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Access expressions
and dual type constrains

c [llIk] 3-d access
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Sub-array types in a 3-d array

int ¢ [L][M][N]

3-d array hames c 2-d array pointer ¢
¢ 11 [lk] int [L][M][N] int (*)[M][N]
2-d array names cfi] 1-d array pointer cJi]
cli] [l [k] int  [M][N] int (*)  [N]
1-d array names cfi][j] 0-d array pointer c[i][j]

c[illj] int [N] int (*)

abstract data virtual array pointer

e

dual type
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Associativity and Equivalence Relations

left-to-right associativity

((c [IDODIK]

left-to-right associativity

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

X[n]

*(X+n)

given c[i][j]

given cfi]

given c

K]
ulil

*Clllil+k) oo
*(c[i]+)) for all
*(C+i) for all |
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Requirements for the expression c[i][j][K]

C[I][j][k] 3 contiguity requirements
for a given c[i][j], for all k C | [J] [k] — *(C[l] [I] +k) for a given c[i][j],  contiguous c[i][j][K]'s
for a given i, for all C | [l] — *(C[|]+J) for a given cfi], contiguous cfi][j]’s
for a given c, for all i C | — *(C+|) for a given c, contiguous cfi]'s

for a given contiguous
subarray pointer  subarrays

—— &0 0 0 0 0 0 0 00 &0+ +—«—«@ @ @00
Series 4.App :
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Equivalent requirements for the expression c[i][j][K]

for all k

for all j

for all i

clUIK] = *(cliji]+k)
cijl - =*(clil+)
cil = *(cH)

&c[i][JIk] = cli]p]+k
&clilpl - = cli+)
&cli = C+I

for all k

for all

for all i

1

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

with contiguous subarrays

|

Series 4.App :
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&cli]pl[0] = cfib]
&clij[o] = cfi]
&c[O] = C
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Sub-array address calculation in a 3-d array

&cli]][k] = clijij]+k  oran =chjg]  + k*sizeof(c[i][j][O])
&efijp]  =c@] +p roran =cfi]  +] *sizeof(c[i][0])
&cfi =Cc +H foran =C + 1 *sizeof(c[O0])
&cli]p]k] =&clijpJlo]  +k* 4
&clii] = &cfij[oJio]  +j x4
&cli] for all = &c[O][O][0] + 1 * 3*4*4

int ¢ [2][3][4];

Series 4.App: 3 Young Won Lim
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Two approaches for the 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];
clilillk] i int c[i[j][K] :: int
I c[ill] int* clilf]] :int (%)
c[i] ;int ** cli] o int (M)[4]
C int X C - int (M)[3][4]
&c[i]ilik] = c[iji]+k  foralk c[i] &bl[i*3] c[iji] = &cfih][o]
gcfifl ~ =c[il+j  foral) - " cfil = &c[iJ[o][0]
gclil = c+i for all op] &al*4] c £c[O[0][0]
with contiguous a, b, ¢ with contiguous cfi], c[i][j], c[il[]K]
Explicit Implicit
Arrays of Pointers with Nested
Multiple Indirection Virtual Array Pointers
Series 4.App : Young Won Lim
9 7/119/21
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3-d access pattern c[i][jl[k] — N-dim array approach

General requirements N-dim Array approach

¢ [il[il[K] int cl2][34];

c[i[j][K] :: int

I clilil = ::int (*)
cli] o int (M)[4]
C - int (M)[3][4]
&c[i]ilik] = c[iji]+k  foralk clijii] ¢ &c[i]i]lo]
&cfilil - = clil+) for all ” c[i] &c[i][0][0]
&cli] = C+i for all i C &c[0][0][0]
with contiguous c[i], c[i][jl, clillj]l[k]
Implicit
Nested

Virtual Array Pointers

Series 4.App: o 10 Young Won Lim
Applications of Multi-dim Arrays 7/19/21



Virtual assignments

virtual assignments

C &c[O][O][q] C (int()(31141) &c[O][O][O]
c[i] &cli][O][0] c[i] (int(41)  &c[i][0][O]
clillil = &c[i][j][O] c[i][] (int®)  &cli][j][o]

row major ordering

i - if c, c[i], c[i][j] were real pointer variables,
contiguous linear layout (1, cliu] P

type casts would be needed

Serie_s 4.App : o 11 Young Won Lim
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Virtual assignments of virtual array pointers

virtual assignments c 4= &c[0][0][0] i c[0] 4= &c[O][O][O]
C &c[0][0][0]
cfi] &c[i][0][O]
cfijil &= &c[i]h][o]

Serie_s 4.App : o 12 Young Won Lim
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Virtual assignments and contiguity requirements

