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ABSTRACT

Maintaining the strong momentum of the scientific and technological
advances from the past several decades proves to be especially difficult when
computing is concerned. Its evolution of modern computing equipment has to
pursue a twin track: some applications require speed above anything else, while
others require the highest possible reliability. However, regardless the priority
target, classic systems appear to have approached their limits, therefore fueling
the need for new computing paradigms and architectures. Emerging technologies
are set to explore the potential of biologically-inspired computing and quantum
computing, which will hopefully lead to new avenues for progress in computing,
both from a paradigmatic and an architectural standpoint; these emerging
technology vectors were acknowledged in a recent ITRS (International
Technology Roadmap on Semiconductors) report.

As the computing systems gain in architectural complexity, with an ever
increasing number of processing units being integrated onto the same silicon die
through technology scaling, the idea of drawing inspiration from biology unveils
a range of potential benefits. On one hand, how to design and manage such
complex computing systems in order to provide both performance and fault
tolerance could find appropriate answers through studying the living systems.
Their complexity is apparent both in their sheer numbers of parts (for instance, a
human being is made of 1013 cells), and in their behaviors: living beings are
endowed with robustness to damage (they are able to develop and operate
correctly despite assaults from the environment or genetic mutation) and are
highly dynamic (cells die and are replaced, they fit the environment through
different phenotypes). Exploring the mechanisms that underlie these attributes
of the living systems in computing is the major goal of the Embryonics project, a
long-term research initiative that provides the framework for this thesis.

The research carried over the Embryonics project led to the development of
a new, architecturally uniform, bio-inspired FPGA, called MuxTree, with built-in
self-test and self-repair. While allowing universal computation and featuring a
hierarchical strategy of achieving fault-tolerance, this architecture was ill-suited
for the implementation of memory structures required by micro-programmed
machines. The first main goal of this thesis was therefore to expand the MuxTree
architecture in order to allow an efficient and flexible way of data storage, while
preserving its bio-inspired self-repair strategy.

The main challenge of introducing a memory structure in the MuxTree
design was integrating it and the required additional features with the already
proven mechanisms of growth, differentiation, self-test and self-repair. The
functional characteristics of each MuxTree programmable element are
determined by the genetic information stored inside a special purpose
configuration register. We chose to better exploit this resource by introducing a
new operating mode, which we called the memory mode. The previous operation
was preserved under the name of logic mode, while in memory mode the
MuxTree element allows the implementation of memory structures of variable
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dimensions, through chaining the configuration registers into what we called a

cyclic memory. Access to genetic information is sequential (as is in living beings)

and there is a choice between maximum data storage and no information routing

(long memory mode), and minimum data storage with information routing

capability (short memory mode). However, the addition of the new operating

mode raises some issues:

e the original self-testing mechanism preserved from the MuxTree design,
cannot just simply extend to obtain a self-testable memory structure;

e an original fault tolerance strategy has to be developed in order to expand the
robustness of the Embryonics concepts over the memory structures.

The second goal of this thesis was to provide the newly introduced memory
structures with a mechanism of self-test that could be integrated with the extant
two-level self-repair strategy. The motivation lies in the different nature of what
was to be protected: information recovery, required by the protection of data
(when in memory mode), is ensuring a correct functionality (when in logic mode).
Choosing the appropriate error recovery strategy in case of memory structures is
argued by the occurrence of soft errors, which are subject to influence normal
operation of applications targeted by the Embryonics project. A considerable
challenge represented the integration of the self-testing mechanisms, for the
logic and the memory modes, with the hierarhical strategy of self-repair.

