Procedures and the Call Stack

Topics
°* Procedures
* Call stack
* Procedure/stack instructions
* (Calling conventions
* Register-saving conventions



Why Procedures?

Why functions? Why methods?

int contains char (char* haystack, char needle) {

while (*haystack != '"\0') {
1f (*haystack == needle) return 1;
haystack++;

}

return O;

Procedural Abstraction



Implementing Procedures

How does a caller pass arguments to a procedure?
How does a caller get a return value from a procedure?
Where does a procedure store local variables?

How does a procedure know where to return
(what code to execute next when done)?

How do procedures share limited registers and memory?



Call Chain

YOO (...)

Example
Call Chain

YOO

who

AN

ru rua




First Try (broken)

yoOO:
l who:
jmp who ////l
back: \
\ K\\\\‘ done:
jmp back
stop:

What if we want to call a function from multiple places in the code?



First Try (broken)

What if we want to call a function from multiple places in the code?

who:

ru.:

2
s
jmp ru —"”—'/////’
: 6 I 3,7
. &
\
8

done:
 — jmp back2




Implementing Procedures

How does a caller pass arguments to a procedure?
How does a caller get a return value from a procedure?
Where does a procedure store local variables?

How does a procedure know where to return
(what code to execute next when done)?

How do procedures share limited registers and memory?

All these need separate storage per call!
(not just per procedure)



Memory Layout
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Call Stack

Memory region managed with stack discipline

$rsp holds lowest stack address
(address of "top" element)

Stack Pointer: $rsp ™~

Stack “Bottom”

Stack “Top”

T

higher
addresses

stack grows
toward
lower addresses

}



Call Chain Example

YOO (...)

who (...)

amI () ;

amI () ;

amI (...)

1f (.

}

o)

amI ()

Procedure amI is recursive
(calls itself)

Example
Call Chain

YOO

aml



m oo

Srsp—m—m—m—

Stack

YOO

15



YO

ol )

who (...)

amI (...)

amI (...)

amI (...)

1f (...) {

aml
) } '

YOO
who
aml

aml

aml

Srsp—m—m——

Stack

YOO

who

aml

aml

aml




yoal )
{ |who (..)
{
amI () ;
I amI () ;
|-
}

YOO

who

Srsp—m—m—

Stack

YOO

who

22



yom( )

{ who (...)

amI (...)

l 1£ () {

amI ()

YOO

who

-

SrSp—m—

Stack

YOO

who

aml




m Voo

Srsp—m—m—m—

Stack

YOO

25



Stack frames support procedure calls.

Contents
Caller Local variables
Frame Function arguments (after first 6)
/ Return information
. Temporary space

Frame for

current
D Management

%rsp\ Space allocated when procedure is entered
Space deallocated before return

Stack “Top” “Finish” code

Why not just give every procedure a permanent
chunk of memory to hold its local variables, etc?



e — Code Examples

(long x, long y, long *dest)

{
long t = mult2(x, V)

*dest = t7 [9000000000400540 <multstore>:
} 400540: push $rbx # Save 9%rbx
400541: mov $rdx, $rbx # Save dest
400544: callg 400550 <mult2> # mult2(x,y)
400549: mov $rax, ($rbx) # Save at dest
40054c: pop Srbx # Restore 3%rbx
40054d: retqg # Return
long mult2 (long a,
long b) {
long s = a * b; 0000000000400550 <mult2>:
return s; 400550: mov $rdi, $rax # a
) 400553: imul $rsi,%rax # a * b
400557: retq # Return




Procedure Control Flow Instructions

Procedure call: callq label

1. Push return address on stack
2. Jumpto label

Return address: Address of instruction after call. Example:

4oo§f4: callg 400550 <mult2>
400549: movg $rax, (%$rbx)

Procedure return: retq

1. Pop return address from stack
2. Jump to address



Call Example (step 1)

0000000000400540 <multstore>:

400544: callg 400550 <mult2>
400549: mov srax, (srbx)

