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∈
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→
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→

∗
〈d

,
w

+
1

w
,
w

+
1

〉

,
w

+
1
→

∗
〈d

,
c

d
,
c

〉

,c
→

〈

i,0
d
,
c

〉

,
c

〈d
,
c

i,0
〉

,
c

→
〈i,0

i,0
〉

,c
→

∗

w
in

d
o

w
len

gth
cycle

len
gth

P
ro

p
erties

o
f

Q
u

a
si-E

q
u

a
lity

– 19 – 2018-01-25 – Sqe –

10
/45

∀
〈 ~ℓ

0 ,ν
0 〉,t

0
...

∈
P

a
th

s(N
)∀
i
∈
N

0
•
ν
i
|=

(x
=
y
∨
x
=

0
∨
y
=

0).

Le
m

m
a.Q

uasi-Equality
is

an
equivalence

relation.

P
ro

o
f:

•
re

fle
xive:obvious.

•
sy

m
m

e
tric:obvious.

•
tran

sitive:a
bittricky

(induction
overa

strongerproperty).

Q
u

a
si-E

q
u

a
l

C
lo

ck
R

ed
u

ctio
n

– 19 – 2018-01-25 – main –

11/45



Id
ea

:
U

se
Ju

st
O

n
e

C
lo

ck

– 19 – 2018-01-25 – Statrafo –

12
/45

X

X

X
X

X
X

z

z

z
z

z
z

X

X

X
X

X
X

z

z

z
z

z
z

•
B

e
h

avio
u

r:

〈i,0
i,
〉

,0
→

∗
〈w

,0
.1

i,
〉

,0
.1
→

∗
〈d

,c

d
,

〉

,
c

րց

〈

i,0
d
,

〉

,
c

〈d
,0

i,
〉

,
c

A
M

o
re

E
la

b
o

ra
te

T
ra

n
sfo

rm
a

tio
n

– 19 – 2018-01-25 – Statrafo –

13
/45

H
o

w
D

o
es

It
W

o
rk?

– 19 – 2018-01-25 – Statrafo –

14
/45

〈i,0
i,0
〉

,0
→

∗
〈w

,0
.1

i,0
.1

〉

,0
.1
→

∗
〈d

,w
−

1
i,w

−
1

〉

,
w

−
1
→

∗
〈d

,
w

+
1

w
,
w

+
1

〉

,w
+

1
→

∗
〈d

,
c

d
,
c

〉

,c
→

〈

i,0
d
,
c

〉

,
c

〈d
,
c

i,0
〉

,
c

→
〈i,0

i,0
〉

,
c
→

∗

〈

i,1
i,1
i,0

〉

,0
→

∗
〈

w
,
1

i,
1

i,0
.1

〉

,0
.1
→

∗
〈

d
,1

d
,1

i,
c

〉

,
c
→
〈

i,0
i,0
n
,
c

〉

,
c
→
〈

i,1
i,1
i,0

〉

,
c
→

∗

E
xp

erim
en

ts
(A
[
]

t
r
u
e)

– 19 – 2018-01-25 – Statrafo –

15
/45

1
0
6

state
s

5
·
1
0
6

state
s

8
·
1
0
6

state
s

1
G

iB

1
0
0
0

se
co

n
d

s

2
G

iB

2
0
0
0

se
co

n
d

s

n
:

3 •• •
4 •• •

5 •• •
6 •• •

7 • • •
8 •• •

9 •• •
1
0 •• •

1
1 •• •

1
2 •• •

1
3 • • •

1
4 • • •

1
5 • • •

1
6 • • •

1
7 •• •

1
8 •• •

1
9 •• •

2
0 •• •

2
1 •• •

2
2 •• •

2
3 •• •

2
4 •• •

8
sta

tes
0

.0
0

0
s

24
,5

72
K

iB

28
sta

tes
0

.0
0

1
s

24
,70

8
K

iB

3
8

sta
tes

0
.0

0
0

s
24

,8
0

4
K

iB

4
8

sta
tes

0
.0

0
0

s
24

,8
76

K
iB

S
im

p
le

E
d

g
es

– 19 – 2018-01-25 – Statrafo –

16
/45

D
e

fin
itio

n
.A

n
edge

e
=
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at
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is
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follow
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α
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=
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N
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an
n

e
ls

of
Q
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sfo
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atio
n

of
N
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the
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ing
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m
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N

