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Hiroshi Watanabe

&% / Signal Theory

EXEHR

n EXEER REEROBOERTINERTS

B LRTRBER

X (O) 2,0 1 v Gna
X (1) _ C &, 8Ny
{X (N _1)J Ao Anaan
m {THIRR

X =AX
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x(0)
{ x(1)

|

AN {X( N. _1)J

Orthogonal Transform

B Orthogonal Transform: Transform matrix is orthogonal
®  1-dimensional linear transform

X(0) 800 81 AN x(0)
X _ & & v Ana x(2)
X(N-1) Aygo Anag ay_yn | X(N=D)
B Matrix representation
X =Ax

{855 / Signal Theory

\

BEXER(2)
" IRENASTER

X =Ax X: ZEHRFHA IR L (NX1)
A ZEHFTHI(NXN)
X: AARTRIL(NXL)

T OFESDE

x=A"X

{855 / Signal Theory

Orthogonal Transform(2)

®  1-dimensional N-point linear transform

X=Ax

X: Transform coefficient vector (Nx1)
A: Transform matrix (NxN)
X: input vector (Nx1)

B Presence of Inverse matrix is necessary

x=A"X

{855 / Signal Theory
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BEXRXEH(3I) Orthogonal Matrix(3)

. ERTHINERIT

B Transform matrix is orthogonal
— EEOFTRINLETRIMLAER — Arbitrary row vector and other row vectors are
— BERBETHEEITHAELL orthogonal (column vectors have also the same
property)
A=A — Transpose matrix equals to Inverse matrix
A=A"

&% / Signal Theory

&% / Signal Theory

'E

Review

B {THIDERE: t (transpose) m  Transpose of matrix: t (transpose)

m,
t t
My o Moy =0 Moy Moo Mo o My My o Moy =r Moy LY Mo - My
ml‘O m1,1 o ml‘n—l _ mo,l mm o mn—l,l ml‘O m1,1 o ml‘n—l mo,l mm o mn—l,l
Myao Mias = Moy Mona Mg =0 Magpg Myao Mias = Mooy Mona Mg = Mogng

{855 / Signal Theory
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BERXZTH(4) Orthogonal Transform(4)

B 2RTNXNRE R LR

m  2-dimensional NxN point orthogonal transform
X: ZARRBATHI(NXN) X: ici i
_ t m _ t : Coefficient matrix (NxN)
Xun = Ay A Az ZEBATHI(NXN) Xy = Ay A A: Transform matrix (NxN)
TEES x: AAFTFI(NXN) Since X: Input matrix (NxN)
Xisn :AXNXNA[ Xisn :AXNXNA[
=[Ax, Ax, - Axy,]A! =[Ax, Ax, - Axy,]A!
t
[Ax,] [Ax,]
| ] ] | ] ]
[Axy ] [Axy, ]

{855 / Signal Theory
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EXZE#(5)

BEO—)IEiR
THEI—ILE#HR
KLZ#
BT
[ e %
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Orthogonal Transform(5)

Discrete Fourier Transform
Hadamard Transform

KL Transform

Discrete Sine Transform
Discrete Cosine Transform

&S5 / Signal Theory 14

B o—) T

B NREEO— ) TEBR OSSR

X (k)= fx(n)exp(fj&mk IN)

n=0

x(n) :%NZjX(k)exp(jZnnk/ N)

Bl ER A7 £ TR R
o, :% (k=0,1---,N-1)

{855 / Signal Theory 15

Discrete Fourier Transform

B N-point Discrete Fourier Transform and Inverse
transform

X (k)= Ex(n)exp(—jZﬂnk/ N)

X(n) =%N21X(k)exp(j27znk/ N)

Discrete frequency
o, =% (k=0,1,---,N-1)

{855 / Signal Theory 16

1THIRIE

B IREINREERT—) T
X(0) 1 1 1 X0)
X 1 giwN L grizeNON (1)

X(N-=1) 1 g iF-UIN [ ami2a(NDN-DIN x(N-1)
 FHRR
X=Fx

{855 / Signal Theory 17

Matrix representation

®  1-dimensional N-point DFT
X(0) 1 1 1 X0)
X@® 1 giwN L grizeNON (1)

