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Lecture
7,W

ednesda
y

20
M

arch
2002

�

M
icro-C

arrays
versus

C
arrays,and

a
correction

�

Im
perative

program
m

ing
in

S
M

L:re
f

values

�

A
n

abstractm
achine

w
ith

program
counter,evaluation

stack,and
a

uniform
store

�

C
om

pilation
ofm

icro-C
for

the
abstractm

achine

�

C
ritique

ofthe
generated

code

IT-C
P

rogram
m

ing
Languages,F

2002
P

age
7-1

A
rra

ys:
m

icro-C
differs

from
real

C

W
e

representan
array

as
a

variable
w

hich
holds

the
address

ofthe
firstarray

elem
ent.

T
his

w
as

how
B

(the
predecessor

ofC
)

represented
array

variables.

T
his

is
consistentw

ith
C

’s
array-type

param
eters,butnotw

ith
C

’s
array-type

variables.

T
he

store
picture

atthe
end

ofexam
ple

im
p

/e
x2

.c
is:

0
1

2
3

4
5

6
7

8
9

1
0

1
1

1
2

1
3

1
4

1
5

1
6

1
7

1
8

1
9

2
0

2
1

2
2

2
1

2
1

4
−

1
1

1
4

2
2

−
1

−
1

2
−

1

2
3

2
4

2
5

1
4

1
2

−
1

−
1

−
1

−
1

−
1

−
1

−
1

−
1

−
1

−
1

−
1

−
1

ia
p

ip
a

ia
2

ia
i

p

ia
[0

] to
 ia

[9
]

ip
a

[0
] to

 ip
a

[9
]

−
1
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Im
perative

program
m

ing
in

S
M

L

S
tandard

M
L

is
a

m
ostly

functionallanguage,notpurely
functional.

A
value

oftype
t

re
f

is
an

updatable
reference

to
a

value
oftype

t
.

Itis
very

sim
ilar

to
t*

,or
pointer

to
t

,in
C

.

B
utS

M
L

references
are

safe
(no

G
eneralP

rotection
Faults

or
N

ullP
ointerE

xceptions):

�

A
n

S
M

L
reference

m
ustpointto

a
value,itcannotbe

n
u

ll
.

�

T
here

is
no

pointer
arithm

etics.

O
perations

on
S

M
L

references

S
M

L
operation

M
eaning

C
analogue

va
l

r
=

re
f

v
C

reate
reference,initialized

to
v

!r
D

ereference;getvalue
*r

r
:=

u
U

pdate
reference

*r
=

u
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E
xam

ple
use

of
references:

g
enerate

ne
w

labels

S
om

e
operations

are
very

cum
bersom

e
w

ithoutim
perative

features.

va
l

n
e

xtla
b

=
re

f
˜1

;
fu

n
n

e
w

L
a

b
e

l
()

=
(n

e
xtla

b
:=

1
+

!n
e

xtla
b

;
"L

"
ˆ

In
t.to

S
trin

g
(!n

e
xtla

b
));

-
n

e
w

L
a

b
e

l
();

>
va

l
it

=
"L

0
"

:
strin

g
-

n
e

w
L

a
b

e
l

();
>

va
l

it
=

"L
1

"
:

strin
g

-
n

e
w

L
a

b
e

l
();

>
va

l
it

=
"L

2
"

:
strin

g

E
very

callto
n

e
w

L
a

b
e

l
returns

a
new

label,because
n

e
xtla

b
gets

updated.

