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Call stack

0x00000000

Code segment
Up to this point, we have seen that:

— Thelocal variables for main() have their
memory allocated at the bottom of memory
* We are calling this region the call stack
— We also have functions that we may call,
and those functions also have local variables

Data segment

Call SM )
OXFFFFFFFF

Outline

* In this lesson, we will:
— Describe and review the call stack
— See how the call stack is used to allocate memory for
« Parameters
« Local variables
— Look at two examples in detail

Review of functions

+ Recall the behavior of a function:
— A function is called from within another function
« It is passed arguments
* When it returns, it generally returns some value
* You cannot jump into the middle of a function
* Once a function returns:
— You cannot you go back to continue executing a function
— You cannot access the parameters or any local variables
» Functions may call other functions,
and those functions may call others
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Memory for functions

Example: gcd(...)

ffffffe2 unsigned int gcd( unsigned int m,
FEFEFFe ; )
FFFEffed unsigned int n ) {
» Suppose the local variables of main() are  ffefe » Consider the following: if (m<n){
Fffffes i i unsigned int tmp{m};
stored at the bottom of memory FFFFFfe7 | 0000000 #include <iostream> 8 pimys
*  When we call a function from main () e oo nu
’ gggz: gggggggg // Function declarations n = tmp;
we must allocate memory for any FFFFFfeb | 0000000 int main(); ¥
— Parameters ggge; unsigned int gcd( unsigned int m,
" :
. s Effifee unsigned int n ); if (m==19) {
— Local variables D tffefer return @;
;;;;;;;1 90060000 // Function definitions }
. PO : FEFFFFF2 | 00000000 int main() {
. Tl})1e ob\;llous locatlorills 1mrg(;d1ately e unsigned int vall{a2}; unsigned int rem{m¥n};
i ffffff4 | 00000000
above the memory allocated for main() feeeeres | So000000 unsigned int val2{91}; '
FEFFFFFE while ( rem != 0 ) {
4 fFEFeeEe7 std::cout << gcd( vall + 10, val2 ) m=n;
<< std::endl; n = rem;
main() FEEFFFFD return ©; rem = mns
FFFEFFFC | 00000000 ¥ ¥
FFFFFFfd | 00000000
fffffffe | 00000000 return n;
_v_ ffFFFfff [ 00000000 bl ) bl

Example: gcd(...) Example: gcd(...)
ffffffe2 00000000
ffffffe3 00000000
. . . ffffffea 00000000
» Let’s tabulate the information: *  When executing main(), FFfffes | 0o000000
ffffffe6 00000000

: memory is allocated for the two FFFFFfe7 | 00000000
Parameters Local variables . FFFFffe8 | 00000000
local variables FFFFFfe9 | 00000000

3 3 3 ffffffea 00000000
main() HnstenedineRvali FFffffeb | 00000000
unsigned int val2 fFFfffec | 00000000

ffffffed 00000000

gcd(..) unsigned int m unsigned int tmp int main() { friffrec | 20000000
unsigned int n unsigned int rem unsigned int vall{42}; FFFFFFfo | 00000000
unsigned int val2{91}; FFFFFFFL | 00000000
FFFffff2 00000000
std::cout << gcd( vall + 10, val2 ) fFFFFFf3 | 00000000
<< std: sendl; FFFFFFFA | 00000000
return @: FFFFFEFS | 00000000
) 5 FFFFFFf6 | 00000000
FFFFFFf7 00000000
P
FEFFFEFO
FEEFFFFa 91 |val2
main() FEFFFEFD
FEFFFFRC
FEFFFFF
vall
FEFFFFFe 42
L FEFFFEFE Bl




int main() { H

Example: gcd(...)

FFFFFFe2

FEFEFFe
FEFFffed

When calling gcd(...), FFFFFfe

X FEFFFfe6
memory is allocated for the two freteter
o
parameters FEFFFFe9
FFFFFfea
FEFFEFeb
FFFFFfec
FFFFFfed
FEFEFfee

unsigned int vali{42}; ged(...) ::::::i;

unsigned int val2{91}; FEEFFFFL
FEFFFFF2
std::cout << ged( vall + 10, val2 ) FFFFFFF3
<< std::endl; FEEFFFFA

FEFFFEFS
FEFFFEF6
FEFEFEF7
FEFFFEFS
FEEFFFFO
FEFEFEFa
main() FEEFFFFD
FEEFFFFC

FEFFFFFA
FEFFFFfe

return 0;

FEFFEFEF

Example: gcd(...)

FEFEFfe2

FEFEFfe3

. FEfFffes

The function gcd(...) has FFFFFFeS
. . ffffffes

two local variables D frEffer
FFFFFFe8

unsigned int gcd( unsigned int m,
& ged( wnsig FFFFFFEO

unsigned int n ) { fFfiffen
if (m<n){ FEFFFFeb
unsigned int tmp{m}; FFFFffec
m=n; FEFFFfed

n = tmp; FEFFffee

) FEFFEFef
ged(..) FEEFEFFO

i (m—0)( FEFFEFFL
FEFFEFF2
FEEFEFF3
FFEFEFFA
FEFEFEFS
unsigned int rem{m%n}; FEEFEFFE
Y FFEFEFET
while ( rem 1= 0) { FEFFEFFS
m=n; FEFFEFFO

n = rem; FEFFEFFa

rem = mn; main() FEFFEFFD

) FEFFEFFC
FEFFEFFA
FFEFEFFe
FEEFEFFE

return @;

}

return n;

00000000

00000000

91

42

00000000

00000000

00000000

00000000

00000000

00000000

91

52

91

42

val2

vall

rem

tmp

val2

vall

Example: gcd(...)

