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arch
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H
igher-order

functions
in

S
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M
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�

Interpretation
ofa

higher-order
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(m
icro-S

M
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�

P
olym

orphic
type
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S
tandard

M
L

�

Types
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type
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es

�

Type
rules

�

U
nification

via
the
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algorithm

�

B
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levels
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type
variable
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�

P
aram

etric
polym

orphism
in

an
object-oriented

language:
G
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C

#
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S
M

L:
H

igher-order
functions

A
pplying

a
function

to
allelem

ents
ofa

list;anonym
ous

functions
(fn

):

fu
n

m
a

p
f

[]
=

[]
|

m
a

p
f

(x::xr)
=

f
x

::
m

a
p

f
xr;

fu
n

d
o

u
b

l
x

=
2

*
x;

m
a

p
d

o
u

b
l

[4
,

5
,

8
9

];
m

a
p

(fn
x

=
>

2
*

x)
[4

,
5

,
8

9
];

R
epeated

application
ofa

function;functions
are

justvalues:

fu
n

tw
g

x
=

g
(g

x);
va

l
q

u
a

d
=

tw
d

o
u

b
l;

fu
n

re
p

n
g

x
=

if
n

=
0

th
e

n
x

e
lse

re
p

(n
-1

)
g

(g
x);

va
l

tw
=

re
p

2
;

S
electing

listelem
ents

thatsatisfy
predicate

p
:

fu
n

filte
r

p
[]

=
[]

|
filte

r
p

(x::xr)
=

if
p

x
th

e
n

x
::

filte
r

p
xr

e
lse

filte
r

p
xr;

va
l

p
o

sitive
=

filte
r

(fn
i

=
>

i
m

o
d

2
=

0
)

[4
,

6
,

5
,

2
,

5
4

,
8

9
];
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S
M

L:

�

A
g

eneral
fold

function
for

lists

R
ecursion

on
the

structure
ofa

listcan
be

expressed
using

fo
ld

r
:

fu
n

fo
ld

r
f

e
[]

=
e

|
fo

ld
r

f
e

(x::xr)
=

f(x,
fo

ld
r

f
e

xr);

T
herefore

m
any

functions
can

be
expressed

using
fo

ld
r

:

fu
n

le
n

xs
=

fo
ld

r
(fn

(_
,

re
s)

=
>

1
+

re
s)

0
xs;

fu
n

su
m

xs
=

fo
ld

r
(fn

(x,
re

s)
=

>
x+

re
s)

0
xs;

fu
n

p
ro

d
xs

=
fo

ld
r

(fn
(x,

re
s)

=
>

x*re
s)

1
xs;

fu
n

m
a

p
g

xs
=

fo
ld

r
(fn

(x,
re

s)
=

>
g

x
::

re
s)

[]
xs;

fu
n

co
n

ca
t

xss
=

fo
ld

r
(fn

(xs,
re

s)
=

>
xs

@
re

s)
[]

xss;

O
ther

datatypes
also

have
fold

functions,e.g.polym
orphic

trees:

d
a

ta
typ

e
’a

tre
e

=
L

f
|

B
r

o
f

’a
*

’a
tre

e
*

’a
tre

e
;

fu
n

tfo
ld

f
e

L
f

=
e

|
tfo

ld
f

e
(B

r(v,t1
,t2

))
=

f(v,
tfo

ld
f

e
t1

,
tfo

ld
f

e
t2

);

fu
n

su
m

tre
e

t
=

tfo
ld

(fn
(v,

r1
,

r2
)

=
>

v
+

r1
+

r2
)

0
t;

F
old

functions
resem

ble
visitors

(from
the

‘visitor
pattern’ofO

O
P

)
som

ew
hat.
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A�

higher
-order

functional
langua

g
e

T
he

(concrete
and)

abstractsyntax
is

as
for

the
one-argum

entfirst-order
language:

d
a

ta
typ

e
e

xp
r

=
C

stI
o

f
in

t
|

C
stB

o
f

b
o

o
l

|
V

a
r

o
f

strin
g

|
L

e
t

o
f

strin
g

*
e

xp
r

*
e

xp
r

|
P

rim
o

f
strin

g
*

e
xp

r
list

|
If

o
f

e
xp

r
*

e
xp

r
*

e
xp

r
|

L
e

tfu
n

o
f

strin
g

*
strin

g
*

e
xp

r
*

e
xp

r
(*

(f,
x,

fb
o

d
y,

e
b

o
d

y)
*)

