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Combining LTL and CTL ~ CTL* CTLsTA.6-1
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Syntax Of CTL* CTLST4.6-4
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Syntax Of CTL* CTLST4.6-4

state formulas:
¢ = true | a | P, NPy | - | Jp

path formulas:

p = ...
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Syntax Of CTL* CTLST4.6-4

state formulas:
¢ = true | a | P, NPy | - | Jp

path formulas:
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Syntax Of CTL* CTLST4.6-4

state formulas:
¢ = true | a | P, NPy | - | Jp

path formulas:

o = 0| piAp | 9| Op | prUgs

derived operators:
o V, —, etc.
e eventually, always as in LTL:

Qp = trueUp, Oy = =0
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Syntax Of CTL* CTLST4.6-4

state formulas:
¢ = true | a | P, NPy | - | Jp

path formulas:

o = 0| piAp| -0 | Op | er1Ue:

derived operators:
o V, —, etc.
e eventually, always as in LTL:
Qp = trueUp, Op = =0

e universal quantification:
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Syntax Of CTL* CTLST4.6-4

state formulas:
¢ = true | a | P, NPy | - | Jp

path formulas:

o = 0| piAp | 9| Op | prUgs

derived operators:
o V, —, etc.
e eventually, always as in LTL:
Qp = trueUp, Op = =0

e universal quantification: Vp = -d-p
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Semantics of CTL* OTLSTA.6-2

Let T = (S, Act, —, Sp, AP, L) be a transition system
without terminal states.
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Semantics of CTL* OTLSTA.6-2

Let T = (S, Act, —, Sp, AP, L) be a transition system
without terminal states.

define by structural induction:

e a satisfaction relation |= for
states s € S and CTL* state formulas

e a satisfaction relation |= for infinite
path fragments w in 7 and CTL* path formulas
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Semantics of CTL* state formulas IR
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Semantics of CTL* state formulas IR

s | true
skEa
s
sE® AP,
sk

iff ae€ L(s)
iff spo
iff s|:¢1ands|:¢2

iff there exists a path m € Paths(s)
such that = ¢
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Semantics of CTL* state formulas IR

s | true
skEa

sE -
sE® AP
sk

iff ae€ L(s)
iff s b o
iff s|:¢1ands|:¢2

iff there exists a path m € Paths(s)

such that = ¢
T

satisfaction relation |=
for CTL* path formulas
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Semantics of CTL* path formulas CTLSTA.6-28

let m = 5951 5 ... be an infinite path fragment in 7
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Semantics of CTL* path formulas CTLSTA.6-28

let m = 5951 5 ... be an infinite path fragment in 7

T

L

T @1 A
T Og
TEe1Up

iff
iff
iff
iff
iff

Tl

T = @1 and 7 = @2
suffix(m,1) = ¢

there exists j > 0 such that

SUfﬁX(ﬂ')j) |= P2
suffix(m, i) = @1 for0<i<j
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Semantics of CTL* path formulas CTLSTA.6-28

let m = 5951 5 ... be an infinite path fragment in 7

T iff ...

T = iff mp£

TEepiApy iff TEp and @2

T Qg iff suffix(m,1) = ¢

m = p1Upy iff there exists j > 0 such that

SUfﬁX(ﬂ')j) |= P2
suffix(m, i) = @1 for0<i<j

suffix(m, k) = Sk Sk+1 Sk+2 - - -
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Semantics of CTL* path formulas CTLSTA.6-28

let m = 5951 5 ... be an infinite path fragment in 7

T iff so =@

T = iff mp£e

TEeiApy iff Tl andmE @2

T Qg iff suffix(m,1) = ¢

m = p1Upy iff there exists j > 0 such that

SUfﬁX(ﬂ')j) |= P2
suffix(m, i) = @1 for0<i<j

suffix(m, k) = Sk Sk+1 Sk+2 - - -

19/286



Semantics of CTL* path formulas CTLSTA.6-28

let m = 5951 5 ... be an infinite path fragment in 7

TE® iff so = ® «— satisfaction relation for
*
— o e CTL* state formulas

TEeiApy iff Tl andmE @2
T Qg iff suffix(m,1) = ¢
m = p1Upy iff there exists j > 0 such that

