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Pointers to various data types

int *p; inti, j, k; T *p; T X, Y, Z;
p |—»&i| i | size p > &X A
ptl & j | size X - size
...... pr2 &kl k|- size /
'''''''''''' prL &y
Y ~ size
e o
double *q; double a’ b’ c; ...................
7 ~ size
A7 o | size :
‘, ,,
R oh o
................... b - size -
................... _ ) pointer abstract data
g+2 —P&c |
................... c | size
Series : 8. Applications of 4 Young Won Lim
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Pointers to primitive data

int *p; int i, j, k;
P &i
D & -
p+2 &k

- -
pointer size
4 or 8 bytes
double *q; double a, b, c; sizeof(double) = 8 bytes
: “a - size — /(sizeof(a) 77;$eofi(;a)ﬁ \\ Z sizeof(q)

.................... i ) )
; ‘ ( |

------ gl &b . size — sizeof(h) — S|ze0f(*(q+1))\/ ~ sizeof(q+1)

........ +2 & / .

...... qr<..; ¢ ‘\ size — \S|zeof(c) — s|zeof(*(q+2))/ Z sizeof(g+2)
sizeof(c) 2y

—

pointer size

4 or 8 bytes
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size
size
size

sizeof(int) = 4 bytes

/,

— S|zeof(|) —  sizeof(*p)
— ‘S|zeof(J) —  sizeof(*(p+
— ! sizeof(k) —

sizeof(*(p+

1)

= sizeof(p)
= sizeof(p+1)

= sizeof(p+2)



Pointers to abstract data

T *p; T XY, Z; sizeof(T)
P > &X A S
- N
X ~ size — sizeof(X) — sizeof(*p) |~ sizeof(p)
e, _ / ‘\ ‘
LBl ey | |
Y ~ size :\; sizeof(Y) = sizeof(*(p+1)) ‘\\ —~ sizeof(p+1)

7 ~ Size :" Sizeof(Z) — Sizeof(*(p+2)) /) ;/ SiZEOf(p+2)
\\\17 - - B /7//
pointer abstract data EOA?J[SGL;Z:S
type -------- array
value -------- start address
increment size -------- size
Series : 8. Applications of 6 Young Won Lim
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Virtual pointers in an array of integers

int p[3];
p is an abstract data (array) p can also be viewed as a pointer
int [4] int int * int
p plO] ST s 0]
p[1] p[1]
p[2] p[2]
p3] p3]
p is the name of an array p also has pointer characteristics
p has the size of the whole array p has the value of the starting address
p has an array type (abstract data) p is a virtual pointer

Series : 8. Applications of 7 Young Won Lim
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Virtual pointers in an array of abstract data

Abstract data array p Virtual pointer p
Y
~ sizeof(p[0]) sizeof(*p)
e S o prl > ‘(o)
S - sizeof(pl]) 9 - sizeof(*(p+1))
pr2 (o) |
~ sizeof(p[2]) - sizeof(*(p+2))
\ J
p has an array type (abstract data element) p also has a pointer type
p is the name of an array p has the value of the starting address
p has the size of the whole array
p is a virtual array pointer
Series : 8. Applications of Young Won Lim
8 1/4/21

Array pointers



Virtual pointer to abstract data

virtual pointer p  abstract data *p
whole array size

sizeof(p) —— sizeof(*p) *3
e e RO H ‘
> sizeof(p+1)  —=— sizeof(*(p+1)) * 3

 pr2 > ()

sizeof(p+2)  —=— sizeof(*(p+2)) * 3

pointer size
4 |/ 8 bytes

Series : 8. Applications of 9 Young Won Lim
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Virtual array pointers in a multi-dimensional array

Abstract data (array) pli]
pli]

~

sizeof(pl[i])
A

pl[i] has an array type (abstract data)
pli] is the name of an array
p[i] has the size of the whole array

Series : 8. Applications of
Array pointers

~ sizeof(p[i][0])

~ sizeof(p[il[1])

~ sizeof([ilp[2])

Virtual array pointer pfi]

~ sizeof(*pli])
2 LRI > (plil+D)
- -~ sizeof((pli}+1))
N
(72}
- Dlilr2 > “(plil+2) )
- sizeof(*(p[i]+2))
L )

p[i] also has an array pointer type
p[i] has the value of the starting address

p[i] is a virtual array pointer

Young Won Lim
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Virtual pointers to a sub array

pli]::T* *pl], *pli+1] :: T

array pointer type array type

- sizeof(p[i]) ~ size  — sizeof(*pli]) =
| 7eof( bl
, — sizeof(*p[i]) * N stzeof( plIIo])
*(p[i]+1) sizeof( p[i][0] ) * N ‘
- size = sjzeof(*(p[i]+1)) =
sizeof( p[i][1] )
(pli+2) ‘
-~ Sz — §izeof(x(p[i]+2)) =
) sizeof( p[il[2] )
|
~ sizeof(p[i+1])
— sizeof(*p[i+1]) * N
sizeof( p[i+1][0] ) * N
Series : 8. Applications of 11 Young Won Lim
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Array pointer types

T* T
points to points to

int (**) [4] —»  int(*) [4] —»  int[4]

int (**) [8][4] ———  Int(")[3][4] ——p Int[3][4]

double array pointer array pointer array (abstract data)

T * S *

int () [314] X int()[4] X int()

int (*) [21[3][4] —>&—»  Int()[3][4] —>&K»  int()[4]

array pointer array pointer array pointer
Series : 8. Applications of 12 Young Won Lim
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Array pointer types point to array types

T* T S*
points to points to

int [3] [4] c int (*) [4] ——p  int[4] c int (%) «—— int (**)

int[2] [3][4] < int(*)[3][4] —— int[3][4] c Int(*) [4] <«—— int(*)[4]

specific general specific general

array array pointer array array pointer double array pointer
Series : 8. Applications of 13 Young Won Lim
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Virtual array pointers pointing to arrays

typedef int (*T1) [4]; typedef int T2[4];
typedef int (*T1) [3][4]; typedef int T2[3][4];
int (*) [4] int [4]
int (*) [3][4] int [3] [4]
general specific
T1 a T1 is a pointer type
! T2 is an array type
T2 b; T1 has one more dimension than T2
a = &b a references b
]
*a = b; b is the dereference of a
Series : 8. Applications of 14 Young Won Lim
Array pointers 1/4/21



3-d array structure — pointer representation

int c[2][3][4]; i
array
pointer

*(*(*(C +1) #)) +k)

* Hierarchical

 Nested Structure

* Virtual Array Pointers
to abstract data

(subarrays)

* Contiguous and
Linear Data Layout

* Row Major Order

Series : 8. Applications of 15
Array pointers

1-d

L cl0]  c[0][0]

1-d 0-d pointer

array
- c[0][1]

pointer
0-d pointer

- c[0][2]

0-d pointer

 c[1][0]

0-d pointer

 c[1][1]

0-d pointer

 c[1][2]

0-d pointer

array
pointer

c[0][0][0
c[o][o][1
c[O][0][2
c[O][0][3
c[O][1][0
c[OJ[1][1
c[O][1][2
clO][1][3
c[0][2][0
clo][2][1
c[O][2][2
c[O][2][3

c[1][0][1
C[1][0][2
C[1][0][3
c[1][1][0
C[L][1][1
C[1][1][2
C[L][1][3
c[1][2][0
c[1][2][1
c[1][2][2
c[1][2][3

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

Young Won Lim
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3-d array structure — abstract data representation

_ c c[0] c[0][0]
int c[2][3][4];
. c[O][1]
((c [IH0DIk]
c[0][2]
e Hierarchical
* Nested Structure c[1] c[1][0]
* Virtual Array Pointers
to abstract data
(subarrays) cLHi]
* Contiguous and
Linear Data Layout c[1][2]
* Row Major Order
Series : 8. Applications of 16 Young Won Lim
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Array a and pointer a

int [4] int
a a[0] . 1-darray a specific array type
a[l] :
\
al2] sizeof(a)
a[3]
int (*) int
L a *a ~ pointera  general pointer type
*a+l
0-d array *812; sizeof(a) = sizeof(*a) * 4
pointer “(a+3)

a is the name of a 1-d array

a also has a pointer type

a has the size of the array

a has the value of the starting address

ais avirtual array pointer

Series : 8. Applications of 17 Young Won Lim
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Array b and pointer b

2-d array b specific array type

sizeof(b)

int [3] [4] int [4]
b b[O] b[O][0]
2-d array 1-d array E{S}E}
b[O][3]
b[1] b[1][0]
1-d array EEE}
b[1][3]
b[2] b[2][0]
1-d array E{gg}
b[2][3]