U
sing

lo
ca

l-in
-e

n
d

to
encapsulate

state

lo
ca

l
va

l
n

e
xtla

b
=

re
f

0
in

fu
n

re
se

tL
a

b
e

ls
()

=
n

e
xtla

b
:=

0

fu
n

n
e

w
L

a
b

e
l

()
=

(n
e

xtla
b

:=
1

+
!n

e
xtla

b
;

"L
"

ˆ
In

t.to
S

trin
g

(!n
e

xtla
b

))
e

n
d

;

N
ow

n
e

xtla
b

can
only

be
operated

on
via

re
se

tL
a

b
e

ls
and

n
e

w
L

a
b

e
l

(sim
ilar

to
a

private
static

field).
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A
n

abstract
stac

k
m

ac
hine

M
achine

state:
program

,
stac

k,
register

s

b
p

sp p p
c

s

T
he

state
com

ponents

N
am

e
D

escription
U

se

p
c

P
rogram

counter
P

oints
to

nextinstruction
in

p
[]

p
[]

P
rogram

store
A

rray
ofinstructions

sp
S

tack
pointer

P
oints

to
currentstack

top
in

s[]
b

p
B

ase
pointer

P
oints

to
base

ofcurrentstack
fram

e
in

s[]
s[]

D
ata

store,as
a

stack
A

rray
ofintegers

and
addresses
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S
tack

m
ac

hine
instructions,

part
1

Instruction
S

tac
k

before
S

tac
k

after
E

ffect

C
S

T�

�
�
� �
�

P
ush

constant�

A
D

D

�� �
�� �
�

�
� �� �

��	 �
�

A
dd

S
U

B

�� �
�� �
�

�
� �� 


��	 �
�

S
ubtract

M
U

L

�� �
�� �
�

�
� �� �

��	 �
�

M
ultiply

D
IV

�� �
�� �
�

�
� ��� ��	 �

�

D
ivide

M
O

D

�� �
�� �
�

�
� �� 


��	 �
�

M
odulo

E
Q

�� �
�� �
�

�
� �� �

��	 �
�

E
quality

test(0
or

1)

LT

�� �
�� �
�

�
� �� �

��	 �
�

Less-than
test(0

or
1)

N
O

T

� �
�

�
�� �
�

Logicalnegation
(0

or
1)

D
U

P

� �
�

�
� �
� �
�

D
uplicate

S
W

A
P

�� �
�� �
�

�
�� �
�� �
�

S
w

ap

LD
I

� �
�

�
�� �� �
�

Load
indirect

S
T

I

� �
� �
�

�
� �
�

S
tore

indirect;set�� �� � �
�

G
E

T
B

P

�
�
�� �
�

Load
base

pointer��

G
E

T
S

P

�
�
�� �
�

Load
stack

pointer��

IN
C

S
P�

�
�

�� �
����
�� �
�

Increm
ent��

w
hen�

� �

;�� �
����
��

arbitrary

IN
C

S
P�

� �
� �

����
�� �
�

�
�

D
ecrem

ent��

w
hen�� �
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S
tack

m
ac

hine
instructions,

part
2

Instruction
S

tac
k

before
S

tac
k

after
E

ffect

G
O

TO�

�
�
�

Jum
p

to�

IF
Z

E
R

O�

� �
�

�
�

Jum
p

to�

if� ��

IF
N

Z
R

O�

� �
�

�
�

Jum
p

to�

if�� ��

C
A

LL�
�

�� �
����

�� �
�

�
�� �
����

�� �
�� �
� �
�

C
allfunction

at�

T
C

A
LL��

�
�� �
����
�� �
 ! �
����
 � �
� �
� �
�

�
�� �
����
�� �
� �
� �
�

Tail-callfunction
at�

R
E

T�

� �
�� �
����

�� �
� �
� �
�

�
� �
�

R
eturn:�� � �

� ;� " � �
�

P
R

IN
T

I

� �
�

�
� �
�

P
rint�

as
decim

alinteger

P
R

IN
T

C

� �
�

�
� �
�

P
rintcharacter�

S
TO

P

�
�

_
H

altthe
m

achine

S
om

e
restrictions

built-in
to

this
m

achine:

�

Inputcan
com

e
only

from
the

com
m

and
line;outputgoes

to
standard

output.

