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How to get Matlab

= Computer-equipped classroom

+ Complete list available at
(then select wished
Matlab released

= Download it from polimi-cdserver (Campus license)

- It works only inside the polimi network

= Your own copy...
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Matlab Documentation

=  Several tutorial available on the Internet
- E.g.

= Help on line
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Matlab overview

= MATrix LABoratory
= High-performance language for technical computing.

= |t integrates computation, visualization, and programming in an easy-
to-use environment

* Problems and solutions are expressed in familiar mathematical
notation.

= Used for:
- Math and computation
« Algorithm development
- Data acquisition
« Modeling, simulation, and prototyping
- Data analysis, exploration, and 2D-3D visualization
- Scientific and engineering graphics
+ Application development, including GUI building
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Matlab overview Matlab overview
|| T || T
= Platforms = Toolboxes

= Matlab woks on several platforms
« PCs powered by Windows (provided by www.cia.polimi.it)
« Unix/Linux Systems (provided by www.cia.polimi.it)
+ Macintosh (not provided)

=  Similar GUI and interface
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= MATLAB features a family of add-on application-specific solutions
called toolboxes.

* Toolboxes are comprehensive collections of MATLAB functions (M-
files) that extend the MATLAB environment to solve particular classes
of problems.

= They cover many areas:
- signal processing,
- control systems,
- neural networks,
+ fuzzy logic,
- wavelets,
+ simulation...

Matlab overview

= Matrix is the basic type
» Scalar values are 1x1 matrices
+ matrix is a rectangular array of numbers.

= Other programming languages (eg C/C++, Java) work with numbers
one at a time

= MATLAB works with entire matrices quickly and easily.
= Operations in MATLAB are designed to be as natural as possible.
- E.g..>>A+B
+ No matters if A or B are vectors, matrices or scalar values
+ MATLAB automatically compute the sum
« Only dimensions matter in order to have consistent operations
- A and B can’t be matrices with different dimensions
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Matlab Desktop
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Command Window:
' Functions and commands
. can be entered here and
executed. (matlab works
like a calculator)
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N Matlab Desktop
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N Matlab Desktop

Workspace
All stored variables are
shown here together with
their current values. They
can be also edited.
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10
N Matlab Desktop

iR % W

Command History
All executed command
are listed here and can be
' ‘ recalled (re-executed)
. when needed by double
clicking
LE=
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iR % W

Help
Help on line
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Current Directory

Current working directory,
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N Matlab helpdesk
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Matlab online help

Command Window

> help svd

VD Singular value decomposition.
[U,5,V] = SVDIiX) produces a diagonal matrix 5, of the szme
dimension as ¥ and with nonnegative diagonal elements in
decreasing order, and unitary matrices U and V so that

I o= UEgE.
% = SVD(¥) returns a vector containing the singular values.
[U,3,V] = 3VDiX,0) produces the "economy size™

decomposition. If £ is w-by-n with w > n, then only the
first n columns of U are computed and 3 is n-by-n.
For m <= n, 3VD(X,0) iz ecguivalent to 3WD(X) .

[U,8,¥] = SVD(X,'econ'] also produces the "economy size®
decomposition. If ¥ is m-by-n with m >= n, then it is
equivalent to S¥D(Z,0). For m < n, only the first m columns
of ¥V are computed and 3 is m-by-m.

See also zvds, gsvd.

Cverloaded functions or wethods (ones with the sSawe name in other directories)
help symfsvd.m

Reference page in Help browser

Variables

| T I E——
= MATLAB variable is a tag assigned to a value while it remains in
memory (workspace).
= A*value” can be:
« A scalar value
+ A matrix
+ A string, which is a vector of char

= Names must begin with a letter, which may be followed by any
combination of letters, digits, and underscores.

