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�

T
he

Java
V

irtualM
achine

(JV
M

),a
real-w

orld
abstractm

achine

�

C
om

piling
m

icro-C
to

JV
M

code

�

M
icrosoft’s

C
om

m
on

Language
R

untim
e

(C
LR

,.N
E

T
)

�

T
he

stack,the
heap,and

garbage
collection

�

T
he

garbage
collectors

ofM
oscow

M
L

and
ofthe

S
un

H
otspotJV

M
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T
he

�

Ja
va

V
irtual

M
achine

(JV
M

),
a

stac
k

abstract
m

ac
hine

C
om

piled
Java

program
s

are
executed

by
the

Java
V

irtualM
achine

(JV
M

):

j
a
v
a
F
a
c
t
o
r
i
a
l
3

T
he

JV
M

is
a

stack
m

achine.

E
very

thread
ofexecution

in
the

JV
M

has
its

ow
n

stack,containing
stack

fram
es:

l
o
c
a
l
 
v
a
r
i
a
b
l
e
s

l
o
c
a
l
 
e
v
a
l
u
a
t
i
o
n
 
s
t
a
c
k

p
r
o
g
r
a
m
 
c
o
u
n
t
e
r

f
r
a
m
e
 
f
o
r
 
m
a
i
n
(
)

f
r
a
m
e
 
f
o
r
 
f
a
c
(
3
)

f
r
a
m
e
 
f
o
r
 
f
a
c
(
2
)

f
r
a
m
e
 
f
o
r
 
f
a
c
(
1
)

f
r
a
m
e
 
f
o
r
 
f
a
c
(
0
)

A
stack

fram
e

represents
one

m
ethod

thathas
been

called
buthas

notyetreturned.

T
he

stack
fram

e
contains

the
m

ethod’s
localvariables

and
param

eters,and
its

localexpression
evaluation

stack.
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Ja
va

V
irtual

M
achine

instructions

�

push
constantonto

localstack:b
i
p
u
s
h

,s
i
p
u
s
h

,i
c
o
n
s
t

,l
d
c

,a
c
o
n
s
t
_
n
u
l
l

,...

�

arithm
etic:i

a
d
d

,i
s
u
b

,i
m
u
l

,i
d
i
v

,i
r
e
m

,i
n
e
g

,i
i
n
c

,f
a
d
d

,f
s
u
b

,...

�

load
localvariable

onto
localstack:i

l
o
a
d

,a
l
o
a
d

,f
l
o
a
d

,...

�

store
localvariable

from
localstack:i

s
t
o
r
e

,a
s
t
o
r
e

,f
s
t
o
r
e

,...

�

load
array

elem
entonto

localstack:i
a
l
o
a
d

,b
a
l
o
a
d

,a
a
l
o
a
d

,f
a
l
o
a
d

,...

�

stack
m

anipulation:s
w
a
p

,p
o
p

,d
u
p

,d
u
p
_
x
1

,d
u
p
_
x
2

,...

�

load
field

onto
localstack:g

e
t
f
i
e
l
d

,g
e
t
s
t
a
t
i
c

�

m
ethod

call:i
n
v
o
k
e
s
t
a
t
i
c

,i
n
v
o
k
e
v
i
r
t
u
a
l

,i
n
v
o
k
e
s
p
e
c
i
a
l

�

m
ethod

return:r
e
t
u
r
n

,i
r
e
t
u
r
n

,a
r
e
t
u
r
n

,f
r
e
t
u
r
n

,...

�

unconditionaljum
ps:g

o
t
o

�

conditionaljum
ps

(com
pare

to
0):i

f
e
q

,i
f
n
e

,i
f
l
t

,i
f
l
e

,i
f
g
t

,i
f
g
e

�

conditionaljum
ps

(com
pare

tw
o

values):i
f
_
i
c
m
p
e
q

,i
f
_
i
c
m
p
n
e

,...

�

object-related:n
e
w

,i
n
s
t
a
n
c
e
o
f

,c
h
e
c
k
c
a
s
t

Instruction
type

prefixes:i
=
i
n
t
,
a
=
o
b
j
e
c
t
,
f
=
f
l
o
a
t
,
d
=
d
o
u
b
l
e
,

s
=
s
h
o
r
t
,
b
=
b
y
t
e
,

...
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JV
M

class
files

JV
M

code
and

m
etadata

(nam
es

and
types

offields,m
ethods,etc)

are
stored

in
class

files
*
.
c
l
a
s
s

A
class

file
contains:

�

the
nam

e
and

package
ofthe

class;the
superclass,superinterfaces,and

access
flags

(public,...);

�

the
field

declarations
and

m
ethod

declarations
ofthe

class;

�

the
constantpool

containing
field

descriptions,m
ethod

descriptions,string
constants,etc.

F
or

each
m

ethod
declaration

(and
sim

ilarly
for

field
declarations),the

class
file

describes:

�

the
nam

e
ofthe

m
ethod,the

signature
ofthe

m
ethod,and

its
access

m
odifiers

(static,public,...);

�

the
attributes,including

the
code

for
the

m
ethod,and

the
exceptions

throw
n

by
the

m
ethod.