X(N=1) 1 @ iDIN | a-j2n(N-DN-/N x(N—=1)
B Matrix representation

X=Fx

{855 / Signal Theory 18

{E5 185/ / Signal Theory




BERR T — ) TR OB

RO TEBRZRY
- NADEHENONEDERHE~DOLEH
- ERFEHRENEOERBEERK
— BETRETF—HEHIE2ASIZEML . T—2EMRBICIETE
- ERRSERHLETREIND

{8533 / Signal Theory 19

Characteristics of DFT

m  DFT coefficients
— From N-point integer to N-point complex value

— Coefficients are N real numbers and N imaginary
numbers

— the number of data for coding application increased
to 2 times, thus not suitable for data compression

— DC component can be represented by one
coefficient

{8533 / Signal Theory 20

THER—IVEH

THWINHIRDERN [+1, -1] ORI BHEBELEZ LR
N—FOITIENES
20 ROEBT ) I RIE, 2x2(n=1) DEEXTFH RN DHEE

X (0 x(0 111 1
{v(/1\)}:H2|:v(l1\)} H, =?{1 _1:|
X@ x® 211 -1

HRARFAR A

o L[H H,
Zn_\/E Hn 7Hn

{855 / Signal Theory 21

Hadamard Transform

B Element of transform matrix are [+1, -1]

Simple orthogonal matrix, easy hardware realization

B 2n-th transform matrix can be derived from 2x2(n=1)-th
basic matrix

X7, [x0 N
{xa)}Hz{x(l)} Hz‘ﬁL }

B Expansion rule
H H
H2n :i " !
\/E Hn _Hn

{855 / Signal Theory 22

TEI—ILEH(2)

m H,H,
1111 YL
11 -1 1 -1 a1l
T2t 1 a1 a1 e
1-1-11 LT
1.
h(0)' N
_ 1 |hay ai T
BRI S|
h(7)" 0
{855 / Signal Theory 23

Hadamard Transform(2)

m H,Hg
1111 LU
11 -1 1 -1 2k
T2l 1 14 Lo
1 -1 -1 1 1 ***** T
h(0) RENI
b o L |h@y al T
RO A
h(7)" LT
{855 / Signal Theory 24
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TEI—ILEH(3)

B Hy ORIMLDOEFR

hO)'=f 111111 1]

h'=ft -1 1 -11 -11 -1]
h@'=t 1 -1 -1 11 -1 -]
h@'= -1 -1 11 -1 -1 1]
h@)'=f 111 -1 -1 -1 -1]
hG)=f -1 1 -1 -1 1 -1 1]
h@)'=f 1 -1 -1 -1 -1 1 1]
h7)'=f -1 -1 1 -111 -1]

Hadamard Transform(3)

m  vector element of Hg

hO)'= 111111 1]

h'=ft -1 1 -1 1 -11 -1]
h@'=t 1 -1 -1 11 -1 -]
h@'=f -1 -1 11 -1 -1 1]
h@)'=f 111 -1 -1 -1 -1]
hG)=f -1 1 -1 -1 1 -1 1]
h@)'=f 1 -1 -1 -1 -1 1 1]
h7)'=f -1 -1 1 -1 11 -1]

{8533 / Signal Theory 25 {8533 / Signal Theory 26
DA K Walsh Transform
W, DEBINIIRDERIT ~ ~ ®  Elements of Walsh Transform -~ B
THI—WEBRDIEFEEZ-LD h(0)" W, are represented by different h(0)"
h(4)' order of Hadamard Transform’s h(4)'
h(6)' elements h(6)'
_ 1 h(2)* 1 h(2)*
W= heay "o =T hay'
h(7)* h(7)"
h(s)* h(5)"
Lh@)" | Lh(1)"]
DA IV A D Example of Walsh Transform
W, kB EHBRDE m  Example of Transform by W,
X(0) 1 1 1 17x() 14 LLLL X(0) 1 1 1 17x() 14 L1
X@®| 141 1 -1 -1 x@ ad X@®| 141 1 -1 -1 x@ ad
X@| 2[1 -1 -1 1|x@ L X@| 2[1 -1 -1 1|x@ L4
X(3) 11 -1 1 -1|x@) 1 llI] X(3) 11 -1 1 -1|x@ 1 l T
[%(0)+ X(1) + X(2) + X(3) 1. | 1 [%(0)+ X(1) + X(2) + X(3) 1. | 1
1 XO+xO-x@)-x@) | ai [T 1 xO@+xO-x@)-x@) | a4 [T
2] x(0) - x(1) - x(2) + x(3) L] 2] x(0) - x(1) - x(2) + x(3) L]
O-x@+x@—x@ ] 4 [T O-x@+x@-x® ] LT

