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ation N/A2 Summary2a. English Summary Embedded systems are extremely 
omplex, and, as demonstrated manytimes (e.g., the Intel FDIV bug, Ariane V 
rash), it is di�
ult to build them 
orre
tly. One of thereasons is that their design is supported by ad ho
 methodologies la
king a formal basis. Formalmethods 
ontribute general mathemati
al theories that support the development of reliable systems.Pro
essing elements have been the topi
 of most of the veri�
ation e�orts. Communi
ation moduleshave re
eived little attention. There is no general formal veri�
ation method for this 
lass of systems.To handle their 
omplexity, Systems on a Chip result from the integration of parameterized
omponents des
ribed at a high-level of abstra
tion. Communi
ations be
ome 
riti
al for the fun
-tionality and the performan
e of the overall system. Networks on a 
hip (NoCs) emerge as apromising solution that 
ould meet future system requirements. Their restri
ted environment interms of area, power 
onsumption, and heat dissipation brings new 
hallenges. Restri
tions on thearea redu
e router bu�er 
apa
ity. NoCs are more prone to deadlo
k. Routing hops and proto
olshave a strong in�uen
e on the power 
onsumption and heat dissipation.The obje
tive of FVDAM is to develop the �rst spe
i�
ation models and validation method-ologies for high-level and parameterized des
riptions of NoCs. We aim at a general theory dealingwith the essential properties and stru
tures 
ommon to a wide variety of ar
hite
tures. FVDAM1



will allow the formal spe
i�
ation and validation of the absen
e of message loss, deadlo
k, livelo
k,and the quanti�
ation of the routing performan
e of an NoC.2b. Abstra
t for laymen Computersystemen behoren tot de meest 
omplexe artefa
ten die demens heeft ge
onstrueerd. Talloze voorbeelden (zoals de beroemde Intel FDIV bug die Intel naars
hatting 500 M$ heeft gekost) tonen aan dat het buitengewoon moeilijk is om dit soort systemen
orre
t te krijgen. Een van de Grand Challenges binnen de informati
a betreft het 
orre
t bewijzen� ondersteund door een theorem prover � van een 
ompleet 
omputersysteem via een zogenaamde"sta
k proof". Een uiterst belangrijke, re
ente ontwikkeling binnen de hardware-industrie is deopkomst van de zogenaamde Systems on Chip (SoC) en Networks on Chip (NoC). In een SoC wordeneen aantal 
omponenten, die tradioneel op afzonderlijke 
hips werden ondergebra
ht (pro
essoren,geheugen, bus), samen op één 
hip gezet. NoCs vormen een veelbelovende ontwikkeling waarbijtevens een 
ompleet pa
ket swit
hing network op de 
hip wordt geplaatst ten behoeve van de
ommuni
atie tussen 
omponenten. Voorziene toepassingen van deze te
hnologie zijn alles-in-eenmobiele telefoons, pa
e-makers en auto's. Omdat de bu�er
apa
iteit in een NoC beperkt is en - integenstelling tot bijv. het internet - beri
hten in een NoC niet verloren mogen raken, moet men bijNoCs enorm oppassen voor het vastlopen van het netwerk, zogenaamde deadlo
ks. Het doel van hetFVDAM proje
t is om een algemene wiskundige theorie te ontwikkelen waarmee we - ondersteunddoor theorem proving software - als eerste gewenste eigens
happen � zoals het ontbreken vandeadlo
ks � kunnen bewijzen voor een algemene klasse van NoCs. Een dergelijke theorie zou eeneerste stap zijn op weg naar een sta
k proof voor SoCs.3 Classi�
ationComputer S
ien
e. The resear
h is relevant for the NOAG-ICT theme "Methoden voor Ontwerpenen Bouwen" (Methods for Designing and Building).4 Composition of the Resear
h TeamThis proje
t will be 
arried out within the Model Based System Development (MBSD) resear
htheme of the Institute for Computing and Information S
ien
es at the Radboud University Nijmegen.Dr. J. S
hmaltz will a
t as 
o-promotor of the prospe
tive PhD student. Prof. F.W. Vaandragerwill a
t as the o�
ial promotor. The resear
h will be performed in 
lose 
ollaboration with Prof.L. Pierre from the TIMA Laboratory, Grenoble, Fran
e.name Spe
ialism hrs/wkDr. J. S
hmaltz Theorem proving, NoCs, 6N.N. (PhD student) Theorem proving, NoCs 40Prof. F.W. Vaandrager Model Che
king, Con
urren
y Theory 1Prof. L. Pierre Hardware Veri�
ation, Design Languages p.m.S
hmaltz has submitted a Veni proposal in the round of January 2008 titled �PRENOC: ProvenRe�nements in E�e
t for Networks On a Chip�. The Veni proposal is 
omplementary to thisFVDAM proposal. FVDAM will develop spe
i�
ation models and validation methods for high-leveldes
riptions of NoCs, whereas PRENOC will develop re�nement methodologies to formally verifyhardware implementations against their spe
i�
ations.2



