CSCI 210: Computer Architecture
Lecture 12: Procedures & The Stack

Stephen Checkoway
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CS History: IBM System 360

* Family of mainframes
developed in 1964

* Introduced:
— 8-bit byte
— Byte-addressable memory
— 32-bit words
e Featured BAL (Branch and Link)

and BR (Branch Register)
instructions

* |BM’s current System z
mainframes will still run code
written for the 360 series

Photo by Arnold Reinhold, CC BY-SA 3.0, via Wikimedia Commons



foo:

addi
SW
SW

11

SW
add
jal
1w

1w

1w
addi
jr

Complete example

$sp, $sp, -32
$ra, 28(%$sp)
$s0, 24(%$sp)

$s0, 25

$t3, 20($sp)
$a0, $tl, $t3
myFunction
$t3, 20($sp)

$s0, 24($sp)
$ra, 28($sp)
$sp, $sp, 32
$ra

H H H H

Allocate space for stack frame
Stores (spills) $ra, return address
Stores (spills) s@, callee-saved reg

Set s@ to 25
Stores (spills) t3, caller-saved reg

Restores (fills) t3

Restores (fills) s@, must restore
Restores (fills) $ra, return address
Restore the stack pointer

Return



foo:

addi
SW
SW

11

SW
add
jal
1w

1w

1w
addi
jr

Complete example

$sp, $sp, -32
$ra, 28(%$sp)
$s0, 24(%$sp)

$s0, 25

$t3, 20($sp)
$a0, $tl, $t3
myFunction
$t3, 20($sp)

$s0, 24($sp)
$ra, 28($sp)
$sp, $sp, 32
$ra

Stack frame for foo (32 bytes in size)
Arguments are in $ag0, ..., Sa3 and then on the stack at
(Ssp+32)+16, (Ssp+32)+20, ... for argument 5, 6, ...

Ssp + 28
Ssp + 24
Ssp + 20
Ssp + 16
Ssp + 12
Ssp + 8
Ssp + 4
Ssp + 0

Saved return address Sra

Saved register $sO

Saved register $t3

Unused space to preserve 8-byte alignment
Space for argument 4 (for use by myFunction)
Space for argument 3 (for use by myFunction)
Space for argument 2 (for use by myFunction)

Space for argument 1 (for use by myFunction)



Leaf function

* |f the function doesn’t call any other functions, it’s a “leaf”

* |f a leaf function doesn’t need to use any of the callee-saved
registers (e.g., $s0-Ss7), then it doesn’t need to change the stack
pointer or spill/fill Sra

 Example:

# myFunction(int a@, int al, int a2)
myFunction:

add $to, $a0, $a2

sub $ve, $to, $ail

jr $ra



Leaf Procedure Example

int Teaf_example( leaf _example:
int g, 1nt h, 1nt 1, 1nt j add ¢to, $a0, $al
) 1 | | add $t1, $a2, $%$a3
int f=2(0+h -G+ 73); sub $ve, $to, $t1
return f; .
) jr $ra

— Arguments g, ..., j in $ao, ..., Sa3
— Result in SvO



Non-Leaf Procedures

Procedures that call other procedures
Caller needs to allocate a stack frame
Caller needs to save on the stack:

— Its return address
— Any arguments and temporaries needed after the call

Restore from the stack after the call



Non-Leaf Procedure Example

 C code:
int fact (int n) {
1f (n < 2)
return 1;
else
return n * fact(n - 1);

¥

— Argument n in Sa0
— Result in SvO



Process Stack

int main ()
{
5 1nt x;
x = fact(3);
}
int fact (int n)
{
if (n < 2)

return 1;
else

return n * fact(n - 1);




Process Stack

int main ()

{
int x;

5> x = fact (3); e

}

int fact (int n)
{
if (n < 2)

return 1;
else

return n * fact(n - 1);

return address

intn=3

11



Process Stack

int main ()

{
int x;

x = fact(3); e

}
int fact (int n)

{
—>1f (n < 2)

return 1;
else

return n * fact(n - 1);

return address

intn=3

12



Process Stack

int main ()

{
int x;

x = fact(3); e

}
int fact (int n)

{

if (n < 2)
return 1;
else
> return n *

}

fact(n - 1) ;&

return address

intn=3

_return address

intn=2

13



Process Stack

int main ()

