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Typical windows
7PIC vinaows [ ] g,f’ Oé_h CM @Lghﬂ”q O{ yOUV' f[LT&r
lwlnl=

,' 0”'\?*‘!.)1'5&

31 | 5—]; 0¢neM M
wilnl=

0 ; o”'l?#wse o np nh

0,5 05 605(2'“4/” 06 LM vl loo:;all:::ou. haiy
wln]= LQ.
0 0 fMn

>

, OTLGVUISC
0,5‘1 0,46 cos (2un/M); 0¢n<M
0 i otherwise

. Dela.y huﬂ[h] fo oblain a casval fi“e_r. il
2) FIR fi“er otesijh |07 LeasT‘Salva.res oPTimiZa.Tioh (fiyls,m)’

 Choose the filter Length Ne4 with N even.
* Specify the desired filler frequency response H(w;)
with wi=ti udh i<0,...k-4; k>N
Hw:) = Z hlnle™"

h3 ."g

To obfain zero pl-«asc fi“’cr, e, with no alcla.)/, we wanl the imagihar;; pa.rTs of H(u_)

fo be zero. /

Eolers {ormuLa 2> Hlw) = Z |n[h] (cos(u n)-1:sirdGrn))

hs l"/

"h +th["] 2-cos(i;n)

Hw)] [ 2costut). 2coslu, )] [Wlod
H(w.) = 1 Z'Los(u,"()...Zcos(m'N/z) ?
H(w,) 1 2cos (W 1)... 2¢os(u, - ")) h[%]

S— ~— _ \_/L’\J

=: =:A -




h*:argmih(d_A_h)z #"\\/ 3{&)=0
h for - - - D &

2 Vv

aég(i'Ah) i0 —)So’.ve {oy _lg_v

Vv

@ IWAA=ZdA [(A7A)™
& W=d"A(ATA)”
© |n =(AA) AT d

N— v
Mml Moore -Penvose

to ¢wrn inke uwfl.ﬁa-a. Psevdo -lnverse
need to dllu it

b
Virvor il 1o hlen] To obfain the desred impolse response.

2 ~ VO l"ajlhakr rap-f'

|h]cl'niTc imrw se response (ITR ‘I:i”ers :
L0y (03 bI03 xEuJ bl A1, +blpd Cn-pl-al) A -algly Loy
NoTes-'

f IIR {'Ii”ers may be unslable
the may Jclaw{ or Tﬂnul do &zl &l{(eren'r re_ vencies
! IIR {:i”t’-rs nor In Sehera.l have a lineas pz amples, con l""l to vory shange relults

(" f;’s'e"f ot:zurol, L)acLuavol'F”ethl 'F Pos.ﬂblc)
* TIR filfrs Hpially have slspr Tranlin basdls Than FIR flle

There ave 4 ProToTYPica.L IIR fi“crs:

o.se

IHG) vont fo oo [HG)I 'hranse f:
1 +y”“k“ banel ripples in 1 P
r i ; papltbaml —
I I N
m—: : E‘!:y:.;t’for”\ Chcrky,fahfv ] _: :
: :M wou a‘uou : :_
! ! > ri Fles i ri FLzs ™ ! —
)l v s’fop band s’fvr -band H) v
¢ w
d:mﬂlm N
’r 1 | L aﬂt“ / | SI_ CS"
0\ T, by S B [T e
| I La"'{ YP ¢ ;ﬁb:n: I | bot l"lFr(u
L D
| ;u N | 7“,




From Lou*Pass to lﬂljl‘t"oasr, bou\ol‘,)a;:l?m( bano[-sfop fi(.fers:
M) high pass filln P banel poss filke
1 th(”)=1_H‘l'(u) :i J m‘: T MF
1 Hbr(u,=HLP(U)'HhP(U)

 Hyuld=1- Hy, ()

