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R
ecenttrends
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program

m
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languages

�

P
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and
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�

R
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C

#
and

Java

�

R
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e
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M
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Language

R
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S
om

e
trends

in
program

m
ing

langua
g

e
im

plem
entation

�

M
ore

execution
stages:

–
com

pilation
to

bytecode
(ja

va
c

)

–
dynam

ic
loading

and
linking

ofnew
code

(classloader)

–
com

pilation
ofbytecode

to
m

achine
code

(JIT
)

–
execution

ofm
achine

code

�

M
ore

inform
ation

(m
etadata,types)

in
the

com
piled

code:
bytecode

m
ustbe

verifiable

�

R
eflection:

a
running

program
can

inspectits
ow

n
classes,m

ethods,etc.

�

R
untim

e
code

generation:
a

running
program

can
create

new
classes,m

ethods,etc.

�

S
tronger

type
system

s
in

source
languages

(G
eneric

Java,G
eneric

C
#,C

yclone)

�

S
tronger

type
system

s
in

interm
ediate

languages
(G

eneric
C

om
m

on
Language

R
untim

e)

�

N
ecessary

for
m

obile
code:

code
dow

nloaded
from

outside
should

com
e

w
ith

‘good
behaviour’certificate
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Langua
g

es,
program

s,
and

interpreter
s

W
e

can
abstracta

program

�

by
its

input-outputbehaviour.

Let�� ��� �
�

be
the

resultofrunning
program

�

,w
ritten

in
language�

,w
ith

input�

.

A
n

interpreter��
	

for
language


,itselfw
ritten

in
language�

,takes
an


-program
and

runs
it:

�� ��
	�� �

� ��
�� �

�� ��� 

� ��

Interpreting
program

�

w
ith

input�

:

Interpreter
Program

Input

O
utput
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W
hat

�

is
a

com
piler

,and
w

h
y?

A
com

piler���
�

from




to�

takes
an


-program

���
���

and
m

akes
an

equivalent�

-program

	�
�� �
	 :

�� ���
��� �

� ���
���

� �
	�
�� �
	

im
plies

�� 	�
�� �
	�� �

� �� �
�� ���

���
�� 

� ��

In
other

w
ords,

���� ���
��� �

� ���
���

��� �
� �� �
�� ���

���
�� 

� ��

S
o

com
pilation

is
a

tw
o-stage

version
ofinterpretation.

W
hy

is
com

pilation
useful?

B
ecause

w
e

m
ay

have
a

real�

-m
achine

butonly
a

(slow
)

interpreter
for


.

C
om

piling
program�

and
then

running
itw

ith
input�

:

Input

O
utput

Source program
T

arget program
C

om
piler
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P
artial

evaluation,
or

autom
atic

program
specialization

A
function

to
com

pute� �

:

sta
tic

in
t

p
o

w
e

r(in
t

n
,

in
t

x)
{

in
t

p
;

p
=

1
;

w
h

ile
(n

>
0

)
{

if
(n

%
2

=
=

0
)

{
x

=
x

*
x;

n
=

n
/

2
;

}
e

lse{
p

=
p

*
x;

n
=

n
-

1
;

}
}re

tu
rn

p
;

}

G
iven

argum
ents� �

�

and� �
� ,w

e
can

com
pute

p
o

w
e

r(5
,7

)
,obtaining

the
result� ��

� !"
� .

A
ssum

e
w

e
m

ustcom
pute

p
o

w
e

r(�

,
�

)
for� �

�

and
m

any
differentvalues

of�

.

W
e

can
specialize

or
partially

evaluate
p

o
w

e
r

w
ith� �

� ,obtaining
this

specialized
function:

sta
tic

in
t

p
o

w
e

r_
5

(in
t

x)
{

in
t

p
;

p
=

x;
x

=
x

*
x;

x
=

x
*

x;
p

=
p

*
x;

re
tu

rn
p

;
}
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D
efinition

of
a

partial
evaluator

A
specializer

or
partialevaluator�� �

�

takes
a

tw
o-argum

entprogram�

and
its

firstinput�# .
Itcreates

a
specialized

(residual)
program

��
���

thatw
hen

run
on�$

gives
the

sam
e

resultas�

run
on% �#�

�$& .
A

specializer�� �
�

satisfies�� �� �
���� ��
�#� �
��
���

im
plies

�� ��
������ �$� �

�� ���� �#�
�$�

for
all�

,�# ,�$ .

Input 2

O
utput

Source program
R

esidual program
Specializer

Input 1

O
r

in
other

w
ords

(the
‘m

ix
equation’):���� �� �

���� ��
�#���� �$� �

�� ���� �#�
�$�

A
partialevaluator

turns
a

one-stage
com

putation�

into
a

tw
o-stage

com
putation

by�� �
�

and
then��

���

.

