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Trace equivalence BSEQORS. 1-2
Ti: Tr:
O=2
@ ={a}
@ ={b}
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Trace equivalence BSEQORS. 1-2

Ti: Tr:
O=2
@ ={a}
@ ={b}

Traces(Ty) = { @@, @@ b } = Traces(T;)
CTL-formula ® = EIO(EIOa A EIOb)

Thftd and L EO®
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Trace equivalence is not compatible with CTL ssoons.1-2

Ti: Tr:

Traces(Ty) = { @@, @@ b } = Traces(T;)
CTL-formula ® = EIO(EIOa A EIOb)

Tif® and L EO®
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Implementation relations BSEQORS. 1-4

e for the design of complex systems
~~ comparison of 2 transition systems

15/145



Implementation relations BSEQORS. 1-4

e for the design of complex systems
~~ comparison of 2 transition systems

e for the analysis of complex systems

16/145



Implementation relations BSEQORS. 1-4

e for the design of complex systems
~~ comparison of 2 transition systems

e for the analysis of complex systems
~~ homogeneous model checking approach

17/145



Implementation relations BSEQORS. 1-4

e for the design of complex systems
~~ comparison of 2 transition systems

e for the analysis of complex systems
~~ homogeneous model checking approach
~~ graph minimization

18/145



Implementation relations BSEQORS. 1-4

e for the design of complex systems
~~ comparison of 2 transition systems

e for the analysis of complex systems
~~ homogeneous model checking approach
~~ graph minimization

use equivalence relation ~ for the states
of a single transition system 7 and
analyze the quotient 7/~
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Implementation relations BSEQORS. 1-4

e for the design of complex systems
~~ comparison of 2 transition systems

e for the analysis of complex systems
~~ homogeneous model checking approach
~~ graph minimization

use equivalence relation ~ for the states
of a single transition system 7 and
analyze the quotient 7/~

goal: define the equivalence ~ in such a way that
TE® iff T/~E®

for all “relevant” properties ®

20/
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Linear-time implementation relations BSEQORS.1-5
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Linear-time implementation relations

finite trace inclusion and equivalence:
e.g., Tracesfin(T;) C Tracesfin(T)

trace inclusion and trace equivalence:

e.g., Traces(T;) C Traces(Th)

BSEQOR5.1-5
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Linear-time implementation relations BSEQORS.1-5

finite trace inclusion and equivalence:
e.g., Tracesfin(T;) C Tracesfin(T)

preserves all linear-time safety properties

trace inclusion and trace equivalence:

e.g., Traces(T;) C Traces(Th)
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Linear-time implementation relations BSEQORS.1-5

finite trace inclusion and equivalence:
e.g., Tracesfin(T;) C Tracesfin(T)

preserves all linear-time safety properties

trace inclusion and trace equivalence:

e.g., Traces(T;) C Traces(Th)

preserves all LTL properties
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Linear-time implementation relations BSEQORS.1-5

finite trace inclusion and equivalence:
e.g., Tracesfin(T;) C Tracesfin(T)

preserves all linear-time safety properties
trace inclusion and trace equivalence:

e.g., Traces(T;) C Traces(Th)

preserves all LTL properties

* none of the LT relations is compatible with CTL
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Linear-time implementation relations BSEQORS.1-5

finite trace inclusion and equivalence:
e.g., Tracesfin(T;) C Tracesfin(T)

preserves all linear-time safety properties
trace inclusion and trace equivalence:

e.g., Traces(T;) C Traces(Th)

preserves all LTL properties

* none of the LT relations is compatible with CTL

* checking LT relations is computationally hard
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Linear-time implementation relations BSEQORS.1-5

finite trace inclusion and equivalence:
e.g., Tracesfin(T;) C Tracesfin(T)

preserves all linear-time safety properties

trace inclusion and trace equivalence:

e.g., Traces(T;) C Traces(Th)

preserves all LTL properties

* none of the LT relations is compatible with CTL
* checking LT relations is computationally hard

* minimization 7?77
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Minimization w.r.t. trace equivalence?  :soors Lt

Ti: Tr:
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Minimization w.r.t. trace equivalence?  :soors Lt

Ti: Tr:

e Traces(T;) = Traces(Th)
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Minimization w.r.t. trace equivalence?  :soors Lt

Ti: Tr:

e Traces(T;) = Traces(Th)

but 7; and 75 are not isomorphic
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Minimization w.r.t. trace equivalence?  :soors Lt

Ti: Tr:

e Traces(T;) = Traces(Th)
but 7; and 75 are not isomorphic

e T;, T; have 5 states and 7 transitions each
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Minimization w.r.t. trace equivalence?  :soors Lt

Ti: Tr:

e Traces(T;) = Traces(Th)
but 7; and 75 are not isomorphic
e T;, T; have 5 states and 7 transitions each

e there is no smaller TS that is trace-equivalent to 7;
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Classification of implementation relations  sseoors.16

33/145



Classification of implementation relations  :suoors.16

e linear vs. branching time

* linear time: trace relations
* branching time: (bi)simulation relations
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Classification of implementation relations  :suoors.16

e linear vs. branching time

* linear time: trace relations
* branching time: (bi)simulation relations

e (nonsymmetric) preorders vs. equivalences:

*  preorders: trace inclusion, simulation
* equivalences: trace equivalence, bisimulation
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Classification of implementation relations  :suoors.16

e linear vs. branching time

* linear time: trace relations
* branching time: (bi)simulation relations

e (nonsymmetric) preorders vs. equivalences:

*  preorders: trace inclusion, simulation
* equivalences: trace equivalence, bisimulation

e strong vs. weak relations
* strong: reasoning about all transitions
* weak: abstraction from stutter steps
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OverView OVERVIEWT.1

Introduction

Modelling parallel systems

Linear Time Properties

Regular Properties

Linear Temporal Logic (LTL)

Computation-Tree Logic

Equivalences and Abstraction
bisimulation —
CTL, CTL*-equivalence
computing the bisimulation quotient
abstraction stutter steps
simulation relations
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Bisimulation for two transition systems sscoors 1-verms-21s
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Bisimulation for two transition systems sscoors 1-verms-21s

let 7i = (Sl,ACtl, —1, 50,1,AP, L]_),
‘1—2 = (52) ACt27 —*, 50,27 AP7 L2)

be two transition systems
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Bisimulation for two transition systems sscoors 1-verms-21s

let 7i = (Sl,ACtl, —1, 50,1,AP, L]_),
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be two transition systems
e with the same set AP
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Bisimulation for two transition systems sscoors 1-verms-21s

let 7i = (Sl,ACtl, —1, 50,1,AP, L]_),
7—2 = (52) ACt27 —*, 50,27 AP7 L2)

be two transition systems
e with the same set AP

e possibly containing terminal states

Bisimulation equivalence of 7; and 75 requires
that 7; and 75 can simulate each other in a
stepwise manner.
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Bisimulation for two transition systems sscoors 1-verms-21s

let 7]_ = (Sl,M, —>1,SO,1,AP, Ll)'

7—2 = (52)%) —2, 50,27 AP) L2)

be two transition systems

with the same set AP «——| observables

possibly containing terminal states

Bisimulation equivalence of 7; and 75 requires
that 7; and 75 can simulate each other in a
stepwise manner.
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Bisimulation for (77, 73) BSPQORS 1-18
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Bisimulation for (77, 73) BSPQORS 1-18

binary relation R C §; x S, s.t. for all (s1, %) € R:
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Bisimulation for (77, 73) BSPQORS 1-18

binary relation R C §; x S, s.t. for all (s1, %) € R:
(1) Li(s1) = L)
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Bisimulation for (77, 73) BSPQORS 1-18

binary relation R C §; x S, s.t. for all (s1, %) € R:

