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row-major versus col-major

Logical index : 2D

4 A
6 |-2|2 | 4

12| -8 | 6 |10

3 |-13| 9 | 3

row-major based

" 62|24
row-1|
—— > 12| -8 10
row-3 * 3 |-13 3

col-major based

col-1 col-2 col-3 col -4

<
l
<
)l
<
)l
>
hl

6 -2 2 4
12 -8 6 10
3 -13 9 3

We choose col-major representation



col-major: C starts index from O

matrix.h

typedef struct matrix

{
integer m ;
integer n ;

orderVar sel ; // col-major or row-major
doublereal =*=A ;

Y matriz ;

typedef matrix* matrixHandler ;

1 A[0] is useless

2 A[k][0] is forbidden

3 Alilli]=A(. 1)

col-major based

Alo] AlL] A2l A[3] A[4]
6 -2 4
12| | -8 10
3| |13 3

> legal

All] ——
Al | 6
AlL][2] | 12
A[L][3] | 3

A2 Afrlfa]
A[2][4] | -2
A[2][2] | -8
A[2][3] |-13

ARl —A[2)fa1
AlBIl] | 2
A3][2] | 6
Al3][3] | 9

Al4]—a[s]fa1
A4 | 4
A[4][2] | 10
Al4)[3] | 3
Al4][4]




Relaxation for high precision package
global.h

#ifndef GLOBAL_H

// in 32-bit machine, integer is &4 byte
// in 64-bit machine, integer is 8 byte (recommand)

typedef long int integer ; > Large 1D array, “int” is 4-byte,

// we may use high precision representation, Only supports up to 2G elements
// double: 16 digits

/f dd {(double-double): 32 digits

/4 gqd (quadruple-double: 64 bits

// arprec (arbitray precision): up to 1888 digits
typedef double  doublereal ;

enun orderVar { ROW_HAJOR , COL_HAJOR } ; » We use col-major, however you
// {ONE_NORM, TWO_NORM, INF_MNORM} is used in function "norm" can implement both.

enum matrix_keyword ¢
OHE_HORHM = 368 ,
TWO_HORHM = 381 ,
INF_HORH 382
rs

#endif /F/GLOBAL_

==

http://crd.lbl.gov/~dhbailey/mpdist/

~ » ARPREC (C++Fortran-20 arbitrary precision package)

Uniz-based systems {including Apple Macintosh systems): arprec-2.2.2.tar.gz (version date 200807-24)
Windows systems: arprec-2.2. 1 -windllzip (version date 2005801-23)

Eefore installing either version, please see the "release notes" in the README file,

s QD (C++Fortran-20 double-double and quad-double package)
Uniz-based svstems (including Apple Macintosh swstems): gd-2.2.7 tar.ez {(version date 20080722
Windows systems: qd-2. 2.4 windll zip (version date 20080123
. Eefore installing either version, please see "release notes” in the README file.




Data structure of matrix and its method

matrix.h /# matrix constructor
matrixHandler zeros{ integer m, integer n, orderVar sel ) ;

#ifndef HMATRIX_H

int_matrixHandler int_zeros{ integer m, integer n, orderVar sel ) ;
#include *“global.h"

#include <stdio.h> £/ in HATLAB we don't need memory management, but in C,
ff we must take care it

typedef struct matrix void dealloc{ matrizxHandler fah ) ;

{ void int_dealloc{ int_matrizHandler #h } ;

integer m ;

integer n ;

orderlar sel

doublereal ==f
V matrix ;

/f show content of matrix in standard form
/# col-major or row-najor void disp({ matrixzHandler fih, FILE= fp ) ;
void int_disp({ int_matrixHandler #ih, FILE= fp ) ;

Ff the same as "norm™ in HATLAB

typedef matrix* matrixHandler ; doublereal norm{ matrixHandler fAh, matrixz_keyword p ) ;

. . £ = fi=x
:ypedeF Slids e il bl uuiﬂ matvec{ matrixHandler fAh, matrixHandler xh, matrizHandler yh) ;
integer m
integer n
orderlar sel ; // col-major or row-major
integer ==A ;
¥y int_matrix ;

A C=n-8B
void matsub{ matrixzHandler Ah, matrixHandler Bh, matrixzHandler Ch)

bd wn

ff copy A to A_shadow
void duplicate({ matrixHandler fAh, matrixHandler Ah_shadow ) ;

typedef int_matrixz*  int_matrixzHandler ; #endif 7/ WMATRIX H

1 constructor ( ). zeros 4 Arithmetic: matvec, matsub, norm
2 destructor ( ): dealloc 5 |/O: disp

3 Index rule: we do it explicitly




matrix.cpp

#iinclude <stdio.h>

#iinclude <stdlib.hZ ConStrUCtor [1]
#include <assert.hZ
#tinclude <math.h>

#include "matrix.h"
1 empty handler
// constructor: set up B-matrix

matrixHandler zeros{ integer m, integer n, orderVar sel )

¢ typedef struct matrix
integer j ; {
doublereal == ;
doublereal =memA ; // contiguous memory block of A
integer size ; // number of entries in matrix A

integer m ;
integer n ;
orderlar sel
doublereal ==f

assert{ B <{m}) ; assert{ B < n ) ; ¥ matrix ;
// alolocate an empty handler
1 matrixHandler Ah = (matrizHandler) malloc{ sizeof{matrix) ) ;

assert{ Ah )} ; 5 set parameter

if { COL_MAJOR == sel }{
f7 A[B] is useless, A[j] means pointer of column j
A = {doublereal #*=x)} malloc{ sizeof{doublereal #*)}*{n+1) ) ; 2
2 assert{ A ) ;

