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Divergent states STUTTERS. 424
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Divergent states STUTTERS. 424

Let 7 be a TS with state space S and R be an
equivalence relation on S
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Divergent states STUTTERS. 424

Let 7 be a TS with state space S and R be an
equivalence relation on S

State s is called R-divergent if there exists an
infinite path m = sps515 ... with s = s and

(s,s)) € R foralli>1.
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Divergent states STUTTERS. 424

Let 7 be a TS with state space S and R be an
equivalence relation on S

State s is called R-divergent if there exists an
infinite path m = sps515 ... with s = s and
(s,s)) € R foralli>1.

State s is called =7-divergent if there exists an
infinite path m =555 5 ... with s = s and
s &t s; forall 1 > 1.
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Which states are ~r-divergent? STUTTERS.4-24

%0 52

S1
S3

S4
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Which states are ~r-divergent? STUTTERS.4-24

So o stutter equivalence classes:

. {s0, 51,52, 53} {54}
1 s

54
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Which states are ~r-divergent? STUTTERS.4-24

So stutter equivalence classes:
52
. {50, 51, %2, 53} {sa}
1
S3 S0, S, 53 ~r-divergent

S S1, 54 not ~r-divergent
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Which states are ~r-divergent? STUTTERS.4-24

So stutter equivalence classes:
52
. {50, 51, %2, 53} {sa}
1
S3 S0, S, 53 ~r-divergent
S S1, 54 not s7-divergent
% )
51
53

S4
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Which states are ~r-divergent? STUTTERS.4-24

So stutter equivalence classes:
52
. {50, 51,92, 53} {ss}
1 -
S3 S0, S, 53 ~r-divergent
S S1, 54 not ~r-divergent
S0 . stutter equivalence classes:

. {so} {51} {2, 33} {4}
53

S4
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Which states are ~r-divergent? STUTTERS.4-24

So stutter equivalence classes:
52
. {50, 51,92, 53} {ss}
1
S3 S0, S, 53 ~r-divergent
S S1, 54 not ~r-divergent
S0 . stutter equivalence classes:
] (s} {51} {s2,32} {2}
1
S3 $, S3 ~r-divergent

S4

S0, S1, 54 not =p-divergent

11/194



Divergence-sensitivity STUTTERS.4-25
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Divergence-sensitivity STUTTERS.4-25

T is called divergence-sensitive if for all
states s and s, in 7 ;

if sy =15 and s; is =7-divergent
then s, is &7-divergent
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Divergence-sensitivity STUTTERS.4-25

T is called divergence-sensitive if for all
states s and s, in 7 ;
if sy =15 and s; is =7-divergent
then s, is &7-divergent

not divergence-sensitive

S1
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Divergence-sensitivity STUTTERS.4-25

T is called divergence-sensitive if for all
states s and s, in 7 ;
if sy =15 and s; is =7-divergent
then s, is &7-divergent

not divergence-sensitive

stutter equivalence classes:
st {s0,51}, {22}
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Divergence-sensitivity STUTTERS.4-25

T is called divergence-sensitive if for all
states s and s, in 7 ;
if sy =15 and s; is =7-divergent
then s, is &7-divergent

not divergence-sensitive

stutter equivalence classes:
st {s0,s1}, {2}

So is ~r-divergent,
L) while s is not
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Example: divergence-sensitivity STUTTERS.4-25

S0 S
S3
S1 us

th us

17/194



Example: divergence-sensitivity STUTTERS.4-25

So S divergence-sensitive
53
S1 2

th us
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Example: divergence-sensitivity STUTTERS.4-25

So S . divergence-sensitive
3
stutter equivalence classes:
51 1 {s0,s1} {92} {s3} {wn, o, 3}

th us
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Example: divergence-sensitivity STUTTERS.4-25

So S . divergence-sensitive
3
stutter equivalence classes:
51 1 {s0,s1} {92} {s3} {wn, o, 3}

th I Sp and s; are &r-divergent
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Example: divergence-sensitivity STUTTERS.4-25

So S . divergence-sensitive
3 :
stutter equivalence classes:
S u
! 2 {s0,s1} {92} {s3} {wn, o, 3}
th I Sp and s; are &r-divergent

Uy, p, Uz not r-divergent
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We Wi" see ... STUTTER5.4-25B

If 7 is finite and divergence-sensitive then for all
states 51, 2 and CTL* 5 formulas ®:

if s1 7 s and 51 = ® then s, @
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We Wi" see ... STUTTER5.4-25B

If 7 is finite and divergence-sensitive then for all
states 51, 2 and CTL* 5 formulas ®:

if s1 7 s and 51 = ® then s, @

to prove this we show:

stutter bisimulation
equivalence with = CTL*\O equivalence
divergence

23 /194



Divergence-sensitive equivalences
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Divergence-sensitive equivalences

Let 7 be a transition system with state space S and
R an equivalence relation on S.
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Divergence-sensitive equivalences

Let 7 be a transition system with state space S and
R an equivalence relation on S.

R is called divergence-sensitive if for all s, s € S

if (s1,%) € R and s is R-divergent
then s, is R-divergent.
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Which equivalences are divergence-sensitive? ...c.u

%0 ® ={a}
® =gog

51 2 AP = {a}
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Which equivalences are divergence-sensitive? ...c.u

) ® ={a}
® =y
51 2 AP = {a}
u s3

(quotients of ) equivalences:

Ra :{so} {s1} {52, s3} {u}
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Which equivalences are divergence-sensitive? ...c.u

) ® ={a}
® =gog
51 2 AP = {a}
u s3

(quotients of ) equivalences:

Ra :{so} {s1} {s2,s3} {u} divergence-sensitive
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Which equivalences are divergence-sensitive? ...c.u

) ® ={a}
® =y
51 2 AP = {a}
u s3

(quotients of ) equivalences:
Ra :{so} {s1} {s2,s3} {u} divergence-sensitive
Ra : {s0,51,%, 5} {u}
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Which equivalences are divergence-sensitive? ...c.u

) ® ={a}
® =y
51 2 AP = {a}
u s3

(quotients of ) equivalences:
Ry :{so} {s1} {s,s3} {u} divergence-sensitive
Ry : {s0,5,%, 53} {u} not divergence-sensitive
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Which equivalences are divergence-sensitive? ...c.u

) ® ={a}
® =y
51 2 AP = {a}
u s3

(quotients of ) equivalences:

Ry :{so} {s1} {s,s3} {u} divergence-sensitive

Ry : {s0,5,%, 53} {u} not divergence-sensitive
Rz :{s1} {s0, %, s} {u}
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Which equivalences are divergence-sensitive? ...c.u

) ® ={a}
® =y
51 2 AP = {a}
u s3

(quotients of ) equivalences:

Ry :{so} {s1} {s,s3} {u} divergence-sensitive

Ry : {s0,5,%, 53} {u} not divergence-sensitive
Rs :{s1} {s0,%, 53} {u}  divergence-sensitive

33/194



Stutter bisimulation with divergence STUTTERS.4-26
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Stutter bisimulation with divergence STUTTERS.4-26

Let 7 = (S,...) be a TS and R an equivalence on S.

R is called divergence-sensitive if for all s1, sp € S:
(s1,52) € R A s; R-divergent = s, R-divergent
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Stutter bisimulation with divergence STUTTERS.4-26

Let 7 = (S,...) be a TS and R an equivalence on S.

R is called divergence-sensitive if for all s1, sp € S:
(s1,52) € R A s; R-divergent = s, R-divergent

stutter bisimulation equivalence with divergence:

s zgi" sy iff there exists an equivalence R on S
that is a divergence-sensitive stutter
bisimulation for T with (s1,%) € R
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Stutter bisimulation with divergence STUTTERS.4-26

Let 7 = (S,...) be a TS and R an equivalence on S.

