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LTL Model CheckingTechniques
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LTL Model Checking

| Blchi ||
- |Automaton
— Oldertechnigue. GPVW, 1995

— Bene ts from numerousnhancementsver
30 paperonthesubject

SMV

Automata: LTL
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LTL Model Checking

Automata: TL] 1 | Buchi 1y reyy
Automaton
Propositiona

: ! |

BMC: LTL | ! Logic | | SAT

— New techniqug1999)

— Simple,directcornversion: intelligence’

pusheddown to SAT

Canwe usethe extensve automatavork to
Improve BMC?
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LTL Model Checking

Automata: LTL
BMC: LTL
Hybrid:
Buchi
|
LTL | Automaton

Buchi
Automaton

Propositiona

Logic

Propositiona

Logic

SMV

SAT

SAT

— Firstsuggestetby deMouraetal. (2002)

— Advocatedby Clarke etal. (2004): better
complity
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LTL to Buc hi Automata

Typical moderncorversion:

LTL |

LTL Blichi BUchiAutomat]on

Simpli cation | Automaton  Simpli cation
_TL simpli cation is limited andcomple
ResultingBA Is exponentialin size:even

nolynomialsimpli cations areslow
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LTL to Buc hi Automata

Typical moderncorversion:

LTL

LTL

Simpli cation

Proposedy Gastinanc

L [ Buchi

BUchiAutomat]on

Automaton  Simpli cation

Alternating

Automaton

M

Simp

Oddoux(2001):

Buchi BA
Automaton simp

— Complementedby simulation-based

simpli cations by Fritz (2003)
— AA islinearsize:simpli cations arefaster
— AA S|mpI| cation Is moregenerakhandirect

I Y T
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Alternating Automata / BMC

AA methodscanbecompetitve with the bestBA
methods Canwe cut outthe middle-man?

LTL ! Alternating ! Propositional! SAT
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Alternating Automata / BMC

AA methodscanbecompetitve with the bestBA
methods Canwe cut outthe middle-man?

LTL ! Alternating ! Propositional! SAT
How doesthis compareo existing methods?

_TL ! Propositional ! SAT

L TL ! SNF ! Propositional ! SAT

_TL ! Bdlchi ! Propositional ! SAT
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What is this paper about?

| coverfour issues:
1. A BMC encodingusingalternatingautomata

2. A framework for discussingqautomataandother
encodings

3. Theadwantagesinddisadwantage®f automata
for BMC

4. Understandindnow SNFcorrespond$o automata
techniques
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Alternating Automata

Treeautomatgarunis atree,nota path)
ExponentiallymoresuccincthanBuchiautomata

If usedto represent.TL, they areveryweak
(VWAA)

— Thetransitionsdescribea partialorderonthe
states

— Result:theonly loopsareself-loops
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VWAA from LTL

Usingtheformulationof GastinandOddoux(2001)
asit iIs slightly morecornvenient

Transitionsfrom statego setsof stateschoose
onesuchtransitionfrom eachstate(like DNF)

Usea co-Blchiacceptanceondition(states
visited nitely oftenoneverybranchof therun)
but Buchi=Vnco-Buchifor VWAAS
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AA Example: G(p! Fq)




Division o

() f o
informatics

AA Example: G(p! Fq)
Input = fpgfghgfpag

l
:p(@(p! FO@)Q

!
G(p! Fq
e
Fq G(p! Fo)
' v

Fq G(p! F0)

y %

Fq Fg G(p!+ F o)
G(p!¢ F o)
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Projectingto BMC
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Representing Runs

Runsastreesarenot convenientfor SAT encoding
becausehey grow exponentially

Considera stateoccurringmorethanonceata
level of thetree

We cantransformtherun suchthatthe
descendantsf thesestatesarethesame
— No lossof generality
— No lossof co-Blchiacceptance
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Representing Runs

Runsastreesarenot convenientfor SAT encoding
becausehey grow exponentially

Considera stateoccurringmorethanonceata
level of thetree

We cantransformtherun suchthatthe
descendantsf thesestatesarethesame

They canthenbecoalescedysinga DAG
representation

— Stateswith thesamedescendantare
representedy asinglevertex in thegraph
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Representing Runs

Runsastreesarenot convenientfor SAT encoding
becausehey grow exponentially

Considera stateoccurringmorethanonceata
level of thetree

We cantransformtherun suchthatthe
descendantsf thesestatesarethesame

They canthenbecoalescedysinga DAG
representation

In the extreme,at mostoneoccurrencef a state
on eachlevel

Similarto thealternatingo Blchi conversion
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eg,G(p! Faq), input = fpgfgpgipag

!
G(p! Fq)
e
F+q G(lo!+ Fq)
Fq G(p! Fq)
Y <\

Fq Fg G(p! Fo)
| v

> G(p! Fq)
Y !

