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A few historical notes
LTL3.4-1

1977 temporal logics (LTL) as specification formalism
for parallel systems [Pnueli]

1981 model checking
for CTL [Clarke/Emerson], [Queile/Sifakis]
for LTL [Lichtenstein/Pnueli], [Vardi/Wolper]
for CTL* [Emerson/Lei]
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Partial order reduction

LTL3.4-2

description of
P="Py...|P,
e.g., by PROMELA

specification

LTL\ formula ¢

N

v

model checker e.g., SPIN

NBA A for —p

on-the-fly-construction

T.q E OO-F?

of a fragment 7 g of Tp x A
with integrated persistence checking

/

NQO + error indicication

N\

YES
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Basic idea of partial order reduction
LTL3.4-3

e for asynchronous systems
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Basic idea of partial order reduction
LTL3.4-3

e for asynchronous systems

e analyze representatives of path equivalence
classes that represent the same the same
behavior up to the interleaving order

T:TllHTZ Tred
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Partial order reduction for LTL, -, specifications
LTL3.4-3

Tred
B

a7

(8%

B2
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Partial order reduction for LTL, -, specifications
LTL3.4-3

T:T1|‘|T2 Tred
B1

a7

(0]
B2

requirement: for all LTL,~ formulas ¢:

TEe iff TegEe@

hence: ensure that the reduction yields 7° 2 T red
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The ample set method [Peled '93]

LTL3.4-4

given: syntactical representation of processes of TS 7T

goal:  on-the-fly construction of a fragment 7 .4
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The ample set method [Peled '93]

LTL3.4-5

given: syntactical representation of processes of TS 7T

goal:  on-the-fly construction of a fragment 7 o4
by selecting action-sets ample(s) C Act(s)
and expanding only the a-successors of s
where o € ample(s)

requirements:

e stutter trace equivalence: 7 2 T red
hence: 7, T g are LTL, -, equivalent

o T .4 is smaller than 7

e efficient construction of 7 4 is possible
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The reduced transition system 7 4
LTL3.4-6

is a fragment of 7 that results from 7" by
e a DFS-based on-the-fly analysis and

e choosing ample sets ample(s) C Act(s) for each
expanded state,

e expanding only the a-successors of s where
a € ample(s)
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The reduced transition system 7 4 LTL3.4-6

is a fragment of 7 that results from 7 by
... choosing ample sets ample(s) C Act(s)

transition relation = of 7 o4 is given by:

s %' A a€ample(s)

a /
S — S

S

39 /200



The reduced transition system 7 4 LTL3.4-6

is a fragment of 7 that results from 7 by
... choosing ample sets ample(s) C Act(s)

transition relation = of 7 o4 is given by:

s %' A a€ample(s)

a /
S — S

S
ample(s) = {a, 5}

state space S, Of T oq: all states that are reachable
from the initial states in 7 via =
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Booking system
LTL3.4-7

T =SCL || BP || Printer

(0) (0) (0)
transfer transfer -
scan . code . price . print
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Booking system LT3 AT

scan tra njfer trsrr}?;er print
code
@ @ @

(10) (oD
g
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Booking system

scan g transfer g
(1) code (1)

(i10) (oot ’
101

G

price

transfer

LTL3.4-7

print
@

independent, i.e.,
concurrently
executable, actions:

scan - transfer price
transfer code - print
scan - print
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Booking system LT3 AT

scan g transfer g transfer g print
a code 0 price a

independent actions:
scan - transf. price
transfer code - print
scan - print

(10) (oD
g

LTL\ property:
(1O “printer is in state 1”
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Booking system LT3 AT

scan . transfer . transfer . print

independent actions:
scan - transf. price
transfer code - print
scan - print

LTL\ property:
(1O “printer is in state 1”
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Booking system 1113 48
T T red:
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Booking system 1113 48
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Booking system

scan
code
price
print
scan
code

(110) (001)
enliien T con

(010)

011 print

scan
code
price
~ scan
print
code

LTL3.4-8

Tred :

scan
code

scan
price
code
print
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Booking system
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price
print
scan
code

(010)

-101

Bom: ¥

pnnt
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price
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Booking system 1113 48

scan print scan

code code
price scan

print ~ price
scan print

code code
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Booking system

T

scan
code
price
print
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code

010

scan
code

ScCan

~ price
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Booking system

T

scan
code
price
print
scan
code

() __ (-

011

scan
code
scan
~> price
code
print

LTL3.4-8

Tred :

scan
code

scan
price
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AP = {“printer in state 1"} V113,49

T Tred :
(000)

