
w Ailw na~u.srues6~ QI 

Basic Concepts 

nqajs~~3ufmd~&~~~mtu1)rld !lm&sl'u'Iug n.R. 1948 

L: ocinnrirm~~~olfu~=:nauf a~maislaaLu^afl'u $0 Claude ~ l w & d  

Shannon IRSW U I L W + W R ~ ~ U U O ~ L V I ~ O ~  A Mathematical Theory 

of Communication lualsms Bell System Technical Journal b 
d' unnmuu m l i ~ u o n ~ w ~ d m ~ ~ u i n o i o n ~ ~ d a m ~  ~ n l l i o ~ o  

w m ~ ~ n ~ w  PI j i la81~~nsio~ L u I ~ I ~ ' c i ~ ~ ~ n k ~ a i u u a ~ ~ i u i ~ ~ i ~ d u  
~Giu rrci~3ioiond1a8~n~~jhm~mun+ia 7 41 

11nunn71uZ r i ~ l ~ i n n r i o l ~ ~ ~ n f ~ f  uGiuu1~~lo4nw16una'i ~il ua 

~u dods~<uo81~na'1d?1aid $ d 1 1 l u ~ m ~ u h o ~ ? n 1 ~ a d ? " d 1 8 ~  

i s i  f l r )~ - tV73tV~t f l~  (Information Theory) kRZ%f l  nr)Ha'3$1 
PYdv d 

(Coding Theory) #d~~~fm~1am?dsz~d~d~f~1~~n1~~om~d 
d a dd.2 Jszim%n~wu~tnaiurii~sono lu~niaznu~~sunau n 7 ~ 4 b n 7 s  

n"Gn/a&dn7~1 (efficient) ~ a n i s I a m s A l ~ ~ a ~ i a  u i au  n73 

i(on7sn"Gna7ud71Ba~a (reliable) ~ a n ~ s ~ a m s ~ $ a a $ d ~ \ ~  

~a~au)rlialn~idu~Cu~ou~d~uu~nd~miri~dor~ilurci % isinqwj 
A m l a  msruLnR arh~u#nwLi(uan'ud~~kn~niw~fanls~ams .adurwa 



2 CO 334 

~irr i~nid~odn?iuri , i~1r~i lu~~~rnisirn27rd k u i a i n q g  
u dei 

Gmrrrlwanw r 7 ( u ? 6 u n i ~ ~ i i m ~ ~ n n  I m u l # ~ a i u f W " ~ ~ ~ n i ~  
u dei dd' 

h f i 9 I  T H R ~ ~ ~ ~ ~ M H U I U ~ ~ ~  
u dei  

i . s~mr~ur~a i lun isd~r iou  
u dcr 

2. ~clmun?iu~nn'o~uJubIgJ mu i sn~sm iva~ r  L L ~ V  

+'ofimwaim16' 
u dcr 

3. il&~ounisr$islni~-nams~wnud~~~n'rniw 

sHkuhhfif lwain (error correcting coda) ~h~~wMdd21~.j?m 

n q w j s c  d f i n ~ ~ r i u ? n ; i ; m t s ~ ~  k n i u ~ f i n i s $ o m s  dil 
C ~ ~ I U ~ U I T ~ ~ U ~ I T ~ ~  7~l&lLLAr~L.h+'Elf ~ W Q I G I ~ ~ E ~ ~ R I T R M L . ~ ~ ~ ~ '  

dl41 'R75RULnR" L ~ W ~ W ~ ' Y ' ~ ~ % ~ ~ J R O U ~ ~ ? L ~ Q ~  &.J1~11fl 

dirnlt iajnqah "informationw s i a Y ' ~ ~ ~ u n n i u ~ ~ ~ n ~ i u  

M U ~ ~ V Q J ~ ~ ~ ~ ~ ' L ~ " ~ ~ W O ~ ~ ~ ~ ~ U ~ ~ H U ~ ~ ~ ~  d71~11; f l l lURRd 
d eY u u  ~~oauodd i?m io  y @did 7 ~ u d ~ ~ t ~ # d i i i m s ~ u ~ n ~ ~ ~ r a r  

di~m~rp'FurYul6' 

rdoii i~iun~orI~~u~nun'usr; i~ U dl f lu~ i91dsrd i iun 'u~ ' i~  

utb du ~~kuoi~lflunis~om~ni~lnsra~ s C f i ~ - y ~ r ~ ~ f C (  

I ~ n i d o m n r ~ i i ~ u i u o ~ n i ~  doui~uruoirYu~niiiuuw'uI~n 

~?osHk ISBN ~ I d ~ n ~ s s r ~ u u n ~ ~ l o r r d a r ~ d ~  

Y I  IHATR-ya baa: (Reed-Muller Code) 