{E5 185/ / Signal Theory




EEER

B 8x8VUAILLAEMDEEE B
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Picture of Walsh Basis

B Picture of 8x8 Walsh Transform basis

{8533 / Signal Theory 32

THET—ILEB DR

BRI
HEEOHKDFEEARTHY . RIS MVERR DR LU mAVEL
EEDOEMIAVDE, BEBKOOv ) OTEELD
EHEZNFRITEL
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Characteristics of Hadamard
Transform

B Very simple structure

B Shape of basis is step like, thus difficult to approximate
smoothly changing signal

B Cause step like (block) noise for signal compression
B Low compression efficiency

{855 / Signal Theory 34

KL(Karhunen-Loeve)Z it

. ANES x(n) DECHEETH R, XA
B AABLEOBOEERIMEEREAIMNLET HEH
x(0)

R -E x(:l)

» x© x® - x(N-D]
x(N -1)

r(0) r@ - r(N-1)

r  r
: K r@®)
r(N=-2) - r@® r(@)

{855 / Signal Theory 35

KL(Karhunen-Loeve) Transform

m  Diagonalize auto-correlation matrix R, of input signal
x(n)
B Basis vector of transform is eigenvector

x(0)

R —E x(:l)

XX

x©) x@ - x(N-D]
x(N -1)
r(0) r@ - r(N-1
r@ r()
o ‘ r()
r(N-2) - r@ r(0)

{855 / Signal Theory 36
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KL(Karhunen-Loeve)Z#(2)

. BEEATNL L EFERET BT T ICKDRAIL

6Z 0 - 0
rR, 7|0 F
6 0. i,

L0 40 - 400

— toq) tl(.l) tN,%(l)

to(N._l) t1(N.—1) tN—l('.\l_l)

KL(Karhunen-
Loeve)Transform(2)

®  Diagonalize by matrix T which elements are
eigenvector t,

ol 0 - 0
2 :
TR T =| 0 O ‘
: .0
0 -« 0 o,
t0 (0) t1(0) o thl (0)
Tt = t0 (1) tl (1) o tN—l (1)

LN-D) LN-D) b, (N-D

KL(Karhunen-
KL(Karhunen-Loeve)Z#(3) Loeve()Transform(3)

B KLZEHFEH k() (0=0,..., N-1) (XA H{ES%Z x(n) (0=0,...,N-1) &
FTEHERRTEZBND

k(0) x(0)
( k(:1) LT( x(:l) W
Lk(N‘—l)J LX(N-—I)J

0 O - LIN-D | x(0)
_| 8@ t@® e H(N=D | x(@)

ty4(0) tL@ -ty (N-1) X(NA*]-)

m KL transform coefficient k(n) (n=0,..., N-1) for input signal
x(n) (n=0,...,N-1) can be obtained by

k(0) x(0)
( k(:1) LT( x(:l) W
Lk(N‘—l)J LX(N-—I)J

0 O - LIN-D | x(0)
_| 8@ u@® e H(N=D | x@)

ty4(0) tu@ -ty (N-D) X(NA*]-)

{855 / Signal Theory 39 {855 / Signal Theory 40
KLZE R KL Transform Coefficient
B KLEBRFRHITELICEMERS m KL Transform coefficients are not correlated each other
E[kk']= E[TX(TX)'] E[kk']= E[Tx(Tx)']
= E[Txx'T'] =E[Txx'T']
= TE[x']T! =TEX]T!
= TRXXT' = TRXXTI
=diag[o-§ ol - O',i,l] :diag[ag of - O-Vi—l]
{855 / Signal Theory 41 {855 / Signal Theory 42
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KLERZRE(2)

