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Abstract. W e presen t an approac h to designing v eri�ed digital systems

b y a sequence of small lo cal re�nemen ts. Re�nemen ts in this approac h are

not limited to a library of prede�ned transformations for whic h theorems

ha v e b een previously established. Rather, the approac h relies on lo caliz-

ing the re�nemen t steps in suc h a w a y that they can b e v eri�ed e�cien tly

b y mo del c hec king. T o w ard this end, a comp ositional rule is prop osed b y

whic h eac h design re�nemen t ma y b e v eri�ed indep enden tly , in an ab-

stract en vironmen t. This rule supp orts the use of do wn w ard re�nemen t

maps, whic h translate abstract b eha vior detailed b eha vior. These maps

ma y in v olv e temp oral transformations, including dela y . The approac h is

supp orted b y a v eri�cation to ol based on sym b olic mo del c hec king.

1 In tro duction

Although signi�can t progress has b een made in automated v eri�cation of digital

systems, most designs are still far to o large and complex to b e v eri�ed in a fully

automatic w a y . The classical solution prop osed to this problem is comp ositional

reasoning. This means that prop erties of individual mo dules or comp onen ts of a

large system are v eri�ed in isolation, and these prop erties are then com bined to

pro v e prop erties of the system as a whole. One commonly prop osed sp eci�cation

language for these prop erties is temp oral logic [Pn u85 ], and systems of comp osi-

tional inference rules ha v e b een dev elop ed to supp ort \assume-guaran tee" st yle

pro ofs [Lam83 ] using v arious temp oral logics ( e.g. , [GL94 ]). In a comp ositional

pro of, one reasons th us:

P ; � j =  

Q j = �

P k Q j =  

Here, P and Q are pro cesses, and � is an en vironmen t assumption, necessary

to pro v e that P satis�es sp eci�cation  . T ypically , ho w ev er, the en vironmen t

assumptions needed to v erify in teracting pro cesses are in terdep enden t. F or ex-

ample, pro cess P ma y guaran tee to satisfy an in v arian t  up to time t + 1 only if

Q satisies  up to time t , and vic e versa . Suc h an inductiv e argumen t cannot b e

expressed in the ab o v e rule. If one attempts it, the result is a circular argumen t.

One w a y to break the circularit y is to mo del the en vironmen t as an abstract

pro cess. Kurshan [Kur87 , Kur94 ] in tro duced the follo wing st yle of reasoning for

Mo ore mac hines:
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P k Q

0

) P

0

P

0

k Q ) Q

0

P k Q ) P

0

k Q

0

where ) can b e replaced b y an y suitable pro cess preorder. Here, the abstract

pro cess Q

0

tak es the role of en vironmen t assumption when v erifying P , and P

0

do es the same when v erifying Q . The circularit y is brok en inductiv ely , as a result

of the dela y of one time unit from input to output of the Mo ore mac hines. Alur

and Henzinger [AH96 ] extended this to the case of Mealy mac hines where there

are no com binational cycles.

A limitation of this kind of pro of rule is that the abstract pro cesses P

0

and

Q

0

do not t ypically ha v e the same inputs and outputs as the detailed pro cesses

P and Q . In order for P

0

and Q

0

to b e simple, they necessarily comm unicate at a

more abstract lev el. In Kurshan's methology , this problem is approac hed b y using

pro cess homomorphisms. This means that the user pro vides a function � that

maps detailed signals to abstract signals. One can th us reason comp ositionally

as follo ws:

� ( P ) ) P

0

� ( Q ) ) Q

0

� ( P k Q ) ) P

0

k Q

0

Note, ho w ev er, that w e cannot use Q

0

as an en vironmen t assumption unless w e

are able to e�ectiv ely in v ert the function � . This is necessary to translate outputs

of the abstract pro cess Q

0

in to inputs of the detailed pro cess P . On the other

hand, downwar d maps can b e used e�ectiv ely to pro vide the b oth the inputs

of P ( i.e. , its en vironmen t) and also the correctness conditions for its outputs,

as a function of the abstract b eha vior of P

0

and Q

0

. This e�ectiv ely puts the

v eri�cation of P in an abstract con text, an observ ation has b een made in the

con text of sym b olic sim ulation b y Bry an t and Beatt y [BB94 ] and in the con text

of theorem pro v ers b y Cyrluk [Cyr96 ].

