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V. Homomorphic Signal Processing

@ 5-A Homomorphism

Homomorphism is a way of “carrying over” operations from one algebra
system into another.

Ex. convulution > multiplication o > addition

Fourier

PAFRRGREY o R AP LR H iF Y
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®© 5-B Cepstrum {%|¢8 i

X(Z)‘Z:eibr]? = log X(Z)‘ZzeiZﬂF = log‘X(Z)‘ZzeizﬂF +j are[ X (¢27)]

For the process of cepstrum (denoted by D[ - ])

convolution product addition addition
* X + -+ A
x[p] —— F » Lo — FT! X|n
mLE A O TR T
x[n]* h[n] X(F)xH(F) X(F)+A(F) X[n]+ [n]

R(®):1og0F)) RIE)* log (HIF))
FT: discrete-time Fourier transform
R IFT(log (X ()
N1 TFT(1og(H(P))
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o d ynl=x[nhnl £ <] € 7 o Wl
y[n]= x [n]*h[n] f[n]+A[n] x|n] x[n]
= D.[ ] - S Lifter = o DL ] o
CepStI‘um l[”l]{)’(\:[n]‘l‘h,\[n]} _ )’(\:[n] 1INverse
cepstrum | "
: O )
For the process of the inverse cepstrum? ] - A :"L_‘S‘ Cr
X(F) X(F) R o
| Lx[n]*— IFT < exp < FT — .X'[?‘I]
\ ll' o5 24-r' < z i
e S 2hewple): K(Z): 3 Ama” |
o FARMLF 2" IR
il Bl g
x[n] cepstrum 9\""*; ram fﬂ?ﬁ’%
. lift
n quefrency Zreduency i1l fﬁ*ﬁ?_ e ‘ ‘ ‘ ‘ ‘ ‘
= I '

l[] lift . RS “d R ~
n]  lifter f:_)}-l—er I By I[n){ 2[n]+ A[n]} = £{n]
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Using the Z transforms instead of the Fourier transforms:

For the process of cepstrum
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® 5-C Methods for Computing the Cepstrum

e Method 1: Compute the inverse discrete time Fourier transform:

x|n]= J‘ZZ)A((F) e dF :inverse F.T ’)‘((\:) zlog X(F)
where X (F) =log| X (F)|+ j arg[ X (F)] _ 7 ava X(F)
i 2 47 X(®): |¥F) €
ex. X(E)=d B a‘*_gn . (7):]

2
IX(®)] =], “'Q(X(.F»' 3/ 2 ‘ambiguity for phase

Problems: (1) log [X(F)| > =# £ I(®|-=0
(2) arﬂ)((F)) hos jn€tnite nuwber of soluttone:

Actually, the COMPLEX Cepstrum is REAL for real input
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cepstrume =

e Method 2 (From Poles and Zeros of the Z Transform)

/ time delay
m m

i

AXH(I_%Z_I) 114-52) "
X(Z) = k=1 k=1 where
5 R ; ; ‘ C
H(I—C‘kZ_l) (1_de) ‘ak s [ O | 5| Cr| 5| =
= o a
a,: zeros inside unit circle b,’': zeros outside unit circle T1: ,_t i—

¢,: poles inside unit circle | d;': poles outside unit circle S g #0

n m; Mo
S X(Z)=log X(Z)=log A+ I>B<Z +> log(1-a,Z™" )+ log (1-b,Z)
k=1 k=1

i 0
> log(1-¢,Z27")-> log(1-d, Z)
k=1 k=1
e¥: ZZ-OJ‘%'('O“
:(8-0.5) (2-03)
Z
<Z (1-0529)((-0-22")
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~X(2Z2)=1log X(Z)=log A+r;]bgé+ leog (l—akZ_1)+Zlog (1-5,2)
k=1 k=1

0 o
> log(1-¢,Z7") =) log(1-d,Z)
k=1 k=1

21 Taylor series
(inverse Z transform) (n)
v F(0)= 1)+ 3 Wy
d n4 ? A )h =
(g (141) 3 (D (D) log (I-be®) = 3 0 (b 2"
e CH4)” |
log (14 %) = 2(*"‘*("4)11» (4:0) »\2.( I h'2" np o
-\ -
[og(l‘H) ‘2(&_ Z b 'E
I5(-a,2Y: 2, 2 (<) &) (—l) " ot
: E" :'_a,,_“ 2™
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Taylor series expansion z! (Suppose that 7 = 0)
(
log (A) =0
m; n B n
fc[ n] —J _Z G N G n>0 Poles & zeros inside unit
k=t M g T circle, right-sided sequence
m, —n F -n
- bk . - dk <0 . .
2L Poles & zeros outside unit
(k=1 N =t N

circle, left-sided sequence
Note:

(1) *[n] always decays with |n].
(2) % complex cepstrum domain
Minimum phase # maximum phase 2. F jgt 2 n=0 % = } *» &
(3) For FIR case, there is no ¢, and d,
(4) The complex cepstrum is unique and of infinite duration for both positive
& negative n, even though x[#] is causal & of finite durations

x[n] is always IIR
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® Method 3
Z-X(2) zz.@
X(Z)

LZX'(2)=ZX (Z)-X(2)

Sox[n] = i E)%[k]x[n — k| forn+0
n
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Suppose that x[n] is causal and has minimum phase, 1.e. x[n] = X[n] =0, n <0

:i Efck]x[n k] forn#0
k=0 N
= x[n]= n Efc[k]x[n —k] forn>0  (causal sequence)
k=0 1
<] = $n1x001+ S K S11an — k]
k=0 N