1-d array pointer b general pointer type

sizeof(b) = sizeof(*b) * 3

int (*) [4]

prrneessesassnens

array
pointer

b is the name of a 2-d array
b has the size of the array

\y/

int [4]
b *(*(*b+0)+0)
“C(b+0)+1)
= e ((br0)+)
H(*(*b+0)+3)
*(b+l) -k(*(-kb+l)+0)
*((tb+1)+1)
1-d array IS
(CCb+D)+3)
*(b+2) *(*(*b+2)+0)
1-d array *(*E*b+2)+l;
( )

b also has a 1-d array pointer type
b has the value of the starting address

b is a virtual array pointer

Series : 8. Applications of
Array pointers

Young Won Lim
1/4/21



Array c

3-d array c
specific array type

sizeof(c)

c is the name of a 3-d array
¢ has the size of the array

int [2][3][4]

int [3][4]

Cc

3-d
array

int [4]

c[0][0]
1-d array

c[O][1]
1-d array

c[0][2]
1-d array
c[1][0]
1-d array
c[1][1]
1-d array

c[1][2]

1-d array

c[0][o][0]

c[O][0][1]

c[0][0][2]

c[0][0][3]

c[O][1][0]

c[O][1][1]

clO][1][2]

c[O][1][3]

c[0][2][0]

c[O][2][1]

clO1[2][2]

c[0][2][3]

c[1][0][0]

c[1][0][1]

c[1][0][2]

c[1][0][3]

c[1][1][0]

c[L][1][1]

c[1][1][2]

c[1][1][3]

c[1][2][0]

c[1][2][1]

c[1][2][2]

c[1][2][3]

~
)

)

Series : 8. Applications of

Array pointers
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Pointer ¢

int (*) [3][4] int [3][4] int [4]

2-d array pointer c T ——— *(*c+0) *(*(*(c+0)+0)+0)

general pointer type ) . “(*(*(c+0)+0)+1)

2-d 1-d array ~("(010)70)2)

sizeof(c) = sizeof(*c) * 2 arr_ay *(*(*(c+0)+0)+3)

pOInter *(*C+1) *(*(*(C+O)+1)+O)

“("(*(c+0)+1)+1)

1-d array “(((c0)r1)72)

“(*(*(c+0)+1)+3)

*(*c+2) *(*(*(c+0)+2)+0)

“C(*(c+0)+2)+1)

1-d array H(*((c+0)+2)2)

“C(ct0)+2)+3)

*(c+1) *(*(c+1)+0) *(*(+(c+1)+0)+0)

“C((c+D)+0)+1)

2-d 1-d array *(*(*(c+1)+0)+2)

array *(*(*(c+1)+0)+3)

¢ also has a 2-d array pointer type (le+)+d) :E:E:EE:?:;:??

¢ has the value of the starting address

g 1-d array *(*(*(c+1)+1)+2)

c is a virtual array pointer *((*(c+1)+1)+3)

*(*(c+1)+2) *(*(*(c+1)+2)+0)

H(H(H(c+1)+2)+1)

1-d array *(H(C+1)+2)+2)

A(*(*(c+1)+2)+3)
Series : 8. Applications of 20 Young Won Lim
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Types of virtual array pointers in a 3-d array

int c[2][3][4];
o o
c[illi] int [4] int (%)
[K] [K] [K]
cfi} int [3][4] int (*)[4]
[l [k [l [k [l [k
c int [2][3]14] int (4)[3]74]

01 [K] il 0] (K il 0 (K

array type (hame) array pointer type

Series : 8. Applications of 21 Young Won Lim
Array pointers 1/4/21



Sizes of virtual array pointers in a 3-d array

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

sizeof(c[il[jI[k]) = sizeof(int)

sizeof(c[i]ij]) = sizeof(int) * 4
K] [K]
sizeof(c[i]) = sizeof(int) * 3 * 4
[l [K I
sizeof(c? = sizeof(int) *2*3*4
10 K [0 K

—— v0v0v0v0v0&mm 0 0 0 0 0m©m© BB © ©m©m©m©m©m©m©© BB ©m©m©© ©©©©m©m©m©m© © © © © ©© © © ©©©m©m©m©m©m©© © © ©© ©©©©m© © © © © © ©
Series : 8. Applications of 29 Young Won Lim
Array pointers 1/4/21



Address values of virtual array pointers in a 3-d array

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

cijilikl = &c[i]ilik]

S R . R sizeof(*c[i][i])
clili]J+k = &c[i][jI[0] + k* sizeof(c[i]U][K]) = sizeotccrimnoy = sizeof(iny

-y . . . N sizeof(*c[i])
C[I]+j = &C[l][O][O] + J * SlzeOf(C[l][j]) = sizeof(c[i][0]) = Sizeof(int) *[ff(]

. . . . sizeof(*c)
C+i = &c[0][0][0] + 1 * sizeof(c[i]) = sizeof(c[0]) = sizeof(int) * 3 * 4

0] [kl
Series : 8. Applications of 23 Young Wolr/\4I7i2r2
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Types in a multi-dimensional 3-d array

int ¢ [2][3][4];

abstract data int [2] [3][4]

array pointer | jnt (*) [3][4] O e *C int [3] [4] abstract data
| 10 x2 i 4 int (*) [4]  aray pointer
abstract data 1INt [3] [4]
array pointer [Nt (*) [4] C[I] e *C[i] It [4] abstract data
[i] [k] X3 (K] INt (*) array pointer

abstract data 1Nt [4]
array pointer | |nt (*) C[|]U] e *C[|][]] INt | primitive data

[K] X 4

Series : 8. Applications of 24 Young Won Lim
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Virtual array pointers and abstract data

int ¢ [2][3][4];

2-d array pointer int (*) [3][4] C — *C int [3][4] 2-d array
[0 0 [ X2 [ [K]
1-d array pointer  int() [4] C[I] == *C]i] int[4]  1-d array
[] K] X 3 [K]
0-d array pointer int (*) C[I][|] o *C[i] U] int 0-d array
[K] x4

all these pointers are virtual, and
take no actual memory locations

exploiting the contiguity of
allocated memory locations

Series : 8. Applications of 25 Young Won Lim
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Abstract data sizes

the size of a pointer type is fixed

int C [2] [3] [4], Here, the sizes of virtual pointers are shown

I.e, the sizes of different abstract data types

— | sizeof( c¢) = sizeof(int [2][3][4])
CT int [3][4] sizeof(*C) - sizeof(int [3][4])
(1] [0] [K] X 2 0 [kl
- - sizeof( c[i]) = sizeof(int [3][4])
Cli] == int [4] sizeof(*ci]) = sizeof(int [4])
] [K] X3 [K]
- - sizeof( c[i][j]) = sizeof(int [4])
cfijij] = int sizeof(*c[il[i]) = sizeof(int)
[k] X 4
all are sizes of arrays
c, c[i], c[i][i],are virtual array pointers
and they E also abstract data (arrays)
when sizes are considered,
view them as abstract data (arrays)
Series : 8. Applications of 26 Young Won Lim
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Virtual array pointer sizes and abstract data sizes

intc (23141 reyvar | = | ateon ¥ s
c —» Int [3][4] sizeof( ¢ ) = sizeof(*c ) * 2
[1] 0 [K] X 2 o] [kl
C[l] = INt [4] sizeof( cli] ) = sizeof( *c[i] ) * 3
[i] [K] X3 K]
cli]fj] =" Int sizeof( c[i][j] ) = sizeof( *c[i][j] ) * 4

[K] X 4

Series : 8. Applications of 27 Young Won Lim
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Sizes of array pointer types

not real array pointers

INt C [2] [3] [4], ‘virtual array pointers
el | C int (*)[3][4] = sizeof(c)
C[I] . Int [3[3 [Z[lk]] sizeof(int (*) [3][4]) = pointer size # sizeof(c)
C[i] = int [4] clil int()[4]  =sizeof(c[]) |
. " sizeof(int (*) [4]) = pointer size # sizeof(c[i])
c[i][j] —— int [l int [4] = sizeof(c[i][]
sizeof(int [4]) = pointer size # sizeof(c[i][j])

(K]

4 bytes for 32-bit machines
8 bytes for 64-bit machines

Series : 8. Applications of 28 Young Won Lim
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Virtual array pointer increment size

int ¢ [2][3][4];

C points to a 2-d array ' * e |

increment size: sizeof(int[2][3][4]) Int ( ) [3][4] C[I] . Int [3[]]][?(]]

c[i] points to an 1-d array : : :

increment size: sizeof(int[3][4]) INt (*) [4] C[l] —p N1 [i]]