Three contiguity requirements

&c[iilik] = c[ii]+k  foralk
&elilil = clil+ for all j
&cli] = C+i for all i

for a given c[i][j],  contiguous c[i][j][K]'s
for a given cfi], contiguous c[i][j]'s

for a given c, contiguous c[i]'s

Series 4.App :
Applications of Multi-dim Arrays

c+0 | c[0]

c[0]+0

c[0]+1

c[0]+2

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

c[o][1] c[O][1]+0
clo][1]+1
c[O][1]+2
c[0][1]+3

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

c+1 ' c[1]

c[1]+1

c[1]+2

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

c[1][1] c[1][1]+O
c[1][1]+1
c[1][1]+2
c[1][1]+3

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

13
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3-d access pattern c[i][jl[k] — N-dim array approach

3 contiguity constraints virtual assignments
&c[i]ilik] = c[iji]+k  foralk c[iji] = &cli]hl[o]
&cfilif = clil+] for all ” c[i] &c[i][0][0]
&cli] = Cc+Hi for all i C &c[O][0][0]

with contiguous c[i], c[i][jl, clillj]l[k]

3 contiguity constraints Dual type constraints virtual assignments
L)

\p

&cli]ik] = cllil+k  foralk clilil = &cfi]l] cli][i] = &c[i]fI[0]

&cfifif ~ =c[il+] ~ foral] c[i] = &cfi] cli] = &c[i][0][0]

&cli] = Cc+Hi for all i C = &c c = &c[0][0][0]
A 4

Virtual array pointer Abstract data

c[?][j].+k k i_n_teger away c[i][j] has 4 integers

cli+] : 4%] integer away c[i] has 3*4 integers

Cti : 3*4%1 Integer away ¢ has 2*3*4 integers
Series 4.App : 14 Young Won Lim
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Assigning c[i][j], cli], c

int (*) int
. Cli]..; cli]fil[0]
clilfI[1]
clij][2]
c| i || '| ||3|

4 integers

int (*) [4] int [4]

....... - c[il[0][0]

c[i][O][1]
clil[o][2]
c[i][O][3]
cli][1][0]
ClI[A][1]
clil[1][2]
cli[1][3]
c[1][1][0]
ClI[A][1]
c[i][1][2]
cll[1][3]

3*4 integers

Series 4.App :
Applications of Multi-dim Arrays

YN

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

FLLLLLLL TP rrry
H

virtual assignments

c[illil = &<}
clil = &cfil[o][o]
c = &c[o][o][0]

\ 7/}\7 //,/\/

15

2*3*4 integers

c[0][0][0]

c[0][0](1]

c[0][0][2]

c[O][0][3]

c[O][1][0]

c[O[1]{1]

c[O[1][2]

c[O[1]3]

c[0][2][0]

c[0][2]1]

c[0][2][2]

c[0][2][3]

c[1][0][0]

c[1][0]({1]

c[1][0][2]

c[1][O][3]

c[1][1][0]

c[1][1]{1]

c[L][1][2]

c[1][1][3]

c[1][2][0]

c[1][2]{1]

c[1][2][2]

c[1][2][3]

Young Won Lim
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The addresses c[i][j], cli], ¢ with dual type constraints

int () int nt O sl it B it 14

cfilii]_; c[iI[[O] el co c[0][0] @R _clo][0][0]
................. T S[0l[0l[1]
e o

c[il[il[3 ¢
- R c[O][1] c[O][1][0]
c[i]i] = &cfi][] c[O][1][1]
cli] = &cfi] c[0][1][2]
| | ¢ - &c ClOJA][3]
e () 141 nt (4] cfoji2] € £ c[0]2][0]
Lol c[il[] c[illo][0] c[0][2][1]
C[f][o][l] Dual type constraints c[O][2][2]
c[i][0][2] c[0][2][3]
c[i][0][3] c[1] c[1][0] c[1][0][0]
c[il[1] c[il[11[0] c[1][0][1]
c[il[1][1] c[1][0][2]
c[il[1][2] c[1][0][3]
c[i][1][3] c[1][1] c[1][1][0]
cli]f2] c[i][1][0] c[1][1][1]
c[il[1][1] c[1][1][2]
c[i[1][2] c[1][1][3]
c[i][1][3] c[1][2] c[1][2][0]
c[1][2][1]
c[1][2][2]
c[1][2][3]

Series 4.App : 16 Young Won Lim
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The addresses cli][j]+k, c[i]+], c+i

int (*) int int (*) [3][4] int [3][4]
el 0] ... ... @K elo] col[0l[0]
C[i][i]+< clilfilf2] 3 contiguity constraints =
o clilril3 oy c[O][O][3]
_ 4 — N c[O][1][0]
c[ijil+k : k Integer away &clil[illk] = c[il[j]+k for all k c[O][1][1]
&C[i]m = C[i]+j for all j c[O][1][2]
| _ &cli] = C+i for all i c[O][1][3]
O nt 14 c[0][2][0]
LGl @ el € cliogol | clO][2][1]
c[il[O][1] c[O][2][2]
c[il[0][2] c[O][2][3]
c[il[o]3] 14K c[1] c[1][0][0]
clil+1 c[il[1] c[i]{1][0] . - c[1][0][1
ClilL[A] c+i: 3*4*1 Integers away 0{1}{0}{2}
c[il[1][2] c[1][0][3]
c[il[1]3] c[1][1][0]
ci+2@X  clill2] c[il[1][0] c[1][1][1]
clil[1][1] c[1][1][2]
clil[1][2] c[1][1][3]
c[il[1][3] c[1][2][0]
e c[1][2][1]
cli]+j : 4%] Integers away C[21I2]
c[1][2][3]
Series 4.App : 17 Young Won Lim
Applications of Multi-dim Arrays 7/19/21



