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Address-of operator and dereferencing operator

the address of a variable :
address-of operator &

& variable :
returns the address of a variable

variable has memory locations
whose value can be changed
by an assignment

(variable must be an Ivalue)

Series 1App :
Applications of Pointers

the content at an address :
dereferencing operator *

*address :
returns the value at the address

* address has memory locations
whose value can be changed
by an assignment

(* address is an lvalue)

Young Won Lim
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Ivalue and rvalue in assignments

Left Hand Side Right Hand Side !nt a, b=10;
LHS = RHS Int * p,q=4&a;
lvalue = Ivalue p = q ;
|
Ivalue 1= rvalue p = &a;

[
L)

= Ivalue - &a
E: rvalue & = &b;

o T em e en e e e - o - - - - -

-------

in the LHS, only Ivalue can exist a b ,p q :lvalues .. var!ables ... RW
rvalue can exist only in the RHS P, *q : lvalues ... variables ... RW
&a, &b :rvalues ... constants ... RO
Series 1App : Young Won Lim
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Ivalue and rvalue with * and & operators

- e en en en e e e e e e e e e e e e e oy,

to either an lvalue variable

F e * ! rvalue F e * (&a or a rvalue address
rvalue rvalue; rvalue (&a)

- e e e e e e e e e e e e e e e e o -

E lvalue * ilvaluei E lvalue *p int a=10:
| X int * p=&a;
" rvalue *ilvalue; _rvalue *p

E lvalue * Ervaluei | lvalue *(&a) * can be applied

* operand becomes

"""""""" I:_'__-__-_:{\ an Ivalue variable
M & lvalue: M &p thus can be applied

successively.

lvalue rvalue &p

Ivalue M & can be applied

to only an Ivalue variable and

o = em em em e e e o e o e e

returns only an rvalue address
rvalue & , rvalue & (&a) Y
| S ! /
a,p :lvalues ...variables ... RW
*p  :lvalues ... variables ... RW
&a :rvalues ... constants ... RO
Series 1App : Young Won Lim
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Address-of and dereference operators

Primitive Data Type Pointer Data Type e o
int* q;
* *
address data address | address
pointer lvalue p lvalue *p pointer lvalue q Ivalue *q
constant ~ rvalue &a lvalue a constant  rvalue &q Ivalue q
& &
’\\‘ '/,//,,, ’\\\ ’/,/////
address data address | address
constant  rvalue &a Ivalue a constant  rvalue &q Ivalue q
Series 1App: 6 Young Won Lim
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Pointer Chain Types

&0 qe > q * o= *q **(p o— 0 wkk(Q)

* dynamically allocated multi-dimensional arrays

\\L1]7) A\ /)
7 N\ #, uy Wi,
\\\ (/ \\\ /) \\\\\ n, 2, W 4, /)

ec| ¢ o=t | c[0]e—=1 co)[0] «—&Y cloj0][0]

» statically allocated multi-dimensional arrays

Series 1App: 7 Young Won Lim
Applications of Pointers 10/14/23



Pointer Chain Type 1

* * * *
\\\\\\lllll,", \\\\\\"ll/,,,’ \\“",,,,, \\\\\Hu,,'
4 4 4 4
&q q ./‘N q *q ./—N *q **q ./-—\**q ***q
* — * — % *f* — k%% *[(** — k%%
(&q) =q (a) =*q (*a) = **q (*q) = *q
C expression returns C expression returns C expression returns C expression returns
data value(q) which is data value(*q) which is data value(**q) which  data value(**q) which
an address an address IS an integer IS an integer
& &
\\\\\“ 1, ,,,,, \\\\\\“ 1y, ,,//’ \\\\\l 1y, ,,,/ \\\\\\l iy, n,
&q q ./—N q *q ./—N *CI **q ./N**q ***q
&q &(*q) = q &(**q) = *q &(**q) = **q
C expression returns C expression returns C expression returns C expression returns
address value(&q) address value(q) address value(*q) address value(**q)
which is the address which is an address which is an address which is an address
of a variable q of a variable *q of a variable **q of a variable **q
Series 1App : Young Won Lim
PP 8 10/14/23
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Pointer Chain Type 2 (1)

s\\\\\‘ "/,‘ s\\\v .,\ fg %, ,‘ O]s\;\\\\ Y '/,,‘
& c e——=°  c[oje——="" c[0][0] e—L c[0][0][O]

“(&ec)=c *(c) = c[0] *(c[0]) = c[0][0]  *(c[O][O]) = c[O][O][O]
(int (*)[3][4]) € can be (int ()[4]) ¢[0] can be (int (%)) ¢[0][0] can be
viewed as a pointer viewed as a pointer viewed as a pointer
to (int[3]14]) c[0] to (int [4]) ¢[0][O] to (int) c[0][0][O]

Wiy, & & %u
’\‘\ "/,,,,/ ’\‘ : 3 6 \ 4 ,/,,, O]'O\\ //,,’,‘
&c c o——F c[0]e——=" ¢[0][0] «——R c[O][0][0]

&c &(c[0]) =c &(c[0][0]) = ¢[0]  &(c[O][O][0]) = [O][0]
(int (")[3][4]) ¢ has the (int (*[4]) ¢[0] has the (int (%)) ¢[0][0] has the
address value of address value of address value of
(int [3]14]) €[0] (int [4] ¢[0][0] (int) ¢[0][0][0]

Series 1App : 0 Young \{\67?45?;
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Pointer Chain Type 2 (2)

&c

*(&c)=c

&cC

&cC

Series 1App :

Nl
S
C

.,‘ \\\\\\ ,,,,‘ ]\\\\\\ 'l//,,‘
cl0] e—_ ¥ clojoje—_ ¥ cloj[0][0]
*C \ *c[0] \ *c[0][0]

*(c) = c[0]

c[0] e~

'\‘
C

*C

&(c[0]) =c

Applications of Pointers

*(c[0]) = c[0][0]
&

c[0][0]e~

AN

*c[0]

&(c[0][0]) = c[0]

10

*(c[0][0]) = c[O][0][0]
&

cofo

{000}

A

*c[0

[0]

&(c[0][0][0]) = c[0][0]

Young Won Lim




2-d array access

Serie_s 1App : _ 11 Young \{\(/)%145.22
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Array of Pointers

Int al4];

int * b[3];

int [4]
int (*) int
INt a 4 | a *i+_ al0] Integers
all]
there are 4 elements a[2:
the type of each element: a/3]
an integer
int * [3]
int * * int *
Int * b Bl b += b[0] Integer pointers
b[1]
there are 3 elements b[2]
the type of each element:
a pointer an integer
Series 1App: 12 Young \{\(/)%145.22
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Array of Pointers — a type view

int alf4]; int * b [3];

int [4] int int * [3] int *
&a a a/0] b b[0]
all b[1
al?] b[2]
a[3]
Integers Int_eger
pointers
int (*) int int *
ca | @ a0 w | b e _b[0
a[l N1
a2 N
a/ 3]
Series 1App: 13 Young \{\(/)(;&Ifzn;
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Array of Pointers — a variable view

Int al4]; Int * b [3];
int
int[4]  int int*[3]  int* fb[ol‘ *b[O]
________ a -3+ a0 b 3] B[] ° -
ajl] b[l] e = *b[1]
alZ] b[2] e;
a[3] MZL *b[2]
Integers Integer
pointers
Series 1App : 14 Young Won Lim
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Assigning a 1-d array name

int * b [3]; int alf4];
assignment
b[0] = &a[0] (= a)
b[0]
int [4] int int * [3] int *
________ a * 11 b e Db[O] e
22 b[l] o« —» b1| 55
33 b[2] e
44 \> biz)| 99
Integers Integer pointers

Series 1App :
Applications of Pointers
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Assigning a 1-d array name — equivalence

int * b [3];
int * [3] int *
________ b ei= b[0]e—
b[1
b[2]

Series 1App :

Applications of Pointers

INt

al4];

16

assignment

b[0] = &a[0] (= a)

b[0]+1
b[0]+2

b[0]+3

*(b[0]+0)

*(b[0]+1)

*(b[0]+2)

*(b[0]+3)

Young Won Lim
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Array of Pointers — extended dimension