SUfﬁX(ﬂ')j) |= P2
suffix(m, i) = @1 for0<i<j

suffix(m, k) = Sk Sk+1 Sk+2 - - -
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Examples of CTL*-formulas CTLST4.6-3
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Examples of CTL*-formulas CTLST4.6-3

mutual exclusion:

safety  VO(—erity V —crity)
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Examples of CTL*-formulas CTLST4.6-3

mutual exclusion:
safety  VO(—erity V —crity)
liveness VOOcrity A VOcrits
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Examples of CTL*-formulas CTLST4.6-3

mutual exclusion:
safety  VO(—erity V —crity)
liveness VOOcrity A VOcrits

progress property, e.g., VO(request — {response)
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Examples of CTL*-formulas CTLST4.6-3

mutual exclusion:

safety  VO(—erity V —crity)

liveness VOOcrity A VOcrits
progress property, e.g., VO(request — {response)
persistence property, e.g., VO[Oa
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Examples of CTL*-formulas

oTLST4.6-3
mutual exclusion:

safety  VO(—erity V —crity)

liveness VOOcrity A VOcrits

progress property, e.g., VO(request — {response)
persistence property, e.g., VO[Oa

CTL* formulas with existential quantification, e.g.,
Hamilton path problem (for fixed initial state)

3( V/e\v( OvADO(v — OO-v)))
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Expressiveness of CTL, LTL and CTL* CTLST4 -4
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Expressiveness of CTL, LTL and CTL* CTLST4 -4

e CTL is a sublogic of CTL*

28 /286



Expressiveness of CTL, LTL and CTL* CTLST4 -4

e CTL is a sublogic of CTL*

CTL* )

CTL
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Expressiveness of CTL, LTL and CTL* CTLST4 -4

e CTL is a sublogic of CTL*
e LTL is a sublogic of CTL*

4 cTL* )

LTL
CTL
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Expressiveness of CTL, LTL and CTL* CTLST4 -4

e CTL is a sublogic of CTL*
e LTL is a sublogic of CTL*

4 cTL* )

LTL
CTL

oa

S OoO

02 | voaob
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Expressiveness of CTL, LTL and CTL* CTLST4 -4

e CTL is a sublogic of CTL*
e LTL is a sublogic of CTL*

4 cTL* )
AN
LTL
VO
v cTL
v 002 wvo3os
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Expressiveness of CTL, LTL and CTL* CTLST4 -4

e CTL is a sublogic of CTL*
e LTL is a sublogic of CTL*

/ CTL*\
.
LTL
VO
o0 Vo CTL
_ v | Y09 | vosos
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Expressiveness of CTL, LTL and CTL* CTLST4 -4

e CTL is a sublogic of CTL*
e LTL is a sublogic of CTL*
e CTL™* is more expressive than LTL and CTL

4 voda v VO3I0h cTLs )
N\
LTL
VO CTL
oa Vo
= vomo | V597 | voaos
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Equivalence of CTL*-formulas CTLSTA.6-12

®; = &, iff for all transition systems 7 :
T |= P, — T |= P,
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Equivalence of CTL*-formulas CTLSTA.6-12

®; = &, iff for all transition systems 7 :
T |= P, — T |= P,

Examples:
-300a VOO-a
VOQa = VO VOa
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Equivalence of CTL*-formulas CTLSTA.6-12

®; = &, iff for all transition systems 7 :
T |= P, — T |= P,

Examples:
-300a VOO-a
VOQa = VO VOa

VVop
ddyp

Vo
do
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Equivalence of CTL*-formulas CTLSTA.6-12

®; = &, iff for all transition systems 7 :
T |= P, — T |= P,

Examples:
-A00a = VYOO-a
VOOa = VOVQa
VW = Vo
ddp = dop

Vdp = 7

38 /286



Equivalence of CTL*-formulas CTLSTA.6-12

¢1E¢2

iff for all transition systems 7:

T|=¢1 <=}>T|=¢2

Examples:
-3d00a
VOO a

VVop
ddyp
Vdp

VOO-a
VO VOa
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Correct or wrong? CTLsTA.6-13

V(p1Vp2) = Vi1 V Vo
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Correct or wrong? CTLsTA.6-13

V(p1Vp2) = Vi1 V Vo

wrong, e.g., V(0aVv Ob) # VOaVv VOb
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Correct or wrong? CTLsTA.6-13