After evaluating several strategies for error recovery in memory structures,
we decided in favor of protecting each memory structure through a Hamming-
type single error correcting code. A thorough analysis over the reliability of
MuxTree machines is also provided, for the considered strategies. This is further
extended through the assessment of the accuracy threshold, a parameter
borrowed from another fault-rich computational environment represented by
quantum computing, shown to also work well for the Embryonics project. In fact,
the accuracy threshold parameter can be used in order to estimate the upper
bound of the error frequency that would still allow a successful error recovery.
Furthermore, a methodology of implementing concatenated coding in
Embryonics for the purpose of further extending the robustness of computational
processes 1s presented.

The initial goals of the thesis were met and the circuit was implemented in
actual hardware, using the Embryonics demonstrator platform. Several memory
configurations were tested in order to demonstrate both a correct functionality
and the successful integration with legacy mechanisms.
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REZUMAT

Mentinerea puternicului avant inregistrat in ultimele decenii, atat din
punct de vedere stiintific, cat si din punct de vedere tehnologic, devine o sarcina
in mod particular complicata in ceea ce priveste echipamentele de calcul. In mod
necesar, evolutia calculatorului modern trebuie sa abordeze doua directii: in timp
ce o categorie de aplicatii necesita cu prioritate viteza maxima de calcul, altele
revendica in primul rand caracteristici optime de fiabilitate. Indiferent de
prioritate 1nsa, sistemele clasice de calcul se prezinta ca fiind foarte aproape de
limitele lor, alimentand in consecinta necesitatea investigarii unor noi paradigme
si arhitecturi computationale. In acest context, tehnologiile emergente tintesc
explorarea potentialului calculului bioinspirat si a celui cuantic, directii prin care
este de presupus ca se va ajunge la noi posibilitati de progres in tehnica de calcul,
atat din punct de vedere paradigmatic, cat si din punct de vedere arhitectural,;
vectoril reprezentand aceste tehnologii emergente sunt mentionati in recentul
raport ITRS (International Technology Roadmap on Semiconductors).

Pe masura ce sistemele de calcul castigia in complexitatea arhitecturala, un
numar mereu crescand de unititi de procesare putand fi integrate pe acelasi
substrat de siliciu prin scalare tehnologici, ideea de a beneficia in domeniul
calculatoarelor de inspiratie din domeniul biologiei dezvaluie o intreaga paleta de
potentiale beneficii. Pe de o parte, modalitatea de a realiza si gestiona un design
al unui sistem de calcul de o asemenea complexitate astfel incat sa fie intrunite
dezideratele de performantd si toleranta la defectare ar putea fi inspiratd de
studiul sistemelor vii. Complexitatea acestora transpare atat prin numirul
masiv de componente (de exemplu, se estimeaza ca o fiintdi umana contine
aproximativ 1013 celule), cat si prin comportament: fiintele vii sunt robuste (sunt
capabile sa se dezvolte si sa opereze in mod corect in pofida actiunii nefaste a
mediului inconjurator sau a mutatiilor genetice) si sunt extrem de dinamice
(celulele mor s1 sunt inlocuite de altele noi, prezinta o mare capacitate de
adaptare la mediu prin diverse fenotipuri). Explorarea mecanismelor care
determina toate aceste atribute ale fiintelor vii reprezinta tinta majora a
proiectului Embryonics, proiect de cercetare de lungd durata care asigura
platforma acestei teze.

Cercetarile intreprinse asupra proiectului Embryonics au condus la
dezvoltarea unui nou circuit programabil de tip FPGA, denumit MuxTree, avand
o arhitectura uniforma si ingloband facilititi de auto-testare si auto-reparare.
Desi permitand procese de calcul universal si implementand o strategie ierarhica
in scopul obtinerii unui grad superior de toleranta la defectare, aceastd
arhitecturd este mai putin adaptatd implementarii unor structuri de memorie,
care sunt necesare pentru orice sistem de calcul microprogramat. De aceea,
prima tintad majora a acestei teze a fost extinderea arhitecturii MuxTree in scopul
de a ingadui o stocare flexibila si eficientd a datelor, concomitent cu pastrarea
neafectatd a strategiei ierarhice de autoreparare existente.