Note also that up w ard maps can b e v ery complex. In the case of pip elines,

for example, the up w ard abstraction map in v olv es 
ushing the en tire state of

the pip eline, whic h ma y con tain man y instructions. Although in some cases this

complexit y can b e dealt with, using BDD's [BF89 ] or sophisticated decision pro-

cedures [BD94 , JDB95 ], w e w ould prefer a metho dology that decomp oses the

v eri�cation problem in to small subproblems. In the case of pip elines, for exam-

ple, do wn w ard re�nemen t maps in v olving dela y can yield separate v eri�cation

subproblems for eac h stage of the pip eline.

T o supp ort suc h a comp ositional metho dology in a mo del c hec king con text,

w e presen t a system based on a generalized comp ositional rule for Mealy ma-

c hines. It allo ws b oth up w ard and do wn w ard re�nemen t maps, whic h are rep-

resen ted as arbitrary pro cesses. Hence, maps ma y in v olv e state and dela y , if

necessary . F urther, the system is 
exible enough to allo w non-hierarc hical ab-

stractions. That is, an abstract sp eci�cation ma y ha v e a di�eren t structural

decomp osition from the lo w lev el implemen tation, and man y abstract-lev el com-

p onen ts ma y b e m ultiplexed on to the same collection of lo w-lev el comp onen ts.

This 
exibilit y to c ho ose an arbitrary decomp osition of the sp eci�cation can b e

used to simplify the resulting v eri�cation subproblems. The system is imple-

men ted on top of the SMV sym b olic mo del c hec k er [McM93 ].



2 A comp ositional rule for Mealy mac hines

W e b egin b y in tro ducing a comp ositional rule for Mealy mac hines. F or the

presen t purp oses, a Mealy mac hine will b e de�ned as a collection of recurrence

equations in v olving either zero dela y or unit dela y . F or 
exibilit y in sp eci�cation,

w e allo w mac hines to b e undersp eci�ed, in the sense that there ma y b e man y

solutions of the equations for an y giv en input sequence. This do es not ho w ev er,

imply nondeterminism in the automata theoretic sense, since our \mac hines"

ha v e no notion of in ternal state.

T o b e more sp eci�c, let S b e a �nite collection of signals, and let V b e a �nite

univ erse of v alues. W e in terpret a signal as a sequence of v alues, or a function

I N ! V . Let a mo del b e an y function � : S ! I N ! V . A machine is a predicate

M of the form:

^

� 2S

M

�

The assertions M

�

, called comp onen ts, ma y b e in one of t w o forms, represen ting

generalized gates and latches . A gate is of the form:

_

j

� ( t ) = f ( 


1

( t ) : : : 


k

( t ))

where the signals 


1

: : : 


k

are the inputs of the gate, and f is a function V

k

! V .

The �nite disjunction allo ws the output of the gate to b e incompletely sp eci�ed

as a function of its inputs. A latc h is similar to a gate, but in v olv es one time

unit of dela y , and a set of p ossible initial v alues. It is a comp onen t M

�

of the

form:

_

j

� ( t + 1) = f ( 


1

( t ) : : : 


k

( t ))

^

_

j

� (0) = init

j

This sp eci�es the p ossible v alues of � at time t + 1 as of function of the inputs

at time t , and also sp eci�es the p ossible v alues init

j

at time t = 0.

W e will tacitly iden tify a mac hine with the set of mo dels that satisfy it. W e

will sa y that mac hine Q implemen ts mac hine P when Q ) P , whic h is the same

as sa ying that the set of mo dels of Q is con tained in the set of mo dels of P .