0000000000400550 <mult2>:
400550: mov $rdi, Srax

400557: retqg

0x130
0x128
0x120

Srsp

Srip

0x120

0x400544




Call Example (step 2)

0000000000400540 <multstore>:

400544: callg 400550 <mult2>
400549: mov srax, (srbx)

0000000000400550 <mult2>:
400550: mov $rdi, Srax

400557: retqg

0x130
0x128
0x120
0x118

Srsp

Srip

0x400549

Ox118

0x400550




Return Example (step 1)

0000000000400540 <multstore>:

400544: callg 400550 <mult2>
400549: mov srax, (srbx)

0000000000400550 <mult2>:
400550: mov $rdi, Srax

400557: retqg

0x130
0x128
0x120
0x118

Srsp

Srip

0x400549

Ox118

0x400557




Return Example (step 2)

0000000000400540 <multstore>:

400544: callg 400550 <mult2>
400549: mov srax, (srbx)

0000000000400550 <mult2>:
400550: mov $rdi, Srax

400557: retqg

0x130
0x128
0x120

Srsp

Srip

0x120

0x400549




Procedure Data Flow

First 6 arguments passed Remaining arguments passed
in registers on stack (in memory) -
18
Arg 1 o rdi Diane’s . . o A(flresses
$rsi %Hk
- Dress Arg n
6rdX gosts
$rex S§2 ° ° °
$r8
Arg 6 $r9 Arg 8
Arg 7/
v
Return value
Low
$rax Addresses

Only allocate stack space when needed



Stack Frame

Caller
Frame

Stack pointer $rsp

{

Extra Arguments
to callee

Return Address

Saved Registers
+

Local Variables

Extra Arguments
for next call

Callee
Frame



Common Stack Frame

Stack pointer $rsp

Caller
Frame {

Return Address

__ Callee
Frame



Data Flow Examples

vold multstore
(long x, long y, long *dest)

{

long £t = mult2(x, Vy);

. _ L.
dest =t/ 19000000000400540 <multstore>:

# x 1in %rdi, y in %rsi, dest in $%rdx

400541 : movqg $rdx, $rbx # Save dest
400544: callg 400550 <mult2> # mult2(x,y)

# t 1n %rax

400549: movqg $rax, ($rbx) # Save at dest

long mult2 (long a, 0000000000400550 <mult2>:

long Db) { # a 1in %rdi, b in %rsi
long s = a * b; 400550: movqg $rdi, $Srax # a
return s; 400553: imul $rsi, $rax # a * b
} # s 1in Srax

400557: retq # Return




Example: increment

long increment (long* p,

long x = *p;
long v = x + val;
P o= Vs

return XxX;

long val)

{

increment:
movq (5rdi), %rax
addg $rax, Srsi
movq srsi, (%Srdi)
ret

Register Use(s)

srdi Argument p

srsi Argumentval, y
%$rax x, Return value



Procedure Call Example (initial state)

long call incr () {
long vl = 240;
long v2 = increment (&vl,

return v1+v2;

6l);

call incr:

subg $16, %rsp
movqg $240, 8 (%rsp)
movl Sol, %esi
leaq 8(%rsp), %Srdi
call increment
addg 8 (%rsp), %srax
addqg $16, %rsp

ret

Initial Stack Structure

Srsp

Return addr <main+8> «

Srdi

$rsi

$rax




Procedure Call Example (step 1)

Stack Structure

long call incr () {
long vl = 240;
long v2 = increment (&vl, 61); ceooe
return v1+v2;
} 3rsp
Return addr <main+8>

Space for vl 2> 240
Compiler allocated extra space for alignment - Unused

call incr:
subq 716, %rsp } Allocate space for local vars > rdi
movq $240, 8 (%rsp)
movl Sol, %esi
leaq 8(%rsp), %Srdi - .
call increment srsSil
addg 8 (%rsp), %srax
addg $16, %rsp o
ret srax




