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ABSTRACT
This pap er is dev oted to the expression of a formal theory of

comm unication net w orks in the A CL2 logic. More precisely ,

w e ha v e dev elop ed a generic mo del called GeNoC , in a gen-

eral mathematical notation, with the use of quan ti�cation

o v er v ariables as w ell as o v er functions. W e presen t here its

expression in the �rst order quan ti�er free logic of the A CL2

theorem pro v er. W e describ e our systematic approac h to

cast it in to A CL2, esp ecially ho w w e use the encapsulation

principle to obtain a systematic metho dology to sp ecify and

v alidate on c hip comm unications arc hitectures. W e sum-

marize the di�eren t instances of GeNoC dev elop ed so far in

A CL2, some come from industrial designs. W e illustrate our

approac h on an XY routing algorithm.

Categories and Subject Descriptors
F.0 [ Theory of Computation ]: General; B.7.2 [ In tegrated

Circuits ]: Design Aids

General Terms
Comm unication theory , design and v eri�cation

Keywords
net w ork on a c hip, formal theory , theorem pro ving

1. INTRODUCTION
The design of complex systems on a c hip (SoC) relies on

the in tegration of pre-existing mo dules. In this framew ork,

the o v erall b eha vior of SoC's highly dep ends on the in ter-

connect structure. Its design and the v eri�cation of the com-

m unication arc hitecture b ecome crucial [12].

The principal v eri�cation e�orts regarding em b edded com-

m unication arc hitectures are the follo wing. Concerning pro-

to cols dedicated to bus arc hitectures, Ro yc houdh ury et al.
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use the SMV mo del c hec k er to debug an academic imple-

men tation of the AMBA AHB proto col [7]. Their mo del

is written at the register transfer lev el and without an y pa-

rameter. Ro yc houdh ury et al. detect a liv elo c k scenario that

comes more from their o wn arbiter than the proto col itself.

More recen tly , Amjad [1] used a mo del c hec k er, implemen ted

in the HOL theorem pro v er, to v erify the AMBA proto cols

APB and AHB and their comp osition in a single system.

Using mo del c hec king, safet y prop erties are v eri�ed on eac h

proto col. The HOL to ol is used to v erify their comp osition.

The mo del is also at a lo w lev el of abstraction and with-

out an y parameter. Regarding net w orks on a c hip (NoC)

little w ork has b een done ab out their formal v eri�cation.

Gebremic hael et al. [3] ha v e recen tly sp eci�ed the Æthereal

proto col of Philips in the PVS logic. The main prop ert y they

v eri�ed is the absence of deadlo c k for an arbitrary n um b er

of masters and sla v es.

On the one hand, these studies consider design at the

register transfer lev el (R TL). The curren t trend in the SoC

design comm unit y is to raise the lev el of abstraction [12].

On the other hand, these studies are dedicated to particular

applications. T o v erify another comm unication net w ork, one

has to formalize and pro v e ev erything again . Indeed, there

is no formal the ory of comm unication net w orks. Most text-

b o ok ( e.g. [2]) describ e arc hitectures in an informal manner.

The ob jectiv e of our researc h is to formalize the di�er-

en t concepts that b elong to comm unication arc hitectures,

i.e. to de�ne a formal theory for comm unication net w orks.

W e express this theory in a classical mathematical notation.

Then, one can cast it in to her/his fa v orite to ol.

A �rst step to w ards this theory has b een ac hiev ed in

Sc hmaltz's Ph.D. thesis [8]. The main con tribution of this

w ork is the de�nition of a generic network on a chip ( GeNoC )

mo del. It is de�ned as the comp osition of k ey comp onen ts

(routing, sc heduling and in terfaces). W e ha v e iden ti�ed the

essen tial prop erties inheren t in eac h one of them. The pro of

of the o v erall correctness of GeNoC is directly deduced from

these constrain ts. Hence, this correctness is preserv ed for

an y p articular net w ork arc hitecture, pro vided its comp o-

nen ts satisfy the constrain ts.

W e brie�y presen t the general theory in section 2. This pa-

p er fo cusses on ho w w e em b ed this theory in the A CL2 logic.

F or instance, the mathematical notations in v olv e quan ti�-

cation o v er functions whic h is elegan tly expressed using the

encapsulation principle and the deriv ed inference rule "func-

tional instan tiation". Section 3 presen ts the strategy w e

used to express GeNoC in the A CL2 logic. Sections 4 to 7



exp ose the A CL2 de�nition of the comp onen ts of GeNoC .

W e sho w concrete instances of GeNoC in section 8. Section

9 concludes the pap er.

2. A GENERIC NETWORK ON CHIP
T o treat the di�eren t comm unication arc hitectures in a

single formalism, w e generalize them to a unique mo del

explained in the next subsection. After that, w e describ e

rapidly function GeNoC and giv e the general expression of

its correctness.

2.1 A Unique Communication Model
Consider the general comm unication mo del of Figure 1.

An arbitrary , but �nite, n um b er of no des are connected to

some comm unication arc hitecture. The latter represen ts the

in terconnection structure, e.g. bus or net w ork. It com-

prises top ologies, routing algorithms and sc heduling p olicies.

Our mo del mak es no assumption on these comp onen ts. As

prop osed b y Ro wson and Sangio v anni-Vincen telli [6], eac h

no de is separated in to an applic ation and an interfac e . The

latter is connected to the comm unication arc hitecture. In-

terfaces allo w applications to comm unicate using proto cols.