Alo] Al A[2]  A[3]  A[4]

3 memfit = {doublereal#*) malloc{ sizeof{doublereal)=size ) ;
assert{ memA ) ;
for { j=8 ; j < size ; j++){
=8

memA[ j] ;: // reset matrix A as zero matriz

b4
4  for { j=1 ; j<=n ; j++){ i
F7 A[j1[09] is useless, A[j][1i] means A{i,j) 3 ContlgUOUS memory block

A[j] = (memA - 1) + (j-1)=*m ;

yvelsed 6
printf("Error: we don't support row-major so farin"};
, exit{1) ; 12
// set parameter of a matrix
5 Ah->m = m ; Ah->n = n ; Ah->sel = sel ; Ah->A = A ; 3
return Ah ; .




matrix.cpp

#iinclude <stdio.h>
#iinclude <stdlib.hZ
#include <assert.hZ
#tinclude <math.h>

constructor [2]

#include "matrix.h™

// constructor: set up B-matrix
matrixHandler zeros{ integer m, integer n, orderVar sel )
{
integer j ;
doublereal == ;
doublereal =memA ; // contiguous memory block of A
integer size ; // number of entries in matrix A

assert{ 8 < m ) ; assert{ B < n ) ;

// alolocate an empty handler
matrixHandler fAh = (matrixHandler) malloc{ sizeof(matrix) ) ;
assert{ Ah ) ;

if { COL_MAJOR == sel }{
f7 A[B] is useless, A[j] means pointer of column j
A = {doublereal #*=x)} malloc{ sizeof{doublereal #*)}*{n+1) ) ;
assert{ A ) ;
size = m=n ;
memfit = {doublereal#*) malloc{ sizeof{doublereal)=size ) ;
assert{ memA ) ;
for { j=8 ; j < size ; j++){
memA[j] = @ ; // reset matrix A as zero matrix

b4
4  for ( j=1 ; j<=n ; j++){
F7 A[j1[0] is useless, A[j][1i] means A{i,j)

A[j]1 - (mema — 1) + (j-1)=n ;' «— pointer arithr
relseq
printf("Error: we don't support row-major so farin"};
exit{1) ;
b

// set parameter of a matrix

Ah->m = m ; Ah->n = n ; Ah->sel = sel ; Ah->A = A ;

return Ah ;

low

high

netic

All] —
ALy | 6
AlL][2] | 12
A[L][3] | 3

A2 Afr]faT*
Al2][4] | -2
A[2][2] | -8
A[2][3] |-13

ARl —A[2)fa)
AlsI | 2
A3][2] | 6
Al3][3] | 9

Al4]—a3][a1
A4 | 4
A[4][2] | 10
Al4][3] | 3




destructor

matrix.cpp

/f The procedure holds for row-major or col-major
void dealloc{ matrixHandler Ah )

{
/f step 1: dealloc contiguous memory block
1 free( (doublereal=}{Ah->A[1]} + 1 ) ;

/f step 2: dealloc column-index array
2 free{ Ah->A ) ;

/f step 3: dealloc matrix handler
3 free{ Ah ) ;
¥

o free pointer array

Alo] ALl Al2] A3 Al4]

3 free matrix handler

typedef struct matrix
{
integer m ;
integer n ;
orderlar sel ; |,
doublereal =xA ;
Y matriz ;

/\[1]

1 N

AlL][2]

12

AlL][3]

A2l Aflfa1

Al2][] | -2
Al2][2] | -8
Al2][3] |-13
Al3] —af2ifat
ARl | 2
Al3][2] | ©
Al3][3] | @
Al4]—as]fal”
Al4J[L] | 4
Al4][2] | 10
Al4][3] | 3

Al4][4]

1
free
physic
storage



Input/Output

typedef struct matrix

{
integer m ;
integer n ;
orderlar el

doublereal =*=A ;

Y matriz ;

ALJI[L] )s

v

ALi]lT]= A7)

» Show in standard form: human readable

matrix.cpp
void disp{ matrixHandler Ah, FILE=* fp )}
{
int i, j
doublereal == ;
assert{ Ah ) ;
assert({ COL_HMAJOR == Ah->sel } ;
fprintf{fp, “dimension of matrix is (%d,%d) with col-majorin™,
Ah->m, Ah->n };
A = Ah->A ;
for{ i=1 ; i <= Aah->m ; i++ ){
For{ j=1 ; j <= Ah->n ; j++ ¥{
fprintf(fp, "%8.4f
i
fprintf{fp, "\n");
i
i
.
6 | -2 4
12 | -8 10
3 [-13 3




main.cpp

#include <stdio.h>
#include "matrix.h"

void test_matriz{ void ) ;
int main{ int argc, charx argu[]}
{

test_matrix() ;

return 8 ;

H
void test_matrix( void )
{
integer m = 4 ;
integer n = 4 ;

matrixHandler Ah ;
doublereal ==A ;

Ah = zeros{ m, n, COL_HMAJOR

A = Ah->A ;

A[1][1] = 6. : A[1][2] = 12.
A[2][1] = -2. : A[2][2] = -8.
A[3][1] = 2. : A[3][2] = 6.
A[4][1] = &. : A[A][2] = 18

disp{ Ah, stdout ) ;
dealloc{ Ah } ;

