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A
 sim

plistic program
 

translation schem
e

P
roblem

s:
• efficiency: sm

all change requires com
plete recom

pilation
• m

odularity: hard to share com
m

on functionality (e.g. printf)

T
ranslators

p
.cp

Loader

p

source file

executable object file
(m

em
ory im

age on disk)

executing program
(m

em
ory im

age)
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S
eparate com

pilation

S
tatic Linker

T
ranslator

p
1

.c

p
1

.o

T
ranslator

p
2

.c

p
2

.o

p

Loader

Im
proves m

odularity and efficiency, but still hard to package com
m

on functions

T
ranslator

lib
c.c

lib
c.o

relocatable
object files

executable object file
(contains code and
data for all functions
defined in libc.c)
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S
tatic libraries

T
ranslator

p
1

.c

p
1

.o

T
ranslator

p
2

.c

p
2

.o
lib

c.a

static library
of relocatable
object files

executable object file
(only contains code and data for
libc functions that are called
from

 p1.c and p2.c)

F
urther im

proves m
odularity and efficiency, but duplicates

com
m

on functions in different processes

S
tatic Linker

p

Loader
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S
hared libraries 

libc functions called by p1.c
and p2.c are loaded at run-
tim

e and shared am
ong

processes.

shared library of dynam
ically

relocatable object files

T
ranslator

p
1

.c

p
1

.o

T
ranslator

p
2

.c

p
2

.o

lib
c.so

S
tatic Linker

p

Loader/D
ynam

ic Linker
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T
he com

plete picture

T
ranslator

p
1

.c

p
1

.o

T
ranslator

p
2

.c

p
2

.o

lib
c.so

S
tatic Linker

p

Loader/D
ynam

ic Linker lib
w

h
a

te
ve

r.a

ru
n

n
in

g
 p

ro
g

ra
m

lib
m

.so
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O
bject files

char c[100];
double d;

int n=
20; 

m
ain() {

   int i;

   i=
5;

   c[i] =
 ‘z’;

}

H
eaders

R
elocation info

S
ym

bol table

text sections:
read-only code and data

data
  sections

initialized static variables

0

bss
  sections

uninitialized static variables
B

lock S
tarted by S

ym
bol

B
etter S

ave S
pace

C
 P

rogram
O

bject file

N
ote: local variables don’t go in

object files. T
hey are created at

runtim
e on the stack.

Increasing
addresses
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E
xam

ple C
 program

m
a

in
() {

  zip
();

}

in
t x=

0
xfe

;

co
d

e
(in

t *p
) {

  sra
n

d
(*p

);
}

e
xte

rn
 in

t x;

in
t *p

 =
 &

x;

zip
() {

  co
d

e
(p

);
}

m
ain.c:

zip.c:
code.c:
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piling and linking the
 exam

ple program
%

 cc -v -c m
ain.c

cfe m
ain.c >

 /tm
p/ctm

fa
a

cg
ja

 
ugen -O

1 /tm
p

/ctm
fa

a
cg

ja
 -o /tm

p/ctm
ca

a
cg

ja
as1 -O

1 /tm
p

/ctm
ca

a
cg

ja
 -o m

ain.o

%
 cc -c zip.c

%
 cc -c code.c

%
 cc -v -W

l,-O
0 -o m

ain m
ain.o zip.o code.o

ld -o m
ain -O

0 -ca
ll_

sh
a

re
d

 /u
sr/lib

/cm
p

lrs/cc/crt0
.o

 m
a

in
.o

 zip
.o

 co
de.o -lc 

U
nix linker

C
 runtim

e system
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Linker functions

m
ain()

1. R
esolving

 external references
2. R

elocating
 sym

bol definitions and references

m
ain.o

*p

zip()
zip.o

x

code()
code.o

xcrt

m
ain()

zip()

000
0

crt
crt0.o

0

code()

*p

m
ain

D
ata

T
ext
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S
ym

bols
•

Lexical entities that correspond to functions and global variables
•

E
ach sym

bol has a 
value

 (address)
•

C
ode consists of sym

bol 
definitions

 and references
•

R
eferences can be either 

local or external

m
a

in
() {

  zip
();

