoring a latency of up to 3.4
seconds which is still a relatively high waiting time. However, as he tests progressed the bottleneck of drive
latency was becoming more apparent. The latency in 14-node test reachel® seconds at its highest, in 12-node
and 10-node tests - about 18 seconds and as much as 57 seconds in the last tesBamodes (cf. Fig. 5.3).

6. Analysis and discussion.

6.1. Scaling beyond one rack.  Running the terasort benchmark on the cluster has shown that there is
no major di erence between the results on a single cluster depiong 16 nodes and two clusters with 8 nodes
each. While it would be intuitive to assume that it would consume someoverhead to communicate between the
racks, it appears that if properly installed and con gured the split racks do not make a large di erence.

In the case of this study, the rst stage of benchmarking -teragen - generates the data on both clusters
simultaneously and it is distributed evenly. This is due to the design of Job Tracker, which is a built-in service
in Hadoop that oversees and manages the MapReduce jobs on the platform. It cenlts the Name Node to nd
out which Data nodes hold the necessary les to process a task. Job @icker will always attempt to fetch the
data from a local node from the same rack. Only when that is not possiblette Name Node will refer it outside
of the rack, reducing the overheads as a result.

A situation where this might prove not to be true is a cluster that is not balanced. "Balanced cluster' is a
term describing a situation where the data is evenly distributed across all nodes in all the racks. In a situation
where a company has a successfully running cluster to which thegdd an additional rack in order to expand
their Hadoop platform, they end up unbalancing the system. The data says on the old rack and the new one
remains empty. This often results in underutilisation of HDFS as the MapReduce tasks are not going to be
scheduled on the added nodes unless the pre-existing racks areotbusy to take new jobs. Also, the platform
will experience larger network bandwidth consumption and slower jobcompletions. In cases where the new
nodes are assigned MapReduce tasks that they do not have data to compéstthe les will have to be carried
across the network, ultimately negatively impacting the performance

In case of the two racks used for our testing, all the data has been generateon both racks evenly and we
know that the cluster is balanced. The test results have proven hat a Hadoop cluster if correctly designed does
not lose on the performance when con gured into more than one rack.

The testing also revealed that if we halved the amount of nodes procemg the workload, the time to complete
have increased by more than 100% on all three benchmarks while runningabh teragen sizes. Intuitively, the
performance drop should stay just short of 100% as we are reducing the amoumtf nodes by half and there
should be some loss of performance due to overheads for split rack.

30verall utilization of all CPUs in the whole cluster
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Fig. 5.3: Cluster CPU utilisation

The marginal di erence in the results between tests16-node-A and 16-node-B have proven that the over-
heads on a split rack are practically non-existent and the communicatiorbetween the racks has a very minimal
impact on the performance. That however does not explain the over 100% orease in time to complete.

The explanation of the drastic performance di erence lies with theinodes (or index nodes). Inode in a Unix-
style les system is a data structure that keeps the contents of tte le separate from the information stored
about the le. So for every le on the system there is a correspondinginode with a unique inode number [8].

Running close to the limit of inodes explains the excessive time to complete not only on the smaller cluesr
in 8-node test but also explains why duration of benchmarks more than dolbles for 10 bin rows and 20 bin
rows. The amount of inodes and the space reserved for them is set during the creation of the leystem. If
there are a lot of small les created on the disk, like in our case duringtesting, the system starts to run out
of inodes and drastically slows down long before it runs out of storage. This unfortinately cannot be changed
dynamically without re-formatting the drives. If the drives run ou t of inodes no more les can be created on
the drives. This is why it is critical to accommodate for enoughinodes to successfully complete the workload
analysis.
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6.2. Scalability of Hadoop cluster. During the benchmarking of the Hadoop cluster we have observed
a gradual rise in time to complete on all three elements of thegerasort benchmark. As the amount of nodes
drops, the time the platform requires to complete the process rigs in a regular and predictable manner.

Also the analysis of the Cluster CPU activity clearly tells us that th e smaller the node count the less the
processor capacity is utilised. With the highest number of nodesri our test - 16 - we only managed to use just
over half of the cluster CPU potential. By halving the amount of nodes we are only using as little as 20% of
total capacity. The 150% increase in utilization in case of 16 node clusterampared to 8 is dictated by the
increased seek time on hard drives. Because the benchmarks are tagitonger to complete, the stress on CPU
is decreases as shown on gure 5.3, ultimately leading to underutiligtion.

That activity very closely links to the Disk Latency already mentioned in Sect. 5.2, a hard drive consists of
moving mechanical parts, some of the more important ones include platte where the data is written, spindle
that spins the platter, heads which write and read the data to/from the platter and is attached to the arm
that moves the head to the right spot on the platter. Inodes can be treated as logical cells that have a space
assigned on the platter. Those spaces are allocated during hard drive foratting and cannot be altered. As the
head writes the data to the platter, the inodes become assigned to each le on the drive. When there is a large
amount of small les created on the drive the inodes run out and the system cannot save any more data. As
the drive exhausts theinodes available, the seek time to write the data is extending. It takes moe and more
time to nd a free inode and only then a le can be assigned to it (written). We can see that clealy in Fig. 6.1.

According to Microsoft and Oracle an acceptable disk latency in the indwstry should not exceed 10 ms [6].
In the best case scenario on a 16 node cluster we are experiencing asam as 3 seconds of latency on the disks.
It exceeds the industry desired standards three hundred timesin comparison, for the 8 node cluster the latency
is up to 57 seconds. It is clear that is a major cause of bottlenecks.

7. Conclusions and future work. In this paper we have explored two case scenarios where the hardware
con guration plays a large role in the performance of the cluster and will have an impact on the Big Data
analytics workloads. In the rst part we have established that as long as he data is evenly balanced across
all the racks that make up the Hadoop platform, there are minimal overheadsto accommodate the split racks.
The corporations that decide to expand their Big Data environment hawe to remember to make use of balancing
utilities to achieve that goal { otherwise the result will not re ect our ndings.

During the testing process it transpired that the disk latency may cause high impact constraints. These
constraints negatively impacted the duration of testing as well as utilsation of resources. In some cases we
have experienced in excess of 200% or 300% increase in time required tonplete benchmarks where we were
expecting about 100% as we were either doubling the workload or halving theamount of resources. What we
also have to keep in mind is that the testing conducted was a relatigly small scale compared to what some large
scale corporations deploy; their workloads also are considerably larger #m the terasort benchmark. The hard
drive seek time delays in those larger deployments may cause eveigger gap between the expected performance
and what they actually achieve.

We have also found that the more the system is required to focus on sking the inodes on the drives,
the less it focusses on processing the workload. This, combined tiwilower amount of nodes, ultimately leads
to lower cluster CPU utilization. It is a large nancial commitment f or an origination to invest in hardware,
especially enterprise class hardware. It is in their best interst to make sure that those resources are used to
the best of their capabilities. That is why it is important that the cor poration accurately assess the size and
purpose of the Hadoop platform in order to correctly choose the requiredize of the cluster and also invest time
to optimally con gure it and test for bottlenecks.

There is yet a lot to explore in the domain of Hadoop optimisation. Although we have investigated the
implications of di erent deployment scenarios and have found answes to our questions we also have found that
the CPU time on the smallest 8-node cluster was shorter than on the largeones. As the focus of this study was
biased more towards the duration of the benchmarking, this issue has nabeen given much attention. Future
analysis of the problem from the CPU side might give us more insight intoother potential bottlenecks. Also
the benchmarking on larger scale clusters with more variety of benchiark suites may unveil larger performance
gap in the duration of the benchmarking as well as the CPU time.

Furthermore, in the light of current emphasis on the environmental footprint caused by the datacentres
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we would like to explore the power consumption dependence on varioufactors such as deployment model,
con guration or number of nodes.

Also the investigation of networking choices and their impact would link to this study as the performance
may be a ected by the connectivity choices on the platform. Hence we f[an to look into upgrading the cluster
to In niBand in the future and present the di erence in performan ce.
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ENERGY EFFICIENCY OF PARALLEL MULTICORE PROGRAMS

DAVOR DAVIDOVI C, MATJA Z DEPOLLI ¥ TOMISLAV LIPI C, KAROLJ SKALA , AND ROMAN TROBEC Y

Abstract. The increasing energy consumption of large-scale high perf ormance resources raises technical and economical
concerns. A reduction of consumed energy in multicore syste ms is possible to some extent with an optimized usage of compu ting
and memory resources that is tailored to specic HPC applica tions. The essential step towards more sustainable consump tion of
energy is its reliable measurements for each component of th e system and selection of optimally con gured resources for specic
applications. This paper briey surveys the current approa ches for measuring and pro ling power consumption in large s cale
systems. Then, a practical case study of a real-time power me asurement of multicore computing system is presented on two real
HPC applications: maximum clique algorithm and numerical w  eather prediction model. We assume that the computing resou rces
are allocated in a HPC cloud on a pay-per-use basis. The measu rements demonstrate that the minimal energy is consumed whe n
all available cores (up to the scaling limit for a particular application) are used on their maximal frequencies and with  threads
binded to the cores.

Key words:  Energy e ciency, high-performance, maximum clique, numer ical weather prediction
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1. Introduction. Nowadays, a large number of hard problems is being solved e ciently on drge-scale
computing systems such as clusters, grids and clouds. The main bdihg blocks of such systems are high-
performance computing (HPC) clusters, since they are furthermoreembedded both into grid computing systems
as well as cloud computing systems [1]. A great advantage of Graphical Procas Unit (GPU) accelerators over
multicore platforms was demonstrated in terms of energy e ciency [2] with an overall energy consumption for
an order of magnitude smaller for the GPUs. Inside the clusters, the mayrcore architectures, such as GPUs [3],
as well as even more specialized data- ow computers [4] are getting an ingasingly large supporting role but
the main processing is still performed by the multi-core main pra@essors because of simple programming model.
In this research, we analyze the energy consumption pro le of the proessors on a two processor multi-core
computer, while varying its workload.

With the increasing number of components in large-scale computing stems the energy consumption is
steeply increasing [5]. In computer systems, energy (measured itoules) is represented as the electricity resource
that can power the hardware components to do computation. On the other had, power is the amount of energy
consumed per unit time (measured in Joules per second or Watts). Thever-increasing energy consumption of
large-scale computing systems causes higher operation costs (e.g. #lety bills) and has negative environmental
impacts (e.g. carbon dioxide emissions). Therefore, when desigrgrarge-scale computing systems, the focus is
often shifting from performance improvements to energy e ciency.

Energy can be reduced at several levels of the distributed architéare: individually on each node or hardware
component-level, at the middleware level, at the networking level and at the application level [6, 7, 8, 9].

Suboptimal use of systems resources (e.g. over-provisioning) isehprimary source of energy ine ciency at
middleware layer [6, 7, 10]. In over-provisioned systems, componentusually consume excessive power when
they are relatively idle or underutilized. This is important from t he user point of view, because pay-per-
use approaches stimulate users to maximally exploit rented resourseduring the execution period. Energy-
proportional computing [11] introduces the concept of consuming energyproportional to resource utilization so
that an idle or underutilized component consumes less energy. For impving the energy e ciency at middleware
layer, energy-aware resource and workload management algorithms are utikd [10]. Increased network tra c in
many bandwidth sensitive network applications results also in inceased number of networking devices such as
switches and routers and therefore in increased energy consumptiohus, di erent approaches for new energy
aware network protocols and network infrastructure, e.g., software dened networks and network functions
virtualization, are developed also for improving energy e ciency at network layer [12, 13].
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A processor is a component that dominates the energy consumption of eaclode. Thus, most of techniques
are designed to reduce energy consumption of the processor [14, 15, 16]. Mo$tthe current processors are
implemented with dynamic voltage and frequency scaling regulators t@ptimally adjust the voltage/frequency at
run-time according to the workload behavior. Paper [17] focuses on theythamic control of the voltage regulators
in a chip multicore processors platform. Results from detailed siralations based on realistic experimental setups
demonstrate up to 9% total energy saving. In [18] a minimum energy voltage $weduling on a single multi-
core processor with software controlled dynamic voltage scaling is proped. Another hardware approach for
improving power management for multi-core systems is with implenentation of multiple voltage islands [19].
Di erent frequency scaling schemes were investigated in the paghat minimize the total energy consumption.
The problem is even more critical in the real-time applications schduling with pre-speci ed tasks' deadlines [20].

The energy consumption heavily depends on the characteristic of apjgations. Some applications are com-
putationally intensive, other are data intensive, while other are hybrid of both. Energy-aware programming
models, regarding various types of workloads and architectures, are regqed to develop energy e cient appli-
cations [21, 22]. Programming approaches, based on optimal utilization of sharedandware on-chip resources,
e.g. cache memory, memory bandwidth, threads or cores, for improved engy e ciency are becoming popular
because of their simple implementation. In heterogeneous multicorerocessors that integrate CPU cores and
data-parallel accelerators (GPU) last-level cache memory can be managed toinmmize the energy consump-
tion [23]. The dynamic assignment of thread-to-core can be particularly bae cial in saving the energy [24, 25].

These approaches are particularly important in the case of modern multicore building blocks that have a
lot of options for controlling the execution parameters, e.g., number of ores, system frequency, core binding,
etc. The energy can be thus saved at all levels of large-scale architeres, even dynamically, depending on the
application program characteristics.

In this research we experimentally test the e ects of the workload,core binding strategies, and frequency
scaling on energy requirements for two existing applications. We bild on the previous research [26] with
addition of a communication intensive use case that signi cantly in uences energy consumption. Our approach
does not require any change in the original source code of the applicationsnd is thus instantly applicable
on a wide range of applications without inspecting their code. Our ndings suggest that modern multi-core
architectures perform best both energy-wise and performance-wisghen all of the cores are used, the frequency
is not throttled and threads are not allowed to migrate between cores.

The paper starts with a brief survey of the current approaches for measring and pro ling power consump-
tion in Sect. 2. In Sect. 3, two di erent use cases are presented togker with the description of the experimental
computer for software-based energy measurements. In Sect. 4, the obtad results are shown under various test
conditions, which demonstrate signi cant di erences in the consuned energy. The results are discussed in more
details in Sect. 5 in order to deduce some useful rules for users of lPcloud resources. The paper concludes
with the summary of results and directions for further work.

2. Energy Measurement and Pro ling Approaches. The essential step towards the energy-e ciency
is accurate, reliable and continuous energy consumption measurement dfie system components. Energy
measurement and pro ling approaches can be classi ed as hardware-basedpftware-based and hybrid. In the
following subsections the basic characteristics of hardware-based drsoftware-based approaches are outlined,
based on two extensive survey papers [27, 28].

2.1. Hardware-based Energy Measurement. Hardware-based energy measurement approaches are
implemented with various instruments or sensors that measure the lectrical current or the consumed energy
as functions of time on di erent computation, storage or networking segmeits such as CPUs, motherboards,
servers or racks. An energy measurement obtained with meters is a dict and straight-forward approach. A
digital multi-meter collects the voltage or the energy samples of the masured segment in pre-specied time
intervals and sends the measurements through a data link connectedtthe data collection system. Such meters
are mainly used to measure the direct current (DC) power and are conacted between the power supply and
the measured segment. On the other hand, there are other meters (e.§Watts UP\ [29]) that can directly
measure the power consumption on the alternating current (AC) lines. Another example of a simple meter with
limited precision is a clamp meter that has a larger measurement range ahcan be used to measure the energy
of segments with high currents. AC meters, however, only measurehe power consumption on the system level.
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In their simplicity, multi-meters cannot be used when a higher @ntrol of the measurement process is
required. In those cases, more complex devices have to be used tlat often custom designed. In 2000, Viredaz
et al. designed a platform calleditsy to measure the energy consumption of mobile devices [30]. Another exangl
of a complex device to measure the energy consumption is a single board oamputer called PLEB [31]. PLEB
uses a design with a set of on-board current sensors, and an analogue-to-digiconverter with a micro-controller
to read the sensors. Unlike Itsy, which measures only the energy comsiption of mobile devices, PLEB can
be used to measure the energy of processors, memories, ash driveend I/O components. Precise and ne-
grained measuring is also available throughiPowerPack a system for power pro ling on typical clusters or other
distributed systems [32]. PowerPack measures power on system DQGwer lines and then maps it to individual
components of the system, using computer models. It also measuresCApower consumption to derive the
e ciency of AC to DC conversion. All measurement are processed on a g@rate computer to ensure the power
pro ling does not impact the system under test. PowerPack pro lin g is enabled by the provided API calls, that
link the application under test to control and communicate with the meter control process and thus correlate
the power pro les with the application source code. Since PowerPdcuses both hardware- and software-based
methods of measurements it is actually a hybrid meter.

2.2. Software-based Energy Measurement. The disadvantages of hardware-based energy measure-
ment techniques are in their dependence on the expensive sengicomponents and complex additional hardware
design. Considering the expensive and cumbersome setup, they aaéso not well suited for online monitoring
and designing of energy-aware policies. In contrary, software-based apgaches can be used to supply more
ne-grained online information, although with reduced accuracy. They are more exible because they can be
applied to di erent platforms without changing the hardware.

A software-based approach usually builds power/energy models to estiate the energy consumption at the
CPU instruction level, program block level, process level, hardwre component level or full system level. These
models are built based on selection and optimization of power/energy inigators of a software or a hardware
component of interests. Regarding the power/energy indicators typesoftware based approaches can be classi ed
as system pro le-based approaches or hardware performance counter (PMQ)ased approaches.

System pro le or system events are a set of performance statistical fiormation supplied by the operating
system or a special software. These events can describe the curtestate of hardware, software, and operating
system. For example, Joulemeter [33], tracks the energy consumption @f virtual machine using power/energy
models for three system hardware components, i.e. CPU, memory and dis The CPU energy model uses CPU
utilization, the memory energy model uses the number of last level @che misses, while the disk energy model
uses the bytes of data written to and read from the disk as inputs to their energy consumption estimates.