(0] __ {0

scan scan scan
code code code
price price scan
print M scan 2 price
scan print print

code code code 56/200



AP = {“printer in state 1"} V113,49

scan 0 scan 0 scan 0
code 0 code 0 code 0
price 0 price 0 scan 0
print {16 ~ scan 1} ~>  price 0
scan print 1 print {1%
code 0 code code s7{fhoo



. stuttering equivalent ..

scan
code
price
print
scan

code

scan
code
price
scan

print
code

Tred :

LTL3.4-9

scan
code

scan
price
print
code

{1

S oeS=
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Booking system 1rL3.4-10

Tred uced-
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Booking system 1rL3.4-10

Tred uced-

T 2 T\
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Booking system 1rL3.4-10

Tred uced-

T2 T eq hence: T g = @ implies T |= ¢ where
@ = O “printer is in control state 1"

61/200



Action-determinism
LTL3.4-11A
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Action-determinism
LTL3.4-11A

Let 7 = (S, Act,—,So, AP, L) be a TS.

For state s:
Act(s) = {@ € Act: Ft€Sst. s ——t}

T is called action-deterministic iff for all states s and
all actions a € Act(s):

{teS st} <1
notation: if a € Act(s) then

a(s) = unique state t s.t. s —— t
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Independence of actions
LTL3.4-11
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Independence of actions
LTL3.4-11

Let 7 be an action-deterministic transition system
with action-set Act, and a, 3 € Act.

a, 3 are called independent in T if for all states s
s.t. a, B € Act(s):

1. B € Act(a(s))
2. a € Act(B(s))
3. Bla(s)) = a(B(s))

S)

S
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Independence of actions
LTL3.4-11

Let 7 be an action-deterministic transition system
with action-set Act, and a, 3 € Act.

a, 3 are called independent in T if for all states s
s.t. a, B € Act(s):

1. B € Act(a(s)) Qa I6;
2. o € Act(B(s)) a(s) B(s)
3. B(a(s)) = a(B(s)) Fre @

74 /200



Mutual exclusion with semaphore
LTL3.4-12
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Mutual exclusion with semaphore
LTL3.4-12

program graph P;

request;

()
y>0:enter;
y:=y-1

y:=y+1
release;
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program graph P;

request;

()
y>0:enter;
y:=y-1

y:=y+1
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independent actions:
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Mutual exclusion with semaphore
LTL3.4-12

program graph P;

request;
y:=y+1
release; @D
y>0:enter;
y:=y-1

independent actions:
request,, request,
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Example: independent actions for MUTEX
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Example: independent actions for MUTEX
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release;

’

independent actions:
request, request,

enterq, request,

release;, request,
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Example: independent actions for MUTEX
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independent actions:

request,, request,
entery, request,
release;, request,
request,, enter;
request, release;
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Example: independent actions for MUTEX

LTL3.4-13

independent actions:

request,, request, request; is independent
entery, request, from the action-set
release;, request,

request,  enter, {request,, enter,, release, }

request, release;
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Example: dependent actions for MUTEX

LTL3.4-14

dependent actions:
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Example: dependent actions for MUTEX

LTL3.4-14

dependent actions:

entery, enterp
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Example: dependent actions for MUTEX

LTL3.4-14

release; release,

(wg ny)

dependent actions:

entery, enterp
access both to the semaphore

86 /200



Correct or wrong?
LTL3.4-15

B
B_G « and (3 are independent ?

87 /200



Correct or wrong?
LTL3.4-15

B .
B_G « and 3 are independent /

88 /200



Correct or wrong?
LTL3.4-15

B .
B_G « and 3 are independent /

(04 (04

a and 3 are independent ?

89 /200



Correct or wrong?
LTL3.4-15

B .
B_G « and 3 are independent /

(04 (04

« and (3 are independent /

90 /200



Correct or wrong?
LTL3.4-15

B .
B_G « and 3 are independent /

Q Q
A/ ﬂ
« and (3 are independent /
o Q

note: there is no state in which a and 3 are enabled
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Independent or not? L113.4-16

y =y X 1= X if =x then e g
action (3 action Z:=—z T
: action ¢
@ action vy @
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Independent or not? L113.4-16

y =y X 1= X if =x then e g
action (3 action Z:=—z T
: action ¢
@ action vy @

Are actions «, ¢ independent for Tp, p,?

no
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Independent or not? L113.4-16

X 1= 7
action 0

y =y . X 1= - if —x then

action (3 action zZ:= -z

@ action 7y

,0 are dependent for Tp,||p,

ni No
x:lzzl

¢
8
¢ £ 4 6

=0z= x=0z=1
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Independent or not? L1L3.4-17
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action (3 action Z:=—z T
: action ¢
@ action vy @

,0 are dependent

(3,6 are independent ?