(1) Li(s1) = La(s2)
(2) Vs € Post(s1)3s; € Post(sy) s.t. (s1,5) €ER
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Bisimulation for (77, 73) BSPQORS 1-18

binary relation R C §; x S, s.t. for all (s1, %) € R:

(1) Li(s1) = La(s2)
(2) Vs € Post(s1)3s; € Post(sy) s.t. (s1,5) €ER

s1 “R- s s1 -R- s
l can be l l
f completed to

51 51 “R- s
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Bisimulation for (77, 73) BSPQORS 1-18

binary relation R C §; x S, s.t. for all (s1, %) € R:

(1) Li(s1) = La(s2)
(2) Vs € Post(s1)3s; € Post(sy) s.t. (s1,5) €ER

s1 “R- s s1 -R- s
l can be l l
f completed to

51 51 “R- s

(3) Vs, € Post(sy)3s; € Post(sy) s.t. (s1,55) ER
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Bisimulation for (77, 73) BSPQORS 1-18

binary relation R C §; x S, s.t. for all (s1, %) € R:

(1) Li(s1) = La(s2)
(2) Vs € Post(s1)3s; € Post(sy) s.t. (s1,5) €ER

s1 “R- s s1 -R- s
l can be l l
f completed to

51 51 “R- s

(3) Vs, € Post(sy)3s; € Post(sy) s.t. (s1,55) ER
and such that the following initial condition holds:

(I) Vso1 € So13%02 € So2 st (s0,1,%2) ER
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Bisimulation for (77, 73) BSPQORS 1-18

binary relation R C §; x S, s.t. for all (s1, %) € R:

(1) Li(s1) = La(s2)
(2) Vs € Post(s1)3s; € Post(sy) s.t. (s1,5) €ER

s1 “R- s s1 -R- s
l can be l l
f completed to

51 51 “R- s

(3) Vs, € Post(sy)3s; € Post(sy) s.t. (s1,55) ER
and such that the following initial condition holds:

(I) Vso1 € So13%02 € So2 st (s0,1,%2) ER
Vso2 € So23s01 € Soa s.t. (S0,1,%2) € R
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Bisimulation equivalence ~ BSEQORS. 1-18
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Bisimulation equivalence ~ BSEQORS. 1-18

bisimulation for (77, 73): relation R C S X S5 s.t.
for all (s1,5) € R: (1) labeling condition

(2) } mutual stepwise
(3) simulation
(

)

and initial condition
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Bisimulation equivalence ~ BSEQORS. 1-18

bisimulation for (77, 73): relation R C S X S5 s.t.
for all (s1,5) € R: (1) labeling condition

(2) } mutual stepwise
(3) simulation
(

)

bisimulation equivalence ~ for TS:

and initial condition
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Bisimulation equivalence ~ BSEQORS. 1-18

bisimulation for (77, 73): relation R C S X S5 s.t.
for all (s1,5) € R: (1) labeling condition

(2) } mutual stepwise
(3) simulation
(

)

bisimulation equivalence ~ for TS:
Ty ~ Ty iff there is a bisimulation R for (77, 73)

and initial condition
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Bisimulation equivalence ~ BSEQORS. 1-18

bisimulation for (77, 73): relation R C S X S5 s.t.
for all (s1,5) € R: (1) labeling condition

(2) } mutual stepwise
(3) simulation
(

)

bisimulation equivalence ~ for TS:
Ty ~ Ty iff there is a bisimulation R for (77, 73)

and initial condition

for state s; of 77 and state s, of 75:

s1 ~ s iff there exists a bisimulation R for (77, 73)
such that (s1,%) € R
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Two beverage machines BSEQORS.1-8-is

AP = { pay, coke, soda}
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Two beverage machines BSEQORS.1-8-is

[cokez] [sod a]

AP = { pay, coke, soda}
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Two beverage machines BSEQORS.1-8-is

[sod a]

AP = { pay, coke, soda}
Ty ~ T, as there is a bisimulation for (71, 73):

{ (pay.pay), (select,select), (soda,soda)
(coke,cokey), (coke,coke;) }
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Two beverage machines BSEQORS.1-8-Bis-3

AP = {pay, coke, soda}
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Two beverage machines BSEQORS.1-8-Bis-3

AP = {pay, coke, soda}
T # T
because there is no state in 77 that has both

e a successor labeled with coke and

e a successor labeled with soda
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Simulation condition of bisimulations R

1 R- s $1 R- s

| can be | |
completed to f

s 51 “R- s

65 /145



Path lifting for bisimulation R BSEQORS. 1-9-B1S

S1.1

51,2

51,3

51,4
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Path lifting for bisimulation R BSEQORS. 1-9-B1S

S1.1

51,2
! can be

completed to
513

51,4
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Path lifting for bisimulation R

S1.1

51,2

51,3

51,4

can be
completed to

BSEQORS5.1-9-BIS

51,4
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Path lifting for bisimulation R

S1.1

51,2

51,3

51,4

can be
completed to

BSEQORS5.1-9-BIS

51
l
511
l
51,2
l
51,3
l

51,4

!

R- s
1
-R- s,
l
-R- s
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Path lifting for bisimulation R

51
l
511
l
51,2
l
51,3
l

51,4

!

“R-

2

can be
completed to

BSEQORS5.1-9-BIS

51
l
511
l
51,2
l
51,3
l

51,4

!

L)
!
521
l
5.2
!
53
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Path lifting for bisimulation R

51
l
511
l
51,2
l
51,3
l

51,4

!

“R-

2

can be
completed to

BSEQORS5.1-9-BIS

51
l
511
l
51,2
l
51,3
l

51,4

!
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Properties of bisimulation equivalence ..o
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Properties of bisimulation equivalence ..o

~ Is an equivalence
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Properties of bisimulation equivalence ..o

~ is an equivalence, i.e.,

e reflexivity: 7 ~ 7 for all transition systems T
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Properties of bisimulation equivalence ..o

~ is an equivalence, i.e.,

e reflexivity: 7 ~ 7 for all transition systems T

.

If S is the state space of 7 then
R ={(s,s):s€ S}
is a bisimulation for (7,7)
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Properties of bisimulation equivalence ..o

~ is an equivalence, i.e.,

e reflexivity: 7 ~ 7 for all transition systems T

e symmetry: 73 ~ T, implies T, ~ T4
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Properties of bisimulation equivalence ..o
~ is an equivalence, i.e.,
e reflexivity: 7 ~ 7 for all transition systems T

e symmetry: 73 ~ T, implies T, ~ T4

If R is a bisimulation for (77, 73) then

R ={(s2,%) : (s1,%) € R}
is a bisimulation for (73, 7T7)
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Properties of bisimulation equivalence ..o
~ is an equivalence, i.e.,
e reflexivity: 7 ~ 7 for all transition systems T
e symmetry: 73 ~ T, implies T, ~ T4
e transitivity: if 73 ~ 75 and 73 ~ 73 then T ~ T3
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Properties of bisimulation equivalence ..o

~ is an equivalence, i.e.,

e reflexivity: 7 ~ 7 for all transition systems T
e symmetry: 73 ~ T, implies T, ~ T4

e transitivity: if 73 ~ 75 and 73 ~ 73 then T ~ T3
T
Let R12 be a bisimulation for (71, 72),
Ro3 be a bisimulation for (72, 73).
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Properties of bisimulation equivalence ..o

~ is an equivalence, i.e.,

e reflexivity: 7 ~ 7 for all transition systems T
e symmetry: 73 ~ T, implies T, ~ T4

e transitivity: if 73 ~ 75 and 73 ~ 73 then T ~ T3
T

Let R12 be a bisimulation for (71, 72),
Ro3 be a bisimulation for (72, 73).