{
int x;

x = fact(3); e

}

int fact (int n)
{

> 1f (n < 2)

return 1;
else

return n * fact(n -

1) ; &

return address

intn=3

_return address

intn=2

14



Process Stack

int main ()
{
int x;
X = fact(3); e
}
int fact (int n)
{
if (n < 2)
return 1;
else
> return n *
}

fact(n - 1) ;&

<

return address

intn=3

_return address

intn=2

~return address

intn=1

. S




Process Stack

int main ()

{

int x;

X = fact(3); e
} return address

int fact (int n)
{ intn=3

> 1f (n < 2)

_return address
return 1;

else

return n * fact(n - 1); & intn=2
} A

~return address

intn=1

. S




Process Stack

int main ()

{

int x;

X = fact(3); e
} return address

int fact (int n)
intn=3

{
if (n < 2)

_return address
—> return 1;

else
return n * fact(n - 1); & intn=2
} h SN




Process Stack

int main ()
{
int x;

x = fact(3); e

}

int fact

{

(int n)
if (n < 2)

return 1;
else

5 return n *

}

fact(n - 1) ;&

return address

intn=3

_return address

intn=2




Process Stack

int main ()

{

int x;

x = fact(3); e
} return address

int fact (int n)
intn=3

{
if (n < 2)

return 1;
else

5 return n * fact(n -

}

Sra




Process Stack

int main ()

{

int x;

x = fact (3);
} - return address

int fact (int n)
intn=3

{
if (n < 2)

return 1;
else

5 return n * fact(n - 1);

}




Process Stack

int main ()

{

int x;

x = fact(3); < Sra
}
int fact (int n)
{

if (n < 2)

return 1;
else

— return n * fact(n - 1);

}




Process Stack

int main ()

{

int x;

—a» X = fact(3);
}
int fact (int n)
{
if (n < 2)

return 1;
else

return n * fact(n - 1);




Questions?



Rules for allocating a stack frame for a nonleaf-
procedure

Size of stack frame is sum of
e 4 * number of saved
registers

Round the whole thing up to a
multiple of 8 for stack
alignment

Base Offset

Figure 3-21: Stack Frame

Contents

Frame

+16

old $sp +0

unspecified

variable size

(if present)
incoming arguments
passed in stack frame

space for incoming
arguments 1-4

High addresses

Previous

$sp +0

locals and
temporaries

general register
save area

floating-point
register save area

argument
build area

Current

Low addresses




fact:

L1l:

L2:

addi
SW
SW

slti
beg
addi

addi
Jal
mul
1w

addi
Jr

Non-leaf recursive example

Ssp,
Sra,
sao,

$t0,
$t0,
$vQ,
L2

$ao,
fact
$al,
$vO,

Sra,
Ssp,
Sra

$Sp,

-24

20 (Ssp)
24 (Ssp)

sal,

2

Szero, L1
Szero, 1

sao,

-1

24 (Ssp)

svO,

sal

20 (Ssp)

$Sp,

24

i
i
i

H= H FH F

=

allocate stack frame
save return address
save 1n arg build area

test for n < 2

i1f so, result is 1

else decrement n
recursive call

restore original n
multiply to get result

restore Sra
deallocate stack frame
return



Spc— fact:

Ll:

L2:

addi
SW
SW

slti
beg
addi

addi
Jal

mul

1w
addi
Jr

Ssp,
Sra,
sao,

$t0,
$t0,
$vQ,
L2

$ao,
fact
$al,
$vO,

Sra,
Ssp,
Sra

At start of fact(3)
$sp, -24 _

20 (Ssp)
24 (Ssp)

sal,

2

Szero, L1
Szero, 1

sao,

-1

24 ($sp)

$vO,

sal

20 (Ssp)

$Sp,

24

Sv0

Sra

main+20

Ssp =



Spc—

fact:

Ll:

L2:

addi
SW
SW

slti
beg
addi

addi
Jal

mul

1w
addi
Jr

Ssp,
Sra,
sao,

$t0,
$t0,
$vQ,
L2

$ao,
fact
$al,
$vO,

Sra,
Ssp,
Sra

After prologue

oor, 2+ [EEEIETR

20 (Ssp)
24 (Ssp)

sal,

2

Szero, L1
Szero, 1

sao,

-1

24 ($sp)

$vO,

sal

20 (Ssp)

$Sp,

24

Sv0

Sra

main+20

3
Return address to main

(unused for alignment)



Spc— fact:

Ll:

