Multi-Asp ect SystemAnalysis Using State MachinesExtracted from
Specificdions in VDM-SL

KengoMiy oshi, Satoru Hirachi, ShigeruKusakabe,and Keijir o Araki
DepartmenComputerScienceandCommunicatn Engineering,
GraduateSchoolof InformationScienceandElectricalEngineering,
KyushuUniversty
6-10-1Hakozaki,Higashiku, Fukuoka812-8581,JAPAN
kengo,h_satoru kusakabearaki@ale.csceykishu-u.ac.jp

ABSTRACT

Model-orientedformal specificatiodanguagessuchasVDM—
SL is usefulto describdunctional requiementsof thetarget
systemsHowever, sincesingle-aspet analysiss notenoudn

to make reliablespecificationsye alsouseotherappraches
suchas modelcheckirg to analyzedynanic aspectof the

systemasa part of multi-aspet analysis. In this paper we

discussour approachto extract statemachinefrom specifi-
cationsn VDM-SL. We cananalyzebothstaticanddynamic

aspecby usingthesetwo differert kindsof specificatioran-

guages, mockl-orientedand state-macime langua@sin an

integratedmamer.
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INTRODUCTION

Formal method play a very importantrole in systemdeve-
opment. Therearemary kindsof specificatiolanguagesor
formal methodsin the literature. One of the most popuar
typesof specificatiolanguagesis mocel-orierted specifica-
tion languagessuchasZ[1, 2] andVDM-SL(Vienra Devel-
opment Methods Specification_anguaye)[3 4].

Authors mainly useVDM-SL to descrile the functional re-
quirenment of the system. It suppots a mathenatical model
built from simpledatatypes,alongwith funcionsandopea-
tionsonthem. Oneof theimportart features of VDM—-SL is

VDM Tools,arich setof tools[5. There arenotonly syntax
andtype checler but interpreterfor specificationsn VDM—

SL andgeneratofor C++andUML.

However, using only onekind of formd specificationlan-
guages is not enoudn. While VDM-SL is very useful to
describethe functional requirementsof the system, multi-
aspectanalysisis important to constrict reliable specifica-
tions. Thus, althoudh we mainly useVDM-SL in our sys-
tem development, we usedifferenttypesof meanssuchas

mockl checkingto analyze dynamic aspectsof the system
as a part of multi-aspectanalysis. In this pape&, we pro-
posea methodto extract statemachineswritten in FSP(Fi-

nite StateProcessedyom specificationsn VDM—-SL. After

trying to generatestatemachnesin PROMELA, alanguage
for a mocel checkirg tool SPIN[7], we find FSPis more
suitablefor our pumpose. FSPis a textual notationof finite

statemachire modds for LTSA (LabeledTransitionSystem
Analyze)[8]. We cananalyze both static and dynamic as-
pectby using specificatios in thesetwo differert kinds of

specificatioangua@sin anintegratedmanrer.

Thereareso-called'modem mockl checkirg,” in which state
machiresare extractedfrom programsin corventionalpro-
granming langua@s.However, asprogamsin corventional
progammirg languageshave a nunber of states,checkirg

statemachines extractedby suchapprachesfacesto state
spaceexplosion prodem. We startfrom a specificationin

VDM-SL andanalyzethe specificatiorthrouch a varant of

dataflav analysis.By startingfrom abstracbut rigorousfor-

mal specificatios, we canconstrct more reliablestatemod-
els with less statescomparedto other apprachesstarting
from corventionalprogramning languages.Thenwe gener
atea statemachire modelin FSPandcompseit with other
statemachinemocelsto constructmodds of morecomple

systemif necessary We usethe statemachinemodds to
checkthedynamicbehavior of thesystenusingLTSA, atool

for FSRIn this paperwe useanexanple of traffic signalin a
textbook[3]. By usingourappoach,we canseein acompe-
hensveway thattheoriginal specificatiorhasno descriptia

of fairness.

MULTI-ASPECT ANALYSIS

We usenotonly VDM-SL but alsootherapprachessuchas
mockl checkirg to analyzemulti-aspectof thetargetsystems
asshavnin Figure 1.