An y in terface-application pair matc hes the la y ers of the OSI

mo del. In terfaces generally refer to la y ers 1 to 4; applica-

tions to la y ers 4 to 7. La y er 4 is a b oundary and can b e

part of either in terfaces or applications. T o distinguish b e-

t w een in terface-application and in terface-in terface comm u-

nications, an in terface and an application comm unicate us-

ing messages ; t w o in terfaces comm unication using fr ames .
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Application
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Figure 1: Comm unication Mo del

Applications represen t the computational and functional

asp ects of no des. They are either activ e or passiv e. T yp-

ically , activ e applications are pro cessors and passiv e appli-

cations memories. W e consider that eac h no de con tains one

passiv e and one activ e application, i.e. eac h no de is capa-

ble of sending and receiving frames. As w e w an t a general

mo del, applications are not considered explicitly : passiv e ap-

plications are not actually mo deled, and activ e applications

are reduced to the list of their p ending comm unication op er-

ations. W e fo cus on comm unications b et w een distan t no des.

W e supp ose that in ev ery comm unication, the destination

no de is di�eren t from the source no de.

2.2 Overview ofGeNoC

F unction GeNoC represen ts a generic comm unication ar-

c hitecture. This arc hitecture has an arbitrary top ology , rout-

ing algorithm and switc hing tec hnique. F unction GeNoC
represen ts the transfer of messages from their source to their

destination. Its main argumen t is the list of messages emit-

ted at source no des. It returns the list of the results receiv ed

at destination no des. Its de�nition mainly relies on the fol-

lo wing functions:

1. In terfaces are represen ted b y t w o functions; one func-

tion, send, to inject frames on the net w ork, and one

function, recv , to receiv e frames,

2. the routing algorithm and the top ology are represen ted

b y function Routing ,

3. the switc hing tec hnique is represen ted b y function

Scheduling.

These functions are generic in the sense that they do not

ha v e an explicit de�nition. They are only de�ned b y a

n um b er of prop erties, called pr o of obligations or simply c on-

str aints .

In terfaces. F unction send represen ts the encapsulation

of a message in to a frame. F unction recv represen ts the

deco ding of this frame to reco v er the emitted message. The

main constrain t asso ciated to these functions expresses that

a receiv er should b e able to extract the enco ded information,

i.e. the comp osition of function recv with function send
( recv � send) is the iden tit y function.

Routing Algorithm. The routing algorithm is repre-

sen ted b y the successiv e application of unitary mo v es. F or

eac h pair made of a source and a destination, the routing

function computes al l p ossible routes allo w ed b y the uni-

tary mo v es. The main constrain t asso ciated to the routing

function expresses that eac h route from a source s to a des-

tination d e�ectiv ely starts in s and uses only existing no des

to end in d.

Switc hing T ec hnique. The sc heduling p olicy partici-

pates in the managemen t of con�icts that app ear on the

net w ork. It de�nes the set of comm unications that can

b e p erformed at the same time . F ormally , these comm u-

tations satisfy an invariant . Sc heduling a comm unication,

i.e. adding it to the curren t set of authorized comm unica-

tions, m ust preserv e the in v arian t, for all times and in an y

admissible state of the net w ork. The in v arian t is sp eci�c to

the sc heduling p olicy . In our formalization of the sc hedul-

ing p olicy , the existence of this in v arian t is assumed but

not explicitly represen ted. F rom a list of requested comm u-

nications, the sc heduling function extracts a sub-list that

satis�es the in v arian t. The rest mak e up the list of dela y ed

comm unications.

F unction GeNoC . ` F unction GeNoC is pictured in Fig.

2. It tak es as argumen ts the list of requested comm uni-

cations and the c haracteristics of the net w ork. It pro duces

t w o lists as results: the messages receiv ed b y the destination

of successful comm unications and the ab orted comm unica-

tions. In the remainder of this section, w e detail the basic

comp onen ts of the mo del.

The main input of GeNoC is a list T of tr ansactions of the

form t = (id A msgt B) . T ransaction t represen ts the in ten-

tion of application A to send a message msgt to application

B . A is the origin and B the destination . Both A and B
are mem b ers of the set of no des, NodeSet. Eac h transaction

is uniquely iden ti�ed b y a natural id . V alid transactions are

recognized b y predicate Tlstp (T ; NodeSet) .

Brie�y , function GeNoC w orks as follo ws. F or ev ery mes-

sage in the initial list of transactions, it computes the cor-

resp onding frame using send. Eac h frame together with its

id , origin and destination constitutes a missive . A missiv e

is v alid if the ids are naturals (with no duplicate); the origin
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Figure 2: GeNoC : A generic net w ork on c hip mo del

and the destination are mem b ers of NodeSet. A v alid list, M
of missiv es is recognized b y predicate M lstp (M ; NodeSet) .

Then, GeNoC computes the routes of the missiv es and sc hed-

ules them using functions Routing and Scheduling. T o k eep

our mo del general, function Routing computes a list of routes

for ev ery missiv e. If the routing algorithm is deterministic,

this list has only one elemen t. Once routes are computed,

a tr avel denotes the list comp osed of a frame, its id and

its list of routes. A list V of tra v els is v alid if the ids are

naturals (with no duplicate). Suc h a list is recognized b y

predicate Vlstp (V) . The results of the sc heduled tra v els are

computed b y calling recv . The delayed tra v els are con v erted

bac k to missiv es and constitute the argumen t of a recursiv e

call to GeNoC . T o mak e sure that this function terminates,

w e asso ciate to ev ery no de a �nite n um b er of attempts. A t

ev ery recursiv e call of GeNoC , ev ery no de with a p ending

transaction will consume one attempt. The asso ciation list

att stores the attempts and att [i ] denotes the n um b er of re-

maining attempts of the no de i . F unction SumOfAtt (att )
computes the sum of the remaining attempts of the no des

and is used as the decreasing measure of parameter att .

