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Abstract. Slicing is a technique for extracting parts of programs acfications with
respect to certain criteria of interest. The extractiondsried out in such a way that
properties as described by the slicing criterion are pveski.e., they hold in the complete
program if and only if they hold in the sliced program. Durirggification, slicing is often
employed to reduce the state space of specifications to &actable by a model checker.
The computation of specification slices relies on the costyn of dependence graphs,
reflecting (at least) control and data dependencies infipet@dns. The more dependencies
the graph has, the less removal of parts is possible. In #pgipwe present a technique
for optimizing the construction of the dependence graph siggideductive verification
techniques. More precisely, we propose a technique for istgpthat certain control de-
pendencies in the graph can be eliminated. The techniquiogsngmalldeductiveproofs
of the enabledness of certain transitions. Thereby we mbigpendence graphs with less
control dependencies and as a consequence smaller spexifieleces which are an easier
target for model checking.

ACM CCS Categories and Subject Descriptors: D.2 [Software Engineering];
D.2.1 [Software Engineering]: Requiremet$pecification; D.2.4 [Software Engineering]:
SoftwargProgram Verification

Key words: program slicing, integrated formal specifications, exadulction, deductive
verification, model checking

1. Introduction

Slicing (see [46]) originates from the area of program asial{37] where it has
first been employed for debugging programs. The initial idE¥/eiser [52] was
to extract that part of a program which may influence the valfue variable at a
certain program point (the slicing criterion). Since thére application of slicing
techniques has spread to a variety of fields, in particulso & verification [18].
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The purpose of applying slicing in a verification procesgisdnstruct a (hopefully
small) part of the specificatigprogram on which a certain temporal logic property
holds if and only if it holds for the complete specificationliclg can thus be
seen as one out of a number of techniques for fighting the exallesion problem
(together with abstraction [10], partial-order reduct[dg], heuristic search [12]
etc.).

Slicing usually starts with the construction of a depenéegiaph [24] which
reflects the dependencies among entities in the specific@iiostatements in the
program). These dependencies are used to compute thoseoparspecification
which might dfect a certain property. The less dependencies we have, tikesm
the slice can get. However, since the slice should precisdlgct the property
under interest, dependencies can only be removed if enditeereally independent.
It has been shown that the computation of optimal slices deaitlable in general
and can become PSPACE- or NP-complete for certain clasggegfams [35].

In this paper, we are concerned with slicing of specificaiamitten in an inte-
grated notation (called CSP-OZ [13]), combining two welbkm formal speci-
fication techniques: CSP [22] fdrehavioural aspectsf systems and Object-
Z (OZ) [44] for data aspect®f systems. This combination allows us to conve-
niently specify systems by fiierent views: one view specifying orderings of opera-
tions, parallelism and communication among componentsnggns of CSP), and
another view focusing on data and their operations (Ol4¢cthe reason for ap-
plying slicing to such specifications is that their statecgisausually grow very fast,
in particular due to the data coming from the Object-Z paititl, 8/e are interested
in model checking CSP-0OZ specifications (for instance ugiteghnigue proposed
in [23]) and thus need reduction techniques. Slicing metHod Object-Z alone
and for CSP-OZ wirt. slicing criteria formulated in tempoai@ic have been pro-
posed in [5] and [4]. They include the construction afpeecification dependence
graph (SDG), which comprises — similar to a program dependencphgra all
relevant kinds of dependencies between specification elesnseich as control or
data dependencies.

In these previous approaches the specification dependeagk i§ solely com-
puted from thesyntacticdescription of the specification. However, as examples
studied so far have shown, the SDG contains a certain ambéoahtrol dependen-
cies which are — when looking at tlsemanticof specifications — unnecessary,
i.e., the syntactically derived control dependencies aeroximate the actual se-
mantic dependencies. The present paper thus aims at arfumiprevement of slic-
ing by combining the construction of the SDG with small dedcproofs which
can be used to find out irrelevant control dependencies. Td&fphave to show
enablednessf Object-Z operations under assumptions on the CSP paraend
inspired by a technique for showing deadlock freedom ofgraited specifications
developed in [48]. Based on these additional argumentse smmtrol dependen-
cies can be eliminated from the SDG. This can in consequeacktd smaller and
more precise specification slices. Our main contributiore i@ to show to which
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specification parts such deductive verification technigquasbe applied and how
the necessary arguments can be found and used to optinuaeysli

The paper is structured as follows. Next, we introduce CZPbh@ an exam-
ple specification which will serve as an illustration of thaimresults in the next
sections. We also describe the operational semantics dboualism. Section 3
introduces program slicing for CSP-OZ specifications. Wéaempute thespeci-
fication dependence grafl®sDG) of our example specification and explain how
the computation of a program slice wrt. a certain verifiaajwoperty is accom-
plished. In Section 4, we describe our way of deductivelywshg enabledness
of operations and we apply the results to our example. Suleselg we combine
both techniques, illustrate the improvement by means ofexample and show
correctness of this optimization process. The last sectmetiudes.

