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Abstract address the problem of their incompatibility due to mis-

matches in protocols of interaction. To meet the challenge
Reuse of IP blocks has been advocated as a means tof incompatibility of protocols when composing IP blocks,
conquer the complexity of today’s system-on-chip (SoC) de-protocol converters have to be built to ensure correctness.
signs. Component integration and verification in such sys- Various approaches have been proposed for constructing a
tems is a cumbersome and time consuming process. Weonverter that resolves protocol mismatches (see [4, 15, 17—
present synchronous interface automata (SIA) as a frame-20]). Most of these models are quite simplistic and infor-
work for modelling communication aspects of IP blocks, mal, and no clear formalisation of the problem of protocol
to serve as a unifying model in the top-down refinement, mismatch exists.
synthesis and verification stages of the design process. We e propose thesynchronous interface automa(aIA)
show how to formally specify component composition and model as a formalism for specifying the protocol behaviour
protocol compatibility in our model, and how we can apply of IP blocks. The SIA model is suitable for deriving de-
the model to the problem of synthesising converters for in- tajled implementation models from high level abstract spec-
compatible protocols of interaction between IP blocks. Our ifications, for verifying compatibility of IP blocks, and for
model is based on the game theoretic framework of inter- gutomatically synthesising converters when there is a mis-
face automata, suitably adapted for practical modelling of match in protocols. We show how the SIA model gives a
IP blocks. formal foundation to the problem of converter synthesis, by
showing how this problem can be placed in the wider frame-
work of the followinginterface synthesiproblem. We are
1. Introduction given an interfac® for a known component of the system,
and the interfac& for the system as a whole. We have
The “design productivity gap”, which refers to the ap- to find the most general interfa¢® which combined with
parent mismatch between our ability to design complex in- P is a refinement o, symbolicallyP [ R < Q. This is a
tegrated circuits and what is technologically possible, is a central problem in component based top down design of a
serious impediment in handling the complexity of today’s System, and has been investigated previously in other con-
System-on-chips (SOC’S) and embedded systems. To mantexts [3, 5,22, 23] We show that in our SIA framework the
age design complexity and shorten design cycles, desigrsolution is given byR= (P || Q")*, whereP" is the inter-
methodologies that raise the level of abstraction from the face identical tdP, except the roles of input and output are
RTL level to the system level have been proposed_ TheseinterChal’]QEd. From this general framework we are able to
high level modelling and validation methods have advo- derive a solution to the specific problem of converter syn-
cated greater reuse of existing intellectual property (|P) thesis for mismatched protocols. The formalism for con-
blocks. However, this raises the fundamental problem of de-Verter synthesis closest to ours is the game theoretic ap-
sign correctness. In view of the complexity of system-level Proach proposed by Passeratel. in [17]. We show that
designs, it is important to guarantee that composition of |P our framework is more general than that of [17] — indeed
blocks is correct by design. In practice, this is a difficult the latter formulation is just a special case of the former.
task, because components often come from different manu- Interface automata are a game based formulation of in-
facturers and are designed at different levels of abstractionterfaces — see [9] and [8] for the details. The original in-
using different protocols of interactions. terface automata formalism was proposed to model the be-
Automated design reuse by composing IP blocks has tohavioural interface of asynchronously interacting software



modules. A synchronous version, referred to as Moore in- I

terface, was proposed in [7] to model interactions between & %
components typical in hardware. In this paper we give a 1 , P 2 , Q
new definition of synchronous interfaces that is suitable for U Vv

modelling the protocol behaviour of IP blocks. The main r’
differences between our SIA model and the Moore inter-

faces of [7], are that, we use Mealy rather than Moore ma-

chines, and instead of specifying initial states and transi- Figure 1. Block diagram for  P®Q
tions in terms of predicates on state variables, we take the

state transition framework, where transitions are triggeredye yse the vector notation to denote lists and suppress their
by input signals and emit output signals. The advantage oflengths. Each input variable is interpreted over a finite
the Mealy framework is that our systems satisfy #y®-  setl, called the domain dff, and likewise each output vari-
chrony hypothesjsi.e., have zero response time, which is apleQ; is interpreted over a finite s@;. Input values in
an useful abstraction at the specification level (see [2]). Thene setd, are denotedh, i», ..., while output values ir0;
price to pay is the difficulty in composition due to the possi- ;.o denotedy, 0y,.... We refer to the seff = I3 x ... x I
bility of causality cycles. We come back to this point later. interpreting all the input variables as theput spaceor in-

