An Unfolding Approach

to
Model Checking

Javier Esparza

Laboratoryfor Foundation®f ComputerScience
University of Edinlurgh



Concurrent programs

Program atupleP = (Ty,...T,) of finite labelled
transitionsystems

Ti=(A,S,0,%), 1<i<n
where
e A isanalphabebf actions
e S isafinite setof (local) states
o N\ C S xA x §isatransitionrelation and

e S € S istheinitial state
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Semantics

Thebehaiour of P is definedby the (reachablesubset
of) theglobaltransitionsystem

TP — (A7 S>A7 SO)

where

e A=A1U...UA;
(A partitionedinto visible andinvisible actions),

e S=5X...x§
(s(i) denotegheith componenbfsc S),

® S = (SoL;---,S0n),

e (s,a,9)cAiff foreveryl<i<n
—acA = (5(i),a,9(i)) € 4, and
—a¢A = s(i)=95(i).



Reducingthe model checkingproblem

Themodelcheckingproblemfor aprogram
P=(Ty,...,Th) canbereducedo (severalinstances
of) thefollowing problems:

Theforbiddentraceproblem(FT)

Given: ProgramP, actiona.

To decide:DoesTp exhibit aforbiddentrace i.e.,a
traceagaiay...an € A" suchthatay, =a ?

Theforbiddeninfinite traceproblem(FIT)

Given: ProgramP, actiona.

To decide:DoesTp exhibit aforbiddeninfinite trace
i.e.,aninfinite traceagayay ... € A® suchthata; = a
for infinitely mary i > 0?

Thelivelockproblem(L)

Given: ProgramP, actiona.

To decide:DoesTp exhibit alivelock 1.e.,aninfinite
traceagaiay ... € A® suchthata = a for somei, and
a; is invisible for every j > i?




A first analysis

Complity of FT, FIT andL: PSFACE-complete.

Standardolution:computethe globaltransitionsystemlp, anduse
well-known graphalgorithms.Time andspacecompleity O(|Tp|), but
in practiceoftenO(|Tp|?).

Problem exponentialin thesizeof P for very easyinstancese.g.for
completelyindependenprocesses.
Our solution: work on the unfolding of the system.

e Compact'proof objects”,exponentiallysmallerthanTp In
favourablecases.

e “Proof objects”of sizeO(|Tp|) for FT, andof sizeO(|Tp|?) for FIT
andL.

e Inthistalk: only FT andFIT (L moretechnical).
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An examplewith n=1

In thiscaseP = T; = Tp.
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SolvingFT forn=1

Prooftree Prefixof theunfoldingof P.

A noden is aterminalif
(I) it isreachedy aneventlabelledby a, or

(Il) theprooftreeconstructedgofar containsa
noden’ labelledby the samestateasn.

A tableaus a (minimal) prooftreesuchthatall
leavesareterminals.

A terminaln is successfuif it is of typel.

A proof treeis successfulf it hasat leastone
successfuterminal.

Theorem (P,a) exhibits aforbiddentraceiff (P,a) has
asuccessfuprooftree.




Generalizationto n > 1. First attempt

Problem Terminalsarelocal statesput aterminals
definitionmustreferto global states.

Idea[McMillan 92,95]. Associateo eachnoden of
theunfoldingaglobalstateGS(n) asfollows:

e letHist(n) bethe*history” of n;
e let GS(n) betheresultof “executing”Hist(n).

New definition of terminal;

A noden is aterminalif
(I) it isreachedy aneventlabelledby a, or

(Il) theprooftreeconstructedgofar containsa
noden’ suchthatGS(n) = GS(n’).

A terminaln is successfuif it is of typel.
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The attempt fails!
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Adequateorders

GS(n) = GS(n’) too weakfor aterminal

An order= on historiesis adequatef it
e iswell-founded,

e preserescausality:if h prefixof h’ thenh < H,
and

e is preseredby finite extensionsif h < h’, then
h-h <n-h"forall h".

We sayn < n’if Hist(n) < Hist(n’).

New definition of terminal;

A noden is aterminalif
(I) it is reachedy ana-transition,or

(Il) theprooftreeconstructedgofar containsa
noden’ < n suchthatGS(n) = GS(n').

A terminaln is successfuif it is of typel.

Theorem (P,a) hasaforbiddentraceiff it hasa
successfutableau.




Problem n’ < nisanadditionalcondition
= lessplacesareterminals
= prooftreescanbebigger!

e In [McMillan 92]:

h < i if sizeof h smallerthansizeof h'.
Tableauxcanbe exponentiallybiggerthanTp

e In [E.,ROMerVogler96, E., Romer99]:
Total orders=.

Theorem Any tableauxn whichtheeventsare
addedn <-orderhassizeO(Tp).




A solutionto FIT forn=1

A noden is aterminalif Hist(n) containsanode
n’ labelledwith the samestateasn.
A terminaln is successfuif Hist(n) — Hist(n')

(thepathfrom n’ to n) containssomea-labelled
transition.

Theorem (P, a) exhibits aforbiddeninfinite traceiff
(P,a) hasa successfulableau.

Problem:tableauxcanbe exponentiallylargerthanTp






A better solutionforn=1

New definition of terminal;

A noden is aterminalif thereis a noden’ la-
belledwith the samestateasn suchthat

e n’ belongsto Hist(n), or

e n’ doesnotbelongto Hist(n), andHist(n’)
containsatleastasmary a-labelled
transitionsasHist(n).

A terminal n is successfulif n’ belongsto
Hist(n) andHist(n) \ Hist(n’) containssome
a-labelledtransition.

Theorem (P,a) hasaforbiddeninfinite traceiff it has
asuccessfutableau.Thesizeof ary tableaun which
eventsareaddedn <-orderis O(|Tp|?).