V(p1Vp2) = Vi1 V Vo

wrong, e.g., V(0aVv Ob) # VOaVv VOb

& E V(0a v Ob)
£ VOa
{a} {b} ¥ VOb

42 /286



Correct or wrong? CTLsTA.6-13

V(p1Vp2) = Vi1 V Vo

wrong, e.g., V(0aVv Ob) # VOaVv VOb

& E V(0a v Ob)
£ VOa
{a} {b} ¥ VOb

1 V 2) = o1 V Fpo
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Correct or wrong? CTLsTA.6-13

V(p1Vp2) = Vi1 V Vo

wrong, e.g., V(0aVv Ob) # VOaVv VOb

& E V(0a v Ob)
£ VOa
{a} {b} ¥ VOb

1 V 2) = o1 V Fpo

correct
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Correct or wrong? CTLsTA.6-14

F0d0a = A00a
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Correct or wrong? CTLsTA.6-14

F0d0a = A00a

correct.
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Correct or wrong? CTLsTA.6-14

F0d0a = A00a

correct. I0d0a = —=-VOVO-a
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Correct or wrong? CTLsTA.6-14

F0d0a = A00a

correct. 3I0d0a =VOVO-a

_IVDO_Ia
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Correct or wrong?

CTLST4.6-14

== WE]

= IO0a

correct.

30300a

-VOVO-a
_IVDO_Ia
3A00a
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Correct or wrong? CTLsTA.6-14

F0d0a = A00a

correct. 3I0d0a =VOVO-a
_IVDO_Ia

A00a

d030a = AO0a
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Correct or wrong? CTLsTA.6-14

F0d0a = A00a

correct. 3I0d0a =VOVO-a
_IVDO_Ia

A00a

d030a = AO0a

correct.
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Correct or wrong? CTLsTA.6-14

F0d0a = A00a

correct. 3I0d0a =VOVO-a
_IVDO_Ia

= 300a

d030a = AO0a

correct. Both formulas assert that an a-state
is reachable from the current state
within one or more steps.
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Combinations of O and ¢ in CTL* OTLST4.6-16
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Combinations of O and ¢ in CTL* OTLST4.6-16

we already saw:
VOVQa = VOQa
A0d0a = 3IA00a
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Combinations of O and ¢ in CTL* OTLST4.6-16

we already saw:
VOVQa = VOQa
A0d0a = 3IA00a

does 3030a = 3IO0<Oa hold ?
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Combinations of O and ¢ in CTL* OTLST4.6-16

we already saw:
VOVQa = VOQa
A0d0a = 3IA00a

does 3030a = 3IO0<Oa hold ?

answer: no
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JO03¢0a and A00Qa are not equivalent OTLSTA.6-16
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JO03¢0a and A00Qa are not equivalent OTLSTA.6-16

i
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JO03¢0a and A00Qa are not equivalent OTLSTA.6-16

i

computation tree:
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JO03¢0a and A00Qa are not equivalent OTLSTA.6-16

i

T = 300a

computation tree:
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JO03¢0a and A00Qa are not equivalent OTLSTA.6-16

i

T = 300a
T k= 3030a

computation tree:
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JO03¢0a and A00Qa are not equivalent OTLSTA.6-16

R

T = 300a
T E3030a note:  Sat(A0a)={ ®,® }

computation tree:
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JO03¢0a and A00Qa are not equivalent OTLSTA.6-16

R

T = 300a
T E3030a note:  Sat(A0a)={ ®,® }
hence: ®@®@e®... = [30a

computation tree:
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JO03¢0a and A00Qa are not equivalent OTLSTA.6-16

T %) {a} 7]
\5 O 8 J030a £ 300a

T = 300a
T E3030a note:  Sat(A0a)={ ®,@ }
hence: ®@®@e®... = [30a

computation tree:
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Equivalence of CTL*-formulas CTLST4.6-15
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Equivalence of CTL*-formulas CTLST4.6-15

d-p
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Equivalence of CTL*-formulas CTLST4.6-15

V—-<p e.g., ﬂEII:IOa V<>I:I—-a
= 07 e.g., "V0a I00-a
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Equivalence of CTL*-formulas CTLST4.6-15

—Ekp = V—-<p e.g., -3Jd00a
Vo = Jd-p e.g., "V0a

YOoO-a
A00-a

V(o1 A @2) = Vi1 AV
A1V 2) = o1V I
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Equivalence of CTL*-formulas CTLST4.6-15