The SIA model essentially defines Mealy automata with put alphabetand® = O; x ... x O as theoutput spacer
explicit input assumptions and output guarantees. Since arhutput alphabet
IP block interacts with other blocks to realise a given func-
tionality, reasoning about its correctness requires assumpDefinition 1 A synchronous interface automat¢sIA) P
tions about its environment. A block behaves correctly, i.e., with /O signature[l ; O] is a tuple (Sp, S, Ab,AS, 3p)
meets its output guarantees, only when its input sequencevhere:
satisfies its input constraints. The interplay of inputassump- S is a finite set obtates
tions and output guarantees gives rise to a game view of SIA
composition. The game is between players Input and Out- ® S2 C S is the set ofinitial states which has at most
put, where the role of Input is to provide the right inputs in a one element.
given state so that no incompatibility can arise. Two SIA are
composable only if there is a winning input strategy, which
amounts to thexistencef an environment which can make

e Ab=Il;xlzx...InandAS = Oy x Oy x ... O are the
input andoutput alphabets

both of them work together. This is in contrastitgut e 5 S x AL x A,Q — Sp is a (partial)transition func-

enabled mode]ssuch as the 1/0 automata framework [14], tion associating a target stalg(s,i,0) with each state
where it is required that no input action can ever be refused s € S and input and output valuésando, when it is

in any state. Effectively, the composition operation on SIA defined.

composes input assumptions and output guarantees of two
SIA, and any unmatched assumptions are propagated to th@
environment — see [8, 9] for the detailed motivation on the
use of games for composition and refinement for compo-
nents.

The main technical contribution of this paper is in
proposing an algebraic framework for composition and re-
finement of SIA, and its use in solving the synthesis prob-
lem described above. We demonstrate the significance o
the problem by showing how it can be used to solve the
converter synthesis problem between mismatched protocol
of interaction of IP blocks.

The SIAP is said to bemptywhen its set of initial states
is empty. Empty interface automata arise when incom-
patible automata are composed.

The meaning obp(s,i,0) =< is that the SIAP can tran-
sit from states to § on inputi, and perform the output.
Although a given paifs,i) of current state and input value
does not uniquely determine the next state, the tfiglieo)
fof current state with input and output values certainly does,
when it is defined. This is the property observable non-
determinism It allows us to treat SIA as deterministic au-
%omata when we forget the distinction between inputs and
outputs by clubbing them together.

2. Synchronous Interface Automata _ _ P _
Notation We write P4 p if &(p,i,0) = p’ for states

We fix some notation and conventions first. A®- p, P’ and input-output actiofii,0) in an SIAP. Also, the
signatureis a pair[T . 6], wherel = 14,...,1, and O = set of input and output actions possible at a staie P

Oy,...,Om are disjoint lists ofinput andoutput variables  are denotedis(p) = {i | p— p’ for someo andp’} and
I/O-signatures are used to identify input and output lines . 0

when composing synchronous interfaces, as in Figure 1.AS(p) = {0| p% p’ for somei andp'} respectively.
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Definition 2 An execution fragmenof an SIAP is a fi- e $0=$xH
nite alternating sequence of states and input-output values
%0, (i0,00), 51, (i1,01), - .., Sy such thatdp(sg, ik, 0k) = Sk+1

for all 0 < k < n. Given two states,s € S, we say thas'

is reachable from $f there is an execution fragment whose
first state iss, and whose last state $§ A states is reach-

AP®Q—|><|1><|2

° AP®Q:U xV x O1 x Oy

SpuQ((P,a), (i,i1,i2), (U,v,01,02)) is defined to be

ablein P if there exists an initial statee Sg such thas' is the pair (p/’q/) it &p(p, (i,i1,V),(U,01)) = p and
reachable frons. Let ReacliP) denote the set of reachable 80(a, (i,i2,u), (v,02)) = ¢, when both are defined
states oP. T ’ ’ '