(0 ,n<0
. - k k
x[n] =+ Z - kit ,n>0 recursive method
k=0 ”l x[0]
k logA ,n=0

Determining X[n] from X[0], X[1],---,X[n—1]



For anti-causal and maximum phase sequence, x[n] =

n]:ZO: E ,n <0
k=n n
= X[n]x[0] + ZO: Efc[k]x[n—k]
n

For maximum phase sequence,

0 ,n>0
x[n]=1 log 4 ,n=0

k=n+1 [ ]

——Z() A=kl o

x| n]

=0,n>0

191



@ 5-D Properties

P.1) The complex cepstrum decays at least as fast as 1

n
‘fc[n]‘<c a —00 < 1 < 0
n
a =max (a,|, b, |, |c.|,|d,|)

P.2 ) If X(Z) has no poles and zeros outside the unit circle, i.e. x[n] is
minimum phase, then

%[n]=0 foralln<0
because of no b,, d,

P.3) If X(Z) has no poles and zeros inside the unit circle, i.e. x[n] 1s
maximum phase, then
%[n]=0 forall n>0

because of no a,, ¢,

192
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P.4) If x[n] 1s of finite duration, then

X[7n] has infinite duration
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® 5-E Application of Homomorphic Deconvolution

(1) Equalization for Echo

yln]=x[n]+a x[n—-N ] x[n] \/ yln]

Let pln] be pln] =d[n] +ad[n-N,] delay N,
yln] =x[n] +ax[n-N,] =x[n] * p[n]  4)*” £“
N log(l+‘t)=?;’li
P(Z)=1+aZ " '
P(Z)=log(1+az ") = Z( 1)"“0; N
L7z o & g 4
A c k+1a 2 ? _a_
plnl=> (-1 " O(=kN,) | ‘ |4
k=1
||I Ll Ll Lidd el Lottt
0o N, 2N, 3N, 4N, n
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Filtering out the echo by the following “lifter”:

A

I[n] |1 ' : :

54 ) o
N, 2N, 3N, Hn oy dlestrsy Aln)
or | but X0n] asudly d:/ga sﬁsﬁ
Q: For the case where Np 1S unknown ] ‘N 2
N, n
(2) Representation of acoustic engineering Np >N,

ylnl = x[n] *  h[n]

Synthes.iz MUSiC  pyilding effect : e.g. b * ¥
ed music impulse response




(3) Speech analysis 196

sfn] = g[n] * Vv[n] * pln]
s
Speech  Global vjcal tract .
wave wave impulse Pitch
shape

They can be separated by filtering in the complex cepstrum domain

(4) Seismic Signals
T, 18 o

(5) Multiple-path analysis for any wave-propagation problem



197
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1
@ 5-F Problems of Cepstrum 7

(1) [ log(X(2))

(2) Phase

(3) Delay Z+

(4) Only suitable for the multiple-path-like problem
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® 5-G Differential Cepstrum

L X2 ‘ V2 XU(F) joer
X, (n)=2 [Tz)] £ ] jl/z X(F)
inverse Z transform
gy d _X@)
Note: 17 X(2) 7 log(X(2)) X(2)
If x(n)=xn)*x,(n) ALr2 ond Ax.In]
X(Z)=X,(Z)- X,(2) has the same differential

v : , Cstka‘
X (2)=X,(2)- X,(£)+X\(£)-X,(Z)

X(2)_X/(2) X, (2 R =3 (M1 ()
X(Z) X ((Z) X,(2) d 1d 2d

Advantages: no phase ambiguity
able to deal with the delay problem



e Properties of Differential Cepstrum

(1) The differential Cepstrum is shift & scaling invariant
7 ¥ ig * 3% multi-path-like problem
» 3k * T pattern recognition
If y[n]=A4X[n-r]
y,(n)= x,(n) , n#l
-r+x,1) , n=1
(Proof): ¥(z)= Az X (z)

’(Z) 27X (z)=rdz X (2)

—

_X'()_
)

yi(m) =xj(n)—ro(n—1)

201



202

(2) The complex cepstrum C [1] is closely related to its differential
cepstrum £, [n] and the signal original sequence x[n]

n#0 diff cepstrum

and —(n—1)x(n—-1)= Z X,(n)x(n—k) recursive formula

k=—0

Complex cepstrum # {8 3] 5% §, differential cepstrum ~ #% ] |
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(3) Ifx[n] 1s minimum phase (no poles & zeros outside the unit circle), then

%;,[n] =0forn<0

(4) If x[n] 1s maximum phase (no poles & zeros inside the unit circle) , then

%,[n]=0forn>2

delay
max phase / min phase

//////////l
/////////

Aaaaaas
0 1 2
(5) If x(n) is of finite duration, X,[n] has infinite duration

Complex cepstrum decay rate 1

n

1

Differential Cepstrum decay rate % 7, -- 3 (n+D)=n-é(n)cn-—=1

n
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® 5-H Mel-Frequency Cepstrum (3 f 48 3 |47 ¥)

Take log in the frequency mask

gain mask of Mel-frequency cepstrum
B, k] § |
SiofooSfaeeenn. "LE O B 4
£, =a"f,
frequency

fm-lfm fm+1 fm+2 fm+3
B, [k]=0 for f<f,_, and f> £,

B, [k]=(k= 1)/ (S = fur) forf, <f<f,
Bm[k]:(fm+l_k)/(fm+l_fm) fOI’fm ngfmﬂ
f=kf./N
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Process of the Mel-Frequency Cepstrum :
summation of the effect

inside the mth mask

(1) x[n] s X1h]
(2) Y[m]zlog{ fz X[k]’ B, [k]}
k=fm-1

O el oo D

Q: What are the difference between the Mel-frequency cepstrum and the original
cepstrum?

