N

N

Systemes reconfigurables et auto-organisés: architecture
et implantation
Kevin Cheng

» To cite this version:

Kevin Cheng. Systémes reconfigurables et auto-organisés: architecture et implantation. Autre. Uni-
versité Paul Verlaine - Metz, 2011. Francais. NNT: 2011METZ039S . tel-01749095

HAL Id: tel-01749095
https://hal.univ-lorraine.fr/tel-01749095v1
Submitted on 29 Mar 2018

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.univ-lorraine.fr/tel-01749095v1
https://hal.archives-ouvertes.fr

UNIVERSITE
DE LORRAINE

AVERTISSEMENT

Ce document est le fruit d'un long travail approuvé par le jury de
soutenance et mis a disposition de I'ensemble de Ila
communauté universitaire élargie.

Il est soumis a la propriété intellectuelle de l'auteur. Ceci
implique une obligation de citation et de réeférencement lors de
I'utilisation de ce document.

D'autre part, toute contrefacon, plagiat, reproduction illicite
encourt une poursuite penale.

Contact : ddoc-theses-contact@univ-lorraine.fr

LIENS

Code de la Propriété Intellectuelle. articles L 122. 4

Code de la Propriété Intellectuelle. articles L 335.2- L 335.10
http://www.cfcopies.com/V2/leg/leg droi.php
http://www.culture.gouv.fr/culture/infos-pratiques/droits/protection.htm




AVEISp
LABORATOIRE INTERFACESCAPTEURS O i

f ET MICROELECTRONIQUE : @ﬁ—
|>aul : a ‘-g
ne 5

rial . . . Wy
universite - metz PROFESSUR FURTECHNISCHE INFORMATIK am

EcoLE DOCTORALE IAEM - L ORRAINE
DEPARTEMENT DEFORMATION DOCTORALE ELECTRONIQUE - ELECTROTECHNIQUE

These en Co-Tutelle

Présenté a I'Université P. Verlaine de Metz pour I'obtemtiol dipldme de
Docteur des I'Universités de Metz et Potsdam
Discipline : Systémes électroniques

RECONFIGURABLE SELF-ORGANISED
SYSTEMS:
ARCHITECTURE ANDIMPLEMENTATION

par

Kevin Cheng

Soutenue le 12 octobre 2011 devant le jury composé de :

A. Dandache Pr., UPVM (FR) Directeur de thése et Examinateur
C. Bobda Pr., Universitat Potsdam (DE) Co-directeur dedleé&£xaminateur
C. Tanougast MCF-HDR, UPVM (FR) Superviseur et Examinateur
A. Bouridane Pr., Northumbria University (UK) Rapporteur
F. G. Moraes Pr., PUCRS (BR) Rapporteur
E. Bourennane Pr., Université de Dijon (FR) Examinateur
B. Granado Pr., ENSEA (FR) Examinateur

LICM - ISEA - UPVM - 7 rue Marconi, 57070 Metz Technopole, Fcan
Tél. : +33387547428 - Fax : +33387547307 - www.licm.scienoaiv-metz.fr






Résumeé

Afin de répondre a une complexité croissante des systemesdalg, de nouveaux paradigmes
architecturaux basés sur des structures auto-adaptatiaeso-organisées sont a élaborer. Ces
derniers doivent permettre la mise a disposition d’unegause de calcul suffisante tout en
bénéficiant d'une grande flexibilité et d’'une grande addfitabcela dans le but de répondre
aux évolutions des traitements distribués caractérigaodhtexte évolutif du fonctionnement
des systémes. Ces travaux de these proposent une nouvmitelag de conception des sys-
temes communicants, auto-organisés et auto-adaptatiéstsar des nceuds de calcul recon-
figurable. Autrement dit, ces travaux proposent un systergniel autonome et intelligent,
capable de déployer et de redéployer ses modules de caideings réel et en fonction de la
demande de traitement et de la puissance de calcul. L'aseumtient de ces travaux se traduit
par la réalisation d'urBystéme Auto-organisé Reconfigura@&R) basé sur la technologie
FPGA. Larchitecture auto-adaptative proposée permeudiér I'impact des systemes recon-
figurables dans une structure distribuée et auto-orgariségystéme est realisé pour étudier,
a chaque niveau, les parametres qui influencent les penfmesaylobales d’un réseau de cal-
cul évolutif. Létude de I'état de I'art a permis la mise enrggeective et la formalisation des
caractéristiques du concept d’auto-organisation malepeoposé ainsi qu'une évaluation et
une analyse de ces performances. Les résultats de cestravatrent la faisabilité d’'un sys-
teme complexe de calcul distribué dont I'intelligence peur les interactions des éléments
reconfigurables le constituant.






Zusammenfassung

Bedurfnisse nach der Berechnungskraft vergréf3ernd, magiegsamkeit und Zwischenfunk-
tionsfahigkeit Systeme immer schwieriger, zu integriarad zu kontrollieren. Die Hochnum-
mer von moglichen Konfigurationen, alternative Designemegdungen oder die Integration
von zuséatzlichen Funktionalitaten in einem Arbeitssystann nicht nur an design-malig
nicht mehr getan werden. In diesem Kontext, wo die Entwicglwon vernetzten Systemen
ist, werden aul3erst schnelle, verschiedene Begriffe nmt desl studiert, mehr Autonomie
und mehr rechnende Kraft zu versorgen. Diese Arbeit scldiéngt neue Annéherung fur die
Nutzbarmachung der reconfigurable Hardware in einem setimtisierten Kontext vor. Ein
Begriff und ein Arbeitssystem werden unter der Form von Régarable Selbstorganisierte
Systeme (RSS) prasentiert. Die vorgeschlagene Hardweanteit@ktur hat vor, den Einfluf3 von
reconfigurable FPGA gegriindete Systeme in einer selbstigigeen vernetzten Umwelt zu
studieren, und partielle Wiederkonfiguration wird verwendim Hardware-Gaspedale an run-
time durchzufihren. Das vorgeschlagene System wird dastiromt, an jedem Niveau, Pa-
rameter dass Einflul3 auf Leistungen der vernetzten sefidanngsfahigen Knoten zu beo-
bachten. Die Resultate prasentiert zielen hier zu ZugaiggReconfigurable-Computerwissen-
schaft effizient verwendet werden kann, um einen Komplexrdwerfen, erlaubten vernet-
ztes Berechnungssystem und der Zustand der Kunst, zu letdéguand Eigenschaften des
vorgeschlagenen selbstorganisierten Hardware-Begzifeformalisieren. Seine Auswertung
und die Analyse seiner Leistungen waren mogliches Verweeie kundenspezifisches Ver-
waltung: das Potsdam Verniunftige Kamera-System (PICSy)isEeine vollstandige Erful-
lung vom elektronischen Verwaltung bis die Kontrollanwend. Um die Arbeit zu erganzen,
erlauben Mal3e und Beobachtungen Analyse dieser Reafigienud tragen zur allgemeinen
Kenntnis bei.






Abstract

Increasing needs of computation power, flexibility and roperability are making systems
more and more difficult to integrate and to control. The higimber of possible configura-
tions, alternative design decisions or the integrationdofigonal functionalities in a working
system cannot be done only at the design stage any more slodhiext, where the evolution
of networked systems is extremely fast, different concepésstudied with the objective to
provide more autonomy and more computing power. This woop@ses a new approach for
the utilization of reconfigurable hardware in a self-orgadicontext. A concept and a working
system are presentedReconfigurable Self-Organised Syst¢RSS). The proposed hardware
architecture aims to study the impact of reconfigurable FB&ged systems in a self-organised
networked environment and partial reconfiguration is usgthplement hardware accelerators
at runtime. The proposed system is designed to observeglai@zel, the parameters that im-
pact on the performances of the networked self-adaptivesiothe results presented here aim
to assess how reconfigurable computing can be efficiently tes@esign a complex networked
computing system and the state of the art allowed to enlightel formalise characteristics
of the proposed self-organised hardware concept. Its atraluand the analysis of its perfor-
mances were possible using a custom boardPtdtsdam Intelligent Camera Syst¢RICSy).

It is a complete implementation from the electronic boarth®control application. To com-
plete the work, measurements and observations allow asalfthis realisation and contribute
to the common knowledge.
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General Introduction:
Context, Motivation and Contributions

The Main Context

The possibilities offered by the technological entities deeply transforming societies.
People are linked over networks to communicate and exchafgenation. These networks
are interconnected and form a worldwide structure that easden as an unique entity, com-
posed of many different kinds of devices like supercomptgersonal computers or recently
arrived netbooks, smartphones and tablets. All of themlaleeta process data in certain times
and with more or less computation power. In other words, veenaw facing huge network
entities providing computation resources and data depgrath time and space parameters.

The Starting Problematic and Limitations

Due to the scale and complexity of today’s systems, it is irtgmd to give them the pos-
sibility to manage problems in an intelligent and autonomaay. To cope with all non-
deterministic changes and events that dynamically occuihensystem’s environment, new
design paradigmsnust be developed. In particular, networked approachesinglto system
architecture can be a viable solutions for the high comprtalemand and self-organisation re-
guirements. In the literature, we find many terms and defingtirelated to systems that exhibit
this form of artificial life. They can be called as life-likemputer systems. These systems are
characterized by intelligence and autonomy and are abloleeeand behave by themselves.

The problematic that we study can be stated as follows: Hotrattsfer a part of intelli-
gence that characterises human being to a technologiagizriiow to give it an additional
degree of freedom? How can this system be defined, studiesgjrated and analysed? The
purpose of this work is to find the answers to these questions.

Because the thematic of self organisation concepts is wdstdates not only to technology
but also to domains like philosophy, sociology, biology @nysics, the research presented in
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this document is focussed on the computer science field anddas technological solutions
in the form of microelectronic computer systems. By doingtke research field is limited to

more specific knowledge. Of course, this limitation is notlagive and one or two notions

from external fields are used to give an open-minded vieweptioblem. Computer science is
still being a huge topic and this is wieconfigurable Computing selected as a specialised
research field. Itis a combination of logical and digital gatations, informatics, with its art of

problem solving and finally the knowledge about communaratequirements and structures.
More specifically, this field can be described using terms sikalability, self-adaptation and
embedded system.

The Main Motivation

This research is important and must be carried out throuiigreint angles because it aims
to contribute to the common knowledge of the engineeringofglex and natural systems. The
bestimplementation strategy is inspired by Nature beclasére is autonomous, dynamic and
interoperable. It exhibits an large set of heterogeneobsystiems that are all combined in a
self-organised manner. This complex entity exhibits emetrdpehaviours, characteristics and
properties.

This work aims to study, integrate and analyse an engingedlution that is trying to show
autonomy, dynamism and interoperability like a naturatesys This solution can be described
in terms of scalability, self-adaptation and embeddedesyst

Concept and Solutions

The definition of this problematic leads to the propositidracconcept completed by a
implementation solution. We demonstrate a method to dasigonfigurable natural systems
which are based on Reconfigurable Computing and its aseddiathnology. The architec-
ture used here is composed of thield Programmable Gate ArrafFPGA) technology that
allows us to desigrsystem on FPGASoFPGA). It also includes common communication
technologies likeethernet protocols likeTCP/IP and structures lik@eer-to-Peer The main
advantages are: P2P offers a decentralised and self-eeghsiructur¢Node’s Autonomy)
Reconfigurable SoFPGA offers computation power with higkithiéty (Dynamic evolution).
Self-Adaptive Networked Architecture offers common andssirely used suppoftnterop-
erability) .

This proposed solution is to build an elementary reconfigleraode that can be the base
of an intelligent networked entity (inspired INatural System
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Results

Systems resulting from this way of thinking are networkedigies and they are based
on highly integratedelements that are called nodes in the rest of this document. nGde
definition can be described by many other words in the compaiences jargon. Literature
can also refer to it as modules, elements, agents or indilsdu

To prove that the proposed hardware/software co-desighensklf-organised concept are
realistic, we have realised such a specific node. This nad&ealescribed as reconfigurable,
autonomous, dynamic, interoperable and intelligent.létes a complete prototype including,
FPGA multi-board design, operating system adaptation sp#rcific drivers, software design,
integration of electronic communication and file managamen

Results also include performance measurements, an inmp@malysis and a discussion
about the design of the bio-inspired node.

Research always implies to open the discussion on existiogvledge and about what
to do with the result of the work that have been done. Here éedn many other research
approaches, it comes out that technological entities elte@natural systemsThey are trying
to evolve and reach a higher degree of intelligence and autgnThe work presented here is
a new answer that exhibit these properties. As demonstheier) nodes are becoming more
powerful, modular and scalable day after day. They are edpgnnto their environment which
is also our environment. The provided results concern kedge that characterise hardware
details by enlighten links with low level elements and higlidl abstraction layer. We are
presenting the direct links between reconfigurable logsoueces, control applications and
self-organisation paradigms.

Research Challenges and Advantages

During these years of work, we faced many challenges. Thieofirs was to combine the
knowledge of many different fields and to modify them to fit out application. It was the
starting point to set the problematic and the combined mwiut

The second challenge set arises from the accessible tegynoloday, systems are de-
signed to be simple and static and unfortunately, many sysége designed with a programmed
obsolescence. That is, a first step when considering théie fimt dynamic environment and
considering the last knowledge coming from this kind of egeh. It is now a challenge to
evolve and go through dynamic design. We therefore haveueloie autonomous, dynamic
and interoperable systems with some technological limnatt was the starting point to sep-
arate the goals from the material resources and it helpditeréne design to do.
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Finally, the last set of challenges that is also the most mapd, is about methodology.
Technological entities can be bio-inspired and it is whg mécessary to start by redefining the
basic of what a node should be. This should be done accordireconfigurable technology
peculiarity. It represents our involvement to the disamssind to the design of future embedded
systems.

The limitations are the utilisation of logic resources angi¢ level, the establishment of el-
ementary node model, the utilisation of inter-node commatons and finally the most simple
implementations. The method’s goal is to provide the baseretonfigurable natural system
that can be describe as reconfigurable and self-organisddaige systems.

Cooperation Background

This document presents the research work of a thesis thahitiased by theCollege Doc-
toral Franco Allemandand entitleAdaptive, Autonomous and Organic Reconfigurable Com-
puting Systéme de Calcul Reconfigurable Adaptable, Autonomiq@egetniquein French,
or Adaptiv, Autonomische, Organische und Reconfigurable &sgistemén German. This
thesis started on February 2008 and within a collaboratatwéen theComputer Engineering
departmentrom thelnstitute fur Informatik(IFl) of Universitat PotsdanfUP) in Germany and
theLaboratoire Interfaces Capteurs MicroélectronigiiéCM) of the Université Paul Verlaine
de Metz(UPVM) in France. The objective of this collaboration is tady new architectural
paradigms for the development of self-organised systemsscban reconfigurable technology.

Key researchers are Pr. Abbas Dandache from UPVM, as Phr&xtal, Pr. Christophe
Bobda from UP, as Ph.D. co-director, and the associate ggofd MCF-HDR) Camel Tanou-
gast as research supervisor.

Chapter Organization

This thesis manuscript is structured in five chapters androsgd as follows:

In chapter 1, we present the main set of properties definiagistems that we wish to
develop including self-organisation and emergence, adgpautonomy, sturdiness and flexi-
bility, pre-emption and decentralised control that areeltited to the observation of our scal-
able environment. Definitions of self-organised systememeérgent systems are given. Itis
shown that FPGA dynamically reconfigurable technology camugeful to integrate some of
those properties into the designed hardware systems amidliticsn, FPGAPartial Reconfigu-
ration (PR) characteristics are discussed. Finally, the cormusi this chapter highlights the
relevance of using self-organisation technology in scecafiatural hardware systems.
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In chapter 2, our literature review is given. Starting froistbrical and classical references,
we continue with the state of the art, concerning reconfiglereechnology, and in particulars
some projects are presented with the will to expose netwgrkblution and reconfigurable
system on chip systems.

In chapter 3, we propose the concepRafconfigurable Self-organised Sys{@&8S) and its
definition. This concept includes a transposition of therabiristics and properties like self-
organisation that can be applied to FPGA based reconfigaiststems. This chapter mainly
describes network aspects and we conclude a census ofgainequirements for the concep-
tion of networked RSS. We show, on the first hand, the negassetiaborate new architectural
paradigms based on communication structure adapted to RB&¥ology and on the other
hand the necessity to develop learning mechanisms ableusdabduring run-time.

The chapter 4 discusses the selected architectural apptbatallows to combine self-
organisation and Reconfigurable Systems on FPGA. FirstByiaw on commonly distributed
control paradigms used in the design of networked systemesepted. Secondly, we propose
our architectural approach characterised by a decemdaiemmunication structure for net-
worked reconfigurable nodes according to the RSS conceps oftginal concept allows us
to exchange information and logic hardware modules betweeles that constitute a natural
entity. These exchanges are accomplished without anyatesetl control and can also be de-
scribed as an emerging intelligence that tries to respoitd émvironment. The concept is also
demonstrated through a concrete example that is runningeiRatsdam Intelligent Camera
Systen{PICSy) platform which is dedicated to real-time image pssing.

Chapter 5 presents results of the implementation of a reqanafiole node built to be the
basis of a self-organised and networked architectures o enable decentralised process-
ing over disseminated nodes that are providing ei®eneral Purpose Process@GPP) time
slot or logic electronic hardware (PR Region). It is madedbdate the global architectural
approach of the self-organised system and associatedpmsnogechanisms and structures in
an adapted network presented in the previous chapters. [jbetiwe of this chapter includes
also an experimental validation of all conceptual aspdaiesd here to make systems able to
manage themselves.

Finally, a conclusion sums up the work that have been caoi¢dnd it concludes important
aspects and opens the discussion on the integration of R&8unbiological environment and
on the new combination that we are proposifgconfigurable Natural Computirthat is a
combination between Reconfigurable Computing and Natwaifuiting.
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Chapter 1 Basic Concepts
Introduction

This chapter aims to present the research environment loyipgiout three fields of work.
The first one isSReconfigurable Computinghe second one iSelf-organized Computingnd
the last one ifNetworking and CommunicationTheir particularities and characteristics are
described to show their relations and their important lihieg constitute the basis of the concept
presented in chapter 3. By the end of this chapter, readdrbenvable to follow the proposed
work and will have a general view of the problems involved.

To present this point of view, the first section will descrthe different computing para-
digms and proposes a classification with the objective aasing Reconfigurable Computing
into the context of all those ideas. Section two will providéormation concerning Self-
organized Computing and in particular its properties. iBacthree will show that commu-
nication is a major problem for the previously presenteagiggms. Finally, section four will
present some characteristics of Reconfigurable Technolblgig last section will be focused
on configuration aspects and show that the technology altowcombine different kind of
computation architecture.

1.1 Reconfigurable Computing and Systems

(: ) RN (:l ) (:l ) (:l ) (:l )

@ RN RN RN RN RN S

@ RN RN @ RN| Routing Node
@ Sensor

Figure 1.1: A Complex Networked System: A sensor network.

In this section, some research fields that study the systélabooations and interactions
are set out. They are useful to characterize computingreygstad in particular reconfigurable
computing and systems. Different aspects are studied &r dodind the best way to optimize
the utilization of networked resources. The presented coimg concepts are used to explain
why interoperability is a major aspect of this work.
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Figure 1.1 shows an example of a sensor network which is a leonmgtworked system.
Here, sensors must communicate with routing nodes to sead 8ansors and routing Nodes
depend on each other. In spite of the fact that the subjedffisutt to describe due to the
diversity of definitions, some of them can be selected to fa the topic of this work and to
define its position.

1.1.1 Reconfigurable Computing

Reconfigurable computing is intended to fill the gap betweedware and software, achie-
ving potentially much higher performance than softwarelevimaintaining a higher level
of flexibility than hardware. Reconfigurable devices, imbhg field-programmable gate ar-
rays (FPGASs), contain an array of computational elemengseltiunctionality is determined
through multiple programmable configuration bits. Thegenants, sometimes known as logic
blocks, are connected using a set of routing resourcesthaiso programmable. In this way,
custom digital circuits can be mapped to the reconfigurahtduaare by computing the logic
functions of the circuit within the logic blocks and usingetbonfigurable routing to connect
the blocks together to form the necessary circuit. [CHO2].

With this definition, a technological aspect is pointed dbansequently, the evolution of
the technology must be considered to redefine the conceptdssary. Technology is used
to realize systems that are trying to make concepts real.t Aswell known, the concept
of reconfigurable computing was first described in [Est6@ @rbecame possible to realize
reconfigurable systems that really fit into this concept wlith advent of FPGA technology.
In the case of Reconfigurable Computing, the Reconfiguradt@riology helps to rethink the
original concept.

1.1.2 Distributed Computing

Distributed computing deals with large problems by decosimmp a problem into small
parts, send to nodes to solve them and then combining padialions to get a solution for
the problem. In the scope of this work, distributed compyshows that it is possible to use
all computers available world-wide. Besides this, it is mireer that problems concerning
undecidability and intractability are still governing cpatation problems [HMUO1].

As an example of projects that apply the distributed conmgutbncept, the folding@home
and genome@home projects can be suggested. In [LSSPO2¢lkateldrarticles, distributed
computing is used to compute an enormous data quantity ivgthelp of a huge number of
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personal computers. It means that simulated time accesstegsor resources can be shared
for complex computing. Another example is the Condor Ptojddch introduced the notion
of flexibility. As distributed systems scale to ever largezes, they become more and more
difficult to control or even to describe. International distited systems are heterogeneous in
every way: they are composed of many types and brand of hagglth@y run various operating
systems and applications; they are connected by unrehaleorks; they change configuration
constantly as old components become obsolete and new cemisoare powered on. Most
importantly, they have many owners, each with private pedi@and requirements that control
their participation in the community. In this environmefiéxibility is a key to surviving in
such hostile environment [TTLO5].