5 Resear
h S
hoolThe resear
h of this proje
t will be 
arried out in the 
ontext of resear
h s
hool IPA (Institute forProgramming and Algorithmi
).6 Resear
h Proposal6a Des
ription of the proposed resear
hResear
h question, motivation, and expe
ted resultsComputer systems are the most 
omplex artifa
ts we build everyday. The number of states of asimple digital devi
e is several order of magnitudes larger than the number of atoms in the universe1.Moreover, digital systems are dis
rete; a single bit inversion produ
es a 
omplete di�erent behavior.As it has been demonstrated many times (e.g., the Intel FDIV bug [34℄, the 
ost of whi
h amountedto $ 500, 000, 000; Ariane V 
rash), it is di�
ult to build them right. In parti
ular, be
ause theirdesign is supported by ad ho
 methodologies la
king a formal basis.The pervasive veri�
ation of 
omputing systems means the proof of one 
orre
tness theoremfor an entire system. This vision, also 
alled sta
k proof, produ
es formal models of the di�erentabstra
tion layers of system models and formal relations between these layers. It was �rst demon-strated by Bevier et al. [5℄. The di�erent 
omponents - software appli
ations, 
ompilers, operatingsystems, pro
essors, devi
es and 
ommuni
ation ar
hite
tures - of 
omputer systems form the layersof a sta
k. The top layer and the most abstra
t one is o

upied by software appli
ations. Goingdown in abstra
tion, software appli
ations together with an operating system are 
ompiled intoma
hine 
ode and run on top of pro
essing units and memories. Their gate level des
ription 
on-stitutes the lowest layer of the sta
k. The extension of this 
ross-layer approa
h to distributedsystems is the mission of the Verisoft2 proje
t, where we 
ontributed the formal proof of FlexRay-like time-triggered hardware at the lowest abstra
tion layer [52℄. Veri�ed sta
ks 
onstitute a �grand
hallenge� for formal methods [39℄.These models and relations 
onstitute the underlying theories that enable formal veri�
ationte
hniques to prove properties for all inputs and states of a design. Algorithmi
 te
hniques e.g.,equivalen
e and property 
he
king, o�er a high degree of automation, but are restri
ted to �xedsize models. Intera
tive theorem proving te
hniques o�er powerful reasoning engines that apply toparameterized models, but their appli
ation requires human expertise. Algorithmi
 te
hniques areroutinely used in industry. Only major 
ompanies 
an a�ord theorem proving experts (e.g., AMD,Intel).The results of pervasive veri�
ation e�orts 
ontribute formal theories about 
omputer systems.This provides a deeper understanding of their me
hanisms, and therefore makes them more reliable.Pro
essors have been the fo
us of earlier work, where informal textbooks (e.g., [42℄) have been math-emati
ally formalized [40℄. With respe
t to 
ommuni
ation modules, only informal des
riptions areavailable (e.g., [10℄). Moreover, the sparse spe
i�
 e�orts dedi
ated to 
ommuni
ation ar
hite
tureswere performed at the RTL, on very spe
i�
 designs. There is no general veri�
ation approa
h for1There are between 10
69 to 10

