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Abstract. We proposea model for modular synchronous systems with
combinational dependenciesand de�ne consistencyusing this model. We
then show how to derive this model from a modular speci�cation where
individual modules are speci�ed as Kripk e Structures and give an algo-
rithm to check the system for consistency. We have implemented this
algorithm symbolically using BDDs in a tool, SpecCheck. We have used
this tool to check an example bus proto col derived from an industrial
speci�cation. The counterexamples obtained for this proto col highligh t
the need for consistency checking.

1 In tro duction

The correctnessof a system is de�ned in terms of its speci�cation. In model
checking [6], for example,a model of the design is veri�ed against a set of tem-
poral logic properties. However, speci�cations might have errors themselves.The
authors have discoverederrors in protocol speci�cations for the PCI bus and the
CoreConnectbus [4,9]. This highlights the needto examinespeci�cations more
carefully.

Theseproblems often occur due to the limitations of natural languagesused
to describe speci�cations. However, even formal speci�cations can have prob-
lems. Sometimes,it is not possibleto realize the speci�cation in any implemen-
tation, while at other times, the systemcould deadlock. Bus speci�cations often
allow combinational dependencieswhich are sometimesdesirable for e�ciency
reasons.Thesedependenciesmight causea module to exhibit deadlock only on
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certain inputs. Problems like theseare often attributed to inconsistenciesin the
speci�cation. We proposea theory that formalizes the notion of consistencyfor
modular synchronous systems.

The main contributions of this paper are a model for representing modular
synchronoussystemsthat incorporatescombinational dependencies,a de�nition
of consistency for this model, a method to obtain this model from any given
speci�cation in which each module can be described by a Kripk e structure [6],
and an algorithm to check for consistencyfor this model.

We motivate the paper with the following small examplesin which the spec-
i�cations are expressedin Linear Temporal Logic (LTL) [6]. They demonstrate
inconsistent behavior as explained.
Example 1. Consider the following trivial example. The speci�cation for a
module consistsof two properties:

a. G : r eset: r eset should never be asserted.
b. r eset: r eset should be assertedinitially .

We can seethat it is impossibleto satisfy this speci�cation.
Example 2. As another example,consideran arbiter that receivesrequestsfrom
two masterswith the following speci�cation:

a. G (req0 ! X ack0): If master 0 makesa request, it should be acknowledged
in the next cycle.

b. G (req1 ! X ack1): If master 1 makesa request, it should be acknowledged
in the next cycle.

c. G : (ack0 ^ ack1): Both masters should not be acknowledged at the same
time.

If both req0 and req1 are asserted,there is no valid next state assignment for
ack0 and ack1. Whatever the arbiter does, at least one property will not be
satis�ed.

Before the next example, let us considera Master and Slavethat communi-
cate using the signals req and ack. Supposethat one of the requirements of the
Master is expressedby the LTL formula G(req ! req U ack). Once asserted,
req should stay asserteduntil it is acknowledged. This property allows for req
to be deassertedin the samecycle in which ack is asserted.Therefore, the next
state value of req, i.e. req0, depends not only on the current state value of req
and ack, but also on ack0, the next state value of ack. The timing diagram in
�gure 1 illustrates this. A combinational dependencysuch as this can sometimes
lead to inconsistent behavior as seenin the next example.
Example 3. The following is a speci�cation for a device with output req and
inputs busy and ack:

a. G (req ! req U ack): Once request is asserted it remains asserted till the
request is acknowledged.

b. G (busy ! X (: req)): A request should not be made if the bus is busy.
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req

ack

Fig. 1. Timing diagram showing combinational dependency between req and ack.

In this case,the problem ariseswhen a request has already beenmade and the
bus becomesbusy (possibly becauseof someother device). The secondproperty
requires req to be deassertedbut the �rst property then requires that ack be
asserted.However, ack is an input and cannot be controlled by the deviceunder
consideration. This meansthat the speci�cation breaksdown on certain inputs.
This problem is similar to that of receptivenessde�ned by Dill in [8] for asyn-
chronous systems. However, if the speci�cation of the module controlling ack is
constrained (G(busy ! X ack)), then the problem disappears.

In our model, which we call the Synchronous ConsistencyModel (SCM), we
divide a synchronous step into several phaseswhich we call micro-transitions.
After each micro-transition, the state of the systemis partially updated. A tran-
sition to the next state is complete after the last micro-transition. The partial
updates to the states due to micro-transitions are represented by micro-states.
Micro-transitions allow us to capture combinational dependenciesbetween sig-
nals.

The conceptof micro-transitions is not entirely new. Most hardware descrip-
tion languagessuch asVHDL and Verilog have somenotion of combinational
dependency. Esterel [2] allows dynamically scheduled sub-rounds. Alur and
Henzinger [1] also break a round (synchronous step) into sub-rounds (micro-
transitions) in the Reactive Module Language(RML). While Alur and Henzinger
describe an operational modeling language,we do not present any language.In-
stead,we decribe how to derive the SCM from modular speci�cations and check
it for consistency. In RML, the model explicitly speci�es the behavior of sub-
rounds.Wewant the micro-transitions to besynthesizedautomatically from high
level, declarative speci�cations.