W
hy

useful?
B

ecause��
���

is
specialized

for
firstinput�# ,and

m
ay

be
m

uch
faster

than
the

original�

.

F
or

instance,�

m
ay

be
a

regular
expression

m
atcher,�#

a
regular

expression,and�$

a
string

to
search.

Ifthe
sam

e�#

is
applied

to
thousands

ofstrings�$ ,itis
w

orth-w
hile

to
specialize�

w
ith

respectto�# .
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P
artial

evaluation
of

interpreter
s

and
partial

evaluators

W
hatifw

e
apply

an
interpreter��

	

only
to

the
program�

?
T

hatis,w
e

partially
evaluate��

	

w
ith

respectto�

:

If	�
�� �
	 �

�� �� �
���� ��
	�

�� then

�� 	�
�� �
	�� �

� �� �
���� �� �

���� ��
	�

���� �
� �� �
�� ��

	�� �
� ��

�� �
�� ��� 

� ��

S
o	�

�� �
	

is
an�

-program
equivalentto

the


-program

�

.

U
sing

partialevaluation,w
e

have
com

piled
the


-program
to

an �

-program
using

only
an

interpreter.

W
hatifw

e
apply

the
partialevaluator�� �

�

only
to

the
interpreter

(and
ignore�

)?

If���
� �

�� �� �
���� �� �
��
��
	�

then

�� ���
���� �� �

���� �� �
���� �� �
��
��
	���� �� �

�� ��
	��� ��
�� �
	�
�� �
	

S
o���

�

is
a

com
piler

from
the

language


to
the

language�

.
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C
om

piler
g

eneration
and

com
piler

g
enerator

s

W
hatifw

e
apply

the
partialevaluator�� �

�

only
to

itself(and
ignore��

	 )?
If��

� �� �
�� �� �

���� �� �
��
�� �
�� then

�� ��
� ��

��� ��
	� �

���� �� �
���� �� �
��
�� �
����� ��
	� �

�� �� �
���� �� �
��
��
	� �
���

�

S
o��

� ��

is
a

com
piler

generator;itturns
interpreters

into
com

pilers.

M
oreover,

�� ��
� ��

��� �� �
�� �

�� �� �
���� �� �
��
�� �
�� �
��

� ��

S
o��

� ��
is

also
a

com
piler

generator
generator;

and�� �
�

is
to

a
com

piler
generator

w
hatan

interpreter
is

to
a

com
piler.
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H
istor

'
y

of
partial

evaluation

Yoshihiko
F

utam
ura

(Japan,1971)
described

com
pilation

by
partialevaluation

(specialization)
ofinterpreters,

and
the

generation
ofcom

pilers
(single

self-application)
and

com
piler

generators
(double

self-application).

From
1972

partialevaluation
w

as
studied

in
S

w
eden

and
U

S
S

R
(Turchin

in
M

oscow
and

E
rshov

in
N

ovosibirsk).

T
he

equations
for

com
pilation,com

piler
generation

etc
w

ere
called

F
utam

ura
projections

by
E

rshov.

In
1984,w

e
invented

binding-tim
e

analysis
to

guide
specialization,and

realized
self-application

for
the

firsttim
e.

B
inding-tim

e
analysis:

autom
atically

classify
variables,operators

etc
as

static
(early)

or
dynam

ic
(late).

P
artialevaluators

existfor
sublanguages

ofS
chem

e,C
,S

tandard
M

L,H
askell,P

rolog,Java,...

M
ain

practicalproblem
:

generalpartialevaluation
needs

guidance
to

produce
(sm

all)
specialized

program
s.

Literature
and

references:

M
ogensen,S

estoft:
E

ncyclopedia
article

1997
(available

from
course

hom
epage).

Jones,G
om

ard,S
estoft:

P
artialE

valuation
and

A
utom

atic
P

rogram
G

eneration,P
rentice-H

all1993.

A
vailable

from
h

ttp
://w

w
w

.d
in

a
.kvl.d

k/
˜s

e
st

o
f

t/
p

e
b

o
o

k/
p

e
b

o
o

k.
h

tm
l
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H
o

w
does

partial
evaluation

w
ork?

B
inding-tim

e
analysis:

classify
variables

and
operations

as
static

or
dynam

ic
to

guide
the

specializer.

S
tatic

operations
are

perform
ed

(com
puted)

by
the

specializer.

D
ynam

ic
operations

cause
the

specializer
to

generate
code

(as
partofthe

specialized
program

).

P
olyvariantspecialization:

a
program

point
is

a
label,function,...)

A
source

program
pointgives

rise
to

severalspecialized
program

points,indexed
by

static
variables’values

etc.