Principala provocare a introducerii unei structuri de memorie in designul
MuxTree a fost integrarea acesteia, impreund cu mecanismele aditionale
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necesare, in peisajul mecanismelor existente, cu functionalitate anterior
verificata, reprezentate de crestere si diferentiere celulara, auto-testare si auto-
reparare. Caracteristicile functionale ale elementului programabil MuxTree sunt
determinate de infomatia genetica stocata in interiorul unui registru de uz
special, numit de configurare. Am ales si exploatam mai eficace aceastd resursa
prin introducerea unui nou mod de operare, denumit modul memorie. Modul
anterior de functionare a fost conservat sub denumirea de modul logic, in modul
memorie fiind posibild implementarea unor structuri de elemente MuxTree de
dimensiuni variabile, prin asamblarea registrelor de configurare in ceea ce am
numit memorie ciclica. Accesul la informatia genetica este realizat in mod
secvential (intr-un mod asemanator celui din fiintele vii) iar flexibilitatea este
asiguratd prin posibilitatea de selectie intre doua modalitati, modul lung de
memorie (spatiu maxim de stocare, rutare limitata a informatiei) si modul scurt
de memorie (spatiu redus de stocare, rutare normald a informatiei). Introducerea
acestui nou mod de operare a fost insa insotita de aparitia unor probleme:

e mecanismul original de auto-testare, prezervat din precedentul design
MuxTree, nu poate fi extins in mod direct pentru a obtine o structura de
memorie auto-testabila;

e este necesara o strategie originala de obtinere a tolerantei la defecte pentru a
extinde robustetea conceptelor Embryonics asupra structurilor de memorie.

Cea de-a doua tintd majorda a tezei o constituie adaugarea asupra noilor
structuri de memorie a unui mecanism de auto-testare care sa poata fi integrat in
strategia existenta de auto-reparare pe doud niveluri. Motivatia este argumentata
de natura diferitda a ceea ce se doreste a se proteja: refacerea informatiei,
necesitati de structurile de memorie determina, in acelasi timp si o corecta
functionalitate a structurilor operand in mod logic. Alegerea unei strategii
corespunzitoare pentru revenirea din eroare, in ceea ce priveste structurile de
memorie, a fost determinata de caracteristicile erorilor de tip soft, susceptibile de
a influenta corecta functionare a aplicatiilor-tinta ale proiectului Embryonics. O
provocare considerabila a fost constituiti de integrarea mecanimelor de auto-
testare, pentru modurile memorie si logic, in strategia ierarhica de auto-reparare.

Dupi evaluarea diferitelor strategii de revenire din eroare in ceea ce
priveste structurile de memorie, decizia luata a fost protejarea acestora prin
intermediul unui cod Hamming, corector al erorii singulare. O analiza completa
asupra caracteristicilor de fiabilitate ale arhitecturii MuxTree a fost prezentata
pentru strategiile considerate. Aceasta este extinsd prin investigarea unui
parametru numit prag de acuratete a computatiei, transferat dintr-un alt mediu
computational cu o bogata susceptibilitate la erori, si anume calculul cuantic,
care s-a dovedit a fi potrivit inclusiv proiectului Embryonics. De fapt, acest
parametru poate fi utilizat in scopul cuantificarii limitei superioare a frecventei
erorilor pentru a permite in continuare desfasurarea cu succes a proceselor de
revenire din eroare. Mai mult, teza prezinta si o metodologie de implementare a
codurilor concatenate in Embryonics, in scopul de a extinde robustetea proceselor
computationale la nivelul acestei platforme.

Tintele initiale ale tezei au fost indeplinite, iar noul design MuxTree a fost
implementat in hardware, utilizand platforma demonstrativa existenta. Au fost
realizate si testate cateva configuratii de memorie pentru a demonstra atat
corecta lor functionare cat si integrarea de succes in paleta de mecanisme
prezente in designul anterior.
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