
S
oftw

are
D

esig
n,M

o
dellin

g
a

n
dA

n
alysis

in
U

M
L

L
e

cture
2

1:
In

herita
nce

II

2
0

1
3-0

2-0
5

P
rof.

D
r.
A
n
d
reas

P
o
d
elski,

D
r.

B
e
rn
d
W

e
stp

h
a
l

A
lb
ert-L

u
d
w
igs-U

n
iversität

F
reib

u
rg,

G
erm

an
y
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C
o

ntents
&

G
o

als

L
a
st

L
e
c
tu
re
:

•
S
tate

M
ach

in
e
sem

an
tics

co
m
p
leted

•
In
h
eritan

ce
in

U
M
L
:
co
n
crete

syn
tax

T
h
is

L
e
c
tu
re
:

•
E
d
u
c
a
tio

n
a
l
O
b
je
c
tiv

e
s:

C
ap
ab
ilities

for
follow

in
g
tasks/q

u
estion

s.

•
W
h
at’s

th
e
L
isko

v
S
u
b
stitu

tio
n
P
rin

cip
le?

•
W
h
at

is
late/

early
b
in
d
in
g
?

•
W
h
at

is
th
e
su
b
set,

w
h
at

th
e
u
p
lin

k
sem

an
tics

o
f
in
h
eritan

ce?

•
W
h
at’s

th
e
eff

ect
o
f
in
h
eritan

ce
o
n
L
S
C
s,

S
tate

M
ach

in
es,

S
ystem

S
tates?

•
W
h
at’s

th
e
id
ea

o
f
M
eta-M

o
d
ellin

g
?

•
C
o
n
te
n
t:

•
L
isko

v
S
u
b
stitu

tio
n
P
rin

cip
le

—
d
esired

sem
an

tics

•
T
w
o
ap

p
ro
ach

es
to

o
b
tain

d
esired

sem
an

tics
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In
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nce:
Syntax
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R
e

call:
A

bstractSyntax

R
e
c
a
ll:

a
sign

atu
re

(w
ith

sign
als)

is
a
tu
p
le

S
=

(
T
,
C
,V

,a
tr
,
E
).

N
o
w

(fi
n
ally):

exten
d
toS

=
(
T
,
C
,V

,a
tr
,
E
,F

,m
th
,
⊳
)

w
h
ere

F
/
m
th

are
m
eth

o
d
s,
an
alogou

sly
to

attrib
u
tes

an
d

⊳
⊆

(
C

×
C
)
∪
(
E
×

E
)

is
a
g
e
n
e
ra
lisa

tio
n
relation

su
ch

th
at

C
⊳

+
C

for
n
o
C

∈
C

(“acyclic”).

C
⊳

D
read

s
as

•
C

is
a
g
en
eralisatio

n
o
f
D
,

•
D

is
a
sp
ecialisatio

n
o
f
C
,

•
D

in
h
erits

fro
m

C
,

•
D

is
a
su
b
-class

o
f
C
,

•
C

is
a
su
p
er-class

o
f
D
,

•
...
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R
e

call:
R

eflexive,Tra
nsitive

C
losure

ofG
eneralisatio

n

D
e
fi
n
itio

n
.

G
iven

classes
C

0 ,C
1 ,D

∈
C
,
w
e
say

D
in
h
erits

from
C

0
v
ia

C
1
if
an
d
on

ly
if
th
ere

are
C

10
,...C

n0
,C

11
,...C

m1
∈

C
su
ch

th
at

C
0

⊳
C

10
⊳

...C
n0
⊳

C
1

⊳
C

11
⊳

...C
m1

⊳
D
.

W
e
u
se

‘�
’
to

d
en
ote

th
e
refl

exive,
tran

sitive
closu

re
of

‘⊳
’.

In
th
e
follow

in
g,

w
e
assu

m
e

•
th
at

all
attrib

u
te

(m
eth

o
d
)
n
am

es
are

of
th
e
form

C
::v

,
C

∈
C

∪
E

(C
::f

,
C

∈
C
),

•
th
at

w
e
h
ave

C
::v

∈
a
tr
(C

)
resp

.
C
::f

∈
m
th
(C

)
if
a
n
d
o
n
ly

if
v
(f
)

ap
p
ears

in
an

attrib
u
te

(m
eth

o
d
)
com

p
artm

en
t
of

C
in

a
class

d
iagram

.

W
e
still

w
an
t
to

accep
t
“con

text
C

in
v
:v

<
0”,

w
h
ich

v
is
m
ean

t?
L
ater!
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In
herita

nce:
D

esired
Sem

a
ntics
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R
e

call
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D
esired

Sem
a

ntics
ofS

pe
cialisatio

n:
S

u
btypin

g

T
h
ere

is
a
classical

d
escrip

tion
of

w
h
at

on
e
e
x
p
e
c
ts

from
su
b
-ty

p
e
s,

w
h
ich

in
th
e
O
O

d
om

ain
is
closely

related
to

in
h
eritan

ce:

T
h
e
prin

cip
le

of
typ

e
su
b
stitu

tab
ility

[L
iskov,

1988,
L
iskov

an
d
W
in
g,

1994
].

(L
isk

o
v
S
u
b
stitu

tio
n
P
rin

c
ip
le

(L
S
P
).)

“If
for

each
ob

ject
o
1
of

typ
e
S

th
ere

is
an

ob
ject

o
2
of

typ
e
T

su
ch

th
at

for
all

program
s
P

d
efi
n
ed

in
term

s
of

T
,

th
e
b
e
h
a
v
io
r
o
f
P

is
u
n
c
h
a
n
g
e
d
w
h
en

o
1
is
su
b
stitu

ted
for

o
2

th
en

S
is
a
su
b
ty
p
e
of

T
.”

In
oth

er
w
ord

s:
[F
isch

er
an
d
W
eh
rh
eim

,
2000]

“A
n
in
stan

ce
of

th
e
su
b
-ty

p
e
sh
all

b
e
u
sa
b
le

w
h
en
ever

an
in
stan

ce
of

th
e
su
p
ertyp

e
w
as

exp
ected

,
w
ith

o
u
t
a
c
lie

n
t
b
e
in
g
a
b
le

to
te
ll
th
e
d
iff
e
re
n
c
e
.”