T
he

code
for

a
m

ethod
is

stored
in

attribute
C

O
D

E
;itincludes:

�

the
m

axim
aldepth

ofthe
localstack

in
a

stack
fram

e
for

the
m

ethod;

�

the
num

ber
oflocalvariables

in
the

m
ethod;

�

the
bytecode

itself,as
a

listofJV
M

instructions;

�

the
exception

handlers,thatis,try-catch
blocks,ofthe

m
ethod

body.

E
ach

handler
describes

the
bytecode

range
covered

by
the

handler,its
entry,and

its
exception

class.
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A
Ja

va
exam

ple
file

(o
o
/
e
x
5
.
j
a
v
a

)

c
l
a
s
s

N
o
d
e
e
x
t
e
n
d
s

O
b
j
e
c
t
{

N
o
d
e
n
e
x
t
;

N
o
d
e
p
r
e
v
;

i
n
t

i
t
e
m
;

}c
l
a
s
s

L
i
n
k
e
d
L
i
s
t

e
x
t
e
n
d
s
O
b
j
e
c
t

{
N
o
d
e
f
i
r
s
t
,

l
a
s
t
;

v
o
i
d
a
d
d
L
a
s
t
(
i
n
t

i
t
e
m
)
{

N
o
d
e
n
o
d
e
=
n
e
w
N
o
d
e
(
)
;

n
o
d
e
.
i
t
e
m
=
i
t
e
m
;

i
f
(
t
h
i
s
.
l
a
s
t

=
=

n
u
l
l
)

{
t
h
i
s
.
f
i
r
s
t

=
n
o
d
e
;

t
h
i
s
.
l
a
s
t
=
n
o
d
e
;

}
e
l
s
e
{

t
h
i
s
.
l
a
s
t
.
n
e
x
t
=
n
o
d
e
;

n
o
d
e
.
p
r
e
v
=
t
h
i
s
.
l
a
s
t
;

t
h
i
s
.
l
a
s
t
=
n
o
d
e
;

}
}v
o
i
d
p
r
i
n
t
F
o
r
w
a
r
d
s
(
)

{
.
.
.

}
v
o
i
d
p
r
i
n
t
B
a
c
k
w
a
r
d
s
(
)

{
.
.
.

}
}
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JV
M

class
file

L
i
n
k
e
d
L
i
s
t
.
c
l
a
s
s

#
1
 
O
b
j
e
c
t
.
<
i
n
i
t
>
(
)

#
2
 
c
l
a
s
s
 
N
o
d
e

#
3
 
N
o
d
e
.
<
i
n
i
t
>
(
)

#
8
 
N
o
d
e
 
N
o
d
e
.
p
r
e
v

#
4
 
i
n
t
 
N
o
d
e
.
i
t
e
m

#
5
 
N
o
d
e
 
L
i
n
k
e
d
L
i
s
t
.
l
a
s
t

#
6
 
N
o
d
e
 
L
i
n
k
e
d
L
i
s
t
.
f
i
r
s
t

#
7
 
N
o
d
e
 
N
o
d
e
.
n
e
x
t

#
9
 
v
o
i
d
 
I
n
O
u
t
.
p
r
i
n
t
(
i
n
t
)

constant pool

f
i
r
s
t
 
(
#
6
)

l
a
s
t
 
(
#
5
)

fields

<
i
n
i
t
>
(
)

v
o
i
d
 
a
d
d
L
a
s
t
(
i
n
t
)

v
o
i
d
 
p
r
i
n
t
F
o
r
w
a
r
d
s
(
)

v
o
i
d
 
p
r
i
n
t
B
a
c
k
w
a
r
d
s
(
)

methods

 
 
 
0
 
n
e
w
 
#
2
 
<
C
l
a
s
s
 
N
o
d
e
>

 
 
 
3
 
d
u
p

 
 
 
4
 
i
n
v
o
k
e
s
p
e
c
i
a
l
 
#
3
 
<
M
e
t
h
o
d
 
N
o
d
e
(
)
>

 
 
 
7
 
a
s
t
o
r
e
_
2

 
 
 
8
 
a
l
o
a
d
_
2

 
 
 
9
 
i
l
o
a
d
_
1

 
 
1
0
 
p
u
t
f
i
e
l
d
 
#
4
 
<
F
i
e
l
d
 
i
n
t
 
i
t
e
m
>
 
 
 

 
 
1
3
 
.
.
.
 
 
 

L
i
n
k
e
d
L
i
s
t
 
e
x
t
e
n
d
s
 
O
b
j
e
c
t

h
e
a
d
e
rs
o
u
r
c
e
 
"
e
x
5
.
j
a
v
a
"

c
l
a
s
s
 
a
t
t
r
i
b
u
t
e
s

 
S
t
a
c
k
=
2
,
 
L
o
c
a
l
s
=
3
,
 
A
r
g
s
_
s
i
z
e
=
2

T
he

contents
ofa

Java
class

file
m

ay
be

inspected
using

j
a
v
a
p

:

j
a
v
a
p

-
c

-
v
e
r
b
o
s
e
L
i
n
k
e
d
L
i
s
t
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Ja
va

bytecode
verification

T
he

JV
M

bytecode
m

ustbe
verified

before
execution,requiring

for
instance:

�

allinstructions
m

ustw
ork

on
stack

operands
and

localvariables
ofthe

correcttype;

�

a
m

ethod
m

ustuse
no

m
ore

localvariables,and
no

m
ore

localstack
positions,than

itclaim
s

to;

�

for
every

given
pointin

the
bytecode,the

localstack
has

the
sam

e
fixed

depth
w

henever
thatpointis

reached;

�

a
m

ethod
m

ustthrow
no

m
ore

exceptions
than

itclaim
s

to;

�

the
execution

ofa
m

ethod
m

ustend
w

ith
a
r
e
t
u
r
n

ort
h
r
o
w

instruction,not‘falloffthe
end’;

�

execution
m

ustnotuse
one

halfofa
tw

o-w
ord

value
(a
l
o
n
g

ord
o
u
b
l
e

)
as

a
one-w

ord
value

(i
n
t

).
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G
enerating

JV
M

class
files

from
S

M
L:

T
he

S
M

L-JV
M

toolkit

M
anualgeneration

ofcorrectJV
M

class
files

is
very

cum
bersom

e.