E
xam

ple:
T

he
p

o
w

e
r

function
as

a
flow

-chartprogram
:

p
=

1
la

b
1

:
if

(n
<

=
0

)
g

o
to

la
b

3
if

(n
%

2
!=

0
)

g
o

to
la

b
2

x
=

x
*

x
n

=
n

/
2

g
o

to
la

b
1

la
b

2
:

p
=

p
*

x
n

=
n

-
1

g
o

to
la

b
1

la
b

3
:

re
tu

rn
(p

)

C
om

putations
involving

only
n

are
static

and
can

be
executed

by
the

partialevaluator.
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S
chem

e
crash

course
for

S
M

L
hackers

C
onstruct

S
tandard

M
L

S
chem

e

V
ariable

x
x

A
ddition

7
+

x
(+

7
x)

C
om

parison
7

=
x

(e
q

?
7

x)

C
onditional

if
7

=
x

th
e

n
1

1
e

lse
2

2
(if

(e
q

?
7

x)
1

1
2

2
)

N
am

eless
function

fn
x

=
>

7
+

x
(la

m
b

d
a

(x)
(+

7
x))

N
am

ed
function

fu
n

f
x

=
7

+
x

(d
e

fin
e

(f
x)

(+
7

x))

F
unction

call
f

7
8

(f
7

8
)

Let-binding
le

t
va

l
x

=
7

in
x

+
7

8
e

n
d

(le
t

((x
7

))
(+

x
7

8
))

List
[5

,
x+

4
,

2
]

(list
5

(+
x

4
)

2
)

H
ead

oflist
h

d
xs

(ca
r

xs)

Tailoflist
tl

xs
(cd

r
xs)

A
num

ber?
(n

u
m

b
e

r?
x)

A
n

em
pty

list?
(n

u
ll?

x)

A
tree?

(p
a

ir?
x)
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R
ecursive

functions
in

S
chem

e

fu
n

p
o

w
0

x
=

1
|

p
o

w
n

x
=

if
n

m
o

d
2

=
0

th
e

n
p

o
w

(n
d

iv
2

)
(x

*
x)

e
lse

x
*

p
o

w
(n

-1
)

x

(d
e

fin
e

(p
o

w
n

x)
(if

(e
q

u
a

l?
n

0
)

1(if
(e

ve
n

?
n

)
(p

o
w

(q
u

o
tie

n
t

n
2

)
(*

x
x))

(*
x

(p
o

w
(-

n
1

)
x)))))

S
chem

e
data

T
hree

basic
data

values:
a

n
um

ber
4

,a
sym

bol
’fo

o
,the

e
m

p
ty

tre
e

’()
,and

a
pair

(v1
.

v2
)

.

A
list

’(1
2

3
)

is
really

a
right-linear

tree
’(1

.
(2

.
(3

.
())))

.

M
easuring

the
length

ofa
list:

fu
n

le
n

g
th

[]
=

0
|

le
n

g
th

(x::xr)
=

x
+

le
n

g
th

xr;

(d
e

fin
e

(le
n

g
th

xs)
(if

(n
u

ll?
xs)

0(+
1

(le
n

g
th

(cd
r

xs)))))
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A
sim

ple
self-applicab

le
partial

evaluator
for

S
chem

e
(JG

S
1993,

appendix
A

)

T
he

core
ofthe

specializer
w

orks
on

expressions
annotated

as
static

(ifs
)

or
dynam

ic
(ifd

).

S
tatic

expressions
are

evaluated;dynam
ic

expressions
give

rise
to

residualcode
in

the
specialized

program
:

(d
e

fin
e

(re
d

u
ce

e
xs

vs
xd

vd
p

)
(if

(o
p

n
u

ll?
e

)
e

(if
(o

p
b

o
o

le
a

n
?

e
)

e
(if

(o
p

n
u

m
b

e
r?

e
)

e
(if

(o
p

a
to

m
?

e
)

(ca
ll

lo
o

ku
p

va
r

e
xs

vs
xd

vd
)

(if
(o

p
e

q
u

a
l?

(ta
g

e
)

’q
u

o
te

)
(e

1
e

)
(if

(o
p

e
q

u
a

l?
(ta

g
e

)
’ifs)

(if
(ca

ll
re

d
u

ce
(e

1
e

)
xs

vs
xd

vd
p

)
(ca

ll
re

d
u

ce
(e

2
e

)
xs

vs
xd

vd
p

)
(ca

ll
re

d
u

ce
(e

3
e

)
xs

vs
xd

vd
p

))
(if

(o
p

e
q

u
a

l?
(ta

g
e

)
’ifd

)
(list

’if
(ca

ll
re

d
u

ce
(e

1
e

)
xs

vs
xd

vd
p

)
(ca

ll
re

d
u

ce
(e

2
e

)
xs

vs
xd

vd
p

)
(ca

ll
re

d
u

ce
(e

3
e

)
xs

vs
xd

vd
p

))
(if

(o
p

e
q

u
a

l?
(ta

g
e

)
’o

p
s)

(o
p

e
va

lb
a

se
(fu

n
n

a
m

e
e

)
(ca

ll
re

d
u

ce
*

(ca
lla

rg
s

e
)

xs
vs

xd
vd

p
))

(if
(o

p
e

q
u

a
l?

