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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:
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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

o =0 |orAp| 0| Op| erUe

derived operators:

e O, ...asin LTL
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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*
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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
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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:
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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
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CTL equivalence OTLES.2-1

9 /167



CTL equivalence OTLES.2-1

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

24 /167



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
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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
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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

30/167



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 51, s not CTL equivalent then
there exists a CTL formula ® with

51|=¢/\$Qbé¢
or sEPASED
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Correct or wrong? CTLEGS 26

If 51,5, are not CTL equivalent then there exists a
CTL formula ® with 5 = ® and 5 [ ®

correct.

If 51, s not CTL equivalent then
there exists a CTL formula ® with

51|=¢/\$Qbé¢
o SEPASEP = sEDPAs ED
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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 ...
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CTL equivalence = bisimulation equivalence ...

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 ...

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
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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

56 /167



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
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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
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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 finite 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  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 ~

[CTL equivalence }/ [CTL* equivalence]
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Summary: CTL/CTL* and bisimulation  ciuss.2200

bisimulation
equivalence ~

[CTL equivalence }/ n [CTL* equivalence]

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

bisimulation
equivalence ~

for arbitrary TS

[CTL equivalence }/ n [CTL* equivalence]

CTLisa subllogic of CTL*
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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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Correct or wrong? CTLEQS.2-9

Does the following statements hold for finite TS
without terminal states ?
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Correct or wrong? CTLEQS.2-9

CTL equivalence is finer than LTL equivalence
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Correct or wrong? CTLEQS.2-9

CTL equivalence is finer than LTL equivalence

correct.
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Correct or wrong? CTLEQS.2-9

CTL equivalence is finer than LTL equivalence

correct.

!

CTL equivalence = CTL* equivalence

LTL is sublogic of CTL*
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Correct or wrong? CTLEQS.2-9

CTL equivalence is finer than LTL equivalence

correct.

LTL equivalence is finer than CTL equivalence
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Correct or wrong? CTLEQS.2-9

CTL equivalence is finer than LTL equivalence

correct.

LTL equivalence is finer than CTL equivalence

wrong.
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Correct or wrong? CTLEQS.2-9

CTL equivalence is finer than LTL equivalence

correct.

LTL equivalence is finer than CTL equivalence

wrong.
> > ® = {a}
@ = {b}
®={c}

O=g
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Correct or wrong? CTLEQS.2-9

CTL equivalence is finer than LTL equivalence

correct.

LTL equivalence is finer than CTL equivalence

wrong.

S1, S are trace equivalent
51 2
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Correct or wrong? CTLEQS.2-9

CTL equivalence is finer than LTL equivalence

correct.

LTL equivalence is finer than CTL equivalence

wrong.

S1, S are trace equivalent
51 2

and LTL equivalent
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Correct or wrong? CTLEQS.2-9

CTL equivalence is finer than LTL equivalence

correct.

LTL equivalence is finer than CTL equivalence

wrong.

S1, S are trace equivalent
51 2

and LTL equivalent

s: £ 30(30a A 30b)
CYlaE O EOLNEOL)
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Summary: equivalences CTLEGS.2-10

[ LTL equivalence ]
A

—
bisimulation CTL equivalence
equivalence CTL* equivalence

~—_

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

correct, as =g is “CTL*-definable”
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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 ®:
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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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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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For each CTL* state formula ® there exists a
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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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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.
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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 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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