|
C

a
ll

o
f

e
xp

r
*

e
xp

r

T
he

representation
ofruntim

e
values

is
the

sam
e

too:

d
a

ta
typ

e
va

lu
e

=
In

t
o

f
in

t
|

R
C

lo
o

f
strin

g
*

strin
g

*
e

xp
r

*
vfe

n
v

(*
(f,

x,
b

o
d

y,
b

o
d

ye
n

v)
*)

w
ith

typ
e

vfe
n

v
=

(strin
g

,
va

lu
e

)
e

n
v

In
the

higher-order
language,

a
m

ulti-argum
entfunction

le
t

f
x

y
=

x
+

y
in

(f
7

)
2

e
n

d

can
be

encoded
as

le
t

f
x

=
le

t
f1

y
=

x
+

y
in

f1
e

n
d

in
(f

7
)

2
e

n
d

.
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E
v

�
aluation

of
a

higher
-order

functional
langua

g
e,part

1

fu
n

e
va

l
(e

:
e

xp
r)

(e
n

v
:

vfe
n

v)
:

va
lu

e
=

ca
se

e
o

f
C

stI
i

=
>

In
t

i
|

C
stB

b
=

>
In

t
(b

o
o

l2
in

t
b

)
|

V
a

r
x

=
>

lo
o

ku
p

e
n

v
x

|
P

rim
(o

p
e

,
[e

1
,

e
2

])
=

>
(ca

se
(e

va
l

e
1

e
n

v,
e

va
l

e
2

e
n

v)
o

f
(In

t
i1

,
In

t
i2

)
=

>
(ca

se
o

p
e

o
f

"*"
=

>
In

t(i1
*

i2
)

|
"+

"
=

>
In

t(i1
+

i2
)

|
"-"

=
>

In
t(i1

-
i2

)
|

"=
"

=
>

In
t

(b
o

o
l2

in
t

(i1
=

i2
))

|
"<

"
=

>
In

t
(b

o
o

l2
in

t
(i1

<
i2

))
|

_
=

>
ra

ise
F

a
il

"u
n

kn
o

w
n

p
rim

itive
")

|
_

=
>

ra
ise

F
a

il
"e

va
l

P
rim

")
|

P
rim

_
=

>
ra

ise
F

a
il

"e
va

l
P

rim
:

u
n

kn
o

w
n

a
rity"

|
L

e
t(x,

e
rh

s,
e

b
o

d
y)

=
>

le
t

va
l

xva
l

=
e

va
l

e
rh

s
e

n
v

va
l

e
n

v1
=

b
in

d
1

e
n

v
(x,

xva
l)

in
e

va
l

e
b

o
d

y
e

n
v1

e
n

d
|

...
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E
valuation

of
a

higher
-order

functional
langua

g
e,part

2

fu
n

e
va

l
(e

:
e

xp
r)

(e
n

v
:

vfe
n

v)
:

va
lu

e
=

...
|

If(e
1

,
e

2
,

e
3

)
=

>
(ca

se
e

va
l

e
1

e
n

v
o

f
In

t
b

=
>

if
in

t2
b

o
o

l
b

th
e

n
e

va
l

e
2

e
n

v
e

lse
e

va
l

e
3

e
n

v
|

_
=

>
ra

ise
F

a
il

"e
va

l
If")

|
L

e
tfu

n
(f,

x,
fb

o
d

y,
e

b
o

d
y)

=
>

le
t

va
l

e
n

v1
=

b
in

d
1

e
n

v
(f,

R
C

lo
(f,

x,
fb

o
d

y,
e

n
v))

in
e

va
l

e
b

o
d

y
e

n
v1

e
n

d
|

C
a

ll(e
fu

n
,

e
a

rg
)

=
>

(ca
se

e
va

l
e

fu
n

e
n

v
o

f
fclo

su
re

a
s

R
C

lo
(f,

x,
fb

o
d

y,
fe

n
v)

=
>

le
t

va
l

a
rg

v
=

e
va

l
e

a
rg

e
n

v
va

l
e

n
v2

=
b

in
d

1
fe

n
v

(f,
fclo

su
re

)
va

l
e

n
v3

=
b

in
d

1
e

n
v2

(x,
a

rg
v)

in
e

va
l

fb
o

d
y

e
n

v3
e

n
d

|
_

=
>

ra
ise

F
a

il
"e

va
l

C
a

ll:
n

o
t

a
fu

n
ctio

n
");

O
nly

change
since

lastw
eek:

the
C

a
ll

case
no

longer
requires

e
fu

n
to

be
V

a
r

.