Advantages : ‘7)5“XE“]‘IB»[|¢] L\Q} much SM"I ,CV F'Obﬂkh{/ '('o Lt O
0 | Xp)|° s real and ?057%/3 ) whih awvoids yhase amb’ 3074/
GiY) cutolf Lredquencies Aot W f, match the human l.eanng S}ls‘b:m

Giv) Vs“"@- the (osine transform instead ot The IET +to reduce
the Complev1ty

Mel-frequency cepstrum § #:iT X B ¥3F 5 0% B4
e 1], 20, €3], oo ¢ [13] T &0t g5 1 3E S £
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HHaES L B R AR A A (by Matlab)

TP 0 R S REOES A way 03]
7SR A R mp3 il

3% B~ ! audioread

311 20155 & 12 {4 e Matlab » wavread #-:z 5 audioread

3] ¢ [x, fs] = audioread(C:\WINDOWS\Media\AlarmO1.wav');
¥ 1 AlarmOl.wav M #cF v & x K T 3R o fs: sampling frequency
B+ F ¢ osize(x) = 122868 2 fs = 22050 standard

- 00
N BERIE S A9 \ +s: 4400 Nz

ERETHT S0 B %-iF (Stereo » % A # %)



- . 2
Rl ) il Ve

time = [0:size(x,1)-1]/fs; % x &% P * audioread #73f | e &

subplot(2,1,1); plot(time, x(:,1)); xlim([time(1),time(end)])

0.3 T T I

0.2

0.1

0

-0.1

-0.2

0.3 ]

04 L l | | |
0 1 4 5

subplot(2,1,2); plot(time, x(:,2)); xlim([time(1),time(end)])

0.4 T T T I

0.2

0

-0.2

-0.4 | | | | |

AR L Fowav ¢ AT B L i 4" A-lqo+l 2 &
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X = fft(x(:,1)); % F fRiz— # @2 F 0T e ol ¥

X=X."

N=length(X); N1=round(N/2);

dt=1/1fs;

X1=[X(N1+1:N),X(1:N1)]*dt; % shifting for spectrum
f=[[N1:N-1]-N,0:N1-1]/N*fs; % valid f

plot(f, abs(X1));
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M2
>

AlarmO1.wav 38§ 2%

0.08

0.06 [~ -

0.04 - -

0.02 - -

0 | L W T A.JLuLJlL JLALJJAJAA NP S L |
-1.5 -1 -0.5 0 0.5 1 1.5
x10*

0.1

0.08 - -

0.06 -

0.04 - -

0.02 -

0 | . Lol a kool b doo BTO . |
-15 -1 -0.5 0 0.5 1 1.5

x10%




W An) TS veal 11
Alarm01.wav =7 3§ thea X () > x*(.-F )

xlim([-2000,2000]) % ¥ —p: H ¢ -2000Hz ~ 2000Hz =33% A&

0.08 T I

0.06 - -

0.04 —
0.02 - -
0

0.1

0.08 - -
0.06 [~ -

0.04 - -

'0 - al A 4l lL i LLL La A e .
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C. B35 i

(1) sound(x):  #-x 4 8192Hz f 5 4%«
(2) sound(x, fs): #-x 14 fs Hz cr¥ & 3% 2%

Note: (1)~(3) * x % Z &1 Bcolumn (2% columns) » ¥ x (e &3z 1
=14+l 2 /&

(3) soundsc(x, fs): p 3 x ER I -1 fr+1 22 F £ %

D. * Matlab % it *.wav 4}, : audiowrite

audiowrite(filename, x, fs)
By x %> - B *wav o PiE S 5 fsHz

@O x ¢ F &1 BFcolumn (22 columns) @ x E&3% 1>t —1 fr +1
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E. * Matlab &3 3 &

Brizw o BABTRHRE SR 0 P RET NG 5 oot

($% & e notebooks # F K F s b TF &3 )

= b4z 3
Sec = 3;
Fs = 8000;

recorder = audiorecorder(Fs, 16, 1);
recordblocking(recorder, Sec);

audioarray = getaudiodata(recorder);

H T e s TV ERE o
&5 PR 5 = 4 0 sampling frequency & 8000 Hz

&4 %% %5 audioarray > ¥ - B column vector (4v % F_gF &g o B A
% % column vectors)
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¥l (§)
sound(audioarray, Fs); % FE bR %
t = [0:length(audioarray)-1]./Fs;
plot (t, audioarray®); % #bk5 St Bl 4k
xlabel('sec','FontSize',16);

audiowrite(‘test.wav’, audioarray, Fs) % #4k+ % % 3 =8 *.wav 4§



c . 215
Jfﬁ &R

recorder = audiorecorder(Fs, nb, nch); (3% &4%FF 40 M e % 80)

Fs: sampling frequency,
nb: using nb bits to record each data

nch: number of channels (1 or 2)

recordblocking(recorder, Sec); (&5 hdp £)
recorder: the parameters obtained by the command “audiorecorder”
Sec: the time length for recording
audioarray = getaudiodata(recorder);
(B-d5 chi % > % = audioarray i # column vector > 4r % &_

BF#s¢ > P| audioarray #_- # column vectors)