R is called divergence-sensitive if for all s1, sp € S:
(s1,52) € R A s; R-divergent = s, R-divergent

stutter bisimulation equivalence with divergence:

s zgi" sy iff there exists an equivalence R on S
that is a divergence-sensitive stutter
1 bisimulation for T with (s1,%) € R

%‘7’1" is an equivalence relation on S and the
coarsest divergence-sensitive stutter bisimulation for 7°
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Stutter bis. equivalence with divergence

~udiv
~T

= coarsest equivalence on the state space S of 7

such that for all 5 =4V s,:

38/194



Stutter bis. equivalence with divergence

~udiv
~T

= coarsest equivalence on the state space S of 7

such that for all 5 =4V s,:

(1) L(s1) = L(=)
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Stutter bis. equivalence with divergence

~udiv
~T

= coarsest equivalence on the state space S of 7

such that for all 5 =4V s,:

(1) L(s1) = L(=)

SERY & AN
Ve

; b/

with s] #9V g s =V 5
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Stutter bis. equivalence with divergence

~udiv
~T

= coarsest equivalence on the state space S of 7

such that for all 5 =4V s,:

(1) L(s1) = L(=)

SERY & AN
T v
AL ‘e T
¥ /
s tn
with s] #9V g s =V 5

(3) 51 ~dV_divergent iff s, ~I_divergent
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Example: ~7 vs. ~3v STUTTERS.4-45
51 S AP = {a, b}
® ={ab}
U]_ U2 U3 . 2 {b}

Vi Vo V3 =9
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Example: ~7 vs. ~3v STUTTERS.4-45
51 $ AP = {a, b}
® =(sb)
U]_ U2 U3 . ~ {b}
Vi Vo V3 =g

stutter bisimulation equivalence classes:

{Vla V2, V3} {uh u, U3} {51’ 52}
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Example: ~7 vs. ~3v STUTTERS.4-45
51 $ AP = {a, b}
® =(sb)
U]_ U2 U3 . ~ {b}
Vi Vo V3 =g

stutter bisimulation equivalence classes:
{Vla V2, V3} {ula W, U3} {511 52}

stutter bisimulation equiv. classes with divergence:

{vi, v, 3} {u, w} {ws} {s1} {2}
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Equivalence classes under ~7 and =% 5000
S0
S1 52

Sa S3
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Equivalence classes under ~7 and =% 5000
S0 stutter bis. equivalence classes:

S S S/ NT= { {507 51, 52, 53}, {54} }

54 S3
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Equivalence classes under ~7 and =% 5000
S0 stutter bis. equivalence classes:

S/ ~r= {{s0, 51, %, 53}, {s4} }

S Is &=7-divergent, while s; is not

S1 L))

Sa S3
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Equivalence classes under ~7 and =% 5000
S0 stutter bis. equivalence classes:

S/ RT= { {507 51, 52, 53}) {54} }
stutter bis. equiv. classes with div.:

S4 B S/ == { {0}, {s1}, {92, 53}, {s4} }

S1 L))
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Equivalence classes under ~7 and =% 5000
S0 stutter bis. equivalence classes:
st S/ RT= { {507 51, 52, 53}) {54} }
stutter bis. equiv. classes with div.:
S4 B S/ mr={{s}, {s1}, {52, 53}, {sa} }
S0
51 $

Sa S3
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Equivalence classes under ~7 and =% 5000
S0 stutter bis. equivalence classes:

S/ RT= { {507 51, 52, 53}) {54} }
stutter bis. equiv. classes with div.:

S4 B S/ == { {0}, {s1}, {92, 53}, {s4} }

S1

S0 stutter bis. equivalence classes

S/ 1= { {50}» {51}’ {5’2» 53}, {54} }

S1 3
Sa S3
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Equivalence classes under ~7 and =% 5000
S0 stutter bis. equivalence classes:

S1

S4

S1

S4

S3

S/ RT= { {507 51, 52, 53}) {54} }
stutter bis. equiv. classes with div.:

S/ NT= { {50}» {51}’ {5’2» 53}, {54} }

S3

stutter bis. equivalence classes
S/ m=r={{s0}, {s1}, {2, 3}, {sa} }

stutter bis. equiv. classes with div.:

S/ =r= { {50}7 {51}) {527 53}7 {54} }
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~9 for two transition systems STUTTERS 4-46

Let 7; and 75> be two TS over the same set AP.
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~9 for two transition systems STUTTERS 4-46

Let 7; and 75> be two TS over the same set AP.

T, ~v T, iff

initial state s, of 75 such that s

(I1) for all initial states s; of 7; there exists an

zgi" S»
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~9 for two transition systems STUTTERS 4-46

Let 7; and 75> be two TS over the same set AP.

T, ~v T, iff

(I1) for all initial states s; of 7; there exists an
initial state s, of 75 such that s z?" S

where T =T, W71,
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~9 for two transition systems STUTTERS 4-46

Let 7; and 75> be two TS over the same set AP.

T, ~v T, iff

(I1) for all initial states s; of 7; there exists an
initial state s, of 75 such that s z?" S

(I2) for all initial states s, of 7 there exists an
initial state s; of 77 such that 5, =9V s,

where T =T, W71,
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Correct or wrong? STUTTERS 4-46
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Correct or wrong? STUTTERS 4-46

wrong

57 /194



Correct or wrong? STUTTERS 4-46

t
div !

Q

S3

wrong

because s3 is not divergent,
while ty, to, t3 are divergent
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Correct or wrong? STUTTERS 4-46

S1 5]

L) div

Q

3 1) L3

)] us us3
wrong

because s3 is not divergent,
while ty, to, t3 are divergent

d"’ -equivalence classes:

{{tb by, t3}7 {517 52}a {53}7 {ula ua, U3}}
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Correct or wrong? STUTTERS 4-46

Y T
o

wrong

.Af ~
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Correct or wrong? STUTTERS 4-46

Y T
o

wrong

.Af ~

correct
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Correct or wrong? STUTTERS 4-46
wrong

Afi

correct

all blue states are ~9V-equivalent and divergent
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Correct or wrong? STUTTERS 4-23A
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Correct or wrong? STUTTERS 4-23A

~div wrong
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Correct or wrong? STUTTERS 4-23A

~div wrong

even not =-equivalent, since s has no equivalent state
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Correct or wrong? STUTTERS 4-23A

adiv wrong
s

even not =-equivalent, since s has no equivalent state

11
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Correct or wrong? STUTTERS 4-23A

adiv wrong
s

even not =-equivalent, since s has no equivalent state

z ~div I wrong
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Correct or wrong? STUTTERS 4-23A

adiv wrong
s

even not =-equivalent, since s has no equivalent state

g 51 . SQ
~div wrong

s1 #IV sy, as sy is ~9V-divergent, while s, is not
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Stutter abstract equivalences STUTTERS.4-55

stutter trace

equivalence
A
=17
stutter bisimulation stutter bisimulation
equivalence with divergence

Lh=1T T~
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Stutter abstract equivalences STUTTERS.4-55

L LTL\-equivalence ]

stutter trace
equivalence
A
=17
stutter bisimulation stutter bisimulation
equivalence with divergence
T~T T~ T,
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Stutter abstract equivalences STUTTERS.4-55

L LTL\-equivalence ]

stutter trace
equivalence
T2
1= = CTL*o/CTL\o

equivalence

stutter bisimulation stutter bisimulation
equivalence with divergence
=T T~V T,
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Stutter abstract equivalences STUTTERS.4-55

L LTL\-equivalence ]

stutter trace
equivalence
A
L=% CTL*o/CTLyo
\ equivalence
stutter bisimulation stutter bisimulation
equivalence with divergence
Ti=T =T,
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Logical characterization of ~4¥ STUTTERS 4-28
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Logical characterization of ~4¥ STUTTERS 4-28

Let 7 be a transition system, and s;, s, states
in 7. Then, the following statements are equivalent:

74 /194



Logical characterization of ~4¥ STUTTERS 4-28

Let 7 be a transition system, and s;, s, states
in 7. Then, the following statements are equivalent:

(1) s~ s
(2) s1, s satisfy the same CTL*, - formulas

CTL*o = CTL* without next operator O
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Logical characterization of ~4¥ STUTTERS 4-28

Let 7 be a transition system, and s;, s, states

in 7. Then, the following statements are equivalent:

(1) s~ 5
(2) s1, s satisfy the same CTL*, - formulas
(3) s1, % satisfy the same CTL, formulas

CTL*o = CTL* without next operator O
CTL\o = CTL without next operator O
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PrOOf Outline STUTTERS5.4-28-PROOF
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PrOOf Outline STUTTERS.4-28-PROOF

Let 7 be a finite TS and sy, s, states in 7. Then:
S %d’]i_v S
iff s1, sp satisfy the same CTL*\Q formulas

iff s1, s, satisfy the same CTL\ formulas

~3V with divergence

AN

[CTL*\O—equivaIence ]——[ CTL\p-equivalence ]

78 /194
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PrOOf Outline STUTTERS.4-28-PROOF