Readingspecificatios in VDM-SL is rathereasyoncewe
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Figure 1. Systemdevelopmert using multi-aspect
analysis

have becomeamiliarwith thelanguag but describinga for-
mal specificationn VDM-SL from scratchis still very dif-
ficult evenif we arefamiliar with thelangua@. As anintro-
ductionstepto constrict formal mockels,we constru¢ modds
in intuitive but informal specificationlanguage UML (Uni-
fied Modeling Language)[D]. We also usefunctional pro-
gramming languayesto protatypeformd specificationsSince
functional programning languagsare declardive ong it is
rathereasyto make protaypesin functional programmirg
languagesfrom specificationsn VDM-SL.

Although we can male a state-basenockel in VDM-SL by

using ope@tions, analying dynanic aspectf the system
usingdifferert approachsuchasmodelcheckingis alsouse-
ful to makereliablespecification®f thetargetsystem.VDM-
SLisnotsogoad atdescriling andcheckirg dynanic beha-

iors of the system.Different from Z, VDM-SL hasaninter-

preterin VDM-Tools which suppot interpretationof speci-
ficationsin VDM-SL in addtion to syntaxandtype checks.
However, all specificationsare not suppoted by the inter-

preterin VDM-Tods. We canusestate-basetbrmal mod

els effectively to describeandcheckdynamic aspectof the
system. Statemodels are also very popuar to analyze the
systemrequrements,but they are not so good at describ-
ing functional requrement. We intendto use both model-

oriented specificatios and state machire specificatios to

analyzemulti-asgectsof the target systemin an integraed
fashion.

FSPand LTSA

Statemachinesare usefulto modd behaiors of the target

system. In the literature, several kinds of statemachines
have beenstudied. Purely state-basedormalism such as

Kripke structures[pareoftenusedto model andspecifysys-

tems. However, we usea kind of labeledtransitionsystems
(LTS) in which statetransitionsare labeledby actions. We

areinterestedn a coopeative modelingmethodusingboth
mockl-orientedformd specificatiolanguag@sandstatema-
chinespecificationanguag@s. In the specificationin model-
oriertedlangua@, statechargesareperfamedimplicitly by
functions or explicitly by opertions. We uselabeledtran-
sition system,as we want to recogrize the correspondace
betweera function (or anoperatio) andanactionin thela-
beledtransitionsystems.Specifically we useFSPnotatim
andLISA Tool to analyzethe statemodelof the system.

Asweshaow later, wetriedto usePROMELA but wefind FSP
is moresuitablefor our pupose. PROMELA is a langlage
for amodelcheckirg tool SPIN.Its descriptionis ratherlow
level like programmirg in C, andwe have to considermes-
sagepassingand correspoding messagauffers. After go-
ing through type checkof VDM-SL specificationwe have
to programdifferenttypesin PROMELA. Sincewe wantto
examine staticanddynamicaspecbf thetargetsystematthe
sameabstractiorievel, the gapof descriptionlevel between
VDM-SL andPROMELA is notpreferable.LTSA is aver
ification tool for concurrentsystems.It checls whethe the
specificationof a concurent systemsatisfiesthe properties
requred of its behavior. In addtion, LTSA suppots specifi-
cationanimatian through GUI to facilitateinteractive explo-
ration of systembehaior. By usingFSPandLTSA, we can
focus on dynamic aspectof the target systemat an abstract
level.

A systemin LTSA is modded asa setof interactingfinite
statemachires,andthe propertiesrequred of the systemare
alsomoceled as statemactines. LTSA perfams comyosi-
tional reachabity analysisto exhaistively searchfor viola-
tions of the desiredproperties. More formally, eachcompe
nentof a specificationis describedasan LTS, which con-
tainsall the statesa compamentmay reachandall the tran-
sitionsit may perfam. However, explicit descrigion of an
LTS in termsof its states setof actionlabelsandtransition
relationis cumbersomefor otherthansmall systems.Thus,
LTSA suppats a processalgebranotation (FSP)for condse
descriptio of componen behavior. Thetool allowsthelLTS
correspondirg to an FSPspecificationto be viewed graphi-
cally.