KL Transform Coefficient(2)

LI 221 s P o ®  What is “not correlated”?
=0 =0
ELK(mk(m)] {# o ELK(mk(m)] {# o
E[k(0)k(0)] E[k(O)k ()] E[k(O)k(N -1)] E[k(0)k(0)] E[k(O)k ()] E[k(O)k(N -1)]
ElKK']= E[k(l?k(O)] E[k(lz)k(l)] A E[k(l)k:(N -1 ElKK] = E[k(l?k(O)] E[k(lz)k(l)] A E[k(l)k:(N -1
E[k(N -Dk(0)] E[K(N-DK@®)] - E[K(N-1k(N-1)] E[K(N -Dk(0)] E[K(N-DK@®)] - E[K(N-1k(N-1)]
62 0 -« 0 op 0 - 0
_|0 of .o _|0 of
0 04 o'fH 0 04 o'fH
{8533 / Signal Theory 43 {8533 / Signal Theory 44
EE Review

1751 A ORABEIZEEERIML t HBE
At=At
ESVoTEAEERHDN? BEARELEHET .
(Al -A)t=0
EHER, £DDTHXERNTHES
A1-A|=0
HAILTHTIEEAFNILELAF-H0D
T=[t, t, - ty,]

{855 / Signal Theory 45

We need eigenvector t to diagonalize matrix A
At =1t

How to obtain eigenvalue /? Characteristic equation.
(Al-A)t=0

Eigenvalue can be obtained by solving determinant of
the left term

|A1-A|=0
Matrix for diagonalization is a series of eigenvector

T:[to t, - tN-1]

{855 / Signal Theory 46

KLEH D

BRO—7oo—ITntd B/ —& b EERNICRS
ANEEDOHEICL>THEBITINELD

ZDH. ABWEETLIKLERERNELD
ZEEQICREAIMNLERET ILENHD
BHRBEREE5Z 5D THY . RAMTIEAL

{855 / Signal Theory a7

Characteristics of KL Transform

Theoretically best performance to compact energy to
the low sequencies

Autocorrelation matrix differs depends on input signal
Thus, KL transform basis differs depends on each input
Needs to transmit basis vector to the receiver

Gives theoretical bound, not practical

{855 / Signal Theory 48
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BEER YA R

B NABRY AU ER(DST-1D)EF LR

Discrete Sine Transform

B N-point Discrete Sine Transform(DST-11) and Inverse
DST

2 N . (2n—l)k7rj
X(k)=,—C(k —_ k=1..,N _
ORI );x(n)sm[ ) ) . %C(k)z“‘:x(n)sin[(ZnZ'\J‘.)kﬂj )
2 Q ) (2n—1)k7rj nt
=.[—>» C(k)X(k =1..,N _
x(n) N kzz; (K)X( )Sln[ N (n ) () = giC(k)X(k)sin(wj (1=L.N)
ZZiz N = 2N
1 where
— (k=N) 1
Ck)=172 L k=N
{1 (k= N) cto={yz “N
1 (k=N)
{8533 / Signal Theory 49 {8533 / Signal Theory 50
R U AU EH(2) Discrete Sine Transform(2)
m DST-I m DST-I
sin(nkT”J (k,n=12,.,N-1) sin(%] (k,n=12,.,N-1)
m DST-II (@n-1k m DST-1l @n-1)k
. - T . - T
C(k)sm[ 7N } (k,n=12,..,N) C(k)sm[ 7N } (k,n=12,..,N)
m DST-lI k-1 m DST-lI (2k-1)n
. - V4 . - T _
C(n)sm[Tj (k,n=12,...,N) C(n)sm( 5N ) (k,n=12,...,N)
m DST-IV m DST-IV
sin(w) (K,n=01...N-1) sin(w) (K,n=01...N-1)
4N 4N
{855 / Signal Theory 51 {855 / Signal Theory 52
BERER U A EH(3) Discrete Sine Transform(3)

. FIREOHE

X (1) = %C(l)ix(n)sin(%)

B AEDSTOHENEIZENEER

fica)sin[w) (N=12,3.4)

N 2N

\/I . . 3r .3t .