(g

Ve T

Hpshs) bamol shop [Filker

S
"y
L




LECTUVelmé:TL]& L\i”)evT TVG_VU'{OW/"\

Z(1)=I2()]-¢

Insfanlanevs ampLiTua[e= IZt)]
Instanlanevs pha.sc - 32 /(1)

(
lnsta.hraneUS frequcncy : "‘#

Assume Thal [Z(t)] and %@ are conslant and consider the Projecfion of £(t) onlo The

T <oy A G I U Y O iy [a()]

BY ﬂ')c l\ilLerT Trahs{orm, ve aim To rcconsTrucT a

comp[cx'valucd. signa[ from ils ProJecTion fo the

| axis?
-1 real axis .

We wanl To reconslrucl The a.nal,yric signal ,

zlnl=2,[n] +j-2;[n]
=x[n]

We wanl To,,r‘cconsTrucT” z.Ln] from 2,[n]=x[nl]
How do we choose 2,[n]
Consider 2,[n]=x[n]*Acos(un)-Re {lal-<""}
z:ln]= Assin(un)*A-cos (un-3)

By dela.\/ing X[h] Ly 13’, We can ,,reconSTrucr an anaLyTic Signal ”’IG.T, for X[h] a Pure
osci“a.Tion, Las consTa.nT a.mpLiTuo(e and linear pl\a:e (.’—2 COhSTa.hT ‘Freq ucm:)l).
Extend This idea To signal«s composec[ of moltible oscillalions:
z[nl- X[h]*‘jz;[n]
DTFT
& 2 Xw)+2: ()
~—
=X(u)+JH(u)X(\.I) |H() 2



I it
e =j; 0cuem

AIﬁm oI
e Fy; -m¢w<0

Pracrica,. imPlcmchaTion’

Note thal
2X0); Ocwen
Z(w)‘

0 ;-1eue0
1) Band-pass filler xln] inthe frequency range of infersl.

2) Compule Xu) via the DADFT

3) Sel all X(u)=0 for all /<0, and rescale X(u) by a faclor of fuo for all 30.
4) Compue The inverse DTIFT To oblain the analylic signal z[n]

Insfanlanevs ampliTuale’ l2[n]

Instanlanevs plna.se. : & 2[n)

Instanlanevs fretfucncy : d%m



- One of the

LECJ(UV‘E’_ ¥ ”’\& DlScre_Te COSlhe Tlrahs][ovm (DCT) ”‘*Jm-rdrbc/

Anal sts X[L] 2 Zﬁ -cos (& k(2n+4 0¢keN-1 Similos T,,a,,r[o,,,., to FT, it
(Fie fo ai”‘*‘”‘/ osaiv) [ 00 Do Fometions inlenet by b also Compurtes e spe ctrom
n“'nesu x[n] ¥ Z X[U cos( ‘((Zn"”) 0“n‘N4
(Frdyetney to time omair) N5 H_ U}{} a %ACAGC cel o
- X[01/2 ;l('o lﬂG/lN—\ Mé,rakco( fo BT,
Vherc L— X[ ] -”‘ . w?hs USeS Lo >
h ; olherwise MMLQ/'— &;roua.l-.r!(;
Remarks: ;;’f;;;ﬁ;;,jf{{;«* assin that
- vebion : Slj'la s we
”’e DCLlS ah lnverj ‘!L@n M Transformajion. :‘“:5 ya“ L)M: bl Pm'oo(ic
To show prove He basises w VGP:‘Z;J":’ uuaje-f (M fo«,
‘ Thcre are varianls Of ”re. DCT: I- N (n'ne one above isthe DCT- ]I) % ‘fa d,“
N Jcohpﬂﬂ:’

x[nl

N

2N "

~The DCT chcnals/rcPeaTs signals symmeTrica.Uy, while the DFT exlends sijnals Perioa(ica.u);.