N
ow

the
function��

in
an

application�� ��

m
ay

be
any

arbitrary
expression.
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S
M

L:
P

olym
orphic

type
inference

in
S

tandard
M

L

Itis
hard

to
use

higher-order
functions

correctly
w

ithouthelp
from

a
static

(com
pile-tim

e)
types.

H
igher-order

functions
are

often
rather

generaland
deserve

polym
orphic

types.

A
n

exam
ple

ofS
M

L
type

inference:

le
t

fu
n

tw
g

y
=

g
(g

y)
in

le
t

fu
n

d
o

u
b

l
y

=
2

*
y

in
tw

d
o

u
b

l
1

1

e
n

d
e

n
d

T
he

type
found

fortw
is

(’a
->

’a
)

->
(’a

->
’a

)
.

T
he

type
found

ford
o

u
b

l
is

in
t

->
in

t
.

T
he

type
found

fortw
d

o
u

b
le

is
in

t
->

in
t

.

In
fact,the

type
variable

’a
oftw

is
generalized

as
indicated

by
the

S
M

L
com

piler:

va
l

’a
tw

=
fn

:
(’a

->
’a

)
->

’a
->

’a
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S
M

L-style
param

etric
polym

orphism

S
M

L-style
param

etric
polym

orphism
is

also
called

let-polym
orphism

.

Itim
poses

som
e

restrictions:

�

O
nly

the
types

oflet-bound
variables

can
be

generalized.

T
hus

the
type

ofa
function

param
eter

is
notgeneralized

in
the

function’s
body.

�
T

he
type

ofa
function

is
notgeneralized

in
the

function’s
ow

n
body.

R
em

oving
these

restrictions
seriously

com
plicates

type
checking.

Type
inference

becom
es

undecidable;
itcannotalw

ays
term

inate
(H

englein;K
foury,T

iuryn,U
rzyczyn;1990).
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Types
and

type
sc

hem
es

A
type

is
in

t
orb

o
o

l
or

a
function

type�� �
��

or
a

type
variable	

:

� 

 �
�


�� ���
�� �� �

��� 	

E
xam

ple
types: �


�� ���
�

and	
�
	

and	�
� �

	

.

Type
arrow

s
associate

to
the

right,so	
�

� �
	

m
eans	�

� � �
	� .

A
type

schem
e

has
form

� 

 �
�	�� ���� 	� ��

w
here

the�

m
eans

‘for
all’,the	�� ���� 	�

are
type

variables,and�

is
a

type.

A
type

schem
e�	�� ���� 	� ��

w
ith

a
non-em

pty
listoftype

variables
represents

a
polym

orphic
type.

A
type

schem
e��� ��

w
ith

an
em

pty
listoftype

variables
is

an
ordinary

m
onom

orphic
type� .

E
xam

ple
type

schem
es:��� ��


�� ���
�

and�	 �	�
	

and�� �	�
� �

	

.
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G
eneralization

�T
he

type
oftw

in

fu
n

tw
g

y
=

g
(g

y)

is
inferred

to
be

(’a
->

’a
)

->
(’a

->
’a

)
.

N
othing

restricts
the

type
variable

’a
so

itis
generalized

in
the

type
schem

e�

’a
.(’a

->
’a

)
->

(’a
->

’a
)

fortw
.

W
hen

not
to

g
eneraliz

e
type

variab
les

O
ne

cannotalw
ays

generalize
a

type
variable,

F
or

instance,here
the

type
ofx

is
constrained

to
equalthatofy

,bound
further

out:

le
t

g
y

=
le

t
f

x
=

(x=
y)

in
f

1
&

f
fa

lse
e

n
d

IL
L

-T
Y

P
E

D
!

in
g

2
e

n
d

T
herefore

f
has

type
schem

e��� .’a
->

b
o

o
l

,in
w

hich
the

type
variable

’a
has

notbeen
generalized.

G
eneralizing

’a
w

ould
be

w
rong:

itw
ould

require
y

to
have

type
in

t
and

b
o

o
l

atthe
sam

e
tim

e.
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C
ircular

types
are

forbid
den

In
M

L-style
type

system
s,alltypes

m
ustbe

finite
and

non-circular.