Hardware performance counters are a group of special registers that count éhhardware-related activities
within the computer systems. The PMC-based modelling [34] is imfemented either with top-down or bottom-up
approaches. The rst do not depend on modelled architecture thus eabling a fast and an easy deployment [35],
while the second depends on the underlying architecture and is #refore able to produce more informative,
responsive and accurate power/energy models. The bottom-up approach ables a breakdown of the energy
consumption per architectural components, but is more complex to dejpy and less portable than the simpler
top-down approach [36].

3. Use Cases and Experimental Setup. The use cases, presented in this section, have been used as
test applications for the analyses of energy consumption using real-ti@ power monitoring. The experimental
computer comprised multi-core components, which are the main builthg blocks of the contemporary large-
scale computing systems, including those o ered by the cloud infastructure providers. The two use cases are
of di erent types based on their scalability characteristics. The rst is characterized by high scalability on the
multi-core computer systems, and second is characterized by high camunication costs, which limit the scala-
bility. The use cases are also implemented with di erent paralleization techniques, master-slave parallelization
and domain decomposition, and are consequently not equally sensitive tthe computer architecture details,
such as the amount of cache memory and the number of its levels.

Under the assumption that energy consumption scales linearly with theproblem size on the selected use
cases, we chose to experiment on small problems. With this assumpti, the obtained results should also be
representative for the larger problems.
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3.1. Maximum Clique Algorithm. For the rst use case, we use an application that implements the
parallel maximum clique algorithm [37], which is essentially a recurive program for traversing in a search
tree under the branch and bound strategy. The algorithm takes an input gragh and returns its maximal fully
connected sub-graph. The maximum clique algorithm is characterized aa compute-bound algorithm and will
thus bene t if more processing units are employed for its solution It is parallelized by using threads for searching
the tree branches asynchronously. The threads are synchronized onlyhen accessing one global variable - the
size of the current clique. On large graphs - these are graphs that take aehst a few seconds to search through
- the algorithm experiences a near-linear speedup on average.

As in all branch and bound approaches, the order in which the branches areearched in uences the time
required to nd the optimal solution. In general, the concurrent search of several branches in uences on which
branches are searched and which not, which results in varying e ciecy of the approach when used on various
number of threads. The e ects of parallel speedup, which in uence the energy consumption greatly, can thus
be hidden in the noise, generated by the varying branch and bound e cency, which could make this algorithm
tricky to evaluate.

For our experiments, a small graph named phat300-3 from the DIMACS collection of benchmark graphs
for the maximum clique problem [38] was used. This graph comprises 300 wares and 33390 edges, while its
maximum cliqgue spans over 36 of its vertices. The time required tond the maximum clique of p _hat300-3 on
a single core of the experimental computer setup is about 1.3 seconds. duality of this graph when searched
by the selected maximum clique algorithm is also that it experiencs relatively smooth speedup with almost
constant branch and bound e ciency across the range of the experimentechumber of cores. By using this
graph, we streamline the experiments that would otherwise have to b made on a large set of input graphs just
to cover the average algorithm speedup.

3.2. WRF meteorological model. The second use case is a public domain Weather Research and Fore-
casting model (WRF-ARW) [39, 40]. This is a next-generation numerical weather prediction system designed to
serve both operational forecasting and atmospheric research needs. Theodel, based on the input parameters
and data, gives as an output a prediction of several atmospheric phenomenaich as temperature, moisture,
wind speed and direction, and precipitations. The model operates on darget geographical domain that is
divided into a grid. The distance between the grid points is calledresolution. To increase the accuracy of
the forecast for a speci c region, a smaller nested domain is de ned whin the main domain. The forecast is
conducted at each grid point on multiple vertical levels (3D grid) for eat time step.

In the experiments we compute a 6-hour weather forecast for Croatia wh one nested domain. The main
domain consists of 100 68 points and the nested domain of 58 61 points with 18 and 6 km resolution,
respectively, and 27 vertical levels. The time step is 2 minutedor the main, and 40 seconds for the nested
domain, thus, the number of iterations/steps is 180 and 1080 for the main and r&ed domain, respectively. The
total number of performed steps, for the 6-hour simulation, is 136  10°.

The model applies di erent model for parallelism: MPI, OpenMP and hybrid MPI+OpenMP, that enable
execution on various computing architectures such as distributed ad shared-memory (SMP) systems, clusters of
SMPs, and vector and multiprocessors base systems. The parallelisimthe model is achieved by decomposition
of geographical domain (a domain on which the model simulation is run) into a2D grid. The grid consists
of patches the rectangular sections of the model domain, each one allocated to a ditouted memory node
and executed by one MPI process. On a node level, each patch is flmr divided into tiles, which are the
square sections of a patch, allocated to a shared-memory processor angch tile is executed by a single thread
(i.e. OpenMP thread). Since our testing system is a shared-memgrmulti-core machine, only the OpenMP
parallel version was considered. Thus, the domain is decomposed intodatch and the number of tiles equals
to the number of threads (in our case up to 12 threads). The tiles are pocessed concurrently by di erent
threads, but, if the tile size cannot t into the CPU's cache memory, an additional communicational overhead
is exhibited.

In contrast to the maximum clique algorithm, the performance of WRF is signi cantly leveraged by the
communication and data exchange between the tiles that limit the scalabity of the model and is thus concerned
as a memory-bound algorithm.
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3.3. Experimental Setup. The performance of the use cases was evaluated in terms of execution &m
and the corresponding power consumption. All results are shown as thaverage of 15 experiments. The
experimental computing system was running Ubuntu 12.04 server veisn OS and was composed of a dual CPU
2.3 GHz Intel Xeon E5-2630, each of CPUs with six physical cores. Both applicatiawere compiled with the
GNU Compiler Collection (GCC), with parallelization ags -O3 -march=native and with -Ipthread for the
MaxClique problem and -fopenmp for the WRF problem to exploit multi-threaded level of parallelism.

Use cases were executed on a varying number of cores up to the maximurvadable coresn. = [1::12], two
CPU clock frequencied =[1.2 GHz, 2.3 GHz] which represent the minimum and maximum software sttings for
the clock frequency in the experimental computer, and two bindhg policies -bind and nobind. The bind policy
stands for enforced binding of then-th thread on the n-th core (as listed by the OS), andnobind denotes that
binding is not enforced and thread management is completely up to the Q. It is worth noting that OS tends to
migrate threads among cores often, which is expected to adversely ecé performance by causing some unneeded
cache misses in the core-local caches. On the other hand, the OS tentb distribute threads equally among alll
available CPUs, and thus make available to the application the CPU-local aches of all the installed CPUs. The
e ects of more caches can be di cult to predict, since they dependboth on the application and on the values
of parameters to the application, but more often than not, they correspondto a better performance [41].

Additional feature of core binding is that when all the required threads can be loaded onto cores of a singe
CPU, the second CPU can be idle most of the time, unless loaded by the Ofrocesses. Depending on the OS
and the processor used, the idle processor can be put into one of iteesp states. The OS indexes cores of the
rst CPU as [1::6] and the cores of the second CPU as [[12]. Therefore, while the enforced binding is used
and the number of cores is set to 6 or lower, only the cores of the rst C® will be used by the application,
enabling the OS to power down the second CPU. When binding is not eiorced, OS tends to distribute the
threads among cores of both CPUs, even when only 2 threads are requeste@S also switches threads among
available cores at random intervals, which increases the number of caehmisses, and consequently lowers the
performance of the application. Binding of threads to processor coressiperformed through the pthread API
for the MaxClique case and through thelikwid-pin tool, which comes with likwid Performance monitoring and
benchmarking suite [42], for the WRF case.

Threads that are bound to cores are known to perform well by minimizirg the low level cache ushing and
reloading, which happens if threads are moved between cores. The ekis very application dependent though.
In addition, when the program is executed on cores of multiple CPUs, intead of a single CPU, more cache is
available to it, which can speedup the execution [41]. This e ect isvery application and problem dependent
and rarely visible outside a narrow range of problem sizes. In our case éne are only two CPUs available, which
makes the possible e ects of such experiment severely limitedherefore we do not test such arrangement at all.

4. Experimental results.

4.1. Maximum clique program. In this section we demonstrate the impacts of scaling the number of
computational cores, CPU frequencies and binding policies on the p&armance and energy consumption on
our use cases. The total execution time, power and energy consumption difie two use cases are shown in
Figs. 4.1, 4.2 and 4.3, respectively. Since the measurement of the penfnance and energy consumption can be
in uenced by other running processes on the system (e.g. those maged by OS), we repeated each test 15 times
(with the same experimental setup). The results presented inlhe gures are calculated as an average value of
these repeated runs.

Figure 4.1(a) shows that the program for solving the maximum clique problen scales well on all test
con gurations, with the speedup between 81 and 94 on 12 cores for di erent clock frequencies and binding
policies. The respective power consumption and energy consumptiofor the maximum clique problem are
shown in Fig. 4.2(a), and Fig. 4.3(a), respectively. A closer look at Fig. 4.3) reveals that at higher frequencies,
binding is signi cantly more energy e cient than leaving the thre ad management to OS, which spreads and
moves the threads around the cores of both CPUs. Also, note that by bindinghe threads to physical cores,
both the power and energy consumption are slightly reduced if the clok frequency is at its maximum while no
signi cant di erence is noticed if the clock frequency is at its minimum.

The evident nding, in general, is that running maximum cliqgue progr am on less cores causes higher energy
consumption. The second nding is that binding has positive e ect on the power consumption but not on the
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Fig. 4.1: Execution times for the maximum clique program (a) and the WRF madel (b) as functions of the
number of used cores, clock frequency, and binding policy.
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Fig. 4.2: Power consumption for the maximum clique program (a) and for the WR- model (b) as functions of
the number of used cores, clock frequency, and binding policy.

execution time. The enforced binding only uses one CPU for up to 6 tfeads (cores indexed 1 through 6 are
all on the rst CPU), causing the second CPU to be idle and drawing les power, thus explaining the observed
lower power consumption for a low number of cores. At more than 6 threasd, both CPUs become active and
the power consumption equalizes for both binding policies. The e ets on execution time are both positive and
negative. Binding threads to cores results in shorter execution thes for the number of cores equal to or larger
than 6, which can be attributed to the better data locality. Binding also causes longer execution times for the
number of cores between 1 and 4, even though the data locality should beckter no matter the number of cores
used. Thebind policy restricting the cache access to only one CPU thus seem to hawgreater performance e ect
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Fig. 4.3: Energy consumption for the maximum clique program (a) and for the WRF model (b) as a function
of the number of used cores, clock frequency, and binding policy.

on 1 4 cores than the improved data locality. Although the di erences in performance are small, they are
mostly statistically signi cant. Table 4.1 summarizes the di erenc es in policy performance separately for each
performance measure (t, P, and W), each tested frequency and each nurer of cores. For each set of parameter
values, the performance is expressed by two statistics ratio and p-value Ratio is the mean ratio between
the value obtained with bind policy and the value obtained with nobind policy. P-value is the p-value of the
paired Student's t-test, on the null hypothesis that the performance is the same for bothpolicies. Statistics are
collected from 15 repeats of the maximum clique program execution for eacket of input parameters (binding
policy, number of cores, and clock frequency).

Table 4.1: Dierence in performance of binding policies expressed athe statistics of bind policy relative to
nobind policy for the maximum clique program.

cores | 1 2 4 6 8 10 12
Frequency = 1.2 GHz
t ratio [ 100 102 102 095 091 097 093
p-value | <0.01 <0.01 <0.01 <001 <001 <0.01 <0.01

P ratio 1.00 1.00 1.00 0.99 0.99 0.99 0.99
p-value | <0.01 <0.01 0.38 <0.01 <0.01 <0.01 <0.01
w ratio 1.01 1.02 1.02 0.94 0.90 0.96 0.92
p-value | <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
Frequency = 2.3 GHz
t ratio 1.01 1.02 1.05 0.99 0.94 0.96 0.93
p-value 0.01 <0.01 <0.01 0.14 <0.01 <0.01 <0.01

P ratio 0.98 0.96 0.90 0.90 0.99 1.01 1.00
p-value 0.06 <0.01 <0.01 <0.01 <0.01 0.02 0.34

w ratio 0.99 0.97 0.94 0.89 0.93 0.97 0.94
p-value 0.63 0.05 <001 <0.01 <001 <0.01 <0.01
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4.2. WRF program.  Our second use case is the WRF model, a computationally-intensiverpblem whose
performance is tackled by the communication speed and the size of theache memory. As presented in
Fig. 4.1(b), the scalability rate drops with the number of cores used, ér both clock frequencies and bind-
ing policy con gurations. The problem scales well up to 10 cores (speeg is between 43 and 59), but exhibits
modest speedup on 12 cores only for variants using thbind policy, while the execution time for the nobind
variants already increases. In contrast to the maximum clique algorithm the speedup on 12 cores is a bit
lower, and amounts between € and 65 due to a higher communication cost between the running threads. Ta
explanation for that lays in the fact that when more cores are utilized, the tile size that can t into the cache
decreases, which increases the number of cache misses.

The corresponding power consumption and the energy consumption arduistrated in Figs. 4.2(b) and 4.3(b),
respectively. Similar to the maximum clique problem, the testsshow that the best energy-e cient strategy is
to use all the available cores at their maximum performance. The same atistics as for the Maximum clique
problem are gathered from 15 runs of the WRF model and summarized on Table 2. These show that for
the clock frequency of 1.2 GHz, on one hand, binding has a very limite@ ect on execution time and power
consumption (except on 12 cores), regardless of the binding policy. Fahe clock frequency of 2.3 GHz, on the
other hand, binding the threads to physical cores reduces the poweconsumption considerably, while it does
not change the execution times much.

Table 4.2: Dierence in performance of binding policies expressed athe statistics of bind policy relative to
nobind policy, for the WRF model

cores | 1 2 4 6 8 10 12
Frequency = 1.2 GHz
t ratio 1.00 1.01 1.01 1.01 1.02 0.98 0.84
p value | <0.01 <0.01 <0.01 <0.01 <0.01 0.35 <0.01
P ratio 1.00 1.00 1.00 0.99 0.99 0.99 1.00
p value 0.09 0.74 0.1 <0.01 <001 <0.01 0.71
w ratio 1.00 1.01 1.01 1.00 1.00 0.98 0.84
p value 0.03 <0.01 <0.01 0.93 0.17 0.07 <0.01
Frequency = 2.3 GHz
t ratio 0.99 1.00 1.03 1.05 1.00 1.04 0.88
p value | <0.01 094 <001 <0.01 0.85 <0.01 <0.01
P ratio 1.01 0.94 0.88 0.88 0.97 0.92 0.94
p value | <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
w ratio 0.99 0.94 0.91 0.92 0.97 0.96 0.82
p value 0.13 <0.01 <0.01 <0.01 0.02 <0.01 <0.01

4.3. Energy consumption in detail. The energy consumption - calculated as power consumption times
execution time and shown in Tables 4.1 and 4.2 - indicates that energy-we, best strategy is using all available
cores in combination with the thread binding strategy. This nding h olds even though the WRF program
exhibits relatively low speedup at 12 cores.

A signi cant observation on both use cases is the jump in the power consmption from 6 to 8 cores when
threads are bound to cores. For up to 6 cores all threads are bound to one CPland the second CPU is
in idle state, while for 8 or more cores the threads are distributed on bth CPUs, which increases the power
consumption in one large step (observe the jump between 6 and 8 coresdliversions, red color bars, in Fig. 4.2).
Note that the energy consumption continues to decrease due to the loweomputational time caused by adding
additional cores. Once the second CPU is active, adding more cores again s the execution time and the
energy consumption to decrease. Therefore using only one processdthwall available cores is worth considering
for programs that might experience worse speedups than our use cases.

For the last result, we look at the statistics that we gather from the 15 repetitions of the same measurement.
Figure 4.4 is the box plot of the WRF model energy consumption on the higkr clock frequency (2.3 GHz). It
clearly shows the smaller variability and the lower number of outlies in the energy consumption if the bind
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policy is used, compared to theno-bind policy. Note that the results for the maximum cliqgue use case on the

higher clock frequency are very similar, while the results for boh use cases on the low frequency display much
less di erence in binding policies. These results indicate tk level of randomness inserted into the measurements
by the OS regulated thread management.
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Fig. 4.4: Energy consumption for WRF model as a function of the number of usd cores and binding policy -
(a) the no-bind policy, and (b) the bind policy. Graphs show the median (red line), 25 and 75 percentiles (blue
box), min and max values (blue whiskers), and outliers (red plus €ins).

5. Discussion. A simple experimental study of a real-time power measurement in anulti-core computing
system was presented. The energy consumption of two HPC parallel algohims was measured, by the PCM
library, as a function of the number of cores, the system clock fregency, and the binding policy. The main
results of this research are listed below.

While we often believe that the two most in uential factors on energy consumption are clock frequency and
execution time, it turns out that execution time dominates clock frequency. The lower the execution time, the
higher the energy e ciency, regardless of the clock frequency. Tis is caused by the relatively high baseline
power consumption of the CPU, memory, and the rest of the system, whit was not even considered in this
study.

Second result shows that even less e cient parallel programs perfornbetter, energy-wise, if executed on
more cores. Note that the baseline consumption of the other computer partsvhich was not included in the study,
would again strengthen this nding even further. Of course, such a onclusion holds under the assumption that
the computer is not multitasking - its unused cores actually remain dle and that the idle time of the computer
can be ignored, which, for example, is not the case on computer resourcesnted for a xed amount of time.
A scenario where our ndings hold is for computer resources that are reted on the cloud for the time of the
execution only.