No w, supp ose w e wish to pro v e that Q ) P . Since P is a conjunction of

assertions P

�

, expressible in temp oral logic, w e could simply use mo del c hec king

to v erify Q j = P

�

for eac h � . Ho w ev er, this w ould b e unlik ely to b e e�ectiv e in

practice, since the state space of Q w ould b e to o large. T o simplify the mo del

c hec king problem, w e could tak e only a subset of the comp onen ts of Q as the

\en vironmen t" when c hec king P

�

(a tec hnique called lo calization), but it still

migh t require a large n um b er of comp onen ts. Instead, assuming that P is simple

and abstract, while Q is complex, w e migh t lik e to tak e some other comp onen ts

of P as en vironmen t assumptions while pro ving P

�

. In tuitiv ely , this w ould put

the v eri�cation of P

�

in a more \abstract" con text. Th us, for example, w e migh t

assume P

�

0

is correctly implemen ted when c hec king P

�

and vice v ersa. W e can

sho w that this reasoning is sound, pro vided there are no cycles of \gates".



T o b e more precise, let <

M

, the dep endency relation of mac hine M , b e the

set of pairs ( 
 ; � ) suc h that M

�

is a gate (has zero dela y) and 
 is and input

of M

�

. No w supp ose there are no cycles in the join t dep endency relations of

mac hines Q and P . T o v erify Q ) P

�

, w e ma y instead v erify E

�

) P

�

, where

E

�

is an \en vironmen t" mac hine, made up of arbitarily c hosen comp onen ts of P

and Q , pro vided of course w e do not c hose P

�

itself.

Theorem 1. L et P and Q b e machines. F or al l � 2 S , let E

�

b e a machine such

that:

{ for al l �

0

2 sig nal s : E

�

�

0

= P

�

0

or E

�

�

0

= Q

�

0

, and

{ E

�

�

= Q

�

.

L et <

�

b e the r elation ( <

P

[ <

Q

)

�

. If <

�

is irr e
exive then the fol lowing infer-

enc e rule is sound:

for al l � : E

�

) P

�

Q ) P

Pr o of. De�ne a lexical order < o v er I N � S where ( �

0

; �

0

) < ( � ; � ) i� �

0

< � ,

or �

0

= � and �

0

<

�

� . F urther, let P

�

( � ) denote P

�

for t = � . No w, consider a

mo del � . Assume � j = Q and assume b y inductiv e h yp othesis that � j = E

�

�

0

( �

0

)

for all ( �

0

; �

0

) < ( � ; � ). Note that b y de�nition, � j = E

�

�

( � ), since E

�

�

= Q

�

.

No w construct a mo del �

0

from � b y c hanging only the v alues �

0

( �

0

) for

( � ; � ) < ( �

0

; �

0

), suc h that �

0

j = E

�

. This can b e done b ecause <

�

con tain ts <

E

�

,

hence eac h �

0

( �

0

) can b e c hosen only as a function of previous v alues w.r.t. < .

Since E

�

) P

�

it follo ws in particular that �

0

j = P

�

( � ), and hence � j = P

�

( � ).

By induction o v er < , it follo ws that � j = P .

W e can extend the ab o v e result to the case of pro ving that Q sim ultaneously

implememen ts a collection of sp eci�cations P

1

; : : : ; P

n

. This theorem forms the

basis of a system for design re�nemen t, describ ed in the next section. The pro of

is omitted here, but is along the same lines as the previous theorem.

Theorem 2. L et Q and P

1

: : : P

n

b e machines. F or al l i = 1 : : : n and � 2 S ,

let E

i�

b e a machine such that:

{ for al l �

0

2 sig nal s : E

i�

�

0

= Q

�

0

or E

i�

�

0

= P

j

�

0

for some j , and

{ E

i�

�

= Q

�

.

L et <

�

b e the r elation [(

S

i

<

P

i
) [ <

Q

]

�

. If <

�

is irr e
exive then the fol lowing

infer enc e rule is sound:

for al l i; � : E

i�

) P

i

�

Q )

V

i

P

i

3 P artial mac hines and re�nemen t

W e no w in tro duce a r e�nement framew ork, that mak es it p ossible to de�ne a

design b y a collection of incremen tal c hanges to a sp eci�cation mac hine, and to

v erify that the resulting mac hine (called the implemen tation mac hine) implies

the orignal abstract mac hine. Eac h incremen tal c hange will b e referred to as a

layer , and is essen tially a partially de�ned mac hine.