FEFFFFe2
FFEFFFe3

* The arguments are evaluated and the freftres
. - e
values of those arguments is copied to FEFFFFET
the parameters frteres
FEFFFfea
FEFFFFeb
FEFFFFec
FEFFFFed

int main() { I ffffffee

00000000

00000000

unsigned int vall{42}; ged(..) 1‘:1‘:1‘:1‘:1‘:1‘:{(‘3
unsigned int val2{91}; FEFFEFFL
FAFFFFF2
std::cout << gcd( vall + 10, val2 ) FEFFFFF3
<< std::endl; FFfffffa

FEFFFFFS
) FEFFFFFG
FEFEFFF7

FEFFFFFS
FREFFEFO
fffffffa
main() FEFEFEFD
FHFffffc
FAFFFFd
Fffffffe

return 0;

FEFFFFFF

Example: gcd(...)
ffffffe2
ffffffe3

. . . FFFfffed

+ Thelocal variable tmp is used ifm < n, Fretres

. e
which is true [ e

e
FEFFFFe9

unsigned int gcd( unsigned int m,
unsigned int n ) { FFFFffea

i Cm<n){ FFEFFFeD
unsigned int tmp(n}; FFFFFFec

=n; FFFFFfed

n = tmp; FFFFFfee
FRFFFfef

ged(..) FEEFFFFO
om0 g FRFFFFFL
FFFFFFF2
FFFFFFF
FRFFFFEA
FEFFFFES
unsigned int rem{m¥n}; FFEfFfffe
FRFFFFFT
while ( rem 1= @) { FEFFFEFS
= n; FRFFFEFO

n = rem; FFFFFEFa

rem = mtn; main() FREFAFD

) FRFFFFFC
FFFFFFF
FFFFFFfe
FRFFFFFE

return @;

}

return n;

91

42

00000000

00000000

00000000

00000000

00000000

00000000

91
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2020-08-13

val2

vall

rem

tmp

val2

vall



2020-08-13

Example: gcd(...)
Example: gcd(...)

FEFFFFe2
FEFFFfe3
FFEFFFe2 FEFFFfed
JARRARAY iabl is initialized with AL
FEfffed » Thelocal variable tmp is . ffffffes | 00000000
. fe imitialy 3 FFFfffe i ffffffe7 | 00000000
» The local variable tmp is initialized with | fEfeeres | 00000009 the value of m frrerer
i ffffffe7 | 00000000 unsigned int gcd( unsigned int m, FEFFFFE9 N
? rem
the value of m ) FFFFFFe8 unsigned int n ) { FFFFFFea
unsigned int ged( unsigned int m, ffffffe9 > rem F(men) FFFfffeb
if (m<n ffffffeb - FEFFFfed tmp
— FEFFFfed tmp ’ FRffffef
= tups FEFFffee } ged(..) FFEFFEFD
- e d FEEFFfef FEEFFEFL 01 N
i ged(..) FEFEFEFO if (m==0) { FEFFFFF2
FEEFFFFL 01 n return 0; FEFFFFE3
if (m==0){ FEEFFFF2 } FFFFFFFA
return 0; FFEFFFF3 FRFFFFFS 50 m
} FREFFFFA unsigned int rem{m%n}; FFFFFFE
FREFFFFS 50 m Y FFFFEFET
unsigned int rem{n¥n}; FFEFFEFG while ( rem 1= @) { FFFFFFFS
Y FFEFEFF7 PR FEFFEFFO 91 |val2
while ( rem 1= 0 ) { FFEFEFe8 n — rem: FFFFfffa
s FREFFFFO val2 - rem 3 FFEFFFD
o rens Feeeeea o1 L kn; main() reetec 1
= rem ; FFF FEFFFFF va
rem = m%n; main() FREFFFfC FFFFFFe 42 {
} FREFFFFA 42 |vall return n; v FRFFFFFF
FEFFFffe R ) -
return n; FEEFEFEE
}

Example: gcd(...)
Example: gcd(...)

fFFfffe2 [ 00000000
fFFfffe3 | 00000000
ffffffe2 [ 00000000 ffffffed | 00000000
ffffffe3 | 00000000 . ffffffe5 | 00000000
JAAAA eeeggggg * mis assigned the value of n . Ffffffes eeeeeeeg
. . ffffffes 000! L FFFfffe7 0900000
* mis assigned the value of n . trrifoe 06600000 e
i ffffffe7 | 00000000 unsigned int ged( unsigned int m, FFFEFFO 5 rem
Frffffes unsigned int n ) { fFffffea y
unsigned int gcd( unsigned int m, FFFFFfe9 N rem P (men)( FFFfffeb
unsigned int n ) { ffffffea N Ffffffec
if (men){ FEFFFFeb FFEFFfed
(unsined int tmp{m}; FFFFF:e; FEFFEfee 52 tmp
FFFFffe FFFfffef
= FFFFffee 52 tmp ) ged(..) FFFFFFFO
’ FEEFFfef FFEFFFFFL 01 n
} ged(..) FEEFFFFO if (m==0){ FEFFEFE2
FREFFFFL 91 n return 0; FRFFFFF3
if (m==0){ FEFFFFF2 } FEFFFFFA
return 8; FFFFFFF3 FEFFFFS m
} FREFFFFA unsigned int rem{m%n}; FFEFFFEG
FEEFFFFS n b FEFFEFFT
i int rem{m%n}; FAFFfffe . _ FRFFFFFS
unsigned g FEEFFFET wnite Lren iz 00 € FEFFFFES 91 |val2
; - T reefefes men FREFFEFa
while ( rem != 0 ) { n = rem;
M, FEEFFFFO 91 |val2 - main() FREFFFEFD
o e FFFFFFfa rem = mn; FRFFFFFC
o i FFEFFFD } FFFFFFFA 11
rem = mén; main() FEEFFFFC JAAAAREA, 42 |va |
) FREFFFFA 42 |vall return n; 3 FFFFFFFE B
FEFFFFfe . N
return n; b FEFFFFFF
}




Example: gcd(...)

