Chapter 11 Gaussian Elimination (1)

Speaker: Lung-Sheng Chien

Reference book: David Kincaid, Numerical Analysis
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Basic operation of matrix

- representation
- three elementary matrices

Example of Gaussian Elimination (GE)
Formal description of GE
MATLAB usage



Matrix notation in MATLAB

( ) s> A= [6-224: 12 -8610:3-1393: 641 -18]
6|22 | 4
i =
12| -8| 6 |10
A= & .2 g 4
3 |-13] 9 | 3 12 -5 6 10
313 9 3
-6 4 1 -18
N y
== A(1, )
- ans =
A(l,:):A(1,1:4)=f|rstrowof A:(6 -2 2 4)

65 .2
ss A(1,1:4)
ans =

> A(:,2)
_2 6 y
ans =
-8
2 | A(5,2)=A(1:4,2) =second column of A=
3 -13
-13
4 4




Inner-product based

6 | -2 4
12 | -8 10
3 |-13 3
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Matrix-vector product
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3x1+(-13) x2+9x3+3x4
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J
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Matrix-vector product: MATLAB implementation

compute b= Ax
Inner-product based
for i =1:4
for | ] =1:4
b(i) = A(i, j)*x(i)
end
end

outer-product based

forl j|=1:4
for| 1 |=1:4
b(i) = A(i, J)*x(1)
end

matvec.m
1 function b = matvec Lk, x)
z 5
3% matrix—-vector product:
4 % inner—-product hased
L
&
7 [m,n] = sizeld)
Sh = zerosim,1)

2

10 for i = 1:m

11 for j =1:n

1z bid) = A{i,3)*%=x(1]) :
1z end

14 end

15

Question: which one is better



Logical index : 2D

.

physical index : 1D

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

\

12

10

Column-major nature in MATLAB

Question: how does column-major affect
inner-product based matrix-vector product
and outer-product based matrix-vector
product?



Matrix representation: outer-product

a, a, a;) . 2,66 +2,66 +3,8€] + |
B By B |= ) 386 =368 +88E + 388 +
ij=1
8 Ay B) a,ed +a,e6 +a.ee
0 0 0O
where ee =0|(0 1 0)=|0 0 0| isouter-product representation
1 010

a, & a;)(%) |, Lo, |
& B | % =Zaja(e}><)=2a[ a,-x,-j imer—product besed | A(D 1)
&y A, Ay )\ X ’ 1

i,j=1 i=1



Elementary matrix [1]

(1) The interchange of two rows in A: A(s,:) <> A(t,:)

1 0 O0\a, &, a; a; &, ag
0 01 Ay &y ay = Ay 83 Ay
0 1 O0)\a, a, & QG By dy
e 1 0
Define permutation matrix P=(1,3,2)=| €] |=|0 0
e 0 1

& gx) (% |
Px — %T X inner — product based N %TX =| x, How to explaln?
& ex| (x

Question 1: why p?t=pT = Question 2: how to easily obtain P™

o O -
— O O
o — O



Concatenation of permutation matrices

eg) (1 00 X X X
R=(132)=|€ |=|0 0 1| suchthat Bx=|X %, %
g lo 1 X, X, X,
e) (0 0 1 X, X X
P,=(321)=|€ |=|0 1 0| suchthat BX=|X X, %
g/ 100 X X X
Question: B,R=(321)(132)="?
X2 . .
P,(Rx)=P Xs N X, implies PR =(2,31)
X
0 0 1yy1 0 O 0 10
Direct calculation PRR={0 1 0}/0 0 1/=0 0 1
0O 0O/l 1 O 1 0 0



Elementary matrix [2]

(2) Multiplying one row by a honzero constant: lA(s,:) —> A(s,:)

1 0 O)a, &, a; a, &,
0 4 0 Ay 8y, ay = ﬂ“aﬂ lazz /1323
0 0 10a; &, a; dy; 8y  Ag

1
Define scaling matrix Sz(i): 0
0

How to explain?