F unction GeNoC halts if ev ery attempt has b een consumed.

The �rst output list R con tains the results of the completed

transactions. Ev ery result r is of the form (id B msgr ) and

represen ts the reception of a message msgr b y its �nal desti-

nation B . T ransactions ma y not run to completion ( e.g. due

to net w ork con ten tion). The second output list of GeNoC
is named A b orte d and con tains the cancelled transactions.

F unction GeNoC is considered correct if ev ery non ab orted

transaction t = (id A msg B) is completed in suc h a w a y that

B e�ectiv ely receiv es msg . F ormally , w e pro v e that for ev ery

�nal result r , there is a unique initial transaction t suc h that

t has the same id and msg as r .

8rst 2 R ; 9!t 2 T ;

( Id R (rst ) = Id T (t )
^ MsgR (rst ) = MsgT (t )
^ DestR (rst ) = DestT (t )

(1)

This form ula is pro v ed a theorem using the pro of obliga-

tions asso ciated to eac h comp onen t. These pro of obligations

ha v e often the same structure. F or all elemen ts pro duced b y

some function (here function GeNoC ) w e lo ok for a unique

elemen t in the principal argumen t of that function (here the

transactions) suc h that b oth elemen ts satisfy a giv en prop-

ert y . W e do not go further in to the mathematical transla-

tion. In the next section, w e explain ho w w e translate it

to the A CL2 logic. Then, w e giv e all A CL2 de�nitions and

constrain ts ab out GeNoC , as w ell as its pro of of correctness.

The mathematical mo del has b een published elsewhere [8].

3. MODELING PRINCIPLES
F unctions Routing , Scheduling, recv and send are not de-

�ned but c onstr aine d to satisfy a list of prop erties. In the

follo wing subsection, w e sho w ho w to use the encapsulation

principle to express this second order quan ti�cation. Using

functional instan tiation, A CL2 can generate the pro of obli-

gations that m ust b e disc harged b y a particular instance of

a comp onen t. W e sho w ho w to systematically use that rule

for design v eri�cation.

3.1 Encapsulation of the Constraints
F unction send tak es a message as a unique argumen t and

returns a frame. No assumption is made on the de�nition

domains, Dmsg and D frm of messages and frames. F unctions

send and recv , in the A CL2 logic, are functions taking one

argumen t and returning one argumen t. They ha v e the fol-

lo wing signatures:

(( send � ) ) � )

(( recv � ) ) � )

The main constrain t on these functions is that their com-

p osition is an iden tit y . This is expressed b y the follo wing

pro of obligation:

Pr oof Obliga tion 1. In terface Correctness

(defthm InterfaceCorrectness

;; recv � send(msg) = msg
(equal ( recv ( send msg)) msg))

F or tec hnical reasons, t w o other constrain ts are asso ciated

to function send. The �rst one states that if nothing has to

b e sen t, function send returns the empt y list (constrain t

send-nil). The second constrain t states that if the message

to b e sen t is not the empt y list, function send do es not

return the empt y list (constrain t send-not-nil).

The complete encapsulate ev en t regarding the in terfaces

is as follo ws:



(encapsulate

((( send � ) ) � )

(( recv � ) ) � ))

(local (defun send (msg) msg)) ;; local witness

(local (defun recv (frm) frm)) ;; local witness

(defthm InterfaceCorrectness

(equal ( recv ( send msg)) msg))

(defthm send-nil

(not ( send nil)))

(defthm send-not-nil

(implies msg ( send msg))))

Using the functional instan tiation inference rule, A CL2

generates - and tries to pro v e - the pro of obligations asso-

ciated to particular de�nitions of recv and send. Let us

rede�ne these functions outside the encapsulate. Consider

function sende that starts a comm unication b y sending a

constan t bit list to sync hronize with a receiv er. Let this

constan t b e *start* = (0 1 0 1 0 1 0 1) . T o satisfy con-

strain t send-nil , this function returns nil if its input mes-

sage is nil . Its de�nition is the follo wing:

(defun sende (msg)

(if (not msg)

nil

(append *start* msg))

F unction recve reads a bit list lst . If this list is empt y , it

returns nil . If the �rst 8 bits equal *start* , it returns lst

less these �rst 8 bits. Otherwise, it consumes one bit and

lo oks for *start* in the rest of lst . Its de�nition is:

(defun recve (lst)

(if (endp lst)

nil

(if (equal (firstn 8 lst) *start*)

(nthcdr 8 lst) ;; lst less *start*

( recve (cdr lst)))))

The pro of obligations asso ciated to these t w o de�nitions

can b e automatically generated (and pro v ed) b y A CL2. The

principle is to pro v e some prop ert y (the constan t t for in-

stance) and to giv e a hin t to A CL2 that forces it to use the

prop erties of the encapsulate ab o v e. W e ask A CL2 to pro v e

the follo wing theorem:

(defthm check-instance-interface

t ; we prove "true"

:rule-classes nil ; no rule is generated

:hints (("GOAL"

; we force ACL2 to use InterfaceCorrectness

; by substituting recv by recve

; and send by sende

:use

(:functional-instance InterfaceCorrectness

( recv recve )

( send sende )))))

A similar approac h is tak en to c hec k if concrete designs of

functions Routing or Scheduling are v alid instances of their

generic coun terparts. The encapsulate ev en t ab out these

remaining comp onen ts are describ ed in the next section.