,

•
foreach
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q

u
ivale

n
ce
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Y
,
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d

a
fresh

clock
x
Y

to
N

′

•
ad

d
a

fresh
boolean
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t
x

to
N

′

foreach
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x
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N
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x
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•
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a
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se
t
Y

to
N
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D
e
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itio

n
.

Let
N

be
a

netw
ork.

Let
Y
,W

∈
E
C
N

be
sets

of
quasi-equal

clocks
of

N
,x

∈
Y

and
y
∈
W

clocks.

G
iven

a
clock

constraint
ϕ
c
lk ,w

e
define:

Γ
0 (ϕ

c
lk )

:=



((x
Y
∼
c
∧

t
x
)
∨
(0

∼
c
∧

¬
t
x
))

,if
ϕ
c
lk
=
x
∼
c,

((x
Y
−
x
W

∼
c
∧

t
x
∧

t
y )

,if
ϕ
c
lk
=
x
−
y
∼
c,

∨
(0

−
x
W

∼
c
∧

¬
t
x
∧

t
y )

∨
(x

Y
−
0
∼
c
∧

t
x
∧

¬
t
y )

∨
(0

∼
c
∧

¬
t
x
∧

¬
t
y )
)

Γ
0 (ϕ

1 )
∧
Γ
0 (ϕ

2 )
,if
ϕ
c
lk
=
ϕ
1
∧
ϕ
2 .

Then
Γ
(ϕ

c
lk
∧
ψ
in

t )
:=

Γ
0 (ϕ

c
lk
)
∧
ψ
in

t .

H
ere,E

C
N

is
the

setof
e

q
u

ivale
n

ce
classe

s
of

q
u

asi-e
q

u
alclo

cks
in
N

.

R
esetter

C
o

n
stru

ctio
n

(fo
r

S
im

p
le

E
d

g
es)

– 19 – 2018-01-25 – Statrafo –

20
/45

•
Foreach

equivalence
class

Y
=

{x
1 ,...,x

n
}
∈
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T
h

e
o

re
m

.Let
N

be
a

netw
ork

oftim
ed

autom
ata

and
C
F

a
configuration

form
ula

over
N

.Then

N
|=

∃
♦
C
F

⇐
⇒

N
′
|=

∃
♦
Ω
(C

F
).
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D
e

fin
itio

n
.Let

N
=

{A
1 ,...,A

n
}

be
a

netw
ork

w
ith

equivalence
classes

ofquasi-equalclocks
E
C
N

=
{Y

1 ,...,Y
m
}

and
β

a
basic

form
ula

overN
.

Ω
0 (β

)
=



ℓ
∨
(ℓ

′∧
x̃
)

,if
β
=

A
i .ℓ,

(ℓ,α
,ϕ
,〈x

:=
0〉,ℓ

′)
sim

ple
.

(ℓ
′∧

¬
x̃
)

,if
β
=

A
i .ℓ

′,
(ℓ,α

,ϕ
,〈x

:=
0〉,ℓ

′)
sim

ple
.

β
,if
β
∈
{A

i .ℓ,A
i .ℓ

′},
(ℓ,α

,ϕ
,~r,ℓ

′)
notsim

ple
.

Γ
(β

)[t
x /(t

x
∨
x̃
)
|
x
∈
Y
,Y

∈
E
C
N
]

,if
β
=
ϕ
c
lk
∧
ϕ
in

t .