—Ekp = V—-cp e.g., -3Jd00a
Vo = Jd-p e.g., "V0a

YOoO-a
A00-a

V(o1 Ap2) = V1 AV,
Hp1 V) = Fp1 VI,
but: V(1 V¢2) # Vo1 V Vo
Hpr1 Apa) £ Jpo1 A Jpo
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Equivalence of CTL*-formulas CTLST4.6-15

YOoO-a
A00-a

—Ekp = V—-<p e.g., -3Jd00a
Vo = Jd-p e.g., "V0a

V(o1 Ap2) = V1 AV,
Hp1 V) = Fp1 VI,
but: V(1 V¢2) # Vo1 V Vo
Hpr1 Apa) £ Jpo1 A Jpo

VOO = VOVOe
I00p = IAOA0p
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Equivalence of CTL*-formulas CTLST4.6-15

YOoO-a
A00-a

—Ekp = V—-<p e.g., -3Jd00a
Vo = Jd-p e.g., "V0a

V(o1 Ap2) = V1 AV,
Hp1 V) = Fp1 VI,
but: V(1 V¢2) # Vo1 V Vo
Hpr1 Apa) £ Jpo1 A Jpo

VOO = VOVOp but: VOO # VOVOp
I00p = IAOA0p d00e # O30
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CTL* model checking oTLST4.6-24
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CTL* model checking oTLST4.6-24

given: finite TS T = (S, Act, —, So, AP, L)
CTL* formula ®
question: does T |= ® hold ?
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CTL* model checking oTLST4.6-24

given: finite TS T = (S, Act, —, So, AP, L)
CTL* formula ®
question: does T |= ® hold ?

main procedure as for CTL:

FOR ALL subformulas W of ® DO
compute Sat(V) ={s€ S: sV}
0D
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CTL* model checking oTLST4.6-24

given: finite TS T = (S, Act, —, So, AP, L)
CTL* formula ®
question: does T |= ® hold ?

main procedure as for CTL:

FOR ALL subformulas W of ® DO
compute Sat(V) ={s€ S: sV}
0D
IF So C Sat(®P)
THEN return “yes”

ELSE return “no”
FI
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Recursive computation of satisfaction sets crswig21
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Recursive computation of satisfaction sets crswig21

Sat(true) = S
Sat(a) = {seS:ael(s)}
Sat(¢1/\¢2) = Sat(¢1) N Sat(¢2)

Sat(—P) = S\ Sat(®)
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Recursive computation of satisfaction sets crswig21

Sat(true) = S )
Sat(a) = {seS:ael(s)}

for CTL
Sat(G1A®y) = Sat(dy)N Sat(dy) [ = C
Sat(—P) = S\ Sat(®) )
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Recursive computation of satisfaction sets crswig21

% as for CTL

Sat(true) = S )
Sat(a) = {seS:ael(s)}
Sat(P1APy) = Sat(P;) N Sat(P,)
Sat(—P) = S\ Sat(®) )

model checker

Sat(Vp) = Satiri(p) } using an LTL
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Recursive computation of satisfaction sets crswig21

Sat(true) = S )
Sat(a) = {seS:ael(s)}

for CTL
Sat(®yA®y) = Sat(by) N Sat(ds) [ =" C
Sat(—P) = S\ Sat(®) )

Sat(Vyp) = Satiti(p) using an LTL
Sat(3p) = S\ Satiri(—) model checker
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Example: CTL* model checking oTLST4.6-25

® = 300a AID(ObAO ~I(aUb))
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Example: CTL* model checking oTLST4.6-25

¢ = EK:)EIa A30(ObAO —3(aUb))
1 ¢2

1. calculate recursively the satisfaction sets Sat(®;)
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Example: CTL* model checking oTLST4.6-25

® = 3F00a A EID(ObA(} —3(aU b) )
<I>1 ¢2
1. calculate recursively the satisfaction sets Sat(®;)

2. replace ®; with the atomic proposition a;, i = 1,2
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Example: CTL* model checking oTLST4.6-25

® = 3F00a A EID(ObA(} —3(aU b) )
<I>1 ¢2
1. calculate recursively the satisfaction sets Sat(®;)