96 /200



Independent or not? L1L3.4-17

y =y X 1= X if =x then e g
action (3 action Z:=—z T
: action ¢
@ action vy @

,0 are dependent

(3,6 are independent ?

yes
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Independent or not? L1L3.4-17

y =y X 1= —X if —x then @ e g
action (3 action Z:=—z . T 5
@ action 7y @ action

,0 are dependent

(3,6 are independent,

as they access different variables
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Independent or not? L1L3.4-17

y =y X 1= —X if =x then
action (3 action zZ:= -z
@ action vy

,7y are dependent

3182 v ni No
x=1z=0 x=0z=

X 1= 7
action 0
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Independent or not? L1L3.4-17

y =y X 1= —X if =x then
action (3 action zZ:= -z
@ action vy

,7y are dependent ny £,
v ni N2
( x=0z=1 )

X 1= 7
action 0
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Independent or not?
LTL3.4-18

TS that results by synchronization over the common
action 3
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Permutation of independent actions
LTL3.4-19
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1 <i <n, the actions & and [3; are independent.
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Permutation of independent actions
LTL3.4-19

Let a is independent from 31, ....3,. l.e., for

1 <i <n, the actions & and [3; are independent.

Then the action sequence

ﬁ1ﬁ2 ---ﬂna

can be replaced with the action sequence

aBiB ... B,
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Permutation of independent actions
LTL3.4-19

Let a € Act(sg) and

B1 B2 Bhn a
So S1 ... Snh t

be a path fragment such that « is independent from
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Permutation of independent actions
LTL3.4-19

Let a € Act(sg) and

B1 B2 Bhn a
So S1 ... Snh t

be a path fragment such that « is independent from

So 1o t c. t,

with t, =t
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a independent from (31..... 03,

B B> B3 B

SO Sl 52 “ . Sn
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a independent from 31, ...

B

Bo

Bs ...

mﬁn
B

So S1

S

B

Bo

Bs ...

B

o o
to—1t

B

S

Sn
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a independent from (31..... 03,

Br . B2 Bs  Bi

SO Sl 52 “ . Sn

Br . B2 Bs  Bi

So S1 So RN Sn
la la

B

S ﬂl S ﬂZ S5 ﬂ?) ﬂn s,
o Ja o

to t1 to
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a independent from (31..... 03,

0 ﬂl S1 ﬂZ ﬂ3 ﬂn

S So Snp
e

to

5 B1 S, B2 s, Bs B S,
la la

T

S ﬂl S ﬂZ S5 ﬂ?) ﬂn s,
la la la la
1o %] 1% th

B B B3 Ba
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The ample set method
LTL3.4-20

given: action-deterministic, finite transition system
T = (S, Act,—, Sy, AP, L)

goal: define “small" action-sets ample(s) C Act(s)
for all states s € S s.t.
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The ample set method for LTL,

LTL3.4-20

given: action-deterministic, finite transition system
T = (S, Act,—, Sy, AP, L)

goal: define “small" action-sets ample(s) C Act(s)
for all states s € S s.t.

T é Tred
where T oy = (S, Act,=>, Sy, AP, L) results from
T by an on-the-fly construction

123 /200



The ample set method for LTL,

LTL3.4-20

given: action-deterministic, finite transition system
T = (S, Act,—, Sy, AP, L)

goal: define “small" action-sets ample(s) C Act(s)
for all states s € S s.t.

T é Tred
where T oy = (S, Act,=>, Sy, AP, L) results from

T by an on-the-fly construction using the reduced
transition relation

s 5 s A acample(s)

o,y
S—>S
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The ample set method for LTL,

LTL3.4-20

given: action-deterministic, finite transition system
T = (S, Act,—,So, AP, L)

goal: define “small” action-sets ample(s) C Act(s)
for all states s € S s.t.

T é 7'red
where T g = (S, Act,=,Sg, AP, L) results from
T by an construction using the reduced

transition relation
s 55 A acample(s)

s ==>¢
S" = reachable fragment w.r.t. =
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The ample set method for LTL, 1113.4-20

given: syntactic representation of the processes of an
action-deterministic, finite transition system
T = (S, Act,—, Sy, AP, L)
goal: define “small" action-sets ample(s) C Act(s)
for all statess € Ss.t. 7T 2 T ed
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Conditions for the ample sets 1113.4-20

given: syntactic representation of the processes of an
action-deterministic, finite transition system
T = (S, Act,—, Sy, AP, L)
goal: define “small" action-sets ample(s) C Act(s)
for all statess € Ss.t. 7T 2 T ed

provide conditions for the ample sets that
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Conditions for the ample sets 1113.4-20

given: syntactic representation of the processes of an
action-deterministic, finite transition system