$iiundotmu t A m w  ciio21~~mi~~dnis R i l L R I f  uormi? 

msirfimwdu q niruiortk? 114.9 n.g. 1965 tnuuifuruoi 4 
u &  

(Mariners 4) r ~ u u i u ~ n ~ ~ t l i ~ ~ s n d d ~ n i ~ 2 1 o ~ ~ 1 i ? ~ ~ n 7 ~ ~ i u d ~ u  

Ian ~uniskniwudamiw n.rrrii~mud~niwC(~1tk~oon~ilugli 
eY w n ~ t g n  q unrs:yn7iur$uuo~mind~A"n 7 udrcnimd~~diw nao 

iTiumJLm o L~I: 1 dilnaiuun 6 d1u~1.i~ ~ i o  6 f im  (bit doui 
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f " C e in  binary digit) d ~ ~ r i f u n d l ~ u u a ~  0 kar 1 ud lmq m~uuerG 

R I ~  ~3uldl6n"~cluw 64 mq unun71u ~u'ulmi J 64 .rrCu 

& t ~ d  oooooo d~unuk17diin71utu'u~'aud~w l d o u f i ~  I I I 1 I I 
d. d d  d 2 i~~rnu~mlnun?lu~$uu1nn"~9 ~ i l a m s ~ n d ~ u l o ~ w d a n  ms6 

l6?uo1serldsls~6umsd*~ alorill~~siiun~wdfi~tw"u~lfl CJ 

t u  icir~~~iluoio~~m~~a~niu'afimwaim'bmun~~~~~~~~ms Lsn7.r 

$1l%~1su1~6u6iunis~dudi1~~~ri,~u1~d1~~d~~u'1ldlums I$% 

~ i f a d W u l r c l l l i u ~ u o i  9 L ~ ~ U ~ C & ~ I . ~ Q L L F ~ A = : ~ I ~ ~ ~ I U ~ I ~  32 

Cm svi~n~nri~?&asrti~sr;i&m-~ a ~ a a r ' - ( 3 2 . 6 4 , 1 ~ ~  L~YR-JIU~I-J 

Morse Code 
r ~ u a h ( ~ o r s e  Code) 

A .- 
s r i i d u y n m  qdma ia  B -... 

l 6 ~ n  uwu~1SLulu9PamdrrFfiaUM C . .  
D - 

l6ltri 3YiRuatR (morse code) E .  

~l4'lunlsi~'bns~a.a / ~ w t s d  F . . .  
G - 

k oro~\u~f lua~Ri iYnws H .... 
Enwasiarsil eqnuinuRiu I .. 
~IK~I~DJ?RLLR~BR ~n l iun  J -- 

K -- 
I 1 1 1 s  (code L .-.. 
word) ( i i s ~ ~ ~ M ( i l t Q r ~ n  kW M -  

N -. 
o - 
P .-. 
Q --- 
R .-. 
s ... 

. T -  
u . . -  
'V ...- 
w .- 
X -a*- 

Y -.- 
- . . 

miumulns~au @ a l u n i ~  

w ~ n ~ i u d o f i  d ~ i u n u  orudsfi~~uua~?~us=:~~dl~r'~~n~u~ilusi? 
Knwz g a a ~ z i i n u ~ ~ s i ? a ~ e ~ ~ l d e i n d ~ ~  twnz;nsun~uh 

~ ~ M ~ I J L ~ U Y I ~ J U ~ ~ ~ U R ~ ~ ' ~ ~ T L ~ Y  d ~ 0 1 Q ~ l l ~ ~ n l 3 ~ ~ d ~ ~ 7 1 ~ ~ ~ 1 ~  

ijslldl6 



5H'ac ISBN (ISBN Code) 

ISBN d ~ u i o i n  International Standard Book Number 

ISBN rilu.rKnplu 11 dfinaiuuia 10 nR'n uci~rnai11,5u~~u 0, 1. 

iiu~ddnkuiu~nuhM'nfiud Oxford University Press ~ndiundd 

10 
Cic,  = O  (mod 11) 
i= l  

rdo C, ~ i ludiu~rc~ud~rdi~~nd~~uct i~C~ ISBN ~ n n i a d i d v d d  
- a  d s o  0550 - 10206 - X d d l h  ISBN 'YodnudRa%o Chambers 