2. replace ®; with the atomic proposition a;, i = 1,2

&~ a3 A 3O(Ob A Oay)
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Example: CTL* model checking oTLST4.6-25

® = 3F00a A EID(ObA(} —3(aU b) )
<I>1 ¢2
1. calculate recursively the satisfaction sets Sat(®;)

2. replace ®; with the atomic proposition a;, i = 1,2
&~ a1 A 30O(Ob A Oa)
LTL formula ¢

85 /286



Example: CTL* model checking oTLST4.6-25

® = 3F00a A EID(ObA(} —3(aU b) )
<I>1 ¢2
1. calculate recursively the satisfaction sets Sat(®;)

2. replace ®; with the atomic proposition a;, i = 1,2
b~ a A E”:l(Ob/\(}az) =& /\El(p
LTL formula ¢
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Example: CTL* model checking oTLST4.6-25

® = 3F00a A EID(ObA(} —3(aU b) )
<I>1 ¢2
1. calculate recursively the satisfaction sets Sat(®;)

2. replace ®; with the atomic proposition a;, i = 1,2
D~ g A EI\D(ObA(}aQ =a Ady
LTL formula ¢
3. use an LTL model checker to compute Sat(3yp)
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Example: CTL* model checking oTLST4.6-25

¢ = &’Dj A EID(ObA(} —3(aU b) )
b, b,
1. calculate recursively the satisfaction sets Sat(®;)
2. replace ®; with the atomic proposition a;, i = 1,2
D~ g A EI\D(ObA(}aQ =a Ady
LTL formula ¢

3. use an LTL model checker to compute Sat(3yp)
T

more precisely: existential LTL model checker




Example: CTL* model checking oTLST4.6-25

¢ = &’Dj A EID(ObA(} —3(aU b) )
b, b,
1. calculate recursively the satisfaction sets Sat(®;)
2. replace ®; with the atomic proposition a;, i = 1,2
D~ g A EI\D(ObA(}aQ =a Ady
LTL formula ¢

3. use an LTL model checker to compute Sat(3yp)
T

more precisely: existential LTL model checker

1. construct an NBA for ¢
2. check via nested DFS whether T ® A = 300F




Example: CTL* model checking oTLST4.6-25

¢ = &’Dj A EID(ObA(} —3(aU b) )
b, b,
1. calculate recursively the satisfaction sets Sat(®;)
2. replace ®; with the atomic proposition a;, i = 1,2
D~ g A EI\D(ObA(}aQ =a Ady
LTL formula ¢

3. compute Sat(p) via NBA A for ¢ and nested
DFSin7 ® A
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Example: CTL* model checking oTLST4.6-25

® = 3F00a A EID(ObA(} —3(aU b) )
<I>1 ¢2
1. calculate recursively the satisfaction sets Sat(®;)

2. replace ®; with the atomic proposition a;, i = 1,2
b~ a A E”:l(Ob/\(}az) = 31/\3(,0
LTL formula ¢

3. compute Sat(p) via NBA A for ¢ and nested
DFSin7 ® A

4. return Sat(®) = Sat(a;Adyp)
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Example: CTL* model checking oTLST4.6-25

® = 3F00a A EID(ObA(} —3(aU b) )
<I>1 ¢2
1. calculate recursively the satisfaction sets Sat(®;)

2. replace ®; with the atomic proposition a;, i = 1,2
b~ a A E”:l(Ob/\(}az) = 31/\3(,0
LTL formula ¢

3. compute Sat(p) via NBA A for ¢ and nested
DFSin7 ® A

4. return Sat(®) = Sat(a;Adp) = Sat(P;) N Sat(Jp)

92 /286



Fairness in CTL* CTLST4.6.22
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Correct or wrong? CTLSTA.6-22

Let fair = A 0O¢Qc¢; be an unconditional
1<i<k LTL fairness assumption

s Epir 30a  iff s | 3(fair AOa)
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Correct or wrong? CTLSTA.6-22

Let fair = A 0O¢Qc¢; be an unconditional
1<i<k LTL fairness assumption

s Epir 30a  iff s | 3(fair AOa)

[CTL with fairness|] |CTL* semantic]
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Correct or wrong? CTLSTA.6-22

Let fair = A 0O¢Qc¢; be an unconditional
1<i<k LTL fairness assumption

s Epir 30a  iff s | 3(fair AOa)