Mz B L 0 BER 5 AT s
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F o et

Image #% 3% B~: imread
Image 7% % -7 : imshow, image, imagesc

Image #% % i¥: imwrite
ERAPEA A Fe ikt Matlab 5 ¢ § - BaErd
B ':ﬁl; v 7?,\_:_ IB’.%KE. A \'QJ Y Z:l:\' Red,
*bmp: 2GS E PR AEAIT R,
*jpg: 7 518 JPEG B B4

Video #¥3% P~: aviread



Pl (29 B 2
im=double(imread('C:\Program Files\MATLAB\pic\Pepper.bmp'));

(A& > 4% Pepperbmp Z_B % FE B > im B4~ BAE'L)

size(im) (* size & Bdp 4 kg im e BEL ]
ans =
256 256 50 |
image(im); 100
colormap(gray(256)) 150
200
Bl (554 Bk 250 L A - T
# J ( g X z\) 50 100 150 200 20

im2=double(imread('C:\Program Files\MATLAB\pic\Pepper512c.bmp'));

size(im2) GLE i N BRALEBI S o Hr im2 #-d

ans = = BAETLAF £ M )
512 512

imshow(im); or  image(im/255);



AL RHPGLEE P R A ¥ A double 5

TRIR M€ FERB S integer e > RARUFERE LR E A 4 AL

21

p4e 0 B & 18 ki 2D Discrete Fourier transform

im=1mread('C:\Program Files\MATLAB\pic\Pepper.bmp');
im=double(im);

Imf=fft2(1m);

218
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ek = B3 Ao @ ¥ R (by Python)

GREES S ¥ 3=01

pip install numpy

pip install scipy

pip install matplotlib # plot

pip install pipwin

pipwin install simpleaudio # vocal files
pipwin install pyaudio

PS: #312021 £ £ T 2t freniz {1 F 0t @ 1%
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A. B FAh

& Limport 4p B $-4 . import scipy.io.wavfile as wavfile

6
fs, wave data = wavfile.read('C:/WINDOWS/Media/Alarm0O1.wav’)
# fs: sampling frequency
# If the audio file has one channel, then wave data is a column vector

# If the audio file has two channels, then wave data has two column
vectors

num frame = len(wave data) # ¢ & &
n channel = int(wave data.size/ num frame) # channels #c&

>>> 19

22050
>>>num_{rame, n_channel
(1150416, 2)



%t—l H ® /ﬁq/m

& Limport 4p B £

import matplotlib.pyplot as plt

* time = np.arange(0, num_frame)™1/fs

* plt.plot(time, wave data)

* plt.show()

1.00 -

0.75

0.50 -

0.25 A

0.00 A

—0.25 -

—0.50 -

=0.75 -

—1.00 -

221
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B. % 1147 3

& Limport 4p B £ . from scipy.fftpack import fft

 fft data = abs(fft(wave data[:,1]))/fs # only choose the 15 channel
#AR &K s

* nO=int(np.ceil(num_frame/2))

 fft datal=np.concatenate([fft data[nO:num frame],fft data[0:n0]])
#EAR LG - EH D w

* freq=np.concatenate([range(n0-
num _frame,0),range(0,n0)])*fs/num_frame

AR S P F A
* plt.plot(freq,fft datal)
* plt.xlim(-1000,1000) # *TF AR 5 ekg 1 4= ]
o plt.show() # 4-fs B



0.20 -

0.15+

0.10 A

0.05 A

0.00 -

1

-1000

=750

-500

-250

0

250

500

750

1000
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C. #%#3

& Limport 4p B $-% ©  import simpleaudio as sa

n bytes =2 # using two bytes to record a data
wave data= (2**15-1)* wave data

# change the range to -21°> ~ 215

wave data = wave data.astype(np.int16)

play obj =sa.play buffer(wave data, n _channel, n_bytes, {s)

play obj.wait done()
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D. Gl T &

« wavfile.write(file name, fs, data)
# fs means the sampling frequency
# data should be a one-column or two column array

Example:
« wavfile.write('AlarmO1 test.wav’, 22050, wave data)
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y_ >
E. &3

& Limport 4p B i import pyaudio
#o b A2 50

import pyaudio

pa=pyaudio.PyAudio()

fs =44100

chunk = 1024

stream = pa.open(format=pyaudio.palntl6, channels=1,
rate=fs, input=True, frames_per buffer=chunk)

vocal=[]
count=0
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while count<200: #$#4]4%5 =
audio = stream.read(chunk) #- =X {+4F5 Bt v 2 < /|
vocal.append(audio)
count +=1

save wave file('testrecord.wav',vocal)
stream.close()

https://codertw.com/%E7%A8%8B%ES5%BC%8F%E8%AA%IEY%ES
%A8%80/491427/
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pip install numpy
pip install matplotlib

1. 3 BB i

import cv2

image = cv2.imread('D:/Pic/peppers.bmp’)
BV

import matplotlib.pyplot as plt

image = plt.imread(‘D:/Pic/peppers.bmp’)

228
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ER
(B @B E 54 BT > FEILF cv2imread 3¢ K channels "8 &
BGR,

image|:, :, 0] => B, image[:, :, 1] => G, image|[:, :, 2] => R
(2) & i¢ * plt.imread, R 3 & channels 78 % 7 5 RGB

image|:, :, 0] => R, image[', ., 1]1=> G, image|[:, :, 2] => B
B)EFAmF 2 Ik 3 PFRERTO )\ 2/
(4) image.shape # | —F% alS-T8) A

>>> 1mage.shape
(512,512, 3)
(5) ¥ ¥ jpg, bmp, png # > & 7 v 3 gif 4



2. BT B 1% 230
Case 1: B35 5 int
Mg £ RRER Y (T 0 AIFRT)
cv2.imshow('test, image) # 1 test & & o1 (H@ & FiE
cv2.waitKey(0)
cv2.destroyAllWindows()
ST H J‘]\"T_y‘\;)[';]é;
import matplotlib.pyplot as plt
plt.imshow(image)
plt.show()