81 atoms in the universe. A simple digital devi
e with 10MB has more than
10

20,000,000 states.2www.verisoft.de 3




ommuni
ation hardware modules. In parti
ular, there is no general high-level spe
i�
ation andvalidation method that 
an be used as a referen
e against whi
h gate-level or RTL designs 
an beformally veri�ed.Multi Pro
essors Systems on a Chip (MPSoCs) denote the integration on a single die of 
om-plete 
omputer systems i.e., storage and pro
essing elements (e.g., multi-
ores), as well as I/Ointerfa
es and peripherals. The progress of 
hip te
hnologies (32 and 22nm) will enable the de-sign of large SoCs, that will populate our every day environment (e.g., all-in-one mobile phones,pa
emakers, 
ars). To handle this 
omplexity, the trend in the design 
ommunity is to raise thelevel of abstra
tion of the initial design phases, and to build a new SoC as the inter
onne
tion ofpre-designed parameterized modules, 
alled Intelle
tual Properties (IPs), as part of a generi
 designplatform [58℄. The 
hallenges lie in (1) the link between the initial abstra
t spe
i�
ation and the�nal Register Transfer Level (RTL) implementation, and (2) the design and the validation of the
ommuni
ation ar
hite
ture [55℄, whi
h plays a 
ru
ial role in the fun
tionality and performan
eof the overall system. Networks on a 
hip (NoCs) emerge as a promising solution that 
ould meetfuture system requirements [4℄. This new paradigm brings new resear
h 
hallenges. NoCs workin a very 
onstrained environment e.g., area, power 
onsumption, and heat dissipation. The arearestri
tion indu
es a strong limitation on the bu�er 
apa
ity of intermediate nodes. Therefore, thenetwork is likely to be overloaded, and more prone to deadlo
k. Due to the restri
ted power andheat budget, routing hops must be optimized. Livelo
ks have dramati
 
onsequen
es with respe
t topower 
onsumption and heat dissipation. Moreover, losing and re-sending messages is una

eptablein an NoC, while it is 
urrent on the Internet.The obje
tive of this FVDAM proposal is to develop the �rst formal spe
i�
ation and vali-dation method for high-level des
riptions of NoCs. We aim at a general model and veri�
ationmethodology that en
ompasses the essential 
onstituents of NoCs 
ommuni
ation ar
hite
tures -i.e., proto
ols and topologies, routing algorithms, and s
heduling poli
ies - and applies to a widevariety of ar
hite
tures. Our approa
h will ta
kle the spe
i�
ation of properties about the absen
eof message loss, deadlo
k, livelo
k, and will allow to quantify the routing performan
e of an NoC. Inparti
ular, FVDAM fo
uses on the analysis of deadlo
k avoidan
e me
hanisms (DAMs). Deadlo
ksmay be generated at the proto
ol or at the stru
tural (e.g., routing algorithms) level. The 
hallengeof FVDAM lies in supporting the analysis of these two kinds of deadlo
ks for parameterized, orunbounded, models.MethodologyGeNoC [51, 53℄ is a fun
tion representing a generi
 network model (see Fig. 1). It formalizes theintera
tion between three key 
onstituents: interfa
es, routing algorithms, and s
heduling poli
ies.The 
orre
tness of GeNoC is expressed by a theorem stating that messages rea
h their expe
teddestination without modi�
ation of their 
ontent. Interfa
es represent the proto
ols used to formatthe information sent over the networks. Routing algorithms represent the 
omputation of messageroutes. Finally, s
heduling poli
ies 
onsist of all me
hanisms related to the s
heduling of messagese.g., bus arbitration, 
ir
uit or pa
ket swit
hing te
hniques, et
. All these modules are representedby generi
 fun
tions. Their essential properties, 
alled proof obligations are formalized, but nottheir expli
it de�nition. The proof of the main theorem about GeNoC follows from these proofobligations only. Consequently, the GeNoC model and its 
orre
tness theorem are a meta-model4