T
herefore,

this
program

is
ill-typed:

fu
n

g
f

=
f

f
IL

L
-T

Y
P

E
D

!

Itw
ould

require
f

to
have

a
‘type’�

for
w

hich� �
��
��

for
som

e�� .

S
im

ilarly,this
is

ill-typed:

fu
n

g
x

=
g

g
IL

L
-T

Y
P

E
D

!

Itw
ould

require
g

to
have

a
‘type’�

for
w

hich� �
��
��

for
som

e�� .
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M
odelling

types
and

type
sc

hem
es

in
S

M
L

Types
and

type
schem

es
are

m
odelled

in
S

M
L

using
these

datatypes:

typ
e

typ
e

va
r

=
...

(*
se

e
la

te
r

*)

d
a

ta
typ

e
typ

=
T

yp
I

(*
in

te
g

e
rs

*)
|

T
yp

B
(*

b
o

o
le

a
n

s
*)

|
T

yp
F

o
f

typ
*

typ
(*

(a
rg

u
m

e
n

ttyp
e

,
re

su
lttyp

e
)

*)
|

T
yp

V
o

f
typ

e
va

r
(*

typ
e

va
ria

b
le

*)

d
a

ta
typ

e
typ

e
sch

e
m

e
=

T
yp

e
S

ch
e

m
e

o
f

typ
e

va
r

list
*

typ
;

(*
typ

e
p

a
ra

m
e

te
rs

a
n

d
typ

e
*)

T
he

type
schem

e�	 �	�
	

is
represented

by
T

yp
e

S
ch

e
m

e
([

	

],
T

yp
F

(T
yp

V
(

	

),
T

yp
V

(	

)))
.
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Type
rules

for
a

higher
-order

functional
langua

g
e

T
he

type
environm

ent� �
� �� ��

��� ���� � ��
� !

m
aps

variable
nam

es�

to
type

schem
es�

.

T
he

judgem
ent� "

� 

�

asserts
thatin

type
environm

ent�

,the
expression�

has
type� .

B
elow

,#
is

an
integer

constant,$

a
boolean

constant,�

a
variable,and� ,�� ,and

so
on

are
expressions.

T
he

notation� ��% 	�� ���� ��% 	�! �

m
eans

that	&

is
replaced

by�&

in�

for
all# .

T
hus� �


�% 	!� 	�
	�

is�

��
�


�

.

� "
# 


�

�

� "
$ 
���

�

�� �� �
�	�� ���� 	� ��

------------------------------------------------------------------------------------------------------------------------------------------

� "
� 


� ��% 	�� ���� ��% 	�! �

� "
�� 

�


�
� "

�� 

�


�

-------------------------------------------------------------------------------------------------------------------------------------------------

� "
�� '
�� 

�


�

� "
�� 

�


�
� "

�� 

�


�
-------------------------------------------------------------------------------------------------------------------------------------------------

� "
�� (
�� 
���

�
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� "
�) 

�)

�� � ��
�	�� ���� 	� ��)! "
�* 

�
	�� ���� 	�

notfree
in�

------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

� "
�+�� �

�) �

�* + 

, 

�

� "
�� 
���
�

� "
�� 

�

� "
�- 

�

------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

� "
�.

�� � /
+ 

�� + �0+�- 

�

�� � ��
�1�2 ��
�1 �
�)! "
�) 

�)

�� 2 ��
�	�� ���� 	� ��1 �
�)! "
�* 

�
	�� ���� 	�

notfree
in�

------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

� "
�+�2 � �

�) �

�* 

�

� "
�� 

�1 �
�)

� "
�� 

�1

------------------------------------------------------------------------------------------------------------------------------------------------------------

� "
�� �� 

�)

T
he

requirem
ent	�� ���� 	�

notfree
in�

m
eans

thatthe
type

variables
m

ustnotbe
constrained

by
the

context.

Ifthe
type

variables
are

constrained
by

the
context,they

cannotbe
generalized.
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Type
inference

algorithm
s

in
practice

C
entralideas

in
efficienttype

inference:

�

D
o

notguess
the

types��� ���� ��

to
instantiate

w
ith

in
rule

3.

Instead
instantiate

w
ith

new
type

variables� �� ����� �

.

Later
these

new
type

variables
m

ay
be

equated
w

ith
other

types.

T
his

relies
on

unification,w
hich

in
turn

relies
on

the
union-find

algorithm
.