R def { (s1,s3) : 35 s.t. (s1,9) € Rio
and (s, 53) € Ro3 }

is a bisimulation for (73, 73)
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Correct or wrong? BSEQORS. 119
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Correct or wrong? BSEQORS. 119

wrong
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Correct or wrong? BSEQORS. 119

S 5 55

wrong
u

st — u, but s, /— blue  (thus s ¢ )
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Correct or wrong? BSEQORS. 119

wron
u g

st — u, but s, /— blue  (thus s ¢ )

- <
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Correct or wrong? BSEQORS. 119

wron
u g

st — u, but s, /— blue  (thus s ¢ )

nNY
correct
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Correct or wrong? BSEQORS. 119

S1
wrong

st — u, but s, /— blue  (thus s ¢ )

S1 52
nNY
Wh
u y
wm w7 correct
1 $

bisimulation:

{(Wh W2)7 (W{a W2)7 (517 52)) (51) Sﬁ)’ (uw X)’ (uw y)}
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Correct or wrong? BSEQORS. 1-20
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Correct or wrong? BSEQORS. 1-20

correct
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Correct or wrong? BSEQORS. 1-20
S 52
5 ~ b $

t sg
t’ o _ correct
1 bisimulation

{(51’ 52)1 (Si’ 55)’ (5{, Sé’), (t17 t2)’ (ti7 t2)’ (tiia t2)}
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Correct or wrong? BSEQORS. 1-20

” % 7
s ~ b S
t]I_ tl 55 correct

bisimulation

{(51’ 52)1 (Si’ 55)’ (5{, Sé’), (t17 t2)’ (ti7 t2)’ (tiia t2)}

w2 A

~
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Correct or wrong? BSEQORS. 1-20

” % 7
s ~ b S
t]I_ tl 55 correct

bisimulation

{(51’ 52)1 (Si’ 55)’ (5{, Sé’), (t17 t2)’ (ti7 t2)’ (tiia t2)}

E g k correct

91/145
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Correct or wrong? BSEQORS. 1-20

o S ?
s ~ b $
Tt
t]I_ 1 Sg correct

bisimulation

{(51’ 52)1 (Si’ 55)’ (S{, Sg), (t17 t2)’ (ti7 t2)’ (tiia t2)}

S S
h Vi R V2 correct

bisimulation: {(51, 52), (tl, t2), (t{, tz), (Ul, UQ), (V1, V2)}
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Bisimulation vs. trace equivalence BSEQORS. 1-27
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Bisimulation vs. trace equivalence BSEQORS. 1-27

T ~ Ty => Traces(Ty) = Traces(T>)
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Bisimulation vs. trace equivalence BSEQORS. 1-27
T ~ Ty => Traces(Ty) = Traces(T>)

proof: ... path fragment lifting ...
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Bisimulation vs. trace equivalence BSEQORS. 1-27
T ~ Ty => Traces(Ty) = Traces(T>)
proof: ... path fragment lifting ...

Traces(Tq) = Traces(L) = Ty ~ T
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Bisimulation vs. trace equivalence BSEQORS. 1-27
T ~ Ty => Traces(Ty) = Traces(T>)
proof: ... path fragment lifting ...

Traces(Tq) = Traces(L) = Ty ~ T

trace equivalent, but not bisimulation equivalent
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Bisimulation vs. trace equivalence BSEQORS. 1-27
T ~ Ty => Traces(Ty) = Traces(T>)
proof: ... path fragment lifting ...

Traces(Tq) = Traces(L) = Ty ~ T

Trace equivalence is strictly coarser than
bisimulation equivalence.
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Bisimulation vs. trace equivalence BSEQORS. 1-27
T ~ Ty => Traces(Ty) = Traces(T>)
proof: ... path fragment lifting ...

Traces(Tq) = Traces(L) = Ty ~ T

Trace equivalence is strictly coarser than
bisimulation equivalence.

Bisimulation equivalent transition systems satisfy
the same LT properties (e.g., LTL formulas).
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Bisimulation equivalence ... BSEQORS. 1-20-BIS

e as a relation that compares 2 transition systems
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Bisimulation equivalence ... BSEQORS. 1-20-BIS

e as a relation that compares 2 transition systems

T 2!
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Bisimulation equivalence ... BSEQORS. 1-20-BIS

e as a relation that compares 2 transition systems

T 2!

e as a relation on the states of 1 transition system
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Bisimulation equivalence ... BSEQORS. 1-20-BIS

e as a relation that compares 2 transition systems

T 2!

e as a relation on the states of 1 transition system

T/ O O

103 /145



Bisimulation equivalence ... BSEQORS. 1-20-BIS

e as a relation that compares 2 transition systems

T 2!

e as a relation on the states of 1 transition system

T/ O O

S1~SH iff 7;1 ~7;2
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Bisimulation equivalence ... BSEQORS. 1-20-BIS

e as a relation that compares 2 transition systems

ﬁ@ z@

e as a relation on the states of 1 transition system

S1~SH iff 7;1 ~7;2
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Bisimulation equivalence ... BSEQORS. 1-20-BIS

e as a relation that compares 2 transition systems
’ @ ’ \@
e as a relation on the states of 1 transition system

si~sy iff Ty ~ T, iff
there exists a bisimulation R for T s.t. (s1,5) € R
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Bisimulations on a single TS BSBQORS.1-32
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Bisimulations on a single TS BSBQORS.1-32

Let 7 be a TS with proposition set AP.
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Bisimulations on a single TS BSBQORS.1-32

Let 7 be a TS with proposition set AP.

A bisimulation for 7T is a binary relation R on the
state space of T s.t. for all (s1,5) € R:

(1) Lis1) = L(=)
(2) Vs € Post(s1) 3 s) € Post(sp) s.t. (s1,8) €ER
(3) V s € Post(s,) 3 s; € Post(s1) s.t. (s1,8) €ER
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Bisimulation equivalence ~7 on a single TS o 13

Let 7 be a TS with proposition set AP.

A bisimulation for 7T is a binary relation R on the
state space of T s.t. for all (s1,5) € R:

(1) Lis1) = L(=)
(2) Vs € Post(s1) 3 s) € Post(sp) s.t. (s1,8) €ER
(3) V s € Post(s,) 3 s; € Post(s1) s.t. (s1,8) €ER

bisimulation equivalence ~7:

sy ~1 s iff there exists a bisimulation R for T
st. (s1,9) ER
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Bisimulation equivalence BSEQORS. 1-30-BIS

Let 7 be a transition system with state space S.

Bisimulation equivalence ~7 is

e the coarsest bisimulation on T

e and an equivalence on S
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Bisimulation equivalence BSEQORS. 1-30A-BIS

Let 7 be a transition system with state space S.