(ta
g

e
)

’o
p

d
)

(::
’o

p
(::

(fu
n

n
a

m
e

e
)

(ca
ll

re
d

u
ce

*
(ca

lla
rg

s
e

)
xs

vs
xd

vd
p

)))
(if

(o
p

e
q

u
a

l?
(ta

g
e

)
’lift)

(list
’q

u
o

te
(ca

ll
re

d
u

ce
(e

1
e

)
xs

vs
xd

vd
p

))
...

)))))))))))))
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U
sing

the
self-applicab

le
partial

evaluator

Letus
partially

evaluate
the

p
o

w
e

r
function.

F
irsta

binding-tim
e

analysis
w

ith
n

static
and

x
dynam

ic:

(d
e

fin
e

p
a

2
(m

o
n

o
ta

te
p

o
w

e
r2

’(s
d

)))

|
((d

e
fin

e
(((p

o
w

2
)

s
d

)
(n

)
(x))

|
(ifs

(o
p

s
e

q
u

a
l?

n
0

)

|
(lift

1
)

|
(ifs

(o
p

s
e

ve
n

?
n

)
|

(ca
lld

((p
o

w
2

)
s

d
)

((o
p

s
q

u
o

tie
n

t
n

2
))

((o
p

d
*

x
x)))

|
(o

p
d

*
x

(ca
lls

((p
o

w
2

)
s

d
)

((o
p

s
-

n
1

))
(x)))))))

T
hen

specialize
w

ith
respectto

n
=

5
:

(sch
e

m
e

(sp
e

c
p

a
2

’(5
)))

|
((d

e
fin

e
(p

o
w

*sd
-1

x)
(*

x
(p

o
w

*sd
-2

(*
x

x))))
|

(d
e

fin
e

(p
o

w
*sd

-2
x)

(p
o

w
*sd

-3
(*

x
x)))

|
(d

e
fin

e
(p

o
w

*sd
-3

x)
(*

x
(q

u
o

te
1

))))
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P
artially

evaluating
the

partial
evaluator

P
artially

evaluate
sp

e
c

w
rtp

=
p

o
w

e
r2

;resultis
a

generator
ofspecialized

versions
ofp

o
w

e
r

:

(d
e

fin
e

sa
n

n
(m

o
n

o
ta

te
sp

e
cia

lize
r

’(s
d

)))
;

B
T

A
o

f
sp

e
cia

lize
r

(d
e

fin
e

sp
2

(sp
e

c
sa

n
n

(list
p

a
2

)))
;

S
p

e
cia

lize
sp

e
c

w
rt

p
o

w
e

r
;

(sp
2

is
a

p
o

w
e

r-g
e

n
e

ra
to

r)
(m

a
ke

’p
2

g
e

n
sp

2
)

;
D

e
fin

e
sp

2
a

s
fu

n
ctio

n
p

2
g

e
n

(sch
e

m
e

(p
2

g
e

n
’(5

)))
;

A
p

p
ly

it
to

n
=

5

|
((d

e
fin

e
(p

o
w

*sd
-1

x)
(*

x
(p

o
w

*sd
-2

(*
x

x))))
|

(d
e

fin
e

(p
o

w
*sd

-2
x)

(p
o

w
*sd

-3
(*

x
x)))

|
(d

e
fin

e
(p

o
w

*sd
-3

x)
(*

x
(q

u
o

te
1

))))

N
ow

partially
evaluate

sp
e

c
w

ith
respectto

p
=

sp
e

c
:

(d
e

fin
e

cc
(sp

e
c

sa
n

n
(list

sa
n

n
)))

;
D

o
u

b
le

se
lf-a

p
p

lica
tio

n
;

(cc
is

a
co

m
p

ile
r

g
e

n
e

ra
to

r)
(m

a
ke

’co
g

e
n

cc)
;

D
e

fin
e

cc
a

s
fu

n
ctio

n
co

g
e

n
(d

e
fin

e
cp

2
(co

g
e

n
(list

p
a

2
)))

;
A

p
p

ly
it

to
p

o
w

e
r

;
(cp

2
is

a
p

o
w

e
r-g

e
n

e
ra

to
r)

(e
q

u
a

l?
sp

2
cp

2
)

;
(cp

2
is

id
e

n
tica

l
to

sp
2

)
(d

e
fin

e
ccc

(co
g

e
n

(list
sa

n
n

)))
;

A
p

p
ly

co
g

e
n

to
sp

e
c

(e
q

u
a

l?
ccc

cc)
;

(ccc
is

id
e

n
tica

l
to

co
g

e
n

)
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R
eflection

(

in
C

#:
m

anipulating
classes,

m
ethods,

etc
at

runtim
e

R
eflection

m
eans

thata
running

program
can

m
anipulate

inform
ation

aboutits
classes,m

ethods,etc.