Let a layer M b e an assertion of the form ^

� 2S ( M )

M

�

where S ( M ) � S and

the assertions M

�

are either gates or latc hes, as b efore. A design is a partial order



D = ( M ; <

D

), where M is a set of la y ers. The in tuition b ehind <

D

is that Q<

D

P

when Q is in tended as an incremen tal mo di�cation of P , in whic h case w e sa y Q

r e�nes P . In order for an implemen tation to b e uniquely de�ned, w e require that

for an y signal � , there is a unique least la y er I

�

w.r.t. <

D

suc h that � 2 S ( I

�

).

The conjunction of these minimal de�nitions I

�

is termed the implementation

machine of D and is denoted I

D

. In the simplest case <

D

will b e a linear

order o v er mac hines M

1

; : : : ; M

n

. In this case, the implemen tation mac hine

is the result obtained b y starting with M

1

(the sp eci�cation) and substituting

comp onen ts of M

2

; : : : ; M

n

in sequence.

A design D will b e said to b e c orr e ct when

I

D

)

^

M

D

that is, when the implemen tation mac hine implies ev ery la y er of D . In the linear

order case, this implies in particular that it implemen ts the original sp eci�cation

M

1

.

Note that w e can v erify correctness of a design comp ositionally using the

inference rule of theorem 2. This requires us to c ho ose an en vironmen t mac hine

E

M �

to v erify eac h comp onen t M

�

of eac h la y er M in the design, excepting the

implemen tation comp onen ts. While the en vironmen ts ma y b e c hosen man ually ,

the follo wing t w o heuristics can b e applied automatically:

{ F or eac h � , c ho ose E

�

= M

�

, where M is the maximal la y er under <

D

that

de�nes � .

{ Drop an y signal de�nitions that top ologically cannot in
uence � .

If w e use these rules when v erifying a sequence of lo cal mo di�cations, the v eri�-

cation of an y giv en mo di�cation do es not see the other mo di�cations, since the

en vironmen t is selected from the earliest, most abstract de�nitions.

3.1 Implemen tation in SMV

The v eri�cation framew ork describ ed in the previous t w o sections has b een im-

plemen ted on top of the SMV mo del c hec k er. The system has a simple language

for describing Mealy mac hines. In this language, a gate is describ ed b y a state-

men t of the form:

< � > := < f ( 


1

; : : : ; 


k

) >;

while a latc h is sp eci�ed in the follo wing w a y:

init(< � >) := < init

�

>;

next(< � >) := < f ( 


1

; : : : ; 


k

) >;

In either case, w e can lea v e a signal undersp eci�ed b y indicating a c hoice of

v alues in set brac k ets. F or example,

x := y + f 0,1 g ;

stands for

x ( t ) = y + 0

_

x ( t ) = y + 1



The language also includes some \syn tactic sugar" o v er the basic gates and

latc hes, including nested conditional statemen ts, and a metho d of sp ecifying

default v alues when one branc h of a conditional is unsp eci�ed.

Eac h la y er of the design is giv en a name, and is in tro duced b y the k eyw ord

\la y er". The partial order <

D

is sp eci�ed b y statemen ts of the form:

< Q > refines < P >;

whic h denotes Q<

D

P . The SMV system v eri�es that the design th us sp eci�ed

is correct, according to the de�nition of the previous section. It do es this b y

translating eac h non-implemen tation comp onen t of M

�

of eac h la y er M in to

temp oral logic.

1

F or eac h suc h comp onen t an evironmeon t E

M �

is selected, using

user input and the ab o v e describ ed heuristics. This en vironmen t is used as a

mo del for mo del c hec king the temp oral form ula. The system also v eri�es the

side condition of the comp ositional rule, requiring that the join t dep endency

relation b e acyclic.