3.2 Removing Quanti�ers
The A CL2 logic is generally considered quan ti�er free.

The form ulae presen ted in the previous section do not trans-

late directly in to A CL2. The principle is to express quan-

ti�ers b y recursiv e functions. Let us consider the form ula

8x 2 E ; p(x) , whic h means that all elemen ts in set E satisfy

predicate p. In A CL2, w e rather consider a list, the elemen ts

of whic h are in E . W e de�ne a function f p whic h v eri�es

that all elemen ts of a list satisfy p. The de�nition of f p is

the follo wing

1

:

f p (l ) ,
n t if l = �

p(e) ^ f p (l0) otherwise l = e:l0 (2)

Let l � l E mean l is a list, the elemen ts of whic h are in

set E . Prop ert y 8x 2 E ; p(x) b ecomes 8l; l � l E; f p (l ) . In

the A CL2 syn tax, this is expressed b y an implication:

(defthm foo

(implies (Ep l) ( f p l)))

where Ep is a predicate that recognizes a list, the elemen ts

of whic h are mem b ers of E .

More generally , the main form ulae of GeNoC express prop-

erties ab out a list L , and the result F (L ) of the application

of a function to that list. These prop erties express that for

all elemen ts e0
of a list F (L ) , there exists a unique elemen t

e of L suc h that e and e0
satisfy some prop ert y  (e; e0) . The

form ula tak es the follo wing form:

8e0 2 l F (L ); 9!e 2 l L;  (e; e0) (3)

Lists L and F (L ) are lists of missiv es, tra v els, transac-

tions, etc . F orm ula  alw a ys in v olv es the equalit y b et w een

the iden ti�ers of e and e0
. The uniqueness of elemen t e is

ensured b y the t yp e information that guaran tees the unique-

ness of the iden ti�ers of elemen ts of L (resp. F (L ) ). Filter-

ing list L according to the iden ti�ers of F (L ) , one obtains a

list that can b e compared with F (L ) elemen t b y elemen t.

The �ltering op erator is illustrated as follo ws. If V is a list

of tra v els, V=ids denotes a sublist of V , whic h is the result

of �ltering V according to some iden ti�ers ids .

Example 1. If V is

( (123 m1 (1 3 9))
(212 m2 (12 4 25))
(313 m3 (1 12 3)) )

then V=(123 313) is

( (123 m1 (1 3 9))
(313 m3 (1 12 3)) )

Let f  b e a Bo olean function o v er t w o argumen t lists. f  

returns t if the argumen ts ha v e equal length and prop ert y  
holds pairwise on their corresp onding elemen ts; otherwise,

f  returns nil . The de�nition of f  is:

f  (l1 ; l2) ,

8
>>><

>>>:

t if l1 = � ^ l2 = �
nil if l1 6= � ^ l2 = �

_ l1 = � ^ l2 6= �
 (e; e0) ^ f  (l0

1 ; l0
2) otherwise l1 = e:l01

^ l2 = e0:l0
2

1

F or the existen tial quan ti�er, the conjunction is replaced

b y a disjunction.



Let DL b e the de�nition domain of list L . Expressions

of the form 3, "for all e0
of F (L ) , there exists a unique e

of L suc h that  (e; e0) ", translate to "for all lists L of DL ,

function f  applied to list F (L ) and to L �ltered b y the

iden ti�ers of F (L ) is alw a ys true". That is expressed as:

8L � l DL ; f (F (L); L=F (L)bid ) (4)

Finally , the univ ersal quan ti�er is replaced b y an implica-

tion and w e get the follo wing form:

L � l DL ) f (F (L); L=F (L)bid ) (5)

In the A CL2 syn tax, the left hand side of the implication

is translated to the c haracteristic function of domain DL ,

noted DL -p . Let filter b e the A CL2 function implemen t-

ing the �ltering op erator, and ids b e the function collecting

the iden ti�ers, one obtains the follo wing A CL2 co de:

(defthm bar

(implies ( DL -p L)

( f  ( F L)

(filter L (ids ( F L))))))

4. NODES AND PARAMETERS
W e no w describ e all functions and theorems that form the

encapsulation ev en t for the de�nition of the no des and the

parameters.

No des are de�ned on an arbitrary domain, GenNodeSet.

A list of elemen ts of that domain is recognized b y predi-

cate NodeSetp, whic h is a constrained function. The set

of no des of a particular net w ork is noted NodeSet. It is

generated from parameters pms de�ned on an arbitrary do-

main GenParams and function NodeSetGen. V alid param-

eters are recognized b y predicate ValidParamsp and consti-

tute the generating base for NodeSet. The functionalit y of

NodeSetGen is as follo ws:

NodeSetGen: GenParams ! P (GenNodeSet) (6)

These functions are v alid if, for all parameters recognized

b y predicate ValidParamsp , ev ery elemen t pro duced b y func-

tion NodeSetGen b elongs to domain GenNodeSet ( i.e. sat-

is�es predicate NodeSetp):

Pr oof Obliga tion 2. De�nition of NodeSet.

(defthm nodeset-generates-valid-nodes

(implies (ValidParamsp pms)

(NodeSetp (NodesetGenerator pms))))

Finally , w e need to pro v e that, for eac h particular instance

of predicate NodeSetp, an y sublist of a v alid list of no des is

also a v alid list of no des

Pr oof Obliga tion 3. Sublists of V alid No de Lists.

(defthm subsets-are-valid

(implies (and (NodeSetp x) (subsetp y x))

(NodeSetp y)))

5. ROUTING ALGORITHM
W e no w describ e the function de�nitions and theorems for

the routing mo dule of GeNoC . The correctness of routes is

not particular to a net w ork. In the next subsection, w e de-

�ne the general predicates that will b e used for an y routing

algorithm. Then, w e giv e the constrain ts asso ciated with

the routing function.

5.1 Route Validity
A route r is correct according to some missiv e m if (1)

the �rst elemen t of r equals the origin of m ; (2) the last

elemen t of r equals the destination of m ; (3) eac h no de of

r is a mem b er of the set NodeSet of the existing no des.