2. Specifying with CSP-OZ

We introduce CSP-OZ by specifying an example elevator syste depicted in
Fig. 1. The specification’s CSP part defines the elevatorsdyc behaviour. This
is done by introducing a set of channels that define the elesanterface for com-
munication with its environment. How this communicatiooks like is defined in
two CSP processes in terms of the order of events the elevagiit be engaged
in: first (CSP process equatioain = ...), the passenger requests to be delivered
to a certain floor (eventq, connected by the CS&ttion prefixoperator— to the
remainder of th@ain process), upon which the dodoses (another application of
the prefix operator) and the elevator start$\tork (a CSPprocess callleading to
the second process equation). Subsequently, in the defimfiprocessVork the
CSPexternal choiceperator models the fact that at this point the elevator\vas t
possible behaviours: eithenitoves, followed by another call of proce®gork or it
stops, followed byopering its doors and returning to the initimhin process, i.e.,
a restart of the elevator system. Which one of these tworgltime behaviours are
pursued by the elevator system depends on the Object-Z ptré gpecification
that follows beneath the CSP process definitions.

The specification’s Object-Z part defines the system’s stadee, its initial con-
figuration and operations on it by so called schemas. Eadnsaitonsists of two
parts: the upper part may containdist of variables that are modified in the lower
part. In schema&om_movefor instance A(aFloor) indicates that variablaFloor
is modified when evenmovetakes place. The variable’s value before execution
of the event is referred to by the unprimed variala€gl¢or), while its value after-
wards is referred to by its primed versiaH|oor’). Additionally, the upper part of
a schema may contain a list of input and output parametec®(died with ? and
I, respectively), that are used in the lower part for incagnim outgoing commu-
nications (e.gn? : N in schemacom_req indicates that the elevator’s environment
will provide an inputn? of typeN when eventeq takes place). The lower part
can contain a set of predicates over primed and unprimedhlas and over input



IMPROVED SLICING OF FORMAL SPECIFICATIONS 25

Status::= open| closed

__Elevator
chan req: [n? :N]
chan close move open stop
main = req — close— Work
Work = (move— Work) O (stop— open— main)
Init
rFloor : N rFloor =0
aFloor : N aFloor =0
door : Status door = open
__com_req
A(rFloor); n? :N
aFloor = rFloor
rFloor’ = n?
_com_close _com_open
A(door) A(door)
door = open door = closed
door = closed door = open
_com_move — com_stop.
AaFloor) aFloor = rFloor
(aFloor < rFloor A
aFloor’ = aFloor + 1)v
(aFloor > rFloor A
aFloor = aFloor — 1)

Fig. 1. Elevator specification.

and output parameters. These predicates determine on ¢hleaod whether the
associated event is enabled or not and define on the otherthasgtect of the
associated event on the state space.

Whether an event is enabled or not can be determined by corgptg precon-
dition, denoted by the precondition operator pre [53]:

preOp = 1 Staté, outputse Op

The predicate is true if an after stattété) and an outputqutputd can be found
which make the after predicate in sche@ptrue, i.e., the application of the pre
operator to a schem@p yields exactly the predicate that forms the schema’s pre-
condition. When this predicate is unsatisfied, its assediat/ent is blocked, oth-
erwise it is enabled. In schemmam_open for instance, predicatéoor = closed
defines a precondition that blocks evepen unless theloor is closal.
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Theegffectof an event on the state space is defined by relating the ¢wagable
values (referred to by unprimed variables) with variableu@a after the event’s
execution (referred to by primed variables). In scherna open for instance,
predicatedoor = opendefinesdoor to beopenafter evenbpenhas taken place.

2.1 Specification semantics: labelled Kripke structures

The semantics of CSP-OZ classes can be described via lal@llgke structures.
In contrast to ordinary Kripke structures, transitionslatelled with events. This
allows us to use temporal logics for property specificatibinciv not only talk about
states of the system but also about execution of events.

DeriniTioN 1. (LaBeLLED KRIPKE sSTRUCTURES) Let AP be a non-empty set of atomic
propositions, E an alphabet of events (consisting of mettasdes plus values of
parameters).

An (event-)labelled Kripke structute = (S S, —, L) over AP and E consists of
a set of states S, a set of initial statesSS, a transition relation-C SxE x S
and a labelling function L S — 2AP.

Atomic propositions are equalities of elements of the stdth constant values,
such asdoor = openor aFloor = 0 for our example. As we will see next, the
labelled Kripke structure for an entire CSP-OZ class isweetin two steps: in the
first step we separately compute the semantics for the GBjpetrt and the CSP
part. Afterwards we combine the resulting Kripke strucsurgo one via parallel
composition and synchronization on events.

Before we define the semantics, we start with some necessfinjtions. In the
following, let Z = (State Init, (com_M)memethodsd D€ the Object-Z part of a CSP-
OZ classC with Statereferring to the class’ state schenlajit to its initial state
schema aniflethodsto the set of all methods used in the Object-Z part. nizeiin
be the CSP part of a CSP-OZ class The alphabet that we use here is the set
Events= {m.i.o | m € Methodsi € in(m), o € out(m)} of all CSP events, consisting
of a channel (which is a method of the Object-Z part) and \&foe input and
output parameters witim(m) andout(m) respectively being the set of all input and
output parameters oh. For sake of simplicity we restrict methods to having only
single input and output parameters. This can easily be dgtkto the general
case of sets of input and output parameters. We assume th@&tte bedata
independenin that it neither restricts nor uses values of parameters.

