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Abstract

This paper shows how downward simulation can be checked using existing temporal
logic model checkers. In particular, we show how the branching time temporal logic
CTL can be used to encode the standard downward simulation conditions. We do
this for both a blocking, or guarded, interpretation of operations (often usedwhen
specifying reactive systems)as well as the more common non-blocking interpreta-
tion of operations used in many state-basedspeci�cation languages(for modelling
sequential systems). The approach is general enough to use with any state-based
speci�cation language,and any CTL model checker in which the languagecan be
encoded.
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1 In tro duction

Data re�nement for state-basedformalismsis usually checked by proving that
the concretesystemsimulates the abstract one [7]. The notion of simulation
is captured by downward and upward simulation rules comprisingconditions
relating the possibleinitialisations and transitions of the concreteand abstract
systems. Proving these conditions by hand, even for simple systems,is at
best tedious and at worst error-prone. Hence,tool support for proving data
re�nements is generallyconsiderednecessary.

Most existing tool support involvesthe useof theoremprovers. Thesetools
require the userto devisemost of the proof stepsand hencecan help the user
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gain a deep understanding of the re�nement. However, they also require a
great deal of expertise in mathematical proof. Furthermore, when the user is
not able to prove a condition, this may be either becausethe condition is not
true (and the re�nement doesnot hold), or becausethe proof required is too
di�cult for the user (and the re�nement may hold). Distinguishing between
thesetwo casesis often di�cult [4].

Model checking [3], as opposedto theorem proving, is a fully automatic
techniquefor determiningwhethera speci�ed systemsatis�esa givenproperty.
A model checker exhaustively checks the state spaceof a systemto determine
whether or not the property holds. In the latter case,a model checker will
usually provide a counter-example,or witness,providing insight into why the
property doesnot hold.

Model checkers were originally restricted to �nite systems,and to simple
notations suited to modelling systemswherethe complexity lay in the control
structure, rather than the data, e.g., hardware systemsand communication
protocols. Recent advancesmean that theserestrictions are no longer abso-
lute. Automatic techniquesfor property-preservingabstraction [10,16,2] and
boundedmodel checking [5] are two meansof allowing systemswith in�nite
state spacesto be checked. Powerful automatic decision proceduresallow
model-checker languagesto support high-level speci�cation constructssuch as
lambda expressions,set comprehensionsand universaland existential quanti-
�ers [6]. Hence,it is possibleto model check speci�cations written in high-level
languages[18].

It hasbecomepossiblethereforeto considerusingmodel checkers to prove
data re�nements. There are two main challengesin doing so. Firstly, a model
checker expectsa singlesystemon which to check properties. Hence,we need
to combine the abstract and concretesystemsinto onesystem. Secondly, the
propertieschecked are usually behavioural properties, i.e., properties of paths
through the system's states. Therefore, we need to expressthe simulation
conditions as behavioural properties. How this is done dependson how the
abstract and concretesystemsare combined. Hence,the two challengesare
interrelated.

We have found that the branching time temporal logic CTL [8] is par-
ticularly suited to modelling simulation rules. In this paper, we show how
CTL model checkers, e.g., NuSMV [1] or SAL [5], can be usedto check the
standard conditions for downward simulation. We do this both for systems
with a blocking, or guarded, interpretation of operations, as well as those
with the more common non-blocking interpretation [7]. We plan to extend
the approach to upward simulation in future work. In Section2, we introduce
the temporal logic CTL. In Section3, we describe how downward simulation
can be checked under a blocking semantics, and in Section 4 extend these
ideasto a non-blocking semantics. Our approach is not speci�c to a particu-
lar state-basedspeci�cation languagenor a particular CTL model checker. In
Section5, we discussour experiencewith instantiating our approach with Z
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speci�cations [20] in SAL. We concludein Section6.

2 CTL

Temporal logics are used to de�ne properties of Kripk e structures. Kripk e
structures are essentially state transitions systemswith a total transition re-
lation, i.e., whereevery state has at least one transition enabled. An in�nite
sequenceof states through a Kripk e structure (where each state is related to
its successorby the transition relation) is referredto as a path.

CTL [8] is a branching time temporal logic meaningthat its formulae are
interpreted over all paths beginning in a given state of the Kripk e structure.
We write M ; s0 � f to denotethat for Kripk e structure M , the CTL formula
f holds in state s0.