Let 7 be a finite TS and sy, s, states in 7. Then:
S %d’]i_v S

iff s1, sp satisfy the same CTL*\O formulas

iff s1, s, satisfy the same CTL\ formulas

stutter bisimulation equivalence
~3V with divergence

[CTL*\O—equivaIence ]—‘—{ CTL\p-equivalence ]

as CTL\( is a sublogic of CTL*
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PrOOf Outline STUTTERS.4-28-PROOF

Let 7 be a finite TS and sy, s, states in 7. Then:
S %d’]i_v S

iff s1, sp satisfy the same CTL*\O formulas

iff s1, s, satisfy the same CTL\ formulas

stutter bisimulation equivalence
~3V with divergence

by structural
induction
[CTL*\O—equivaIence ]—‘—{ CTL\p-equivalence ]

as CTL\( is a sublogic of CTL*
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PrOOf Outline STUTTERS.4-28-PROOF

Let 7 be a TS and s, sy states in 7. Then:
~div
S1 =7 ®2

iff s1, sp satisfy the same CTL*\O formulas

iff s1, s, satisfy the same CTL\ formulas

stutter b|S|mu|at|on equwalence
T div \vith divergence

by structur
induction for finite TS

[CTL*\O equwalence CTL\p-equivalence ]

as CTL\p is a subloglc of CTL*



PrOOf Outline STUTTERS.4-28-PROOF

Let 7 be a TS and s, sy states in 7. Then:
~div
S1 =7 ®2

iff s1, sp satisfy the same CTL*\O formulas

iff s1, s, satisfy the same CTL\ formulas

stutter b|S|mu|at|on equwalence
T div \vith divergence

by structur via master
induction formulas

[CTL*\O equwalence CTL\p-equivalence ]

as CTL\p is a subloglc of CTL*



CTL\(-equivalence is finer than ~% STUTTERS.4-30
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CTL\(p-equivalence is finer than ydv STUTTERS.4-30

For finite transition system 7 :
R = {(51,52) : 51, 5 satisfy the same CTL\ formulas}

is a divergence-sensitive stutter bisimulation.
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CTL\(p-equivalence is finer than ydv STUTTERS.4-30

For finite transition system 7 :
R = {(51,52) : 51, 5 satisfy the same CTL\ formulas}

is a divergence-sensitive stutter bisimulation.

proof uses CTL\~ master formulas for
d"’ -equivalence classes
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CTL\(p-equivalence is finer than ydv STUTTERS.4-30

For finite transition system 7 :
R = {(51,52) : 51, 5 satisfy the same CTL\ formulas}

is a divergence-sensitive stutter bisimulation.

51
i

V2
53
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CTL\(p-equivalence is finer than ydv STUTTERS.4-30

For finite transition system 7 :
R = {(51,52) : 51, 5 satisfy the same CTL\ formulas}

is a divergence-sensitive stutter bisimulation.

® ={a} © ={h} =g
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CTL\(p-equivalence is finer than ydv STUTTERS.4-30

For finite transition system 7 :
R = {(51,52) : 51, 5 satisfy the same CTL\ formulas}

is a divergence-sensitive stutter bisimulation.

master formulas:

vi,Vo,v3 = -aA-b

® ={a} © ={h} =
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CTL\(p-equivalence is finer than ydv STUTTERS.4-30

For finite transition system 7 :
R = {(51,52) : 51, 5 satisfy the same CTL\ formulas}

is a divergence-sensitive stutter bisimulation.

master formulas:

vi,Vo,v3 = -aA-b
t E-aAb

® ={a} © ={h} =

89 /194




CTL\(p-equivalence is finer than ydv STUTTERS.4-30

For finite transition system 7 :
R = {(51,52) : 51, 5 satisfy the same CTL\ formulas}

is a divergence-sensitive stutter bisimulation.

master formulas:
vi,Vo,v3 = -aA-b
t E-aAb
s,53 EaA3(aUb)
s1 EFan-3(aUb)

® ={a} © ={h} =
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CTL\O master formulas STUTTERS 457

S1 S
n v V3

th u
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CTL\O master formulas STUTTERS 457

51 52
1 W 3
th u

equivalence classes w.r.t. %g!":

{1, w} {vi, 2, 5} {s1} {s2}
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CTL\O master formulas STUTTERS 457

S1 52
i W V3
th L th, Uy |= —blue A\ —green

equivalence classes w.r.t. zg!":

{1, w} {vi, 2, 5} {s1} {s2}
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CTL\O master formulas STUTTERS 457

S1 52
i W V3
Vi, V2, V3 |= green
th L th, U |= —blue A\ —green

equivalence classes w.r.t. zg!":

{1, w} {vi, 2, 5} {s1} {s2}
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CTL\O master formulas STUTTERS 457

S S s1 = 30blue

s, = blue A ~30blue
1 W 3

Vi, V2, V3 |= green
th u

th, U |= —blue A\ —green

equivalence classes w.r.t. zg!":

{1, w} {vi, 2, 5} {s1} {s2}
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CTL\O master formulas STUTTERS 431

S S ® = {3
® ={b}

Uy N
=d

51 $ S3

un 4
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CTL\O master formulas

So S4

us
51 $ S3

un 4

dl"—equw classes

STUTTERS.4-31

= {a}
= {b}

=9

{v}

{mn}

{w}

{50, 51, %2, 53}

{sa}
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CTL\O master formulas STUTTERS 431

) Sa ® = {3}
n ® =10
51 S S3 =9
u "4

dl"—equw classes | CTL\p master formulas

{v} b
{mn}
{w}
{50, 51, %2, 53}

{sa}
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CTL\O master formulas STUTTERS 431

{a}
{6}

S0 54 o

o
us

1111

51 $ S3

un 4

dl"—equw classes | CTL\p master formulas

{v} b
{mn} A00(—-a A —b)
{w}
{50, 51, %2, 53}

{sa}
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CTL\O master formulas STUTTERS 431

) Sa ® = {3}
n ® =10
51 S S3 =9
u "4

dl"—equw classes

CTL\O master formulas

{v}

{mn}

{w}

{50, 51, %2, 53}

{sa}

b
A00(—a A —b)
—30(-a A -b) A—-aA-b
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CTL\O master formulas STUTTERS 431

S S4 ® = (i
w ® =)
51 2 S5 =9
th v
dl"—equw classes | CTL\p master formulas
{v} b
{u1} EII:I(ﬂa A ﬂb)
{w} —30(-a A -b) A—-aA-b
{s0, 51, 52, 53} a A V(aW3O(—a A b))
{se}
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CTL\O master formulas STUTTERS 431

S S4 ® = (i
w ® =)
51 2 S5 =9
th v
dl"—equw classes | CTL\p master formulas
{v} b
{u1} EII:I(ﬂa A ﬂb)
{w} —30(-a A -b) A—-aA-b
{s0, 51, 52, 53} a A V(aW3O(—a A b))
{ss} a A ~V(aW3O(—a A —b))
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~™ and CTL*/CTL o-equivalence s
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~% and CTL* 5/CTL o-equivalence  swrmmms.sss

Let 51,5, be states of a finite TS without terminal states.
Then, the following statements are equivalent:

(1) s~ s
(2) s1, s satisfy the same CTL* ) formulas

(3) s1, % satisfy the same CTL, formulas
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~% and CTL* 5/CTL o-equivalence  swrmmms.sss

Let s1,5) be states of a finite TS without terminal states.
Then, the following statements are equivalent:

(1) s~ =
(2) s1, s satisfy the same CTL* ) formulas
(3) s1, % satisfy the same CTL, formulas

(2) = (3): clear as CTL\(y is a sublogic of CTL*
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~% and CTL* 5/CTL o-equivalence  swrmmms.sss

Let s1,5) be states of a finite TS without terminal states.
Then, the following statements are equivalent:

(1) s~ =
(2) s1, s satisfy the same CTL* ) formulas
(3) s1, % satisfy the same CTL, formulas

(2) = (3): clear as CTL\(y is a sublogic of CTL*

(3) = (1): CTL\p-equivalence is a divergence-
sensitive stutter abstract bisimulation
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STUTTERS.4-56

~% and CTL*5/CTL,o-equivalence

Let s1,5) be states of a finite TS without terminal states.
Then, the following statements are equivalent:

(1) s~ =
(2) s1, s satisfy the same CTL* ) formulas
(3) s1, % satisfy the same CTL, formulas

(3): clear as CTLy(y is a sublogic of CTL*

(1): CTL\p-equivalence is a divergence-
sensitive stutter abstract bisimulation

(1) = (2): proof by structural induction
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STUTTERS.4-56

~% and CTL*5/CTL,o-equivalence

Let 51,5, be states of a finite TS without terminal states.
Then, the following statements are equivalent:

(1) s~ %
(2) s1, s satisfy the same CTL* ) formulas
(3) s1, % satisfy the same CTL, formulas

(3): clear as CTLy(y is a sublogic of CTL*

(1): CTL\p-equivalence is a divergence-
sensitive stutter abstract bisimulation

(1) = (2): proof by structural induction
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%g!v for paths STUTTERS.4-32
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Recall: ~7 for paths STUTTERS.4-32

Let 71, 5 be infinite path fragments in 7.
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Recall: ~7 for paths STUTTERS.4-32

Let 71, 5 be infinite path fragments in 7.