Ω
(C

F
)
=

∃
x̃
1 ,...,x̃

|X
(N

)| •
Ω

0 (C
F
)
∧
κ
N

,w
here

κ
N

:=
∧

1
≤
i≤

n
,

1
≤
j
≤
m

,

(ℓ
,α

,ϕ
,〈x

:=
0
〉,ℓ

′)∈
S
im

p
E
d
g
e
s
Y
j
(A

i )

κ
(x
),

κ
(x
)
:
(x̃

=
⇒

∨

(ℓ
,α

,ϕ
,〈x

:=
0
〉,ℓ

′)∈
S
im

p
E
d
g
e
s
Y
j
(A

i )

ℓ
′∧

ℓ
n
s
tR

Y
j ).

By
structuralinduction

Ω
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F
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∗
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,
1
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1
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〉
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∗
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d
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c

〉
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〈

i,0
i,0
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〉
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〈
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0
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c

〉

,→

∗

•
N

|=
∃
♦

S0
.idle

∧
S1.done

•
N

′
|=

∃
♦
(∃
x̃
0 ,x̃

1
•
(S0

.idle
∧
¬
x̃
0 )

∧
(S1.done

∨
(S1.idle

∧
x̃
1 ))

∧
(x̃

0
=
⇒

(S0
.idle

∧
nst))

∧
(x̃

1
=
⇒

(S1.idle
∧
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〈
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c

〉
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〈

i,1
i,1
0
,
c

〉

,→

∗

•
N

|=
∃
♦
(x

0
=

0
∧
x
1
>

0)

•
N

′
|=

∃
♦
(∃
x̃
0 ,x̃

1
•
((x

0
=

0
∧
(t

x
0
∨
x̃
0 ))

∨
(0

=
0
∧
¬
(t

x
0
∨
x̃
0 )))

∧
((x

1
>

0
∧
(t

x
1
∨
x̃
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∨
(0
>

0
∧
¬
(t

x
1
∨
x̃
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∧
(x̃

0
=
⇒

(S0
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∧
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∧
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∧
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•
U

se
a

w
e

ak
b

isim
u

latio
n

re
latio

n
—

the
basic

idea:

•
Let

T
i
=

(C
o
n
f
i ,Λ

i ,{
λ−→
|
λ
∈
Λ
i },C

ini,i ),i
=

1,2,
be

labelled
transition

system
s

w
ith

(forsim
plicity)C

ini,i
=

{c
ini,i }.

•
A

relation
R

⊆
C
o
n
f
1
×
C
o
n
f
2

is
called

w
e

ak
b

isim
u

latio
n

ifand
only

if

(i)
the

in
itialco

n
fig

u
ratio

n
s

are
related,i.e.(c

ini,1
,
c

ini,2 )
∈
R

,

(ii)
tw

o
related

configurations
satisfy

th
e

sam
e

te
rm

s,i.e.

∀
c
1
,
c
2
,
te
rm

•
(c

1
,
c
2 )

∈
R

=
⇒

(c
1
|=

te
rm

⇐
⇒

c
2
|=

te
rm

)

(iii)
given

tw
o

related
configurations

(c
1
,
c
2 )

∈
R

,

a)
if
T
1

has
a
λ

-transition
from

c
1

to
som

e
c
′1 ,

then
T
2

has
τ-

and
λ

-transitions
from

c
2

to
a

related
c
′2 ,i.e.

∀
c
′1
•
c
1

λ−→
c
′1

=
⇒

∃
c
′2
•
c
2

λ−→
∗
c
′2
∧
(c

′1
,
c
′2 )

∈
R

b)
sim

ilarly
for

T
2

to
T
1 ,i.e.

∀
c
′2
•
c
2

λ−→
c
′2

=
⇒

∃
c
′1
•
c
1

λ−→
∗
c
′1
∧
(c

′1
,
c
′2 )

∈
R

•
T
1

and
T
2

are
called

w
e

akly
b

isim
ilariffthere

exists
a

w
eak

bisim
ulation

for
T
1 ,T

2 .