S
o,

w
h
at’s

“
u
sa
b
le
”?

W
h
o’s

a
“
c
lie

n
t”?

A
n
d
w
h
at’s

a
“
d
iff
e
re
n
c
e
”?
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“
...sh

all
be

usa
ble...”

?

u
1
:
C

u
2
:
D

C

x
:
In
t

f
(In

t)
:
In
t

D

〈〈sig
n
a
l〉〉

E

〈〈sig
n
a
l〉〉

F

•
O
C
L
:

•
con

text
C

in
v
:
x
>

0

•
A
c
tio

n
s:

•
itsC

.x
=

0

•
itsC

.f
(0)

•
itsC

!
F

•
T
rig

g
e
rs:

•
E
[...]/

...

•
S
e
q
u
e
n
c
e
D
ia
g
ra
m
s:

:
C

:
D

e
x
p
r

EF
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“
...a

client...”
?

“
A
n
in
stan

ce
o
f
th
e
su
b
-ty

p
e
sh
all

b
e
u
sa
b
le

w
h
en
ever

an
in
stan

ce
o
f
th
e
su
p
ertyp

e
w
as

exp
ected

,
w
ith

o
u
t
a
c
lie

n
t
b
ein

g
ab

le
to

tell
th
e
d
iff
e
re
n
c
e
.”

•
N
a
rro

w
in
terpretation

:
an
oth

er
ob

ject
in

th
e
m
o
d
el.

•
W

id
e
in
terpretation

:
an
oth

er
m
o
d
eler.

C

x
:
In
t

f
(In

t)
:
In
t

D
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“
...ca

n’ttell
difference...”

?

u
1
:
C

u
2
:
D

C

x
:
In
t

f
(In

t)
:
In
t

D

〈〈sig
n
a
l〉〉

E

〈〈sig
n
a
l〉〉

F

•
O
C
L
:

•
I
Jcon

text
C

in
v
:
x
>

0K(σ
1 ,∅)

vs.
I
Jcon

text
C

in
v
:
x
>

0K(σ
2 ,∅)
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“
...ca

n’ttell
difference...”

?

u
1
:
C

u
2
:
D

C

x
:
In
t

f
(In

t)
:
In
t

D

〈〈sig
n
a
l〉〉

E

〈〈sig
n
a
l〉〉

F

•
T
rig

g
e
rs,

A
c
tio

n
s:

if

(σ
0 [u

1 /u
2 ],ε

0 )
(c
o
n
s
0
,S

n
d
0
)

−−
−
−
−
−
−
−→

u
2

(σ
1 [u

1 /u
2 ],ε

1 )

is
p
ossib

le,
th
en

(σ
0 ,ε

0 )
(c
o
n
s
0
,S

n
d
0
)

−−
−
−
−
−
−
−→

u
1

(σ
1 ,ε

1 )

sh
ou

ld
b
e
p
ossib

le
–
su
b
-typ

e
d
o
es

less
on

in
p
u
ts

of
su
p
er-typ

e.
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“
...ca

n’ttell
difference...”

?

u
1
:
C

u
2
:
D

C

x
:
In
t

f
(In

t)
:
In
t

D

〈〈sig
n
a
l〉〉

E

〈〈sig
n
a
l〉〉

F

•
S
e
q
u
e
n
c
e
D
ia
g
ra
m
:
w
[u

1 /u
2 ]

∈
L
(B

L
)
im

p
lies

w
∈
L
(B

L
).
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M
otivatio

ns
for

G
eneralisatio

n

•
R
e
-u
se
,

•
S
h
a
rin

g
,

•
A
v
o
id
in
g
R
e
d
u
n
d
a
n
c
y,

•
M
o
d
u
la
risa

tio
n
,

•
S
e
p
a
ra
tio

n
o
f
C
o
n
c
e
rn
s,

•
A
b
stra

c
tio

n
,

•
E
x
te
n
sib

ility,

•
...

→
S
ee

textb
o
oks

on
ob

ject-orien
ted

an
alysis,

d
evelop

m
en
t,
program

m
in
g.
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W
h

atD
oes

[F
ischer

a
n

d
W

ehrheim
,2

0
0

0]
M

ea
n

for
U

M
L

?

“
A
n
in
stan

ce
o
f
th
e
su
b
-ty

p
e
sh
all

b
e
u
sa
b
le

w
h
en
ever

an
in
stan

ce
o
f
th
e
su
p
ertyp

e
w
as

exp
ected

,
w
ith

o
u
t
a
c
lie

n
t
b
ein

g
ab

le
to

tell
th
e
d
iff
e
re
n
c
e
.”

•
W
an
ted

:
su
b
-typ

in
g
for

U
M
L
.

•
W
ith

C
D

1

w
e
d
on

’t
even

h
ave

u
sab

ility.

•
It
w
ou

ld
b
e
n
ice,

if
th
e
w
ell-form

ed
n
ess

ru
les

an
d
sem

an
tics

of

C

D
1

D
2

w
ou

ld
en
su
re

D
1
is

a
su
b
-ty

p
e
of

C
:

•
th
at

D
1
o
b
jects

can
b
e
u
sed

in
terch

an
g
eab

ly
b
y
everyo

n
e
w
h
o
is
u
sin

g
C
’s,

•
is
n
o
t
ab

le
to

tell
th
e
d
iff
eren

ce
(i.e.

see
u
n
exp

ected
b
eh
avio

u
r).
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...sh

all
be
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ble...”

for
U

M
L
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E
asy:

Static
Typin

g

G
iv
e
n
:

C
1

x
:
In
t

f
(In

t)
:
In
t

D
1

C

its
C
1

its
D
1

C
2

x
:
In
t

f
(In

t)
:
In
t

D
2

x
:
B
o
o
l

f
(F

lo
a
t)

:
In
t

〈〈sig
n
a
l〉〉

E

〈〈sig
n
a
l〉〉

F

W
a
n
te
d
:

•
x
>

0
also

w
e
ll-ty

p
e
d
for

D
1

•
assign

m
en
t
itsC

1
:=

itsD
1
b
ein

g
w
e
ll-ty

p
e
d

•
itsC

1
.x

=
0,

itsC
1
.f
(0),

itsC
1
!
F

b
ein

g
w
ell-typ

ed
(an

d
d
oin

g
th
e
righ

t
th
in
g).