X
1 0 O
-1 1 1 _ X X 1
SZ(A) :Sz(/?« )= 0 7 0 since | x, S 100N AX, S1/4) "
0 0 1 X X




Elementary matrix [3]

(3) Adding to one row a multiple of another: A(S,:)+AA(t,:) > A(s;:)

1 0 0)fa, &, a S, %, EE
0 1 0\la, a, a, = 1 20 278
0 4 1)a a, ag A8y t8y A8y, +8g Al + 8y
1 00
Define GE (Gaussian Elimination) matrix L;,(4)=|0 1 0
0 41

How tg explain?
X

%
AX, + %

inner — product based

0)( %
0| %
L\ X%

0 0 0O
0(+|0 0 0|=1+1eg outer-product representation
1 0 424 0



0
Ly, (A)x=(1 + 268 ) x=x+ A&, (& X) = x+ (4%, ), [xz}+[ 0 }

L, (4)x: multiply x, by A and add Ax, to x,
L,, (4) A:multiply A(2,:) by 4 andadd 1A(2,:) to A(3,:)

for 1> ]

L; (4)x:multiply x, by A andadd Ax; to x
L; () A:multiply A(j,:) by 4 andadd 2A(j,:) to A(i,:)

Use MATLAB notation

AA(2,7)

Al
ng(l)A[ A(

1:
2,

+ A

|
(3:)




Concatenation of GE matrices

1 A(L:)
- L21(/1){/1 1 such that L, (4)A= {/IA(l )+ A(2,0)
1 A(3.)
Suppose <
1 A(L:)
- le(ﬂ)[ 1 such that L, (u«)A [ A(2,7)
u 1 (1 )+A( )

Question: Ly (#)Ly(4)=?

AL:) AL:)
Los (4) Loy (2) A= Ly, (1 ){ZA(l )+ A2, )} {JA(1,1)+A(2 )}
A3) uAL)+A(3,)




OutLine

Basic operation of matrix

Example of Gaussian Elimination (GE)
- forward elimination to upper triangle form
- backward substitution

Formal description of GE
MATLAB usage
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6|4 1 |-18| |-38
_6>< 62|24 12
+) 6
ol213/-14] |-26
e e
6|2]2]a4 x1
12 04|22 X2
—4 » 0 -12| 8 | 1 X3
02314 x4
. q
12 8 | 1 21
-12
———X 4] 2|2 10
+) 4
0l2]-5 9

First row does not change thereafter
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Backward substitution: inner-product-based

\
6224
0 |-4]|2]2
00|25
0/0|0|-3

)\

-3X,=-3 =

N\
6 |-22]4
0 |-4]|2]2

)\

x1

X2

X3

x4

X, =1

x1

X2

X3

x4

/

-

12

10

[ A
6 |-2| 2|4
0|42 |2
0O}]02]|-5

\ J

12

10

—4X,+2X%,+2X%, =10 = X,=-3

\ J

-

x1
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X3

x4
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X3

x4

6X —2X, + 2%, +4X, =12

I e
12
10
-9
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I e
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Backward substitution: outer-product-based

A
6 |-2 2 | 4 x1
0|4, 2| 2 X2
O|l0 |2 -5 X3
OO0 O0]-3 x4
J
N\ N
6 | -2 | 2 x1
0|-4| 2 X2
O] 0] 2 X3
J J
6 | -2 x1
0| -4 X2
6 J [ x1 J — [ 12

N e

\

12

10

-9

-3

12

p— 10

X3

X2

N

N

12

12

(o))

-3x,=-3 = X, =1

2X, =—4 = X, =-2

—4x, =12 = X, =-3

6x, =6 = x =1
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Basic operation of matrix
Example of Gaussian Elimination (GE)

Formal description of GE

- component-wise and column-wise representation
- recursive structure

MATLAB usage



v

6 |-2| 2| 4 x1
12| -8 6 |10 X2
9 |3 X3
1 |-18 X4

6 |-2|2 |4
12| -8 6 |10
3 |-13, 9 | 3
0|2 | 3 |-14

x1

X2

X3

x4

12

34

27

-
12
34
12 12
27 L21 - AX:LZl - b
§)
.38
/ v
e e ™
62|24 x1
O||-4]| 2 2 X2
313 9| 3 %3
6| 4|1 18 x4
NG _J
3\ e N
612|214 x1
12 -8 6 |10 X2
0l-12| 8 | 1 3 |
6 4|1 -18 x4
J G _J