and a meta-theorem of all networks satisfying the proof obligations. For a 
on
rete network, the
orresponding proof obligations are automati
ally generated. On
e they have been proven to besatis�ed by the 
on
rete network, it automati
ally follows that this network satis�es the global
orre
tness of GeNoC.GeNoC has been formalized in the logi
 of the ACL2 theorem prover [29℄. ACL2 
omprises alogi
, a me
hanized theorem prover for that logi
, and a programming language. The latter is asubset of the language Common LISP. Consequently, ACL2 models are exe
utable. The simulationof large designs is feasible, and has been proven a key aspe
t in industrial veri�
ation e�orts [22℄.This e�
ient exe
ution 
apability makes ACL2 unique. For the appli
ability of our results, it isimportant that the same model is used for both simulation and veri�
ation.As most initial formalizations, the original GeNoC models makes some simplifying assumptions,in order to fo
us on the essential aspe
ts and to exhibit a methodology. Su
h a restri
tion is that a
ommuni
ation a
tion is not 
onsidered to be the move from one node to its neighbor, but the movefrom the sour
e to the destination. In this 
ontext, deadlo
ks are not possible. Indeed, the exa
tformulation of the global 
orre
tness of GeNoC states that �when message m is re
eived at node n,message m was a
tually emitted by another node and destined to n�. The goal of FVDAM is toelevate the GeNoC approa
h to the analysis of performan
e, deadlo
k, and livelo
k. Our obje
tiveis to formalize the 
orre
tness theorem of GeNoC to mean �every message emitted on the networkeventually rea
hes its expe
ted destination without modi�
ation of its 
ontent�. More pre
isely, thegoals of FVDAM are (1) to modify the GeNoC de�nition to represent potential deadlo
ks and live-lo
ks, (2) to rephrase the GeNoC 
orre
tness theorem, (3) to identify whi
h proof obligations mustbe added on every module to prove this new property, and (4) to demonstrate the appli
ability ofthe results to industrial designs.Enabling GeNoC to analyze deadlo
ks and livelo
ks will amount to the introdu
tion of a set of
ommuni
ations that are using the network but have not rea
hed their destination yet. If this setis empty when GeNoC terminates (from a �nite set of input 
ommuni
ations), then all messagesthat have left their sour
e node have eventually rea
hed their expe
ted destination. Thus, therewas no deadlo
k and no livelo
k. The traditional way of proving su
h properties is to de�ne anordinal measure (e.g., a fun
tion returning a natural number) and prove that it is de
reasing overa well-founded ordering (e.g., the relation < over the naturals) [45℄ . The purpose of FVDAM is tode�ne su
h a measure for GeNoC and to identify for ea
h module the proof obligations ne
essary toshow that this measure is de
reasing. This ordinal measure will be used as a basis for a quantitativeanalysis of the performan
e of an NoC.Importan
e and urgen
y of the resear
hNoCs be
ome a hot topi
 in the SoC design 
ommunity. From early papers on prin
iples [4, 59℄,
on
rete implementations have been proposed. The most popular ones are Æthereal [46, 19℄, O
-tagon [27℄, Nostrum [36℄, aSoC [31℄, Hermes [2℄, Proteo [50℄, XPipes [9℄, FAUST [14℄. Some of thesesystems have been synthesized on FPGA, on ASICS or full 
ustom te
hnologies (100-180nm). Theoverall fun
tionality and performan
e of an SoC will depend in a large extend on the 
ommuni
ationar
hite
ture i.e., on the NoC. As SoCs be
ome ubiquitous, espe
ially in safety 
riti
al appli
ations(e.g., pa
emakers, �y-by-wire, brake-by-wire), it is ne
essary to formally verify their design. Ourresear
h obje
tive is a general model and a veri�
ation methodology that applies to most of the5
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Figure 1: The GeNoC Approa
habove implementations.All mentioned systems � ex
ept NOSTRUM � implement deterministi
 routing algorithms. Thefuture generation of NoCs will be built on 32nm or 22nm te
hnologies and will fa
e soft errors dueto Deep Sub-mi
ron issues. Not all of these soft errors will be 
orre
ted. Hen
e, this generationof NoCs will have to be adaptive and fault-tolerant i.e., mu
h more 
omplex than the 
urrentlyproposed solutions. In this adaptive s
enario, deadlo
ks are even more likely to o

ur.Related WorkFormal Veri�
ation of Communi
ation Ar
hite
tures Bus ar
hite
tures, and their proto-
ols, have been the subje
t of the earlier works on that topi
. Roy
houdhury et al. use the SMVmodel 
he
ker [35℄ to debug an a
ademi
 implementation of the AMBA AHB proto
ol [48℄. Theirmodel is written at the register transfer level and without any parameter. Roy
houdhury et al.dete
t a live lo
k s
enario that was 
aused by the implementation of their arbiter rather than bythe proto
ol itself. More re
ently, Amjad [1℄ used a model 
he
ker, implemented in the HOL [21℄theorem prover, to verify the AMBA APB and AHB proto
ols, and their 
omposition in a singlesystem. Using model 
he
king, safety properties are veri�ed on ea
h proto
ol individually. TheHOL tool is used to verify their 
omposition. In this work also, the model is at a low level ofabstra
tion, and without any parameter.NoCs are a more re
ent design paradigm, and little work has been done about their formalveri�
ation outside straightforward model 
he
king on �xed stru
tures. A notable ex
eption is thework of Gebremi
hael et al. [16℄, who re
ently spe
i�ed the Æthereal proto
ol [18℄ of Philips in thePVS logi
 [41℄. The main property they veri�ed is the absen
e of deadlo
k for an arbitrary numberof masters and slaves.Formal Theories for Communi
ation Ar
hite
tures. It is worth noting that the above men-tioned formal veri�
ation e�orts, devoted to 
ommuni
ation ar
hite
tures and proto
ols, were per-6