For our experiments, we have used LTL for speci�cation and tableau con-
struction to derive Kripk e structures. Other approachesmight be more suitable.
Shimizu et. al. [12] describe a monitor basedformal speci�cation methodology
for modular synchronous systems. Clarke et. al. [7] describe a way to obtain
executable protocol speci�cation and describe algorithms that enable them to
debugspeci�cations. However, neither of them incorporate combinational depen-
dencies.We believe that these two approachesare complementary to our work.
Given monitors or executable models, our approach can be used to check for
consistency.
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The organization of the rest of the paper is as follows. In Section 2, we dis-
cusspreliminaries neededfor the rest of the paper. We de�ne the Synchronous
ConsistencyModel and consistency for systemsusing this model in Section 3.
Section4 describeshow to derive a SynchronousConsistencyModel from a mod-
ular speci�cation. We present our algorithm to check the consistencyof an SCM
in Section 5. In section 6 we intro duce SpecCheck, a protot ype tool we have
built for consistencychecking. We also describe a system and its speci�cation,
based on an industrial bus protocol, that we checked using our tool. Finally,
we conclude our paper with directions for future research in section 7. In Ap-
pendix A we present the completespeci�cation for the examplesystemdescribed
in Section 6.

2 Preliminaries

As mentioned in the intro duction, we derive a Synchronous ConsistencyModel
from modular speci�cations whereeach module is speci�ed asa Kripk estructure.
Section 2.1 de�nes a Kripk e structure. Section 2.2 de�nes parallel composition
for Kripk e structures. We will use parallel composition to derive a global state
transition graph for the speci�cation. The examplespeci�cations we use in this
paper are expressedin LTL, which is de�ned in Section 2.3.

2.1 Kripk e Structures

A Kripk e structure [6] T is a tuple (S; S0; R; AP; L) where S is a �nite set of
states, S0 � S is the set of initial states, R � S � S is a transition relation, AP
is the set of atomic propositions and L : S ! 2AP is a function that labels each
state with the set of atomic propositions true in that state.

If a speci�cation is expressedin temporal logic, then tableau construction
methods [5,10] produce a Kripk e structure for that speci�cation. For example,
the method described for LTL properties in [5] producesa Kripk e structure with
every path that satis�es the LTL property. Figure 2(a) shows a tableau for a
module with the only requirement being G(a ! X : b). Figure 2(b) shows a
tableau for G(b ! b U c).

2.2 Sync hronous Parallel Comp osition

Let T0 = (S0; S0
0; AP 0; L 0; R0) and T00= (S00; S00

0 ; AP 00; L 00; R00) be two tableaux.
The synchronous parallel composition [6] of T 0 and T00 denoted by T 0 k T00 is
the structure T = (S; S0; AP; L; R) de�ned as follows.

1. S = f (s0; s00) j L 0(s0) \ AP 00= L 00(s00) \ AP 0g.
2. S0 = (S0

0 � S00
0 ) \ S.

3. AP = AP 0 [ AP 00.
4. L ((s0; s00)) = L 0(s0) [ L 00(s00).
5. R ((s0; s00); (t0; t00)) if and only if R0(s0; t0) and R00(s00; t00).
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bs1 s3

a b as0 s2 b c bs4 s6

cs5 s7

(b)(a)

Fig. 2. (a) A tableau for G (a ! X : b). (b) A tableau for G (b ! b U c).

If s = (s0; s00) 2 S then we say that s0 and s00 are components of s. Figure 3
shows the structure obtained from the synchronous parallel composition of the
two structures in Figure 2.

This de�nition of composition models synchronous behavior. States of the
composition are pairs of component states that agree on the common atomic
propositions. Each transition of the composition involves a joint transition of
the two components. The parallel composition of more than two tableaux is
de�ned similarly.

(s3,s7)

a

(s2,s7)

b(s1,s6)

c(s3,s5)

a b(s0,s6)

a c

(s2,s5)

b c(s1,s4)

a b c(s0,s4)

Fig. 3. Synchronous Parallel Composition of the Tableaux in Figure 2

2.3 LTL

For a set of atomic proposition AP , the set of LTL formulas is de�ned asfollows:

{ an atomic proposition p 2 AP is an LTL formula.
{ If f and g are LTL formulas, then : f ; f _ g; X f and f U g are LTL formulas.
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The following abbreviations are also used:

{ f ^ g = : (: f _ : g)
{ F f = tr ue U f
{ G f = : F : f

For a complete discussionof LTL and its semantics refer to [6].