A
p
p
ro
a
c
h
:

•
S
im

p
ly

d
efi
n
e
it
as

b
ein

g
w
ell-typ

ed
,

ad
ju
st

system
state

d
efi
n
ition

to
d
o
th
e
righ

t
th
in
g.
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Static
Typin

g
C

o
nt’d

C
1

x
:
In
t

f
(In

t)
:
In
t

D
1

C
2

x
:
In
t

f
(In

t)
:
In
t

D
2

x
:
B
o
o
l

f
(F

lo
a
t)

:
In
t

〈〈sig
n
a
l〉〉

E

〈〈sig
n
a
l〉〉

F

N
o
tio

n
s
(from

category
th
eory):

•
in
v
a
ria

n
c
e
,

•
c
o
v
a
ria

n
c
e
,

•
c
o
n
tra

v
a
ria

n
c
e
.

W
e
cou

ld
call,

e.g.
a
m
eth

o
d
,
su
b
-ty

p
e
p
re
se
rv
in
g
,
if
an
d
on

ly
if
it

•
accep

ts
m
o
re

g
e
n
e
ra
l
typ

es
as

in
p
u
t

(c
o
n
tra

v
a
ria

n
t),

•
provid

es
a
m
o
re

sp
e
c
ia
lise

d
typ

e
as

ou
tp
u
t

(c
o
v
a
ria

n
t).

T
h
is
is
a
n
o
tio

n
u
sed

b
y
m
an

y
p
ro
g
ram

m
in
g
lan

g
u
ag

es
—

an
d
easily

typ
e-ch

ecked
.
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E
xcursus:

L
ate

B
in

din
g

ofB
eh

avio
uralFeatures
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L
ate

B
in

din
g

W
h
at

tran
sform

er
ap
p
lies

in
w
h
at

situ
ation

?
(E

arly
(co

m
p
ile

tim
e)

b
in
d
in
g
.)

f
n
ot

overrid
d
en

in
D

C

f
()

:
In
t

D

C
0

s
o
m
e
C

s
o
m
e
D

f
overrid

d
en

in
D

C

f
()

:
In
t

D

f
()

:
In
t

valu
e

ofsom
eC

/
som

eD

s
o
m
e
C
-
>
f
()

C
::f

()
C
::f

()
u
1

s
o
m
e
D
-
>
f
()

C
::f

()
D
::f

()
u
2

s
o
m
e
C
-
>
f
()

C
::f

()
D
::f

()
u
2

W
h
at

on
e
cou

ld
w
an
t
is
som

eth
in
g
d
iff
eren

t:
(L
ate

b
in
d
in
g
.)

s
o
m
e
C
-
>
f
()

C
::f

()
C
::f

()
u
1

s
o
m
e
D
-
>
f
()

D
::f

()
D
::f

()
u
2

s
o
m
e
C
-
>
f
()

C
::f

()
C
::f

()
u
2
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L
ate

B
in

din
g

in
the

Sta
n

d
ard

a
n

d
P

rogram
m

in
g

L
a

n
g.

•
In

th
e
sta

n
d
a
rd
,
S
ection

11.3.10,
“C

allO
p
eration

A
ction

”:

“
S
e
m
a
n
tic

V
a
ria

tio
n
P
o
in
ts

T
h
e
m
ech

an
ism

for
d
eterm

in
in
g
th
e
m
eth

o
d
to

b
e
in
voked

as
a

resu
lt
of

a
call

op
eration

is
u
n
sp
ecifi

ed
.”

[O
M
G
,
2007b

,
247]

•
In

C
+
+
,

•
m
eth

o
d
s
are

b
y
d
efau

lt
“
(early)

co
m
p
ile

tim
e
b
in
d
in
g
”
,

•
can

b
e
d
eclared

to
b
e
“
late

b
in
d
in
g
”
b
y
keyw

ord
“
v
i
r
t
u
a
l
”
,

•
th
e
d
eclaratio

n
ap

p
lies

to
all

in
h
eritin

g
classes.

•
In

J
a
v
a
,

•
m
eth

o
d
s
are

“
late

b
in
d
in
g
”
;

•
th
ere

are
p
attern

s
to

im
itate

th
e
eff

ect
o
f
“
early

b
in
d
in
g
”

E
x
e
rc
ise

:
W
h
at

cou
ld
h
ave

d
riven

th
e
d
esign

ers
of

C
+
+

to
take

th
at

ap
proach

?

N
o
te
:
late

b
in
d
in
g
typ

ically
ap
p
lies

on
ly

to
m
e
th
o
d
s,

n
o
t
to

a
ttrib

u
te
s.

(B
u
t:

g
etter/

setter
m
eth

o
d
s
h
ave

b
een

in
ven

ted
recen

tly.)
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B
ack

to
the

M
ain

Track:
“

...tellthe
difference...”

for
U

M
L
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W
ith

O
nly

E
arly

B
in

din
g...

•
...w

e’re
d
o
n
e
(if

w
e
realise

it
correctly

in
th
e
fram

ew
ork).

•
T
h
en

•
if
w
e’re

callin
g
m
eth

o
d
f
o
f
an

o
b
ject

u
,

•
w
h
ich

is
an

in
stan

ce
o
f
D

w
ith

C
�

D

•
via

a
C
-lin

k
,

•
th
en

w
e
(b
y
d
efi

n
itio

n
)
o
n
ly

see
an

d
ch
an

g
e
th
e
C
-p
art.

•
W
e
can

n
o
t
tell

w
h
eth

er
u
is
a
C

or
an

D
in
stan

ce.

S
o
w
e
im

m
ed
iately

also
h
ave

b
eh
aviou

ral/d
yn
am

ic
su
b
typ

in
g.
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D
ifficult:

D
yn

am
ic

S
u

btypin
g

C

f
(In

t)
:
In
t

D

f
(In

t)
:
In
t

•
C
::f

an
d
D
::f

are
ty
p
e
c
o
m
p
a
tib

le
,

b
u
t
D

is
n
o
t
n
e
c
e
ssa

rily
a
su
b
-ty

p
e
of

C
.