12

10

27
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Eliminate first column: component-wise

L. (1)L, (—0.5) L,, (—2) Ax=1L, (1) L,, (—0.5) L,, (—2)b

N\ N ~ ™ e
6|-2|2|4 x1 12 6|-2|2|4 x1
12|-8| 6 |10 X2 34 0|-42]|2 X2
3/-13/ 93 X3 27 0-12| 8 | 1 X3
6| 41 |-18 x4 -38 02| 3|14 x4
J J - 4 \
-2 1
where L, (1)L, (-0.5)L,(-2)=
—0.5 1
1
1 6 -2 2 4 6 -2 2
. -2 1 12 -8 6 10 0 4 2
Exercise:check | o5 1 |3 2139 3|70 -12 8 by MATLAB
1 -6 4 1 -18 0 2 3 -14

12

10

21

-26




Eliminate first column: column-wise

6| 2 2 4 1
. 12| -8 6 10 a, BT o | -2 |1 ( 1 oj
define A=AY = = 7 and L7 = =
3/ -13 9 3 [C A) 0.5 1 _C/an 50
6| 4 1 -18 1 1
1 0 B" i
then LYA=| C W B » S i
|- Lsllc A)|oO A-SB Tlo 12 8 1
= /) ol 2 3 -14
- 4 2 2
Exercise: check A? = A— B _ -12 8 1 | by MATLAB
% 2 3 -14
PP R al | o a0 A

D A A0 A 0 |22 a2 a0 (a0
Notation: A" =| 0 "5 & | —— YA e
1 2 3 4 O a32 a33 a34 A

&) ) ) ol 0 | ) a




Eliminate second column: component-wise

[ 3\

6| 2|24

12 0|4|2]2
—4 >0 12| 8 | 1
02 3 -14
L )

)

6| 2|24 x1
0|-4|2]2 X2
0olo|2=5 X3
0|0/ 413 x4

/

x1

X2

X3

X4

\

12

10

-21

e N
12
10
21
ng[
-26
G _/
4
6 |-2]| 2 4
oO| -4, 2 2
0 0 2 | -5
0 2 3 -14
L
) 2

~ N ~ ™
x1 12
X2 10
X3 -9
x4 -26

g J g _




Eliminate second column: column-wise

1
define L =L, (0.5)L;,(-3)= 21
0.5 1
1 6| 2 2 4 6|-2 2 4
1 o -4 2 2 0|42 2
Exercise: check L(Z)(L(l)A)z _
-3 1 0| -12 8 0/ 0|2 -5
0.5 1){0 2 3 -14 00| 4 -13
1
Exercise: check @O = -2 1 2 W@ , why? Give a simple explanation.
-05 -3 1
1 05 1
RECE Al )
0 a® a® 2| 0| a? | a2 a? 1
Notation: LYA= R RN TN 2 | %5 Y |_| 5 40
0 22 @ @ 0 0 |a® a0 2
2 3 4 3 4
2 4(2) 42 3 50 0 0
0 a, a; ay 0 0 |a; a,




Eliminate third column: component-wise

62|24
04|22

4 01025
2 > 0|0 4|13

\

1

define L® =L, (-2)=
1

-2

then 11102

-0.5

1

-3
0.5

x1

X2

X3

x4

—2

1

12

10

x1

X2

X3

o|lo|lo|lo
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O I N[N DN
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LU-decomposition

Notation:
£ ol A o) ) o)) (@) x x
(2) (2) (2) (2) (2) (2) (2)
0 0 2 " 0 0 : y 0 0 :
0 0 a aj 0 0 |0 |a 0 0 0 AY
6 -2 2 4
O WAy *2 2] —— A=(L(3)L(2)L(1))_1UELU L U-decomposition
2 -5
-3
-1 -1 -1 2 1
Exercise: check L:(L(l)) (L(Z)) (L(3)) =
05 3 1
-1 -05 2 1

Question: Do you have any effective method to write down matrix L

Question: why don’t we care about right hand side vector b




Problems about LU-decomposition

6 —2 2 4 1 6 2 2 4
12 -8 6 10 2 1 4 2 2
A=LU 13 139 3| |05 3 1 2 5
6 4 1 -18) | -1 -05 2 1 3

Question 1: what condition does LU-decomposition fail?