FFFFFFe2

FEFEFFe
FEFFffed

. fFfFffes
i fFffffe7
FEFEFFe8
FEFFFFe9
Fffffea
FEFFFfeb
FEFFFfec
LI FFFffed
FEFfffee
} FEFFFFef
ged(.) FEFEFEFO

if (m==9) {

return @;

n is assigned the value of tmp

unsigned int ged( unsigned int m,
unsigned int n ) {
if (men) {
unsigned int tmp{m};

FEFFEFFL
FEFFEFF2
FEFFEFF3
FEFFEFFA
FEFFEFFS
FEEFEFFG
FEEFEFFT
while ( rem != 0 ) { FEFFFFFS

m=n; FEFFEFFO

n = rem; FEFFEFFa

rem = nn; main() FEFFEFFD
) FEFFEFFC
FEEFEFFA
FEFFEFFe

}

unsigned int rem{m%n};

return n;

FEFFEFEF

Example: gcd(...)

FEFFFFe2
FEFFFFe3
FFFFFfed
FEFFFeS
A i
FEFFFFe7
FFFFFFe8
FFFFFFe9
FFEFFfea

The conditionm == @1is false,
the consequent body is skipped

unsigned int gcd( unsigned int m,
unsigned int n ) {

Hmen){ FEFFFFeb

unsigned int tmp{m}; FEEFEfec

=g FFFFFFed

n = tnp; FFFffee

) FFFFFFef

ged(..) FEFFEFFO

F(n—o) 1 FEFFFFFL

return @; FEEFFFF2

FREFEFF3

FREEFFFA

FEEFFEFS

FEFEFFFG

FRFFFFFT

while ( rem != @ ) { FEEFFFES

= FRFFFFFO

FFFFFFFa

rem = mén; main() Feeee

<

! FEEEEFFA

FRFEFEFFe

FRFFFFFE

)

unsigned int rem{m%n};

n = rem;

return n;
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Example: gcd(...)

FEFFFFe2
FFEFFFe3

* nis assigned the value of tmp i
. o

I OFFFEFFer
FFFFFFes
FFFFFFeO
FFFFffea
FFFFFfeb
FFFFFfec
FFFFFfed
FEFFFfee
FEEFFFef
FEEFFEFO
FEEFFEFL
FEEFFFF2
FEFFFFF3
FEFFFFFL
FEFFFFFS
FEFFFFFE
FEFFFFF7
while ( rem != @) { FEFFFFFS

n=n; FEEFFEFO

n = rem; FEEFFEFR

rem = nin; main() FEEFFEFD
) FEEFFEFC
FEEFFEFD
FEFFFFFe

unsigned int ged( unsigned int m.
unsigned int n ) {
if (men) {
unsigned int tmp{m};

3 ged(..)
if(m=0){
return 0;

}

unsigned int rem{m%n};

return n;

FEFFFFFF

Example: gcd(...)
ffffffe2
ffffffe3

. L X FEFFFfes

* Thelocal variable rem is initialized with FFFFFfes

o . FFFFFfe6
the value of m%n P errrrer

FEFFFFe8

FEFFFFe9

FFFFffea

unsigned int gcd( unsigned int m
unsigned int n ) {
Hmen)d FEFFFFeb
unsigned int tmp{m}; FFEFFfeC
=g FFEFFFed
n = tnp; FFFFffee
) FEFFFFef
ged(..) FEFFFFFO
i (me—8)( FEFFFFFL
return @; FREFFFF2
FEEFFFE3
FEEFFFFA
FEFFFEFS
FEEFFEFE
FEEFFFET
FEFFFFFS
=g FEFFFFFO
FEFFFFFa
rem = nfn; main() FEEFFEFD
3 FEFFFFFC
FEEFFFFA
FEEFFFFe
FEEFFFEE

}

while ( rem != 0 ) {

n = rem;

return n;

00000000

00000000

52

91

91

42

00000000

00000000

00000000

00000000

00000000

00000000
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The local variable rem is initialized with

the value of m%n

unsigned int ged( unsigned int m,
unsigned int n ) {
if (men) {
unsigned int tmp{m};
m=n;
n = tmp;

}

if (m==0) {
return 0;

}

unsigned int rem{m%n};

while ( rem != @) {
m=n;
n = rem;
rem = m¥n;

}

return n;

m is assigned the value of n

unsigned int ged( unsigned int m,
unsigned int n ) {
if (m<n) {
unsigned int tmp{m};
m=n;
n = tmp;

}

if (m==0){
return @;

}

unsigned int rem{m%n};

while i rem 1= 0 ) {

n = rem;
rem = min;

}

return n;

ged(..)

main()

ged(..)

main()

Example: gcd(...)

Example: gcd(...)

FFFFFFe2

FEFEFFe
FEFFffed

FEFFFe6
FEFFFFe7
FEFFFFe8
FEFFFFE9
FFFFFfea
FEFFEFeb
FFFFFfec
FFFFFfed
FFFfffee
FEFFEfef
FEFFEFFO
FEFFEFFL
FEFFEFF2
FEFFEFF3
FEFFEFFA
FEFFEFFS
FEEFEFFG
FEEFEFFT
FFEFEFFB
FEFFEFFO
FEFFEFFa
FEFFEFFD
FEFFEFFC
FEEFEFFA
FEFFEFFe
FEFFEFEF

FEFFFFe2
FEFFFFe3
FFFFFfed
FEFFFeS
FFFFFFe6
FEFFFFe7
FFFFFFe8
FFFFFFe9
FFFfffea
FEFFFFeb
FEFFFfec
FEFFFfed
FEFFffee
FEFFEFef
FEEFEFFO
FEFFEFFL
FEFFEFF2
FEEFEFF3
FFEFEFFA
FEFFEFFS
FEFFEFFG
FEFFEFET
FEFFEFFS
FEFFEFFO
FEFFEFFa
FEFFEFFD
FEFFEFFC
FEFFEFFA
FFEFEFFe
FEEFEFFE

00000000

00000000

52

52

91

91

42
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00000000

00000000

00000000

00000000
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The condition rem != @is true,
the loop body is executed

unsigned int ged( unsigned int m.
unsigned int n ) {
if (men) {
unsigned int tmp{m};

men;
n = tmp;
} ged(..)
if (m==0) {
return @;
}
unsigned int rem{m%n};
(remt1=0) {
-
= rem;
rem = mdin; main()

return n;

m is assigned the value of n

unsigned int ged( unsigned int m.

unsigned int n ) {

if (m<n) {
unsigned int tmp{m};
m=n;
n = tmp;

}

if (m=0) {
return 0;

}

unsigned int rem{m%n};

n = rem;
rem = m%n;

}

return n;

ged(..)

main()

Example: gcd(...)