Assignment — 3 contiguity requirements

int ¢ [L][M][N];  multi-dimensional arrays

C [i] [i] [k] assignments constraints

c[illj]= &c[i][j][0] &cliljl[k] = c[i][j]+k foral k
Il = &clil[0][O alr = clil+i or all j
- Zadoloo) W il -ci o

&cli] = C+Hi for all i

assighments constraints

c[i]il= &c[i][1[0] &c[iffillk] = c[i]lil+k foraik
cli] = &cli][0][0] &clilli = c[il+i for all |
i = &l G ol =l |

&cli] = C+i for all |

Series 4.App :

Young Won Lim
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Virtual array pointers and strides

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]

Series 4.App :

Virtual assighments
int (*) c[i]i]
int () [4]  c[i]
int (*) [3][4] c

Pointer
Types

Sizes of abstract data types

int [4] clilil ~ size =4*4
for all k int [3][4] cli] size =3*4*4
for all | int [2][3][4] ¢
for all' Abstract Data
Types
o CO/? r/gUOUS
c[ilfj] contM integers

c[i] contains  3*4 integers
C contains 2*3*4 integers

Applications of Multi-dim Arrays 19

(int ()
(int (*) [4])
(int () [3][4]) &<[OO][O]

&cli]plio]
&cli][0][0]

Strides of array elements

c[i]lj][0] stride =4*4
c[i][0][0] stride =3*4*4

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

1=[0:1], j=[0:2], k=[0:3]
i=[0:1], j=[0:2], k=[0:3]
i=[0:1], j=[0:2], k=[0:3]

Young Won Lim
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Virtual array pointer increment and strides

I . c[i][j] has an address of Cc[i][j][0] as its value
Int C [2] [3] [4]’ c[i] has an address of Cc][i][0][0] as its value
C has an address of c[0][0][0] as its value
&c[il[[o] = cli]l] roee!
sefio] = c[i] e
&cl0]  =c - . .
c[i]jl+1 has an address of c[i][j][1] 1 integer away
with contiguous subarrays c[il+1 has an address of c[i][1][O] 4*1 integers away
c+l has an address of ¢[1][0][0] 3*4*1 integers away
&C[iIfi]kl = cliJ[l+k  forallk Pointer
&clilil = cli]+ for all j Types
&cli] = C+i for all |
c[ijjltk has an address of c[i][j][K] k integers away
' c[i]+] has an address of c[i][j][0] 4* integers away
‘ C+Hi has an address of  c[i][0][0] 3*4* integers away
Pointer
virtual assignments Types
c[illil = &c[i]1[0]
cfi] = &c[i]l0][0]
c = &c[0][0][0]
Series 4.App : 20 Young V\;%\glilzrg
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Assignment « 3 contiguity requirements

multi-dimensional arrays

¢ [il[j1[K]

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

¢ =&c[o][o]o]

—

3 contiguity requirements

&c[il[j]Ik] = c[i][j]+k  forall k
&clilil = c[il+4j for all |
&cli] = C+i for all |

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

clil = &c[i][0][0]
¢ =&c[o][o]0]

3 contiguity requirements

&cliljlk] = c[ilj]+k foral k
&clilll  =clil+ for all |
&cli] = C+Hi for all i

Series 4.App : 21
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Array pointer relationships and dual type constraints

int ¢ [2][3][4];

&cli][j][o] = c[il[i
&c[i][0] = c[i]
&c[0] =C

with contiguous subarrays

&clillilk] = cli][i]+k
&cfilif = clil+]
&cli] = C+i

virtual assignments

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

Array pointer
relationships
Ve -
\ Dual t
‘ e N T ype
“ c[i][] | = &clijjllo] constraints
\ |

T &cli][0] = c[i][0]
| 4 \ \ e ~

| cll | = \‘~\~\§Lc[l][0]

. \‘

i . aclo) = [0

- N

\ - S/

@

Series 4.App :