O
n
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A

g
a
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(i)
(c

ini,1
,
c

ini,2 )
∈
R

,

(ii)
∀
c
1
,
c
2
,
te
rm

•
(c

1
,
c
2 )

∈
R

=
⇒

(c
1
|=

te
rm

⇐
⇒

c
2
|=

te
rm

)

(iii)
forall(c

1
,
c
2 )

∈
R

,

a)
“T

2
can

sim
u

late
tran

sitio
n

s
o

f
T
1 ”:

c
1

λ−→
c
′1

c
2

R
=
⇒

∃
c
′2
•

c
1

λ−→
c
′1

c
2

λ−→
∗
c
′2

R
R

(using
any

finite
num

berof
τ-transitions

in
betw

een)

b)
“T

1
can

sim
u

late
tran

sitio
n

s
o

f
T
2 ”:

c
1

c
2

λ−→
c
′2

R
=
⇒

∃
c
′1
•

c
1

λ−→
∗
c
′1

c
′2 R
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(i)
(c

ini,1
,
c

ini,2
)
∈

R
,

(ii)∀
c
1
,
c
2
,
te
rm

•
(c

1
,c

2
)
∈

R
=
⇒

(c
1
|=

te
rm

⇐
⇒

c
2
|=

te
rm

)

(iii)
forall(c

1
,
c
2
)
∈

R
,

a)
c
1

λ−→
c
′1

c
2

R
=
⇒

∃
c
′2
•

c
′1

c
2

λ−→
∗
c
′2 R

b)

c
1

c
2

λ−→
c
′2

R
=
⇒

∃
c
′1
•

c
1

λ−→
∗
c
′1

c
′2 R

A
1 :

A
2 :

E
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(i)
(c

ini,1
,
c

ini,2
)
∈

R
,

(ii)∀
c
1
,
c
2
,
te
rm

•
(c

1
,c

2
)
∈

R
=
⇒

(c
1
|=

te
rm

⇐
⇒

c
2
|=

te
rm

)

(iii)
forall(c

1
,
c
2
)
∈

R
,

a)
c
1

λ−→
c
′1

c
2

R
=
⇒

∃
c
′2
•

c
′1

c
2

λ−→
∗
c
′2 R

b)

c
1

c
2

λ−→
c
′2

R
=
⇒

∃
c
′1
•

c
1

λ−→
∗
c
′1

c
′2 R

A
1 :

A
3 :

W
h

a
t

is
It

G
o

o
d

F
o

r?
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(i)
(c

ini,1
,c

ini,2
)
∈

R
,

(ii)∀
c
1
,
c
2
,
te
rm

•
(c

1
,
c
2
)
∈

R
=
⇒

(c
1
|=

te
rm

⇐
⇒

c
2
|=

te
rm

)

(iii)
forall(c

1
,
c
2
)
∈

R
,

a)
c
1

λ−→
c
′1

c
2

R
=
⇒

∃
c
′2
•

c
′1

c
2

λ−→
∗
c
′2 R

b)

c
1

c
2

λ−→
c
′2

R
=
⇒

∃
c
′1
•

c
1

λ−→
∗
c
′1

c
′2 R

•
Let

te
rm

be
a

term
overtw

o
w

eakly
bisim

ilarnetw
orks

N
and

N
′.

•
C

laim
:N

|=
∃
♦
te
rm

⇐
⇒

N
′
|=

∃
♦
te
rm

.

•
P

ro
o

f:

•
Because

N
and

N
′are

w
eakly

bisim
ilar,there

is
a

sim
u

latio
n

re
latio

n
R

.

•
D

irection
“
=
⇒

”:Let
N

|=
∃
♦
te
rm

.

•
Thus

there
is

a
co

m
p

u
tatio

n
p

ath
c
1
,0

λ
1

−
→

c
1
,1

λ
2

−
→

.
.
.

λ
n

−−→
c
1
,n

w
ith

c
1
,n

|=
te
rm

.

•
In

d
u

ctio
n

o
ve

r
le

n
g

th
o

f
p

ath:

•
C

ase
n
=

0:
Then

c
1
,0

|=
te
rm

and
c
0
,1

is
an

initialconfiguration,
thus

c
2
,0

is
R

-related
(by

(i))and
thus

c
2
,0

|=
te
rm

(by
(ii)).

