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Abstract

This paper shavs how downward simulation can be chedked using existing temporal
logic model cheders. In particular, we shav how the branching time temporal logic
CTL canbe usedto encale 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 usedin many state-basedspeci cation languages(for modelling
sequetial systems). The approad is generalenoughto use with any state-based
speci cation language,and any CTL model cheder in which the languagecan be
encaled.
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1 Intro duction

Data re nement for state-basedformalismsis usually cheded by proving that
the concretesystemsimulates the abstract one[7]. The notion of simulation
is captured by downward and upward simulation rules comprising conditions
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 nemernts is generally considerednecessary

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. Howeer, they also require a
great deal of expertise in mathematical proof. Furthermore, when the useris
not ableto prove a condition, this may be either becausehe condition is not
true (and the re nement doesnot hold), or becausethe proof requiredis too
di cult for the user (and the re nement may hold). Distinguishing between
thesetwo casess often di cult [4].

Model cheding [3], as opposedto theorem proving, is a fully automatic
techniquefor determiningwhethera speci ed systemsatis es a given property.
A model chedker exhaustiwely cheds the state spaceof a systemto determine
whether or not the property holds. In the latter case,a model chedker will
usually provide a courter-example,or witness, providing insight into why the
property doesnot hold.

Model cheders were originally restricted to nite systems,and to simple
notations suited to modelling systemswherethe complexity lay in the cortrol
structure, rather than the data, e.g., hardware systemsand comrmunication
protocols. Recen advancesmeanthat theserestrictions are no longer abso-
lute. Automatic techniquesfor property-preservingabstraction [L0/I6/2] and
bounded model cheding [5] are two meansof allowing systemswith in nite
state spacesto be chedked. Powerful automatic decision proceduresallow
model-dhedker languagedo support high-level speci cation constructssud as
lambda expressionsset comprehensiongand universal and existertial quarti-
ers [6]. Hence,it is possibleto model ched speci cations written in high-level
languageq1d).

It hasbecomepossiblethereforeto considerusing model chedersto prove
data re nements. There are two main challengesin doing so. Firstly, a model
cheker expectsa singlesystemon which to ched properties. Hence,we need
to conbine the abstract and concretesystemsinto one system. Secondly the
properties cheked are usually behavioural properties, i.e., properties of paths
through the system'sstates. Therefore, we needto 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 shov how
CTL model cheders, e.g., NuSMV [1] or SAL [5], can be usedto chedk 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 approad to upward simulation in future work. In Sectionf?, we introduce
the temporal logic CTL. In Section3, we descrile how downward simulation
can be cheded under a blocking semattics, and in Section@ extend these
ideasto a non-blocking semairtics. Our approad is not speci ¢ to a particu-
lar state-basedspeci cation languagenor a particular CTL model cheder. In
Sectionl, we discussour experiencewith instantiating our approad with Z
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speci cations [2(] in SAL. We concludein Section@.

2 CTL

Temporal logics are usedto de ne properties of Kripk e structures. Kripke
structures are essetially state transitions systemswith a total transition re-
lation, i.e., where ewery state has at least one transition enabled. An in nite

sequenceof statesthrough a Kripk e structure (where eat state is related to
its successoby the transition relation) is referredto asa path.

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

Synactically, we divide CTL formulae into three categories:

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

(i) thosewhoseouter most operator is a temporal operator (X (next), U
(until), F (evertually) or G (always)) pre xed with the existertial path
quartier E, and

(i) those whoseouter most operator is a temporal operator pre xed with
the universal path quartier A.

The formulaein category(i) compriseatomic propositionson the statesof
the Kripk e structure, as well aslogical combinations of other CTL formulae
from categories(i), (ii) and (iii). Specically, if f; and f, are CTL formulae
then soare: fl, fl A f2, fl _ f2, fl) f2 and fl ) fz.

The formulae in category(ii) expresspropertieswhich are true on at least
one path of the Kripk e structure M starting from s,. For example, EX fq,
where f; is a CTL formula, statesthat for at least one path starting from
the state sy, f; holdsin the next state. Similarly, E[f; U f,] statesthat for at
leastone path starting from s, f; holdsuntil somestate wheref, holds. Also,
EF f, statesthat for at least one path starting from sy, f; eventualy holds,
and EG f; statesthat for at least one path starting from sy, f; alwaysholds.