} -

oD D D D
—r———

= LD M ek

WY WY STy S
—

==L Ry L L

Simple driver

Execution result

dimenzion of matrix iz ¢4.4> with
6. A8Ea -2 8868 2_088a8 4_088a8
12 88668 -8 . 886 6. A8Ea 18868608
—-13 . 88608 2 @888 3.088a8
4_088a8 i.868686 —18_08868

col-major

3.8888
-6 . B88HE
Presz any key to continueg

1= 3. ;A[1][4] = -6. ;
1 =-13. ; A[2][4] = 4. ;
12 30 §amups] - -18. © ALiJi]= A })




verification 4

duplicate of a matrix / vector

matrix.cpp

void duplicate({ matrixHandler Ah, matrixHandler Ah_shadow )}

{
integer m, n ;
integer i, j ;
doublereal =xA ;
doublereal =*+A_shadow ;

assert( Ah } ; assert{ Ah_shadow ) ;
assert( COL_MAJOR == Ah->sel } ;
assert( COL_MAJOR == Ah_shadow->sel } ;

m = Ah->*m ; n = Ah->*n ;
/f check Ah_shadow has the same configuration as ah

assert({ m == Ah_shadow->m } ;
assert({ n == Ah_shadow->n } ;
A = Ah->A ;

A_shadow = Ah_shadow->A ;
For { J =135 ] <=n; j++){

For ( 1 =1 ;:;1i<=m; i++ 3{

A_shadow[j][i] = A[j][i] :

VS For each row

vf/ For each col

We require matrix handler to verify configuration, this is very
important for debugging.

typedef struct matrix
1
integer m ;
integer n ;
orderlar sel ; .,
doublereal ==A ;
Y matriz ;



matrix.cpp
ff Yy = Axx

void matvec( matrixHandler fAh, matrixHandler zh, matrixHandler yh}

{
integer m, n,
integer i, j,

doublereal w=*x ;
doublereal ==y ;

assert{ Ah ) ;

c -
k -
doublereal == ;

assert{ =xh ) ;
assert( COL_MAJOR == Ah->sel )
assert{ COL_MAJOR == xh->sel ) ;
assert( COL_MAJOR == yh->sel )

assert{ yh ) ;

m = Ah->m ; n = Ah->n ; =5 = xh->n ;

assert{n == xh->m) ;
assert{m == yh->m) ; assert(s == yh->n}) ;

A = Ah->A ; % =

for { k=1 ; k <= s

for { i=1 ;

yIk][1]

for ( j=2 ;

xh->A ; y = yh->A ;
Ay = w(1)=A(:z,1) + sum_{j3{ ={j)=A{:,j) )

i

j

For { i=1
Y[k]I[i] += A[JI[1] = x[K][]] ;

yf/ for each col-j
¥/ for each vector =(:,k)

i k)
{=m ; i++ }{

A[TII1] = x[k][1] ;

{=n ; j++){
;i d=m; i+ )

y

AX

AE Rmxl’]’xe Rnxs, ye RmxS

n S S
r A N e A N f_%
X
A =

Outer-product formulation

n

y=x(1) A1)+ x(i)AG )

=2



matrix.cpp

Matrix / vector norm

// implement p = 1, 2 and inf
doublereal

{

norm{ matrixzHandler Ah, matrix_keyword p )

integer m, n ;
doublereal sum ;
doublereal sumMax ;
doublereal ==A ;

int i,

i:;

assert{ Ah ) ;
assert{ COL_MAJOR == Ah->s5el ) ;

m
A

Ah-

Ah->m ; n = Ah->n ;
A ;

if { INF_MNORH == p ){
sumMax = 8.8 ;
For (i =1 ;1i<=m; i++ ){
sum = 8.8 ;
fFor  j =1 ; j<=n; je+}{
sum += fabs{ A[J][1i] )
H

if { sum »> sumHMax 3){
sumhax = sum ;

H

v// for each row
Yelse if { OME_NORH == p ){
sumdax = 8.8 ;

fFor ( j=1; j<=n; j+r+ }{
sum = 8.8 ;
For (1 =1 ;1 <€=m ; i++)¢{
sum += fabs{ A[JI[1] )
H

if { sum > sumMax }{
sumiax = sum ;

¥

3y f fFor each col

yelse{

printf{“TW0_HORM is HOT implementin®)};
exit{1) ;

H

return sumMax ;

|AX, _
X,

| Ay = supZr™ = ma Z\%\

= Maximum of absolute column sum

o lmd
A= R

1<|<| :E:‘E%J‘

Maximum of absolute row sum

AX
A, ~supl o (W)

2-norm is difficult to compute, we will
discuss this later
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Algorithm (PA=LU) [1]

Given full matrix A€ R™ -constructinitiallower triangle matrix L =1—

use permutation vector P to record permutation matrix pt

int 1u_partialPivot({ matrixHandler Ah, int_matrixHandler Ph, int conti_flag )
{

integer m, n, LU_dim ;

integer i, j., k :

doublereal ==A ;

integer #=xP

integer p ;

doublereal ksi ; /7 ksi = max{|A{k:m,k)|)

doublereal tmp ; // temperary real variable

integer int_tmp ; // temperary integer variable

int isLU_succ = 8 ; /7 isLU_succ = @, LU is done

// =k < m, means (PAY(k:m,k) = B, A is singular

~ assert{ Ah ) ; assert{ Ph ) ;
assert( COL_MAJOR == Ah-»sel } ;
assert( COL_MAJOR == Ph-»sel } ;

verification | < . _ ansm : n = an->n

assert{ 1 == Ph->n ) ;
. assert{ m <= Ph->m ) ;

(1) we store lower triangle matrix L into storage of matrix A

(2) The reason to construct type int_matrix is for permutation matrix P,

since we can check dimension between A and P.