T = (S, Act,—,So, AP, L)
goal: define “small" action-sets ample(s) C Act(s)
for all statess € S s.t. T = T ed

provide conditions for the ample sets that

e are suitable for an construction of 7 4
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Conditions for the ample sets 1113.4-20

given: syntactic representation of the processes of an
action-deterministic, finite transition system

T = (S, Act,—, Sy, AP, L)
goal: define “small" action-sets ample(s) C Act(s)
for all statess € S s.t. T = T ed
provide conditions for the ample sets that

e are suitable for an construction of 7 4

e can be checked efficiently (without analyzing 7°)
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Conditions for the ample sets 1113.4-20

given: syntactic representation of the processes of an
action-deterministic, finite transition system

T = (S, Act,—, Sy, AP, L)
goal: define “small" action-sets ample(s) C Act(s)
for all statess € S s.t. T = T ed
provide conditions for the ample sets that

e are suitable for an construction of 7 4

e can be checked efficiently (without analyzing 7°)

e ensure that 7 = T req
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Stutter trace equivalence of 7 and 7 ,.q

LTL3.4-21

idea: the conditions for the ample sets
should ensure that

for each execution p in T,
a stutter trace equivalent execution preq in 7 req

can be constructed
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Stutter trace equivalence of 7 and 7 ,.q

LTL3.4-21

idea: the conditions for the ample sets
should ensure that

for each execution p in T,
a stutter trace equivalent execution preq in 7 req

can be constructed by successively

e permutating the order independent actions
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Stutter trace equivalence of 7 and 7 ,.q

LTL3.4-21

idea: the conditions for the ample sets
should ensure that

for each execution p in T,
a stutter trace equivalent execution preq in 7 req

can be constructed by successively
e permutating the order independent actions

e adding independent stutter actions
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Stutter trace equivalence of 7 and 7 ,.q

LTL3.4-21

idea: the conditions for the ample sets
should ensure that

for each execution p in T,
a stutter trace equivalent execution preq in 7 req

can be constructed by successively
e permutating the order independent actions

e adding independent stutter actions

execution preq in 7 req
A

execution pin 7~
st. p = Pred

134 /200



Stutter trace equivalence of 7 and 7 ,.q LrL3.4-21

execution pPreq in 7 req

execution pin 7~ A
st. p = Pred

135 /200



Stutter trace equivalence of 7 and 7 ,.q LrL3.4-21

execution pPreq in 7 req

execution pin 7~ A
st. p = Pred

by successively applying the following transformations:
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Stutter trace equivalence of 7 and 7 ,.q 1r13.4-21

execution preq in 7 req

execution p in 7~ A
st. p = Pred
case 0: p = sposp— ... with o € ample(sg)
. }31 ,Bn o .
case I. p= sp—...———...with a € ample(sp)
Bi¢ ample(so)
case 2. p = so&&ﬁ . with ;¢ ample(sp)
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Stutter trace equivalence of 7 and 7 ,.q 1r13.4-21

execution preq in 7 req

execution p in 7~ A
st. p = Pred
case 0: p = sposp— ... with o € ample(sg)
@
}31 ,Bn o .
case I. p= sp—...———...with a € ample(sp)
Bi¢ ample(so)

case 2. p = so&&ﬁ . with 3;¢ ample(sp)
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Stutter trace equivalence of 7 and 7 ,.q 1r13.4-21

execution preq in 7 req

execution p in 7~ A
st. p = Pred
case 0: p = sposp— ... with o € ample(sg)
&
}31 ,Bn o .
case I. p= sp—...———...with a € ample(sp)
Bi¢ ample(so)
(07 ﬂl n
So=—~>— ——
) B1 B2 B3 .
case 2. p= Sp——... with ;¢ ample(sp)
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Stutter trace equivalence of 7 and 7 ,.q 1r13.4-21

execution preq in 7 req

execution p in 7~ A
st. p = Pred
case 0: p = sposp— ... with o € ample(sg)
@
,Bl ,Bn o .
case I. p= sp—...———...with a € ample(sp)
Bi¢ ample(so)
& ﬂl ﬂn
So=—~>— L ——
) B1 B2 B3 .
case 2. p= sp——— with ;¢ ample(sp)
sos 22 for some o € ample(sg)
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Stutter trace equivalence of 7 and 7 ,.q 1r13.4-21

execution preq in 7 eq

execution pin 7~ A
st. p = Pred

Pred results by an infinite sequence application of
cases 0, 1 and 2, i.e.,

P~ P~ P2~ P3 .
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Stutter trace equivalence of 7 and 7 ,.q 1r13.4-21

execution preq in 7T e
A
s.t. p — pred

Pred results by an infinite sequence application of
cases 0, 1 and 2, i.e.,

execution pin 7~

P~ p1 e P2 P3

where for i < j the executions p; and p; have a
common prefix of length i which is a path fragment

in Tred
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Stutter trace equivalence of 7 and 7 ,.q 1r13.4-21

execution preq in 7T e
A
s.t. p — pred

Pred results by an infinite sequence application of
cases 0, 1 and 2, i.e.,

execution pin 7~

P~ p1 e P2 P3

where for i < j the executions p; and p; have a
common prefix of length i which is a path fragment
in 7 eq,i.e., p; has the form

pi:§0$51$...jsji—>si+1—>si+2—>...