Third result is that by the same number of cores the energy consumptin is lower if the cores are concentrated
on a single CPU and not spread across more CPUs. It appears that the given CPUao enter a much more
e cient power saving state if no cores are active than if even a singt core is used. This, however, on our
tests holds only for the high frequency and not for the low frequencywhere the power consumption is not
signi cantly di erent no matter how the threads are positioned on the CPUs. This could mean that the tested
CPU could not throttle into a state with power consumption that is low er than when the clock frequency is the
lowest. It should be noted though, that these results could be more mfound - motherboard could use some
additional energy for the inter-CPU communication when both CPUs are active, but motherboard is currently
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not monitored.

The fourth result is that the energy consumption for bind policy exhibits very small variation of the energy
consumptions between runs as illustrated in Fig. 4.4. This enables arpcise and accurate prediction of the
energy consumption, especially if observed from the perspective diie cost reduction in utilizing public clouds
with the pay-per-use policy. Small variation is possible because naishing and reloading of cache are performed
since threads are not moved among the cores. On the other hand, theobind strategy, especially when applied
on a smaller number of cores, exhibits a large di erence between théest and the worst run. This can be
explained by the fact that when the number of threads is small, OS is rore likely to switch threads among cores
and CPUs, causing cache ushing on various cache levels.

6. Conclusion. The obtained results show that idle power consumption of the CPU is gni cant. To
achieve highest energy e ciency, the whole application should be exeuted in the shortest possible time. This
can be achieved with cores at the highest possible system clock fr@éency, threads bound to cores and using
the maximum number of cores at which the speedup is still satisfactor high. To apply the optimization of
the energy consumption on general applications, a pro ling of their spedup is required. In the tested cases,
for example, each additional core causes about:3% (mean of measured increases on the high clock frequency
setting) higher power consumption of the CPU. Therefore, when deciohg weather to usen cores orn +1 cores,
one should favourn cores only if the relative decrease in execution time when raisinghie number of cores to
n+1is less than 45%.

Aside from a ecting the execution time, binding threads to cores al® directly lowers the power consumption
by limiting the number of cache ushes and main memory reads. This hasheen demonstrated in the WRF
model case, but not in the maximum clique case, since the WRF modé$ a memory intensive application, while
the maximum clique is more processing intensive. Caching is thaiproved as another area, where more control
should have to be given to the program designer, to be able to get maximal grformance of the computer at
the minimal energy cost.

To optimize the energy consumption more aggressively, one should be abte shut down the computing
cores and banks of memory completely, or at least put them in a sleep stateith a signi cantly lower power
consumption. There are also some interesting possibilities of exating programs on multiple cores with het-
erogeneously set clock frequencies. In scenarios when computingsources are reserved for a prede ned time
frame - as in some Clouds services for example - measuring the power samption during the whole time frame
would be more to the point, instead of just for the time the program is exeuting. For such scenarios the role
of the execution time in the energy consumption will be lowered and ltrottling the clock frequency might start
to pay o. These are the topics of our current research and future work.
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AN ENERGY-AWARE ALGORITHM FOR LARGE SCALE FORAGING SYSTEMS

OUARDA ZEDADRA , HAMID SERIDI Y NICOLAS JOUANDEAU ?Z AND GIANCARLO FORTINO X

Abstract. The foraging task is one of the canonical testbeds for cooper ative robotics, in which a collection of coordinated
robots have to nd and transport one or more objects to one or m ore specic storage points. Swarm robotics has been widely
considered in such situations, due to its strengths such as r obustness, simplicity and scalability. Typical multi-rob ot foraging systems
currently consider tens to hundreds of agents. This paper pr esents a new algorithm called Energy-aware Cooperative Swi tching
Algorithm for Foraging (EC-SAF) that manages thousands of r  obots. We investigate therefore the scalability of EC-SAF a Igorithm
and the parameters that can a ect energy e ciency overtime. Results indicate that EC-SAF is scalable and e ective in red ucing
swarm energy consumption compared to an energy-aware versi on of the reference well-known c-marking algorithm (Ec-mar  king).

Key words:  Swarm intelligence, swarm robotics, multi-agent foraging , energy awareness, energy e ciency.
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1. Introduction.  Swarm Intelligence comes from biological insights related to the capalities that social
insects possess to solve daily-life problems within their colong[1]. Social insects (ants, bees, termites) provide
complex collective behavior to accomplish complex tasks that can exeel individual capacities [2]. They usually
lack sophisticated communication capabilities as well as sensor informain [3], in opposite to intelligent and
proactive individuals which are provided with sophisticated communication tools and sensors [7]. Inspirations
from these biological systems known as pheromone-based coordination nh@nisms have been presented for
patrolling [8], localization [9] and mapping and exploration [10]. Swarm robott is interested in the implementa-
tion of systems which are composed of thousands simple robots rather than ersingle complex robot [11] [12].
The simplicity of these individuals presents a highly structured social organization which can accomplish com-
plex tasks that in far exceed the individual capacities of a single intvidual [13] [14]. The collection carries
out complex tasks based on simple rules, without spending much compational power and much energy [15].
Behavior-based algorithms have been developed to manage homogeneouslasws of individuals and to achieve
more complex tasks that can involve dynamic hierarchies [16] [17].

Foraging is a benchmark problem widely studied by swarm robotics: it § a complex task involving the
coordination of several sub-tasks including e cient exploration, physical collection, transport, homing and
depositing [18]. Foraging can be achieved by one single robot or by a colleoti of cooperative robots. By
contrast, some animals are foraging individually for food [19] [20]; while otkrs (as social insects) are foraging
and recruiting collaborators by sharing information via stigmergy [21] [22] ordirect signalling [23] [3]. In a
foraging task, robots repeatedly collect objects from unknown locationsand drop them of at another location.
To work for long periods, they must have a means of obtaining more energyhen their stored energy is
exhausted. Time spent in searching, homing, recharging and returnig to work can contain useless additional
time and a current challenge in multi-robot foraging is to minimize it.

We investigate in this paper the energy problem within multi-agent foraging task through the analysis of
our energy-aware algorithm (EC-SAF algorithm [4]). We tested it in large-scale foraging systems with hundreds
and thousands of agents where we consider a wider range of system sizeartithe ones considered in literature
works and in our previous work [4]. In comparison to the literature works,we contributed at:(1) reducing the
time spent in search by using our search algorithm (Stigmergic MultiAnt Search Area algorithm{S-MASA [5])
which provides large dispersion, thus quick search and shortest phst relaying food to nest location for homing,
(2) reducing the time needed for transporting food by allowing recuitment to found food de ned in our previous
foraging algorithm (C-SAF algorithm [6]).

The remainder of the paper is organized as follows: background works are @ented in Section 2. Then
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EC-SAF and Ec-marking algorithms are presented in Section 3. In Sectiod, we de ne the performance indices,
describe simulation scenarios and compare the results of the two algohitms. Finally, Section 5 concludes the
paper and shows some future works.

2. Background. The most common strategies for powering long-lived autonomous robots are capting
ambient energy and managing energy from recharging stations.

Capturing ambient energy directly from the environment, also known as energy scavenging [24]. A robot
have to choose between searching and resting to conserve some @yeand it accumulates some units of energy
for each retrieved food. Krieger and Billeter [25] adopt a threshold-lased approach to allocate foraging or resting
tasks. They distinguish nest and robots energies. If nest energy isnder a prede ned threshold, then robots
search for food. If one robot energy is under a prede ned threshold,Hen it stays in the nest to recharge. Labella
et al. [26] propose an adaptive approach to change the ratio of foragers to resteby adjusting the probability of
leaving home. Liu et al. [27] consider collisions and object retrieval. Tie successes are accounted for individuals
and teams in [26]. E cient foraging is a special case, in which several tpes of objects, each provides a specic
amount of energy are scattered in the environment and robots should choodeetween transporting a found food
or continue searching for another that provides more energy. In [28] autha design a mathematical model of
multi-foraging that predicts with a good con dence the optimal behavior of the robots that leads to maximize
the energy of the group.

Transferring energy from a recharging station. Several options are podsle in this case: (i) Working robots
perform their work until their energy falls below a given threshold. At this time, they return to recharging
station. Such decision can also be achieved with a behavior model [3]While in [29], authors propose a
distributed behavioral model for foraging regarding role division and garch space division for improving energy
e ciency; (i) Working robots can stay at the working site permanent ly, while special dock robots visit them
periodically to provide them with energy. In [30], a dock station is an autonomous robot with unlimited
energy store, that searches gradually to improve its position regardinghe position of working robots. In [31],
the on-board recharging electronics and intelligent docking stationsenable the robots to perform autonomous
recharging; and (iii) Robots could transfer the energy also between tha by comparing their energy's level.
Robots could transfer the energy between each other in a trophallaxiske manner, where robots with higher
energy status can share energy with others having lower energy statys2].

In the following subsections, we present the background works for th energy-aware algorithms proposed in
this paper: S-MASA algorithm [5], C-SAF algorithm [6] and c-marking algorithm [33] (Section 2.1, Section 2.2
and Section 2.3 respectively).

2.1. S-MASA Algorithm. The S-MASA algorithm is an exploration strategy inspired by the behavior
of ants and water vortex dynamics. It was rst applied to multi-target se arch and coverage tasks [5], and to
multi-agent foraging tasks in [34] [6]. Using S-MASA algorithm as a search stragy has contributed to: (1)
speed up the exploration by avoiding the already visited cells (cé$ containing pheromone), and (2) speed up
the homing process, because optimal paths are simultaneously built ile agents explore their environment (a
wavefront of pheromone concentration is created). According to the codtination rules of S-MASA algorithm
in Fig. 2.1, the agent changes its heading if there is no pheromone in itsght cell (cell not yet visited), else it
keeps going in the current heading.

@ (b) (© (d)

Fig. 2.1 . S-MASA coordination principle represents the changing head ings: (a) from 180 to 270 (b) from 270 to O (c) from
0 to 90 (d) from 90 to 180, where white crosses represent alrea dy visited cells
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2.2. C-SAF Algorithm. C-SAF algorithm [6] is a multi-agent foraging algorithm that uses S-MASA as
search strategy. Agents in C-SAF algorithm use a three layered subsuntjpn architecture [35] where each layer
implements a particular behavior: Environment exploration is the lowest priority layer in this architecture. It
consists in exploring the environment, therefore, it includes he states Choose-Next-Patchand Look-for-Food.
Food exploitation consists in exploiting food when it is found, it envelops the stats Pick-Food, Return-to-
Nest, Return-and-Color, At-Home, Climb and Remove-Trail. Obstacle avoidanceis the higher priority layer, it
implements the obstacle avoidance behavior. Higher priority layersare able to subsume lower levels in order to
create viable behavior (see Fig. 2.2 for an illustration of the architectire). The behavioral model of the C-SAF
foraging agents is depicted by Fig. 2.3, without the bold guards and the dash#transitions.

Environment Exploration
Food Exploitation —'

Obstacle Avoidance Actions

Perceptions

Fig. 2.2 . Subsumption architecture of C-SAF foraging agents

2.3. The c-marking Foraging Algorithm. The c-marking foraging algorithm is a distributed parame-
ter-free algorithm for multi-agent foraging [33]. It is a distributed and asynchronous version of wavefront
algorithm [36]. It allows agents to build non optimal paths simultaneously while exploring by computing a
wavefront expansion from the base station (sink). Agents use this wavieont to return to the sink. They move
at each step to the cell with the smallest Arti cial Potential Field ( APF) value. Pseudo random walk is used
by agents as a search strategy. Agents try to move to a non neighboring markiecell. If all neighboring cells
are marked, then they move randomly. Unfortunately, the convergence oAPF to its optimal values takes huge
time. Agents therefore need to visit the same cell several times. fAe c-marking foraging algorithm have multiple
advantages: (1) agents build simultaneously paths when they explore and?] it is very robust to agents' failure
and to complex environments. However, it provides some drawbacks(1) paths are of long length specially
when the number of agents is not su cient to sustain the cells correponding to the wavefront, this will increase
dramatically the foraging time, (2) revisiting already visited cells in static environments costs in nhumber of
steps. The behavioral model of the c-marking foraging agents is depiet by Fig. 2.4, without the lled state,
bold guards and the transitions (dashed arrows).

3. An Energy-aware Multi-Agent Foraging Algorithm. In this Section, we present the EC-SAF
(Energy-aware Cooperative Switching Algorithm for Foraging) algorithm. Speci cally, we model the behavior
of foraging agents as a nite state machine. We also present the Ec-markop algorithm, which is an energy-
aware version of the well-known c-marking algorithm [33]. EC-SAF and Eamarking will be compared through
simulations in Section 4.

3.1. Modeling of the Components. The components of the two multi-agent systems (environment,
agent and pheromone) were modeled as in below:

Environment Model: The search space is an N x N grid world with several food locations, one or
multiple sinks (nest), obstacles and pheromone markings. It is divded into equal squares in a Cartesian
coordinate system. Grid maps are thought to an e cient metric for navi gation in large-scale. In robotics,
it is often used for solving tasks like path planning [37], localization 88] and search and surveillance
in dynamic environments [39]. It is e cient that the full grid is squ are and all cells are the same size
of an agent. N food with M items (we refer to it as concentration) are located randomly on grids.
Obstacles with rectangular or square shapes take place on some xed celthe nest is at the center (in
a multi-sink space, sinks take speci c positions to guarantee the copleteness of the algorithms).
Agent Model: All agents of the colony are homogeneous with limited sensing and actuation cabilities.
They start all from a prede ned position (the nest) and headings (0, 90, 180 ad 270). An agent can
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Fig. 2.3 . the state machine of a foraging agent. Dashed arrows (transi tions), bold guards and the internal actions in the
states represent the energy-aware behavior of agents
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’;:J

( RETURN & REMOVE TRAIL

Recharging = true ?

( UNLOADING
Ldo/ [Ec <= Emin]/ Recharge L(

S~

Base reached

Fig. 2.4 . State transition diagram of an Ec-marking agent, where color ed state, dashed arrows (transitions) and bold guards
are related to energy-aware behavior of agents

carry out the following sequence of actions:

{ Senses whether a food item exists on the current cell and if therexists a pheromone in the four
neighboring cells, whether it is at the nest, and it recognized whdier it is carrying food or not.

{ Deposits a limited amount of pheromone in the current cell.

{ Picks up (loads) or puts down (unloads) a food item, when it is at foodand carries no food, and
when it is at nest and carrying food respectively.

{ Selects and carries out actions according to the surrounding eventsThe agent have four di erent
behaviors corresponding to the four models (C-SAF, c-marking, EC-8F and Ec-marking) and
the set of actions to execute di er from a model to another.

Pheromone Releasing and Evaporation:The agent is able to secrete several types of pheromone, which
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did not a ect each other, at the same cell in the environment. Each forageiis capable of depositing three
types of pheromone. The rst type, is dynamic and subsequently gradally evaporates (according to
Eq. 3.1), used to mark already visited cells. The two others, are stati with no di usion and evaporation
properties, one is used to keep track of the food location (food trad in yellow color) and the other to
attract other agents to food locations (recruitment trails in brown color).

it+)= i) p i) (3.1)

where p is a coe cient which represents the evaporation rate of trail between time t and (t+1) .

3.2. EC-SAF Algorithm. The EC-SAF algorithm extends the C-SAF algorithm [6] to consider energy
limitation in a foraging system, where agents use the existing set oftates (equivalent to return and color /
remove trails) with some additional transitions and guards. We added a lger in the previous subsumption
architecture (Fig. 2.2), called Recharging energylayer which envelops the set of states that allow agents to
return home to recharge when their energy falls below a given thregiid, it includes the states Return-to-Nest,
Return-and-Color, Remove-Trail and At-Home (see Fig. 3.1 for the subsumption architecture with the new
layer). The behavior of our energy-aware foraging agents is shown by thetate machine in Fig. 2.3 where
dashed arrows (transitions), bold guards and actions in the states are usewhen the current energy of an agent
(E.) falls below the xed threshold (Enin ). States are described below and the EC-SAF Algorithm is given by
Algorithm 1.

= [Environment Exploration

Food Exploitation T
Recharging Energy —'

Obstacle Avoidance Actions

|
|

Perceptions

Fig. 3.1 . Subsumption architecture of EC-SAF foraging agents

Look-for-Food: If E. > E in and there exists a food here, agent executeRick-Food state, while if there
exists no food it executesChoose-Next-Patchstate. If there exists a trail and its E. <= Eqn , it turns to
Return-to-Nest state, or to Return-and-Color state, if there exists no trail.

Choose-Next-Patch:  If an obstacle is detected, the agent calls the procedure Avoi®bstacle(). If no
obstacle is there, the agent climbs the brown trail to reach the foodlocation if there exists one, it spreads
then the information to its left cell. It lays a limited amount of phe romone in current cell, adjusts its heading
by executing S-MASA Algorithm [5] and moves one step forward. It turns atomatically when nished to
Look-for-Food state.

Pick-Food: If E; > E in , agent picks a given amount of food and spreads the information to its leftell.
However, if Ec <= Eni, it does not pick food. It executes in the two casefReturn-to-Nest state, if there exists
a trail or Return-and-Color state if there exists no trail.

Return-to-Nest:  The agent moves to one of colored neighboring cells with the lowest ph@mone value.
It remains in this state until home is reached, it turns then to At-Home state. ;

Return-and-Color:  The agent moves to one of the four neighboring cells with the lowest ptromone value
and marks its trail with yellow and remains in this state until it reac hes the home; it turns then to the At-Home
state.