Algorithm (PA=LU) 2]

et A=A, [V=19=1 and P®=(123,n)
fh=nh->A ; P = Ph->A ;
For { i =1 ;i <=m; i++){ P = 1:m
P[1][i] = 1 ;
Note that P is a column vector
for k=1:n-1
we have compute P* VA= (*2DAL - plt) = P.R.,---BR
al ... .. S =
o
A _ A | o Al N |
0 a;(<k|2 0 update original matrix A
0 (i) (k)
k-1
I_H

‘(k— (k1) _ W O : : :
| stores in lower triangle matrix L
\/



1 finda pe{kk+1--,

Algorithm (PA=LU) [3]

n} such that ‘Af)kk)‘ = maX‘A(k) (k:n, k)‘

7=
= step 1: find a p belongs to {k,k+1,...,m} such that
* ksi = |A_{k}{p.k)| = max |A_{k}(k:m,k}| 62 %
*} £2 % gtep 1: find a p khelongs to {k, k+1,..., m}
ksi = 8.8 ; Ed % such that |4 {k}(pk])| = max |4 {k} (kim k]|
For § i=k ; 1 <=m ; i++ )¢ 65 %
tmp = fabs{A[k][1]) 66 [y, rel p ] = max( sbs(i(kim k)] |
if  tmp > ksi )}{ €7 p=rel p+k-1:
ksi = tmp ;
p=1;
¥
¥ f For each row i

2 swap row Ak (k k:n) and row Ak (p k:n), NOT efficient

fFor { j=k ; j <=n ; j++ ¥{
tmp = H[j][k] . tmp rowil:in-k+l) = A(k,kin) :
ALTILk] = A[i1lp] Aik,kin) = Aip,kin] ;
A[jllp] = tmp ; Lip,kin) = tmp row(l:in-k+l] ;
H
define permutation matrix B, =(1,2,---k—-1, p,k+1,---, p—Lk, p+1,---

then after swapping rows k, p, we have Ak F{<A(k)




Algorithm (PA=LU) [4]

k —col
)
X X X
A¥=lo ¢ d p—k-row (|5]zmaxid )
0O c B

3 compute PY « pp? for P =(1,2,3,---,n)

i= g6 %
# step 3: compute P_{k} = p_k = P_{k-1} 87 5 step 3: compute P {k} = p k * P {k-1}
* by swapping P_{k-1}{k) and P_{k-1}{p) 88 % by swapping P_{k-1} (k] and P_{k-1}(p)
=/ g2 %

int_tmp = P[1][Kk] : a0 temp = Plk) :

P[1][k] = P[1][p] 31 Pik) = Pip] :

P[1][p] = int_tmp ; sz Pip) = temp :
if k>1 then

4 compute [V <_|:>k(|:(k‘2)|_("‘1))ka by swapping L(k,1:k—1) and L(p1:k-1)

then P% YA = [(k-2) (k1) plK) » PR A= [kDAK
endif



Algorithm (PA=LU) [5]

if (1 < k ){

For ( j=1 ; j < k ; j++ )¢
tmp S H[j][k] -
A[J1]1[k] = ALI]LP]

, A[1]1Llp] = tmp ;

Mz For rou *= 1

103 if {1 < k|

104 twp row({l:k-1) = Lik,1:k-1}
105 Lik,1:k-1) = Lip,1:k-1) :

106 Lip,1:k-1) = twp rowil:k-1}
107 end

we store lower triangle matrix into storage of matrix A, this code is different from
code in MATLAB.

5

decompose AN = LK) plk+)

fAf update L, L{k+1:m, k) = A{k+1

F/ still

store into L

for { i =kK+1 ;1 <=m ; i++ ){

A[K][1] /= ksi ;
?

ff update A{k+1:m,k+1:n) =

A(k+1:m,k+1:n) - L{k+1:m,k) * A(K,k+1:n) Alk+l:m, k+lin)

mL,k)}/A(K,k),

Lik+l:m, k |
Lik+l:m, k )

Elk+lim, K1/ A (K, K1 ;
gero_coliwm-k,1) :

Aik+l:im,k+1:n) - Lik+l:m,k) * A{k,k+1:n) :

i/

for ( j = k1 ; j <=n ; j++ }{
tmp = A[JI[K] ; _
for ( i =k+1 ;i <=m; i++)}{

A[J1[1] -= A[K][i] * tmp ;

¥,/ for each row i

y/f for each col j

X X -

£ld |, B=B-—
0|B d

o O (X

How to compute B efficiently?



Algorithm (PA=LU) [6]

Observation: we implement with column-major form, column-wise update is good

j—th

B | Bua (A ¢ A

I—k+1,k ak+1,k+1 Tt \E/ ak+1,n

—th L) - a,
I—m,k am,j am,n

component-wise update :

A(k+1:m, j)-=A ;xL(k+1:mKk)

B | B (B) B
Lk+1,k ak+1,k+1 o ak+1,n
I‘i,k al] ai,n
I-m,k a'm,j a'm,n

‘:QX

| 3|



Algorithm (PA=LU) [7]

where

k — col

|
LY —1ol 1 «— k—row by updating L(k—l—l:ﬂ,k)(—C/f
0

c/&| |

X | X X T odT
Ak _ | o Ed |, g:B_Cd by updating matrix A(k+1:n,k+1:n)—:

00| B >

then P% YA = [(k2) (k1) plK) pk) A — [k (k) aAlk+2)  (recursion is done)

endfor




Algorithm (PA=LU) [8]

L U
[ 3\ s A e
6 22| 4 1 12| -8 6 | 10
12| -8| 6 |10 025 1 11/ 75| 05
P=(2,3,1,4) ' '
3|13 93 05| 0 | 1 4 | -13
64 |1 |-18 05 |-2/11|1/11 | 1 3/11
\ / \ J \