The block diagram for the produ&® Q is illustrated
When composing two SIA, the available inputs may need jn Figure 1. Note that the above definition and Figure 1 de-

to be cut down, in order to avoid reaching incompatible scribe the most general situation. For instance @hdQ do
states. This leads to the definition of an Input Strategy apre-not share any |nput S|gna| th@ns the empty tup|e SE has
determined way of choosing the input at every state. N0t93|gnature[ll,v U 01] andQ has S|gnatur{42,u \V} oz]
that our strategies ameterministic(at every state there is The transition functiondpsq has the following inter-
exactly one choice of input action) amdemorylesgthe pretation: wherP ® Q is in state(p,q) and there is &-
choice of input action depends only on the current state andransition fromp that acceptsi, i1, v) as input and gener-

not on the past history). ates(u,01) as output and -transition fromgq that accepts
o ) ) | (i,i2,u) as input and generatég 0y) as output, then there
Definition 3 An input strategyfor Pis a maprt : Sp — Ap. is a transiting from(p, ) that acceptsi, i1, i) as input and

generatesu, Vv, 01,07) as output.

Intuitively, a state(p,q) in the productP ® Q is locally
compatible if the environment can provide a suitable input
such that botl? andQ can separately satisfy the input as-
sumption of the other SIA in statgs and q respectively.

o $ C ReaclfP. 1), and Otherwise the state is Iocall_y inc_ompatit_)le. We say that
two SIA P andQ are compatible, if there is a way to pro-
o for all s€ ReacliP,1t) ando € A9, 8p(s, 1 (s),0) € vide inputs toP ® Q so that locally incompatible states are
ReactiP,1t). not reached.

Given an input strategyt, only a subset of states in
ReactiP) can be reached. Let Redéhrt ) C Sp, thestates
reached under input strategy, be defined inductively as
follows:

The set Readl®, p,1t) of states reached undaf starting Definition 5 Let P andQ be two SIA with 1/O signatures

from statep in P is defined in the obvious way. as above. The set ddcally compatible statesf P andQ
The composition of two SIA is a partial operation, as two consist of all pairgp,q) € S x Sg such that the following

synchronous interfaces may not be compatible. We givetwo conditions are satisfied:

the precise def|n|t|ons below. Two SIR andQ with I/O

signaturesl ; O] and[l” ; O’] arecomposabléf they don’t 1. there existi,iy,iz,v for which there is a transition
CAAE i,
share an output vangple, L.O©N0" =0. p'22Y v in P, and for all suchoy,u, pl, there exist
To define composition, we first define the product of two U, 01

synchronous interfaces, just as in the asynchronous case o, ¢ with q"'ﬁu qinQ;
in [8, 9]. In the definition below, we assume than O, = 0 02,V
andO1Nlz = 0. In the signatures of the composable SIA 2. there existi,iy,io,u for which there is a transition

P andQ, I is the Iistﬁof shared input variables. The output i |2,
variablesU of P andV of Q appear as input variables of the qgydin Q and for all suchoz,v,qf, there exist
other automaton, as in Figure 1. i,ig,V

01, P with p uo, pinP.
Definition 4 Let P and Q be two composable SIA with

/O signaturegl, i1,V ; U,01] and[l,i,U ; V,0,]. Thus The set Incom(P, Q) of locally incompatible statesf P
AL =1x11xV andAS = U x Oy are the input and output  andQ is the set of states ifp x S which are not locally
alphabets oP, andA, = | x I, xU andAS =V x O, the compatible.
respective alphabets @. Then the produd®® Q of SIA P _ o S .
andQ with I/O signaturell,i3,17 ; U,V, 01,0, is defined f IA local 'nCOTpaﬁblgtﬁ can bedavmghed if tr?tere is a help-f
| ) ul environment, which by providing the right sequence o

by the UpIe(See: ShagrApsor Absg: Spac) Where inputs can steer the automaton away from such a state. The

¢ S0 =SxS states from which this is possible are called compatible.



Definition 6 Let P andQ be two composable SIA. A state
(p,q) in P® Q is compatibleif there is an input strategy
m for P® Q, such that ReadP ® Q, (p,q),T) does not
contain a locally incompatible state &® Q. We write
CompP,Q) for the set of compatible states Bf2 Q. Two
SIA P andQ arecompatiblef the sole initial state oP ® Q

is compatible.