•
C

ase
n
→

n
+

1:

Forthe
path

c
1
,0

λ
1

−
→

.
.
.

λ
n

−−→
c
1
,n

λ
n
+

1
−
−
−
→

c
1
,n

+
1 ,there

is
(by

in
d

u
ctio

n
h

y
p

o
th

e
sis)

an
R

-related
configuration

c
2
,m

,m
≥

n
, re

ach
ab

le
in
N

′.

By
(iii).a),there

is
a

configuration
c
′2
,m

,w
hich

is
R

-related
to

c
1
,n

+
1 ,

and
re

ach
ab

le
from

c
2
,m

,thus,by
(ii),c

1
,n

+
1
|=

te
rm

.

•
D

irection
“⇐

=
”:sim

ilar.

P
ro

o
f

o
f

Q
E

-C
o

rrectn
ess
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A
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W
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k

B
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D
e

fin
itio

n
.[W

ea
k

B
isim

ula
tio

n]

N
etw

orks
N
,N

′are
called

w
eakly

bisim
ilarifand

only
if

there
is

a
w

eak
bisim

ulation
relation

Q
E

⊆
C
o
n
f
(N

)
×
C
o
n
f
(N

′)
such

that:

(i)
∀
s
∈
C

in
i (N

)
∃
r
∈
C

in
i (N

′)
•
(s,r)

∈
Q
E

,
∀
r
∈
C

in
i (N

′)
∃
s
∈
C

in
i (N

)
•
(s,r)

∈
Q
E

.

(ii)
∀
C
F

∈
C
F

N
∀
(s,r)

∈
Q
E

•
s
|=

δ
C
F

=
⇒

r
|=

δ
Ω
(C

F
).

(iii)
∀
C
F

∈
C
F

N
∀
(s,r)

∈
Q
E

•

r
|=

δ
Ω
(C

F
)
=
⇒

∃
ṡ
∈
C
o
n
f
(N

)
•
(ṡ,r)

∈
Q
E

∧
ṡ
|=

δ
C
F
.

(iv)
∀
(s,r)

∈
Q
E

∀
λ
,s

′•
s

λ−→
s
′
=
⇒

∃
r
′•
r

λ−→
∗
r
′∧

(s
′,r

′)
∈
Q
E

(v)
∀
C
F

∈
C
F

N
∀
(s,r)

∈
Q
E

∀
λ
,r

′•

r
λ−→
r
′
∧
r
′
|=

δ
′
Ω

0 (C
F
)
=
⇒

∃
s
′•
s

λ−→
∗
s
′∧

(s
′,r

′)
∈
Q
E

.

H
ere,r

τ−→
∗
r
′denotes

zero
orm

ore
successive

τ-transitions
from

r
to
r
′.

A
W

ea
k

B
isim

u
la

tio
n

R
ela

tio
n

fo
r

Q
E

-T
ra

n
sfo

rm
a

tio
n
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•
Let

N
be

a
netw

ork
oftim

ed
autom

ata
and

N
′the

netw
ork

obtained
by

Q
E-transform

ation
of

N
.Then

Q
E

:
C
o
n
f
(N

)
→

2
C
o
n
f
N

′defined
as

follow
s

is
a

w
e

ak
b

isim
u

latio
n

re
latio

n.

Q
E
(〈 ~ℓ

ṡ
,
ν
ṡ 〉)

=
{

r
=

〈(ℓ
r
,1
,
..
.
,ℓ

r
,n
,
ℓ
R

Y
1
,
.
.
.,
ℓ
R

Y
m
),ν

r
〉
|

(∀
x
∈

V
(N

)
•
ν
r
(x

)
=

ν
ṡ
(x

))
(6.2.1)

∧
∀
1
≤

i
≤

n
•

(6.2.2)
(

(

ℓ
r
,i
=

ℓ
ṡ
,i
∧
∀
x
∈

X
(A

i )
•
ν
ṡ
(x

)
=

ν
r
(x

x
)
·
ν
r
(t

x
)
)