T ~ o iff m; and my are statewise bisimilar
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Recall: ~7 for paths STUTTERS.4-32

Let 71, 5 be infinite path fragments in 7.

m ~ o iff w3 and my are statewise bisimilar, i.e., if
m = 51,05,15.25,3---

T = 505,192,293 ---
s.t. s1; ~1 s foralli >0
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Recall: ~7 for paths STUTTERS.4-32

Let 71, 5 be infinite path fragments in 7.

m ~ o iff w3 and my are statewise bisimilar, i.e., if
m = 51,05,15.25,3---

T = 505,192,293 ---
s.t. s1; ~1 s foralli >0

. e Nd'
analogous definition for ~&"
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%g!v for paths STUTTER5.4-32A

Let 71, 5 be infinite path fragments in 7.
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%g!v for paths STUTTER5.4-32A

Let 71, 5 be infinite path fragments in 7.

m™ %d’]i_v

G, G, G, . ..

m iff there exist infinite sequences
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%g!v for paths STUTTER5.4-32A

Let 71, 5 be infinite path fragments in 7.

m™ %d’]i_v

G, G,G,... € (5/ zgi_v)w

m iff there exist infinite sequences
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%g!v for paths STUTTER5.4-32A

Let 71, 5 be infinite path fragments in 7.

™ m#" m iff there exist infinite sequences
Co, Cl, Cg, e € (5/ %%i-v)w
no,m,ny,... €N%

mg, my, my, . .. GN"Z’I
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~3W for paths

STUTTERD.4-32A

Let 71, 5 be infinite path fragments in 7.

T z#" m iff there exist infinite sequences
Co, Cl, Cg, ... € (5/ %%i-v)w
no,m,ny,... €N%
mo, my, my, ... € NY,
such that
€£o GEI €£2
m = §1,1 Sl,n;i'l,l- . .tl’n:fll,l. . -Ul,n;- ..
T2 = 1. -2,m 21 ,m U21 U2,my - - -
G G G
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Stutter relations for paths STUTTERS.4-328
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Stutter relations for paths STUTTERS.4-328

. A
stutter trace equivalence: m; = mp

m™ 51 82...5 lhpuz... Ui V... Vg .
! / o !

T2 5152...$;U1...U;V1V2...Vq..

labeling Ao A A

where Ay, A1, Ao, ... are subsets of AP
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Stutter relations for paths STUTTERS.4-328

. A
stutter trace equivalence: m; = mp

m™ 51 82...5 lhpuz... Ui V... Vg .

! / o !
T2 5152...$;U1...U;V1V2...Vq
labeling Ao A A

where Ay, A1, Ao, ... are subsets of AP

stutter bis. equiv. with divergence: m ~$" 7103

™ S]1 $2...5hus... Ui vy...Vg ...
/ / ! / /

) 515 .- Sp U ULV VL.V

equiv.class Go G G

where Gy, G, G, ... are & d"’ -equivalence classes
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Stutter relations for paths STUTTERS.4-328

. A
stutter trace equivalence: m; = mp

m™ S1 $2...5 lhpuz... Ui vy... Vg ...
!/ / / / /
T2 5152...S;UI...U2V1V2...Vq...
labeling Ao A Ao
stutter bis. equiv. with divergence: m zgi" o
m $5182...5hbu3z... Ui vy...Vg ...
/ / / /
T2 SIS --- S U UV VLV L
equiv.class Go G G ...

If m™

- A
~3V 7, then m; = .
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Example: zgi" for paths STUTTERS.4-33
51 5
U1 2

i w2 u,
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Example: =9V for paths STUTTERS.4-33

S1 L)

u us
/

i w2 u,

m=sunhssunmuwvnwvnwvwv ...
Ta= hvvivvvvvvwvw ...
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Example: zg—i" for paths STUTTERS.4-33
AN

d"’-equw classes:

{s1, n}, {2}
{u, 3}, {vi, v}

m=sunhssunmuwvnwvnwvwv ...
Ta= hvvivvvvvvwvw ...

125/194



Example: zg—i" for paths STUTTERS.4-33
AN

d"’-equw classes:

{s1, n}, {2}
{u, 3}, {vi, v}

m=sunhssunmuwvnwvnwvwv ... ~div
. m =~ ™M
Ta= hvvivvvvvvwvw ...
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Example: ~3" for paths
N\

STUTTERS.4-33

d"’-equw classes:

{s1, n}, {2}
{u, 3}, {vi, v}

m=sunhssunmuwvnwvnwvwv ... ~div
. m =~ ™M
Ta= hvvivvvvvvwvw ...

M= WS hvivivv ...
!/
Ty = SH Vo Vo Vo Vo V) Vo V ...
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Example: ~3" for paths
N\

STUTTERS.4-33

d"’-equw classes:

{s1, n}, {2}
{u, 3}, {vi, v}

m=sunhssunmuwvnwvnwvwv ... ~div

. m™ T T2
Ta= hvvivvvvvvwvw ...
’ r A
m= S W ssnhviviwvwng... m = Ty,

’
Ty = SH Vo Vo Vo Vo V) Vo V ...
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Example: zg—i" for paths STUTTERS.4-33
AN

d"’-equw classes:

{s1, n}, {2}

{u, 3}, {vi, v}

m=sunhssunmuwvnwvnwvwv ... ~div
. m =~ ™M
Ta= hvvivvvvvvwvw ...

’ r A
m=s11sshviviwnvwy ... m = My,

— / di
Ty auvaVvanhvwmv... ) W 1}
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For which indices i, j, does T; Ndfi"

Y

7TJ hOId? STUTTERS.4-34

S1 52 2 53
n X1
7 r A
u3
n i V2
w2 X2 V3
4|
M= S U1 NnZ1X1X1X1WVN1S1U1 21 X1 X1 X1X...
Tio= S Uy Wo Wor Wo Vo Xo P Vo Xo D 2o SH U Vo Xo...
T3 = S3 U3 U3z U3 U3 V3 V3 V3 V3 V3 V3 S3 U3 U3 V3 V3...
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For which indices i, j, does m; ~9¥

7TJ hOId? STUTTERS.4-34

~T
S1 52 2 53
n X1
7 r A
u3
n i V2
w2 X2 V3
4|
M= S U1 NnZ1X1X1X1WVN1S1U1 21 X1 X1 X1X...
Tio= S Uy Wo Wor Wo Vo Xo P Vo Xo D 2o SH U Vo Xo...
T3 = S3 U3 U3z U3 U3 V3 V3 V3 V3 V3 V3 S3 U3 U3 V3 V3...

~~div

~7"'-equivalence classes: ?
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For which indices i, j, does T;

51 52

7] X1 u

2

n Vi W V2
2

m =
Ty =
M3 =

~div
~T

22

r
u3

X2

7TJ hOId? STUTTERS.4-34

3

V3

STy nz1X1X1X3V18101n 23 X1 X1Xx1X1-...
SO Uy Wo Wo Wo Vo Xo D Vo Xo D 25 S U Vo Xa...

S3 U3z Uz Uz U3 V3 V3 V3 V3 V3 V3 S3 U3 U3 V3 V3...

~3V_equivalence classes:

{517 2, 22}

{s3}]|{s3}

{us}

{U]_, n,z, uw, W2}

{Vb X1, V2, X2, r2}

{vs}
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For which indices i, j, does m; =3 7; hold? swrmwwsis

S1 L) 2 3
i X1
) r A
us
n i V2
wa X2 V3
4|

™ = ‘Ul n 21HV1 Vi lel“ul n ZIHVI invix...