1.1.3 Grid Computing

Grid Computing is a type of parallel and distributed systéat £nables the sharing, se-
lection and aggregation of geographically distributed8aomous" resources dynamically at
run-time depending on their availability, capability, fogmance, cost, and users’ quality-of-
service requirements

The grid computing concept can be seen as a proposition te sbanputation resources
in order to reach a common goal. In this way, resources arbeafront of the definition
but without changing the main signification. In [FZRL08], antparison between grid and
cloud computing is proposed which positions these two ®pansidering different aspects.
This comparison reveals that both concepts share part iofdaaekground such as architecture
and technology. In addition, the authors propose a figuretties to situate cloud and grid
depending on architecture scale and function orientafitus figure could be completed with
Reconfigurable Computing paradigm, see figure 1.2.

1.1.4 Cloud Computing

Cloud computing is a model for enabling convenient, on-dehreetwork access to a shared
pool of configurable computing resources (e.g., networ&s/ess, storage, applications, and
services) that can be rapidly provisioned and releasedmiriimal management effort or ser-
vice provider interactioh.

As explained by this definition, one of the main problem irucdl@omputing is the possibil-
ity to hide the structure details from the users and proved®urces on demand. This concept

1. Definition from the National Institute of Standards andHreology
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Figure 1.2: Grids and Clouds Overview [FZRLO08] includingaafigurable technology

is also related to this work because it is the solution to seetaorked system as a unique
entity which can provide computation power. Ultimatelyertssdo not need to know how their
data are computed. They just need to obtain a result rapidly.

1.1.5 Complex Adaptive Computing

The basic elements of a Complex Adaptive System are agegentéare semi-autonomous
units that seek to maximize their fithess by evolving oveetitigents scan their environments
and develop schemas. Schemas are mental templates that lu@firreality is interpreted and
what are appropriate responses for a given stimuli. Thelsensas are often evolved from
smaller, more basic schema. These schemas are rationalldubuthey are potentially in-
determinate because of incomplete and/or biased infoomaéind they differ across agents.
Within an agent, schema exist in multitudes and competaufongl via a selection-enactment-
retention process [Do096].

As described in this definition, a Complex Adaptive Systemsatthe notion of behaviour,
awareness of the environment and capacity to learn fromrequee. These are fundamental
characteristics to describe a technological entity thdesgned to be autonomous and intelli-
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gent. Applied to computer science, this notion can be c&llechplex Adaptive Computing.

1.1.6 Natural Computing

Natural Computing refers to computational processes wbden nature, and human de-
signed computing inspired by nature. When complex naturahpmena are analyzed in terms
of computational processes, our understanding of bothr@atud the essence of computation is
enhanced. Characteristic for human-designed computspgred by nature is the metaphorical
use of concepts, principles and mechanisms underlyingadatystems. Natural computing
includes evolutionary algorithms, neural networks, molac computing and quantum com-
puting [Div02].

1.1.7 Other Research Directions

In addition to the entire topic of cooperative networkindotof different notions are also
relevant to study Reconfigurable Computing. Bio-inspir@n@uting, Artificial Intelligence,
Machine Learning, Informatics, Multi-Agent Systems ana@IBgy provide common knowl-
edge that should be observed, shared and reused. This cokmoamedge describes two
aspects that are a collaboration and a competition and éfiaecthe relation between so called
elements, cells, nodes, individuals or agents, dependinth® application field. Because of
the diversity of information, they will not be set out in diégia this work, which is not meant
to minimize their importance. Moreover, as described in|p®j the question of complexity
is important. It shows how sciences are interconnected anstitute knowledge.

1.1.8 Computing Overview and Classification

Finally, figure 1.3 tries to classify ideas related to the patmg concept. It also includes
the combination of Natural Computing and Reconfigurable @uimg presented in this work.
Two generations are revealed, the first of which consistsehtstorical ideas that are the basis
of our technology. The ideas of the second generation aradhml ideas discussed by the
science and technology communities.
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Figure 1.3: Computing Classification Proposition.

1.2 Self-organised Computing and Systems

1.2.1 Self-Organization and Emergence

The notions of self-organization and emergence are relatdctan be used to characterize
the behavior of networked systems. Because of their siityildhey need to be clarified in
order to specify their links. Self-organization can be dafiras a dynamical and adaptive
process where systems acquire and maintain structureséhesa without external control.
In addition, a system exhibits "Emergence” when there iseceht emergent at the macro-
level that dynamically arise from the interactions betw#enparts at the micro-level. Such
emergents are novel with respect to the individual parte@tiystem [DHO5].

These two definitions are part of the core necessary to utashershis work. In [DHO5],
the conclusion of the authors points out thaBoth phenomena can exist in isolation, yet
a combination of both phenomena is often present in compleardical systems. In such
systems, the complexity is huge, which makes it infeasibiagose a structure a priory: the
system needs to self-organise.[...] A combination of eererg and self-organisation, which
is already applied in literature, is a promising approacheagineer large-scale multi-agent
systems.

There is an important reference used by the author of [Jowd@fe a dissertation about
the definition of self-organized systems is proposed whidtty fits the ideas of the work
proposed here and can be summarized as folloAsystem defined as complex and modular
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able to restructure itself can be considered as self-orgeatiif it shows new properties that
emerged from the interaction of its elements and withowdrazl control. The objective is to
adapt itself to unpredictable change of its environmentgiimoise its own behaviour depending
on pre-set criterion.

1.2.2 Associated Properties

The previous definitions can be completed by a set of pragserti

— Micro/Macro Effect: This effect is the main characteristic of emergence. It diess
how macro behaviour can be the consequence of interactionisi level. These inter-
actions are somehow hidden by the macro level behaviouR}fHey89].

— Interactivity: As described in Micro/Macro Effect, interactions are fumssntal and
they are related with communication aspects that are destin the next sections. The
micro elements in interaction are responding to messagegdad by each other with the
objective to adapt themselves. In self-organized systemeractions are by definition
complex [Gol99] [Hol98].

— Complexity: A system can be considered to be complex if it is composed pawhyc
and multiple interactive elements such that its behaviammot be understood only from
the sum of individual behaviours [Ash47] [Edm95].

— Dynamic: Here, the property of dynamic concerns rather the evolutidne self-organi-
zed system with time and in addition, the fact that any sysianthe widest sense, is
trying to reach a certain equilibrium by adapting themseIMé can also be mentioned
that this notion is closely related to the question of entnepich quantifies the expected
value of the information contained in a message [Hey03] [NP7

— Adaptivity: The capacity of this system to maintain its main functionsesponse to
external perturbations coming from its environment. Tlaigacity of adaptation requires
autonomy in the behavior of systems [HJO1].

— Autonomy: Autonomy concerns local system behavior (micro level).ejpidts the ca-
pacity of a system to organize its activities and commuiooatspontaneously. Reaching
this kind of autonomy causes it to develop sturdiness anibflieyx [Hey89] [MFH +03].

— Sturdiness and Flexibility: As elements are becoming stronger and stronger by accu-
mulating characteristics in a virtuous circle, a certaindiness and flexibility can appear
at both micro and macro level. In other words, a group canrnecstronger because el-
ements are becoming individually stronger. In additionhis evolution, elements are
capable to control themselves and their local communinatiGer05] [HeyO03].
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— Decentralised Control: Decentralized control is based only on local control sgate
which is the distribution of the capacity to manage functiblo element exists that can
control explicitly an entire function for the entire grouptibhe sum of those local controls
can do it. To complete this later definition, the property m-pmption can be added to
describe the possibility to act on the control parametepgaaliction of an future event
[Ser04] [DHO5].

— Preemption: It can be defined as a special case of adaptivity. Pre-empidaification
can be considered a pre-adaptation which marks the depemdéfuture events on past
events. Beside this, other forms of dependence can be seélerhaibi-directionality
property [Ros85] [PHFO7].

— Bi-directionality: This concerns links between low level and high level elemerit
can be summarized as follows: micro-elements can influeraz@arstructure as well as
macro structure influences micro elements. Bi-directiby& also linked with Radical
Novelty.

— Radical Novelty: It describes properties that are totally new in the sengdhibg emerge
from a self-organized structure [dV97] [Gol99].

— Coherence:To complete this properties list, coherence needs to beatkfilBmergence
and self-organization properties are also part of thisesgstlt concerns local behavior
and structural behavior. Here, both of them are correldtedeover, coherence refers to
the equilibrium between competition and cooperation fmigses that rules the system
environment [Gol99] [Ode02].

This set of properties seeks to propose a logic statemetrinthiges all individual properties

a part of a complete description. This topic is only a parthefwork proposed here and must
be completed with many other notions that will be presentethé following. In particular,
three properties are more interesting and are selectecogersof study: autonomy, dynamic
and interoperability.

1.2.3 The Three Properties: Autonomy, Dynamic and Interopeability

Electronic technology is a basis of the integration of aatoous behavior and ultimately
intelligence into self-organized systems. Robotics,dewy machines and biological infor-
matics are examples of directions that are studied cuyremtl which provide information
concerning intelligence, behavior and communicationgisiectronic technologies. Those ex-
amples can be helpful to get a general idea and to locate tdp@ped work. To complete this
situation, some definitions help to put limits to the workaare
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The first one is the definition of Autonomy which can be definedodlows:

Autonomy is the capacity of someone or something to be nendept from somebody or
something else, it is the characteristic to function or geahdependently of anything.

This definition can be adapted to the field of Autonomous Systas the possibility that is
given to systems to operate without being externally cdlenlolt is the first important property
that is at the center of this work. Within this definition, tngonomy has the main advantage to
divide the global control problem into local control suldblems that are easier to solve. This
can be used to discuss decentralized control managementoliir, local autonomy implicitly
requires local intelligence.

The definition of intelligence is a question that is still hdflany propositions are avail-
able and they constitute the basis of a fundamental topictH®work, a definition oriented
around computer science is selected. It describes Artifictalligence (Al) and it helps to
distinguish what is real Intelligence and what is simpledxoatism of systems. Al is the sum-
mation of theory and techniques used to realize machinestalsimulate human intelligence
Automatism (of a device or process) is the capacity to worktesif with little or no direct
human control These two definitions are making a distindbietween what can be considered
intelligent and a simple automatic behavioral responseapeecise circumstances.

Intelligent systems are defined by the integration of Al isystems. In other words, Al
is the intelligence of machines and the branch of compuiense that aims to create it. In
addition, locally autonomous and intelligent systems sthtse communicative. This means
that those systems should be interoperable with any othlenmicative systems.

Interoperability is the ability of systems to exchange arakenuse of information in a
straightforward and useful way; this is enhanced by the usstandards in communication
and data format

This interoperability characteristic (the second impairtane) is used to integrate this kind
of technology into existing systems which also means t@¥olihe dynamic evolution.

Dynamics (of a process or system) is characterized by cohet&nge, activity, or progress

This is the third important characteristic and it is also aegal truth about the global
environment that represents our world.

Figure 1.4 shows the three important characteristics densd in this work. They are
linked together into a virtuous circle: Dynamics requirag@nomy which requires Interoper-
ability.
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Figure 1.4: Three important properties of self-organizaestesm considered for this work

1.2.4 Local and Regional Behaviour

Two remarks are interesting regarding behavior. The firstar& is about the local behavior
(micro-level) of a networked system where each element easohsidered either a server or a
client. Itis a well-known concept taking into considerattbe fact that users provide intelligent
functionality to allow local elements have a dynamic bebavConsequently, local elements
are dependent of their electronic architectures which shpa performances.

The second remark concerns the regional level (macro levledye a system composed
of multiple elements is the result of elements’ interopéitgb The inner collaboration of
self-organization systems is as important as the nodeigasar. Properties of dynamics and
autonomy can be completed with interoperability which coraleverything into a good wheel
cycle. Intelligence generates Autonomy which in returnegates Interoperability. Here, the
system is dependent on communication technologies andngtwy solutions.

1.3 Networking and Communication

This section is an observation of actual technology and kedge. The goal is to show
important points such as electronic device heterogenedyymunication protocol diversity
and the general decentralization. Figure 1.5 shows threergtions of actual technologies
and systems.
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Heretogeneity

Figure 1.5: Three observations associated with technaogythe self-organized concept

1.3.1 Heterogeneous Environment

Networked systems are designed to be connected to a glalbahgnication infrastructure.
By doing so, they are thought to be connected with a wide tyané systems that consti-
tute a heterogeneous environment. Notebooks, smart plamaesow tablet devices are new
examples that are easy to find. These examples show that aoicahans have significant
consequences on hardware development. Parameters dogcgme and power consumption
are key features. In addition, the flexibility and the po#isyhto share resources has become
increasingly important.

In the environment, the heterogeneity has the main advartbgroviding a huge quantity
of solutions for many different problems. By allowing thtbg best solutions can be found
in order to improve the selected parameters. For exampieg ecemmon personal computer
architecture, a lot of solutions are discussed to providessto CPU when it is not used by
local users.

More precisely, heterogeneity means diversity in charamte€ontent: a large and hetero-
geneous collection. In chemistry, it denotes a procesdumgpsubstances in different phases
(solid, liquid, or gaseous). Using this definition, a pagldlan be drawn between chemistry and
networked computing where elements can be changed dumiay ti

1.3.2 Protocol Diversity

Diversity is a characteristic of what is diverse, differdaste variety, plurality. Diversity of
an ecosystem, size in relation with the number of speciestendumber of individuals of each
species on a given territory. A great diversity is a guaraitgtability because each species
can be in one or more food chains and by consequences, if @eeesmloes not contribute to
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an aspect of the ecosystem, another one can probably do it.

To develop heterogeneous communicative systems, variotsgols have been proposed.
They are characterized by many parameters like media sypjada transfer rate or security
level. This diversity is also a problem because it means aibpitity to see devices that ne-
cessitate special protocols to communicate with. A safutiere is to develop devices that
include different communication capacities, for exampteart phones are now built withni-
versal Mobile Telecommunications Syst@uMTS), Wireless Fidelity(WiFi) and Bluetooth
interfaces. This kind of solution is the easiest way to ptewva universal communication de-
vice but at the cost of redundant hardware. As for the hetsreiy observation, protocol
diversity allows to study different solutions with the otfige of finding a better way to com-
municate. When it is combined with the encyclopedic debnitit can be observed that net-
worked systems use this diversity to extend their sizes aoldein time and space. Based on
this assumption, a definition that fits the proposed work estbat describes a characteristic of
systems that are composed of multiple and different elesndiris guaranty that those systems
are resilient and can survive in the time and in the space.

1.3.3 Decentralised Systems

Decentralization is the transfer or sharing of decisiorkimg power from a central net-
worked element toward lower-level elements. It signifies division of power from the top
down within any organizational hierarchy.

The last point concerns the field of command and managemetitelobal scale, systems
are controlled by a completely decentralized structure imternet is an example for decentral-
ized systems. It shows that the entire structure can wottkowitany central command system.
Moreover the information routing systems allows to dynaitycadapt data orientation de-
pending on the system life. This kind of architecture is a @dul way to provide the capacity
to change in the time and the space to any system. Based avbdesvation, many different
aspects concerning networked system are studied and caesenfed under the denomination
of Complex Networked Computing. These are a set of diffgpeirits of view connected to the
general idea of sharing available resources to reach a corgoal. This topic and its different
orientations are presented in the next section.
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1.3.4 Peer-to-Peer Application and Concept

On top of this structureReer-to-Peel(P2P) applications come as completely decentralized
sharing system. They can be described as follows: In a P2®rietthe "peers” are computer
systems which are connected to each other via the networka tbacompute can be shared
directly between systems on the network and without a clecardroller. In other words, each
computer on a P2P network becomes a data provider as wellaa aedjuirer.

To reach this goal, electronic research and engineeringgsvare used to realize the in-
frastructures and the devices that integrate differenttfanalities. These functionalities are
completely integrated in embedded electronics that hayjermanstraints in terms of power
consumption and logic areas.

Figure 1.6: The three important properties of self-orgadigystems.

Figure 1.6 shows the three important characteristics densd in this work which are also
related to the properties observed earlier: Heterogeriamgrsity, Decentralization. They are
linked together into a virtuous circle: Dynamic requires@nomy requires Interoperability.

1.4 Electronic Technologies: Configuration Point of View

In this section, the main technology used for this work issprged with a focus on the
configuration point of view of the FPGA technology.

Figure 1.7 shows the three main chip technologies that ctearae electronic engineering.
Moreover, it shows where FPGA is positioned consideringdeeelopment paradigms and
their combinations: programming, configuration and design

Until now, most electronic systems are designed to be stdéce, static means that when a
system is designed, there is no solution to modify its preiogspart except by adding a exten-
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Figure 1.7: The three main technologies and possible caatibims and extensions.

sion board using common interfacé&eripheral Component Interconnect ExpréB€I-E) is a
good example of these interface. In this global concept dflimg systems, it is a main limi-
tation regarding the dynamic environment where electrepgtems should evolve. The main
limitation is the necessity to shut down the local systemmwaeew hardware computation
functionality needs to be added. This context has led to thergence of FPGA technology
which is a descendant technology of the concept presentgbif0]. This concept proposes
an electronic architecture composeddixed plus a variable structurd@ he rest of this section
presents the original chips technologies and the diffdf®@A configuration possibilities.

1.4.1 General Purpose Processor Design

Itis well known thatGeneral Purpose ProcessdiGPP) offers flexibility. Using this kind of
architecture with today’s multi-core chips has the advgaiaf clearly separating the hardware
part from the software part. Using an operating system toagainardware resources, software
solutions can be developed without the entire knowledge&wing the hardware. This fact
is not completely true but can be generalized to most apgpicalevelopments. This is the
main advantage of this kind of technology but unfortunatbl hardware side is not flexible
and it is based on a technology that leads to the obsolesoéribe platform. On the other
side, multi-core chips can be seen as coarse-grain recoalbigusystem where core can be
used to different purpose. Consequently, these archiescare therefore a limited solution for
self-organized systems.
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1.4.2 Application-Specific Integrated Circuit Design

On the other handipplication-Specific Integrated CircuWiASIC) designs are the best so-
lution to provide the best performance for a given applaratUnfortunately, performance has
a cost, in terms of development and in terms of capacityioistn. But in spite of the best
performance that can be achieved for any functionality enntation, it should be noticed
that it is also possible to design mixed technology chipss Kimd of chip includes static parts
that can be designed for a specific application and besiderfgonfigurable structures can be
implemented.

The Actel SmartFusion™technology is good example of this. rAis presented by Actel,
SmartFusion intelligent mixed signal FPGAs are, at the mupune of the rare devices that
integrate an FPGA, ARM® Cortex™-M3 and programmable anaogomponent offering
full customization, IP protection and ease-of-use. Baseddciel’s proprietary flash process,
SmartFusion FPGAs are ideal for embedded hardware desigier need a true system-on-
chip (SoC) solution that gives more flexibility than tradital fixed-function micro-controllers
without the excessive cost of soft-core processor coresaglitipnal FPGAS.

Following the evolution of the technology and the arrival3® chip design in addition
to many-core processors, new technology combinations eagxpected providing extreme
flexibility and performances but also new challenges likedlgsipation in those complex chip
and distributed memory management.

1.4.3 Field Programmable Gate Array

For this presentation of the FPGA structure, a focus is egmn the FPG/Static -
Random Access Memqg$-RAM) technology that allows to define an FPGA as reconéigle
as opposed to the one-time configurable FPGA based on aatitdchnology. As example, the
FPGA architecture of the Virtex series from Xilinx is pretsh

Figure 1.8 shows how FPGASonfigurable Logic BlockCLB) resources are routed inside
the FPGA [Inc02]. The Configurable Logic Blocks (CLBs) are thain logic resources for
implementing sequential as well as combinatorial circiiite10a]. It is based on an intercon-
nected logic grid that can be configured in order to connegtlblocks. The goal is to realise
a logic function. To achieve this, configuration tool chaane designed to offer a maximum of
flexibility into the FPGA utilization.

2. Description from www.actel.com

Kevin Cheng 22



Chapter 1 Basic Concepts
C out C out

N jli
el | —1

]
< ! > Slicd(1) ||
Switching |
|

|

|

I
Matrix |

<I> Slice (0)

Cin Cin

Figure 1.8: Virtex Local Routing [Inc09]

First-Configuration

Within this reconfigurable FPGA technology, different cgafiation modes are possible
and are detailed in any FPGA configuration guide [Inc10bg¢cie technical aspects are not the
main point here but instead, the focus will be on the desonpif reconfiguration aspects. To
run an FPGA-based system, a first configuration is necessast tip and start the FPGA. This
step is possible by simply loading a bit file into the FPGA..fidéts contain FPGA configuration
information. Considering a SOFPGA design, this step is wigextt all communications with
other electronic chips like Ethernet, memories and compatian controllers. It is also used
to boot a possibl®peration SystenfOS) which is a key part of any computing machine.
Unfortunately, SRAM based FPGA does not keep a configuratiomemory when turned off.

Total-Reconfiguration

After the first configuration of the system and if no problenpegrs during this phase,
it may be necessary to RE-configure the system to correctraniarthe logic design. This
possibility is one main advantages of SRAM-based FPGAsjtas@vhy they are very popular
for development processes.