}

in
t x=

0
xfe

;

co
d

e
(in

t *p
) {

  sra
n

d
(*p

);
}

e
xte

rn
 in

t x;

in
t *p

 =
 &

x;

zip
() {

  co
d

e
(p

);
}

m
ain.c:

zip.c:
code.c:

R
ef to 

external 
sym

bol zip
D

ef of  local 
sym

bol zip

D
ef of

local
sym

bol p

R
ef to 

external 
sym

bol x

D
ef of 

local 
sym

bol x

R
ef to  external

sym
bol srand

(defined in libc.so)

R
ef to local sym

bol p
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C
O

F
F

 object files

F
ile header

O
ptional header

S
ection headers
S

ection data
S

ection relocation info
S

ym
bol table

0

F
ile and optional headers

•
m

agic num
ber, size and num

ber of
sections, flags
–

byte ordering, executable or relocatable?,
shared?, calls shared library functions?

•
entry point, gp value, start and sizes of
text, data, and bss segm

ents

S
ection headers

•
for each section in “S

ection data”:
address, size, num

ber of relocation entries

S
ection data

•
program

 code and data

S
ection relocation info

•
w

hich instructions and data item
s  w

ill
need to be relocated?

S
ym

bol table
•

type and value of relevant sym
bols
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S
ection data (relocatable object files)

.bss
.sbss

.sdata

.lit4
.lit8
.lita

.data

.init/.fini
.text

.pdata/.xdata

.rdata
.rconst

bss segm
ent

uninitialized variables
(block started by sym

bol)
(better save space!)

data segm
ent

initialized variables

text segm
ent

m
achine code

uninitialized data
sm

all (4-byte) bss

sm
all data

4-byte literal pool
8-byte literal pool
8-byte literal address pool

read only data
read only constants

large data

support for exceptions

m
achine instructions

process init/deinit code

(R
untim

e m
em

ory im
age)

(F
ile form

at)
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.text section (m
ain.o)

m
a

in
:

  0
x0

:
 ld

a
sp

, -1
6

(sp
)    

  0
x4

:
 ld

a
h

g
p

, 1
(t1

2
)

  0
x8

:
 ld

a
g

p
, -3

2
7

0
4

(g
p
)

  0
xc:

 stq
ra

, 0
(sp

)
  0

x1
0

: ld
q

t1
2

, -3
2

7
5

2
(g

p
)

  0
x1

4
: jsr

ra
, (t1

2
), zip

  0
x1

8
: ld

a
h

g
p

, 1
(ra

)
  0

x1
c: ld

q
ra

, 0
(sp

)
  0

x2
0

: b
is

ze
ro

, ze
ro

, v0
  0

x2
4

: ld
a

g
p

, -3
2

7
2

8
(g

p
)

  0
x2

8
: ld

a
sp

, 1
6

(sp
)

  0
x2

c: re
t

ze
ro

, (ra
), 1

m
a

in
() {

  zip
();

}

.text
.lita

0x00 (0)
0x50 (80)

start
0x30 (48)
0x10 (16)

size

A
ssem

bler assum
es 

that gp=
32,832=

(64K
+

128)/2
(N

ote that t12 =
 pc-4)

t12 =
 address stored at .lita+

0

resets gp to 32,832
(N

ote: ra =
 pc)

Q
uestion: W

hy use gp-relative 
referencing of  data and functions?
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S
ym

bol table (m
ain.o)

[Index]
 N

am
e          V

alue            S
class     S

ym
type

[0]
 m

ain           0x0                T
ext            P

roc
[1]

 zip              0x0                U
ndefined  P

roc      

m
a

in
() {

  zip
();

}

.text
.lita

0x00 (0)
0x50 (80)

start
0x30 (48)
0x10 (16)

size
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R
elocation entries (m

ain.o)

V
addr  S

ym
ndx

T
ype

    E
xtern  N

am
e

.text:
0x04       4        

G
P

D
IS

P
      local

0x10      13 
LIT

E
R

A
L     local    .lita

0x14       3  
LIT

U
S

E
       local    R

_LU
_JS

R
0x14       1    

H
IN

T
           extern  zip

0x18      12  
G

P
D

IS
P

     local   

.lita:
0x50       1 

R
E

F
Q

U
A

D
  extern  zip

m
a

in
() {

  zip
();