= MATLAB is case sensitive.
= Assign a value to a scalar
« >>Var_name = value
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doc svd
> |
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Variables
u
LI @il Command Window
BEEES E - st »> t = 10
Marne |Value Clazs v =
=2k 150 double T1° -
= f
HH1 10 double | 77 :
S |

Variables are
added to the
workspace. The
values are shown
and can be
manually edited by
double-clicking

Semicolon at the
end of commands
suppresses output
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Matrices

= There are several way to enter a matrix
- Enter an explicit list of elements.
+ Load matrices from external data files.
+ Generate matrices using built-in functions.
+ Create matrices with your own functions in M-files.

= explicit list of elements

" X
AEP RS Em| - stk >» A= [ 16 3 2 13; § 10 11 8; 9 6 7 12; 4 15 14 1]
hame |Va|ue Class Sy
Ha <4l double> daubla 18 3 2 13
5 o 11 8
9 3 7 12
a 15 14 1
SN
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Matrices '| Vectors

= Vectors are mono-dimensional matrices

a x
'ﬂﬁé’ﬂ@'gackz > B = [ 16 3 2 13;: § 10 11 8: 9 6 7 12; 4 15 14 1] 2 x
Name = [ value i Lt EERES B - Shack'l:l 5> b= [ 163 2 13; 5 10 11 8; 9 6 7 1Z; 4 15 14 1]
A <44 double» double e N 201 L=
5 10 11 =] Matme ‘ alue | Class
A R Ha <dx4 double> doubl e s 2
4 15 14 1 EVC [12'4] double ; 12 li 12
ks B [124] double p . 1a .
>>|vr = [1 2 4] Row vector
WL =
1 2 4
=»ve = 112 2: 1] Column vector
woo=
1
= Separate the elements of a row with blanks or commas. 2
. . . 4
= Use a semicolon, ;, to indicate the end of each row. -

= Surround the entire list of elements with square brackets, [ ].
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Working with matrices: Example '| Working with matrices: Example

L 4

G | [ o * ans is the default variable where the output is stored

Ty e e Sum the colums = Results can be stored into a different variable by just assigning the
%:L.b ET:.-:] s of A result
H v 1124] doubile n
" x
i —— Transpose of A AP WS 8| B swofeeee ] > sum (L)
15 = o § Mame = | alue | Class ans =
T T (A <dxd double> double S
o row A - [34 34 34 34) double | 77 # T SR
»» gumold') B 33 ans [34 34 34 34] double | #
ans = HH ve [1:2:4] double T
434 M M B« [124] double |77 ®
el L L Return the diagonal a =
T i elements of A ST R
£ E: 10 Fr |
Current Direchory | \Workzpace 7
Comnmand History i

F - || F* AuEmldingialy
AnE =

34

A= 0632 13: 510 110: 8¢
vE = [1 2 4]
we = [1; 2: 4)

e

(=313
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Matrix elements

= To access to single elements of matrix use A(r,c) notation, where r

is the index of row and c index of column

= C-like programmers, watch out!

+ The first element (row or column) has index 1

ES Y
L=
16 3 2 13
5 10 11 =]
El & 7 1z
4 15 14 1
> A1,1)
ans =
16
> E=3
= o
3
> o=Z
o =
z
>r Air,c)
ans =
[
ESS |
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Colon operator

Command Window

s> A1, 1) + A(1,2) + &(1,3) + A(1,4)
ans =
34

s> Ai4,2) = 100
e
16 3 Z 13
5 10 11 ]
El & 7 12
4 100 14 1
>» A{5,5) = -10
L=
16 3 z 13 o
5 10 11 ] o
9 & 7 1z o
4 100 14 1 0
0 0 o 0o -10

>

= Very useful to access to a part of a matrix
= end refers to the last element (row or column)

Command Window

> k=3
kK =
3
= A(1:iKk,3)
ans =
2
i1
-
=3 ogum(A(1l:k,3))
ans =
Z0
> sum(A{:,3))
ans =
34
>> swn(df:,end))
ans =
34
>5 |
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Colon operator

“.