[i] [k]

c[i][j] points to an integer : - -

increment size: sizeof(int[4]) Int (*) C[I]U][k]_'_>mt
Series : 8. Applications of 29 Young Won Lim
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Subarrays in a 3-d array

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

int [3]

int

C

3-d array

c[0]

c[0][0]

c[0][0][0

c[O][O][1]

c[0][0][2

c[O][0][3]

c[O][1]

c[O][1][0

c[O][1][1]

c[O][1][2]

c[O][1][3]

c[0][2]

c[0][2][0

c[O][2][1]

c[0][2][2

c[O[2][3

c[1]

c[1][0]

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

c[1][1]

c[1][2]

Series : 8. Applications of

Array pointers

int[3][4] int[4]

int

int [4] int

‘ c[0] | c[O][0]

2-d subarrays

c[0][0][0

c[O][O][1]

c[O][0][2

1-d subarrays

c[O][O][3]

c[O][1]

c[O][1][0

clO][1][1

clO][1][2

C[O][1][3]

c[0][2]

c[1][0]

c[0][2][0

clO][2][1]

cl0][2][2

c[1][1]

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

c[O][1]

c[0][2]

c[1][0]

c[1][2]

30

c[1][1]

c[1][2]

Young Won Lim
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Virtual array pointer c, c[0O], c[0][0] — types and sizes

Types - array pointers

int (*) [3][4] int [3][4] int (*) [4] int [4] int [4] int
array pointer array (abstract data) array pointer array (abstract data) array pointer array (abstract data)
......... C..... <O ..Cl0] i Lo}

c[1] c[O][1]
c[O][2]

Sizes - abstract data

sizeof(c) sizeof(c[0]) sizeof(c[0][0])
sizeof(int [2][3][4]) sizeof(int [3][4]) sizeof(int  [4])
sizeof(int) *2* 3 * 4 sizeof(int) * 3 * 4 sizeof(int) * 4
sizeof(int [2][3][4]) = 96 sizeof(int [3][4]) = 48 sizeof(int [4]) = 16
sizeof(int (*)[3][4]) =4 /8 sizeof(int (*)[4]) =4 /8 sizeof(int (*)) =4/8
Series : 8. Applications of 31 Young Won Lim
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Pointers to subarrays in a 3-d array

int (*) [3][4]  int[3][4] int[4] int int (*) [4] int [4] int int (*) int

L.C._i— clo] | clojo] [eloojo) i c[0]...i— clol[0] [c[0][0][0 [01[01»@
c[o][o][1’ c[O][0]1] [01/01/ 1

2-d subarrays 1-d subarrays 0-d subarrays
EERE clolonsy . c[O][0][3
c[O][1] [c[O][1][0 : c[O][1] ; [O][1][C]
c[O][1][1 [O][L][2]
c[O][1][2 [O][1][2]

c[o][1][3] 0][1][3
c[0][2] c[0][2] (c[O][2][O L c[o][2] [O][2][O
s O]
c[O][2][2 [0][2][2]

.................. clo][2][3] Ol[2][3
clilio] | . cf]...;—*| ClLo] [cl[0][0 ;. C[][0] i—>clL][00]
J c[1][o][1 [1][O][1]
J c[1][0][2 [1][0][2]
] c[1][0][3] 1][0][3
c[1][1] } c[1][1] L[ [1][2][O]
J [1][2][1]
} [1][2][2]
] | 1][1][3
c[1][2] |c[1][2][0] c[1][2] L [1][2][0
2L 21T
c[1][2][2; [1][2][2]
c[11[21[3 [1][2]3]
Series : 8. Applications of 39 Young Won Lim
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Abstract Data c, c[i], c[i][]] — start addresses and sizes

&C —»

int [2][3][4]

sizeof(c)

A

v

int [3][4]
&c[0]—» ¢[O0]

sizeof(c[0])

&c[1]— c[1]

sizeof(c[1])

Series : 8. Applications of
Array pointers

A

A4
A

int [4]

&c[0][0]—= c[0][0]

&c[0][1]—

&c[0][2]—»

&c[1][0]—>

&c[1][1]—

&c[1][2]—

sizeof(c[0][0])

c[0][1]
sizeof(c[0][1])

c[0][2]
sizeof(c[0][2])

c[1][0]
sizeof(c[1][0])

c[1][1]
sizeof(c[1][1])

c[1][2]
sizeof(c[1][2])

>

>«

I

>«

)

>«

v

c[O][0][0

clo][o][1

c[o][0][2

c[O][0][3

c[O][1][0

cloJ1][1

clO][1][2

clO][1][3

c[O][2][0

clol[2][1

clo][2][2

clO][2][3

c[1][0][0

]
]
]
]
]
]
]
]
]
]
]
]
]

c[1][0][1

c[1][0][2

C[L][0][3

c[1][1][0

c[L[1][1

c[1][1][2

C[L][1][3

c[1][2][0

c[i][2][1

c[1][2][2

C[1][2][3

(il [Tl T T S Sl S Sl Sl —

Young Won Lim
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Virtual array pointers — types, sizes, and values

int c[2][3][4]; clili] c[ilf]io]
int [4 int e abstract data type
:gt E*)] / int e array pointer type
sizeof(c[i][j]) = sizeof(c[i][j][0]) * 4 = sizeof(int) * 4
c[ill = &c[i][iIo]
int c[2][3][4]; cli] c[i][o]
int [3][4] int [4] » abstract data type
int (*)[4] /x' int (*) * array pointer type
sizeof(c[i]) = sizeof(c[i][0]) * 3 = sizeof(int) *4 * 3
cfi] = &cfi][0][0]
int c[2][3][4]; C c[0]
int [2][3][4] int [3][4] e abstract data type
int (*)[3][4] /x' int (*)[4] * array pointer type
sizeof(c) = sizeof(c[0]) * 2 = sizeof(int) *4*3 * 2
c = &c[O][0][0]
Series : 8. Applications of Young Won Lim
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Virtual array pointer c, c|i], cl[i][j] — values (addresses)

¢ = c[0] = ¢[0][0] = &c[0][0][O] i ¢ i C[0] i c[0][O]

a[0]

a[l]

al2]

a[3]

c[O][1] = &c[O][1][0] a[4]

a[5]

a[6]

al7]

c[0][2] = &c[0][2][0] a[8]

al9]

a[10]

all1l]

c[1] = c[1][0] = &c[1][0][O] a[12]

a[13]

a[14]

a[15]

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

a[l17]

a[18]

a[19]

c[1][2] = &c[1][2][0] a[20]

a[21]

a[22]

a[23]

Series : 8. Applications of 35 Young Won Lim
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Virtual array pointer c, cli], cl[i][j] — vertical displacement

¢ = ¢[0] = c[O][0] = &c[0][0][0] a[0]

For address values a[1]

al2]

Horizontal displacements

are not counted a[3]

c[O][1] = &c[O][1][0] a[4]

Only vertical displacements a[5]

are considered a[6]

al7]

c[0][2] = &c[0][2][0] a[8]

al9]

a[10]

all1l]

c[1] = c[1][0] = &c[1][0][O] a[12]

a[13]

a[14]

a[15]

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

a[l17]

a[18]

a[19]

c[1][2] = &c[1][2][0] a[20]

a[21]

a[22]

a[23]

Series : 8. Applications of 36 Young Won Lim
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Virtual array pointer c, c[i], cl[i][j] — values and types

means

¢ = c[0] = c[0][0] = &c[0][0][0] :> value(c) = value(c[0]) = value(c[0][0]) = value(&c|[0][0][0])
type(c) # type(c[0]) # type(c[O][0]) = type(&c[O][0][0])

int (*) [3][4] int(*)[4] int* int *
c[O][1] = &c[0][1][0] :> value(c[0][1]) = value(&c[0][1][0])

type(c[O][1]) = type(&c[O][1][0])
int * int *

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

type(c[0][2]) = type(&c[O][2][0])
int * int *

3
®
o
5
7

c[0][2] = &c[0][2][0]

means

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

type(c[1]) # type(c[1][0]) = type(&c[1][0][0])

|

int(*[4] int* int *
U] = &efLo] value(cl1][1]) = value(&c[1][1][0]
type(c[1][1]) = type(&c[1][1][0])
int * int *
c[1][2] = &c[1][2][0] % value(c[1][2]) = value(&c[1][2][0])
type(c[1][2]) = type(&c[1][2][0])
int * int *
Series : 8. Applications of 37 Young Won Lim
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Summary of virtual array pointers in a 3-d array

cli] = *(c +)

chifb] = *(cli] +1)

cljbI[k]= *(clijbl +k)

int (*) [3][4] 2-d array pointer c
int [2] [3][4] 3-d array name c

int (*) [4] 1-d array pointers c[i]
Int [3] [4] 2-d array names ci]

int (*) 0O-d array pointers cf[i][j]
int [4] 1-d array names c[i][j]

address value c + 1

&c[0][0][0] + i * sizeof(*c)
&c[0][0][0] + i * sizeof(c[O])
&c[O][0][0] + i* 4*3*4

address value cfi] + |

&Cc[i][0][0] + | * sizeof(*c]i])
&c[i][0][0] + j * sizeof(c[i][O])
&c[i][O][0] + j* 4*4

address value cfi][j] + k

&c[i][j][0] + k* sizeof(*c[i][j])
&cliljl[0] + k* sizeof(c[i]i][0])
&c[iJ[j][0] + k* 4

leading elements
c[o]ol[a]

leading elements
c[0][0][0]

c[1][0][0]

leading elements
c[0][0][O]
c[O][1][O]
c[0][2][O]
c[1][O][O]
c[1][1][O]
c[1][2][0]