At-Home: The agent unloads food if it carries one. If its current energy(E.) is below (Eni, ), it recharges
its energy to the maximum amount E .« . It goes to Climb state if there exists a trail and the amount of food is
> 0. If amount of food is = 0 and there is a trail, it executes Remove-Trail state, else it turns to Look-for-Food
state.
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Look-for-Food
if (Ec <= Emin) then

if (9 trail) then goto Return-to-Nest;
L else goto Return-and-Color;

else
if (food > 0) then Diuse(P); goto Pick-Food;
else goto Choose-Next-Patch

Choose-Next-Patch

if (obstacle detected}then Avoid Obstacle();

else

if (brown P here) and (brown P in right cell) then

| Diuse(P); move to food location using brown cells;

else
if (brown P here) and (no brownP in right cell) then
| remove brown trail;

else
| Lay(P);Detect_And_Adjust _Heading() Update(P); Move();

gato Look-for-Food;

Pick-Food

if (Ec > E min ) then pick up a given amount of food; Di use(P);
if (9 trail) then goto Return-to-Nest;

else goto Return-and-Color;

Return-to-Nest

while home not reacheddo
| move to a colored neighboring cell with the lowestP;

goto AT-HOME ;

Return-and-Color
while home not reacheddo

| move to a neighboring cell with the lowestP Color that cell to a speci c trail color (yellow);
goto At-Home

At-Home

unload foodif (Ec <= Epin ) then rechargeE; to Epax ;
if (9 trail and food > 0) then goto Climb;

else if (9 trail and food = 0) then goto Remove-Trail;
else goto Look-for-Food;

Climb
while 9 trail do
if (Ec <= Enmin ) then goto Return-to-Nest;
L else move to neighboring colored cell with the greater value ofP;
goto Look-for-Food;

Remove-Trail

while 9 trail do
if (Ec <= Emin ) then goto Return-and-Color;
else move to neighboring colored cell with the greater value ofP and update its color to the default
one (black);

goto Look-for-Food;

Algorithm 1: EC-SAF Algorithm, where pheromone is notedP
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Climb: Agent moves to one of its four colored neighbors with a pheromone value greatthan the pheromone
value of the current cell. It remains in this state until no colored cell (yellow trail) exists and its E; > E
it turns then to the Look-for-Food state. If its E; <= Emnn and since there exists a trail, it executes the
Return-to-Nest state in order to return home for recharging its energy.

Remove-Trail:  The agent moves to a colored cell with the greatest pheromone value and sets its color
to the default color (black). It remains in this state until no colored cell is found andE. > E nn , it turns
then to the Look-for-Food state. If E. <= Emin , the agent returns to home to recharge and executes the
Return-and-Color state since it already removed the existing trail and to keep track ofthe last position from
where it will continue removing after it recharges its energy.

3.3. Ec-marking Algorithm. The Ec-marking algorithm extends the c-marking algorithm [33] to deal
with energy limitation. Ec-marking agents behavior is given by Fig. 2.4(the extensions made are represented by
lled states, dashed transitions and bold guards), while using the rdes in Algorithm 2. Agents while exploring
the environment build simultaneously paths between food and nestwhich results in building an ascending
Arti cial Potential Field (APF) incrementally [33]. Agents use pseudo random walk as search strategy, which
results in non-optimal paths and makes the convergence of the APF to its ofimal value very slow. We use the
same set of states as in c-marking to return home for recharging (statesocresponding to return and color or
return to base), while for removing the energy trails, we de ne a rew state calledREMOVE RECHARGING
TRAIL . This last state is activated when agents nish recharging their enegy from home, they climb then the
trail and remove until there is no trail, they resume then their search process.

4. Performance Evaluation. In this Section, we discuss the performance of the four algorithms (E€
SAF [Algorithm 1], C-SAF [6], c-marking [33] and Ec-marking [Algorithm 2]) in ob stacle-free and obstacle
environments. We present in Section 4.1 the performance indices dnsimulation parameters used to evaluate
the algorithms. On the basis of analysis of an execution example for the foualgorithms in Section 4.2, we
compared only E-C-SAF and Ec-marking algorithms in Section 4.4, we desdre the scenarios used for simulations
in Section 4.3.

In each simulation several parameters are to be set:

Agent parameters: the number of agents that participate at each simulation &gent numben and the
amount of food (in units) that an agent can transport at each time (agent capacity).

World parameters: include the dimension of the search space which ia grid of N N cells (world
size). World complexity which can be obstacle-free or obstacle environmentSink humber which is the
number of the home or base stations to where agents return food and rechge energy.

Food parameters: the number of food locations food density) which are located at xed positions.
Each food location contains a limited amount of food calledfood concentration.

Emax : is the maximum value that an agent can recharge when it reaches home and is. is below the
threshold Ennin . An analysis of the e ect of di erent Enax on overall search time and the total energy
consumed in EC-SAF algorithm is given in Table 4.1. WhenE .« is set to smaller value (1000 and
3000 units) agents return home several times to recharge (18 to 5 timesicreasing the search time and
the energy consumed, thus the search becomes ine cient. It is seto 5000 energy units, since number
of returns to recharge is small (2 times) thus doesn't consume mucknergy and search time.

E.: represents the current energy that an agent have at timgt) . It is set initially to Enax that is 5000
energy units. WhenE. <= Enjn , agents need to return home to recharge energy.

Emin : is the threshold that activates the return to home and recharge energybehaviors. It is xed
experimentally to a value that allows agents to get home before their dath (E; = 0) (Table 4.2). With
100 units, agents can't reach home because the path is longer and needs moreergy units. When we
increasedE i, to 200 units, agents could reach the home the rst return, but in the second return they
couldn't reach it. We increased then energy to 300 units and it was su dent to return home for 2 times
to recharge (and food is reached in this stage). The pseudo random walkiEc-marking makes the
measuring of theE i, very di cult, sometimes food is rapidly located and paths are close to optimal,
thus the 300 energy units are su cient to return home to recharge, but in other cases, paths are not
optimal and agents need more than 300 energy units to reach home. To deal witkuch cases, we xed
the Enin  to 500 units.
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SEARCH & CLIMB TRAIL(Repeat)

if (Ec <= Emin ) then
if (9 trail) then goto RETURN TO BASE ;
else goto RETURN & COLOR TRAIL ;

else

if (food exist in neighboring cell) then

| move into that cell; goto LOADING ;

else
if (9 trail) then
| move to the highest valued colored neighboring cell;
else goto EXPLORATION & APF CONSTRUCTION ;

LOADING

if (Ec <= Emin ) then

if (9 trail) then goto RETURN TO BASE ;
else goto RETURN & COLOR TRAIL ;

else
Pick up a quantity Qmax of food,;
if (food is not exhausted)then
if (9 trail) then goto RETURN TO BASE ;
L else goto RETURN & COLOR TRAIL ;

| else goto RETURN-AND-REMOVE-TRAIL ;

RETURN & COLOR TRAIL

color the cell in a speci ¢ color and update value;

if (base reached)then goto UNLOADING ;

else move to a neighboring cell with the smallest APF value

RETURN & REMOVE TRAIL

if (cell has the trail color) then remove this color andUPDATE VALUE ;
if (base is reached)then goto UNLOADING ;

if (there exists a neighboring cell with trail color) then

| move to neighboring trail cell;

else move to the smallest valued neighboring cell;

UNLOADING

unload food,;

if (Ec <= Emin ) then recharge a limited amount of energy;

if (recharging = true) then goto REMOVE RECHARGING TRAIL ;
else goto SEARCH & CLIMB TRAIL ;

REMOVE RECHARGING TRAIL
while 9 trail do
L if (Ec <= Emin ) thengoto RETURN & COLOR;

else move to neighboring colored cell with the highest APF value;
goto SEARCH & CLIMB TRAIL ;

Algorithm 2:  Ec-marking Algorithm

4.1. Performance Indices and Simulation Parameters. We analyze in this Section the performances
of the two algorithms in large-scale systems within the foraging task. Waused therefore, large number of agents
and large environment sizes with the aim to: (1) test and conclude the bee t of providing agents with energy-
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Table 4.1
Emax Analysis

1000 3000 5000 7000 9000

Search time 7761,4 5771,3 2530,1 2231,4 2030,1
Energy Consumed 12475 10550 10125 9935 6095
Number of returns 18 5 2 1 0

Table 4.2

Emin Analysis

100 200 300 400 500

Number of returns o 1 2 2 2
Success to get home? No No Yes Yes Yes

aware behaviors to sense and manage their energy, thus go to an energyaa® version of the C-SAF algorithm,
(2) test the e ciency of the proposed algorithm through the total amount of en ergy consumption regarding the
amount of food foraged, and (3) observe the evolution of energy consumed by ¢hswarm overtime. We used
the performance indicesTotal Food Returned, Energy E ciency [29], Energy E ciency overtime , Total Energy
Consumed and Finish foraging time.

Total Food Returned : is the total amount of food (in units) returned over a given elapsed tme.
Total Energy Consumed : is the total energy spent by all agents to search and exhaust all the food
locations.

Energy Eciency : is the average energy consumed for foraging food. It is calculated accong) to
Eq. 4.1. Since theTotal Energy Consumed increases with the time, if E¢f 1 > E eff 2, it means that
Eeff 2 IS better.

T otalEnergyConsumed

E = 4.1
eff TotalF oodReturned (4.1)
Energy E ciency Overtime . is the average energy consumed until timd to forage an amount of
food units until time t. It is calculated according to Eq. 4.2.
T otalEnergyConsumed(t
Eer (1) = 9y ® (4.2)

T otalF oodReturned(t)

where: TotalEnergyConsumed(t) is the total energy consumed until a given elapsed time t [0..t] and
TotalFoodReturned(t) is the number of food Foraged until a given elapsed time t [O..t].

Finish foraging time  (Trorag ): The amount of time in seconds needed to nish the foraging mission.
It is when all the food sites are discovered and exhausted.

The energy consumption of an agent at each state is de ned as estimation of th@ower of real robot
equipment (such as motor, sensor and processor) required to achietieat state. It is inspired by the B-swarm
model [3]. The energy consumption settings of a robot are described inable 4.3 for the two energy-aware
algorithms.

4.2. Example of Simulation Execution. C-SAF agents have limited energy but no recharging ability, so
after their energy stores are empty they die while EC-SAF agents havéimited energy and recharging behaviors,
that allow them to work for long time. Simulation is based on Netlogo [40]. We sed a preliminary scenario
to test the benet of providing agents with energy-aware behaviorswhen they have limited energy stores. We
used environments with a 1000x1000 cells with: one sink at the center, onod location that contains 500
units of food, to exclude the impact of food position, the food is phced at xed position for all simulations; 300
agents with a capacity of transport of one unit at each time. We calculated tre total amount of food returned
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until the completion foraging time for the algorithm that takes the longest time (Ec-markings algorithms).
The obtained results with the four algorithms (C-SAF, EC-SAF, c-marking and Ec-marking) are depicted by
Fig. 4.1, where we limited the energy stores in C-SAF and c-marking to 200@nits and the E,, to 500 units.
From Fig. 4.1, we observe that the total food returned increases overtne in the four algorithms when agents
have enough energy. However, when the agent energy is over in algorithn@&SAF and c-marking, agents die
and there will be no changes inTotal Food Returned. While in EC-SAF and Ec-marking, they return home after
their energy fall below E i, , recharge and resume their tasks. EC-SAF reaches the total amount of foodt
1600 seconds (2100 seconds in obstacle environment), thus it stops searalhile Ec-marking reaches it at 2300
seconds (3300 seconds in obstacle environment). Agents spend more timedazonsume more energy, specially in
c-marking algorithms since paths are not optimal, while in EC-SAF agents se optimal paths, which contributes

O. Zedadra, H. Seridi, N. Jouandeau and G. Fortino

Table 4.3

The agent energy consumption of each state

States

Energy consumed

(unit/simulation update)

EC-SAF States

At-Home, Choose-Next-Patch, Pick-Food, 5
Remove-Trail, Return-and-Color 0
Climb, Return-to-Nest 1
Avoid-Obstacle 3
Ec-marking States

SEARCH, LOADING, UNLOADING, 5
RETURN & REMOVE TRAIL 0
RETURN & COLOR TRAIL 0
REMOVE RECHARGING TRAIL 0
CLIMB TRAIL, RETURN TO BASE 1
Avoid-Obstacle 3

at reducing the recharging the overall and the energy consumed.

Fig. 4.1.
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(C) (b) © (d) ()

Fig. 4.2 . World setups used in simulations. (a) obstacle-free environmen t, (b) obstacle environment, where red arrows are
agents, green arrows are food locations, gray blocks are obs tacles and pink squares are sinks. (c)(d)(e) present samples at di erent
stages where laden agents are in the middle line, and searche r agents spread themselves diagonally on sides.

Table 4.4
Parameters of scenario 1, scenario 2 and scenario 3

Parameter Value
Scenario 1 Eerr  Analysis
World size 100x100 cells {
1000x1000 cells
Number of agents 100 { 1000 agent
Food density 1 { 10 locations
Food concentration 500 units
Agent capacity 1 unit
Sinks number 1 { 64 sink
Scenario 2 Total Energy Consumed Analysis
World size 1000x1000 cells
Number of agents 300 agent
Food density 2 locations
Food concentration 500 units
Agent capacity 1 unit
Sinks number 1 sink
Scenario 3 Scalability Analysis
Agent Density 0.00001{ 0.01
Food density 2 location
Food concentration 400 units
Agent capacity 1{10 unit
Sinks number 1 sink

Figure 4.2 shows some of the world setups used in the three scenariosclssed above. An obstacle-free
and obstacle environments with one food location and one sink at the ceet of world in Figs 4.2(a) and 4.2(b)
respectively. While we present samples of simulation executiomiobstacle-free environment with one sink and
one location in Fig. 4.2(c) and with two food locations in Figs 4.2(d) and 4.2(¢ where agents in the middle are
transporting food and agents at the sides still searching.

4.3. Simulation Scenarios.  Several kinds of simulations are carried out in this paper. The parametes
which we tested and analyzed are reported in Table 4.4. We proposed thrdfendamental scenarios:
Scenario 1 is to test which of the parameters presented in Section dan a ect the Energy E ciency .
It envelops 5 sub-scenarios. Sub-scenario 1 is to shd#ks (t) pattern overtime. Sub-scenario 2 is to
analyze the impact of agents numberon performance, which number gives les&¢;; . Sub-scenario 3
is to test how world size can a ect the E¢; and is there any minimal size under which a number of
agents can carry e ciently the foraging task. In order to analyze whether clustering the food units in
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one location or distributing it over several locations improves peformances, we de ned sub-scenario 4
where we variedfood density from 1 to 10. To test the e ect of dividing the environment into small er
search spaces, we de ned sub-scenario 5, in which we varied numbef sinks from 1 (one search space)
to 64.

Scenario 2 is de ned to show theTotal Energy Consumed by the swarm of agents over the foraging
task.

Scenario 3 is de ned to study the scalability of our algorithm and whether varying the agent density
a ects positively or negatively the E«; . We used three sub-scenarios. Where we de ne in each one
Agent Density as Number of Agents / World Size In the rst sub-scenario, we kept the agent density
xed to a given value while varying agents numberand world size simultaneously. In the second, we
increase theagent density by keeping agents number xed and increasing world size In the third, we
decrease theagent density by increasing the agents numberand keepingworld size xed.

4.4. Results Analysis.

4.4.1. Results in Scenario 1.  Results in Fig. 4.3 show a decrease ¢ (t) in the two algorithms. In
EC-SAF, when agents search and depose pheromone, they consume more ggetbut when food is located
the amount of food returned increases, thus the ratio decreases. Hawer, in Ec-marking, the E¢+ (t) is high
because of the pseudo random walk which slows the search processgafthe food is located,Ec¢ (t) decreases
dramatically overtime since the amount of food returned increasesResults obtained with EC-SAF (also with
Ec-marking) in obstacle-free and obstacle environment are very close dntheir curves overlap in Fig. 4.4.

Fig. 4.3 . Variation of Eg (t) overtime

Figure 4.4(a) shows the results obtained by EC-SAF and Ec-marking algorihms when varying agent number.
The growth of E¢+ in EC-SAF is constant and slow. While, in Ec-marking E¢¢ is inconstant. It increases
and decreases overtime, higher with 100 agents, where they spend mdime in search ( nish foraging time is
9907 seconds), thus consume more energy. It is much less with 300 agentsigh foraging time 2325 seconds
only). The quick search provided by S-MASA algorithm [5] in EC-SAF contributes at reducing search time,
thus energy consumption andEgs; .

Ees in EC-SAF is reduced with each increase in world size. This last a ets the results when it couldn't
hold on the total number of agents, it means that large number of agents can reachapidly the boundaries
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food density, (d) sink number. Where the legend in (a) is the sa me for the other Figs

(and stop search) even if food is already found. If the world size is saient, more agents will contribute at
transporting food, increasing by the way the total amount of returned food, thus lessE¢ . In Ec-marking, the
Eetf changes overtime when world size is 800x800 cells it increases dramatigalvhile it was decreasing with
the other world sizes. Graphical representation of results is in Fig4.4(b).

Increasing food density helps in improving results in the twoalgorithms. It helps in increasing the amount
of foraged food because at each increase in food locations, agents in EC-SAHI be divided between several
locations, thus the paths to traverse are smaller and the energy consned is lower (see Fig. 4.2(d)). E¢ in
the two algorithms is very close when using one food location, it is bsause in Ec-marking the food is located
quickly, but with increasing the food locations, results tend to decrease and converge from each other. They are
higher in Ec-marking. Plots in Fig. 4.4(c) present the results obtainel by the two algorithms in obstacle-free
and obstacle environments.

In sub-scenario 5, when dividing the environment (by using seval sinks rather than one), search space
becomes smaller and paths shorter in both of the algorithmsEg is reduced, since energy consumption is less
and returned food is more. In Ec-marking,Ecs is higher than EC-SAF (see Fig. 4.4(d)).