•
E
x
a
m
p
le
s:

(C
+
+
)

i
n
t

C
:
:
f
(
i
n
t
)

{
r
e
t
u
r
n

0
;

}
;

vs.
i
n
t

D
:
:
f
(
i
n
t
)

{
r
e
t
u
r
n

1
;

}
;

i
n
t

C
:
:
f
(
i
n
t
)

{
r
e
t
u
r
n

(
r
a
n
d
(
)

%
2
)
;

}
;

vs.
i
n
t

D
:
:
f
(
i
n
t

x
)

{
r
e
t
u
r
n

(
x

%
2
)
;

}
;
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S
u

b-Typin
g

P
rinciples

C
o

nt’d

•
In

th
e
stan

d
ard

,
S
ection

7.3.36,
“
O
p
e
ra
tio

n
”:

“
S
e
m
a
n
tic

V
a
ria

tio
n
P
o
in
ts

[...]
W
h
en

o
p
eratio

n
s
are

red
efi

n
ed

in
a
sp
ecializatio

n
,
ru
les

reg
ard

in
g

in
v
a
ria

n
c
e
,
c
o
v
a
ria

n
c
e
,
or

c
o
n
tra

v
a
ria

n
c
e
o
f
typ

es
an

d
p
reco

n
d
itio

n
s

d
eterm

in
e
w
h
eth

er
th
e
sp
ecialized

classifi
er

is
su
b
stitu

tab
le

for
its

m
ore

g
en
eral

p
aren

t.
S
u
ch

ru
les

co
n
stitu

te
sem

an
tic

variatio
n
p
o
in
ts

w
ith

resp
ect

to
red

efi
n
itio

n
o
f
o
p
eratio

n
s.”

[O
M
G
,
2
0
0
7
a,

1
0
6
]

•
S
o,

b
etter:

call
a
m
eth

o
d
su
b
-ty

p
e
p
re
se
rv
in
g
,
if
an
d
on

ly
if
it

(i)
accep

ts
m
o
re

in
p
u
t
v
a
lu
e
s

(c
o
n
tra

v
a
ria

n
t),

(ii)
on

th
e
o
ld

v
a
lu
e
s,

h
as

fe
w
e
r
b
e
h
a
v
io
u
r

(c
o
v
a
ria

n
t).

N
o
te
:
T
h
is
(ii)

is
n
o
lon

ger
a
m
atter

of
sim

p
le

typ
e-ch

eckin
g!

•
A
n
d
n
ot

n
ecessarily

th
e
en
d
of

th
e
story:

•
O
n
e
cou

ld
,
e.g.

w
an
t
to

con
sid

er
execu

tion
tim

e.

•
O
r,
like

[F
isch

er
an
d
W
eh
rh
eim

,
2000

],
relax

to
“few

er
ob

servab
le

b
eh
aviou

r”,
th
u
s
ad
m
ittin

g
th
e
su
b
-typ

e
to

d
o
m
ore

w
ork

on
in
p
u
ts.

N
o
te
:
“testin

g”
d
iff
eren

ces
d
ep
en
d
s
on

th
e
g
ra
n
u
la
rity

of
th
e
sem

an
tics.

•
R
e
la
te
d
:
“h

as
a
w
eaker

pre-con
d
ition

,”
(c
o
n
tra

v
a
ria

n
t),

“h
as

a
stron

ger
p
ost-con

d
ition

.”
( c
o
v
a
ria

n
t).
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E
nsurin

g
S

u
b-Typin

g
for

State
M

achines
CD

•
In

th
e
C
A
S
E
to
ol

w
e
con

sid
er,

m
u
ltip

le
classes

in
an

in
h
eritan

ce
h
ierarch

y
can

h
ave

state
m
ach

in
es.

•
B
u
t
th
e
state

m
ach

in
e
of

a
su
b
-class

c
a
n
n
o
t
b
e
d
raw

n
from

scratch
.

•
In
stead

,
th
e
state

m
ach

in
e
of

a
su
b
-class

can
on

ly
b
e
ob

tain
ed

by
ap
p
lyin

g
action

s
from

a
re
stric

te
d
set

to
a
copy

of
th
e
origin

al
on

e.

R
ou

gh
ly

(cf.
U
ser

G
u
id
e,

p
.
760,

for
d
etails),

•
ad

d
th
in
g
s
in
to

(h
ierarch

ical)
states,

•
ad

d
m
ore

states,

•
attach

a
tran

sitio
n
to

a
d
iff
eren

t
targ

et
(lim

ited
).

•
T
h
ey

e
n
su
re
,
th
at

th
e
su
b
-class

is
a
b
e
h
a
v
io
u
ra
l
su
b
-ty

p
e
of

th
e
su
p
er

class.
(B

u
t
m
eth

o
d
im

p
lem

en
tation

s
can

still
d
estroy

th
at

prop
erty.)

•
T
ech

n
ica

lly,
th
e
id
ea

is
th
a
t
(b
y
la
te

b
in
d
in
g
)
o
n
ly

th
e
sta

te
m
a
ch

in
e
o
f
th
e
m
o
st

sp
ecia

lised
cla

sses
are

ru
n
n
in
g
.

B
y
k
n
o
w
led

g
e
o
f
th
e
fra

m
ew

o
rk
,
th
e
(co

d
e
fo
r)

sta
te

m
a
ch

in
es

o
f
su
p
er-cla

sses
is

still

a
ccessib

le
—

b
u
t
u
sin

g
it
is

h
ard

ly
a
g
o
o
d
id
ea
...
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Tow
ards

System
States

W
a
n
te
d
:
a
form

al
represen

tation
of

“if
C

�
D

th
en

D
‘is

a
’
C
”,

th
at

is,

(i)
D

h
as

th
e
sam

e
attrib

u
tes

an
d
b
eh
avio

u
ral

featu
res

as
C
,
an

d

(ii)
D

o
b
jects

(id
en
tities)

can
rep

lace
C

o
b
jects.