Series : 8. Applications of
Array pointers
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Sub-array properties
IN multi-dimensional arrays

int ¢ [2][3][4]; 3-d access  c [i][jl[k]
2-d array pointer c int (*) [3][4]

1-d array pointers ci] int (*) [4]

0-d array pointers  c[i][j] int (*)

Series : 8. Applications of 39
Array pointers

Young Won Lim
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Hierarchical Sub-arrays in a 3-d array

int ¢ [L][M][N]

¢ [1]DlIk]

left-to-right associativity Array Names and Types Pointers to hierarchical sub-arrays
C [|][k] C 3-d array names INnt (*) [M][N] 2-d array pointer
C[I] [k] C[I] 2-d array names INnt (*) [N] 1-d array pointer
C[I]l]] C[I][]] 1-d array names INnt (*) 0-d array pointer

Series : 8. Applications of 40 Young Won Lim
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Associativity and Equivalence Relations

left-to-right associativity

((c [INDDIK]

left-to-right associativity

*(*(*(C +1) +)) +K)

X[n]

*(X+n)

given c[i][j] C

1]K]

“CllK) oo

given c[i] C | []] *(C[|]+J) for all |
given c C | *(C_H) for all i
Series : 8. Applications of 41

Array pointers

Young Won Lim
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Requirements for the expression c[i][j][K]

3 contiguity requirements

for a given c[i]j], forall k

10]K]

*(cl]Dl+k)

for a given cfi][j],

contiguous c[i][j][K]

for a given cfi], for all [l] — *(C[|]+J) for a given cfi], contiguous c[i][j]

for a given c], for all i — *(C+|) for a given c], contiguous cfi]
Series : 8. Applications of A2 Young Won Lim
Array pointers
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Equivalent requirements for the expression c[i][j][K]

eranc ClIJ[JIK] = *(clI]]+K)
ol =*cl]+)

= *(c+1)

for all j C

for all i C

1

clijblio] = *(chu)
clijio] = *(cfi)
clo] =%

with contiguous subarrays

Series : 8. Applications of
Array pointers

&C | U][k] = C[|]U]+k for all k

h &C | U] = C[I]+j for all |
&C | = C+I for all i
&cijp]lo] = cfi]l]
gclifo] = c[i

- &c[0] = c

43 o



3-d access pattern c[i][jl[K]

General requirements Pointer array approach N-dim Array approach
ik int** c[2]; int c[2][3][4];
¢ [0]Ik] i Here
int c[2*3*4];
I clilillk] i int c[iljllk] ::int
c[ill] int* c[illj] - int [4]
c[i] ;int ** cli] int (%) [4]
&cfiJijik] = c[i]lil+k  foralik cli] &bl[i*3] c[iji] <= &clhl[o]
&cfilil - =clil+] for all : 3 c[i] &c[i][0][0]
gclil = c+i for all i ol &afj*4] c &c[0][0][0]
with contiguous subarrays with contiguous subarrays
Explicit Implicit
Arrays of pointers with Nested
Multiple Indirection Virtual Array Pointers
Series : 8. Applications of Young Won Lim
Array pointers 44
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3-d access pattern c[i][jl[k] — array pointer approach

General requirements N-dim array approach
¢ [ill1[K] int c2][3][4];
c[ilillk] = int

I clijj] : int[4]
ci] :: int (¥ [4]
c :int (*) [3][4]

&c[i][j][k] = clifjj+k  forallk clijii] ¢ &c[i]i]lo]
&cfilil - = clil+ for allj ” c[i] &c[i][a][0]
&cli] = C+i for all i C &c[0][0][0]

with contiguous subarrays

Implicit
Nested
Virtual Array Pointers

Series : 8. Applications of

. 45 Young Won Lim
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Pointers to subarrays in a 3-d array

int (*) [3][4] int [3][4] int [4] int
virtual 2-d array pointer ¢ 1| c[0] c[0][0] c[0][0][0] 2-d subarrays
c[O][0][1]
c[][0][2]
c[O][0][3]
c[o][1] c[O][1][O]
c[O][1][1]
c[O][1][2]
c[O][1][3]
c[0][2] c[0][2][0]
c[O][2][1]
c[O][2][2]
c[0][2][3]

int (*) [4] int [4] int
virtual 1-d array pointer c[O]—b c[0][0] c[0][0][0] 1-d subarrays
c[O][O][1]

c[0][0][2]

c[0][0][3]

int (*) int

virtual 1-d array pointer L c[0][0] i c[O][0][0] 0-d subarrays
c[O][0][1]

c[0][0][2]
c[0][0][3]

Series : 8. Applications of

. 46 Young Won Lim
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Using N-dimensional arrays

c_...Si&c[0][0][0] i ¢[0] =i &c[0][0][0]

int ¢ [2][3][4];

¢ [1DIIK];

virtual assignments

C &c[0][0][0] SI....Z&cl1ioo]
clil &cli][0][0]
clijil = &chi[o]

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

row major ordering ¢lal[2] = &c1][2][0]
contiguous linear layout

Series : 8. Applications of A7 Young Won Lim
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Virtual assignments

int ¢ [2][3][4]; C (int (13)41) &c[O0][O][C]
c[i] (int(4)  &cli][0][O]
ciij] (int))  &c[i][j][0]

c [1]0IIk]; typecasts  address values
if ¢, c[i], c[i][j] were real pointer variables,
virtual assignments type casts would be needed

C &c[O][O][O]

cli] &c[i][o][0]

chijil = &chlfo]

row major ordering
contiguous linear layout

Series : 8. Applications of A8 Young Won Lim
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Types of c[i] and c[i][j]

int ¢ [2][3][4];

&cli]filfo] = cfi]f]
&c[iJl0] = cfi]
&c[0] =C

with contiguous subarrays

&c[iJi]k] = ciji]+k
&cfijul - =cli]+]
&cli] = C+i

C [1DIIK]

for all k
for all j
for all i

Series : 8. Applications of

Array pointers

c[i] virtual 1-d array pointer of the type int (*) [4]
cli]fj] : the name of 1-d array with 4 integers int [4]

c{ifi]

pointer of the type int (*)

c[i][j]I[K] : an element of a 4-integer array int

c = c[0] —* c[0][0] c[O][O][0] ... c[O][O][3]

c[O][1] c[O][1][O] ... c[O][1][3]

c[0][2] c[O][2][0] ... c[O][2][3]

c[1] = c[1][O] c[1][O][0] ... c[O][O][3]

c[1][1] c[1][2][O] ... c[O][1][3]

c[1][2] c[1][2][0] ... c[O][2][3]
int[2] [3][4] int[3][4]  int[4] int int
int (*) [3][4] int(*)[4]  int(*) int int

pointers to

49

pointersto 1-d array
az2-darray al-darray names

leading element
of 4-integer array

Young Won Lim
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Values of ¢, c[i], c[i][j]

It C [2] [3] [4], virtual array pointers

in each row in the following figure
have the same address value

&c[iJf[o] = cilfi
&elif[o] = ci]

>
ool =c c = o] = col[0)] = &c[OolOo]
with contiguous subarrays c[O][1]] = &c[0][1][0O]
c[0]l2] = &c[O][2][0]
&chiblk] = chllil+k - >re cl] = c[1][0] = &c[][0][0]
el =ont o i) = &l
\J c[lll2Z] = &c[1][2][0]
c [0k} oy v aeeaments s S
for address values
virtual assignments
c[i][i] = &c[i][][0]
cfil = &c[i[0][0]
¢ =&c0][o]io]
Series : 8. Applications of Young Won Lim
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Finding address values of c, c[i], c[i][j]

int ¢ [2][3][4];

c = 0] = c[0][0] % &c[o][0][0]