Int * b [3]; Int al4],

a[0] =Db[0][0] = *(*(b+0)+0)
array name b a[1] =DblO][1] =*(*(b+0)+1)
nt*[3  int* a[2] =bI0I[2]  =*(*(b+0)+2)

b e} b[0]e] a[3] = Db[O][3] = *(*(b+0)+3)
"""""""""" b[1]
b[2]
array ‘name b[0]
1st dim int [4] int
________ a ___f_]f;'['o]
b[0]+1
assignment b[0]+2
bio+3RI0][3]

b[0] = &a[0] (= a)

2" dim

Serie_s 1App : _ 17 Young \{\67?45?;
Applications of Pointers



2-d access of 1-d arrays

Int * b [3]; array name

+»Qb[0][0]
1+1 b0

array name b

nt*[3] ~int* array name b[1]
________ b e b[0]e— int
b[1] | oi->Hb[1][0]
b[2]e 2rdim | [T o+ lb[1][a]
bl11+2 fib[1][2]
b[1]+3Yb[1][3]
15t dim
array name b[2]
b[2] int
- Rb[2][0]
bl2]+1 fib[2][1]
b2}+2 f{b[2][2]
b[2]+3 A [2][3]
Series 1App: 18 Young \{\67?45?;
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2-d access of a 1-d array

array name b[0] = &a[0*4]

array name b[1] = &a[1*4]

array name b[2] = &a[2*4]

Int * b [3] ;
array name b
int * [3] int *
________ b e+~ b[0]e—
b[1]e—
b[2]®
nt* | a[3%4];

........ a_*+~Jblo][0]
b[0]+1 b[O][l]
b[0][2]

[0][3]
b[1][0]
b[1][1]
b[1][2]
[1][3]
b[2][0]
b[2][1]
bi21+2 ffb[2][2]
S JEIE]

b[0]+2

b[1]+1

b[1]+2

b[2]+1

Series 1App :

19 Young Won Lim
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2-d access of a 1-d array — pointer array assignments

int*  b[3];

Assignments

b[0] = &a[0*4] (= a +0*4)
b[1] = &a[1*4] (= a +1*4)
b[2] = &a[2*4] (= a +2*4)

Series 1App :
Applications of Pointers

Int a [3*4] ;

constraint : contiguous b[i][j] over j

2-d access of a 1-d array

b{i][j] =
L §

afi*4+|]

“(blil +)
t
(a+i*4 +)

1-d access of a 1-d array

constraint : contiguous a[i*4+j] over |

20

*(b+i) | =

a+f(/)

Young Won Lim
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3-d array access of a 1-d array

Series 1App: 21 Young Won Lim
Applications of Pointers 10/14/23



Using pointer arrays b, c

int [24] int
: a o> a0
Int *%* C [2] ’ ............. a[l]
int* b [2*3]; a[2]
: *2%A7 - a[3]
Int a [2*3*4]; =
a[5]
a[6]
al7]
int**[2] int** int * int a[8]
ces] clo]— 4— a[9]
............. i 21101
ajl11]
a[12]
int * [6] int * int a[13]
..... b e~ b0] ¢—r a[14]
b[1] a[15]
b[2] a[16]
b[3] a[17]
b[4] a[18]
b[5] a[19]
a[20]
aj21]
a[22]
a[23]

Serie_s 1_App : _ 292 Young \{\(l)(;;l4|7|2n;
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Using static memory allocation

int** ¢ [2];
int* b [2*3];
Int a [2*3*4];

static memory
allocation

int [24] int

int ** /
c[O] v/

c[i] = &b[3*] (= b + 3*i)
b[j] = &a[4%]] (= a+ 4%)

Series 1App:
Applications of Pointers

23

AN

..... a o4 a0

a[l]
a[2]
a[3]
a[4]
a[5]
a[6]
a[7]
a[8]
a[9]
a[10]

ajl11]
a[12]
a[13]
a[14]
a[15]
a[16]
a[l7]
a[18]
a[19]
a[20]
aj21]
a[22]

b[

39 dim

a[23]

0*4+0
0*4+1
0*4+2
0*4+3
1*4+0
1*4+1
1*4+2
1*4+3
2*4+0
2*4+1
2*4+2
2*4+3
3*4+0
3*4+1
3*4+2
3*4+3
4*4+0
4*4+1
4*4+2
4*4+3
5*4+0
5*4+1
5*4+2
5*4+3

Young Won Lim
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Using dynamic memory allocation

int*** ¢ = (int **) malloc(2 * sizeof(int **));
int** b = (int **) malloc(2*3 * sizeof(int *));
int* a =(int*) malloc(2*3*4 * sizeof(int));

dynamic memory allocation

c[i] = &b[3*] (= b + 3*i)
b[j] = &a[4*]] (=a+ 4%)

Series 1App : 24
Applications of Pointers

int *

int

aj0]

39 dim

a[l]
a[2]
a[3]
a[4]
a[5]
a[6]
a[7]
a[8]
a[9]
a[10]

ajl11]
a[12]
a[13]
a[14]
a[15]
a[16]
a[l7]
a[18]
a[19]
a[20]
aj21]
a[22]

a[23]

0*4+0
0*4+1
0*4+2
0*4+3
1*4+0
1*4+1
1*4+2
1*4+3
2*4+0
2*4+1
2*4+2
2*4+3
3*4+0
3*4+1
3*4+2
3*4+3
4*4+0
4*4+1
4*4+2
4*4+3
5*4+0
5*4+1
5*4+2
5%4+3

Young Won Lim
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Static v.s. dynamic memory allocation (1)

int *** ¢ = (int **) malloc(2 * sizeof(int **));

relaxing
the 1% dim
Int * * %
int ** (*)
int ** [2] int ** int***
_____ c o> c[0] malloc(2 * sizeof(int **)); C o -
c[l z
[1] ] [ el0]
\ c[1]
int* ¢ [2]; int *** ¢ = (int ***) malloc(2 * sizeof(int **));
static memory allocation dynamic memory allocation
Series 1App : Young Won Lim
bp 25 10/14/23
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Static v.s. dynamic memory allocation (2)

int* b = (int **) malloc(6 * sizeof(int *)):

relaxing

the 1stdim
int
int* (*) int **
int*[6] = int* malloc(6 * sizeof(int *)); b --2 int *
..... b e+ b[0] ~[_b[0]
b[1] b[1]
b[2] b[2]
b[3] b[3]
b[4] b[4]
b[5] b[5]
int* b [6]; int ** b = (int **) malloc(6 * sizeof(int *));
static memory allocation dynamic memory allocation
Series 1App : 26 Young Won Lim
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Static v.s. dynamic memory allocation (3)

int [24] int int

a o> all alo0
st int *a = (int *) malloc(24 * sizeof(int)): i
al2] al2]

al3] al3]

b[1] al4] al4]
a[5] int * a[5]

a[6] a e a[6]

a[7] a[7]

b[2] a[8] a[8]
al9] a9]

a[10] relaxing a[10]

a[11] the 1% dim a[11]

bi3] | a[12] int * a[12]
a[13] nt ) a[13]

a[14] a[14]

a[15] int [24] a[15]

bl4] | a[l6] a[16]
:Eg int*a [24] ; int * a = (int *) malloc(24 * sizeof(int)): ZEQ

a[19] a[19]

bis] | a[20] static memory dynamic memory a[20]
a[21] allocation allocation a[21]

a[22] a[22]

a[23] a[23]

Series 1App: 27 Young \{\(/)724?22
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Static v.s. dynamic memory allocation (4)

int* | ¢ [2]: static memory
. b [23]: allocation
int a [2*3*4];
int** ¢ = (int ***) malloc(2 * sizeof(int **)); glyll(r)lggrt\ilgnmemory
int* b =(int**) malloc(2*3 * sizeof(int *));
int * a =(int*) malloc(2*3*4 * sizeof(int));

cl[i] = &b[3*1] (= b + 3*)

b[j]] = &a[4*]] (=a + 4%)

Series 1App : 28 Young Won Lim
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Static v.s. dynamic memory allocation (5)

e static memory allocation

* dynamic memory allocation

Series 1App :

Applications of Pointers
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int

c[O][0][0]
c[O][0][1]
[0][0][2]
c[O][0][3]
c[O][1][0]
c[O][L][1]
[O][1][2]
c[O][1][3]
c[O][2][0]
c[O][2][1]
[0][2][2]
c[O][2][3]
c[O]3][0]
c[O](3][1]
[0][31[2]
c[O][3][3]
c[O][4][0]
c[O][4][1]
[0][4][2]
c[O][4][3]
c[O][5][0]
c[O][5][1]
[0][5][2]