Question 2: does any invertible matrix has LU-decomposition?

1 00
A=l0 0 1| — A=LU?

0 10

Question 3: How to measure “goodness of LU-decomposition“?

Question 4: what is order of performance of LU-decomposition (operation count)?
Question 5: How to parallelize LU-decomposition?

Question 6: How to implement LU-decomposition with help of GPU?



OutLine

Basic operation of matrix

Example of Gaussian Elimination (GE)
Formal description of GE

MATLAB usage

- website resource
- “help” command
- M-file



MATLAB website

http://www.mathworks.com/access/helpdesk/help/techdoc/matlab.html

= MATLAE - Windows Internet Explorer

@ v | 4\ httpithvww mathworks comisceesstelpdeskhelpftechdoc/matlsb himl v/
W [J\MATLAB ] \

Home | Select Count

) The MathWorks*

¥  Accelerating the pace of engineering and science

Products & Services Industries Academia Support User Com

Documentation ™ MATLAB

Contents Index

| MATLAB®

Getting Started

Linear Algebra
Examples

Desktop Tools and Development Environment

Mathematics

Sparse Matrices
Polynomials
Interpolation
Function Functions
Differential Equations
Fourier Transforms
Examples
Data Analysis
Programming Fundamentals

MATLAB Classes and Object-Oriented
Programming

Graphics

Function Summary

Matrices in the MATLAB® Environment
Systems of Linear Equaticns

Inverses and Determinants
Factorizations

FPowers and Exponentials

Eigenvalues

Singular values

Mathematics

Linear algebra functions in MATLAE® environment

Matrix creation and basic operations

Solving systems of linear equations
Matrix inverses and determinants
Matrix factorizations

Matrix powers and exponentials
Eigenvalues and eigenvectars

Singular walue decomposition (SVD)



MATLAB: create matrix

Documentation = MATLAB

Contents Index

F Getting Started
} Examples
} Desktop Tools and Development Environment
* Mathematics
* Linear Algebra
Function Summary
¥ Matrices in the MATLABR Envircnment
Creating Matrices
Adding and Subtracting Matrices
Wector Products and Transpose
Multiplying Matrices
Identity Matrix
kronecker Tensor Product
Wector and Matrix Norms
} Systems of Linear Equations
b Inverzez and Determinants
F Factorizations
} Powers and Exponentials
} Eigenvalues
Singular Values
b Sparse Matrices
F Polynomials
b Interpolation

| Creating Matrices

The MATLAB® environment uses the term matrix to indicate a variable ¢
array is, more generally, a vector, matrix, or higher-dimensional grid of
compoenent vectors along any dimension are all the same length.

Symbaolic Math Toolbox™ software extends the capabilities of MATLAR =0

MATLAB has dozens of functions that create different kinds of matrices. ~
usze throughout thizs chapter. The first example i= symmetric:

Bk = pascal (3)

A=
1 1 1
1 2 3
1 3 &

The second example is not symmetric:

B = magic({3)

B =
B 1 &
3 5 7
4 9 2

Another example i= a 3-by-2 rectangular matrix of random integers:
fix(10*rand(3,2))

e
L

o
L

-1 O s

[ I 5 BT ]



Documentation = MATLAB

MATLAB: LU-factorization

Contents

Index

F Getting Started
F Examples

F Desktop Tools and Development Environment

* Mathematics
* Linear Algebra
Function Summary

* Matrices in the MATLAB Environm
Creating Matrices
Adding and Subtracting Matrice
Yector Products and Transpose
Multiplying Matrices
Identity Matrix
kronecker Tensor Product
Vector and Matrix Norms

b Systems of Linear Equations

b Inverzez and Determinants

¥ Factorizations
Introduction
Cholesky Factorization
LU Factorization
QR Factorization

} Powers and Exponentials

} Eigenvalues

Cimmnl=e Waslhhae

ent

=

[

(%

. CACK TO | Op

LU Factorization

LU factorization, or Gaussian elimination, expreszes any square matrix 4 as the
triangular matrix

A=LU
where L is a permutation of a lower triangular matrix with ones on its diagonal a

The permutations are necessary for both theoretical and computational reasons.

cannot be expressed as the product of triangular matrices without interchanging

12 =

£
B
can be expressed as the product of triangular matrices, when £ is small the elemrr

the permutations are not strictly neceszary, they are desirable. Partial pivoting €
that the elements of U are not much larger than those of A.