N . Nl = &c[o][[O]
&c[i]i]I0] = c[i]i] o clol2] = &c[O][2][0]
iC[g[O] = C[] ol = cuo] = &[]][]

oy =c o] = &c[[o]
with contiguous subarrays c[1]]2] — &c[1][2][0]
SoTT = o | forel int (*) [3][4] int(*)[4]  int[4]
ic[!][i] = cli*) forall] c[o[o][0] : c[i][0][0] : c[i]010o] -
c[i] = CHl for all i leading leading leading
elements elements elements
of ¢ of cfi] of c[il[j]
c Nl][jIk
[][l][ ] &c[0][0][0] &c[0][0][O] &c[0][0][0]
virtual assignments iC[g] [;][8]
S o &c[1][0][0] &2{1}{0}&)}
c = &c[o][0][0] &c[1][1][0]
&c[1][2][O]
Series : 8. Applications of 51 Young Won Lim
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Finding sub-array names with the address &c[i][j][0]

delete [0] from the right

int ¢ [2][3][4]; gelojoo] = c[ojo] = cjo] L& ¢
gefOo] = clo1l
&c[i[il[o] = c[il[j &eo][2][o] = c[O][2]
&c[i]l0] = cfi] &efa]olo] = c[i]0] = c[]
&cl0]  =c &C[1[1][0] =  c[1][1]
with contiguous subarrays &C[l][Z] [O] % C[l][2]
&c[illillk] = c[i][j]+k ~ foralk int int [4] int () [4]  int (*) [3][4]
&oli] — =c[l+j  foral
&C[i] = C+j for all i
c[0][0][O] is the leading element of c[0][0], c[0O], c
c Tillilrk clo][4][0] clo][a]
[][J][ ] c[0][2][0] c[0][2]
virtual assignments C[l][O][O] C[l][O], C[l]
T c[1][1][0] c[1][1]
c[il[j] = &c|i
il = gcfioor c[1][2][0] c[1][2]
¢ = &c[0][o][o]
Series : 8. Applications of Young Won Lim
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multi-dimensional arrays

virtual assignments

c[ijii]= &c[i]p][o] &c[i][][0] = cfi]fj] forallk
cli] = &cli][0][O] ‘ &clil[0] =c[i]  forallj
c = &c[0][0][0] &c[0] =C |

constraints

foralli
virtual assignments constraints
c[i]i]= &cfij[l[o] &clipl[o] = c[i[j] forallk
cli] = &cli][0][0] - &clil[0] =c[i]  forallj
c = &c[0][0][0] &c[0] =C for all i

Series : 8. Applications of

> 53 Young Won Lim
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Pointer reference relationship

c == c[0] ==» c[0][0] = c[O][0][O]
' - c[O][1] = c[O][1][O]
int ¢ [2][3][4] o)zl —= cloji2][o]
c[1] = c[1][0] = c[1][0][O]
&c[ililo] = clill] c[dJa] = c[1][lio]
&cfil[0] = cJi] c[1][2] — c[1][2][O]
aclo] - =c N N
with contiguous subarrays C[I][I] = &C[I] U] [O]
c[0][0] ==  &c[O][0][0]
&c[illillk] = c[i][jJ+k  forallk clO][1] = &c[O][1][O]
&c[i][j] = c[i]+ for all j c[0][2] — &c[0][2][0]
&cli] = C+i for all | c[1][0] — &c[1][0][0]
c[1][1] —  &c[1][1][O]
' cfll2] =  &c[1][2][0]
clif = &c[i][0]
virtual assignments c[0] — &c[0][0] = &cIO][O][0]
il = &GOl c[l] — &c[1][0] = &c[1][0][0]
c[i] = &c]i][0][0] _
¢ =&co]j0][0] ¢ = &l
c — &c[0] —  &c]0][0][0]
Series : 8. Applications of 54 Young Wo1r/‘45i2r2
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int ¢ [2][3][4];

&cli]fil[o] = c[il[i
&c[i]l0] = cfi]
&c[0] =C

with contiguous subarrays

&clilfjjk] = cli][il+k
&clilil = = c[il+]
&cli] = C+i

]

virtual assignments

clilfil = &c[f][0]
clil = &c[i[oj[o]
¢ =&co][o][0]

for all k
for all j
for all i

Series : 8. Applications of
Array pointers

General requirements for c[i][jl[k]

c[i][j] pointer of the type int (*)

c[i][]][O] : leading element of a 4-integer array int

*(c[O][0]+0) = c[O][0][0]
*(c[O][1]+0) = c[O][1][0]
*(c[0][2]+0) = c[O][2][0]
*(c[1][0]+0) = c[1][0][0]
*(c[1][1]+0) = c[1][1][0]
*(c[1][2]+0) = c[1][2][0]

c[0][0] is the address of c[0][0][0]

c[o][1]
clo](2]
c[1][0]
c[1][1]
c[1](2]

c[O][1][0]
c[0][2][0]
c[1][o]1[0]
c[1][1][0]
c[1][2][0]

c[i] virtual array pointer of the type int (*) [4]
c[i]j] : a 4-element 1-d array name int [4]

*([0]+0) = c[O][0]
*(c[1]+0) = c[1][0]

clillil = &<[i[o]
clil = &cfil[o][o]
¢ = &c[oj[o][o]

55

c[0] is the address of c[0][0O]

c[1]

c[1][0]

&clilfjl[o] = cili]
&cli][o] =i
&c[0] =C

Young Won Lim
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General requirements for c[i][jl[k]

int ¢ [2][3][4]; int (*) [l
int (*) [4]  c[i]
int () [3]14] ¢

(int (*)) &c[ijpl[o]
(int () [4])  &c[i][0][0]
(int (*) [3][4]) &c[O][0][O]

&c[i]i10] = c[i]i] Pointer
&cli][o] =i Types
&c[0] =C

with contiguous subarrays

&clil[jl[k] = c[i][j]+k  forallk

&cfillil = clil+j for all int [4] clilil ~ size =4*4 c[ili][0] stride =44
&cli] = CHi for all int [3][4]  c[i] size =3*4*4  c[i][0][0] stride =3*4*4
int [2][3][4] ¢ size =2*3*4*4  c[0][0][0] stride =2*3*4*4
Pointer
1

c[iljlfk] 4 integers
virtual assignments C[I][|][k] 3*4 int_egers
c[!]U]= 2 C[!][i][o] clilil[k] 2*3*4 integers
clil = &cfi][0][0]
¢ = &c[O][0][0]

Series : 8. Applications of 56 Young Won Lim
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General requirements for c[i][jl[k]

int ¢ [2][3][4];

&cli]fil[o] = c[il[i
&c[i]l0] = cfi]
&c[0] =C

with contiguous subarrays

&clil[jl[k] = c[i][j]+k  forallk
&clilll = cli]+ for all |
&cli] = C+i for all i

]

virtual assignments
c[i][i] = &c[iJ[][0]
cfi] = &c[i]l0][0]
¢ = &c[O][0][0]

int [4]
int [3][4]
int [21[3][4]

clillil ~ size =4*4 c[ilill0] stride =4*4
cli] Size =3*4*4 c[i][0][0] stride =3*4*4

C size =2*3*4*4 c[O][0][0] stride =2*3*4*4
Pointer

Types

c[ill]IK] k=0..3 4 integers
c[i01k] j=0..2, k=0..3 3*4 integers
c[iljlik] i=0..1, j=0..2, k=0..3 2*3*4 integers

c[i]j]+1 size =4*4
cli+1 size =3*4*4
c+l Size =2*3*4*4

4 integers away
3*4 integers away
2*3*4 integers away

Series : 8. Applications of
Array pointers

S/
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General requirements for c[i][jl[k]

int &cfilflio] = cfili]  int (*)
: : int [4] &cfijlo] =  cfi] int (*) [4]
int ¢ [2][3][4]; int[3][4] &cfo] = c int (*) [3][4]
Abstract Pointer

&C[l]h][O] — C[I][]] Data Types Types
&c[il0] = cJi]