3 Synchronous Consistency Mo del

The model we are proposing augments the state transition graph of the system
with extra information to capture combinational dependencies.As discussed
in the intro duction, these dependenciesare an important aspect of many bus
protocol speci�cations [9].

De�nition 1 (Sync hronous Consistency Mo del (SCM)). A synchronous
consistencymodel M is a six-tuple (S; R; P; C; n; � ) where

1. S is the set of observable states.
2. R � S � S is a transition relation.
3. P is the set of micro-states.
4. C : S ! P maps observable states to micro-states.
5. n 2 N is the number of micro-transitions in a sequential step.
6. � = f � s;i � P � P js 2 S; 1 � i � ng is the set of micro-transition relations.

(S; R) de�nes a synchronous state transition graph. We say that the states in S
are observable. The micro-states in P capture the intermediate stagesof compu-
tation within a synchronous transition and are unobservable. For each observ-
able state s 2 S, there is a corresponding micro-state C(s) 2 P. We represent
a synchronous transition from s 2 S as a sequenceof micro-transitions begin-
ning at C(s). Without lossof generality, we assumethat all transitions between
observable states have the same number n of micro-transitions. The relation
� s;i � P � P describesthe allowed partial updates in the i th micro-step, starting
from the observable state s. We require that � s;i be de�ned for all observable
states s and for each micro-step up to n. In order to de�ne what consistency
means,we needthe following de�nitions.

A valid sequence of micro-states is required to begin in a micro-state corre-
sponding to an observable state and obey the micro-transition relations begin-
ning in that state.

De�nition 2 (V alid Sequence). A sequence of micro-stateshp0; p1; : : : ; pl i is
a valid sequencewith respect to a model M = hS; R; P; C; n; � i i� there exists
an observablestate s 2 S such that C(s) = p0, and for all i such that 1 � i � l ,�
pi � 1; pi

�
2 � s;i .

A valid transition sequence is a valid sequencethat ends in a micro-state
corresponding to an observable state. A valid transition sequencecorrespondsto
a synchronous transition in the state transition graph (S; R).
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De�nition 3 (V alid Transition Sequence). A sequence hp0; p1; : : : ; pn i is a
valid transition sequencewith respect to a model M = hS; R; P; C; n; � i i� there
exist observablestates s and s0 such that:

1 C
�
s
�

= p0

2 for all i such that 1 � i � n,
�
pi � 1; pi

�
2 � s;i

3 C
�
s0

�
= pn

4
�
s; s0

�
2 R

A valid sequencewhich can not be extended to form a valid transition se-
quencerepresents inconsistent behavior. We call these sequencesdivergent se-
quences.

De�nition 4 (Div ergen t Sequence). A sequence is a divergent sequencewith
respect to a model M = hS; R; P; C; n; � i i� it is a valid sequence with respect to
M , and it is not a pre�x of any valid transition sequence in M .

De�nition 5 (Micro-transition Conformance). The set of micro-transition
relations � for a model M = hS; R; P; C; n; � i conformsto the transition relation
R i� for every

�
s; s0

�
2 R there exists a valid transition sequence beginning and

ending in micro-statesC(s) and C(s0), respectively.

We are now ready to de�ne what it meansfor a model to be consistent. If
a model satis�es this de�nition, then the consistencyproblems described in the
intro duction can be avoided.

De�nition 6 (Consisten t Mo del). A model M = hS; R; P; C; n; � i is said to
be consistent i� it satis�es the following conditions:

1 S 6= ; .
2 R is total, i.e., for every state s 2 S there is a state s0 2 S such that
R

�
s; s0

�
.

3 The set of micro-transition relations � conforms to the transition relation
R.

4 There are no divergent sequences in M .

If the model is derived from a speci�cation, then the �rst condition ensures
that the speci�cation is satis�able, while the secondchecks for the absenceof
deadlocks. Conformance implies that the micro-transition relation implements
the global transition relation. The absenceof divergent sequencesguarantees
that the system doesnot get stuck after a valid sequenceof micro-transitions.

4 Deriving an SCM from Mo dular Speci�cations

We have de�ned consistency for an SCM. We now describe a way to derive an
SCM M = (S; R; P; C; n; � ) from modular speci�cations. We are given a set of
modules M i and a partial order � on AP . The relation � is used to capture
combinational dependencies.If b depends on a then a � b. Each module is
described by a Kripk e structure Ti .
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The variables occurring in the structure for each module are classi�ed either
as input or output variables for that module. We say that a module M i controls
its output variables and require that a variable be controlled by exactly one1

module. This allows us to de�ne a function 
 from the set of variables to the set
of modules. 
 (va) = M a i� the variable va is controlled by the module M a .

Let T =
�
S; S0; AP; L; R

�
be the global Kripk e structure obtained by the

parallel composition T1 k T2 k : : : k Tm . We restrict the statesof T to only those
reachable from S0 to obtain (S; R).