39 dim

[O][5I[3]

Young Won Lim
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Static memory allocation of an 3-d array

int [2][3][4]

int ¢ [2][3][4] ; S R S

int[3][4] int[4] int

static memory
allocation

value(c) = value(c[0]) = value(c[0][0]) = &c[O][O][O]
value(c[0][1]) = &c[O0][1][0]

value(c[0][2]) = &c[O0][1][O]

value(c[1]) = value(c[1][0]) = &c[1][0][O]
value(c[1][1]) = &c[1][1][O]

value(c[1][2]) = &c[1][1][O]

sizeof(c) = 2*3*4 * sizeof(int)
sizeof(c[i]) = 3*4 * sizeof(int)
sizeof(c[i][j]) = 4 * sizeof(int)

Serie_s 1App : _ 30 Young \{\67?45?;
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Finding sub-array sizes

int ¢ [2][3][4] ;

[2] [3] [4]

sizeof(c[i][j][0])

2] [3] [4] |

sizeof(c[i][0])

L

[3] [4]

sizeof(c[[izi)

[2] 18] 141
sizeof(c)

= sizeof(int)

\

= 4 * sizeof(int)

ﬁ

= 3 * 4 * sizeof(int)

=2 * 3 * 4 * sizeof(int))

Series 1App :

Applications of Pointers

31
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Byte addresses in an array

p —» *p &p[0] =¥ p[O]

- sizeof(*p) ~ sizeof(p[0])
P+l = *(p+1) | sizeof(*p) &P = pl1] | sizeof(p[0])
p+2 "(p+2) | sizeof(*p) &pl2] =% p[2] sizeof(p[0])
value(p+1l) =value(p) + 1 * sizeof(*p) value(&pl[1]) = value(p) + 1 * sizeof(p[0])
value(p+2) =value(p) + 2 * sizeof(*p) value(&p[2]) = value(p) + 2 * sizeof(p[0])
byte address byte address byte size byte address byte address byte size
Series 1App: 32 Young \{\(/)%145.22

Applications of Pointers



Byte addresses of &cli], &c[i][j], &c[i][j]IK]

oflg] [ eIt ofl_->elo] 8] el
cli][r1]
c[i][ll2]
c[i][3]
cli][1]
value(&e[i[i][k]) k=03
= value(c[i][j]]) + k * sizeof(*c[i][j])
= value(c[i]j]) + k * sizeof(c[i][j][0]) c[il[2]
= value(c]i][j]) + k * sizeof(int)

value(&e[i][j]) j=0:2 c[1]
= value(c]i]) + j * sizeof(*c]i])

= value(c[i]) + j * sizeof(c[i][0])
= value(cJi]) + j * sizeof(int) * 4

value(&cli]) i=0:1
= value(c) + 1 * sizeof(*c)

= value(c) + 1 * sizeof(c[0])

= value(c) + 1 *sizeof(int) *3* 4

Series 1App : 33 Young Won Lim
Applications of Pointers 10/14/23



Abstract and byte addresses of sub-arrays

int ¢ [2][3][4] ; abstract address  type independent

010K = *( ol + k) Qelii = ofili] +k ke
cilpl  =*Celil +1) &elili] = cli]+] after j sizeof(*c[i])
il =*c+i) gcli] = c+i atter i sizeof(*c)

byte address type dependent

value(&c[i][il[k]) = value(c[i][j]) + k * sizeof(*c[i][]]) = value(c[i][]]) + k * sizeof(int)

value(&c[i][jl) = value(c]i]) + ] * sizeof(*c[i]) = value(c]i]) + ] * 4 * sizeof(int)
value(&cl[i]) = value(c) + i * sizeof(*c) =value(c) +1* 3 * 4 * sizeof(int)
Series 1App: 34 Young \{\(l)(;ﬂfzrg
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Values of &cli][j], c[i]]j], and &c]i], c[i]

int ¢ [2][3][4] ;

Byte address

value(&e[i][ij[k]) = »value(e[illi]) + k * sizeof(int)  what if
/ _ _ _ _ value(c[i][j]) = value(&c]i][j])
value(&e[ifi) « = »value(efi) + j * 4 * sizeof(int) value(e[i]) = value(&cli])

/
/

value(&cli]) « - value(c) +1* 3 * 4 * sizeof(int)

cliji]k] = *(clil]+k) value(&e[i]i][k]]) = value(eli]i]) + k* sizeof(*c[i][i])

clilil = *(c[i]+) value(&e[il]) = value(c[i]) + ] * sizeof(*c]i])
cl[i] = *(c+i) value(&cli]) = value(c) + 1 * sizeof(*c)
Series 1App: 35 Young \{\(l)(;ﬂfzrg
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Virtual pointers — subarray names c, c[0], c[0][O]

equivalences

& aof]  clo]  &clojol cofo]  clojojol|  clojolo)
¢ = &c[0] c[0] = &c[0Jj0]  c[0][0] = &c[0][0](0]

C e > C[0] » C[O][0] > c[0][0][0]

f"/ - 7\\\ ( : \\ ( : 7\\\

) S— ) S S L,
& ¢ o  &cf0] c0] e &c[0)0] c[0][0] @ &c[OJO][0]|  clO]ol[O]

' B N “_/ - N / \

) —— ) FE— Lo b
R = cl0] @ > cl0J0] @ | clololo]
&clO0J0] ¢ &c[ooo] o] &cfololio] clojio]  &cfojfolfol|  clojfolfo]

new conditions

value(c[i][j]) = value(&cli][i])
value(c[i]) = value(&cli])
value(c) = value(&c)

¢, ¢[0], c[0][0] : virtual pointers
the same address and value

a physical location
has a unique address

Series 1App :

Applications of Pointers

36
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Byte addresses of sub-arrays in an array

int [2][3][4] int[3][4]  int[4] int

value(e) = value(e[0]) = value(c[0][0]) = value(&e[oljoljo) |- ..ol
value(c[O0][1]) = value(&c[0][1][0])
value(c[0][2]) = value(&c[0][1][0])
value(c[1]) = value(c[1][0]) = value(&c[1][0][0])
value(c[1][1]) = value(&c[1][1][0])
value(c[1][2]) = value(&c[1][1][O])
value(ec) = value(c[0]) = value(c[0][0]) = value(&c[0][0][O])
value(cli]) = value(c[i]l]]) = value(&c]i][j][0])
cld]
new conditions equivalences
value(c[i]j]) = value(&cl[illi]) value(c[i]j]) = value(&cli][j][0])
value(c[i]) = value(&cli]) value(c[i]) = value(&cli][0])
value(c) = value(&c) value(c) = value(&c[0])
virtual pointers
I : Young Won Lim
Series 1App 37 10/14/23
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Address values of &cJi][j]l[K] (1)

int ¢ [2][3][4] ;

Byte address

clijillk] = *(c[i][i]+k) value(&el[i]f]k]]) = value(e[i]li]) + k* sizeof(*c[i]i])
clilil = *(c[i]+) value(&e[ilu]) = value(c[i]) + ] * sizeof(*c]i])
cl[i] = *(c+i) value(&cli]) = value(c) + 1 * sizeof(*c)

value(c[i]l)]) = value(&cli][i])
value(c[i]) = value(&gli])

value(&c[i[jl[k]) = value(c[i][j]) + k * sizeof(*c[i][i])
= value(c[i]) + j * sizeof(*c[i]) + k * sizeof(*c[i][j])
= value(c) + i * sizeof(*c) + | * sizeof(*c[i]) + k * sizeof(*c[i][j])

Serie_s 1App : _ 38 Young \{\(/)%145.22
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Byte addresses of sub-arrays in an array

int [2][3:][4] int [3][:4] int [4]. int
clillil[k] = *(c[i][j]+k) A
(cliliDIK] = *(M(c[i[+)+k)
((c[IDUDIK] = *(*(Hcti)H))+k)
&(c[i]i]k) = (c[ili]+k)
&(&(clijiDIk) = ((c[i+)+k)
&(&(&(c[iIDIK]) = (((c+i)+)+k)
c[ibllk] = *(e[i]li]+k)
clilll = *(cli+) LRy
c[i] = *(c+)
&e[ijfillk] = (c[ii]+k)
&cfili] = (c[i]+)
&cli] = (c+i)
Series 1App: 39 Young \{\({.)7?4%2
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Byte addresses of sub-arrays in an array

&(&(&(c[IDDDIK]) = (((e+1)+))+k)

Though they are equivalent mathematically,

(9] (7)) (%)
in the respect of pointer arithmetic, N N N
they are very different and S S S
T o o o
parentheses shall be used to dlsFlngylsh them = = S
As another way, value() expression is used, ~ =) e
: 3 * 4 * sizeof(int) = =
Which returns the address value. - =
4 * sizeof(int) ~

sizeof(int)

ZC+i+j+k

sizeof(c[0])

Series 1App : 40 Young Won Lim
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Byte addresses of sub-arrays in an array

&(&(&(c[IDDDIK]) = (((e+1)+))+k)

Ideal & operator

C & operator

can be applied to only Ivalue variable
returns address value

thus, the above expression is not possible
Successive application of & is not possible

In constrast, *p becomes a lvalue variable
* operator can be applied successively.