BGR 8 B # v RGB » #-% = {7:¢ 5

plt.imshow(image][:,:,[2,1,0]])



Case 2: B hE $2 5% 5 double (L& #Kk)

LPFE o mt cv2.imshow g &_plt.imshow > ¥ &
Aok 11255 L R-BIEA 0k

Example 1:

image = cv2.imread('D:/Pic/peppers.bmp’)
Imagel = image™0.5 + 127.5 # lighten the image
cv2.imshow(‘test’, image) # int # % ",f 255
cv2.waitKey(0)

cv2.destroyAllWindows()

cv2.imshow(‘test’, image1/255) # 2L & #ic & ",% 255
cv2.waitKey(0)

cv2.destroyAllWindows()




Example 2:

import matplotlib.pyplot as plt

image = plt.imread('D:/Pic/peppers.bmp’)
imagel = 1mage™*0.5 + 127.5 # lighten the image
plt.imshow(image) # int % % ",% 255

plt.show()

plt.imshow(image1/255) # #- & #ic & "ﬁ% 255
plt.show()
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3.8~ WA

cv2.amwrite('D:/Pic/jpg', image)
£
plt.imsave('D:/Pic/jpg', image)
AR
(B »BFFE 44 BF > g * cvlimwrite BFF 3 & /3 7,
imagel:, :, 0] => B, image][:, :, 1] => G, image[:, :, 2] => R
F * plt.imsave B
imagel:, :, 0] => R, image|[:, :, 1] => G, image[:, :, 2] => B
(2) & * cv2.imwrite(‘D:\Pic\jpg’, image) ¥ it &2 FAH 0 & #H\ i/

(3) & 4_i¢ * plt.imshow fv plot.show() k& » ¥ 1 * £ T & 71 save
the figure” % 3 £
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V1. Brief Introduction for Acoustics

(R £8)

[$-% Tk

o 3| FEMEAIL > F ko 2 EIK S D4 ARG o
e T. F. Quatieri, Discrete-Time Speech Signal Processing: Principle and
Practice, Pearson Education Taiwan, Taipei, 2005.

e L. R. Rabiner and R. W. Schafer, Digital Processing of Speech Signals,
Prentice-Hall, 1978.

o P. Filippi, Acoustics : Basic Physics, Theory, and Methods, Academic
Press, San Diego, 1999.
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A BT L PERE SO 20HZ ~20000Hz g4 4§ K\
X 1 150~2000Hz >000Hz 3. &

> 20000Hz: 4 5 # (ultrasound)
< 20Hz:

Bk R > BIEEREEGE 0 LR b AT

T
e SUAE B 1 /] 3 4000Hz ‘*,:E
T 563 et BEAE S 1 44100Hz (B3T3 £ 192K)

(- 4% 22050Hz, 11025Hz F+)

music file

2505 X290 X2X §/ & bﬂ's
2w MP3: M~ 4M
30/,

=x #-4L (infrasound)

AR > R BB e JURITE S

—

B ekt ke 3-7?\5
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o - BB AR

(1) B4 & 22050Hz

(2) H #3f & g

(3) & & FAL* 8Bbitk 7

o LY X KEERRBHEFH T tway

Q: What is the data size of a song without compression?

o B i» T B4  8000Hz



B3 Az F Y BRER COF 4340 22 (15°C )
y A 5 \

1Y $E¥3000Hz = + 48 & ehig g
A/4
(- 44 > B |z BFengedp @ 2720 4)
) < O;'OS m

(1) = 4 1°C 0 B-f e &3 4 0.6 m/sec
(2) B3 fA-k® ehi@EiE B 41500 m/sec
adrte v B gk B 5000 m/sec
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QLT S—— N A
O S NN E S e

R &8

annoyance curve

0dB ..................... 7/ ______for hearing

20Hz 200Hz  1000Hz 5000Hz  20000Hz
3000Hz
4dB



e dB: # E 10log,(P/C)> H*® P:
PF E5 58

o4

F H 4 10dB > 3 3 H 4106 0 JR g 40 1005 1 ;
FH4e3dB 0 F B 42 0 FREFH S 205 B
b'rr::rh_ » N B e A g_ﬁ Lb«;'gﬁjﬁ

o AAPMMEFcha RS o EdHpFen Tt A

¥ m = > 300Hz - 400 Hz 2. f¥ e £ %] » 22 3000Hz = 4000 Hz 2.

— MWKSic
—speech
L—o thers

5 (1 > 3RAG T 3 ) C4 0dB

B
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@ 6-B Music Signal

240

T+ ZF Do e ¥ ¢ i Do: 131.32 Hz
* % Do: 261.63 Hz
3 5 Do: 523.26 Hz
{ 35 Do: 1046.52Hz, .......
REEHSRE MRS 2R W Do:2zooHe,
+then Re 200x27 Hz
Fo 3t 2BE Mt 200K 2% |
Biobe— B3 o A7 2K e 2112 12 (10595 1)
Do |FFDo| Re |FfRe| Mi | Fa |FfFa| So |FSo| La |F}La| Si
Hz | 262 | 277 | 294 | 311 | 330 | 349 | 370 | 392 | 415 | 440 | 466 | 494
. N .
26165 X 2" 26143 %
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TN g 4 38, r‘{t’%"z\ | (chord) 3R %