EXTRACTION OF STATE MACHINE

Ourmethal extractstatemachiresfrom specificationsn VDM-
SL by focusingon definitionandmaodificatian of variadesin
thespecification.

Firstwe usea smallexanple of atraffic signalwhosespeci-
ficationis shovn below.



types
Light = <Red> | <Anber> | <Green>;
functions

ToG een: Light -> Light
ToGreen(light) == <G een>
pre light = <Red>;

ToAnber: Light -> Light

ToAnber (light) == <Anber>
pre light = <G een>;

ToRed: Light -> Light

ToRed(light) == <Red>
pre light = <Anber>;

Thelight of thetraffic signalis associatewvith thetypeLi ght
whosevalueis <Red>, <Anber >, or<G een>. Thecharge
to <G een> is only possiblefrom <Red>. Thusthe func-

tion<ToGr een> hasaprecomitionclaimingl i ght = <Red>.

Similar precanditions is claimedfor the function ToAnber
andToRed.

Model in FSP

Although VDM-SL hassyntaxfor modificatian, this speci-
fication hasno explicit modification andthereis no explicit

statechangs. We perfam akind of dataflav analysisto ex-

tract a statemachineemboded in this specification. These
functions do not have modifications,anddo not constrict an
explicit statemodel. However, the pair of input with precon

dition and output of the Li ght type value canbe usedto

constriet a statemodel with actionsonthevalue.

| function | input [ outpt |
ToGree Red:Light | GreenLight
ToAmber | Green:Ligh | AmberLight
ToRed | Amber:Light | Red:Light

Tablel: Functimsandtheir input/output

Tablelshaws theresultof analyzirg specificinput andout-

put of thesefunction Now, we canseea chainof a dataflav

of avalueof theLi ght typeasshowvnin Figure2 The exe-

cutionof thesefunctionsaretriggered by input argumentand
terminateafterreturring thererunvalue.Whenwe seethese
functionsasan actionin LTS, the precandition of the value
indicatesthe postcondtion at the sourceof the action, and
thereturnvalueindicatesthe target of the action. By substi-
tuting a function with anaction,anda specificvaluewith a

statein Tablel,we cangetTable2.

Now we canextractan LTS by the tool LTSA asshavn in
Figure3 which canbe written asfollows in FSP

TRAFFIC = (toGreen -> toAnber -> toRed ->

<Green>

ToGreen ToAmber

<Red= <Amber>

ToRed

Figure2: Chainof action(function) on light value

| action | sourcestate | tamgetstate |
ToGreen| stateO/Red:Ligh | statel/Green:Lifgt
ToAmber | statel/Green:Ligt | state2/Amber:Lipt
ToRed | state2/Amkr:Light | stateO/Red:Ligh

Table2: Actionsandtheir source/taget

TRAFFI C) .

Extraction of modelin PROMELA

As explainedbefore, wetriedto descriteaPROMELA mockel
from the sameVDM-SL specificationof traffic signal. We
decidedFSPis more suitablethan PROMELA for our pur-
pose,we discussthe PROMELA modelfor the compaison
purpose.Thefollowing isthePROMELA modelwegotfrom
thesameVDM-SL specificatiorasbefae.

/* type definitions */
ntype = { RED, AMBER, GREEN };

/* gl obal variables */
ntype |light;

/* message channels */
chan signal _nsg = [1] of { ntype };

/* inline definition */
inline ToG een(l)
si gnal _nsg?GREEN,
| = GREEN
}
inline ToAnber(I)
{
si gnal _nmsg?AMBER;

| = AMBER
}

TRAFFIC toCreen tolrber

LAEOSO

toRed

Figure3: TRAFFIC process



inline ToRed(!)

si gnal _nmsg?RED,
| = RED
}

/* process type */
proctype Signal ()
{

do
i f
:: atomic { signal _nmsg?[ GREEN] -> ToG een(light)
si gnal _nsg! AMBER }
:: atomic { signal _nmsg?[ AMBER] -> ToAnber (light)
si gnal _nmsg! RED }
;o atomic { signal _nmsg?[ RED] -> ToRed(light)
si gnal _nsg! GREEN }
fi
od
}
init
{
si gnal _nsg! GREEN;
run Signal ()
}

"Proctype” is a declaation of processtype requred befae
instantiation. Instantiatimn canbe dore with opematorssuch
as”run” atthetime of declaratim. In this model, "Signal”
processis executed in "init” process, a processexectted at
first. And a part of processto be exeauted without inter-
ruption is insertedin a curly braclets, after a declaratio
"atomic”.