=,/—|SIN— SIn— SIn—— SIN—
2|™g g g g

{855 / Signal Theory 53

1/2 . l I
P N N S

-1/2

B Calculation of the first coefficient

(2n—1)7rj
2N

X@®= %C(l)ix(n)sin[

B The first basis of 4-point DST

/ica)sin[Mj (n=123.4)

N 2N

\F . . 3r . 3r .=

=,/[—=|SIN— SInN— SInN— SIN—
2[M"g Mg g g

{855 / Signal Theory 54

1/2 . l I
P N N S

-1/2
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EEER

m 8x8DSTOEEEE
Ii WAL ENN TN (e

Il Hl' Ii iIIlN
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Picture of DST Basis

B Picture of 8x8 DST basis

Il Hl' Ii iIIlH
l

{85125 / Signal Theory 56

i3 Qe O 5 TOL 2

B ERERAZIEOERFRTRRETELVRALHD
. EHEAVNLOEE. REMICRE O ST
B BEEREEOT—AOEFEERL

{855 / Signal Theory 57

Characteristics of DST

B Cannot represent DC component by one coefficient
B Edge value of basis vector is zero
B Smooth connection of data with the neighbor section

{855 / Signal Theory 58

BB Q1% (DCT)
B NAEDCT(ZATN) ... 55 x(n), R X(K)

X (k) = C(k)zlx(n)cos[%) (k=0,..,N-1)

x(n) = Zc k)X(k)cos[(Z”;\ll)k”] (N=0,..N -1)

futd ol

1
C(k)—{ﬁ (k=0)
1 (k=0)

{855 / Signal Theory 59

Discrete Cosine Transform
(DCT)

® N point DCT(Type-I1) ... Signal x(n), Coefficient X(k)

X (k) = C(k)z x(n)cos[%) (k=0,..,N-1)

n=0

x(n) = Zc k)X(k)cos[(Z”;\ll)k”] (1=0,...N -1)

where,
1
— (k=0
1 (k#0)
{855 / Signal Theory 60
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BERIO Y AU EHL(2)

m DCT-I

C(k)C(n)cos[nkT”] (k,n=01,...N)
m DCT-ll

qkm{%) (K,n=04,..,N 1)
m DCT-11

C(n)cos(%] (k,n=01..,N-1)
m DCT-IV

cos[w] (k,n=01..,N-1)
4N

{8533 / Signal Theory 61

Discrete Cosine Transform(2)

m DCT-I

C(k)C(n)cos[nkT”] (k,n=01,...N)
m DCT-ll

qkm{%) (K,n=04,..,N 1)
m DCT-11

C(n)cos(%] (k,n=01..,N-1)
m DCT-IV

cos[w] (k,n=01..,N-1)
4N

{8533 / Signal Theory 62

2R TDCT

® NXNA2RFDCT .. &5 x(nm), FH X(uy)
X, V)*—C WCW N ETY 1X nm COS((ZH+1)u”jCOS((2m+1)V”)

=0 m-0 2N 2N
x(n,m) = ?iji u)C(v)X (u,v) cos[(Zn;j)u”Jco{(zr”;Nl)vﬁ)

=2z,

1
C(U),C(v)_{\@ (u=0,v=0)
1 (u%0,v=0)

{855 / Signal Theory 63

Two-Dimensional DCT

B NxN point 2-D DCT ... Signal x(n,m), Coefficient X(u,v)

X (u,v) = C (U)C(v, "Z;%x ,m cos( N Jcos( N )
N-1N-1 @n+Yur 2m+1)vr
x(n,m) = UZ::VZ u)C(v)X (u,v) COS[TJCOS[T)

where,

1
C(U),C(v)_{\@ (u=0,v=0)
1 (u%0,v=0)

{855 / Signal Theory 64

2R TTDCTDEHE

B EH 0, mICELTHRIAZLRTDCTORIEZ5 7
m 2EIONADCTEHLELTEHETED

t(u,m)= C(U)Zx(n m)cos(%j
X(uyv)= C(V)Zt(u m)cos(%)