(6.2.2a)

∨
(

∃
(ℓ,α

,ϕ
,〈x

:=
0
〉,ℓ

′)
∈

S
im

p
E
d
g
e
s
Y
(A

i )
•
ℓ
R

Y
6=

ℓ
in

iR
Y

∧

ℓ
ṡ
,i
=

ℓ
∧
ℓ
r
,i
=

ℓ
′
∧
ν
ṡ
(x

)
=

ν
r
(x

x
)
∧
ν
r
(t

x
)
=

0
∧

∀
y
∈

X
(A

i )
\
{
x
}
•
ν
ṡ
(y
)
=

ν
r
(x

y
)
·
ν
r
(t

y
)
)

)

(6.2.2b)

∧
∀
Y

∈
E
C
N

•
(

(ν
r
(s

A
i

Y
)
=

1
⇐
⇒

∃
(ℓ
,
α
,ϕ

,~r
,
ℓ
′)

∈
S
im

p
E
d
g
e
s
Y
(A

i )
•
ℓ
r
,i
=

ℓ)
(6.2.3)

∧
ν
r
(p
rio

Y
)
=

1
⇐
⇒

(ℓ
r
,R

Y
=

ℓ
n
s
tR

Y
)
)
}

(6.2.4)
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〈i,0
i,0
〉

,0
→

∗
〈w

,0
.1

i
,0

.1

〉

,0
.1
→

∗
〈d

,
c

d
,
c

〉

,
c
→

〈

i,0
d
,
c

〉

,
c

〈d
,
c

i,0
〉

,
c

→
〈i,0

i,0
〉

,
c
→

∗

〈

i,1
i,1
i,0

〉

,0
→

∗
〈

w
,
1

i,
1

i,0
.1

〉

,0
.1
→

∗
〈

d
,1

d
,1

i,
c

〉

,c→
〈

i,0
i,0
n
,
c

〉

,
c→

〈

i,1
i,1
i,0

〉

,
c→

∗

P
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s
s
′

r
r
′

t

r̄

t
τ

τ

s
s
′

r
r
′

λ

λ
λ

s
s
′

r
r
′

λ0

s
s
′

r
r
′

λ

λ
′

λ

s
s
′

r
r
′

λλ

•
s

λ−→
s
′to

r
λ−→

∗

r
′:

C
ase

s:

•
delay

d
>

0:
s

s
′

r
r
′

t

r̄

t
τ

τ

resetterm
ay

need
to

go
back

to
idle,

then
do

sam
e

delay.
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′
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r
′
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r
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λ
′
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s
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•
s
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s
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λ−→

∗

r
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C
ase
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•
delay

d
>

0

•
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s
s
′

r
r
′
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λ
λ

firstsim
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edges
pushes

resetterand
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′
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•
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C
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delay
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•
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s
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′
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r
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•
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′to

r
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∗

r
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C
ase

s:

•
delay

d
>

0

•
firstsim

ple
edge

•
othersim

ple
edge

•
non-reset,oratleastone

com
plex:

s
s
′

r
r
′

λ

λ
′

λ

resetterm
ay

need
to

push
sim

ples
first,then

take
sam

e
edge

in
N

′.
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′
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′
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•
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λ−→
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′to

r
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∗
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C
ase

s:

•
delay

d
>

0

•
firstsim

ple
edge

•
othersim

ple
edge

•
non-reset,oratleastone

com
plex

•
delay

d
=

0:
s

s
′

r
r
′

λλ

do
sam

e
delay

in
N

′.
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ase
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delay

d
>
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delay
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λ
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delay
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•
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′to

s
λ−→

∗

s
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C
ase
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•
delay

d
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0

•
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plex,ornon-resetting

•
resetterto
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N
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s
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′

0λ

do
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N
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λ
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∗
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C
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•
delay
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•
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enab.in

N
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N
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s

s
′

r
r
′

λ

λ
λ
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N
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