Procedure Call Example (step 2)

Stack Structure

long call incr () {
long vl = 240;
long vZ2
return v1+v2;

= increment (&vl,

61); eo o

Return addr <main+8>

call incr:

subg $16, %rsp
movqg $240, 8 (%rsp)
movl $61l, %esi
leaq 8 (%rsp), %rdi
call increment
addg 8 (%rsp), %srax
addqg $16, %rsp

ret

|

Srsp

240

Unused

Set up args for call
to increment

Aside: mov1 is used because 61 is a small positive value that fits
in 32 bits. High order bits of %rsi get set to zero automatically.

It takes one less byte to encode a mov1 than a movg.

$rdi

&vl

$rsi

61

$rax




Procedure Call Example (step 3)

long call incr ()

{

long v1 = 240;
long v2 = increment(&vl,

return v1i+v2;

61);

Stack Structure

call incr:
subqg $16, %rsp
movq $240, 8 (%rsp)
movl So6l, %esi
leaqg 8 (%rsp), S%Srdi
call increment
addqg 8 (%rsp), %Srax
addqg $16, S%rsp
ret

increment:
movq ($5rdi), %rax
addg $rax, %rsi
movq $rsi, (Srdi)
ret

Return addr <main+8>

Irsp

240

Unused

Return addr <call_incr+?>

Srdi

&vl

$rsi

6l

$rax




Procedure Call Example (step 4)

long call incr () {
long vl = 240;
long vZ2 = increment(&vl, 61);

Stack Structure

'9long increment (long* p, long val)

long x = *p;
long vy = x + val;

{

Return addr <main+8>

301

call 1 *D = y;
subq return x;
movdq }
movl So6l, %Ses1
leaqg 8 (%rsp), S%Srdi
call increment
addqg 8 (%rsp), %Srax
addqg $16, S%rsp
ret
increment:
movq $rdi) , %rax # x = *p
addg $rax, %rsi # vy = x+61
movqg $rsi, (%rdi) # *p =y

ret

Unused

Return addr <call_incr+?>

Srdi

&vl

$rsi

301

$rax

240




Procedure Call Example (step 5)

long call incr () {
long v1 = 240;

long vZ2 = increment(&vl, 61);

return v1i+v2;

Stack Structure

Return addr <main+8>

Irsp

301

Unused

call incr:
subqg $16, %rsp
movq $240, 8 (%rsp)
movl So6l, %esi
leaqg 8 (%rsp), S%Srdi
call increment
addqg 8 (%srsp), %Srax
addqg $16, S%rsp
ret
increment:
movq ($rdi), %Srax # x = *p
addqg $rax, %rsi #y = x+61
movq $rsi, (%rdi) # *p =y

ret

Srdi

&vl

$rsi

301

$rax

240




Procedure Call Example (step 6)

long call incr () {
long vl = 240;
long vZ2

= 1ncrement (&vl,

return v1l+v2;

6l);

Stack Structure

call incr:

subg $16, %rsp
movq $240, 8 (%
movl Sol, %esi
leaq 8 (%rsp),
call increment
addqg 8 (%rsp),
addqg $16, %rsp
ret

rsp)

Srdi

$rax “

Return addr <main+8>

Irsp

301

Unused

Update %rax:vl+v2

Srdi

&vl

$rsi

301

$rax

541




Procedure Call Example (step 7)

Stack Structure

long call incr () {
long vl = 240;
long v2 = increment (&vl,

return v1+v2;

61),‘ oo o

} : $rsp
Return addr <main+8>
301 —®
Unused
call incr:
subg $16, %rsp —
movq $240, 8(%rsp) srdi
mov 1l $6l1, %esi &vl
leaqg 8 ($rsp), %rdi —
call increment srsSil
addg 8 (%rsp), %srax 301
addg $16, %rsp - De-allocate space for local vars
ret srax

541




Procedure Call Example (return from call_incr)

Stack Structure

long call incr () {
long v1 = 240;
long v2 = increment (&vl, 61); oo

return vl1+v2;

} WK Srsp
Return addr <main+8> v

301

Unused

main:

call call incr srdi

&vl

$rsi

301

$rax

541




Register Saving Conventions

yoo «calls who:
Caller Callee

Will register contents still be there after a procedure call?