Calculation of 2-D DCT

B Decompose to independent 1-D DCT with regard to
variables n,m

m  Calculated as 2 times N point DCT

2 o (2n+1)u7zj
t(u,m)=,/—C(u x(n,m)cos| ———
(um) N ( )HZ:;,( ) ( N

2 =t (2m+1)v;r)
X(u,v)=,/—C(v)) t(u,m)cos| ~——

(u,v) N ( );( ) ( 2N
{855 / Signal Theory 66

1|=| ?IE
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8x8DCT

8x8DCT

B 8x8m2ARIFLDCT ... 55 x(nm), &RE X(u,v) m  8x8 point 2-D DCT ... Signal x(n,m), Coefficient X(u,v)
X (u,v) = 7C(u)C(v)Z Z x(n,m) cos( (@n +1)u”]cos( (2m +1)V”) X (u,v) = 7C(u)C(v)Z Z x(n,m) cos( (@n +Du”]cos( (2m +1)V”)
70 m0 16 16 70 m0 16 16
x(n,my== ZZC(U)C(V)X(U v)cos((zn+1)u”jcos[(2m+l)wrj x(n,my== ZZC(U)C(V)X(U v)cos((zn+1)u”jcos[(2m+l)wrj
43> 16 16 43> 16 16
ZZIg, where,
= (u=0,v=0) = (u=0,v=0)
C(u),C(v) =142 ' Cu).,.C(v) =142 '
1 (u=0,v=0) 1 (u=0,v=0)
{8533 / Signal Theory 67 {8533 / Signal Theory 68
Basis Image
B Basis Image of 8x8DCT
Il EAVR IR TR
B LR LT LA LR L
I i LU
{855 / Signal Theory 69 {855 / Signal Theory 70

DCTD 4%

o
AR EE (DCTHRE)

{E53235# / Signal Theory 71

Characteristics of DCT

P

Signal Domain Frequency Domain
(Pixels) (DCT Coeffs.)

{855 / Signal Theory 72
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DCTDE$E Type of DCT
m DCT-I m DCT-I
X (k)= %C(k)iC(n)x(n)cos[nhﬂj (k=0,...N) X (k) = %C(k)iC(n)x(n)cos[nhﬂj (k=0,...N)
x(n) = %C(n)ic(k)x(k)cos(nl;l”} (1=0....N) x(n) = %C(n)ic(k)x(k)cos(nl;l”} (1=0....N)
® DCT-Il ® DCT-Il
(2.8 (2n+1)kx B ~ (2.8 (2n+1)kx _ ~
X (k)= NC(k)éx(n)cos[ N j (k=0,..,N-1) X (k)= NC(k)gx(n)cos[ N j (k=0,..,N-1)
x(n) = 3NZIC(k)X(k)c<)s[(2“+1)k”] (n=0,.,N-1) x(n) = 3NZIC(k)X(k)c<)s[(2“+1)k”] (N=0,.,N-1)
N & N N & 2N
&S5 / Signal Theory 73 {85125 / Signal Theory 74
DCTD 2% (2) Type of DCT (2)
m DCT-11 m DCT-11
_ 125 (@k+hnzy) _ _ 25 2k +1)nz _ _
X(k)fﬁgc(n)x(n)cos( N ) (k=0,...,N-1) X (k) J;;C(n)x(n)cos( N ) (k=0,..,N-1)
IEPUN = (2k+D)nz _ B IEPUN (2k+D)nz B ~
x(n) = NC(n)kZ:;X(k)cos[izN ] (n=0,..,N-1) x(n) = NC(n)kZ:;X(k)cos[izN ] (n=0,...,N-1)
m DCT-IV m DCT-IV
X (k) = ggx(n)cos[w) (k=0,..,N-1) X (k) = ggx(n)cos[w) (k=0,..N-1)
N & 4N N & 4N
2w (@n+1)(2k +1) 7 ~ ~ NS (@n+1)2k +1) 7 ~ ~
x(n) = Nkz;ax(k)cos[i4N ) (n=0,..,N-1) x(n) = NkZaX(k)cos[i4N ) (n=0,..,N-1)
{855 / Signal Theory 75 {855 / Signal Theory 76
DCTO =R E X Fast Algorithm for DCT
B Chen-Smith-Fralick (1977) B Chen-Smith-Fralick (1977)
I aintiie? Sttt S~ A PR Y T £(0) SR S YT
(1) ;[\\ - — (1) ;[\\ e
) 7 e ) ) 7 e )
@ A e = s S
(6) L RN __‘:)_'::‘:_. _ %'3 £(6) AN __‘:)_'::‘:_. _ - L Er,
(0 e e ™ e T
{855 / Signal Theory 77 {855 / Signal Theory 78
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PA= A Programming