For example

[L,U] = lu(B)
L =
1.0000 0 0
0.3750 0.5441 1.0000
0.5000 1.0000 0
T =
£.0000 1.0000 §.0000
i B.8500N =1.000n0



Start MATLAB 2008

—=

Windows 7
Windows EEEE
[E= Windows EiE A
Windows §2=3
o Eaes
, Attansic
; DAEMON Tools Lite
) Extras BEFE
, MATLAB

, R2008a
{,‘! Activate MATLAB R2008a
. Deactivate MATLAB R2008a
| 4\ MATLAB R2008a
; Microsoft MET Framework SDKv2.0
. Microsoft Developer Network
, Microsoft Office
, Microsoft Visual Studio 2005
, Qt by Trolltech v4.4.0 (OpenSource) |
; 55H Secure Shell
, Trend Micro Internet Security

4\ MATLAR 760 (R2008a)
File Edit Debug Deskiop “Vindow Help
:] _’5 :}': E Lf_:‘_ “"? | ﬁ ﬁ ﬂ | i’) Current Director},r:l"C:\UserS\root\DocumentS\MA‘I‘Lﬂ\B v|jl£'l
Shortcuts (2] How to Add  [2] WWhat's New
Current Directory 1+ 0O & X | WWorkspace | Comrmand Vi ]
B =5 jﬂu | .di - 0 Mew to WMATLAB? "Vatch thisideo, see Demos, or read Getting Started.

All Files = Type == A = zaros(3,3)

m

-

= h=[123;454;780]

; Wisual Mumerics

4 =
| 2 3

o —— , 45 6

Command History w0 X ¢

E-%-- 200871043 LB 6:25 --%

; ==

. :...x = Iandlzg,l)
E-%-- 2008/10/5 £ 9:52 --%

b= zaros(3, 3
A=[123;456;780]




Command “help” : documentation

[CommandWindow Logical operators.
@ New to MATLAB? \Watch this Video, see Demos, or read Getting St zelop - Short-circult logical AND s
== help = relop - Bhort-circult logical OR [
Operators and special characters. and - Element-wise logical AND t
ar - Element-wise logical OR [
Arithmetic operators. not - Logical NOT .
plus - Plus xor - Logical EXCLURIVE OR
uplus - Unary plus n any - True 1f any element of wector 15 nonzero
TG - Minms i} all - True if all elements of wector are nonzero
winlnns - Tnary minms -
mtlmes - Matrix multiply ¥ Speclal characters.
times - Array multipls = colon - Colon
MpowE © - Matrix power " paren - Parentheses and subscripting i
pover . ATTay pOwWer A DATEN - Brackets [ ]
mldivide - Backslash or left matrix divide paren - Braces and subscripting L
mrdivide - $lash or right matriz divide / punct - Functlon handle creation @
ldivide - Left array divide o
rdivide - Right array divide ¥
Eron - Kronecker tensor product kron
Eelational operators,
eq - Equal ==
ne - Not equal ~= !: |n C
1t - Less than
Zt - Greater than
le - Less than or equal <=
ZE - Greater than or eqgual o=




Loop in

== help while

WHILE Repeat statements an Indefinite mumber of times.