=t 2L

T"‘le ]cormer 15 Parrlcul«ar {or represenij lma.jes, u‘nc‘r are Typlcau)l HOT Pcrwa(lc

In [1] -‘- mport package In [16]: # r ima
import numpy mrei a.jpg')
impo: tmtpl tlhpyplt s plt pltfg (fg (GUH
import im
port

ag plt.imshow(imag )
sc)pyAfftpack

Out[16]: <matplotlib.image.AxesImage at Ox7ffaf3700ccO>

In [2]: # define DFT and DCT
def dft(N):

k = np.arange(0, N)
= np.arange(©, N)

A = np.exp(-1j*2*np.pi/N * np.outer( k, n))
return A
def dct(N):

k = np.arange(0, N)
n = np.arange(0, N) 2en+A

A = np.cos( np.pi / 2 / N * np.outer( k, §))

ba’sfmcl-» /’DFT((n/F- ues).

NS
nodelled will be

. \\7,/,' S 1\ _/" E = N ,"
" badls funchons of DET (fivsh fue omes) Ha Lot fisiin,

bobh sk et LO3




ZecTure, 8: MU[/LTQFBY‘S speciak class of windows
x[n]; wld = 7Ln] Xl X)) =Y0)  iea is: To conbol He pantiov

o J‘Imfe 0/ Vhe window I‘nl
ts vsed for pove,-spectrat
-£>—I ;_T &> --- Mxmmﬁu estimation Pe

4 J
winp & (eliskotion)
W)

we obseve ) 1 bethe.- Cl‘)hl'rod
ml":
i

“Ws Us w

Ve wanl 1o olssign a sel of oPTima.l, windous, In the sense Thal e oo a synooTLinJ/avwagihg of the
ovigina.l, sPeJrum over & banduifh of Z-w. As wln) has To be {iniTc LenSTL (N""‘), ”ne, above

frequcncy 1S POSSIIDL To reallz& To {mJJhLEfJ aPPI"Olea.Tan, wve consncter- ”’le fo”.owhj OPTIrnna.Tmn

of widlo

Problew ‘f‘ 4 | Y 1/ ﬂ\:ll; u\z:-s,ﬂalr owfumo(ou‘fumb‘} L/ Sﬁouu+fmcufm14 J’:{ e"‘?{
argrfa]x_ W(u) Ju ST *;i!!.L/ ‘:) ‘\o;g fo‘;c,ﬁ'?]o:’( :;:::d-:: to re_,la-gu?i«- umdo:.:?(u all 5077

\cwk—um‘%l—ﬂo is finike cnncl conc anhaled it #4; _',“ givem ralps
o[ He cvindlow o(ac? not depesdd on the covshaint bonst,

impuise response (Rime domain)

Review: Conslrained o,oTimizaTion
*gfu) llull,-12 20+

arg,r(ninﬁl_t) sT. 53):9, ={uTw 20

i) Cons brained
Exa.mlale.’ a.lrgmin “X"z sf w :_c*b =0... l-u.m- constrainec!

aﬂﬁ=,\w
e Lo G E 9
sl s allocel chocpe €
of Hhis point R 573&4“4 not care wﬂgf.vﬁﬂ /#u.]»oé«l (J'usl» wast Hhew ‘l‘opu‘u}ins«u-l«'mfi-a
ik in divecti the biggest
Prs"‘;r“n,ou:lal: :l:‘ms P
o ill oluays pobd awvey i erigin (so ik buers by taaviny aver Ho conknil & )
b fomckion
+b=0
f(x)+)\ x)
l:o;liw‘-‘oa m‘/"‘ e LLajra.hse muLTlP'.ler
pad A) -;-0 = 55 =‘,\ 35 =)\- g’_‘
9 M
TL(x 210 © glx)=0
=

w.')l-xcouJ_,k

Tur Lt T (261 (3 >V

1t

N/2

=3 2 bl (_,.,(.,-,, du

-
"1."‘1. v

N/2 N2

=2, 2 ulebuln] [y e

""'g m*°3

Ws

-y



N/ NI

"z z U[vn] \J[m]

ywg{m= h) Ju,(m -n)