F
or

every
com

piletim
e

type
T

there
is

a
runtim

e
value

typ
e

o
f(T

)
ofclass

T
yp

e
representing

it:

u
sin

g
S

yste
m

;

cla
ss

R
e

fle
ct0

{

p
u

b
lic

sta
tic

vo
id

M
a

in
(S

trin
g

[]
a

rg
s)

{
T

yp
e

ty1
=

typ
e

o
f(in

t);
C

o
n

so
le

.W
rite

L
in

e
(ty1

);
C

o
n

so
le

.W
rite

L
in

e
(typ

e
o

f
(lo

n
g

)
);

C
o

n
so

le
.W

rite
L

in
e

(typ
e

o
f

(R
e

fle
ct

0
))

;

C
o

n
so

le
.W

rite
L

in
e

(typ
e

o
f

(S
t

rin
g

[
][]

))
;

}
}M

ore
precisely

R
eification

allow
s

a
running

program
to

obtain
inform

ation
aboutits

classes,m
ethods,state,...

R
eflection

allow
s

a
running

program
to

use
this

inform
ation

to
create

instances
ofa

class,calla
m

ethod,...
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R
eflection

in
C

#:
calling

a
m

ethod

O
ne

can
geta

particular
m

ethod
(or

other
m

em
ber)

from
a

type,as
a

M
e

th
o

d
In

fo
object.

O
ne

can
callthe

m
ethod

represented
by

the
object:

u
sin

g
S

yste
m

;
//

F
o

r
T

yp
e

u
sin

g
S

yste
m

.R
e

fle
ctio

n
;

//
F

o
r

M
e

th
o

d
In

fo

cla
ss

R
e

fle
ct1

{
p

u
b

lic
sta

tic
vo

id
M

a
in

(S
trin

g
[]

a
rg

s)
{

T
yp

e
ty

=
typ

e
o

f(R
e

fle
ct1

);
//

G
e

t
R

e
fle

ct1
cla

ss
M

e
th

o
d

In
fo

m
=

ty.G
e

tM
e

th
o

d
("F

o
o

");
//

G
e

t
F

o
o

m
e

th
o

d
m

.In
vo

ke
(n

u
ll,

n
e

w
o

b
je

ct[]
{

});
//

C
a

ll
it

}p
u

b
lic

sta
tic

vo
id

F
o

o
()

{
C

o
n

so
le

.W
rite

L
in

e
("F

o
o

");
}

}C
om

piletim
e

safety
is

poor:
the

com
piler

cannotcheck
thatthe

m
ethod

exists,is
static,is

accessible,etc.

T
he

C
LR

nam
espace

S
yste

m
.R

e
fle

ctio
n

contains
m

any
classes

related
to

reflection.

A
reflective

m
ethod

callis
30–40

tim
es

slow
er

than
a

com
piled

callto
a

m
ethod.

Instead,one
can

create
a

delegate
from

the
M

e
th

o
d

In
fo

—
exam

ple
in

file
rtcg

/R
T

C
G

2
.cs

.

A
delegate

callis
alm

ostas
fastas

a
com

piled
m

ethod
call.
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S
om

e
practical

uses
of

reflection

E
xam

ple
1:

Listallpublic
m

ethods
in

a
class

(as
in

com
ponentarchitectures).

E
xam

ple
2:

F
ind

and
callallm

ethods
w

hose
nam

e
starts

w
ith

T
e

st
(as

in
jU

nit).

cla
ss

R
e

fle
ct2

{
p

u
b

lic
sta

tic
vo

id
M

a
in

(S
trin

g
[]

a
rg

s)
{

T
yp

e
ty

=
typ

e
o

f(R
e

fle
ct2

);
//

G
e

t
R

e
fle

ct2
cla

ss
M

e
th

o
d

In
fo

[]
m

s
=

ty.G
e

tM
e

th
o

d
s();

//
G

e
t

a
ll

m
e

th
o

d
s

C
o

n
so

le
.W

rite
L

in
e

("T
h

e
se

sta
tic

m
e

th
o

d
s

a
re

a
va

ila
b

le
:");

fo
r

(in
t

i=
0

;
i<

m
s.L

e
n

g
th

;
i+

+
)

if
(m

s[i].IsS
ta

tic)
C

o
n

so
le

.W
rite

L
in

e
(m

s[i].N
a

m
e);