4.4.2. Results in Scenario 2.  The growth of E¢ is constant overtime in both of the algorithms. In
EC-SAF, Total Energy Consumed is less because agents avoid unnecessary moves by avoiding alreadsited
cells, while it is higher in Ec-marking, since agents need to retur to already visited cells several times in order to
reach the optimal values of the Arti cial Potential Field (APF) (Fig. 4.5). Since results obtained with EC-SAF
in obstacle-free and obstacle environment are very close, their cues overlap in Fig. 4.5.

4.4.3. Results in Scenario 3.  When agent density is xed, the growth in total energy consumed is lirear
in EC-SAF algorithm. The foraging time increases which means more seardime and more energy consumption
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Fig. 4.5 . Total Energy Consumed overtime

until agents reach the total amount of food. Varying both parameters (@agent number and world size) at the
same time does not a ect the growth of E¢s . Table 4.5 and Fig. 4.6(a) present the evolution ofE¢; in both
algorithms overtime when xing agent density. In Ec-marking, the growth E¢s is higher, it starts at decreasing
when food is located. Also in this scenario, results obtained with E-SAF (also with Ec-marking) in obstacle-
free and obstacle environment are very close and their curves overlap Figs. 4.6(b) and 4.6(c). The E¢ in
Tables 4.5 and 4.6 is given in kilo.

Table 4.5
Results in scenario 3 when keeping agent density xed to 0.01

Agent density 0.01 0.01 0.01 0.01
Agent number 100 2500 3600 6400
World size 100x100 500x500 600x600 800x800
Eerr  in obstacle-free world

EC-SAF 14 190 394 621
Ec-marking 720 8263 444643 11616
Eert  in obstacle world

EC-SAF 15 206 464 807
Ec-marking 758 16526 444652 20202

When decreasing agent density in sub-scenario Z¢+ decrease is constant and slow in EC-SAF. When
decreasing agent density, we got a very low decrease Fets , since the varying parameter is world size, which
doesn't in uence signi cantly E. . While the growth of E¢+ is inconstant in Ec-marking, it grows in linear
until the value density 0.00004, it increases dramatically to higher valug and decreases after that when density
is 0.0001 (see Fig. 4.6(b)).

In sub-scenario 3, in EC-SAF more agents with smaller paths provide fasforaging time and lessEg . It
reaches its minimum value in 0.0001 density value, over it the increasin agent number provides long paths
to traverse until food location, thus large search time and moreE¢; . In Ec-marking, the growth in Eg s
constant but still very high in comparison to EC-SAF (see Fig. 4.6(c)).
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Table 4.6
Varying Agent Density

Agent density 0,01 0,001 0,0001 0.0004 0.00001 0.00006
Results without obstacle

Eet EC-SAF 14 159 14 13 101 14
Trorag EC-SAF 100 4245 461 501 2943 775
Eer  Ec-marking 4 161 149 54 158 88
Trorag EC-marking 453 4232 4232 794 3948 4516
Results with obstacles

Eef EC-SAF 14 159 14 13 101 14
Torag EC-SAF 202 4340 565 635 3043 877
Eer Ec-marking 4 161 149 54 158 88
Trorag EC-marking 658 2023 4432 105 4184 4713

The growth of E¢; in EC-SAF is constant when varying Agent Density and inconstant in Ec-marking. The
EC-SAF algorithm is scalable, and it can be used for large systems with largaumber of agents and large world
sizes. However, it presents better results when adjusting somparameters. Table 4.6 presents the obtained
results in terms of Eert  and Tiorag  for both of the algorithms when varying Agent Density in obstacle-free and
obstacle environment.
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4.4.4. Summary of Results.  Varying some parameters have trivial results and doesn't need simations
such asagent capacity and food concentration. When varying agent capacity we got a decrease in foraging
time, a decrease in energy consumption (since agents need less tgidb food) and increase in the Total Food
Returned (since the agent capacity is increased), thuges (t) decreases dramatically when increasing thagent
capacity. Unfortunately, when increasing food concentration, agents need more visits to exhaust the food, thus
more energy consumption and higherEc (t). However, some parameters a ectEqs (t), Eef and must be
adjusted together in order to improve the performances.Agent number can limit the scalability of the proposed
protocol when using it in small world sizeswith one food location. It provides large paths to traverse by agents
and reduces the number of agents participating at the transport task whch results in consuming more energy
and reduces the number of food returned. While dividing the enironment into smaller sub-spaces provides
shorter paths to food, thus less energy consumption and large amount of éa returned. EC-SAF protocol
allows constant growth in results when used with large number of agentand large environment sizes, however,
the in uencing parameters need to be adjusted together. Thus, thdarge number of agents should be used with
more than one food location in order to reduce the length of paths and to inrease recruitment of agents (to
transport quickly the food) and under su cient world size that can al low all agents to participate to transport
task.

5. Conclusion. This paper presents a study of the energy-aware EC-SAF algorithm pedrmances in large-
scale multi-robot foraging systems. It analyzed the parameters whichan a ect the Energy E ciency . Di erent
scenarios were used therefore, and we conclude that the proposed algbrit is scalable and can be used with
large environmental con gurations. However, it is in uenced by the agent number world size food density and
their adjustment together provides better performances. The shaest paths and the avoiding of unnecessary
moves (revisiting already visited cells) provided by S-MASA hdps in giving better results than the Ec-marking
algorithm that uses pseudo random walk.

In the future, we intend to explore other environment con gurations and examine other possibilities to
reduce the energy consumption in EC-SAF.
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ON PROCESSING EXTREME DATA !
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Abstract.  Extreme Data is an incarnation of Big Data concept distingui  shed by the massive amounts of data that must be
queried, communicated and analyzed in near real-time by usi ng a very large number of memory or storage elements and exasc ale
computing systems. Immediate examples are the scienti c da ta produced at a rate of hundreds of gigabits-per-second tha t must be
stored, Itered and analyzed, the millions of images per day that must be analyzed in parallel, the one billion of social d ata posts
queried in real-time on an in-memory components database. T raditional disks or commercial storage nowadays cannot han dle the
extreme scale of such application data.

Following the need of improvement of current concepts and te chnologies, we focus in this paper on the needs of data intens ive
applications running on systems composed of up to millions o f computing elements (exascale systems). We propose in this paper
a methodology to advance the state-of-the-art. The startin g point is the de nition of new programming paradigms, APls, runtime
tools and methodologies for expressing data-intensive tas ks on exascale systems. This will pave the way for the exploit ation of
massive parallelism over a simpli ed model of the system arc hitecture, thus promoting high performance and e ciency, o  ering
powerful operations and mechanisms for processing extreme data sources at high speed and/or real time.

Key words: Extreme Data, HPC, Exascale Systems, Extreme Computing, Pa rallel Programming Models, Scalable Data
Analysis

AMS subject classi cations. 65Y05, 68W10

1. Introduction.  Inheriting the characteristics of Big Data, Extreme Data has at least three main dimen-
sions, Volume, Variety and Velocity. However, the Extreme attribute is associated with a virulence of the Vs
and their strong inter-relationship. The Volume dimension is well explained by the Big Data concept describing
the data size or weight. However, in the context of scienti c computing, the extreme data processing has a high
degree of complexity due to the tighter interactions among di erent parts of the dataset during processing. As
a result, the volume that can be processed is currently limited ad existing abstractions such as the MapReduce
model applicable to Big Data are insu cient. New programming paradigms are needed to be specially tailored
to increase the volume of the scienti ¢ data processed by HPC systas.

The processing is complicated by data Variety: e.g. the simple ragirement of adding and processing data
from various streaming sources is not yet supported by the current HPCtools in the context of new types
appearing every day. Furthermore, the challenge is not only storing he data, but also getting data in and out
of store from the data centers and o ering support for reproducibility and data provenance assurance.

The Velocity express how rapidly one can move data from a data volumed a user. Extreme velocity is
crucial for real-time advanced data visualization and analytics (embedéd analytics into the databases is the
only current solution).
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In addition to the above three dimensions inherited from Big Data, we consider relevant for extreme data
a fourth dimension, Value. The Value can be obtained by analyzing dataset and so extracting knowledge
from them. Part of the research work is dedicated to the design and devepment of methods and tools
for programming extreme data mining applications and extracting value fom extreme data. The Value is
mentioned also as a fourth dimension in High Performance Data Analysis (HPB, [18]) concept. HPDA needs
HPC resources and smart algorithms to o er solutions in near-real time, inplies search and pattern discovery,
simulation and analytics, and deals with regular and irregular data patterns, as well as partitionable and non-
partitionable problems.

In this paper we propose a roadmap to developing new programming modelsif extreme data applications
and ensure their take-up. More precisely, in order to o er support to the extreme data processing through
HPC, we propose to change the current programming paradigms by following aata-driven model (to increase
the Volume), the heterogeneous data access mechanisms (to increase tVariety), and the methods for data
analytics/mining (to increase the Value). The scale of the changes on tb three dimensions (Volume, Value,
Variety) should be nally estimated through the redesign and reimplementation of existing scienti ¢ applications,
dealing with large volumes of data. We are not discussing in this paper he the velocity can be increased, as
being currently subject of co-design techniques.

The proposed roadmap is aligned with the challenges identied by PRACE[75], HIPEAC [39], Plan-
etHPC [74] and ETP4HPC [28]. As underlined by the PRACE report "The Scienti ¢ Case for High-performance
Computing in Europe 2012{2020", handling large data volumes generated by researdk both a major challenge
and opportunity for future HPC systems, and integrated environments for compute and data are expected to
emerge. Another identi ed challenge is the end-to-end management of, ahfast access to, large and diverse
data sets through the infrastructure hierarchy; most application areasforesee the need to run several long-time
jobs at sustained high performance to generate core datasets and many shorttme jobs at lower performance
for pre- and post-processing. The HIPEAC initiative recommends to adress the issues of e ciency (maxi-
mizing power e ciency and performance through heterogeneous computesystem design and catering for data
locality), dependability and applications (bridging the gap between the growth of data and processing power;
safety, predictability and ubiquitous availability of systems). T he main technological challenges identi ed by
PlanetHPC are data locality (i.e., the proximity of data to the proce ssing location), new programming models
and tools (for massively parallel and heterogeneous systems), technolegi supporting new and emerging appli-
cations that require robust HPC with real-time capability, data-inten sive HPC and low-energy computing from
both an architectural and application perspective. ETP4HPC SRA (Strategic Research Agenda) underlines
that important trends or needs are e cient communication and data movements at all levels and on di erent
avors and levels of architectures.

The Japanese JST-CREST on-going programme Extreme Big Data (EBD) aims® achieve the convergence
of Supercomputing and Big Data [63]. EBD is now focusing on the hierargical use of new generation non-
volatile memories and processor-in-memory technologies, hierarctitmanagement of memory objects and their
high resiliency, and resource management to accommodate complex workws being able to minimize data
movement. EBD advocates the need for a convergent SW/HW architectureand their software stack will be
implemented in the next generation of Japanese supercomputers (ihading also new strategies for scaling on
the Velocity dimension using new interconnection network topologis). The co-design EBD applications include
climate simulation with real-time data assimilation to predict extr eme weather phenomena.

In this paper we advocate for an extended level of support for the devepment, deployment and execution
of extreme data application using the current HPC facilities, while we do not exclude the fact that co-design
techniques can follow the proposed approach. The four pillars of the propsed roadmap are the following:

1. Design and develop new HPC programming and energy models for extreme datpplications. Design-
ing and developing programming paradigms and mechanisms is needed to ther support the imple-
mentation of scalable algorithms and applications on exascale computing sysms. Models for energy
consumption estimation are needed at an application level, as well as e @nt runtime mechanisms
for supporting the workload executions expected to scale on very largeomputing systems, including
support to cope with the dynamic variability in the required or avail able resources.

2. Build new tools for monitoring and data-analysis for extreme data appli@ations. Designing and de-
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veloping scalable monitoring and data analysis tools should include lovevel instrumentation, data
collection, mining and data-centric online performance analysis withthe ability to perform at the exas-
cale level. Beyond the use of performance metrics, the e ciency neds to be targeted through advanced
modelling and correlation heuristics aiming to understand their inter-relationships, essential for online
optimisation and tuning.

3. Adapt the data management and storage techniques to the extreme scale.r&viding high-performance
and reliable support for 1/0, storage and data-throughput, as well as resiliece capabilities are needed.
The strategies to enhance an application's data locality need to be codpd with dynamic 1/0 con g-
urations by restructuring the 1/O stack functionalities, and by pro viding predictive and adaptive data
allocation strategies. The resilience problem in the 1/0 stack needgo be treated by sharing cross-
cutting issues and highly scalable and energy-e cient cross-layercheckpointing strategies, using the
I/O hierarchy and memory storage greedily. Object-based le systems ad scalable data stores need to
be promoted for e cient and durable storage structures for exascale appliations.

4. Validate the concepts and tools usefulness through extreme data apphtions. Two main directions are
considered in this paper: environmental science (particularly Eath observation, weather forecasting
and urban computing elds) and dynamic systems simulations.

Section 2 discusses how the state of the art in processing large datéasshould be advanced in order to reach
the exascale dimension. Section 3 introduces an approach to the propakadvances. We draw the conclusions
in the closing section.

2. Advancing the state of the art. We follow in this section the topics related to exascale systems from
the ETP4HPC Strategic Research Agenda [28], selecting those connected the extreme data processing eld:
1. Programming Environments: Non-conventional parallel programming; APIs for auto-tuning perfor-
mance or energy; Inspection of data locality at Exascale level, New mefrs, analysis techniques and
models;
2. System Software and Management: On-the-y data analysis, data mining;Fault-tolerant MPI and
checkpointing;
3. Balancing Compute Subsystem, I/O and storage performance: Hardware rdgnt Exascale storage
demo; Big Data + HPC integrated software stack;
4. Big Data and HPC Usage Models: Problem-solving environments for large dat
More precisely, in this section we try to identify the limitation s of the current approaches for data processing
using HPC in the conditions of Extreme Data, as well as potential paths to @erpass these limitations.

2.1. Advancing the Programming Environments.

2.1.1. Non-conventional parallel programming. A parallel programming model provides a set of ab-
stractions that simpli es and structures the way a programmer think s about and expresses a parallel algorithm.
High-level programming models help programmers access and use resow@bstracted from physical entities
(cores or memory). This is done to facilitate programming and to improvethe software portability and to
increase the productivity. The use of high-level programming abstactions also helps by using a reduced set of
programming patterns that limits errors, reduces programming time and facilitates resource exploitation.

Programming paradigms traditionally used in parallel and distributed systems, like MPI, Map-Reduce,
OpenMP, and OpenCL are not su cient for developing codes designed @ run on systems composed of a massive
amount of processing nodes. To reach exascale requires the de roti of new programming paradigms combining
abstraction with scalability and performance. Hybrid approaches (shareddistributed memory) and subsets of
communication mechanisms based on locality and grouping are currentlynvestigated. The approaches proposed
until now are based on the adaptation of traditional parallel programming languages and hybrid solutions. This
incremental approach is too conservative, often resulting in very omplicated code with the risk of limiting the
scalability of programs on millions of cores.

Approaches based on a partitioned global address space (PGAS) memory model agar to be more suited
in meeting the exascale challenge. Today, they are investigated as aofential solution that may limit the cost
of shared memory access, however load balancing is still an open questiadany current parallel programming
solutions contain an implicit trade-o between simplicity and perfor mance; those which abstract the programmer
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from the lower level parallel details often sacri ce performance and salability in the name of simplicity, and
vice versa. Many current implementations of the PGAS model are no exaption to this and unfortunately,
limited progress has been done in last few years toward the implemeation of simple models that can be
used to program at any scale and performance. The need for scalable programngimmodels continues and the
emergence of new hardware architectures makes this need more urgent.

MPI o ers low programmability due to the fragmented view of data it o ers . This resulted in the proposal
of the PGAS model, whose current implementations (e.g. UPC [95], CAF [73]Global Arrays [71]) inherit the
SPMD model due to their multi-threaded view and they have no sugport for hierarchical decomposition, which
is key for exascale computing. Additionally, these tools only focus on comunication, leaving to the user all
the issues related to the management of large volumes of data that appear irxascale problems.

Novel, complex abstract structures are needed for extreme data apmation support. The MapReduce
model is often oversold; although frequently used on clusters and ©ud-based applications, additional research
is needed to develop scalable higher-level models and tools. Demy new programming paradigms and APIs
to represent data-intensive tasks on exascale systems will allow ghexploitation of massive parallelism in a way
that provides an abstraction of the system architecture, promotes thehigh performance and e ciency, and o ers
powerful operations and mechanisms for processing extreme data ireduced and/or real time. Such strategy
can open the way to implement many data-intensive applications in seeral application domains both in science
and business.

Heterogeneity is crucial to achieve exascale computing and it is in facheing increasingly adopted in high-
performance petascale systems, as the rst entries of the TOP500 showror instance, the June 2014 list includes
62 systems with accelerators, a 17% raise comparing to 53 in the previoustt These platforms require the
cooperation of thousands of nodes, with MPI being the state-of-the-artsometimes complemented by other tools
such as OpenMP for intra-node communication, completed by a variety ofAPIs for managing the accelerators,
OpenCL being the most portable solution.