<-— V <

'
G(p! Fq)
PR
F+q G(lo!+ Fq)
Fg G(p! Fq)
Vo
Fq G(lo!+ Fq)
G(lo!¢ Fq)

< \V <«
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Encoding DAG runs

The DAG canberepresentetyy the setof states
presentteachlevel: con gurations

Do notexplicitly represent state

Providedthereexiststransitionsrelatingeach
con gurationto thenext, a seriesof
con gurationsis arun

Thatis, we encoddahe statesn each
con guration but notthetransitionswhich were
taken




Con gurations

'

G(p! FQ

¥

FQg G(p!

\

FQ G(p!

v
Fq Fq
v

>

< V <«

g

\

N
G(p!

G(p!

Fa)
Fa)

¥
'

Fa)
Fa)
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'
fG(lo!+ Fa)g
qu;G(e! Fa)g

qu;G(Ii)! Fa)g
qu;G(Ii)! Fa)g

1G (p !¢ Fa)g
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The Superset Property

For arun, the stateresentat eachlevel mustbe
necessary— but not sufcient

Therecanbeextra stategpresenin a
con guration

Theonly constraintgequiredareforward: every
statein a con guration musthave atransitionto a
statein the next con guration

No lossof generalityfrom allowing these
“phantom”stateswe areaskingdoesa sequence
of con gurationsexist?
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Encoding the Transitions

GivenaVWAA representind. TL formulaf,
Ar=0Q; ; ;I;Fi

N\

Ta, (i;K) = qi) ! ~ ol A Qi*]
42Q h; q42 (q)

g(i) is thepropositionalariablefor stateQ being
In con gurationi

Q! 22 2 jsthetransitionfunction
returninga pair of labelsandtargetstates

Implicationusedbecaus®f superseproperty
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The Co-Buc hi Condition

Themostinterestingpartof theencoding

Careneededdecausave've thrown away branch
iInformationbut co-Blchiconditionis on nite
occurrencegerpath.

Focusthetwo BMC caseseparately:

— Pathpre xes:in nite occurrencesanoccur
only afterthekth state

— Loop paths:in nite occurrencesanoccurin
theloop
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Co-Buc hi: Pre x paths

We canonly be surethatmembersof F are

visited nitely oftenif we canbesurethey do not
occurafterk

This happensf thecon gurationsbecomeampty
beforek, dueto theveryweakproperty




Co-Blc hi: Pre x paths
eg, Fg, input = fgfgeg ~

E)* (=
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Co-Buc hi: Pre x paths
eg, Fg, input = fgfgeg ~ *

(v ()
“ 2O
Runastree:

Runascon gurations:
— fF qg~fF qg~ fF qg— fg—




Co-Buc hi: Pre x paths
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Assertthat, by thelaststate nothingis left in the

con guration
N\

Pa. (K= :qk
q2Q
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Co-Blc hi: Loop paths

Eachmemberof F visited nitely oftenin each
branchof thetree— but couldappeain nitely
oftenover differentbranches

Becausaf veryweak If astatels visited nitely
oftenit eventuallydoesnt take a self-loop
transition

Sowe checkthatevery visitedstatein F
eventuallytakesa non-self-loopgransition
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Co-Blc hi: Loop paths

If amemberof F doesnotoccurwithin theloop
In BMC, it occurs nitely often. Otherwise,

If doesnotoccurat every statein theloop, a
non-self-loopransitionwastakenandeach
branchhas nite occurrencesOtherwise,

If It occurseverywheren theloop,to be nite it
musteventuallybe possibleto take a
non-self-loopransition.So,

For every memberof F in occurringeverywhere
iIn the BMC loop, it is possibleto follow a
transitionaway from F somavherein theloop.
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Co-Blc hi: Loop paths
eg. G(p! Fq), overfpdfpglig’ ; F = fFqg

! '
G(’|/3! @A fG(p!+ Fa)g
Fq G(p! Fq) fFg,G(p! Fa)g
Y < 1 Y
Fqg Fqg G(p! Fg fFgG(p! F0q)

b v v
7 > G(p! Fo) iG(p! Fa)
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Co-Blc hi: Loop paths

N K

ZUCDENEEE
a2F =l h: 9%2 ()
g<q’

— 0. i+1

~ oi/\ ~qo

Notethatalthoughit appeargjuadraticsize,most
formuleearerepeatedsoit canbecollapsedo
linearsizewith renaming
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SNF vs AA: What is SNF?

Fixpointbasechormalform for LTL of theform:
N\

G (F! k)

Pasttime formulaeP;, futuretime formulaeF;

start | |j Ii! X |j

A J | J

li;1; areliterals; implicationscalledrules
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SNF vs AA: What is SNF?