Bisimulation equivalence ~ is the coarsest equivalence
on S s.t. for all states 51, 5p € S with 51 ~7 s:

(1) L(s1) = L(s2)
(2) each transition of 5 can be mimicked by
a transition of sp:

S1 ~T S 51 ~VT 2

! can be ! !

completed to
s{ p
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Two variants of bisimulation equivalence

~  relation that compares 2 transition systems
~7 equivalence on the state space of a single TS 7
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Two variants of bisimulation equivalence

~  relation that compares 2 transition systems
~7 equivalence on the state space of a single TS 7

1. ~g can be derived from ~

for all states s; and s, of 7:
~ T

1

s1~r sy iff T

1
K A
N/
where 75 agrees with 7, except that state s is
declared to be the unique initial state
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Two variants of bisimulation equivalence

~  relation that compares 2 transition systems
~7 equivalence on the state space of a single TS 7

1. ~g can be derived from ~

for all states s; and s, of 7:
~ T

1

s1~r sy iff T

1
K A
N/
where 75 agrees with 7, except that state s is
declared to be the unique initial state

2. ~ can be derived from ~

122 /145



Derivation of ~ from ~g BSEQORS.1-31
given two transition systems 77 and 7

71 with state space §; T, with state space S,

& Y

123/145



Derivation of ~ from ~g BSEQORS.1-31
given two transition systems 77 and 7
71 with state space §; T, with state space S,

& 9

\ \ /

consider T =T 875
(state space $1 ¥ S,)
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Derivation of ~ from ~g BSEQORS.1-31
given two transition systems 77 and 7
71 with state space §; T, with state space S,

& 9

\ \ /

consider T =T 875
(state space $1 ¥ S,)

Ty ~ 715 iff Vinitial states § of 73
3 initial state s, of 75 s.t. s ~1 5,
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Derivation of ~ from ~g BSEQORS.1-31
given two transition systems 77 and 7
71 with state space §; T, with state space S,

& 9

\ \ /

consider T =T 875
(state space $1 ¥ S,)

Ty ~ 715 iff Vinitial states § of 73
3 initial state s, of 75 s.t. s ~1 5,

and vice versa
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Bisimulation quotient BSBQORS. 1-35
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Bisimulation quotient BSBQORS. 1-35

Let T = (S, Act, —, Sp, AP, L) be a TS.
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Bisimulation quotient BSBQORS. 1-35

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

bisimulation quotient 7'/~ arises from T
by collapsing bisimulation equivalent states
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Bisimulation quotient BSBQORS. 1-35

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

bisimulation quotient:

T/~= (S, Act, —', S}, AP, L)
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Bisimulation quotient BSBQORS. 1-35

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

bisimulation quotient:
T/~=(5,Act, -, 5, AP, L")

e state space: S'=S5/~r

;

set of bisimulation equivalence classes
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Bisimulation quotient BSBQORS. 1-35

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

bisimulation quotient:
T/~=(5,Act, -, 5, AP, L")
e state space: S'=8§/~r
e set of initial states: 5§ = {[s]~y : 5 € So}
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Bisimulation quotient BSBQORS. 1-35

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

bisimulation quotient:
T/~=(5,Act, -, 5, AP, L")
e state space: S'=S5/~r
e set of initial states: 5§ = {[s]~y : 5 € So}
e labeling function:  L'([s]~,) = L(s)
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Bisimulation quotient BSBQORS. 1-35

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

bisimulation quotient:
T/~=(5,Act, -, 5, AP, L")
e state space: S'=S5/~r
e set of initial states: 5§ = {[s]~y : 5 € So}
e labeling function:  L'([s]~,) = L(s)

T

well-defined

by the labeling condition
of bisimulations
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Bisimulation quotient BSBQORS. 1-35

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

bisimulation quotient:
T/~=(5,Act, -, 5, AP, L")
e state space: S'=8§/~r
e set of initial states: 5§ = {[s]~y : 5 € So}
e labeling function:  L'([s]~,) = L(s)
e transition relation:

s— s

[slr — [5]~r
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Bisimulation quotient BSBQORS. 1-35

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

bisimulation quotient:
T/~=(5,Act, -, 5, AP, L")
e state space: S'=8§/~r
e set of initial states: 5§ = {[s]~y : 5 € So}
e labeling function:  L'([s]~,) = L(s)
e transition relation:

§s— § action labels
8], — [S']NT irrelevant
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Bisimulation quotient BSBQORS. 1-35

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

bisimulation quotient:
T/~=(5,{r},—, S, AP, L)
e state space: S'=8§/~r
e set of initial states: 5§ = {[s]~y : 5 € So}
e labeling function:  L'([s]~,) = L(s)
e transition relation:

s &, ¢ action labels
[S] T [S’] irrelevant
~T ~T
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Bisimulation quotient BSBQORS. 1-35

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

bisimulation quotient:

T/~=(5,{r},—~, S AP, L)

e state space: S'=S5/~r

e set of initial states: 5§ = {[s]~y : 5 € So}
e labeling function:  L'([s]~,) = L(s)

e transition relation:

(0 2
S$— S T ~ T/

sy = [s]r
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Example: interleaving of n printers BSEQORS. 134

parallel system T = Printer ||| Printer ||| .. . ||| Printer

n printer
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Example: interleaving of n printers BSEQORS. 134

parallel system T = Printer ||| Printer ||| .. . ||| Printer

n printer

[ ready_to_print )
transition system ( >

for each printer
[ is_printing ]
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Example: interleaving of n printers BSEQORS. 134

parallel system T = Printer ||| Printer ||| .. . ||| Printer

vV

n printer

AP ={0,1,...,n}  “number of available printers”

[ ready_to_print )
transition system ( >

for each printer
[ is_printing ]
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Example: n=3 printers BSEQORS. 134

parallel system T = Printer ||| Printer ||| .. . ||| Printer

n prTnter
AP = {0,1,2,3}

p: is printing
r: ready to print
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Example: n=3 printers BSEQORS. 134

parallel system T = Printer ||| Printer ||| .. . ||| Printer

n printer

AP = {0,1,2,3}

p: is printing
r: ready to print
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Example: n=3 printers BSEQORS. 134

parallel system T = Printer ||| Printer ||| ... ||| Printer

n printer

AP = {0,1,2,3}

p: is printing

. bisimulation
r: ready to print

quotient
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Example: n=3 printers BSEQORS. 134

parallel system T = Printer ||| Printer ||| ... ||| Printer

n printer

AP = {0,1,2,3}

2" states n+1 states
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Mutual exclusion BSEQORS.1-36
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Mutual exclusion BSEQORS.1-36

solutions for mutual exclusion problems:

e semaphore
e Peterson’s algorithm
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Mutual exclusion: Bakery algorithm BSEQORS.1-36

solutions for mutual exclusion problems:

e semaphore
e Peterson’s algorithm
e Bakery algorithm
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Mutual exclusion: Bakery algorithm BSEQORS.1-36

solutions for mutual exclusion problems:

e semaphore
e Peterson’s algorithm
e Bakery algorithm

given two concurrent processes P; and P;
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Mutual exclusion: Bakery algorithm BSEQORS.1-36

solutions for mutual exclusion problems:

e semaphore
e Peterson’s algorithm
e Bakery algorithm

given two concurrent processes P; and P;

e two additional shared variables: x3,x € N
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Mutual exclusion: Bakery algorithm BSEQORS.1-36

solutions for mutual exclusion problems:

e semaphore
e Peterson’s algorithm
e Bakery algorithm

given two concurrent processes P; and P;

e two additional shared variables: x3,x € N

e if P; and P, are waiting then:
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Mutual exclusion: Bakery algorithm BSEQORS.1-36

solutions for mutual exclusion problems:

e semaphore
e Peterson’s algorithm
e Bakery algorithm

given two concurrent processes P; and P;

e two additional shared variables: x3,x € N

e if P; and P, are waiting then:

if X1 < x» then P; enters its critical section

if xo < x1 then P, enters its critical section
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Mutual exclusion: Bakery algorithm BSEQORS.1-36

solutions for mutual exclusion problems:

e semaphore
e Peterson’s algorithm
e Bakery algorithm

given two concurrent processes P; and P;

e two additional shared variables: x3,x € N

e if P; and P, are waiting then:

if X1 < x» then P; enters its critical section

if xo < x1 then P, enters its critical section

X1 = X: cannot happen
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Bakery algorithm BSEQORS.1-36A

protocol for Py:

LOOP FOREVER
noncritical actions
x1 .= x0+1
AWAIT (x1 < x2) V (%=0);
critical section;
x1:=0
END LOOP

symmetric protocol for P,
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Bakery algorithm BSEQORS.1-36A

protocol for Py:

LOOP FOREVER

noncritical actions

x1 .= x0+1
AWAIT (X1 < X2) \% (X2=0); initially:
critical section; x1=x=0
X1 .= 0

END LOOP

symmetric protocol for P,
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Program graphs for the Bakery algorithm  sscoors137

x1 = xo+1 xo = x1+1

x1:=0

g -
(X1<X2)V(X2=0)CLIJE1] [%(X2<X1)V(X1=0)
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Transition system for the Bakery algorithm :siqons.1-37




Transition system for the Bakery algorithm :siqons.1-37




Transition system for the Bakery algorithm :siqons.1-37




Transition system for the Bakery algorithm :siqons.1-37




Transition system for the Bakery algorithm :siqons.1-37




Transition system for the Bakery algorithm :siqons.1-37

x1 = xo+1 xg =0 xo = x1+1 x =0

g —
(a <X2)V(X2=())kﬂj [%(Xz <x1)V(a=0)
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Bakery algorithm: bisimulation quotient  ssoors 138

x1 :=x0+1 xp 1= x1+1

x1:=0 xp:=0

(o —
™ <X2)v(xz=0)kﬂj @J(xz <x)V (x1 =0)

infinite transition system with a
finite bisimulation quotient
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Bakery algorithm: bisimulation quotient  ssoors 138

x1 :=x0+1 xp 1= x1+1

x1:=0 xp:=0

g 1
(x1<xz)v(xz=0)kﬂj @J(xqu)v(xl:m

x1>x2>0

><
) |
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Bakery algorithm: bisimulation quotient  ssoors 138

x1 :=x0+1 xp 1= x1+1

x1:=0 xp:=0

g 1
(x1<xz)v(xz=0)kﬂj @J(xqu)v(xl:m

x1>x2>0

><
) |
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Bakery algorithm: bisimulation quotient  ssoors 138

e, X0 =0

x1 :=x0+1 xp 1= x1+1

x1:=0

(crit ito ) it
v mot) (el (i)

><
) |

x1>x2>0
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Bakery algorithm: bisimulation quotient  ssoors 138

X1 = X2+1 xo = x1+1

|Wa|t1 E
X

1

x1:=0 xp:=0

Cor 3
ppos rvyey GAD B CCIE) oy vy ey

wy &
x1>x0>0

.....
-------------

S
‘e
-
“a
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OverView OVERVIEWT.2

Introduction

Modelling parallel systems

Linear Time Properties

Regular Properties

Linear Temporal Logic (LTL)

Computation-Tree Logic

Equivalences and Abstraction
bisimulation
CTL, CTL*-equivalence —
computing the bisimulation quotient
abstraction stutter steps
simulation relations
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*
Reca l I : C T L CTLEQ5.2-REMIND-SYNTAX-CTLSTAR

CTL* state formulas

¢ ::= true | a | P, AP, | - | dp
CTL* path formulas

p = 0| prAp| 0| Op | p1Ue:

derived operators:
e O, ...asin LTL

e universal quantification: YV aof —d-p
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Reca | I : C T L * a nd CT L CTLEQ5.2-REMIND-SYNTAX-CTLSTAR

CTL* state formulas

¢ ::= true | a | P, AP, | - | dp
CTL* path formulas

p = 0| prAp| 0| Op | p1Ue:

CTL: sublogic of CTL*
e with path quantifiers 3 and V
e restricted syntax of path formulas:

* no boolean combinations of path formulas
* arguments of temporal operators () and U
are state formulas

8/167



CTL equivalence OTLES.2-1
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CTL equivalence OTLES.2-1

Let 51,5, be states of a TS 7 without terminal states

s1,5 are CTL equivalent if for all CTL formulas ®:
sE® iff E®
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CTL equivalence OTLES.2-1

Let 51,5, be states of a TS 7 without terminal states

s1,5 are CTL equivalent if for all CTL formulas ®:
sE® iff E®

S1 L)

{a {6} A{a} {4}
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CTL equivalence OTLES.2-1

Let 51,5, be states of a TS 7 without terminal states

s1,5 are CTL equivalent if for all CTL formulas ®:
sE® iff E®

S1 L)
S1,S are

not CTL equivalent
s = 30(302 A J0b)
s = 30(E0a A30D)

13 /167

{a {6} A{a} {4}



CTL, CTL* and LTL equivalence CTLBG5.2-14

Let 51,5, be states of a TS 7 without terminal states

s1,5 are CTL equivalent if for all CTL formulas ®:
sE® iff E®

analogous definition for CTL* and LTL
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CTL, CTL* and LTL equivalence CTLBG5.2-14

Let 51,5, be states of a TS 7 without terminal states

s1,5 are CTL equivalent if for all CTL formulas ®:
sE® iff sE®

s1,5 are CTL* equivalent if for all CTL* formulas ®:
S1 |= ¢ iff ) |= (0]

s1,5 are LTL equivalent if for all LTL formulas ¢:
sEe iff sEe




CTL/CTL* and bisimulation C11EQ5.2-2
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CTL/CTL* and bisimulation C11EQ5.2-2

bisimulation equivalence
= CTL equivalence

CTL* equivalence
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CTL/CTL* and bisimulation C11EQ5.2-2

bisimulation equivalence
= CTL equivalence «— for finite TS

CTL* equivalence
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CTL/CTL* and bisimulation C11EQ5.2-2

bisimulation equivalence
= CTL equivalence «— for finite TS

CTL* equivalence

Let 7 be a finite TS without terminal states,
and s;, s states in 7. Then:

51 ~VT 2
iff s, and s, are CTL equivalent
iff s and sy are CTL* equivalent
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CTL/CTL* and bisimulation CTLEQS.2-20

bisimulation
equivalence ~

[CTL equivalence }< {CTL* equivalence]
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CTL/CTL* and bisimulation CTLEQS.2-20

bisimulation
equivalence ~

[CTL equivalence }< : {CTL* equivalence]

CTLisa subllogic of CTL*
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CTL/CTL* and bisimulation CTLEQS.2-20

bisimulation
equivalence ~
for TS that are
finitely branching

[CTL equivalence }< : {CTL* equivalence]

CTLisa subllogic of CTL*
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CTL/CTL* and bisimulation CTLEQS.2-20

bisimulation
equivalence ~
for TS that are _
finitely branching for arbitrary TS

[CTL equivalence }< : {CTL* equivalence]

CTLisa subllogic of CTL*
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i i U i UiV UiV CTLEQ5.2-3
Bisimulation e alence = CTL* e alence

For arbitrary (possibly infinite) transition systems
without terminal states:

If 51, sp are states with s; ~7 s, then for all
CTL* formulas ®:

ssE® iff o

25 /167



i i U i UiV UiV CTLEQ5.2-3
Bisimulation e alence = CTL* e alence

show by structural induction on CTL* formulas:

(a) if s1, sp are states with s; ~ s then
for all CTL* state formulas &:

S1 |= ¢ iff ) |= 0]
(b) if m, m are paths with m; ~¢ 5 then

for all CTL* path formulas ¢:
m |= (7 iff T2 |= (72
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i i U i UiV UiV CTLEQ5.2-3
Bisimulation e alence = CTL* e alence

show by structural induction on CTL* formulas:

(a) if s1, sp are states with s; ~ s then
for all CTL* state formulas &:

S1 |= ¢ iff ) |= 0]
(b) if m, m are paths with m; ~¢ 5 then

for all CTL* path formulas ¢:
m |= (7 iff T2 |= (72

def .
T, ~7 Ty <= 1 and my are statewise
bisimulation equivalent
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i i U i UiV UiV CTLEQ5.2-3
Bisimulation e alence = CTL* e alence

statewise bisimulation equivalent paths:

51
!

S11

l
1
l

531

!

