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Stutter bisimulation

Let TS = (S, Act, —, I, AP, L) be a transition systemand R C S x S

R is a stutter-bisimulation for TS if for all (sq, s2) € R:
1. L(Sl) = L(Sg)

2. if s7 € Post(sy) with (s1,s]) ¢ R, then there exists a finite path
fragment souq ... up, sh,withn > 0 and (so,u;) € R and (s9,s5) € R

3. if s5, € Post(s2) with (s9,s,) ¢ R, then there exists a finite path
fragment sy vy ... v, sy Withn > 0 and (s1,v;) € R and (s,s5) € R

s1, so are stutter-bisimulation equivalent, denoted s; ~tg s9, if there exists a stutter bisimulation R
for TS with (s1,s9) € R
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(with s1 %+ $7)

Stutter bisimulation

can be completed to
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R inducing the following partitioning of the state space is a stutter bisimulation:

{{(n1, n2), (n1, wa2), (w1, n2), (w1, w2) }, {{c1, n2), (c1, w2) }, {(ca, 1), (w1, o) }}

In fact, this is the coarsest stutter bisimulation, i.e., R equals ~+s

© JPK 3



Advanced model checking

Stutter trace and stutter bisimulation are incomparable

12

Q/

main reason: ~ does not impose constraints on stutter paths
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Stutter bisimulation does not preserve LTL,

e 9

2 {a) 2 {a)

TSleft ~ TSm-ght but TSleft l# <Ca and Tsm‘ght }: <Sa

main reason: presence of stutter paths
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Divergence sensitivity

e Stutter paths are paths that only consist of stutter steps

— no restrictions are imposed on such paths by stutter bisimulation
= stutter trace-equivalence ( =) and stutter bisimulation (=) are incomparable
= ~ and LTL\~ equivalence are incomparable

e Stutter paths diverge: they never leave an equivalence class

e Remedy: only relate divergent states or non-divergent states
— divergent state = a state that has a stutter path
= relate states only if they either both have stutter paths or none of them
e This yields divergence-sensitive stutter bisimulation (=%*)

~" is strictly finer than = (and =)
= ~"" and CTL{ equivalence coincide

© JPK 6



Advanced model checking

Divergence sensitivity

Let TS be a transition system and ‘R an equivalence relation on .S

e sis R-divergent if there exists an infinite path fragment
ss1S2... € Paths(s) such that (s,s;) € Rforall j >0

— s is R-divergent if there is an infinite path starting in s that only visits [s| z
e R is divergence sensitive if for any (si, s2) € R:
s1 1S R-divergent implies s, is R-divergent

— R is divergence-sensitive if in any [s] z either all or none states are R-divergent
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Example
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Divergent-sensitive stutter bisimulation

s1, 52 in TS are divergent stutter-bisimilar, denoted s; ~% s,, if:

1 divergent-sensitive stutter bisimulation R on TS such that (s1,s2) € R

zﬁl.g’ IS an equivalence, the coarsest divergence-sensitive stutter bisimulation for TS

and the union of all divergence-sensitive stutter bisimulations for TS
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Example
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Quotient transition system under ~%"

TS/~ = (§' {1},=',I' AP, L), the quotient of TS under ~%"
where
e S, I'and L’ are defined as usual (for eq. classes [s]y, under ~%)
e —'is defined by:

s s’ A5 # S s is ~%"-divergent

T ! / and T
[Slav — g 18 ]aiv Slav — g [S]aw

note that TS ~%’ TS/~
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Example

9 {a}
[83]% [So]z
9 {a}

transition system TS/~

@ transition system TS
{a} la}

transition system TS/ ~%"
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A remark on purely divergent states

e s, IS purely divergent if all paths of s are infinite and divergent
e s IS @terminal state if it has no outgoing transitions
o if L(Spd) — L(Sterm) then Sterm ~Ts Spd and Sterm #?st Spd

® Siorm A s implies

— L(s) = L(strm) and each path of s is finite and divergent
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~% on paths

For infinite path fragments m; = sp;51:52.i...,1=1,2,InTS:

~ div

If and only if there exists an infinite sequence of indexes
O=gop< 71 <jgo<... and O0=ko<ki <ky<...

with:
s;i1 AW g oforallj, 1 <j<jrandk,. 1 <k <k.withr=1,2.

~"" on finite paths can be defined similarly
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Example
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Comparing paths by ~®

Let TS = (S, Act, —, I, AP, L) be a transition system, s1,s; € S. Then:

s1 ~fY s implies Vm € Paths(sy). (3mo € Paths(sg). m ~42 o)
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Proof
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Stutter equivalence versus ~%

Let TS, and TS, be transition systems over AP. Then:

TS, ~™ TS, implies TS; = TS,

stutter-bisimulation equivalence stutter-trace equivaence
with divergence

whereas the reverse implication does not hold in general
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CTL., equivalence and ~%"

For finite transition system TS without terminal states, and s, s5 IN TS:

s ~dl s, ff

S1 ECTL§O sy Iff s =CTI\ 52

divergent-sensitive stutter bisimulation coincides with CTL, - and CTL{ - equivalence
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Proof

© JPK

20



Advanced model checking

A producer-consumer example

Consumer
Producer

_ out := 0;
In := 0;

_ while true {
while true {

forj =1ton{
wait until (bufferjout] # L) {

produce dq, ..., dn;

fori = 1ton{

wait until (buffer[in] = L) {
buffer[in] := d;;
in:= (in+ 1) mod m; }

e; := buffer[out];
buffer[out] := _L;
out := (out 4+ 1) mod m; }

}

consume €1, ..., €en
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Producer
while true {
produce;
fori =1ton{
wait until (free > 0) {

free := free — 1;

An abstraction

Consumer
while true {
forj =1ton{
wait until (free < m) {
free := free + 1;

}

consume
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Abstract transition system

ly : produce
¢ . (if (free > 0) then ¢ := 1; free—— fi)
¢y : (if (free > 0) then ¢ := 0; free—— fi)
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Comparative semantics

CTLiQ equivalence LTL\O equivalence

bisimulation equivalence trace equivalence trace inclusion
TSy ~ TSoy — Traces(7T7) = Traces(TSg) ——  Traces(T7) C Traces(TSo)
divergence sensitive ____ stutter trace-equivalence stutter trace inclusion
stutter bisimulafion equivalence TS1 =TSq TS1 CE TSy

TSy ~% TS,

CTLiQ equivalence ——— LTLy () equivalence
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AP determinism

CTLiO equivalence

bisimulation equivalence

LTL\ O equivalence

trace equivalence

TSy ~ TSy — Traces(T7) = Traces(TSg) ———

. .y - .
dlvergence sensitive ___  stutter trace-equwalence

stutter bisimulation equivalence
TSy ~*Y TS,

B ]

CTLiO equivalence —

TSl &~ T82

LTL\O equivalence

—>

trace inclusion
Traces(7T7) C Traces(TSq)

stutter trace inclusion
TS1 E TSy
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