&cl0] =c int (*) clilil = &c[i][][0] int
int (*) [4] cli] = &c[i][0] int [4]
with contiguous subarrays int (*) [3][4] ¢ = &c[O0] int [3][4]
Pointer Abstract
&C[i][i][k] = C[i][j]+k for all k Types Data Types
&clilll = cli]+ for all |
cf] — =cH for all int (*) clifil = (@nt()  &c[io]
int () [4] cfil] = (int(*)[4]) &c[i][0][O]
' int (*) [3][4] ¢ = (int (%) [3][4]) &c[O][O][0]
Types.
virtual assignments int [4] clilil  size =4*4  c[iljj[0] stride =4*4
c[i]lil = &c[i][][O] int [3][4]  c[i] size =3*4*4  c[i][0][0] stride =3*4*4
c[i] = &c[i][0][O] int [2][3][4] ¢ size =2*3*4*4 ¢[0][0][0] stride =2*3*4’
& = &C[O][O][O] Pointer
Types
Series : 8. Applications of Young Won Lim
Array pointers 58 1/4/21



Virtual array pointer c, c[0O], c[0][0] — types and sizes

Types - array pointers

int (*) [3][4] int [3][4] int (*) [4] int [4] int [4] int
array pointer array (abstract data) array pointer array (abstract data) array pointer array (abstract data)
......... C..... <O ..Cl0] i Lo}

c[1] c[O][1]
c[O][2]

Sizes - abstract data

sizeof(c) sizeof(c[0]) sizeof(c[0][0])
sizeof(int [2][3][4]) sizeof(int [3][4]) sizeof(int  [4])
sizeof(int) *2* 3 * 4 sizeof(int) * 3 * 4 sizeof(int) * 4
sizeof(int [2][3][4]) = 96 sizeof(int [3][4]) = 48 sizeof(int [4]) = 16
sizeof(int (*)[3][4]) =4 /8 sizeof(int (*)[4]) =4 /8 sizeof(int (*)) =4/8
Series : 8. Applications of 59 Young Won Lim
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General requirements for c[i][jl[k]

int [2][3][4] Contiguous 2*3*4 integers
array pointer

int ¢ [2][3][4]; c

&C[|][|][O] = C[l][]] int (*) [3][4] int [3][4] Contiguous 3*4 integers
&c[i][O] — C[i] ..arraypomter array (abstract data)
&f0]  =c .G [0

. . 2 c[i]'s, contiguous
with contiguous subarrays

int (*) [4] int [4] cContiguous 4 integers
&C[I]U][k] — C[I][]]+k for all k :arraypomter array (abstract data)
&cfili] = clil+ for all :..Cl0 1. clo][0]
&C[I] = C+i for all i 3 ¢[0][j]'s, contiguous
int (*) int
array pointer array (abstract data)
' :.<[0][0].—{c[o0][0]

c[O][O][1]
virtual assignments c[O][0][2]

c[O][0][3]

clilfil = &c[f][0]
clil = &c[i[oj[o]
¢ =&co][o][0]

4 c[0][0][Kk]'s, contiguous

Series : 8. Applications of 60 Young Won Lim
Array pointers 1/4/21



Series : 8. Applications of
Array pointers

multi-dimensional arrays

assignments

clillil = &<ilflfo]
clil = &c[i[o][0]
¢ = &c[ojo][o]

—

constraints

&cli]f][0] =c[i]j] forallk
&clil][0] =i for all |
&c[0] =cC for all i

assignments
c[ifif = &c[i]pl[o]

clil = &c[i][0][0]
¢ =&c[o][o]0]

constraints

&c[i][][0] = cfi][j] forallk
&c[i][0] =c[i]  forall]
&c[0] =cC for all i

61

Young Won Lim
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c[0] = c[0][0] relation

int ¢ [2][3][4]; c = 0] = c[0]0)] = &c[o][0][0]

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

&e[iJi[o] = clil]
&clijlo] =[]
&c[0] =C type(c[O]) = int (*)[4]
type(c[O][0]) =int [4]

with contiguous subarrays

&c[iljlI[k] = c[i][j]+k  foralk c[0] = c[0][0] means

&clilll = clil+ for all value(c[0]) = value(c[O][0])
&cli] = C+i for all |
gefo]o] £ clojio] &
1 &clo] i clo] et =&c[o][o][o] |c[o][0][0]

virtual assignments

c[ilfil = &c[i]1[0] — —
cfi] = &c[i][0][O] c[i]lil= &c[i][][0]
c = &c[O][0][0] cli] = &c[i][0][O]
c = é&c[O][o][0]
Series : 8. Applications of 62 Young Won Lim
1/4121
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Addresses and Values of ¢[0] and c[0][0]

int c [2][3][4]; ¢ — C[0] — c[0][0] —  &c[0][0][O]
&el0); ol = i
§C[i]ﬂc])[0] = ClI][]
e = achoro) TR0
with contiguous subarrays a — C[O] :C[O][O] — &C[O][O][O]
&c[i|jlI[k] = c[i][j]+k  forallk
D cclo] [TETHOITTE
&cli] = CHi for all i / ~» &c[o][0][0] | c[0][0][O]

1 &cfojo] i....clojo] e

A virtual pointer’s address and value are the same

virtual assignments address values .., address
o - &p P i = &X X
c[ili] = &c[i]i][O] ST OO }
clil = &c[i][0][0] = &X = aX
c = &c[O][0][0]

Series : 8. Applications of 63 Young Won Lim
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c[0] and c[0][0]

INt

&c[ii]I0] = c[i][]
&c[i][o] = c[i]
&c[0] =C

with contiguous subarrays

&clillilk] = cli][i]+k
&cfijil - = clil+j
&cli] = C+i

: 1

virtual assignments

cli]il = &c[ib][0]
cli] = &c[ij[o][0]
¢ =&c[0][0][0]

Series : 8. Applications of
Array pointers

c [2][3][4];

point to the same c[i][0][0]

c= c[0]= ¢c[0][0] = &c[O][O][O] value
int(*)[3][4] int(*)[4] int(*) int type
c[1] = c[1][0] = &c[1][0][0] value
int(*)[4] int(*) int type
for a” k ........................................ o
forallj | ... C. 0[0] ....... . .[9.1[9]..% > &c[0][0][0] | c[o][0][0]
for all i ‘
LG SOl - &o[HIioIo] | el

These virtual pointers have different types
but the same value (address)

64

Young Won Lim
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&c[i][0] and &c[i][0][0] — equivalence relations

int(f?[?][4] int(*)[4] int(*) int * equivalences
nt clABIAL [ e s oS T e
& &cf0] &clofo] elolof = &etololo

&c[i]i][o] = clilli]

&clil[0] =] R equivalences
&clo] =c |: c[1] =c[1][0] = &c[1][0][O] 1] = &c[1][0]
&c[1] \\&c[l][Oj\ c[1][0] = &c[1][O][O]

with contiguous subarrays

&clil[jl[k] = c[i][j]+k  forallk

&clilll  =cli]+ for all j _ _
&c[i] = C+i for all i Horizontal displacements are not counted

only vertical displacements are considered

for address values

equivalences

virtual assignments c = &C[O],
i][i1= &c[il[j][0 c[i] = &cfi][O]
il et c[il[0] = &clil[0][o]
c = &c[o][o][q]
Series : 8. Applications of 65 Young Won Lim
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c[i] = &cli] and c[i][0] = &c[i][0]

int ¢ [2][3][4]; Cc= 0= c[o][0)= &cfojio][o]
| [ A |

- &c = &c[0] = &c[0][0]

g e
cli =cJi e
gcl0]  =c et} = 1) = &efrol

acft) = sef1jo]

with contiguous subarrays

&clil[jl[k] = c[i][j]+k  forallk
&clilll  =cli]+ for all j
&cli] = C+i for all i

& i e C @i
y T ;‘
1 sclo] £7e7C0] e wacolfolio] [ clol[ol(o]

virtual assignments
c[ilil= &c[ili1io]

cli] = &c[ij[o][0]
¢ =&c[0][0][0]

Series : 8. Applications of 66 Young Won Lim
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c[i] = &cli] and c[i][0] = &c[i][0]

INnt C [2] [3] [4]’ A virtual pointer’s address and value are the same
address values address
& i B mE& X
&c[illillo] = <[l - =X = &X c[o][0][0] c[o][0][O]
&clilo] = c[i]
&c[0] =C

with contiguous subarrays

& *o C [ B \

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

illi = clilli ora f ......................................
ool = | el aclo] e e .LQ]........W&c[OI[O][O] [0][0][0]

&cli] = C+i for all i &C[O][O] L c[o][0] ©

g | —

&c[O][0][0] ; _&c[O[0][0) :  =&c[o][0][0] | c[O][0][0]

virtual assignments
c[ilil= &c[ili1io]

cli] = &c[ij[o][0]
¢ =&c[0][0][0]