�

D
o

notlook
through

the
type

environm
ent�

to
find

free
type

variables
in

the
le

t
rules.

Instead,rem
em

ber
for

each
type

variable
the

level(depth
oflet-bindings)

atw
hich

itw
as

introduced.

W
hen

equating
tw

o
type

variables,adjusttheir
binding

levels
to

the
low

est(outerm
ost)

ofthe
tw

o.

Ifthe
levelofa

type
variable

is
low

er
than

the
currentlevel,then

itis
free

in
the

type
environm

ent.

In
thatcase,do

notgeneralize
it.
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U
nification

E
quations

betw
een

types
are

solved
by

unification
(R

obinson
1965).

T
he

unification3 

�.

4 �� ��

oftypes��

and��

is
perform

ed
as

follow
s,depending

on
the

form
ofthe

types:

��

��

A
ction

in
t

in
t

N
o

action
needed

b
o

o
l

b
o

o
l

N
o

action
needed

��� �
���
��� �
���

U
nify���

w
ith��� ,and

unify���

w
ith���

	

	

N
o

action
needed

	

�

M
ake	

equalto�

	

��

M
ake	

equalto�� ,provided	

does
notoccur

in��

��

	

M
ake	

equalto�� ,provided	

does
notoccur

in��

A
llother

cases
U

nification
fails
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E
fficient

unification
uses

the
union-find

algorithm

T
he

union-find
algorithm

m
aintains

a
graph,w

hose
nodes

are
types

(including
type

variables).

E
ach

connected
com

ponentofthe
graph

is
a

collection
oftypes

thatm
ustbe

equal.

E
ach

connected
com

ponenthas
a

canonicalrepresentative:
allother

nodes
in

the
com

ponentpointtow
ards

it.

To
testw

hether
tw

o
nodes

are
equal(sam

e
class):

find
their

canonicalnodes
and

see
w

hether
they

are
identical.

W
hen

unifying
tw

o
types,(1)

check
for

circularity,and
ifO

K
then

(2)
union

the
tw

o
equivalence

classes.

To
form

the
union

oftw
o

equivalence
classes,m

ake
one’s

canonicalnode
pointto

the
other’s.

P
ath

com
pression:

after
finding

the
canonicalrepresentative

ofa
node,

m
ake

the
node

pointdirectly
to

it.

T
he

am
ortized

tim
e

costofa
sequence

ofunion
and

find
operations

is
alm

ostlinear
(Tarjan

1984).
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Type
variab

le
representation

for
efficient

type
inference

In
the

m
icro-S

M
L

type
inference,

a
type

variable
is

a
reference

to
a

pair
(roughly,

an
objectw

ith
tw

o
fields):

�

A
link

field,possibly
pointing

to
another

node
in

the
type

variables
in

the
le

t
rulesunion-find

graph.

Ifthe
link

is
N

o
L

in
k

then
the

type
variable

rem
ains

uninstantiated.

Ifthe
link

field
is

L
in

kT
o

� ,then
the

type
variable

has
been

equated
w

ith
type� .

�

A
level

field
thatindicates

the
binding

levelofthe
type

variable.
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S
om

e
auxiliar

y
functions

for
the

m
icro-S

M
L

type
inference

�

sp
e

cia
lize

lvl
ts

returns
a

type
created

from
the

type
schem

e
ts

.

T
he

type
variables	�� ���� 	�

ofts
have

been
replaced

w
ith

fresh
type

variables
w

hose
levelis

lvl
.

�

g
e

n
e

ra
lize

lvl
t

returns
a

type
schem

e
created

from
type

t
.

O
nly

type
variables

in
t

w
ith

higher
levels

than
the

currentone
are

being
generalized.
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Type
inference

for
m

icro-S
M

L,
part

1

fu
n

typ
(lvl

:
in

t)
(ve

n
v

:
(strin

g
,

typ
e

sch
e

m
e

)
e

n
v)

(e
:

e
xp

r)
:

typ
=

ca
se

e
o

f
C

stI
i

=
>

T
yp

I
|

C
stB

b
=

>
T

yp
B

|
V

a
r

x
=

>
(sp

e
cia

lize
lvl

(lo
o

ku
p

ve
n

v
x)

h
a

n
d

le
S

u
b

scrip
t

=
>

ra
ise

F
a

il
("u

n
kn

o
w

n
va

r
"