In electronic design build with at least one FPGA chip and GiRP chip, total reconfig-
uration is the possibility to reconfigure the entire FPGAhaginother configuration file. In
this case, FPGA can be considered a reconfigurable co-parceSuch a design is already a
powerful solution that allows to dynamically implement g@iégl hardware structures that are
dedicated for any special computation.
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Partial-Reconfiguration

FPGA technology provides the flexibility of on-site progmramg and re-programming
without going through re-fabrication with a modified desigRartial Reconfiguration (PR)
takes this flexibility one step further, allowing the modifiion of an operating FPGA design
by loading a partial configuration file, usually a partial fde. After a full bit file configures
the FPGA, patrtial bit files can be downloaded to modify reqpmble regions in the FPGA
without compromising the integrity of the applications mimg on those parts of the device that
are not being reconfigured [Inc10a].

With this capacity, a complete implementation in a SoFPG#t thas the possibility to
reconfigure itself is possible. In such design, the statjtorecan integrate a processor used
as a controller for the reconfigurable region. The integrais deeper in this case and allows
to reduce a lot of electronic problems like the design of PtbB,power consumption or line
delays.

Memory

Configuration Reconfigurable
Tool Chip

Configuration

Figure 1.9: Simple Configuration System.

Figure 1.9 presents a simple configuration system that carsée in the case of first con-
figuration, total configuration and partial reconfiguratittrsimply shows a structure to load a
bit file into an FPGA device.

Dynamic-Reconfiguration

Dynamic partial reconfiguration allows to reconfigure a FP@#t during run-time. It is
an improvement in a way to think about reconfiguration andtedaic design. That is the
possibility to modify a circuit without the necessity to $thown the entire electronic board.
Of course, it is not a physical modification but the concepeofing a grid of logic blocks to
implement the more adapted function gives another degrideeofy in the design of electronic
devices.
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For example, design methodologies are in any case depeoddmiman decisions, and
because making errors and mistakes are characteristiasmdrihbeings, they can be made at
any moment in the development process. Having the pogsgitalmodify part of a design after
fabrication is a great advantage.

Auto-Reconfiguration or self-reconfiguration

System on Board or FPGA
Memory
Configuration Controller
| Tool (GPP...)
C
i)
©
52
2un Reconfigurable
é Logic

Figure 1.10: Simple Configuration System

Auto-reconfiguration states for SOFPGA that it can recomégtself at run-time. Ulti-
mately, auto-reconfiguration allows systems to change $keéras by using the same electronic
resources to realize a new function at the hardware levek dtcombination of partial re-
configuration and dynamic reconfiguration. It is the mairhtextogical aspect that is used
in this work. Figure 1.10 is a representation of a auto-régarable system. To enable this
auto-reconfiguration, an internal access to the logic isired.

System-Reconfiguration

System reconfiguration is a term used to describe how a syst@nie reconfigured in-
dependently of the technology. In other words, systems bie ta reconfigure themselves
with or without FPGA. For a networked system, reconfiguratgthe possibility to change the
configuration, not at the hardware functionality level busgstem functionality level, where
its organization of tasks can be managed. It represents wiimgpusing standard computer
architecture which was described earlier.
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1.4.4 Reconfigurable System Versus Adaptive System

Beside reconfigurable system, the field of adaptive systehishvhas the aim to propose
systems able to adapt some of their characteristics isestiag. Adaptive systems are for
example crucial for space application which are speciaiytéd in the possibility to access
the system due to its localization [Vis10]. Both reconfidgikesand adaptive systems are trying
to provide flexibility.

1.4.5 Embedded Electronic Design

Embedded electronic devices are characterized by someamdiconstraints in compari-
son with classical electronic system. These two main clrigtics are logic area and power
consumption. These two factors can be solved by FPGA reagafign technology where a
region in the FPGA can be isolated in order to reuse its logmemonents for different functions
or to completely remove a module when hardware acceleretioot necessary. The reusability
and moreover the possibility for the system to do it alonenis of the best advantages that is
given to design modern systems.

1.4.6 Possible Combinations

To improve the power of electronic design, some combinatican be made from GPP,
FPGA and ASIC chips. As presented in figure 1.7, three pdgebican be proposed. By
adding ASIC design and FPGA structure into the same chip anelitectures can be proposed
like competitive analog interface combined with additione@onfigurable logic. Another solu-
tion which is already available is Reconfigurable SoFPGAm&t@PP can be combined with
dynamically reconfigurable IPs. Beside that, the combomatf all three GPP, FPGA and ASIC
fabric could be an ultimate possibility to provide maximumxfbility and maximum perfor-
mance in a unique chip. In this work, Reconfigurable SoFPGAstudied and an analysis is
proposed in chapter 3, 4 gnd 5.

Conclusion

This chapter tries to give a general idea concerning theiposif reconfigurable computing
research and FPGA technology in the middle of computer seierFigure 1.11 shows the
background of the concept proposed in the next chapter. pliags that the technological
environment reveals some properties like heterogenditgrsity, decentralization, for which
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Figure 1.11: Work Background and main properties for reguméible and self-organized sys-
tem.

it is possible to oppose other properties, such as Dynamitgriomy and Interoperability in
addition to existing concepts and technologies, FPGA, odting, reconfigurable computing
and peer-to-peer concept. After the presentation of thiegsaand, the state of the art will be
presented in the next chapter.
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Chapter 2 State of the Art
Introduction

This chapter aims to present the state of the art of the topie projects presented do
not constitute an exhaustive list of all existing projeat$ instead, this list tries to review the
most recent research in the field of reconfigurable compufihgee different sections are used
to precise some historical references, some high level andsystems and finally, some low
level on chip systems.

2.1 Classical and Historical References

2.1.1 Classical references

To start this presentation two references can be cited. T$teofie is Static and Dynamic
Configurable Systems (1999) by Eduardo Sanchez and MoslperSifhis paper describes
four applications in the domain of configurable computingnsidering both static and dy-
namic systems, including SPYDER (a reconfigurable processelopment system), RENCO
(a reconfigurable network computer) Firefly (an evolving hiae), and the BioWatch (a self-
repairing watch). [SSH99]. In particular, the Firefly application can be mentiof@@M*97].

It describes a cellular programming approach together aitl-PGA-based implementation.
The results shows that evolware systems exhibit enormduas gaexecution speed compared
to execution on high-performance workstation.

The second referenceynamic Hardware Plugins in an FPGA with Partial Run-time-Re
configuration (2002py Edson L. Horta, John W. Lockwood and David Parlour [HLTPQOR
shows the utilization of partial-reconfiguration in a rumé reconfigurable architecture and a
design methodology design of the static and the dynamis jpdithe system. In addition, the
authors use this kind of architecture in network orientesteayis. In [Loc01], a prototype plat-
form named Field Programmable Port Extender (FPX) is ptesein experiment on evolvable
internet hardware.

2.1.2 Point-to-point Connection and Communication

In the case of communication aspects and in particular goHpbint communication, the
work of Matthias Dyer and Marco Platzner (2002), [DPP02] [0®Yis useful. In this work,
a networked reconfigurable system is proposed. It showstbgriation of a complete system
onto FPGA, including on LEON core processor used as a cdatrahd a Ethernet connec-
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tion. At the time, the communication aspects were alreadgutised and their work showed a
complete communicative and reconfigurable platform.

2.1.3 Bus Interconnection

In the case of an architecture of reconfigurable systems @AF-Bifferent systems can
be presented: the tool-set presented in [MNAB], the bus systems presented in [HBB04]
[HUKBO4], the generic model presented in [MCi4] and the runtime environment for re-
configurable Hardware Operating Systems presented in [\WP04

All these systems describe different aspects obth€hiptechnology. They showed bus in-
terconnection for multiple reconfigurable region. Thessdsiare designed to offer a maximum
of flexibility in the management of reconfigurable modules.

In addition, these systems are based on a decade of researelcanfigurable comput-
ing that saw many different projects [Har01]. In [MM@3], a figure tries to describes the
reconfigurable architecture until the beginning of the ognt
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Figure 2.1: Evolution of reconfigurable architecture [MMI3]

Three versions can be observed: the first one aims to inc&R@Beperformances, the sec-
ond one tries to minimize the bottleneck between GPP and F&@ANast one combines re-
configurable architecture and dataflow-based algorithnidpv03].
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2.1.4 Operating System and Reconfigurable Architecture Calesign

On top of this architecture, a software part is necessanptral all functionalities. In
[MMB *04], the Gecko and Gecko? platforms are presented. They ioenabreconfigurable
SoC implemented on a Virtex 2, an ARM processor embedded iomapa@q iPAQ 3760 and
an extended operating system used to manage multitaskimguétiple hardware resources.
Results show the complexity of specific operating systert with a special scheduler.

2.2 High level Multi-Board Systems

2.2.1 RecoNodes/ReCoNet Systems

Figure 2.2: Multi board project from the ReCoNet ProjectK[FD3]

The aim of this system is to overcome the deficiency of desigoraation of reconfigurable
devices, in particular FPGA-based architectures. Thisigd&ely to be reached by supplying
models and optimization methodologies for dynamic hardweaconfiguration. Those models
and methods are part of a kind of operating system for haslwearonfiguration in charge of
the resource management at run-time. Concretely, thetige¢iens target mathematical op-
timization of strategies and methods for the optimal mareege and use of novel and future
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generation of reconfigurable hardware. Those reconfigarelips are currently used in dif-
ferent technical systems. Due to the practical barriertlileehigh reconfiguration overhead as
well as the lack of theoretical models and methods, the piatesf reconfigurable hardware
could be only narrowly exploited. The goal is to show thasérg technologies can be used
to overcome many difficulties mentioned above. New impuésesherefore expected for the
development of a new generation of chips.

Figure 2.2 shows the example selected for the ReCoNet projeich is a self-healing
networked system using reconfigurable technology. It iggthes for an automotive application
[HKTO3]. The ReCoNet project is a full project from which & laf other technology fields
can be of benefit. It shows a number of properties like seddihg, autonomy and flexibility
which make a system autonomous in its hardware utilizatrmhraanagement. For example,
the ReCoNet project has contributed to the development ef afdools that allows to easily
realize Reconfigurable Systems.

2.2.2 Scalable Self-Configurable Architecture for Reusalel Space Sys-
tems (SCARYS)
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Figure 2.3: Local and networked self-healing solution & 8CARS system [SJAS08].

TheScalable Self Configurable Architecture for Reusable Sfgstem§SCARS) is speci-
fically focused on developing an architecture in which imndlial, modular components and
subsystems are integrated in order to:
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1. Coordinate their actions for a broader range of objestiteence go beyond mission-
specific requirements;

2. Adapt to changes in mission objectives over time and apéraomputing and commu-
nication capability;

3. Respond to hardware/software anomalies automaticatly self-healing action at both
node and network levels.

It proposes a two-level self-healing methodology for imasiag the probability of success in
critical missions. This proposed system first undertakedifgat node-level. For this purpose,
a built-in self-testing and fault detection, isolation aedovery capabilities to offer 100 per-
cent node availability are developed. Failing to rectifg Hystem at node-level, network-level
healing is undertaken. The network automatically assigasésk of the faulty node to another
node in the field. That field node then reconfigures itself toyoaut the new task while running
its original task. The prototype reconfigurable architeetlemonstrates the network’s capabil-
ity for self-configuration and each node’s capability folf-¢esting, fault-recovery/repair and
computation optimization in the context of image procegsin

Figure 2.3 shows the self-healing levels of the SCARS ptogsicthe node level, the figure
shows the organization of the structure that allows to uerdnt resource sites as a possibility
to repair itself. At the network level, the idea is to shareduies and resources with the same
objective. The properties shown here are self-healinganya and adaptivity.

2.2.3 iBoard System

Figure 2.4: The IBoard Version 2 [HA10]

1. Description from the SCARS project team website: www@gremizona.edu/ rcl/index.html and [SJAS08]
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iBoard is a highly capable, highly reusable and modular FR@ged common building
block for instrument digital electronics. It is targetedhose space-borne instruments that re-
quire high-performance on-board processing capabilifiee design methodology is detailed.
The requirements of flight instrument digital electronisslescribed and the implementation
of the first prototype, iBoard 2 is presented in [HA10].

Figure 2.4 shows the i-Board system 2. The main advantadesoystem is its integration
into a complete vision of shared hardware resources. Iflisccalstrument Shared Artifact for
Computing It is here the question of the autonomy of different systdrascan reuse common
FPGA resources for computing.

2.2.4 Multimedia Oriented Reconfigurable Array
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Figure 2.5: The MORA Architecture [LPCO7]

The Multimedia Oriented Reconfigurable ArréyIORA) project is a coarse-grain reconfi-
gurable array optimized for multimedia processing. Théesyshas been designed to provide a
dense support for arithmetic operations, wide internad 8andwidth and efficiently distributed
memory resources. All these characteristics are combimeda cohesive structure that effi-
ciently supports a block-level pipelined dataflow which @stularly suitable for stream ori-
ented applications. Moreover, the new reconfigurable scture is highly flexible and easily
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scalable. Thanks to all these features, the proposed ectinié can be drastically more speed-
and area-efficient than a state of the art FPGA in executinggmmedia oriented applications
[LPCO7]. Figure 2.5 shows the architecture which is a arfgyrocessing units including both
Random Access Memofi AM) and Processing Elemer{PE).

2.3 Low Level Network-On-Chip Structure

2.3.1 OverSoC
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Figure 2.6: The OverSoC exploration and refinement flow [Mi99].
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The global methodology based on the original concepts adddeby OverSoC is the explo-
ration of a distributed control of dynamic reconfiguratidn.this way the methodology aims
to explore the appropriate OS services that will be necgdsananage the RSoC platform. It
relies on an iterative approach based on the refinement ptsnas depicted in Figure 2.6.

Exploration is defined as an iterative process: modelimgukition/validation and explo-
ration. The inputs of the method are the specification of gieation as a pure functional C
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code and the system constraints. Once the system is valjdagedesign process starts again at
a lower level of abstraction until the final system descoiptiAt each level of abstraction, the
goal of the exploration depends on the separation of coaqaradigm. This paradigm is de-
fined as a 4 steps process where the following concerns atessicely addressed: application
specification, architecture description, RTOS definitind platform refinement [MHV09].

2.3.2 ReCoBus Project
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| build static system | [ build partial mc:duna1 Il
static system
bitfile
: 0 2
" e
o bitstream linking module,
bitfile

initial system ; module repository
bitfile for the runtime system

Figure 2.7: The ReCoBus-Builder design flow [KBTO08].

To keep the design complexity in these days FPGA-basedmsgsteanageable, higher ab-
straction levels are highly desired. In future, FPGA desigwill have to think more in mod-
ules and not so much in look-up tables. To assist this prottes&eCoBus technology provides
a flexible back-plane bus that is highly optimized for reg@@uctured FPGAs. This allows
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for plugging pre-synthesized modules together in a marireris comparable to the system
integration known from PCB-based back-plane buses (fomgka VME, PCI, etc.). The in-
tegration of such modules is carried out without any timescmning synthesis runs or place
and route iterations. Furthermore, by the use of partiaméguration, single modules can be
hot-swapped in a few milliseconds at run-tifne

Figure 2.7 shows the ReCoBus-Builder design flow. The psEe# the fat boxes are
performed by ReCoBus tools, while all other simulation tegsis and place and route steps are
based on external tools. This system provides an integdasidn tool and the communication
structure for reconfigurable modules [KBT08]. However, specific function and paradigm
for designing a self-organized system depends only on tkeger. Using ReCoBus tools
provides an easy to understand way to design reconfigurgsterss. In combination with the
dedicated bus that allows to connect reconfigurable mogdiesomplexity of the systems can
be increased without making the development too difficult.

2.3.3 DyNoC

.— PE .— Network logic — = Network » « «= local wire

Figure 2.8: DyNoC modules implementation and routing [BADS].

The goal of the Dy-NoC project is to have a communicationastiructure in which the
reachability of packets is ensured, independently fromctienging topology which occurs

2. Definition from www.recobus.de
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when components are placed and removed on the chip. In iis &ftase, the communication
infrastructure is a normal No@rocessing Elemen{®Es) access the network via a network
element. Additionally, direct communication paths existvieen neighbor PEs. In this way,
the network elements are only used for communication betwea-neighbor PEs. As stated
earlier, the placement of a module in a given region of thg chakes the routers in that
region useless, since PEs belonging to the module are lghaminected. The idea is then to
implement routers as reusable elements which behave &ssautheir basic configuration, but
can be used by a component as part of its logic. Such routdseamailable as programmable
hard macro on the chip. Whenever a component is placed inea gagion, only one router is
necessary for this element to access the network. Withgatdbgenerality the router attached
to the upper right PE of the module is used [BADE].

Figure 2.8 shows a DyNoc on board communication infrastingctThe DyNoC project is
an example of FPGA internal communication structure.

The DyNoC Project shows a dynamic NoC implemented on FPGAaiAnof this project
was to propose a communication structure that can be dya#iynre-organized in order to
provide a scalable interface between reconfigurable medutas an example used to show
that communications are also studied at the logic leveidenthe FPGA. Be consequence, the
RSS proposes to extend this proposition to network leveside of the FPGA. The selection
of the DyNoC as reference for the RSS project is based on tlesving assumption:

— Extension of the discussion of communication: insidesioigt the FPGA

— Discussion of dynamic configuration mode of “configuratimmputing” or using more

actual terms: discuss the dynamic properties in the coofexiconfigurable computing.

— Show that reconfigurable architectures are doing caralidatmprove Complex Net-

worked Computing.

It provides the idea that communication structure can evehth the module placement
and system activities.

2.3.4 C-U-NoC/Q-NoC

This centred communication approach allows communicatemveen modules dynami-
cally placed at the run-time on the chip. The C-U-NoC repnespacket switched network
of intelligent independent routers called Communicationt(IC-U). The main role is to route
the address packet from the source to its destination in ardigally changing network. The
C-Us are characterized by novel routing algorithm basedeptiority-to-the-right rule, their
unique structure and specific connection with the computesgurces [JTBWO09]. Figure 2.9
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Figure 2.9: C-U-NoC [JTBWO09].

shows dynamically placed modules and placement rules irNO.

The Q-NoC project is an optimization of the C-U-NoC. It prde@$s more powerful routing
architecture. Th&) is just the optimization o€-U which can also be pronounced [Q]. When
the C-U-NoC provides a central buffer and a unique routirgiclothe Q-NoC provides for
each direction a separate buffer and a separate routingngialgic blocks more reactive and
greatly improving the bandwidth.

Those projects are centered on the routing and reroutirgcdsyof NoC by thinking about
C-U-Switches and Q-switches. Together with the ideas oD, its idea of reconfiguration
shows that a NoC can also be patrtially reconfigured. Morethwereconfiguration is here
possible with dynamically placed module on the array.

2.4 Project Observations

Considering all those examples and the main requirementiefigning a microelectronic
self-organized system, it can be observed that the globhatcgrment where reconfigurable
technology should be deployed is not at the center of thesyspecification and consequently,
the inherent interactions are not really studied. The agerability is a central question be-
cause the possibility to push reconfigurable computingstdintit depends on its association
with other fields of research. In addition to these projeots, research tries to include this
particularity into the design of reconfigurable systems.
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Conclusion

Within this description, the RSS concept of will be propogedddition to some experi-
mental tests that demonstrate the relation between attmothat was presented earlier and in
particular the triple: Autonomy, Dynamic and Interopeli&pproperties.

To complete this chapter, a chronological view of reconfiple computing is proposed
(see figures 5.10 and 5.11 in annex 1). It shows links to othestipnable aspects and the
historical links between the concept, the technology aedrttegration of reconfigurable com-
puting.
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Chapter 3 Proposed Concept
Introduction and Overview of the Problem

Classically, a networked system is organized around noassdoon a central GPP architec-
ture running under a@perating SysterfOS). The main objective of this OS consists of con-
trolling the hardware resources and scheduling the cortipataf tasks over time. Generally,
in this type of controlled architecture, the entire knovgedand information are concentrated
at the highest abstraction level. The decisions are diffiisea top to bottom approach. The
lowest level is represented by modules that constituteytkees. On the other hand, in a de-
centralized control structure where the decision makingasised by each node, information
and knowledge go around in the inverse sense, i.e. from ttterbado the top of the organiza-
tion. These two notions are dual and complete each othegtdhe node level, the other at the
network level. These two types of centralized and decenéi@disystem are illustrated in figure
3.1

4

\
M4 / \ M5 M4 0 . M5
\ | \4

M6 M7 M6 € M7

Decision and control location =& ===~~~ - .
/ | I'\\\ AN \\
4 | PR ~ .
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Controler N \ ° A
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Figure 3.1: Control examples: Centralized and decenadliz

For a Reconfigurable Self-organized System, the numbersiEtthat can be simultane-
ously executed depend on the available resources wittsmgtivork. Because the size of the
Reconfigurable Self-organized System is variable in tingiarspace, the maximum number
of simultaneous tasks is dynamic and depends on the numBeroinfigurable Self-organized
Nodes. In this context, the scheduling problems are diffteeexd more complex than in a
classical system where a centralized control is requiradeed, the strong variability of the
environment of these systems makes that the control systesiribt operate in an optimized
and efficient way. Centralized systems present bad perfuenan terms of reactivity, flexi-
bility, sturdiness and reconfigurability, because theykaged on a rigid and not so adaptive
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structure. Nevertheless, centralized systems presedtggréormance in terms of productivity
which is essentially due to internal optimization. In terofssturdiness, if the central con-
trol system detects a failure during its working time, thérersystem becomes inoperational.
This is the main reason for traditional design approachesdan centralized systems to get
a new decentralized orientation. In this decentralizedraation, the global management is
distributed in all constituting nodes of the system. Thederactions allow the emergence of a
global control. Table 3.1 summarizes these two integratases and show the main differences
between them.

control centralized | control decentralized
architecture rugged and static | flexible, programmable
and dynamics
relation system-module module—~module
approach top-down bottom-up
communication one to many many to many
response to perturbations low high

Table 3.1: Comparison of two types of control.