CorversionbetweeriVDM-SL specificatiorandPROMELA
modé is asfollows. First, we convertedtype definitions in
theVDM-SL specificatiorto thosein PROMELA. Thevalue
of eachquotetypesof type"Light” wasrelatedto "mtype”.
"Mtype” is oneof typesusedin PROMELA. The valuesof
"mtype’ aresymholic namesof constanwalues whichis de-
fined by the persorwho describehe model. In PROMELA,
typeswe canusearesimilar to thoseof C. Whenwe describe
amodel,we mustdefinetypesof statevariabes. Butthevari-
ety of typesin PROMELA arelessthanthosein VDM-SL. It
is difficult to describehetypeslike aquaetypeof VDM-SL
specificatiorby usingPROMELA.

Next we describd the functions in VDM-SL specification
by using”inline definitior’ in PROMELA. An "inline defi-
nition” is likeaprocedirein PROMELA. It works muchlike
prepiocessomacro. For exanple, the function "ToGreen

in VDM-SL specificatioris describedas”inline ToGreeri in

PROMELA.

But we have prodems when using PROMELA. When we
conduct mocel checkingat an analyis phase,we want to
constriet an abstractmodel from a specificationin VDM—
SL, and examine the behaior of the model which reflects

our requrementspecificationin VDM-SL. In the caseof

PROMELA, we have to descrile detailedtype definition of

statevarialdeslike C, but it is not preferable. Making con-

cretetypedefinitionsmaybeusefulin implemertationphase,
but cumba&somein analysisphase.

The order of execution of the functions and opeationsis

not describedexplicitly in VDM-SL specifications.We can
guesgheexecuion orderby analying functions,operdions,
andtheir pre-candition and post-corlition in the specifica-
tion. However, whenwe describeamodé in PROMELA, we

usuallydescribehebehaior of themodéd explicitly by mes-
sagepassing.Sowhenwe extracta PROMELA modelfrom

aVDM-SL specificationyve mustdecidetheexeaution order
describd in thespecificatiorimplicitly, anddescribesuchan
exeation flow in anexplicit messag@assingstyle. In order
to describegshe PROMELA modd, we mustdescribewhen
andhow messageshouldbe sentandreceved. This maybe
possiblebut is cumbesomeandis not suitablefor our pur-

pose.

Ourgoalis to establisha systematianethal to constrict ab-
stractstatemodeds from VDM-SL specificationsat an anal-
ysis phase of systemdevelopmentprocess. The problems
discussedbove hinderour appoach. Although more dedi-
catedwork mayhelpusto solve theseproblems,it will need
alot of time. Fromthereasonexplained above, we deciced
to useanothedanguae, FSR which candescribemocelsin

abstracandsimplenotatian comparedto PROMELA.

EXTRACTION OF COMPOSED MODEL

We considera morecomple traffic signalsystem[3, which
needprocesscompaition. As traffic light contrd is safety
critical systemandin this sectionwe corsiderasafetykernel
of the systemusingthe previous simpleexamge. Thesafety
kerné providesthe only meansof contrd over the critical
fundions of the system. Sincethe kerrel is responsiblgor
maintairing safety it is worth modelirg it atanabstractevel
atanearlystageof developmert, sothatthedesigrershave a
clearunderstandingof how thekernd shouldbehave.

Eachtraffic light atanintersectioris responsibldor inform-
ing drivers, moceled asin the previous examge, whether
they candrive throughtheintersectioror whetherthey must
wait. A greenlight is usedto indicatethatdrivers cancon-
tinueandaredlight is usedto indicatethatdrivers muststop.
Theambe light is usedto indicatethatthelights areabou to
change from greento red. A traffic light controller is respon
sible for controlling thelights. The safetykernelfor sucha
contoller shouldensurethat the light do not permit traffic
to flow in conflicting pathssimultaneosly. A light associ-



atedwith a particularpathmayonly chang accordimg to the
transitionshovn above.