Ly

ik A foHz 2t > 4 ¢ M3 2f  Hz, 3f Hz, 4f,Hz, ..... eTHE
Mi330

Y

0.012 - s

0.01 - |
0.008 - s
0.006 - =

0.004 - s

g U N PV YOO W B

0
-1000 -800 -600 -400 -200 0 200 _(‘ 400 800 /\1 000

):F‘a 3%
frequency (Hz)
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" Pk gL EL Z| h ; ZL
L= 3N 340
[‘\\\V‘/’ +- 3—21'_0? et £° =L
= L:2 $:230 . 2,
~ L

%QL“‘Z] 2L - 2“‘ B"FO
KA A L'zh,):‘}"_; 'P.‘Ziél__&":4€o

L: 3 3A -?-—J'—-:N‘Fo

5 2 5.8 _— i periodic signal » & ¥ % — Z_¥_sinusoid




® 6-C 3 § e 1 iF

(1) F#F3F
(2)FF
3)#F 5

OFS

(5) 3% 4

6) # ¢

S48 (Speech Coding)
& = (Speech Synthesis)
A 52 (Speech Enhancement)
WP AR B
3% (Speech Recognmon)
FE OF 8 >R o > FEE
B a2 5 {3 ey

7#:% (Speaker Recognition)

* = =2 =z, E 2 ¥
. I 'E) b F%': ]‘B ‘SE]
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® 6-D F§ FFER
"%% # ?—f@—‘éﬁ%

(1) Spectrum Analysis

Time-Frequency Analysis
(2) Cepstrum
(3) Correlation for Words
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® 6-E —+—§]“fr’4—§ 45

9MNMTEIHLITTT YLK TREALFPFET S L
YT \NLXF55ALLI)L— AU

432 laeioouYTETHIL— AU
25 %\ % X
5 +tHF 5L L L
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w2 I~ I I I O o B A A -~ 0 B (RO B} Yyl < | T
i A= S p|m| f|d|t|n|]l]g]|k j |l q] x
RRLE p|m/| f t|{n|1]|g]|k Jjc|s
¥l 4|7 Pl5|4 Y| | & 1\ 4
2EHiF |zh|ch|sh| r |z |c| s |a]|ol]ece ai | el | ao
WM hig |jh|ch|sh| r |z | c|s|a]|ole al | el | ao
X5 || AL || — ] A ] U
3%+ % |ou|an | en |ang|eng| er |1,y |u, w|yu,iu
WH 5 |ou|lan | en |ang|eng| er |1,y [u, W|yu,iu
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23 B (R ZEPE BT )

x[n] = e [n] * g[n] * h[n] * r[n], * means the convolution
X(z) = E,(2) G(z) H(z) R(2)

rn] @ HER 0 AT YRR gln] OB BCR
e,[n] * H ~ (B3R 5 7% i)

|
[n], r[n] 7 B de —te »tea — ‘(‘,’CO\

Bode & oo
B S b T |
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o Li7— BEE B GMEH

* Windowed Fourier Transform

g - i¥ Short-Time Fourier Transform

e Fourier transform
G(f)= I:g(t)e_ﬂ”ftdt

Windowed Fourier transform

ty+B

G(f)= t Bg(t)e_ﬂ”ftdt I =1 TR B
-

& G(t,f)= Iw w(t-7)g(r)e”*/ dr

—00
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BA B (Y R R

G(t./)

A

e S L e - I S
1A B peaks B

¥ ik Jp peaks e Ok FEN[A
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* 5 peaks TR S (Hz) (3 5 o B47) -

5 7 S B
Fl F2 F3 FI F2 F3
Y 900 1200 2900 1100 1350 3100
T 560 800 3000 730 1100 3200
o 560 1090 3000 790 1250 3100
t 500 2100 3100 600 2400 3300
— 310 2300 3300 360 3000 3500
A 370 540 3400 460 820 3700
U 300 2100 3400 350 2600 3200
L 580 1500 3200 760 1700 3200
RBIL (1) % s ] R F]
2) = & ehE K > % F2—FI

[Ref] 2 -] » “SFHAFULIL” > F =K 2 EDR - L4 > AEIBE
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. o :/Y—/Jct YT /?:x
% (ai) > \(e)> % (ao)> X (ou)

[N - o7 > ) . 7 v y ;; > , , ,ﬁ"
'H:FT%E‘ KEB?EF m 9{% > — FJ!FB l% ‘ﬁp lg\’aﬂ - ]@;-—3 '% ’ ]é ?%2 ]g' lz\y - l@i‘a‘ &)
% HE ¥ o peaks B

F3 ﬂoo

_—2800

29oof

120(

|

310}---mmmmmmmmmmmmmm e 10

Time
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@ 6-F Tone Analysis

(2) (b) (c) (d)
f f f f
large energy middle energy small energy large energy

Typical relations between time and the instantaneous frequencies for (a) the
15t tone, (b) the 24 tone, (¢) the 3 tone, and (d) the 4™ tone in Chinese.