. FT—IJLBEAR ®m  Table Look Up
F (0) to,o t0,1 t0,1\14 f (0) F (0) to,o t0,1 t0,1\14 f (0)

—

F@ to by 1N-1 f)

F(N-1) to Ty 1 ty 1LN-1 f(N-1)

| Iwi=l/FN

for(u=0; u<N; u++) {
for(x=0; x<N; x++) F(u) +=t(u,x)*f(x);

¥

F@

tmo t1,1 o tl,N 1 f (1)

F(N-1) tyo Ty 1 ty 1LN-1 f(N-1)

B Program

for(u=0; u<N; u++) {
for(x=0; x<N; x++) F(u) +=t(u,x)*f(x);

¥
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J05353245(2) Programming(2)
INBISAREIZLDERERDSE Fast Algorithm by Butterfly
— Chen-Smith-Fralickd70—%'57I2&% — Chen-Smith-Fralick’s flowgraph
Pzl N Program
void dct_fast_1_8(short *datal, double *data2) void dct_fast_1_8(short *datal, double *data2)
short i; short i;
double a[8], b[8], c[8], d[8]; double a[8], b[8], c[8], d[8];
double pai, c14, c18, s18, ¢38, s38, c116, s116, c316, s316 double pai, c14, c18, s18, ¢38, s38, c116, s116, c316, s316
c516, s516, c716, s716; c516, s516, c716, s716;
pai=3.141592654; pai=3.141592654;
cl4=cos(pai/4.0); cl4=cos(pai/4.0);
c18=cos(pai/8.0); c18=cos(pai/8.0);
s18=sin(pai/8.0); s18=sin(pai/8.0);
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AJ322%(3) Programming(3)
e = Contd.
¢38=c0s(3.0*pai/8.0); ¢38=c0s(3.0*pai/8.0);
$38=sin(3.0*pai/8.0); $38=sin(3.0*pai/8.0);
cl16=cos(pai/16.0); cl16=cos(pai/16.0);
s$116=sin(pai/16.0); s$116=sin(pai/16.0);
¢316=cos(3.0*pai/16.0); ¢316=co0s(3.0*pai/16.0);
$316=sin(3.0*pai/16.0); $316=sin(3.0*pai/16.0);
c516=co0s(5.0*pai/16.0); c516=co0s(5.0*pai/16.0);
s516=sin(5.0*pai/16.0); s516=sin(5.0*pai/16.0);
€716=cos(7.0*pai/16.0); €716=cos(7.0*pai/16.0);
s716=sin(7.0*pai/16.0); s$716=sin(7.0*pai/16.0);
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TRy I307(4)

Programming(4)