3.2 Example

As an example of comp ositional v eri�cation using the system, consider a \re-

source manager" circuit, whic h is used to allo cate and free a collection of re-

sources (sa y a collection of pac k et bu�ers). The mo dule main tains a v ector of

status bits that indicate, for eac h resource, whether it is curren tly allo cated or

not. When an \allo cate" request is receiv ed, the mo dule ma y output the index

of some free resource (c hanging the status of this resource to \allo cated") or

it ma y output a negativ e ac kno wledgemen t (NA CK). When a \free" request is

receiv ed, the mo dule inputs a resource index and c hanges the status of that

resource to \free". Allo cation requests ha v e either high or lo w priorit y . A lo w

priorit y request m ust result in a NA CK if few er than k bu�ers are curren tly free

(where k is a �xed constan t).

A na • �v e and somewhat undersp eci�ed original sp eci�cation of the resource

manager is sho wn in �gure 1. When an allo cate request is receiv ed, it c ho oses a

resource arbitrarily . If that resource is curren tly allo cated, it pro duces a NA CK.

T o c hec k whether a lo w priorit y request is allo w ed, it simply sums up the v ector

of \allo cated" bits and compares the result to k . Notice the \dafault" construct

in the de�nition of \allo cated". The meaning of this construct is that the �rst

statemen t pro vides the default v alue for an y giv en elemen t of the v ector when

the second statemen t do es not de�ne it. F or a latc h, the default in case neither

statemen t de�nes it is to k eep the old v alue.

There are t w o re�nemen ts w e w ould lik e to mak e to this sp eci�cation. First,

it is to o time consuming to sum up the v ector of \allo cated" bits on ev ery cycle.

W e w ould prefer to use an up/do wn coun ter to main tain a running total the

n um b er of \allo cated" bits that are set. This re�nemen t is sho wn in �gure 2.

Second, w e need to c ho ose a p olicy for selecting a resource to allo cate. T o do

this, w e will use a priorit y enco der to c ho ose the unallo cated resource of lo w est

index. T o compute the NA CK signal more quic kly , w e simply test the \sum"

1

Note, this requires a minor extension to CTL that allo ws the \next" v alue of a

v ariable to b e expressed. This do es not increase the complexit y of the mo del c hec king

problem o v er ordinary CTL.



layer toplevel : {

init(allocated) := 0;

index_out := 0 ..(n - 1);

NACK := alloc_req & (allocated[index_out]

| ~high_priority & (n - sum) < k);

default

if(free_req)next(allocated[inde x_in ]) := 0;

in

if(alloc_req & ~NACK)next(allocated[index_ou t]) := 1;

sum := sigma(i = 0; i < n; i = i + 1)allocated[i];

}

Fig. 1. Original sp eci�cation of resource manager.

v alue to see if there are an y a v ailable resources. This re�nemen t is sho wn in

�gure 2.

layer refinement1 : {

init(sum) := 0;

next(sum) := sum + (alloc_req & ~NACK)

- (free_req & allocated[index_in]);

}

refinement1 refines toplevel;

layer refinement2 : {

index_out := priority_encode(~allocated);

NACK := alloc_req & (high_priority ? sum = n : (n - sum) < k);

}

refinement2 refines toplevel;

Fig. 2. Tw o re�nemen ts of the resource manager.

Note that these t w o re�nemen ts are m utually dep enden t. That is, if the

re�ned \sum" logic computes its v alue incorrectly , then the NA CK signal w e

pro duce ma y b e incorrect. On the other hand, if the re�ned \NA CK" logic is

incorrect, causing an already allo cated bu�er to b e allo cated, then the \sum"

coun ter will b e corrupted. These t w o parts of the circuit are, in e�ect, engaged

in a proto col, where eac h part guaran tees to pro duce a correct output only if

all its previous inputs ha v e b een correct. Despite this circularit y , w e can use

the comp ositional rule to v erify the t w o re�nemen ts separately , where eac h re-

�nemen t uses the original sp eci�cation as its en vironmen t. This simpli�es the

v eri�cation pro cess, since the original sp eci�cation has few er latc hes than the

re�ned v ersion. Note also, that if the resource manager is used as part of the

system, w e can use the simple original sp eci�cation as part of the en viromen t

when v erifying other parts of the system, and need not tak e in to accoun t the

re�nemen ts.