Ty = ‘U2 Wy W W2HV2 Xo N Vo Xo r2HZ2 52HU2HV2 X5 . .

T3 = S3 U3 U3z U3z Uz V3 V3 V3 V3 V3 V3 S3 i3 U3 V3 V3...

dlv

7'-equivalence classes: |{s1,%, 2} | |{s3}||{s3}||{us}

{Uhrhzl;u27W2} {V1,X1,V2,X2,f2} {V3}
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For which indices i, j, does m; =3 7; hold? swrmwwsis

th X1
u rn Sé
us
n i V2
4]

™ = ‘Ul n 21HV1 Vi lel“ul n ZIHVI invix...

Ty = ‘U2 Wy W W2HV2 Xo N Vo Xo r2HZ2 52HU2HV2 X5 . .

m3 = [S3][us U3 U3 U3][v3 V3 V3 V3 V3 V3] [S3][U3 U3][v3 V3. .

~3V_equivalence classes: |{s1, %, 20} | [{s3} | [{s4}||{us}

{U]_, n,z2, W, W2} {Vlaxl) V2, X2, r2} {V3}
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For which indices i, j, does m; =3 7; hold? swrmwwsis

th X1
u rn 515.
u3
n i V2
w2 X2 V3
4|

™ = ‘Ul n 21HV1 Vi lel“ul n ZIHVI invix...

Ty = ‘U2 Wy W W2HV2 Xo N Vo Xo r2HZ2 $2HU2HV2 X5 . .

m3 = [S3][u3 U3 U3 u3|[v3 v3 V3 v3 V3 V3] (s3] (U3 3] V3 V3.

m %#" Ty, but m, m aé#" m3
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Path Iifting for %g’i\l STUTTERS.4-35
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Path Iifting for zg’i\l STUTTERS.4-35

If st ~§" s, then for all paths m; € Paths(s)
there exists mp € Paths(s,) such that m =9V

9.
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Path lifting for ~9V STUTTER.4-35

If s; =9 s, then for all paths m; € Paths(s1)
there exists mp € Paths(s,) such that m zg!" ).

s1 =gV 5

S11
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Path Iifting for zg’i\l STUTTERS.4-35

If st ~§" s, then for all paths m; € Paths(s)
there exists mp € Paths(s,) such that m =9V

9.

51 ~gv 5

s1 9 sn
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Path lifting for ~9V STUTTER.4-35

If s; =9 s, then for all paths m; € Paths(s1)
there exists mp € Paths(s,) such that m zg!" ).

~div
S1 RT7 sf stutter steps st ... U,
: L) %d']!v uj

s1 %9 su ~gY s
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Path lifting for ~9V STUTTER.4-35

If s; =9 s, then for all paths m; € Paths(s1)
there exists mp € Paths(s,) such that m zg!" ).

~div
S1 RT7 sf stutter steps st ... U,
: L) %d']!v uj
s1 g su ~gY s

s~ sy
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Path lifting for ~9V STUTTER.4-35

If s; =9 s, then for all paths m; € Paths(s1)
there exists mp € Paths(s,) such that m zg!" ).

~div
S1 RT7 sf stutter steps st ... U,
: L) %d']!v uj

s gy 511 ~gv spp
s~ sy
'

31
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Path lifting for ~9V STUTTER.4-35

If s; =9 s, then for all paths m; € Paths(s1)
there exists mp € Paths(s,) such that m zg!" ).

~div
S1 RT7 sf stutter steps st ... U,
: L) %d']!v uj
s1 g su ~gY s
s~ sy

di '
1 %4 s
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Path lifting for ~9V STUTTER.4-35

If s; =9V s, then for all paths m; € Paths(s;)

there exists mp € Paths(s,) such that m zgi" ).
sl zdiv 52
T f stutter steps suy . .. Uy
: 52 %?" uj
s div ¢ zdiv S
1 aé'f }1 T }2 stutter steps S1ov1 ...V
S11 zd’I!v 21 : with si9 Nglv Vj

dgiv div o
1 %4 1 R 532
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Path lifting for ~9V STUTTER.4-35

If s; =9V s, then for all paths m; € Paths(s;)
div

there exists mp € Paths(s,) such that m =g .
sl zdiv 52
T f stutter steps sy ...
: 52 ~?" uj
S div ¢ zdiv S
1 #7 }1 T }2 stutter steps sjovy ...V
S11 zd’I!v 21 : with si9 Nglv Vj

div div '
1 %4 1 =P 532
s31 ~AV sy

sq1 ~dV S5y

m
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Path lifting for ~9V

STUTTERS.4-35

If s; =9V s, then for all paths m; € Paths(s;)

S ?gdlv

s gy

1 ?gdlv

S31 zd|v

sa1 gV

S1

511
521
531
S41

S51

there exists mp € Paths(s,) such that m zgi" ).

NdiV 52

~r f stutter steps suy . .. Uy
: 52 ~?" uj

zdiv S

T }2 stutter steps S1ov1 ...V

i with si9 Nglv Vj

gV 53

s31 divergent
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Path lifting for ~9V

STUTTERS.4-35

If s; =9V s, then for all paths m; € Paths(s;)

S ?gdlv

s gy

1 ?gdlv

S31 zd|v

sa1 gV

S1

511
521
531
S41

S51

there exists mp € Paths(s,) such that m zgi" ).

Ndiv 52

~r f stutter steps suy . .. Uy
: 52 ~?" uj

zdiv S

T }2 stutter steps S1ov1 ...V

i with si9 Nglv Vj

gV 53

s31 divergent

s3p divergent
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Path lifting for ~9V

STUTTERS.4-35

If s; =9V s, then for all paths m; € Paths(s;)

div

there exists mp € Paths(s,) such that m =g .

S ?gdlv

s gy
1 ?gdlv
S31 zd|v

Sa1 zdlv

S1

511
521
531
S41

S51
{

~div
S

~div
~Y

Ndlv
~
Nd|V
~

zdiv

sf stutter steps spuy . . .
: 52 ~?" uj

}

512

: stutter steps sjov; .

i with si9 Nglv Vj
5132

S42 s31 divergent

'

552

| s3p divergent

Up

“Vm
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Properties of zgf" on paths STUTTERS.4-35A
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Properties of zgf" on paths STUTTERS.4-35A

We just saw:

o Ifs; =3 5 then for all paths m; € Paths(s;)
there exists m € Paths(sy) such that my =~V m,.
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Properties of zgf" on paths STUTTERS.4-35A

We just saw:

o Ifs; =3 5 then for all paths m; € Paths(s;)
there exists m € Paths(sy) such that my =~V m,.

: A
o Ifm zgl" Ty then m =7 .

.

stutter trace equivalence
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~div

Properties of =~7¥ on paths STUTTERS.4-35A

We just saw:

e Ifs; =3 5, then for all paths m; € Paths(s;)
div

there exists mp € Paths(sp) such that m =G m.

: A
o Ifm zgl" Ty then m =7 .

.

Hence we get: stutter trace equivalence

Stutter bisimulation equivalence with divergence is
finer than stutter trace equivalence, i.e.,

~div T A
s1 =7 s implies s =7 %
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zgi" is finer than CTL*\O—equivaIence STUTTERS.4-36
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~3W is finer than CTL* -equivalence STUTTERS.4-36

CTL*\( state formulas:

& ::= true | a | P, APy | - | dp
CTL*\ path formulas:

pu=0 | »1 A\ P2 | g | v1U 2
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~3W is finer than CTL* -equivalence STUTTERS.4-36

CTL*\( state formulas:

& ::= true | a | P, APy | - | dp
CTL*\ path formulas:

pu=0 | »1 A\ P2 | g | v1U 2

we show by structural induction:
1. If sy = Nd"’ s, then for all CTL*\O state formulas &:
s1 |= ¢ iff
2. Ifm = Nd"’ 7o then for all CTL*\O path formulas ¢:
m |: @ iff mEp
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Divergence-sensitive TS STUTTERS.4-28A
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Divergence-sensitive TS STUTTERS.4-28A

Suppose T is divergence-sensitive, i.e.,

whenever s &1 s and s is &7-divergent
then sy is &7-divergent.
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Divergence-sensitive TS STUTTERS.4-28A

Suppose T is divergence-sensitive, i.e.,

whenever s &1 s and s is &7-divergent
then sy is &7-divergent.