Example: gcd(.

FEFFFFe2
FFEFFFe3

FFEFFFe6
FFEFFFe7
FFFFFFes
FFFFFFeO
FFFFffea
FFFFFfeb
FFFFFfec
FFFFFfed
FFFFFfee
FEEFFFef
FEEFFEFO
FEEFFEFL
FEEFFFF2
FEFFFFF3
FEFFFFFL
FEFFFFFS
FEFFFFFE
FEFFFFF7
FFFFFFFS
FEEFFEFO
FEEFFEFR
FEEFFEFD
FEEFFEFC
FEEFFEFD
FEFFFFFe
FEFFFFFF

)

FEEFFFe2
FFFFFFe3
FEEFFfed
FFFFFFes
FFFFFFe6
FFFFFFe7
FFFFFfes
FFFFFfeo
FFFFFfea
FFEFFfeb
FFEFFFec
FFEFFfed
FFFFFfee
FEEFFFef
FEEFFFFO
FEFFFFFL
FEFFFFF2
FEFFFFF
FEFFFFFA
FEEFFEFS
FEEFFEFE
FEEFFEF7
FEEFFEFS
FEEFFEFO
FEEFFFFR
FEEFFEFD
FEFFFFFC
FEFFFFFD
FEFFFFfe
FEFFFFFF

00000000

00000000

39

52

52

91

91

42
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00000000
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* nis assigned the value of rem

unsigned int ged( unsigned int m,
unsigned int n ) {
if (men) {
unsigned int tmp{m};
m=n;
n = tmp;

}

if (m==0) {
return @;

}

unsigned int rem{m%n};

while ( rem 1= 0 ) {

}

return n;

* remis assigned the value of m%n

unsigned int ged( unsigned int m,
unsigned int n ) {
if (m<n) {
unsigned int tmp{m};
m=n;
n = tmp;

}

if (m==0){
return @;

}

unsigned int rem{m%n};

while ( rem != @ ) {
m=n;

return n;

ged(..)

main()

ged(..)

main()

Example: gcd(...)

Example: gcd(...)

FRFEFFe2

ffffffe

FEFFffed

FEFEFFe
FEFFFe6
FEFFFFe7
FEFFFFe8
FEFFFFE9
FFFFFfea
FEFFEFeb
FFFFFfec
FFFFFfed
FFFFFfee
FEFFEfef
FEFFEFFO
FEFFEFFL
FEFFEFF2
FEFFEFF3
FEFFEFFA
FEFFEFFS
FEEFEFFG
FEEFEFFT
FFEFEFFB
FEEFEFFO
FEFFEFFa
FEFFEFFD
FEFFEFFC
FEEFEFFA
FEFFEFFe
FEFFEFEF

FEFFFFe2
FEFFFFe3
FFFFFfed
FEFFFeS
FFFFFFe6
FEFFFFe7
FFFFFFe8
FFFFFFe9
FFFFffea
FEEFEFeb
FFEFFFec
FEFFFfed
FEFFffee
FEFFEFef
FEEFEFFO
FEFFEFFL
FEFFEFF2
FEEFEFF3
FFEFEFFA
FEEFEFFS
FEFFEFFG
FEFFEFET
FEFFEFFS
FEFFEFFO
FEFFEFFa
FEFFEFFD
FEFFEFFC
FEFFEFFA
FFEFEFFe
FEEFEFFE

00000000

39

52

52

91

42

00000000

00000000

00000000

00000000

00000000

00000000

52
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vall
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* nis assigned the value of rem

unsigned int ged( unsigned int m
unsigned int n ) {
if (men){
unsigned int tmp{m};

m=n;

n = tmp;
3 ged(..)
if(m=0){

return 0;

}

unsigned int rem{m%n};

while ( rem 1= @) {

main()

return n;

* remis assigned the value of m%n

unsigned int ged( unsigned int m,
unsigned int n ) {
if (m<n) {
unsigned int tmp{m};

=0
n = tmp;
3 ged(...)
if(m=0) {
return @;

}

unsigned int rem{m%n};

while ( rem != 0 ) {
n=n;

main()

return n;

Example: gcd(...)

Example: gcd(.

FEFFFFe2
FFEFFFe3

FFEFFFe6
FFEFFFe7
FFFFFFes
FFFFFFeO
FFFFffea
FFFFFfeb
FFFFFfec
FFFFFfed
FFffffee
FEEFFFef
FEEFFEFO
FEEFFEFL
FEEFFFF2
FEFFFFF3
FEFFFFFL
FEFFFFFS
FEFFFFFE
FEFFFFF7
FFFFFFFS
FEFFFFFO
FEEFFEFR
FEEFFEFD
FEEFFEFC
FEEFFEFD
FEFFFFFe
FEFFFFFF

)

FEEFFFe2
FFFFFFe3
FEEFFfed
FFFFFFes
FFFFFFe6
FFFFFFe7
FFFFFfes
FFFFFfeo
FFffffea
FFFFFfeb
FFEFFFec
FFEFFfed
FFFFFfee
FEEFFFef
FEEFFFFO
FEFFFFFL
FEFFFFF2
FEFFFFF
FEFFFFFA
FFFFFFFS
FEEFFEFE
FEEFFEF7
FEEFFEFS
FEEFFEFO
FEEFFFFR
FEEFFEFD
FEFFFFFC
FEFFFFFD
FEFFFFfe
FEFFFFFF

00000000

00000000

39

52

52
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00000000

52

39

52

91

42

2020-08-13

val2

vall

rem

tmp

val2

vall



Example: gcd(...)