L2:

addi
SW
SW

slti
beg
addi

addi
Jal

mul

1w
addi
Jr

Ssp,
Sra,
sao,

$t0,
$t0,
$vQ,
L2

$ao,
fact
$al,
$vO,

Sra,
Ssp,
Sra

At start of fact(2)
$sp, -24 _

20 (Ssp) $a0
24 (Ssp) 570

$al0, 2 i

Szero, L1
Szero, 1

sa0, -1

24 ($sp)
sv0, Sal

20 (S$Ssp)
Ssp, 24

L1+8

Ssp =

3
Return address to main

(unused for alignment)



Spc—

fact:

Ll:

L2:

addi
SW
SW

slti
beg
addi

addi
Jal

mul

1w
addi
Jr

Ssp,
Sra,
sao,

$t0,
$t0,
$vQ,
L2

$ao,
fact
$al,
$vO,

Sra,
Ssp,
Sra

After prologue
ssp, 24 _

20 (Ssp)
24 (Ssp) 50

520, 2 Sra L1+8

Szero, L1
Szero, 1

sa0, -1

24 ($sp)
sv0, Sal

20 (Ssp)
Ssp, 24

Ssp =

3
Return address to main

(unused for alignment)

2
Return address to L1+8

(unused for alignment)



Spc— fact:

Ll:

L2:

addi
SW
SW

slti
beg
addi

addi
Jal

mul

1w
addi
Jr

Ssp,
Sra,
sao,

$t0,
$t0,
$vQ,
L2

$ao,
fact
$al,
$vO,

Sra,
Ssp,
Sra

At start of fact(1)
$sp, -24 _

20 (Ssp)
24 (Ssp) 570

$a0, 2 Sra L1+8

Szero, L1
Szero, 1

sa0, -1

24 ($sp)
sv0, Sal

20 (S$Ssp)
Ssp, 24

Ssp =

3
Return address to main

(unused for alignment)

2
Return address to L1+8

(unused for alignment)



Spc—

fact:

L1l:

L2:

addi
SW
SW

slti
beg
addi

addi
Jal
mul
1w

addi
Jr

Ssp,
Sra,
sao,

$t0,
$t0,
$vQ,
L2

$ao,
fact
$al,
$vO,

s$ra,
Ssp,
Sra

After prologue

$Sp,

-24

20 (Ssp)
24 (Ssp)

sal,

2

Szero, L1
Szero, 1

sao,

-1

24 (Ssp)

$vO,

sal

20 (Ssp)

$Sp,

24

Ssp =

Return address to main

(unused for alignment)

2
Return address to L1+8

(unused for alignment)

1

Return address to L1+8



fact:

Ll:

Spc=+12:

addi
SW
SW

slti
beg
addi

addi
Jal

mul

1w
addi

Jr

Ssp,
Sra,
sao,

$to,
$t0,
$vO0,
L2

sao,
fact
$al,
$vO,

Sra,
Ssp,
Sra

Before Epilogue
ssp, 24 _

20 (Ssp)
24 (Ssp)

$ao,

2

Szero, L1
Szero, 1

sao,

-1

24 ($sp)

$vO,

sal

20 (Ssp)

$Sp,

24

Sv0

Sra

L1+8

Ssp =

Return address to main

(unused for alignment)

2
Return address to L1+8

(unused for alignment)

1

Return address to L1+8



Spc—+

fact:

Ll:

L2:

addi
SW
SW

slti
beg
addi

addi
Jal

mul

1w
addi

Jr

Ssp,
Sra,
sao,

$to,
$t0,
$vO0,
L2

$ao,
fact
$al,
$vO,

Sra,
Ssp,
Sra

After Epilogue
ssp, 24 _

20 (Ssp)
24 (Ssp)

$ao,

2

Szero, L1
Szero, 1

sao,

-1

24 ($sp)

$vO,

sal

20 (Ssp)

$Sp,

24

Sv0

Sra

L1+8

Return address to main

(unused for alignment)

2
Return address to L1+8

(unused for alignment)

1

Return address to L1+8



Spc—

fact:

Ll:

L2:

addi
SW
SW

slti
beg
addi

addi
Jal

mul

1w
addi
Jr

Ssp,
Sra,
sao,

$to,
$t0,
$vO0,
L2

$ao,
fact
$al,
$vO,

Sra,
Ssp,
Sra

After fact(1)
$sp, -24 _

20 (Ssp)
24 ($sp) Sv0 1 3
520, 5 Sra 148 Return address to main
aly (unused for alignment)
Szero, L1
Szero, 1
$ao/ -1 2