�

N
o

supportfor
indirectjum

ps
and

indirectcalls;hence
no

function
pointers.
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S
tack

m
ac

hine
im

plem
entation

(file
im

p
/M

a
ch

in
e

.ja
va

)

�

T
he

program
p

is
an

array
ofintegers;p

c
is

an
index

into
thatarray.

�

T
he

store
s

is
an

array
ofintegers;sp

and
b

p
are

indexes
into

thatarray.

�

T
he

instruction
interpreter

is
an

infinite
loop

w
ith

a
sw

itch
on

the
nextinstruction.

E
xtract:

fo
r

(;;)
{

sw
itch

(p
[p

c+
+

])
{

ca
se

C
S

T
:

s[sp
+

1
]

=
p

[p
c+

+
];

sp
+

+
;

b
re

a
k;

ca
se

A
D

D
:

s[sp
-1

]
=

s[sp
-1

]
+

s[sp
];

sp
--;

b
re

a
k;

ca
se

N
O

T
:

s[sp
]

=
(s[sp

]
=

=
0

?
1

:
0

);
b

re
a

k;
ca

se
D

U
P

:
s[sp

+
1

]
=

s[sp
];

sp
+

+
;

b
re

a
k;

ca
se

S
W

A
P

:
{

in
t

tm
p

=
s[sp

];
s[sp

]
=

s[sp
-1

];
s[sp

-1
]

=
tm

p
;

}
b

re
a

k;
ca

se
L

D
I:

//
lo

a
d

in
d

ire
ct

s[sp
]

=
s[s[sp

]];
b

re
a

k;
ca

se
S

T
I:

//
sto

re
in

d
ire

ct,
ke

e
p

va
lu

e
o

n
to

p
s[s[sp

-1
]]

=
s[sp

];
s[sp

-1
]

=
s[sp

];
sp

--;
b

re
a

k;
ca

se
G

E
T

S
P

:
s[sp

+
1

]
=

sp
;

sp
+

+
;

b
re

a
k;

ca
se

G
O

T
O

:
p

c
=

p
[p

c];
b

re
a

k;
ca

se
IF

Z
E

R
O

:
p

c
=

(s[sp
--]

=
=

0
?

p
[p

c]
:

p
c+

1
);

b
re

a
k;

...
}

}
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Local
variab

le
ad

dressing
via

the
base

pointer
b

p

In
the

interpreter
(im

p
/c.sm

l
)

the
run-tim

e
environm

entw
ould

m
ap

a
variable

to
its

address
in

the
store.

T
his

is
im

possible
in

the
com

piler,because
a

function
m

ay
be

called
from

other
functions,and

from
itself.

Instead
the

com
pile-tim

e
environm

entm
aps

a
variable

to
its

offsetfrom
the

bottom
ofthe

currentstack
fram

e.

T
his

offsetcan
be

com
puted

atcom
pile-tim

e.

A
trun-tim

e,the
variable’s

address
is

the
base

pointerb
p

plus
the

variable’s
offset.

T
he

address
ofa

variable
atoffset3

can
be

com
puted

like
this:

G
E

T
B

P
;

C
S

T
I

3
;

A
D

D

In
principle,one

could
address

variables
from

the
top

ofthe
currentstack

fram
e

(using
sp

)
instead.

T
his

requires
the

com
piler

to
keep

track
ofthe

stack
fram

e
depth

atany
tim

e.

Itis
possible,butlooks

a
little

com
plicated

and
is

error-prone.
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M
achine

code
file

layout

A
m

achine
code

file
has

four
com

ponents:

�

T
he

address#$%
&$

ofthe
program

entry
code

�

Initialization
code

to
allocate

globalvariables;m
ustend

w
ith

S
TO

P.

�

A
taddress#$%

&$

:
code

to
callthe

m
a

in
function;usually

follow
ed

by
S

TO
P.

�

C
ode

for
each

function
in

the
program

(including
the

m
a

in
function).