Hence: =7 is a divergence-sensitive stutter bisimulation.
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Divergence-sensitive TS STUTTERS.4-28A

Suppose T is divergence-sensitive, i.e.,

whenever s &1 s and s is &7-divergent
then sy is &7-divergent.

Hence: =7 is a divergence-sensitive stutter bisimulation.

This yields: s =7 s, implies s %#" $
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Divergence-sensitive TS STUTTERS.4-28A

Suppose T is divergence-sensitive, i.e.,

whenever s &1 s and s is &7-divergent
then sy is &7-divergent.

Hence: =7 is a divergence-sensitive stutter bisimulation.
This yields: 51 =7 s, implies 5 =3 s,

As =7 is coarser than zgi" we get: =1 = %9"’

;

even holds for any transition system
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Divergence-sensitive TS STUTTERS.4-28A

If s1, s, are states of a divergence-sensitive TS 7
then the following statements are equivalent:

(1) s1 =7 %

(2) s ~dv 5
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Divergence-sensitive TS STUTTERS.4-28A

If 51, s, are states of a divergence-sensitive, finite TS 7
then the following statements are equivalent:

(1) s1 =7
(2) s =

(3) s1, s satisfy the same CTL*\ formulas
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Divergence-sensitive TS STUTTERS.4-28A

If 51, s, are states of a divergence-sensitive, finite TS 7
then the following statements are equivalent:

(1) s =1 %
(2) s~ %
(3) s1, s satisfy the same CTL*\ formulas
(4) s1, s satisfy the same CTL\ formulas
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Stutter bisimulation and CTL\/CTL*\y  swrmms.a2

For finite divergence-sensitive transition systems:

s =t s iff 51, s satisfy the same CTL*\O formulas
iff 51, s satisfy the same CTL\ formulas

wrong for non-divergence-sensitive TS:
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Stutter bisimulation and CTL\/CTL*\y  swrmms.a2

For finite divergence-sensitive transition systems:

s =t s iff 51, s satisfy the same CTL*\O formulas
iff 51, s satisfy the same CTL\ formulas

wrong for non-divergence-sensitive TS:

So

S1 S
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Stutter bisimulation and CTL\/CTL*\y  swrmms.a2

For finite divergence-sensitive transition systems:

s =t s iff 51, s satisfy the same CTL*\O formulas
iff 51, s satisfy the same CTL\ formulas

wrong for non-divergence-sensitive TS:

So stutter bis. equivalence classes:

{s0,51,%, 5} {u}
51 5
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Stutter bisimulation and CTL\/CTL*\y  swrmms.a2

For finite divergence-sensitive transition systems:

s =t s iff 51, s satisfy the same CTL*\O formulas
iff 51, s satisfy the same CTL\ formulas

wrong for non-divergence-sensitive TS:

So stutter bis. equivalence classes:
{0, 51,52, 54} {u}

s1 £ A0 blue
u 3 s = A0 blue

S1 S
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Correct or wrong?

STUTTERD.4-37

If s1, s, are states of a divergence-sensitive TS 7 then

; : A
St &7 s implies s =17 5

~7 stutter bisimulation equivalence
(without divergence)

A :
=7 stutter trace equivalence
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Correct or wrong? STUTTERS 4-37

If s1, s, are states of a divergence-sensitive TS 7 then

; : A
St &7 s implies s =17 5

correct
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Correct or wrong? SRR
g

If s1, s, are states of a divergence-sensitive TS 7 then

; : A
St &7 s implies s =17 5

correct

o ~r = =4V in divergence-sensitive TS
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Correct or wrong? SRR
g

If s1, s, are states of a divergence-sensitive TS 7 then

; : A
St &7 s implies s =17 5

correct
— ~div

o ~1 = =F" in divergence-sensitive TS

e path lifting for %gi"
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Correct or wrong?

STUTTERD.4-37

If s1, s, are states of a divergence-sensitive TS 7 then

; : A
St &7 s implies s =17 5

correct

o ~r = =4V in divergence-sensitive TS

e path lifting for %gi"

if s, =9 s, then for all m; € Paths(s;)

there exists mp € Paths(s,) such that m; =~V 7,
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Correct or wrong? STUTTERS 4-37

If s1, s, are states of a divergence-sensitive TS 7 then

; : A
St &7 s implies s =17 5

correct

o ~r = =4V in divergence-sensitive TS

e path lifting for %gi"

if s, =9 s, then for all m; € Paths(s;)
there exists mp € Paths(s,) such that m; =~V 7,

div . . A
o m ~T' m implies m =1 m
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Summary: equivalences on finite TS STUTTERS.4-38

[ trace equivalence

j [ LTL equivalence ]

[

bisimulation
equivalence ~

CTL/CTL*
equivalence
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Summary: equivalences on finite TS STUTTERS.4-38

[ trace equivalence j [ LTL equivalence]
bisimulation CTL/CTL*
equivalence ~ equivalence
stutter trace 1 ( LTL\O
equivalence = ) L equivalence

stutter bisimulation *
equivalence with CTLo/CT* o
divergence =V equivalence
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Correct or wrong? T
g

Let 7 be a TS without terminal states,
possibly not divergence-sensitive, possibly infinite.

If s; =1 s then s; and s satisfy the same
CTL\p formulas of the form 30a where a € AP.
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Correct or wrong? T
g

Let 7 be a TS without terminal states,
possibly not divergence-sensitive, possibly infinite.

If s; =1 s then s; and s satisfy the same
CTL\p formulas of the form 30a where a € AP.

correct.
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Correct or wrong? STUTTERS.4-39

Let 7 be a TS without terminal states,
possibly not divergence-sensitive, possibly infinite.

If s; =1 s then s; and s satisfy the same
CTL\p formulas of the form 30a where a € AP.

correct.

Note: path lifting for finite path fragments is possible
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Lifting of finite path fragments STUTTERS.4-39

S1 =51 =T S
S11

Sn1
5n+1,1

Sm,1
Sm+1,1

Sk,1
t
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Lifting of finite path fragments STUTTERS.4-39

S1 =51 =T S
S11

Sn1
5n+1,1

Sm,1
Sm+1,1

Sk,1
t
where t |= a
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Lifting of finite path fragments STUTTERS.4-39

51 =951 =T S 51 =51 =T S11 =9
S11 S11 :
: : Sr2
Snl Snl Sr4+1,2
Sn+1,1 Sn+1,1 :
: > : 51,2
Sm,1 Sm,1 Si+1,2
Sm+1,1 Sm+1,1 '
: : Si2
Sk,1 Sk,1 u
t t

where t |= a
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Lifting of finite path fragments STUTTERS.4-39

51 =951 =T S 51 =951 =T S11 =
S11 S11 :
: : Sr2
Snl Snl Sr4+1,2
Sn+1,1 Sn+1,1 :
: > : 51,2
Sm,1 Sm,1 Si+1,2
Sm+1,1 Sm+1,1 '
: : Si2
Sk,1 Sk,1 u
t t t =1 u

where t |= a
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Lifting of finite path fragments STUTTERS.4-39

51 =951 =T S 51 =951 =T S11 =
S11 S11 :
: : Sr2
Snl Snl Sr4+1,2
Sn+1,1 Sn+1,1 :
: > : 51,2
Sm,1 Sm,1 Si+1,2
Sm+1,1 Sm+1,1 '
: : Si2
Sk,1 Sk,1 u
t t t =1 u

where t |= a hence: u = a
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Correct or wrong? S A
g

Let 7 be a TS without terminal states,
possibly not divergence-sensitive, possibly infinite.

If s =7 s, then s; and s satisfy the same
CTL\O formulas of the form Yla where a € AP.
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Correct or wrong? S A
g

Let 7 be a TS without terminal states,
possibly not divergence-sensitive, possibly infinite.

If s =7 s, then s; and s satisfy the same
CTL\O formulas of the form Yla where a € AP.

correct.
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Correct or wrong? S A
g

Let 7 be a TS without terminal states,
possibly not divergence-sensitive, possibly infinite.

If s =7 s, then s; and s satisfy the same

CTL\O formulas of the form YOa where a € AP.

correct.

st EVOa iff s fE30a

186 /194



Correct or wrong? S A
g

Let 7 be a TS without terminal states,
possibly not divergence-sensitive, possibly infinite.

If s =7 s, then s; and s satisfy the same

CTL\O formulas of the form YOa where a € AP.

correct.

st EVOa iff s fE30a
iff s £ 30-a
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Correct or wrong? S A
g

Let 7 be a TS without terminal states,
possibly not divergence-sensitive, possibly infinite.