W
e’ll

d
iscu

ss
tw

o
a
p
p
ro
a
c
h
e
s
to

sem
an
tics:

•
D
o
m
a
in
-in

c
lu
sio

n
S
em

an
tics

(m
ore

th
e
o
re
tic

a
l)

•
U
p
lin

k
S
em

an
tics

(m
ore

te
c
h
n
ic
a
l)
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D
om

ain
Inclusio

n
Sem

a
ntics
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D
om

ain
Inclusio

n
Structure

L
et

S
=

(
T
,
C
,V

,a
tr
,
E
,F

,m
th
,
⊳
)
b
e
a
sign

atu
re.

N
ow

a
stru

c
tu
re

D

•
[a
s
b
e
fo
re
]
m
ap
s
typ

es,
classes,

asso
ciation

s
to

d
om

ain
s,

•
[fo

r
c
o
m
p
le
te
n
e
ss]

m
eth

o
d
s
to

tran
sform

ers,

•
[a
s
b
e
fo
re
]
in
d
en
tities

of
in
stan

ces
of

classes
n
ot

(tran
sitively)

related
by

gen
eralisation

are
d
isjoin

t,

•
[c
h
a
n
g
e
d
]
th
e
in
d
en
tities

of
a
su
p
er-class

com
prise

all
id
en
tities

of
su
b
-classes,

i.e.

∀
C

∈
C

:
D
(C

)
)

⋃

C
⊳
D

D
(D

).

N
o
te
:
th
e
old

settin
g
coin

cid
es

w
ith

th
e
sp
ecial

case
⊳

=
∅.
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D
om

ain
Inclusio

n
System

States

N
o
w
:
a
sy
ste

m
sta

te
of

S
w
rt.

D
is
a
ty
p
e
-c
o
n
siste

n
t
m
ap
p
in
g

σ
:
D
(
C
)

7→
(V

7→
(
D
(
T

)
∪

D
(
C
0
,1 )

∪
D
(
C
∗ )))

th
at

is,
for

all
u
∈
d
om

(σ
)
∩

D
(C

),

•
[a
s
b
e
fo
re
]
σ
(u
)(v

)
∈

D
(τ
)
if
v
:
τ
,
τ
∈

T
or

τ
∈
{C

∗ ,C
0
,1 }.

•
[c
h
a
n
g
e
d
]
d
om

(σ
(u
))

=
⋃

C
0
�
C
a
tr
(C

0 ),

E
x
a
m
p
le
:

C

x
:
In
t

D

x
:
In
t

y
:
In
t

n 0
,
1

N
o
te
:
th
e
old

settin
g
still

coin
cid

es
w
ith

th
e
sp
ecial

case
⊳

=
∅.
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P
relim

in
aries:

E
xpressio

n
N

orm
alisatio

n

R
e
c
a
ll:

A

v
:
In
t

C

v
:
In
t

D

n 0
,
1

•
w
e
w
an
t
to

allow
,
e.g.,

“con
text

D
in
v
:v

<
0”.

•
w
e
assu

m
e
fu
lly

q
u
a
lifi

e
d
n
a
m
e
s,

e.g.
C
::v

.

In
tu
itively,

v
sh
all

d
en
ote

th
e

“
m
o
st

sp
e
c
ia
l
m
o
re

g
e
n
e
ra
l”

C
::v

accord
in
g
to

⊳
.
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P
relim

in
aries:

E
xpressio

n
N

orm
alisatio

n

R
e
c
a
ll:

A

v
:
In
t

C

v
:
In
t

D

n 0
,
1

•
w
e
w
an
t
to

allow
,
e.g.,

“con
text

D
in
v
:v

<
0”.

•
w
e
assu

m
e
fu
lly

q
u
a
lifi

e
d
n
a
m
e
s,

e.g.
C
::v

.

In
tu
itively,

v
sh
all

d
en
ote

th
e

“
m
o
st

sp
e
c
ia
l
m
o
re

g
e
n
e
ra
l”

C
::v

accord
in
g
to

⊳
.

T
o
keep

th
is
ou

t
of

typ
in
g
ru
les,

w
e
assu

m
e
th
at

th
e
follow

in
g
n
o
rm

a
lisa

tio
n

h
as

b
een

ap
p
lied

to
all

O
C
L
expression

s
an
d
all

action
s.

•
G
iven

expression
v
(or

f
)
in

c
o
n
te
x
t
of

class
D
,
as

d
eterm

in
ed

by,
e.g.

•
b
y
th
e
(typ

e
o
f
th
e)

n
avig

atio
n
exp

ressio
n
p
refi

x,
or

•
b
y
th
e
class,

th
e
state-m

ach
in
e
w
h
ere

th
e
actio

n
o
cccu

rs
b
elo

n
g
s
to
,

•
sim

ilar
for

m
eth

o
d
b
o
d
ies,

•
n
o
rm

a
lise

v
to

(=
rep

lace
by)

C
::v

,

•
w
h
ere

C
is
th
e
g
re
a
te
st

class
w
rt.

“�
”
su
ch

th
at

•
C

�
D

an
d
C
::v

∈
a
tr
(C

).
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P
relim

in
aries:

E
xpressio

n
N

orm
alisatio

n

R
e
c
a
ll:

A

v
:
In
t

C

v
:
In
t

D

n 0
,
1

•
w
e
w
an
t
to

allow
,
e.g.,

“con
text

D
in
v
:v

<
0”.

•
w
e
assu

m
e
fu
lly

q
u
a
lifi

e
d
n
a
m
e
s,

e.g.
C
::v

.

In
tu
itively,

v
sh
all

d
en
ote

th
e

“
m
o
st

sp
e
c
ia
l
m
o
re

g
e
n
e
ra
l”

C
::v

accord
in
g
to

⊳
.

T
o
keep

th
is
ou

t
of

typ
in
g
ru
les,

w
e
assu

m
e
th
at

th
e
follow

in
g
n
o
rm

a
lisa

tio
n

h
as

b
een

ap
p
lied

to
all

O
C
L
expression

s
an
d
all

action
s.

•
G
iven

expression
v
(or

f
)
in

c
o
n
te
x
t
of

class
D
,
as

d
eterm

in
ed

by,
e.g.

•
b
y
th
e
(typ

e
o
f
th
e)

n
avig

atio
n
exp

ressio
n
p
refi

x,
or

•
b
y
th
e
class,

th
e
state-m

ach
in
e
w
h
ere

th
e
actio

n
o
cccu

rs
b
elo

n
g
s
to
,

•
sim

ilar
for

m
eth

o
d
b
o
d
ies,

•
n
o
rm

a
lise

v
to

(=
rep

lace
by)

C
::v

,

•
w
h
ere

C
is
th
e
g
re
a
te
st

class
w
rt.