Serie_s 1App : _ 41 Young \{\67?45?;
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Address values of &cJi][j]l[K] (1)

cli]ik] = *(c[i]b]+k) &(c[iillk]) = (c[i]li]*+k)
(cliIDIK] = *(*(c[i]+))+k) &(&(e[iliDIkD) = ((elil+)+k)
((c[iUDIK] = *(*(*(cti)t))t+k) &(&(&(c[iDIDIKD = (((e+i)+))+k)
value(&(c[i]Ulk])) = value(c[i][j]+k)

value(&(&(c[iliIDIK])) = value(value(c[i]+j)+k)

value(&(&(&(c[IDODIKD) = value(value(value(c+i)+))+k)

value(&c[i[jl[k]) = value(c[i][j]) + k * sizeof(*c[i][i])
= value(c[i]) + j * sizeof(*c[i]) + k * sizeof(*c[i][j])
= value(c) + i * sizeof(*c) + | * sizeof(*c[i]) + k * sizeof(*c[i][j])

Serie_s 1App : _ 42 Young \{\(/)%145.22
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Address values of &cJi][j]l[K] (2)

int ¢ [L][M]N];

value(&c[i][jl[k]) = value(c[i][j]) + k * sizeof(*c[i][i])
= value(c[i][j]) + k * sizeof(c[i][J][O])
= value(c|i][j]) + k * sizeof(int)

= value(c[i]) + J * sizeof(*c[i]) + k * sizeof(*c[i][i])
= value(c[i]) + ] * sizeof(c[i][0]) + k * sizeof(c[i][j][O])
=value(c[i]) + (j * N + k) * sizeof(int)

= value(c) + 1 * sizeof(*c) + J * sizeof(*c[i]) + k * sizeof(*c[i][j])

= value(c) + 1 * sizeof(c[0]) + | * sizeof(c[i][0]) + k * sizeof(c[i][J][O])
=value(c)+ (I*M*N +j*N + k) * sizeof(int)

=value(c)+ ((i*M+j)*N + k) * sizeof(int)

Series 1App : 43 Young Won Lim
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* 1-d array access
e 2-d array access
* 3-d array access

Series 1App: 44 Young Won Lim
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Accessing an int array a as a 1-d array

Int a [2*3*4] ;

a [k] 24=2*3*4
k=01, ...,23
CIIGIK] = *(*(*(c+)+i)+k)  int c[2][3][4] ;
o[l =*(*(b+1)+) int b[2*3][4] ;
ali] = *(a+i) int a[2*3*4] ;
Series 1App: 45 Young \{\(/)(;;14%2
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Accessing an int array a as a 2-d array using b

int a [2*3*4]; a

b[O][0]
b[O][1]
[0][2]
b[O][3]
b[1][0]
b[1][1]
[1][2]
b[1][3]
b[2][0]
b[2][1]
[2][2]
b[2][3]
=4 b[3][0]
b[3][1]
[3][2]
b[3][3]
b[4][0]
b[4][1]
b[4][2]
b[4][3]
b[5][0]
b[5][1]
[5][2]

int a [2*3*4] ; ol = &ali™4]
int * b [2*3] ;

b take actual
memory locations

int* b [2*3];

b [j][k] = a []*4 +K]

] =05
k=0:4

Clilkd
ol
ali]

*("(*(c+)+))+k) int c[2][3][4] ;
*(*(b+i)+j) int b[2*3][4] ;
*(a+i) Int a[2*3*4] ;

b[5][3]

24=2*3%4

Series 1App : 46 Young Won Lim
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Accessing an int array a as a 3-d array

int a [2*3*4];

int a [2*3*4] ; cli] = &b[*3];
int * b [2%3] ; b[j] = &alj*4];
int* ¢ [2]; b, ¢ take actual

memory locations

int* b [2*3];

c [I|D]IK] = a [(i*3+])*4+K]

a

a+4*

at+4*2

a+4*

c[O][0][0]
c[O][O][1]

[0][0][2]
c[O][0][3]
c[O][1][0]
c[O][1][1]

[O][1][2]
clO][1][3]
c[0][2][0]
clO][2][1]

[0][2][2]
clO][2][3]
c[L][0][O]

24=2*3%4

- 8j 1 5 int= ¢ (2] c[LIO[L]
k=0,1,2,3 c[0] o] [1][0][2]
a4 Rc[1][1][0]
c[1][A][2]
o | | L[]
COIOIKT = *(*(*(c+i)+))+k)  int c[2][3][4] ; 3]
o[ =*(*(b+1)+) int b[2*3][4] ; S femzo
ali] = *(ati) Int a[2*3*4] ; CLI[21[1]
[11[2][2]
c[1][2][3]
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Accessing non-contiguous 1-d arrays as a 3-d array (1)

int al [4];
nt  a[2r3r]; Bl Lo
. - bfil = &ai: S
nt*  b2:3]; 0T st
int o C 2] : b, c take actual int a6 [4];

memory locations

int* b [2*3];

C [ID]IK] = a [(i*3+])*4+K]

24=2*3*4
1=0,1 int ¢ [2];
j=0,1,2
k=0,1,2,3 c[0] '/
C[1] o]
Because the physical allocation of array ¢ and b,
the contiguous constraints can be relaxed c[1][2][0]
contiguous c[i][j][K] only for k=0,1,2,3 c[a]2]]
[1][2][2]
c[1][2][3]
ri 1A . Young Won Lim
Series - 48 10/14/23
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Accessing non-contiguous 1-d arrays as a 3-d array (2)

int al [4];

. - 1 TR int a2 [4];
INt a _2*3*4] : E)[[:]] = zgh*S], @n: ai EH;
. - = : int a ;
Int * b 2*3] : J int a5 [4];
int xx C 2] : b, c take actual int a6 [4];
i memory locations int b1 [3];

int b2 [3];

C [ID]IK] = a [(i*3+])*4+K]

24=2*3*4

Int** c [2];

2
2,3 c[o] o
C[1] e
[
Because the physical allocation of array ¢ and b,
the contiguous constraints can be relaxed a6, Mc[1][2][0]

0,1
0,1,
0,1

N —
g

k

contiguous c[i][j][K] only for k=0,1,2,3 C[2][1]
[1][2][2]
c[1][2][3]

Series 1App: 49 Young \{\(/)(;;14%2
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3-d access of a 1-d array — pointer array assignment

int a [2*3*4] ; ., inta [2*3*4];
int * b [2%3] ; — int* b [2*3];
It ** c [2]; \
\ b [j][k] = a [j*4 +K]
\ j=1[0:5] k =[0:3]
| o - N \ ja+k = [0:23]
Assignments \ \
|
“ I * * .
blj] = &alj*4] (= a+*4) \ e, b Esh
 c[i] = &b[i*3] (= b+i*3) e & )

Initialization of

pointer arrays b and ¢

\ _
N -

c [ib][k] = a [(i*3+])*4+k]

i =[0:1] j=1[0:2] k = [0:3]
(i*3+)*4+k = [0:23]

Series 1App :
Applications of Pointers
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3-d access of a 1-d array — pointer array assignment

int a [2*3*4] ; a[k] = *(a+k)
int * b [2*3] ; b[jJ[k] = *(*(b+j)+k)
int ** c [2]; C[ilflIK] = *(*(*(c+i)+j)+k)

constraint : contiguous a[i], bl[i], c[i]