Syntactically, we divide CTL formulae into three categories:

(i) thosewhoseoutermost operator, if any, is not a temporal operator,

(ii) thosewhoseouter most operator is a temporal operator (X (next), U
(until), F (eventually) or G (always)) pre�xed with the existential path
quanti�er E, and

(iii) those whoseouter most operator is a temporal operator pre�xed with
the universal path quanti�er A .

The formulae in category(i) compriseatomic propositionson the statesof
the Kripk e structure, as well as logical combinations of other CTL formulae
from categories(i), (ii) and (iii). Speci�cally, if f1 and f2 are CTL formulae
then so are : f1, f1 ^ f2, f1 _ f2, f1 ) f2 and f1 , f2.

The formulae in category(ii) expressproperties which are true on at least
one path of the Kripk e structure M starting from s0. For example,EX f1,
where f1 is a CTL formula, states that for at least one path starting from
the state s0, f1 holds in the next state. Similarly, E[f1 U f2] statesthat for at
leastonepath starting from s0, f1 holdsuntil somestate wheref2 holds. Also,
EF f1 states that for at least one path starting from s0, f1 eventually holds,
and EG f1 states that for at least onepath starting from s0, f1 alwaysholds.

The formulae in category (iii) expressproperties which are true on all
paths of M starting from s0. For example,AX f1, wheref1 is a CTL formula,
states that for all paths starting from the state s0, f1 holds in the next state.
Similarly, A [f1 U f2] states that for all paths starting from s0, f1 holds until
somestate wheref2 holds. Also, AF f1 statesthat for all paths starting from
s0, f1 eventually holds, and AG f1 statesthat for all paths starting from s0, f1
alwaysholds.

More formally, the semantics of the CTL formulae introduced above can
be given as follows (where p is an atomic proposition and f1 and f2 are CTL
formulae).
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Semantics of CTL

(i) M ; s0 � p i� p is true on s0

M ; s0 � : f1 i� not M ; s0 � f1

M ; s0 � f1 ^ f2 i� M ; s0 � f1 and M ; s0 � f2

M ; s0 � f1 _ f2 i� M ; s0 � : (: f1 ^ : f2)

M ; s0 � f1 ) f2 i� M ; s0 � : f1 _ f2

M ; s0 � f1 , f2 i� M ; s0 � (f1 ) f2) ^ (f2 ) f1)

(ii) M ; s0 � EX f1 i� for somepath (s0; s1; : : :), M ; s1 � f1

M ; s0 � E[f1 U f2] i� for somepath (s0; s1; : : :),

there exists an i ,

M ; si � f2 and

for all j < i , M ; sj � f1

M ; s0 � EF f1 i� M ; s0 � E[true U f1]

M ; s0 � EG f1 i� M ; s0 � : AF : f1

(iii) M ; s0 � AX f1 i� for all paths (s0; s1; : : :), M ; s1 � f1

M ; s0 � A [f1 U f2] i� for all paths (s0; s1; : : :),

there exists an i ,

M ; si � f2 and

for all j < i , M ; sj � f1

M ; s0 � AF f1 i� M ; s0 � A [true U f1]

M ; s0 � AG f1 i� M ; s0 � : EF : f1

3 Blo cking semantics

The blocking, or guarded, semantics of state-transition systems is usually
adoptedfor speci�cations of reactive systems.Under this semantics, an oper-
ation hasa guard outside of which it cannot occur, i.e., it is `blocked' outside
the guard. It has been used for state-basednotations aimed speci�cally at
concurrent systems[12,17].

Let a speci�ed systemcomprisea set of statesS, a non-empty set of initial
states I � S, and a �nite set of operations, or transitions, f Op1; : : : ; Opn g,
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each of which is a relation betweenstatesin S 3 . Under the blocking semantics,
downward simulation is then de�ned as follows [7].

De�nition 3.1 A speci�cation C = (CS; CI ; f COp1; : : : ; COpn g) is a down-
ward simulation of a speci�cation A = (AS; AI ; f AOp1; : : : ; AOpng), if there
exists a retrieve relation R betweenAS and CS such that the following hold
for all i 2 1 : : n.