CTL* path formula
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Correct or wrong? CTLSTA.6-22

Let fair = A 0O¢Qc¢; be an unconditional
1<i<k LTL fairness assumption

s Epir 30a  iff s | 3(fair AOa)

CTL* path formula

correct.
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Correct or wrong? CTLSTA.6-22

Let fair = A 0O¢Qc¢; be an unconditional
1<i<k LTL fairness assumption

s Epir 30a  iff s | 3(fair AOa)

correct.

s Egir VOa  iff s | Y(fair AOa)
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Correct or wrong? CTLSTA.6-22

Let fair = A 0O¢Qc¢; be an unconditional
1<i<k LTL fairness assumption

s Epir 30a  iff s | 3(fair AOa)

correct.

s Egir VOa  iff s | Y(fair AOa)

wrong.
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Correct or wrong?

CTLST4.6-22

Let fair = A 0O¢Qc¢; be an unconditional

1<i<k

LTL fairness assumption

s i A0a  iff s = I(fair AOa)
correct.

s i VOa  iff s | V(fair AOa)
wrong.

{a} {6}

B8

fair = OO-b
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Correct or wrong?

CTLST4.6-22

Let fair = A 0O¢Qc¢; be an unconditional

1<i<k

LTL fairness assumption

s i A0a  iff s = I(fair AOa)
correct.
s i VOa  iff s | V(fair AOa)
Wrone. fair = OQ—b
{a} {b}
S szair VOa

B8
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Correct or wrong? CTLSTA.6-22

Let fair = A 0O¢Qc¢; be an unconditional
1<i<k LTL fairness assumption

s i A0a  iff s = I(fair AOa)

correct.

s i VOa  iff s | V(fair AOa)

wrong. fair = OO—-b

{a} {6}

2 S 2 B s W& Y(fair AOa)
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Correct or wrong?

CTLST4.6-22

Let fair = A 0O¢Qc¢; be an unconditional

1<i<k

LTL fairness assumption

s i A0a  iff s = I(fair AOa)
correct.
s Egir VOa  iff s | Y(fair AOa)

wrong. But we have:

S |=fair VvOa

iff s |=V(fair — Oa)
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Fai rCT L* CTLST4.6-23

CTL* fairness assumptions are conjunctions of CTL*
path formulas of the type

Ooe unconditional fairness
OQV — OO® strong fairness
OOV — OO® weak fairness
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Fai rCT L* CTLST4.6-23

CTL* fairness assumptions are conjunctions of CTL*
path formulas of the type

Ooe unconditional fairness
OQV — OO® strong fairness
OOV — OO® weak fairness

where ® and W are CTL* state formulas
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Fai rCT L* CTLST4.6-23

CTL* fairness assumptions are conjunctions of CTL*
path formulas of the type

Ooe unconditional fairness
OQV — OO® strong fairness
OOV — OO® weak fairness

where ® and W are CTL* state formulas

obvious definition of the satisfaction relation =g
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Satisfaction relation |=g; for CTL* CTLST4.6-23

s Egir Ap iff there exists m € Paths(s)
with w |= fair and m |=gir @

|= standard CTL* satisfaction relation
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Satisfaction relation |=g; for CTL* CTLST4.6-23

s Egir Ap iff there exists m € Paths(s)
with w |= fair and m |=gir @

s Egir Yo iff for all m € Paths(s):
if w |= fair then w |=pir

|= standard CTL* satisfaction relation
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Satisfaction relation |=g; for CTL* CTLST4.6-23

s Egir Ap iff there exists m € Paths(s)
with w |= fair and m |=gir @

iff s = 3(fair A )

s Egir Yo iff for all m € Paths(s):
if w |= fair then w |=pir

|= standard CTL* satisfaction relation
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Satisfaction relation |=g; for CTL* CTLST4.6-23

s Egir Ap iff there exists m € Paths(s)
with w |= fair and m |=gir @

iff s |= 3(fair A @) «—|if @ is quantifier-free

s Egir Y iff for all m € Paths(s):
if w |= fair then w |=pir

|= standard CTL* satisfaction relation
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Satisfaction relation |=g; for CTL* CTLST4.6-23

s Egir Ap iff there exists m € Paths(s)
with w |= fair and m |=gir @

iff s |= 3(fair A @) «—|if @ is quantifier-free

s Egir Y iff for all m € Paths(s):
if w |= fair then w |=pir

iff s |= V(fair — ) «if @ is quantifier-free

|= standard CTL* satisfaction relation
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Complexity of CTL/LTL/CTL* model checking ...
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Complexity of CTL/LTL