}

.text
.lita

0x00 (0)
0x50 (80)

start
0x30 (48)
0x10 (16)

size

G
P

D
IS

P
 : instruction pair that

sets gp value

LIT
E

R
A

L: gp-relative
reference to literal  in .lita

LIT
U

S
E

: identifies instance of
a literal address previously
loaded into a register

H
IN

T
: 14 bit jsr hint reference

R
E

F
Q

U
A

D
: 64-bit reference to

the sym
bol’s virtual address
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  R
elocations (m

ain.o)

m
a
in

:
  0

x0
:

 ld
a

sp
, -1

6
(sp

)    
  0

x4
:

 ld
a
h

g
p
, 1

(t1
2
)

  0
x8

:
 ld

a
g
p
, -3

2
7
0
4
(g

p
)

  0
xc:

 stq
ra

, 0
(sp

)
  0

x1
0
: ld

q
t1

2
, -3

2
7
5
2
(g

p
)

  0
x1

4
: jsr

ra
, (t1

2
), zip

  0
x1

8
: ld

a
h

g
p
, 1

(ra
)

  0
x1

c: ld
q

ra
, 0

(sp
)

  0
x2

0
: b

is
ze

ro
, ze

ro
, v0

  0
x2

4
: ld

a
g
p
, -3

2
7
2
8
(g

p
)

  0
x2

8
: ld

a
sp

, 1
6
(sp

)
  0

x2
c: re

t
ze

ro
, (ra

), 1

m
a

in
() {

  zip
();

}

.text
.lita

0x00 (0)
0x50 (80)

start
0x30 (48)
0x10 (16)

size

V
addr  S

ym
ndx T

ype
    E

xtern  N
am

e
.text:
0x04       4          G

P
D

IS
P

      local
0x10      13          LIT

E
R

A
L     local    .lita

0x14       3           LIT
U

S
E

       local    R
_LU

_JS
R

0x14       1           H
IN

T
           extern  zip

0x18      12          G
P

D
IS

P
      local   

.lita:
0x50       1           R

E
F

Q
U

A
D

  extern  zip

N
otes:

1. LIT
U

S
E

 at 0x14 allow
s jsr to be replaced by bsr  
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.text section (zip.o)
e

xte
rn

 in
t x;

in
t *p

 =
 &

x;

zip
() {

  co
d

e
(p

);
}

.text
.lita

0x00 (0)
0x60 (96)

start
0x40 (64)
0x10 (16)

size

.sdata
0x70 (112)

0x10 (16)

  0x0:
lda

sp, -16(sp)
  0x4:

ldah
g

p
, 

1
(t1

2
)

  0x8:
lda

g
p

, 
-3

2
6

8
8

(g
p

)
  0xc:

stq
ra, 0(sp

)
  0x10:

ld
q

t1
2

, 
-3

2
7

4
4

(g
p

)
  0x14:

ld
q

a
0

, 
-3

2
7

5
2

(g
p

)
  0x18:

ld
q

a
0

, 0
(a

0
)

  0x1c:
jsr

ra, (t12), code
  0x20:

ldah
gp, 1(ra)

  0x24:
ld

q
ra, 0(sp

)
  0x28:

lda
g

p
, 

-3
2

7
2

0
(g

p
)

  0x2c:
lda

sp
, 1

6
(sp

)
  0x30:

re
t

zero, (ra), 1

A
ssem

bler assum
es 

that gp=
32,848

t12 =
 addr(code) =

 cont(.lita+
8)

a0 =
 addr(p) =

 cont(.lita+
0)

a0 =
 p
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S
ym

bol table (zip.o)

[Index]
 N

am
e   V

alue    S
class         S

ym
type

[0]
 p         

0x70   S
D

ata           G
lobal

[1]
 x         

0x04   S
U

ndefined  G
lobal

[2]
 zip       

0x00   T
ext              P

roc
[3]

 code      0x00   U
ndefined    P

roc

e
xte

rn
 in

t x;
in

t *p
 =

 &
x;

zip
() {

  co
d

e
(p

);
}

.text
.lita

0x00 (0)
0x60 (96)

start
0x40 (64)
0x10 (16)

size

.sdata
0x70 (112)