For BMC canexploit boundednes® reducethe
setof rulesto (Frischetal., 2002)
N

start ! |j Ii! X |j
J | J
bound! I,
J
Propositionalelationshipdetweerstatesand
successostatesreminiscenpf automata
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SNF vs AA: Transf ormation

Transformatiorfrom LTL to SNFintroducesone
propositionalariablefor eachtemporal
subformula

Thesereferto temporalsubformulaan the
following state:x iIn SNFrefersto X x in the AA

Thebound rule enforcesnitenessfor
eventualities.

Allowing for this,the LTL transformatiorto AA
IS equialentto thatfor SNFE
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SNF vs AA: Transf ormation

Transformatiorfrom LTL to SNFintroducesone
propositionalariablefor eachtemporal
subformula

Thesereferto temporalsubformulaan the
following state:x iIn SNFrefersto X x in the AA

Thebound rule enforcesnitenessfor
eventualities.

Allowing for this,the LTL transformatiorto AA
IS equialentto thatfor SNFE

But AA aretypically simpli ed afterconstruction
(Gastin& Oddoux,Fritz, etc.)
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SNF vs AA: Encoding

Encodingbound is morecompacthanco-Buchi
condition(constanspace)

SNF may producdongercountergamplesn
somecasessideeffect of bound. Canbe
overcomeby projectionof someoperators.

Most SNFruleshave the sameencodingfor the
loop andpre x paths:canbefactoredoutto
reducesize

Choosingio separat®n rule typeis more e xible
thantheautomaton/co-Blichaondition
separatior— moreof theformulais shareceasily
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BA vs AA: Transf ormation

BA encodingrequiredog,(state$ variablesbut
numberof statess exponential, sonumberof
variabless linearin the numberof temporal
subformulee

Thedirectcorrespondancleetweernvariablesand
subformulaas lost, however

Both aresuper cially quadratian sizedueto the
Blchi/co-Blchicondition,reducibleto linear
with renaming

Buchiautomatadbene t from further
simpli cation, evenwhenconstructedrom

~lt Hmtrarnnata
artteratiheagtomata
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BA vs AA:. Encoding

Blchiautomataunsarealwaysloops:no pre x
countergamples

BA mayhave loopsof >1 state:this canelongate
the shortestoop in BMC asboththe modeland

the BA mustloop backtogether
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Experimental results

Preliminary:proof of concept
AA encodings not quiteautomated

CompareQOriginal (BCCZ), SNF, SNF
(improved), TMP (Etessametal.)

Against: Gastin& OddouxAA with andwithout
simpli cation

Five differentLTL speci cationsfor a DME
circuit

Timesgivenin zChaf
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Enc. | Clauses Vars Time | Clauses Vars Time | Clauses Vars Time
Accessibility(4,2) Overtakingl (5,5) Overtaking2 (8,8)

AA 24276 4080 4.67 26177 4131  8.45 27179 4233 10.11
AA- 25485 4539 5.28 28291 4845 11.87 | 30045 5049 7.23
SNF 23778 3978 4.04 24081 4080 2.76 24634 4233  2.22
FIX 23779 4029 4.43 24083 4131 4.17 24636 4284  2.59
TMP 24279 3978 4.90 27539 4029 3.54 29758 4080  7.07
Orig 28368 3876 9.83 | 142404 3876 17.69 Encoding> 1800secs

Trends:SNFalwayswins, BCCZ alwaysloses

Automatamethoddesscompetetre for largerformulae

AA lagsalittle behind




Results: Sat

Enc. Kk Time k Time
Priority 1 (4,2) | Priority 2 (4,2)
AA 14 0.03 53 0.30
AA- | 14 0.03 53 0.89
SNF | 13 0.02 52 0.49
FIX | 13 0.02 52 0.83
TMP | 53 3.26 | > 200
Orig | 13 0.02 52 1.15

inf
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ormatics

TMP extendsthe countergample,increasinghetimeto

solve

Longercountergamplesn AA dueto differencen

variablesemanticsrom SNF
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Summary

Demonstratedhe useof alternatingautomatdor
BMC: performanceas promisingbut currently
lagsbehindothermethods

Providedencodingdor AA, BA, andSNFin a
uniform framework to simplify their comparison

Provideda simplecorrespondancleetweemlAA
andSNF
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Future Work

Resultsgivenarewith Gastin& Oddouxs AA
approachsimpli cation is limited. Next step:try
Fritz's simulationsrelationson AAs

A morecompactencodingfor theco-Blchi
condition

Exploiting the SNF-AA correspondancesornvert
thesimpli ed AA to SNFfor encoding
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