Applications of Multi-dim Arrays
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Virtual array pointer values

o e _ s
ci =i
&cfo] - =c cilil= &Il cilil= &)
with contiguous subarrays
&clilillk] = c[ilj]+k forailk cli] = &cli][0] clij = &cli][0]
&clilil = c[i]+] for all
&cli] = C+i for all i c = &cf0] c = &cf0]
c[0][0]=  &c[O][0][0] c[ijl0]=  &c[i][0][O] cliil=  &c[i][i][0]
c[0] =  &c[O][0] clil =  &cliJ[0] clil = &cli][o]
c = &c[0] c = &cl0] c = &c[0]
Series 4.App : 23 Young Won Lim
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Subarray starting addresses

C == C[0] ==# c[0][0] = c[O][0][O] c[i][i] = &c[i][j][0]
c[O][1] == c[O][1][O] cli] = &c[i][0][0]
c[o][2] =+ c[O][2][0] c = &c[o][o][0]

C[1] == c[1][0] — c[1][0][0]
c[alil] = c[i][1][0]
c[i]i2] = c[i]i2][0]

clilfjl= &cli][i1[o] ci]l0]=  &c[i][0][0] c[0][0]=  &c[O][0][0]
cli] =  &c[i][0] c[0] =  &c[O][0]

c[ojo]=  &c[o][0][0] _

colill=  &c[O]L][0] 0

c[0][2] = &clo][2][o]

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

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

c[1][2] = &c[1][2][0] c[1] = &c[1][0] = &c[1][0][0] ¢ = &c[0] = &c[0][0] = &c[0][0][O]
Series 4.App : Young Won Lim
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Contiguity constraints
In a multi-dimensional array

Series 4.App: o 25 Young Won Lim
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Array pointers and dual types

int (*) [N]- int (*) [M][N] - int (*) [L][M][N] Array Pointer

b

1-dim array 2-dim array 3-dim array
int [N] int [M][N] int [L][M][N] Array Name
. . . h d
int (*) int (*) [N] int (*)[M][N] Virual artay pointer
n-dimensional Array }
dual type
(n-1)-dimensional Virtual Array Pointer

Series 4.App: o 26 Young Won Lim
Applications of Multi-dim Arrays 7/19/21



Array pointer approach — contiguity constraints

abstract data virtual pointer z :
Nno memory 10 memory
¢ c[0] location location
c[1]
abstract data virtual pointer '
contiguous clil[j], for a givenicji] flo memory
g [1]0] given;cli] } el
c[O][Q] c[1][0] :
iC[O][ll ic[ll[ll R
c[O][2] c[1][2]
10 memory
primitive data virtual pointer location
contiguous c[jl[K], for a givenifiliTT T T
c[O][a][0] c[O][1][0] c[O][2][0]
cojola]  clojali] | cloli2][] o memory Ho memory
cojoll2] | coji]l2] | clo2][2] location location
c[O][0][3] c[O][1][3] c[0][2][3] .ﬁ—>
s | | e b oo
C C C :
lcmmm lcmmm lcm[zm location
c[1][0][3] c[1][1][3] c[1]2][3] x
1[0 memory
location

Series 4.App : 27
Applications of Multi-dim Arrays
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Equivalence and contiguity (1)

consecutive address consecutive data
* + —
(X n) - X[n] contiguous index : n
pointer type abstract data type
for a given int (*) continuous N int’'s
int X[4]; fora given X, contiguous X[i] : primitive types
for a given int * (*) continuous N int (*)’s

int* X[4]; foragiven X, contiguous X[i] : pointer types

for a given atype (*) continuous N atype’s

atype X[4]; for agiven X, contiguous X][i] : abstract data types

Series 4.App : 28 Young Won Lim
7/119/21
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Equivalence and contiguity (2)

consecutive address consecutive data

*(X+n) = Xn]

contiguous index : n

int X[4]; for a given X, contiguous X[i] : primitive types
int (*) int
X — X X[0] + sizeof(*X) )
X+1 X[1] virtual pointer X . f(X)
X+2 X[2] - Slzeo
X:3 ’ X[3] | abstract data X
int * X[4]; for a given X, contiguous X[i] : pointer types
! int
int * (*) int * > > *X[0]
X — X Xl f o] sizeof(*X) | , - ]
X+1 virtual pointer X — )
X+2 A s Slzeo *X[2]
XIB - ‘ abstract data X
N |
: > “X[3]
Series 4.App : 29
Applications of Multi-dim Arrays
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Equivalence and contiguity (3)

consecutive address consecutive data

*(X+n) = Xn]

contiguous index : n

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

atype (*)
X — X s \
} sizeof(*X)
X+1 ‘ virtual pointer X
X42 , sizeof(X)
| abstract data X
X+3
J
atype (*) atype
Series 4.App: 30 Young Won Lim
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Recursive applications of equivalences

By definition, contiguous memory locations are assumed

consecutive address consecutive data
*(X+n) = X[n] contiguous index : n
for a given nt (9 continuous N int's
*(p[m]+n) p[m][n] Type 1 X = p[m] contiguous index : n
for a given int (%) [N continuous M int [N]'s
(*(p+m))[n]; p[m][n]; Type2z X =p contiguous index : m