The colon “;” operator is the most important MATLAB operator
Use starting_value:increment:end_value

it returns a vector containing all values from starting_value to
end_value with step increment

" x
EEERES e M- Slackl:l s» 1:10
Marne ‘ Walug | Class ens =
- <4xd double> double o ? 0 e o8 2
B- (3434 34 34 double | > ¥ T 1310
B ans [12345678910] double | ¥
E': 5 doublél 1 2 3 4 5 ] 7 8 =l 10
Er 5 double >>_v= 1:2:10
By 13579 daublg [ ¥ 7
v [1:2:4] double t I s 1 s
R [124] douhle | 7~
Artificial Intelligence and Robotics Laboratory POLITECNICO DI MILANO
Operators
| -]
n

Arithmetic operators
+ + addition

+ - subtraction

« * multiplication
+ /[ division

- M power

- ‘transpose
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Addition example Multiplication example
N = e ___________________________________________________________________|] u
Command Window —_—
=x A L=
L= 16 3 H 13
16 3 2 13 5 10 11 g
] 6 7 1z
3 e e e 4 100 14 1
=) & 7 1z x AR
4 100 14 1 ans =
=> A 4+ A! 341 1390 261 z69
) = 261 981 309 285
e = o e 285 1329 301 z61
694 1196 1220 1021
5] 20 17 105 vy L T2
11 17 14 Z6 e =
17 105 26 z 32 & 4 Za
=> L 4 2 10 20 2z 15
] = 18 1z 14 24
e e e e g zo0 28 H
>» b % [1:4]"
7 1z 13 10 ans =
i1 =] = 14 30
3 10z i 3 S0
= 0
250
>x
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Element-wise operators Example
N = e ___________________________________________________________________|] r
Command Window
H A
= QOperators that work on matrix elements -
16 3 2 13
¢ +sum s w11 E
. a & 7 1z
« - subtraction 4 100 14 1
. . . > L %L
« .* element by element multiplication e =
.. 341 1390 261 269
» ./ element by element division 261 s81 309 285
285 1329 301 26l
« .M element by element power L 1196 1220 1021
> *
ans =
258 a 4 189
25 100 iz1 64
a1 36 43 144
16 10000 196 1
P> A W/ A
ans =
1 1 1 1
1 1 1 1
1 1 1 1
1 1 1 1
- A
ans =
1.0000 0.e000 0.2222 3.2s500
1.6667 1.0000 1.8333 0.0800
45000 0.5455 1.0000 0.8571
0.3077 1z.5000 1.16867 1.0000
> ‘
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Concatenation

= Concatenation is the process of joining small matrices to make bigger
ones.

= The pair of square brackets, [], is the concatenation operator.

> B = [A{:,3) &{:,4) R{:,2) &(:,1)]
B =

2 13 3 16
11 =] 10 5
7 1z 6 9
14 1 100 9
[u] [u] [u] [u]

¥>» C = [B h{:,2:42) A*E]
c =
Columns 1 through &

2 13 3 18 3 2
11 g8 10 5 10 i1
7 1z & ] & 7
14 1 100 4 100 14
a a a a [u a
Columns 7 through 11
13 zel 269 1390 341
g 308 285 951 z61
iz 301 261 1323 285
1 izzo i0el 1196 694
a [u} a [u} a

g

Deleting row and columns

= The pair of square brackets “[]” can be used to delete rows or columns
of a matrix

Command Window

= K= A
X =
16 & 2 13 o
= 10 11 3 o
=l 5] 7 1z o
4 100 14 1 u]
u] u] [u] [u} -10
> K(:,31 =[]
%=
16 & 13 [u}
51 10 =] [u}
El <] 1z [u}
4 100 1 [u}
u] u] [u] -10
== E(2,:0 = []
% =
16 &l 13 [u}
9 & 1z [u}
4 100 1 [u}
u] u] [u] -10
a= X(1,2) = []
272 Indexed empty matrix assigrment is not allowed.
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Other functions