E
xam

ple
(file

im
p

/e
x1

4
.c

):

p

0
1

2
3

4
5

6
7

8
9

1
0

1
1

1
2

1
3

4
0

C
S

T
S

T
O

P
C

A
L

L
1

8
S

T
O

P
G

E
T

B
P

0
C

S
T

A
D

D
L

D
I

a
llo

ca
te

g
lo

b
a

ls

ca
ll m

a
in

(n
)

co
d

e
 fo

r m
a

in
(n

)
sta

rt
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M
achine

code
program

to
print

1,2,...

2
;

S
T

O
P

;
P

R
IN

T
I;

1
;

A
D

D
;

G
O

T
O

2

In
raw

m
achine

code
thatis

(file
im

p
/p

ro
g

0
):

2
2

4
2

2
0

1
1

1
6

2

To
run

it,execute

ja
va

M
a

ch
in

e
p

ro
g

0
1

1
7

To
run

itw
ith

tracing,execute

ja
va

M
a

ch
in

e
tra

ce
p

ro
g

0
1

1
7

M
achine

code
program

to
loop

20
m

illion
tim

es

2
;

S
T

O
P

;
2

0
0

0
0

0
0

0
;

G
O

T
O

9
;

1
;

S
U

B
;

D
U

P
;

IF
N

Z
R

O
6

;
S

T
O

P

In
raw

m
achine

code
(file

im
p

/p
ro

g
1

):

2
2

4
0

2
0

0
0

0
0

0
0

1
6

9
0

1
2

9
1

8
6

2
4
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M
icr

'

o-C
store

layout
con

vention:
global

variab
les

and
fram

e
stac

k

T
he

program
’s

globalvariables
are

atthe
low

er
addresses

ofthe
store.

O
n

top
ofthe

globals
variables,there

is
a

stack
ofactivation

records
or

stack
fram

es.

A
stack

fram
e

or
activation

record
corresponds

to
an

active
function

call.

Itcontains
the

function’s
param

eters
and

localvariables,and
tem

porary
values

ofexpressions
being

com
puted.

te
m

p
s

re
t

o
ldb
p

lo
ca

l va
rs

te
m

p
s

re
t

o
ldb
p

lo
ca

l va
rs

g
lo

b
a

l va
rs

a
d

d
r

a
d

d
r

sta
ck fra

m
e

 1
sta

ck fra
m

e
 2

N
ested

b
loc

ks,
tem

poraries
on

the
stac

k,
and

function
calls

in
expressions

In
m

icro-C
,allcode

is
w

ithin
a

function.
S

o
code

executes
in

som
e

function
call’s

stack
fram

e.

A
n

inner
block

{
...

}
justallocates

m
ore

variables
on

the
function’s

stack
fram

e.

A
function

callin
an

expression
1

1
7

+
g

(4
)

w
illputg

’s
stack

fram
e

on
top

ofthe
tem

porary
value

117.
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C
om

piling
m

icro-C
expressions

to
stac

k
m

ac
hine

code

a
n

d
cE

xp
r

(e
:

e
xp

r)
(e

n
v

:
ve

n
v)

:
in

str
list

=
ca

se
e

o
f

A
cce

ss
a

cc
=

>
cA

cce
ss

a
cc

e
n

v
@

[L
D

I]
|

A
ssig

n
(a

cc,
e

)
=

>
cA

cce
ss

a
cc

e
n

v
@

cE
xp

r
e

e
n

v
@

[S
T

I]
|

C
st

(C
stI

i)
=

>
[C

S
T

I
i]

|
C

st
C

stN
=

>
[C

S
T

I
0

]
|

A
d

d
r

a
cc

=
>

cA
cce

ss
a

cc
e

n
v

|
P

rim
1

(o
p

e
,

e
1

)
=

>
cE

xp
r

e
1

e
n

v
@

(ca
se

o
p

e
o

f
"!"