T
he

S
M

L-JV
M

toolkithelps
generating

binary
JV

M
class

files
in

S
M

L.

f
u
n

j
v
m
c
o
m
p
i
l
e
2
f
i
l
e

p
r
o
g
r
a
m
(
c
l
a
s
s
n
a
m
e

:
s
t
r
i
n
g
)

=
l
e
t
o
p
e
n
C
l
a
s
s
d
e
c
l
L
o
c
a
l
v
a
r

L
a
b
e
l

B
y
t
e
c
o
d
e

.
.
.

(
*

T
h
e
m
e
t
h
o
d

p
u
b
l
i
c

s
t
a
t
i
c
v
o
i
d
m
a
i
n
(
S
t
r
i
n
g
[
]

a
r
g
s
)
{

.
.
.
}
*
)

v
a
l

m
a
i
n
:
m
e
t
h
o
d
_
d
e
c
l
=

l
e
t
v
a
l

l
o
c
a
l
s
0

=
f
r
e
s
h
L
o
c
a
l
s

v
a
l

(
l
o
c
a
l
s
1
,
a
r
g
s
)
=

n
e
x
t
V
a
r
1
l
o
c
a
l
s
0

v
a
l

(
c
o
d
e
,
l
o
c
a
l
s
2
)
=

c
P
r
o
g
r
a
m
a
r
g
s
l
o
c
a
l
s
1

p
r
o
g
r
a
m

i
n

{
f
l
a
g
s
=

[
A
C
C
p
u
b
l
i
c
,
A
C
C
s
t
a
t
i
c
]
,

n
a
m
e

=
"
m
a
i
n
"
,

m
s
i
g

=
(
[
J
v
m
t
y
p
e
.
T
a
r
r
a
y
(
J
v
m
t
y
p
e
.
T
c
l
a
s
s

s
t
r
i
n
g
C
l
a
s
s
)
]
,
N
O
N
E
)
,

a
t
t
r
s
=

[
C
O
D
E
{
a
t
t
r
s

=
[
]
,

s
t
a
c
k

=
S
t
a
c
k
d
e
p
t
h
.
m
a
x
d
e
p
t
h

c
o
d
e
[
]
,

l
o
c
a
l
s
=
L
o
c
a
l
v
a
r
.
c
o
u
n
t

l
o
c
a
l
s
2
,

c
o
d
e

=
c
o
d
e
,

h
d
l
s

=
[
]
}

]
}

e
n
d

v
a
l

m
y
C
l
a
s
s

=
{
m
d
e
c
l
s
=

[
m
a
i
n
,
.
.
.
]
,

.
.
.
}
:
c
l
a
s
s
_
d
e
c
l

i
n

.
.
.
C
l
a
s
s
f
i
l
e
.
e
m
i
t
.
.
.

m
y
C
l
a
s
s

.
.
.
e
n
d
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Last
lecture’s

backw
ards

com
piler

from
m

icro-C
to

stac
k

m
ac

hine
code

(i
m
p
/
c
o
n
t
c
o
m
p
.
s
m
l

)

f
u
n

a
d
d
C
S
T
i
C
=

c
a
s
e
(
i
,
C
)

o
f

(
0
,

E
Q

:
:

C
1
)

=
>

a
d
d
N
O
T
C
1

|
(
0
,

A
D
D

:
:

C
1
)

=
>

C
1

|
(
0
,

S
U
B

:
:

C
1
)

=
>

C
1

|
(
0
,

N
O
T

:
:

C
1
)

=
>

a
d
d
C
S
T
1
C
1

|
(
_
,

N
O
T

:
:

C
1
)

=
>

a
d
d
C
S
T
0
C
1

|
(
1
,

M
U
L

:
:

C
1
)

=
>

C
1

|
(
1
,

D
I
V

:
:

C
1
)

=
>

C
1

|
(
_
,

I
N
C
S
P
m

:
:

C
1
)

=
>

i
f
m

<
0
t
h
e
n
a
d
d
I
N
C
S
P

(
m
+
1
)
C
1

e
l
s
e
C
S
T
I
i
:
:

C
|
(
0
,

I
F
Z
E
R
O
l
a
b
:
:

C
1
)

=
>

a
d
d
G
O
T
O
l
a
b

C
1

|
(
_
,

I
F
Z
E
R
O
l
a
b
:
:

C
1
)

=
>

C
1

|
(
0
,

I
F
N
Z
R
O
l
a
b
:
:

C
1
)

=
>

C
1

|
(
_
,

I
F
N
Z
R
O
l
a
b
:
:

C
1
)

=
>

a
d
d
G
O
T
O
l
a
b

C
1

|
_

=
>

C
S
T
I
i
:
:

C

a
n
d

c
E
x
p
r
(
e

:
e
x
p
r
)

(
e
n
v
:
v
e
n
v
)

(
C

:
i
n
s
t
r

l
i
s
t
)

:
i
n
s
t
r

l
i
s
t
=

c
a
s
e
e
o
f

A
c
c
e
s
s
a
c
c

=
>

c
A
c
c
e
s
s

a
c
c

e
n
v
(
L
D
I
:
:

C
)

|
.
.
.

|
C
s
t

(
C
s
t
I
i
)

=
>

a
d
d
C
S
T

i
C

|
.
.
.
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A�

backw
ards

com
piler

from
m

icro-C
to

JV
M

bytecode
(i
m
p
/
j
v
m
c
o
m
p
.
s
m
l

)

Itcom
piles

only
a

subsetofm
icro-C

:no
pointers

(because
ofverification),only

one
function:m

a
i
n

.

In
the

com
piler,w

e
replace

our
hom

egrow
n

stack
m

achine
instructions

w
ith

JV
M

instructions.

T
he

com
piler

uses
S

M
L

representations
J
i
a
d
d

,...
ofthe

JV
M

instructions
i
a
d
d

,...:

f
u
n

a
d
d
C
s
t
i
C
=

c
a
s
e
(
i
,
C
)

o
f

(
0
,
J
i
a
d
d

:
:
C
1
)

=
>

C
1

|
(
0
,
J
i
s
u
b

:
:
C
1
)

=
>

C
1

|
(
1
,
J
i
m
u
l

:
:
C
1
)

=
>

C
1

|
(
1
,
J
i
d
i
v

:
:
C
1
)

=
>

C
1

|
(
_
,
J
p
o
p

:
:
C
1
)

=
>

C
1

|
(
0
,
J
i
f
e
q

l
a
b

:
:
C
1
)

=
>

a
d
d
G
o
t
o

l
a
b
C
1

|
(
_
,
J
i
f
e
q

l
a
b

:
:
C
1
)

=
>

C
1

|
(
0
,
J
i
f
n
e

l
a
b

:
:
C
1
)

=
>

C
1

|
(
_
,
J
i
f
n
e

l
a
b

:
:
C
1
)

=
>

a
d
d
G
o
t
o

l
a
b
C
1

|
_

=
>

i
n
t
C
o
n
s
t
i

:
:
C
;

f
u
n

c
E
x
p
r
(
e

:
e
x
p
r
)

(
e
n
v
:
v
e
n
v
)

(
C

:
i
n
s
t
r
s
)

:
i
n
s
t
r
s

=
c
a
s
e
e
o
f

A
c
c
e
s
s
(
A
c
c
V
a
r

x
)
=
>

J
i
l
o
a
d

(
c
A
c
c
e
s
s
x
e
n
v
)
:
:

C
|
.
.
.

|
C
s
t
(
C
s
t
I

i
)

=
>

a
d
d
C
s
t

i
C

|
.
.
.
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C
om

piling

�

integ
er

com
parisons

in
the

JV
M

In
the

JV
M

,integer
com

parisons
(<

,<
=

,=
=

,!
=

,>
=

,>
)

can
be

m
ade

only
in

conditionaljum
ps.

T
here

are
one-argum

entcom
parisons

(com
pare

to
zero)

and
tw

o-argum
entcom

parisons
(com

pare
tw

o
num

bers).

T
here

are
com

parisons
for

less,equal,greater,and
their

negations.

A
llin

allthere
are

�
�

�
�

�
�

�
�

differentcom
parisons:i

f
_
i
c
m
p
e
q

,i
f
e
q

,i
f
_
i
c
m
p
n
e

,i
f
n
e

...

T
his

com
plicates

the
code

generation
for

an
integer

com
parison:

�

ifused
in

an
i
f

-
orw

h
i
l
e

-condition,generate
a

conditionaljum
p;

�

ifused
in

a
com

posite
logicalexpression

(&
&

or|
|

),som
etim

es
generate

a
conditionaljum

p,som
etim

es
not;

�

ifassigned
to

a
variable,a

0
(false)

or
1

(true)
m

ustbe
generated

on
the

stack;

�

ifone
operand

ofa
com

parison
is

0,use
a

one-argum
entcom

parison,otherw
ise

a
tw

o-argum
entcom

parison;

�

the
usualoptim

izations
should

apply
ifthe

com
parison

is
follow

ed
by

a
negation,or

jum
p,or

...

H
andling

allthese
specialcases

requires
a

system
atic

approach.
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C
alling

the
com

parison
com

piler
m
k
n
u
m
t
e
s
t

from
the

expression
com

piler

f
u
n

c
E
x
p
r
e

(
e
n
v
:
v
e
n
v
)

(
C
:

j
v
m
_
i
n
s
t
r
l
i
s
t
)

:
j
v
m
_
i
n
s
t
r
l
i
s
t
=

c
a
s
e
e
o
f

.
.
.

|
P
r
i
m
2
(
o
p
e
,

e
1
,
e
2
)

=
>

(
c
a
s
e
o
p
e

o
f

"
=
=
"
=
>

m
k
n
u
m
t
e
s
t
e
n
v
e
1

e
2

E
Q
U
A
L

t
r
u
e

C
|

"
!
=
"
=
>

m
k
n
u
m
t
e
s
t
e
n
v
e
1

e
2

E
Q
U
A
L

f
a
l
s
e

C
|

"
<
"