C
o

n
so

le
.W

rite
L

in
e

();
C

o
n

so
le

.W
rite

L
in

e
("C

a
lli

n
g

sta
tic

m
e

th
o

d
s

w
h

o
se

n
a

m
e

s
sta

rt
w

ith
T

e
st:");

fo
r

(in
t

i=
0

;
i<

m
s.L

e
n

g
th

;
i+

+
)

if
(m

s[i].IsS
ta

tic
&

&
m

s[i].N
a

m
e

.In
d

e
xO

f("T
e

st")
=

=
0

)
m

s[i].In
vo

ke
(n

u
ll,

n
e

w
o

b
je

ct[]
{});

}p
u

b
lic

sta
tic

vo
id

F
o

o
()

{
C

o
n

so
le

.W
rite

L
in

e
("F

o
o

");
}

p
u

b
lic

vo
id

N
o

n
S

ta
ticF

o
o

()
{

C
o

n
so

le
.W

rite
L

in
e

("N
o

n
S

ta
t

icF
o

o
");

}
sta

tic
vo

id
N

o
n

P
u

b
licF

o
o

()
{

C
o

n
so

le
.W

rite
L

in
e

("N
o

n
P

u
b

l
icF

o
o

");
}

p
u

b
lic

sta
tic

vo
id

T
e

stG
o

o
()

{
C

o
n

so
le

.W
rite

L
in

e
("T

e
stG

o
o

"
);

}
p

u
b

lic
sta

tic
vo

id
T

e
stF

o
o

()
{

C
o

n
so

le
.W

rite
L

in
e

("T
e

stF
o

o
"

);
}

}
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R
eflection

in
Ja

va:
calling

a
m

ethod

C
lass

C
la

ss
in

package
ja

va
.la

n
g

corresponds
to

C
LR

’s
class

T
yp

e
.

C
lass

M
e

th
o

d
in

package
ja

va
.la

n
g

.re
fle

ct
corresponds

to
C

LR
’s

class
M

e
th

o
d

In
fo

,etc.

In
general,the

C
L

R
m

achinery
is

sim
ilar

to
Java’s:

im
p

o
rt

ja
va

.la
n

g
.re

fle
ct.*;

//
F

o
r

M
e

th
o

d

cla
ss

R
e

fle
ct1

{
p

u
b

lic
sta

tic
vo

id
m

a
in

(S
trin

g
[]

a
rg

s)
th

ro
w

s
N

o
S

u
ch

M
e

th
o

d
E

xce
p

tio
n

,
Ille

g
a

lA
cce

ssE
xce

p
tio

n
,

In
vo

ca
tio

n
T

a
rg

e
tE

xce
p

tio
n

{
C

la
ss

ty
=

R
e

fle
ct1

.cla
ss;

//
G

e
t

R
e

fle
ct1

cla
ss

M
e

th
o

d
m

=
ty.g

e
tM

e
th

o
d

("F
o

o
",

n
e

w
C

la
ss[]

{});
//

G
e

t
F

o
o

()
m

e
th

o
d

m
.in

vo
ke

(n
u

ll,
n

e
w

O
b

je
ct[]

{
});

//
C

a
ll

it
}p

u
b

lic
sta

tic
vo

id
F

o
o

()
{

S
yste

m
.o

u
t.p

rin
tln

("F
o

o
"

);
}

}
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R
untim

e
code

g
eneration

in
C

#:
g

en
erate

ne
w

classes,
m

ethods,
etc.

(file
r
t
c
g
/
R
T
C
G
1
.
c
s

)

B
uild

an
assem

bly
containing

a
m

odule
containing

a
class

M
yC

la
ss

containing
a

m
ethod

M
yM

e
th

o
d

:

u
sin

g
S

yste
m

;
u

sin
g

S
yste

m
.R

e
fle

ctio
n

;
u

sin
g

S
yste

m
.R

e
fle

ctio
n

.E
m

it;
cla

ss
R

T
C

G
1

{
p

u
b

lic
sta

tic
vo

id
M

a
in

(S
trin

g
[]

a
rg

s)
{

A
sse

m
b

lyN
a

m
e

a
sse

m
b

lyN
a

m
e

=
n

e
w

A
sse

m
b

lyN
a

m
e

();
a

sse
m

b
lyN

a
m

e
.N

a
m

e
=

"m
ya

sse
m

b
ly";

A
sse

m
b

lyB
u

ild
e

r
a

sse
m

b
lyB

u
ild

e
r

=
//

M
a

ke
ru

n
-o

n
ly

a
sse

m
b

ly
A

p
p

D
o

m
a

in
.C

u
rre

n
tD

o
m

a
in

.D
e

fi
n

e
D

yn
a

m
icA

sse
m

bly(
a

s
se

m
b

ly
N

am
e

,
A

sse
m

b
lyB

u
ild

e
rA

cce
ss.R

u
n

)
;

M
o

d
u

le
B

u
ild

e
r

m
o

d
u

le
B

u
ild

e
r

=
//

M
a

ke
m

o
d

u
le

m
ym

o
d

u
le

a
sse

m
b

lyB
u

ild
e

r.D
e

fin
e

D
yn

a
m

icM
o

d
u

le
("m

ym
od

u
le

"
);

T
yp

e
B

u
ild

e
r

typ
e

B
u

ild
e

r
=

//
M

a
ke

p
u

b
lic

cla
ss

M
yC

la
ss

{
...