7

WV Vo
in 7T g in7T
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Stutter trace equivalence of 7 and 7 ,.q 1r13.4-21

execution preq in 7T e
A
s.t. p = Pred

Pred results by an infinite sequence application of
cases 0, 1 and 2, i.e.,

execution p in 7~

P~ PL S o P3

where
Pi = Sp = S1 = ... = S > Sj41 7 Si42 — Si43 — ..
Pi+1 = Sop = S1 = ... = S = Si41 — Si42 ~> Sj43 — ..

Pir2 = SO =>S1 = ... = S = Siy1 = Sj4+2 —> Si43 — ..
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Transformation p ~ p; 1TL3.4-21

case 0: p= sy—sh—... with a € ample(sp)
. ﬁl ,Bn [0 .
case I. p= sp—...———...witha € ample(sp)
B¢ ample(sp)
case 2. p= Sg... with 3¢ ample(sp)
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Transformation p ~ p; 1TL3.4-21

case 0: p= sy—sh—... with a € ample(sp)
&
p1 = So=Syp—
case I. p = soﬁ e witha e ample(sg)
B¢ ample(sp)
case 2. p= Sg... with 3¢ ample(sp)
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Transformation p ~ p; 1TL3.4-21

case 0: p= sy—sh—... with a € ample(sp)
&
p1 = Sp=5S)—
. ;51 ,Bn [0 .
case I: p= sp—...———...with a € ample(sp)
Bi¢ ample(sp)
pr= so2s
i _ B1 B2 B3 .
case 2. p= Ssp———r... with ;¢ ample(sp)
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Transformation p ~ p; 1TL3.4-21

case 0: p= sy—sh—... with a € ample(sp)
&
p1 = Sp=5S)—
case I. p = soﬁ e witha e ample(sp)
B¢ ample(sp)
o 4 Pl ﬁn
p1L= Sp=Sp— ... ——
case 2. p = soﬁ—2>—3> . with ;¢ ample(sp)
p1 = 50%56—1>&>—3> ... for some a € ample(sp)
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Transformation p ~ p; 1TL3.4-21

case 0: p= sy—sh—... with a € ample(sp)
p1 = 50§>56—> e
. o B1 Bn « .
case I. p= sp—...———...witha € ample(sp)
B¢ ample(sp)
i _ B1 B2 B3 .
case 2. p= sp—o——r... with 3¢ ample(sp)
p1 = SO%S{J&&& ... for some o € ample(sp)

for the transformation p; ~~ p»:

apply case 0,1 or 2 to the suffix starting in state s,
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Conditions for ample sets
LTL3.4-A12

(A1) nonemptiness condition

0 # ample(s) C Act(s)
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Conditions for ample sets
LTL3.4-A12

(A1) nonemptiness condition
0 # ample(s) C Act(s)

(A2) dependency condition
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Conditions for ample sets
LTL3.4-A12

(A1) nonemptiness condition
0 # ample(s) C Act(s)
(A2) dependency condition

for each execution fragment in 7

B B2 Bi-1 Bi Bina Bn-1 B
such that 3, is from ample(s)

there is some i < n with

Bi € ample(s)
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Condition (A2)

LTL3.4-24

suppose a € ample(sy), B; & ample(sp)

Prg Booo Bs g Prig Bn o

153 /200



Condition (A2)

LTL3.4-24

suppose a € ample(sy), B; & ample(sp)
A :
(:2; a, B; independent

Prg Booo Bs g Prig Bn o
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Condition (A2)

LTL3.4-24

suppose a € ample(sy), B; & ample(sp)
A :
(:2; a, B; independent

—> a € Act(s;) for i =0,1,2,. ..

Prg Booo Bs g Prig Bn o
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Condition (A2)

LTL3.4-24

suppose a € ample(sy), B; & ample(sp)
A :
(:2; a, B; independent

—> a € Act(s;) for i =0,1,2,. ..

s B1 s B2 5 Bs snfﬁ”‘]snflﬂ” s

| | |a |a |a |a
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Condition (A2)

LTL3.4-24

suppose a € ample(sy), B; & ample(sp)
A :
(:2; a, B; independent

—> a € Act(s;) for i =0,1,2,. ..