The set of micro-states P is de�ned as the power set of the atomic proposi-
tions in T, i.e., P = 2AP . The mapping C from observable states to micro-states
is then de�ned by L .

We use� to derive the number of micro-transitions in a synchronous transi-
tion, n, and the set of micro-transition relations, � . We can partition the atomic
propositions AP into disjoint setsby levelizing � . A set in the levelizedpartition
may contain variables controlled by di�eren t modules. We further split each set
to obtain the partition Y so that the resulting setsYi in Y :=



Y1; : : : ; Yn

�
have

variables controlled by only one module. The number of setsn in Y determines
the number of micro-transitions in M . Y satis�es the following properties:

1. [ n
i =1 Yi = AP , i.e. the partitioning is exhaustive,

2. Yi \ Yj = ; ; i 6= j , i.e. the sets in the partition are disjoint,
3. [x i � x j and x i 2 Yk ; x j 2 Yl ] ) k < l , i.e. the set of atomic propositions is

levelized by � ,
4. 8va ; vb 2 Yi � 
 (va) = 
 (vb), i.e. all variables in the samepartition are con-

trolled by the samemodule.

De�ne the function � : f 1; 2; : : : ; ng ! f 1; 2; : : : ; mg such that M � (k ) is the
controlling module for variables in Yk , i.e., 
 (v) = M � (k ) for all v 2 Yk . This
function is well de�ned sincethe controlling module for all variables in Yk is the
same.

The partitioning Y tells us the order in which next state variables are up-
dated. We begin with an observable micro-state p0 in which no variable has
been updated yet. Then the next state values of variables in Y1; Y2; : : : ; Yn are
computed in that order. The i th micro-transition dependson transitions in the
tableau for the controlling module for that micro-step.

Considerthe examplein Figure 4, which showsan observablestate s such that
L (s) = f a;bg in the global Kripk e structure of speci�cations for two modules
M 1 and M 2. M 1 controls a and b and its properties are G(a ! X : b) and
G(b ! bU c) (Figure 3). M 2 controls c and is unconstrained. The partitioning
Y = hfag; f cg; f bgi of variables is a legal partitioning for the given partial order
c � b. The micro-state corresponding to s is p0. Sincethere are three sets in Y ,
there are three micro-transitions. Figure 4, shows all the legal micro-transitions
for the system starting from observable state s.
1 This allows only closedsystems.However, that is not a problem since we can always

intro duce an extra module to control the primary inputs to the system, without
restricting their behavior.
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1st micro-transition updates a

2nd micro-transition updates c

3rd micro-transition updates b

p

b

3-reachable micro-states

2-reachable micro-states

1-reachable micro-states

0-reachable micro-state

p p

s

a c

a b c

a b

a b

a b b c b

c

C(s) = p
0

p
0

p

p

p

p

2

4 5

30

1

1

L(s) = {a, b}

Fig. 4. Legal micro-transitions possible from C(s0) = p0 = f a; bg for speci�cations
b ! bU c and a ! X : b

In the secondmicro-transition, M 2 updates the next state value of c, while
the next state value of a has already beenupdated, and the next state value of
b will be updated in the next micro-transition. Let sj be the component of s in
M 2. Supposethat after the �rst micro-transition we get to p1, then the partially
updated value of a is false. This restricts transitions in M 2 to those next states
wherea is false.M 2 can update c to either true or false. If c is updated to false,
then M 1 is restricted to those transitions in which the next state valuesof a and
c are both false.But there is no such transition in M 1 from sj . Hencethere is no
third micro-transition from p1 starting from s. The following recursivede�nitions
formally capture this idea.

De�nition 7 (i-reac habilit y). A micro-state pk 2 P is i-reachable from s 2 S
i� there exists a valid sequence of length i + 1 beginning with C(s) and ending
with pk .

De�nition 8 (� s;i ). For pa ; pb 2 P, (pa ; pb) 2 � s;i i� pa is (i � 1)-reachable
from s and there exist sj ; sk 2 S� ( i ) such that:

1. sj is a component of s.
2. R� ( i ) (sj ; sk ).
3. pb =

�
pa � Yi

�
[

�
L � ( i ) (sk ) \ Yi

�
. The micro-state pb is obtained from pa by

retaining the valuesof all variables except those in Yi . The updated value of
Yi is extracted from sk .

4. pa \
�
Y1 [ : : : [ Yi � 1

�
\ AP � ( i ) = L � ( i ) (sk ) \

�
Y1 [ : : : [ Yi � 1

�
. The values

of variablesupdated before the i th micro-transition agree with their valuesin
sk .

For every observable state s there is only one 0-reachable micro-state, C(s).
This allows us to compute � s;1 which in turn gives us the set of 1-reachable
micro-states from s. Using thesede�nitions recursively, we can compute � . The
following theorem guarantees that the � obtained in this manner conforms to
R.