X. X. Chen, C. N. Cai, P. Guo, and Y. Sun, “A hidden Markov model applied
to Chinese four-tone recognition,” ICASSP, vol. 12, pp. 797-800, 1987.
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I r;%fégJ B\ r%}\g‘__‘ N j\;?a-i;e»wer WA K

blde D A0 - B AR TR AL
9— @35 %— @5
‘7*‘ 5 2— 45
TR LT g
'76 9T sz Qg

.#ﬁi‘l‘nh_ F% “'J"' ﬁ}dﬁ-

Mel-Frequency Cepstrum + Tone Analysis + 3% & 4 7 + Machine Learning



g N MM AIEE LM L

(D)x fry e B p v %7 & <x|y>

(2) & 3 4p &+ < (orthogonal)#t #-E (perpendicular)sie & » Hp f 50 o

Ao Rix|y>=0 & <x,y>=0
B) 4 SEPHEZRVe- 20 2§ E(set)? o 2w B4

<X|y>
;El_‘pl X:Zayya ay:i

yeS <y|y>

do% S £.d - R B & (orthonormal set)ff = » 70/ a4, =< x|y>
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(4) Gram-Schmidt algorithm: ¥} fF 2 FFViZ & - 2 A& <X,,X, 500X, >

y AT ISR EES I - 2R P <Yi15Y¥250000¥y >

V<X |y >
-x,-%

zl<y1|y1

for each j=2,...,n

b m 2 X . 2 G of .- ] PR 1 ;45
;x\‘ l\f'a l&)‘ a .#U Xj L_. y1’ yz, [ARL] yJ 1._ mA\ ra’ i?il,’g/f’kra’ E‘ Xj ‘E/._,’ j‘rﬁ;_& lé ’
FIT e L yih BFEH YL Yp o Yu BE

(5) Solving Ax =b but size(A)=mxn and be F"  m>n
Interpolation Theorem (& & T J2)
1. For any inner-product function of /™, there exists a vector z that minimizes

|Az—b|| where ze F”

2. If rank(A) = n, then z = (AH A)_1 A"b is the unique minimizer of || Az—Db ||
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%41 : PCA and SVD

PCA (principal component analysis) #_F L 4 5o fdZ g ¢ ¥ * I
BE j';;,,\ﬁﬁ\;jl:iﬁql‘-_ AL NEE 3\6 )f,zgﬁmr L fih | o

VEFIoL R E AR Y frs - SR ATF v fFR (regressive line) (%A
AR E L (one—dimensional) B A RIT I B (two-
dimensional) 3 3 » @ PCA R|&_* M-dimensional data % iT i N-

b
dimensional data » # ¥ M |3 F3 N

A fz2 PCA 2w » L 4 % BE-H_SVD (singular value decomposition)

AP Ak - DR o RS G F TIR%de P Y N x N AL fA eigenvector
-eigenvalue decomposition

TR i

- BELasize 2 MXN ¥ MIe N2 pEF > NP2 T Kid
eigenvector-eigenvalue decomposition?




SVD e 4% 260

Bk A& - B MxN FEerE o
(Step 1) 3+ &
B=A"YA C=AA"H

A% B A Nx N gt s C & Mx M adert o FHEHN £

Hermitian matrix > 4p § > it feig ¥ o

(Step 2) 3 ¥ > ¥ B {r C & eigenvector-eigenvalue decomposition

B=VDV"' C=UAU"
L ® V eg3# - i column £_B £ eigenvector (with normalization) » U 1
- ¥ column &_C = eigenvector (with normalization) > A fr D F8A_
5F A f- D ¥ 4 R} v entries € B fr C 5 eigenvalues © I i

eigenvectors 195 eigenvalues 1= /[ £ 5 (d < F|])

T oM b
fpw
g
‘vrq.

Note: fﬁ?i’;‘i:‘é,‘_r'v’?z‘?—\’ d>> B=BY * C=CH> "0 B v C
eigenvectors % p A= — i# orthogonal set o ﬁﬁ £ normalization
2E UV mcolumn pefop e pfa 1 z_t¢» Ul=U" 4 V1=
VHER B o Tt > Be C ¥ 11 4 77 =

B=VDV" C=UAU"
2% > V4rU~_unitary matrix
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(Step 3) 3+ &

S, =U"AV

S, - B MxNEL » 235 & S[n,n] (n=1,2,..., minM, N))
gk > 4 50

(Step4) S=IS,[ *BHE

% 8(n,n]<0>:x% U% n i column it § 5

= = SVD Note: Since V 1s bound to be real,
A =USVH A=USV!

Az vridT i
A=A V) + UV e R vy

# ¢ A =8[n n], k=min(M, N))

i1 Matlab 37 p 2 chsvd 45 4 ¥ 355 SVD



2h4

7#_SVD ¥] PCA (principal component analysis

_ T T
A=Au v, +Lu,v, +---ee +A4u, v,
1 >0 >0 > >
FLELZLZ ... 24
Auv,  HE A FEEagk i & s

' 2 AR

T 2 ~ r / N2
AW,V, FH A BT - A& i

Au v, A EBLAETEL R

A m i A 1T)

k =min(M, N))

o RGAAIgRANTE > TOLER K<k R AT

T A

~ T T
A = /’Llulvl + XQHZVZ + """ + ﬂ.«huhvh

262



PCA /4%

BRI MEFH » & £ 73 5 Ndimension
81~ [fl,l f1,29 "'9f1,N]
82~ [/(2,1 f2,29 "'9f2,N]

M~ [fM,l fM,29 "'9fM,N]
(Step 1) Fe#-T32E » A) = 77 data
d, =€, € - ey| m=1,2 ..M
Ho e =f —f 1 i
= mn — Jmn " Jn> I Mm:

(Step 2) A5 M X N evprd A

AdsmiBrowsd,, m=12,...,.M
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(Step 3) ¥t A # SVD 4 f%

A=USV"
= AU, V; +,U,V, +eeeee + A0, v, k = min(M, N))
il giz 213 g oo o0 éik

(Step 4) #-A 1717 =
A =AUV, + AU,V e +Au v,

Ejl]_/ﬁ. -

=

Pﬁ‘}i? AT A

-~ "