YOO :

who':

movqg $12345,| %rbx

addg %rdi, |%rbx

call who ?
addg| $rbx, | $rax

ret

ret

Conventions:

Caller Save

Caller saves temporary values in its frame before calling
Callee Save

Callee saves temporary values in its frame before using



x86-64 64-bit Registers: Usage Conventions

$rax Return value — Caller saved $r8 Argument #5 — Caller saved
$rbx Callee saved $r9  Argument #6 — Caller saved
srcx  Argument #4 — Caller saved 5rl0 Caller saved
srdx Argument #3 — Caller saved $rll Caller Saved
5rsi Argument #2 — Caller saved $rl2 Callee saved
$rdi Argument #1 — Caller saved $rl3 Callee saved
$rsp Stack pointer $rld Callee saved
$rbp Callee saved $rl5 Callee saved




Callee-Saved Example (step 1)

long call incr2(long Xx)
long vl = 240;

long v2 = increment (&vl,

return x+v2;

{

6l);

Initial Stack Structure

call_inch:

pushq srbx

subq $16, %$rsp
movq srdi, S%Srbx
movqg $240, 8 (%rsp)
mov 1l So0l, %esi
leaq 8 (%rsp), %Srdi
call increment
addg $rbx, %rax
addqg $16, Srsp
pPoprg srbx

ret

Rtn address

—— 3rsp

Resulting Stack Structure

Rtn address

Saved %rbx

240

—— STrsSp+8

Unused

o)

=

«—— 3TSp




Callee-Saved Example (step 2)

Stack Structure

long call incr2(long x) {
long vl = 240;
long v2 = increment (&vl,
return x+tv2;

6l);

Rtn address

call_inch:

pushqg Srbx

subg $16, Srsp
movq srdi, S%Srbx
movq $240, 8 (%rsp)
mov 1l So0l, %esi
leaq 8 (%rsp), %Srdi
call increment
addg $rbx, %rax
addg $16, %$rsp
poprq $rbx

ret

Saved %rbx

240

—— STrsSp+8

Unused

o)

=

«— 3TSp

Pre-return Stack Structure

Rtn address

—— 3rsp




A Puzzle

C function body:
Y Write the C function

P = o header, t g
eader es, an

return x - c; » LYPES,
order of parameters.

assembly:

movsbl %dl, $Sedx

movl sedx, (%rsi)

movswl %di, Sedi

subl sed1l, secx

movl Tecx, seax

movsbl = move sign-extending a byte to a long (4-byte)
movswI| = move sign-extending a word (2-byte) to a long (4-byte)



Recursive Function

/* Recursive popcount */
long pcount r (unsigned long Xx)

if (x ==
return
} else {
return

0) |
0;

(x & 1)
+ pcount r(x >> 1);

{

pcount r:
mov 1l
testqg
Jje
pushqg
movq
andl
shrqg
call
addqg
popgq

.L6:

rep; ret

S0, %eax

srdi, Srdi
. L6

Srbx

Srdi, Srbx
S1, %ebx
Srdi
pcount r
srbx, %rax
srbx



Recursive Function: Base Case

/* Recursive popcount */
long pcount r (unsigned long x) {

if (x

== 0)

return O;
} else {
return (x & 1)

+ pcount r(x >> 1);

pcount r:
movl
testqg
je
pushqg
movq
andl
shrg
call
addg
popgq

.L6:

rep; ret

$0, %eax
$rdi, %rdi
.L6

Srbx

srdi, Srbx
$1, %ebx
Srdi
pcount r
srbx, %rax
srbx

Trick because some HW
doesn’t like jumping to ret

Register Use(s) Type
srdi X Argument
$rax Return value Return value

56



Recursive Function: Register Save

/* Recursive popcount */
long pcount r (unsigned long Xx)
if (x == 0) {
return O;
} else {
return (x & 1)
+ pcount r(x >> 1);