The general form of a WHILE statement is:

WHILE expresslon
statements
END

The statements are executed while the real part of the expression
has all non-zero elements. The expression is usually the result of

expr rop expr where rop is ==, =, >, <=, »=, 0I ~=,

The BEEAE statement can be nsed to terminate the loop prematurels,

For example (assuming & alreadw definedd:

E=10%; F=E + eve(slze(E)); N=1;
while nomm{E+F-E, 1) = 0,

E=E+ F;

F = 4¥F/N;

N=N+1;
end

Reference page 1n Help browser
doc while

MATLAB

== help for
FOR Repeat statements a specific mmmber of times,
The general form of a FOR statement is:

FOR warlahle = expr, statement, ..., statement END

The columns of the expression are Stored one at a time in
the varlable and then the following statements, up to the
END', are executed, The expresslon 15 often of the form X:Y,
in which case 1ts columns are simply scalars. Some examples

{assume N has already been assigned a walued.

for E= 1:N
for ¢ = 1:N
A(R,CY = 1/{R+C-1);
end
end

Step 8 with Increments of -0.1
for 8 =1.0: -0.1: 0.0, do_some_task(3), end

et E to the unit N-vectors
for E = eve(N), do_some_task(E), end

Long loops are more memory efficient when the colon expression appears
in the FOR statement since the index wector 1s never created,

The BEEAK statement can he used to terminate the loop prematurels.




Decision-making in MATLAB

== help 1f
IF Conditionally execute Statements.
The general form of the IF statement is

IF expresslon
statements

ELZEIF expression
statements

ELZE
statements

END

The statements are executed 1f the real part of the expression

has all non-zero elements., The ELSE and ELSEIF parts are optional,

Zero or more ELSEIF parts can be used as well as nested IF's.

The expresslon 15 usually of the form expr rop expr where

rop 1% ==, €, =, <=, 3=, 01 ~=,
Example
if I =1
AT, T = 2;
elseif abs(I1-J) ==
AI,J) = -1
elze
AT1,J) = 0:
end

Jee also relop, else, elself, end, for, while, switch,.

== help awitch

SWITCH Switch among several cases baged on expression.
The general form of the SWITCH statement i=:

SWITCH switch_expr
CASE came_expr,

atatenent, ..., ztatement
CASE [case exprl, case expr?, cage exprs,...}
gtatement, ..., gtatement
OTHERWISE,
gtatement, ..., gtatement
END

To execute a certain block of code bazed on what the string, METHOD,
iz zet to,

method = 'Bilinear';

avitch lower(METHOD)
cage {'linear', 'bilinear'}
digpl 'Method iz linear')
cage 'cubic’
digp( 'Method iz cubic')
caze 'nearest’
digp( 'Method iz nearest')
othervige
digpl ' Unknown method. ')
end

Method iz linear

See alzo CASE, OTHERWISE, IF, WHILE, FOR, END.




=» help fprintf

FPRINTF Write formatted data to file.
COUNT = FPRINTF(FID,FOEMAT A,
part of arrav & (and 1n any additlonal array arguments), under

v ) formats the data in the real

control of the specified FORMAT string, and writes 1t to the file
COUNT 15 the mmber of bytes
successfully written, FID 15 an integer file 1dentifier ohtained

assoclated with file identifier FID,

from FOPEM. It can also be 1 for standard output {the screen) or 2
for standard error. If FID 15 owmitted, ontput goes to the screen.

Create a text file called exp.txt contalning a short takle of the
exponentlal function., (On Windows platforms, 1t 15 recommended that

wou use FOPEN with the mode set to 'wt' to create a text file for

1O in MATLAB

writing.)
x=0:.1:1; v = [x; explx)];
fid = fopen( 'exp.txt', 'wt');

fprintf(fid, '%6.2f ®12.8f\n',w);
folosed fid);

Now examinge the contents of exp.txt:

tvpe exp.txt

== help dizp

DISP Diaplay arrav.
DISP(E) displave the arrav, without printing the arrav name. In
all other wave it's the =ame ag leaving the zemicolon off an
exprezgion except that empty arrave don't dizplay.

I[f £ iz a gtring, the text iz dizplaved.

see also INTZSTR, NOMZSTR, SFRINTF, RATS, FORMAT.

0.00 1. 00000000
0.10 1.10517092
1.00 2.718281832

See the reference page In the online help for other exceptions,
extenslons, or platfomm-specific behavilor.

see also fopen, fscanf, sprintf, fwiite, disp, diarv, save, inpn

== help error

ERRCE Display mezsage and abort function.