(i) 8 c 2 CI � 9 a 2 AI � a R c

(ii) 8 a 2 AS; c 2 CS �
a R c ) ((9 a0 2 AS � a AOpi a0) , (9 c0 2 CS � c COpi c0))

(iii) 8 a 2 AS; c; c0 2 CS �
a R c ^ c COpi c0 ) (9 a0 2 AS � a0R c0 ^ a AOpi a0)

Condition 1 of De�nition 3.1 is known as initialisation . It requires that
for every concreteinitial state there is an initial abstract state related by the
retrieve relation R.

Condition 2 is known as applicability . It requiresthat the abstract oper-
ations are only enabledin states related to concretestates where the corre-
sponding concreteoperations are enabled,and vice versa.

Condition 3 is known ascorrectness. It requiresthat whenever a concrete
operation can result in a state change(t ; t 0), for any abstract state s related
to t , the corresponding abstract operation can result in (s; s0) such that s0 is
related to t 0. That is, the e�ect of the concreteoperation is consistent with
the requirements of the corresponding abstract operation.

3.1 General approach

In this section,we discussa generalapproach to checking downward simula-
tions under a blocking semantics with a CTL model checker. We �rst provide
systemsfor checking each of the downward simulation conditions individually.
We then combine thesesystemsinto one in which all the conditions can be
checked simultaneously. This latter systemcan alsobe usedto check the con-
ditions individually; something which is useful for �nding problems when a
re�nement doesnot hold.

We have only consideredconstraints in our models that are necessary for
checking the conditions. Further constraints could be added to make the
state spacesof the models smaller, and hencemodel checking more e�cien t.
Determining the optimal constraints to achieve this end, however, is left as
future work.

To illustrate our approach, considerthe following simpleabstract and con-
crete speci�cations given in the style of Z [20]. The abstract system has a
variable x which is initially 0 and may be incremented by 1 or 2. The con-

3 Input and output parameters of operations can be embedded in the states of S as de-
scribed by Smith and Winter [19].
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crete systemhas a variable y which is initially 0 and may be incremented by
1. Both systemshave an upper bound on their variablesof 10.

A b= [x : 0 : : 10]
AInit b= [A j x = 0]
AOp b= [� A j x0 = x + 1 _ x0 = x + 2]

C b= [y : 0 : : 10]
CInit b= [C j y = 0]
COp b= [� C j y0 = y + 1]

The speci�cation C in this exampleis a downward simulation of A under the
retrieve relation x = y.

As mentioned in the introduction, we need to combine these systemsin
order to check the simulation conditions. As would beexpected,the conditions
of De�nition 3.1 refer to both the abstract and concrete states. Hence, a
combined systemmust have accessto both. Wewill assumethe state variables
of the abstract and concretesystemsare disjoint as in the exampleabove. If
they were not, they could be made disjoint by a systematic renaming. For
example,a variable x could be renamedto A:x in the abstract speci�cation
andC:x in the concretespeci�cation. The combinedstatecanthen includethe
variablesfrom both systems.For our example,we would have the declarations
x : 0::10 and y : 0 : : 10 in the state of our combined system.

3.1.1 Initialisation
We begin by consideringthe initialisation condition. This condition requires
that for each concreteinitial state, we are able to �nd an abstract initial state
related by the retrieve relation R. Hence,we requirea meansof having access
to all concrete initial states in our combined system. One way to do this
is to initialise the combined systemso that the concretepart of the state is
initialised. For our example,our combined system'sstate would be

Minit b= [x : 0 : : 10; y : 0 : : 10]

and would be initialised as follows.

Init init b= [Minit j y = 0]

To check whetheran abstract initial state related to a givenconcreteinitial
state exists, we introduce an operation InitA init which changesthe abstract
part of the state to an initial value and leaves the concretepart unchanged.
For our example,this would be the following.

InitA init b= [� Minit j x0 = 0 ^ y0 = y]

Note that since InitA init is enabled in any state, the transition relation is
total as required for a Kripk e structure. This will be true for any abstract
speci�cation exceptdegeneratecaseswherethere areno abstract initial states.
For now, wewill assumethat the userwill not provide such degenerateabstract
speci�cations. We will return to this issueat the end of this section.
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Given the above operation, the initialisation condition holds if the opera-
tion can be performedsuch that the resulting abstract and concreteparts of
the state are related by R. For our example,this check is expressedin CTL
as follows.

