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ab
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ab
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e
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E
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u
ca
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n
a
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O
b
je
ctive

s:
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ap
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ilities
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in
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u
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s.

•
B
y
w
h
at

are
T
A

exten
d
ed
?
W
h
y
is
th
at

u
sefu

l?

•
W
h
at’s

an
u
rg
en
t/
co
m
m
itted

lo
catio

n
?
W
h
at’s

th
e
d
iff
eren

ce?

•
W
h
at’s

an
u
rg
en
t
ch
an

n
el?

•
W
h
ere

h
as

th
e
n
o
tio

n
o
f
“
in
p
u
t
actio

n
”
an

d
“
o
u
tp
u
t
actio

n
”

corresp
o
n
d
en
ces

in
th
e
form

al
sem

an
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•
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o
n
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n
t:

•
E
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d
ed

T
A
:

•
D
ata-V
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les

•
S
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p
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E
xa

m
p

le
(P

a
rtly

A
lrea

d
y

S
een

in
U

p
p

a
a

l
D

em
o

)

T
e
m
p
la
te
s:

E
xte

n
sio

n
s:

•
D
ata

V
ariab

les
(E

xp
ressio

n
s,

C
o
n
strain

ts,
U
p
d
ates)

•
S
tru

ctu
rin

g

•
U
rg
en
t/
C
o
m
m
itted

L
o
catio

n
,

U
rg
en
t
C
h
an

n
el

•
L
:

o
ff

lig
h
t

b
rig

h
t

p
r
e
s
s
?

x
:=

0

p
r
e
s
s
?

x
≤

3

p
r
e
s
s
?

x
>

3

p
r
e
s
s
?

•
U
:

U

v
:=

0

v
=

1

v
=

0

y
:=

0
y
<

2

p
r
e
s
s
!

v
:=

1

p
r
e
s
s
!

y
>

3

p
r
e
s
s
!

S
yste

m
:
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U

p
re
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p
re
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x
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an

p
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D
a

ta
-V

a
ria

b
les

•
W
h
en

m
o
d
ellin

g
con

trollers
as

tim
ed

au
tom

ata,
it
is
som

etim
es

d
esirab

le
to

h
ave

(lo
cal

an
d
sh
ared

)
variab

les.
E
.g.

cou
n
t
n
u
m
b
er

of
op

en
d
o
ors,

or
in
term

ed
iate

p
osition

s
of

gas
valve.

•
A
d
d
in
g
variab

les
w
ith

fi
n
ite

ran
ge

(p
ossib

ly
grou

p
ed

in
to

fi
n
ite

arrays)
to

an
y
fi
n
ite-state

au
tom

ata
con

cep
t
is
straigh

forw
ard

:

•
If
w
e
h
ave

co
n
tro

l
lo
catio

n
s
L

0
=

{
ℓ
1
,
.
..
,
ℓ
n
}
,

•
an

d
w
an

t
to

m
o
d
el,

e.g
.,
th
e
valve

ran
g
e
as

a
variab

le
v
w
ith

D
(v
)
=

{
0
,.
..
,2
}
,

•
th
en

ju
st

u
se

L
=

L
0
×

D
(v
)
as

co
n
tro

l
lo
catio

n
s,

i.e.
en
co

d
e
th
e
cu
rren

t

valu
e
o
f
v
in

th
e
co
n
tro

l
lo
catio

n
,
an

d
co
n
sid

er
u
p
d
ates

o
f
v
in

th
e

λ
−→

.

L
is
still

fi
n
ite,

so
w
e
still

h
ave

a
prop

er
T
A
.
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b
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h
en

m
o
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g
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ed

au
tom

ata,
it
is
som

etim
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d
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to
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ave
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an
d
sh
ared
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variab
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cou
n
t
n
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op

en
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term

ed
iate

p
osition

s
of
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•
A
d
d
in
g
variab

les
w
ith

fi
n
ite

ran
ge

(p
ossib

ly
grou

p
ed

in
to

fi
n
ite

arrays)
to

an
y
fi
n
ite-state

au
tom

ata
con

cep
t
is
straigh

forw
ard

:

•
If
w
e
h
ave

co
n
tro

l
lo
catio

n
s
L

0
=

{
ℓ
1
,
.
..
,
ℓ
n
}
,

•
an

d
w
an

t
to

m
o
d
el,

e.g
.,
th
e
valve

ran
g
e
as

a
variab

le
v
w
ith

D
(v
)
=

{
0
,.
..
,2
}
,

•
th
en

ju
st

u
se

L
=

L
0
×

D
(v
)
as

co
n
tro

l
lo
catio

n
s,

i.e.
en
co

d
e
th
e
cu
rren

t

valu
e
o
f
v
in

th
e
co
n
tro

l
lo
catio

n
,
an

d
co
n
sid

er
u
p
d
ates

o
f
v
in

th
e

λ
−→

.

L
is
still

fi
n
ite,

so
w
e
still

h
ave

a
prop

er
T
A
.

•
B
u
t:

w
ritin

g
λ−→

is
ted

iou
s.