=
>

m
k
n
u
m
t
e
s
t
e
n
v
e
1

e
2

L
E
S
S

t
r
u
e

C
|

"
>
=
"
=
>

m
k
n
u
m
t
e
s
t
e
n
v
e
1

e
2

L
E
S
S

f
a
l
s
e

C
|

"
>
"

=
>

m
k
n
u
m
t
e
s
t
e
n
v
e
1

e
2

G
R
E
A
T
E
R

t
r
u
e

C
|

"
<
=
"
=
>

m
k
n
u
m
t
e
s
t
e
n
v
e
1

e
2

G
R
E
A
T
E
R

f
a
l
s
e

C
|

_
=
>
(
c
E
x
p
r
e
1

e
n
v

(
c
E
x
p
r
e
2

e
n
v

(
c
a
s
e

o
p
e

o
f

"
*
"

=
>

J
i
m
u
l

:
:

C
|
"
+
"

=
>

J
i
a
d
d

:
:

C
|
"
-
"

=
>

J
i
s
u
b

:
:

C
|
"
/
"

=
>

J
i
d
i
v

:
:

C
|
"
%
"

=
>

J
i
r
e
m

:
:

C
|
_

=
>

r
a
i
s
e
F
a
i
l

"
u
n
k
n
o
w
n
p
r
i
m
i
t
i
v
e
2
"
)
)
)
)
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T
he

ultim
ate

com
parison

com
piler

f
u
n

m
k
n
u
m
t
e
s
t
e
n
v
e
1

e
2

c
m
p
s
i
g
n

C
=

l
e
t
v
a
l

i
1
t
e
s
t
=
(
(
J
i
f
l
t
,

J
i
f
g
e
)
,

(
*

C
o
m
p
a
r
e
o
n
e

o
p
e
r
a
n
d

t
o

z
e
r
o
*
)

(
J
i
f
e
q
,

J
i
f
n
e
)
,

(
J
i
f
g
t
,

J
i
f
l
e
)
)

v
a
l

i
2
t
e
s
t
=
(
(
J
i
f
_
i
c
m
p
l
t
,

J
i
f
_
i
c
m
p
g
e
)
,

(
*

C
o
m
p
a
r
e

t
w
o
o
p
e
r
a
n
d
s

*
)

(
J
i
f
_
i
c
m
p
e
q
,

J
i
f
_
i
c
m
p
n
e
)
,

(
J
i
f
_
i
c
m
p
g
t
,

J
i
f
_
i
c
m
p
l
e
)
)

f
u
n

r
e
v
L
E
S
S
=
G
R
E
A
T
E
R

|
.
.
.

(
*

R
e
v
e
r
s
e

c
o
m
p
a
r
i
s
o
n

*
)

f
u
n

s
e
l
e
c
t
(
(
l
t
,

g
e
)
,
(
e
q
,
n
e
)
,
(
g
t
,
l
e
)
)
o
r
d
r
b
=

c
a
s
e
o
r
d
r
o
f

L
E
S
S

=
>

i
f

b
t
h
e
n
l
t

e
l
s
e
g
e

|
E
Q
U
A
L

=
>

i
f

b
t
h
e
n
e
q

e
l
s
e
n
e

|
G
R
E
A
T
E
R

=
>

i
f

b
t
h
e
n
g
t

e
l
s
e
l
e

f
u
n

g
e
n
T
e
s
t

b
l
b
l
C
2

=
(
*

O
p
t
i
m
i
z
e

i
f
o
n
e

o
p
e
r
a
n
d

i
s

z
e
r
o
*
)

c
a
s
e
(
e
1
,
e
2
)
o
f

(
_
,

C
s
t
(
C
s
t
I

0
)
)
=
>

c
E
x
p
r
e
1

e
n
v

(
s
e
l
e
c
t
i
1
t
e
s
t

c
m
p
b
l
b
l

:
:

C
2
)

|
(
C
s
t
(
C
s
t
I

0
)
,
_
)

=
>

c
E
x
p
r
e
2

e
n
v

(
s
e
l
e
c
t
i
1
t
e
s
t

(
r
e
v
c
m
p
)
b
l
b
l

:
:
C
2
)

|
_

=
>

c
E
x
p
r
e
1

e
n
v

(
c
E
x
p
r
e
2

e
n
v

(
s
e
l
e
c
t

i
2
t
e
s
t
c
m
p

b
l
b
l

:
:
C
2
)
)

i
n

c
a
s
e
C
o
f

(
*

H
o
w
i
s

t
h
e

c
o
m
p
a
r
i
s
o
n
r
e
s
u
l
t

u
s
e
d
*
)

J
i
f
n
e
l
b
l

:
:

C
1
=
>

g
e
n
T
e
s
t

s
i
g
n

l
b
l
C
1

|
J
i
f
e
q
l
b
l

:
:

C
1
=
>

g
e
n
T
e
s
t

(
n
o
t
s
i
g
n
)

l
b
l
C
1

|
_
=
>

.
.
.
p
u
s
h
0
o
r

1
o
n
t
o
s
t
a
c
k
d
e
p
e
n
d
i
n
g
o
n

c
o
m
p
a
r
i
s
o
n

.
.
.

e
n
d
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T
he

quality
of

the
g

enerated
code:

exam
ple

i
m
p
/
e
x
1
3
.
c

v
o
i
d
m
a
i
n
(
i
n
t

n
)

{
i
n
t

y
;

y
=
1
8
8
9
;

w
h
i
l
e

(
y

<
n
)

{
y
=
y
+
1
;

i
f
(
y

%
4

=
=

0
&
&

y
%
1
0
0

!
=
0

|
|
y

%
4
0
0
=
=

0
)

p
r
i
n
t
y
;

}
}

T
he

code
generated

by
ourj

v
m
c
o
m
p

is
the

sam
e

as
thatgenerated

by
j
a
v
a
c

from
i
m
p
/
e
x
1
3
.
j
a
v
a

!