0x10 (16)
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e
xte

rn
 in

t x;
in

t *p
 =

 &
x;

zip
() {

  co
d

e
(p

);
}

.text
.lita

0x00 (0)
0x60 (96)

start
0x40 (64)
0x10 (16)

size

.sdata
0x70 (112)

0x10 (16)

   V
addr S

ym
ndx   T

ype  
      E

xtern   N
am

e
.text:
    0x04       4  

G
P

D
IS

P
         local   

    0x14      13 
LIT

E
R

A
L        local    .lita

    0x18       1  
LIT

U
S

E
          local    R

_LU
_B

A
S

E
    0x10      13 

LIT
E

R
A

L        local    .lita
    0x1c       3  

LIT
U

S
E

          local    R
_LU

_JS
R

    0x1c       3    
H

IN
T

              extern  code
    0x20       8  

G
P

D
IS

P
         local   

.lita:
    0x60       0 

R
E

F
Q

U
A

D
     extern  p

    0x68       3 
R

E
F

Q
U

A
D

     extern  code
.sdata:
    0x70       1 

R
E

F
Q

U
A

D
     extern  x

    0
x0

:
ld

a
sp

, -1
6
(sp

)
  0

x4
:

ld
a
h

g
p
, 1

(t1
2
)

  0
x8

:
ld

a
g
p
, -3

2
6
8
8
(g

p
)

  0
xc:

stq
ra

, 0
(sp

)
  0

x1
0
:

ld
q

t1
2
, -3

2
7
4
4
(g

p
)

  0
x1

4
:

ld
q

a
0
, -3

2
7
5
2
(g

p
)

  0
x1

8
:

ld
q

a
0
, 0

(a
0
)

  0
x1

c:
jsr

ra
, (t1

2
), co

d
e

  0
x2

0
:

ld
a
h

g
p
, 1

(ra
)

  0
x2

4
:

ld
q

ra
, 0

(sp
)

  0
x2

8
:

ld
a

g
p
, -3

2
7
2
0
(g

p
)

  0
x2

c:
ld

a
sp

, 1
6
(sp

)
  0

x3
0
:

re
t

ze
ro

, (ra
), 1
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.text section (code.o)
in

t x=
0

xfe
;

co
d

e
(in

t *p
) {

  srand(*p
);

}

.text
.lita

0x00 (0)
0x60 (96)

start
0x40 (64)
0x10 (16)

size

.sdata
0x70 (112)

0x10 (16)

A
ssem

bler assum
es 

that gp=
32,848

t12 =
 addr(srand) =

 cont(.lita+
0)

srand is unresolved

  0
x0

:
 ld

a
sp

, -6
4

(sp
)

  0
x4

:
 ld

a
h

g
p

, 1
(t1

2
)

  0
x8

:
 ld

a
g

p
, -3

2
6

8
8

(g
p
)

  0
xc:

 stq
ra

, 0
(sp

)
  0

x1
0

: stq
a

0
, 1

6
(sp

)
  0

x1
4

: ld
q

t1
2

, -3
2

7
5

2
(g

p
)

  0
x1

8
: b

is
a

0
, a

0
, t0

  0
x1

c: ld
l

a
0

, 0
(t0

)
  0

x2
0

: jsr
ra

, (t1
2

), sra
n

d
  0

x2
4

: ld
a

h
g

p
, 1

(ra
)

  0
x2

8
: ld

q
ra

, 0
(sp

)
  0

x2
c: ld

a
g

p
, -3

2
7

2
4

(g
p
)

  0
x3

0
: ld

a
sp

, 6
4

(sp
)

  0
x3

4
: re

t
ze

ro
, (ra

), 1
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S
ym

bol table (code.o)

[Index]
 N

am
e          V

alue            S
class       S

ym
type

[0]
 x         

       0x70             S
D

ata        G
lobal

[1]
 code            0x00             T

ext            P
roc

[2]
 srand           0x00             U

ndefined   P
roc

in
t x=

0
xfe

;
co

d
e

(in
t *p

) {
  srand(*p

);
}

.text
.lita

0x00 (0)
0x60 (96)

start
0x40 (64)
0x10 (16)

size

.sdata
0x70 (112)

0x10 (16)