•
S
o:

h
ave

variab
les

as
“fi

rst
class

citizen
s”

an
d
let

com
p
ilers

d
o
th
e
w
ork.

•
In
te
re
stin

g
ly,

m
an
y
exam

p
les

in
th
e
literatu

re
live

w
ith

ou
t
variab

les:
th
e

m
ore

ab
stract

th
e
m
o
d
el

is,
i.e.,

th
e
few

er
in
form

ation
it

keep
s
track

of
(e.g.

in
d
ata

variab
les),

th
e
easier

th
e
verifi
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D
a

ta
V
a

ria
b

les
a

n
d

E
xp

ressio
n

s

•
L
et

(v
,w

∈
)
V

b
e
a
set

of
(in

teger)
variab

les.

(ψ
i
n
t
∈
)
Ψ
(V

):
in
te
g
e
r
e
xp

re
ssio

n
s
over

V
u
sin

g
fu
n
c.

sym
b
.
+
,−
,...

(ϕ
i
n
t
∈
)
Φ
(V
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in
te
g
e
r
(or

d
a
ta
)
co

n
stra

in
ts

over
V

u
sin

g
in
te
g
e
r
e
xp

re
ssio

n
s,

pred
icate

sym
b
ols

=
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an
d

b
o
olean

logical
con

n
ectives.

•
L
et

(x
,y

∈
)
X

b
e
a
set

of
clo

cks.

(ϕ
∈
)
Φ
(X
,V
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( e
xte

n
d
e
d
)
g
u
ard

s,
d
efi
n
ed

by

ϕ
::=

ϕ
c
lk
|
ϕ
i
n
t
|
ϕ
1
∧
ϕ
2

w
h
ere

ϕ
c
lk
∈
Φ
(X
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is
a
sim

p
le

clo
ck

con
strain
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d
efi
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ed

b
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an
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ϕ
i
n
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∈
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te
g
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p
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W
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∧
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∨
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∨
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n
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∈
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∈
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∈
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∈
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∈
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p
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reset
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e
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c
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•
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ch
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c
an
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cast
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an

b.

•
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em

p
lates

of
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ata.

•
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stan

tiation
of

tem
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lates

(in
stan

ces
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called
p
ro
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ss).

•
S
ystem

d
efi
n
ition

:
list

of
pro
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R
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eterm
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•
U
rg
e
n
t
lo
ca

tio
n
s
—

en
force

lo
cal

im
m
ed
iate

progress.

U

•
C
o
m
m
itte

d
lo
ca

tio
n
s
—

en
force

a
to
m
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im
m
ed
iate

progress.

C

•
U
rg
e
n
t
ch

a
n
n
e
ls

—
en
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progress.
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0
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w
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•
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•
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=
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in
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u
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:
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y
fresh
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d
o
w
e
n
eed

in
th
e
w
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for

a
n
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ork
of
N

exten
d
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ata?
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E
xten
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ed

T
im
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A

u
to

m
a

ta

D
e
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n
itio

n
4
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9
.
A
n
e
xte

n
d
e
d
tim

e
d
a
u
to
m
a
to
n
is
a
stru

ctu
re

A
e
=

(L
,C
,B
,U
,X
,V
,I
,E
,ℓ

i
n
i )

w
h
ere

L
,B
,X
,I
,ℓ

i
n
i
are

as
in

D
ef.

4.3,
excep

t
th
at

lo
cation

in
-

varian
ts

in
I
are

d
o
w
n
w
ard

clo
se
d
,
an
d
w
h
ere

•
C

⊆
L
:
co

m
m
itte

d
lo
ca

tio
n
s,

•
U

⊆
B
:
u
rg
e
n
t
ch

a
n
n
e
ls,

•
V
:
a
set

of
d
ata

variab
les,

•
E

⊆
L
×
B

!?
×
Φ
(X
,V

)
×
R
(X
,V

)
∗
×
L
:
a
set

of
d
ire

cte
d

e
d
g
e
s
su
ch

th
at

(ℓ,α
,ϕ
,~r
,ℓ

′)
∈
E

∧
ch
an
(α

)
∈
U

=
⇒

ϕ
=

tru
e
.

E
d
ges

(ℓ,α
,ϕ
,~r,ℓ

′)
from

lo
cation

ℓ
to
ℓ
′
are

lab
elled

w
ith

an
a
ctio

n
α
,
a
g
u
ard

ϕ
,
an
d
a
list

~r
of

re
se
t
o
p
e
ra
tio

n
s.
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O
p

era
tio

n
a

l
S

em
a

n
tics

o
f

N
etw

o
rks

D
e
fi
n
itio

n
4
.4
0
.
L
et

A
e
,i
=

(L
i ,C

i ,B
i ,U

i ,X
i ,V

i ,I
i ,E

i ,ℓ
i
n
i,i ),

1
≤
i
≤
n
,
b
e
exten

d
ed

tim
ed

au
tom

ata
w
ith

p
airw

ise
d
isjoin

t
sets

of
clo

cks
X

i .
T
h
e
op

eration
al

sem
an
tics

of
C
(A

e
,1 ,...,A

e
,n
)
(closed

!)
is

th
e

lab
elled

tran
sition

system

T
e (C

(A
e
,1 ,...,A

e
,n
))