Definition 7 The compositiorP || Q of two SIA is defined

by restricting the producP @ Q to the set of compatible
states:

* o = Comp(P,Q);

Do = SugNComp(P,Q);

* Apjo = Abeg

]

e for all se€ Comp(P,Q),i € APHQ , 0 € ApHQ
Op|(S1,0) = Opwq(si,0) if  dpgq(si,0) €

Comp(P,Q), and it is undefined otherwise.

ThusP andQ are considered compatible if there is some
environment in which they can be used together without vi-

Definition 8 Let P and Q be two SIA with identical 1/O
signatures. Aralternating simulationp from P to Q is a
relationp C Sp x Sg such that, for al(s,t) € p the following
conditions are satisfied:

1. AQ ) C AL(S
2. A(s) C A8<t>

3. (8p(s,a),3q(t,a)) € p for all ac A(t) x AS(S),

Given two SIAP and Q with identical I/O signatures, we
sayP refines Qwritten P < Q, if the following conditions
are satisfied:

1. AG C A

2. AR CAG;

3. there is an alternating simulatignfrom P to Q, such
that(s”,t%) € p for somes € S andt® € .

3. Synthesis of Synchronous Interfaces

For top-down design of SoC'’s, we would like to synthe-
sise a componemthat combined with a known component
P realises the specificatid. In other words, we are inter-
ested in the most general soluti®to P || R < Q when it

olating each other's input assumption. This is equivalent to exists, and characterise the conditions under which it exists.
saying that there is a winning input strategy in the product By a most general solution we mean, a solutihrsuch that

P® Q: an input strategy which avoids all locally incompati-

for any solutionV, it is the case tha¥ < U, which means

ble states. The calculation of winning strategy in such safetyv can be substituted fd# in any context without leading to

games, if one exists, by using thentrollable predecessors
of a set of stated and iterative refinement is standard [21].

Note The SIA model essentially defines Mealy automata,
the novelty being in the definition of composition using the
game interpretation. It is well known that the synchronous
composition of non-blocking Mealy automata may have
causality cycles- circular dependencies between input and

output signals in the composed Mealy automaton. We as-

sume that all our SIA aretatically typedi.e., the depen-

dencies between input and output signals are fixed. WhenQ: A C

composing two SIA we require that the the combined de-

protocol mismatches. In this section we prove that the most
general solution t® || R < Q is given byR= (P || Q)+

and a solution exists if? andQ' are compatible. Here*

is the same aP, except all the input actions iR become
output actions irP+ and similarly the output actions &

are the input actions d¢#-.

Note Throughout the section we assume that the list of
output variables of) includes all the output variables Bf
and the input variables d? that are not input variables of
C AL UAZ andA3 C A3. So any inputs té will be
prowded by an output from the environmeni@br fromR.

pendency relation is acyclic. This condition can be enforced In the latter case, such an input®iwill be an output ofQ.

syntactically and checked in linear time — see [10] for de-
tails.

The game view of interfaces leads to a new notion of
refinement callechlternating refinemenfl]. Informally,
P < Q (P refinesQ) if all legal inputs ofQ are also legal
for P, and whenP and Q are fed the same legal inpu®
generates more output th&®does. This definition ensures
that wheneveP < Q, P can safely be substituted f in
any design without creating any incompatibility.

We fix the 1/O signatures of the various interfaces involved,
once and for all:
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(Req!,Address!)

(Req!,Address!)

(Ack?)
(Data?)
(Rdy?, (Rdy?,
SingleRead! MultiRead!
. ingleRea )/2\ ultiRead!)
&/

(a) Pipeline

(Req!,Address!,Data?)

(Sel?,Read?,Addr?)

(Sel?,Read?,Addr?) (Enable?)

(RData!)

(b) Handshake

Figure 2. Two Mismatched Protocols

Notice thatQ andP® (P || Q)+ have the same I/O signa-
ture.

First we prove a result about compatibility that is used

is notinP. This is clearly not possible by the definition
of product of SIA.

in Theorem 1 below. Here we make use of the fact that [

if (p,(p’,q)) is a reachable state IR (P || Q)+, then

it follows from the property of observable nondeterminism Theorem 1 A solution R to H|

thatp=p'.

Lemmal If P and Q- are compatible, then P anP ||
Q*)* are compatible.