{

Register | Use(s) | Type
srdi ‘ X ‘ Argument

pcount r:
movl S0, %eax

testqg $rdi, S%rdi
Jje . L6
pushq srbx
movqg $rdi, %Srbx
andl $1, %ebx
shrqg Srdi
call pcount r
addg $rbx, %Srax
poprqg Srbx

.Lb:

rep; ret

<main+15>

Saved $rbx |-$rsp




Recursive Function: Call Setup

/* Recursive popcount */
long pcount r (unsigned long x) {

if (x == 0) {
return 0;
} else {
return (x & 1)
+ pcount r(x >> 1);
}
}
Register Use(s) Type
srdi x >> 1 Recursive arg
$rbx x & 1 Callee-saved

pcount r:

mov 1l
testqg
Jje
pushqg
movq
andl
shrq
call
addg
popd
.Lo:
rep;

S0, %eax
Srdi, %rdi
.L6

Srbx

$rdi, %rbx
$1, %ebx
$rdi
pcount r
srbx, %rax
srbx

rtn <main+?>

Saved $rbx |~%rsp




Recursive Function: Call

pcount r:

mov 1l S0, %eax
' test Srdi, %Srdi
/* Recursive popcount */ '28 9 £6l/ rdi
long pcount r (unsigned long x) { J :
if (x == 0) { pushg  $rbx
movq Srdi, %rbx
return 0;
andl $1, %ebx
} else { . -
return (x & 1) SNrg srdi
+ pcount r(x >> 1); call pcount_r
} P - ' addq Srbx, %rax
} poprg Srbx
.L6:

rep; ret

Register Use(s) Type rtn <main+?>
$rbx x & 1 Callee-saved Saved % rbx
o Recursive call Irtn <pcount_r+22> '« S rsp
srax - [ —— —
return value : I
: : LN I



Recursive Function: Result

/* Recursive popcount */
long pcount r (unsigned long x) {
if (x == 0) {
return 0O;
} else {
return (x & 1)
+ pcount r(x >> 1);

Register Use(s) Type
%rbx x & 1 Callee-saved
$rax Return value

pcount r:
mov 1l
testqg
Jje
pushg
movq
andl
shrg
call
addq
popgq

.L6:

rep; ret

S0, %eax
Srdi, Srdi
. L6

Srbx

srdi, Srbx
S1, %ebx
Srdi
pcount r
$rbx, %rax
srbx

rtn <main+?>

Saved $rbx

—3rsp




Recursive Function: Completion

/* Recursive popcount */
long pcount r (unsigned long Xx)
if (x == 0) {
return O;
} else {
return (x & 1)
+ pcount r(x >> 1);

{

Register | Use(s) | Type
%rax ‘ Return value ‘

pcount r:
movl S0, %eax

testqg Srdi, %rdi
Jje . L6
pushqg Srbx
movq $rdil, %Srbx
andl S1, %ebx
shrqg Srdi
call pcount r
addg $rbx, %Srax
PoPgd srbx

.L6:

rep; ret

—3rsp

Irtn <main+?> :



x86-64 stack storage example

(1)

long int call proc()
{

long x1 = 1;
int X2 = 2;
short x3 = 3;
char x4 = 4;

proc (x1, &x1, x2, &x2,
X3, &x3, x4, &x4);
return (x1+x2)* (x3-x4);