Store L and U into original A

PA = LU = store L and U into A:

dimenzion of matrix is (4.4» with col-major
12 88608 —8 . a86A [T 51515]5] 16088608
B.2580 —11._0°8868 7.58808 a.58868
—-A.58608 (G 515]5]5] 4_A800 —13._0°8868
a.58868 -A.1818 a_@ara7 62727

permutation matrix P:
dimenzion of matrix is (4.1» with col-major
2

3
4
1

Question 1: how to write down a test driver

Question 2: how to do backward and forward



Testdriver  [1]

main.cpp
void test_PA_LU{ void )
{
integer m = 4 ;
integer n = 4 ;

matrixHandler Ah ;

int_matrixzHandler Ph ;

matrixHandler bh ;

matrixHandler xh ; // x = inu{A}=b
matrizHandler fh_dup ;

matrixHandler bh_hat ; // b_hat = A=x
matrixHandler rh ; // residual v = b - Ax
- doublereal r_supnornm ;

int conti_flag = 1 ;

int end_flag ;

doublereal == ;

doublereal =*xb ;

1 // step 1: set up a matrix A
Ah = zeros{ m, n, GOL_HMAJOR } ;
A = Ah->A ;

A[1][1] = 6. 5 A[1][2] = 12. 5 A[1][3] = 3. ; A[1][4]
A[2][1] = -2. 5 A[2][2] = -8. 5 A[2][3] = -13. ; A[2][4]
A[3][1] = 2. 5 A[3][2] = 6. ; A[I][3] = 2. ; A[3][4]
ALR][1] = 4. 5 a[4][2] = 18. 5 A[H][3] = 3. ; A[H][4]

printf{"matrix A = wn");

disp{ Ah, stdout ) ;
/f duplicate A since L,U reuse storage of A
Ah_dup = zeros{ m, n, GCOL_HAJOR } ;
duplicate{ aAh, Ah_dup } ;

6 |-2 2|4
12| -8 | 6 |10
3 |-13| 9 | 3
6|4 | 1|-18

ALi][T]

Al ])

— .
decomposition.

Remember to duplicate matrix A since A is modified when execute LU




Testdriver  [2]

Ph = int_zerus( m, 1, COL_MAJOR } ;
/f step 2: factorization, PA = LU

end_flag = lu_partialPivot({ Ah, Ph, conti_flag } ;

printf(“snPA = LU : store L and U into A:\n"};

disp{ ah, stdout } ;
printf{"\npermutation matrix P:\n")
int_disp{ Ph, stdout } ;

/7 step 3: generate right hand side vector
bh = zeros{ m, 1, COL_MAJOR )} ;
b = bh->A ;
b[1][1] = 5. 5 B[1][2] = 6. 5 B[1][3]
printf({*“\nright hand side vector b:
disp{ bh, stdout } ;

xh = zeros{ m, 1, COL_MAJOR )} ;
/7 step 4: solve x = inuv{A)=b

7. ; b[1][4] = 8. ;
Ant);

=]
o ~ » (62

\ J

1u_partialPivot_lin_sol{ Ah, Ph, bh, xh ) ; — | Linear solver: do backward and forward

printf{“\nsolution x = inw{A)=bin")
disp{ xh, stdout } ;

/f step 5: wverify residual v = b - Axx

bh_hat = zeros{ m, 1, COL_MAJOR } ; [ \

rh = zeros{ m, 1, COL_HAJOR } ; -6 9306

matvec({ Ah_dup, xh, bh_hat ) ; // b_hat = A=x

matsub{ bh, bh_hat, rh} ; 7/ r = b - Axx L 17.9583

r_supnorm = novm{ rh, INF_HORHM ) ; X = A_ b:
printf{"\nsupnorm{r = b - fA=*x ) = %H.2E\n", r_supnorm}; 26.5833

dealloc{ Ah ) ;

int_dealloc{ Ph ) ; 7.3333

dealloc{ bh } ; \ Y,

dealloc{ xh ) ;
dealloc{ Ah_dup ) ;
dealloc{ bh_hat ) ;
dealloc{ rh ) ;




Exercise

Implement PA = LU.
Implement forward and backward.

Write a driver to test your linear solver.

Any other implementation for full matrix?
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Visual Studio 2005: How To [1]

Create a new project: File - Project

2% Start Page - Microsoft Visnal Stadio

File | Edit Wiew Toolz Window Community Help

[ New P[0 Projeet.. CtShifll |
| Open P Web Site
Close 3 Fie.. Cl+N
| Project From Existing Code..

] @ Visudal StUdiUZOOS

P cnl IconWorl

Eenl Tue, 12 &u
downdosad .

TeonWorks
developer 1
» Yizual St
Tuoe, 12 &1

Exit _ _ C++ Plus:
Open: Project... | Web Site... Fri, 11 Ful©

Create: Project... | Web Site... Pack, whict
“ 4 Visual C+
- Tue, 08 Lp
Getting Started avadlable fo

such az am
What's New in Visual C++ Trrem w1

: security Best Fractices for C+4+ ——
M@Chﬁ |E|Pmpert... Creating and Managing Visval C++ Prod...

o

@ Save Al Ctl+Ehift3

=

REecent Projectz
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Choose Win32 console application, this is the same as what we do in VC 6.0

Project types: Templates: | E”
=) Visual C++ ¥iznal SMh installed templates
ATL T
CLE (o Win32 Conzols Application 5] Win32 Project
(Feneral
MEFC ) My Templates
ViCE eSS
! Win®d i eearch Online Tenmplates...
Oiher Langmages
Other Project Twpes
& project for creating a Win?2 console application |
Wame: — |ma11:ud | |
Location: | [Heomreet 2008 smmments_langhexamplewhapl s w | Erowse. .
Solution Name: | matrix | Create directory for solution
0K || Concel |

Project name: vc 2005 will create a directory, the same name as
project name
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Win32 Application Wizard - matriz

Welcome to the Win32 Application Wizard

CIvErYiE These are the current project settings:

Application Settings s Console application
Click Finish from any window to accept the current settings.