Series 4.App : 31 Young Won Lim
7/119/21
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Contiguity constraints in 2-d arrays

int (*) int
p[m] —p= p[m][0]
*(p[m]+n) p[m][n] Type1 e | iz
p[m]+3 p[m][3]

for a given p[m], thus for a given p and m, virtual pointer  abstract data
p[m][n]’'s must be contiguous for all n.

p[mI[O], p[m][1], ..., p[m][N-1]

_ _ virtual pointer  abstract data
contiguous index : n

int (*) [4] int [4]
p —» po] | pIO][O]
* . . | P[O][1]
(*(p+m))[n]; p[m][n]; Type2 o
__________________________ p[O][3]
p+l p[1] P[1][0]
for a given p, P[]
p[m]’s must be contiguous for all m. | pmg
p[O]. p[1], ..., p[M-1] W o
each p[m] contains N elements ' ol21[1]
p[2][2]
contiguous index: m ¥y p2][3]
Serie_s 4_.App : o 32 Young Won Lim
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Type 1 contiguity constraints (1)

consecutive address consecutive data
* + —
(X n) - X[n] contiguous index : n
(p[m]+n) p[m] [n] Type 1 for a given p[m]  contiguous index : n
pointer type abstract data type
for a given int (*) continuous N int's

int P[M][N];  for a given p[m], contiguous p[m][n]:  primitive types

for a given int * (*) continuous N int *'s

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

for a given atype (*) continuous N atype’s

atype Pp[M][N]; for a given p[m], contiguous p[m][n] : abstract data types

Series 4.App: o 33 Young Won Lim
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Type 1 contiguity constraints (2)

*(p[m]+n) p[m] [n] Typel  foragivenp[m] contiguous index : n
int p[M][4]; for a given p[m], contiguous p[m][n] : primitive types m=0,1, .., M1
int (*) int
p[m] —» p[m] p[m][O] } sizeof(*p[m])

p[m]+1 p[m][1]
p[m]+2 p[m][2]

virtual pointer p[m] .
~ sizeof(p[m])

p[m]+3 ’ p[m][3] ) abstract data p[m]
int * p[M][4]; for a given p[m], contiguous p[m][n] : pointer types m=0,1, ..., M-1
int * (*) int * I } int
p[m] —» p[m] pimo] ¢ | - sizeof(*p[m]) [ pmio]
1 mia fe | : -
o[ml+3 =l A ) abstract data p[m] o *p[m][2]
Sa
. *pImI[3]
Series 4.App : 34 Young Won Lim
7/19/21
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Type 1 contiguity constraints (3)

for a given int (*) continuous N int's
*(p[m]+n) p[m][n] Typel foragiven p[m] contiguous index : n
atype p[M][4]; for a given p[m], contiguous p[m][n] : abstract data types m=0,1,.., M1
atype (*) atype
plm] —»pm | emiol | | ) can be recursively applied
sizeof(*p[m])
o[m+1l | p [m][l] virtual pointer p[m]
pml+2)|  pmil2] ; :;;izfggt[arz[li]
pim+3y piml3] f |
atype (*) atype
Series 4.App : 35 Young Won Lim
Applications of Multi-dim Arrays 7/19/21



Type 2 contiguity constraints (1)

consecutive address consecutive data
* —
(X+n) - X[n] contiguous index : n
(*(p+m))[n], p[m][n], Type 2 for a given p contiguous index : m
pointer type abstract data type
for a given int (*) [N] continuous M int [N]'s
int pP[M][N];  for a given p, contiguous p[m] : primitive types
for a given int * (*) [N] continuous M int * [N]'s
int* p[M][N]; fora given p, contiguous p[m] : pointer types
for a given atype (*) [N] continuous M atype [N]'s
atype Pp[M][N]; for agiven p, contiguous p[m] : abstract data types
Series 4.App : 36 Young Won Lim
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Type 2 contiguity constraints (2)

(*(p+m))[n], p[m] [n], Type 2 for a given p contiguous index : m

int p[M][4]; for a given p, contiguous p[m] : primitive types m=0,1, .., M1

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

p —  plo] pO][0]
| p[O][1]

p[O][2]
| p[O][3]
p+1 . pld] pIL][O]
| p[L[1]
p[1][2]
p[L][3]
p+2 | pl2] pl2][0]
| pl21[1]
p[2][2]
p[2](3]

Series 4.App: o 37 Young Won Lim
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Type 2 contiguity constraints (3)

(*(p+m))[n], p[m][n], Type2 foragivenp contiguous index : m
int * p[M][4]; for a given p, contiguous p[m] : pointer types m=0,1, .., M-1
int * (*) [4] inr* [4] int * , int
p pl0] pIO][O] ~__plojo]

p[O][l] e *p[O][l]
p[0][2] .
1 p[O][3] plOl[2]
1 p PLLI[0] * ;
. ! oL1I[1] > *p[L][0] — > p[O][3]
PILI[2] D T
| p[L][3] _
pr2 | pi2] p21[0] | e
| pi2lit] B
p[2][2] ,
p[2][3] “p[2][0]
7 “pl2][1]
> “pl2][2]
e *pl2][3]
Series 4.App: 38 Young Won Lim
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Type 2 contiguity constraints (4)