The lengh of an y route m ust b e greater than 2. Among

these prop erties, one only dep ends on NodeSet. T o a v oid

free v ariables, w e state it in a separate predicate. The other

prop erties are de�ned as follo ws:

(defun ValidRoutep (r m)

(and (equal (car r) (OrgM m))

(equal (car (last r)) (DestM m))

(<= 2 (len r))))

F unction CheckRoutes tak es a list of routes, a missiv e and

the set NodeSet . It c hec ks that an y route of the list of routes

satis�es ValidRoutep and is a mem b er of NodeSet .

(defun CheckRoutes (routes m NodeSet)

(if (endp routes)

t

(let ((r (car routes)))

(and (ValidRoutep r m)

(subsetp r NodeSet)

(CheckRoutes (cdr routes) m NodeSet)))))

Predicate CorrectRoutesp c hec ks tra v els correctness ac-

cording to missiv es, i.e. routes asso ciated to some tra v el

v satis�es predicate CheckRoutes for some missiv e m suc h

that v and m ha v e the same iden ti�er and the same frame.

W e also c hec k that the list of tra v els and the list of missiv es

ha v e the same length.

(defun CorrectRoutesp (V M NodeSet)

(if (endp V)

(if (endp M)

t ;; len(M) = len(V)

nil)

(let* ((tr (car V))

(msv (car M))

(routes (RoutesV tr)))

(and (CheckRoutes routes msv NodeSet)

(equal (IdV tr) (IdM msv))

(equal (FrmV tr) (FrmM msv))

(CorrectRoutesp (cdr V)

(cdr M) NodeSet)))))

This predicate implies that con v erting the tra v el list V to

a missiv e list pro duces M .

(defthm correctroutesp-=>-tomissives

(implies (and (CorrectRoutesp V M NodeSet)

(Missivesp M NodeSet)

(Vlstp V))

(equal (ToMissives V) M)))

5.2 Generic Routing Function
The generic routing function tak es t w o argumen ts: a mis-

siv e list and the existing no des. It returns a tra v el list. Its

signature is the follo wing:

(((Routing * *) => *))

The lo cal witness of the encapsulate simply corresp onds

to routing in a bus. There is only one route made of the



origin and the destination. In the follo wing de�nition, func-

tions IdM , FrmM , OrgM , DestM are the accessors of the v arious

comp onen ts of a missiv e: iden ti�er, frame, origin, destina-

tion.

;; local witness

(local (defun route (M)

(if (endp M)

nil

(let* ((msv (car M))

(Id (IdM msv))

(frm (FrmM msv))

(org (OrgM msv))

(dest (DestM msv)))

(cons (list Id frm

(list (list org dest)))

(route (cdr M)))))))

(local (defun routing (M NodeSet)

(declare (ignore NodeSet))

(route M)))

The main constrain t on function Routing states that it

m ust satisfy predicate CorrectRoutesp .

Pr oof Obliga tion 4. Routing Correctness

(defthm Routing-CorrectRoutesp

(let ((NodeSet (NodeSetGenerator pms)))

(implies (and (Missivesp M NodeSet)

(ValidParamsp pms))

(CorrectRoutesp (Routing M NodeSet)

M NodeSet))))

Another constrain t c hec ks that this function outputs a

v alid tra v el list.

Pr oof Obliga tion 5. T yp e of function Routing

(defthm Vlstp-routing

(let ((NodeSet (NodeSetGenerator pms)))

(implies (and (Missivesp M NodeSet)

(ValidParamsp pms))

(Vlstp (routing M NodeSet)))))

W e ha v e sho wn the main constrain ts on function Routing .

Some lo cal lemmas on the witness are necessary . There are

t w o additional constrain ts. One that c hec ks that function

Routing outputs a true list. Another one c hec ks that func-

tion Routing returns nil if the initial missiv e list is empt y .

6. SCHEDULING POLICY
In the next subsection, w e in tro duce the generic de�nition

of the sc heduling p olicy . Then, w e giv e its asso ciated pro of

obligations.

6.1 Generic De�nition
F unction Scheduling tak es as argumen ts the tra v el list pro-

duced b y function Routing and the list att of the attempt

n um b ers at the no des. It returns t w o tra v el lists: the list

Scheduled and the list Delayed. It also up dates the attempt

n um b er list att . The functionalit y of Scheduling is the fol-

lo wing:

Scheduling : DV � AttLst ! D V � D V � AttLst (7)

Its A CL2 signature is the follo wing:

((scheduling * *) => (mv * * *))

F or ev ery sc heduled tra v el of a missiv e that has sev eral

routes, the sc heduling function generally k eeps only one route.

In order to a v oid the in tro duction of a new data t yp e, w e

consider sc heduled tra v els lik e "classical" tra v els, i.e. tra v-

els that con tain a list of routes, ev en if this list has only one

elemen t.

The lo cal witness is v ery simple but fully full�ls its dut y .

If the sum of all attemps is zero, all tra v els are dela y ed.

Otherwise, all tra v els are sc heduled and eac h no de with

at least one attempt left consumes one attempt (function

consume-attempts ).

(local

(defun scheduling (V att)

;; local witness

(mv

;; scheduled frames

(if (zp (SumOfAttempts att))

nil ;; no attempt left, no schedule

V) ;; otherwise all scheduled

;; delayed frames

(if (zp (SumOfAttempts att))

V ;; no attempt left, all delayed

nil) ;; otherwise no delayed

(if (zp (SumOfAttempts att))

att ;; no attempt left, att unchanged

(consume-attempts att))))) ;; consume att

6.2 Proof Obligations
First, if the list V is a v alid tra v el list, the lists Scheduled

and Delayed are also v alid.