Theorem 1. The setof micro-transition relations � obtained from de�nitions 7,8
for the SCM M = (S; R; P; C; n; � ) conforms to the transition relation R.
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Pro of: Given s = (s1; s2; : : : ; sm ) and s0 = (s0
1; s0

2; : : : ; s0
m ) such that R(s; s0),

we need to prove that there exists a valid transition sequencebeginning and
ending in C(s) and C(s0) respectively. We construct a sequencehp0; p1; : : : ; pn i
as follows:

{ p0 = C(s)
{ pi = (pi � 1 � Yi ) [ (L � ( i ) (s0

� ( i ) ) \ Yi ) for all 1 � i � n

If wecanprove that (pi � 1; pi ) 2 � s;i for all i 2 f 1; : : : ; ng and that C(s0) = pn

then hp0; p1; : : : ; pn i is onesuch valid transition sequence.To seethat (pi � 1; pi ) 2
� (s;i ) , we consider s� ( i ) and s0

� ( i ) . State s� ( i ) is a component of s. R(s; s0) )
R� ( i ) (s� ( i ) ; s0

� ( i ) ), and pi = (pi � 1 � Yi ) [ (L � ( i ) (s0
� ( i ) ) \ Yi ) by construction. It

then remains to be shown that pi � 1 \ (Y1 [ : : : [ Yi � 1) \ AP � ( i ) = L � ( i ) (s0
� ( i ) ) \

(Y1 [ : : : [ Yi � 1).
We now prove by induction that pi \ (Y1 [ : : : [ Yi ) = L(s0) \ (Y1 [ : : : [ Yi ). It
then followsthat (a) pi � 1\ (Y1 [ : : : [ Yi � 1)\ AP � ( i ) = L � ( i ) (s0

� ( i ) )\ (Y1 [ : : : [ Yi ),
and (b) pn \ (Y1 [ : : : [ Yn ) = L(s0) \ (Y1 [ : : : [ Yn ). Since the partitioning Y
is exhaustive, (Y1 [ : : : [ Yn ) = AP , pn = L(s0) = C(s0).

For the base case,we consider p1. By our construction p1 = (p0 � Y1) [
(L � (1) (s0

� (1) ) \ Y1). This implies p1 \ Y1 = (L � (1) (s0
� (1) ) \ Y1). Since s0

� (1) is a
component of s0, p1 \ Y1 = L(s0) \ Y1.

For our inductiv e hypothesis,assumethat pi � 1 \ (Y1 [ : : : [ Yi � 1) = L(s0) \
(Y1 [ : : : [ Yi � 1).

pi = [pi � 1 � Yi ] [ [L � ( i ) (s
0
� ( i ) ) \ Yi ]

) pi \ (Y1 [ : : : [ Yi ) = [(pi � 1 � Yi ) \ (Y1 [ : : : [ Yi )] [ [L � ( i ) (s
0
� ( i ) ) \ (Y1 [ : : : [ Yi )]

= [pi � 1 \ (Y1 [ : : : [ Yi � 1)] [ [L � ( i ) (s
0
� ( i ) ) \ Yi ]

= [L (s0) \ (Y1 [ : : : [ Yi � 1)] [ [L � ( i ) (s
0
� ( i ) ) \ Yi ]

by induction hypothesis

= [L (s0) \ (Y1 [ : : : [ Yi � 1)] [ [L (s0) \ Yi ]

becauses0
� ( i ) is a component of s0

) pi \ (Y1 [ : : : [ Yi ) = L(s0) \ (Y1 [ : : : [ Yi ) ut

5 Algorithm to Check Consistency

The heart of our algorithm for checking consistencyis a procedurefor computing
the set of i -reachable micro-states from an observable state s. We compute the
i -reachable micro-states from s by updating the next state valuesof Yi variables
in the (i � 1)-reachable micro-states from s. The valuation of ~Y = Yi +1 [ : : : [ Yn

remains unchanged.As in the previous section, M � ( i ) is the controlling module
for the variables in the partition Yi . Given 
 , it is easyto compute � (i ). In this
computation, if we �nd that there exists an (i � 1)-reachable micro-state for
which there is no successormicro-state, then we have a divergent sequenceof
length i � 1. This implies that the model is inconsistent by de�nition 6.
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The explicit-state algorithm RecCheck shown in Figure 5 returns false if
there is a divergent sequencebeginning with C(s). The loop in line 4 iterativ ely
computes Pi , the set of i -reachable micro-states from s. Line 6 assignsYi +1 [
: : : [ Yn to Yaf ter . In line 7, we initialize Pi to the empty set. The loop beginning
in line 8 checks for every (i � 1)-reachable micro-state pi � 1, if we can extend
any valid sequenceof length i ending in pi � 1. If it can be extended, then all
i -reachable micro-states pi which extend these sequencesare added to Pi (line
13) and the 
ag extended is set to true. If there is a divergent sequence,extended
remains false in line 15 and the procedureterminates by returning false. In line
9, l denotesthe valuation of the variablesthat have beenupdated in the previous
steps (Ybef or e = Y1 [ : : : [ Yi � 1). Line 10 initializes the extended 
ag to false.
The loop beginning in line 11 iterates over all states sk in the imageof sj in the
controlling module for the i th micro-transition. Line 12 checks if sk is compatible
with the updates made in the previous micro-transitions (l). Line 17 adds Yi to
Ybef or e.