DeriNiTION 2. (KRIPKE STRUCTURE SEMANTICS OF THE OBJECT-Z pART) The Kripke
structure semantics of the Object-Z part is defined as thelliedh Kripke structure

KOZ = (Statelnit, —» oz, LO%)

with the labelling function £ mapping each state onto the set of atomic propo-
sitions over the Object-Z state space that are valid in thages Init being the set
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of states that satisfy the Object-Z parrsit schema and the transition relation
—oz={(z mi.0,Z) | com_m(zi,0,Z)} relating pre (z) and post (gstates accord-
ing to the definition of associated Object-Z methods.

Note that we usélocking semantickere: the precondition of an operati(gn (e
acts as a guard for its execution. Insteadz%e;,(z’ £—o0z we also writez oz Z

and instead oz 5 ... 33 7 we also writez =5 oz Z. For anyz € Statewe
furthermore define:

) z—e>oz:<:> 37 € Statee z—e>ozz’,
t t
) z=r>oz:<:> 17 € Statee z=r>ozz’,

o init(2) := {e€ Events| z —e>oz}.

DeriNiTioN 3. (KRIPKE STRUCTURE SEMANTICS OF THE CSPrarT) The Kripke structure
semantics of the CSP part is defined as the labelled Kripketstre

KCSP = (CSR {main}, »csp L)

with CSP denoting the set of all CSP termasin being the only initial CSP term,
—cspbeing the transition relation defined according to the opieral semantics
of CSP [43] and with the labelling function®SP mapping each CSP process onto
the set of all atomic propositions over the Object-Z statecep

The labelling function for the CSP part’s Kripke structurged not impose any
restrictions with respect to the Object-Z state space dimedCSP part makes no
restrictions on values of attributes of the class.

DerNiTION 4. (KRIPKE STRUCTURE SEMANTICS OF A CSP-OZcrass) The Kripke struc-
ture semantics of a CSP-OZ class C is the parallel compasiicthe semantics
of the Object-Z part and the CSP part: K (State, Initc, —, Lc) with State =
Statex CSP, Init = Init x {main}, Lc(z P) = L9%(2) n L°SAP) and

S5={(zP).e(Z.P) | (€#7.P ScspP.z507Z) V
(e=1,P ScspP,z= 7))

The relation= for traces is defined accordingly. The special symbdescribes
an internal event of the CSP process. It is not observablayirirace and not part
of the setEvents

For describing properties of CSP-OZ classes we can now usstattering in-
variant temporal logic which can be interpreted on labelled Kripkeictures.

! The requirement ddtuttering invariancés due to the fact that our goal is to reduce the specification
and accordingly the paths over which the logic will be intetpd. Therefore the logic should not be
able to precisely speak about particudéepsof the system.
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The main purpose of slicing in the context of verificationdsdietermine which
part of a specification actually has to be considered wheckihg for a given
property, i.e., whether it is possible to check the propertya reduced specifi-
cation such that the following holds (whe@ k= ¢ expresses that the formua
holds on the Kripke structure of the specificatidrand C,eg denotes the reduced
specification):

CE¢iffCedE o

In the next section we will show how to compute such a redupedification that
will hopefully be an easier target for verification than th# §pecification.

3. Slicing

To compute the slice of a specification in the context of veatfon means to com-
pute a reduced specification that exhibits — from the poini®@iv of the verifica-
tion property — the same behaviour as the original spedificaOur approach to
achieve this goal for CSP-OZ specifications [4] consistsvaf inain steps which
are explained in the following subsections.

3.1 Specification dependence graph

First, the specification is analyzed with respect todbetrol anddatadependen-
cies it contains, resulting in gpecification dependence graf®DG). In prepara-
tion for the construction of the SDG we first construct thec#Eation’s control
flow graph (CFG) which represents the execution order of the specifica-
tion’s schemas according to the specification’s CSP presesStarting with the
startmain node, its nodes and edges are derived from the syntacterakeslts of
the specification’s CSP part, based on an inductive definfoo each CSP opera-
tor. Nodes either correspond to schemas of the Object-Z(lieetnodereq for
schemacom_req) or to operators in the CSP part (like noebechoicefor operator
0).2 We refrain from giving a precise definition here. In the siephse of our
elevator example the CFG is equivalent to its SDG (which baldefined next)
without data dependence edges (see Fig. 2).

Based on such a CFG, we then proceed to the construction 8Qkewhich has
the same set of nodes as the CFG, connected by newly intrddulgges:control
dependence edgespresent the fact that a source node determines whethiolcon
flow reaches a target node or not, whilata dependence edge=present the fact
that a variable modification in a source node might reachgetarode.

2 Note, that we assume each syntactical CSP element and eacieasd CFG node to have a unique
name. This can, for example, be achieved by extending tlagireis by an index that represents the
position of their textual occurrence inside the specifarati~or sake of clarity we omit these indices
here.
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start.main
E——
Control
Sl -1® i | Dependence
o | Edge
w close<--------- o
| |
I o
| call.Work ;! e
l o Data
| start.Work | ! Dependence
| | L Edge
| extchoice // |
| PN
t-+-= move--= stop -
P,
calL.Work  open
call.main

Fig. 2: Elevator SDG.

Regarding control dependence edges we distinguish a numhldéferent types
such as for instance the following one which is of particuaportance for our
example specification:

o Control dependence due tmntrivial preconditionexists between a node
and its CFG successdf the precondition of the node’s schema is non-empty
(i.e., not equivalent to true).