After you create the project, see the project's readme. bt file for information
about the project features and files that are generated.

ﬂ Mext = l Finish H Cancel

-

We choose “next” bottom to set an empty project, DO NOT press Finish bottom.
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Wind2 Application Wizard - matriz

-------

Application Settings

Crverview Application type: Add common header files for:
() Windows application
() Console application
Oobu

() Static library

Application Setkings

Additional options:

/ smpty project

Empty project, this is very important

Finish ] [ Cancel




Visual Studio 2005: How To

1 Empty project

0 matrix - Microsoft Visnal Studio

File Edit View Build Debug Tools
AR N AR N A R

- 0 X

Project

Bolution Explorer - Solution ..

[; Solution ‘mateix’ (1 project)
----- | Header Files
----- [ Resource Files
" [ Source Files

[5]

3 Add “main.cpp” to this project

Add New Item - matrix

File Edit View | Project | Budd Debug

Tool:  Wimdow O

i3 - B3 8 Add Class.

Cate gories: Templates: ||
=] Viw{'TJICH Yisual Studio installed templates
[----Code [4] 4 File Lepr) [n] Header Fils (h)

- Data T M FiE ‘g Modnls-Definiticn File ( def)

R C t Class Installer Class

. Weh ﬁ] OIPONEL :EI T

- Ttility

- Property Sheets My Templates

|| 8earch Online Templates...
Creates a file conteining C++ source code |
Wamme: | |mm | | | |
Location: | heourse 008 smmmert:_lnglesamplechap | Shmatriximeariz | [ Brows.. |
[ add [ Concel |

e o] < Add Resource..

| ) Add Newltem..  CtieShifted

(o Snlution ‘matrix' | 2] Add Existing Item...  ShiftrAlted ) )

S — 2 Add new item (source file or
dysolutio... [FCH i3l Srow a1 P header file) to this project
T . Visin TML{T)

Set az StarflTp Project

matrix Properties. ..

A+EY




Visual Studio 2005: How To [6]

Write source code “hello world”

e matriz - Microsoft Yisnal Stodio

File Edit ¥iew Pmoject Build Debug  Tool:  Window  Commonity  Help

-G a # G 9o S5 p Debue

B [EE = 2603 6368550

Solotion Explorer - Solution .. » 3 X “ain cpp |

e (Globel Scope) _ _ _ _

o] Solution ‘matrizc' {1 project) Compile: Build - Build matrix

= 2 matrix B#include <stdio s

Header File . .. - - - - -
= chf B e gint main{int arge, char® argv[]) ¢ matix - Microsoft Visnal Stodio
MRin.cpp I
[ Resoumice Files File Edit View Project | Build | Debng  Tool:  Window  Comomunity
i intf{"Hell 1d%a"; . .
[ Bowrce Files ?;:ﬂrn{ﬂ 'E; o worldin®); AR ERA=A" N |z Budd Solution Fi p Debug
i 5 % b a» | £ 55 Eebuid Solution  Chl+L1t+F7 % ) _
olution Explorer - Solotion .. Clean olution
EREME (L) Build matix |
'_] Bolution ‘matrix’ {1 project) Eebuild matrix I
= (0 matrix Clean matrix
= = Header Files *
€+ main.cpp Project Only p pr¥oargv[])
L Resource Files Profils Guided Optimization  » |
[ Bource Files 1dwn"d;
Batch Budd...
Confignration Manager...
@ Compile Cl+E7?
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Result of compilation, including linking: success

D}SDluﬁn... @Clsss L_E]Pmpert... Fy

Clutput
Show output from:  Build » |8 | e B | Sk |
1ild started: Project: matrix, Configuration: Debuz Windd ------
sConpiling. |
l=main.cpp

l=Compiling manifest to resources .

]

1=Emtedding manifest . _.

1=Build log was saved at "file: /i hcowrse \2008summe e lang vexanplechapl Shmatrixmatrizhlebog \BuildLog hin"

l=matrix - 0 error(s]), 0 warning(s)
========== Byild: | succeeded, 0 failed, O up-to-date, 0 skipped =s========

Additional directory “debug” appears

letvchap] Shinatrix

5 fir ?‘/ ——, fr ?'_, — 1 | — Aty
Al W debug i matrix Vio++ Intellizenze Databaze
= 1 | 75 KB

". e e e T
Versinn: Visnal Stodin 2005

Executable file “matrix.exe” in this debug directory

ap 1 Smatrddebug

aEm mﬂm . matnx
natriy == Increments] Linker File Program Debug Database
206 KB 200 EB
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Execute matrix.exe: Debug = Start Without Debugging