Prg Booo Bs g Prig Bn o

o Ja o o Ja o

s/ s! s s s s/
’ :31 ! 132 2 ;83 ! 2:8n—1n 1:6n "
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N N S
o o o e o o
LI N A A R

158 / 200



s B1 s B2 5 Bs Sn_éﬂn—lsn_l B s,
la la la la la la
s/ s s/ . s/ s s’
0 ,31 1 182 2 133 n Z,Bn—l n—1 an n
case I1:
S :31 s1 ﬂ2 S ,33 . _,Bn—ls :Bn s, o 5;1
S0 o S{ ﬂ2 Sé ,33 o .ﬂn 2 / :Bn ls/ . IBH ,/7
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case I1:

Be

(84

Be

ﬂn 2/ ,Bn 1/

Br

case 2:

B2

Ba
3

53!

S

s) Ps_. .

51

S S~
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Conditions for ample sets LTL3.4-A3

(A1) nonemptiness condition
0 # ample(s) C Act(s)
(A2) dependency condition
for each execution fragment in T
B1 B2 Bi-1 Bi Bit Bn-1 B
such that (3, is dependent from ample(s) there is
some i < n with 8; € ample(s)
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Conditions for ample sets LTL3.4-A3

(A1) nonemptiness condition
0 # ample(s) C Act(s)
(A2) dependency condition
for each execution fragment in T
B1 B2 Bi-1 Bi Bit Bn-1 B
such that (3, is dependent from ample(s) there is
some i < n with 8; € ample(s)

(A3) stutter condition
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Conditions for ample sets LTL3.4-A3

(A1) nonemptiness condition
0 # ample(s) C Act(s)
(A2) dependency condition

for each execution fragment in T
B1 B2 Bi—1 Bi Bit1 Bn-1 B

such that (3, is dependent from ample(s) there is
some i < n with 8; € ample(s)
(A3) stutter condition

if ample(s) # Act(s) then all actions in ample(s)
are stutter actions
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Conditions (A2) and (A3)
Suppose

e a € ample(sy), B; ¢ ample(sp)
e (v stutter action

Bs
>

5n—4pn_]5n—1 IB” S

n
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Conditions (A2) and (A3)

LTL3.4-24A

Suppose

e a € ample(sy), B; & ample(sp)

e (¢ stutter action

B B2 Bs

S0 S1 S

o oo

B By By
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Conditions (A2) and (A3)
Suppose
e a € ample(sy), B; & ample(sp)
e « stutter action = L(s;) = L(s/), i=0,1,2,...

Py B o Bs o Pay B

ke o Ja o

s s/ s o s/ s/ s/
0 ,31 1 ,32 2 ,83 n Zﬂn—ln I,Bn n

n
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Conditions (A2) and (A3)

LTL3.4-24A

o o € ample(sp), B & ample(sp)
e « stutter action = L(s;) = L(s/), i=0,1,2,...
Br . B2 _ Bs

So 51 S e 5n—é8n_]5n—1 B Sn

@ o o o Ja o

s/ s s/ s s s
0 :81 ! 132 2 :83 5 Zﬂn—ln 1ﬂn "

case 1:
o :81 s1 ,B2 S ,83 .“,Bn—lsn_lﬂn s, « S

S o S{ 132 Sé :83 -_‘:Bn—25r/7213n—15r/71ﬂn s

5S> S~
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Conditions (A2) and (A3)

LTL3.4-24A

o o € ample(sp), B & ample(sp)
e « stutter action = L(s;) = L(s/), i=0,1,2,...

B1 B2

50

Bs ..

51 S

o o o

5,,_*8”_]5,,_1 B S

o o

/

% B1 1 B % B

case 1:

s \B1 s 132 5 B3

SOO! / 2 3

@QM s
""Bn_25,/72 {_15;71 \n Sn

la

s/ s' s
! Zﬁn—ln 1ﬂn "
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Conditions (A2) and (A3) UTL3.4-24

o o € ample(sp), B & ample(sp)
e « stutter action = L(s;) = L(s/), i=0,1,2,...
s B1 s B2 5 Bs Sn_éB"_]Sn_1 Bn_ .

@ o o o Ja o

s/ s s/ s s s
0 :81 ! 132 2 :83 5 Zﬁn—ln 1ﬂn "

n

case 2:

B1 B> B3 B4

50 S 52 S3 ..

1
o / :Bl / :82 / 133
52 o o e

50 So S
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Conditions (A2) and (A3) UTL3.4-24

o o € ample(sp), B & ample(sp)
e « stutter action = L(s;) = L(s/), i=0,1,2,...