The explicit-state procedure SpecCheck for checking consistency is also
described in Figure 5. Note that we do not check the micro-transition relation
for conformance since that is guaranteed by Theorem 1. In fact, we do not
explicitly construct � . We check for divergent sequencesby the i -reachabilit y
procedure in Figure 5.

As mentioned, the algorithms presented in this section are explicit-state.
We have implemented symbolic state versions of these algorithms in our tool,
SpecCheck, described in the next section.

6 Implemen tation and Exp erimen tal Results

We implemented a protot ype tool, SpecCheck, that performs consistencycheck-
ing on a given speci�cation for a synchronous modular system. The input to
the tool is a list of modules along with a set of properties expressedin LTL for
each module, and a partial order, � , on the atomic propositions used.To derive
tableaux for LTL properties, we used a slight modi�cation of the construction
described by Clarke et. al. in [5] symbolically using BDDs [3]. After deriving a
tableau for each LTL property, we compose tableaux of all LTL properties to
derive a Kripk e structure for a module and in turn composethese modules to
form a global Kripk e structure. There is no unique tableau for an LTL property.
We have observed spurious deadlocks in somecases,depending on the tableau
construction used.Our modi�cation to the method of [5] gets rid of the spurious
deadlocks in our examples.We compute the set of i -reachable micro-states, Pi ,
symbolically using BDDs. Pi is a set of tuples (s;p), where(s;p) 2 Pi if and only
if p is i -reachable from s. The set of states is encoded using AP [ A, where A is
a set of auxiliary state variables which are used to di�eren tiate between states
with the same labelling. The label of a state can be obtained by existentially
quantifying the auxiliary variables.The set of micro-states is encoded using AP .
SpecCheck is implemented in Moscow ML [15] which is an implementation of



12 Bry ant et al.

RecCheck (s; n; Y; � ; hT1 ; T2 ; : : : ; Tm i )
1 Yb efore  ;
2 Yafter  Y
3 P0  L (s)
4 for i = 1 to n

f
5 sj  Component (s; � (i ))
6 Yafter  Yafter � Yi

7 Pi = ;
8 for every pi � 1 2 Pi � 1

f
9 l  pi � 1 \ Yb efore

10 extended  false
11 for every sk 2 S� ( i )

f
12 if (R � ( i ) (sj ; sk ) and (L � ( i ) (sk ) \ Yb efore ) = l )
13 Pi = Pi [ f (pi � 1 � Yi ) [ (L � ( i ) (sk ) \ Yi )g
14 extended  true

g
15 if (extended = false)
16 return false

g
17 Yb efore  Yb efore [ Yi

g
18 return true

SpecCheck (hT1 ; T2 ; : : : ; Tm i ; 
 ; � )
1 (S; R)  Compose(hT1 ; T2 ; : : : ; Tm i )
2 if (S = ; ) return false
3 if R is not total return false
4 Ŷ = Levelize (AP; � ) /* levelize � */
5 (Y; � ) = ModP ar tition (Ŷ ; 
 )

/* re�ne Ŷ so that each partition has variables controlled by only one module */
6 for every s 2 S

f
7 if (RecCheck (s; n; Y; � ; hT1 ; T2 ; : : : ; Tm i ) = f alse) return false

g
8 return true

Fig. 5. RecCheck , algorithm to check for the absenceof divergent sequencesand
SpecCheck , algorithm to check consistency



A Theory of Consistency for Modular Synchronous Systems 13

Master 1

Master 0

Arbiter Slave

req0

bus_lock

ack0

req1

ack1

valid

Ack

comp

busy locked master_id

Fig. 6. Example System

standard ML [11]. The symbolic computations are performed using MuDDy [13]
which is an ML interface to the BuDDy [14] BDD package.

We usedour tool to check speci�cations for the system depicted in �gure 6.
Two version of speci�cations for this system are described in more detail in the
appendix A. The systemconsistsof two master devicesand oneslave connected
to an arbiter.

The general 
o w of control is as follows. The masters request control of the
bus using their respective req signals.The arbiter passesthe request to the slave
(valid) and when the slave acknowledgesthe request(Ack), the arbiter passesthe
acknowledgement to the requestingmaster (ack0 or ack1). After acknowledging
a request, the slave indicates completion of the request by assertingcomp.

The busysignal is usedto indicate when the bus is busy. Master 0 can alsotry
to lock the bus by assertingbus lock along with its request. If the bus is locked,
this is indicated by locked. In the locked state, the arbiter ignoresrequestsmade
by master 1.