“�
”
su
ch

th
at

•
C

�
D

an
d
C
::v

∈
a
tr
(C

).

If
n
o
(u
n
iq
u
e)

su
ch

class
exists,

th
e
m
o
d
el
is
con

sid
ered

n
o
t
w
e
ll-fo

rm
e
d
;
th
e

expression
is
am

b
igu

ou
s.

T
h
en
:
exp

licitly
provid

e
th
e
q
u
a
lifi

e
d
n
a
m
e
.
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O
C

L
Syntax

a
n

d
Typin

g

•
R
ecall

(p
art

of
th
e)

O
C
L
syn

tax
an
d
typ

in
g:

v
,r

∈
V
;
C
,D

∈
C

e
x
p
r
::=

v
(e
x
p
r
1 )

:
τ
C
→

τ
(v
),

if
v
:
τ
∈

T

|
r(e

x
p
r
1 )

:
τ
C
→

τ
D
,

if
r
:
D

0
,1

|
r(e

x
p
r
1 )

:
τ
C
→

S
e
t(τ

D
),

if
r
:
D

∗

T
h
e
d
efi
n
ition

of
th
e
sem

an
tics

rem
ain

s
(textu

ally)
th
e
sa
m
e
.
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M
ore

Interestin
g:

W
ell-Typed-ness

C

v
:
In
t

D

•
W
e
w
an
t

con
text

D
in
v
:v

<
0

to
b
e
w
ell-typ

ed
.

C
u
rren

tly
it
isn

’t
b
ecau

se

v
(e
x
p
r
1 )

:
τ
C
→

τ
(v
)

b
u
t
A

⊢
se
lf

:
τ
D
.

(B
ecau

se
τ
D

an
d
τ
C

are
still

d
iff
e
re
n
t
ty
p
e
s,

alth
ou

gh
d
om

(τ
D
)
⊂

d
om

(τ
C
).)

•
S
o,

ad
d
a
(fi
rst)

n
ew

typ
in
g
ru
le

A
⊢
e
x
p
r
:
τ
D

A
⊢
e
x
p
r
:
τ
C

,
if
C

�
D
.

(In
h
)

W
h
ich

is
correct

in
th
e
sen

se
th
at,

if
‘e
x
p
r
’
is
of

typ
e
τ
D
,
th
en

w
e
can

u
se

it
everyw

h
ere,

w
h
ere

a
τ
C

is
allow

ed
.

T
h
e
system

state
is
prep

ared
for

th
at.
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W
ell-Typed-nessw

ith
Visibility

C
o

nt’d

A
,D

⊢
e
x
p
r
:
τ
C

A
,D

⊢
C
::v

(e
x
p
r
)
:
τ
,

ξ
=

+
(P

u
b
)

A
,D

⊢
e
x
p
r
:
τ
C

A
,D

⊢
C
::v

(e
x
p
r
)
:
τ
,

ξ
=

#
,
C

�
D

(P
rot)

A
,D

⊢
e
x
p
r
:
τ
C

A
,D

⊢
C
::v

(e
x
p
r
)
:
τ
,

ξ
=

−
,
C

=
D

(P
riv)

〈C
::v

:
τ,ξ,v

0 ,P
〉
∈
a
tr
(C

).

E
x
a
m
p
le
:

con
text/
in
v

(n
.)v

1
<

0
(n
.)v

2
<

0
(n
.)v

3
<

0

CDB

C

−
v
1
:
In
t

#
v
2
:
In
t

+
v
3
:
In
t

DB

0
,
1

n
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S
atisfyin

g
O

C
L

C
o

nstraints
(D

om
ain

Inclusio
n)

•
L
et

M
=

(
C

D
,
O

D
,
S

M
,
I
)
b
e
a
U
M
L
m
o
d
el,

an
d

D
a
stru

ctu
re.

•
W
e
(c
o
n
tin

u
e
to
)
say

M
|=

e
x
p
r
for

con
text

C
in
v
:
e
x
p
r
0

︸
︷
︷

︸

=
e
x
p
r

∈
In
v(M

)
iff

∀
π
=

(σ
i ,ε

i )
i∈
N
∈

JM
K

∀
i
∈
N

∀
u
∈
d
om

(σ
i )
∩

D
(C

)
:

I
Je
x
p
r
0 K(σ

i ,{
se
lf

7→
u
})

=
1.

•
M

is
(still)

con
sisten

t
if
an
d
on

ly
if
it
satisfi

es
all

con
strain

ts
in

In
v(M

).

•
E
x
a
m
p
le
:

C

x
:
In
t

D

n 0
,
1
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Tra
nsform

ers
(D

om
ain

Inclusio
n)

•
T
ran

sform
ers

also
rem

ain
th
e
sa
m
e
,
e.g.

[V
L
12,

p
.
18]

u
p
d
a
te
(e
x
p
r
1 ,v

,e
x
p
r
2 )

:
(σ
,ε)

7→
(σ

′,ε)

w
ith

σ
′
=

σ
[u

7→
σ
(u
)[v

7→
I
Je
x
p
r
2 K(σ

)]]

w
h
ere

u
=

I
Je
x
p
r
1 K(σ

).
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o
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C

alls

•
N
o
n
la
te
-b
in
d
in
g
:
clear,

by
n
orm

alisation
.

•
L
a
te
-b
in
d
in
g
:

C
on

stru
ct

a
m
e
th
o
d
c
a
ll
tran

sform
er,

w
h
ich

is
ap
p
lied

to
all

m
eth

o
d
calls.
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Triggers

•
W

a
n
te
d
:
triggers

sh
all

also
b
e
sen

sitive
for

in
h
erited

even
ts,

su
b
-class

sh
all

execu
te

su
p
er-class’

state-m
ach

in
e
(u
n
less

overrid
d
en
).

(σ
,ε)

(c
o
n
s
,S

n
d
)

−−
−
−
−
−
−→

u
(σ

′,ε
′)
if

•
∃
u
∈
d
o
m
(σ

)
∩

D
(C

)
∃
u
E
∈

D
(
E
)
:
u
E
∈
rea

d
y
(ε
,
u
)

•
u
is
stab

le
an

d
in

state
m
ach

in
e
state

s,
i.e.