formed at the RTL, on very spe
i�
 designs. In 
ontrast, the resear
h results that we now reviewwere more in�uential to our own resear
h, as they ta
kle the formalization from a generi
 perspe
-tive. As su
h, they laid important landmarks on the path to the de�nition of a general theory toreason about 
ommuni
ations.Moore [38℄ de�nes a formal model of asyn
hrony by a fun
tion in the Boyer-Moore logi
 [7℄, andshows how to use this general model to verify a biphase mark proto
ol. More re
ently, Herzbergand Broy [25℄ presents a formal model of sta
ked 
ommuni
ation proto
ols, in the sense of theOSI referen
e model. In a relational framework supporting a 
omponent-oriented view, they de�neoperators and 
onditions to navigate between proto
ol layers. Herzberg and Broy's framework
onsiders all OSI layers. Thus, it is more general than Moore's work, whi
h is targeted at the lowestlayer. In 
ontrast, Moore provides me
hanized support. Both studies fo
us on proto
ols and do not
onsider the underlying inter
onne
tion stru
ture expli
itly.In the 
ontext of time-triggered ar
hite
tures, the seminal work of Rushby [49℄ proposes a generalmodel of timed-triggered implementations and their syn
hronous spe
i�
ations. The simulationrelation between these two models is proven for a large 
lass of algorithms using an axiomati
theory, in a similar spirit of our generi
 model and its proof obligations. Pike re
ently improves theappli
ation domain of this theory [44, 43℄. Miner et al. [37℄ de�ne a uni�ed fault-tolerant proto
ola
ting as a generi
 spe
i�
ation framework that 
an be instantiated for parti
ular appli
ations.These studies fo
us on time-triggered proto
ols. Our work aims at a more general network model,and 
on
entrates on the a
tual inter
onne
t rather than the proto
ols based on top of this stru
ture.Deadlo
k Avoidan
e in NoCs. A huge body of work has been devoted to the study of deadlo
ksin routing algorithms [11, 12, 13, 15, 54, 56℄. The prin
iple of these te
hniques is to build adependen
y graph (e.g., 
hannel or bu�er dependen
y graph) from the global routing fun
tion.Then, there is no deadlo
k if there is no 
y
le in this graph. These te
hniques are e�
ient for �xedsize systems. They do not apply to parameterized (or unbounded) system. Regarding this 
lass ofsystem, Gebremi
hael et al. [16℄ have proven in PVS [41℄ deadlo
k avoidan
e of Æthereal for anarbitrary number of masters and slaves. Their work applies to a very spe
i�
 design des
ribed atthe RTL. Our proje
t will explore te
hniques for 
he
king deadlo
k avoidan
e for a general 
lass ofparameterized systems and at a higher-level of abstra
tion, following the 
urrent trend in the SoCsdesign 
ommunity.With respe
t to proto
ol deadlo
ks, 
ontrol �ow me
hanisms (e.g., 
redits or Time DivisionMultiple A

ess [10℄) developed for parallel 
omputer systems are appli
able to NoCs. Nevertheless,be
ause of the limitation on storage and 
omputation resour
es in NoCs and the fa
t that theproto
ol sta
k is mostly implemented in hardware, the design 
onstraints and optimization goalsare fundamentally di�erent. A re
ent study explores issues and solutions regarding proto
ol deadlo
kavoidan
e in the 
ontext of NoCs [23℄. The FVDAM proje
t will 
omplement this design solutionwith the 
apability to formally 
he
k that the a
tual NoC meets the expe
ted performan
e andfun
tionalities.Program Termination. GeNoC is a fun
tion, whi
h provides a 
omputational model for NoCs.More pre
isely, GeNoC is re
ursive and 
an be proved to terminate. Our goal is to formalize ourglobal property as a de
reasing measure over a well-formed ordering. This is exa
tly the formulationof termination proof in program analysis. On
e we have formalized the global measure and identi�edhow ea
h 
omponent of the networks 
ontributes to de
rease it � maybe by de�ning spe
i�
 measures7