Series : 8. Applications of 67 Young Won Lim
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c[i]

Series : 8. Applications of 68 Young Won Lim
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Array Pointers to c[i][0][0]

&clilfjl[o] = cifi]
&c[i][o] = c[i]
&c[0] =C

with contiguous subarrays

&clillilk] = cli][i]+k
&cfijil - = clil+j
&cli] = C+i

: 1

assignments

cli]il = &c[ib][0]
cli] = &c[ij[o][0]
¢ =&c[0][0][0]

virtual pointers:
the address of a pointer is
the same as its value

&c[i][0][0] = cfi][0]

&cli[o] |

for all k C+i = C + i*sizeof(*c)
for all | = &c[0][0][O] + i*3*4
foralli

delete [0] from the right

&clo]jo]o] =  c[O][O]
&c[1][0][0] =  c[1][O]

c[0]
c[1]

9 ¢

]

Series : 8. Applications of

Array pointers

Young Won Lim
1/4/21
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Array Pointers to c[i][j][0]

&cfijplio] = efiln]

&c[i]i][o] = clilli]

&c[il[0] = c[i] = c[i] + | = c[i] + j*sizeof(*c[i])
&cl0] —C = C + i*sizeof(*c) + j*4
with contiguous subarrays — &C[O][O][O] + *3*4 + j*4

&clil[jl[k] = c[i][j]+k  forallk

&c[iji] = Cli+ forall] delete [0] from the right

&cli] = C+i for all |
&eojo]o] = c[oo] £ clo] & ¢
&elo]ia]o] =  c[o][]
&elo]i20] =  c[0][2]
&c[1][o][0] = c[1]0] = c[1]
assignments &c[1][1][0] % cl1]i1]
Clili] = &<[IfI[0] seEnl = il
clil = &c[il[o][0]
¢ =&c[o][0][0]
Series : 8. Applications of 70 Young Won Lim
Array pointers 1/4/21



Contiguity Constraints

¢ [1DIIK]

Virtual Array Pointers and Contiguity

Series : 8. Applications of 71 Young Won Lim
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Using array pointers

int (*) [N]int (*) [M][N] int (*) [L][M][N]

b

int [N] int [M][N] int [L][M][N]
int (*) Int (*) [N] Int (*)[M][N]
Series : 8. Applications of 79

Array pointers

Array Pointer

Array Name

Array Pointer

Young Won Lim
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Array pointer approach — contiguity constraints

Array Pointer Approach
(pointer to arrays)

Series : 8. Applications of 73 Young Won Lim
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Equivalence and contiguity (1)

consecutive address

*(X+n)

consecutive data

X[n]

int []
X o P X
X+1
X+2
X+3

int

X[0]
X[1]
X[2]
| X3

| sizeof(*X)

~ sizeof(X)

Y.

int X[4]; contiguous X[i] for a given X : primitive types

int * []
X o—— P X

X+1

X+2

X+3

int *

| sizeof(*x)

a ~ sizeof(X)

. |

)

int * X[4]; contiguous X[i] for a given X : pointer types

Series : 8. Applications of

Array pointers

74

contiguous index : n

int
> *X[0]
*X[1]
> *X[2]
> “X[3]

Young Won Lim




Equivalence and contiguity (2)

consecutive address consecutive data

*(X+n)

X[n] contiguous index : n

can be recursively applied

} sizeof(*X)

X[2] sizeof(X)

atype * X[4]; contiguous X[i] for a given X : abstract data types

Series : 8. Applications of 75 Young Won Lim
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Recursive applications of equivalences

By definition, contiguous memory locations are assumed

consecutive address consecutive data

*(X‘l' n) — X[n] contiguous index : n

*(p[m]+n) p[m] [n] X = p[m] contiguous index : n

(*(p'l_m))[n], p[m][n], X = P contiguous index : m

Series : 8. Applications of 76 Young Won Lim
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Equivalence for a given p[m] (1)

*(pIm]+n)

p[m][n]

int p[M][4]; contiguous p[m][n] for a given p[m] : primitive types

int []

p[m] o P p[m]

1

- sizeof(p[m][0])

~ sizeof(p[m])

int * p[M][4]; contiguous p[m][n] for a given p[m] : pointer types

int * []
p[m] e

pImI[1]
p[m][2]

»

-~ sizeof(p[m][O])
L + sizeof(p[m])

1
J

for a given p[m]  contiguous index : n

m=0,1, .. M1

m=0,1, .. M1

int
] *p[m][0]
7 *p[m][1]
> *pm][2]
> *p[m[3]

Series : 8. Applications of

Array pointers

77

Young Won Lim
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Equivalence for a given p[m] (2)

*(p[m]+n) p[m] [n] for a given p[m]  contiguous index : n
atype * p[M][4]; contiguous p[m][n] for a given p[m] : abstract data types m=0,1, .., M-1
pm] o »opm | »p [m][01} sizeof(pmI[0) ) can be recursively applied

p[m]+1ff  pIm][1]

pim]+2  pimli2] + sizeof(p[m])

p[m]+3f  p[m][3]

Series : 8. Applications of 78 Young Won Lim
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Equivalence for a given p[m][n]

*(p[m][n]+k)

p[m][n]{K]

for a given p[m][Nn] contiguous index : k

atype * p[M][4][2]; contiguous p[m][n][Kk] for a given p[m][n] : abstract datatypes m=0,1, ..., M-1

p[m]

pm]+1 | p[mi[1]

pim]+2 | p[mi[2]

pm]+3 | p[mi[3]

Series : 8. Applications of
Array pointers

p[m][1][1]

[ pIm]i2][0]
I pImi[2][1]
p[mI[3][0]

79

+ sizeof(p[m][O][O])} Sizeof(p[m][o])\

f> sizeof(p[m])

Young Won Lim
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Contiguity constraints in multi-dimensional arrays

*(pIm]+n) p[m][n]

for a given p[m], thus for a given p and m,

p[m][n]’'s must be contiguous for all n,
p[mI][O], p[m][1], ... , p[m][N-1]

contiguous index : n

*(p+m) p[m]

for a given p,
p[m]'s must be contiguous for all m.

p[O], p[1], ..., p[M-1]

contiguous index : m

Series : 8. Applications of
Array pointers

80

p[m] o——— P
p[m]+1
p[m]+2

p[m]+3

p+1

p+2

p+3.|

p[m][0]
p[m][1]

p[m][2]

p[O]

p[1]

p[2]

p[3]

sizeof(p[m][0])
sizeof(p[m][1])
sizeof(p[m][2])
- sizeof(p[mi[3])

. sizeof(p[0])

- sizeof(p[1])

- sizeof(p[2])

» sizeof(p[3])

Young Won Lim
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Contiguity constraints for p

*(p+m) p[m] for a given p contiguous index : m
2-d array name 1-d array names 1-d array of pointers
p e > O] e —»| plO]o] p e | po] PBe =
plo][4] p+1l|  pa] e plo][4]
plo][2] pr2|  pra1 e plo][2]
pO][3] p+3_pBl Yo plO][3]
p+1 | pll f§ o>  p[o] p[1][0]
% pLL][L] pILIL]
P[11[2] pP[1][2]
! p[1][3] p[1][3]
p2 pi2l § o> pl20] p[2][0]
| p[2][1] p[2][1]
p[21[2] pP[2][2]
! p[2][3] p[2][3]
p+3 1 pl3] o > p[3][0] p[3][0]
| p[3][1] P[3][1]
P[3][2] P[3I[2]
p31(3] p31[3]
contiguous p[m] == contiguous p[m][n] contiguous p[m] == contiguous p[m][n]

Not necessarily

Series : 8. Applications of 81 Young Won Lim
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Contiguity constraints for p[m] — using array pointers

*(pIm]+n)

p[m][n]

2-d array name 1-d array names

p+o o B

p[0][0]
p[O][1]
p[0][2]
p[O][3]
p[1][0]
p[1][1]
p[1][2]
p[1][3]

p[2][0]
p[2][1]
p[2][2]
p[2][3]
p[3][0]
p[3][1]
p[3][2]
p[3][3]

contiguous p[m] == contiguous p[m][n]

p[0][0] = *(p[0]+0)

p[L][0] = *(p[1]+0)

p[2][0] = *(p[2]+0)

p[3][0] = *(p[3]+0)

addr

addr

addr

addr

for a given p[m] contiguous index : n

addr
&p[0][0] = p[O] p+0
[

addr
&p[1][0] = p[1] p+1

addr
&p[3][0] = p[3] p+3
[

the same addresses

virtual array pointer &= no real memory locations

Series : 8. Applications of
Array pointers

82
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Contiguity constraints for p[m] — using pointer arrays