T

path

~T

~T

~T

~T

2
!

S12

!
522
l

S32

l

I

path s
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i i U i UiV UiV CTLEQ5.2-5
Bisimulation e alence = CTL* e alence

For all CTL* state formulas ® and path formulas ¢:

(a) ifsg~rsy then: ssE® iff
(b) if m ~g mp then: m E@ iff mE
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i i U i UiV UiV CTLEQ5.2-5
Bisimulation e alence = CTL* e alence

For all CTL* state formulas ® and path formulas ¢:

(a) ifsg~rsy then: ssE® iff
(b) if m ~g mp then: m E@ iff mE

Proof by structural induction
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i i U i UiV UiV CTLEQ5.2-5
Bisimulation e alence = CTL* e alence

For all CTL* state formulas ® and path formulas ¢:

(a) ifsg~rsy then: ssE® iff
(b) if m ~g mp then: m E@ iff mE

Proof by structural induction
base of induction:
(a) ® = true or ® =a € AP

(b) ¢ = ® for some state formula ®
s.t. statement (a) holds for ®
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i i U i UiV UiV CTLEQ5.2-5
Bisimulation e alence = CTL* e alence

For all CTL* state formulas ® and path formulas ¢:
(a) ifsg~rsy then: ssE® iff
(b) if m ~g mp then: m E@ iff mE

Proof by structural induction
step of induction:
(a) consider ® = ®; A &, -V or Jp s.t.
(a) holds for @1, ®y, W
(b) holds for ¢
(b) consider ¢ = 1 A 2, =@, OQ¢’, p1Ups s.t.
(a) holds for 1, 2, ¢’
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Path lifting for ~ CTLEGS 24

S1 ~T S S1 ~NT 9
! !
S11 S11 ~T S12
Si can be Si Si
1 1 ~T 2
completed to
l ! i)
S31 31 ~T 532

! oo
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Path lifting for ~ CTLEGS 24

S1 ~T S S1 ~NT 9
! !
S11 S11 ~T S12
Si can be Si Si
1 1 ~T 2
completed to
l ! i)
S31 31 ~T 532

! oo

If sy ~7 s, then for all m; € Paths(s)
there exists mp € Paths(s,) with m ~ ™)
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Path lifting for ~ CTLEGS 24

S1 ~T S S1 ~NT
! !
S11 S11 ~T  S12
Si can be Si - Si
1 1 2
completed to
l ! i)
S31 531 ~T 532
l ! i)
path m;

If sy ~7 s, then for all m; € Paths(s)
there exists mp € Paths(s,) with m ~ ™)
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Path lifting for ~ CTLEGS 24

51 ~MT 22 51 ~MT 2
l l
S11 511 ~T S12
Si can be Si - Si
1 1 2
completed to
l l l
531 $31 ~T 532
l l l
path m; path 5

If sy ~7 s, then for all m; € Paths(s)
there exists mp € Paths(s,) with m ~ ™)
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Correct or wrong? CTLEQS.2-6

If 51,5, are not CTL equivalent then there exists a
CTL formula ® with s; = ® and s, £ @
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Correct or wrong? CTLEQS.2-6

If 51,5, are not CTL equivalent then there exists a
CTL formula ® with s; = ® and s, £ @

correct.
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Correct or wrong? CTLEQS.2-6

If 51,5, are not CTL equivalent then there exists a
CTL formula ® with s; = ® and s, £ @

correct.

If s1, sp are not LTL equivalent then there exists a
LTL formula ¢ with s; = ¢ and s, [~ @
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Correct or wrong? CTLEQS.2-6

If 51,5, are not CTL equivalent then there exists a
CTL formula ® with s; = ® and s, £ @

correct.

If s1, sp are not LTL equivalent then there exists a
LTL formula ¢ with s; = ¢ and s, [~ @

wrong.
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Correct or wrong? CTLEQS.2-6

If 51,5, are not CTL equivalent then there exists a
CTL formula ® with s; = ® and s, £ @

correct.

If s1, sp are not LTL equivalent then there exists a
LTL formula ¢ with s; = ¢ and s, [~ @

4.

wrong.
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Correct or wrong? CTLEQS.2-6

If 51,5, are not CTL equivalent then there exists a
CTL formula ® with s; = ® and s, £ @

correct.

If s1, sp are not LTL equivalent then there exists a
LTL formula ¢ with s; = ¢ and s, [~ @

wrong.

Traces(sp) C Traces(s) gsl 552
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Correct or wrong? CTLEQS.2-6

If 51,5, are not CTL equivalent then there exists a
CTL formula ® with s; = ® and s, £ @

correct.

If s1, sp are not LTL equivalent then there exists a
LTL formula ¢ with s; = ¢ and s, [~ @

wrong.

Traces(sp) C Traces(s) gsl 552

hence: s |= ¢ implies 5, = ¢
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CTL equivalence = bisimulation equivalence ...

If 7 is a finite TS then, for all states s;, sp in 7 :
if 51, sp are CTL equivalent then s; ~7 s
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CTL equivalence = bisimulation equivalence ...

If 7 is a finite TS then, for all states s;, sp in 7 :
if 51, sp are CTL equivalent then s; ~7 s

Proof: show that

R ¥ { (s1,%2) : s1, s satisfy the same CTL formulas }

is a bisimulation, i.e., for all (51, %) € R:
(1) L(s1) = L(s2)

(2) if ;s — t; then there exists a transition sp — t
st. (t,h) ER
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Example: CTL master formulas OTLEQS.2-7

7

v V2

w

2 {a)
= ()
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Example: CTL master formulas OTLEQS.2-7

bisimulation equivalence ~7

= {(v, »), (w1, W), ...}
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Example: CTL master formulas OTLEQS.2-7

bisimulation equivalence ~7

= {(v, »), (w1, W), ...}

but uy %1 W
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Example: CTL master formulas OTLEQS.2-7

bisimulation equivalence ~7
= {(vl7 V2)7 (W17 W2)7 ---}
as uh — {Wb W2}

w2 7L) {W17 W2}
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Example: CTL master formulas

.‘
Vi 2
.
Y

=N
—

.
.
.

Q

Uy

bisimulation equivalence ~7

= {(v, »), (w1, W), ...}

CTL master formulas:

wi,wa |
vi,v2 |
n E
w E

?
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Example: CTL master formulas

.‘
Vi 2
.
Y

=N
—

.
.
.

Q

Uy

bisimulation equivalence ~7

= {(v, »), (w1, W), ...}

CTL master formulas:

wi,wa |
vi,v2 |
n E
w E

b
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Example: CTL master formulas OTLEQS.2-7

bisimulation equivalence ~7

= {(v, »), (w1, W), ...}

Uy

CTL master formulas:
wi,wa |E b

{a} vi,v» | —aA-b

{b} m E ?

g U2|=?
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Example: CTL master formulas OTLEQS.2-7

.‘
Vi 2
.
-

Uy

bisimulation equivalence ~7

= {(v, »), (w1, W), ...}

CTL master formulas:
wi,wa |E b
vi,v» | —aA-b
vu E (3Ob)Aa
w E 7
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Example: CTL master formulas OTLEQS.2-7

0‘
Vi 2
.
Y

Uy

bisimulation equivalence ~7

= {(v, »), (w1, W), ...}

CTL master formulas:
wi,wo, = b
vi,v» | —aA-b
vu E (3Ob)Aa
w E (-30Ob)Aa
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...master formulas for ~r-classes? CTiEGp. 28

AP = {blue, red}
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...master formulas for ~r-classes? CTiEGp. 28

S1
AP = {blue, red}

S1~T S T U
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...master formulas for ~r-classes? CTiEGp. 28