If s =7 s, then s; and s satisfy the same

CTL\O formulas of the form YOa where a € AP.

correct.

st EVOa iff s fE30a
iff s £ 30-a
iff s, =VOa

188 /194



Correct or wrong? STUTTERS.4-40

If s =7 s then s; and s, satisfy the same
CTL\O formulas of the form Yla where a € AP.

correct.

If s; =7 s then s; and s satisfy the same
CTL\p formulas of the form VOa where a € AP.
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Correct or wron ? STUTTERS.4-40
g

If s =7 s then s; and s, satisfy the same
CTL\O formulas of the form Yla where a € AP.

correct.

If s; =7 s then s; and s satisfy the same
CTL\p formulas of the form VOa where a € AP.

wrong.
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Correct or wrong? STUTTERS.4-40

If s =7 s then s; and s, satisfy the same
CTL\O formulas of the form Yla where a € AP.

correct.

If s; =7 s then s; and s satisfy the same
CTL\p formulas of the form VOa where a € AP.

wrong.
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Correct or wrong? STUTTERS.4-40

If s =7 s then s; and s, satisfy the same
CTL\O formulas of the form Yla where a € AP.

correct.

If s; =7 s then s; and s satisfy the same
CTL\p formulas of the form VOa where a € AP.

wrong.

s S s1 £ VOa
BB SR akwe

192/194



Correct or wrong? STUTTERS 4-41

If 77, T, are divergence-sensitive, finite TS then:

If Ty = T, then 7; and 75 satisfy
the same CTL* 5 formulas

193 /194



Correct or wrong? STUTTERS 4-41

If 77, T, are divergence-sensitive, finite TS then:

If Ty = T, then 7; and 75 satisfy
the same CTL* 5 formulas

wrong
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Correct or wrong? STUTTERS 4-41

If 77, T, are divergence-sensitive, finite TS then:

If Ty = T, then 7; and 75 satisfy
the same CTL* 5 formulas

wrong, as 7; W 7> might be not divergence-sensitive
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Correct or wrong? STUTTERS 4-41

If 77, T, are divergence-sensitive, finite TS then:

If Ty = T, then 7; and 75 satisfy
the same CTL* 5 formulas

wrong, as 7; W 7> might be not divergence-sensitive

® ={a
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Correct or wrong? STUTTERS 4-41

If 77, T, are divergence-sensitive, finite TS then:

If Ty = T, then 7; and 75 satisfy
the same CTL* 5 formulas

wrong, as 7; W 7> might be not divergence-sensitive

® ={a

=T
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Correct or wrong? STUTTERS 4-41

If 77, T, are divergence-sensitive, finite TS then:

If Ty = T, then 7; and 75 satisfy
the same CTL* 5 formulas

wrong, as 7; W 7> might be not divergence-sensitive

A{a}

T, E3d0a T, ¥~ 0a
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Correct or wrong? STUTTERS 4-41

If 77, T, are divergence-sensitive, finite TS then:

If Ty = T, then 7; and 75 satisfy
the same CTL* 5 formulas

wrong, as 7; W 7> might be not divergence-sensitive

® = {a}
=T

T1EIDa TLRIa T Tare
divergence-sensitive
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T and T /= for divergence-sensitive TS  sormmsie
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T and T /= for divergence-sensitive TS  sormmsie

Let 7 be a divergence-sensitive, finite TS. Then:
o T~ T/~
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T and T /= for divergence-sensitive TS

STUTTERD.4-42

o T =T/~ —

holds for any TS

Let 7 be a divergence-sensitive, finite TS. Then:
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T and T /= for divergence-sensitive TS  sormmsie

Let 7 be a divergence-sensitive, finite TS. Then:
o T~ T/~

o ~r =% = CTL*-equivalence on T
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T and T /= for divergence-sensitive TS  sormmsie

Let 7 be a divergence-sensitive, finite TS. Then:
o T~ T/~

o ~r =% = CTL*-equivalence on T

e T and 7/~ might be not CTL* -equivalent
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T and T /= for divergence-sensitive TS  sormmsie

Let 7 be a divergence-sensitive, finite TS. Then:
T=~=T/=

o ~r =% = CTL*-equivalence on T

e T and 7/~ might be not CTL* -equivalent
e T WT/~ might be not divergence-sensitive
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T and T /= for divergence-sensitive TS  sormmsie

Let 7 be a divergence-sensitive, finite TS. Then:
T=~=T/=

o ~r =% = CTL*-equivalence on T

e T and 7/~ might be not CTL* -equivalent

e T WT/~ might be not divergence-sensitive

T T/~
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T and T /= for divergence-sensitive TS  sormmsie

Let 7 be a divergence-sensitive, finite TS. Then:
T=~=T/=

o ~r =% = CTL*-equivalence on T

e T and 7/~ might be not CTL* -equivalent

e T WT/~ might be not divergence-sensitive

T T/~
T (and T /=) are

divergence-sensitive
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T and T /= for divergence-sensitive TS  sormmsie

Let 7 be a divergence-sensitive, finite TS. Then:
T=~=T/=

o ~r =% = CTL*-equivalence on T

e T and 7/~ might be not CTL* -equivalent

e T WT/~ might be not divergence-sensitive

(and T /=) are
dlvergence sensitive

TEJOa 7T/=~p3d0a where a = blue
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Correct or wrong?

STUTTERD.4-47

If T is divergence-sensitive then stutter bisimulation
equivalence ~¢ (without divergence) refines stutter

. A .
trace equivalence =7, i.e.,

A
S1 T S — S] =T S
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Correct or wrong?

STUTTERD.4-47

If T is divergence-sensitive then stutter bisimulation
equivalence ~¢ (without divergence) refines stutter

. A .
trace equivalence =7, i.e.,

A
S1 T S — S] =T S

correct,
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Correct or wrong?

STUTTERD.4-47

If T is divergence-sensitive then stutter bisimulation
equivalence ~¢ (without divergence) refines stutter

. A .
trace equivalence =7, i.e.,
- A
S1 /T S2 — S1 =T S2

correct, as ~r =~$" and path lifting for ~3
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Correct or wrong?

STUTTERD.4-47

If T is divergence-sensitive then stutter bisimulation
equivalence ~¢ (without divergence) refines stutter

. A .
trace equivalence =7, i.e.,
- A
S1 /T S2 — S1 =T S2

correct, as ~r =~$" and path lifting for ~3

path sy up...u, vi vo. ..V, Wy Wo W3 ..

dI"—equwalence classes Cy, Cq, C», ...
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Correct or wrong?

STUTTERD.4-47

If T is divergence-sensitive then stutter bisimulation
equivalence ~¢ (without divergence) refines stutter

. A .
trace equivalence =7, i.e.,
- A
S1 /T S2 — S1 =T S2

correct, as ~r =~$" and path lifting for ~3

path St Up...Up V3 Vo...Vyy W1 Wo W3...

/ / !\, / ! sad \as
path souj ... up Vivy ...V, wiwows ...

dI"—equwalence classes Cy, Cq, C», ...
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Correct or wrong? STUTTERS 4-47

If T is divergence-sensitive then stutter trace

. A . .. .
equivalence =7 refines stutter bisimulation
equivalence ~7, i.e.,

A
S1 =T S2 — S1 RT
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Correct or wrong? STUTTERS 4-47

If T is divergence-sensitive then stutter trace

. A . .. .
equivalence =7 refines stutter bisimulation
equivalence ~7, i.e.,

A
S1 =T S2 — S1 RT

wrong.
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Correct or wrong? STUTTERS 4-47

If T is divergence-sensitive then stutter trace

. A . .. .
equivalence =7 refines stutter bisimulation
equivalence ~7, i.e.,

A
S1 =T S2 — S1 RT

wrong.
S1 S2
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Correct or wrong? STUTTERS 4-47

If T is divergence-sensitive then stutter trace

. A . .. .
equivalence =7 refines stutter bisimulation
equivalence ~7, i.e.,

A
S1 =T S2 — S1 RT

wrong.
S1 S2

divergence-sensitive as there is no divergent state
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Correct or wrong? STUTTERS 4-47

If T is divergence-sensitive then stutter trace

. A . .. .
equivalence =7 refines stutter bisimulation
equivalence ~7, i.e.,

A
S1 =T S2 — S1 RT

wrong.

divergence-sensitive as there is no divergent state
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Correct or wrong? STUTTERS 4-47

If T is divergence-sensitive then stutter trace

. A . .. .
equivalence =7 refines stutter bisimulation
equivalence ~7, i.e.,

A
S1 =T S2 — S1 RT

wrong.