B  Booo Bs o Pay Ba

50 51 )] n
la o a o Ja a
R S A e N

case 2:

\,31 Bs . Ba_

\sﬂ\ﬁ\sﬁ

0 51 2
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Ample sets for MUTEX

LTL3.4-22
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Ample sets for MUTEX

LTL3.4-22

AP = {Cl, Cg}

ample(ny, np) = {request, }
ample(wy, ny) = {request,}
ample(wy, wp) =

{entery, enter, }
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Ample sets for MUTEX

LTL3.4-22

AP = {Cl, Cg}

ample(ny, np) = {request, }
ample(wy, ny) = {request,}
ample(wy, wp) =

{entery, enter, }

(A1), (A2), (A3

are satisfied

~—
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Ample sets for MUTEX

LTL3.4-22
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Ample sets for MUTEX

LTL3.4-22

AP = {Cl, Cg}

ample(ny, np) = {request, }
ample(wy, ny) = {request,}
ample(wy, wp) =

{entery, enter, }
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Ample sets for MUTEX

LTL3.4-22

AP = {Cl, C2}

ample(ny, np) = {request, }
ample(wy, ny) = {request,}
ample(wy, wp) =

{entery, enter, }

request, enter; release, request,
mny —— —~ M wp nc niny
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Ample sets for MUTEX

LTL3.4-22

AP = {Cl, C2}

ample(ny, np) = {request, }
ample(wy, ny) = {request,}
ample(wy, wp) =

{entery, enter, }

request, enter;
mny —— —~ M wp nyc

release request
2 iy q 1

request, enter, request; release,
1N ———=mw»p mao w16 winy
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Ample sets for MUTEX

LTL3.4-22

AP = {Cl, C2}

ample(ny, np) = {request, }
ample(wy, ny) = {request,}
ample(wy, wp) =

{entery, enter, }

request, enter;
mny —— —~ M wp nyc

release request
2 iy q 1

request enter request release
q 2wy 2. o q Lwio 2

1 —m

request request enter release
q 2 Wo q 1W1W2 2 e 2

1" ——m

winy

winy
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Ample sets for MUTEX

LTL3.4-22

AP = {c, o}

ample(ny, np) = {request, }
ample(wy, ny) = {request,}
ample(wy, wp) =

{entery, enter, }

requestzn W enterp
—mws

release request
2 iy q 1

nc
request enter request release
q—g niwo 2 nc 9 ! %K) 2

nm

nyno win

request request enter release
q—Z nywop 9 ! W1 Wop 2 w1 2

nino wim

request request enter release
q—1W1n2 9 2W1W2 2 w1 2

nino wim
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Ample sets for MUTEX

LTL3.4-22

AP = {c, o}

ample(ny, np) = {request, }
ample(wy, ny) = {request, }
ample(wy, wp) =

{entery, enter, }

request, W enter;
2

release, request;
1m ——-m ma § mnp

request, W entey, i reques Lo elease,

1 —m

request, request; terp rekeases
—_— MWy w1 Wwp Wi Co Wwinyo

request; request, ente\\g reI*aaseg
—_— Wi Wi w»p - Wi 1

winy

winy

nm

nino wim
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Example: case 2 1113.4-26
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Example: case 2 1113.4-26
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Example: case 2 1113.4-26

execution where request;
is not executed

requ, mw enterp

elease requ
2n1n2 qus

r
2 — 12

niny
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Example: case 2 1113.4-26

execution where request;
is not executed

requ, mw enterp

elease requ
2n1n2 qus

r
2 — 12

niny

requy . requy - enter elease,

r
102 —— W W2 —— W12

niny

win
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Example: case 2 1113.4-26

execution where request;
is not executed
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Example
LTL3.4-23

B1 B2 «
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Example
LTL3.4-23

=2-x; y=y+1l ||| y:=3-y
B1 B2 «
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Example
LTL3.4-23

=2-x; y=y+1l ||| y:=3-y
B1 B2 «
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Example
LTL3.4-23

=2-x; y=y+1l ||| y:=3-y
B1 B2 «
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Example
LTL3.4-23

=2-x; y=y+1l ||| y:=3-y
B1 B> «
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Example
LTL3.4-23

=2-x; y=y+1l ||| y:=3-y
B1 B2 «

(A2) violated as 3, dependent
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Which conditions (A1), (A2) or (A3) are satisfied?