The formulae in category (iii) expressproperties which are true on all
paths of M starting from s,. For example,AX f;, wheref; isa CTL formula,
statesthat for all paths starting from the state sy, f; holdsin the next state.
Similarly, A[f; U f,] statesthat for all paths starting from sy, f; holds until
somestate wheref, holds. Also, AF f; statesthat for all paths starting from
S, f1 eventualy holds,and AG f; statesthat for all paths starting from sg, f;
always holds.

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

® M;so p p is true on 5
M:sg @ f notM:;s, f;
Miss 17 f2 Miss frandM;s f>
M;sg f1 15 M;sg @ (0 fu N f))
Miss f1) f2 Miss @ fi_ 1
Miss f1, f2 Miso (f1) f2) " (f2) f1)
(i) M;ss EX fy for somepath (s9;51;:::), M; s T3

M;s, E[fy U f3]

M:sy EF f;
M:;sy, EG f;

i) M:s, AX f,
M;sg Affy U fy]

M:sg AF f;

for somepath (so;S1;::3),
there existsan i,
M:s f, and
forallj<i,M;s f;
M;sg EJtrue U fi]
M:ss, : AF : f;

for all paths (s9;51;::2), M; s 13
for all paths (so;S1;::2),
there existsan i,
M:s f, and
forallj <i,M;s f;
M;sg Aftrue U fq]
M:sg : EF: f;

3 Blocking semantics

The blocking, or guarded, semaittics of state-transition systemsis usually
adoptedfor speci cations of reactive systems.Under this semairtics, an oper-
ation hasa guard outside of which it cannot occur, i.e., it is "blocked' outside
the guard. It has beenusedfor state-basednotations aimed speci cally at
concurrert systems[12/17].

Let a speci ed systemcomprisea set of statesS, a non-empty setof initial
states| S, and a nite set of operations, or transitions, f Opy;:::;Op,g,
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eadt of which is a relation betweenstatesin S|. Underthe blocking semattics,
downward simulation is then de ned asfollows [7].

exists a retrieve relation R betweenAS and CS sud that the following hold
foralli21::n.

() 8¢c2Cl 9a2Al aRc
(i) 8a2AS; c2CS
aRc) ((9a°2 AS aAOp a%, (9c°2CS cCOp cY)
(i) 8a2 AS; c;c®°2 CS
aRc” cCOpc®) (9a°2 AS a’Rc®» aAOp a9

Condition 1 of De nition B is known as initialisation . It requiresthat
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 statesrelated to concrete states where the corre-
sponding concreteoperations are enabled,and vice versa.

Condition 3 is known as correctness It requiresthat whenewer a concrete
operation can result in a state change(t;t9, for any abstract state s related
to t, the correspnding abstract operation can result in (s;s9 sud that s°is
related to t° That is, the e ect of the concreteoperation is consistem with
the requiremerts of the correspnding abstract operation.

3.1 Genenl approach

In this section, we discussa generalapproad to chedking downward simula-
tions under a blocking semattics with a CTL model chedker. We rst provide
systemsfor chedking eat of the downward simulation conditionsindividually.
We then conbine these systemsinto onein which all the conditions can be
chedked simultaneously This latter systemcan alsobe usedto ched the con-
ditions individually; somethingwhich is useful for nding problemswhen a
re nement doesnot hold.

We have only consideredconstrairts in our modelsthat are necessaryfor
chedking the conditions. Further constrains could be added to make the
state spacesof the models smaller, and hencemodel chedking more e cien t.
Determining the optimal constraints to achieve this end, howewer, is left as
future work.

To illustrate our approad, considerthe following simple abstract and con-
crete speci cations given in the style of Z [2(]. The abstract systemhas a
variable x which is initially 0 and may be incremened 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 systemhasa variable y which is initially 0 and may be incremerted by
1. Both systemshave an upper bound on their variablesof 10.

Ab[x:0::10] Cbly:0::10]
Alnit b [Ajx = 0] Chnit B [Cjy = 0]
AOpb[ Ajx°=x+1_ x°=x+2] COpb[ Cjy’=y+1]

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

As mertioned in the introduction, we needto combine these systemsin
orderto ched the simulation conditions. As would be expected,the conditions
of De nition [3 refer to both the abstract and concrete states. Hence, a
conmbined systemmust have accesgo both. We will assumethe state variables
of the abstract and concretesystemsare disjoint asin 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
and C :x in the concretespeci cation. The combined state canthen includethe
variablesfrom both systems.For our example,we would have the declarations
x :0:10andy : 0::10in the state of our conbined system.