C
S

 213 F
’98

– 23 –
cla

ss1
1

.p
p

t

R
elocation entries (code.o)

in
t x=

0
xfe

;
co

d
e

(in
t *p

) {
  srand(*p

);
}

.text
.lita

0x00 (0)
0x60 (96)

start
0x40 (64)
0x10 (16)

size

.sdata
0x70 (112)

0x10 (16)

  0
x0

:
 ld

a
sp

, -6
4
(sp

)
  0

x4
:

 ld
a
h

g
p
, 1

(t1
2
)

  0
x8

:
 ld

a
g
p
, -3

2
6
8
8
(g

p
)

  0
xc:

 stq
ra

, 0
(sp

)
  0

x1
0
: stq

a
0
, 1

6
(sp

)
  0

x1
4
: ld

q
t1

2
, -3

2
7
5
2
(g

p
)

  0
x1

8
: b

is
a
0
, a

0
, t0

  0
x1

c: ld
l

a
0
, 0

(t0
)

  0
x2

0
: jsr

ra
, (t1

2
), sra

n
d

  0
x2

4
: ld

a
h

g
p
, 1

(ra
)

  0
x2

8
: ld

q
ra

, 0
(sp

)
  0

x2
c: ld

a
g
p
, -3

2
7
2
4
(g

p
)

  0
x3

0
: ld

a
sp

, 6
4
(sp

)
  0

x3
4
: re

t
ze

ro
, (ra

), 1

V
addr   S

ym
ndx   

T
ype  

E
xtern  N

am
e

.text:
    0x04       4  

G
P

D
IS

P
    local   

    0x14      13 
LIT

E
R

A
L   local   .lita

    0x20       3  
LIT

U
S

E
     local    R

_LU
_JS

R
    0x20       2    

H
IN

T
         extern  srand

    0x24       8  
G

P
D

IS
P

    local   

.lita:
    0x60       2           R

E
F

Q
U

A
D

 extern  srand

W
hy no relocation entry for x?
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E
xecutable object file (m

ain)
.text
.data

0x120001140 (4416)
0x140000000 (0)

.rconst
0x120001080 (4224)

.lit8
0x1400000a0 (160)

.sdata
0x140000b0 (176)

 
m

a
in

:
  0

x1
2
0
0
0
1
3
2
0
:  ld

a
sp

, -1
6
(sp

)
  0

x1
2
0
0
0
1
3
2
4
:  ld

a
h

g
p
, 8

1
9
2
(t1

2
)

  0
x1

2
0
0
0
1
3
2
8
:  ld

a
g
p
, 2

8
0
6
4
(g

p
)

  0
x1

2
0
0
0
1
3
2
c:  stq

ra
, 0

(sp
)

  0
x1

2
0
0
0
1
3
3
0
:  ld

q
t1

2
, -3

2
6
7
2
(g

p
)

  0
x1

2
0
0
0
1
3
3
4
:  ld

a
h

a
0
, -1

(g
p
)

  0
x1

2
0
0
0
1
3
3
8
:  ld

q
a
0
, 3

2
7
5
2
(a

0
)

  0
x1

2
0
0
0
1
3
3
c:  b

sr
ra

, co
d
e

  0
x1

2
0
0
0
1
3
4
0
:  ld

a
h

g
p
, 8

1
9
2
(ra

)
  0

x1
2
0
0
0
1
3
4
4
:  ld

q
ra

, 0
(sp

)
  0

x1
2
0
0
0
1
3
4
8
:  ld

a
g
p
, 2

8
0
3
2
(g

p
)

  0
x1

2
0
0
0
1
3
4
c:  ld

a
sp

, 1
6
(sp

)
  0

x1
2
0
0
0
1
3
5
0
:  re

t
ze

ro
, (ra

), 1
 

Linker sets gp at 
.data+

32960

0x60 (96)
0x450 (1104)

0x10 (16)
0x10 (16)
0x20 (32)

.got
0x140000d0 (208)

0x120 (288)
.sbss

0x1400001f0 (496)
0x40 (64)

addr(code) at .data+
288

changed by linker!
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S
ym

bol table (m
ain)