An example for this type of control dependence edge is thebehgeen nodeeq
andclose since schemaom_reqhas a non-trivial preconditiormFloor = rFloor),
reqis source of a control dependence edge leadingds CFG successarlose

Regarding data dependence edges we also distingutehnediit types with only
the following one occurring in our example specification:

o Direct data dependencexists between two nodef the source node modi-
fies a variable that is referenced by the target node and ther€FG path
from the source node to the target node without any furthedification of
the relevant variable along the path.

An example for this type of data dependence edge is the omeebprtnodeseq
andstop since schemaom req modifies variableFloor which is referenced in
schemacom_stopand there are no further modifications along the CFG path from
reqto stop reqis source of a data dependence edge leadistoio

The overall result of these definitions for tB&evatorspecification is the specifi-
cation dependence graph as depicted in Fig. 2. Note thdtrgtistep of construct-
ing the specification dependence graph is completely intgd of the property
to be verified.
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3.2 Slice

Once the SDG is constructed, it can be used for slicing theifsgegtion with re-
spect to various verification properties (e.g. temporaiddgrmulae). Based on
the property to verify, an initial set of SDG nodes is deteradi that directly in-
fluence the verification property. This set of nodes reprssieslicing criterion
that serves as the starting point for a backwards reactyaailalysis of the SDG.
Regarding our example specification, the verification priypmight for instance
be ¢ (aFloor = rFloor), expressing that the designated floor is always eventually
equal to the current floor. From this formula we then derieittitial set of nodes
{req, move which are nodes whose associated events are directly medtio the
formula (none in our example) and nodes that directly modifyfables occurring
in the formula, i.e., eithesFloor or rFloor.

The next step is to identify all nodes that cannot be reaclhe#vioards via con-
trol or data dependence edges from the initial sets of n@ilese these are nodes
without any direct or indirect influence on the verificatiowperty. Thus the speci-
fication elements that are represented by these nodes canthe final step of
the slicing approach — safely be removed from the originatgjration without
changing its semantics with respect to the verification ertyp The advantage is
that now the sliced specification can be analyzed instealeofull specification,
and although control and data state space have been redineedpdel checking
result holds for both specifications: it has been shown thetverification prop-
erty is satisfied by the reduced specification if and only i satisfied by the full
specification [4].

3.3 Problem: control dependence edges

Applied to the example specification, our slicing algorithnfortunately does not
achieve any reduction, regardless of which verificatiorpprty serves as the slic-
ing criterion. The reason for this can easily be seen in th& SBgardless of which
node we take as the starting point, we can always reach &t attdes backwards
via control dependence edges, even if the graph would contadata dependence
edges at all. The reason for this is our somehow coarse defimt control depen-
dence edges that is only based on the syntactic examindititihre apecification:
unless an event’s precondition is trivially true (i.e., @shno precondition), its as-
sociated node is always source of a control dependence Btige.precisely, even
if an event's precondition is — on the semantic level — obsglgsatisfied at any
possible point of execution of the event, its associateceneill be source of a
control dependence edge. Thus, what we need here is a wagnihydthese non-
trivial (but always satisfied) preconditions, such that &e subsequently eliminate
the control dependence edges of their associated nodds,tivaresulting slice re-
mains correct. In the following sections we will sketch hanathieve exactly this
by applying deductive verification techniques.
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4. Identifying non-blocking events

In the previous section we identified the SDG control depeoededges to be re-
sponsible for the failing of our slicing algorithm. Theseged represent the fact
that their source nodes determine whether control flow este target node.

From nodes representing events a control dependence edgalyaoriginate if
the associated schema has a non-trivial preconditionaiggecondition not equiv-
alent to true such that the event can block when the predond# not satisfied.
But even if the precondition of a source node is non-trivieinay still always
be satisfied when control flow reaches the source node. Ircésis, the source
node does not control the execution of the target nodethe control dependence
edge can be eliminated. However, our slicing algorithm dwég consider trivial
preconditions.

The following question arises: based on a CSP-OZ spectitatiow can we
ensure that a precondition of a specific event is alwaydfigdtiat its execution and
how can we prove this?

The solution to this question can be described as followwsideonsider a source
node for a control dependence edge representing an Objeetite. We show
that after executing an arbitrary trace leading from the stethe CSP part to the
uniquely identified position of this event, its preconditis satisfied? In this case,
the nodee does not control any subsequent nodes of the SDG since ivaysl
possible to execute the operatian

To describe traces leading to the occurrence of an eventssuagrae the CSP part
to have process identifieRy, ..., P, and describe it as a set of process equations.
For simplicity, we writePg instead ofnain:

Po = ... =Py
Pl = ... —>Pi2
Pn = ... —)P|n

A trace starting inPg leading to a specific event passes several process calls. It
can be split into subtraces leading from one process cdfigmext (these will be
calledmaxTracesn Definition 5):

t .
Po ﬁrcsp P’ with P/ —e>CSp P

can be viewed as

tro trq tr-1 trg ,
Po =cspPr, =csp -+ = cspPr, =cspP (1)

if tr =trg™ -+~ " try.