for ea
h one of them � we will be able to link our model and methodology to powerful te
hniquesdedi
ated to termination proof, like Context Calling Graphs [33℄ or the Terminator tool [8℄.Embedding of the Resear
hThe proje
t will be 
arried out within the 
hair �Informati
s for Te
hni
al Appli
ations� (ITA),whi
h is part of the newly formed se
tion Model-Based System Development within the Instituteof Computing and Information S
ien
es (ICIS) at the Radboud University Nijmegen.The resear
h mission of ITA is to 
arry out fundamental resear
h on formal methods and toolsfor the spe
i�
ation, design, analysis and testing of 
omputer systems (with fo
us on embedded sys-tems, distributed algorithms and proto
ols), and to demonstrate and assess the e�e
tiveness of usingthese methods and tools in the industrial software development pro
ess. Main s
ienti�
 a
hieve-ments in
lude the development of the hybrid and timed I/O automata modeling framework [32, 30℄(together with the team of Nan
y Lyn
h at MIT), the work on model based testing, 
ontributionsto the timed automata model 
he
ker UPPAAL, and the appli
ation of (timed) model 
he
king andtheorem proving te
hnology to dozens of 
omplex, industrial problems (see e.g., [3, 17, 57, 24℄). InMay 2004, an International Review Committee rated the resear
h program of ITA as "Ex
ellent".The ITA team is involved in a number of international resear
h proje
ts, in parti
ular the EU FP7proje
t QUASIMODO, the EU Marie Curie network TAROT, the EU IST network of ex
ellen
eArtist2, and the NWO/DFG proje
t VOSS2. The group has 
lose ties with the Dut
h EmbeddedSystems Institute (ESI) and has been / is involved in larger industrial 
ollaboration proje
ts su
h asBODERC and OCTOPUS (with OCE Te
hnologies) and TANGRAM (with ASML). From the 
ur-rent ITA resear
h proje
ts, the one that is most 
losely related to this proposal is the NWO proje
tFRAAI (Fault-tolerant Real-time Algorithms Analyzed In
rementally), whi
h aims at establishinglinks between di�erent abstra
tion layers for analysis of distributed algorithms.This proje
t will be 
arried out in 
lose 
ollaboration with the �Veri�
ation and modeling ofDigital Designs� (VDS) group of Prof. Lauren
e Pierre at TIMA Laboratory in Grenoble, Fran
e.The VDS group is a pioneer and leading institute in the appli
ation of formal methods to hardwaresystems. They have experien
ed in a wide range of te
hniques: symboli
 simulation, model 
he
king,theorem proving, et
.We have ex
ellent 
onta
ts with industry partners. STMi
roele
troni
s and NXP Semi
on-du
tors expressed strong interest in the proje
t, and o�ered to provide relevant 
ase studies.STMi
role
troni
s and NXP are leading 
hip manufa
turers and 
ontributed pioneered design so-lutions [28, 20℄. Our utmost goal is to demonstrate our results on realisti
 
ase studies. Therefore,these 
onta
ts with industry are extremely valuable for our proje
t.We re
eived strong support from J Strother Moore of the University of Texas at Austin, USA.Moore is a 
o-author, with Boyer and Kaufmann, of the ACL2 theorem proving system. The ACL2authors were awarded the prestigious 2005 ACM Software Systems Awards.6b Appli
ation perspe
tiveAs defended by Tony Hoare [26℄, 
omputer s
ien
e is a s
ien
e, in the sense that one 
an developgeneral mathemati
al theories about 
omputer systems, and one 
an 
arry out experiments to assessthe validity of these theories. As mentioned earlier in this proposal, pro
essors have been the fo
usof earlier work, but 
ommuni
ation hardware modules have re
eived little attention so far. ThisFVDAM proje
t will 
ontribute the �rst general model and veri�
ation methodology that applies8