"s matrix - Microsoft Visnal Stadio

Fil: Edit Wiew Project Buwdd | Debug | Tools Window Community Help
S-i-Eh @ kG | Wi P - Wi
Iy g, sim B Stert Debugging |
Yolution Explorer - Solation .. » B 3¢ | P Start Without Debugging Chl+E5 m Execution in VC 6.0
=N S Attach to Process... 1
] Solution 'matrix’ (1 project) Exceptions... CtltAl+E Project | Build Tocls Window Help
= Gl matrix 52 Steplno - By & Compile matii_terplaeh  CEWF? | yecto
- I Header Files C Enild LLG_v1 exe F7
€+ mnadn.cpp = Btep Owver F10 oL .
[ Eesovre Files Rebuild Al -
[ Somee Files Batch Budld. .. L < d1
Mew Breakpoint 3 Clean ¥ _arr
T
h Update 41l Dependencies... iv.y
h
3
| convo Start Debug _
_convo Debugeer Remote Copnection...
cr CAW INDOW S'system32vemd .exe _convo | FERREREERER L FS H
I;iléujﬂ-‘f:l == v.h Set Lctive Configuration. . iwder
SRR K o
.h Configurations. .
pp ite me
| Lifshit: Profile. ..
wnalvzer.h | Jx DaraTunn mau oot b
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Suppose we want to add several source files into this project.

1 Copy files into directory /matrix/matrix

\chap] Smatrixmatrix v B
x i T rmadrix —™  matixvepro MATH-710220FE76 .
A ¥ Debug — _-':'j_. W4+ Project = WVizmual 3tudin Project Tzer Options file
—1 | | (= 4 KB KB
l: ++ 4+ Bonre l: ++ C4+ Sonre h CA”++ Header
KB TEB KB
CGravzdanEliminate global 4+ Iu_partialPivot
h | CicrvHeaer R | Cicre Heater CH+| o soume
lER lKE TEE

% matrix - Microsoft Yisunal Stodio

File Edit View | Project | Build Debug Took Window Community H
G - i - 5 g 78| Add Class.. =L b Debug

W B Ar i AddWewlem.  CulShifteh | o =
S.;.luﬁ.;.nExp],;.mr-g.;.m | AddExistnglem.. Shiftedled |

2 Add source files into the project by

NS Exclude From Project
Project - Add Existing item [ Solution ‘matrie't 51 Show A1 Filss indler Ph
= 54 matrix - =r bh _
= |5 Header F Ui UL ¢ fi ﬁ]ﬁ -:;lup“ £eam
G main | Setas Startlp Project :r bh_hat - // b_hg
|1 Eesource . . er th ; ff residual
[ Bommce Fy matrix Properties... AMET |y supnom ;

T It contl_tlag =1 ;
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Select the files you want to add

Look in v| @ - Oh X 4 [ - Took~
=
[
Diegktop
My Projects
- File Edit Wiew Project Buwild Debug  Tool:  Window  Commonity  Help
MHIC::umpuher RS RN=A"™ N B TECREENE R ~ . b Debug - Win32
q_‘d;}_:%__—_lﬁ* 'E.E'E.E -;2 I:I.J J,JJ-\/@EE& ]
Solution Explover - Solotion ' » B X main cpp
=&l = ||:Gluhal Scape)
File name: | [ Solution ‘matrix’ (1 project) ®f
Files of type: i i EiL——
|VMC++ e IS Header Files #inclode <stdio_h=
Ij GavssianEliminate. h #include "matrix.h"
|ﬂ globalh #include "GauzsianEliminate h"
C4] i cpp
|ﬂ o wvold test_PA_LT { woid ) ;
H g g;:;:f;ﬂzfﬂs E%nt main{ int arge, char® argv[])
C+4 In_partialPivot cpp test PO LUCY ;
—W C+4] matriv cpp
/ return O ;
h
All souce files in this project Gvoid  test_PA_LU( void )
{
integer m = 4 ;
integer n =

matrixHandler .ﬁ.h
int matrixHandler Ph :
P o T TR [ N P =] Dot
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Remember that executable file is in directory /matrix/debug, you can use
command window to execute matrix.exe

) Deonrse'2008ammimers_langlexampletchap 1 Smatrisdd ebng

=
Tk Tmatrix
2 ) 2002smmumer =)
= 5 c_lang —
# () srchitecture
= | example
o
+ () chapl
- = 338,744 matrix.pdb
__]C]'I.B.DE rr.
, 1 31,136
+ () chapd ; 3
o () ohapS : #F 26.365.291.528 {ymiHelH
|
a —' Ehers I:“course “20@8zummerc_langexanpleschaplSsmatrix~debug*matrix.exe
* _.||:]'|.ap'? matrix A =
# |2 chapd dimenzion of matrix iz (4.4> with col-major
3 [ chapd 6.0080 -2 .0008 28008 4.0008
* | 2) chapll 12 80868 -8 . 80808 6. 88RA 16.880H8
) chapll 3.88000 —13.00808 2 .88088 3 .88088
i chaplZ -6 . 8088 480088 1.08000 —18.00808
) chaplZ®
-7) chapld PA = LU : store L and U into A:
= [) chapls dimenzion of matrix iz (4.4> with col-major
= () matrix 12 .80868 -8 . 80868 6. 8888 18,8080
) debug 8.2588 —11.680808 ?.5.888 8.58088
) matrix -A.58808 —-B.8888 4_ 8008 —13.6008008
5 [ matix_co tor 8.58088 -A.1818 a.87689 a.2727
) midd e
- +_ ]_:: Hn permutation matrix P:
—_' sl dimenzion of matrix is (4.1 with col-major
1) A 9
+ | optindzation 3

% nther Terhire

[
B
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There is another “debug” directory in /matrix/matrix, this directory contains
object files, no executable file