FFFFFFe2

FEFEFFe
FEFFffed

. FEFFFFeG

the loop body is executed i frffffe7

unsigned int ged( unsigned int m, iggies

unsigned int n ) { 9

. FFFFFfea

i (men) FFEFFFeb

unsigned int tmp{m}; FFEFFfec

m=n; FFFEFFFed

n - twp; FFFfFfee

) FRFFFFef

ged(.) FFFFFFFO

i (me=0){ FRFFFFFL
return @;

The condition rem != @is true,

FRFFFFF2
FEFFFFF3
FEFFFFFL
FEFFFFFS
FFFFFFFS
FRFFFFF7
FFFFFFFS

}

unsigned int rem{m%n};

ihile ( rem =0 ) {

m=n; FEFFEFFO
FEFFEFFa
FEFFEFFD
FEFFEFFC
FEEFEFFA
FEFFEFFe
FEFFEFEF

n = rem;

rem = m¥n;

main()

return n;

Example: gcd(...)

FEFFFFe2
FFFFFFe3
FFFFFed
FFFFFfeS

. ffffffes

i Fffffe7

FFFFFfes

FFEFFfe9

Fffffea

FfFffeb

Fffffec
men FFFFFfed
n = tmp; FFFFffee

) FEFFFfef

ged(-) FFFFFFFO

i (me=0)( FRFFFFFL
return @; FEEFEFF2

FREFFFF3

FFEFFFFA

FEFEFEFS

FEFFFEFE

FEEFEFET

FEEFEFFR

FEEFFFFO

FFFFFFFa
rem = n%n; main() giggb

<

! FFEFFFFA

FFFFFffe

FREFFFFF

m is assigned the value of n

unsigned int ged( unsigned int m,
unsigned int n ) {
if (m<n) {
unsigned int tmp{m};

}

unsigned int rem{m%n};

while i rem 1= 0 ) {

n = rem;

return n;
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Example: gcd(...)

FEFFFFe2
FFEFFFe3

+ mis assigned the value of n
. ffffffe6

I OFFFEFFer
FFFFFFes
FFFFFFeO
FFFFffea
FFFFFfeb
FFFFFfec
m=n; FFFFFfed

n = tmp; FEFFFfee

) FEEFFFef
ged(-) FEEFFEFO

i (m=0){ FEEFFEFL
return 0; FEEFFFF2
FEFFFFF3

FEFFFFFL
FEFFFFFS
FEFFFFFE
FEFFFFF7
FFFFFFFS
FEEFFEFO
FEEFFEFR
main() FEEFFEFD
) FEEFFEFC
FEEFFEFD
FEFFFFFe

unsigned int ged( unsigned int m.
unsigned int n ) {
if (men) {
unsigned int tmp{m};

}
unsigned int rem{m%n};

while (rem =0 ) {

return n;

FEFFFFFF

Example: gcd(...)
ffffffe2
ffffffe3
ffffffed
Ffffffes

. ffffffe6

ffffffe7

ffffffes
ffffffeo
ffffffea
ffffffeb
ffffffec
m=n; ffffffed

n = tmp; ffffffee

} ffffffef
ng () fFfffffo

if(m=o0) ( FEFFFFFL
return @; FFFFFFF2

FEFFFFF3

FEFFFFFA

FEFFFFFS

fFfffffe

FFFEFFF7

FFFFFFF8

FFFFFFFO

fffffffa

main() FREFFFEFD

} FFFffffc

FFFFFFFd

fffffffe

FEFFFFFF

* nis assigned the value of rem

unsigned int ged( unsigned int m.
unsigned int n ) {
if (m<n) {
unsigned int tmp{m};

}
unsigned int rem{m%n};

while ( rem != 0 ) {
-

return n;

00000000
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rem

tmp

val2

vall
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Example: gcd(...) Example: gcd(...)

FEFFFfe2
FFFFFFe2 FEFFFFe3
FFFFffe
FFEFFfed s . o
is assigned the value of rem + remis assigned the value of m%n | fifrres 20000000
* nisassigned the valu . ffffffes | 00000000 I Ffffffe7 | 00000000
I ffffffe7 | 00000000 . FFFFffe8
ffffffes unsigned int gcd( unsigned int m, FEFFffe9
unsigned int gecd( \.msigned int m, FEEFffe9 13 rem unsigned int n ) { FEFFffea rem
unsigned int n ) { FFFfffea if (men){ FFEFFFeb
if (m<n){ ffffffeb unsigned int tmp{m}; FFFfffec
unsigned int tmp{m}; FFFFFfec men; FEFFFFed 52 tm
"= n; FEFFFFed 52 tmp n - tmp; FFFFFfee P
o s ) ) | e
.
’ ged(..) FEEFEFFO ) FEFFEFFL
i (meo0) FEFFFFFL N Hme=0){ FREFFFF2 13 n
i mt;;n e FEFFFFF2 , return @; FEFFFFF3
re ;
; FEFFFFF3 FEFFFFFA
¥ FRFFFFFA FEFFFFFS 39 n
FRFFFFFS 39 m unsigned int rem{%n}; FEFFFFFG
unsigned int rem{m%n}; FEFEEEFE A ferreeer
. fFEEFFE7 while ( rem = @) { FFFFFFF8
while ( rem 1- 0 ) { FEFFFFFS ; FEFFFFFO 01 |val2
sl I P iney | 8
; FEFFFEFD FEFFFFFC
= n
) main() FEFFFFFC 3 FEFFFFFA a2 |vali
FRFFFFF a2 |vali FEFFFFfe
FFFffffe return n; Y FFFFFFFF i |
return n; FFFFFFFF i [ }
}

Example: gcd(.