= max(A) return an array with the maximum value of each column
+ Call max(max(A)) to get the overall maximum of A

= min(A) like max return an array with the minimum value of each
column

= length(A) return the value of the larger dimension of A
= size(A) return the values of the dimensions of A
- d = size(A)
- Put in matrix d the dimensions of A (d = [r c])
- [r,c] = size(Rh)
- Put in separate variables r and ¢ the dimensions of A
- m = size(A,dim)

- Put in m the size of dimensions dim of A (dim = 1 means rows, 2 for
columns)

Artificial Intelligence and Robotics Laboratory POLITECNICO DI MILANO

Artificial Intelligence and Robotics Laboratory POLITECNICO DI MILANO

Example

Command Window

on 1 => lengthik)
N ang =
16 i) 2 13 u] s
5 10 11 a o => lengthik{:,1:4))
9 & 7 12 o ans =
4 100 14 1 u] e
o 0 o 0 —10 => size(d)
Hromax (A) gns =
ans = e } S
16 100 14 13 o Eta G SRR
= omax (max (L)) RS
ans = 3 e
100 =» [r e] = sizeld)
> omin (L) R
ans = 2
] 0 ] o -10 ==
Fr mini(win (i) )
ans = > r = size(l, 1)
-10 =
=
B
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Special matrices

|
Command Window
>> eyeld) returns the n-by-n identity matrix
ans =
1 a a a
a 1 a a
a a 1 a
a a a 1
>> zeras(4,z) returns the n-by-m matrix of all zeros
ans =
o o
a a
[u] u]
a a
>> ones(4,2) returns the n-by-m matrix of all one
ans =
1 1
1 1
1 1
1 1
=> rand(3, 4 returns the n-by-m matrix of random numbers
ans =
0.3754 0.593a 0.8216 0. 6602
0.3600 0.4966 0. 6449 0.34z20
0.8537 0.8998 0.8180 0.2897

>

Solving linear systems
|

= Linear systems in matrix form can be solved using operator “\”

= Given Ax=b with x vector of unknown, the system can be solved as
x=A\b which corresponds to x =inv(A) * b

Command Window

> L = [2 5 6; 6 4 -12; 1 0 4] i
> 2X+5y+62 =32
Z 5 ]
6 4 -1z 6X+4y—12226
1 u] 4
»» b = [32; 6; 1] X+4Z:1
b =
3z
&
1
*»>x =A% h
x = If the equation Ax = b does not have a
Ti.7e07 solution (and A is not a square matrix), x =
6.2791 .
s A\b returns a least squares solution
Fx
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Using MATLAB as a programming language

= Use M-file to create script or function that can be called from the
command prompt

= Script are sequence of function/command call that can be executed in
batch calling the m-file

= M-file is a normal text file that contains the sequence of commands to
be execute

= To execute a M-file simply call the name of the m-file from command
prompt

= M-file can be edited using the provide editor of MATLAB, but you can
use any text editor you like

= MATLAB provide flow control structures (if, for, while ecc) that can be
used in a m-file
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MATLAB m-file editor

'8 Editor - C:' Programmi’, MATLABT' work', prova.m EEmE
File Edit Text ell Tools Debug Desktop ‘Window Help A X
DSl i@y |8 A5 B0 BN BB sefo- 8 ¥
3 bt J\.=[163213:510111’@:96'?12:415141]

&

3 - maximum = max (max (L))

4

5 - minimum = min{min(i))

&

7 - [t c] = size(d):

g

By Boo=ochwk!

i0

11- c= 1P

1z

13

-(X evalinem = | findinem  ® | pv24param.. ® | Fourparams... ® | coplanarRe.. = drawCircle... ><|pr0va.m Xi)

script n 11 o7 |
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Example — Calling a m-file
|