3.1.1 Initialisation

We begin by consideringthe initialisation condition. This condition requires
that for ead concreteinitial state, we areableto nd an abstractinitial state

related by the retrieve relation R. Hence,we require a meansof having access
to all concreteinitial statesin 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 ® [x :0::10;y :0::10]
and would be initialised as follows.
INitine B [Minic jy = 0]

To chedk whetheran abstractinitial state relatedto a given concreteinitial
state exists, we introduce an operation InitA j,; which changesthe abstract
part of the state to an initial value and leavesthe concretepart unchanged.
For our example,this would be the following.

INItA it B [ Mini j X°= 07 yO=y]

Note that since InitA ,; is enabledin any state, the transition relation is
total as required for a Kripk e structure. This will be true for any abstract
speci cation exceptdegeneratecasesvherethere are no abstractinitial states.
For now, we will assumehat the userwill not provide sut 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 performedsud that the resulting abstract and concreteparts of
the state are related by R. For our example,this ched is expressedn CTL
asfollows.

EX x=vy

That is, there existsa next state sud that x = y. Note that the CTL operator
EX allowsusto determinewhetherit is possibleto perform an operation and
read a particular state. This ability to existertially quartify 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 one of theseneedbe related to the concreteinitial state.

Our approad to cheding initialisation is summarised(in a Z style) below:
A and C represeh the abstract and concretestates, respectively, Alnit and
Cinit represen the abstract and concreteinitialisations, respectively, and R
represets the retrieve relation.

System: Mi,y b [A; C]
Nitinie B [Minie j Clnit ]
InitA init :b[ Minit jAInit A C]

Initialisation chedk: EX R

3.1.2 Applicability

We now considerthe applicability condition. To ched applicability, we needto
be ableto determinewhether ead of the abstract and concreteoperationscan
occur. CTL only allows propositionsreferring to state variables,howewer, not
operations. Hence,we introducea variable ev to the combined state to denote
the name of 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
cheking applicability is asfollows (the Choose operation is explainedbelow).

Mapp B [X:0::10; y : 0::10; ev: f AOp; COg Choose]

The applicability condition requiresthat an abstract operation can occur
from an abstract state exactly when the correspnding concrete operation
can occur from a concretestate related to the abstract state by the retrieve
relation R. Hence,we require a meansof having accesgo all combined states
where the abstract and concrete parts are related. Note that the condition
doesnot require the abstract and concretestatesto be readable; a point we
will return to in SectionE. 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.)
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INit app B [Mapp j X = Y]

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

AOPapp B [ Mapp j (x°= x+1_x%=x+ 2)" ev’= AOp]
COPapp B [ Mapp j ¥°=y + 1" ev’= COQ

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

Choosepp B [ Mapp j 0= Choosé
The speci cation now represets a Kripke structure and the applicabil-
ity condition holds if wheneer an abstract operation can be performed, the

correspnding concreteoperation can be performed, and vice versa. For our
example,this ched can be expressedn CTL asfollows.

EX (ev= AOp), EX (ev= COp
(Note that we write ev = AOp and not ev = AOp,, sincethe type of evis a

set of names,not the actual operationsthemseles.)
Our approadt to chedking applicability is summarised(in Z style) below:

it app B [Mapp j R]_
AOPyapp B [ Mapp j AOpL N ev’= AOp,]

AOpPn:app B [ Mapp j AOpy » ev’= AOp,]
COPrapp B[ Mapp j COpy * eVP= COp|]

COPh.app B[ Mapp j COpy * V0= COpy]
Chaosgpp B [ Mgy j V2= Choosd

Applicability chek: (EX (ev= AOp;), EX (ev= COp)) "

(EX (ev= AOp,) . EX (ev= COR))
8



Smith and Derrick

3.1.3 Correctness

We nally cometo correctness.As with applicability, we needto be able to
refer to the occurrenceof operationsto ched correctness. Hence,we again
introduce a variable ev to denotethe last operation that occurred. The state
of the combined systemfor our exampleis as for cheding the applicability
condition.

Meorr B Mapp

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

The correctnesscondition requires,furthermore, that any state reated by
performing the concreteoperation is related by R to an abstract state reated
by performing the abstract operation. We can capture this in CTL if the
operationsin the combined system correspnding to the abstract operations
do not changethe concrete state, and those correspnding to the concrete
operations do not changethe abstract state. That is, for our example, we
have the following operations.