Generalizationton > 1

Definition of terminal:

A noden is aterminalif thereis anoden’ < n
suchthatGS(n’) = GS(n), and

e n’ belongsto Hist(n), or
e n’ doesnotbelongto Hist(n), andHist(n’)

containsatleastasmary a-labelled
transitionsasHist(n).

A terminal n is successfulif n’ belongsto
Hist(n) andHist(n) \ Hist(n") containssome
a-labelledtransition.

Theorem (Tp, a) hasa forbiddeninfinite traceiff it
hasa successfutableau.

With theadequat®rdersof [E.,RomerVogler96] and
[E., Romer99] thesizeof ary tableaus at most
O(|Tp|?)-




A successfutableau

sO
a
sl(%<\32
s3 r2
sO ro
a
sl s2 ri

s3 r?2 s3 r2

ro
ri
s3 r2



System StructuredPetrinet Prefix BDD size
(scale) | Places| Trans.| GlobalStates| Places| Trans.| (Petrify)
CY(12) 95 71 74264 232 | 104
DPD(7) 63 63 109965| 86310| 4314
SR(10) 100| 100| 8.1x 102 | 119450| 86180
EL(4) 736 | 1939 43440| 32354 | 16935
PC 231 202 | >3.1x1C° 2164 | 1035 40188
CP 150 140 2.8 x 10’ 1671 780 210249
DME(64) | 257| 256| 1.8x 10 385| 256 45460
RW(10) 86 66 1.6x 10° | 29132 15974 7576




CY : Cycler(Milner)

DPD: Philosophersvith deadlockavoidance

SR: Slottedring protocol

EL: Elevator

PC:Productioncell

CP:ConcurrenfushergHeimer)

DME: STG specificatiorof acircuit for distributedmutualexclusion
RW: Readerandwriters (Hellwagner)



Unfoldingsvs. BDDs

Conceptuakimilaritiesanddifferences:
e Bothtechniguexompresdhestatespace

e BDDs exploit regularity
Unfoldingsexploit concurreng

Consequences:

-+ RohlustnessUnfoldingslesssensitve to changes
In thesystem

-+— CompressionPrefixsmallerfor looselycoupled
systemsBDDs smallerfor tightly coupled
systems



e 100randomtableswith right-handedleft-handedandambidextrous
philosophers

e BDD for thesetof reachablestategPetrify)

Nr. of BDD size
phil. | Average| Min. Max. | St.Der. | Aver/St.Dey.
4 178 | 94 355 52 0.30
6 583 | 248 1716 305 0.52
8 1553 | 390 8678 | 1437 0.92
10 3140| 510| 27516| 4637 1.48
12 4855| 632 | 47039| 8538 1.76
14 33742 797 | 429903| 85798 2.54




e 100randomtableswith right-handedleft-handedandambidextrous
philosophers

e Nodesof thecompleteprefix (PEP)

Nr. of Prefixsize
phil. | Average| Min. | Max. | St.Der. | Aver/St.Dey.
4 46 | 40 60 5.13 0.10
6 70 60 85 5.99 0.09
8 95| 80| 110 6.92 0.07
10 117 100| 135 7.78 0.07
12 141 | 120| 160 7.40 0.05
14 161 | 140 | 185 9.25 0.06




Checking deadlock-freedomwith BDDs

e 100randomtableswith right-handedleft-handedandambidextrous
philosophers

e SMV onaSUN Ultra 60, 2 processors40MB

Nr of Timein seconds

phil. | Average| Min. Max. | St.Dev. | Aver/St.Dev.
4 0.08| 0.05 0.13 0.02 0.29

6 0.36| 0.20 1.18 0.16 0.46

8 4.14 1.25 14.60 2.45 0.59
10 56.60| 15.80| 388.00| 46.90 0.83
12 | 1595.00| 228.00| 10616.00| 1615.00 1.01




Checking deadlock-freedomwith unfoldings

e 100randomtableswith right-handedleft-handedand
ambidetrous-philosophers

e PEP+ stablemodelsona SUN Ultra 60, 2 processorst40MB

Nr. of Timein seconds
phil. | Average| Min | Max | St. Dev | Aver./St. Dev
8 0.01| 0.04| 0.03| 0.007 0.24
10 0.01| 0.06| 0.03| 0.009 0.27
12 0.02| 0.07| 0.04| 0.012 0.28
14 0.02| 0.05| 0.04| 0.007 0.20
16 0.02| 0.05| 0.04| 0.007 0.17
18 0.03| 0.05| 0.04| 0.007 0.17




Unfoldings vs. stubborn sets

Conceptuasimilaritiesanddifferences:
e Bothtechniquexploit concurreng

e Stubbornsetsdiscardinformation
Unfoldingscompressnformation

e Stubbormnsetsareconserative: smalloverheads
guaranteedat the price of a suboptimakeduction
Unfoldings“take risks’: large overheads
possible put optimalcompression

Consequences:

-+ No lossof information— All reachability
propertiescheckableon the sameprefix

- Causalityinformationavailable
(ex. alarmpatterns)

— Largeroverheaddor tightly coupledsystems



Checking deadlock-fredomwith stubborn setsand unfoldings

e 1 left-handed] right-handedand(n — 2) ambidetrousphilosophers
e SUNUItra 60,2 processors40MB

Nr. of Timein seconds
phil. | PROD | PEP+ smodels
10 18 0.04
12 69 0.04
14 834 0.04
16 5003 0.04
18 | 29257 0.06




Tentative rules of thumb

e BDDs moresuitablefor very regularsystems
e Stubbornsetsandunfoldingsmoresuitablefor irregularbut concurrent
systems
e Stubbornsetsmoresuitablefor systemswith little concurreng

e Unfoldingsmoresuitablefor highly concurrensystems