Basically we conside the sameexamge as[3], but we omit
the timing constraim for simplicity. We focus on the fol-
lowing requirementfor the safetykernelof the traffic light
contrdler.

It mustalwaysbethe casethatif a pair of pathsconflict
thenthelights associatedvith oneof the pathis red.

We havefour traffic signalsfor paths, A1Nor t h, ALSout h,
A66East , andA66West . We have to integratefour traffic
signalsto constrict a systemfor anintersectia.

01: val ues

03: pl : Path
04: p2 : Path
05: p3 : Path
06: p4 : Path

nk_t oken(" AlNorth");
nk_t oken(" AlSout h");
nk_t oken(" A66East") ;
mk_t oken(" A66West ") ;

07:

08: lights : map Path to Light

09: = {pl | -> <Red>,

10: p2 | -> <Red>,

11: p3 | -> <G een>,

12: p4 | -> <Green>};

13:

14: conflicts : set of Conflict

15: = {nk_Conflict(pl, p3),

16: nk_Conflict(pl, p4),

17: nk_Conflict(p2,p3),

18: nk_Conflict(p2, p4),

19: nmk_Conflict(p3, pl),

20: nk_Conflict(p4,pl),

21: nk_Conflict (p3, p2),

22: nk_Conflict(p4,p2)};

23:

24: kernel : Kernel

25: = nk_Kernel (1ights,conflicts)

26:

27: types

28:

29: Li ght = <Red> | <Anber> | <G een>;

30:

31: Tine = real

32: inv time == time >= 0;

33:

34: Pat h = token;

35:

36: Conflict :: pathl: Path

37: path2: Path

38: inv nk_Conflict(pl,p2) == pl <> p2;

39:

40: Kernel :: lights : map Path to Light
41: conflicts : set of Conflict

42: inv mk_Kernel (I's,cs) ==

43: forall conflicts in set cs &

44: nk_Conflict(conflicts. path2,
45: conflicts. pathl)
46: in set cs and

47: conflicts.pathl in set domls and
48: conflicts.path2 in set domls and
49: (I's(conflicts.pathl) = <Red> or
50: Is(conflicts.path2) = <Red>)
51:

52: functions

53:

54: ToGreen: Path * Kernel -> Kernel

55: ToGreen(p, nk_Kernel (lights,conflicts)) ==
56: mk_Ker nel (ChgLi ght (li ghts, p, <G een>),
57: conflicts)

58: pre p in set domlights and

59: lights(p) = <Red> and

60: forall mk_Conflict(pl,p2)

61: in set conflicts &

62: (p = pl =>

63: l'ights(p2) = <Red>);
64:

65: ToRed: Path * Kernel -> Kernel
66: ToRed(p, nk_Kernel (lights,conflicts)) ==

67: nk_Ker nel (ChgLi ght (1 i ghts, p, <Red>),
68: conflicts)

69: pre p in set domlights and

70: lights(p) = <Anber>;

71:

72: ToAnber: Path * Kernel -> Kernel
73: ToAnber (p, nk_Kernel (lights,conflicts)) ==

74: nk_Ker nel (ChgLi ght (1 i ghts, p, <Anber>),
75: conflicts)

76: pre p in set domlights and

77: lights(p) = <G een>;

78:

79: ChgLight: (map Path to Light) * Path *
80: Light -> (map Path to Light)
81: ChgLi ght (I's, p, col our) ==

82: I's ++ {p |-> colour}

Sincetwo traffic signalsattheoppositesideof the sameroad
mustbe the sameand our main focus is conflict, suchtwo
traffic lights canbeberepresenteé asonestatemachine

First we look for explicit modfication in this specification.
Thereis anexplicit modificatioml s ++ {p |-> col our}
in thefuncion Chgl i ght (line 82). This modfiesthemap-
ping | s sothatin the rangeof the mappingthe associated
valuewith the valuep in the domain of the mappng is set
to col our. Thus,thefunctionChgl i ght modfiesits first
argumentusingits secondandthird argumentandreturnsthe
modfied valueasits result. Though we canseethis modifi-
cationasa statecharge, the specificvalueis parametdéred
andwe cannd make a statemachineonly from Chgl i ght .