S
peed

of
the

g
enerated

JV
M

code

Loop
executing

20
m

illion
tim

es
(file

i
m
p
/
e
x
8
.
c

)
and

	

queens
problem

(file
i
m
p
/
e
x
1
1
.
c

):

Targ
et

20
m

ill
loop

12
queens

Interpreting
stack

m
achine

code
8.90

29.90

E
xecuting

JV
M

code
0.47

1.91

W
hy

is
itso

m
uch

slow
er

to
execute

M
a
c
h
i
n
e

interpreting
e
x
1
1
.
o
u
t

,than
to

execute
E
x
1
1

?
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Interpretive
overhead

T
he
M
a
c
h
i
n
e
.
j
a
v
a

stack
m

achine
interpreter

spends
m

ostofthe
tim

e
figuring

outw
hatto

do:

f
o
r

(
;
;
)
{

i
f

(
t
r
a
c
e
)

p
r
i
n
t
s
p
p
c
(
s
,
b
p
,
s
p
,
p
,

p
c
)
;

s
w
i
t
c
h

(
p
[
p
c
+
+
]
)
{

c
a
s
e
C
S
T
:

s
[
s
p
+
1
]
=

p
[
p
c
+
+
]
;
s
p
+
+
;

b
r
e
a
k
;

c
a
s
e
A
D
D
:

s
[
s
p
-
1
]
=

s
[
s
p
-
1
]

+
s
[
s
p
]
;
s
p
-
-
;

b
r
e
a
k
;

c
a
s
e
S
U
B
:

s
[
s
p
-
1
]
=

s
[
s
p
-
1
]

-
s
[
s
p
]
;
s
p
-
-
;

b
r
e
a
k
;

c
a
s
e
M
U
L
:

s
[
s
p
-
1
]
=

s
[
s
p
-
1
]

*
s
[
s
p
]
;
s
p
-
-
;

b
r
e
a
k
;

c
a
s
e
D
I
V
:

s
[
s
p
-
1
]
=

s
[
s
p
-
1
]

/
s
[
s
p
]
;
s
p
-
-
;

b
r
e
a
k
;

c
a
s
e
M
O
D
:

s
[
s
p
-
1
]
=

s
[
s
p
-
1
]

%
s
[
s
p
]
;
s
p
-
-
;

b
r
e
a
k
;

c
a
s
e
E
Q
:

s
[
s
p
-
1
]
=

(
s
[
s
p
-
1
]
=
=

s
[
s
p
]

?
1
:
0
)
;

s
p
-
-
;

b
r
e
a
k
;

c
a
s
e
L
T
:

s
[
s
p
-
1
]
=

(
s
[
s
p
-
1
]
<
s
[
s
p
]

?
1

:
0
)
;
s
p
-
-
;

b
r
e
a
k
;

.
.
.

}
}
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T
he

�

stac
k,

the
heap,

and
garba

g
e

collection

S
tack

allocation
is

efficient:
allocate

=
increm

entstack
pointer;deallocate

=
decrem

entstack
pointer.

B
uta

stack
w

orks
only

iflifetim
es

are
(1)

predictable,and
(2)

nested
last-in-first-out.

S
om

e
values

(arrays,objects,strings,closures,...)
m

ay
have

unpredictable
lifetim

e.

T
he

JV
M

allocates
allobjects,strings,and

arrays
in

a
heap.

A
heap

is
a

collection
ofvalues

w
ith

addresses.
N

o
relation

to
algorithm

ics
(priority

queues).

T
he

running
program

can
allocate

values
in

the
heap

butcannotexplicitdeallocate
them

.

D
eallocation

is
done

autom
atically

by
a

garbage
collector.

T
he

garbage
collector

recycles
allm

em
ory

thatis
notreachable

from
the

rootset:
stack

fram
es

and
registers.

T
he

running
program

is
som

etim
es

called
the

m
utator,in

contrastto
the

collector.

G
arbage

collection
has

been
used

since
1960

for
functional,object-oriented,and

scripting
languages.

Java
broughtgarbage

collection
into

m
ainstream

program
m

ing.