Example: gcd(...) )

ffffffe2 00000000
ffffffe2 00000000 FFffffe3 00000000
ffffffe3 00000000 ffffffed 00000000
. . o ey o + The condition rem != @is false, friferes | 00000000
* remis assigned the value of m%n FEEfffes ) . ereerres [oom
. ffffffe6 | 00000000 . fFFFffe7 | 00000000
; kip the loop body and continue
FFFFffe7 | 00000000 we SKIp FEFFFFe8
ffffffes unsigned int gcd( unsigned int m, FFFFffeo
unsigned int ged( unsigned int m, FEEFEfe0 unsigned int n ) { FEFFEfen 0 rem
unsigned int n ) { FFFfffea rem i (man){ FEEFFFeb
if (m<n){ ffffffeb unsigned int tmp{m}; FEFFfFfec
unsigned int tmp{n}; FRFEFFFec = n; FFEFFFed 52 +
= FFFEFFed 52 tmp n = top; FFEFFFee mp
n - tnp; FFffffee " cd(..) FEFFFFef
' ged(..) FEEFFfef gcd(.- FEFFFFFO
FEEFFEFO om0 FEFFFFFL 13 n
i (o)1 FREFFFFL 13 N #nm ) FEEFFFR
! FEFFEFF2 return 0; FEFFFFE3
return 6; FEFFFFF3 } FEFFFFFA
¥ FEEFFEFL FEEFFFES 39 n
FRFEFFFS 39 n unsigned int rem{n%n); FEFFFFFG
unsigned int rem{%n}; FREEFFFG b FFFEFFF7
3y fFFEFFFF7 while ( rem 1= @ ) { FEFFFFFS
while ( rem 1= @) { FRFFEFFR we FEFFFFFO
w e FEEFFEFO 91 |val2 n = rem; FEEFFFFR 91 |val2
FFFFFFfa rem = nins main() FEEFFFFD
main() FEEFFEFD FEFFFFFC
, FREFFFC FEEFFFFA a2 |val1
FFEFFERD a2 |vali FEEFFFFe
FFfffffe return n; b FFFFFFFF 1S
return n; b FEFFFFFF a [ }
)




Example: gcd(...)

FFFFFFe2

FEFEFFe
FEFFffed

‘We must now return the value n FFFFFe
. . L. ffffffes
— Question: where can main() access it? ; ffffffe7
FFFFFfe8

igned int gcd igned int m,
unsigned int gcd( unsigned int m FHEFFfon

unsigned int n ) { FFFFffea
Hmean){ FEFFEFeb
unsigned int tmp{m}; FFEFFfec
m=n; FFFEFFed

n = tmp; FFEFFfee

) FREFFFEf
ged(-) FRFEFFFO

i (me0){ FRFEFFFL
FREEFFR2
ARE]
FREEFFFA
FREEFFFS
FRFEFFFG
L FEFFEEF7
while ( rem =0 ) { FEFFFFFS
m =g FRFEFFFO

n = rem; FFEFFEFa
ren main() | e

) <
FREEFFFA
FRFEFFFe
FREEFFFE

return 0;

}

unsigned int rem{m%n};

Example: gcd(...)

FEFEFfe2

FEFEFfe3

. FEfFffes

That location now stores the value 13 FRFFFFes
. ffffffes

i Fffffe7

FFFFFFe8

unsigned int gcd( unsigned int m,
& ged( wnsig FFFFFFEO

unsigned int n ) { fFfiffen
if (m<n){ FEFFFFeb
unsigned int tmp{m}; FFFFffec
m=n; FEFFFfed

n = tmp; FEFFffee

) FEFFEFef
ged(..) FEEFEFFO

i (m—0)( FEFFEFFL
FEFFEFF2
FEEFEFF3
FFEFEFFA
FEFEFEFS
unsigned int rem{m%n}; FEEFEFFE
Y FFEFEFET
while ( rem 1= 0) { FEFFEFFS
m=n; FEFFEFFO

n = rem; FEFFEFFa

rem = mn; main() FEFFEFFD

) FEFFEFFC
FEFFEFFA
FFEFEFFe
FEEFEFFE

return @;

}

00000000

00000000

2]

52

13

39

91

42

00000000

00000000

00000000

00000000

00000000

00000000

2]

52

13

91

42

val2

vall

rem

tmp

return value

val2

vall

int main() {

Example: gcd(...)

FEFFFFe2
FFEFFFe3

Let’s put the returned value at the bottom ¢
ffffffe6

of the memory for the function gcd(..) | #reerfer

unsigned int gcd( unsigned int m, Frffffes
unsigned int n ) { frffffes

) FFEfffea
i (men) o FEFFFfeb
unsigned int tmp{n}; FFFFFec
m=n; FFEFFfed

n = tmp; FFFfffee

} FREFFFef
ged(.) FREFFFEFO

i (m=0) { FREFFEFL
return 0; FREFFFF2

) FREFFFF3
FREFFFEFA

) ) X FREFFEFS
unsigned int rem{m¥n}; FEFEFFFO
¥ FEEFFFF7

while ( rem 1= 8 ) { FEEFEFFS
m=n; FREFFEFO

n = rem; FFEFFFFa

, main() | e
FREFFEFA

FREFFFfe

FREFFEFE

)

ffffffe2

ffffffe3

. ffffffed

The function main() can now access FRFFFFes
. ffffffe6

and use that returned value D feffffer
. . ffffffes
— In this case, the returned value is FEFFEFED
immediately passed to a function to frifrte
print that value FFFFFfeC
ffffffed
ffffffee

unsigned int vali{42}; ged(..) ::::::i;

unsigned int val2{91}; FEFFEFFL
FEFFFFF2
std::cout << gecd( vall + 10, val2 ) FRFFFFF3
<< std::endl; FRFFFffa

FEFFFFFS

FEFFFFf6
FEFFEFF7
FAFFFFF8
FEFFFFFO
fffffffa
main() FFFFFFFD
FHfffffc
FHFFfFffd
fffffffe
FEFFFFFF

Example: gcd(.

return 0;

00000000

00000000

]

52

13

91

42

00000000

00000000

00000000

00000000

00000000

00000000

13

91

42

2020-08-13

return value

val2

vall

return value

val2

vall
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Example: gcd(...)