Return address to L1+8
24 ($sp) _
$v0, $a0 (unused for alignment)
20 ($sp)
Ssp, 24

Ssp— 1



After fact(2)
fact: addi $sp, Ssp, —-24 _

SW sra, 20 (Ssp)
SW $a0, 24 (Ssp) $v0 5 3
Return address to main
. Sra .L1+8
thl itg' iaO, 2 11 (unused for alignment)
eq , zero,
addi sv0, Szero, 1
] L2
Ll: addi $a0, $a0, -1 Sspme [
$ ial gagt 24 (S ) Return address to L1+8
pc— W a0, s
mul Sv0, $v0 1[$)a0 (unused for alignment)
L2: 1w Sra, 20(Ssp)
addi Ssp, S$sp, 24
Jjr Sra



Before return from fact(3)
fact: addi $sp, Ssp, —-24 _

SW Sra, 20 (Ssp)
SW $a0, 24 (Ssp) $v0 c Ssp—> 3
Siom A int20 Return address to main
thl itg' iaO, : 1 (unused for alignment)
cd t0, S$zero, L
addi sv0, Szero, 1
] L2
Ll: addi sa0, $a0, -1 ’)
ial gagt 24 ($sD) Return address to L1+8
W ao, S
mul Sv0, $v0 1[$)a0 (unused for alignment)
b lgd- 2ra, 20 ($S]§L Stack pointer has been
¢ 6.1 - $sp, SPy restored!
pc— Jr ra



Why store registers relative to the stack pointer,
rather than at some set memory location?

. Saves space.
. Easier to figure out where we stored things.
. Functions won’t overwrite each other’s saves.

. None of the above



Assembler directives

e |nstructions to the assembler

— .data / .text / .rodata / .bss are used to switch between global
(mutable) data, executable code, read-only data, and uninitialized
data in the output

— .word x allocates space for 4 bytes with value x
— .space n allocates n bytes of space
— .asciiz “string” writes a O-terminated string at that location



Review: Arrays!

* How do we declare a 10-word array in our data section?

* Could do
.data
x1: .word O
X2 .word O
X3 .word O

x10: .word O



Review: Declaring an Array

* |nstead, just declare a big chunk of memory

.data

arr: .space 40



.data
arr:

.text

11

.space 40

$t0, O

addi s$tl, $t0, 10

la

loop:

beg

$Ss0, arr

$t0, Stl, end

What goes here?
addi $t0, $t0, 1

J
end:

loop

inti;

for (i=0; i< 10; i++){
arrfi] =i;

}

SW St0, S$Stl($s0)

add st2, $s0, $tl

D. More than one of the above

E. None of the above

SW St0, 0(s$st2)
B

sSwW $t0, 0($s0)

addi $s0, $sO, 4
C




But what if we don’t know how big the
array will be before runtime?

sbrk system call
 Allocates memory and returns its address in SvO
* Amount of memory is specified in bytes in Sa0

* Used by malloc, new



System Calls

e Syscalls (when we need OS intervention)

— |/0O (print/read stdout/file)
— Exit (terminate)

— Get system time

— Random values



System Calls Review

* How to use:
— Put syscall number into register SvO
— Load arguments into argument registers
— Issue syscall instruction
— Retrieve return values
* Example (allocate St4 bytes of memory with sbrk):

11 sv0, 9 # sbrk system call number
move $al, $td# allocate $t4 bytes of mem
syscall

move $s0, $vO0# $s0 holds a pointer to mem



sbrk allocates memory from which region?

$sp— 7 Fffcpe,

A.Stack _
B. Dynamic data l

C. Static data !

Dynamic data

$gp— 1000 8000y, Static data
D-TeXt 1000 0000y
Text
E. Reserved e 0040 00004,

Reserved

0




What about freeing memory?

Some operating systems maintain a
“program break” which controls the
size of the dynamic data

sbrk requests the OS $sp— 7fFf fffcpe, p—
increment/decrement the break |
malloc()/free() carve the dynamic data
up into chunks which the application break T,
. L Dynamic data
can use and maintain lists of free >
$gp— 1000 8000}y Static data

chunks 1000 0000,
Freeing memory adds the chunk to a U2
“ . » pc— 0040 0000y,

free list Reserved

0

When more memory is needed, the
break is changed
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