Assignments 3-d access of a 1-d array

c[i] = &b[i*3] (= b+i*3) clilbfk] = -
 b[j] = &a[j*4] (= a+j*4) a[(1*3+))*4 +k] = a[i*3*4+]*4+kK]

1-d access of a 1-d array

Initialization of
pointer arrays b and c

N 7 *(c+) = b+g(i)
*(b"‘]) = a+f(j)

Serie_s 1_App : _ 51 Young \{\(l)(;;]ﬁzn;
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3-d access of a 1-d array — pointer array assignment

Int a [2*3*4] ;
Int * b [2*3];
Int ** c [2];

alk] = *(a+k)
b[j][k] = *(*(b+])+k)
= *(b[j]+k) = *(a+j*4+k) = a[j*4+k] = b[]] = &a[j*4] (= a+j*4)
C[l]u][k] = *(*(*(C+i)+j)+k) partition 6 into 2 * 3
= *(*(c[i]+))+k) = *(*(b+i*3+j)+k) & c[i] = &b[i*3] (= b+i*3)
= *(b[i*3+j]+k) = *(a+(i*3+j)*4+k)  b[j] = &a[j*4] (= a+j*4)
= a[(i*3+])*4+K]

contiguous over i =0:1 & = 0:2 & k=0:3 partition 24 into2*3* 4

Serie_s 1App : _ 52 Young \{\({.)7?4%2
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3-d access of a 1-d array — pointer array assignment

Int a [2*3*4] ;
Int * b [2*3];
Int ** c [2];
b[j] = &a[j*4] (= a+j]*4) b[j] = &a[j*4] (= atj*4)
cli] = &b[i*3] (= b+i*3)
partition 24 into 6 * 4 (1) partition 24 into 6 * 4
partition size = 4 1% partition size = 4
(2) partition 6 into 2 * 3
2" partition size = 3
contiguous a over k = 0:3 contiguous a over k = 0:3
contiguous b over j=0:5 contiguous b over j=0:2

contiguous c overi=0:1

b [j][k] = a []*4 +K] C [ID]IK] = a [(i*3+])*4+K]

Series 1App : 53 Young Won Lim
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3-d access of a 1-d array — pointer array assignment

Int a [2*3*4],
Int * b [2*3];
Int ** c [2];

b[j] = &a[j*4] (= a+j*4)

b [J][k] = a [j*4 +k]
contiguous a over k = 0:3 (=4-1)
contiguous b over j=0:5 (=6-1)

(1) partition 24 into six 4's (6 * 4)
1% partition size = 4

(2) partition 6 into two 3's (2 * 3)
2" partition size = 3

b[j] = &a[j*4] (= a+j*4)
c[i] = &bli*3] (= b+i*3)

c [1]D][k] = a [( ) 4+K]
contiguous a over k = 0:3 (=4-1)
c [1]D][k] = a [(i*3+)) "+ K]

contiguous b over j=0:2 (=3-1)
contiguous coveri=0:1 (=2-1)

Series 1App :
Applications of Pointers
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3-d access of a 1-d array — pointer array sizes

nt™ | ¢[2]; nt  a[2*3+4]
Int * b [2*3]; !
sizeof(int **) = 4 or 8 bytes sizeof(int) = 4 bytes
sizeof(int *) = 4 or 8 bytes
on a 32-bit on a 64-bit
machine machine
sizeof(c) = 2*sizeof(int **) sizeof(a) = 2*3*4*sizeof(int)
sizeof(b) = 2*3*sizeof(int *)
: ] Young Won Li
Series 1App : 55 oung 10(;?4/52
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Using pointer arrays

Int a [2*3*4] ;
int * b [2%3] ;
Int ** c [2];
c [1]b]k]
conditions

b[j] = &a[j*4] (= a+j*4)
c[i] = &b[i*3] (= b+i*3)

int
(r+3+j)*4

WIN|FL]|O

Y ol Bl B

contiguous a
over k =0:3 (=4-1)

contiguous b
1 over j =0:2 (=3-1)

contiguous ¢
overi=0:1(=2-1)

C [DIK] = a [(*3+))*4+K]

Series 1App :

Applications of Pointers
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Integer array a and pointer arrays b, ¢

4 a[*4+k]

Int a [2*3*4] ;
int * b [2*3] ;
Int ** c [2];
int * int
b[/] ® »lafj*4+0]
j =015 a+j*4+1 a[j*4+l]
a+*4+2 |a[j*4+2]
a+*4+3 |a[j*4+3]
contiguous a over k = 0:3 (=4-1)
int ** int *
Cli] o »{b[i*3+0]

i=0:1

b+i*4+1 |b[I*3+1]

b+i*4+2 [DB[i*3+2]

} 3 b[*3+]]

contiguous b over j =0:2 (=3-1)
contiguous c over i = 0:1 (=2-1)

(1) partition 24 into six 4's (6 * 4)
1% partition size = 4

(2) partition 6 into two 3's (2 * 3)
2" partition size = 3

j=0:5

b[0] = &a[0*4]; (= a + 0*4)
b[1] = &a[1*4]; (=a+ 1*4)
b[2] = &a[2*4]; (= a + 2*4)
b[3] = &a[3*4]; (=a+ 3*4)
b[4] = &a[4*4]; (= a + 4*4)
b[5] = &a[5*4]; (= a + 5*4)

i=0:1

c[0] = &b[0*3]; (= b + 0*3)
c[1] = &b[1*3]; (= b + 1*3)

c [i]i][k] = a [(i*3+j)*4+K]

Series 1App :

Applications of Pointers
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Static memory allocation of an 3-d array

int * Int *
int ¢ [2][3][4] ; int*p =(int* c; &C[i][jl[k] = (p+(i*3+j)*4+k)
int int * int
cli][il[k] = *(c[i][i]+k) c[i][i][0] = *c[i][i] it * o
&c[il[ilk] = (c[i][i]+k) &c[i][il[0] = c[i][i] clilil = (p+(i*3+i)*4)
int * int ** int *
cli][i] = *(c[i]+)) c[i][0] = *c[i] int = _ _
&c[il[il = (c[i]+) &c[i][0] = c]i] cli] = (int **) (p+i*3)
int ** Nt *** int **
c[i] = *(c+i) c[0] = *c
&cli] = (c+i) &c[0] =c C
clillillk] =*(c[i][i]+k)
= *(*(c[i]+])+k)
= *(*(*(c+i)+))+k)
Series 1App: 58 Young \{\(/)(;&Ifzn;
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Static memory allocation of an 3-d array

int * int *
int ¢ [2][3][4] ; int*p =(int* c; &C[i][jl[k] = (p+(i*3+j)*4+k)
int cli][illk]
int * clili] + k = c[i][j] + k * sizeof(*c[i][j])
int**  c[i] +]j = c[i] +]* sizeof(*c[i])
int ** c
cli]illk] =*(c[i]li]+k)
= *(*(c[i]+))+k)
= *(("(c+i)+)+k)
Series 1App: 59 Young \{\(/)(;&Ifzn;
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Static memory allocation of an 3-d array

int ¢ [2][3][4] ;

value(c) = value(c[0]) = value(c[0][0]) = &c[0][0][O]

value(c[0][1]) = &c[O0][1][0]

value(c[0][2]) = &c[0][1][0]

value(c[1]) = value(c[1][0]) = &c[1][0][O]

. . value(e[1][1]) = &c[1][1][0]

c[i]lJ][0] = *(c+i*3+j*4) value(e[1]2]) = &c[A][1][0]
&c[i]l][0] = (c+i*3+j*4)

clily] === c[i][][O] if c[i]li] = &cli]l][0] clili] = (c+i"3+j*4)

cli] == C[i][O] if c[i] = &cJi][0] cl[i] = (c+i*3)
= &cfi][0][0]
C mmp C[O] if c = &c[0] c
= &cfi][0]
= &c[i][0][0]
Series 1App: 60 Young \{\87?45?;
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Static memory allocation of an 3-d array

int ¢ [2][3][4] ;

value(c) = value(c[0]) = value(c[0][0]) = &c[0][0][O]

value(c[0][1]) = &c[O0][1][0]

value(c[0][2]) = &c[0][1][0]

value(c[1]) = value(c[1][0]) = &c[1][0][O]