Fis [t Debug Dedbop 'Window el
O - -

Srortous F] HewloAdd ] Whal's Rew

« W W Curert Drettory, | © Wrogeremibaa TLAE s

x| [
PSS w - e >> pEGVE
o [ e o] |* - _
B~ cled dzublas deikla e 1 2 13
Hio <dxd doubles — ; l? |._ Lq.
HHC il double> deusbie
E' 4 deshial 4 1% 14
B mawimum 6 douhia "“':":"“ =
HH i 1 I~ T3
Hr i dosbid Iu.:\n.r-_-n =
A=
420 Fx 1 133 150
S TOE T IS T R T
333 2Te 310 234
150 332 38 AXE
-330  -137
247 =324
303 224
-272  -437
»»
£ *
Cument Dectory | ioripace

Flow control —if...else and elseif

if expressionl
statementsl

elseif expression2
statements2

elseif expression3
statements3

else
statements4
end

If expressionl evaluates as true executes the one or more commands
denoted here as statementsl; else if expression2 is true
executes statements2 and so on
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Flow control — conditional expression

Similar to C expressions

Relational operators

. <, <=, ==,>= > ~= (“not equal”’, ALT+0126 to get ‘~’)
Logical operators

+ & (“and”), | (“or”), ~ (“not”)
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Flow control - switch

switch switch_expr
case case_expr
statement, ..., statement
case {case_exprl, case_expr2, case_expr3,

---}

statement, ..., statement
otherwise
statement, ..., statement

end
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Flow control - for
|| - |

for variable = startingval:step:endingval
statements
end

= Example

[r c] = size(h)
for m = 1:r
for n = 1:c
A(m,n) = 1/(m+n -1);
end
end

= The counter variables are managed automatically by MATLAB inside
the loop!

Flow control - while
|| - |

while expression
statements
end

= Similarto C

= For and while inside the loop allow the use of:
= continue to pass the control to the next iteration
- break to exit early from the loop

Artificial Intelligence and Robotics Laboratory POLITECNICO DI MILANO

Function
|| - |

=  Functions are stored in m-file named with the same name of the

function
= Declaration:
function [yl, ... , yn] = nome_funzione (x1, ... , xm)
= Where

- x1, ... , Xmare input params (optional)
- [yl, ... , yn] areoutput params (optional)

= N.B. All input parameters are passed by value
- They are not affected by change inside the function
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Function example