ne-d -l ilm- h)
=:f Né_! Ldulm]- 2 SIh(Us(M"h»
Let w=lW[-4 1) an < 2-sinlws(m-n)) .
=[WI ], ,L/[ ]] and A,,,.,;M— o f e g (u) o, 12 20-<
Then,  argmas Wl - argre (RS <1, 11,1 a0
il w/'?:w M \Slmlal fied coch funchion
> ug,x)=..,"A..,+A(m-4) | 079 (W
>\) ZAU"')\U 0 <=>Au )\u Eiguavechrs of & Sybhvw}vic mafrix a-e oy-Huy,,w(_
Modvix

E fgemm.lves (\u»c;’ouo(m )
all v thab F‘;d‘:.u this equa‘hou ave solutions fo ovv or'l'm.zahou problen,

u.’ 'b.j"- of w (no duu,. o‘: ovientation
El"ehver-fm-: of A (se of wirdlous that ave solvNows to the problew.

Eigenvalye of an eige.vechor gives amov to
WAL=\ e ot of o=y
Eu,u.v..lue; give valve of the cost function ==7au bg so-ko(,b gel Eigevechn vith #e greslust amount

TI’IC SOLUTIOHS To nle cngenvalue Prouem are cau.eal. ﬂu a(nscreTe P::[’ splnero:da (DPS) Sequences or
SLepians.

The muLTiTaper specTraL eslimale is given E)ﬁ
, & N .
|X(w)|= [3 gq |h§£ Uk[h]'x[h]‘e 7



looks like

/,ecTwe ﬂ: L/a,ve lels %’i‘t‘z?;:{i:g}’m T
Mofvaling example IXCl
nanAo
'k
ldeaFerform the DTFT in molfiple (moving and polentially overlapping) windous
= Shorl-Time Fourier E:zﬁcarm (STFT)
M) = 2 Lt xd ™
for some vindow wlal of lengh M. DUT Low freq. S
sy T Frequeney Plane o

fs=1ooHz UMz
M=100 m L Eopy) higfn »;cal.Z

/ low lime

sy

r:‘w‘::t 7 A = = > -.{t:f_mb:ﬁ:}:ﬁ:;?ﬁzﬁimw > V‘GScldHoh
;'.;uﬂ‘{/::?p R 3m 4H T T
the. sampling 1s ulmzfl-:;k..;{; i [“’jl:s““ 1h Vevy slov oscillations also Jwge. amPlzfvdg Slggly

fas’- oscllati ons &I\ahyf. a,uicld;z

rake thea there 7 an over

The Disercle Wavels] Toaneforrm (DL/T):
Given a mother wavelel hln) of leﬁgﬂr M, we ﬁefﬁqeﬂn relel)

- scaling the mothe vavelet (streches ov
hm.k[h]=;~:—'h[2-m'h'l('Z.M'M]; m.l‘(ﬁN

N”ﬁf‘“’" }l\iﬁ of the vavelet

The DWT IS 5ivcn L.;l
Frcyo\q ,mikv:m - | )
ARSI AN Rty
Woveld donajn
How do we olcsijno. molher vavelel st <kﬂ,k[h]lhh',k'[h] =8 'SH‘. 2

innes P”.l’g" e rrao(u(} is 0"”'0,0410[

. othar . a
.”‘C HOLOLY' WaveLcT' :!;I:?cfs(fw basis fvnctions) Iszero
exept we project the wmother waveleh onfo its 0 in

41 . 04n¢ lﬁ duplicabe Fhan ve wost if fo be pne =37 =itk
I
hlwl=)-1; Fenem
0 [ otherwise



mothe wovelt

a1~ ISHP'J ot ,a]a.ih slﬁ/ﬁa(
< h,,,l(_,{h], h,,.,(.,[n]>=0
AL | >h
T (l00.0) (mk=0D) (mk)=(02) )¢t i
1% shifpeel anol sceled
T
%/l (2,0)
%/ /

(m,l«) =(1,0) s C“""ﬁ o (m,n) =(1,1)

wowv

<|'l(0'o)[n], LH,D) [h] ?