Proof SupposeP and Q- are compatible, buP and
(P || Q)+ are not compatible. This means that for
all input strategiest in P® (P || Q1)*, there exists a
state (p,(p,q)) in ReackP ® (P || Q-)*, 1) such that
(p,(p,q)) € IncompP,(P || Q4)*). It follows from Defi-
nition 5 that at least one of the following cases must hold:

o . i1,V
1. For alliy,ip,Vv there existu,01, p’ such thatpul—o>l of

is in P, but there do not exisb,,q for which
U,V,iZ,O]_ Lo i
(P.Q) o, (P.d)isin(P[ Q)" Now, since
P and Q' are compatible, andp,q) is a state
in P || Q- by assumption, there exisb,V,0p,q

U7i1a01;02 L L .
such thatq Iz—\; q is in Q'.But this implies
.0 .
(p’q)U,V,iz,ol(p’Q) is in P | Q% and hence
u,v,iz, 01 . o
(p,q) i1—0>2 () isin (P || Q1)+, whichis a con-
tradiction.

2. For all u,v,iz,01 there existiy,00,p',q such that

U,V,i, 01 . i1,V
Jald / ~ Ly ‘s n
(PO o, (Pd)isin(P[lQ)~, butp => p

R =< Q exists iff P and ©
are compatible.

Proof (<) SupposeP and Q- are compatible. By
Lemma 1 so areP and (P || Qt)*. TakeR= (P ||
Q')*. We show that there exists an alternating sim-
ulation p betweenP || R and Q that relates their ini-
tial states. Define the relatiop = {((p,(p,q)),q) |
(p,(p,q)) is astate irP || R}. Since (s,%) is the ini-
tial state of R, (s,(s3,8})) is the initial state ofP |

R, and hence((s3, (s3,%0)), Q) is in p. Now suppose,
for the output side(u,iq,01,07) € ASHR((p,(p,q))), and
i2,V

there is a transition(p, (p,q)) Ui1,01.0p

(P, (P,d)) in
i1,V
P || R It follows that there exist transitionqsul%01 o

u,v,iz,01
—

. So
11,02

in P and (p,q) (0,d) in (P Q")
igz
(p7 q) U,V,i2701
u’il’—ol>’02 /i N dth M /
a iy O is a transition irQ+, and t USI i 010,
is a transition inQ and ((p', (p',d),q) € p by the assump-
tion that(p, (p',d)) is a state irP || R. Likewise, for the
iz,V
—
Uiz, 01,02

u, ilvolvoZ
:

(p/,q) is a transition inP || Q-. Hence

input side, supposg g is a transition inQ. It

follows thatq q is a transition inQ*. SinceP

)

andQ* are compatible by assumption afy q) is a state in



Lo v
P|| R, there mustbe atransmqnul—oi p’ in P, and therefore

,V
—

there must be a transitidp, (p.q)) , ;~ " o (P,(P’q))
inP|| R and((p,(p,d)),d) €p by’th(’a definition ofp.
(=) Suppose a solution t& || R < Q exists. Letp
be an alternating simulation fro® || R to Q such that
((s2,5R),83) € p. We useR andp to construct a winning

input strategy inlP® Q*. It is easy to see that for states

(p,r) in P[[Randqin Q, if ((p,r),q) € p then(p,q) is
locally compatible inP ® Q. The winning input strategy
T (p,q) in P® Q' is given by an input moveéi;,0,) such
that there exist a state and valuesv,u,01,0; satisfying
((p.r),0) € p, (i2,V) € Ag(a), (U,i1,01,02) € A e(P.r),

i2,V ,V
ry .—— / r'Yandg . /. 1'); otherwise,
(P, )U,|1,01,02(p’ ) qU,|1,01702(p’ )

T (p,q) is arbitrary. To show thatt is winning, we prove
by induction on the definition of Reat®® Q*, 1) that
ReacliP® Q*, 1) nIncompP,Q4) = 0. [J

Theorem 2 When the condition stated in Theorem 1 is sat-

isfied, the most general solution to|FR< Q is R= (P ||
Qh)*.