=
>

[N
O

T
]

|
"p

rin
ti"

=
>

[P
R

IN
T

I]
|

"p
rin

tc"
=

>
[P

R
IN

T
C

]
|

_
=

>
ra

ise
F

a
il

"u
n

kn
o

w
n

p
rim

itive
1

")
|

P
rim

2
(o

p
e

,
e

1
,

e
2

)
=

>
...

|
A

n
d

a
lso

(e
1

,
e

2
)

=
>

...
|

O
re

lse
(e

1
,

e
2

)
=

>
...

|
C

a
ll(f,

e
s)

=
>

ca
llfu

n
f

e
s

e
n

v

T
hus

!fa
lse

w
hich

is
P

rim
1

("!",
C

st(C
stI

0
))

is
com

piled
to:

[C
S

T
I

0
,

N
O

T
]

N
et

effect
principle:

Ifexpression
e

com
piles

to
code

in
strs

,then
execution

ofin
strs

w
illleave

the
value

ofe
on

the
stack

top.
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C
om

piling
expressions

w
ith

arithm
etic

and
logical

operator
s

a
n

d
cE

xp
r

(e
:

e
xp

r)
(e

n
v

:
ve

n
v)

:
in

str
list

=
ca

se
e

o
f

...
|

P
rim

2
(o

p
e

,
e

1
,

e
2

)
=

>
cE

xp
r

e
1

e
n

v
@

cE
xp

r
e

2
e

n
v

@
(ca

se
o

p
e

o
f

"*"
=

>
[M

U
L

]
|

"+
"

=
>

[A
D

D
]

|
"-"

=
>

[S
U

B
]

|
"/"

=
>

[D
IV

]
|

"%
"

=
>

[M
O

D
]

|
"=

=
"

=
>

[E
Q

]
|

"!=
"

=
>

[E
Q

,
N

O
T

]
|

"<
"

=
>

[L
T

]
|

">
=

"
=

>
[L

T
,

N
O

T
]

|
">

"
=

>
[S

W
A

P
,

L
T

]
|

"<
=

"
=

>
[S

W
A

P
,

L
T

,
N

O
T

]
|

_
=

>
ra

ise
F

a
il

"u
n

kn
o

w
n

p
rim

itive
2

")

U
sing

logicalnegation
N

O
T

and
sw

ap
S

W
A

Pw
e

need
only

=
=

and
<

in
the

m
achine.

T
hus

1
1

<
=

2
2

is
com

piled
to

[C
S

T
I

1
1

,
C

S
T

I
2

2
,

S
W

A
P

,
L

T
,

N
O

T
].
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C
om

piling
an

access
expression

to
stac

k
m

ac
hine

code

T
he

com
pile-tim

e
environm

entm
aps

a
variable

nam
e

to
a

variable
description

and
a

m
icro-C

type:

typ
e

ve
n

v
=

(strin
g

,
va

r
*

typ
)

e
n

v
*

in
t

T
he

com
pile-tim

e
environm

entalso
keeps

track
ofthe

nextavailable
offset.

A
variable

is
described

as
a

globalvariable
or

a
localvariable

(param
eter

or
variable

declared
in

function):

d
a

ta
typ

e
va

r
=

G
lo

va
r

o
f

in
t

(*
a

b
so

lu
te

a
d

d
re

ss
in

sta
ck

*)
|

L
o

cva
r

o
f

in
t

(*
a

d
d

re
ss

re
la

tive
to

b
o

tto
m

o
f

fra
m

e
*)

typ
e

ve
n

v
=

(strin
g

,
va

r
*

typ
)

e
n

v

C
om

piling
an

access
expression

(variable
x

or
pointer

dereferencing
*p

or
array

indexing
a

cc[e
i]

):

a
n

d
cA

cce
ss

(A
ccV

a
r

x)
e

n
v

=
(ca

se
lo

o
ku

p
(#

1
e

n
v)

x
o

f
(G

lo
va

r
a

d
d

r,
_

)
=

>
[C

S
T

I
a

d
d

r]
|

(L
o

cva
r

a
d

d
r,

_
)