*(p[m]+n) p[m] [n] for a given p[m] contiguous index : n
1-d array of pointers
data addr addr
p e » plO] [ [— p[O][0] p[O][0] = *(p[0]+0) &pl[0][0] = p[O] p+0
p+l p[1] *— p[0]+1 p[O][1] I |
p+2 p[2] b p[0]+2 p[O][2]
p+3 | _pBl e ]\ \plOo+3{{__ plol3] data o S
p[L0] p[1][0] = *(p[1]+0) &p[1][0] = p[1] p+l

p[1]+1 pIL][1] 1 |

p[1]+2 pP[1][2]
p[1]+ p[l][s] data addr addr
p[2][0] p[2][0] = *(p[2]+0) &p[2][0] = p[2] p+2

pl2]+1 p2][1] 1 |
p2]+2 p2]i2]
p[2]+ p[2] [3] data

dd dd
pEI0] B ] PI3I0] = (p(31+0) p &P[BIOI=pI3] o 3
p[3]+1 p[3][1] ! ]
p[3]+2 p[3][2]
p[3]+3 p[3][3] the different addresses
contiguous p[m] == contiguous p[m][n]
Not necessarily
Series : 8. Applications of 83 Young Won Lim
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Contiguity constraints for 2-d arrays

int a[M][N] ; int (*b)[N] ; int * c[M] ;
*(atm) a[m] *(b+m) b[m] *(c+m) c[m]
al0], a[1], ... , a[M-1] b[0], b[1], ... , b[M-1] c[0], c[1], ..., c[M-1]
are contiguous are contiguous are contiguous
*(@@[m]+n) a[m][n] *(b[m]+n) b[m][n] *(c[m]+n) c[m][n]
a[m][0], a[m][1], ... , a[m][N-1] b[m][0], b[m][1], ... , b[m][N-1] c[m][0], c[m][1], ... , c[m][N-1]
are contiguous are contiguous are contiguous

a set of assignments of pointers
are necessary for this contiguity

Series : 8. Applications of 84 Young Won Lim
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Pointer Arrays vs Array Pointers

int * [4] int *

’.

r
/‘,

1-d array

array

pointer o

1-d array

Cag]
1-d array

int (*b)[N] ; int*c[M]; Lo
*(b+m) b[m] *(c+m) c[m]
*(b[m]+n) b[m][n] *(c[m]+n) c[m][n]

Series : 8. Applications of

> 85 Young Won Lim
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Pointer Arrays vs Array Pointers

int (*) [4]

int [4]

b+1

b+2

consecutive address consecutive data

int (*b)[N] ;

*(b+m)

*(b[m]+n)

b[m]
b[m][n]

Series : 8. Applications of

Array pointers

36

int *

c[0] -
c[l] 4

consecutive address consecutive d

ata

-
2 . \

Int * c[M] ;

with proper
assignments

*(c+m)
*(c[m]+n)

c[m]

c[m][n]

Young Won Lim
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Pointer Arrays vs Array Pointers

int (*) [4]

int [4]

b[0]+3

b[1]+0

int (*b)[N] ;

*(b+m)
*(b[m]+n)

b[m]
b[m][n]

Series : 8. Applications of

Array pointers

int * [4] int *

________ C c[o] ¢
c+1 c[l] o
c+2 c[2] o

consecutive address consecutive data

consecutive address consecutive data

int * C[M] ’ with proper

assignments

*(c+m)
*(c[m]+n)

c[m]
c[m][n]

87

Young Won Lim
1/4/21



Three contiguity constraints for 3-d arrays

Pointer Array Approach (array of pointers)

clijblik] == *(clill] +k)
*(COIO] +k) = *(*(ci] +)) +k)
*(*(Cll] +)) +k) m—- *C(5(C +i) +]) +k)

contiguous int int
contiguous pointers to int int *
contiguous double pointers to int int **

the contiguity constraints are satisfied by
allocating arrays of pointers

Array Pointer Approach (pointer to arrays)

clilbIk] == *(cli][] +k)
*(COIO] +k) = *(*(c[i] +j) +k)
*((Cl] +)) +k) m—-> *(5(5(C +i) +]) +k)

contiguous 0-d arrays int int
contiguous 1-d arrays int [4] int *
contiguous 2-d arrays int [3][4] int (*) [4]

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

Series : 8. Applications of
Array pointers

Young Won Lim
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Contiguous array pointers c[i][jl[k] = *(c[1][j] +k)

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

*(c[O][0] + 0)
*(c[O][0] + 1)
*(c[0][0] + 2)
*(c[O][0] + 3)

c[O][1][0] =
c[Ol[1][1] =
clO[1][2] =
c[o][1][3] =

*(c[O][1] + 0)
*(c[O][1] + 1)
*(c[O][1] + 2)
*(c[O][1] + 3)

contiguous 1-d
array elements

pointer Nt (*)

iNt  primitive data

sizeof(*c[0][0])
sizeof(c[0][0][0])

sizeof(int)

c[O][1]

c[1][0]

c[illil c[O][0] c[O][0][O]
int [4] 4 contiguous 0-d arrays c[O]J[O][1]
int * points to the 1% 0-d array c[O][0][2]
int 0-d array c[O][0][3]
sizeof(C[illi) ¥
sizeof(c[i][jl[K]) * 4
sizeof(int) * 4
c[0][2] c[O][2][O]
c[O][2][1]
c[O][2][2]
_ c[O][2][3]
Int c[2][3][4];
Address Value c[1][1] CILL[0]

c[i]fi] + k
&c[il[j][0] + k * sizeof(*c[il[i])

&cliJp][0] + k* sizeof(c[i][][0])
&c[i][j]l0] + k* 4

c[1][2]

Series : 8. Applications of

Array pointers

39

Young Won Lim
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Contiguous array pointers c[i][j] = *(c[i] +j)

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)
clili2] = *(c[3] +2)

Series : 8. Applications of
Array pointers

array pointer int (*) [4]

int [4] array (abstract data)

cli]

c[0]

—_—

int [3][4] 3 contiguous 1-d arrays

int (*) [4] points to the 1* 1-d array

int [4] 1-d array

sizeof(c[i]) (] [K]
sizeof(c[i][jl[k]) * 3 * 4
sizeof(int) *3* 4

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

Address Value

cfi] +]

&c[i][0][0] + j * sizeof(*c[i])
&c[i][0][0] + j * sizeof(c]i][O])
&cl[i][O0][0] + j* 4*4

90

c[0][0]

c[O][1]

c[0][2]

sizeof(*c[0])
sizeof(c[0][0])

sizeof(int [4])
sizeof(int) * 4

c[0]

—»| c[1][0]

c[1][1]

c[1][2]

Young Won Lim
1/4/21



Contiguous array pointers c[i] = *(c +1i)

cl0] = *(c +0)

c[1] = *(c +1)

array pointer Int (*) [3]

[4]

int [3][4] array (abstract data)

C C

-

int [2][3][4] 2 contiguous 2-d arrays
Int (*) [3][4] points to the 1 2-d array
int [3][4] 2-d array

sizeof(c) [ 01 [k
sizeof(c[i][jI[K]) *2*3* 4
sizeof(int) *2* 3 * 4

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

Address Value

cC+i

&c[O][0][0] + 1 * sizeof(*c)
&c[O][0][0] + i * sizeof(c[O])
&c[O][O][0] + i* 4*3*4

c[0]

c[1]

\

sizeof(*c)
sizeof(c[0])

sizeof(int [3][4])
sizeof(int) * 3 * 4

Series : 8. Applications of 91

Array pointers

Young Won Lim
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Contiguous linear layout

Base Index =0

int ¢ [L][M]IN];

C [1]1[310K],

Offset Index 1 (i=1)

I*M*N

24=2*3*4

Offset Index 2 (j=1) .

Offset Index 3 (k=1) x; \J

(i*M*N + j*N + k)
((FV+ J)*N + k)

Series : 8. Applications of 92 Young Won Lim
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Base and Offset Addressing

Base Address Base
= array name
( / ) Address
reg0
Offset Address 1 d
Offset Offset
\ Address 1 Address 2
regl reg2
Offset Address 2
A
compiler
assembly instruction
registers in the CPU
Series : 8. Applications of 93 Young Won Lim
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Array Pointer Approach

Base
Address
rego
Offset Offset
Address 1 Address 2
regl regz

register based address computations
eliminate the pointer arrays — by a compiler

Array Pointer Approach
(pointer to arrays)

Series : 8. Applications of 94 Young Won Lim
Array pointers 1/4/21
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