S1 S2

A
S1 =7 S

S1 %/T S2

divergence-sensitive as there is no divergent state
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Correct or wrong?

STUTTERS.4-49

If sy ~7 s then 51 =7

div

S.

~7 bisimulation equivalence on T

d|v

stutter bisimulation equivalence with divergence
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Correct or wrong?

STUTTERS.4-49

If sy ~7 s then 51 =7

div

S.

correct

~7 bisimulation equivalence on T

d|v

stutter bisimulation equivalence with divergence
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Correct or wrong? STUTTERS.4-49

If s ~1 s then 5, =9V ).

correct

note that bisimulation equivalence ~ is a
divergence-sensitive stutter bisimulation on 7.

~7 bisimulation equivalence on T

d"’ stutter bisimulation equivalence with divergence
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Correct or wrong? STUTTERS.4-49

If s ~1 s then 5, =9V ).

correct

If 51 é']' s, then s; and s, are CTL*\O-equivaIent.

A

stutter trace equivalence
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Correct or wrong? STUTTERS.4-49

If s ~1 s then 5, =9V ).

correct

If 51 é']' s, then s; and s, are CTL*\O-equivaIent.

wrong.
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Correct or wrong? STUTTERS.4-49

If s ~1 s then 5, =9V ).

correct

If 51 éq‘ s, then s; and s, are CTL*\O-equivaIent.

wrong.

S1 L)
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Correct or wrong? STUTTERS.4-49

If s ~1 s then 5, =9V ).

correct

If 51 éj‘ s, then s; and s, are CTL*\O-equivaIent.

wrong. let ® = 3Q(—blue A A0 green A IOred)

S1 L)
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Correct or wrong? STUTTERS.4-49

If s ~1 s then 5, =9V ).

correct

If 51 éj‘ s, then s; and s, are CTL*\O-equivaIent.

wrong. let ® = 3Q(—blue A A0 green A IOred)

51 52
S1 béd)

s E®
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Quotient w.r.t. zdw STUTTER5.4-53

228 /194



Quotient w.r.t. zdl\l STUTTER5.4-53

Let T = (S, Act, —, So, AP, L) be a TS.

quotient system w.r.t. ~4V:

T/zdiv = (5,7 ACt’a —divy (l)a AP, LI)
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Quotient w.r.t. zdl\l STUTTER5.4-53

Let T = (S, Act, —, So, AP, L) be a TS.

quotient system w.r.t. ~4V:

T/zdiv = (5,7 ACt’a —divy (l)a AP, LI)

e state space S’ = §/~4V
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Quotient w.r.t. zdw STUTTER5.4-53

Let T = (S, Act, —, So, AP, L) be a TS.

quotient system w.r.t. ~4V:

T/zdiv = (5,7 ACt’a —divy (l)a AP) LI)

e state space S’ = §/~4V
e initial states: Sy = {[s] : s € So}

[s] = ~9V-equivalence class of state s

231/194



Quotient w.r.t. ~dVv

STUTTERS.4-53

Let T = (S, Act, —, So, AP, L) be a TS.
quotient system w.r.t. ~4V:
T/zdiv = (5,7 ACt’a —*divy (l)aAPa LI)

e state space S’ = §/~4V

e initial states: Sy = {[s] : s € So}
e labeling function L'([s]) = L(s)

[s] = ~9V-equivalence class of state s
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Quotient w.r.t. ~dVv

STUTTERS.4-53

Let T = (S, Act, —, So, AP, L) be a TS.
quotient system w.r.t. ~4V:
T/zdiv = (5,7 ACt’a —*divy (l)aAPa LI)

e state space S’ = §/~4V
e initial states: Sy = {[s] : s € So}
e labeling function L'([s]) = L(s)
e transition relation:
s—t AszEWvy
[s] —aiv [t]

233/194



Quotient w.r.t. ~dVv

STUTTERS.4-53

Let T = (S, Act, —, So, AP, L) be a TS.
quotient system w.r.t. ~4V:
T/zdiv = (5,7 ACt’a —*divy (l)aAPa LI)

e state space S’ = §/~4V
e initial states: Sy = {[s] : s € So}
e labeling function L'([s]) = L(s)
e transition relation:
s—t As#Wit  sis~ divergent
[s] —aiv [t] [s] —aiv [s]
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Relation between 7 and its quotient STUTTERS.4-53A
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Relation between 7 and its quotient STUTTERS.4-53A

quotient of T = (S, Act, —, So, AP, L) w.r.t. ~9V:
T/%div = (S/%glv7 ACt’a —div, S(,)7 AP, Ll)

e initial states: Sy = {[s] : s € So}

e labeling function L'([s]) = L(s)

e transition relation:

s—t Asz®EWNt  sisxdivergent
[s] —aiv [t] [s] —adiv [s]
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Relation between 7 and its quotient STUTTERS.4-53A

quotient of T = (S, Act, —, So, AP, L) w.r.t. ~9V:
T/%div = (S/%glv7 ACt’a —div) S(,)7 AP) LI)

e initial states: Sy = {[s] : s € So}

e labeling function L'([s]) = L(s)

e transition relation:

s—t Asz®EWNt  sisxdivergent
[s] —aiv [t] [s] —aiv [s]

T zdiv T /zdiv
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Relation between 7 and its quotient STUTTERS.4-53A

quotient of T = (S, Act, —, So, AP, L) w.r.t. ~9V:
T/%div = (S/%glv7 ACt’a —div) S(,)7 AP) LI)

e initial states: Sy = {[s] : s € So}

e labeling function L'([s]) = L(s)

e transition relation:

s—t Asz®EWNt  sisxdivergent
[s] —aiv [t] [s] —aiv [s]

T zdiv T /zdi"

as {(s,[s]) : s € S} is a divergence-sensitive
stutter bisimulation for (7, 7 /~4V)
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Example: quotient w.r.t. =~ and ~9" STUTTER.4-50

T o = {a}
=g
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Example: quotient w.r.t. =~ and ~9" STUTTER.4-50

T o = {a}
=g
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Example: quotient w.r.t. =~ and ~9" STUTTER.4-50

T o = {a}
=g

N
Q
N

~
Q
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Example: quotient w.r.t. =~ and ~9" STUTTER.4-50

¢ 23

=9

T/%div
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Example: quotient w.r.t. =~ and ~9" STUTTER.4-50
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Example: quotient w.r.t. =~ and ~9" STUTTER.4-50

T =T/~ T~ T /v
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Alternating Bit Protocol

STUTTERS.4-51

confirmation Bit x

: sender receiver|
timer message + Bit y timer
(generate mess.(0)) (generate mess.(1))

timer_off

( send(0) ) ( send(1) )
cl0| Jlost lost{ Jc!1
(start timer(0)) (start timer(1))
timeout timer_on timer_on| timeout
( wait(0) ) ( wait(l) )
d7x\ \X— =0/ /d7x

(test answer(0))  (test answer(1))
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Alternating Bit Protocol AP = Eval(SMode,EMode)

STUTTERS.4-51

. reliable..
conflrmatllon eBlt X

: sender receiver|
message + Bit y timer
(generate mess.(0)) (generate mess.(1))

timer_off

( send(0) ) ( send(1) )
cl0| Jlost lost{ Jc!1
(start timer(0)) (start timer(1))
timeout jtimer on timer on] timeout

wait(0) ) ( wait(l) )
d2x\ < [ Jdx
(test answer(0))  (test answer(1))

induce non-divergent states 245/100




Alternating Bit Protocol AP = Eval(SMode,EMode)

STUTTERS.4-52

cH@ay

SMode =0 SMode =1

quotient system w.r.t. stutter equivalence:

(S\I\?Iode:O EMode=0) (SMode=1 EMode=1)

(SMode=0 EMode=1) (SMode=1 EMode=0)
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Alternating Bit Protocol AP = Eval(SMode,EMode)

STUTTERS.4-52

cH@ay

SMode =0 SMode =1

quotient system w.r.t. stutter equiv. with div.:

(S\I\?Iode:O EMode=0) (SMode=1 EMode=1)
[

1IN
(SMode=0 EMode—=T)>»<{SMode=1 EMode=0)

(SMode=0 EMode=1) (SMode=1 EMode=0)
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