Next we examire the usageof Chgl i ght to seehow this
fundtion is instantiatedwith actualvalues. Threefunctions
ToG een (line 54), ToRed (line 65) and ToAnber (line
72)useChgl i ght asChgLi ght (1i ghts, p, <G een>)
(line 56), ChgLi ght (li ghts, p, <Anber >) (line 67),
andChgLi ght (I i ghts, p, <Anber >) (line 74), respec-
tively. The returnvalue of thesefunctions is the Ker nel
type value (line 40) andthe value of the secondargument
of thesefunctions exceg that its first field is modified by
Chgl i ght . This modificationneedsto consumd i ght s
and p, andthesefunctions have a precadition concening
I i ght s andp. Table3 shawstheir precandition andmodi-
ficationonl i ght s(p) for eachfunction.

Now, we canseea chainof thevalue of | i ght s(p) sim-
ilar to Figure2,but the chainis paraneterizedby p. When
we seethesefunctions asanactionin LTS, the precandition
indicatesthe modfication resultat the source of the action,
andthe modificationresultindicatesthe targe of the action.
By substitutinga function in Table3 with anaction,andalso
aspecificmappng valuewith a state we cangetTable4.



| function | precoditon | modificatin |
ToGreen | lights(p=Red | lights(p=Green
ToAmber | lights(p)=Green | lights(p=Amber
ToRed | lights(p)=Amber | lights(p=Red

Table 3:  Precondion and modfication on

I i ght s(p) for eachfunction.

| action | sourcestate | tamgetstate |

ToGreen | stateO/lights(p)=Red | statel/lights(p)=Green

ToAmber | statel/lights(p)=Green state2/lights(p)=Amber
ToRed | state2/lights(p)=Amber stateO/lights(p)=Red

Table4: Actionsandtheir source/taget

Pleasenote this statemachire is paraneterizedby p. We
have addtional precordition in thefunction ToG een (line
60 ... 63)to composea systemfrom the parametared state
machires. This claimsthat every pathp2 crossingwith p

must have the mappirg | i ght s( p2) =Red, or be in the
state”state0. Thus ToGr een canmake the chang when
—lights(pRed—andeverypathp?2 crossingwith p hasthe

mappng! i ght s( p2) =Red (bath p andp2 arein "state0”).

In this caseit is enowgh to considerthe patlhs p1 andp3 at
thetoplevel. Thecompgitionis describedorocesslabelling
by a setof prefix labelsin FSPasfollows.

TRAFFIC = (toGreen -> toAnber -> toRed ->
TRAFFI C) .
RESOURCE = (toGreen -> toRed -> RESOURCE).

|| TRAFFICS = (pl : TRAFFIC || p3 :
|| {pl, p3}:: RESOURCE).

TRAFFI C

Procesgrefixingis usefulfor mocelling sharedesoucesbe-
tweenconcurentactivities. In this casewe regad "Green”
asa sharedresouce to be acquira exclusively. From the
above FSP we cangererateLTS by the tool LTSA asde-
pictedin Figure4

pl toGreen

pitoCreen  p3tofumber pl todmber

TRAFFICS

3 toRed

pl.toRed

Figure4: TRAFFICSProcess

We cancheckthatthe "Green” stateis acquireal exclusively.
However, we canfind no contrd regarding fairnessis given
in this specification. A transitionpathlike p1. t oG een,
pl. t oAnber, pl.toRed andpl. t oG een is legd in
this specification Somecontrd regarding fairnessshouldbe
given in thefollowing developmert.

CONCLUSION

In this paper we discussedur apprachto extractstatema-
chineswritten in FSR a notaion of a labeledtransitionsys-
tem, from specificationsn VDM-SL asa partof our multi-
aspectsystemanalysis. After trying to geneate statema-
chinesin PROMELA, alanguae for a model checkingtool
SPIN, we found FSPis more suitablefor our purpse. We
can analyzeboth static and dynamic aspectby usingthese
two differert kinds of specificatioanguagesmodel-aiented
andstate-machinéangua@sin anintegratedmanne.
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