}
m

o
d

u
le

B
u

ild
e

r.D
e

fin
e

T
yp

e
(

"M
y

C
la

ss
",

T
yp

e
A

ttrib
u

te
s.C

la
ss

|
T

yp
e

A
ttrib

u
te

s.P
u

b
lic,

typ
e

o
f(O

b
je

ct));
M

e
th

o
d

B
u

ild
e

r
m

e
th

o
d

B
u

ild
e

r
=

//
M

a
ke

p
u

b
lic

sta
tic

vo
id

M
yM

e
th

o
d

()
typ

e
B

u
ild

e
r.D

e
fin

e
M

e
th

o
d

(
"M

y
M

eth
o

d
"

,
M

e
th

o
d

A
ttrib

u
te

s.S
ta

tic
|

M
e

th
o

d
A

ttrib
u

te
s.P

u
b

lic,
typ

e
o

f(vo
id

),
n

e
w

T
yp

e
[]

{
});

IL
G

e
n

e
ra

to
r

ilg
=

m
e

th
o

d
B

u
ild

e
r.G

e
tIL

G
e

n
e

ra
to

r()
;

//
M

a
ke

m
e

th
o

d
b

o
d

y
ilg

.E
m

itW
rite

L
in

e
("M

yC
la

ss.
M

yMe
t

h
o

d
()

w
a

s
ca

lle
d

");
ilg

.E
m

it(O
p

C
o

d
e

s.R
e

t);
T

yp
e

ty
=

typ
e

B
u

ild
e

r.C
re

a
te

T
yp

e
();

//
F

in
ish

cla
ss

ty.G
e

tM
e

th
o

d
("M

yM
e

th
o

d
")

.In
vo

k
e

(
n

u
l

l,
n

e
w

o
b

je
ct[]

{});
//

C
a

ll
m

e
th

o
d

}
}
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R
untim

e
code

g
eneration

in
C

#:
a

m
ethod

containing
a

loop
(file

r
t
c
g
/
R
T
C
G
3
.
c
s

)

C
onsider

a
sim

ple
loop:

p
u

b
lic

sta
tic

vo
id

Y
o

u
rM

e
th

o
d

(in
t

n
)

{
d

o
{

n
--;

}
w

h
ile

(n
!=

0
);

}

B
uilding

the
sam

e
m

ethod
by

hand,as
p

u
b

lic
sta

tic
vo

id
M

yM
e

th
o

d
1

(in
t

x)
{

...
}

:

M
e

th
o

d
B

u
ild

e
r

m
e

th
o

d
B

u
ild

e
r

=
typ

e
B

u
ild

e
r.D

e
fin

e
M

e
th

o
d

("M
yM

e
th

o
d

1
",

...);
IL

G
e

n
e

ra
to

r
ilg

=
m

e
th

o
d

B
u

ild
e

r.G
e

tIL
G

e
n

e
ra

t
o

r
();

L
a

b
e

l
sta

rt
=

ilg
.D

e
fin

e
L

a
b

e
l();

ilg
.M

a
rkL

a
b

e
l(sta

rt);
//

L
a

b
e

l
sta

rt:
ilg

.E
m

it(O
p

C
o

d
e

s.L
d

a
rg

_
0

)
;

ilg
.E

m
it(O

p
C

o
d

e
s.L

d
c_

I4
_

1
);

ilg
.E

m
it(O

p
C

o
d

e
s.S

u
b

);
ilg

.E
m

it(O
p

C
o

d
e

s.S
ta

rg
_

S
,

0
);

//
n

=
n

-
1

ilg
.E

m
it(O

p
C

o
d

e
s.L

d
a

rg
_

0
)

;
ilg

.E
m

it(O
p

C
o

d
e

s.B
rtru

e
,

sta
rt);

//
if

(n
!=

0
)

g
o

to
sta

rt
ilg

.E
m

it(O
p

C
o

d
e

s.R
e

t);
//

re
tu

rn

S
peed

ofthe
runtim

e-generated
code:

�

S
im

ilar
to

code
com

piled
from

C
#

code
by

csc
,ca.

400
m

illion
iterations/second

on
850

M
H

z
M

obile
P

3.