. . value(e[1][1]) = &c[1][1][0]
c[i]lJ][0] = *(c+i*3+j*4) value(e[1]2]) = &c[A][1][0]

&c[i]i][0] = (c+i*3+j*4)

cli][i] = (c+i*3+j*4) if c[i]i] = &c[i][j][0]
c[i] = (c+i*3) if c[i] = &cli][0][0]
c[i][0] = (c+i*2) if c[i][0] = &c[i][0][0]
&cli][0] = (c+i*3) If

c[i] = (c+i*3)

Series 1App : 61 Young Won Lim
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Integer array a and pointer arrays b, ¢

int a [2] [3] [4] . (1) partition 24 into six 4’s (6 * 4)

1% partition size = 4

(2) partition 6 into two 3's (2 * 3)
2" partition size = 3

int * int value(e) = value(c[0]) = value(c[0][0]) = &c[0][0][O]
cli]j]e »Ic[/[/]]0] value(c[O][1]) = &c[O0][1][0]
201 i+ |c[[j][1] value(c[0][2]) = &c[0][1][0]
=02 a2 (e[l [ 4 CUVIIA] value(e[a]) = value(e[a][0]) = &c[1][0][0]
cii+3 |c[[/][3] value(c[1][1]) = &c[1][1][0]

value(e[1][2]) = &c[1][1][0]
contiguous cJi][j] over k = 0:3 (=4-1)

int (*) [4] int [4]

cli] e > c[/1[0]

=01 evs [ e[ 2 <[]
ci+2 | c[i][2]

contiguous cJ[i] over j = 0:2 (=3-1)
contiguous c over i = 0:1 (=2-1)

Serie_s 1App : _ 62 Young \{\67?45?;
Applications of Pointers



Leading elements : c[i][0][0], c[i][j][0]

Int a[L*M*N];
Int* b [L*M];
Int** ¢ [L];

¢ [1]DlIk]

| =0, 1
] =0,1,2
k=0,1,2,3

Series 1App:
Applications of Pointers

_ i=0
L=2 =1
=0
M=3 j=1
=2

k=0

N=4 k=1

k=2

k=3

C N
' c[ofoyo] = af 0]
* clI[olo] = 2[12]

¢[0][0][0] = a[ 0]
/clo][a][0] = a[ 4]
- c[o][2][0] = a 8]
\ c[4][0][0] = a[12]

c[4][1][0] = a[16]

c[1](21[0] = a[20]

63

c[1][2]

a[0]
a[1]
a[2]
a[3]
a[4]
a[5]
a[6]
a[7]
a[8]
a[9]
a[10]
ajl11]
a[12]
a[13]
a[14]
a[15]
a[16]
a[17]
a[18]
a[19]
a[20]
a[21]
a[22]
a[23]

Young Won Lim
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Initialization of pointer arrays — a general case

int a[L*M*N]; int*  b[L*M]; i o]t
[ ] int a[L*M*N]; g
i * * .
int* b [L*M]; e
i * . —
Int* C [L]! J=0,.., L*M-1 b[j] get the address of the
every N element of a
pointer arrays b, c
int**  c[L]; o~ n
int * b[L*M];
c[i] = &b[i*M]; c[i] get the address of the
: i= M el fb
int C [L][M][N], i=0, .... L-1 every M element o
Series 1App: 64 Young \{\87?45?;
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3-d and 1-d accesses (recursive pointers vs. brackets)

conditions

o[i] = &b[I*M]; K] = a[FMAN + *N + K]
ofj] = &a[]*N]; = a[(fM + ))*N + K]

int = c[L];

nte P CIIHIIK

for (i=0; i<L; ++i) = *("(*(cH+)+))+k)

A= = *(*(clil+)+k) c[i] =&b[*M]
| = *(*(&b[I*M]+j)+k) *(*(b+i*M+j)+K)
7 = *(b[I*M+]+K) b[m] = &a[m*N]
- | = *(&a[(*M+j)*N]+k) *(at (FM+)*N+K)
e 05[?]’ J;ga'\[’i';.*?) = a[(i*M+j)*N+K]
Series 1App: 65 Young \{\67?45?;
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Pointer Arrays for recursive indirections

1-d array of (int **) pointers
1-d array of (int *) pointers

1-d array of (int )

3-d access

Series 1App :
Applications of Pointers

66

Int** ¢ [2];

int* b [2*3];

Int  a[2*3*4];
¢ [1D]Ik]

Young Won Lim
10/14/23



Recursive indirections in a 3-d array

int ¢ [L][M][N];

¢ [1]DlIk]

left-to-right associativity equivalence relations multiple indirections

ORIy
ULy c i
S UNTINLY c 1]l

S UNTTNLY ¢ [1]0][k]

eH) = (o)
i) = (e
“CliI+K) = *(((cH)H)+K)

&c[iilk] = cliil+k
&cfilll - = clil+]
&cli] = C+i

Series 1App : 67

Applications of Pointers

&c[iJil0] = clili]
&c[ijlo] = cf]
&c[0] =C

Young Won Lim
10/14/23




3-d access pattern c[il[jl[k]

General requirements

&clililk] = clilfl+k

&cli]f]
&clil

= clil+)
= C+i

&ci]i]fo] = cfilli

Pointer array approach

Int** c[2];
int* b[2*3];
int c[2*3*4];

k] int

c[illj] int*

c[i] ;int **
c[i] &b[i*3]
O[] &afj*4]

Hierarchical Pointer Array
Constraints

Array pointer approach

int c[2][3][4];

cllllk] it

c[i[j] - int [4]
c[i] int (%) [4]

¢ =&c[0][0][0]
cli] = &cij[0][0]
c[i]i] = &c[i][[0]

Virtual Array Pointer
Constraints

&clillo] = cfi]
&cl0] -C Abstract Data Type Abstract Data Type
Series 1App : 68 Young Won Lim

Applications of Pointers

10/14/23



3-d access pattern c[i][j][k] — pointer array approach

General requirements Pointer array approach

Int** c[2];
int* b[2*3];
int c[2*3*4];

clijllk] ::int
c[illj] int*

c[i] ;int **

sl = clill*k g  cf] -~ &b[*3]
&l =cll*Y  —Scm b o gafa]

&cli] = C+i

&c[i]fjl[o] = cifi]
&c[i]lo] = ci]
&cl[0] =C

Series 1App : 69 Young Won Lim
Applications of Pointers 10/14/23



Types and values of c[i] and c[i][j] for int c[2][3][4];

C [IDIIKT;

&c[i]fjl[o] = cii]
&clil[0] =l
&c[0] =C

&c[iilk] = clijil+k
&clillil - = clil+
&cli] = C+i

int ¢ [2][3][4];

c[i] virtual array pointer of the type int (*) [4] ...
can also be viewed as the int** type

&c[0][0][0] = c[O][O] &c[0][0] = c[O]
&c[1][0][0] = c[1][O] &c[1][0] = c[1]
int* int**

c[i][j] virtual int pointer of the type int (*)
can also be viewed as the int* type

&c[0][0][0] = c[O][0]
&c[O][1][0] = c[O][1]
&c[0][2][0] = c[0][2]
&c[1][0][0] = c[1][O]
&c[1][1][0] = c[1][1]
&c[1][2][0] = c[1][2]

int*

a narrow sense

... awide sense

... anarrow sense
... awide sense

Series 1App :
Applications of Pointers

70

Young Won Lim
10/14/23



int c[2][3][4];
&cli][0] = c[i]

&c[O][0] = c[O]
&c[1][0] = c[1]

Int**

int** c[2];
cli] = &Db[i*3]

int c[2][3][4];
&cfijfjlio] = c[iJ{i]

c[0] = &b[0*3]
c[1] = &b[1*3]

int**

&c[0][0][0] = c[O][O]
&c[O][1][0] = c[O][1]
&c[0][2][0] = c[0][2]
&c[1][0][0] = c[1][O]
&c[1][1][0] = c[1][1]
&c[1][2][0] = c[1][2]

int*

int* b[2*3];
blj] = &a[j*4]

b[0] = &a[0*4]
b[1] = &a[1*4]
b[2] = &a[2*4]
b[3] = &a[3*4]
b[4] = &a[4*4]
b[5] = &a[5*4]

int*

Using int** and int* pointer arrays for 3-d accesses

instead of using int c[2][3][4],
use these 1-d arrays of pointers
int** c[2] and int* b[2*3]

with proper initializations:

c[i] = &b[i*3] and b[j] = &a[j*4]

then c[i][jl[k] can be used
to access the 1-d array
int a[2*3*4]