G = A [mIv] + Ly [mvy +-ot Ay Imive +| i o - fy ]

K,/Ttiii’af_ﬁ_[fl fio fy ]

SRLenE D & A o v, T zLanl i I SR NA
g 2 3 B AL o SRS



265

Example of PCA

3. ERE _HBEE  AELGARHBREEREIE -ER TUXESHES &M
THRIGSERATR — BN 2 R - TE—H %% SRR IH —REaES

g —SRPEBNEARERE/N? s
(1) y=2 ‘; | ..:.
(2) y=-x 2 ;
(3) y=-x s &I
{4} yz% :; ‘--:f:
5) y=-3 - AN
3

S5-4-3-2-10123 435

From 2022 < % ¢ & F %
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Example of PCA

B - B M T RS > 4 5B ..
B B *
(7,8), (9,8), (10, 10), (11,12), (13,12) ..

M=5N=2 ot

ERET BRAPCA (T R

0

(Step 1) #:57 B AERER2 T2E (10, 10)
(-3,-2), (-1-2), (0,0), (1,2), (3,2)

-3 2
(Step 2) ;= 5x2 &7 matrix 1 -2
A=0 0
1 2
| 3 2 _




(Step 3) + & SVD
A =USV"
—0.6116 0.3549 0 0.0393 0.7060
—0.3549 —0.6116 0 0.7060 —0.0393
U=l 0 0 10 0
03549 0.6116 0 0.7060 —0.0393
| 0.6116 —0.3549 0 0.0393 0.7060 |
_{0.7497 —0.6618}
0.6618 0.7497 N
—0.6116 /
~0.3549 |
A=58416 0 {[0.7497 0.6618]+1.3695
0.3549 |
| 0.6116 |

| —0.3549 |

267

(58416 0
0  1.3695

S = 0 0

0 0
0 0

TR AL

[ 0.3549 /
—0.6116 |
0 [[-0.6618 0.7497] /
06116 |



(Step 4) 268

—0.6116]
~0.3549
A=58416] 0 [[0.7497 0.6618]
0.3549
| 0.6116 |
7 8] —0.6116]
9 8 ~0.3549
10 10|=[10 10]+5.8416| 0  [[0.7497 0.6618]
11 12 0.3549
13 12 | 0.6116 |

EP A& a [0.7497 0.6618]
BT B REAREET LTI A

5.8416-u, [0.7497 0.6618]+[10 10] m=1,2,...,5

u,=-0.6116, u,=-03549, uy= 0, u,=0.3549, us=0.6116
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AR

[10 10]+¢[0.7497 0.6618]

c € (-0, )
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Using the PCA method can obtain the best approximation result.

(Proof):

Without the loss of generalization, we discuss the problem in the 2D case
(i.e., N =2). Suppose that the location of the M points are
(s Y1) (s ¥9)s vvnes (Xas Vi)

We want to find a line passing through the origin such that the projection of

(xX15 ¥1)s (X5 V5), +-veeny (X35 ¥3p) ON the line has the maximal sum of the square
norm. That is, to find a unit vector

e=(e,e,) where |e|=1 (The line passing through the
such that origin is «e.) (1)
() epel +((rn) e+t (o) e)el
(2)

1s maximal. Note that

(o) epe +[((rpn)oe)el +ooe (o))l

= (<(x1,yl),e>)2 +(<(x2,y2),e>)2 T +(<(xM,yM ),e>)2
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Suppose that for the matrix Aol 2 P

Xy V]

we have performed the SVD for A and decompose it into

A=USV’ A, 0]
0
U:[ul u, - uM] V:[V1 Vz] S=| . ﬂz
; ; 0 0
A=Auv; +ALu,v, (4)

vV \%
L1 2,1 r r
If v,= { }, Vy = { } then v, and v, are orthonormal v;v, =v,v, =0

T — _
ViV, =V,v, =1

Therefore,
AV, = 4w, ViV, 40,V v, = A, Av, = 4u, (5)
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Since v, and v, are orthonormal, any two-entry vector e can be
expressed as

2 2
e=cv, +c,v,  Where ¢l +c; =1
Therefore, from (3),

H<(x1 ) eH +H (%5502)5 >eH o +H<(XM9J’M)9e>eH2

2 +_..+(<(XM,)/M)901V1T +02V§>)2

(6)

N (<(x19)’1)901"1 TGV, >)2 +(<(x2’y2)’CIV1T +szg>)

Moreover, from (5),

(<(‘xm Vn)sGV1 TEVy >)2 = (ﬂ“lclul,m + 40U, , )2 (7)

where u, ., and u,  are the m™ entries of u; and u,, respectively. Therefore,
2 2
((io)se)ef +[((x,0,) € €]+ +H<(XM’YM )¢

M
Z(Cl)liul m T Cr i, m) =q 2122“1 m "‘Czﬂ'z Z”z m "‘261/1162}22”1 m"2.m

m=1
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Since u, and u, are orthonormal,

M M M
2 2 .
Zul,m o ZuZ,m =1, Zul,mu2,m =0

we have

H<(x1’y1)’e>eH2 +H<(x2’y2)»e>eH o +H<(xM,yM),e>eH2 = A +6k

Since ¢ +¢; =1 and 4, > 4,, the best way to assign ¢, and ¢, is
c,=1,¢,=0
That is, we can choose

T
e=v,

and the projection of (x,,, y,,) oneis Au,,v{

- 4 [ T

T
Xy W /11”1,2"1 ~ Ju VT
. . . = 1Y1

T
X
| Xv Yl | Ay vy |