4 Hiding in ternal state of sp eci�cations

T ypically , a sp eci�cation con tains some in termediate signals that are not in-

tended to b e part of the implemen tation p er se , but are used only for sp eci�-



cation purp oses. F or example, w e migh t w an t to sp ecify that a mac hine coun ts,

pro ducing a one at its output for ev ery n ones o ccurring at the input. T o do

this, w e could in tro duce a signal represen ting, for example, a binary mo dulo- n

coun ter:

init(count) := 0;

next(count) := count + inp mod n;

out := inp & (count = n - 1);

There is, ho w ev er, no reason wh y \coun t" should app ear in the implemen ta-

tion, as it w ould b e p erfectly v alid for the implemen tation to use, for example,

a \one hot" enco ded coun ter. What w e w ould actually lik e to sp ecify is that,

for an y implemen tation b eha vior, ther e exists a v aluation for the signal \coun t"

that mak es it a legal b eha vior of the sp eci�cation. In other w ords, w e w ould lik e

to b e able to hide certain signals in the sp eci�cation, in order to sp ecify only

externally visible b eha vior. T o w ard this end, w e de�ne a notion of \pro jected

design" that mak es it p ossible to write sp eci�cations with hidden in ternal state.

Let a pr oje cte d design b e a structure P = ( D ; A

P

), where D = ( M ; <

D

)

is a design, and A

P

� S is the set of in ternal, or unobserv able signals. The

implemen tation of a pro jected design is

I

P

=

^

� 62 A

P

I

D

�

That is, in the pro jected design, the implemen tation includes only those imple-

men tation comp onen ts of D that are not considered in ternal to the sp eci�cation.

A pro jected design P is said to b e c orr e ct when

I

P

) 9 A

P

:

^

M

D

That is, for ev ery b eha vior of the implemen tation, there m ust exist a v aluation

of the in ternal signals suc h that ev ery la y er in D is satis�ed. This is in fact

guaran teed to hold pro vided D is correct, and the unpro jected implemen tation

mac hine I

D

satis�es a simple condition: no signal not in A

P

ma y dep end on a

signal in A

P

, via a gate or a latc h. Put another w a y , the signals that remain in

the pro jected implemen tation m ust b e closed under the dep endency relation. If

this is the case, then for ev ery mo del of the pro jected implemen tation, w e can

construct a v aluation for the in ternal signals to create a mo del of the unpro jected

implemen tation. Th us, if the unpro jected design is correct, then the pro jected

design m ust also b e correct.

Note that in the unpro jected implemen tation, w e do allo w a dep endency of

in ternal signals on \visible" signals. These functions pla y the role of witness

functions for the hidden signals, as w e see in the pro of of the follo wing theorem:

Theorem 3. L et P = ( D ; A

P

) b e a pr oje cte d design, such that for al l � 62 A

P

,

for al l inputs 
 of I

D

�

, 
 62 A

P

. If

I

D

)

^

M

D

then

I

P

) 9 A

P

:

^

M

D



Pr o of. Let � b e a mo del of I

P

and let < b e the same lexical order used in

the pro of of theorem 1. By mo difying only the v alues of signals in A

P

, w e can

construct a mo del �

0

of I

D

, the unpro jected design. This is b ecause the v alues of

these signals dep end functionally on only previous v alues w.r.t < , and no signals

not in A

P

dep end on v alues that are mo di�ed. It follo ws that �

0

j =

V

M

D

and

hence � j = 9 A

P

:

V

M

D

.

4.1 Re�ning in ternal signals { witness functions

An in ternal signal that is undersp eci�ed ma y b e though t of as represen ting a

nondeterministic c hoice. By re�ning this signal, w e can in e�ect pro vide a \wit-

ness" that sho ws wh y an y giv en execution of the implemen tation satis�es the

sp eci�cation. Note that neither the original sp eci�cation nor the re�nemen t of

an in ternal signal is part of the implemen tation. The witness function merely

serv es as part of the pro of of correctness of the design.