(*(p+m))[n], p[m] [n], Type2 foragivenp contiguous index : m
atype p[M][4]; for a given p, contiguous p[m] : abstract data types m=0,1, .., M1
atype (*) [4] atype [4] atype
p o[0] p[0][0] 0 can be recursively applied
sizeof(*p[m])
””””” p [0][1] virtual pointer p[m]
plO][2] » sizeof(p[m])
§ abstract data p[m]
””””” poI8]
p[1] p[1][0] /
atype )[4 §  Bopmpr| Pl atype
p[1][2]
””””” plR]

@ —

v "‘\\ R

Series 4.App: o 39 Young Won Lim
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Type 2 contiguity constraints (5)

(*(p+m))[n], p[m] [n], Type2 foragivenp contiguous index : m
atype p[M][4]; for a given p, contiguous p[m] : abstract data types m=0,1, .. M1
atype (*) [4] atype [4] atype int
P —» p[o] p[0][O] p[O][O][0]
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, p[OJ[O][1]
p[0]+1 |  p[O][1] p[O][4][0] - .
P[O][1][1] If atype _ Int [2]
p[0]+2 p[0][2] P[1][2][O]
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, p[1][2][1]
p[0]+3 p[O][3] p[1][3][0]
;;;;;;;; p[1][3][1]
p[1] p[1][0] p[2][0][C]
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, p[2][0][1]
p[1]+1 p[1][1] p[2][1][0]
p[2][1][1]
p[1]+2 p[1][2] p[2][2][0]
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, p[2][2][1]
p[1]+3 p[1][3] p[2][3][0]
-’ | — @ @@ O i+
int (*) [41[2] nt 2V int2l it
Series 4.App : 40 Young Won Lim
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Type 2 contiguity constraints (6)

*(p[m][n]+k) p[m][n][K] for a given p[m][n] contiguous index : k

atype p[M][N][2]; for a given p[m][n], contiguous p[m][n][K] : abstract data types k=0,1
int (*) [4][2] int [4][2] int [2] int

; —» o0 p[O][0] pojolo] § |- sizeof(p[mifo]) |
7777777777777777777777777777777777777 p[0][0][1] virtual pointer p[m][0] J SIZGOf( p[m])

p[0]+1 p[O][1] p[0][1][0] " virtual pointer p[m]

p[O][1][1] abstract data p[m][0]
pl0]+2 |  plOI[2] plA][2][0] - sizeof(p[ml)

{ plll2][1] | abstract data p[m]

p[0]+3 |  p[O][3] p[1][3][0]

p[1][3][1]

plL] plL][0]
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
plal+1 |  p[L][1]
£

pli+2 | p[al[2] p[2][2][0]
ffffffffffffffffffffffffffffffffffff | pr22] \
plL+3 |  p[LI[3]

_—

Series 4.App :

Young Won Lim
Applications of Multi-dim Arrays 41
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Contiguity constraints for p — virtual pointers

(*(p+m))[n]; plm][n];

2-d array name 1-d array names

p —  plo] p[O][O]
| plO][1]

p[O][2]
| p[0][3]
p+1 | pl] p[L][0]
p[1][1]
p[1][2]
p[1][3]
p+2 | pI2] p[2][0]
| p[2][1]
p[2][2]
p[2][3]

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

p+0
p+1
p+2
p+3

p[0]

for a given p contiguous index : m

&p[0][0] no physical locations

the same addresses

&p[0]

virtual pointer p[0]

sizeof(p[0]) = dual type size = 16 bytes

P = &p[0][0]
p+l = &p[1][0]
p+2 = &p[2][0]
p+3 = &p[3][0]

Series 4.App :
Applications of Multi-dim Arrays
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Contiguity constraints for p — real pointers

(*(p+m))[n]; plm][n];

1-d array of pointers

p —=1  plo] ° p[0][0]
p+1 p[1] *—| p[O][1]

p+2 p[2] *— p[0][2]
p[O][3]
p[1][0]

pPIL][1]
p[L][2]
p[L][3]

p[21[0]

pl2][1]

pl2](2]

p[2][3]

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

Not necessarily

Series 4.App :
Applications of Multi-dim Arrays

p[0]

p+0
p+1
p+2
p+3

for a given p contiguous index : m

&p[0][0] the different physical locations

the different addresses

&p[0]

real pointer p[0]

sizeof(p[0]) = size of a pointer = 4 / 8 bytes

p+1
p+2
p+3

R N S ) S

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

Young Won Lim




Contiguity constraints for p[m] — virtual pointers

*(pIm]+n)

p[m][n]