EX x = y

That is, there existsa next state such that x = y. Note that the CTL operator
EX allows us to determinewhether it is possibleto perform an operation and
reach a particular state. This abilit y to existentially quantify over next states
is what makes CTL particularly useful for capturing simulation conditions.
If there were more than one abstract initial state, then the useof EX above
meansthat only oneof theseneedbe related to the concreteinitial state.

Our approach to checking initialisation is summarised(in a Z style) below:
A and C represent the abstract and concretestates, respectively, AInit and
CInit represent the abstract and concreteinitialisations, respectively, and R
represents the retrieve relation.

System: Minit b= [A; C ]
Init init b= [Minit j CInit ]
InitA init b= [� Minit j AInit ^ � C ]

Initialisation check: EX R

3.1.2 Applicability
Wenow considerthe applicability condition. To check applicability, weneedto
beable to determinewhethereach of the abstract and concreteoperationscan
occur. CTL only allows propositionsreferring to state variables,however, not
operations. Hence,we introducea variable ev to the combined state to denote
the nameof the last operation that occurred, and we usea di�erent font for
the valuesof type ev. For our example,the state of the combined systemfor
checking applicability is as follows (the Chooseoperation is explainedbelow).

Mapp b= [x : 0 : : 10; y : 0 : : 10; ev : f AOp; COp; Chooseg]

The applicability condition requiresthat an abstract operation can occur
from an abstract state exactly when the corresponding concrete operation
can occur from a concretestate related to the abstract state by the retrieve
relation R. Hence,we require a meansof having accessto all combined states
where the abstract and concreteparts are related. Note that the condition
doesnot require the abstract and concretestates to be reachable; a point we
will return to in Section 5. Once again we can do this by an appropriate
initialisation of our combined system;in this case,to all stateswhereR holds.
For our example,we would initialise the combined system as follows. (The
initial value of ev is not important and is left unspeci�ed.)

7



Smith and Derrick

Init app b= [Mapp j x = y]

We then introduceoperations corresponding to the abstract and concrete
operations. For our example,we have the following.

AOpapp b= [� Mapp j (x0 = x + 1 _ x0 = x + 2) ^ ev0 = AOp]
COpapp b= [� Mapp j y0 = y + 1 ^ ev0 = COp]

Since,in general,there will not be an operation enabledin all states,e.g.,
for the example, neither AOpapp nor COpapp are enabledwhen x = 10 and
y = 10, we need to introduce a further operation to ensurethe transition
relation is total. This operation Chooseis always enabledand simply chooses
a new state; the actual state is not important and is left unspeci�ed.

Chooseapp b= [� Mapp j ev0 = Choose]

The speci�cation now represents a Kripk e structure and the applicabil-
it y condition holds if whenever an abstract operation can be performed, the
corresponding concreteoperation can be performed, and vice versa. For our
example,this check can be expressedin CTL as follows.

EX (ev = AOp) , EX (ev = COp)

(Note that we write ev = AOp and not ev = AOpapp sincethe type of ev is a
set of names,not the actual operations themselves.)

Our approach to checking applicability is summarised(in Z style) below:
AOp1; : : : ; AOpn represent the abstract operations and COp1; : : : ; COpn , the
corresponding concreteoperations.

System: Mapp b= [A; C ; ev : f AOp1; : : : ; AOpn; COp1; : : : ; COpn; Chooseg]
Init app b= [Mapp j R]
AOp1;app b= [� Mapp j AOp1 ^ ev0 = AOp1]
...
AOpn;app b= [� Mapp j AOpn ^ ev0 = AOpn]
COp1;app b= [� Mapp j COp1 ^ ev0 = COp1]
...
COpn;app b= [� Mapp j COpn ^ ev0 = COpn]
Chooseapp b= [� Mapp j ev0 = Choose]

Applicabilit y check: (EX (ev = AOp1) , EX (ev = COp1)) ^
...
(EX (ev = AOpn) , EX (ev = COpn))
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3.1.3 Correctness
We �nally cometo correctness.As with applicability, we needto be able to
refer to the occurrenceof operations to check correctness. Hence,we again
introducea variable ev to denotethe last operation that occurred. The state
of the combined system for our example is as for checking the applicability
condition.

Mcorr b= Mapp

The correctnesscondition requires that an abstract operation can occur
from an abstract state when the corresponding concreteoperation can occur
from a concretestate related to the abstract state by the retrieve relation R.
Hence,again we initialise our combined systemto stateswhereR holds. For
our example,we would initialise the combined systemas for the applicability
condition.