Within systems using a decentralized control managemariti-agent systems have a spe-
cial place. A lot of different examples of these systems aadl@ble. These systems are mainly
based on a GPP architecture and software solutions. Fewpdasexist of decentralized con-
trol systems based on dynamically reconfigurable hardwiametares like FPGA. In general,
FPGA based systems are mainly based on static controlstesctTo address the requirements
imposed by the self-organization assumption for recondiglgrsystems, a new architectural ap-
proach based on decentralized control should be concedaind developed. Nevertheless,
an efficient management for reconfigurable network requecese specific services. Among
the most important are the task scheduling and distribg@veices that ensure a correct execu-
tion of all application tasks on the resources of the netwddksolve this problem, we propose
a model of Self-organizable network systems used for omttisk scheduling and distribution
on reconfigurable system-on-chip architectures.

The concept oReconfigurable Self-organized Sys{&8S) is presented here. Itis the com-
bination of the reconfigurable technology and the peeretergoncept. It is used to contribute
and to integratdReconfigurable Computingito the world wide technological environment.
RSSstudies reconfigurable computing at two different leveig, hode level and the network
level.

This chapter is composed of four sections and it is mainly$ed on network and commu-

Kevin Cheng 45



Chapter 3 Proposed Concept

nication details. The first one presents the origin of the B&®ept. The second one describes
the concept itself. After that, properties and limitati@ns discussed and finally an analogy is
made to compare the concept with a simple idea view.

3.1 Concept Development

The RSS concept comes from the study of networked systenepbtagether with recon-
figurable computing concepts and technologies and with Hservation of related research
projects.

3.1.1 The Local Market Global Symbiosis Concept

O O O

a) b) c)

Figure 3.2: Issue a request (a), Retrieve answers (b) andrission job (c). [BCM 09].

A simple concept was defined to deploy new featutesal Marketplaces Global Symbio-
sis (LMGS). The concept is distributed according to principbésupply and demand within
the network (see figure 3.2).

The simple idea is that every device does exactly what it detentbe the best according
to its stored parameters. The minimal software to activahe tpart in the process consists of
two elements: a customer which issues requests to the rietavbave a certain job done and a
purveyor that answers requests for jobs with the costs rigehkif it would be commissioned.
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The effort a device makes to create the answer can vary wiDelgending on its computation
power, knowledge, and storage capacity, this ranges fram@ereturn of standard values to a
complex measuring where the load, the utilization of thee'®domponents, or the probability
for the effectiveness of anticipated reconfiguration miggntaken into account. For example,
in sensor networks, communication is the most expensiverad distribution of work should
be chosen to minimize the overall traffic, maybe by execuaitgt of tasks locally through to
reconfiguration of the node.

Request

The requests issued by the customer component of a nodestohaituple as follows:

Request = {Source, Target, Requester, DataVolume, Task, MaxHops} (3.1

where Source contains the data source for the task, Tamgettha sinks, and Requester the
device which posted the inquiry. Data Volume holds the quandf data to be processed with
Task. Max Hops specifies the maximum number of times a requagte relayed by a node’s
neighbors.

Source, Target, and Requester may be partly or completettimhl, we included mecha-
nisms to distribute jobs within a channel between data soand target. The values can be
one-to-one identifiers of nodes or might as well contain we#ads to address groups of nodes
so that, for example, modifications that have to be appliealdet of devices can be launched
by a single command.

The Data Volume will be taken into account when an offer isegated for the request. It
usually influences the decision whether it is more appropiia solve a task in software or
in hardware and if the data may be processed remotely or ddah@emunication costs for that
would be too high.

To be able to specify a task or a whole group of tasks, we stigdesrarchical mechanism
nomenclature which comprises every single service thabearendered in the network under
one root node.

As Task in the request structure is not limited to one atowii; jt may be a list of tasks.
These lists may contain jobs that are to be processed seégjlyeot in parallel ranging from a
single data-source to a single target, to complex data flowvsmultiple sources and targets.

Finally the restriction to Max Hops ensures that inquiries ot simply flooded through
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the net but stay local working off jobs at a kind of in situ metfdace when sensible. This
is of course only if the local neighbors provide approprstéutions to tasks at a reasonable
price. The composition of this “cost” will be presented ircten 4.2. The idea behind that is
obvious: since we are able to reconfigure devices to sertieally any need, even small local-
ized groups are highly adaptable and will be able to cope mibtist challenges with optimal
efficiency. Thus, data will in general be kept in a spatiayrow cloud, so that communication
is minimized. In the current and the next section we will @kplhow this is reconciled with
the claim of super-regional cooperation.

To publish and find services to fill in a valid request basjcétiree mechanisms can be
deployed. First one central directory server knows whichadeoffers which services and has
to be prompted for every job to work off. If it fails, the whotetwork is paralyzed. New
services have to be entered, causing additional traffic.

Second, searches for certain services are flooded throeghiitble network. This is very
flexible, but rather inefficient.

In this work, we have developed a third approach, a hybridtswi between the two pre-
viously mentioned ones. Here data is flooded only within tlesest neighborhood. Only if
the answers from them are insufficient, say because noneafetkt nodes wants to execute
the requested task, the job is advertised again, this tintte avhigher number of maximum
relays. Additionally devices keep a more or less extensst®f other remote hosts, to satisfy
a certain request. In this manner not only local offers bs ahore distant ones will be taken
into account. Distant ones possibly suit the current Siadietter. The maintenance of this list
is closely related to the structure of offers replied to aie=g which will be covered in Section
4.2.

Generally, requests will be made to the direct neighborgatiae issuer itself. A neighbor
that finds the Max Hops greater than one reduces that coumtesends the request to all its
neighbours. Especially the answer from the node itselftsr@sting in this regard: with the
possibility to reconfigure, scenarios can be managed wleremzinication cost is very high
and nodes have to cut back on transporting lots of data thrtheynet.

Offers

The response to a concrete query contains two elementgo#tesectorthat the replying
device is estimating for supplying the service and the losabf known providershat are also
capable of satisfying this particular request:
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Of fer = {Costvector's, ListO f KnownProviders} (3.2)

Costsmean figures given as multiples of a base cost. For exampeyrahsmission of
one byte of data over a wireless Bluetooth connection wik bet more expensive than over a
wired Ethernet link. We identified three dimensions of goatttions:time complexityenergy
consumptiopandspace usageThus, a device’s purveyor calculates the cost vector fask t
A according to:

Ca = (ZxExPr)'. W (3.3)

where Z; denotes the cost for the local effort concerning timig; for energy, andPyx

for the required space. W contains the willingness of theageto spend part of the specific
resource to locally execute task A as a diagonal matrix. Aebatdriven device might, for
example, want to lower its willingness to accept very enarggsuming jobs as it runs low
on battery power. The final cost-vector, is passed to the issuer as part of the offer. The
list of additional service providers is being built up thgluogging of messages indicating the
commission of a node for a particular task or through dediteewriting. On the one hand,
devices that relay an accept message (basically a requibsa\specially formulated task) to
a device store the target device and task together with ainagigm time. On the other hand
devices can advertise their capabilities by giving out alestjto every other participant of the
net to amend its local list of providers. If it intends to stayhe community for a longer period,
the expiration time may be set accordingly, attractingatisof requesters, locally and remote.

Negotiation Example

The flow of a negotiation basis on sending requests, retigerg@sponses, determining the
most appropriate solution, and commissioning a purveyohekVevaluating the replies, the
contained list of alternatives, maybe remote, providerg bwtaken into account and the se-
lected ones may be prompted for a bid. This enables the sytsté@msorporate both: decen-
tralized and distributed computing as well as central ses/iike the storage of gathered and
processed data. When answers came back in or after an anfdunepthe customer deter-
mines the optimal partner to commission and it allows thaageto emphasize a rather fast,
energy-efficient or space preserving execution of a taskebeing on the computation-power
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and -willingness the node might accept the earliest offenay run a multi goal optimization
on the large data retrieved to find the best trade-off.

The Local Market Global Symbiosgs MGS) Concept was presented in [BCI9]. It
proposes a concept of networked system where each nodeedpiafind tasks that must be
processed by the nodes group. It can be summarized as a ketlvere nodes are always
trying to find a new job.

3.1.2 The Local Intelligence Global Symbiosis Concept

LMGS Networked Element LIGS Networked Node

Intelligent Node:
Task Resource

Market Place:

Task A Task B
Task C Task D

List List

Let other element Try to find help
look into task to do ' from other node

@ Initiative @

Figure 3.3: LMGS element versus LIGS Node

The first evolution of the LMGS concept is thecal Intelligence Global SymbiodIGS).
The LIGS proposes to look at the LMGS from another point ofwighere resource availability
is at the center of the element collaboration instead of gasantity for the LMGS.

In other words, it proposes to reconsider the LMGS to seeatrastwork where each node
is not looking for other tasks but can only ask for computatesources. Consequently, nodes
have the possibility to reply or not to reply to any resoureguests. The main advantage is
that the communications are completely decentralizededddthe LMGS concept is limited
to a dynamic set of a small central task market place and t6&ldonsiders each node of the
network as a fully communicative entity.
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Figure 3.3 shows the LMGS element and the LIGS node, sidedgy 8llore precisely, the
LMGS element is presented as a market place where tasks @itabd®. The LIGS node is
presented as a node able to manage tasks and resourcegtof@gare 3.3 also depicts the
advantage of the LIGS which is to give the initiative to theles.

3.2 Reconfigurable Self-Organised System: A P2P Reconfi-
gurable Technology

3.2.1 Definition

RSE: a set of RSN

RSS: the general name used to describe the concept i general

Figure 3.4: How to use the concept’s terms.

Figure 3.4 shows a representation of the terms used to dedbe proposed concept.

A RSS is a modular and complex system based on reconfigurable laaedtechnology
which is able to organize and restructure its own activityittgractions of its intelligent nodes
and without external influences.

Beside this definition, we also define:
— Reconfigurable Self-Organized No@®&SN)
— Reconfigurable Self-Organized Ent{RSE)

RSN and RSE are used to discuss the intelligent networkedmysased on the RSS con-

cept, where RSN describes the intelligent nodes that ateptre RSE.
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RSN is the base unit of RSS. They are intelligent nodes in theedbias they are able to
communicate with other RSNs without being externally madagd heir main characteristics
are dynamic behavior, autonomous capacity and interopétalwith systems based on other
electronic technologies.

RSE is used to qualify how an RSN group interact and compute tgsksrated by
the users. By extension of the self-organization and emeegeoncept, RSEs can be
distinguished from a simple RSN group by the emergence pépies developed duge
to the RSN's interactions.

3.2.2 Environment and Application Field

RSS are thought and designed to be part of the actual netd/orkastructure where nodes
and any other system can communicate, exchange and wotthéog&he Internet structure is
good example of this kind of environment.

Beside the technological point of view, a parallel can bewiréo the standardization of
communication protocols. In order to allow a communicalink between nodes, it is crucial
to use the same protocol.

3.2.3 Computing Model

The computing model is based on the concept of reconfiguastguting used together
with a peer-to-peer communication structure. The goal isotmbine the advantages of auto
reconfiguration provided to local systems with those of agletely decentralized communica-
tion system where each node or RSN is dynamic, autonomouisitandperable by definition.

Using this model, the problem is turned into a file managemesttlem and a scheduling
processing process. These problems have a lot of diffecdutiens that are proposed in the
research work on operating system and file systems. Unded#scription the computation
model can be described as follows:

F<Tx):flof2of30---ofn(Tm>:R:E (34)

where,3n ¢ N, F'is a functions applied to the tagk (x denotes the task number). can
be decomposed into a set pfsub-functions. These sub-functions are applied sequigrita
T,. Finally R, is the result.
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In the computation mode); can be processed on any RSN of the RSE. RSNs are charac-
terized by their existence in the time and in the space.

Reconfigurable Self-Organised System

O ©
w | OO

Task 2
Task3 5

T=1

Result 1
Result 2

— 5> Result3

Result x

@ O 0

Figure 3.5: RSS Computation Model.

Figure 3.5 shows the organization of a RSE on a two-dimeasgnd over the timesapce.
RSN are symbolized by;,,,, wheret is the instant time and, m are used to give a position
on the grid. Considering RSNs existence, the account ofablairesource can be defined as
follows:

Re(t) = /Ntnmdt (3.5)
whereRe(t) represents the quantity of resources at a certain moment.

3.2.4 Simplified modelling and formalisation of a RSS

An RSS that integrates the general aspects presented ahitustrated by figure 3.6.
In a more simple manner, such a systems will:

— Adapt their behavior to any disturbance,

— Distribute, in case of a node failure, remaining functionsasks to other nodes,

— Replace their modules using auto-reconfiguration,

Kevin Cheng 53



Chapter 3 Proposed Concept

Disturbance = Adaptation =3»>g1 —> g2

Reconfigurable Self-Organised System
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Figure 3.6: Self-Organization Criterion of a ReconfigueaBystem

— Detect the modification of input data and adapt their glblealavior through the possible

functions of the nodes for new computations,

— Organize in an autonomous way their nodes to make them tegugempt future pro-

cessing tasks.

By considering theeconfigurabilityof a system as a hardware architecture, the systems
will be able to change its form or function during various ggsses over time, and the term
dynamicthat is attributed to reconfigurability as a characterisfi@ system able to change
its state, the definition of a dynamically reconfigurabletsysis reached. Moreover, due the
fact that the dynamic reconfiguration of a system repreg@metsnost promising aspect of the
realization of the self-organization principle, the egjtlrelations between that principle and
the reconfigurable technology should be established.

A new cooperative intelligent hardware design concept n@lki system self-manage is
proposed. The basic concept of this design is based on dgr&tractures calle@he Stream
that presents the main mechanisms of our self-organizedrdapproach.
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Let us suppose that there is a networked sysihat is composed dfl modulesE; (1 <
1 < N), that can communicate and exchange data. Each mddutarries out a certain
function or taske;(¢) at a given timef. Each module’s function presents a part of a set of
the available functions (or serviceS) that could be accomplished by the given module and
contributes to achieve a global functig(¥) such agy(t) € S, wheresS represents the set of
functions which can be implemented by the considered sgHrazed network nodeg(t) <
S, S ={0,91,9, ... gn, }). Defined in this way, the system can be described by theviiiip
set of expressions [Jov09]:

ei(t) € S;,1<i<mn,néeN. (3.6)
N
g(t) = e;(t),0<i,j < N,neN. (3.7)
ij=1

where each task; can be localised and places on each reconfigurable RSN.

3.3 Using Reconfigurable Hardware in a Self-Organization
context

The self-organized auto-reconfigurable system comes fh@nassociation of self organi-
zation and auto-reconfiguration concepts [MMDBO07, JTWOR].realize this concept, a real
multi-FPGA system that is self-organized and composedtefligent networked nodes is im-
plemented. In this network, the nodes are able to choose diei tasks, depending on the
resource requests sent by other nodes. These reconfign@dde ensure a certain flexibility
and adaptability to the distributed system. Two nodes @@ @ble to communicate directly to
exchange data. In practice, each FPGA represents onergalitped node of the network. It
allows to implement a complex embedded architecture thasists of processor cores, hard-
ware blocks (i.e.IP blocks), dynamically reconfigurable area uniRU) and Network on
Chip (NoC) in the same circuit. Each node associated with memory rfext@nd/or embed-
ded) containing local bitstream configurations, is ableujgp®rt dynamic applications and to
ensure the execution of several tasks within the same reso&urthermore, these nodes are
associated with sensors to collect data and at least onesititéhat gathers all the informa-
tion and offers an interface to other nodes. Figure 3.7 slaowsxample of our self-organized
networked architecture. It is composed of self-reconfigleraodes.
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Figure 3.7: Architecture of the networked Self-reconfigpleanodes.

Our networked multi-FPGA system is based on an automaticdiesribution by using a
Stream and allowing each FPGA unit to open direct commuioicgaivith any other FPGA unit
with the objective of exchanging data. By exchanging daththa associated partial bitstream
file, our self-organized system realizes the relocationoofigutation tasks with this objective
to create a entity that can morph in real-time.

3.3.1 Task distribution Stream Concept

To ensure an efficient execution of the application, the@gjanized network must manage
tasks dynamically using the support offered by auto-regondible nodes. Due to their nature,
auto-reconfigurable nodes are limited not by the numbersiftéhey can process sequentially
but by their reconfigurable regions that contain proceskigg. These processing logic re-
sources and regions must be configured at first, in order tzeemcomputation function. In
this case, a configuration step is necessary before therbegithe processing. It can be a
dynamic reconfiguration or an auto-reconfiguration. Thitit®logy allows the adaptation of
the system using partial reconfiguration that does not ighe rest of the design. Moreover,
RSE must be able to perform multi-task and allow the dynan@nagement of several actions
simultaneously.

Resource Requests are limited to information about theitssk and exclude completely
the knowledge about the receivers. In this context, the ewess of the neighborhood nodes is
emergent and comes from the potential replies.

For any reply received, the requester automatically disthe existence of another node.
Moreover, the requester node can start teamwork with the tieat it knows about.
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To answer these problems, the proposed cooperative géetliapproach is based on a
stream that travels from node to node and which containsfatmation necessary: the task
identification numbers and the names of the different filesis Tnformation allows self-
organized nodes to decide by themselves if they want to hatbh@w to establish direct
communication links with the requesters. The direct comication links are established to
exchange bitstreams files and data files. Moreover, thenstosa be updated by all nodes
that want to request help from other nodes. Figure 3.8 ithtiss the mechanism of the self-
organization based on the proposed stream concept. It sth@Mask distribution and the
point-to-point dataflows used to process organized tasksthe networked entity. This is part
of the main originality of this thesis work.

Seif-reconfigurable node i

-
I
I

Data fluxes

elf-reconfigurable node j

Figure 3.8: Task Request Stream and temporary Data ordatstfluxes.

The main objective of this stream is to gather informatioowhasks that must be processed
by nodes and by extension the networked entity. For exaniplede; receives a request from
node; and ifnode; has a free reconfigurable region, it can reply.tde; by asking for the files
associated with the concerned task. In other words, a resoaguest is followed by a file
request.

It is important to consider that the stream is not a contmicstire. It does not impose any
decision on the networked nodes. Its main role is to gathérigiorm requests. The stream
allows a self-organized task distribution. It can be usetthouit being completely aware about
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the entire entity. Also, it can be realized using an undegyprotocol, for example TCP/IP,
and it is composed of two levels. The first level is the reqg&siam and second level is the
point-to-point dataflows.

The request level is made to connect nodes together butwtimy central control and with
a minimal protocol. The data file level is made to exchangs filea reliable way. These two
kinds of links can be designed using packet based protoodiseehnologies. Any communi-
cation standard can ensure additional quality of servic¢hiose communications. Figure 3.8
illustrates the different communication types. The regjgggam that reaches all nodes of the
network is shown in black. The temporary fluxes created twstiex data or bitstreams between
nodes are shown in blue and green.

In summary, when a node accepts to process a task, it askstforadd bitstream to re-
configure itsDRU. For instance, aode; chooses to execute a task specified in the stream. It
sends back a file request to exchange data and bitstreamaith. Furthermore, the concept
of resource and file request is completely dependent of the’sintelligence that constitutes
a distributed intelligence and a non-centralized hardveairgrol required in the design of a
self-organized system. Indeed, by giving to each node thsipiity to handle their own jobs,
it is possible to create self-organization properties authany kind of node. This concept is
particularly adapted to auto-reconfiguration mechanisrDRU (see chapter 5). Figure 3.9
depicts the flow control graph of the self-organization nagtm based on dynamically recon-
figurable nodes and which produces a cooperative intelligeathanism. In this graph, two
mains direction can be followed: the allocation of a new tasthe processing of a task.

In the case of a task’s allocation (on the left side), it it fuexified if available resources
exist that can be shared. Therefore, the data file and theiat=w bitstream file are present.
These verifications imply the discovery of the location af task. If the files are not detected
locally, it means that requests must be transmitted in dalexchange those files.

It corresponds with the second part of the flow (on the rigi¢siwhere the node is waiting
for the arrival of file. When the bitstream file is receive tiode can reconfigure itself. After
that, when the data file is received, it can be processed ametlily configured module.

The task distribution stream is the most important part efsélf-organized reconfigurable
entity. It is a self-managed system that unifies all nodesobming a computing group. All
information necessary to make a decision and communicateravided to any node. Its main
goal is to provide information in real time and create on eyaet organisation. Secondly, the
stream is designed to manage a scalable number of taskslexgrto the resources workload.
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Figure 3.9: Control flow graph of one self-organized node.

3.3.2 Theoretical Stream Structure

Figure 3.10 presents the stream’s frame used as informsttiocture. It is composed of the
following fields that correspond to three different kindseduests:
— The number of tasks in the stream that have to be procesdbe kyoup.
— The data fields used to define the type and the status of equobsts Ctrl). This request
field is used to identify the bitstream configuration file oz ttata themselves:
— Task request,
— Bitstream Request,
— Data Request
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Figure 3.10: Request frames.

— The Bitstream IdentifieBS _I9d field indicates which bitstream has to be used to process

data.

— The Data Identifierd_Id) field indicates which data has to be processed.

As defined, there are three different types of request: teglast, bitstream request and
data request. For all of them it is not necessary to know tisérgion. It is a particularity of
the concept. A node sends a request without any informabontahe entity. Each task has to
be identified by the Control Bit, thBS _Idand theD _Id. This distribution stream achieves a
cooperative intelligence allowing the census report, taeagement and the localisation of the
tasks in each node of the system through a particular conwative mode. It concentrates the
minimal information needed for a self-organizable and aetmnfigurable node to collaborate
with other nodes.