There are previous attempts for novel data processing languages such &SPEL [20], which is an im-
perative work ow-based scripting language aimed at supporting analysisof streamed data. The programmer
describes work ows for data intensive applications, a work ow being a knowledge discovery activity, where data
is streamed through and transformed into higher level knowledge. Apartfrom requiring the data scientist to
learn a variety of new concepts, this language is heavily integrated wi the ADMIRE platform and requires the
features and work ow provided by the platform. The use of DISPEL is supported in the seismology e-science
data analysis environment of the VERCE [96] project. DISPEL was ported fom the ADMIRE platform to
Python and dispeldpy [21] was created, which shares the same concepts a$SPEL but it is integrated with
a platform familiar to seismologists. This approach of building abstractions on top of an already familiar pro-
gramming language has many advantages, such as an easy integration with existingols, or a wider acceptance
by community. The R [78] language is designed for statistical computing andgraphics, one of its strengths
being the integrated support for data manipulation and calculation; for instance, e ective data storage and
calculations on matrices. As a functional language, R might require, to somextent, the data community to
learn new concepts, which may impact its acceptability. The SPRINT [85] project has developed an easy to use
parallel version of R, aimed at the bioinformatics community. This technology allows the addition of parallel
functions, without requiring in depth parallel programming knowledge. SPRINT has been very successful in
this domain, but it is not designed for exascale and, although it works wellon a thousand of cores, it is not
designed to scale up to hundreds of thousands or millions of cores.

We argue that libraries are needed to support abstract data types (ADTs)that represent global explicitly-
distributed objects in a widely spread object-oriented language (tke main focus can be on arrays because
of their ubiquitousness). Since objects contain both data and the keysemantics of their management, the
methods of ADT can provide users with optimized implementation of conmon operations and underlying
support for requirements for exascale applications. The ADT methods an provide data-parallel semantics, and
can encapsulate abstractions that allow for hierarchical decomposition oftte data and the representation of
irregular problems and operations. The meta-information within ADTs, together with the high-level semantics
of its operation, can allow one to optimize its operation in exascale enviroments while strongly reducing the
code complexity. Finally, the usage of a widely-adopted language can favarode reuse and the gradual migration
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of legacy code to exascale systems on top of these ADTs.

The availability of many accelerators (GPUs, Phi, FPGAs etc.) with di erent APIs to manage them and
no clear winner at this point leads to possibility of many more appearingin the future. The usage of OpenCL
in exascale applications, which is the only portable approach that avoidsdck-ins and code rewrites, seems to
be a promising choice. Unfortunately, the OpenCL API is too low levé [72], resulting in code verbosity and low
productivity of programmers, who need to manually perform bu er allo cations, data transfers, synchronizations
etc. High level annotations [81, 2] or embedded languages [97] built on top of OpehCthat automate these
tasks and hide their complexity are a better approach. Several authors &ve considered the programmaubility of
accelerators on top of OpenCL across a cluster [7, 35]; however, existisglutions only abstract away some com-
plexities of OpenCL but still expose other low-level details or retrict the non-accelerator part of an application
to a single node.

In order to exploit all the available hardware in exascale systems, we eed to extend and evolve the high-
level programming of accelerators (e.g., [81, 97, 2]) into high-productity seamless approaches, for instance,
through the natural integration with the ADT previously described.

2.1.2. APIs for auto-tuning performance or energy. At the moment, most monitoring tools of HPC
systems directly measure only metrics of performance. Classical maaring tools, such as Ganglia or Nagios,
track the processor and memory load, the network bandwidth and the commuication pattern. But this approach
can only improve one key metric, the raw performance. In a more realt& world, multiple con icting objectives
need to be achieved. Indeed, in some cases the improvement of pmrhance or energy consumption is a
di cult choice because the optimization of the one may have a negative mpact on the other. In order to reach
an e cient state, any runtime for optimizing energy and performance requires in-depth information about the
system state along with the ability to predict the impact of possible choices. Several tools already exist [19, 9] to
evaluate the power consumption of servers or applications without spealized hardware, only using information
of resource consumption at the system level. However, the currentadutions either are imprecise or consume
resources intensively. In an HPC environment, we need to optimizdoth the performance and energy through
the improvement of current approaches. One way is to design and impiment adaptive prediction tools. Indeed,
a decision system for auto-tuning the performance and energy needs fwedict the impact of its decision in order
to provide e ciency. At the moment, most models [62] are only consideging instantaneous power consumption,
while not trying to predict its evolution.

2.1.3. Inspection of data locality at Exascale level. Data locality is a major concern for 1/O in
current Peta op machines. Nowdays, data locality is managed independntly at various levels such as the
application, middleware, or le system. At the lowest level of the 1/O stack, parallel le systems such as
GPFS [42], Orange/PVFS [77] or Lustre [60] manage block-based or object-based stge through parallel
servers running on storage nodes. These parallel le systems stevto comply with the POSIX requirements.
However, one main critique for POSIX is that it does not expose data loality, even though researchers agree
that locality-awareness is a key factor for building exascale system[79].

Other scalable le systems such as GFS [34] have dropped the POSIX terface and been co-designed with
processing frameworks such as MapReduce [22]. Although these framewsrkimplify programming for a class
of embarrassingly parallel data-intensive computations based on best-@rt strategies to co-locate computation
and data, they are not generic enough to e ciently address the needs of senti c applications and have not been
widely adopted on the High End Computing (HEC) infrastructure. The main take-outs from their experience
are co-design and locality-aware computing [24].

The most widely used middleware in HEC systems is the MPI-10 [68]. he standard MPI-10 data operations
are not locality-aware. Additionally, there are no mechanisms allowirg data accesses to take advantage of data
layout in the le system (e.g. I/O caching, data distribution over se rvers, block alignment). Some applications
are using high-level I/O libraries, such as HDF5 [37] and ParalleINetCDF §5] that map application data models
to storage data models through MPI-10. However, these libraries ofterrequire experience to achieve reasonable
performance and scalability.

2.1.4. New metrics, analysis techniques and models. Over the last years, a large number of perfor-
mance measurement and analysis tools (like the ones described in [82, @®A]) have been created for the new
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heterogeneous, many-core, parallel computing architectures and sysins. These tools support low-level instru-
mentation, performance measurement and analysis; they are based on hardve counters, time measurements,
call graphs, and tools for tracing the operating system or measuring the grformance of speci ¢ programming
models; and they cover, for instance, multi-threaded, OpenMP, ad MPI programs. A major drawback of these
tools is that they operate at the process or thread level which will ckarly do not scale to the exascale level.

In order to avoid such major bottlenecks in exascale systems, we argubat a new tool design is needed
shifting the focus from single thread and regions to the distribution and layout of data.

The rst issue is whether performance analysis should be done in an oimle or o ine manner. The online
approach implies that the application is still executing while performance data is processed to support the on-the-
y optimization of an application for given objectives. This is usually considered more di cult in comparison
to oine analysis, since the analysis consumes resources in parallelot the investigated application (possibly
causing perturbation). A further di culty is the processing of d ata streams rather than full data sets, i.e. the
analysis must work on a subset with missing |potentially important| in  formation that might appear later.
O ine analysis on the other hand does not cause any performance perturbabn for the application and has
the entire data set available. However, it usually requires more sirage space and inherently lacks support for
on-the- y optimizations. Existing tools mostly focus on o ine analysi s, while online analysis is only addressed
in isolated e orts [67].

An important issue involved in performance analysis at the exascale leVas the reduction of the amount
of data involved. Ideally, we should minimize the required storage spce |and the amount of input data for
analysis| at maximum retained information. There are several methods and techniques that try to balance
this trade-o such as clustering of data [32, 57] or pattern extraction [31]. Thus, they reduce the amount of
performance data but provide a higher level of information in comparisonto other techniques of performance
instrumentation and measurement, such as sampling or pro ling, that only give summary information. Never-
theless, few tools employ such techniques by default and, despitheir applicability, they have never been used
for online performance analysis.

The lossless compression methods that are widely available may hawensuitable compression ratio or
excessive overhead, and do not a ect the amount of data that needs to be ayzed. In addition, some tools
like TAU [82] or Paradyn [67] support self-limitation of instrumentation p erturbation, e.g., by estimating the
overhead caused by instrumentation function calls and stopping instumentation if that overhead reaches a
certain threshold. By decreasing the instrumentation and analysis gerhead, this also increases the scalability
of the tools. Although this approach is successful in reducing the amourof produced performance data, it also
limits its usefulness because there might be program phases that aretrepresented by any performance data.
Once the data is analyzed, the issue of sophisticated visualization reains. In particular, subgraph folding [80]
addresses the visualization of large-scale data by merging multiple &graphs of similar information into a single,
composite subgraph.

Measurement and analysis tools for non-functional parameters (NFPs, inading execution time, memory
usage and energy consumption) should be analyzed. Holistic views of NFPsn@luding a novel data-centric
view to replace the traditional region-centric ones) characterizingapplications, components, runtime system
and computing system behaviour are needed. The tools need to coregk NFPs across these views. Measure-
ment techniques need to ensure correct and accurate mappings of NFPsofn the computing system level to
the application level. In particular, measurement techniques shold be selectively used for di erent parts of
applications and computing systems to control the measurement overad and accuracy.

In order to support dynamic performance optimization at exascale, scalald measurement and analysis tech-
nigues should target the on-the-y classi cation and frequent pattern algorithms, NFP estimation techniques,
and comprehensive analysis patterns for detecting and understandmperformance problems. Tools that enable
domain experts to control the granularity and accuracy of performance analyis are needed.

There are also approaches that compute the Pareto frontier to represerthe correlation between di erent
con icting objectives. Examples targeting two objectives refer to time and operational cost [104] or to execution
time and energy consumption [76] but without considering costs and utikation. For instance, [12] employs the
hyper-volume metric for pruning the trade-o solutions generated in each step, at cost that is exponential with
the number of objectives. On the other hand, genetic algorithms can preide better solutions [100, 89]; however,
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it is well-known that their performance unacceptably degrades beyod three objectives [51]. Few approaches
target three objectives, like the ones from [49, 83]. All of them are naturdnspired algorithms that require a long
time for convergence to high-quality solutions. All these approaches dmot target data-intensive applications
and do not apply energy modelling and prediction techniques.

Another important aspect to be considered is the use of GPGPU (CUDA, Op@CL) for many multi-objective
optimization problems. GPGPUs are attractive for their processing paver and cost e ectiveness [64]. Their
main drawback is that not all methods are suitable for this type of architecture and most algorithms need to
be redesigned and reimplemented. Di erent optimization techniques have been implemented for a variety of
problem types [58, 59] and also for real world applications with stringent tme and computational constraints [93].
The advantages and disadvantages of this approach need to be analyzed, when dipd to exascale problems
and data.

2.2. Advancing the System Software and Management.

2.2.1. On-the-y data analysis and data mining. Data analysis tasks usually involve a large amount
of variables that are recorded or sampled. The problems caused by anomalouslves in exascale data can be
disastrous from a data-analytic point of view. In order to obtain a coherentanalysis, the detection of outlying
observations is paramount. Outliers can in some instances carry importarinformation (e.g. a century ooding
event with occurring probability of 1%). However outliers depend heavily on the nature of the data and the
expected outcome of the analysis. These outliers are candidates for paitially aberrant data that ultimately
can lead to poor sample-based performance or model degradation/misspecation. Outliers detection should
happen before modeling and data analysis. However, not only pre-proseing (in particular outliers detection)
but also stream data analysis encounters di culties in on-line extraction of models from data streams.

There are several types of anomaly detection mechanisms. Classi catiotechniques require labeled data
(distance-based kNN). These types of methods make the assumption thahormal' data occurs in dense neigh-
borhoods while anomalies happen far from these. There are of course otheiethods which can be of some value,
such as arti cial neural networks [87, 69], SVM [103], Bayesian Networks [45] or Dasion Trees [53]. In the
case of unsupervised learning methods, outliers are considered paif no cluster, while normal instances of data
are part of a cluster. Clustering methods include DBSCAN [17], SNN [3]k-Means, SOM, HMM, WaveCluster,
FindOUT or FSM [88]. Anomaly detection can be used to in Itering signi ¢ ant features out from data sets.
These features can represent a wide variety of events ranging from wanted behavior to identifying new data.
Thus, it can be used to process data as well as the behavior of compleystems.

The ADMIRE [4] platform is a software stack that implements an architecture where a wide range of data
analytics tools are connected together through speci c interaction poits known as gateways. Although this
approach has delivered some success, three years after project coetfn it has not gained signi cant traction
in the wider area of data analysis. One of the reasons might be the fact thaADMIRE uses technologies such
as REST and WSDL. This makes the architecture seem more suited towars cloud/cluster analytics, rather
than HPC data analytics at exascale. Weka [99] is a collection of machine leaing algorithms for data mining
tasks. There are a variety of tools such as data pre-processing, clagsition and visualization which can be used
directly or called from Java code. The fact that this is a Java library limits the suitability to HPC. Moreover, we
must mention that distributed versions of the Weka framework have been developed (e.g., Wekad4Ws [94]), but
they are suitable for small/medium size Grids or Cloud platforms, not for extreme computing systems where a
massive degree of parallelism must be exploited.

Multivariate exascale data poses a signi cant problem for data mining andvisualization methodologies. This
type of data requires many degrees of freedom which can lead to poor datamprehension, and visualization
ampli es this problem [26]. The ability to generate data will by far outw eigh the ability to store this data.
Also, the movement of the data in large quantities through the memory higarchy to more permanent storage
is extremely costly in terms of power [26]. The development of on-they analysis methodologies can provide
important advantages, such as data comprehension and improved prediain/classi cation performance.

Dimensionality reduction and feature selection can happen as early as psible in the data processing
work ow. Identifying the most important features in a particular dat a set can help prevent potentially large
execution times of data mining algorithms as well as costly data storage andransfer operations [15]. Dimen-
sionality reduction methodologies that are good candidates for further mvestigations and potentially further
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improvements are Principal Component Analysis [5, 103], Wrapper Method [90, 40, 47] and others [101, 43, 102].
The idiosyncrasies of each method have to be taken into consideratiom order to e ectively work on exascale
systems.

2.2.2. Fault-tolerant MPI and checkpointing. Pure hardware solutions are not enough to deal with
the number of failures of large systems. For this reason, hardware failés must be tolerated by the applications
to ensure that not all computation done is lost on machine failures. Checgointing and rollback recovery is one
of the most popular techniques to provide fault tolerance support to MPI parallel applications. It periodically
saves the computation state to stable storage, so that the application exaition can be resumed by restoring
such state.

In case of failure, most of the current checkpointing and rollback soluibns restart all the processes from
their last checkpoint. However, a complete restart is unnecessarysince most of the nodes will still be alive.
Moreover, it has important drawbacks. Firstly, full restart impli es a job re-queuing, with the consequent loss
of time. Secondly, the assigned set of execution nodes is generallyeatient from the original one. As a result,
checkpoint data must be moved across the interconnection network irorder to restart the computation. This
usually causes signi cant network contention and therefore high overleads. All these limitations should be
overcome through the support for malleable jobs, that is, parallel programghat are able to modify the number
of required processors at run-time. This feature allows the automati adaptation of the parallel execution to
the available resources, coping with hardware errors and avoiding theestart of the whole application.

The literature includes several proposals for transforming MPI applcations into malleable jobs. However,
most of them are very restrictive with respect to the kind of suppotted applications. Indeed, only iterative or
master-slave applications are considered (e.g., [61, 86, 14]), becauseliese cases the modi cation of the number
of processes is much easier than in a general application. Furthermaren these approaches recon guration can
only take place in very specic points within the applications. Thus, new solutions are needed to implement
MPI malleable applications in a general and scalable way.

Malleability not only o ers advantages from the fault-tolerance point of vie w [33]. It also provides a higher
productivity and a better response time [11, 41]. These characterists allow to improve the usage of resources,
which will have a direct e ect on the energy consumption of application execution, resulting in both cost savings
and a greener computing.

2.3. Advancing the Balance of Compute, I1/0 and Storage Performance.

2.3.1. Hardware resilient Exascale storage demo. Traditionally 1/O is an activity that is performed
before or after the main simulation, analysis computation, or periodicaly for activities such as checkpointing.
Instead, the I/O should be regarded as an integral activity which must be optimized while architecting the
underlying software [25]. As HPC systems are becoming larger, the ovetasystem resilience decreases. The
resilience of an application in an exascale system depends signi cagtlon the I/O system because saving
the state of the application through checkpoint/restart remains an essetial component of the global system
resilience [23]. The overhead for performing checkpoints and the ceanmed energy can both be optimized by
leveraging new non-volatile memory [29].

We believe that new memory and storage hierarchies can drastically impagerformance and resilience.
Therefore, we consider worth investigating the integration of non-volatle memory within nodes, interconnects
and networks or within I/O storage nodes. Seamless data migration betweethe multiple tiers of memory and
storage is key to achieving the exascale. New technologies, such as ashmary (SSD), phase-change RAM and
accelerators, will provide new opportunities to achieve both the abwe properties (stable local storage, faster
checkpointing, faster checkpoint compression etc).

The traditional homogeneous I/O interfaces do not explicitly consider the type of an 1/0O operation. How-
ever, a checkpointing 1/0 activity is di erent from an 1/O activity. Therefore, we need purpose-driven 1/O
software layers and cross-layer data management that is specialized foesilience [44], such as checkpointing in
memory, hierarchical checkpointing, and checkpointing that leverage the data layout. To achieve resilience and
integrity, objects should be replicated in physically separate zong [6]. An example in this direction is VIDAS,
an object-based virtualized data sharing for High Performance Storage 1/O [56] Using fast memory (RAM,
NVRAM, SSD, etc.) at intermediate storage levels in the hierarchy is beoming more and more popular. Thus,
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some cached parallel le systems are now available as powerful I/0O toolsuch as memcachedFS and Panache [27].
Nonetheless, resilience requires a system-wide approach. A crdager mechanism with clear failure semantics
can support the design of resilient techniques and optimizations at derent stack layers. However, it is also
important to provide isolation between global/local storage, so that there can be a timely noti cation and
avoidance of failures to ensure data integrity.