As an example, �gure 3 sho ws an abstract sp eci�cation for a t w o-w a y syn-

c hronous arbiter. An undersp eci�ed signal called \c hoice" determines whic h of

the t w o requesters will b e ac kno wledged. This is an in ternal signal, declared

elsewhere using the k eyw ord \abstract". Note that \c hoice" is nondeterminis-

tic when b oth request sim ultaneously . Figure 3 also sho ws a re�nemen t of this

sp eci�cation, in whic h a latc hed signal called \turn" is used to break ties in a

fair manner. The signal \c hoice" is rede�ned to b e a function of \turn". This

de�nition is not part of the implemen tation, but is simply used to pro v e that

there exists a v aluation of \c hoice" that mak es the sp eci�cation true in all cases.

layer toplevel : {

choice := (req[0] & ~req[1]) ? 0 : (req[1] & ~req[0]) ? 1 : {0,1};

ack[0] := req[0] & (choice = 0);

ack[1] := req[1] & (choice = 1);

}

layer refinement : {

init(turn) := 0;

if(ack[turn]) next(turn) := ~turn;

ack[0] := req[0] & (~req[1] | turn = 0);

ack[1] := req[1] & (~req[0] | turn = 1);

choice := (req[0] & ~req[1]) ? 0 : (req[1] & ~req[0]) ? 1 : turn;

}

refinement refines toplevel;

Fig. 3. Using a witness function for a nondeterministic c hoice.

5 Re�nemen t maps

One imp ortan t use of re�nemen ts is in sp ecifying the do wn w ard re�nemen t maps

that giv e the detailed signals in terms of abstract signals. In the presen t frame-

w ork, a re�nemen t map is simply an itermediate la y er in the design. T o use a

re�nemen t map, one creates a sequence of t w o la y ers. The �rst de�nes the re-

�nemen t maps, giving some implemen tation signals as a function of sp eci�cation



signals. Eac h comp onen t of the re�nemen t map m ust b e v eri�ed. When v erifying

one comp onen t, w e can w e can c ho ose to use an y other re�nemen t map com-

p onen ts in the en vironmen t. Th us, when v erifying that the outputs of a giv en

mo dule are correct, w e can use the re�nemen t maps to generate the inputs to

that mo dule as a function of the abstract sp eci�cation. In fact, the signal \sum"

in the example of �gure 1 can b e view ed as pla ying the role of a re�nemen t map.

Notice ho w it divides the re�nemen t v eri�cation problem in to t w o parts, where

eac h can b e v eri�ed in the en vironmen t of the abstract sp eci�cation. Note also

that when w e sp ecify re�nemen t maps, w e can use an y function that can b e

de�ned b y a Mealy mac hine. In particular, this allo ws us to use re�nemen t maps

that in v olv e dela y . This is useful for hardw are structures that ha v e \latency",

suc h as pip elines. The re�nemen t maps ma y also include arbitrary �nite state

mac hines.

5.1 Example

As an example, supp ose w e w ould lik e to design a tranmitter/receiv er pair that

sends n -bit b ytes (for �xed n ) serially o v er a single wire. The original sp eci�cation

migh t lo ok something lik e the co de of �gure 4. A \send" signal indicates that

input data are ready to b e sen t, \NA CK" indicates that the transmitter is busy ,

\D A V" indicates that data are a v ailable at the receiving end, and \receiv ed"

indicates the the receiving end is ready for new data. Notice that \D A V" is

undersp eci�ed, in the sense that when data are a v ailable, it ma y b e either true

or false. This is in tended to allo w for arbitrary dela y in the actual transmission of

the data. Notice also the conditional in the de�nition of \output data". Because

this is a gate, the default in case the condition is false is that the signal is

unsp eci�ed. This means the implemen tation ma y output an y data v alue in the

case when \D A V" is false.

layer toplevel : {

init(full) := 0;

next(full) := received ? 0 : send ? 1 : full;

NACK := send & full;

if(send & ~full) next(data) := input_data;

DAV := full ? {0,1} : 0;

if(DAV) output_data := data;

received := DAV ? {0,1} : 0;

}

Fig. 4. Sp eci�cation of transmitter/receiv er.