2-d array name 1-d array names

p+0 —»  ploj+0  —p|  p[O][O]
p[0]+1 p[O][1]

p[0]+2 p[O][2]

~ ploj+3 p[O][3]

prii  pll#0 | pl]o]
p[1]+1 p[1][1]

p[1]+2 p[1][2]

I 8 p[1][3]

pr2 . PRIF0 | pI2]0]
p[2]+1 p[2][1]

p[2]+2 p[2][2]

p[2]+3 p[2][3]

the same addresses

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

p[0]

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

for a given p[m] contiguous index : n

= &p[0][0] no physical locations

the same addresses
= &p[0]

virtual pointer p[0]

‘ sizeof(p[O][0]) ‘: integer size = 4 bytes

virtual array pointer &= no real memory locations

Series 4.App :
Applications of Multi-dim Arrays
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Contiguity constraints for p[m] — real pointers

*(pIm]+n)

p[m][n]

for a given p[m] contiguous index : n

1-d array of pointers

p — p[0] ]

p+1 p[1] —

[0]+1

p+2 p[2] .

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

Not

p
p[0]+2
p[0]+3

p[1]+1
p[1]+2
p[1]+

p[2]+1

p[2]+2
p[2]+

necessarily

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

p[2][0]
pL2][1]
p[2](2]
p[2][3]

p[0] = &pl[0][0] the different physical locations
X the different addresses
p = &p[0]
real pointer p[0]
p[0]+0 . . o
sizeof(p[0][0]) = integer size = 4 bytes
p[0]+1
p[0]+2
p[0]+3

Series 4.App :

Applications of Multi-dim Arrays

Young Won Lim
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2-d array accessing expression a[i][jl, b[ili], clillj]

iInt a[M][N] ;

Multi-dimensional Array

a set of pointer
assignments
are necessary

n

*(a+m) a[m]

al[0], a[1], ... , a[M-1]
are contiguous

*(@[m]+n) a[m][n]

a[m][0], a[m][1], ... , a[m][N-1]

are contiguous

Series 4.App :

Applications of Multi-dim Arrays

int (*b)[N] ;
int  d[N] ;

Int * c[M] ;
Int e[M*N] ;

Array Pointer

Pointer Array

b=d;

c[0] = e + O*N ;
c[l]=e+ 1*N;

*(b+m) b[m]

*(c+m) c[m]

b[0], b[1], ... , b[M-1]
are contiguous

c[0], c[1], ..., c[M-1]
are contiguous

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

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

b[m][0], b[m][1], ... , b[m][N-1]
are contiguous

46

c[m][O], c[m][1], ... , c[m][N-1]
are contiguous

Young Won Lim
7/19/21



Virtual Pointer Arrays vs Array Pointers

int (*) [4]

i a

int [4]
(0] |
1-d 1-d array

array
pointer

1-d array

int

1-d array

Multi-dimensional Array

iInt a[M][N] ;

a has a dual type
a is an abstract 2-d array
a is also a virtual pointer to an 1-d array

Series 4.App :
Applications of Multi-dim Arrays

Virtual Array Pointer

47

int (*) [4]

int [4]

b e

int

Array Pointer

Int (*b)[4] ;

b is a real pointer to a 1-d array
which has 4 integer elements

Young Won Lim
7/19/21



Array Pointer vs. Pointer Array (1)

int (*) [4] int [4] int int * [4] int * int [3*4] int
b & d e o~ e —Jy
O
0 o ._\
c[0]=e +0*4;
c[ll=e+ 1*4;
c[2]=e +2*4;
Array Pointer Pointer Array
. * . . e .
|nt ( b) [4] y with proper |nt C[B] y with proper
1 . assignments I * . assignments
int d[4]; 9 Int e[3*4] ; s
b is a real pointer to a 1-d array d c is an array of 3 integer pointers
b has 4 integer elements e is an 1-d array and has 3*4 integer elements
b+1 points to the next 1-d array c[i]'s divide e into 3 parts
Series 4.App : 48 Young Won Lim
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Array Pointer vs. Pointer Array (2)

int (*) [4] int [4] int
b e =4

R

. b+2 v RIS

consecutive address consecutive data

int (*b)[4] ;
int  d[4] ;

Array Pointer

b has the type of an 1-d array pointer
b[0] = *b is the alias of a 1-d array d
b[1] is the name of the next 1-d array

Series 4.App :
Applications of Multi-dim Arrays

int * [4] int * = int [4] int
________ c c[o] - f___—»| c[0][O]
i O clo]1]
c+2 c2] - clo)i2]
_ | clo3]
consecutive address consecutive dat g —w c[1][0]
c[1][1]
c[0] = f; c[1][2]
cll]=g; c[1][3]
cl2]=h; L h > c[2][0]
c[2][1]
| c[2][2]
not consecutive arrays c[2][3]

49

int * ¢[3] ;
int f[4], g[4], h[4] ;