= Ah)’ SeT D'f /V Fairs of (m,l() givcs an orThOnorma.l Lasis lnm,,‘ [h] Y
Mexican La]\/Ricl'lerT wavelel:
ay).¢ &

,'\[n] ’ﬁz?*_-“'( s

VAN VAL

The Mexican hal wavelel 3ives rise fo an or“nonormal basis I:wT has infiniTe SUPporT.
Daulaecl‘\ies wavelel:

W,gives rise TO an ornxonormal Lasis, LUT Las ho analytic expression.
se finite lungth



Lecjure 10 STOclﬁasTic processes

| This leclure, we consider the Time-series x[nl, neld,..., N} 1o be one realization of a discrele~time
random process (¥, ne {4,.., NI} of N random variables (r.v.5.) with a probabilily densily fonchion(pdf
Pix.3 Xasewxy ).
Example: Consider k repelifions of @ brain imaging experiment, where a subjecls response fo
visval sfimulus is measored by electroencephalogram (EEG)

,rcPcal- _expu-;n«-.l (bmih ruroa.n)
/Ioram response

—r'cpcal- exper iment (brain resposse)

Sﬂhwlvs prc=
SatTa.Tiov\

0ur joa,t s To eslimale Tl.e chcTrum of the random process from ifs reaii-mTions. Naively, we

could so Ly 'firsT esTima.Tinj the sPccTrum o{ each rea[ization,anol then avera._q;nj across all
esTima.Tei specTraL. In uxe fo“ouihs, we ui“ STUJY if (or under which coml_'lTions) ﬂ\is 1S a scnsible ]J.ea..
Because esTima.Ting higl\’a(imcnsional palfs s adiﬁicuu Tusk, we Typicauy infroduce some Simplifying

ass UmPTions=

GaussianiTy’we offen assume Thal {x,.} is molfivariale Cw.ussion, Le.,
yowdom Variables

=2 151 Fexp -4 Tl where

for hm«afliziv
NxN,

T
X= [X,,. I .,XM],,«_‘.* [M,,...,,".N] ﬂw meah o]c eacll r.v., aho( ze'R "ne covariance ma.Trix ofg{_.

Xa 4 | o
In Pra.cTice, we are oﬂcn vnable To\?hsfrxe molTaple rea.[iza-Tions of {xh}. To faciliTa.Te_ eslimalion of P{x,}

p ks wu[}iy’g hmcs)

from one realization (XH],,X[N]), we oﬁen assvme ﬂ)e Process To Le STa.Tionary:

"";wg shiflx

Vfé_% : P{x.,.n:} = P{xh}-

infegers
Nofe Thel for a sTaTionary molfivariale Gaussian random process we have

Eixh} S = Gy, T (mean)

ey’aea[(j valve is idehat vo ol Ha ofisn oues (oeross time)

E Z(Xﬂ."/&)z} =611=. L GNZ =0 i (va,ru'a.hce)



and

' E{(xmt ',u)(x,,-,u)} (- ixm 'x,} ',uz)

the covariance sequence of the process.

We can ”\en eslimale all para.mefers of the multivariale Gavss. r. p- as fo“ous’

/Q"ﬁéx[n] b c} =N—-1n;(><[h]',u)
Aﬁer subTching The mean from each observalion ) e, x[n] =x[|n]‘,3., we eslimale the covariance
sequence as’ r.f%fi[m/‘c]'x[n].
f/m:lx[#

We call a random process whose parameters can be eslimaled from one realizalion crgoolic.

Exampl.e of a non‘crqoo(ic sTaTiona.ry (mussia.h random process:
T A 7 ¥

LcT oL”N(,«.,_,G,:) a.hJ. X = for au. n.