S1
AP = {blue, red}
s1~T ST U
5 w
o, = ?
b = ? where C = {s1, 5}
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...master formulas for ~r-classes? CTiEGp. 28

S1
AP = {blue, red}
s1~T ST U
5 w
b, = red
b = ? where C = {s1, 5}
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...master formulas for ~r-classes? CTiEGp. 28

S1
AP = {blue, red}

S1~T S T U

b, = red
®c = blue A\VNQOblue where C = {s1, s}
¢, =7
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...master formulas for ~r-classes? CTiEGp. 28

S1
AP = {blue, red}

S1~T S T U

b, = red
®c = blue A\VNQOblue where C = {s1, s}
¢, = 3IQOred
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CTL equivalence —> bisimulation equivalence .....:n

If 7 is a finite TS then, for all states s;, s in 7 :
if 51, sp are CTL equivalent then s; ~7 s
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CTL equivalence —> bisimulation equivalence .....:n

If 7 is a finite TS then, for all states s1, s, in 7:
if 51, sp are CTL equivalent then s; ~7 s

e wrong for infinite TS

67 /167



CTL equivalence —> bisimulation equivalence .....:n

If 7 is a finite TS then, for all states s1, s, in 7:
if 51, sp are CTL equivalent then s; ~7 s

e wrong for infinite TS

e but also holds for finitely branching TS
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CTL equivalence —> bisimulation equivalence .....:n

If 7 is a finite TS then, for all states s1, s, in 7:
if 51, sp are CTL equivalent then s; ~7 s

e wrong for infinite TS

e but also holds for finitely branching TS

possibly infinite-state TS such that

% the number of initial states is finite

% for each state the number of successors
is finite
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CTL equivalence —> bisimulation equivalence ...«

Let T = (S, Act, —, Sp, AP, L) be finitely branching.
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CTL equivalence —> bisimulation equivalence ...«

Let T = (S, Act, —, Sp, AP, L) be finitely branching.
T

* S is finite
* Post(s) is finite for all s € S
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CTL equivalence —> bisimulation equivalence ...«

Let T = (S, Act, —, Sp, AP, L) be finitely branching.
T

* S is finite
* Post(s) is finite for all s € S

Then, for all states s1, s in 7T:

if 51, sp are CTL equivalent then s; ~7 s,
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CTL equivalence —> bisimulation equivalence ...«

Let T = (S, Act, —, Sp, AP, L) be finitely branching.
T

* S is finite
* Post(s) is finite for all s € S

Then, for all states s1, s in 7T:

if 51, sp are CTL equivalent then s; ~7 s,

Proof: as for finite TS.
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CTL equivalence —> bisimulation equivalence ...«

Let T = (S, Act, —, Sp, AP, L) be finitely branching.
T

* S is finite
* Post(s) is finite for all s € S

Then, for all states s1, s in 7T:

if 51, sp are CTL equivalent then s; ~7 s,

Proof: as for finite TS. Amounts showing that

R ¥ { (s1,%) : 51, s satisfy the same CTL formulas }

is a bisimulation.
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CTL equivalence =—> bisimulation equivalence ...«

If 7 is a finitely branching TS then for all states s;, sp:
if 51, sp are CTL equivalent then s; ~7 5

Proof: show that

R ¥ { (s1,%) : 51, s satisfy the same CTL formulas }

is a bisimulation, i.e., for (s1, %) € R:

(1) Ls1) = L(=)
(2) if ;s — t; then there exists a transition s — t
s.t. (tl, t2) ER
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Summary: CTL/CTL* and bisimulation  cicas22sou
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Summary: CTL/CTL* and bisimulation  cicas22sou

Let 7 be a finitely branching TS without terminal states,
and s;, s states in 7. Then:

51 ~VT 2
iff s, and sp are CTL equivalent
iff s and sy are CTL* equivalent
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Summary: CTL/CTL* and bisimulation  ciuss.2200

bisimulation
equivalence ~
for finite TS: _
proof relies on for arbitrary TS

master formulas

[CTL equivalence }/ n [CTL* equivalence]

CTLisa subllogic of CTL*
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Summary: CTL/CTL* and bisimulation  ciuss.2200

bisimulation
proof for _ equivalence ~
finitely branching

transition systems:

“local” master
formulas

for arbitrary TS

[CTL equivalence }/ n [CTL* equivalence]

CTLisa subllogic of CTL*
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CTL/CTL* and bisimulation for TS  curas22ron2ts
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CTL/CTL* and bisimulation for TS  curas22ron2ts

so far: we considered

e CTL/CTL* equivalence

e bisimulation equivalence ~7

for the states of a single transition system 7°
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CTL/CTL* and bisimulation for TS  curas22ron2ts

If 71, T are finitely branching TS over AP
without terminal states then:

1 ~T
iff 73 and 75 satisfy the same CTL formulas
iff 7y and 75 satisfy the same CTL* formulas
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Summary: equivalences CTLEGS.2-10

[ LTL equivalence ]
A

—
bisimulation CTL equivalence
equivalence CTL* equivalence

~—_

for finitely
branching TS

97 /167



Summary: equivalences

CTLEQ5.2-10

[trace equivalence}
7\

bisimulation
equivalence

for finitely

>{ LTL equivalence J
A

CTL equivalence
CTL* equivalence

branching TS
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Summary: equivalences

finite
trace equivalence

A

CTLEQ5.2-10

[trace equivalence}
7\

bisimulation
equivalence

for finitely

>{ LTL equivalence J
A

CTL equivalence
CTL* equivalence

branching TS
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Summary: equivalences

finite
trace equivalence J

|

CTLEQ5.2-10

S

equivalence w.r.t. }

’L LTL safety properties

\

LTL equivalence J

A

CTL equivalence
CTL* equivalence

7\
[trace equivalence} >{
7\
bisimulation
equivalence
~——0
for finitely

branching TS
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Correct or wrong? CTLEQS 211

Let 7 be a finite TS without terminal states and
S1, Sp states of 7.

If 51, s, satisfy the same CTL, y formulas then
51 ~VT 2.
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Correct or wrong? CTLEQS 211

Let 7 be a finite TS without terminal states and
S1, Sp states of 7.

If 51, s, satisfy the same CTL, y formulas then
51 ~VT 2.

where CTL\ y = CTL without until operator U
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Correct or wrong? CTLEQS 211

Let 7 be a finite TS without terminal states and
S1, Sp states of 7.

If 51, s, satisfy the same CTL, y formulas then
51 ~VT 2.

where CTL\ y = CTL without until operator U

correct.
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Correct or wrong? CTLEQS 211

Let 7 be a finite TS without terminal states and
S1, Sp states of 7.

If 51, s, satisfy the same CTL, y formulas then
51 ~VT 2.

where CTL\ y = CTL without until operator U

correct. see the proof

“CTL equivalence = bisimulation equivalence”
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CTL, y-equivalence = bisimulation equivalence ....:.

Let 7 be a finite TS without terminal states and
S1, Sp states of 7.

If 51, 5o satisfy the same CTL, y formulas then
51 ~VT S2.

Proof. Show that CTL, y equivalence is a bisimulation
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CTL, y-equivalence = bisimulation equivalence ....:.

Let 7 be a finite TS without terminal states and
S1, Sp states of 7.

If 51, 5o satisfy the same CTL, y formulas then
51 ~VT S2.

Proof. Show that CTL, y equivalence is a bisimulation

e labeling condition only uses atomic propositions
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CTL, y-equivalence = bisimulation equivalence ....:.

Let 7 be a finite TS without terminal states and
S1, Sp states of 7.

If 51, 5o satisfy the same CTL, y formulas then
51 ~VT S2.

Proof. Show that CTL, y equivalence is a bisimulation

e labeling condition only uses atomic propositions

e simulation condition can be established by
CTL\y master formulas of the form:
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CTL, y-equivalence = bisimulation equivalence ....:.