ERROR{'MSG' Y dizplays the text MSG and cavses an error exit
from an M-file to the kevboard. If the string iz empty. no
action iz taken.

See also WARNING, LWSTERR, ERRORDLG, DISP, DBSTOP.




LU-factorization in MATLAB

=> help Iu

L

LU factorization,
[L, 7] = LI A)Y stores an upper triangular matrixz in T and a
"psvchologically lower triangular matrix” (1.2, a product of lower
triangular and peomtation matrices) In L, so that 4 = L*T, A4 can be
rectangular.

[L,T,P] = LU{A) retarmns unlt lower triangular matrix L, upper
triangnlar matriz U, and permutation matrix P so that PYa = L¥0,

[L,T.p] = LU(A, 'wector') returng the permtation Information as a
vector Instead of a matriz., That 15, p 1% a row wector such that
afp,:y = L¥T, Simllarly, [L,U,P] = LA, 'matriz') returns a
permatation matrix P, This 1s the default behavior.

¥ = L&) returns the output from LAPACE'S DGETEF or Z0ETEF routine 1f
& 15 full, If & is sparse, ¥ contalns the strict lower triangle of L
embedded in the same matrix as the upper triangle of T, In hoth full
and sparse cases, the permtation Informatlion 15 lost,

[L,1I,P,0] = LINAY returns unlt lower triangular matrlxz L, upper
triangnlar matriz U, a permtation matriz P and 3 column recrdering
matrix Q) 50 that P*4*) = L*U for sparse non-empty 4. This uses UMFPACK
and 1z slgnificantly more time and memory efficient than the other
syntaxes, even when used with COLAMD,

PA=LU P: permutation

PAQ=LU P,Q: permutation



M-file in MATLAB

Description of function matvec, write
specificaiton of input parameter

Consistency check

compute b= Ax

Inner-product based

for i =1:4
for | =1:4

matvec.m

1 function b = matvec [(4,x)

Z%

2 % matrix-wvector product: inner-product based
4 %

£ 3 Input - & iz m =% n mwatrix

6% ¥ is n ¥ 1 wector

7% output - b iz m x 1 wector
3%

2 1if | 2 ~= ndims (k) )

10 error('A iz not a 2D matrix'):
11 end

12 if [ 2 ~= ndimsi(x) )

1z error('x i2 not a 1D wector');:;
14 end

15

1&g [w,n] = =ize(d) :

17 [wx, nx] = =zizeix) :

1=

12 5 wverify dimwension of A and x

z0 if [ nx ~= 1 ]

zZl error('x 12 not a colwunn vector');
zZz end

23 1if [ mx ~= n |

z4 error ('dimenhzion of A and x do not match') !
Z5 end

26

z7b = zerosim,l)

28

za for i = 1:m

30 for j =l:n

31 bBli) = A{i,3)*=(]]

32 end

33 end

(o)
Y




Move to working directory
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Execute M-file

d\ MATLAB 7.6.0 (R2008a)
File Edit Debug Desktop ‘Vindow Help
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Construct matrix

Execute M-file, like function call in
C-language



Exercise: forward / backward substitution

all a12 a13 ai4 Ill ull u12 u13 u14
I I u u u
A: a21 a22 a23 a24 _ LU _ 21 22 22 23 24
aGl aSZ a33 a34 |31 |32 |33 u33 u34
a41 a'42 a43 a'44 l 41 I 42 I 43 I 44 u44

y=L"D
x=U"y

Ax=b —— LUx=b ——

Forward substitution y=L"b since Y, —>VY,—>Y; >V,

backward substitution Xx=U"'y since X, > X =X, > X

Write MATLAB code to do forward substitution and backward substitution



Exercise: LU-decomposition

6 -2 2 4 1 1 1
A |12 -8 6 10 | 2 1 @ _ 1 ©_ 1

3 -13 9 3 —0.5 1 -3 1 1

6 4 1 -18 1 1 0.5 1 —2
6 -2 2 4

O WAy *2 2] —— A:(L(3) L& )_1U =LU  LU-decomposition
2 -5
-3

You should find recursive structure of the decomposition