ˆ
x))

|
P

rim
(o

p
e

,
[e

1
,

e
2

])
=

>
le

t
va

l
t1

=
typ

lvl
ve

n
v

e
1

va
l

t2
=

typ
lvl

ve
n

v
e

2
fu

n
ch

k
ta

tb
tr

=
(u

n
ify

ta
t1

;
u

n
ify

tb
t2

;
tr)

in
ca

se
o

p
e

o
f

"*"
=

>
ch

k
T

yp
I

T
yp

I
T

yp
I

|
"+

"
=

>
ch

k
T

yp
I

T
yp

I
T

yp
I

|
"-"

=
>

ch
k

T
yp

I
T

yp
I

T
yp

I
|

"=
"

=
>

(u
n

ify
t1

t2
;

T
yp

B
)

|
"<

"
=

>
ch

k
T

yp
I

T
yp

I
T

yp
B

|
"&

"
=

>
ch

k
T

yp
B

T
yp

B
T

yp
B

|
_

=
>

ra
ise

F
a

il
"u

n
kn

o
w

n
p

rim
itive

"
e

n
d

|
L

e
t(x,

e
rh

s,
e

b
o

d
y)

=
>

le
t

va
l

lvl1
=

lvl
+

1
va

l
trh

s
=

typ
lvl1

ve
n

v
e

rh
s

va
l

ve
n

vb
o

d
y

=
b

in
d

1
ve

n
v

(x,
g

e
n

e
ra

lize
lvl

trh
s)

in
typ

lvl
ve

n
vb

o
d

y
e

b
o

d
y

e
n

d
|

...
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Type
inference

for
m

icro-S
M

L,
part

2

|
...

|
If(e

0
,

e
1

,
e

2
)

=
>

le
t

va
l

t1
=

typ
lvl

ve
n

v
e

1
va

l
t2

=
typ

lvl
ve

n
v

e
2

in
u

n
ify

T
yp

B
(typ

lvl
ve

n
v

e
0

);
u

n
ify

t1
t2

;
t1

e
n

d
|

L
e

tfu
n

(f,
x,

fb
o

d
y,

e
b

o
d

y)
=

>
le

t
va

l
lvl1

=
lvl

+
1

va
l

fty
=

T
yp

V
(n

e
w

T
yp

e
V

a
r

lvl1
)

va
l

ve
n

v1
=

b
in

d
1

ve
n

v
(f,

T
yp

e
S

ch
e

m
e

([],
fty))

va
l

xty
=

T
yp

V
(n

e
w

T
yp

e
V

a
r

lvl1
)

va
l

ve
n

vf
=

b
in

d
1

ve
n

v1
(x,

T
yp

e
S

ch
e

m
e

([],
xty))

va
l

rty
=

typ
lvl1

ve
n

vf
fb

o
d

y
va

l
_

=
u

n
ify

fty
(T

yp
F

(xty,
rty))

va
l

ve
n

vb
o

d
y

=
b

in
d

1
ve

n
v

(f,
g

e
n

e
ra

lize
lvl

fty)
in

typ
lvl

ve
n

vb
o

d
y

e
b

o
d

y
e

n
d

|
C

a
ll(e

,
e

a
rg

)
=

>
le

t
va

l
fty

=
typ

lvl
ve

n
v

e
va

l
xty

=
typ

lvl
ve

n
v

e
a

rg
va

l
rty

=
T

yp
V

(n
e

w
T

yp
e

V
a

r
lvl)

in
u

n
ify

fty
(T

yp
F

(xty,
rty));

rty
e

n
d
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G
enerics:

param
etric

polym
orphism

in
object-oriented

langua
g

es

W
hen

w
e

use
collection

classes,Java
or

C
#

provide
no

com
pile-tim

e
type

safety:

L
in

ke
d

L
ist

n
a

m
e

s
=

n
e

w
L

in
ke

d
L

ist();
n

a
m

e
s.a

d
d

(n
e

w
P

e
rso

n
("K

riste
n

"));
n

a
m

e
s.a

d
d

(n
e

w
P

e
rso

n
("B

ja
rn

e
"));

n
a

m
e

s.a
d

d
(n

e
w

In
te

g
e

r(1
9

9
8

));
//

W
ro

n
g

,
b

u
t

n
o

co
m

p
ile

-tim
e

ch
e

ck
n

a
m

e
s.a

d
d

(n
e

w
P

e
rso

n
("A

n
d

e
rs"));

...
P

e
rso

n
p

=
(P

e
rso

n
)n

a
m

e
s.g

e
t(2

)
;

//
C

a
st

n
e

e
d

e
d

,
m

a
y

fa
il

a
t

ru
n

tim
e

T
he

com
pile-tim

e
listelem

enttype
is

O
b

je
ct

,notP
e

rso
n

.