General Requirements Pointer Array Implementation

Series 1App : 71
Applications of Pointers

Young Won Lim
10/14/23



Assignments and their Equivalent Relations

[i] &b[i*3] |
i &al[j*4] e

[2][3][4]

)

assignments

cil = (b+*3);
ofif = (at*4);

extending a dimension

extending a dimension

chilil = b[i*3+]]
bQJ[k] = alj*4+kK]

extending a dimension

substitute | « (i*34))

CGIK = b{*3+l[K
= a[(i*3+)"4+K]

equivalences

(clil+) = *(b+1*3+));
*(bOl+k) = *(atj*a+k);

“(cli]ij+k) = *(b[*3+j]+k)
“(b[F3H]+k) = *(@a+(1*3+4))*4+k)

Series 1App :
Applications of Pointers

72

Young Won Lim
10/14/23



The leading elements of pointer arrays

o[i] &h[i*3] — clil = (b+i*3):
bj] &alj*4] bi] = (at*4);

assignments equivalence

——IREL ] c[iJ0] = b[3];

bllk] = al*4+k] b[j][0] = alj*4];
equivalence The 1%t elements of c[i][j], b[i][j]
C[iiIIK] = bI*3+][K] c[iJi][0] = b[i*3+];
— 3 CHIONO] = a[(i*3)*4]
equivalence The 1°* elements of c[i][j1[K]
Series 1App: 73 Young \{\(/)(;&Ifzrg
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c[i], c[illil, cliljlik] in terms of array a and b

clil &h[i*3] — clil] = (b+i*3); c[i] = &bl[i*3]
o[i] &alj*4] op] = (aty*4); = &&af(i*3)*4]
assignments equivalence && is not allowed

— chilil = b[i*3+]] chijol = b[i*3+]]
bQJ[k] = alj*4+kK] = &a[(I*3+))*4]

equivalence

—> cDIk] = b{r3+]][K] cl]D]Ik] = bl3+][k]
= a(*3+)*4+K] = a(*3+j)*4+K]

equivalence

Serie_s 1App : _ 74 Young \{\87?45?;
Applications of Pointers



Pointer Arrays — c[i] reaches c[i][0][0] via c[i][0]

C [I][]][kL &cli][0][0] = c[i][0] = b[i*3]

st = 4l ff - et a4
&cli][o] = c[i] |

&cl0]  =c &clio] =cfi] = &b[i*3]

S/
— —— /H’ <,f,77,,,,,f———rr—'/’”///
&l = clili+
= c[i]+

P L acf] = o+

Int** c[2];

int* b[2*3];

int a[2*3*4];

c[i] &bl[i*3]

b[j] &a[j*4]

Series 1App : 75 Young Won Lim

Applications of Pointers 10/14/23



Pointer Arrays — c[i][j] reaches c[i][j][0]

C [IDIIKT;

&c[il[l[o] = c[if]
&c[i]l0] - = cfi]
&c[0] =C

&clijplio] = clilll ~ =b[r3+]] = &a[(1*3+))*4]

&clilfjikl = cillil+k
gcliil = clil*]

&cli] = C+i
Int** c[2];
int* b[2*3];
int a[2*3*4];
c[i] &bl[i*3]
b[j] &a[j*4]
Series 1App : 76 Young Won Lim

Applications of Pointers 10/14/23



Recursive Indirections — thinking pointer substitutions

clillI[k]
*(Cl0] +X)
“((cli] +) +)
X[K]
YIK]
Z[10]IK]

Series 1App :

*(clilli] +k)

*

P

clillil  int*

= cll]

C

Applications of Pointers

INt **
|nt *%k%

*(X+K)
*(*(Y+))+k)

*(F(*(Z+1)+))+K)

*(cli] +) +K)
(- (C H) +) +k)

7

foragivenit, j, k

Young Won Lim
10/14/23



Recursive Indirections — general cases of I, |, k

clilfil[k] = [*(cli]li] +k)
(il +k) = *((cll +) +K)
*(elil +1) +k) = *(*(*(C i) +)) +K)

X;, = c[illi] int * . :‘ﬁ;l%ggelr?l cases o
Y. =ci] int ** X and Y need to be
7 —c=VY int * arrays of pointers

Xi’j[k] = *(Xi’j+k)

Y [i1[K] = *((YH)+K)

Z|10]LK] = F(((ZH)H)+K)

Serie_s 1App : _ 78 Young \{\87?45?;
Applications of Pointers



Recursive Indirections — Pointer array Initialization

clilfil[k] = [*(clilli] +k) int ¢ [LI[M][N] ;
Ml +k) = *(*(cll ) +k)
*Cefi] +) +k) = *C(*(C i) ) +K)

X =clifl it XM = clil]
Y. = cfi] int ** Y[i] = c[i]
ZAR=1 R=h ing %
X, [K] = *(X,+k) nt W [L*M*N]
i = (YA nt* X [L*M]
VIO = CCCv+) K neorn
Series 1App: 79 Young \{\(/)724%2
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Recursive Indirections — Substitution Analysis

*M+]]= c[i]];

] =cli;
=*(Y0L1+)

= *(c[i]+]) &[0 = | &cliliio] = e[l | = Yl
cli][j] ) &Y[i[0] = | &cli][0] = Y[i]
YIIGIK] = *(Y[i[+k) &y = Y+
= *(c[]]+k)
= c[i][][K]
int* X [2*3];
o int ¢ [2][3][4];
EEEE—
2{0][1] >~c[O][0][0]
int** Y [2]; c[0][2] c[O][O][1]
110 c[0][0][2]
c[0] / EHH c[0][0][3]
ol - 2]
Series 1App : 80 Young \{\(/)%145?;
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Recursive Indirections — one continuous int array W

*M+]] = &W[("M+))*N];
U = &X[I*M];

&G0l = | &W[(I*M+)*N+0]| = Y[I[] 1]0] =*(Vlilt)
= | X[(i*M+))] = *(X+1*M+j)
| | | = X[*M+]]
&Y[0] = | &X[*M+0] = Y[i]
- o YOIDIK] - =*(Y[]D]+k)
=l - = *(W(*M+)*N+k)
= W[(i*M+)*N+K]
int* X [2%3]: |
int W [2*3*4];
zxtgx:g:i - \V WI[(OM+0)N+Q]
int** Y [2]; ZW[(OM+2)N] WEEOM+O;N+1;
o " W[(OM+0)N+2
&X[OM] o/ iﬁimg:i W[(OM-+0)N+3]
EXIMI_ e W[(LM+2)N]

Series 1App :
Applications of Pointers

31

Young Won Lim
10/14/23



Recursive Indirections — non-contiguous 1-d arrays W _|

i*M+j] = &W_ij[0];
i &X[*M]:
o - o *(Y[i]4+])
&YIIO] = | &w i = YIill) (Y[I+)
= | X[(*M+)] ’)‘(([>_<T\;I*J|r\/|_]+l)
I*
&Y[I0] = | &X[*M+0] = Y[i] J
| | Y[i010K] *(Y[I0]+k)
sl =V *(W-(i*M+)*N-+K)
WI(i*M+))*N+k]
el int W_00 [4];
zﬁfﬂ W_00[0]
int** Y [2]; &W_02[0] W_00[1]
s e
Eirn o -
Series 1App : g2 Young \{\m‘b.zn;
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Recursive Indirections — contiguous Vv.S. hon-contiguous

int W [L*M*N] : int ~ W_00 [N] ;
int* X [L*M] ; int  W_O01[N] ;
int** Y [L] ; :

int* X [L*M]

int ** Y L
WI[(i*M+))*N+K]; W _ij[K];
one contiguous 1-d array L*M non-contiguous 1-d arrays
with the size of L*M*N with the size of N
: ] Young Won Li
Series 1App : 83 oung 10(;?4/52

Applications of Pointers



Contiguity Constraints

¢ [DIIK]:
Pointer Arrays and Contiguity

Series 1App : 84 Young Won Lim
Applications of Pointers 10/14/23



Using pointer arrays

int * [N], int** [M], int**[L], ...