2.3.2. Big Data + HPC integrated SW stack. A recent study characterized the storage I/O of
computational scienti ¢ applications handling large amounts of data, including jobs in Earth science, nuclear
physics, energy, and climate [13]. It has been found that the majority ofapplications prefer to use POSIX
interfaces rather than the MPI-IO interface or high-level libraries. Additionally, processes accessed either
unique les, shared les, partially shared les or zero les. A surprising amount of data is stored on small les
in the range 64KiB-128KiB, and 86% of the les have size below 1MiB. The read ad write size was 100KiB
to 1MiB across most jobs, although two specic jobs biased the most popular wite size between 100B and
1KiB. Checkpointing is recognized as the primary storage driver. Curent requirements are specifying that a
checkpoint of up to 64PB should complete in 300s.

Another recent study introduced methods to automatically identify I/O patterns at the block level and
utilized them to manage the metadata indexing and support data prefething in physics and geoscience applica-
tions [38]. Statistical analysis of NetCDF scienti ¢ datasets was succesfully explored over the Hadoop platform
developed for big data applications [10]. Another study identi ed seveal common characteristics between the
PVFS distributed le-system used in high-performance computing, and HDFS used in big data analytics [91].
Quality of service in shared storage servers has been previously irstigated in the context of transactional and
analytical workloads. Promising techniques include automated con guraton of prefetch and writeback 1/O size
along with quanta-based device scheduling [98]. The latest approacheggactively manage quality objectives
across multiple resources (e.g., network and storage) but are far from hatidg exascale data in the complex
scienti ¢ processing [106].

Based on prior research, we recognize the challenge of managing exascale datacienti ¢ applications and
their peculiarities with respect to big data processing for analyical purposes. However, the characterization
of 1/0O requirements of an application can include system services sicas monitoring. One way to address
current bottlenecks emerging from the handling of numerous les or mall I/O requests is through support
for storage and network /O aggregation at the client side. Quality of service n exascale 1/0 performance is
important in this context. The guaranteed performance obtained from shaed storage servers can be improved
through the exploitation of caching at the client side and e cient storage management at the server. The
durability restrictions can be overcome with persistent cachingover high-performance storage devices. The
main advancement from existing methods can be the native incorporatiorof the proposed improvements within
the distributed lesystem or datastore rather than adding the aggregation support in middleware layers between
the client and the storage backend.

2.4. Advancing the Big Data and HPC Usage Models: Problem-solving envir onments for large
data. While there is much debate about the programming models used to prograrexascale computing systems,
the main requirements of the applications targeting this extreme sale are clear: a very large number of threads,
limited communication (in space and time) and synchronization, tolerarce for execution time variance, scalable
data access and low energy consumption [36]. New applications must be wigin to satisfy these requirements.
Scaling up applications to exascale will require programming e orts een if new programming models prove to be
adequate for instance handling limited data exchange asynchronously Wirequire new algorithms. Therefore,
programmer productivity also matters. Writing e cient programs for a large scale computing platform is a
di cult engineering endeavor that requires a lot of knowledge and experience also because complex engineering
tasks are not easy to automate [84]. High-level and e cient programming envionments will help in achieving
this objective.

Exascale-ready problem-solving environments (PSE) should considecomputing, data ows, and energy
e ciency when determining how to execute pipelined tasks; forexascale computing, measuring and acting upon
the computing performance alone is insu cient [30]. Since the constiuents of PSE can act as data producers
or data consumers, the optimization of data- ow between them is a task that should be handled by the PSE.

For example, global monitoring from space requires new platforms that wilensure the correct exploitation
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of data. This unprecedented large volume of data brings new constraintsiterms of discovery, access, exploita-
tion, and visualization. How these new volumes of Earth Observation data ag integrated in data-intensive
applications frameworks de ne the next generation of Earth Science se&ices. Likewise, even if user and appli-
cation communities share the original data, we will observe an even more dersi cation and specialization with
new requirements, methods and protocols giving origin to innovatie services.

2.5. Overview of the limitations and the paths to overcome them. Table 2.1 summarises the
discussions from the previous subsections. They list the main litations on large data processing and report
on possible solution paths.

3. Proposed approach and methodology. In this section we follow the paths proposed in the previous
section to overcome the current limitations in extreme data procasing by proposing concrete actions.

3.1. Design and develop new HPC programming and energy models for extreme d ata appli-
cations. Exascale computing faces many challenges as parallel codes will needdontrol millions of threads
running on many cores. Such programs will need to avoid synchronizatigruse less communication and memory,
failures could be more frequent, and power management is needed. Wt these considerations are critically
important to the scalability of future codes, the programmers themsdves typically want to concentrate on their
own application and not have to deal with these lower level, tricky, details. Today no available programming
models and languages provide solutions to these issues. Thereforeew programming models are required to
handle these challenges.

3.1.1. Programming paradigms and models. High-level programming can help application developers
to access and use resources without the need to manage low-level ateletural entities, as a parallel programming
model de nes a set of programming abstractions that simplify the way ty which the programmer structures
and expresses his or her algorithm.

To e ectively support the development of data intensive algorithms and applications on exascale systems,
we consider that is urgent to design a simple but scalable programming odel (e.g. a SPMD programming
model) based on basic operations for data intensive/data-driven applicabns to deal with the use of a massive
amount of processing elements and develop an API based on that model wihidncludes operations for data
access, data communication and data processing on groups of cores. The nebdhust be able to manage a very
large amount of parallelism and to implement reduced communication and sychronization.

At the extreme scale, the cost of accessing, moving, and processingtd across a parallel system is enormous.
This requires mechanisms, techniques and operations for e cient dta access, placement and querying. In
addition, scalable operations must be designed in such a way to avoid glab synchronizations, centralized
control and global communications. Many data scientists want to be abstraced away from these tricky, lower
level, aspects of HPC until at least they have their code working and hen potentially to tweak communication
and distribution choices in a high level manner in order to further tune their code.

Interoperability and integration with the MapReduce model and MPI mu st be investigated with the main
goal of achieving scalability on large-scale data processing.

3.1.2. Productive exascale heterogeneity exploitation. Exascale data-extreme applications require
large clusters of distributed memory systems, including often heerogeneous devices of very di erent natures.
The programming of these systems is mostly based on relatively low leV standards, such as CUDA and
OpenCL for the exploitation of heterogeneity, or MPI for managing communiction among computing nodes,
which hugely reduces the productivity of programmers.

Di erent data-centric abstractions can be integrated in order to provide a unied programming model
and API that allows the productive programming of both heterogeneous and dstributed memory systems. A
software implementation can take the form of a library. Its application to reference benchmarks (like Graph500
- the data-intensive benchmark - or hpcchallenge.org) allows to gathereedback that will lead to improvements
in the prototype.

In order to simplify the development of applications in heterogeneoudistributed memory environments,
large scale data-parallelism can be exploited on top of the abstraction of n-diensional arrays subdivided in
tiles, so that di erent tiles are placed on di erent computing nod es that process in parallel the tiles they own.
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Table 2.1: Limitations on large data processing and paths to overcome them

Category Limitations Paths to overcome the limitations

Non-conventional Lack of abstract representation of data- Build abstractions on top of an already fa-

parallel program- intensive tasks; exascale computing cannot be miliar programming language; new libraries to

ming reach without considering the heterogeneity of  support abstract data types for explicitly dis-
the systems; MPI limitations in what concern  tributed objects; high level annotations build
data types; PGAS do not support hierarchical on top of APIs for accelerators and evolve
decomposition; MPI and PGAS implementa-  the low-level programming of accelerators into
tions focus on communications rather on man-  high productivity approaches through integra-
agement of large volumes of data. tion with the abstract data types.

APIs for auto- Current monitoring tools are measuring raw  Implement adaptive prediction tools for deci-

tuning perfor-  performance; current tools for evaluation of sion systems for auto-tuning the performance

mance or energy

Inspection of data
locality at Exascale
level

New metrics, anal-
ysis techniques and
models

power consumption use system level informa-
tion, leading to an intensive consumption; in-
stantaneous power consumption is considered.
Data locality is managed independently at ap-
plication, middleware and le system levels;
scalable le systems are not widely adopted
by HEC; MPI-IO data operations are not
locality-aware.

Current performance and analysis tools op-
erate at process or thread level (not scal-
able); existing tools focus on oine analy-
sis; approaches for representing correlation be-
tween con icting optimization objectives are
not targeting data-intensive applications and
do not apply energy modeling or prediction
techniques.

and energy.

Design high-level 1/O libraries to map hier-
archical data models to storage data models
with scalability and performance in mind.

Build new tools to operate at the level of
the distribution and layout of data; target
the on-the-y classi cation and frequent pat-
tern algorithms, non-functional parameters es-
timation techniques; use of GPGPU for many
multi-objective optimization problems.

On-the-y data
analysis, data
mining

Fault-tolerant MPI
and checkpointing

Current data analysis tools are designed for
distributed systems and not for HPC systems;
preprocessing (in particular outliers detection)
and stream data analysis encounters di cul-
ties in on-line extraction of models from data
streams; multivariate exascale data have too
many degrees of freedom which can lead to
poor data comprehension.

Full restart in case of faults creates job re-
queuing and huge checkpoint data transfers.

Outliers detection before modeling and data
analysis by using of anomaly detection mech-
anisms; development of on-the-y analysis
methodologies to improve data comprehen-
sion; dimensionality reduction and feature se-
lection to reduce execution and transfer times.

Implement malleable job mechanisms to be
able to modify the number of required pro-
cessors at run-time.

Hardware resilient
exascale  storage
demo

Big Data + HPC
integrated software
stack

The resilience of an application in an exascale
system depends on the I/O system; the cur-
rent I/O interfaces do not consider the type of
an |/O operation (e.g. checkpointing vs. other
I/0O acivities)

Bootleneck in handling numerous les or small
I/0O requests.

Overhead for performing checkpoints can be
optimized by leveraging non-volatile memory
techniques; design 1/0 software layers and
cross-layer data management specialized for
resilience, such as checkpointing in memory,
hierarchical checkpointing.

Storage and network 1/0 aggregation at client
side; caching at client side, persistent caching
over high-performance storage devices.

Problem-solving
environments
large data

for

PSE are usually not considering data ows or
energy e ciency when determining how to ex-
ecute pipelined tasks.

Optimize the data- ow between the data pro-
ducers or data consumers inside the PSE.
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Such an approach allows one to easily process the tiles at each node intheir regular CPUs or in any of the
heterogeneous systems available (GPUs, Xeon Phi coprocessors, etc.ying a unied APl and runtime that
hides the complexity of the underlying process. This abstractionshould be supported by abstract data types
provided by libraries, so that they can be easily integrated in exiing applications.

Another issue is the gap between users with HPC needs and experts withe skills to make the most of these
technologies. An appropriate directive-based approach can be to designmplement and evaluate a compiler
framework that allows generic translations from high-level languages to eascale heterogeneous platforms. A
programming model should be designed at a level that is higher than that oktandards, such as OpenCL. The
model should enable the rapid development with reduced e ort for dierent heterogeneous platforms. These
heterogeneous platforms need to include low energy architectures drmobile devices. The new model should
allow a preliminary evaluation of results on the target architectures.

3.1.3. Energy awareness. On exascale systems, it becomes impossible to assume that each compune
of applications will behave exactly the same. To manipulate tasks and comonents e ciently, di erent types of
information are required. Most of the time, only resource-related inbrmation is manipulated.

In exascale systems, energy-related information is of utmost importare.  Such information cannot be
directly measured at the application level, therefore it must be obiined by using higher-level models of appli-
cations. The resource consumption of applications must be tracked dunig their execution in order to evaluate
bottlenecks { when manipulating data-intensive applications thesebottlenecks become even more important.
Thus resource and energy consumption models need to be temporal. Bier during design phase or by runtime-
detection, we can model and then predict the resource and energy camsiption of each particular component.
Reference benchmarks (like the ones from Green Graph 500) allows one gather feedback leading to improve-
ments in the models.

Using this high level information, a runtime will be able to take informed decisions and thus will reduce
energy consumption and prevent bottlenecks.

3.1.4. Runtime support. The programming models previously described need to be supportetly a
runtime system. The runtime system is responsible for managing, aardinating and scheduling the execution of
an application by deciding when, where and how its constituent compoants should be executed.

The execution can be based on data-driven, dynamic DAG scheduling nohanisms, where a component in
the DAG will be ready for execution once all of its required input parameters have become available. In this
case the runtime system is expected to control and optimize the exmition of the applications in an optimized
internal representation as a dynamic DAG: the nodes represent comgational components and the edges track
the data dependencies between components. Once a component is rgad execute, the runtime will choose
the potentially best implementation variant, depending on the available hardware resources, the estimated
performance, energy and e ciency aspects, the dynamic feedback of #nprogram and system behavior, and the
user-speci ed optimization goals.

Such a runtime can be a rule-based system with event-condition aans. The event speci es the rule that
is triggered after which the condition part is queried to see the bessuites on which the application should
run. When particular conditions are met, the rule res and the appropriate actions are executed. There
are several advantages to this method compared to encoding such rul@sto an application code. Firstly the
rules are organized into a knowledge base which makes them more moduland expendable. It also improves
maintenance and a knowledge base is well suited for analysis and optinaition of the rules it contains. Lastly
an embedded rule-base is much more specic to a certain type of reagt behavior and in our scenario the
rule-base is a much more generic mechanism.

In addition, extreme data applications often involve dynamic work ows that demand a changing amount
of resources. Moreover, exascale systems aggregate a very large number afputational resources with a
high rate of variation in their availability and load state. Thus, applicati ons should be able to dynamically
adapt to these changing conditions. Nowadays, many parallel applications a& written using the traditional
MPI programming paradigm. However, MP| does not provide explicit support for malleability. Thus, MPI
should be extended with libraries and run-time support to implement malleable applications. The solution can
be based on checkpointing and be implemented at the application-levdo improve portability and e ciency.
Two di erent solutions can be explored. First, a virtual malleable approach, where the number of processes
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is preserved and the application adapts to changes in the amount of resougs by oversubscribing processors.
As the number of processes is preserved, this solution has not regttions on the type of applications allowed.
Second, a scalable data redistribution approach to achieve an e cient econ guration of the number of processes.
An incremental procedure can be followed in this case having as startg point regular data distributions and
iterative applications, and extending the application's eld in every new step.

3.2. Build new tools for monitoring and data-analysis for extreme data appli cations.

3.2.1. Extreme data mining techniques. A novel set of mechanisms and resources needs to be inte-
grated into high-level operations and tools. These should be providetb programmers or data mining researchers
for developing, con guring, and running data mining applications targeting at reaching the exascale. The novel
set of operations and resources needed to address the areas of accessirghanging, transforming, and mining
big data sets. The high-level operations should allow a user to compogke novel exascale programming mecha-
nisms in order to access, lter, pre-process, and mine data in par&l using data analysis graphs that correspond
to scalable data mining applications. These scalable tools based on ndverogramming paradigms should be
used to design scalable codes that support the implementation of largseale data mining applications.

Dimensionality reduction of exascale data is an important consideration wich can help make near real-time
analysis possible by reducing the size of the data necessary for analtysasks thus reducing computational and
ultimately energy requirements.

Another important consideration is that high data throughput is prone to er rors. These errors are detrimen-
tal to any data mining application or algorithm, thus a method to detect an omalies or outliers in the incoming
data needs to be investigated.

3.2.2. Extreme data collection and monitoring. Instrumentation, monitoring and measurement tech-
nigues should be tuned for data-intensive applications in order to povide ne-granular performance and en-
ergy information with low-overhead at the exascale level. Scalable, i@ overhead measurement and analysis
techniques should enable trade-o s between measurement pertudtion, measurement data accuracy, analysis
response time and overall benet. An analysis of such techniques shddi be based on lightweight messages
between measurement/analysis threads and the run-time system thatelectively applies tracing, pro ling or
sampling to measure individual non-functional parameters (NFP) for dierent parts of the application or com-
puting system to control measurement accuracy and program perturbation To achieve this, an investigation
can be done on upgrading options based on techniques such as the Erlang capmgnt isolation [1] or subgraph
folding algorithms [80]. For collecting measurements, statically and dypamically instrumentation is needed for
the dynamic code representation in the run-time system.

To deal with missing data (e.g., energy measurements not available on@ode region basis) or for compressing
it, analysis techniques based on Hoe ding Tree, adaptive Bayes, clascation, and frequent pattern algorithms
(i.e., to nd memory usage patterns that require less storage comparedd simple, time-sampled data) should be
investigated. The estimation of NFPs can be exploited for speci ¢ archiecture parts and application components
or regions with incomplete measurements based on sophisticated eveptocessing and analysis patterns (e.g.
analyse correlation between execution time and energy consumption) afipd to di erent parallel patterns.

Scalable event processing analysis techniques should allow perfosince experts to spend their time on
developing reusable patterns for NFPs and detecting performance prdéms, rather than on speci ¢ performance
analysis features that are hardly reusable for new parallel applications ash architectures. The necessary storage
infrastructure need to be investigated to address the concurrencneeds of monitoring and event processing at
large scale. According to the requirements of the implemented operats, memory and disk resources need to
support real-time processing and historical data access at low cost.

Existing energy monitoring software is based on speci ¢ acquisition dvices or performance counters and
no standard exists on how to energy pro le a HPC application. Standard metics and pro le grain has to be
de ned, which depends on the capabilities of each power meteringelice. The di erent types of energy metering
devices available should be identi ed and a common interface for engy metering needs of exascale HPC should
be proposed. The automatic discovery of the necessary libraries and aNable devices at runtime should be a
mandatory feature in this context.
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3.2.3. Scalable data analysis.  Existing performance analysis tools are instruction-centric and o & a
code region-based pro le of the application. Thus they may hide imporant sources of bottlenecks related, for
example, to an ine cient data distribution or to some misaligned memory addresses causing false sharing. This
problem is caused by the focus on processing rather than locality wbh is a central reason for performance
problems in contemporary parallel architectures. A data-centric analysis tool should be therefore designed (in
addition to the classical region-based view) exposing the complete glab application address space and associ-
ating the collected metrics with program variables rather than instructions and code regions. The key insight
behind such an approach is that a source of a bottleneck in a HPC applicatioris often not the a ected code
fragment where it is detected (i.e. where the data is processeditkh a high communication or thrashing over-
head), but where it is allocated. The tool can drive and lter the required instrumentation and data collection
described before required for the analysis. The analysis and visuahtion requirements will be supported by the
necessary storage facility with schema support for the operators of datansertion and retrieval involved.