| |
D Editor - O Doouments and Settings' gaosparin’, Docusentl ok, oo s smaDis 70, ransac ithomonrasply
Fia [ et ol Took Cubug Dedbsn Window el D
nf-—4 | RB-n S AL 08 EREF 0D S BOB 0
34 =l
a8
a8 fusseion [H, isliers] = rassacfichomsgraphyixl, =2, )
a7
ET ] 1f =mllimize (xl) ==pizeixd] |
- STEOT (' Data sens X1 asd %I pust have the same dimensi
48 - el
41
42 [raws, npta) = mi3e(xl);
43 - \f Eova~=% § pows~=3)
M = ereer('xl and 2 suse hove r 3 rows'):
45 anad
46
47 - 1f nprs € A
48 = ereer |’ Ay e L
49 LRS-}
50
51 - 1f powus == I Fad data with homogenecus scale Fact
52 xl = [x1; ones(i.npral):
53 a2 = [ux2; onesii.npral]:
54 - end
55
56
57 .
58 al a a a
-5 ] & & & €
(2]
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| L I
Function example Graphics
| | | | T
v Aa = Lass uies s upues s = Function plot allow to create 2D graphics in MATLAB
53|= w2 = [x2; ones(l,npts)];
i plot(Y) plots the columns of Y versus their index
5g % Normalise each set of points so that the origin is at centroid and
57 % mean distance frow origin iz sSgrri2). normalise2dpts also ensures the Command Window
58 % scale parameter is 1. Note that 'homographyzd' will also call s> § = 1:2:50
59 % 'normaliseZdpts' but the code in 'ransac' that calls the distance v =
60 % function will not - so it is best that we normalise beforehand. Coluwns 1 through 13
61 — [x1, T1] = norwaliseldpts(xl):; 1 3 5 7 g 11 13 15 17 19 21 23 25
62 — [x2, TZ2] = norwmaliseZdpts(xZ): Columns 14 through 25
63 1 27 23 31 33 35 37 3m 41 43 45 47 4o
64 - 3 = 4; % Miniwum Mo of points needed to fit & howography. +» plot (¥
65 o
66 - fittingfn = Fhomographyzd:
67 — distfn = Bhomogdistid: e e PP et >
68 - degentn = @isdegenerate; 0 SO e 00 =
(=] % %1 and %2 are 'stacked' to create a 6xN array for ransac - =
w0 - [H, inliers] = ransac([x1l:; x2], fittingfn, distfn, degenfn, s, t): -
71 =
7z % Now do & final least sguares fit on the data points considered to
73 % be inliers. =
74 - H = homography2d(x1i{:,inliers), x2(:,inliers}): =
75 =
76 % Denormalise E
- H = T2YH*T1: -
=) -
73 3 v ot
4x evalinem  * findline.m  ® pv2dparam... ® | Fourparams.. % coplanarRe.. ® drawCircle.. | provam® % | funfatbm®* % |ran5acﬂtho . x\ provadRans... ® = ” - . = ol
ransacfithamagraphy Ln 1 Cal 1
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Graphics

= Function plot allow to create 2D graphics in MATLAB
plot(X,Y) plots the columns of X versus the column of Y

> T

o s
Dlpl;luo.z pl' M L Wes Dwet Dam [edton ks Vg -
A L DERE L ASAS ¢ 0B =0

Fr» plotit,v)
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Graphics

= To plot different graphics on the same reference frame
plot(x1l,yl, x2,y2, x3,y3, x4,y4,.)

= Or DEHS & 8&NS ¢ OO &0 3
hold on p IR = ——
plot(x1l,yl) o8
plot(x2,y2) &

[=F |
plOt(XS,y3) 0z
plot(x4,y4) v
82
»> t = O:pi/100:2*pi; -
= ¥ = =init); o8
F> w2 = sin(t - .4): a8
>> w3 = sin(t - .8): e l‘_':"_-_i'_“:i_'-ai _—
»» ¥4 = sin(t - 1.2}

el Plﬂtft;Y;t;Yz;t;Y3;t;Y43
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Graphics Graphics - example
| T I EEEEEE——— | =
t = D:pifa0:2*pi;
= Plot style plot(t,=in(t), '—.x*']
- hold on
plot(xl.., “options”) plot(t,sin(t-pi/2), ' —-ma')
. . . . . . .. - . plot (t,sinit-pi),'tkha")
= Option is a string delimited by ‘ containing the specifiers for line styles hold off
Specifier | Line Style Specifier | Color Specifier Marker Type 1 , i Fiaa=wn e
= Solid line (default) 5 el * Plus sign * L4 U "
g Green o Circle o8 NS S .
- Dashed line ® Q o
b EBlue & Asterisk kY Y
Dotted line oer Fo% ) .
o Cyan Point I '1’ !
o Dash-duot line b Magenta x Cross 0.4 . 3 Q\ E
& o o o
v Yellow 'souare!' of = Square 0l F 1 B \
x Black ‘diamond' ord | Diamond ? k—‘ 7 §\ .
; »
w White & Upward-pointing triangle e ,a h\ ls)\ 2
/
v Downward-pointing triangle & o k b *
0zt i \ 1 A
‘. ” > Right-pointing triangle F{ I} X \Q *
p 1 Ot(Xl 4 yl 4 :ro ) < Left-pointing triangle 04 o U' ‘* \m ;
PlOt a red (r) dotted (:) |ine 'pentagram of p | Five-pointed star (pentagram) _osk s \« ‘@ f.r
plaCIng a C|rC|e (0) on eaCh pOInt hexagram of h | Six-pointed star (hexagram) & ‘*\ ,‘\
08 o * F a
) * # ]
) 9 s A SO AP, -V
"o 10 15 20 25 ) 35 40 45
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Images Images
| T I EEEEEE——— | =