Serie_s 1App : _ 85 Young \{\(/)%145.22
Applications of Pointers



Pointer array approach for 3-d access patterns

A programmer manually allocates
memory locations for pointer arrays

/ \,\\,\

Pointer Array Approach
(array of pointers)

Serie_s 1App : _ 86 Young \{\67?45?;
Applications of Pointers



Pointer array approach — contiguity constraints

contiguity constraints
can be relaxed

@
\

,&,

’

Pointer Array Approach
(array of pointers)

Serie_s 1App : _ 87 Young \{\67?45?;
Applications of Pointers



Three contiguity constraints

clilliK] = *(c[i]li] +k) sizeof(c[i][j][K]) = 4
“(cllp] +k) = xC<(c[i] +)) +k) sizeof(cli][j]) = 4*4
*(*(Ci] +)) +k) mm  *(3(5(C +i) +]) +k) sizeof(cli]) = 3*4*4
clihllk] @) (*(*(c+i)+))+k) c[2][3][4]

sizeof(*c[i][j]]) = 4
sizeof(*c[i]]) = 4*4
sizeof(*c]) = 3*4*4

c[2][3][4]

cljbltk]— *(chin] +k)
chijnl *(cli] +)

clll *(C +)

cJOITk] — *(*(*(cH)+))+k)

sizeof(c[i][j][0]) = 4
sizeof(c[i][0]) = 4*4
sizeof(c[0]) = 3*4*4

c[2][3][4]

Series 1App : 88
Applications of Pointers

Young Won Lim
10/14/23



Three contiguity constraints

Pointer Array Approach (array of pointers)

c[iN]IK] > *(c[i][j] +k) contiguous 1-d array elements int
*(clilfg] +k) mmp *(*(C[i] +j) +K) contiguous int pointers int *
*(*(cfi] +j) +k) wmp  *(*(*(C +i) +)) +k) contiguous int double pointers int **

The contiguity constraints are satisfied by
the allocated arrays of pointers

Array Pointer Approach (pointer to arrays)

c[illilK] > *(c[i][j] +K) contiguous 1-d array elements  int
*(c[i][j] +k) = *(*(c[i] +)) +K) contiguous 1-d arrays int [4]
*(*(c[i] +)) +k) = *(*(*(C +i) +)) +k) contiguous 1-d array pointers int (*) [4]

The contiguity constraints are satisfied by
row major ordered linear data layout

Serie_s 1_App : _ 89 Young \{\(l)(;;]ﬁzn;
Applications of Pointers



ClDIIK] = *(clip] +k)

c[0][0][0] = *(c[O][0] + O)
c[o[o][1] = *(c[O][0] + 1)
c[ol[o][2] = *(c[O][0] + 2)
c[O][0][3] = *(c[O][0] + 3)
c[O][1][0] = *(c[O][1] + O)
c[O][1][1] = *(c[O][1] + 1)
c[ol[1]i2] = *(c[O][1] + 2)
c[O][1][3] = *(c[O][1] + 3)

contiguous 1-d
array elements

Series 1App :
Applications of Pointers

90

c[0][0]

clo1[2]

cl1[]

clif2]

clO][1]

c[1][0]

Young Won Lim
10/14/23



clifp] = (el +)

c[0][0] = *(c[0] + 0)
clO][1] = *(c[0] + 1)
c[0][2] = *(c[0] +2)
c[1][0] = *(c[1] + 0)
c[1][1] = *(c[2] + 1)
c[1][2] = *(c[3] +2)

Series 1App :
Applications of Pointers

c[o1[0]

c[o][1]
1] 6@[0] o cl02] _F
] k//
DI2]
contiguous
int pointers
c[1] 10] c[1][0]
L[1] e
TS R

contiguous 1-d array pointers

allocating pointer arrays c[1][2]

satisfies this contiguity

constraints for scattered arrays

91

—

—

Young Won Lim
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clif = *(c +)

cl0] = *(c +0)
cli] = *(c +1)

contiguous 1-d array pointers

Series 1App :
Applications of Pointers

contiguous

int double pointers

c[O]

C 0]

1]

L][0]

c[oj[a]

/

c[O][1]

/C[O][Z] —

\

c[1J[0]

— b

L][1]

?

L][2]

’

allocating pointer arrays
satisfies this contiguity
constraints for scattered arrays

92

clil

\J

cl1]f2]

Young Won Lim

10/14/23



const pointers

Series 1App: 03 Young Won Lim
Applications of Pointers 10/14/23



const type, const pointer type (1)

const int * p; Int * p;
int * const q ; int * q ;
constint * constr ; int * r ;

constant  must not be changed
must not be updated
must not be written
must not be assigned

Serie_s 1App : _ 94 Young \{\(/)(;&Ifzn;
Applications of Pointers



const type, const pointer type (2)

----------------

const int * p ] *p : constant integer value
e
mt* const q |; g : constant (int *) pointer
constant pointer
const int *constr ; *r : constant integer value
e
const int * [constr |; r : constant (int *) pointer

constant pointer

const, |

group with the following

Series 1App : o5 Young Won Lim
Applications of Pointers 10/14/23



const type, const pointer type (3)

const int | *p; int *lconst q| ; const int |*/const | ;

read only read only
p *p X q *0 r *r X
integer wr integer integer wr
read only read only
&p p o &q q | o &r r o | &
Wr Wr
cannot point cannot point
to other location to other location
Series 1App : Young Won Lim
PP 96 10/14/23
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const examples (1)

const int * pc;
int* p, i;
const int ic;

pc = &i;
*pc = 5;

Il (const int *) — (int *)
/Il (const int) error

Writing to the writable memory location (i)

Is forbidden via pc ... (no harm, OK)

p =&ic; //(int*) « (constint*)warning
*p =5 J(int)

Writing to the read only memory location (ic)
Is not forbidden via p ... (hazardous, not OK)

C A Reference Manual, Harbison & Steele Jr.

Applications of Pointers

pc = &i

pc *pc read only M

pc can point to i
*pc must be const

the same memory location
that can be written via i
cannot be written via *pc

*pc should not write
the writable memory location

_p=gic.
| p O

iop *p=5

Assume p points to const ic
the same memory location
that cannot be written via ic,
can be written via *p

thus *p can write
the const memory location

therefore, p should not point to const ic

Series 1App : Q7

Young Won Lim
10/14/23



const examples (2)

const int * pc;
int*p,i=>5;
constint ic=7;

p = &i;
pc = &ic

Il more constrained type — general type (O)
pc =&I; //(constint* « int?*)
pc = p; /l(constint* — int?*)

Il general type — more constrained type (X)
p =&ic; //(int* — constint*) warning
p = pc; //(int* « constint*) warning

C A Reference Manual, Harbison & Steele Jr.

Series 1App : 08
Applications of Pointers

const int *

int *

.
“‘
-
.
.
.
.
-
.
& [ )

int * int

constint* constint

JRUPIT SR &|C|I| =*p =*pc

constint *

Young Won Lim
10/14/23



const examples (3)

read only
const int * pc; e pe | % b al 0]
int * p, i; integer wr integer integer
constint ic;
read only
wr
p =&i; /I (int*) < (int?)
*p=5

*p =5; /1 (int)
pc = &i; /l(constint*) « (int?*)
*pc = 5; Il (const int) error

i

*pc  read only M

p =&ic; //(int*) < (constint*) warning &p| p o

* =05; /] (int) p=gic ;< P *n —
pc = &ic; /[ (constint*) « (constint *) » Riic j@mdom _—
*pc =5; /I (const int) error e B

C A Reference Manual, Harbison & Steele Jr.

Serie_s 1App : _ 09 Young \{\87?45?;
Applications of Pointers



const examples (4)

read only
const int * pc; pe e | % p P | &i i
int * p’ i; integer wr integer integer
constint ic;
read only
&pc pc ./‘ &p ‘ p ./‘ &ic ic ‘ X
wr
pc = p =&
pc = &ic
Po= 9
*pc = 5; // invalid *pC :: cons int
pc = &i; /l (constint* « int*)
pc = p; Il (constint* « int*)
p = &ic; // invalid (int * —« constint *)
p = pc; // invalid (int * —« constint *)
p = (int*) &ic; Il type cast
p =(int*) pc; I/ type cast
C A Reference Manual, Harbison & Steele Jr.
i ] Young Won Li
Series 1App : 100 oung 10(;?4/22
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