σ
(u
)(sta

b
le
)
=

1
an

d
σ
(u
)(st)

=
s,

•
a
tran

sitio
n
is
en
ab

led
,
i.e.

∃
(s
,
F
,
e
x
p
r
,
a
c
t,s

′)
∈
→

(S
M

C
)
:
F

=
E

∧
I
Je
x
p
r
K(σ̃

)
=

1

w
h
ere

σ̃
=

σ
[u
.p
a
ra
m
s
E
7→

u
e ].

an
d•
(σ

′,ε
′)

resu
lts

fro
m

ap
p
lyin

g
t
a
c
t
to

(σ
,ε)

an
d
rem

o
vin

g
u
E

fro
m

th
e
eth

er,
i.e.

(σ
′′,

ε
′)
=

t
a
c
t (σ̃

,
ε
⊖

u
E
),

σ
′
=

(σ
′′[u

.st
7→

s
′,
u
.sta

b
le

7→
b,
u
.p
a
ra
m
s
E
7→

∅
])|

D
(
C

)\
{
u
E
}

w
h
ere

b
d
e
p
e
n
d
s:

•
If
u
b
eco

m
es

stab
le

in
s
′,
th
en

b
=

1
.
It

d
o
e
s
b
eco

m
e
stab

le
if
an

d
o
n
ly

if
th
ere

is
n
o
tran

sitio
n
w
ith

o
u
t
trig

g
e
r
en
ab

led
for

u
in

(σ
′,
ε
′).

•
O
th
erw

ise
b
=

0
.

•
C
o
n
su
m
p
tio

n
o
f
u
E

an
d
th
e
sid

e
eff

ects
o
f
th
e
actio

n
are

o
b
served

,
i.e.

co
n
s
=

{
(u
,(E

,
σ
(u

E
)))}

,
S
n
d
=

O
b
s
t
a
c
t (σ̃

,
ε
⊖

u
E
).
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C
D

EF

CC
’

EF

•
S
im

ilar
to

satisfaction
of

O
C
L
expression

s
ab

ove:

•
A
n
in
stan

ce
lin
e
stan

d
s
for

all
in
stan

ces
of

C
(exact

or
in
h
eritin

g).

•
S
atisfaction

of
even

t
ob

servation
h
as

to
take

in
h
eritan

ce
in
to

accou
n
t,
to
o,

so
w
e
h
ave

to
fi
x,

e.g.

σ
,co

n
s,S

n
d
|=

β
E

!x
,y

if
an
d
on

ly
if

β
(x
)
sen

d
s
an

F
-even

t
to

β
y
w
h
ere

E
�

F
.

•
N
o
te
:
C
-in

stan
ce

lin
e
also

b
in
d
s
to

C
′-ob

jects.
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U
plink

Sem
a

ntics

•
Id
e
a
:

•
C
on

tin
u
e
w
ith

th
e
existin

g
d
efi
n
ition

of
stru

c
tu
re
,
i.e.

d
isjoin

t
d
om

ain
s
for

id
en
tities.

•
H
ave

an
im

p
lic
it

a
sso

c
ia
tio

n
from

th
e
ch
ild

to
each

p
aren

t
p
art

(sim
ilar

to
th
e
im

p
licit

attrib
u
te

for
stab

ility).

C

x
:
In
t

D

•
A
p
p
ly

(a
d
iff
eren

t)
pre-pro

cessin
g
to

m
ake

ap
propriate

u
se

of
th
at

asso
ciation

,
e.g.

rew
rite

(C
+
+
)

x
=

0;

in
D

to

u
p
l
i
n
k
C
-
>
x
=

0;
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•
F
or

each
p
air

C
⊳

D
,
exten

d
D

by
a
(fresh

)
asso

ciation

u
p
lin

k
C
:
C

w
ith

µ
=

[1,1],
ξ
=

+

(E
x
e
rc
ise

:
p
u
b
lic

n
ecessary?)

•
G
iven

expression
v
(or

f
)
in

th
e
c
o
n
te
x
t
of

class
D
,

•
let

C
b
e
th
e
sm

a
lle

st
class

w
rt.

“�
”
su
ch

th
at

•
C

�
D
,
an
d

•
C
::v

∈
a
tr
(D

)

•
th
en

th
ere

exists
(by

d
efi
n
ition

)
C

⊳
C

1
⊳

...
⊳

C
n
⊳

D
,

•
n
o
rm

a
lise

v
to

(=
rep

lace
by)

u
p
lin

k
C

n
-
>
···

-
>
u
p
lin

k
C

1 .C
::v

•
A
gain

:
if
n
o
(u
n
iq
u
e)

sm
allest

class
exists,

th
e
m
o
d
el

is
con

sid
ered

n
o
t
w
e
ll-fo

rm
e
d
;
th
e
expression

is
am

b
igu

ou
s.
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D
efi
n
ition

of
stru

ctu
re

rem
ain

s
u
n
c
h
a
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g
e
d
.

•
D
efi
n
ition

of
system

state
rem

ain
s
u
n
c
h
a
n
g
e
d
.

•
T
yp
in
g
an
d
tran

sform
ers

rem
ain

u
n
c
h
a
n
g
e
d
—

th
e
prepro

cessin
g
h
as

p
u
t
everyth

in
g
in

sh
ap

e.
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S
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g
O

C
L

C
o

nstraints
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•
L
et

M
=

(
C

D
,
O

D
,
S

M
,
I
)
b
e
a
U
M
L
m
o
d
el,

an
d

D
a
stru

ctu
re.

•
W
e
(c
o
n
tin

u
e
to
)
say

M
|=

e
x
p
r

for

con
text

C
in
v
:
e
x
p
r
0

︸
︷
︷

︸

=
e
x
p
r

∈
In
v(M

)

if
an
d
on

ly
if

∀
π
=

(σ
i )

i∈
N
∈

JM
K

∀
i
∈
N

∀
u
∈
d
om

(σ
i )
∩

D
(C

)
:

I
Je
x
p
r
0 K(σ

i ,{
se
lf

7→
u
})

=
1.