=
(C

o
n
f
,T

im
e
∪
{
τ
}
,{

λ−→
|
λ
∈
T
im

e
∪
{
τ
}}
,C

i
n
i )

w
h
ere
•
X

=
⋃

ni
=
1
X

i
an
d
V

=
⋃

ni
=
1
V
i ,

•
C
o
n
f
=

{〈 ~ℓ,ν
〉
|
ℓ
i
∈
L
i ,ν

:
X

∪
V

→
T
im

e,
ν
|=

∧

nk
=
1
I
k (ℓ

k )},

•
C

i
n
i
=

{〈 ~ℓ
i
n
i ,ν

i
n
i 〉}

∩
C
o
n
f
,

an
d
th
e
tran

sition
relation

con
sists

of
tran

sition
s
of

th
e
follow

in
g

th
ree

typ
es.
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H
elp

ers:
E

xten
d

ed
V
a

lu
a

tio
n

s
a

n
d

T
im

esh
ift

•
N
o
w
:
ν
:
X

∪
V

→
T
im

e
∪
D
(V

)

•
C
an
on

ically
exten

d
s
to
ν
:
Ψ
(V

)
→

D
(valu

ation
of

expression
).

•
“|=

”
exten

d
s
can

on
ically

to
expression

s
from

Φ
(X
,V

).
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H
elp

ers:
E

xten
d

ed
V
a

lu
a

tio
n

s
a

n
d

T
im

esh
ift

•
N
o
w
:
ν
:
X

∪
V

→
T
im

e
∪
D
(V

)

•
C
an
on

ically
exten

d
s
to
ν
:
Ψ
(V

)
→

D
(valu

ation
of

expression
).

•
“|=

”
exten

d
s
can

on
ically

to
expression

s
from

Φ
(X
,V

).

•
E
xten

d
ed

tim
e
sh
ift

ν
+
t,
t
∈
T
im

e,
ap
p
lies

to
clo

cks
on

ly:

•
(ν

+
t)(x

)
:=

ν
(x
)
+
t,
x
∈
X
,

•
(ν

+
t)(v

)
:=

ν
(v
),
v
∈
V
.

•
E
ff
e
ct

o
f
m
o
d
ifi
ca

tio
n
r
∈
R
(X
,V

)
on

ν
,
d
en
oted

by
ν
[r]:

ν
[x

:=
0](a

)
:=

{

0,
if
a
=
x
,

ν
(a
),
oth

erw
ise

ν
[v

:=
ψ
i
n
t ](a

)
:=

{

ν
(ψ

i
n
t ),

if
a
=
v
,

ν
(a
),
oth

erw
ise

•
W
e
set

ν
[〈r

1 ,...,r
n
〉]
:=

ν
[r

1 ]...[r
n
]
=

(((ν
[r

1 ])[r
2 ])
...)[r

n
].
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O
p

era
tio

n
a

l
S

em
a

n
tics

o
f

N
etw

o
rks:

In
tern

a
l

T
ra

n
sitio

n
s

•
A
n
in
te
rn
a
l
tra

n
sitio

n
〈 ~ℓ,ν

〉
τ−→

〈 ~ℓ
′,ν

′〉
o
ccu

rs
if
th
ere

is
i
∈
{1
,...,n

}
su
ch

th
at

•
th
ere

is
a
τ
-ed

ge
(ℓ

i ,τ
,ϕ
,~r
,ℓ

′i )
∈
E

i ,

•
ν
|=
ϕ
,

•
~ℓ
′
=
~ℓ[ℓ

i
:=

ℓ
′i ],

•
ν
′
=
ν
[~r],

•
ν
′
|=
I
i (ℓ

′i ),

•
(♣

)
if
ℓ
k
∈
C

k
for

som
e
k
∈
{1
,...,n

}
th
en
ℓ
i
∈
C

i .
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O
p

era
tio

n
a

l
S

em
a

n
tics

o
f

N
etw

o
rks:

S
yn

ch
ro

n
isa

tio
n

T
ra

n
sitio

n
s

•
A
syn

ch
ro
n
isa

tio
n
tra

n
sitio

n
〈 ~ℓ,ν

〉
τ−→

〈 ~ℓ
′,ν

′〉
o
ccu

rs
if
th
ere

are
i,j

∈
{1
,...,n

}
w
ith

i
6=
j
su
ch

th
at

•
th
ere

are
ed
ges

(ℓ
i ,b!,ϕ

i ,~r
i ,ℓ

′i )
∈
E

i
an
d
(ℓ

j ,b?
,ϕ

j ,~r
j ,ℓ

′j )
∈
E

j ,

•
ν
|=
ϕ
i
∧
ϕ
j ,

•
~ℓ
′
=
~ℓ[ℓ
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