Point-to-point dataflows Structure - Data Exchange Communtation

When a node accepts a task from the stream, all nodes areniedothrough the stream
itself. It engages a file transfer with the requester. Thd ot get the configuration file
necessary to implement the hardware function that is napess process data in a local node.
Fluxes are created for short moments in order to transfesethtes.

The point-to-point dataflows use a transfer protocol basedata packets for the stream
and the data. The messages sent using the data fluxes aressmhgba fixed number of packet
Np (Np = 1).

The packets are composed by two fields. The first one ish#aslerthat contains the
destination address and the packet’s length. The secodddighepayload it contains data
that are corresponding to a fraction of the files that arestratted. Figure 3.11 describes the
packet frames used in the fluxes. Therefore, if the apprpbistream is not already in the
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memory of the local node that ensures a task computationw@oemunication is established
to download it. This strategy is important because it is mugsible to store all bitstreams
directly in the task distribution stream. Moreover, thipagach has another advantage because
each bitstream can be duplicated in a second unit. In this ivaype unit breaks down, the
global system does not lose the considered bitstream thartkss redundancy. This concept
is used to protect the information and moreover for the sgoof the bitstreams.

Destination

Data/Length
Address

Figure 3.11: Packet format of a data flux.

The data exchange is established when a node accepts atdisis. dase, this unit can ask
to have the data which has to be processed after the selifigaration.

3.3.3 Generation of bitstream and data request

Each global functior¥' is composed of many sub-functions or sub-tasksj, f. Those
sub-functions are a pair of identifie®%_Id D_ID) used to associate data and bitstreams.

F=hogo f(BS_IdD_Id) (3.8)

It is the minimum information to transmit in order to orgamiasks without any knowledge
of the entity. Using this information, each node is able tofigure itself with the best hardware
functions.

Any node can send a request on the stream and when anotheretedess it, it can select
a task in it, remove it from the stream, and send it back agdie.stream can be seen as a list
of request:

S = {RT17RT27RBS57RD27“'} (39)

with S the streamR; the request Task1B - the request TaskZ zs5 the request for the
Bitstream file 5,k p, the request for the Data file 2. In this stream, each node chnragmove
a request to participate in the entity’s activities.

If a node needs to distribute work, it can send a request omagiedistribution stream.
Therefore, when another node accepts a request, it writeghe control field and generates
two requests: a bitstream and a data request. For thesequests, the node uses bitstream and

Kevin Cheng 61



Chapter 3 Proposed Concept

data identifiers as its own identifier. For the auto-recoméijan, the node takes the identity of
the bitstream. Consequently, the bitstream request iatieg/(at the same time) the identifier of
the bitstream and the address of the destination.

Examples:

1. Bitstream request: (four control bi8S_idor node Id), the node takes the identifier of
the data.

2. Data request: (four control bitS, Id or node Id)

In this way, when the stream is read by the entity, each nodelgack the combination of

identifiers. If there is a match between bitstream, datagsigand node identifier, the commu-
nication can be temporally established.

3.3.4 Social Organisation

The social organization of RSN is centered on the node ige&xlte. By giving enough
capacity to manage their computation tasks and their coroations, RSNs are free to evolve
in the RSE and to be a part of any computation task. With théemation each node has the
same kind of functionality.

| Physical Network Interface |

Communication

Request Broadcast Manager | [ Task files Manager |
Local Resources Evaluation | | | External Task Manager | | | Local Task Manager
Intelligence
- 1 N

| Resources Selector |

Local Processing [ Processor time slot | | FPGA PR-Region |

Figure 3.12: Node Functionality that constitute the batiRSN.

Figure 3.12 shows the functionality that allow us to creatkae relation between commu-
nication and local processing resources. By extensiositlita basis for the social organization
of RSE. Based on the kind of structure, any RSN can cooperatskofor cooperation from
any other RSN. Within this communication point of view, albRs are designed to be fully
autonomous and have the possibility of creating proceggiogps to solve tasks.
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This description shows how a networked node can react depgnd requests to organize
itself. Depending on its own activity and available PR Regiahe node can decide to con-
tribute to the execution of common processing tasks andhfigoe itself to compute data.
This kind of description gives a certain autonomy to nodeklats them decide what they can
or cannot do. In other words, the control or management ofored tasks can be spread and
then all the system can be seen as a decentralized conttehsys

Tasks dependencies add the notion of morphing the RSE stesctTo solution tasks se-
guences, RSN are spontaneously forming little groups. &lesups are formed to share re-
sources in a more efficient way. In this complicated entitg, hotion of self-organization and
emergence need to be correctly determined to understambpiema that are appearing. The
parallelization of tasks is one of the main benefit of thiscapi.

3.4 RSS Properties and Limitations

Concept [ Implementation

I
| Dynamic —»  Partial Reconfiguration
Function
:@ —y Control I Autonomy —¥» PowerPC 3::;
I
I
1

Autonomy

Dynamic

Communication
Interoperability — Ethernet :G.\/‘

Figure 3.13: Three interdependent properties in a douhite pbview.

Interoperability

At this point, two remarks are necessary to include propgrtoming from chapter 2 into
the concept presented here. The first remark is about theldebavior of a network system.
At the local level, each node needs to provide server andtdiiehavior at the same time. It
is a well-known concept that takes into consideration ticetfaat a user provides intelligence
to allow a RSN be autonomous and dynamic. This introducedliopgnce into system This
concept has evolved and can be seen as including also tlea mdtilynamic autonomy which
is important for the self-organization and emergence ptogeeof those projects.

The second remark is about collaboration and intelligepeoative aspects. These as-
pects are as important as the node description. Propefteiygamics and autonomy can be
completed with interoperability which can be summarized sngood wheel cycle.

Figure 3.13 shows the integration of the three key properitito this work. It is evident
that there is a duality of the macro and the micro levels. @phalization can be applied to
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Figure 3.14: The dependency stack of technology.

both levels and it places the problem in perspective withatieto illuminate the complexity
of their relation.

3.4.1 Autonomy at Local Level

The proposed concept attemps to respond to the three obidstict that describe what
is necessary in a networked system to integrate new featimet®volution capacity. For the
autonomy at the local level of each RSN, the possibility tmownicate tasks is provided by
making a link between the low level hardware and high levéisre.

Figure 3.14, shows the stack of technology that defines taetste of RSS concept. In
these concepts, and in layer 4: Partial ReconfigurationdRegind Software Application are
directly linked together. Layer 1, 2 and 3 can be seen asthetste to unify them. In addition,
the four layers together allow to integrate the triple prtips set: Autonomy, Dynamic and
interoperability. At the local level, the concept is makR§N intelligent.

3.4.2 Dynamic Organisation

Figure 3.15, shows a scenario of RSN collaboration duriegithe. As it is shown, RSNs
can be grouped at a timié¢ and grouped differently at time or ¢3.

Concerning the dynamic property of the system, and moragelyadhe dynamic organiza-
tion, this characteristic is reached by providing the pgasst to reply freely and depending on
available resources.
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Figure 3.15: Dynamic cooperation evolution

Consequently, under a RSE, RSNs can produce an organizitiamically. Indeed, be-
cause of their ability to be independent, RSN can organige jbbs in a group spontaneously
created.

This figure also shows a representation of self-organiaadiod emergence. During the
time, RSNs start collaboration in a self-organized ways klso possible to see the locality of
collaboration.

3.4.3 Interoperability with other technology and network

The two characteristics presented above lead to the thiedelated to the interoperabil-
ity issue. This characteristic is provided by the possipilo use the software side of the
application for other systems that do not include FPGA tetdgy including reconfigurable
technology.

By assuming the RSS as a combination of a control applicatiotop of an existing elec-
tronic structure and®n chipreconfigurable logic, it is possible to use this modularayirt-
tegrate RSE into an existing networked computation strectrhis is due to the possibility
given by actual main electronic architecture used to pmgedneralist computation machine
that can compute any application. These structures are toadkow users to make them
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evolve manually by adding new electronic devices to conepdetreplace old devices.

From these structures, the control application of RSS caadded as any other program.
Consequently, computers can be seen as a half RSN withautfrgarable logic. Additionally,
FPGA development boards including PCI-E interface can be atlded into this computer to
form a complete RSN made from a standard computer.

3.4.4 Other properties

The realization of a RSS leads to a list of expected promerides explained before, they
relate to the behavior at the local level but also at the hehav the created RSE.

For a decade, the FPGA technology has been offering thelplitysof building systems
which are auto-reconfigurable. It is particularly obvioughwthe introduction of the partial
reconfiguration technology that allows to reconfigure onpaa of a FPGA at run-time. Us-
ing this advantage, a SoC can include any hardware acaziethit can fit into a predefined
PR region. Today, auto-reconfigurable systems are staidirg integrated into networked
systems.

The Five Self-Properties

Another set of properties exists that gives a good view df@glanization: the 5-self de-
scription. Considering the FPGA technology, the self-argation concept can be extended
to a system where electronic hardware modules can be rethcdthis makes it possible to
add another degree of freedom to the management of resodreesoncept of the self-stars
described in [6] proposes a complete approach to implenefhhbgyanization properties. It
is composed of five stars: Self-Reconfiguring, Self-ManggBelf-Optimizing, Self-Healing,
Self-Protecting.

— Self-reconfiguration.The FPGA technology offers the possibility of building ateys
which is auto-reconfigurable. It is particularly obviougmihe introduction of the partial
reconfiguration technology that allows to reconfigure onpa# of a FPGA at run-time.
Using this advantage, a SoC can include any hardware aatmigrthat can fit into a
predefined PR region.

— Self-managementThe first improvement of the self reconfiguration stars is sbH-
management star. It explains how a networked system caniaggiself by distributing
tasks to the nodes that compose it. The management of gaitsieams is an example
of self management. By exchanging partial bitstream willed systems, any system is
able to physically evolve.
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— Self-optimizationSoftware or hardware processing? This question is conth¢ati®ad
balancing methodology [2] and heterogeneity of the syst&lost of the time, it is de-
fined in advance because most systems are defined in a wapéhatdcessing is exe-
cuted in software. In the proposed system, the definitioeadnfiguration parameters is
necessary to make a decision between software computattbhadware reconfigura-
tion. In this context, it is the beginning of optimization.

— Self-healing. In the same way, the possibility for a self-organized systerheal it-
self allows to improve the working time of the system. Anetheenario concerns the
possibility to have a defective component in the systemrdfoee, a multi-zone recon-
figuration system could be a great advantage to re-implembatdware accelerator on
a viable partially reconfigurable region [7].

— Self-protection.The last star relates to the security of such complex syst&ossid-
ering the fact that there are a lot of faults in the securitg@hmon software system
environment, the possibility to encrypt security compdeéma hardware module that is
removable offers an advantage to such technology.

Starting from this point, the first self-star (Self-Recoof@tion) becomes a standard prop-
erty of systems. This is due to the implementation that iheleconfigurable technology and in
particular the utilization of dynamic partial reconfiguost. Two degrees of reconfiguration are
possible. Locally a node can adapt itself by reconfigurirgiare modules, and at the network
level these modules can be exchanged by the nodes. The feens®elf-stars are properties
that are studied in relation with the hardware structurejeRts like ReCoNet and SCARS give
good hints concerning research in the field [4] [7]. In partae, the SCARS project proposes
a complete demonstration of the utilization of reconfiglediardware to realize a self-healed
system.

3.4.5 Requirements for the implementation of an RSS

To create a reconfigurable system satisfying propertieseapéctations imposed by the
concept of self-organization and/or emergence, reseancksveoncerning conception method-
ology for these systems must be followed. This section sumzemthe main requirements for
this kind of system characterized as self-organized arohfegurable:

— Some dynamic reconfiguration capaciteegabling to change the global or local structure
in an effective and reliable way. Partial Reconfiguratiarhteque presents an interesting
aspect for the conception of various functions after thégihetime. Indeed, the possibil-
ity of modifying a hardware module during run-time withowgiiading the functionality
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of the rest of the system allows self-restructuring of thstem giving a realistic self-
adaptive solution.

— A distributed control mechanisthat is spread over the system and that enables a global
management starting from node’s local control mechanismasBume a good coordina-
tion between those nodes, the control mechanism must edeanhdorse a support for
computation functionality.

— An inter-node communication structufet is robust, distributed and scalable. The nodes
coordination can be assumed by a communication protocbktearly defines the ex-
changes of information and data. It should allows exchamgishigh-speed. The con-
sequences of such communication technology are the optilmizof the communication
workload between nodes and with external entities. Theweaations help to initiate
emergent properties like collaborations between nodésthee a certain proximity.

— A cognitive learning mechanisthat allows the system to learn from its previous experi-
ences and that uses this skill for the resolution of new sdna. This learning process
allows the system to react to any known situation in an affeand rapid way. In ad-
dition, it helps to reinforce behavioral response. Thenmay technique must provide
to the system a way to optimize its behavior to converge tjincan optimal solution
concerning collaborative behavior.

3.4.6 Technological and Conceptual Limitations

The concept has many limitations concerning both techncédgnd conceptual aspects.

Technological limitations

The first limitation is technological and it is partial redguration that implies partial bit
files. These bit files are dedicated to a specific kind of FPGiA ahd they are also specific
to a predefined area in this chip. This leads to the first dinibietween either a homogeneous
RSE with identical RSN or an heterogeneous RSE built witfecBht kind of RSN. The result
is the necessity to create for each logic functionality,tao$®it files which can be used in the
largest set of FPGA type. Itis the first limitation: the hetgeneity of FPGA and bitstream files
for the same function. This work focuses on homogeneous R§Nemented into a standard
network.

The second main limitation is the non-deterministic timeassary for the controller, usu-
ally a GPP, and particularly to accessAtsthmetic Logic Unit(ALU). The OS is crucial for
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this. Most systems are not running at real ti@ygerating SysterfOS). Then, it is not precisely
known when the tasks can be treated.

The third limitation concerns the diversity of communiocatprotocols like Ethernet, WiFi,
3G and so on. In the best case, an RSN should be able to seddmtshprotocol at any time
and evolve with them.

The fourth limitation is related to RSS communication poatiatself, because it does not
require any response. RSN must integrate a timer that allowtetermine if it should help
itself and process tasks sequentially.

The biggest technological limit is that electronic teclogyl provides non-biological ele-
ments that are still not really a part of the natural envirenin There is a phase difference
between biological elements and technological elements.

Conceptual Limitations

The main conceptual limitation concerns the definition ofealike system, the selection of
the characteristis which should be integrated, and thedetation of how to recognize it. It
concerns the knowledge about the world behavior, cyclesrdaathctions. Consequently, pre-
tending to mix natural computing and reconfigurable conmuyis just a questionable solution
that aims to determine what is a biological systems usingngogical systems.

To focus in computer science field, the concept of reconflgareomputing is mainly based
on FPGA technology which is really limited because new waysetonfigure a system must
be discovered. It can be imagined, for example, a machireetabhechanically change some
of its components, like a video processing card.

More importantly, the computation concept itself is a liatibn to undecidability and an
intractable problem. Notions like NP complete problems jpolgnomial spaces are important
at this level.

3.5 Compatibility with the Peer-to-Peer concept and the bds
RSS

3.5.1 P2P Compatibility

The main characteristics of the P2P concept is the compldedentralized structure, the
complete autonomy of each node and the complete deconositifiles that allows data
transfer from different sources simultaneously.
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The RSS concept integrates the two first characteristicghenthird one is not implemented
because it can be considered as an optimisation which ddef# nmto the research of the
elementary node and system.

3.5.2 The Best Theoritical RSS

The theoretically best RSS can be compared to the actuah#tteith its nodes that are
a combination between human users and computation devicédss model, nodes are at the
same time intelligent and manually reconfigurable. Moreolieman users are able to use
different devices relatively at the same time which can ke sses the possibility to upgrade
hardware within being disconnected from the Internet.

Conclusion

After presenting the most important aspects of the recordlga technology, an analysis
of the self-organization principle is proposed with an R$&optic definition. Therefore, RSS
is defined as a system enabling its restructuring and its ggamant without any external con-
trol. In addition, the RSS has the capacity to adapt itselfripredicted modifications of the
environment where it evolves using its nodes interactiaitg hardware reconfigurability. The
definitions of self-organization characteristics are giuethe context of dynamically recon-
figurable systems. Each characteristic has been formadizddllustrated using the example
of an RSS. A synoptic schematic of this RSS is also proposdter fat, using an analysis
of self-organization characteristics in the context obrdgurable systems, the requirements
for the design of an RSS are established. Also, the maintenthral aspects that enable the
realization of RSS are identified and summarized.

The first aspect to consider in the design of an RSS is thetaothre approach. This
aspect contains the distributed control mechanism and dlyehat the decisions, at the system
level, are taken through the local mechanism. The cooperatielligent aspects forming the
system play a fundamental role in the design of such systérdsed, the characteristics of a
scalable communication system are presented in order i tiakan to reconfigurable hardware
systems. Finally, the last aspect to consider is the notfogelf-learning that is integrated
through the analysis of past activity.

The second part of this thesis details the two first requirgméor the conception of an
RSS, the general architectural approach to such systemghandter-node communication
structure that integrates the decentralized and self-g@anant aspects. In chapter 4, a solu-
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tion to achieve the implementation of an architectural apph enabling to decentralize the
control of the system and its management in an autonomousidaepgendent way is presented.
It also validates the proposed approach through the deéthe adopted concept as a part of the
autonomous surveillance camera network denoted PICSgd&wat Intelligent Camera System
project). Chapter 5 presents some results of such impletiens and a discussion about the
RSS as a possible implementation of natural reconfigurabomputing system. In this design
application, we show how to organize self-monitoring pssieg by driven cameras, sensors
and detectors based on a network without a centralized neamagt and a control of human
operator. We also present one solution to add intelligemtied self-managed system. In prac-
tice, we propose a system that can select the appropriateriafion for processing in runtime
which is based on FPGA Virtex 4 Xilinx technology exploititfge hardware reconfiguration
ability and the adaptability in time and space.

As presented in this chapter, the RSS has a number of adesritaghas one major draw-
back. It is complicated and uses a lot of different techni@®gThe topic of the RSS concept
is also addressed in two interesting thedashitecture Reconfigurable de Systéme Embarqué
Auto-Organis§Jov09] andArchitectures, Methods, and Tools for Distributed RunetiRecon-
figurable FPGA-based Systeff®c09]. This thesis presents complete information comicey
methodology and tools to manage auto-reconfiguration [Rpafd link with MPSoC research
[Jov09].
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Chapter 4 Realization and Implementation of the RSS Concept
Introduction

The main objective of this chapter is to show explicitly thgmeering work to build the
proposed RSS. It demonstrates a realistic solution thatiisnomous, Dynamic and Interop-
erable Using new paradigms described in chapter 3, all detailhefrelation between the
conceptual ideas and a real implementation are exposed.chhapter is focused on the node
level implementation which is the starting point to estsiokan intelligent and scalable system.
As described earlier, the aims of the work is to demonstteged properties to the networked
system by implementing them in each node.

To highlight the importance of the control distributionps®information about intelligence
is given. Beside that point, different aspects are used @ stardware parameters, software
and communication characteristics. Hardware parametamslyndetermine the shared com-
putation resources. During the design time, the selectidhase resources is related to the
decision of what can be shared. The software side concegrdetfign of a control application
that is independently programmed in order to make it usablarty computer structure. It
is a way to transform any machine into arelligent machine. The communication options
makeRSNable to use any medium to send and receive information ta &B&s Using In-
ternet protocol stackRSNscan to be integrated into a world wide web structure or angroth
sub-network.

In addition to autonomy and dynamics, the intention to mRiSNsinteroperable makes
them efficient devices of any electronic devices. A parabel be proposed here with biological
units such as human beings. Both of them are able to comntantbay are able to behave as
they wish and they are able to use their hardware for diftgoarposes.

This chapter is organized in five sections. The first one thices intelligence and atrtificial
intelligence. It is used to show that making all individiREENsmore powerful is always a
benefit for the createRSE The follow twos sections give the general details aboutitrsgn
of RSNandRSErespectively. It is followed by a section related to the gesiealized based
on dynamically reconfigurablEPGA The control application built foRSNis then presented.
Finally, to explain how to makBSEsising botrRSNsind common computers, communication
aspects are discussed.

4.1 Scientific Remark on Intelligence

The realization of such a complex system must be defined wgtilamn and intelligence in
order to follow the main purpose. It tries to combine the epideveloped in chapter 3 and the
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intention to giveRSEssome intelligence. This can be achieved by using commonistd
control structures and in particular the P2P communicairotocols. In addition, the question
of intelligence is raised and what it means in the domain afjmater science.

4.1.1 Intelligence and Atrtificial Intelligence

The transfer of some functions from human to control systsrtiee aim of a lot of different
working groups. It is also in the scope of tR&SSconcept. To achieve this, intelligence is
defined as follows:

Intelligence is defined as the capacity for learning, reegprunderstanding, and similar
forms of mental activity. This definition implies that thenoept of intelligence is both multi-
faceted (i.e., reflective of many aspects of mental abitity] implicative of differences among
people (i.e., reflective of degrees of capacity, abilityaptitude among individuals). Yet this
definition does not necessarily relate directly to the didiniof intelligence used by scientists.
In fact, there is no consensus on the definition of intellgeamong professionals who study
it (e.g., psychologists, educators, computer scienti&a)08].

To fit into the concerned application field, this definitiomdse completed with the defini-
tion of Artificial Intelligence(A.l.).