Pointer Array

c is an array of 3 integer pointers
c[i] has the type of an integer pointer
c[i] points to the first integer of each 1-d array

Young Won Lim
7/19/21




Array Pointer vs. Pointer Array (3)

int (%) [4] int [4] int int * [4] int *
b b[0]

________ c_ | c0] o

c+l c[l] @
ct+2 c[2] o

b[2]+2
b[2]+3

consecutive address consecutive data consecutive address consecutive data

Nt (*b) [4] : Array Pointer int * C[?)] ’ S AT
int  d[4]; int (4], g[4], h[4] ;

b[i] is the name of an 1-d array c[i] can be viewed as the name of an 1-d array
b[i][j] is the element of such an 1-d array c[i][j] is the element of such an 1-d array
Series 4.App : 50 Young Won Lim
7/19/21
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Three contiguity constraints for 3-d arrays

Pointer Array Approach (array of pointers)

clijblik] o= *(C[i]0] +k)
*ClIn] +k) - e x5l ) +K)
*(*(Cli] +)) +k) e *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] = *(C[i]i] +k)
*Cilp] +k) e *(3(cli] 4)) +K)
*((Cl] +)) +k) = X(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 4.App :
Applications of Multi-dim Arrays

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

CIDIk] e *(ci]0] +K)

c[i]i]

int [4] 4 contiguous 0-d arrays
int * points to the 1% 0-d array
int 0-d array

sizeof(c[il[j]) K]
sizeof(c[i][j1[K]) *4

sizeof(int) *4

Address Value
c[illi] + k
&cli][j][0] + k* sizeof(*c[i][j])

&c[i]i]i0] + k* sizeof(cli][j][0])
&c[i][j][0] + k* 4

Series 4.App :

Applications of Multi-dim Arrays

(0] +K) e *(5(C[I] +)) +K)

cfi]
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]) 1 [k
sizeof(c[i][j1[k]) *3*4
sizeof(int) *3*4

Address Value
cli] +]j

&cli][0][0] + | * sizeof(*c]i])

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

52

*(*(CO] 1) +K) e *(*(*(C +) +]) +K)

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) (7 0O [K]
sizeof(c[i][H1[k]) *2*3%*4
sizeof(int) *2*3*4

Address Value
c+i

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

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

pointer Nt (*)

iNt  primitive data

c[0][0][0] = *(c[O][0] + O) c[0][0] c[o][0][0]~, sizeof(*c[0][0])
c[O][0][1] = *(c[O][O0] + 1) c[0][0][1] sizeof(c[0][0][0])
c[o][0][2] = *(c[0][0] + 2) CIONOIIZN) ;) 0 tint)
c[OJ[0][3] = *(c[O][0] + 3) o
c[0][1][0] = *(c[O][1] + O)
c[O][1][1] = *(c[O][1] + 1)
c[O][1][2] = *(c[O][1] + 2)
c[O][1][3] = *(c[O][1] + 3) c[0][2] c[0][2][0]
o o c[O][2][1]
e . c[O][2][2]
_ clO][2][3]
ClIiIK] — «=>  *(c[i][i] +K) INt C[2][3] [4]; c[1][0]
contiguous 0-d array
c[1][1] c[1][1][0]
C[][1][1]
c[1][1][2]
c[1][1][3]
c[1][2]
Seri 4.A . oung Won Lim
oo PP 53 Y ? V\;/19I721
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Contiguous array pointers c[i][j] = *(c[i] +j)

array pointer int (*) [4] int [4] array (abstract data)
c[0][0] = *(c[0] + O) c[0] cloj[0]
c[O0][1] = *(c[0] + 1) sizeof(*c[0])
c[0][2] = *(c[0] + 2) sizeof(c[0][0])
c[1][0] = *(c[1] + 0)
c[1][1] = *(c[2] + 1) Lol sizeof(int [4])
c[1][2] = *(c[3] + 2) sizeof(int) * 4
c[o][2]
*(ClI0] +k) e *(5(C[i] +)) +k) INt C[2] [3] [4]; c[1] c[1][0]
contiguous 1-d arrays
c[1][1]
c[1][2]
Series 4.App : 54 Young Won Lim
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Contiguous array pointers c[i] = *(c +1i)

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

c[0] = *(c + 0) c +—»{ c[O]
c[1] = *(c +1) \

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

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

CEl ) e e D jnt c[2][3][4]; [ el |

contiguous 2-d arrays

Series 4.App : 55 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)

Serie_s 4.App : o 56 Young Won Lim
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Base and Offset Addressing

Base Address Base
= array hame
( / ) Address
0
Offset Address 1 =
Offset Offset
\ Address 1 Address 2
regl reg2
Offset Address 2
A
compiler
assembly instruction
registers in the CPU
Series 4.App : 57 Young Wﬁ'fgb'z?
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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)

Serigs 4.App : o 58 Young Won Lim
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