Proof In the proof of Theorem 1 (If part) we have
already shown thaR = (P || Q%)+ is a solution. Sup-
poseT is any solution toP || R < Q. We construct an
alternating simulatiorv from T to (P || Q)* as follows.
By assumption, there exists an alternating simulaon
from P || T to Q. Definev = {(t,(p,q)) | ((p:t),q) € p}.
Clearly (7, ($,8)) € v, since ((s3,59), ) € p. Now
suppose(t, (p,q)) € v i.e, ((p,1),q) € p, (U,Viz,01) €

u
Alpior ((P.0) and iz, 02) € AP(t). Lett
u,\ﬁ;ol
i1,02

, V12,01

——  t' be
11,02

a transition inT and (p,q) (p',d) a transition

i1,V
in (P || QY*. This implies thatpu%01 p is in P and

io,V ) o,V .
. isin Q. Hence(p,t) . t')isin
qu.|1—>,01702q Q (P, )117u_>,01702(p’ )

P | T. Since((p,t),q) € p by assumption, it follows that
(p,t),d)ep,ie.,t,(p,q)) ev. U

4. Converter Synthesis

ceiver using a serial protocol, as in [17]. We assume that
P1 andP, have disjoint alphabets. It's the responsibility of
the designer to specify the exact relationship between the
two, through another SI&, the specification In more de-

tail, the specificatiors expresses the causal relationships
between the actions & andP,, such as between sending
and receiving of a data packet. In addition, the specifica-
tion S captures the capabilities the designer wishes to en-
dow the converter with — how much memory it can use to
store packets before transmitting them, whether it can lose
or duplicate data packets, and so on. See the example below
and [17] for more details.

We think of the specification as accepting inputs from
the two protocols as well as the converter, as shown in Fig-
ure 4. Intuitively, the goal of the converter is to meet the
specification, while satisfying the input assumptions of the
two protocols. Moreover, the converter can control only the
inputs to the protocols and not their outputs. The converter
can be obtained by using our interface synthesis procedure
be as follows. LeP = Py || P, be the parallel composition of
the two mismatched protocols, which is well formed, since
we assume that the input and output actionB,aindP, are
disjoint. LetSbe a specification expressing the causal rela-
tionship between the two alphabets and what the converter
is allowed and not allowed to do. Then a conve@eif it
exists, is the (most general) solution forto the interface
synthesis problem instan&| C < S*. The meaning of this
relation is thaP || C is a safe environment f@, that is, the
compositeP || C of protocols plus converter will not give
rise to an incompatibility when combined wigh

The solution we obtain is an extension to the more re-
stricted game theoretic solution f@ in [17]. In [17]
the converter synthesis problem investigated is between a
sender and a receiver protocol. The problem is solved as
a game between two players, the protocols and the speci-
fication on one side, and the converter on the other. The
objective of the converter is to read outputs from the sender
and provide inputs to the receiver in such a way that the pro-
tocols and the specification are satisfied. A winning strat-
egy for the game leads to a correct converter. If we unfold
the definition of parallel composition and alternating refine-
ment, we have an identical winning condition to our synthe-
sis problem. Our solution is more general because, we do
not place the restriction that one protocol is the sender and
the other the receiver. Moreover, we don’t have to set up

In this section we show how the SIA framework and the the game manually as in [17], which seems to involve con-
interface synthesis procedure described in Section 3 can bé&iderable ingenuity. Instead, the game formulation follows
used to synthesise a protocol converter for two IP blocks directly from the general framework presented in this paper.

that have incompatible protocols of interaction. Our work

is inspired by Passeroret al. in [17], and should be seen
as both a generalisation and a simplification of that work.

Let P, and P, be the SIA describing two mismatched

We illustrate the converter synthesis problem for IP
blocks via an example adapted from [12]. We adopt the
following convention in drawing synchronous interfaces for
IP blocks. When only boolean valued signals are involved,

protocols, such as a sender using a handshake and a res is the case in this example, values not mentioned in



(Address?,Addr?) (RData?,Data?)
(T,T) (T,T)

@) @)
—(0)

(Address?,T) (T,Addr?) Il (RData?,T) (T,Data?)

0, (1)
O O

(Address?,Addr?) (RData?,Data?)
(T,T) (T.T)

Figure 3. Specification of Converter

a transition are don't cares (either low or high). Some- waiting in state 3. The protocols in Figure 2 are mismatched
times we indicate a don’t care explicitly by a signal and will not work properly unless there is a converter which
Figure 2 illustrates the synchronous interfaces for two mis- mediates between the two.

matched protocols. Figure 2(a) is a protocol called Pipeline, Now, we need to specify what the converter is allowed

with input variables[Ack,Rdy,Data] and output vari-  and notallowed to do. We require that the system as a whole
ables [Req,Address,SingleRead,MultiRead|, that re- (the two protocols along with the converter) satisfies the in-
guests data from specified addresses in memory. When théerface described by Figure 3. This specification interface is
protocol wants to read some data it raises the Reg! obtained as the parallel composition of two interfaces. The
to high, and places the value of the memory address onone on the left specifies that the converter can seiuih!