=
>

[G
E

T
B

P
,

C
S

T
I

a
d

d
r,

A
D

D
])

|
cA

cce
ss

(A
ccD

e
re

f
e

)
e

n
v

=
cE

xp
r

e
e

n
v

|
cA

cce
ss

(A
ccIn

d
e

x(a
cc,

id
x))

e
n

v
=

cA
cce

ss
a

cc
e

n
v

@
[L

D
I]

@
cE

xp
r

id
x

e
n

v
@

[A
D

D
]

Idea:
T

he
code

generated
for

an
access

expression
leaves

an
address

on
the

stack
top.

W
hatis

xs[i]
com

piled
to

w
hen

xs
and

i
are

localvariables
atoffsets

2
and

5?
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C
om

piling
A

n
d

a
lso

to
stac

k
m

ac
hine

code

a
n

d
cE

xp
r

(e
:

e
xp

r)
(e

n
v

:
ve

n
v)

:
in

str
list

=
ca

se
e

o
f

...
|

A
n

d
a

lso
(e

1
,

e
2

)
=

>
le

t
va

l
la

b
e

n
d

=
n

e
w

L
a

b
e

l()
va

l
la

b
fa

lse
=

n
e

w
L

a
b

e
l()

in
cE

xp
r

e
1

e
n

v
@

[IF
Z

E
R

O
la

b
fa

lse
]

@
cE

xp
r

e
2

e
n

v
@

[G
O

T
O

la
b

e
n

d
,

L
a

b
e

l
la

b
fa

lse
,

C
S

T
I

0
,

L
a

b
e

l
la

b
e

n
d

]
e

n
d

T
hus

the
code

fore
1

&
&

e
2

is

<
e

1
co

d
e

>
IF

Z
E

R
O

L
1

;
<

e
2

co
d

e
>

G
O

T
O

L
2

;
L

1
:

0
L

2
:

W
hatcode

is
generated

for1
1

<
2

2
&

&
3

3
<

4
4

?

T
he

code
forO

re
lse

is
dualto

thatforA
n

d
a

lso
,w

ith
IF

N
Z

R
O

and
1

instead
ofIF

Z
E

R
O

and
0

.
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C
om

piling
if-e

lse
statem

ents

A
statem

entis
com

piled
in

a
com

pile-tim
e

environm
ent

fu
n

cS
tm

t
stm

t
(e

n
v

:
ve

n
v)

:
in

str
list

=
ca

se
stm

t
o

f
If(e

,
stm

t1
,

stm
t2

)
=

>
le

t
va

l
la

b
e

lse
=

n
e

w
L

a
b

e
l()

va
l

la
b

e
n

d
=

n
e

w
L

a
b

e
l()

va
l

co
d

e
1

=
cS

tm
t

stm
t1

e
n

v
va

l
co

d
e

2
=

cS
tm

t
stm

t2
e

n
v

in
cE

xp
r

e
e

n
v

@
[IF

Z
E

R
O

la
b

e
lse

]
@

co
d

e
1

@
[G

O
T

O
la

b
e

n
d

]
@

[L
a

b
e

l
la

b
e

lse
]

@
co

d
e

2
@

[L
a

b
e

l
la

b
e

n
d

]
e

n
d

|
W

h
ile

(e
,

b
o

d
y)

=
>

...
|

E
xp

r
e

=
>

cE
xp

r
e

e
n

v
@

[IN
C

S
P

˜1
]

|
B

lo
ck

stm
ts

=
>

...
|

R
e

tu
rn

_
=

>
...