A.l., the ability of a digital computer or computer-contea robot to perform tasks com-
monly associated with intelligent beings. The term is fremgjly applied to the project of de-
veloping systems endowed with the intellectual proceslsasacteristic of humans, such as the
ability to reason, discover meaning, generalize, or leeomfpast experience. Some programs
have attained the performance levels of human experts afdgsionals in performing cer-
tain specific tasks, so that artificial intelligence in thisited sense is found in applications as
diverse as medical diagnosis, computer search enginespaelor handwriting recognitiof.

In these two definitions, communication is implicitly coted with ideas developed. In
our case, the property dhtelligencedepends on data understanding and consequently how
to get and send back information. It is an important aspechisfwork to show thaRSE
has a communication capable system. Consequently, taeeaintelligent system, automatic
communication functions are required. These functiong teeshow that the system has some
intelligence. The goal is to approximate real human irgehice as much as possible.

1. www.britannica.com
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4.1.2 Intelligence Transfers from human toRSN

To transfer intelligence t&SN it is selected to giv& SNthe possibility to send broadcast
messages containing resource requests when they areesquiks described in chapter 3,
Dynamics, Autonomy and Interoperabiléye the three properties that are necessary to develop
the concept of RSS. They can be generated by thinking conuation in a way that allows
RSNto behave alone or in other words with Intelligence.

The relation between Intelligence and Control Distribatakes the necessity of the com-
parison with natural systems more clear. The more nodestkigent and have information,
the more they can be free and autonomous. The ndelet of intelligences very difficult to
estimate and finding references to do so is critical. Howetherprevious assumption is clear
enough to validate the necessity to study this point. Invldgk, an intelligent node dRSNis
designed to respond to this quest. Itis focused on its impigation of the triple seautonomy,
Dynamic and Interoperabilityln the next three sections, technology that allows to immglet
this concept in a way that fits this definition is detailed.

4.2 The design of Reconfigurable Devices

The goal of this section is not to give a profound course on A&AR&&hnology, but it aims
at guiding the reflection to a general idea about engine&Biy

The design of aeconfigurable devices not so different from the design ofstéatic device
The main methodology to build such a device can be describedset of three steps: the
definition of static functionality, known dynamic functiality, the development of the system
and the realization of the device. To be more focused on tl@@AFechnology, it consists of
the design of the main paBoFPGA the selection of aRPGA the design of the configuration
tool chain and the design of an electronic board for it. Thal @b this section is to show the
limitations and constraints of reconfigurable design.

4.2.1 Main Xilinx Technology Aspects

The implementation ocRSSand the design of thRSNis mainly based on Xilinx Technol-
ogy that provides partial reconfiguralif#® GAbased orBRAMtechnology. The Virtex family
is selected because it is the most poweHABIGAfamily from Xilinx.

Two Virtex devices were mainly used, tMatex 4 FX20on PICSyplatform and thevirtex
5 FX70Ton theXilinx ML507. Swapping from generation 4 to 5 has a certain impact. Ire¥irt
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4 technology, the.UTsare designed with 4 inputs, while Virtex 5 technology allavgsto 6
inputs pelLUT. The consequence is the reduction of necedsdily blocks for the same design
and the reduction of the routing requirements. This exaropkechnology evolution shows
that the quantity of computation resources, logic comptsenmore complex processor cores
implemented into the same chip is always growing. This $iggithat it is possible to build
larger and more powerful computation systems. Neverthgtleese systems are built at instant
t which means that they reply on the requirements for a cetiiai@ and they are limited in
terms of structure evolution.

Xilinx Partial ReconfiguratiofPR) technology is the key factor of this work. The proposed
concepts and its implementations are derived from it. Asgumged in chapter 2, it allows to
RE-configurea part of theFPGA Moreover, thdCAP (Internal Configuration Access Port)
pushes the idea to the limit and allows #lRGALto reconfigure itself during run-time [Inc10a].

In addition, Designs Tools provided by Xilinx allow us to phaith a larger set of parame-
ters and possibilities. They mainly inclutleE, EDK, ChipScopgPlanAhead ISE is the basis
tool for Hardware Description Languag@iDL) module designEDK is composed oKPSand
SDKthat are dedicated t8oFPGAdesign.ChipScopeés an internal signal analyzer f6iPGA
PlanAheadis aplace and routdool that also allows to implemem®R characteristics and to
generatd’R bit files.

There are also others tools such as the FPGA editor fromxXihat allows to play with
FPGA logics directly. ReCoBus Builder [Koc09] is also uddfuplace and route modules
inside the FPGA.

4.2.2 System on FPGA Design

Figure 4.1 shows a general structure of a SOFPGA. Three pantbe distinguished: an
external memory, a static region and a reconfigurable region

The static part has the main role in this structure. It is tharhof the system where a
controller is in charge of all functionalities. Two linkseacrucial, the first one is the link to the
memory that is used to create a computation architectutéstitientical to a personal computer
architecture and the second link concerns the reconfigairaglions. Here, the controller has
a double interface that is used to configure BfieRegion over theCAP interface and to send
and receive data from the reconfigurable logic circuit whielm be seen as a co-processor.
Moreover, the static region is mainly composed of a corgrdahat can be a soft or a hard core
processor, it can even be a custom hardware controller. Hie Ioos interface is also present,
it is a backbone unify the all IPs of the SoFPGA.

Kevin Cheng 77



Chapter 4 Realization and Implementation of the RSS Concept
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Figure 4.1: Architecture of System &1PGA

At this level, the limitation is the design itself. Builditlge SoOFPGAmeans that restrictions
are imposed on the system and specially the reconfiguraddes are selected inside tRBGA
By designing theSoFPGA the quantity of resources required for the static regiod e
known PR-modulesre defined. It gives an estimation of whiERGA should be considered
for the design of an FPGA based self-organized system.

4.2.3 FPGA Selection

The FPGA selection is by definition a limited choice that generatesfttst constraints
related to the possible static and reconfigurable regiogssiit also determines the type of
logic resources that can be used including the maximum peédoces defined. Based on the
SoFPGAresource estimation, a speciff®GA can be selected but with a certain imprecision
with the idea that in the future nelRR-modulegan be designed for this platform.

As exampleXilinx Virtex 5 FPGA Familyis defined by different characteristics.

— CLBs - Configurable Logic Blocks

— DSP48s
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Block RAM Blocks
CMTs - Clock Management Tiles
PPC Processor Blocks
Ethernet MACs
— Max User Array 1/0
CLBs DSP48sandBlock-RAMblocks are basic logic blocks that can be completed with
CMTs PowerPCProcessor Blocks angthernet MAC$locks to realize a complet@oFPGA
In addition, the size of UsdfO helps to determine how many electronic connections can be
made between thePGAand other on-board electronic components. Finally, th&gge type

is determined in order to integrate tRRGA chip on the electronic board.

Figure 4.2 shows the architecture of Metex XC5FXT FPGAthis figure is rotated 90°on
right side). In particular, the two blue columns are B®P48blocks that can be really useful
for any Partial Reconfigurable Modules because they incusiet of hardware multipliers.

Figure 4.2: A floorplan of thXC5FXT FPGAarchitecture

In the case of thiEPGA architecture, the placement of the partial reconfiguragtgons
can be more efficient in the right side of the FPGA. As preseiiere with this example,
the area location of th@artial Reconfigurable Regio(PR-Region) is limited by thé&tatic
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Region(SR) area location, the resources that are necessary id tharconnection interfaces
between Static and Reconfigurable Region. To sum up@@Aselectionis deduced from the
knowledge of the resources that are required of the desigimamhich quantity.

4.2.4 Board Architecture

After the FPGA selection, the design of the board allows usaéie a connection between
the FPGA and the other required components likegtieernet controlleand thememory chip
The memory interface is crucial to provide the best perforcea and it should be particularly
good due to the frequency of data transfers.

At this level, there is no difference to any other standareaaed electronic system. Nev-
ertheless, PCB design is always important because it egtardetermine all interfaces, power
supply, input interfaces, communication, video outpustom interfaces, extension interfaces
and so on.

This is one of the main limitation of electronic devices Husinot the aim of this work.
However, for the global understanding, it is included amdpde notify.

It should be noted that when an electronic board is desigrggmcially a multi-layer board,
after manufacturing time it become extremely difficult to difg it. The board cannot be
changed anymore.

4.2.5 Configuration Tool Option

FPGA technology offers many possibilities to configure FPEG¥ps. The configuration
strategy should be selected depending on the performaquaied and board architecture. The
different configuration tool chain possibilities are:

— Master-serial configuration mode

— Slave-serial configuration mode

— Master SelectMAP (parallel) configuration mode (x8 and afly)

— Slave SelectMAP (parallel) configuration mode (x8, x1@l aB2)

— JTAG/Boundary-Scan configuration mode
Master Serial Peripheral Interface (SPI) Flash confignmahode
— Master Byte Peripheral Interface Up (BPI-Up) Flash comfigjon mode (x8 and x16
only)

Master Byte Peripheral Interface Down (BPI-Down) Flashfiguration mode (x8 and
x16 only)
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Details concerning all those possibilities can be foundne10b] but they are mainly con-
cerned with "manual” configurations with hardware soluioAnother possibility is also de-
scribed in this document which is necessary for this systemely to use the internal access
using thelnternal Configuration Access PoftCAP). This port is the key solution for offering
auto reconfiguration, as described in chapter 2, tdr88l

Auto-reconfiguration is possible by associating a compdeteof technology that contains
digital electronics, software design and informatics.hFecally, this means a special architec-
ture based olirPGA a SoFPGAdesigned to be partially reconfigurable, an operating ayste
layer and finally a software application that is used on toph#d structure to manage every-
thing. It concerns all information presented before. Thaigieof such complex system must
thought in global way.

4.3 The Design of Scalable Systems

The design of a so callestalable systerdepends on the selected definition. For this work,
it is considered that a scalable system is a system thatwonad and that can include or
exclude nodes during run-time.

In addition to auto-reconfigurable capaci®&Ncan also be designed as a scalable device.
This means that it can be upgraded at the hardware or softexseke For example, personal
computer architectures are designed to receive otherretectcards like a more powerful
graphical card or audio card and moreover all devices tlauamng aUSB interface, WiFi
interface, memory stick and so cdRSNare designed in the same way.

To summarize the global capacity of evolution, the follogviist is proposed:

HW Update | Use of connection protocol technologyPR allows run-time update
Upgrade| Use of hardware redundancy PR allows run-time upgrade
SW Update | Inherent to software layer
Update | Inherent to software layer

Figure 4.3 shows a scalable network which is a mesh netwakides integrate or quit the
group over the time and space, making the system scalabteexBmple, the bi-color nodes
are part of the group from time to time.
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Device presents at t-1
Device presents at t
Device presents at t+1

Device presents at t-1 and t+1

Figure 4.3: Scalable Networked System

4.3.1 Device Selection

The selection of nodes that can be the basisRBEis a central requirementkRSNsare
Autonomous, Dynamic, Interoperable, and also reconfigaerabd self-organized. To fit into
this descriptionFPGAbased systems are the best system that exists at the monreatize
theRSSConcept.

Therefore, on open-minded view of tlRSSconcept allows to see the rest of existing de-
vices as limitedRSN In fact, RSNsare composed of on three parts: computation resources,
HardWare/SoftWar@HW/SW) block, and control application. With this struatuit is possible
to consider only the control application part and run it op edmputation devices.

The device selection becomes dynamic and allows us to makSascalable.RSNcan
be seen as nodes that can be replaced by other more powedtks.nib is the core of thBRSS
concept. Thd&RSNscalability is the starting point fdRSEscalability.

4.3.2 Organization of Communication

Currently, the main communication structure is the Inteemal TCP/IP stack plays an im-
portant role. In order to make@SNinteroperable, the communication structureR8Nshould
be based on the same stack.

On top of this communication stack, the internal commumicedf RSEis based on the idea
of communication point-to-point dataflows travelling framme node to another node in order
to propagate the information and data. A synoptic schenfeSEinternal communication is
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presented in the Figure 4.4. When possible, the systemstheeexisting problem locally.
If not, the rest of the system becomes aware of it and the flaxeggenerated in order to
progressively inform the rest of the system.
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Figure 4.4:RSEs internal communication fluxes.

Actually, the management aspects and the dynamic hardivactse in the context of net-
worked self-organized modules has not been considered.aglaé control needed to achieve
RSEmust be distributed over all nodes. Indeed, the increasasgl® of computation power,
flexibility and interoperability, make the system more amatedifficult to integrate and to con-
trol. To address this issu, tieSNsare designed to control themselves by making themselves
more intelligent and by dividing the problem into smalleolplems. With the ability to do what
they are able to ddRSNscan select to request help from otliR8Nsand also they are free to
service themselves. Figure 4.5 shows a scenario of resebereng betweeRSNsconnected
over the Internet network. This scenario is the most basiccam be duplicated many times
into a singleRSEcomposed of variable number BSNs

By Handling the TCP/IP stack and common computer architecillows the use of any
communication medium, wired or wireless, and the use of m@stmunication standards like
WiFi, WiMax, Blutooth and ZigBee.
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Figure 4.5: Example of Self-Organization Scenario.

4.3.3 Bitstream Management

Bitstream management is related to memory management. faiead before, the man-
agement of bitstream files results in a limitation of R8E

SinceRSEs are thought to be heterogeneous, they can be based orulifigres oFPGAs
Different types ofFPGAsmeans different kinds oPR-Regionghus it necessitates a set of
bitstreams for eacRR-Modulg one partial bitstream file for each specific region.

This is another limitation of th&SSconcept because the size of bitstream files to be gen-
erated can grow exponentially. The management of theseditgsres a more complex system
than just copying all of them in the same folder. Figure 4.6vahthe considered relation
bitstream/PR-region.

4.4 The design of thePotsdam I ntelligent Camera System

This section shows the realization of RENbased on a custom platform built for video
application and processing. It aims to demonstrate thebiéigsand the reality ofRSSthat
tries to reach the goal of a highly natural system. The PICI&tfqgzm is developed at the
Institute of Informatics at the University of Potsdam [BZWD]. This group was created in
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Virtex 4 Virtex 5 Virtex 6
PR-Region 41 PR-Region 42 PR-Region 51 PR-Region 52 PR-Region 61 PR-Region 62
A A 3 1 'Y A X

Function A — Partial Bitstream Files: A41J A42 A51 A52 A61 AB2

Figure 4.6: Description of the relation between bitstredes iand PR-Region.

October 2007, the development of the PICSy project startefpril 2008 and the platform
was operational in 2010.

In most of the existing visual processing platforms, the potation is performed in soft-
ware with high-end workstations to provide the required patational power. It is not unusual
to find a cluster oPCsin a production chain or even in navigating robots. Seqaéptocessors
like the Intel Xscaleor theDSPsused in embedded cameras do not provide enough computa-
tional power for complex image understanding algorithms. o¥Vercome this limitation, an
FPGA-based camera system that fulfils the previously meaticequirements is proposed.
The goal is to provide a miniaturized system with a rich santdrfaces and appropriate per-
formance. The efficient partitioning of applications witietuse of hardware accelerators in the
image processing framewo@penCVhas governed the design process.

Our motivation in designing a new platform was to provide aersal video processing
machine for use in various domains. This would help reseaschnd programmers to de-
velop and test their prototypes in the field without havingaly on the cumbersome evaluation
boards or workstations. Video processing is a versatileadomhere requirements on an archi-
tecture vary according to the application and the goals. cimeputation is usually streaming
based. In front of the stream, eith@CD or CMOSdevices can be used for the image acqui-
sition. After capturing the image, the processing is dona given number of steps, some of
which are iterated several times, according to the alguoritiio fulfil all these requirements, a
modular system consisting of a set of hardware modules,ammations of which define the
possible system configurations, has been designed. Acgpralithe application and the target
environment, the viable combination can be chosen.
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4.4.1 Board Design

Figure 4.7 is a representation of the multi-board architecthat was selected to be built
as the basis for theICSyplatform. This design is mainly composed of two boards, tlaém
FPGA board, where the controller is implemented insid8@PGAand the Power Board
which contains power supply components and communicakgnents. In addition, thBensor
Board makes the design suitable for video applications while tleedebug Board is set with
LED and switch to facilitate the debugging of the platform. Theign of the proposed platform
aspires to be a general high performance image processatigrph with real-time imaging
capabilities. To address a very powerful system in termsoafutation and scalability, the
system is designed as a stackable board platform. In thigrdesdditionalFPGA boards can
be added to create a multi-FPGA system which, additionaffgrs the possibility to create a
fully dynamic structure.

Z
4 PICSY
é Structure
Sensor Board

Figure 4.7:PICSyBoard design

Figure 4.8 shows two photos BICSy The first one is a photo without the chassis where a
fourth board can be seen. The fourth board is an additioraidoased to add multiple image
sensors through the custom use of Rid45connectors. The second photo shows the camera
within its chassis. Such configuration includes only themi&?GA board, the power board
and the sensor board.

The Virtex-4 FX series is selected as main technology, it is equipped witBrabedded
PowerPC 405rocessor. It has 19 224 logic cells and around 1 MBitckRAM The FPGA
is mainly completed with a 64Mbytd3DR-RAMand Ethernet interface.

A single platform with thd=PGAcomputation module and all the interfaces usually needed
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Figure 4.8: The PICSy Camera: a reconfigurable system

would have made the system on a single board too large anstimgliishable from existing
prototype boards. Therefore, the computation was sephbitat® the communication by using
a dedicated interface module for the connection of the systéh the outside world. With
this, we void on the one hand the implementation offR&Aand its configuration chain and
thus save space on the board. On the other hand, the systamasumized because the growth
occurs in the third dimension. The current interface mogub¥ides many connectors, two for
USBdevices and one fddSB OTGconnectors, one for Ethernet and one for a sd&RiaB23
finally it has a connector for power supply afiAGconfiguration chain.

Figure 4.9 shows more details concerning the componentgeaeail on the different bo-
ards.

The main FPGA board, here called Coordinator Main boardymsposed of a Virtex 4 FX
20 FPGA, a DDR Memory chip and connector to interface thedwadth the other. In addition,
a JTAG end RS232 interface is implemented in order to allavRRGA configuration and to
set a communication link between users and the FPGA. Morgamether interface allows to
add a secondary portable memory and secondary System Maaag®ICU chip is present as
a secondary option to control the FPGA.

The Power Board, here called Coordinator Daughter boamhrgoosed by power supply
components, USB interface and most important the Ethenteface. The sensor Board, here
called Camera head board, simply integrates an image séimscomplete this design and due
to the intention to design a system that can physically eyatvs possible to connect additional
FPGA boards, here called Image sensor module. Those baardsmposed of an additional
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Virtex 4 FX 20 with its auxiliary components: DDR memory, ckoand PROM.
The interface between the FPGAs is designed as a powerfkubbae using LVDS tech-

nology. Also, the JTAG chain required to configure additidfRRGA is scalably integrated into
the design of the boards interface.

Camera Head
Coordinator Daugther Module Board
LCD Connector User Interface LEDs
Image Sensor
Ethernet PHY ngh Speed Main Power Supply
100M +5V +3V3, +2V5, +1V2, GND
8 i[ Expansion Connector
+
Expansion Connector | Power Supply Connecturs Power Supply
A 8 4 b
Expansion Connector to| Goordinator Main Module Image Sensor
Daugther Module Connector
JTAG Conn e
— . lemory
e FPGA Virtex-4 Bank
onhagtor (32M,16-bit)x2
(FPGA & MCU) 4vfx20ff672
MicroSD Flash System
Storage 0sc Platform Flash Management
Connector 100MHz LEDs (PROM) mcu
| S—
Reset Button ‘ Expansion Connector to DSP Modules ‘

LVDS
JTAG

Platform Flash Image Processor Module #1 (DSP) [ bpr Memory

(PROM) - Bank

- FPGA Virtex-4 (32M,16-bit)x2
Iser Interface

e

Platform Flash Image Processor Module #2 (DSP)
(PROM)

DDR Memory

FPGA Virtex-4 M

User Interface
1000;?—!2 4VfX20ﬁ672
.

Figure 4.9: The?ICSyplatform architecture

4.4.2 SoFPGA of PICSy

Figure 4.10 shows a snapshot of thBeFPGAdesigned for testing thRSSconcept on the
PICSyPlatform. In this picture, three kind of blocks are showm tlontroller which is devel-
oped as a complete structure including memory, commupicatierfaces, clock management
and so on. More precisely the processor BaaverPCembedded into th€PGA The PR-
Moduleis placed into thé®R-RegiorandBus Macrosare the interfaces between the static and
the dynamic part of the desigrBus Macroare logic resources selected to be the interfaces
between the static and the dynamic parts of a reconfiguraf#®GA.

This SOFPGA manages simple reconfigurable arithmetic fomstike adders or subtracters
that are taking place in the singRR-Region The goal is not to design and study a video
application, but it should be useful to discover the techggland use of auto-reconfiguration
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Figure 4.10: Caption of SOFPGA designed for PICSy

devices into a more complex structure. In [HBB04] and [HUKBGhe authors are working
at the NoC level where only PR technology and applicationcaresidered. This work aims
to integrate PR into existing macro networks like the ing¢rnThis means using standard
node architecture in a networked structure. Consequenthyvorks are complementary: ON
chip/OFF chip co-design. In addition, works of [HBB04] arldKBO04] presente a NoC
structure based on bus interconnection which can be exdelodeomplex routing technology
including TCP-IP protocols.

The input of this Region can be either a switch of the debugdoa expansion output
of the PowerPC The computation loop ends by sending back the result cofnamg the PR-
Module to externaLEDs and on expansion input of tHeowerPC Data can be processed on
thePR-Moduleand directly managed by the control application.