•
M

is
(still)

con
sisten

t
if
an
d
on

ly
if
it
satisfi

es
all

con
strain

ts
in

In
v(M

).
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•
W
h
at

h
a
s
to

c
h
a
n
g
e
is
th
e
c
re
a
te

tran
sform

er:

c
rea

te
(C

,e
x
p
r
,v
)

•
A
ssu

m
e,

C
’s
in
h
eritan

ce
relation

s
are

as
follow

s.

C
1
,1
⊳

...
⊳

C
1
,n

1
⊳

C
,

...

C
m

,1
⊳

...
⊳

C
m

,n
m
⊳

C
.

•
T
h
en
,
w
e
h
ave

to

•
create

on
e
fresh

ob
ject

for
each

p
art,

e.g.

u
1
,1 ,...,u

1
,n

1 ,...,u
m

,1 ,...,u
m

,n
m
,

•
set

u
p
th
e
u
p
lin
ks

recu
rsively,

e.g.

σ
(u

1
,2 )(u

p
lin

k
C

1
,
1 )

=
u
1
,1 .

•
A
n
d
,
if
w
e
h
ad

con
stru

ctors,
b
e
carefu

l
w
ith

th
eir

ord
er.
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p
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far
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(R
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L
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i
s
K
i
n
d
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•
C
c
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•
D
d
;

•
Id
e
n
tity

u
p
c
a
st

(C
+
+
):

•
C
∗
c
p
=

&
d
;

//
a
ssig

n
a
d
d
ress

o
f
‘d
’
to

p
o
in
ter

‘cp
’

•
Id
e
n
tity

d
o
w
n
c
a
st

(C
+
+
):

•
D
∗
d
p
=

(D
∗)c

p
;

//
a
ssig

n
a
d
d
ress

o
f
‘d
’
to

p
o
in
ter

‘d
p
’

•
V
a
lu
e
u
p
c
a
st

(C
+
+
):

•
∗
c
=

∗
d
;

//
co
p
y
a
ttrib

u
te

v
a
lu
es

o
f
‘d
’
in
to

‘c’,
o
r,

//
m
o
re

p
recise,

th
e
v
a
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es

o
f
th
e
C
-p
art

o
f
‘d
’
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D
o
m
a
in

In
c
lu
sio

n
U
p
lin

k

C
∗
c
p

=
&
d
;

e
a
sy:

im
m
ed
iately

co
m
p
atib

le
(in

u
n
d
erlyin

g
system

state)
b
e-

cau
se

&
d
yield

s
an

id
en
tity

fro
m

D
(D

)
⊂

D
(C

).

e
a
sy:

B
y
p
re-p

ro
cessin

g
,

C
∗
c
p
=

d
.u
p
l
i
n
k
C
;

D
∗
d
p
=

(D
∗
)c
p
;

e
a
sy:

th
e
valu

e
o
f
c
p
is
in

D
(D

)∩
D
(C

)
b
ecau

se
th
e
p
o
in
ted

-to
o
b
-

ject
is
a
D
.

O
th
erw

ise,
error

co
n
d
itio

n
.

d
iffi

c
u
lt:

w
e
n
eed

th
e
id
en
tity

o
f
th
e
D

w
h
o
se

C
-slice

is
d
e-

n
o
ted

b
y
c
p
.

(S
ee

n
ext

slid
e.)

c
=

d
;

b
it

d
iffi

c
u
lt:

set
(for

all
C

�
D
)

(C
)(
·,

·)
:
τ
D
×

Σ
→

Σ
|a

tr
(
C
)

(u
,
σ
)
7→

σ
(u
)|a

tr
(
C
)

N
o
te:

σ
′
=

σ
[u

C
7→

σ
(u

D
)]

is
n
o
t
typ

e-co
m
p
atib

le!

e
a
sy:

B
y
p
re-p

ro
cessin

g
,

c
=

∗
(d
.u
p
l
i
n
k
C
);
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•
R
e
c
a
ll
(C

+
+
):

D
d
;

C
∗
c
p
=

&
d
;

D
∗
d
p
=

(D
∗)c

p
;

•
P
ro
b
le
m
:
w
e
n
eed

th
e
id
en
tity

of
th
e
D

w
h
ose

C
-slice

is
d
en
oted

by
c
p
.

•
O
n
e
te
c
h
n
ic
a
l
so
lu
tio

n
:

•
G
ive

u
p
d
isjo

in
tn
ess

o
f
d
o
m
ain

s
for

o
n
e
a
d
d
itio

n
a
l
ty
p
e
co
m
p
risin

g
all

id
en
tities,

i.e.
h
ave

a
l
l
∈

T
,

D
(a
l
l
)
=

⋃

C
∈

C

D
(C

)

•
In

each
�
-m

in
im

a
l
c
la
ss

h
ave

asso
ciatio

n
s
“
m
o
s
t
s
p
e
c
”
p
o
in
tin

g
to

m
o
st

sp
e
c
ia
lise

d
slices,

p
lu
s
in
form

atio
n
o
f
w
h
ich

typ
e
th
at

slice
is.

•
T
h
en

d
o
w
n
c
a
st

m
ean

s,
d
ep

en
d
in
g
o
n
th
e
m
o
s
t
s
p
e
c
typ

e
(o
n
ly

fi
n
itely

m
an

y
p
o
ssib

ilities),
g
o
in
g
d
o
w
n
a
n
d
th
e
n
u
p
as

n
ecessary,

e.g
.

s
w
i
t
c
h
(m
o
s
t
s
p
e
c
t
y
p
e
){

c
a
s
e
C

:
d
p
=

c
p
-
>
m
o
s
t
s
p
e
c
-
>
u
p
l
i
n
k
D

n
-
>
..
.
-
>
u
p
l
i
n
k
D

1
-
>
u
p
l
i
n
k
D
;

...
}
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•
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u
p
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•
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n
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d
if
w
e
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e
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’t
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ed
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e
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n
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f
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e
u
p
p
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y
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n
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e
existin
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n
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•
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•
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o
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’t

a
d
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•
A
n
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e
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m
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a
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b
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d
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is...
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ö
lter,

2
0
0
5
]
S
ta
h
l,
T
.
a
n
d
V
ö
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