CTL

model checking

LTL

CTLST4.6-26

PSPACE-

complete

= size(T) - |®|

size(T) - exp(|«[)
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Complexity of CTL/LTL

model checking

CTLST4.6-26

CTL LTL
PTIME- PSPACE-
complete complete

= size(T) - |®|

size(T) - exp(|«[)
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Complexity of CTL/LTL model checking

CTL LTL
PTIME- PSPACE-
complete complete

= size(T) - || size(T) - exp(|¢|)

i | size(T)-|®|-|fair| | size(T)-exp(|¢|)-|fair|
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Complexity of CTL/LTL/CTL* model checking ...

CTL LTL CTL*
PTIME- PSPACE- ?
complete complete )

= size(T) - |®| size(T) - exp(|¢|) ?

i | size(T)-|®|-|fair| | size(T)-exp(|¢|)-|fair| ?
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Complexity of CTL/LTL/CTL* model checking ...

CTL LTL and CTL*
PTIME- PSPACE-
complete complete

= O(size(T) - | ) O(size(T) - exp(|¢]))

Etir | O(size(T)-|®|-|fair|) | O(size(T)-exp(|¢|)-|fairl)
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Complexity of CTL/LTL/CTL* model checking ...

CTL LTL and CTL*
PTIME- PSPACE-
complete complete

= O(size(T) - | ) O(size(T) - exp(|¢]))

Etir | O(size(T)-|®|-|fair|) | O(size(T)-exp(|¢|)-|fairl)

N/

model complexity, i.e., for fixed formula:

O(size(T))
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correct or wrong? CTLSTA.6-17

A(0a A Ob) = FQ(aA3FOb) vV FO(bAI0a)
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correct or wrong? CTLSTA.6-17

A(0a A Ob) = FQ(aA3FOb) vV FO(bAI0a)

correct.
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correct or wrong? CTLSTA.6-17

A(0aAnOb) = FO(aAIOb )VIO( bAIOa )

correct.

either O—0O0—@—0O0—0O0—@—0O0—0O
{a} {b}

or O—(O0O—@0—O0—0O0O—@—0O0—0
{b} {a}

or O—(0O0—0@0—O—0O0O—0O0—0—0

{a, b}
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correct or wrong?

CTLST4.6-17

correct.

A(0aAOb) = FO(aATOb|) Vv IO( b A 3I0a

either O—O ‘ O—'O @

a4 gy 77
o  O0—0O0—@<~0O0—0O0—@—0O0—0
{b} {a}
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The |0giC CTL* CTLST4.6-19
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The |0giC CTL* CTLST4.6-19

e CTL with Boolean operators for path formulas
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The |0giC CTL* CTLST4.6-19

e CTL with Boolean operators for path formulas
e sublogic of CTL*
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The |0giC CTL* CTLST4.6-19

e CTL with Boolean operators for path formulas
e sublogic of CTL*

CTL* state formulas

d ::= true | a | P, A Dy | - | dp
CTLT path formulas

Qu=...
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The |0giC CTL* CTLST4.6-19

e CTL with Boolean operators for path formulas
e sublogic of CTL*

CTL™ state formulas

¢ u=true|a| D1 A®: | -® | Tp | Ve
CTLT path formulas

Qu=...

: L : def
universal quantification can be derived: Vo = —3-¢
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The |0giC CTL* CTLST4.6-19

e CTL with Boolean operators for path formulas
e sublogic of CTL*

CTL* state formulas

¢ u=true|a| D1 A®: | -® | Tp | Ve
CTLT path formulas

piu= Q0| P1Ud | p1Ap | o
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The |0giC CTL* CTLST4.6-19

e CTL with Boolean operators for path formulas
e sublogic of CTL*

CTL* state formulas

¢ u=true|a| D1 A®: | -® | Tp | Ve
CTLT path formulas

piu= Q0| P1Ud | p1Ap | o

e.g., A(ObAOa)
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The |0giC CTL* CTLST4.6-19

e CTL with Boolean operators for path formulas
e sublogic of CTL*

CTL* state formulas

¢ u=true|a| D1 A®: | -® | Tp | Ve
CTLT path formulas

piu= Q0| P1Ud | p1Ap | o

e.g., A(ObADOa) and I(Ob — (aUc))

are CTLT formulas
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Expressiveness of CTL* CTLST4.6-194
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Expressiveness of CTL* CTLST4.6-194