LTL3.4-25
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Which conditions (A1), (A2) or (A3) are satisfied?
AP = {Cl, CQ}

ample(ny, ny) = {request, }
ample(wy, ny) = {request, }
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Which conditions (A1), (A2) or (A3) are satisfied?
AP = {Cl, CQ}

ample(ny, ny) = {request, }
ample(wy, ny) = {request, }

Does the nonemptiness condition (A1) hold?
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Which conditions (A1), (A2) or (A3) are satisfied?
AP = {Cl, CQ}

ample(ny, ny) = {request, }
ample(wy, ny) = {request, }

Does the nonemptiness condition (A1) hold? yes
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Which conditions (A1), (A2) or (A3) are satisfied?
AP = {Cl, CQ}

ample(ny, ny) = {request, }
ample(wy, ny) = {request, }

Does the nonemptiness condition (A1) hold? yes
Does the dependency condition (A2) hold?
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Which conditions (A1), (A2) or (A3) are satisfied?
AP = {Cl, CQ}

ample(ny, ny) = {request, }
ample(wy, ny) = {request, }

Does the nonemptiness condition (A1) hold? yes

Does the dependency condition (A2) hold?
yes, as request; and request, are independent
from all other actions
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Which conditions (A1), (A2) or (A3) are satisfied?
AP = {Cl, CQ}

ample(ny, ny) = {request, }
ample(wy, ny) = {request, }

(A1), (A2):

Does the stutter condition (A3) hold?
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Which conditions (A1), (A2) or (A3) are satisfied?
AP = {Cl, CQ}

ample(ny, ny) = {request, }
ample(wy, ny) = {request, }

(A1), (A2): /
Does the stutter condition (A3) hold?
yes, as request; and request, are stutter actions
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Which conditions (A1), (A2) or (A3) are satisfied?

LTL3.4-27
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Which conditions (A1), (A2) or (A3) are satisfied?

LTL3.4-27
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Which conditions (A1), (A2) or (A3) are satisfied?

LTL3.4-27
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Which conditions (A1), (A2) or (A3) are satisfied?

LTL3.4-27

(AL): y/

(A2) violated as is dependent from enter,
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Which conditions (A1), (A2) or (A3) are satisfied?

LTL3.4-27

(A2) violated as is dependent from enter,
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Which conditions (A1), (A2) or (A3) are satisfied?

LTL3.4-27

(A1

v

):

(A2) violated as is dependent from enter,
)
a

(A3) violated as ample(nw,) = {entera} C Act(niw,)
nd enter, is a visible action
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Which conditions (A2) or (A3) are satisfied?

LTL3.4-28

AP = {Cl, C2}
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Which conditions (A2) or (A3) are satisfied?

LTL3.4-28

AP = {Cl, C2}

(A2) does not hold
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Which conditions (A2) or (A3) are satisfied?

LTL3.4-28

AP = {Cl, C2}

(A2) does not hold

as enter; and enter, are dependent and
ample(w;w;y) = {enter,}
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Which conditions (A2) or (A3) are satisfied?

LTL3.4-28

AP::{Q,Q}

neither (A2) nor (A3) is fulfilled

enter;

o WiWy — ... ~~ (A2) violated
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Which conditions (A2) or (A3) are satisfied?

LTL3.4-28

AP::{Q,Q}

neither (A2) nor (A3) is fulfilled

enter;

o WiWy — ... ~~ (A2) violated

e enter; visible action ~> (A3) violated
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Which conditions (A2) or (A3) are satisfied?

LTL3.4-28

AP = {Cl, C2}

T Fé D—\Cl
Tred ): Hipls)]

neither (A2) nor (A3) is fulfilled

enter;

o WiWy — ... ~~ (A2) violated

e enter; visible action ~> (A3) violated
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Correct or wrong? LTL3.4-20

Let 71,7, be TS with disjoint action-sets Act; and
Act», respectively, and

T=T.|||7>
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Correct or wrong? LTL3.4-20

Let 71,7, be TS with disjoint action-sets Act; and
Act», respectively, and

T=T.|||7>

remind: ||| denotes full interleaving
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Correct or wrong? LTL3.4-20

Let 71,7, be TS with disjoint action-sets Act; and
Act», respectively, and

T=T1|||T-
Then, the ample sets given by
Actq(s1): if every act. in Act1(s1)
ample({sy, sp)) = is stutter a action
Actq(s1) U Acty(sy): else
satisfy (A2) and (A3).
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Correct or wrong? LTL3.4-20

Let 71,7, be TS with disjoint action-sets Act; and
Act», respectively, and

T=T.|||7>
Then, the ample sets given by
Actq(s1): if every act. in Act1(s1)
ample({sy, sp)) = is stutter a action
Actq(s1) U Acty(sy): else

satisfy (A2) and (A3).
correct.
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Correct or wrong? LTL3.4-20

Let 71,7, be TS with disjoint action-sets Act; and
Act», respectively, and

T=T.|||7>
Then, the ample sets given by

Actq(s1): if every act. in Act1(s1)
ample({sy, sp)) = is stutter a action
Actq(s1) U Acty(sy): else
satisfy (A2) and (A3).
correct.

Note: all actions & € Act; and 3 € Act, are
independent in 7.
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