Figure 4.11 shows an example of region organization intd/titex 4 FX20 The rectangle
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on the right side is a PR-Region. The rectangle on the le& sahtents the static part of the
design. The regions of the FPGA are real placement con&raminimum of them must be
defined to facilitate and process the place and route todlis. Means that describing only the
PR-Region is the most optimized option. Nevertheless tbpgsed figure shows two regions
to simplify the understanding of the design.

i
|
|
i}
E
I
1
1

Figure 4.11: Placement example into a R-SoFPGA.

4.4.3 Embedded Operating System and Driver

Electronic and software technologies are clearly orietdgutovide static hardware systems
planned of obsolescence. This reality has a contradidtiesoftware part that is fully dynamic
and scalable. This architecture is built to use these tdobies rather than how they are
defined. This engineering work introduces auto-reconfifumand to manage this new feature,
an Operating Systens used on top of this hardware to control reconfigurable ggses and
create the links between reconfigurable logic componertdhacontrol application.

The O.S.is based on a Xilinx embedded distribution that is compilathwhe Open-
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Embedded framework Xilinx drivers are now already included into GNU/Linux kexl. They
just require activation during the compilation time. Fastexample, two drivers are used, the
ICAP driver originally written by John Williams [WBO04] andi¢ GPIO IP-core driver. This
last one is used to control input and output of the embeddeckgsor system in static part of
the R-SoFPGA.

At this point, the utilization of the operating system is ion@ant for two reasons. The first
one is the file system that allows file manipulation. Autoergtguration technology allows to
create electronic circuits using files to configure compoaerays, thus making sense to reach
and include a file system. The second one is the communicstizmk that allows communi-
cation over Ethernet is useful to use the Internet so thatRifcan be deployed anywhere
at any time and in any kind of network. The created one can &¢eithnological basis of an
intelligent self-organized and networked system.

4.4.4 Resource Management Software

The design of the resource management software, which BItb8y control application,
started with two Xilinx development boards. The first goabi€ontrol PR from one board to
another using a simple control signal. Figure 4.12 shovssfitst implementation.

Figure 4.12: First remote PR control.

Figure 4.13 shows the structure BSENfunctionalities, and how it combines communi-
cation, intelligence and resources management functasas already presented in chapter

2. OpenEmbedded at www.openembedded.org
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3.

| Physical Network Interface |

Communication

Request Broadcast Manager | [ Task files Manager |

Local Resources Evaluation | | | External Task Manager | | | Local Task Manager

Intelligence

Local Processing [ Processor time slot | | FPGA PR-Region |

Figure 4.13:RSNfunctionalities.

The communication part is composed of two modules: one feBitoadcast service and
one for the file transfer services. Both of them use the comeation interfaces. The Intel-
ligence part is in charge of associating tasks and resowsiag four modules. Two of them
are used to manage the local tasks and resources. The tleiid thve resource selector itself.
Finally, the last one is related to the external task manegggonsible to link with external
tasks and resources. In essence, the last one describistigXplcal hardware resources.

This structure is designed as simple as possible. It checks$the resources and local tasks
to process in order to associate them and, if required, itediately tries to find local hardware
resources to accelerate the processing task.

RSNhardware structure is based BRGA and like any other electronic device, after the
design time, it is not possible to modify anything on the #lwuc board. But now, it is possible
for a completeéSoFPGA designed like any other computer, to modify its own modalasin-
time. As explained before, this run-time capacity is pdssiiecause of an internal access to
the configuration structure: tHEAP (see [Inc10a], [Inc10Db]).

The design of the control application for this project regsia controlled partial reconfig-
uration. Two main solutions are possible, writing a dedidabperating system scheduler or
writing a completely independent scheduler. It was setetdgrogram a portable application
to keep the most simple solution which is also the most ipterable solution. The application
is developed in C language to reply on the specificationsepted in the previous section and
in chapter 3.

Figure 4.14 shows the structure of the control applicatiemetbped to add PR technol-
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ogy and reconfigurable computing to any common computeesysind that uses common
communication system. It is based on RSN functionalitiesdked in figure 4.13.

Thread C:
Local
Adder

Thread A:
UDP
Observer

Thread E:
TCP
Client

Thread F:
Local
Allocator

Thread B:
UDP
Broadcaster

Thread D:
TCP
Server

Embedded
Processor

Partial Reconfiguration Standard program execution
= on
copy Bitstream.bit to ICAP driver processor

File Storage
for
Bitstreams
Executables

Data

Task
DataBase
(FIFO)

FPGA
PR-Region

Figure 4.14: The Program Architecture.

The way in which this program operates is based on the assumipiat it should be as
simple as possible. Multi-thread programming is used mathe program to constantly check
evolution in the task database, resources availability re@ighbourhood activity. By doing
that, theRSNcontrol application gives the appearance of a kind of iigetice where it only
combines some automatic functions.

The six threads are used for a set of fundamental functioree fifst thread is used to
locally add tasks to process for tR&SN The second threatipcal Allocator, is responsible for
the resource assignments. The four other threads are usetl &JDP broadcast service for
resources request and’'&P service connection to exchange data like bitstreams, anogjor
data files.

To complete this application, RIFO is used to manage multiple tasks as fast as possible
and theO.S.file system is simply used to store and manage all files butouttny kind of
special processing or storage; it is a simple read/writeagt utility. As proposed earlier,
the control application allows to compute data on a GPP oPRrRegiordepending on the
resources availability. Tasks start to be processed bylgiom@cking if data are processed at
the same moment on resources. If all local resources are tasythe concernedSNhas the
possibility to request help using tt#DP broadcast service.

On the other hand, any othB®SNcan propose help but only if they have free resources.
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To achieve that, they listen to the broadcast channel ang t@pequests that they receive but
just if they can propose available resources. Thereforesaurce is assigned to a task which
is reconfigured in the case of PR-Region. The size of the det&dnnected to the PR-region
is crucial and one of the main requirements during the desiga

4.4.5 Networked System and Communication

Figure 4.15 shows the basics information broadcast oveRtBE It just concerns task
information. All addresses or acknowledgments are manhgdlae TCP/IP protocol layer and
or not treated into this document. Neverthelé$SP broadcast messages contain the sender’s
IP address information that is required for @R$Nto reply to a resource request.

Request Informations send over the UDP broadcast

Task ID | Bitstream file name | Program file name | Data file name

Figure 4.15: Broadcasted Requests.

Figure 4.16 shows ho®SNcan communicate by asking nodes which can share computa-
tion resources and exchange files directly with one of thkenesp It is composed of two parts.
The first one is the broadcast negotiation and the secondsothe ieffective teamwork that
means files exchanges and data processing.

The result of this implementation is also a completely nentalized network. As pro-
posed before, each node is Autonomous, Interoperable dadcastart collaboration dynami-
cally with other nodesRSNghat are local systems can be now developed independertly an
without affecting theRSEbehavior. This has the advantage of providing scalabl@pednces
from theRSEperformances.

4.4.6 Hardware Module Exchange and P2P

Figure 4.17 shows how the communication is organized thralg flux concept.

In a natural system based &&Sconcept, the exchanges of hardware can be compared to
P2Pexchange because it is based on a complete decentralizedrket system where nodes
are autonomous. In addition, the nodes can operate cliendemwer simultaneously.

In a realP2P exchange mechanism, file copies are located into many eliffgrlaces but
this is not proposed to be in our system. Again, the goal afwhurk is to keep the system as
simple as possible in order to set fundamental functions.
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Communication Protocol:
If external resources are necessary
RSN 1 Any other Nodes

Check Resources

J

If PRR and GPP are busy

Then Broadcast a request Listen the Broadcast
Listen Reply If PRR or GPP are free
Then Reply to the request
\L Selected Node
Exchange files with Process Data
another node \L
Download result Upload result

Figure 4.16: Communication Protocol betwde8Ns

4.4.7 Drawbacks and Advantages

Designing aRSNbased on th&@ICSyplatform helps to face real problems requiring to be
controlled and corrected in order to give a realistic viewR8N devices andRSEsystems.
This allows to present advantages and drawbacks of the glezmrcept. In this section, only
engineering aspects are presented.

Drawbacks

TheVirtex 4 FX20has a main limitation: the number of logic cells availablgisTlimitation
is reached fast and it confirms the benefit of partial recordigon capability for smalFPGA
platform. In the next chapter, examples of implementatimwsthe limit of this specificPGA

A second limitation is the utilization of RowerPCwhich implies the necessity to cool
down the chip. Using the maximum frequency of this systen®k®8dz) requires to add a heat
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RSN RSN
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Figure 4.17: Example of networkd®iSNusing the proposed flux to communicate

dissipation component which in return increases the siteeofievice. Another problem is that
PowerPChardcore is not used anymore in the lBeBtGGA series from Xilinx.

Another limitation concerns the selected connectorsJiAG programmer and the serial
RS323ink. As non standard interface, they are really small bsbaémain fragile.

In the case of th&oFPGA a drawback aspect is tli&PI0 interface used between the bus
macros and the processor core. The problem requires to mdnags word bit by bit. An
alternative solution is the utilization offeast Simplex LinKFSL) bus which provides a direct
connection to the processor.

At the software level, the utilization of C programming cduteits the facility to program
such control application which could fit completely into fredd of C++ programming.

Advantages

Except PR capacity, the prototype provides many other deygas.

The Virtex 4 also includes RowerPC 405used as the main controller running a custom
GNU/Linuxoperating system. It has the advantage of rendering thiptat special computer
that hasPR capability. This means a file system to store bitstream fiheksdata, standard net-
work accesses and possibilities to design a software thedlsa be run on any other computer.

The second advantage is the modularity of the devices tlegt thee idea of stackable elec-
tronic board and common interfaces. In other words, adtiiBPGAscan make this platform
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Negative Aspects Positive Aspects
Hardware FPGA: Limited Resources| Common computer architecture
Planned obsolescence Modularity of the platform
GPIO IPs as Interface Reconfigurable
SOFPGA Hardcore Processor Usable into a NoC
C Programming Complexity Portable
Software Non deterministic processing ICAP Driver

Table 4.1: Summary of Positive and negative aspects

really powerful and aJSBinterface enables it to integrate any kind of secondaryadsviike
wireless transceivers and external hard drives.

The SoFPGAdesign is made using Xilinx suite aMHDL code which facilitate the transfer
from oneFPGAtype to another. It also make tifR-Regiorscalable depending on tRé&GA
type.

In the case of the software part, it is possible to run theesysin any device developed
around computer architecture. This means that it is payimpossible to run it on smart-
phone or other kind of embedded devices.

Conclusion

In this section, details concerning how to desigR$Sare discussed. The most important
notion is the limitation of the technology where systems ianhevolve physically. This limi-
tation alone has an exception, namely the possibility tophsg-able electronic boards which
however still do not allow the evolution of the main boardddtes not fit into the biological
description of an scalable system.

Considering the hardware level of the propog&siSarchitecture, the major advantage is
the reconfigurability. The run-time reconfigurability is eykfeature to push into the direction
of natural systems as described earlier. It allows to desygtems that physically changes in
order to adapt themselves.

At the software level, the possibility to provide a systemrgonomy is given. Operating
system and program can be used to add automatic functioingivieahe autonomous behavior
aspect.
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Chapter 5 Analyze of the created RSS
Introduction

After presenting the RSS concept and the integration oRBBlconcept, we are now able
to assess its performances. PICSy and the control applicate just the support to realize
an RSN. As described in figure 3.13, autonomy, dynamic, aprability are implemented
using PowerPC as a controller, PR to provide hardware dysrarand Ethernet/TCP/IP as the
interoperability support.

This chapter proposes to realize three objectives. Thednstis to present the perfor-
mances of th&SSconcept and more precisely the performances oRB8ldevice. Different
results are presented here in order to demonstrate thdnessfiof combining Natural Comput-
ing with Reconfigurable Computing and the RSS Concept. Toeskone is to show whether
Autonomy, Dynamics and Interoperability are clearly visibln addition, it should be noted
that most of this work takes place into tRECSyteamwork of Potsdam.

More generally, this chapter presents the details of themtealized processing over dis-
seminated nodes employing either GPP time slots or logittreleic hardware (PR-Region).
It attempts to validate the global architectural approddh® proposed self-organized system
and associated concepts, mechanisms and structures iapiedhetwork that was presented
in the previews chapters. The objective of this chapterds ah experimental validation of all
conceptual aspects studied during this thesis to makemsgsible to manage themselves.

5.1 Video System using RSS

5.1.1 Person Detection Scenario

To demonstrate the power of the RSS concept, an implementatia segmentation algo-
rithm is proposed [BZM 10]. For almost all computer vision applications, imagensegtation
remains a basic step. The segmentation of Kim and Chalidej#eo[KCHDO5] is selected.
The method is very robust and includes shadow detection. edery a real-time implemen-
tation requires hardware implementation. The central @spiethe algorithm is illustrated in
figure 5.1.

An initially trained background image is compared to thereatr image using the three
Red Green Blu¢RGB) color parameters. To determine if a pixel is a part eftbackground
of foreground, two parameters are used: the color distottiand the brightness distortion
To subtract the background, a reference image is selectadhva threshold value selected to
obtain the selected detection rate. This method allowsassdly current pixels.
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RA
BGP: Background Pixel
a 6 CP: Current Pixel
0 G

B

Figure 5.1: Foreground/Background computation usingroditortion and brightness distor-
tion.

The test of this algorithm is realized in three steps. Rivstiest the algorithm on a standard
PC usingOpenCV The program needed approximately 23 ms to compute therfmwad for
a 640x480 sized image. The additional overhead to grab thgemand display the result is
not included. Second, we took the same implementation astddet on our FPGA-based
smart camera using the integra®genCVrunning on Linux, without hardware acceleration.
Compared to the InteCore2Duorunning at 3.16, th®owerPCin the Virtex4 running only on
300MHz is quite slow. As expected, the pure software impleiaigon on the smart camera
could not compete with the PC. It took 1598 ms to compute thegimund for one frame.
Finally we implemented the segmentation algorithm in hanehw TheDSP slice®of the Virtex4
make operations like multiplications very fast. The resuthbtained in one clock cycle only.
To compute) and « for two pixels, 24 out of the 32 DSPs are required. The wholedr
uses 793 slices which is 9.28% of the FPGA. With a data widtBdobits, two pixels can be
processed per clock cycle. Due to the pipelined chain of iles¢grabbing Bayer to RGB
conversion segmenting), we have obtained the foregrountivim pixels in every clock cycle
(50 MHz).

The time measurements for the software-only and hardwadtese implementations are
summarized in table 5.1. The hardware implementation ofdpes the other by a factor
of 7 for the PC and 325 for thBowerPCrespectively. The software solution on the smart
camera suffers from the slow memory access of the PowerP@Gatb dnd store the image
pixels. However grabbing and converting is fast becauseatready made in hardware. The
foreground segmentation is made independently for eacdl.pikherefore the computation
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System Time (ms/frame)| frames/s
PC,2 x 3.2GH z, OpenCV ~ 23 44
Smart Camera, OpenCV in SW ~ 1598 2
Smart Camera, HW/SW Co-Design 3,07 325

Table 5.1: Performance measurements of the image segmertatdifferent computing sys-
tems.

time for an image is linear with its size. These results asslius show that the system is really
working, and able to process video data. In spite of the alsress of these results they are
useful to quantify the performance of the PICSy platform.

Figure 5.2 shows a snapshot example of video image segnwentat

Figure 5.2: An example of a segmented image

5.1.2 Reconfigurable Streaming Data Interface Controller

The second part of the results shows how to integrate paetainfiguration into a video
application. Thestreaming Data Interfac€SDI) is a set of skeleton components to allow hard-
ware accelerators to be uniformly designed and easily iated in theOpenCVenvironment.
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It provides data and control signals to link hardware acesbes together and to access data
source and data sink. A set of control and configuration texgss available to allow commu-
nication between the processors and the hardware acoelerdhe major focus in developing
the SDI controller was on the implementation of a concept which eais physical external
memory to the several implemented application specificggsar units, to supply them with
required data and to store the processed results back to mpewithout intervention of the
main processor. Th8DI is very useful in image processing where computation takesepn

a streaming way. A data source supplies pixels one by oneetfirt processing unit in the
chain. The computation takes place in the chaifPof and finally the lasPU supplies the
data sink with results. Figure 5.3 shows an exampl8Df controller usage. Incoming raw
video data collected from an image sensor are placed intDEiiRmemory after a conversion
from Bayer toRGRB The processed video is transferredAGA output module.

f—ctoi—3  RoscerrFO || Stroam-Outintortace

D 64-bit
‘ Reader Controller
FLB VGA autput
— ter
Fl:".;l:rsf:ce Camera Head Board
m Writer Controller Board Interface,
e
[+ 8

64-hit

Cblbitmmy  Writer FIFO ‘(—--., Straam-In Interface

| configurationicontrol |
fe———d e

| Registers I

PLB
| Processing Unit Parameter | 39.bit ¥
_ slave > Registers [

| Processing Unit Status | T,
Registers f

Figure 5.3: lllustration of the SDI controller usage.

To improve the design of th&DI system, processing modules are integrated using reconfi-
gurable hardware logics separated from the control pattseofiesign. These keep exactly the
same interface as the non reconfigurabl@l system. TheSDI is in charge of managing the
data that are processed by the hardware accelerators PRHegionwhile the PowerPCis
still in charge of the PR procedure. Figure 5.4 describestiegration of partial reconfigurable
hardware accelerators in t8&®@Cusing theSDI. Several reconfigurable processing units can be
implemented in the region foreseen on ERGAfor this purpose.
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Figure 5.4: Proposed modification of the SDI controller

5.2 PR Measurement: Quantitative Analysis

This work is presented in [CZNMLO] with theRSSconcept. In this contexynamic Par-
tial Reconfigurations realized using a simple software application runnind-otux. Series
of 100 partial reconfigurations are made for different sizeBR-Regiorwithout processing
execution. The goal is to measure only the time requireddontgure the hardware and to de-
termine the corresponding necessary delay for it. The mmeasnts are made at the software
level. Consequently, they show the time required to exeitig#entire reconfiguration process,
including the access to the non deterministic PLB bus andatipg system scheduler. This
comes with some limitations. The choice of software or hamwexecution depends on the
complexity of thePR-Moduleand on the volume of data that needs to be processed. These two
parameters help to determine if the adaptation of the hawih partial reconfiguration is
significant or not, in terms of execution time. if the proéegon aGPPis inferior to the time
necessary to reconfigure tR€GA then it is better to sele@PPresources.

It is important to quantify qualitatively the performandeloe processing unit. In addition,
the design of th&SoFPGAalso introduces limitations. The size of tR&k-Regions one of
the limitations. PR-Regiondefinition has an impact on the size of the partial bitstrelhat t
describes the PR-Module. Therefore, the time requiredad éopartial bitstream into an FPGA
depends on the size of the PR Region. The results show themc#of the utilization of FPGA
in an intelligent self-organized network. The main defontiof theSoCand by consequence
the size of partial bitstreams impacts the performance @fsystem directly. The table 5.2
gives the timing measurement for three different sizes oRegion. For three different sizes
of reconfigurable region, the time necessary to load thdré#s is presented. As we can
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see, this time stays below 50 ms for our implementation awdntbe sensibly different for
other implementation. Considering this measurement in&orked struture, we can consider
that if the process can be executed under this 50 ms on theiGPBetter to not choose to
reconfiguration strategy. On the other hand, processesdbatie more then 50 ms can be
efficiently accelerated.

\ | Small | Medium | Large |

Number of CLB 96 192 288
Number of DSP48 8 16 24
Number of BRAM 4 8 12

Number of Clock Areas 1 2 3

Reconfig. Time (ms) || 43.637| 45.089 | 49.739
Time Std. Deviation (ms)| 0.879 | 0.890 | 0.552

Table 5.2: Timing measurements for different sizes of réganable regions.

5.3 RSN'’s behavior

This section shows howRSNsbehave. The software activities reflect the behavior and
communication betweeRSNs Three main step can be followed: the start uiR&N the local
addition of tasks, the arrival of external requests.

5.3.1 Starting Up

When initialising the device, the six threads which complabe program are running and
the RSNs wait for new task to handle. Figure 5.5 shows théirsgaactivity of RSNs More
precisely, it can be observed that the thread number 3 in@éi a new task to process. These
tasks are inserted by a user.

Thread 3 LOCAL Add Task...

Thread 3: Do you want to add a new task? (1=Y aor 0=N)
Thread 1 UPD Listener...

Thread 4 TCP server...

Thread 2 UPD Broadcast...

Thread 5 TCP client...

Thread 6 Allocation...

Thread 4: Socket port#12346

Figure 5.5: TheRSNs Start Upactivities.
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5.3.2 User Tasks

Figure 5.6 shows a manual tasks insertion intoRHeO of theRSN

Thread 3: Do you want to add a new task? (1=Y or 8=N)
fhread 3: Enter task ID: (int)

%hread 3: Enter Bitstream name: (str)

}Hfééa:é: Eﬁfer Application name: (str)

%H;é;d 3: Enter Data name: (str)

fﬁféadlj: 1, bitstream.bit, appli, data.txt, ©
Thread 3 LOCAL Add Task: New Counter Value: 1

Thread 3 LOCAL Add Task...
Thread 3: Do you want to add a new task? (1=Y or @=N)

Figure 5.6: shows this insertion of a local task by a user.

Figure 5.7 shows the program information provided if an edErequest arrives and can be
accepted. It starts with four packets that contains the l@shkitstream file name, application
file name and data file name. At this moment, the thread numisea®are of all information
needed to decide if it can help or not. In this case, it acadygtsequest and the file transfer is
negotiated.