3 To specify the position, we assume only one occurrence df eaent in the CSP part. In case
one event occurs more than one time, an indexing on this eagribe realized to guarantee a unique
identification.
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To establish that after (an arbitrary) tracehe precondition of the evertis sat-
isfied, we assign predicates on the state space of the Qbjeaitt to each process
equation. A predicate must hold at each call of its assatiptecess. We need to
establish continuity in the following sense: the executtbrach subtrace leads to
a state that satisfies the predicate of the next process.nfsthat the predicate
p; for a process$® holds and assume execution of a trace leading to the call of a
processPj. Then the predicatg; must be satisfied. Finally, when reaching the
evente, its precondition pre must hold:

pO pl’l
l !
tro
PO = e — Prl
trg
Prk = e - €
T T
P, pree

Our approach uses deductive verification techniques andnitas to the idea
that [48] applied to prove deadlock freedom of CEB specifications, where the
existence otontrol loop invariant{CLIs*) leads to the result of deadlock freedom
of the complete specification. The CLIs are our predicatethestate space of the
specification, which are associated with process calls.

In the following subsection we identify conditions on a seCals. Predicates
satisfying these conditions yield that the preconditiom @krtain event is always
satisfied. In this case an elimination of the respectiverobdependence is possi-
ble.

4.1 Weakest liberal precondition

As already mentioned we need to ensure that the validity o€Chds is maintained
during progress of execution along the CSP processes. Tiibavestablished
by using a predicate on the Object-Z state space describmgeakest liberal
preconditionof the respective CLI wrt. associated traces. A weakestdibgre-
condition semantics for Object-Z can for instance be foun{lr]. We use it to
model the weakest predicate holding prior to execution oheet that leads to the
next process call with its associated CLI being valid.

In the following, we restrict the CSP part to not include saufial compositior.

4 The termcontrol indicates that the CSP part controls the order of executioth® Object-Z
schemas.

5 The elimination of sequential composition leads to the flaat the call of a process is always the
last action inside (possibly a branch of) a process. Thisergrary toP = Q ; RwhereRis following
the execution of).
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This restriction is feasible since any CSP process comgiséquential composi-
tion can be transformed into an equivalent process without i

We use the following notations: I&d be the set of all process identifiers used
in the CSP part wittiPld N Methods= @. The mappindracegP) computes the set
of all possible traces of a CSP proc&sg-inally, the set

initials(P) = {e € Events| (e) € tracegP)}

describes all possible events that the CSP praeéésable to perform initially. The
internal eventr is not observable, so armg/e initials(P) may be executed after an
arbitrary sequence af

First, we need two definitions describing the split of a trasdlustrated in trace
(1) on the previous page: we define traces leading from onleetméxt recursive
call of a process. After the last recursive call, we desdtieetraces leading from
this process to the respective event:

Dermnition 5. Let P and Q be two CSP processes. The setafimal traceseading
from P to Q without any other call of a process identifier inkeen is defined as

maxTracegP, Q) = {tr € traces(P[STOP/PId]) | P gcgp Q}

The set oftraces before a fixed occurrence of a certain egeénside of P is defined
as

preTraceqP, €) = {tr € traces(P[STOP/PId]) |
1Q e P S¢spQ A € initials(Q))

P[STOP/PId] describes the proce$swith every occurrence of a process identi-
fier replaced bySTOP. By using process replacement, we are able to describe that
the trace does not call any other process befard-or example, in thé&levator
specification, we get

maxTracegWork main) = {(Stop open},
preTraceqmain, closg = {(reqQ)}.

Now we introduce the predicatdp which describes a weakd#teral precondition
and ensures that after the possible execution of a spedcitie & certain predicate
of the Object-Z part hold$.

DerNiTION 6. (WEAKEST LIBERAL PRECONDITION) Let p be a predicate, 1no € Events,
where me Methods with input and output parameters i and o and tEvents.
The predicatevlp is defined inductively as

wip (O, p) = p
wlp ({m.i.o), p) = V Staté e (com_m(i, 0) = p’)

wlp ({m.i.o) " tr, p) = wlp((m.i.o), wip(tr, p))

6 Contrary tototal correctness specifications dealing with weakest predondit we usepartial
correctness here. Partial correctness does not requira ttextain Object-Z operation terminates,
e.g. that there always exists a successor state.
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For allz € Stateandtr € Events, z = wip(tr, p) iff every execution offr starting in
Zleads to a state that satisfigsNote that a primed predicate — as depicted in the
second condition — refers to the states after an operatierexecuted.

The next lemma relates the definition wip to the operational semantics of
Object-Z:

Lemma 1. (ReLarioNn ofF WIP To OPERATIONAL SEMANTICS) FOr all z € State tr €
Events$ and all predicates p the following holds:

ZE wip(tr,p) &= V7 : Staté e (z=077) = (Z )

For both directions, the proof is based on an induction orlghgth oftr. See
the appendix for details.

As a last preparation step we characterize the reachaliés stha CSP-OZ class
C as follows:

reach(C) := {(z P) € State: | Azy € Statetr € Events o
Zp E Init A (Zp,main) ; (z, P)}

The following theorem states our main result which we alyeadtivated at the
beginning of this section:

Tueorem 1. (CLIs For CSPrrocesses) Let C be a CSP-OZ class such that its CSP
part has the following structure:

main ..
Py =...
Pn = ...