= In MATLAB images are matrices where each element store the value

of the correspondent pixel

= Gray-scale images are bidimensional matrices
- I(i,j) where i and j define the location of the pixel and k specifies

the channel (R, G or B)

+ I(i,j) returns the graylevel of pixel at coordinate i,j

= Color images (RGB) are tridimensional matrices
+ I(i,j,k) where i and j define the location of the pixel and k specifies

the channel (R, G or B)

+ I(i,j,k) returns the value of channel k of pixel at coordinate i,
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= |oad and display an image

R

DEgs * Aank & 080 =0

»» I = iwread('lena.jpg');
> imshow(I) :
i
2 X
': m Ei % ﬁ @ - Stack:l:l
Mame = | Walue | Class
| <512x%512x3 uint8= uintg
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Working with images - example

B pofar - P e MATLAKT, ot e m®

P b fes Cul Be Suiey Ouslig e M . r
DwE =08 & Ay, a0 RFDMA e H =
[
" kel
: |
' ; 1w
B BN = sdgeily
"
e
- —
|
-
e
TN
o
1
1 gt = sk
i
24
1
T
[
-
plo pedgea | sma
N W e itwanie ] Pl & i i SeeCetntn B | awser 0] i 6]
— M
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|

% bwZ contain black and white mask, white for edge pixel
lmshow (BUW) ;

Fis Dl Pew et Teok Dwdisg wwder el

DeEas L Ran® & 02 =D
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¥ Figpare |

e D e Puet lah [edng Seds ey |
Dees 4 RANS & 08 =0
zdizsplay image with edges in blue
imshow (I):

hold on;

plot(edges(:,2), edgesi:, 1), '.b');
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Fundamental matrix: example

XTFx=0

X'Xfy + X i, +X fa+y' X + Yy Yy, +y s+ Xf5, + yf, + f,, =0

separate known from unknown

[X'nylyyxl, Y'X Y'Y YL X le][fn’ |EPYRRITIN PYVIN POP PP VP A9 fss]T =0
(data) (unknowns)
(linear)
Xll_xl X'1_ Y1 X_Il yl1_X1 y'1_ Y1 y.'l XN 1 "
: : : : : o f=0
X n Xn X n yn Xln yln Xn yln yn yln Xn yn 1

Af=0
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| | D
Fundamental matrix: example Fundamental matrix: example
| |
fain |af[* =0 i |
f12
. 2 3 B B B i } f
since ”Af” =fTATAf XXy VX X XY YaYi oyr X% oy 1 f13
XoXo" YoXot XT Xa¥o' VoV Y2 Xp Y, 1 f21 -0
this requires to find the eigenvector associated to the : : : : : : : N 2
smallest eigenvalue of ATA, 4 (e.g. svd) , , , , N R
e XaXa  YoXa© Xa© XaYa© YaYa© Yoo Xa Yo 1 7
31
~ ~10000 ~ ~ ~ ~ ~ ~100
Due to data noise the constraint rank(F)=2 is not 10000 100" ~10000 10900 190 100 ! f3
enforced Orders of magnitude difference o

Use svd on F and set the smallest singular value to 0

svd(F)=QDR (D diagonal mat, Q and R orthogonal)

Between column of data matrix
— least-squares yields poor results
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Fundamental matrix: example
|

Transform image to ~[-1,1]x[-1,1]

Least squares yields good results +dwch|/SDPIE<:,
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