After the arrival of a task into thEIFO, the thread in charge of the allocation Task/Resource
checks if thePR-Regions available. In this cas®Rcommand can be built from the file names
and the process can be executed.

Figure 5.8 shows information sent by the user to create a agkv Once the program han-
dles this information and depending an available resouice®ates the appropriate command
to process the data.

Figure 5.9 shows an example of the control application aigs: This is a description of
some functions of the control application. To be more expdio the thread functionalities, an
example can show how they can handle a task. Figure 5.9 simb@rsnation that helps see
thread actions.

At the beginning, the threadDP listener (1) receives a task coming from anotR&N
This task is managed by the thread allocator (6) that trieastociate it with an available
resource. After the confirmation, the threB@P client (5) requests the files from the requester
RSN When files are downloaded, they are handled by the threadaadir (6). In this case, a
PR-Regioris free, so the RSN reconfigures itself, processes the dasadfild sends the result
back.
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Thread 1:
Thread 1:
Thread 1:
Thread 1:
Thread 1:
Thread 1:
Thread 1:
Thread 1:
Thread 1:
Thread 1:
Thread 1:
Thread 1:
Thread 1:
Thread 1:
Thread 1:
Thread 1:
Thread 1:
Thread 1:
Thread 1:

My address is 0.0.0.0

Received packet from 193.56.119.16
Received packet from 193.50.119.16
The packet is 1 byte long

The packet 1 contain "1"

The packet 1 contain "1"

Received packet from 193.50.119.16
The packet is 13 byte long

The packet 2 contain "bitstream.bit"
The packet 2 contain "bitstream.bitfg"
Received packet from 193.50.119.16
The packet is 5 byte long

The packet 3 contain "appli”

The packet 3 contain "applifff"
Received packet from 193.56.119.16
The packet is 8 byte long

The packet 4 contain "data.txt"

The packet 4 contain "data.txt"
Origin of the request: 193.568.119.16

Thread 1 UPD Listener: New Counter Value: 1
Thread & Allocation: New Counter Value: 2

Thread 6:
Thread 6:
Thread 5:
Thread 5:
Thread 5:
Thread 5:
Thread 5:
Thread 5:
Thread 5:
Thread 5:
Thread 5:
Thread 5:
Thread 5:
Thread 5:
Thread 5:
Thread 5:
Thread 5:
Thread 5:
Thread 5:
Thread 5:
Thread 5:

Task to allocate: 1, bitstream.bit[§], appliff], data.txt from 193.50.119.16
New external task accepted, download files...
Copying from: 193.50.119.16

Copying from:

ID of the task that have been accepted: 1
The number of char is: 6148

Copying to file: bitstream.bitfj

i= 6141

j= 6142

j= 6143

j= 6144

i= 6145

j= 6146 |

i= 6147

i= e

The number of char is: 17

Copying to file: appliff]

i= 8

The number of char is: 6

Copying to file: data.txt

i=e

Figure 5.7: shows this insertion of a local task by a user.

Thread & Allocation: New Counter Value:

2 Thread 6 Allocation: New Counter Value: 2

Thread 6: Task to allocate: 1, bitstream.bit, appli, data.txt from @ Thread 6: Task to allocate: 1, bitstream.bit, appli, data.txt from @

Thread 6: Local PR Region Free

Thread 6: Local GPP time slot Free

Thread 6: PR Command: dd if=bitstream.bit of=/dev/icape Thread 6: PR Command: ./appli data.txt

dd if=bitstream.bit of=/dev/icap®

.fappli data.txt

Figure 5.8: Build PR Command and execute it.

This last figure also helps to understand that the contraicgimn can be seen d&eer-
to-Peerapplication. The capacity to be at the same time client aneegen addition to file
exchange and autonomy, are characteristics of P2P appficaConsequentlyRSScan be
considered as a kind ¢12P hardware system. As explain earli&SNare able to accept or
reject tasks as they want. Considering a group of nR8s it shows the feasibility oRSE
using actual technology and based on interoperable nodes.

5.4 Network Qualitative Analysis

In this last section, a discussion about different aspéddisi® thesis helps to complete all
information that can be reused in the research field.
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Thread 1: Received packet from 193.56.119.16

Thread 1: The packet is 1 byte long

Thread 1: The packet 1 contain "1"

Thread 1: Received packet from 193.50.119.16

Thread 1: The packet is 13 byte long

Thread 1: The packet 2 contain "bitstream.bit"

Thread 1: Received packet from 193.56.119.16

Thread 1: The packet is 5 byte long

Thread 1: The packet 3 contain "appli"

Thread 1: Received packet from 193.50.119.16

Thread 1: The packet is 8 byte long

Thread 1: The packet 4 contain "data.txt"

Thread 1: Origin of the request: 193.56.119.16

Thread 6: Task to allocate: 1, bitstream.bit, appli, data.txt from 193.50.119.16
Thread 6: New external task accepted, download files...
Thread 5: Copying from: 193.50.119.16

Thread 5: ID of the task that have been accepted: 1
Thread 5: The number of char is: 6148

Thread 5: Copying to file: bitstream.bit

Thread 5: The number of char is: 17

Thread 5: Copying to file: appli

Thread 5: The number of char is: 6

Thread 5: Copving to file: data.txt

Thread 6: Local PR Region Free

Thread 6: PR Command: dd if=bitstream.bit of=/dev/icap@
dd if=bitstream.bit of=/dev/icap@

Thread 6: HW Processing

Figure 5.9: Example of external task accepted and procdssad RSN.

5.4.1 Timing Analysis

In this context of this work, measurements are focussednoingj, i.e. how long it takes to
transfer data, find available resources and reconfigureMaaed It may be interesting to present
an evaluation of timing required to reconfigure an FPGA negfss shown in [Wil01], there are
two main solutions to measure the timing in a computer systemtdware-based measurement
and software-based measurement. This last techniquemsdsecommon because it is simple
and does not require expensive equipment.

The time required to reconfigureRR-Region viewed from the software point of view,
is in the range of 50 ms. This value is observed for the PIC®yept architecture that is
described in [BZM10] and [CZM"10]. To complete this measurement, these values can be
put in perspective and used with any measurements congeneirwvorked systems. This is
possible, because the measurements are realized with jgeiob to show how long it takes
for any standard architecture to reconfigure itself.

To measure and estimate timingRESit is possible to reuse measurements coming from
distributed computing and just add the particularity oft@hmeconfiguration. Because all
communications are based ®&P/IP protocol and Ethernet, it does not make sense to mea-
sure timing again that was confirmed already known techryopsgformances. Nevertheless,
the determination of the time required to reconfigureR:Regioncan help to complete the
information on using reconfigurable technology WiRRP structure.

Using the software point of view (in ms) instead of the handnzoint of view (in clock cy-
cle) allows to see how reconfigurable technology impactp#rermance of the computation.

The time necessary to process data on a remote RSN can be pessmninto 5 timing
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steps:

TTotal - TAssos + TTransferl + TAccess + TProc + TT?"ansferQ (51)

T 1ss0s. ASSOciation Task/Resource
Trransger1: Files Transfer
Taccess: RESOUrCE Access

Tproc. Processing Time

a & 0w bh e

Trransfere: File Transfer

Tass0s CAN be decomposed in two cases: If a local resource is alaildie association
is direct and it requires the time necessary to execute omenamd line. If it requires exter-
nal resources] 455, becomes non deterministic and it depends on the delay geddrg the
communications between nodes.

TAssos = Tcommand_e:vecution OR Tcom._transaction (52)

Taccess 1S the time required to access the resource, in other woedBrtte to execute com-
mand and data register of the processor or the time requnegtonfigure a PR-Region.

TAccess = Tfill_reg OR TPR (53)
Trroc IS the effective processing time that depends on the corpntelectronic structure
and on the data quantity.

TProc = n-Te:cecution (5 4)

where,n is the number of bytes anfl,,.....i.o» IS the time necessary to process these bytes.
Finally, T, ans fer1 @NA T qns rer2 are determined by the networking parameters and the size
of files that must be transferred over the network in casestaegr not enough local resources.

TTransferl = Tbitstream_file + Tprogram_file + Tdata_file (55)

TTmmsferZ = Tresult_file (56)

They are corresponding on the TCP/IP protocol performaandghey also depends on the
network structure? 44505,
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Trransferts Trransfer2s @NATp,o. are all observed in many different work like in [CSAOBRSS
introduces only the time required to reconfiguration a negi®hese results are presented in
[CZM*10] for a specific platform.

5.4.2 Analysis of the Computation Power

The computation power of RSEis not based on a fixed value that gives a simple idea of
what should be the best system. Because of the dynamic mwokitthe numbers of nodes
during the time, it is not possible to give correct valueg ltke equivalent of cycles or an
Instruction Per SecondlPS) value. More useful data can be identified, namely wheh a
where the biggest volume of resources is available for a coatipn problem. To do this, it is
possible to count the number of nodes or computation resswatca certain moment as follow:

Total = Z IEn((lpRR + bGPP) (57)

wherez,, is node numbergprr andbgpp are respectively the number BR-Regiorand
the number of Processor time slot include in a single node.

The RSNs control application evaluates which resource can be tsguocess a task by
checking simple variables that are set tif they are busy and if they are free. The resource
access is determined by the time required to reconfigur@BwRegioror to get a time slot
access to the processor. These last parameters are nohittéc. After that, the effective
processing time is a function of the quantity of data to pssc&inally, the transfer file timing
depends on the network characteristics.

To conclude this point, it can be noted that a main rule shbeldbserved in any case.
This rule is to prioritize the utilization of PRR. Neverthst, hardware parallelization is often
a good solution, but its limit is reached when the time toirealhis parallelization becomes
longer than the processing time or when the time requireddonfigure the region exceeds the
time required to compute the data on a GPP.

5.4.3 Analysis of the Evolution of RSS

As a concept, the RSS can grow and evolve with the technolbigynot just the description
of a fixed system and as explained by the tripltitonomy, Dynamic and Interoperability
tries to characterize a kind of natural reconfigurable sgsta the natural aspect, the evolution
is at the basis of the structure. Two kinds of evolution camliseussed, the linear evolution
and the rapid mutation. Linear evolution can also be calfsthte within the computer science
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vocabulary. It is a way to correct and improve the system witéw modifications and without
changing the main structure of the system. Rapid upgradenaae a deep impact on the
structure and exhibit huge evolution. Considering thiseobstion and in addition to hardware
and software technologies, it makes sense to say that thedlegy based an tHeSSconcept
is also a part of th@atural environment, in the sense that it is now possible, for thersog
part and the hardware part (PR), to change during the time.

Using the time parameter, it is possible to rewrite the mewequation:

Total = /xn(apRR + bgpp)dt (58)

Now the total quantity of resources changes during the tingeadlows to make the system
more or less powerful depending on the computation requrenMoreover, becaus®SNsare
autonomous they can evolve alone and provide help sponialyedhe collaboration between
RSNs marks the apparition &SE

5.4.4 Comparison with other systems

Comparing theRSSconcept with other concepts is difficult becau®8Sis designed to
change during the time, at the micro-level and at the masretiand regarding its reconfigura-
bility.

A significant advantage of such systems introducing an egijdins that can manadpR,
is the possibility to conned®SNgo the Internet network or any other network. In addition, it
makesRSNausable like any other computer over the existing infrastnec It also shows that
it can work independently.

By using this technology, this work shows a way to contribarne to discuss about inter-
operability which is one of the main goal in the communicatiorld. Interoperabilitycan
be discussed in parallel with system heterogeneity. Toaldyge quantity of devices are in-
terconnected over the Internet network. From a small srhartp to a supercomputer, a great
diversity exists but most of them are designed with limitedletion capacity. The interaction
between the very low level logic and the high level applmatllows to see the SOFPGA, the
board design and the O.S. as unique layer which is alreadyirxiand that can be completed
with reconfigurable technology.

In this work, Interoperabilityplays an important role at the computation level and recon-
figurable logic offers a great advantage to obtain a greatepatation power. Compared to
simpleGPParchitecture, it is possible to implement during runtimdidated parallel process-
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ing modules that allow to process data in a limited numbetaxficcycles.

To allows processing either &PP or PR-Module programs and bitstreams are treated as
a single processing package that contains all gatherednatmn. When arRSNreceive a
package, it can decide whether to process data on avaikdmences or not.

In spite the difficulty to quantify the performance of the RBIE Sy, some comparisons can
be presented with some similar implementations presentelddpter 2. The projects presented
here are based on platform representing one node in a sexglerietwork. Three parameters
present an interest, the number of PRR, the integrationeo$difitware including or not an OS
and the communication capacity.

System Board PRR Software Communication
SCARS ML501 1 Standalone App DM2200 Wireless Module
ReCoNode Excalibur| 0 Standalone App Custom Wire, HDLC Protoco|
OverSoC | Cyclone 2| O RTOS + Task App No external communication
ReCoBus | Virtex-2 | many Standalone App No external communication
RSS PICSy 1 GNU/Linux + Ctrl App| Ethernet, (TCP — UDP)/IP
Conclusion

To conclude, the hybridization of computer systems is ortb@imost difficult challenges.
The introduction of reconfigurable technology into the #rp concepts such as distributed
computing can be used to provide more parallel computingipiisies and more flexibility in
the task processing. In running systems like any distribatenputing network, it provides a
new degree of freedom to compute data.

As a future work, run-time task pre-emption is going to besobsd in order to propose an
alternative solution to O.S. scheduler for reconfigurablapguting. Beside this, using different
kinds of architecture may be interesting. The study of legfeneous RSE (with different RSN
based on FPGA, GPU or GPP) offers the possibility to obseovethey interact together. All
this proposition are just an optimization of the main stnuetwith must be improved to get the
simplest architecture.
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The research that has been done combines them with Recaifig@omputing and Tech-
nology with different other concept like self-organisatiinteligence. Offering the new point
of view, it points out three propertiesutonomy, Dynamic and Interoperability

In this work, the novelty is a new hardware design which i$-selnaged and adapted for
FPGA based systems. The originality of our approach is tlteself-management is based on
decentralized control designed around a scalable commtimrcprotocol with is used on top
of an existing communication standard. The basic concefitisfdesign, as well as its main
characteristics are both presented. We have defined themgyséructures called th8tream
which allows RSN to communicate their requests to other s@ahel allows the establishment
of spontaneous cooperation. These mechanisms are vdlidatan image-processing appli-
cation through the PICSy platform. In practice, a compleBNRs designed. First, this is
done usingXilinx development boardand later based on thitsdam Intelligent Camera Sys-
tem(PICSy). It is demonstrated thReconfigurable Computing Technolagan be completely
integrated into massively used communication and comiputatructures. The link between
low-level reconfigurable logic and high-level control apption shows that the rest of the de-
sign (hardware platform, SOFPGA, OS) looks like a big midelehnology layer. Concerning
this PhD contribution, the reconfigurable computing aspacid self-organisation properties
were the most significant part of the implementation sideiaoldide:

— the elaboration of the FPGA configuration chain.
the integration of partial reconfiguration in the SoFPGAige.
the integration of the ICAP and GPIO driver.
the development of the auto-reconfiguration application.
the integration of the RSN node in a networked structuredwelbping a control appli-
cation.

the evaluation of the partial reconfiguration timing.
Moreover, the particularity of reconfiguration computinging FPGA implies a contribu-
tion to:
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— the board design including schematic definition, PCB desigd circuit test and debug-
ging.
— the video processing and hardware/software co-designSBé controller).
— the OS development.
— the development of the test board, in particular the FPGAmodule and its debugging.
This implementation work must be considered with the gdmesarch work including:

— the research on the different fields and concepts relatesttmfigurable computing.

— the concept development, discussion and formalizatisedan the ideas of my super-
visor.

the qualitative analysis of the integration of reconfigpleacomputing and technology
into today’s networked structures.

the positioning of our work in the worldwide research atgg.

the proposition of a classification for computing paradigamd technology combina-

tions.

To conclude, a very wide open-minded point of view is usedsouss technology. Natural
Reconfigurable Computing provides an original researcéctlon and can be associated to
real hardware systems able to reconfigure themselves irusahatay. TheRSSConcept is a
pragmatic adaptive and self-organized system concepaitmatat finding a new utilization and
new way of thinking concerning obsolete devices and at iggafReconfigurable Computing
Technology on them. This goal is reached by integratingJward aspects into well known
software paradigms. Finally, the goal which consists ofviging a degree of freedom to
networked and self-organized system is reached by usielligent auto-reconfiguration.

A video application based on Reconfigurable Computing Teldyy and RSN shows that
it can be used for many different purposes. Timing measunésna partial reconfiguration
show that reconfiguration delays have relatively few conseqes from the software level and
by consequence from the network level. Furthermore, therehion of communication ex-
changes shows that automatic and informatics systems ca@epeas intelligent and commu-
nicative systems.

This integration concerns only the evolution part of the tifcle. By doing this, the RSS
concept provides a solution for thinking of complex netvaatlsystem as an item of Natural
Reconfigurable Computing. At this level, the question of BGR optimization becomes im-
portant because it is one of the main reasons for using pegtianfiguration that provides the
possibility of modifying a partial reconfigurable moduleeafdesign-time and directly on site
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during run-time. As the pure behavioural description wastiain way to design on FPGA sys-
tems, a mix of behavioural and structural descriptionsdadel a way to improve dynamically
running functions or to integrate modules designed aftenthain design time.

For further research, the combination of RSS and MPSoC israiging way to realize RSE
completely on chip. Moreover, this kind of research can beag t@ blur the border between
on Chipandoff Chipnetworks. Figure 1.7 shows promising technology combamatthat can
help to think about our future work.

As a completely dynamic solution, the platform will be usedliscuss hardware/software
partition, self-organization and fault tolerance. Thelgtaf the communication and the recon-
figuration of a network and the reconfiguration of intelligeodes is the main challenge of
RSS and in particular of the Hardware/Software link.

On the other hand, task migration is a big part of our futurekw8pecially, how to optimize
the processing of a task on either processor or reconfigurabtiule is one of our challenges.
In addition, the issue of pre-emption and resource/tasgsigament is a major question for
both local and network level. The last point concerns thati@h between O.S. scheduler and
control application, scheduler is dedicated to task atlonaand specially multi core processor
are good example of how task can be dispatch and create aatmmbetween our control
application and the scheduler is other point is going to bdystAs an ongoing work, failure-
detection, fault-tolerance mechanisms and learning nmesims are about to be considered.
Morevore, learning from past experience and remember teffecesponses are specifically
targeted.
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Annexe

Reconfigurable Natural Computing World

Figures 5.10 5.11 shows an historical view of conceptsedl&b this work. The original
picture is from Brian Castellani, Sociology and Complex@gience, Kent State University,
Kent Ohio, 2011. As a GNU free documentation, | completedtih\Reconfigurable concept,

technology and integration.
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Abstract

Increasing needs of computation power, flexibility androperability are making systems
more and more difficult to integrate and to control. The higimber of possible configura-
tions, alternative design decisions or the integrationdsfittonal functionalities in a working
system cannot be done only at the design stage any more slodhiext, where the evolution
of networked systems is extremely fast, different concepésstudied with the objective to
provide more autonomy and more computing power. This woop@ses a new approach for
the utilization of reconfigurable hardware in a self-orgaudi context. A concept and a working
system are presentedReconfigurable Self-Organised Syst¢RSS). The proposed hardware
architecture aims to study the impact of reconfigurable FP@#ed systems in a self-organised
networked environment and partial reconfiguration is usgthplement hardware accelerators
at runtime. The proposed system is designed to observeglai@zel, the parameters that im-
pact on the performances of the networked self-adaptivesiothe results presented here aim
to assess how reconfigurable computing can be efficiently tasgesign a complex networked
computing system and the state of the art allowed to enlightel formalise characteristics
of the proposed self-organised hardware concept. Its atraluand the analysis of its perfor-
mances were possible using a custom boardPtdisdam Intelligent Camera Syst¢RICSy).

It is a complete implementation from the electronic boarthecontrol application. To com-
plete the work, measurements and observations allow asalfthis realisation and contribute
to the common knowledge.

Résumé

Afin de répondre a une complexité croissante des systemeslald, de nouveaux para-
digmes architecturaux basés sur des structures autoatigtaptet auto-organisées sont a éla-
borer. Ces derniers doivent permettre la mise a dispogitiome puissance de calcul suffisante
tout en bénéficiant d’'une grande flexibilité et d’'une grandepaabilité, cela dans le but de
répondre aux évolutions des traitements distribués caiaant le contexte évolutif du fonc-
tionnement des systemes. Ces travaux de these proposaemiuvedle approche de conception
des systemes communicants, auto-organisés et auto-af$dmaés sur des noeuds de calcul re-
configurable. Autrement dit, ces travaux proposent un syst@atériel autonome et intelligent,
capable de déployer et de redéployer ses modules de caideings réel et en fonction de la
demande de traitement et de la puissance de calcul. L'aseumtient de ces travaux se traduit
par la réalisation d'urBystéme Auto-organisé Reconfigura@&R) basé sur la technologie
FPGA. Larchitecture auto-adaptative proposée permeudiér 'impact des systemes recon-
figurables dans une structure distribuée et auto-orgarisésystéme est réalisé pour étudier,
a chaque niveau, les parametres qui influencent les penfmesaylobales d’un réseau de cal-
cul évolutif. L'étude de I'état de I'art a permis la mise errguective et la formalisation des
caractéristiques du concept d’auto-organisation malgpeoposé ainsi qu’'une évaluation et
une analyse de ces performances. Les résultats de cestravatrent la faisabilité d’un sys-
teme complexe de calcul distribué dont I'intelligence peur les interactions des éléments
reconfigurables le constituant.
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