Init corr b= Init app

The correctnesscondition requires,furthermore, that any state reachedby
performing the concreteoperation is related by R to an abstract state reached
by performing the abstract operation. We can capture this in CTL if the
operations in the combined systemcorresponding to the abstract operations
do not change the concretestate, and those corresponding to the concrete
operations do not change the abstract state. That is, for our example, we
have the following operations.

AOpcorr b= [AOpapp j y0 = y]
COpcorr b= [COpapp j x0 = x]

This allows us to perform the operationsCOpcorr and AOpcorr in sequence
so that the abstract part of the �nal state reached is identical to that which
could have beenreached by performing only AOpcorr , and the concretepart is
identical to that which could have beenreached by performing only COpcorr .

We again need a `choose' operation to ensure the transition relation is
total.

Choosecorr b= Chooseapp

The correctnesscondition then holds if, after a concreteoperation is per-
formed, the corresponding abstract operation can be performedand result in
a state whereR holds. For our example,this check can be expressedin CTL
as follows.

AX (ev = COp) EX (ev = AOp ^ x = y))

Note the useof the CTL operator AX to ensurethat all post-statesof COpcorr

areconsidered.The EX operator is in the scopeof the AX operator and hence
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quanti�es over next statesof statesreached by performing COpcorr . (For this
reasonwe neednot be concernedwith the value of ev after the initialisation,
sincethe AX looks at only thosestatesreached by performing COpcorr .)

Our approach to checking correctnessis summarised(in Z style) below.

System:Mcorr b= [A; C ; ev : f AOp1; : : : ; AOpn; COp1; : : : ; COpn; Chooseg]
Init corr b= [Mcorr j R]
AOp1;corr b= [� Mcorr j AOp1 ^ � C ^ ev0 = AOp1]
...
AOpn;corr b= [� Mcorr j AOpn ^ � C ^ ev0 = AOpn]
COp1;corr b= [� Mcorr j COp1 ^ � A ^ ev0 = COp1]
...
COpn;corr b= [� Mcorr j COpn ^ � A ^ ev0 = COpn]
Choosecorr b= [� Mcorr j ev0 = Choose]

Correctnesscheck: AX (ev = COp1 ) EX (ev = AOp1 ^ R)) ^
...
AX (ev = COpn ) EX (ev = AOpn ^ R))

3.1.4 Downward simulation
We have shown how to construct three systemseach of which can be used
to check one of the downward simulation conditions. To check all conditions
simultaneously, we now proposea systemwhich combinesthoseabove.

The only di�erence betweenthe systemfor the applicability condition Mapp

and that for the correctnesscondition Mcorr , is the inclusion in Mcorr of the
constraint that abstract statesdo not changein the operationscorresponding
to the concreteoperations, and vice versa. Theseconstraints have no e�ect
on the verity of the CTL formula for checking applicability. Hence, both
applicability and correctnesscan be checked on Mcorr .

To check the initialisation condition requires the addition of the InitA
operation. It must also be included in the type of ev to allow transitions
corresponding to the operation to be identi�ed. For our example, the state
required is as follows.

Mds b= [x : 0 : : 10; y : 0 : : 10; ev : f InitA; AOp; COp; Chooseg]

The initialisation check also requires a di�erent set of initial states. To
accommodate all checks, wewiden the initialisation to allow all requiredinitial
states. For our example,the initialisation is as follows.

Init ds b= [Mds j (y = 0 _ x = y)]

The operations appear as before,except for the inclusion of the predicate
ev0 = InitA in InitA . For our example,we have the following.

10



Smith and Derrick

InitA ds b= [� Mds j x0 = 0 ^ y0 = y ^ ev0 = InitA]
AOpds b= [� Mds j (x0 = x + 1 _ x0 = x + 2) ^ y0 = y ^ ev0 = AOp]
COpds b= [� Mds j y0 = y + 1 ^ x0 = x ^ ev0 = COp]
Chooseds b= [� Mds j ev0 = Choose]

We can then check each of the conditions as before, when restricted to
the appropriate initial states. For our example, the initialisation check is
performedon initial states in which y = 0.

y = 0 ) EX (ev = InitA ^ x = y)

The applicability check is performedon states in which x = y.

x = y ) (EX (ev = AOp) , EX (ev = COp))

Similarly, the correctnesscheck is performedon states in which x = y.

x = y ) AX (ev = COp) EX (ev = AOp ^ x = y))

Our approach to checking downward simulation is summarised(in Z style)
below.