Address! , and waits for an acknowledgemefitk? in signal to Handshake only after receiving a corresponding

the following clock cycle. In this simplified example, we Address? signal from Pipeline. The signal cannot be
ignore all data values such as addresses, and consider onlgent speculatively, but can be stored in memory and sent at
boolean control values. In the next clock cycle the proto- a later instant. Similarly the interface in the right specifies
col checks that the sign&dy? is high. If a single read is  that the converter can sendata! to Pipeline, only af-
desired the protocol reads the infiddita? and completes  ter a correspondinBData? signal has been received from
the transaction. If a sequence of reads is to be performedHandshake. Note that every action inFigure 3 is of type in-
the protocol pipelines the address phase of the next transput.

fer with the current data phase. The protocol stops in state  The correct converter for the two protocols, as synthe-
5 after completing a finite sequence of transfers until it is sised by our method, is shown is Figure 5.

ready to begin a fresh read request. Note that in state 2, the

same inputRdy? can lead to two distinct states, but the 5§ conclusion and Related Work

output values associated with the transitions are distinct —
SingleRead! in one, andVultiRead! inthe other, so

the observable nondeterminism property is satisfied. We have presented synchronous interface automata, a

game based formalism for reasoning about composition and
Figure 2(b) is an interface, with input variables refinement of synchronous hardware components, such as
[Sel,Read,Addr,Enable] and output variable[RData], IP blocks in SoC designs. The asynchronous version of the
that performs reads from memory addresses, but it uses aynthesis problem considered here was solved in [3], using
handshake protocol. When it is selected for a read trans-the interface automata model of [9]. What is remarkable
fer by raising its input lineSel? andRead?, it reads the is, the solutions for the asynchronous and synchronous ver-
address fromAddr? . If the signalEnable? is high in sions have the same form, namely the most general solution
the next clock cycle, it writes the data on the output line toP||R=<QisR= (P | Q)*.
RData! , and is ready to handle a new read request, while  Our result has a formal resemblance to the language



Pipeline 'Converter | Handshake
Protocol ) : Protocol

Specification

Figure 4. Block diagram of protocols, specifi-
cation and converter

equation posed in [22,23]. In their framework, the largest

solution of the language equatidhe R C Q for R is the

languageP e Q whereP e Q is the synchronous (or parallel)
composition of languagézandQ, andP is the complement

of P. Clearly, there is a formal correspondence between
PeQ and ourP || Q, betweerP and ourP+, and between

language inclusion and alternating simulation.

There is also a striking similarity between our work and

the the solution to theectification problemgiven in [5],

using Dill’s trace theory [11]. The results in [5] are appli-

cable to combinational circuits i.e.,

(Req?,Sel!,Address?

Addr!,Read!)
—0 1
(Req?,Address?,
(Data!) (Ack!,Enable!) Sel!,Read!,Data!,
Addr!)
3) (2) 4
(Rdy!.SingleRead?  (Rdy!,MultiRead?
RData?) RData?)

Figure 5. Converter for the two protocols

we have put on the interface model, such as the require-
ment of observable nondeterminism. Weaker notions of
determinism, such aweak determinisnfiL3] could be in-
vestigated. Other possibilities would be to include the ef-
fect of hiding internal signals and including fairness speci-
fications. An important advance would be to include asyn-
chrony and synchrony within the same framework for mod-
elling SoC designs, as the complexity of today’s circuits
requires locally clocked components that communicate via

> 1.e., interfaces without any aqynchronous signals. The work on agent algebras related
state. In [5]P, Q, R are combinational circuits modelled

as I/O relations anfl a composition relation similar to SIA
composition;(_)* is themirror function that swaps inputs
and outputs anek is theconformance relationln contrast

to this work, our results are applicable to stateful interfaces

to semantic foundations for heterogeneous systems (see
[16]) has a similar goal, and it will be interesting to investi-
gate the connections between the two.

in the form of Mealy machines. Further, the timing model Acknowledgements We thank David Benson for his
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