[0
] .rco

n
st   0

x1
2
0
0
0
1
0
8
0
   scR

C
o
n
st   L

o
ca

l
[1

] .p
d
a
ta

    0
x1

2
0
0
0
1
0
e
0
   P

D
a
ta

      L
o
ca

l
[2

] .te
xt     0

x1
2
0
0
0
1
1
4
0
   T

e
xt       L

o
ca

l
[3

] .in
it     0

x1
2
0
0
0
1
5
9
0
   In

it       L
o
ca

l
[4

] .fin
i     0

x1
2
0
0
0
1
5
d
0
   F

in
i       L

o
ca

l
[5

] .d
a
ta

     0
x1

4
0
0
0
0
0
0
0
   D

a
ta

       L
o
ca

l
[6

] .xd
a
ta

    0
x1

4
0
0
0
0
0
1
0
   X

D
a
ta

      L
o
ca

l
[7

] .rd
a
ta

    0
x1

4
0
0
0
0
0
1
0
   R

D
a
ta

      L
o
ca

l
[8

] .lit8
     0

x1
4
0
0
0
0
0
b
0
   S

D
a
ta

      L
o
ca

l
[9

] .lit4
     0

x1
4
0
0
0
0
0
b
0
   S

D
a
ta

      L
o
ca

l
[1

0
] .sd

a
ta

   0
x1

4
0
0
0
0
0
b
0
   S

D
a
ta

      L
o
ca

l
[1

1
 .sb

ss     0
x1

4
0
0
0
0
1
f0

   S
B

ss       L
o
ca

l
[1

2
] .b

ss     0
x1

4
0
0
0
0
2
3
0
   B

ss        L
o
ca

l
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S
ym

bol table (m
ain)

[1
3
]

 _
_
sta

rt   0
x1

2
0
0
0
1
1
a
0
   T

e
xt       P

ro
c 

[2
4
]

 x         0
x1

4
0
0
0
0
0
c0

   S
D

a
ta

      G
lo

b
a
l    

[2
5
]

 _
_
e
n
viro

n
 0

x0
0
0
0
0
0
0
0
0
   C

o
m

m
o
n
     G

lo
b
a
l    

[2
6
]

 e
rrn

o
     0

x0
0
0
0
0
0
0
0
4
   C

o
m

m
o
n
     G

lo
b
a
l    

[2
9
]

 e
xit      0

x1
2
0
0
0
1
1
4
0
   U

n
d
e
fin

e
d

  P
ro

c      
[3

1
]

 m
a
in

      0
x1

2
0
0
0
1
2
f0

   T
e
xt       P

ro
c

[3
2
]

 zip
       0

x1
2
0
0
0
1
3
2
0
   T

e
xt       P

ro
c

[3
3
]

 co
d
e
      0

x1
2
0
0
0
1
3
6
0
   T

e
xt       P

ro
c

[4
2
]

 p
         0

x1
4
0
0
0
0
0
b
0
   S

D
a
ta

      G
lo

b
a
l    

[4
3
]

 _
_
A

rg
c    0

x1
4
0
0
0
0
1
f0

   S
B

ss       G
lo

b
a
l    

[4
4
]

 _
_
A

rg
v    0

x1
4
0
0
0
0
1
f8

   S
B

ss       G
lo

b
a
l    

[5
6
]

 sra
n
d

     0
x0

0
0
0
0
0
0
0
0
   U

n
d
e
fin

e
d

  P
ro

c 
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trong and w

eak sym
bols

P
rogram

 sym
bols are either 

strong
 or w

eak
•

strong: procedures and ininitialized globals
•

w
eak: uninitialized globals

in
t fo

o
=

5
;

p
1

() {
}

in
t fo

o
;

p
2

() {
}

p1.c:
p2.c:

strong w
eak

strong

strong
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Linker’s sym
bol rules

1. A
 strong sym

bol  can only appear once.

2. A
 w

eak sym
bol  can be overridden by a strong

sym
bol of the sam

e nam
e.

3. If m
ultiple w

eak sym
bols, the linker can pick either

one.
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Linker puzzles

int foo;
p1() {}

int foo;
p2() {}

int foo;
p1() {}

double  foo;
p2() {}

int foo=7;
p1() {}

double  foo;
p2() {}

int foo=7;
p1() {}

int  foo;
p2() {}

int foo;
p1() {}

p1() {}