mfgE = Contd.
for(i=0; i<4; i++) { for(i=0; i<4; i++) {
a[i] = datal[i] + datal[7-i]; a[i] = datal[i] + datal[7-i];
a[7-i] = datal[i] — datal[7-i]; a[7-i] = datal[i] — datal[7-i];
3 3
b[0] = a[0] + a[3]; b[0] = a[0] + a[3];
b[1] = a[1] + a[2]; b[1] = a[1] + a[2];
b[2] = a[1] - a[2]; b[2] = a[1] - a[2];
b[3] = a[0] - a[3]; b[3] = a[0] - a[3];
b[4] = a[4]; b[4] = a[4];
b[5] = (a[6]-a[5])*c14; b[5] = (a[6]-a[5])*c14;
b[6] = (a[6]+a[5])*c14; b[6] = (a[6]+a[5])*c14;
b[7] = a[7]; b[7] = a[7];
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T334 (5) Programming(5)
n fEE m  Contd.
c[0] = (b[0]+b[1])*c14; c[0] = (b[0]+b[1])*c14;
c[1] = (b[0]-b[1])*c14; c[1] = (b[0]-b[1])*c14;
c[2] = b[2]*s18 + b[3]*c18; c[2] = b[2]*s18 + b[3]*c18;
c[3] = -b[2]*s38 + b[3]*c38; c[3] = -b[2]*s38 + b[3]*c38;
c[4] = b[4] + b[5]; c[4] = b[4] + b[5];
c[5] = b[4] - b[5]; c[5] = b[4] - b[5];
c[6] = -b[6] + b[7]; c[6] = -b[6] + b[7];
c[7] = b[6] + b[7]; c[7] = b[6] + b[7];
d[4] = c[4]*s116 + c[7]*c116; d[4] = c[4]*s116 + c[7]*c116;
[5]*s516 + c[6]*c516; d[5] = c[5]*s516 + c[6]*C516;
c[5]*s316 + c[6]*c316; d[6] = -c[5]*s316 + c[6]*c316;
d[7] = -c[4]*s716 + c[7]*c716; d[7] = -c[4]*s716 + c[7]*c716;
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TRY334(6) Programming(6)
nEE m  Contd.
data2[0] = c[0]/2.0; data2[0] = c[0]/2.0;
data2[2] = c[1]/2.0; data2[2] = c[1]/2.0;
data2[4] = c[2]/2.0; data2[4] = c[2]/2.0;
data2[6] = c[3]/2.0; data2[6] = c[3]/2.0;
data2[1] = d[4]/2.0; data2[1] = d[4]/2.0;
data2[5] = d[5]/2.0; data2[5] = d[5]/2.0;
data2[3] = d[6]/2.0; data2[3] = d[6]/2.0;
data2[7] = d[7]/2.0; data2[7] = d[7]/2.0;
3 3
{855 / Signal Theory 89 {855 / Signal Theory 920

{E5 185/ / Signal Theory

15



XTHR R DDFT

m E5 x(n) ARAICHLTBRITHDHEE, ST ILREL/2ES
FHLEEE(N, N-I)DODFTIZU T TEZONS

N X(n)exp[-ﬂﬂ““%)]

n=-N 2N

u EEOBEXMFHELSD % ]”I %

x(-n-1)=x(n) (n=0,.,N-1) N0
AREYILD
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DFT for Symmetric Wave

When signal x(n) is even-symmetric at 0, DFT of half-
sample shifted signal in the range (-N, N-1) is given by

Xi9=$ X(n)exp[-ﬂﬂ““%)]

n=-N 2N

It holds i I”I 1

x(-n-)=x(n) (n=0,.,N-1) N 0 NI

by signal’s symmetric nature
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X FRRFZDDFT(2)

z

X (k) =

X(n)exp( j2ak(n +1/2)]

2N
j27zk((—m—1)+1/2)]
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DFT for Symmetric Wave(2)

X (k) = Z x(n) exp(%j

E j27K((-m=1) +1/2)
Z:: x(m) exp(—ZN J

:Zx(n exp(_JZHK(n+l/2)J

JZ;zk(n+1/2)J

«— DCT I

; = ((2n+1)kﬁ)
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X FR R 2 DDFT(3)

B FRICKHL TR PR ODFTIEDCTICELLY
. EGEHEELVSBEANDBOL L, HEEFERTELEL
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DFT for Symmetric Wave(3)

DFT of signals which is even-symmetric at O equals to
DCT

Image can be viewed symmetric signal in the statistic
sense
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DCT D4

KLERISEVMELE S — 7o o —~D /T —&
ERESZLECHRBTRERETES
FRTIC=N\A D51 BEIC K PEmRE R ERE A4
E%FS1t (DCT-11). BEH St (M-DCT, MLT)
— M-DCT: Modified DCT

— LOT: Lapped Orthogonal Transform

— MLT: Modulated LOT
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Characteristics of DCT

Energy compaction performance to low sequency is
close to KL Transform

DC component can be represented by one coefficient
Fast computational algorithm exists like FFT’s buttery
computation

Image coding (DCT-I1). Audio coding (M-DCT, MLT)
— M-DCT: Modified DCT

— LOT: Lapped Orthogonal Transform

— MLT: Modulated LOT
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