T
he

if-e
lse

statem
entIf(e

1
,

stm
t1

,
stm

t2
)

is
com

piled
as

<
e

co
d

e
>

IF
Z

E
R

O
L

1
;

<
stm

t1
co

d
e

>
G

O
T

O
L

2
;

L
1

:
<

stm
t2

co
d

e
>

L
2

:
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C
om

piling
w

h
ile

-loops

fu
n

cS
tm

t
stm

t
(e

n
v

:
ve

n
v)

:
in

str
list

=
ca

se
stm

t
o

f
...

|
W

h
ile

(e
,

b
o

d
y)

=
>

le
t

va
l

la
b

b
e

g
in

=
n

e
w

L
a

b
e

l()
va

l
la

b
te

st
=

n
e

w
L

a
b

e
l()

va
l

co
d

e
b

o
d

y
=

cS
tm

t
b

o
d

y
e

n
v

in
[G

O
T

O
la

b
te

st,
L

a
b

e
l

la
b

b
e

g
in

]
@

co
d

e
b

o
d

y
@

[L
a

b
e

l
la

b
te

st]
@

cE
xp

r
e

e
n

v
@

[IF
N

Z
R

O
la

b
b

e
g

in
]

e
n

d
|

...

T
he

w
h

ile
-loop

statem
entW

h
ile

(e
,

b
o

d
y)

is
com

piled
as

G
O

T
O

L
2

;
L

1
:

<
b

o
d

yco
d

e
>

L
2

:
<

e
co

d
e

>
IF

N
Z

R
O

L
1

;
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C
om

piling

(

b
loc

ks

fu
n

cS
tm

t
stm

t
(e

n
v

:
ve

n
v)

:
in

str
list

=
ca

se
stm

t
o

f
...

|
B

lo
ck

stm
ts

=
>

le
t

fu
n

lo
o

p
[]

e
n

v
=

(#
2

e
n

v,
[])

|
lo

o
p

(s1
::sr)

e
n

v
=

le
t

va
l

(e
n

v1
,

co
d

e
1

)
=

cS
tm

tO
rD

e
c

s1
e

n
v

va
l

(fd
e

p
th

r,
co

d
e

r)
=

lo
o

p
sr

e
n

v1
in

(fd
e

p
th

r,
co

d
e

1
@

co
d

e
r)

e
n

d
va

l
(fd

e
p

th
e

n
d

,
co

d
e

)
=

lo
o

p
stm

ts
e

n
v

in
co

d
e

@
[IN

C
S

P
(#

2
e

n
v

-
fd

e
p

th
e

n
d

)]
e

n
d

|
...

a
n

d
cS

tm
tO

rD
e

c
(S

tm
t

stm
t)

e
n

v
:

ve
n

v
*

in
str

list
=

(e
n

v,
cS

tm
t

stm
t

e
n

v)
|

cS
tm

tO
rD

e
c

(D
e

c
(typ

,
x))

e
n

v
=

a
llo

ca
te

L
o

cva
r

(typ
,

x)
e

n
v

A
block

{
d

e
c

...
stm

t
...

d
e

c
...

}
contains

a
listofdeclarations

and
statem

ents.

A
statem

entdoes
notchange

the
environm

ent,butgenerates
som

e
instructions.

A
declaration

generates
allocation

code
and

extends
the

environm
ent;its

scope
is

the
restofthe

block.
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C
om

piling
return

statem
ents

A
re

tu
rn

;
statem

entw
ithoutan

expression
should

execute
a

R
E

T
(m

-1
)

to
discard

m
localvariables,yet

leave
som

e
junk

on
the

stack
top,restore

the
old

base
pointerb

p
,and

return
to

the
calling

function.

A
function

callstatem
entf();

w
illrem

ove
a

value
from

the
stack

top,so
f()

m
ustleave

som
e

junk
value.