to a large 
lass of NoCs. This will 
onstitute an important step towards a general mathemati
altheory of 
ommuni
ation modules.In a long term prospe
tive, FVDAM will 
ontribute to show that formal methods 
an be applied
ost e�e
tively to realisti
 systems. Theorem proving te
hniques are 
apable to verify extremelylarge and parameterized systems, but are today too expensive to be widely used. One innovation ofFVDAM is to atta
h proof obligations to a generi
 model and to redu
e the veri�
ation of instan
esof this model to the proof of instan
es of the proof obligations. This lowers the veri�
ation of a
omplete system to the veri�
ation of properties about lo
al 
omponents. Moreover, FVDAM willprovide methodologies to develop instan
es of the generi
 model, as well as guidelines to prove the
orresponding instan
es of the proof obligations. Altogether, this will make proofs easier to develop,redu
e the level of expertise required to use theorem provers, and, �nally, improve the produ
tivityof veri�
ation engineers.7 Proje
t PlanningFaseringYear 1 Bibliography & �rst 
ase study1 � 6 Detailed bibliography study about NoCs7 � 12 Analysis of a simple 
ase studyYear 2 More 
ase studies and �rst generalization1 � 6 Analysis of di�erent 
ase studies with di�erent routing algorithms, s
heduling poli
iesand proto
ols7 � 12 Extra
t a general methodology to de�ne and prove the measures of the 
ase studies doneso farYear 3 Systemati
 approa
h & realisti
 
ase studyAppli
ation of the extra
ted systemati
 approa
h to realisti
 
ase studies, e.g., providedby industry partners.Year 4 Writing up the manus
riptThe training and edu
ation of the PhD student will be mostly ful�lled by attending basi
 
oursesand spring/fall days organized by the IPA resear
h s
hool. The PhD student will also visit at leastone international resear
h s
hool.Opleidingsaspe
ten
• As an initial 
ase study, we plan to start with the analysis of a simpli�ed version or sub-partsof the NoC ar
hite
ture of NXP [47℄, or with the a
ademi
 a
hite
ure Hermes [2℄, for whi
hwe already built a partial spe
i�
ation [6℄. 9



• Currently, GeNoC has been implemented in ACL2, whi
h seems to be an adequate tool. Itprovides an interesting logi
 and an e�
ient exe
ution environment. The logi
 is �rst order,and it might be that we need higher order idioms to express our deadlo
k free 
onditions. Ifthis is the 
ase, we will swit
h to theorem provers for higher order logi
s. For instan
e, wehave experien
e with the Isabelle [52℄ and PVS systems [57℄.8 Expe
ted Use of InstrumentationNot Appli
able9 LiteratureThe following papers are the 5 most important publi
ations of the resear
h team relevant to theproposed resear
h:1. J. S
hmaltz and D. Borrione.A Fun
tional Formalization of On Chip Communi
ationsFormal Aspe
ts of Computing, A

epted for publi
ation, Springer, 2007DOI: 10.1007/s00165-007-0049-02. D. Borrione, A. Helmy, L. Pierre and J. S
hmaltz.A Generi
 Model for Formally Verifying NoC Communi
ation Ar
hite
tures: ACase Study1st International Symposium on Networks on Chip (NoCS'07), pp 127-137, Prin
eton, NewJersey, May 7-9, USA, IEEE Press So
iety 2007.3. J. S
hmaltz and D. Borrione. 3A Fun
tional Approa
h to the Formal Spe
i�
ation of Networks on ChipFormal Methods in Computer-Aided Design (FMCAD'04), LNCS 3312, pp 52-66, Springer-Verlag, Austin, Texas, USA, November 14-17, 2004.4. F. W. Vaandrager and A. de Groot.Analysis of a biphase mark proto
ol with Uppaal and PVSFormal Aspe
ts of Computing, 18(4):433�458, Springer 2006.5. B. Gebremi
hael, F. W. Vaandrager, M. Zhang, K. Goossens, E. Rijpkema and A. Radules
u.Deadlo
k Prevention in the Æthereal Proto
ol.Corre
t Hardware Design and Veri�
ation Methods (CHARME'05), pp. 345�348, LNCS 3725,Springer 200510 Requested BudgetThe following numbers are 
ommuni
ated by the �nan
ial department of the ICIS at RadboudUniversity.3First published result on the formal veri�
ation of NoCs.10
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