AOpPcorr B [AOPapp | yo=y]
COPeorr B [COPapp j X°= X]

This allows us to perform the operations COpr and AOperr in Sequence
sothat the abstract part of the nal state reated is idertical to that which
could have beenreathed by performing only AOpcr , and the concretepart is
identical to that which could have beenreaded by performing only COpcor -

We again need a "choose' operation to ensurethe transition relation is
total.

Choosgorr B Chaosgy,

The correctnesscondition then holds if, after a concreteoperation is per-
formed, the correspnding abstract operation can be performedand result in
a state whereR holds. For our example,this chedk can be expressedn CTL
asfollows.

AX (ev= COp) EX (ev= AOp” x=1Y))

Note the useof the CTL operator AX to ensurethat all post-statesof COpgorr
areconsidered.The EX operatorisin the scope of the AX operator and hence
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guarti es over next statesof statesreaded by performing COp, . (For this

reasonwe neednot be concernedwith the value of ev after the initialisation,

sincethe AX looks at only those statesreaded by performing COpgorr -)
Our approad to cheding correctnesss summarised(in Z style) below.

INit .oy ® [Meorr | R]
AOpPicor B[ Mer jAOpL A C ™ ev= AOp]

o ] AOp, # C 7 ev’= AOp,]
or jCOpL™ AN evP= COp]

COPhcor B[ Mer jCOpy & AN eV= COp|
Choosgor B[ Meor j V0= Chooséd

Correctnesschedk: AX (ev= COp) EX (ev= AOp, M R))

AX (ev=COp,) EX (ev= AOp, " R))

3.1.4 Downwad simulation

We have showvn how to construct three systemsead of which can be used
to ched one of the downward simulation conditions. To ched all conditions
simultaneously we now proposea systemwhich combinesthose above.

The only di erence betweenthe systemfor the applicability condition My,
and that for the correctnesscondition Mgy, , iS the inclusion in My, of the
constrairt that abstract statesdo not changein the operations correspnding
to the concreteoperations, and vice versa. These constrairts have no e ect
on the verity of the CTL formula for chedking applicability. Hence, both
applicability and correctnesscan be cheked on M, .

To ched the initialisation condition requires the addition of the InitA
operation. It must also be included in the type of ev to allow transitions
correspnding to the operation to be identied. For our example, the state
required is asfollows.

Mgs B [x :0::10;y :0::10; ev: fInitA; AOp, COp Choose]

The initialisation ched alsorequiresa di erent set of initial states. To
accommalate all chedks, we widenthe initialisation to allow all requiredinitial
states. For our example,the initialisation is asfollows.

INitgs B [Mgsj (y = 0_ x = y)]

The operations appear as before,exceptfor the inclusion of the predicate
ev= InitA in InitA . For our example,we have the following.
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INitA gs B [ Mgs j Xx°= 02 yO= y ~ eP= InitA]

AOpgs B[ Mgsj (x°=x+1_x%= x+2)" y°=y~ ev®= AOp]
COpgs B[ Mgsjyl=y+ 17 x%= x~ evwW= COd

Choosgs B [ Mgs j ev’= Chooséd

We can then chedk ead of the conditions as before, when restricted to
the appropriate initial states. For our example, the initialisation ched is
performedon initial statesin which'y = 0.

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

The applicability ched is performedon statesin which x = y.
x=y) (EX (ev= AOp), EX (ev= COp)

Similarly, the correctnesscthed is performedon statesin which x = y.
Xx=y) AX (ev=COp) EX (ev= AOp™ x =Y))

Our approad to chedking downward simulation is summarised(in Z style)
below.

System: Mg b [A; C;
Init4s B [Mgs j Clnit _ R]

INitA 4s B [ Mgs j Alnit ~ C ~ eVO= InitA]
AOpras B[ MgsjAOp» C " ev’= AOp]

Aopn;ds b [ Mdsj AOp,* C*” ev’= Aopn]
COprgs B[ MgsjCOp A AN eV?= COp]

COphgs B[ MgsjCOp, A A ™ ev®= COpy]
Choosgs b [ Mgs j ev’= Choosd

Downward simulation ched:
(CInit ) EX (ev= InitA" R))
N

(R) (EX (ev= AOp), EX (ev=COp)"
iEX (ev= AOp,), EX (ev= COp)))
(R) AX (ev=COp) EX (ev= AOp, M R)) ©

AX (ev= COp,) EX (ev= AOp, " R)))
11
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The Choose operation ensuresthat the transition relation is total as re-
quired. Hence,this approad will work even for degenerateabstract speci -
cationsin which there are no initial states. Alternativ ely, we could make the
existenceof abstract initial statesa requiremen on the approad, and hence
be able to remove the Choose operation from the systemabove.