call proc:
subg $32,%rsp
movg $1,16(%rsp

movl $2,24(%rsp
movw $3,28 (%rsp
movb $4,31 (%rsp

S

x1
X2
X3
x4

Return address to caller of call_proc

~3Trsp




x86-64 stack storage example

(2) Allocate local vars

—%rsp

long int call proc() call proc:
{ subg $32,%rsp
long x1 = 1; movg $1,16(%rsp) # x1
int x2 = 2; movl $2,24(%rsp) # x2
short x3 = 3; movw $3,28(%rsp) # x3
char x4 = 4; movb $4,31(%rsp) # x4
proc (x1, &x1, x2, &x2, o o oo
X3, &x3, x4, &x4);
return (x1+x2)* (x3-x4);
}
Return address to caller of call_proc
x4 X3 X2 24
x1 16
8




x86-64 stack storage example
(3) setup args to proc

{

return

long x1
int X2 =
short x3 =
char x4
proc (x1,

x3,

. o e

S NN
~

°
7

&x1,
&x3,

(x1+x2) *

long int call proc()

x2, &x2,
x4, &x4);
(x3-x4) ;

Return address to caller of call_proc

x4

x3

X2

x1

Arg

8

Arg

7

24

leaq
leaq
leaq
movq
movl
leaq
movl
movl
movq
call

call proc:

24 (%rsp) ,%rcx #
16 (%$rsp) ,%rsi #
31 (%rsp) ,%rax #
$rax,8 (%rsp)
$4, (%rsp)
28 (5rsp) ,%r9
$3,%r8d
$2,%edx
$1,%rdi
proc

H= o o S S

&X2
&x1
&x4

&x3

=N W

16

8

—%rsp

Arguments passed in (in order): rdi,
rsi, rdx, rcx, r8, r9



x86-64 stack storage example

(4) after call to proc

long int call proc()
{

call proc:

long x1 = 1; movswl 28 (%$rsp) ,%eax # x3
int X2 = 2 movsbl 31 (%rsp),%$edx # x4
short x3 = 3; subl %edx,%eax # x3-x4
char x4 = 4; cltg # sign-extend %$eax->rax
proc (x1, &x1, x2, &x2, movslqg 24 (%rsp),%rdx # x2
XB/ &X3/ X4, &X4),‘ addq 16(%rSP) r%rdx # x1+x2
return (xl+x2)*(x3-x4); imulqg 3%rdx,%rax # *
} addqg $32,%rsp
ret
Return address to caller of call_proc
x4 X3 X2 24
x1 16
Arg 8 8
Arg 7 —%rsp




x86-64 stack storage example
(5) deallocate local vars

{

long int call proc()

long x1 = 1;
int X2 = 2;
short x3 = 3;
char x4 = 4;

proc (x1, &x1, x2, &x2,
x3, &x3, x4, &x4);
return (x1+x2)*(x3-x4) ;

call proc:

movswl 28 (%rsp), seax
movsbl 31 (%rsp), sedx
subl sedx, seax
cltqg

movslg 24 (5rsp), srdx
addg 16 (3rsp), Srdx
imulg %rdx, srax
addqg $32,%rsp

ret

Return address to caller of call_proc

—3rsp




Procedure Summary

call, ret, push, pop

Stack discipline fits procedure call / return.*
If P calls Q: Q (and calls by Q) returns before P

Conventions support arbitrary function calls.

Register-save conventions.
Stack frame saves extra args or local variables.
Result returned in $rax

%$rax Return value — Caller saved

$r8 Argument #5 — Caller saved

Srbx Callee saved %r9 Argument #6 — Caller saved
$TCX Argument #4 — Caller saved $rl0 Caller saved
$rdx Arcument #3 - Caller saved srll Caller Saved
$rsi Argument #2 - Caller saved srl2 Callee saved
$rdi Argument #1 — Caller saved %rl3 Callee saved
3rsp Stack pointer %rl4 Callee saved
$rbp Callee saved $rl5 Callee saved

*Take 251 to learn about languages where it doesn't.

Stack pointer
Srsp

Caller
Frame

Callee
Frame

<

Extra Arguments
to callee

Return Address

Saved Registers
+

Local Variables

Extra Arguments
for next call

128-byte red zone