System: Mds b= [A; C ;
ev : f InitA; AOp1; : : : ; AOpn; COp1; : : : ; COpn; Chooseg]

Init ds b= [Mds j CInit _ R]
InitA ds b= [� Mds j AInit ^ � C ^ ev0 = InitA]
AOp1;ds b= [� Mds j AOp1 ^ � C ^ ev0 = AOp1]
...
AOpn;ds b= [� Mds j AOpn ^ � C ^ ev0 = AOpn]
COp1;ds b= [� Mds j COp1 ^ � A ^ ev0 = COp1]
...
COpn;ds b= [� Mds j COpn ^ � A ^ ev0 = COpn]
Chooseds b= [� Mds j ev0 = Choose]

Downward simulation check:
(CInit ) EX (ev = InitA ^ R))
^
(R ) (EX (ev = AOp1) , EX (ev = COp1) ^

...
EX (ev = AOpn) , EX (ev = COpn)))

^
(R ) AX (ev = COp1 ) EX (ev = AOp1 ^ R)) ^

...
AX (ev = COpn ) EX (ev = AOpn ^ R)))
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The Choose operation ensuresthat the transition relation is total as re-
quired. Hence,this approach will work even for degenerateabstract speci�-
cations in which there are no initial states. Alternativ ely, we could make the
existenceof abstract initial statesa requirement on the approach, and hence
be able to remove the Chooseoperation from the systemabove.

4 Non-blo cking semantics

The non-blocking semantics of state-transitions systemsis the most common
one. It is usedfor most popular state-basedspeci�cation languagessuch asZ
[20]. Under this semantics, an operation has a precondition outside of which
its behaviour is unde�ned. Its main use is in the speci�cation of sequential
systems.

Given a systemas described at the beginning of Section 3, under a non-
blocking semantics, downward simulation is de�ned as follows [7].

De�nition 4.1 A speci�cation C = (CS; CI ; f COp1; : : : ; COpn g) is a down-
ward simulation of a speci�cation A = (AS; AI ; f AOp1; : : : ; AOpng), if there
exists a retrieve relation R betweenAS and CS such that the following hold
for all i 2 1 : : n.

(i) 8 c 2 CI � 9 a 2 AI � a R c

(ii) 8 a 2 AS; c 2 CS �
a R c ) ((9 a0 2 AS � a AOpi a0) ) (9 c0 2 CS � c COpi c0))

(iii) 8 a 2 AS; c; c0 2 CS �
(9 a0 2 AS � a AOpi a0) ^ a R c ^ c COPi c0 )

(9 a0 2 AS � a0R c0 ^ a AOpi a0)

Condition 1 of De�nition 4.1 is the initialisation condition. It requiresthat
for every concreteinitial state there is an initial abstract state related by the
retrieve relation R.

Condition 2 is the applicability condition. It requiresthat abstract oper-
ations are only enabledin states related to concretestates where the corre-
sponding concreteoperations are enabled.

Condition 3 is the correctnesscondition. It requiresthat whenever a con-
crete operation can result in a state change (t ; t 0), for any abstract state s
related to t , if the corresponding abstract operation is enabled then it can
result in (s; s0) such that s0 is related to t 0.

4.1 General approach

The generalapproach to checking downward simulation under a non-blocking
semantics using a CTL model checker is very similar to that for a blocking
semantics. We usethe samesystemsfor the individual conditions, as well as
for checking all the conditions simultaneously.
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4.1.1 Initialisation
The initialisation condition is identical to that of the blocking semantics.
Hence,it is checked in an identical fashion.

4.1.2 Applicability
The applicability condition only di�ers from that of the blocking semantics
by having implication rather than equivalencebetweenthe predicatesstating
that the abstract and concreteoperationsareenabled.Under the samesystem
Mapp usedfor the blocking semantics, we can expressthe applicability check
for our exampleof the previoussectionas follows.

EX (ev = AOp) ) EX (ev = COp)

More generally, for abstract operationsAOp1; : : : ; AOpn andcorresponding
concreteoperations COp1; : : : ; COpn , we have the following CTL formula.