P
ascal,C

,C
+

+
are

notdesigned
to

w
ork

w
ith

a
garbage

collector,butcan
be

used
w

ith
conservative

collectors.
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JV
M

runtim
e

state:
fram

e
stac

k
and

heap
(o
o
/
e
x
5
.
j
a
v
a

)

v
o
i
d
m
(
)

{
L
i
n
k
e
d
L
i
s
t

l
s
t

=
n
e
w
L
i
n
k
e
d
L
i
s
t
(
)
;

l
s
t
.
a
d
d
L
a
s
t
(
5
)
;

l
s
t
.
a
d
d
L
a
s
t
(
7
)
;

N
o
d
e
n
o
d
e
=

l
s
t
.
f
i
r
s
t
;

}

S
T
A
C
K

H
E
A
P

N
o
d
e

n
e
x
t

p
r
e
v

i
t
e
m

N
o
d
e

n
e
x
t

p
r
e
v

i
t
e
m

L
i
n
k
e
d
L
i
s
t

f
i
r
s
t

l
a
s
t

57

l
s
t

n
o
d
e

mo
l
d

s
t
a
c
k

f
r
a
m
e
s
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A
nother

stac
k

m
ac

hine:
M

icrosoft
C

om
m

on
Langua

g
e

R
untim

e
(C

LR
)

C
om

m
on

Language
R

untim
e

(C
LR

)
is

partofM
icrosoft.N

et;version
1.0

January
2002;version

1.1
A

pril2003.

G
oals

ofthe
C

LR
:

�

provide
a

safe
(m

anaged)
execution

environm
entw

ith
verification

and
garbage

collection
(like

the
JV

M
);

�

supporta
range

oflanguages:
C

#,V
isualB

asic,JS
cript,S

tandard
M

L,E
iffel#,...(unlike

the
JV

M
);

�

supportintegration
oflanguages:

a
C

#
class

m
ay

extend
a

V
isualB

asic
class,etc;

�

supportcall-by-reference
param

eter
passing

in
addition

to
call-by-value;

�

supportvalue
types:

structs
allocated

in
the

stack
(w

hereas
objects

are
allocated

in
the

heap);

�

allow
unm

anaged,unverified
execution

to
supportC

and
C

+
+

pointer
arithm

etics
etc

(unlike
the

JV
M

).
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G
etting

and
using

C
#/C

om
m

on
Langua

g
e

R
untim

e

T
he

.N
E

T
Fram

ew
ork

S
D

K
im

plem
entation

ofC
LR

can
be

dow
nloaded

from
m
s
d
n
.
m
i
c
r
o
s
o
f
t
.
c
o
m
/
n
e
t
/

Itis
free

butrequires
M

S
W

indow
s

N
T

/2000/X
P.

A
‘shared

source’version
ofC

LR
for

FreeB
S

D
(U

nix)
and

M
S

W
indow

s
is

available
from

M
icrosoft.

A
n

open
source

im
plem

entation
ofC

LR
and

C
#

is
available

from
the

M
ono

project(w
w
w
.
g
o
-
m
o
n
o
.
c
o
m

).

To
com

pile
and

run
C

#
program

e
x
1
3
.
c
s

:

c
s
c

e
x
1
3
.
c
s

e
x
1
3
2
0
5
0

T
he

C
LR

code
ofa

program
is

bundled
in

an
assem

bly
(a

so-called
.
e
x
e

file),notin
several.

c
l
a
s
s

files.

To
disassem

ble
the

C
LR

code
in

file
e
x
1
3
.
e
x
e

:

i
l
d
a
s
m
/
t
e
x
t

e
x
1
3
.
e
x
e

Letus
com

pare
the

JV
M

code
for

file
i
m
p
/
e
x
1
3
.
j
a
v
a

to
the

C
IL

code
fori

m
p
/
e
x
1
3
.
c
s

.
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0
a
l
o
a
d
_
0

|
I
L
_
0
0
0
0
:

l
d
a
r
g
.
0

|
a
r
g
s

1
i
c
o
n
s
t
_
0

|
I
L
_
0
0
0
1
:

l
d
c
.
i
4
.
0

|
2
a
a
l
o
a
d

|
I
L
_
0
0
0
2
:

l
d
e
l
e
m
.
r
e
f

|
a
r
g
s
[
0
]

3
i
n
v
o
k
e
s
t
a
t
i
c

#
2

(
.
.
.
)

|
I
L
_
0
0
0
3
:

c
a
l
l

(
.
.
.
)

|
p
a
r
s
e

i
n
t

6
i
s
t
o
r
e
_
1

|
I
L
_
0
0
0
8
:

s
t
l
o
c
.
0

|
n
=

.
.
.

7
s
i
p
u
s
h

1
8
8
9

|
I
L
_
0
0
0
9
:

l
d
c
.
i
4

0
x
7
6
1

|
1
0
i
s
t
o
r
e
_
2

|
I
L
_
0
0
0
e
:

s
t
l
o
c
.
1

|
y
=

1
8
8
9
;

1
1
g
o
t
o

4
3
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.
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r
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=
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l
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.
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r
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p
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i
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.
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p
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|
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l
d
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.
i
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#
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.
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|
I
L
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0
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3
5
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l
l
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.
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|
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i
n
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5
3
r
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t
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r
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I
L
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|
r
e
t
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r
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Just-in-tim
e

com
pilation

T
he

virtualm
achines

(S
un

H
otS

potJV
M

and
the

C
LR

)
do

notexecute
the

bytecode
one

instruction
ata

tim
e.

T
hey

com
pile

the
bytecode

to
m

achine
code

(after
loading

and
verification):

S
ource program

C
om

piler
M

achine code
O

utput

Input

B
ytecode

com
[piler

R
eal hardw

are
Just−

in−
tim

e

T
his

is
called

just-in-tim
e

com
pilation;itm

ay
even

w
aituntilthe

second
tim

e
a

loop
is

executed.