Pr oof Obliga tion 6. T yp e of Scheduled and Delayed.

(defthm Vlstp-scheduled-delayed

(implies (Vlstp V)

(and

(Vlstp (mv-nth 0 (scheduling V att)))

(Vlstp (mv-nth 1 (scheduling V att))))))

A t eac h sc heduling round, all tra v els of V are analyzed.

If sev eral tra v els are asso ciated to a single no de, this no de

consumes one attempt for the set of its tra v els. A t eac h call

to Scheduling, an attempt is consumed at eac h no de. If all

attempts ha v e not b een consumed, the sum of the remain-

ing attempts after the application of function Scheduling is

strictly less than the sum of the attempts b efore the applica-

tion of Scheduling. This is expressed b y the follo wing pro of

obligation:

Pr oof Obliga tion 7. Consume one attempt.

(defthm consume-at-least-one-attempt

(mv-let (Scheduled Delayed newatt)

(scheduling V att)

(declare (ignore Scheduled Delayed))

(implies (not (zp (SumOfAttempts att)))

(< (SumOfAttempts newatt)

(SumOfAttempts att)))))

The dela y ed tra v els are con v erted to missiv es in the recur-

siv e call of GeNoC . This pro cess should result in a sublist of

the initial list of missiv es. T o obtain a v alid missiv e list, the



information con tained in the dela y ed tra v els m ust b e iden-

tical to the information con tained in the initial list V . The

list of the dela y ed tra v els m ust b e a sublist of V . F ormally ,

one ensures that list Delayed is equal to �ltering the ini-

tial tra v el list according to the iden ti�ers of Delayed. That

corresp onds to the follo wing pro of obligation:

Pr oof Obliga tion 8. Correctness of Delayed.

(defthm delayed-travel-correctness

(mv-let

(Scheduled Delayed newatt)

(scheduling V att)

(declare (ignore newatt scheduled))

(implies (Vlstp V)

(equal Delayed

(filter V

(v-ids Delayed)))))

:rule-classes nil)

This rule is lik ely to in tro duce lo ops in the rewriter b ecause

Delayed app ears in the left and the righ t hand side. There-

fore, w e do not store it as a rule.

Generally , the sc heduling function only k eeps one route

for ev ery sc heduled tra v el. Consequen tly , the list Scheduled
is not exactly a sublist of the initial tra v el list V . The iden-

ti�ers and the frames are not mo di�ed. W e c hec k that the

route, or more generally , the routes of a sc heduled tra v el b e-

long to the routes asso ciated with the corresp onding initial

tra v el.

Let us consider predicate s-travel-correctness . It tak es

as argumen ts t w o tra v el lists sV and V/sids . It c hec ks that

these lists ha v e an equal length. It recursiv ely c hec ks that

eac h elemen t of sV has the same iden ti�er, the same frame

of the corresp onding elemen t in V/sids . It also recursiv ely

c hec ks that routes of elemen ts of sV are part of the routes

of corresp onding elemen ts in V/sids . The de�nition of this

predicate is the follo wing:

(defun s-travel-correctness (sV V/sids)

(if (endp sV)

(if (endp V/sids)

t

nil)

(let* ((str (car sV))

(tr (car V/sids)))

(and (equal (FrmV str) (FrmV tr))

(equal (IdV str) (IdV tr))

(subsetp (RoutesV str) (RoutesV tr))

(s-travel-correctness (cdr sV)

(cdr V/sids))

))))

The constrain t regarding the sc heduled tra v els states that

this predicate m ust b e satis�ed if sV is the list of the sc hed-

uled tra v els and V/sids is the initial tra v el list �ltered ac-

cording to the iden ti�ers of the sc heduled tra v els.

Pr oof Obliga tion 9. Correctness of Scheduled.

(defthm scheduled-travels-correctness

(mv-let (Scheduled Delayed newatt)

(scheduling V att)

(declare (ignore Delayed newatt))

(implies (Vlstp V)

(s-travel-correctness

Scheduled

(filter V

(V-ids Scheduled))))))

Since routes of tra v els in Scheduled are routes of tra v els of

V , function Scheduling preserv es the correctness of routes.

W e pro v e outside the encapsulate that the list Scheduled
satis�es predicate CorrectRoutesp .

The goal of the sc heduling p olicy is to partition a tra v el

list in to t w o exclusiv e lists: Scheduled and Delayed. The in-

tersection of the iden ti�ers of these t w o lists m ust b e empt y .

Pr oof Obliga tion 10. Mutual Exclusion.

(defthm not-in-delayed-scheduled

(mv-let (scheduled delayed newatt)

(scheduling V att)

(declare (ignore newatt))

(implies (Vlstp V)

(not-in (v-ids delayed)

(v-ids scheduled)))))

W e ha v e exp osed the main constrain ts ab out function

Scheduling. F or tec hnical reasons, additional constrain ts

are necessary . T o apply function mv-nth prop erly , function

Scheduling needs to return a list of v alues. This prop ert y

is not added b y A CL2 from the signature. W e also need to

kno w that lists Scheduled and Delayed are true lists.

7. OVERALL MODEL
The de�nition of function GeNoC follo ws Figure 3. F unc-

tion ComputeMissives applies function send to eac h trans-

action of the initial list T . This pro duces the corresp ond-

ing list of missiv es. F unction Routing computes the routes

of eac h missiv e and function Scheduling �xes the sc heduled

and the dela y ed tra v els. F unction ComputeResults applies

function recv to eac h sc heduled tra v el to obtain results. De-

la y ed tra v els are con v erted to missiv es. If all attempts ha v e

not b een consumed, dela y ed tra v els are pro cessed again from

function Routing . Otherwise, dela y ed tra v els constitute the

ab orted comm unications.