3.2.4. Automatized correlation analysis. Understanding possible correlations between con icting pa-
rameters such as execution time, energy consumption, and e ciency athe exascale level may signi cantly
reduce the search space for extreme data mining or runtime optimizabn purposes at the exascale level. There-
fore, search strategies should be investigated to approximate the setf Pareto-optimal solutions. For this kind
of search, techniques such as ranked Pareto dominance, crowding, andhet techniques with a proven track
record in challenging multicriterial search problems like NSGA-Il and PAES can be used. These techniques can
be enhanced with theoretical results, for example from elementaryandscape theory to reduce the search time.

In order to guide dynamic optimization and reduce the search overheadperformance and energy models
associated with components that are automatically generated by the runtine system or by the user are needed.
To enable dynamic optimization with minimal overhead, the optimizati on logic can become an HPC problem,
distributed among the otherwise ine ciently used resources in ahighly malleable fashion.

3.3. Adapt the data management and storage techniques to the extreme scale

3.3.1. Predictive and adaptive data layout strategies. In the software storage I/O stack of current
peta op machines, data locality is managed independently at various leels such as application, middleware,
or le systems, thus, data locality is not exposed or propagated. Undersinding the relationship between the
di erent layers of the 1/O stack is critical to providing locality -awareness in every layer, which is a key factor
for building exascale systems. Therefore strategies and mechanismeqjuired to provide predictive and adaptive
data layout strategies need to be investigated. It is needed to advarethe best-e ort strategies that co-locate
computation and data towards predictive techniques implemented m cooperation with the system scheduler.
However, in the current state-of-the-art software stack data locality cannot be dynamically controlled on the
data path from application to storage. This may cause ine cient accessesdue to various factors such as data
redundancies, lost optimization opportunities, and unnecessary dataeorganization. One way to overcome
these limitations is to adopt adaptive data-layout strategies that dynamically adjust their behavior to t the
application and storage data layout.

One of the major problems in exascale I/O is the lack of data distribution strategies that can increase data
locality by taking into account application behavior. Current I/O sys tems are mostly statically con gured and
cannot provide dynamic features to applications and a methodology for proling and analyzing data-intensive
applications for identifying opportunities for exploiting data local ity is needed. Such a methodology should
allow the study of the dynamics of data movement and layout throughout the whole data storage I/O path from
the back-end storage up to the application in order to understand the rguirements for building mechanisms for
exposing and exploiting data locality. Then, techniques for provding dynamic con gurations of the 1/0 system
can be designed and developed to enhance the whole data life-cycle byecting applications 1/0O patterns,
restructuring the I/O stack functionalities, and providing pred ictive and adaptive data allocation strategies.

3.3.2. Resilience through cross-layer data management. A cross-layer data management and strate-
gies for resilience should allow checkpointing in memory, hierardbal checkpointing, and should leverage the
data layout checkpointing. To achieve resilience and integrity objets can be replicated in physically separate
memory zones using an object-based virtualized data sharing for high prmance storage 1/0. Using fast
memory (RAM, NVRAM, SSD, etc.) at the intermediate storage levels of the herarchy is instrumental to
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providing resilience through replication and checkpointing, while maintaining scalability and energy e ciency.
As resilience requires a system-wide approach, a cross-layer menism with failure semantics to support the
design of resilient techniques and optimizations at di erent stack hyers is needed. This mechanism should
provide isolation between global and local storage so that there can be a tiely noti cation and avoidance of
failures to ensure data integrity.

Supporting the development of I/O software through cross-layer mechaisms will contribute to: enhancing
energy e ciency by reducing the communication through a better exploitation of data locality and layout;
improving resilience by providing isolation between global/local $orage so that there can be a timely noti cation
and avoidance of failures to ensure data integrity; exploiting data Ia@ality and concurrency to hide the latencies,
avoid congestion, and identify and bypass failures in an early stage. Thislevelopment of the 1/0O software
also allows the users to express some key aspect of what they want to dath their data, and lets the users
know what happened with the management of their data. This bi-directional path of meta-information will
provide better information for optimization and the goal is to express this meta-information in a clear way for
developers.

3.3.3. Storage structures for exascale 1/O. For several years, 1/0-intensive HPC has been primarily
based on distributed object-based lesystems that separate data froometadata management and allow each
client to communicate in parallel directly with multiple storage servers. Exascale /O raises the throughput and
storage capacity requirements by several orders of magnitude, therefermethods that can manage the network
and storage resources accordingly are needed. The systems already depeld for Big Data analytics are not
directly applicable to HPC due to the ne-granularity /O involved in  scienti ¢ applications. Another weakness
of existing systems is the semantic gap between the application re@sts and the way they are managed at the
block level by the storage backend.

The storage bottlenecks of the well known data-intensive applicationsshould be analyzed when scaling
the size of the processed dataset and the generated output, or the fragncy of the obtained checkpoints.
Approaches to aggregate the 1/0O requirements at the client need to be ideti ed, as well as methodologies
for providing the necessary storage support at the backend. The suppted concurrency should be increased
through a combination of a simple I/O interface, algorithms for both data and metadata indexing, and methods
of heterogeneous device management.

Exascale data processing stresses the storage infrastructure inrtas of resource utilization, reliability and
performance. Therefore appropriate storage structures that rely on objet-based lesystems and scalable datas-
tores are needed. Issues that have to be examined include the degref replication according to fault-tolerance
guarantees, caching at di erent system components for performance at i@ cost, and concurrency level for par-
allel data processing. The proposed solutions can take advantage of the lateadvances in storage and hardware
technology to provide through extreme parallelism improved data throughput, low latency, and durable storage
in HPC application execution { experimental software based on producton-grade open-source le/storage/data
management systems can be built.

An important aspect in those new exascale /0 management techniques wilbe avoiding metadata man-
agement, because metadata generates almost 70% of the 1/0O operations in most sgms { small control 1/10
operations { usually on shared data structures, which limits global scahbility. The requirements of an e cient
and fault tolerant metadata service for exascale 1/0 need to be analyzed, ahgeneric scalable metadata service
to use in the storage structure of exascale I/O systems need to be dgsied and implemented.

3.4. Validate the concepts and tools usefulness through extreme data app lications. Extreme
data is encountered as input, output or intermediate data in multipl e data-intensive applications, in elds such
as environmental sciences or dynamic system simulations. Applicatiain these areas are able to measure the
advances in processing data on the three dimensions introduced iBection 1, Volume, Value and Variety. We
discuss in what follows some candidates for such validations.

3.4.1. Earth Observation. Earth Observation (EO) from satellites produces vast amounts of data and
is playing an increasingly important role as a regular and reliable high-gality data source for scienti ¢, public
sector and commercial activities. The Landsat archive alone correspondsotmore than ve million images of
the Earth's land surface (roughly 1 petabyte of data). From 2014 onwards, new atellites from Europe, USA,
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China, Brazil, and India will each produce in a year as much new data as omLandsat satellite has acquired in
ten years. This unprecedented amount of data made available for resedrand operational use will open new
challenges.

For more than two decades, the European space industry has developedmete sensing sensors and launched
them on robust platforms to assure regular and near-real-time provisiorof key parameters for the monitoring of
land, ocean, ice and atmosphere. The recent data hiatus from ENVISAT's afupt end of mission will be overcome
with the new Sentinel and Earth Explorer programs operated by ESA and the European Global Monitoring for
Environment and Security/Copernicus Program Contributing Missions. The above and third-party missions
will be combined with data from the long-term EO archive (e.g. ERS, Envisat), in-situ networks and models.
Thus, they will provide routine monitoring capabilities of the environment at a global scale and unprecedented
insight into how oceans, atmosphere, land and ice operate and interact apart of an interconnected Earth
System.

The expanding operational capability of global monitoring from space opens a nique opportunity to build
sustainable platforms that support services exploiting archived or mw rich EO data sets. In order to be
successful, such platforms must exploit the latest advances in smitic data management. Thus they will
o0 er easy and seamless access to all relevant data repositories, as well asient operations (search, retrieval,
processing/re-processing, projection, visualization and analysisjo extract and distribute single parameters or
combined products on user demand.

The broad range of existing constraints for using satellite Earth obserations is related to the ability of EO
missions to (i) access and monitor the target areas at the right time, and () extract the needed information
from the collected sensor data. When not considering timeliness cotraints, the sheer volume of data needed
for change analysis presents a huge challenge for the current technigs with respect to accessing and processing
very large collections of satellite data. Existing classi cation algorithms using HPC and extracting features from
data gathered by satellites or airplanes scanning the Earth cannot be app@d in real time and therefore the
data collected from satellites is processed only at request (evefitased). Recently the scalability of classi cation
algorithms has been improved, while the problem of feeding the HPC stems with the remote sensing data and
exploiting the data locality remains open.

With the establishment and maintenance of long-term EO programs (Sentiels, Earth Explorer, Landsat or
past ENVISAT mission) it is nally possible to obtain a long and homogeneous ime series of satellite imagery.
Time-series analysis involves capturing the change of one or more variadd over time and providing a rich
source of information on the dynamic nature of Earth surface processes fanonitoring land-cover change and
vegetation-climate dynamics. Using a large set of satellite images that es@r the same spatial domain but
originate from di erent satellites at di erent acquisition times, m akes it possible to obtain an extended data
series with shorter time intervals. This capability will o er new opportunities for monitoring landscape changes
and advance our understanding of the reasons behind those changes. Diemt sensors will support di erent
spatial resolution and registration constraints. When the generated datais integrated in a common model will
result in a valuable information source revealing complex patterns forenvironmental monitoring and analysis
of landscape dynamics.

Analyzing big temporal datasets of satellite imagery and derived produts quali es as processing of extreme
data. An example is the mining of temporal patterns on the geospatial domain tlough a composition of services
that discover, access and analyze geospatial data cubes in an exascale eowiment (storages, metadata services,
data, analysis tools, etc.) that connects to existing data infrastrudures. In particular such EO extreme-scale
application can be applied to measure land-use change over time.

3.4.2. Weather forecast. = The current weather forecasting systems are reliant on numerical giulations.
The achieved accuracy of prediction is sensitive to the accuracy of itial conditions and estimates of the
current state of the atmosphere |the accuracy depends on an optimal combination of numerical simulations
and observational data. Severe weather events can be very localized ¢hin a few km) and over a short lifetime
(a few minutes.) To forecast such phenomena the sensors must be allo send data at a rate of half a minute
intervals and simulations should run at a resolution of few hundred meérs. However, 2P ops are estimated
to be needed to run 100 simulations for 30s at a 100m resolution, producing 200G&f data at each 30s which
must be merged with observational data, producing another 200GB of data in tle next 30s [63].
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The WRF (Weather Research and Forecasting) Model is a recent mesos@humerical weather prediction
system designed to serve both atmospheric research and operational foesting needs [66]. It features two
dynamical cores, a data assimilation system, and a software architecter facilitating parallel computation and
system extensibility. WRF is in operational use at US National Centers br Environmental Prediction, Air
Force Weather Agency and other centers. Currently the WRF implemertations su er from lack of accuracy and
real-time response even though they run on a cluster level. To immve the quality of output and build e ective
warning system, data collected in real time from various sources shodlfeed into the WRF simulator and the
resolution should be increased (resulting in both computation and dataintensive challenges.) The forecasting
application needs to be reprogrammed for e ciently handling the increased data requirements based on project
developments in exascale programming, monitoring and storage.

Extreme data processing arises in advanced weather forecasting thé based on the e ects of heat uxes
and wave height in the sea surface under consideration of hydrological ndels, and the sensitivity to various
convective parameterization schemes of extreme precipitation evésover a complex terrain. The future plans of
weather forecasting and a related early-warning systems can includan extension to existing processes in space
and time to cover parts of a continent at an increased vertical resolutbn and multiple runs per day [8, 16, 54].
Such a redesign of the forecast process can increase the volume of thetpai results by approximately 700
times, which will approach 1 Terabyte per day.

3.4.3. Urban computing. Urban computing refers to the process of acquisition, integration, andanalysis
of big and heterogeneous data. The data is generated by a diversity of sows in urban spaces, such as
sensors, devices, vehicles, buildings, and human. The goal is to tdekthe major issues that cities face, such
as air pollution, increased energy consumption and tra ¢ congestion [105]. Itinvolves sensing technologies,
advanced data management and analytics models, as well as visualization nietds in order to generate solutions
that improve urban environment, human life quality, city operation systems. HPC capabilities were recently
introduced to develop solutions for sustainable urban operations [92, 46]The discovery of mobility models is one
of the most challenging issues which requires HPC [70], but it can impove resource furnishing and management
of cities.

The category of extreme-scale applications includes the smart-citeplanning, designed as a composition of
di erent services allowing to gather and collect environmental data, and subsequently process and analyse it in
order to mine social and urban behaviors. The involved components in aexascale environment (e.g. storages,
metadata services and analysis tools) should interoperate and cooperaszamlessly. The access to underlying
infrastructure should be secure, pervasive and ubiquitous. A trgectory pattern-extraction methodology will be
applied to a real-world dataset concerning mobility of citizens within an urban area. The goal is to discover user
behavior and provide useful information about mobility-related phenomena so as predict future movements of
citizens, in order to support decisions in various ways.

We plan to analyze the mobility of citizens in order to discover peopé and community behaviour, i.e.,
patterns, rules and regularities in moving trajectories. A novel methodology is needed to extract and analyze
the time- and geo-references associated with social data so as to miirgeresting locations and frequent travel
sequences among these locations in a given geo-spatial region. It will @V to infer human dynamics and
behavior within urban context. The extreme amount of geo-tagged data genexted also by social-media users
together with the data-intensive computations needed for their analy$s requires an extreme-scale distributed
implementation in which memory size and 1/O capabilities scale with compute power.

3.4.4. Numerical simulations. Large-scale numerical simulations of complex domains, modeled by par-
tial di erential equations (PDEs), comprise processing of data from billions of discretization nodes. For each
node, several hundred bytes of data are stored for several thousand tiensteps of the simulation, creating sim-
ulation results in order of Petabytes. This data is then post-procesed, analyzed and visualized, creating a new
bottleneck in both data-movement and processing phases. Consequnthe scalability preservation in exascale
systems requires new algorithms and data structures supported by gpoaches of e cient communication, data
manipulation, storage principles and tailored high-performance procesing.

Many of the established numerical algorithms and approaches have been signed at a time when computer
platforms were based on a moderate number of very fast computing nodes$n the exascale era, new computing
architectures are foreseen, built from millions of cores and equippmkwith accelerators able to implement data ow
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approaches. The existing numerical methodologies and algorithms musbflow these trends. For example, an
implicit methodology is often preferred for the solution of PDEs becawse of longer possible time steps, however,
because of the additional price for the solution of a large global linear systa. An alternative approach, based
on explicit methods, requires only a matrix-vector multiplicati on in each time step. Even though the number
of time steps in explicit methods could be higher, such an approach cadd better t the new architecture with
many smaller processing units resulting in a more e cient methodology.

One of the most complex elds of scienti ¢ computing is the computational uid dynamics (CFD), which
is of great interest among researchers and engineers in many areas of sciermnd technology. The core problem
is the solution of the Navier-Stokes PDE equation or its variants, e.g., @rcy or Brinkman equation for ow in
porous media. The CFD plays a crucial role in the modeling of many impatant industrial processes, e.g., heat
transport-energy studies, solidi cation of advanced materials, micro uidics and nano uidics, vehicles design,
etc. The solution approaches that are based on local information from neighbdamg discretization nodes will
be preferred in exascale CFD solvers, because such methodologies aleser to natural behavior. Moreover,
such approaches are tailored to the execution on exascale computer arcedtures that incorporate multi-level
processor and memory hierarchies, processing accelerators, and higidix interconnection networks.

Solving extensive problems via local numerical methods requigee cient subdivision of the domain into
several million to several billion discretization nodes. Each simlation works on Terabytes of data, but even
more data is stored for each simulation in form of checkpointing and simudtion results. Each node produces its
own simulation data that can create substantial overhead if it has to be ommunicated to a centralized storage.
Distributed storage in which nodes store data locally, or at least at a narby storage location is preferable to
centralized storage at a single location that becomes an interconnection a@hstorage bottleneck. Furthermore,
distributed storage of results promotes distributed analysis and datavisualization, which also proves highly
problematic when working with Terabytes and Petabytes of data. Therebre, the data storage of the simulation
procedure should be planned with consideration of the optimal storage loations required.

3.5. Overview of the proposed methodology. Tables 3.1 and 3.2 summarize the proposed actions
which were discussed in details in the previous subsections. la concise way, they show the key actions to be
carried out and the expected validations coming from some applications dogins.

4. Conclusions. We provided in this paper a roadmap to reach the extreme-scale levah data processing.
It is based on four pillars: new programming and energy models for extrem data applications, new tools
for monitoring and data-analysis for extreme data applications, adaptation of chta management and storage
techniques to extreme scale, and validation of the concepts and toolditough speci c extreme data applications.
For each topic some limitations of the existing concepts and technologiebave been identi ed and potential
solutions to overcome these limitations were sketched without claming that they guarantee the success or that
they are the only solution. We recognize that the e orts to implement these solutions can be enormous and will
require the joint e orts of multiple teams. Therefore we considerdl it useful to expose our ideas and proposals
in this paper and to seek for contributions in the proposed directionsin the years to come.
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