The master id signal indicates which master currently controls the bus. If
the bus is idle, the value is unde�ned. Arbitration occurs when the bus is free.
The �rst master to make a request when the bus is free is granted the bus
(by setting master id appropriately). If both masters make a request, then the
request from master 0 gets priorit y. In version A, the arbiter assertsvalid one
cycle after arbitration, whereasin version B, valid is assertedin the samecycle.
In the appendix A, we have precisely described the properties of thesemodules
in LTL.

Figure 7(a) shows a counterexample for versionA, demonstrating a deadlock,
while �gure 7(b) demonstratesa receptivenessproblem with version B.

In �gure 7(a), there is no valid next state becauseof the following properties.

1. G((( req0 _ req1) ^ : busy) ! X valid): If there is a request and the bus not
busy, then in the next cycle valid must be asserted.

2. G(locked ^ : req0 ! X : valid): If the bus is locked and master 0 is not
making a request, then valid cannot be assertedin the next cycle.
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Fig. 7. (a) Deadlock in the speci�cations. (b) Receptivenessproblem in speci�cations

Property 1 requires valid to be asserted in the next state, while property 2
requires it to be deasserted.Hence there is no possiblenext state in the trace
shown. This inconsistencycan be removed by replacing the �rst property with
the following two properties:

1(a). G(( req0 ^ : busy) ! X valid): If master 0 makes a request and the bus is
not busy, then in the next cycle valid must be asserted.

1(b). G(( req1^ : (busy_ locked)) ! X valid): If master 1 makesa requestand the
bus is neither busy nor locked, then in the next cycle valid must be asserted.

In �gure 7(b), an incomplete trace for version B is shown. In the last cycle,
only req0, bus lock, req1 and locked areassigned.If req1 had remaineddeasserted
in the last cycle, there would have beenno problem. But becauseit is asserted,
there is no possibleassignment for valid. The following properties lead to this
receptivenessproblem.

3. G(( : valid ^ : busy) ! X (( req0 _ req1) $ valid)): If valid is deassertedand
the bus is not busy, valid is assertedin the next cycle if and only if there is
a request in that cycle.

4. G(locked ^ valid ! req0): When the bus hasbeenlocked by master 0, ignore
all requestsby master 1, so valid just re
ects master 0's requests.

5. G(locked ! X (locked $ bus lock)): If the bus is locked, it remains locked
while master 0 keepsbus lock asserted.

Just like for version A, this inconsistencycan be resolved by replacing prop-
erty 3 with the following two properties:

3(a). G(( : valid ^ : busy^ locked) ! X (req0 $ valid)):If valid is deassertedand
the bus is not busy but locked, valid is assertedin the next cycle if and only
if master 0 makesa request in that cycle.
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3(b). G(( : valid ^ : busy^ : locked) ! X (( req0 _ req1) $ valid)):If valid is de-
assertedand the bus is neither busy nor locked, valid is assertedin the next
cycle if and only if there is a request in that cycle.

7 Conclusion and Future Research

We have proposed a theory for consistency of modular synchronous systems
with combinational dependencies,and developed an algorithm that allows us to
check for inconsistencies.The algorithm has been implemented in a protot ype
tool, SpecCheck, which has beenusedto �nd bugs in the examplesdescribed in
the paper.

Nevertheless,there are a number of directions for future research. We have
assumedthat the partial order � on AP is speci�ed by the user. We believe
that it may be possibleto derive this order automatically from a speci�cation in
temporal logic. The starting point in our check for consistencyis a modular spec-
i�cation given as a collection of Kripk e structures. We have observed that it is
possibleto obtain spuriousdeadlocks with SpecCheck, depending on the tableau
construction method used. Similar issuesare discussedin [6]. A better under-
standing of tableau construction methods and how they are used in SpecCheck
should enableus to eliminate the spurious deadlocks that we have observed. We
needto understand better what consistencymeansfor actual implementations.
The standard notion of simulation betweenan implementation and a more ab-
stract model is not su�cien t to guarantee consistencyfor the implementation.
Finally, we needto extend SpecCheck to handle hierarchical systems.We believe
that this can be done within our current framework.
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A Example Speci�cations

Slave Speci�cation

Slave speci�cations are identical for both versions.We require that:

1. Slave should acknowledgeonly valid requests.
2. Slave should not assertcomp before the �rst request is acknowledged.
3. comp should be assertedonly once per request. If comp has been asserted

once,then it will be deasserteduntil another requesthasbeenacknowledged.

Master Speci�cation

Version A

1. Once assertedreq0 should remain asserteduntil it is acknowledged.
2. Once assertedreq1 should remain asserteduntil it is acknowledged.
3. Master 0 can request to lock the bus by asserting bus lock only when req0

is asserted.