T
his

is
because

collection
classes

m
ustw

ork
for

alltypes
ofelem

ents.

G
enerics

can
m

ake
g

eneral
code

typesafe

L
in

ke
d

L
ist<

P
e

rso
n

>
n

a
m

e
s

=
n

e
w

L
in

ke
d

L
ist<

P
e

rso
n

>
();

n
a

m
e

s.A
d

d
(n

e
w

P
e

rso
n

("K
riste

n
"));

n
a

m
e

s.A
d

d
(n

e
w

P
e

rso
n

("B
ja

rn
e

"));
n

a
m

e
s.A

d
d

(n
e

w
In

te
g

e
r(1

9
9

8
));

//
W

ro
n

g
,

co
m

p
ile

-tim
e

e
rro

r
n

a
m

e
s.A

d
d

(n
e

w
P

e
rso

n
("A

n
d

e
rs"));

...
P

e
rso

n
p

=
n

a
m

e
s.g

e
t(2

);
//

N
o

ca
st

n
e

e
d

e
d

T
he

com
pile-tim

e
listelem

enttype
is

P
e

rso
n

.

E
rrors

are
found

atcom
pile-tim

e,notin
frontofthe

user.
N

o
run-tim

e
casts

are
needed,so

the
program

is
faster.
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G
eneric

C
#

exam
ple:

doub
ly

linked
list

im
plem

entation

p
u

b
lic

cla
ss

L
in

ke
d

L
ist<

T
>

:
IL

ist<
T

>
{

N
o

d
e

<
T

>
first,

la
st;

//
In

va
ria

n
t:

first=
=

n
u

ll
iff

la
st=

=
n

u
ll

p
riva

te
cla

ss
N

o
d

e
<

T
>

{
//

N
e

ste
d

cla
ss

p
u

b
lic

N
o

d
e

<
T

>
p

re
v,

n
e

xt;
p

u
b

lic
T

ite
m

;
}p

u
b

lic
T

G
e

t(in
t

n
)

{
...

}

p
u

b
lic

b
o

o
l

A
d

d
(T

ite
m

)
{

...
}

p
u

b
lic

o
ve

rrid
e

b
o

o
l

E
q

u
a

ls(o
b

je
ct

th
a

t)
{

//
In

h
e

rite
d

fro
m

o
b

je
ct

if
(th

a
t

is
IL

ist<
T

>
)

{
//

E
xa

ct
in

sta
n

ce
o

f
ch

e
ck

...
}

}

M
ethod

G
e

t(in
t)

returns
a

T
,notan

o
b

je
ct

.
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E
fficienc

y
benefits

of
g

enerics
in

G
eneric

C
#:

quic
ksort

D
escription

G
eneral

Typesafe
G

enerics
Ints

S
trings

O
bject-based,interface

IC
om

parable
yes

no
no

4.99
3.18

O
bject-based,class

O
rderedInt

yes
no

no
3.08

2.58

G
eneric

w
ith

typed
C

om
pareTo

yes
yes

yes
2.45

2.54

G
eneric

w
ith

C
om

pare
m

ethod
yes

yes
yes

1.14
2.19

H
and-specialized,

inline(

no
yes

no
0.47

2.10

H
and-specialized

w
ith

C
om

pare
m

ethod
no

yes
no

1.06
2.19

R
andom

ints
(1.000.000)

or
strings

(200.000);average
tim

e/s
of20

runs;1
G

H
z

P
-III;W

indow
s

X
P

;G
eneric

C
LR

.
�

G
enerics

is
the

only
w

ay
to

have
generality,

type
safety,and

efficiency
atthe

sam
e

tim
e.

�

T
he

only
overhead

in
generics

(1.14
vs

0.47)
is

due
to

the
passing

ofthe
C

om
pare

m
ethod

(generality).

�

T
he

generics
w

in
is

clearly
larger

for
the

value
type

in
t

than
for

the
reference

type
strin

g
.

F
or

m
ore

exam
ples

ofusing
G

eneric
C

#,see
h

ttp
://w

w
w

.d
in

a
.kvl.d

k/˜se
sto

ft
/g

csh
a

rp
/
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