(EX (ev = AOp1) ) EX (ev = COp1)) ^
...
(EX (ev = AOpn) ) EX (ev = COpn))

4.1.3 Correctness
The correctnesscondition is similar to that of the blocking model but has
an extra antecedent which requires that the abstract operation is enabled.
This is required since abstract operations are not always enabledwhen the
corresponding concreteonesare.

Under the same system Mcorr used for the blocking semantics, we can
expressthe correctnesscheck for our exampleof the previoussectionasfollows
(again remembering ev is a set of names).

EX (ev = AOp) ) AX (ev = COp) EX (ev = AOp ^ x = y))

More generally, we have the following CTL formula (where R represents
the retrieve relation).

(EX (ev = AOp1) ) AX (ev = COp1 ) EX (ev = AOp1 ^ R))) ^
...
(EX (ev = AOpn) ) AX (ev = COpn ) EX (ev = AOpn ^ R)))

Recall that in this model for correctness,Mcorr is initialised with R true,
that is we are already in a state where A and C are related by the retrieve
relation. Henceit is not necessaryto pre�x the formulaewith R ) . However,
it is necessarybelow becausethe model for downward simulation, Mds, canbe
initialised with either R true or CInit true.
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4.1.4 Downward simulation
To check all the conditions simultaneously, we follow the approach explained
for the blocking semantics. The generalCTL formula for downward simulation
checking is the following (where CInit represents the concreteinitialisation).

(CInit ) EX (ev = InitA ^ R))
^
(R ) (EX (ev = AOp1) ) EX (ev = COp1)) ^

...
(EX (ev = AOpn) ) EX (ev = COpn)))

^
(R ) (EX (ev = AOp1) ) AX (ev = COp1 ) EX (ev = AOp1 ^ R)))

^
...
(EX (ev = AOpn) ) AX (ev = COpn ) EX (ev = AOpn ^ R))))

5 Discussion

The approach presented in the previous sectioncan be applied to any state-
basedspeci�cation languageand any CTL model checker which supports the
speci�cation language.We have experimented with the approach using Z and
its encoding in SAL [18].

So far our experiments have not utilised the full power of the SAL tools.
We have thereforebeenrestricted to speci�cations with a �nite and relatively
small state space. SAL supports many optimisations features, as well as a
variable abstraction facility which can e�ectively be usedto ignore variables
not in
uencing a property we wish to prove. Thesefeaturesneedto be investi-
gatedasa meansof extending the sizeof the speci�cations we can handle. In
addition, future versionsof SAL areexpectedto support predicateabstraction
[10,16,2]; we view this as essential for using our approach with much larger
examples.

Using SAL we have been able to detect subtle errors with a minimum
of e�ort once the speci�cations have been written in the appropriate input
format. For example, in an initial version of the exampleon pp 271-273of
[21] the retrieve relation was too weak4 which was not immediately obvious
without resorting to completing the entire proof. The encoding of downward
simulations in SAL picked up on the error with ease,although decipheringthe
counter-examplerequired someunderstandingof the problem.

We are not the �rst to detect this error using tool support. It was previ-
ously discoveredby Robinsonwho developed a meansof automatically check-
ing downward simulations using the PossumZ animator [15]. His approach

4 The error was corrected by the addition of the invariant to one of the speci�cations in
subsequent versionsof the text.
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relies on Possum'sabilit y to evaluate complex Z predicatesinvolving quan-
ti�cation over the abstract and concretespeci�cations' states. We have also
encoded Robinson'sapproach in SAL and, while it is more e�cien t for very
small state spaces,it becomescomputationally more expensive than our ap-
proach when the sizeof the state spaceincreases.

The issuein the aboveexamplewasdueto the retrieverelation not covering
unreachable states,whereasthe speci�cations were, in fact, related by down-
ward simulation under a strengthenedretrieve relation. We conjecture that
this is a commonly occurring error sincespeci�ers are usually more focused
on the reachable statesof their systems.

Unreachable statesdo not a�ect whether one speci�cation is a downward
simulation of another. The reasonthe downward simulation conditions con-
sider unreachable states is that otherwisethe reachable stateswould needto
be calculatedaspart of discharging the conditions. This is not somethingeas-
ily doneby hand, or with a theoremprover. It is, however, an intrinsic part of
the model checking process,i.e., sincemodel checking involvesan exhaustive
search over a system's(reachable) state space. Hence,we could restrict our
approach to only check reachable statesand, therefore,only requirea retrieve
relation that relatesreachable states;onethat would arguably �t better with
the speci�er's view of the system.