FEEFFFE2

Example: is_prime(...)

FEFEFfed
« A few observations: Freeeres » Consider the following:
. o . .
— The scopes of tmp and rem do not i ffffffe7 | 00000000 #include <iostream>

. FEFFFFe8
overlap, so almost all compilers would tFFfFes

i FFEFEF 5 X
use the same memory location for each |  #ffffea int main();
— Much more information must be put FFfffec int nprimes( int n );

on the stack fre | os2 | tmp

ﬁﬁﬁ:i // Function definitions
ged(-) FEEFFFFO int main() {
FEFFEFFL 13 int num{};
::::::g std::cout << "Enter a number:
FEEFFFFA std in >> num;
FEEFFFFS
FFFFFFFG 13 m std
2:::::::::::; << std::endl;
FEEFFFFO
FRFFFFFA 91 |val2 return @;
main() FEFEFEFD )
FEFEFEFC
FEFEFEFA
vall

FEFEFEfe 42
FEEFFFEF B L1

") rem // Function declarations

ticout << nprimes( num )

Example: is_prime(...) Example: is_prime(...)

// Looking at the odd numbers,

// if it is prime, flag all multiples of it « Let’s tabulate the information:
// to be not prime

for (int k{3}; k <= n; k += 2 ) {
1€ st ) e

for ( int m{3}; m*k <= n; m += 2) {

eters Local variables

is_prime[m*k] = false; maln() int num
(// © and 1 are not prime, 2 is prime } npr\imes(_") int n int k
// - All other values initialized to being } A
. int k
//  assumed to be not prime .
\bool is_prime[n + 1]{false, false, true}; int k
7/ Count all the prime numbers int m
(7/ Assume all odd numbers >= 3 are prime // and return that value int count

// - all multiples of 2 are not prime
for ( int k{3}; k <=n; k += 2 ) {

is_prime[k] = true; for ( int k{2}; k <= n; ++k ) {
U if ( is_prime[k] ) {

++count;

int count{e}; bool is_prime[n + 1]

}

return count;

}

11
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Example: is_prime(..)

» Thelocal variable num is initialized with
the value of @

int main() {
int num{};
std::cout << "Enter a number: ";
std::cin >> num;

std::cout << nprimes( num )
<< std::endl;
return 0;

main()

Example: is_prime(..)

* Wecall nprimes(..) which has one
parameter n

int main() {
int num{};
std::cout << "Enter a number: ";
std::cin >> num;

std::cout << nprimes( num )

<< std::endl;
return 0;

main()

FREFFFAT
FFFFFFAS
FEEFEFAD
FEEFEFda
FFEFEFdD
FFFFFFdC
FEEFEFAD
FEEFEFde
FREFEFAF
FFFffeo
FEEFFFel
FEEFEFe2
FREFFFe3
FFFffed
FEEFEFES
FEEFEFe6
FFFFFfe7
FFFFfes
FEEFEFEO
FEFfffea
FFFfffeb
FFfffec
FEEFEFed
FFFFFfee
FFFFfef
FEFFFFO
FEEFEFFL
FEEFEFF2
FEFFFFF3
FEFFFFFA
FEFFEFES
FEEFEFFE
FEFFFFF7
FEFFEFFE
FEEFEFFO
FEEFEFFa
FEFFFFFD
FEFFFFfC
FEEFEFEA
FREFFFe
FEFFFFFF

FEEFEFAT
FEEFEFAS
FFFFFFAD
FFFFFfda
FEEFEFdD
FREFFFdC
FFFFFFdd
FEEFFFde
FEEFEFAF
FFEFFFe0
FFFFFfel
FEEFFFe2
FEFFEFe3
FFEFFfed
FFFFfes
FFFFFFe6
FEEFEFeT
FFEFFFe8
FFFFFfed
FFfffea
FEFEFEFeb
FFFfffec
FFFffed
FEFffee
FEFFEFef
FEFFFFFO
FEFFFFFL
FEEFEFF2
FEFFEFES
FEEFFFFA
FEFFFFFS
FEEFEFE
FEEFEFET
FEFFFFFS
FEFFFFFO
FEEFEFFR

Y FEFFEFFD

FFFFFFC
FEFFFFFA
FEEFEFfe

b FEFFEFEF

10

- L g

Example: is_prime(..)

Suppose the user enters the value 10

int main() {
int num{};
std

cout << "Enter a number: ";
cin >> num;

std::cout << nprimes( num )

<< std::endl;

return 0;

Example: is_prime(..)

The value of the argument is copied to the
memory for the parameter n

int main() {

int num{};
cout << "Enter a number:
cin >> num;

std

cout << nprimes( num )
<< std::endl;
return 0;

main()

FREFFF7
FFFFFFAS
FEEFFFD
FFEFFFda
FFEFFFD
FFFFFFdC
FFEFFFd
FEEFFFde
FREFFFAF
FFFFFfeo
FFEFFFel
FEEFFF2
FFEFFfe3
FFFfffed
FFEFEFES
FEEFEFe6
FFFFFFe7
FFFFFfes
FFEFFFO
FFfffea
FFFffeb
FFFfffec
FFEFFfed
FFFfFfee
FEFFFfef
FFEFFFO
FEEFEFFL
FEEFFFF2
FEFFFFF3
FEEFFFFA
FEEFEFES
FEEFFFFE
FEFFFFF7
FFFFFFFB
FEEFEFFY
FEEFFFFa
FFFFFFFD
FFFFFFfC
FEEFEFFA
FREFFFfe
FEFFFFFF

FEEFEFT
FEEFFFAS
FFFFFFD
FFFFFfda
FEEFEFD
FREFFFdC
FFFFFFd
FFEFFFde
FEEFEFAF
FFFFFFe0
FFFFFfel
FFEFFFe2
FEEFEFe3
FFFFFfed
FFFFFFeS
FFFFFFe6
FEEFFFE7
FFFFFFe8
FFFFFFed
FFFfffea
FFEFFfeb
FFFfffec
FFFfffed
FFEfffee
FEEFEFef
FEFFFFFO
FEFFFFFL
FEEFEFF2
FEEFEFE3
FREFFFFA
FEEFFFFS
FEEFEFFE
FEEFFFET
FEFFFFF8
FFEFFFFO
FFEFEFFa

v FEFFEFED

FRFFFFC
FFEFFFFA
FEEFEFfe

Y FEFFEFEF

10

10

10

2020-08-13

12



Example: is_prime(..)