CTLT is as expressive as CTL, i.e.,

For each CTL*-formula there exists an
equivalent CTL formula.
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Expressiveness of CTL* CTLST4.6-194

CTLT is as expressive as CTL, i.e.,

For each CTL*-formula there exists an
equivalent CTL formula.

proof relies on a series of equivalence rules, e.g.:
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Expressiveness of CTL* CTLST4.6-194

CTLT is as expressive as CTL, i.e.,

For each CTL*-formula there exists an
equivalent CTL formula.

proof relies on a series of equivalence rules, e.g.:

A(-O®P) ~ IO
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Expressiveness of CTL* CTLST4.6-194

CTLT is as expressive as CTL, i.e.,

For each CTL*-formula there exists an
equivalent CTL formula.

proof relies on a series of equivalence rules, e.g.:
A(-OP) ~ IO~

A(—(P1UD,)) ~ (P2 A D2) U(=dy A —Dy))
v 30,
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Expressiveness of CTL* CTLST4.6-194

CTLT is as expressive as CTL, i.e.,

For each CTL*-formula there exists an
equivalent CTL formula.

proof relies on a series of equivalence rules, e.g.:
A(-OP) ~ IO~

A(—(P1UD,)) ~ (P2 A D2) U(=dy A —Dy))
v 30,

EI((lIIl U Wz) N (¢1 U ¢2)) ~>
QW A (01U d,)) >
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From CTLT to CTL CTLST4.6-20

I(aUb) A (cUd)) =3((aAc)UpbAI(cUd)))
V 3((cAa)U(d A3(aUb)))
CTLT formula CTL formula
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From CTLT to CTL

TTTTT 4.6-20

((aUb) A (cUd)) =3((aAc)UBAI(cUd)))
7 v 3((c A2)U(d A3(aU b))
CTL"‘ formula CTL formula

elther o—0 O—0O
{a,cHa, C}{b c} {C} {C} {d}

{a,c}{a,c}{a,d} {a} {a} {b}



From CTLTto CTL = cus 4.6-20

((aUb) A (cUd)) =3((aAc)UBAI(cUd)))
7 v 3((c A2)U(d A3(aU b))
CTL"‘ formula CTL formula

elther o—O O—0O

{a,cHa, C}{b c} {C} {C} {d}

or ) )
N\ Y

{a,c}{a,c}{a,d} {a} {a} {b}

or O—0O—0O

@ o—0—@
{a,c}{a,cH{a, c}{a, cH{b,d}



From CTLTto CTL = cus 4.6-20

3((aUb) A (cUd)) =3((aAc)UbAI(cUd)))

v 3((c A a)y(d'”/"\' IaUb)))

either @—@

or

CTL™ formula CTL formula
PO O—O

(& cHa cHbic} (&} e 1)
O RTINS S S
or Q O—0O0—0

{a,c}{a,cH{a, c}{a, cH{b,d}



From CTLT to CTL CTLST4.6-18

A(Oa A (bU0))
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From CTLT to CTL CTLST4.6-18

A(Oa A (bU0))
(cA3Qa) v (bAIO(aAI(bUC)))
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From CTLT to CTL CTLST4.6-18

3(Oa A (bUc))
(cA3Qa) v (bAIO(aAI(bUC)))

either @—@—@—@—@—0O—0O—0O
{b} {b,a} {b} {b} {c}
o @—@—0O0—0O0—C0O0O—0O0O—0O—0
{b} {c,a}
o @—@—0O0—0O0—0O0O—0O0O—0O—0

{c} {a}
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From CTLTto CTL = cus 4.6-18

A(Oa A (bU0))

= (cA3dDa) Vv (b/\EIO(“a/\EI(bUc) )

either @ .L. . ®—O—0O—0O
(0} (b2} 15} {5} (o}

o @ O—O0—0O0—0O0—0—0
{b} {c,a}

o @ —@—O—0O—0O—0O—0—0