We would thus not be checking the full downward simulation conditions;
however, the restriction to reachablestatesis su�cien t to know that onespec-
i�cation is a downward simulation of another.

To do this, we would need to initialise the system to one in which the
concretestate is initialised and not allow abstract operationsto be performed
beforethe operation which initialises the abstract state. This couldbedoneby
the inclusion of a \Bo olean" variable b denoting whether or not the abstract
state hasbeeninitialised as follows.

Mreach b= [A; C ; b : f 0; 1g;
ev : f Init; InitA; AOp1; : : : ; AOpn; COp1; : : : ; COpn; Chooseg]

Init reach b= [Mreach j CInit ^ b = 0 ^ ev = Init]
InitA reach b= [� Mreach j b = 0 ^ AInit ^ � C ^ b0 = 1 ^ ev0 = InitA]
AOp1;reach b= [� Mreach j b = 1 ^ AOp1 ^ � C ^ b0 = b ^ ev0 = AOp1]
...
AOpn;reach b= [� Mreach j b = 1 ^ AOpn ^ � C ^ b0 = b ^ ev0 = AOpn]
COp1;reach b= [� Mreach j COp1 ^ � A ^ b0 = b ^ ev0 = COp1]
...
COpn;reach b= [� Mreach j COpn ^ � A ^ b0 = b ^ ev0 = COpn]
Choosereach b= [� Mreach j ev0 = Choose]

Then, all states in Mreach would comprise reachable abstract and concrete
states.

Since the initial state of Mreach is restricted to those where the concrete

15



Smith and Derrick

part of the state is initialised, the condition for checking initialisation would
be simpli�ed as follows.

EX (ev = InitA ^ R)

The applicability and correctnessconditions would needto be modi�ed so
that the checks are performed on all states in M where R holds. This can
be donefor the non-blocking model by simply pre�xing the formulae with the
temporal operator AG .

Applicabilit y would be checked by the following formula.

AG (R ) (EX (ev = AOp1) ) EX (ev = COp1)) ^
...
(EX (ev = AOpn) ) EX (ev = COpn)))

Similarly, correctnesswould be checked by the following formula.

AG (R )
(EX (ev = AOp1) ) AX (ev = COp1 ) EX (ev = AOp1 ^ R)))
^
...
(EX (ev = AOpn) ) AX (ev = COpn ) EX (ev = AOpn ^ R))))

For the blocking model, we would additionally have to check that b = 1
in the antecedent of the applicability and correctnesschecks. This is not
necessaryin the formulae above due to antecedents of the form EX (ev =
AOp) which imply that b = 1.

We concludethis section with a brief discussionof another approach to
automatically checking state-basedre�nement. There have been a number
of encoding of subsetsof Z-basedlanguagesin the CSP model checker FDR
[9,14,13]. FDR is not a temporal logic model checker. Rather, it checks
that re�nement holds between two speci�cations. It does this by comparing
the failures/divergencessemantics of the speci�cations; an approach which is
equivalent to simulation-basedre�nement [12,11].

This approach hasthe advantagethat no retrieverelation is required. How-
ever, sinceit is not possibleto check individual simulation conditions, �nding
problems when re�nements do not hold may be more di�cult. Also, since
FDR wasdeveloped for a processalgebra,rather than a state-basednotation,
encoding such notations is more di�cult; to date, there is no full encoding of
Z in FDR for example. We seethe two approachesas being complementary.

6 Conclusion

In this paper, we have shown how downward simulation can be checked using
existing temporal logic model checkers. In particular, we have shown how
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the branching time temporal logic CTL can be usedto encode the standard
downward simulation conditions. We did this for both a blocking, or guarded,
interpretation of operations (often usedwhen specifying reactive systems)as
well as the more common non-blocking interpretation of operations used in
many state-basedspeci�cation languages(for modelling sequential systems).

We have usedthe approach to check downward simulation betweenZ spec-
i�cations using the SAL CTL model checker. The approach, however, is gen-
eral enoughto usewith any state-basedspeci�cation language,and any CTL
model checker in which the languagecan be encoded. We envisagethe ap-
proach becomingmore applicable as it takesadvantage of the current e�orts
in the temporal logic model checking community to extend model checking to
systemswith larger, and even in�nite, state spaces.
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