Let 7 be a finite TS without terminal states and
S1, Sp states of 7.

If 51, 5o satisfy the same CTL, y formulas then
51 ~VT S2.

Proof. Show that CTL, y equivalence is a bisimulation

e labeling condition only uses atomic propositions

e simulation condition can be established by
CTL\y master formulas of the form:

AOPc where &= APcp
D
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CTL, y-equivalence = bisimulation equivalence ....:.

Let 7 be a finite TS without terminal states and
S1, Sp states of 7.

If 51, 5o satisfy the same CTL, y formulas then
51 ~VT S2.

Proof. Show that CTL, y equivalence is a bisimulation

e labeling condition only uses atomic propositions

e simulation condition can be established by
CTL\y master formulas of the form:

A0®c where ®c=Adcp
D
and Sat(®cp) C C\D
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Correct or wrong? CTLES 212

Let 7 be a finite TS without terminal states.

T and its bisimulation quotient T /~ satisfy
the same CTL* formulas.
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Correct or wrong? CTLES 212

Let 7 be a finite TS without terminal states.

T and its bisimulation quotient T /~ satisfy
the same CTL* formulas.

correct.
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Correct or wrong? CTLES 212

Let 7 be a finite TS without terminal states.

T and its bisimulation quotient T /~ satisfy
the same CTL* formulas.

correct. Recall that T ~ T/~
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Correct or wrong? CTLES 212

Let 7 be a finite TS without terminal states.

T and its bisimulation quotient T /~ satisfy
the same CTL* formulas.

correct. Recall that 7 ~ T/~ as
R ={(s,[s]) : s € S}
is a bisimulation for (7,7 /~)

here: [s] = ~r-equivalence class of state s
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Correct or wrong? CTLEGS.2-13

Let 7 be a finite TS without terminal states and
let fair be a CTL fairness assumption.

If sy ~7 s, then for all CTL formulas ®:
s1 Egir © iff 5 Epir ®
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Correct or wrong? CTLEGS.2-13

Let 7 be a finite TS without terminal states and
let fair be a CTL fairness assumption.

If sy ~7 s, then for all CTL formulas ®:
s1 Egir © iff 5 Epir ®

correct
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Correct or wrong? CTLEGS.2-13

Let 7 be a finite TS without terminal states and
let fair be a CTL fairness assumption.

If sy ~7 s, then for all CTL formulas ®:
s1 Egir © iff 5 Epir ®

correct, as =g is “CTL*-definable”
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Correct or wrong? CTLEGS.2-13

Let 7 be a finite TS without terminal states and
let fair be a CTL fairness assumption.

If sy ~7 s, then for all CTL formulas ®:
s1 Egir © iff 5 Epir ®

correct, as =g is “CTL*-definable”
T

For each CTL* state formula ® there exists a
CTL* formula W st. sV iff s|Egi ®
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Correct or wrong? CTLEGS.2-13

Let 7 be a finite TS without terminal states and
let fair be a CTL fairness assumption.

If sy ~7 s, then for all CTL formulas ®:
s1 Egir © iff 5 Epir ®

correct, as =g is “CTL*-definable”
T

For each CTL* state formula ® there exists a
CTL* formula W st. sV iff s|Egi ®

Example: for ® = 300(a A VOb)
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Correct or wrong? CTLEGS.2-13

Let 7 be a finite TS without terminal states and
let fair be a CTL fairness assumption.

If sy ~7 s, then for all CTL formulas ®:
s1 Egir © iff 5 Epir ®

correct, as =g is “CTL*-definable”
T

For each CTL* state formula ® there exists a
CTL* formula W st. sV iff s|Egi ®

Example: for ® = 300(a A VOb)
W = I(fair AO(a A V(fair — Ob)))
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Correct or wrong? CTLEGS.2-14

Let 7 be a finite TS over AP without terminal states.

If 51 ~7 s, then for all LT properties £ C (24P)«:
sEE iff sEE
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Correct or wrong? CTLEGS.2-14

Let 7 be a finite TS over AP without terminal states.

If 51 ~7 s, then for all LT properties £ C (24P)«:
sEE iff sEE

correct.
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Correct or wrong? CTLEGS.2-14

Let 7 be a finite TS over AP without terminal states.

If 51 ~7 s, then for all LT properties £ C (24P)«:
sEE iff sEE

correct.

Note that:
(1) s ~rsp => Traces(s;) = Traces(s,)
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Correct or wrong? CTLEGS.2-14

Let 7 be a finite TS over AP without terminal states.

If 51 ~7 s, then for all LT properties £ C (24P)«:
sEE iff sEE

correct.

Note that:
(1) s ~rsp => Traces(s;) = Traces(s,)
(2) sEE <= Traces(s) CE
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Correct or wrong? CTLES.2-15

Let F be an action-based strong fairness assumption

e.g., strong fairness for a single action «

If 51 ~7 s, then for all LT properties £ C (24P)«:
S1 |=1:E iff 52|=_7:E
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Correct or wrong? CTLES.2-15

Let F be an action-based strong fairness assumption

e.g., strong fairness for a single action «

If 51 ~7 s, then for all LT properties £ C (24P)«:
S1 |=1:E iff 52|=_7:E

wrong.
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Correct or wrong? CTLES.2-15

Let F be an action-based strong fairness assumption

e.g., strong fairness for a single action «

If 51 ~7 s, then for all LT properties £ C (24P)«:
S1 |=1:E iff 52|=_7:E

wrong.

s1 8 I5]

JF = strong fairness assumption for action «
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Correct or wrong? CTLES.2-15

Let F be an action-based strong fairness assumption

e.g., strong fairness for a single action «

If 51 ~7 s, then for all LT properties £ C (24P)«:
S1 |=1:E iff 52|=_7:E

wrong.

E = {Ored

s1 8 I5]

JF = strong fairness assumption for action «
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Correct or wrong? CTLES.2-15

Let F be an action-based strong fairness assumption

e.g., strong fairness for a single action «

If 51 ~7 s, then for all LT properties £ C (24P)«:
S1 |=1:E iff 52|=_7:E

wrong.
S1 B = g
E = Ored o 3
sifFr E T T
s ¥r E

JF = strong fairness assumption for action «
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Correct or wrong? CTLEGS.2-16

Let F be an action-based strong fairness assumption

If s; ~7 55 then for all LT properties £ C (24P)~:

5]_I=}‘E iff $2|=}‘E

wrong.

If 51 ~7 s then for all safety properties E C (24P)~:
S1 I=;-E iff $2|=_7:E
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Correct or wrong? CTLEGS.2-16

Let F be an action-based strong fairness assumption

If s; ~7 55 then for all LT properties £ C (24P)~:
S1 |=y:E iff $2|=}‘E

wrong.

If 51 ~7 s then for all safety properties E C (24P)~:
S1 I=y:E iff $2|=_7:E

correct.

130 /167



Correct or wrong? CTLEGS.2-16

Let F be an action-based strong fairness assumption

If s; ~7 55 then for all LT properties £ C (24P)~:
S1 |=y:E iff 52|=}'E

wrong.

$1|=fE iff $2|=_7:E

If 51 ~7 s then for all safety properties E C (24P)~:

correct.

e realizable fairness irrelevant for safety properties
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Correct or wrong? CTLEGS.2-16

Let F be an action-based strong fairness assumption

If s; ~7 55 then for all LT properties £ C (24P)~:
S1 |=y:E iff $2|=}‘E

wrong.

$1|=fE iff $2|=_7:E

If 51 ~7 s then for all safety properties E C (24P)~:

correct.

e realizable fairness irrelevant for safety properties

e strong action-based fairness assumptions are
realizable
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