4 Non-blo cking semantics

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

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

exists a retrieve relation R betweenAS and CS sud that the following hold
foralli21::n.

() 8c2Cl 9a2Al aRc
(i) 8a2 AS; c2 CS
aRc) ((9a°2 AS aAOp a%) (9c°2CS cCOp cY)
(i) 8a2 AS; c;c’°2 CS
(9a°2 AS aAOp a% " aRc” cCOP; c?)
(9a°2 AS a°Rc%”* aAOp a9

Condition 1 of De nition Eis 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 statesrelated to concrete states where the corre-
sponding concreteoperations are enabled.

Condition 3 is the correctnesscondition. It requiresthat whenewer a con-
crete operation can result in a state change (t;t9, for any abstract state s
related to t, if the correspnding abstract operation is enabledthen it can
resultin (s;s9 sud that sis related to t°.

4.1 Genenl approach

The generalapproad to chedking downward simulation under a non-blocking
sematics using a CTL model cheder is very similar to that for a blocking
semarnics. We usethe samesystemsfor the individual conditions, aswell as
for cheking all the conditions simultaneously

12
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4.1.1 Initialisation
The initialisation condition is identical to that of the blocking sematrtics.
Hence, it is chedked in an idertical fashion.

4.1.2 Applicability

The applicability condition only di ers from that of the blocking semartics
by having implication rather than equivalencebetweenthe predicatesstating
that the abstract and concreteoperationsare enabled. Under the samesystem
Mapp usedfor the blocking semartics, we can expressthe applicability ched
for our exampleof the previoussectionas follows.

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

(EX (ev= AOp;)) EX (ev= COp)) "
.(EX (ev= AOp,)) EX (ev= COp))

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

Under the same system M, used for the blocking semarics, we can
expresghe correctnessched for our exampleof the previoussectionasfollows
(again remenbering ev is a set of names).

EX (ev= AOp)) AX (ev= COp) EX (ev= AOp”" x=1Y))

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

(EX (ev= AOp;))) AX (ev=COp) EX (ev= AOp M R)) N

.(EX (ev= AOp,)) AX (ev=COp,) EX (ev= AOp, " R)))

Recall that in this model for correctness M, 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 necessaryo pre x the formulaewith R) . However,
it is necessarypelonv becausehe model for downward simulation, Mys, canbe
initialised with either R true or Cinit true.
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4.1.4 Downwad simulation

To ched all the conditions simultaneously we follow the approat explained
for the blocking semarnics. The generalCTL formula for downward simulation
cheding is the following (where Cinit represets the concreteinitialisation).

(CInit ) EX (ev= InitA™ R))

(R) (EX (ev= AOp)) EX (ev= COp)) "

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

N

(R) (EX (ev= AOp)) AX (ev=COp ) EX (ev= AOp, * R)))

.(EX (ev= AOp,)) AX (ev=COp ) EX (ev= AOp, " R))))

5 Discussion

The approat presetied in the previous section can be applied to any state-
basedspeci cation languageand any CTL model chedker which supports the
speci cation language.We have experimerted with the approad usingZ and
its encaling in SAL [1g].

Sofar our experimerts 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-
gated as a meansof extendingthe sizeof the speci cations we can handle. In
addition, future versionsof SAL are expectedto support predicateabstraction
[I0/16J2]; we view this as essetial for using our approad with much larger
examples.

Using SAL we have been able to detect subtle errors with a minimum
of e ort oncethe speci cations have beenwritten in the appropriate input
format. For example,in an initial version of the exampleon pp 271-273of
[27] the retrieve relation wastoo weal?] which was not immediately obvious
without resorting to completing the ertire proof. The encaling of downward
simulations in SAL picked up onthe error with ease although decipheringthe
courter-examplerequired someunderstanding of the problem.

We are not the rst to detect this error usingtool support. It was previ-
ously discovered by Robinsonwho deweloped a meansof automatically ched-
ing downward simulations using the PossumZ animator [15]. His approad

4 The error was corrected by the addition of the invariant to one of the speci cations in
subsequen versionsof the text.
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relies on Possum'sability to evaluate complex Z predicatesinvolving quan-
ti cation over the abstract and concretespeci cations' states. We have also
encaled Robinson'sapproad in SAL and, while it is more e cient for very
small state spaces,t becomescomputationally more expensiwe than our ap-
proach whenthe sizeof the state spaceincreases.