Version B

1. Onceassertedreq0 can only be deassertedonecycle after the cycle in which
ack0 is asserted.

2. Onceassertedreq1 can only be deassertedonecycle after the cycle in which
ack1 is asserted.

3. Master 0 can request to lock the bus by asserting bus lock only when req0
is asserted.

Valid Signal

Version A

1. If there is a request and the bus is not busy, then in the next cycle valid
must be asserted.
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2. Onceassertedvalid can only be deassertedonecycle after the cycle in which
Ack is asserted.

3. If valid is deasserted,and either the bus is busy or there is no request then
valid should remain deassertedin the next cycle.

4. If Ack is asserted,valid should be deassertedin the next cycle.
5. If the bus is locked and master 0 is not making a request, then valid cannot

be assertedin the next cycle.

Version A Version B

Slave Speci�cation
G (Ack ! valid )
: comp U Ack
G (comp ! X (: comp U Ack))

Master Speci�cation
G (req0 ! req0 U ack0) G (req0 ^ : ack0) ! X req0
G (req1 ! req1 U ack1) G (req1 ^ : ack1) ! X req1
G (: bus lock ! (: bus lock U req0)) G (: bus lock ! (: bus lock U req0))

Valid Signal
G ((( req0 _ req1) ^ : busy) ! X valid ) G ((: valid ^ : busy)

! X (( req0 _ req1) $ valid ))
G ((valid ^ : Ack) ! X valid ) G ((valid ^ : Ack) ! X valid )
G (: valid ^ : (( req0 _ req1) ^ : busy) G (: valid ^ busy ! X : valid )

! X : valid )
G (Ack ! X : valid ) G (Ack ^ valid ! X : valid )
G (locked ^ : req0 ! X : valid ) G (locked ^ : req0 ! : valid )

Arbiter Ac kno wledgemen t Signals
G (: master id ^ X Ack $ X ack0) G (ack0 $ Ack ^ : master id )
G (master id ^ X Ack $ X ack1) G (ack1 $ Ack ^ master id )

Busy Signal
G (: busy ! : busy U Ack)
G (Ack ! busy) G (: busy ! X (busy $ (Ack ^ : comp)))
G (busy ^ : comp ! X busy
G (comp ! X : busy) G (busy ! X (: busy $ comp))

Master id Signal
G (( locked _ busy) ! (master id $ X master id ))
G (: (locked _ busy) ! X (req0 ! : master id ))
G (: (locked _ busy) ! X (req1 ^ : req0 ! master id ))

Lo cked Signal
G (: locked ! X (locked $ bus lock ^ (: master id ^ Ack)))
G (locked ! X (locked $ bus lock))

Table 1. LTL speci�cations for the example system depicted in Figure 6

Version B

1. If valid is deassertedand the bus is not busy, valid is assertedin the next
cycle if and only if there is a request in that cycle.

2. Onceassertedvalid can only be deassertedonecycle after the cycle in which
Ack is asserted.
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3. If valid is deassertedand the bus is busy then valid should remain deasserted
in the next cycle.

4. If Ack is assertedin responseto a valid then valid should be deassertedin
the next cycle.

5. When the bus has beenlocked by master 0, ignore all requestsby master 1.

Arbiter Ac kno wledgemen t Signals
Version A

1. If current master is 0 and an acknowledgeis received in the next cycle then
ack0 is assertedin the next cycle, otherwise ack0 remains deasserted.

2. If current master is 1 and an acknowledgeis received in the next cycle then
ack1 is assertedin the next cycle, otherwise ack1 remains deasserted.

Version B

1. If current master is 0 and an acknowledgeis received then ack0 is asserted,
otherwise ack0 remains deasserted.

2. If current master is 1 and an acknowledgeis received then ack1 is asserted,
otherwise ack1 remains deasserted.

Busy Signal
Version A

1. If busy is deasserted,it remains deasserteduntil an Ack is received.
2. If an Ack is received, busy is asserted.
3. Onceassertedbusy can only be deassertedonecycle after the cycle in which

comp is asserted.
4. If comp is asserted,busy should be deassertedin the next cycle.

Version B

1. If the bus is not busy then in the next cycle the bus is busy if and only if
the slave acknowledgea request and doesnot complete it in that cycle.

2. If the bus is busy then the bus remainsbusy till the slave assertscomp. Once
comp is asserted,the bus is no longer busy.

Master id Signal

The arbiter arbitrates by setting master id to denotewhich master is controlling
the bus. Both versionsbehave identically when setting master id .

1. master id remains unchangedif the busy is either busy or locked.
2. If the bus is neither busy nor locked then master 0 is given control of the

bus if it makesa request.
3. If the bus is neither busy nor locked then master 1 is given control of the

bus if it makesa request and master 0 is not making a request.

Lo cked Signal

1. If the bus is not locked then in the next cycle the bus is locked if and only
if a bus locking request from master 0 is acknowledgedby the slave.

2. If the bus is locked, it remains locked while master 0 keepsbus lock asserted.

The initial state of all the signals is deasserted.