O
ne

can
inspectthe

x86
m

achine
code

generated
by

the
C

LR
just-in-tim

e
com

piler:

i
l
d
a
s
m
/
o
u
t
:
e
x
1
3
.
i
l

e
x
1
3
.
e
x
e

i
l
a
s
m

/
d
e
b
u
g
e
x
1
3

T
hen

use
the

C
LR

debuggerd
b
g
c
l
r

to
look

atthe
C

LR
code

and
its

translation
into

x86
code.
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G
arba

g
e

collection
tec

hniques

M
ark-s

w
eep

garba
g

e
collection

and
the

freelist

T
he

heap
consists

ofused
and

free
blocks.

T
he

free
blocks

are
linked

together
in

a
freelist.

A
llocation:

search
for

a
large

enough
free

block
on

the
freelist.

G
arba

g
e

collection
is

done
in

tw
o

phases:

�

M
ark

phase:
find

and
m

ark
allvalues

thatare
reachable

from
the

rootset.

�

S
w

eep
phase:

putunm
arked

values
on

the
freelist.

A
dvantages:

sim
ple

to
im

plem
ent;values

do
notm

ove.

D
isadvantages:

heap
m

ay
becom

e
fragm

ented;searching
for

a
large

enough
free

block
m

ay
be

slow
.
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M
ark-s

w
eep

garba
g

e
collection
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[
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A
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ark phase

f
r

A
fter sw

eep phase

f
r

A
fter som

e m
ore allocation

f
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Tw
o-space

stop-and-cop
y

garba
g

e
collection

T
he

heap
is

divided
into

tw
o

equally
large

spaces:
from

-space
and

to-space.

A
llocation:

allocate
in

the
free

partoffrom
-space.

G
arba

g
e

collection:

A
llvalues

reachable
from

the
rootsetare

m
oved

from
from

-space
to

to-space.

T
hen

the
roles

offrom
-space

and
to-space

are
sw

apped.

A
dvantages:

copying
w

illcom
pactthe

live
values;no

fragm
entation;fastifthere

is
m

uch
m

em
ory

available.

D
isadvantages:

can
use

atm
osthalfthe

available
m

em
ory;values

are
m

oved;very
slow

ifthere
is

little
m

em
ory.
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Tw
o-space

stop-and-cop
y

garba
g

e
collection
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A
fter som

e m
ore allocation

A
fter sw

apping from
/to

A
fter copying garbage collection

f
r
o
m

f
r
o
m

f
r
o
m

f
r
o
m

t
o

t
o

t
o

t
o
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G
enerational

garba
g

e
collection

O
bservation:

M
ostvalues

die
young;old

values
m

ostlikely
w

illlive
for

yetsom
e

tim
e.

Itis
w

astefulto
m

ove
allthe

old
values,justto

reclaim
the

space
leftby

young
values.

S
olution:

D
ivide

the
heap

into
severalgenerations.

A
llocate

in
generation

1,the
youngestone.

G
arbage

collection
in

generation

	

m
oves

live
values

to
generation

	
�

� .

C
onsequences:

�

O
nly

a
few

values
survive

and
need

to
be

m
oved

in
every

‘m
inor’garbage

collection.

�

O
lder

generations
need

notbe
collected

very
often.

A
com

plication:
assignm

entto
a

field
m

ay
create

a
reference

from
an

old
generation

into
a

younger
one.

S
uch

references
m

ustbe
taken

into
accountw

hen
collecting

the
younger

generation.
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T
he

garba
g

e
collector

in
M

osco
w

M
L

T
he

garbage
collector

w
as

w
ritten

for
C

am
lLightby

D
am

ien
D

oligez,IN
R

IA
,France.

T
he

heap
has

tw
o

generations.

T
he

garbage
collector

copies
from

generation
1

and
does

increm
entalm

ark-sw
eep

collection
in

generation
2.

G
arbage

collection
in

generation
1

(a
m

inor
collection)

m
oves

live
values

to
generation

2.

G
arbage

collection
in

generation
2

is
done

by
increm

ental
m

ark-sw
eep.

T
he

m
ark

phase
and

the
sw

eep
phase

are
divided

into
slices.

F
or

every
m

inor
collection,a

slice
ofthe

m
ark

phase
or

a
slice

ofthe
sw

eep
phase

is
done

in
generation

2.

T
he

division
into

slices
reduces

garbage
collection

pauses
and

im
proves

real-tim
e

response.

A
som

ew
hatcom

plicated
storage

invariantis
m

aintained
by

the
garbage

collector.
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T
he

garba
g

e
collector

in
S

un
H

otspot
since

JD
K

1.3.1

T
he

JV
M

heap
has

three
generations.

A
m

inor
collection

copies
from

generation
1

to
generation

2.

G
eneration

2
consists

oftw
o

sem
i-spaces

w
ith

stop-and-copy
garbage

collection.

V
alues

are
m

oved
to

generation
3

w
hen

they
are

old
enough.

G
eneration

3
uses

(non-increm
ental)

m
ark-sw

eep
w

ith
com

paction.

G
eneration

3
collections

can
be

m
ade

increm
entalby

passing
the

option
-
X
i
n
c
g
c

to
j
a
v
a

.

T
he

behaviour
ofthe

JV
M

’s
garbage

collector
can

be
studied

using
option

j
a
v
a
-
v
e
r
b
o
s
e
:
g
c
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