The next step in the design is to form ulate a re�nemen t map that de�nes the

sequence of bits seen on the serial line as a function of the abstract sp eci�cation

signals. T o do this, w e need to in tro duce some state, in the form of a coun ter

that k eeps trac k of the bit n um b er b eing transmitted. The re�nemen t map is

sho wn in �gure 5.

Giv en this re�nemen t map, w e can no w design and v erify the receiv er and

transmitter separately . The actual implemen tation of these comp onen ts migh t

use shift registers, as sho wn in �gure 6. The en viromnen t for v erifying eac h of



layer refinement_map : {

init(transmitting) := 0;

if(send & ~NACK) next(transmitting) := 1;

else if(count = (n - 1)) next(transmitting) := 0;

init(count) := 0;

if(transmitting){

next(count) := count + 1 mod n;

serial_line := data[count];

}

}

refinement_map refines toplevel;

Fig. 5. Re�nemen t map de�nining serial line b eha vior

these t w o comp onen t re�nemen ts includes the re�nemen t map and the abstract

sp eci�cation, but not the other comp onen t. The purp ose of the re�nemen t map is

to de�ne the in terface b et w een t w o comp onen ts, and th us allo w separate design

and v eri�cation of the t w o comp onen ts. In general, re�nemen t maps can pro vide

a w a y of managing the complexit y of in terfaces b et w een mo dules, b y de�ning

in terface signals, whic h ma y b e enco ded in fairly complex w a ys, in terms of

simpler, more abstract data streams.

layer tx_refinement : {

if(send & ~NACK) next(tx_shifter) := input_data;

else next(tx_shifter) := tx_shifter >> 1;

serial_line := tx_shifter[0];

}

tx_refinement refines refinement_map;

layer rx_refinement : {

if(transmitting){

next(rx_shifter[n-1]) := serial_line;

next(rx_shifter[(n-2)..0]) := rx_shifter >> 1;

}

DAV := full & ~transmitting;

output_data := rx_shifter;

}

rx_refinement refines refinement_map;

Fig. 6. Separate re�nemen ts of transmitter and receiv er.

6 Conclusions

W e ha v e describ ed a comp ositional framew ork for the v eri�cation of hardw are

designs. It is designed to allo w the expression of do wn w ard re�nemen t masps as

Mealy mac hines, and to supp ort design b y a sequence of incremen tal mo di�ca-

tions that ma y b e v eri�ed indep enden tly . The framew ork has b een implemen ted

on top of the SMV sym b olic mo del c hec king system. Although it is not discussed

here, the system also supp orts assume-guaran tee st yle reasoning using linear time

temp oral logic. This is in tended mainly for reasoning ab out ev en tualities.



One extension to the system that is planned is to supp ort a notion of streams

(suc h as streams of in tructions of memory transactions) that are ordered, but

are not assigned sp eci�c times in the implemen tation. Eac h elemen t of suc h

a stream could b e de�ned as a �nite state mac hine represen ting the di�eren t

stages of execution of the giv en op eration in the mac hine. By making eac h ab-

stract op eration a distinct \la y er" of the sp eci�cation, one could v erify in a

mo dular w a y that a single op eration is pro cessed through the system correctly ,

and then deal separately with other issues suc h as ordering guaran tees and liv e-

ness. Finally , it is also p ossible that a h ybrid approac h could b e tak en, where

some re�nemen t obligations are handled b y a mo del c hec k er and others b y a

general-purp ose pro of assistan t, or a collection of prede�ned transformations.

This migh t b e particularly useful for handling large, regular structures suc h as

memories, and hardw are that manipulates large data items, suc h as pac k ets. A

comp ositional framew ork of this sort could pro vide a practical w a y of in tegrating

mo del c hec king and theorem pro ving.
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