Let Py := main. Let e e Events and Qe {Py,...,Pyn}, be a process in which
e occurs at a uniquely identified position. We need to findipatels CLp, over
State, i= 0..n, such that the following three conditions are satisfied:

(Init) Init = Cllpain
(Precond) Vtr € preTrace$Q, e) e CLIg = wip(tr, pre &
(Cont) Vj,k:0.n;, Ytr € maxTraceP;, Py) o

CL|pj = wip(tr, CL|pk)

Then the following holds for all ¢ State and all CSP processes P:
(z,P) e reac(C) A e € initials(P) = e € init(2)

The conditions guarantee that the precondition of eeensatisfied whenever the
specification’s CSP part allows its execution, iengver blocks.
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Proor. Let (z P) € reach(C) such thae € initials(P). Sincezis a reachable state
in the Object-Z part, there exists € Statewith

t
(20, main) = (zP)
andz E Init. We split the tracér, which leads to this state, into
trec “ trsin such thatrre(: =try - Ty,

with tr; € maxTrace,,) andtrsn € preTrace$Q,e), ri € {0,...,n}. This split
corresponds to a separatiorntointo partstr; of the right sides of the corresponding
processy, between the recursive calls and the end ptege(possibly the empty
trace). trin, will be executed after the last recursive call and leads ¢ostecific

occurrence oé. Let (z, Py,) be the state after execution of the trace™ --- 7 tr;
withi < k:

tro try

oot trin
(z0.main) = (z1,Pr,) = -+ = (2. Q) = (zP)

(Init) yieldszy E CLlyin. Additionally we getmain tgcsp Pr,. The fact that
tr1 € maxTrace@nain) allows us to apply¥Cont) to deducezy E wip(try, CLlprl).
By definition ofwlp and because of

1
(Zo,main) = (z1,Pr,),

we getz  Cllp,, . This procedure will be repeated for everyuntil we reach
z F CLlp, . triin € preTrace§Q,e) allows us to applyPrecond) and we get
Z E wilp(trsin, pree), i.e.,z E pree by applying Lemma 4.1. Finally by definition
of init and pre this meanse init(2). O

We illustrate Theorem 1 in connection with Lemma 4.1 by simgahow to apply
them to a set of process equations. Applied to an evecturring in a procesy,
the first condition(I nit) states that the CLI fanain holds initially:

/\

CLlg ™main = ... > P,
Q =...—>e
P = ... - P

The second conditiofPrecond) describes that after executing any trac€déad-
ing to e, its precondition is always satisfied at this specific ocanee ofe if CLI g
holds prior to the beginning of the trace. Note, that we ajppilyyma 4.1 here since
we no longer use the termlp(. ..) but instead unfold the trace which leads to the
predicate pre.
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main = ... - P
fin pree
Pj = ... Pk

Finally, condition(Cont) guarantees that after execution of a trace leading from
one process to the next, the associated CLI holds if the QLthe first process
holds prior to the beginning of the trace. Again we apply Learl to illustrate
this:

main = ... - P
oL Q =..—>e
P ... v T Cll~
EN
PJ :/—./fﬁpk

4.2 Results applied to elevator

We again take a look at our example specification of an elewatd apply Theo-
rem 1. Similar to an invariant search in program verificatioe need to find a
set of CLIs that satisfy the conditions of Theorem 1. For éveqin the Elevator
specification the following conditions for the CLIs must ¢hol

(Init) Init = CLlyain (2)
(Precond) CLlyain = WIp(( ), (@Floor = rFloor))
(Cont) CLlyain = WIp({req, close, CLIwork)
CLlwork = wip({move, CLIwork)
CLlwork = Wlip((stop oper), CLInain)

CLluain needs to hold initially according t@nit). Additionally, the eventeqis
the first event on the right hand sidenofin, i.e., for condition(Precond) we get
preTracefmain, €) = {()}. That is why we only need to consider one implication
for condition (Precond). Finally, (Cont) identifies three conditions on maximal
traces: for each of the three possible branches in the CSRhegie exists ex-
actly one maximal trace. A solution for this set of impliceis are two invariants
CLlyain and CLlwork resolving all implications conjointly.

A basic idea to find such a solution is to write down each singteition as in (2)
and in a next step to approximate several predicates. Tettiswe use the con-
dition of the right hand side dfPrecond) for CLI,in. In addition, this predicate
has to be weak enough to be impliednit and also by an appropriate Gidrk,
added to the precondition anffect of the tracér = (stop opern). tr = (stop opern
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can only be executed &Floor = rFloor holds. Since this property is not changed
by the dfect oftr, the third implication of Cont) holds without adding a nontrivial
CLI for processNork Thus defining ClLjork = true is enough since Cldi, does
not appear on the right hand side of the other implicationsaoidition (Cont).
Therefore one possible solution for all conditions is théofeing set of CLIS

CLllyain = (@Floor = rFloor)
CLIwork = true

These CLlIs thus ensure thafyis enabled at any execution allowed by the specifi-
cation’s CSP part.

For eventloseandopenwe can similarly find CLIs satisfying the conditions.
For eventmovewe need to find CLIs that — amongst others — satisfy these con-
ditions:

(Precond) CLIwerk = wWip(( ), (aFloor # rFloor))
(Cont) CLIwork = wip({move, CLIwork)

On the one hand, we need to deduce gy = aFloor # rFloor. On the other
hand, an execution ghovemay change the relatica-loor # rFloor to aFloor =
rFloor. Therefore, no solution can be found in this case: the smiutiust imply
CLIwork = aFloor # rFloor because of conditio(Precond) but (Cont) makes it
impossible to add this predicate to a possible solution. Seimee holds fostop

Summarizing, it can be stated that we established a way teegdirat certain
Object-Z operations are always enabled when control flol®fQSP part reaches
them. In our example, this holds for everds, closeandopeneven though each of
these events has a non-trivial precondition. In the next@eave will exploit this
additional knowledge to improve the SDG and show how thisifieadion atfects
the outcome of our slicing approach.