The issuein the above examplewasdueto the retrieve relation not covering
unreadable 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 since speci ers are usually more focused
on the reatable states of their systems.

Unreadable statesdo not a ect whether one speci cation is a downward
simulation of another. The reasonthe downward simulation conditions con-
sider unreadable statesis that otherwisethe readable stateswould needto
be calculatedas part of discharging the conditions. This is not somethingeas-
ily doneby hand, or with a theoremprover. It is, howeer, an intrinsic part of
the model cheding process,i.e., sincemodel cheking involves an exhaustive
seard over a system's(reachable) state space. Hence,we could restrict our
approad to only chedk readable statesand, therefore,only require a retrieve
relation that relatesreadable states; onethat would arguably t better with
the speci er's view of the system.

We would thus not be cheding the full downward simulation conditions;
howeer, the restriction to readable statesis su cien t to know that onespec-
i cation is a downward simulation of another.

To do this, we would needto initialise the systemto onein which the
concretestate is initialised and not allow abstract operationsto be performed
beforethe operation which initialises the abstract state. This could be doneby
the inclusion of a \Bo olean” variable b denoting whether or not the abstract
state hasbeeninitialised as follows.

Mreach B [A; C; b: 0; 1g;

INit reach B [Mreach j Clnit » b= 0" ev = Init]
INItA veach B[ Mreach jb= 0~ Alnit ~ C ~ b%= 1~ eVP= InitA]
AOPLreach B[ Mreach jb= 12 AOp;»? C ~ b= b ev?= AOp]

Aopn;reach b [ Ivlreach ] b=1" Aopn AR O bO: b~ ev°: AOpn]
COPrreach B[ Mreach j COpr» AN b= b~ ev?= COp]

COpn:reach B[ Mreach j COpy »@ AR b°= b " ev’= COp|]
ChoosGeach B [ Mreach j €V°0= Choosd

Then, all statesin Mgcn Would comprise readable abstract and concrete
states.
Sincethe initial state of M,ecn IS restricted to those where the concrete
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part of the state is initialised, the condition for chedking initialisation would
be simpli ed asfollows.

EX (ev= InitA" R)

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

Applicability would be chedked by the following formula.

AG (R) (EX (ev= AOp;)) EX (ev= COp)) "

(EX (ev= AOp,)) EX (ev= COp)))
Similarly, correctnesswould be chedked by the following formula.

AG (R)
(EX (ev= AOp1)) AX (ev=COp) EX (ev= AOp. " R)))

.(EX (ev= AOp,)) AX (ev=COp, ) EX (ev= AOp, " R))))

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

We concludethis sectionwith a brief discussionof another approad to
automatically chedking state-basedre nement. There have beena number
of encaling of subsetsof Z-basedlanguagesin the CSP model chedker FDR
[9/14/TF. FDR is not a temporal logic model chedker. Rather, it chedks
that re nement holds betweentwo speci cations. It doesthis by comparing
the failures/divergencesemartics of the speci cations; an approad which is
equivalert to simulation-basedre nement [12/17].

This approad hasthe advantagethat noretrieverelation is required. How-
ewer, sinceit is not possibleto ched individual simulation conditions, nding
problems when re nements do not hold may be more dicult. Also, since
FDR was deweloped for a processalgebra,rather than a state-basednotation,
encaling sud notations is more di cult; to date, there is no full encaling of
Z in FDR for example. We seethe two approahesas being complememary.

6 Conclusion

In this paper, we have shovn how downward simulation can be chedked using
existing temporal logic model chedkers. In particular, we have shovn how
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the branching time temporal logic CTL can be usedto encale 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 usedin
mary state-basedspeci cation languagesfor modelling sequetial systems).

We have usedthe approad to chedk downward simulation betweenZ spec-
i cations usingthe SAL CTL model cheder. The approad, howe\er, is gen-
eral enoughto usewith any state-basedspeci cation language,and any CTL
model chedker in which the languagecan be encaled. We ernvisagethe ap-
proach becomingmore applicable asit takesadvantage of the currernt e orts
in the temporal logic model cheking commnunity to extend model cheking to
systemswith larger, and evenin nite, state spaces.
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