The correctness of function GeNoC has b een de�ned in

section 2, with resp ect to results only . As explained in sec-

tion 3, quan ti�ers are replaced b y predicates on lists. In

A CL2, the correctness of GeNoC concerns the results and

the �ltering of the initial transactions with the iden ti�ers

of the results. Th us, predicate GeNoC-correctness c hec ks

that eac h result corresp onds to a transaction with the same

iden ti�er, message and destination. W e obtain the follo wing:

Theorem 1. A CL2 Correctness of GeNoC .

(defthm GeNoC-is-correct

(let ((NodeSet (NodeSetGenerator pms)))

(mv-let (res abt)

(GeNoC Trs NodeSet att)

(declare (ignore abt))

(implies (and (Tp Trs NodeSet)

(ValidParamsp pms))

(GeNoC-correctness

res

(filter Trs (R-ids res))))))
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Figure 3: Pro of of GeNoC

This theorem is pro v en b y induction on the structure of

function GeNoC . The inductiv e pro of only concerns the

comp osition of functions Routing and Scheduling. Thanks

to pro of obligation 10, the sc heduled and the dela y ed tra v els

can b e pro v en separately . Sc heduled tra v els ha v e a corre-

sp ondance with the tra v el list input in Scheduling (pro of

obligation 9). F unction Routing pro duces correct routes

(pro of obligation 4), whic h are still correct after Scheduling.

So, frames and destinations after Scheduling matc h the mis-

siv es input to function Routing . Results are matc hed to the

initial transactions using the correctness of in terfaces (pro of

obligation 1). The dela y ed tra v els are pro v en using the in-

duction h yp othesis and pro of obligation 8.

The pro of of GeNoC and its mo dules in v olv es 71 func-

tions, 119 theorems in 1864 lines of co de. Only one fourth

of these is dedicated to the encapsulation of the di�eren t

mo dules. Most of the de�nitions and theorems concern data

t yp es and the pro of of the o v erall correctness. This mak es

GeNoC �relativ ely simple� to use, b ecause users will only b e

concerned with the mo dules. W e imp ort the last b o ok on

arithmetic dev elop ed b y R. Krug and b o oks on lists b y B.

Bevier.

8. METHODOLOGY AND CASE STUDIES
The generic mo del de�nes also a metho dology for the sp ec-

i�cation and the v alidation of routing algorithms, sc hedul-

ing p olicies and in terfaces. In this section, w e �rst giv e an

o v erview of di�eren t concrete instances of GeNoC . As a

case study , w e apply GeNoC on an XY routing algorithm

in a 2D mesh.

8.1 Overview
T o sho w the adequacy b et w een our generic mo del and real

applications, w e apply GeNoC to a litan y of concrete de-

signs. An y com bination of these di�eren t concrete instances

is de�ned and v alidated b y generic function GeNoC , that

means without an y additional e�ort. These concrete in-

stances are summarized in Fig 4.

W e ha v e sho wn that the circuit [10] and the pac k et [11]

switc hing tec hniques are concrete instances of Scheduling.

Based on previous w ork [9], w e pro v ed that bus arbitration

in the AMBA AHB is also a v alid instance of the generic

sc heduling p olicy . F rom Mo ore's w ork on async hron y [5],

w e pro v ed that his mo del of the biphase proto col consti-

tutes a v alid instance of the in terfaces. W e ha v e mo deled an

Ethernet con troler

2

and w e are in v estigating its compliance

with GeNoC .

In the next subsection, w e illustrate our approac h on an

XY routing algorithm, with an A CL2 orien ted presen ta-

tion. This pro of has already b een presen ted to a general

audience [11]. The routing in the Octagon net w ork [4] -

dev elop ed b y STMicro electronics - also constitutes a v alid

instance of our generic routing function. Finally , w e are

curren tly w orking on the pro of that an adaptiv e routing al-

gorithm - the double Y c hannel algorithm in a 2D mesh - is

a v alid instance of function Routing . More details ab out all

these studies can b e found in Sc hmaltz's thesis [8].

W e no w detail the metho dology asso ciated with the rout-

ing algorithm and illustrate it on an XY routing algorithm.

8.2 Case Study: XY routing
Regarding the routing function, the metho dology pro ceeds

in t w o steps. First, no des and parameters are de�ned and

pro v en complian t with the encapsulate giv en in section 4.

Then the routing algorithm is mo deled as a function that

matc hes function Routing . In b oth steps, c hec king the com-

pliance with the generic mo del is done b y pro ving t as ex-

plained in section 3.1.

8.2.1 Mesh Node De�nition
In a 2D mesh, a no de is represen ted b y a pair of co ordi-

nates on the X and Y axes. A pair of co ordinates is rec-

ognized b y predicate Coordinatep . A list of co ordinates is

recognized b y predicate mesh-nodesetp .

Mesh parameters are the n um b er of no des in eac h dimen-

sion; they are recognized b y predicate ValidParamsp2D . Let

NX and NY denote the n um b er of no des in the �rst and

the second dimension. The no de set, i.e. the set of co ordi-

nates from (0; 0) to ((NX � 1); (NY � 1)) , is generated b y

function mesh-nsgen . It is de�ned as follo ws.