5. Combination: improved dlicing

The results that we obtained in the previous section fronofidra 1 lead us directly
to our goal, namely to optimize our slicing approach.

This can easily be seen in the elevator example: from thetfettreq never
blocks we infer that there exists no real control dependenicgnating fromreq,
since in spite of its non-trivial preconditioaqdoes not determine whether control
flow reaches the subsequent natleseor not. Therefore we can remove the asso-
ciated control dependence edgg — closefrom the original SDG and replace it
by an edgstartmain — closefromreqs predecessatartmainto closesuch that
the refined SDG remains well-defined. The associated co¢péndence edges
for closeandopencan also be removed from the SDG, while the edges associated

7 Note that this solution is not unique, since, for instancel,G. can be arbitrarily strengthened
with predicates satisfying thenit schema. This yields numeroudidrent solutions, whereas the
given solution is the weakest possible.
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to moveandstopcannot be removed since we were not able to find suitable CLIs
for these events.

All in all, these optimizations yield a significantly reduc€DG as can be seen
in Fig. 3. The main dference in comparison to the previous SDG in Fig. 2 are
the omitted control dependence edges between nodes ihsigewly introduced
boxes. These boxes collect nodes which are not control depeon each other.
The omitted edges have been replaced by a single controhdepee edge be-
tween the first predecessor node outside the box and the dmik ifThis single
edge is a graphical abbreviation for multiple control defssrce edges between its
source node and each node inside the box.

To illustrate the #ect of this modification on the slicing outcome, we compute
the slice for property1<(aFloor = rFloor), that describes the fact that the elevator
will always eventually reach its target floor.

The slice computation starts with the set of nofteg, move that directly influ-
ence the given property by modifying variabl&oor andaFloor mentioned in the
formula. When we compute the set of SDG nodes that is baclewaethable from
the initial set of nodes, we do now no longer reach all nodasg®penandclose
can not be reached via control or data dependencies: gtéotimstance fronmeq,
we can reach nodeall.main via startmain, but the next node we reach ssop
sinceopendoes no longer have a control dependence edge leadoadl imain

start.main
—_—
Control
- Dependence
| Edge
|
: !
| |
; . —(
|
| ) | Multiple
| start.Wor| o Control
| _ ;o Dependence
| extchoice -~ Edges
| / \ v )
'-4-= move--= stop -
// - >
Data
call.Work Dependence
call.main Edge

Fig. 3: Elevator SDG.
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Allin all, our improved slicing algorithm can achieve redioos in cases where
previously this was not possible. In comparison to the ogbspecification, its
slice with respect toy ¢ (aFloor = rFloor) does not contain the schemasn_open
and com_closeas well as variableloor. This result is sound, since opening and
closing the elevator’s door are aspects of the originalifipation that do not have
any influence on the given property.

5.1 Correctness of improved slicing

In [4], we gave the correctness proof for our original slicapproach. We will
explain now, why this proof still holds for our improved stig approach.

The only modification that we have introduced here to theifipation depen-
dence graph is the removal of certain control dependencesedgsimilar kind of
modification takes already place during the ordinary caomsimn of the specifica-
tion dependence graph: if an event has a trivial precomdfie., a precondition
equivalent to true), its associated node is not source ofcamyrol dependence
edge. In this paper we have shown that an event with norakmrieconditions
(i.e., a precondition not equivalent to true) can neveebebe regarded as an event
with trivial preconditions, provided that we can find CLIs this event that satisfy
the conditions as given in Theorem 1. In this case, the ev@n¢condition is not
always equivalent to true, but at any execution of the evwaitis allowed by the
specification’s CSP part. Consequently, we can treat sueliemt in the same way
as an event with trivial preconditions which is exactly what approach does in
the construction of the specification dependence graph.

Since our proof in [4] does already cover events with tripiconditions, it does
also cover such additional events with non-trivial precgtods without any further
changes, provided that Theorem 1 is applicable to thesdsven

6. Conclusion

In this paper we have proposed the combination of the (sylné@ed) construction
of a dependence graph with small deductive proof steps. 8héts of these proofs
can be used to eliminate dependencies, thus to optimizegkd improve the
runtime of the subsequent steps of model generation andlroloeeking.

Related work. Program slicingas originally defined by Weiser [51] has been
enhanced and modified multiple times with respect to mafigrdint aspects such
as the approaches of program dependence graph based glajngterprocedural
slicing [24], dynamic slicing [1] or conditioned slicing§). At the same time it has
found numerous fields of application (for overview papees[dé, 28, 17, 31, 55])
ranging from its traditional field of program analysis andulgging [52] over
software maintenance [14] and reverse engineering [2, @Spumodel genera-
tion [18] and model checking [33, 11]. This goes along withirailarly wide
spectrum of slicing targets including widely establishedgpbamming languages
such as C [47, 29] and Java [36, 18], model checker input kagesi such as
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Promela [33] and SAL [15] and specification formalisms sushiararchical state
machines [19], WSL [50], Petri Nets [30] or — more frequenty specifica-
tions [39, 8, 54, 3] as in our case.