>

"ohap 1 Sumatrixtmatrix
o
| (= - mateix —  matrivepro) MA TH-719229FB76.
'S Debug P YO+ Project =— | Wimal 3todio Project Teer Options file
— | | = SKEB 2EB
: Train - Tt Tt
E +4+ 4+ Bonrce E ++ C4+ Sonre h CA”++ Header
IEB TEB 2EB
GavsnanEliminate global ; -+ In_partialP ot
h | Cictt Beaer k| Cictt Heater CH+| ch soume
1EE 1EE TEE

w0
Program Debug Databaze
ol KR

ole'chapl SmatrsfmatredDebuog

=
BuildLog {‘;}é In_partialPivot Tadn

~ HTML Document Cbject File Cbject File

- 11EE 16 EB 12EB
Tatrix q —li| atrie exe embed anifest matrie exe embed manifest
(Object File "ﬁ MANIFERT 838 Cornpiled Resource Soript
I0EB 1EE 1EE
Tatriexe intermed tate manifest E§ mt.de w0
MANIFERT 4835 agal [ DEF %’ﬁ YT+ Mmoo Febuoild Depe
1EE 223l 1KE a7 KB
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[1]

1 Suppose we put all source file into directory matrix_constructor and

upload to workstation.

[macroldfquartetZ matrix constructor]s 1s

Makefile wmatrix.cpp matrix_copEtructor.nch
global.h matrix.h matrix_cdnstructor.opt
[macroldiquartetZ matrix constructor]s I

’—ﬂeﬁﬁﬁ lu partialPivot.cpp mnatrix _constrdotor.dsp matrix _const or.plg
GaussianEliminate.h main.cpp matrix_consgructor. daw

2 Remove all VC related files.

[macroldfquartet? matrix constructor]s

[macroldfquartet? matrix constructor]$ rm matrix constructor.®
rm: remowve regular file ‘matrix constructor.dsp'? ¥

rm: remowve regular file ‘matrix constructor.dsw'? ¥

rm: remowve regular file ‘matrix constructor.nch'? ¥

rm: remowve regular file ‘matrix constructor.opt'? ¥

rm: remowve regular file "matrix constructor.plg'? ¥
[macroldfquartet? matrix constructor]$é ls

Debug Makefile 1lu partialPivot.cpp matrix.cpp
FaussianEliminate.h global.h main.cpp matrix.h
_[macrnld@quartetz matrix_cohstructor]s I

3 use command “gmake -project” to generate project file

[macroldfquartetZ matrix constructor]é gqmake -project
[macrold@quartet matrix constructor]s 1s

Debwg Makefile lu_partialPivot.cpp matrix.cpp |matrix_cnnstructnr.prn

FaussianEliminate.h global.h main.cpp matrix.h
_[macrnld@quartetz matrix_constructor]s I
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use command “gmake matrix_constructor.pro” to generate Makefile

Later on, we will introduce Makefile

[macroldfquartet? matrix constructor]$f gmake matrix constructor.pro
[macroldiquartet? matrix constructor]s l=

Debug Makefile| lu_partialPivot.cpp matrixX.cpp matrix _constructor.pro
GauzzianEliminate.h global.h Dain.cpp matrix.h

_[macrnld@quartetz matrix_ constructor]s

use command “make” to compile your codes and generate executable file

[macroldfquartet matkrix constructor]i make

icpc -c -pipe -w -0Z -mp -DQT_NO_DEBUG -DOQT_SHARED -DOT THREAD AUPPORT -I/fopt/qt/mkspecs/def
ault -I. -I. -TAoptigqtsinclude -o lu _partialPiwvot.o lu_partialPiwot.cpp

icpe -c -pipe -w -02 -mp -DOT_NO_DEEUG -DOT_SHARED -DQT_THREAD BUPPOET -Ifopt/gt/mkspecs/def
ault -I. -I. -Ifopt/gtsinclude -0 main.o wain.cpp

icpc -c -pipe -w -0Z -wmp -DOT_NO_DEBUG -DOT_SHARED -DOT _THREAD SUPPORT -I/opt/gt/mkspecs/def
ault -I. -I. -I/opt/gt/sinclude -0 matrix.o matrix.cpp

matrix.cpp(72): (col. 3) remark: LOOP WAS VECTORIZED.

wmatrix.cpp(34): (col. 3) remark: LOOP WAS VECTORIZED.

icpc -Wl,-rpath,/opt/gqts/lib -0 matrix _constructor lu partialPivot.o main.o matrix.o -L/opt/
gqt/lib -L/usr/®11R6/1ibh -lgt-mt -lXext -1¥11 -1lm

[macroldfquartet? matkrix constructor]s ls

Debug Iu_partialPivot.cpp matrix.copp matrix_constructor.pra
FaugzianEliminate.h lu_partialPivot.o matrix.h

Makefile main. cpp atrix.o

global.h main.o

_[macruld@quartetz matrix_ constructor]s I
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6 Execute executable file by “./matrix_constructor”

2

3
4
1

5.0000
6. 0000

permutation matrix P:
dimension of matrix is (4,1) with

right hand side wector b:
dimension of matrix is (4,1) with

matrix A =
dimension of matrix is (4,4) with
&.0000 -Z.0000 Z.0000 4,
1z.0000 -5.0000 G.0000 1a.
J.0000  -13.0000 S.0000 3.
-6, 0000 4.0000 l.0000  -145.
Ph = LU : store L and U into A4:
dimension of matrix is (4,4) with
1z.0000 -5.0000 &.0000 1a.
0.2500 -11.0000 7.5000 0
-0, 5000 -0. 0000 40000 -13.
0. 5000 -0.151%5 0.090%9 0

[macroldfquartet matkix constructor]s
[macroldfquartet? matrix constructor]si . /matrix constructor

col-major
nono
nono
nono
nono

col-major
nono

. 5000

aoao

L2TET

col-major

col-major

[3]