» The nprimes(...) function has five local
variables of type int
» Thelocal array is of type bool with 11 entrig
— Thevalue of is_prime is ffffffd9

int main() {
int num{};
std::cout << "Enter a number: ";
std::cin >> num;

std::cout << nprimes( num )
<< std::endl;
return 0;

FREFFFAT

FEFFFFd Ts_prine[e]

AT is_prime[1]

FEFFFFdD is_prime[2]

FEFFFFdC is_prine[3]

FEFFFFA is_prine[4]

FEFFFde is_prime[s]

FEFFFFF is_prime[6]

FFFFFFe0 is_prine[7]

FEFFFfel is_prine[8]

FEFFFFe2 is_prime[9]

FFFFFfe3 is_prime[10]

TP

FEFFFFeS

FFFFFFCE ? count

FFFFFFR7

FEFFFe8

FEFFFFe0 N n

FFFfea ?

FFFFFFeD

FEFFFfec

FEFFFed N o

FFfffee ?

FFFFFFef

FEFFFFFO

FEFFFFFL ) @

FEFFFFF2

FFFFFF3

FEFFFFFA

FEFFFEFS ) @

FEFFFEFS

FEFFFFFT

FEFFFFFS

FEFFFEFO

FEFFFFa 1o n
_Y_ FEEFFFFD

FEFFFFFC

FEFFFFFD

FFFFFFfe 1o num [

main()

¥ FFFFEFFE

Example: is_prime(..)

*  When the function is ready to return,
the value returned will be copied to the
location immediately above that memory
allocated for main()

int main() {
int num{};
std::cout << "Enter a number:
std::cin >> num;

std::cout << nprimes( num )
<< std::endl;
return 0;

main()

FEEFEFAT

FEFFFFAD

FFFfffda
FEEFEFdD
FREFFFdC
FFFFFFdd
FEEFFFde
FEEFEFAF
FFEFFFe0
FFFFFfel
FEEFFFe2
FEFFEFe3
FFEFFfed
FFFFfes
FFFFFFe6
FEEFEFeT
FFEFFFe8
FFFFFfed
FFfffea
FEFEFEFeb
FFFfffec
FFFffed
FEFffee
FEFFEFef
FEFFFFFO
FEFFFFFL
FEEFEFF2
FEFFEFES
FEEFFFFA
FEFFFFFS
FEEFEFE
FEEFEFET
FEFFFFFS
FEFFFFFO
FEEFEFFR
Y FEFFEFFD
FFFFFFC
FEFFFFFA
FEEFEFfe

Y FFFFFFEF

11

11

11

10

is_prime[0]
is_prime[1]
is_prime[2]
is_prime[3]
is_prime[4]
is_prime[5]
is_prime[6]
is_prime[7]
is_prime[8]
is_prime[9]
is_prime[10]

count

Kt

return value

FREFFF7

FFEFFFD

Example: is_prime(..)

FFFFrfda
FFEFFFD
FFFFFFdC
FFEFFFd
FEEFFFde
FREFFFAF
FFFFFfeo
FFEFFFel
FEEFFF2
FFEFFfe3
FFFfffed
FFEFEFES
FEEFEFe6
FFFFFFe7
FFFFFfes
FFEFFFO
FFfffea
FFFffeb
FFFfffec
FFEFFfed
FFFfFfee
FEFFFfef
FFEFFFO
FEEFEFFL
FEEFFFF2

When the function is ready to return,

the value returned will be copied to the
location immediately above that memory
allocated for main()

int main() {
int num{};
std::cout << "Enter a number: ";
std::cin >> num;

std::cout << nprimes( num )
<< std::endl;

FEFFFFF3

return 0; FEEFFFFA

} FEFFFFES
FEFFFffe
FEFFFFF7
FEFFFFFR
FEFFFFFO
frfffffa
v FEFFFFFD
FEFFFFFC
FEFFFFFd
frfffffe
¥ FFFFFFFF

main()

Summary

Following this lesson, you now
— Have a basic understanding of the call stack
« The call stack starts at the bottom of memory

11

11

11

10

is_prime[0]
is_prime[1]
is_prime[2]
is_prime[3]
is_prime[4]
is_prime[5]
is_prime[6]
is_prime[7]
is_prime[8]
is_prime[9]
is_prime[10]

count

K3

k2

Kt

return value

— Understand this memory is used for parameters, local variables, and

returned values

— Have observed two examples of programs using the call stack

2020-08-13
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Disclaimer

These slides are provided for the ECE 150 Fundamentals of
Programming course taught at the University of Waterloo. The
material in it reflects the authors’ best judgment in light of the
information available to them at the time of preparation. Any reliance
on these course slides by any party for any other purpose are the
responsibility of such parties. The authors accept no responsibility for
damages, if any, suffered by any party as a result of decisions made or
actions based on these course slides for any other purpose than that for
which it was intended.
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Colophon

These slides were prepared using the Georgia typeface. Mathematical
equations use Times New Roman, and source code is presented using
Consolas.

The photographs of lilacs in bloom appearing on the title slide and
accenting the top of each other slide were taken at the Royal Botanical
Gardens on May 27, 2018 by Douglas Wilhelm Harder. Please see

https://www.rbg.ca/
for more information.
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