F unction XGen(NX ; y) tak es as argumen ts the n um b er

NX of no des in the �rst dimension and a constan t y in the

second dimension. It generates all admissible pairs for that

2

This w ork has b een done during a visit of the �rst author

at the Univ ersit y of T exas at Austin, in co op eration with

W arren Hun t.
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particular y . F unction mesh-nsgen computes the co ordi-

nates b y applying function XGen to all v alues of y ranging

from zero to NY � 1 . T o pro v e the main constrain t on the

no de de�nition, w e �rst pro v e that the generation on the X

axis is v alid, and use this fact pro v e that no des generated

on the Y axis are v alid.

Theorem 2. Mesh No des V alidation.

(defthm 2d-mesh-nodesetgenerator

(implies (ValidParamsp2D pms)

(mesh-nodesetp (mesh-nsgen pms))))

Once this theorem is pro v en, w e c hec k that the co ordi-

nates are a v alid instance of the generic no de de�nition b y

pro ving t as explained in section 3.1.

8.2.2 XY Routing Algorithm
Let s = ( sx ; sy ) b e a no de con taining a pac k et addressed

to no de d = ( dx ; dy ) . In the XY algorithm, the X direc-

tion has higher priorit y . If the X of destination d is greater

(resp. less) than the X of origin s, the next no de is the no de

(sx + 1; sy ) (resp. (sx � 1; sy ) ) on the X-axis. Otherwise,

the X's are equal and w e compare the Y's: the next no de

is either (sx ; sy + 1) or (sx ; sy � 1) on the Y-axis. This al-

gorithm is applied recursiv ely to compute the route from a

source to a destination. The measure is simply the sum of

the absolute v alues of the di�erence of the co ordinates.

Definition 1. XY Routing Algorithm

(defun xy-routing (from to)

(declare (xargs :measure (XY-measure from to)))

;; from = (x_o y_o) dest = (x_d y_d)

(if (or (not (coordinatep from))

(not (coordinatep to)))

nil

(let ((x_d (car to))

(y_d (cadr to))

(x_o (car from))

(y_o (cadr from)))

(if (and (equal x_d x_o) ;; x_d = x_o

(equal y_d y_o)) ;; y_d = y_o

;; if the destination is equal to

;; the current node, we stop

(cons from nil)

(if (not (equal x_d x_o)) ;; x_d /= x_o

(if (< x_d x_o) ;; decreasing x

(cons

from

(xy-routing (list (- x_o 1) y_o)

to))

;; x_d > x_o

(cons

from

(xy-routing (list (+ x_o 1) y_o) to)))

;; otherwise we test the y-direction

;; y_d /= y and x_d = x_o

(if (< y_d y_o)

(cons

from

(xy-routing (list x_o (- y_o 1)) to))

;; y_d > y_o

(cons

from

(xy-routing (list x_o (+ y_o 1)) to))))

))))

W e then cast this function suc h that it matc hes the de�-

nition of Routing :

Definition 2. Matc hing Routing .

(defun XYRouting (M NodeSet)

(declare (ignore NodeSet))

(xy-routing-top M))

wher e:

(defun xy-routing-top (M)

(if (endp M)

nil

(let* ((miss (car M))



(from (OrgM miss))

(to (DestM miss))

(id (IdM miss))

(frm (FrmM miss)))

(cons (list id frm

(list (xy-routing from to)))

(xy-routing-top (cdr M))))))

This function is a v alid instance of the generic routing

function of GeNoC if it computes a route that satis�es pred-

icate CorrectRoutesp :

Theorem 3. V alidit y of the XY algorithm.

(defthm CorrectRoutesp-XYRouting

(let ((NodeSet2D (mesh-nsgen pms)))

(implies (and (ValidParamsp2D pms)

(Missivesp M NodeSet2D))

(CorrectRoutesp (xy-routing-top M)

M NodeSet2D))))

Pr oof. Most prop erties de�ned in CorrectRoutesp are

straigh tforw ard, and the A CL2 pro ofs are automatic. Only

one pro of requires an in teraction with the pro v er: sho wing

that eac h route uses v alid no des only . The set of no des is

generated b y function mesh-nsgen and is made of all natu-

ral pairs (x; y) suc h that 0 � x < NX and 0 � y < NY . The

pro of strategy is to sho w that an y set of co ordinates satisfy-

ing these inequalities is a subset of NodeSet2D . Then, it suf-

�ces to sho w that the route pro duced b y function xy-routing

satisfy these inequalities. The v alidation of this pro of tactic

requires 5 lemmas et 2 additional functions. The pro of of the

"closure" of xy-routing on NodeSet2D requires 30 lemmas.

A CL2 needs a hin t for only t w o of them.

Before c hec king that this routing function is a v alid in-

stance of the generic routing function, w e pro v e that it pro-

duces a v alid tra v el list. This pro of is ob vious and not de-

tailed further. Once again, the compliance of the XY routing

algorithm with GeNoC is done b y pro ving t .

9. CONCLUSIONS
W e ha v e presen ted the mo deling of GeNoC in the A CL2

logic. W e ha v e sho wn ho w A CL2 can automatically pro-

duce pro of obligations for particular instances of the generic

mo del. W e k ept the n um b er of encapsulated constrain ts as

lo w as p ossible. Th us, the pro of e�ort for particular in-

stances is minimized.

The translation of our general theory in A CL2 is not di-

rect. In higher order logics, predicates o v er functions w ould

ha v e replaced the encapsulations. Nev ertheless, the func-

tional instanciation principle automatically pro duces conjec-

tures for particular applications. Moreo v er, A CL2 tries to

pro v e them automatically . The user is directly left with the

more in teresting part of the pro ofs. The A CL2 implemen ta-

tion of GeNoC b ene�ts greatly from these t w o principles.

On-going w ork at TIMA in v olv es the application of GeNoC
to w ormhole routing, and the elab oration of a re�nemen t

metho d to deriv e the correctness of a particular hardw are

implemen tation.
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