�

H
ow

ever,m
easurem

ents
exhibitincom

prehensible
butreproducible

variations.
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R
untim

e

(

code
g

eneration
in

C
#:

specializ
ed

versions
of
P
o
w
e
r

(file
r
t
c
g
/
R
T
C
G
4
.
c
s

)

p
u

b
lic

sta
tic

vo
id

P
o

w
e

rG
e

n
(IL

G
e

n
e

ra
to

r
ilg

,
in

t
n

)
{

ilg
.D

e
cla

re
L

o
ca

l(typ
e

o
f(

in
t

));
//

p
is

lo
ca

l_
0

,
x

is
a

rg
_

0
ilg

.E
m

it(O
p

C
o

d
e

s.L
d

c_
I4

_
1

);
ilg

.E
m

it(O
p

C
o

d
e

s.S
tlo

c_
0

);
//

p
=

1
;

w
h

ile
(n

>
0

)
{

if
(n

%
2

=
=

0
)

{
ilg

.E
m

it(O
p

C
o

d
e

s.L
d

a
rg

_
0

);
ilg

.E
m

it(O
p

C
o

d
e

s.L
d

a
rg

_
0

);
ilg

.E
m

it(O
p

C
o

d
e

s.M
u

l);
ilg

.E
m

it(O
p

C
o

d
e

s.S
ta

rg
_

S
,

0
);

//
x

=
x

*
x

n
=

n
/

2
;

}
e

lse
{

ilg
.E

m
it(O

p
C

o
d

e
s.L

d
lo

c_
0

);
ilg

.E
m

it(O
p

C
o

d
e

s.L
d

a
rg

_
0

);
ilg

.E
m

it(O
p

C
o

d
e

s.M
u

l);
ilg

.E
m

it(O
p

C
o

d
e

s.S
tlo

c_
0

);
//

p
=

p
*

x;
n

=
n

-
1

;
}

}ilg
.E

m
it(O

p
C

o
d

e
s.L

d
lo

c_
0

);
ilg

.E
m

it(O
p

C
o

d
e

s.R
e

t);
//

re
tu

rn
p

;
}

T
he

specialized
P

o
w

e
r

-m
ethod

forn
=

1
6

is
35%

faster
than

the
generalone.

IT-C
P

rogram
m

ing
Languages,F

2002
P

age
12-22

R
untim

e
code

g
eneration

in
Ja

va

T
he

JD
K

has
no

standard
classes

to
supportruntim

e
code

generation.

S
om

e
tools

for
runtim

e
code

generation
in

Java:

�

P
ackage

g
n

u
.b

yte
co

d
e

from
h

ttp
://w

w
w

.g
n

u
.o

rg
/so

f
tw

a
re

/k
a

w
a

/

B
ytecode

generation
tools

developed
for

K
aw

a,a
JV

M
-based

im
plem

entation
ofS

chem
e.

�

B
ytecode

E
ngineering

Library
(B

C
E

L,form
erly

JavaC
lass)

from

h
ttp

://ja
ka

rta
.a

p
a

ch
e

.
o

r
g

/b
ce

l/
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P
ractical

uses
of

runtim
e

code
g

eneration

�

F
ew

,experim
ental:

runtim
e

supporthas
been

poor,com
plicated,and

very
specific

to
com

piler
and

m
achine.

�

E
xam

ples:
bitm

ap
graphics

operations;packetfilter
rules.

�

Just-in-tim
e

com
pilers

(S
un

H
otspotJV

M
,M

S
C

LR
)

generate
m

achine
code

from
bytecode

atruntim
e.

�

A
spectJ,aspect-oriented

Java,uses
runtim

e
code

generation
(based

on
B

C
E

L).

�

T
he

.N
E

T
Fram

ew
ork

regular
expression

m
atcher

builds
an

autom
aton

using
runtim

e
code

generation.

Fragm
entofsyste

m
/te

xt/re
g

u
la

re
xp

re
ssi

o
n

s/r
e

g
e

xc
o

m
pil

e
r.

cs
(outof3069

lines):

//
L

o
a

d
s

th
e

ch
a

r
to

th
e

le
ft

o
f

th
e

cu
rre

n
t

p
o

sitio
n

in
te

rn
a

l
vo

id
L

e
ftch

a
r()

{
L

d
lo

c(_
te

xtV
);

L
d

lo
c(_

te
xtp

o
sV

);
L

d
c(1

);
S

u
b

();
C

a
llvirt(_

g
e

tch
a

rM
);

}

�

T
he

im
plem

entation
ofG

eneric
C

#
generates

specialized
field

layouts
and

m
ethods

atruntim
e.

�

M
anaged

runtim
e

system
s

(JV
M

,C
LR

)
provide

a
uniform

platform
,and

cheap
access

to
m

etadata.

�

C
isternino

(P
isa)

and
K

ennedy
(C

am
bridge)

w
ork

on
a

user-friendly
C

LR
runtim

e
code

generation
interface.
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