_ reslisdions of the skationay

, 7 Gavussiae. vonolona process
M;_’_?F:;;::::::;:::;\/

EXalee 0{ an GrqOJiC STG.TIIOHEYV GaUSSiﬂ-h ra.ndom rocess:
P
1 T SAﬂAsAcw[ ina(r.fo‘o(m{“

Let %~ NG with x; x5 Yijeld,. . NFif i%). Then r=$[116°

Fo x[n]
¢t ) 0 0 g
/,,
pad 6"-
v S h
vowiowce Seqve,ce BN A
co 7 [ 4. Sasmple

1. sahrb.
d. Soun,

le
We call this process a while Gavssion noise (I/GN) process. ﬁs indicaled |:>Y ifs covariance sequence,
the WGN process has no Temporal struclure. n the next Leclure, we exPlore rela.]‘ionship befueen The

covariance sequence and. the specTrum of @ random process.



LECTUVC 4013 SPecTra[ esTimaTion o{ sTocL\asTic processes

Consio(er ﬂ‘ne sc,uareo{ mFLiTuo(e sFecTrum of one rea.l.izaTion of the random jprocess:
FIXC = % X)X )

r’ol gu‘-uh

i“;x[h]e 2alml

N
i y -J flmen) ]
=th4 MZ x[n] x[m] ”"m'h
M N-
: (”lf\l; M ‘e P |norolcw'hj

n ‘bm: estimale of covmiance Sequence

Z r" J"‘l_. N ,_,) perlool:gram)

l=-(N-1) Tole DIF of #a covosiance Sequence , SVIS us the same

L/e ca.U, ’!r'i_:"”su {w) =L§.P‘L'e-wl"'5( ) ﬂ\e power SPecTraL al.cnsJy (P SD) i

D o Rurscenl’s Thorem, Il Xl 5 [S

')‘”13 PSD can LC— interpreTcJ as ﬂxe POUW PGV‘ frequency generated Ly TL\& ra.no(om Process.

Rema.rL= A zeromeahn sTa.Tiona.ry Gaussiah process 1 { lL, characTerizec[ b}l iTs P SD
Ue can csTlmaTe ﬂae PSD(VIG. -”ie. PerlodOJram) via ﬂ)e Squarco[ DTFT SPCCTI"UM Of one rea.L:za.T«on

yaudah proess

Of TLC— T.P ,or by {‘IPST esnmang TLC Cova—rluhcc Sequence 0{ .”'lﬁ r.P. ahi TLQH GDMPUTI“S iTs DTF -[
The perioclogram is a poor eslimale of the PSD:
{S (L)} = {ZS (w) nf weild,n}

5 (U) oﬂ-narc.use_

arionce o{‘“\e Feuoa[ #‘m‘n csf Ma“ov- kinel v£ ﬂ" hogse ﬂd v Lavt n 7ow eshinate

BCLY‘”CHIS MCTI'IOCL.' OQEPSD ist eu—, Qutncy W oand i+ does nof dlecrease as mcr rwy-
es tonhs

Sejme_nT X[h] inTo M COHSCCUTive SegmenTS o-f lengﬂﬂ Nz uiﬂ) N=N1'NZ a.hol‘”wm average

lim vay
N>oo

the periodogram across all Ny segmenls:
ABE Z N, (Z X[nemNJe™)'
The averaging reduces the variance of the esfimalor by a factor % (roughly), bol if also reduces
the 'Frcquency resololion.
An extension, called Welch’s method, seqmenfs x[n] info overlapping segmenfs and indous

each segmenT, eq., Hann window.



Windowed Perioo(ogra.m’

'nsreaa{ of avera.ging across Sesments, average across frequencies:

A & A —juk
Su(\d) Z Uk[‘(]' h e ’

k=-K

with K<N and Uk[k] a window fvncfion, eq., Hann window. The alejrce of smoo“wing in The
frequency domain is conlrolled Io): K, uiﬂ, smaller K leac(ing To more smooﬂ'ting.