A
re

tu
rn

e
;

statem
entw

ith
an

expression
should

evaluate
e

,then
execute

a
R

E
T

i
to

leave
e

’s
value

on

the
stack

top.

fu
n

cS
tm

t
stm

t
(e

n
v

:
ve

n
v)

:
in

str
list

=
ca

se
stm

t
o

f
...

|
R

e
tu

rn
N

O
N

E
=

>
[R

E
T

(#
2

e
n

v
-

1
)]

|
R

e
tu

rn
(S

O
M

E
e

)
=

>
cE

xp
r

e
e

n
v

@
[R

E
T

(#
2

e
n

v)]
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T
he

code
g

enerated
for

a
variab

le
declaration

C
om

pilation
ofa

variable
declaration

�

extends
the

com
pile-tim

e
environm

ent,so
itm

aps
the

variable
to

its
offsetand

type;

�

generates
code

thatw
illsetaside

stack
space

for
the

variable
atrun-tim

e.

T
he

generated
code:

D
eclaration

G
enerated

code

in
t

i
C

S
T

I0

in
t

*ip
C

S
T

I0

in
t

ia
[3

]
IN

C
S

P
3;G

E
T

S
P

;C
S

T
I(-2);S

U
B

in
t

*ip
a

[3
]

IN
C

S
P

3;G
E

T
S

P
;C

S
T

I(-2);S
U

B

in
t

(*ia
p

)[3
]

C
S

T
I0

in
t

a
[2

][3
]

(notperm
itted

by
m

icro-C
)
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R
ecursive

function
calls

re
visited

(file
im

p
/e

x9
.c

)

vo
id

m
a

in
(in

t
i)

{
in

t
r;

fa
c(i,

&
r);

p
rin

t
r;

}vo
id

fa
c(in

t
n

,
in

t
*re

s)
{

p
rin

t
&

n
;

if
(n

=
=

0
)

*re
s

=
1

;
e

lse
{

in
t

tm
p

;
fa

c(n
-1

,
&

tm
p

);
*re

s
=

tm
p

*
n

;
}

}

T
he

store
as

a
stac

k
of

activ
ation

records:

o
ldb
p

re
t

a
d

d
r

o
ldb
p

re
t

a
d

d
r

o
ldb
p

re
t

a
d

d
r

o
ldb
p

re
t

a
d

d
r

o
ldb
p

re
t

a
d

d
r

fa
c(0

,_
)

fa
c(1

,_
)

fa
c(2

,_
)

fa
c(3

,_
)

m
a

in
(3

)

0
1

2
3

4
5

6
7

8
9

1
0

1
1

1
2

5
3

0

1
3

1
4

1
5

1
6

1
7

1
8

1
9

2
0

2
1

2
2

i
r

n
re

s
tm

p
n

re
s

tm
p

n
re

s
tm

p
n

re
s

2
0

3
8

0
2

8
0

1
8

0
0

2
6

1
1

1
6

−
3

8
1

3
1

8

2
3
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S
hortcom

ings
of

this
com

piler

�

Tail-calls
are

notexecuted
in

constantspace
(exam

ple
im

p
/e

x1
2

.c
).

�

C
lum

sy
code

is
generated,especially

forif
-

and
w

h
ile

-conditions:

vo
id

m
a

in
(in

t
x)

{
if

(x
=

=
0

)
p

rin
t

3
3

;
e

lse
p

rin
t

4
4

;
}

T
his

produces
the

follow
ing

code:

G
E

T
B

P
;

C
S

T
I

0
;

A
D

D
;

L
D

I;
C

S
T

I
0

;
E

Q
;

IF
Z

E
R

O
L

2
;

C
S

T
I

3
3

;
P

R
IN

T
I;

IN
C

S
P

˜1
;

G
O

T
O

L
3

;
L

2
:

C
S

T
I

4
4

;
P

R
IN

T
I;

IN
C

S
P

˜1
;

L
3

:
IN

C
S

P
0

;
R

E
T

0

Later
w

e
shallim

prove
the

com
piler

to
produce

this
instead:

G
E

T
B

P
;

L
D

I;
IF

N
Z

R
O

L
2

;
C

S
T

I
3

3
;

P
R

IN
T

I;
R

E
T

1
;

L
2

:
C

S
T

I
4

4
;

P
R

IN
T

I;
R

E
T

1
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