Formal verificationis an application area of slicing that has recently seen in-
creasing interest, since slicing seems to be one techriigtiedn help to tackle the
problem of state space explosion during model checking.ifwapresults in this
setting [26, 11] have shown that slicing can indefidaively complement dierent
other strategies such as compositional verification [2Hient model representa-
tions [6], data abstraction [27], partial order reductid@][and cone of influence
reduction [9] that are mostly applied on dfdrent stage than slicing, namely ei-
ther during or after model generation has already been pee@. In contrast to
that, slicing can — as a syntax-based technique — be appdifedahand as a rel-
atively cheap method to already reduce the input to modetrgéion. Thus, the
benefit of slicing can be seen in two directions: First, itdas an optimization by
accelerating the process of model generation, which isdigelr systems already
a substantial part of the complete verification process.og#cit yields smaller
models to which subsequently the mentioned orthogonaksgjiess for state space
reduction can still be applied.

The existing approaches to static slicing of formal spedfiftms, however, do
not consider verification, i.e., slicing is not carried outhwespect to temporal
logic properties of the specification. Work on slicing usedreducing programs
before verification has for instance been done in [18] angifiirlJava (preserving
LTL _x properties) and in [15] for SAL programs (preserving CJlproperties).

The approach closest to ours is [45]. It proposes a combimati program slic-
ing (of C programs) with constraint solving with a similarajo elimination of
some data dependencies. In contrast to our approach, howbeimg remains in
its original domain of program analysis and is not yet com®d to be applied in
the context of formal verification.

Deductive verificatiorof software and hardware systems has its origin in early
works by Hoare [21] who introduced the concept of invariarid proof rules for
formal verification (Hoare logic). It is for instance the Isafor temporal verifica-
tion of reactive systems [32]. Deductive verification usesd for theorem prov-
ing such as PVS [41] or Isabelle [38] (in contrast to automedirification using
model checking techniques). Our approach is motivated bgr& of Treharne and
Schneider [48] who coupled the B Method with CSP and usedicatibn tech-
niques based on weakest precondition semantics for CSP 8#ore detailed
description of their concept of Control Loop Invariants danfound in [49]. A
weakest precondition semantics for Object-Z can for ircstdve found in [7].

Future work. As future work we intend to investigate (in collaborationtiwi
our project partners of the University of Saarland) how ttomatically compute
the enabledness of operations, so that the deductive manoefl steps can be
replaced by automatic procedures. For preliminary expamisin this direction
we applied backwards propagation of the desired enablegmeperty through the
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control flow graph in order to show the property’s inductiess. This was success-
ful in some cases, while for other (non-inductive) casekWwacds propagation is
not suficient, but weakening becomes necessary, which seems tdtmeiltito
automate and which can currently only manually be conducted
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Appendix A.

Lemma 1. (ReLation oF WIpP To OPERATIONAL SEMANTICS) For all z € Statetr €
Events$ and all predicates p the following holds:

zE wlp(tr,p) & VZ :Staté e (z goz Z) = (ZEp

Proor. Letze Statetr € Event$, p € ZPred

—(Correctness):
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Letz E wip(tr, p). We use induction on the length ot

INDUCTION BASE:
tr = () is obvious sincevip(( ), p) = p.

tr = {(m.i.o) with m € Methods if z ;oz Z, z = com_m(i, 0) holds. By definition
of wip we deduce’ = p.

INDUCTION HYPOTHESIS:
Let the proposition be true for all with #tr < n.

INDUCTION STEP:
Lettr = {(m.i.0) " tr’ for m € Methodsandtr’ € Event$ with #tr = n. By definition
of wip we deduce:

wip(tr, p)
= wlp({m.i.o), wip(tr’, p))
= V Staté e (com_m(i, 0)) = wip’(tr’, p) (2)

. (mioy  _tr .
To prove our statement, letZ € Staté with z 20 0z 2 :r>oz Z. In particularz £

com_m(i, 0) which is the assumption for (2). From this we dedade Wip(tr’, p).
We apply the induction hypothesis and becauseir@fo“z Z we getZ E p.

= (Completeness):
LetzEVZ : Staté e (z t:roz Z) = (Z E p). We have to show thatl= wip(tr, p)

and again prove this by induction on the lengthrof

INDUCTION BASE:

tr = () is obvious.

tr = (mi.o) with m € Methods if z E com_m(i, 0) holds, by the operational
semantics we gezt<m:'>'o>oz Z. This yields that everyn.i.o-successor of satisfies
p.

INDUCTION HYPOTHESIS:

Let the proposition be true for all with #tr < n.

INDUCTION STEP:
Again lettr = (m.i.o) " tr” with #tr = n. We assume

V7 Statée (2207 7Z) = (Z Ep) 3)

and by definition ofwlp have to show thaz = wlp((m.i.o), wip(tr’, p)), which
means

zE (Y Staté e (com_m(i, 0)) = wlp'(tr’, p))
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This means that for evemn.i.o-successor 0f z wip(tr’, p) holds. By induction
hypothesis applied to’ it is suficient to show that the following holds:

VZ : Staté e (it:r;oz Z) = (ZEp)

We take a look at the following picture:

(m.i.oy R ot . ) <mi.o)/\tr’ .
We know thaz = oz ZzandZ =0z Z holds. Thisyieldg = oz Z and with

(3) we deduce’ E p. This completes the proof. a