[,CCTUV& /1/{ ,n](ormaTiom ““EOV‘/ G.HO( COWIPY‘CSS.IOVI

Consider a random variable xeX with [X]=h and P(x=i)=P. (ieX) Ve wanl 1o lesign a

Un ngewi ishel t

fumcrl'on H( ) which we will call the enTropy of ﬂmf express the reduction in uncerlainl )'

dUﬁ TO OLS&”Vlﬂg X.

What properties shauld Hi) have?
1) H(x) should be maximal for P="%.
2.) Permulafion invariance: Clanging the lables of events does nol affect H(x)
3) Adding evenls with zero probabilly does naf affect i)

uuhpue(auf

4) Let « “)’ Hlxy) =HlH,) Hx) == P0) Logy( P()) == PUx) Loy, (F/ Loy (2)
doat

Let sy Hley)-HioE Gy e
Theorem (Khinchin, 1353): i
Hx) salisfies properlies 1.-4. iff
=2 Rlogh [bits for Loy

(m(krml7 dishyibobed (eccl evenlk has as efval pmpﬂbﬂc’lf)

Example-'

Let xeX with 1X1-2°-8 and (B,.. Py)=(3,%.3,4.5% % .
Whal is ﬂw_ enTr'opy o{ x
H(x)='%'logﬁ)'%'105‘(4?)‘47'[05,(%)':7'[05,_(147)"l' i'q ' Logﬂz) =2 biTs.

Can ve compress X uiﬂ1 2 bils per symlaol« on averaﬂe?

x_| m(X) m ,(x ) L. (x)]

1 {000 U 1

2 001 4 0 2 Avera,ge Coo(e Lenjﬂq'-

; 010 :11:’[400 Z 4412134[(11462
o || ¢ T

6 | 101 6 011010 %132

2 1410 | 111110 | ¢ =TT

8 (111 111111 4

131356 £ 0 110 014111 0



Huffman coo(ing‘ConsTrucTa. hivachical code ‘oy {usihj Lou-,oroloal)il,ify 5ymbo[s.
Code 00 10 11 010 0410 0114
SymLOlS Xq X, X3 Xy Xg Xg
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Remarky
! We neeJ- TO l(how P(x) for each symloo,, ina.lvancc.

[ 'f 5ymlools we generaTeal iid. accoraling P(x) and all Probabi[iries are dyaclic (P(x)’Z-N {or some
infeger N for all x) then Huﬁman coJing is opTimaL
Ari”lmcfic cotlin5=

RCPY‘CSCHTCL STrl.hg Of SymLD’.S by one S!.VISLC (rea['va.‘.ue_o[) number beTUCCH 0 a,hd, 1

S¥mLQL !(5) #4; Xa } Xa : X3 } Xy 1
xa |05 0 05 07 03 1
Xq 0,2 #2'-§ X4 X, Xa Xy
x, |02 : 075 035 045
Xy 0,4 #3: iﬁ-H-l-;
! 04
STring-‘ Xo Xy Xa| [0,35 04]
2lp 1 1= 0,375 1
|
Remarks:

- AC requires specificafion of the slring LengTL.
- AC requires prol:aLiliTies of each syml:ot.
* AC is oPTimal for iid srmlcol. sTr'mgs.



Lempel,'Ziv‘L/eLch ([.ZL/)'Coa[inj
Build « codebook on The 'ﬂy LY crea.Ting new words -for novel sub-strings.
MM Sbing‘ XaXqXqXqX2X3X4X2Xq | 18 bits

Xa
X2
X3
— =X _
XaXq
XaXz
XaXq
XXy %3
X3 %4

Coded. String: 00 000 001 101 010 0144 |18 bils

Xa Xq Xa XqXa, X3 XqXiXy
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Remarks:
L2W coding is asymplofically opfimal.
* Decoding recondlrucls the code book on The fly.
- L2W is the basis for ZIPGIF,TIFF and is used in JPG