Twentieth Century Dictionary h w f  X ~ ~ ~ L L ~ u L I ' Y  10 

1.2 ~ % ~ ~ M w ? J u R z ~ ~ I ~ Q ~ ~ ~ ~ I ~  (Source Code and Channel Code) 

~Cwrrljdoan~ilu 2 dfz~nn Ra 

1 . wYa iumu (source code) 

d ~orn~n'u;Tud~iuni~ 2 u'anmu Worlonaiu .nous u~:: yn* m 
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nau 0 

(source encoding) wrfiun 0 UP:: 1 $1 39kV~~P173 ~dfiirni? 

t d t  ~r~dsfiirft~$iuni~airunu~onaiun;lnuuKau 00, 01, 10 LLR: 11 

miuh<u &$u 00.01, 10, 1 1 rIJurCgiluni~ ~unrf ikabl  ~n 

2. aH'ada~diyq(in, (channel code) 

r ~ k . d a ~ ~ y g i n ,  ~ i o r ~ " 1 A r t ~ a u I ~ m u 7 ' z n ~ r a r ~ u ~ ' a i i m  
WP,&~' LLPZ~ISKN"U~WOAO'=: ~au'1.;i~rimuirn~rfluu'aiimw~i~ 

l$ii5n6au rdonnu~rman mo:fiun~K~8unir$i  a73 
dad 

(message) oimd~msdiuda~cicyyit~nu~~r~nau ~ I J ~ I L L M ~ I  



1.3 'ILuu~oA'~'I (Communication System) 

mrzld r~u8n~inirrCi~K16un7'~ nju"u r~iori'suiYuoin 
d' ~ u ~ ~ < l m ! ~ ~ R ~ n l ~ ~ ~ ~ ~ n ' 3  ~ J L ~ I P Z L S U ~ S ( ~ ~ ~ ~ ~ I J U ~ I ~ T  - w u  mnronri~oinR'uni~ U wiurio~ciryyior~du~$3udaiu n i ~  rdu 

u dlr ni~'Rommi~lnns~iur7 oin~n~$dwd~ld u~non L L V ~ J M ~ J   do^ 

~qqiruluniriom3ni~ln3<wn' 16urimulnnlRirvl nisli~ms 
o l n ~ m r ~ u u ~ j o u l u o 3 m  tjnmiluuffulan daCuvnuini~ 
uonlan wfouCuqdnsnlrh~?u?u R J I ~ I ' I S P ~ ~  ~ i l u r i o ~ t f ~ ~ i o r  ni3 

GuCinu'oy e~~crwrruurndn"zo~~wu~~ iia rilumsdomsoin 
irooGuld~ouinr q 1un3d da~niyryiorfifin md~:ouciuirii 
i 

UMLElJ 

t: o r ~ i r u i ~ U l j d a ~ ~ ~ ~ ~ r n I ~ i ~ 1 u ~ 3 n d ~ r u ~ 1  do~liiyryirnn~ 
'dr: d 

M ~ I U  o ~ u R J ~ ~ I ~ ~ ~ I ~ ( ~ A ~ ~ ~ ~ ~ J ~ ~ ~ ~ M ~ ~ J L ~ ~ u u L L ~ R J ~ ~  riunk 
~ ~ i I 6 m s ~ d u u ~ d ~ l d i  A~unaw (noise) njh i;Jrun?uii 
6okd~~udin~~Ifi97~rn3~"r~~ouadl~1"r'u U rrrnsii~ldolnIji3 
m ~ d d ~  d ~ a ~ o ~ e ~ i l u  Churu Chfa~ qnr~pii ~ i o  s a d ~ i 7 u 1 . 1 ~  
mdviraudu88n"li da~i&~~mdri,irdo~Crci %J rilurim 

d J  
~ ~ ~ I ~ ~ J L ~ ~ ~ ~ ~ ~ ~ J o I R ~ ~ ~ I J  u a t n ' i ~ u i d i ~ r ~ ~ d ~ n ~ d " R u u  

hluil? cl"Ndonunl~nultnufl?1I$nn6adl6 U %I fioodi~Jbufifii 
~nio~aw mr ~nnbu urco~ouoIfi~un7~li~rns bli'IMd(retransmit) 



~ n d  1 n 2 i u r i f a ~ s i u  7 

ni~ilul'll L ~ I A  rns~nnunirlns<wivln' n idniuni~ lm7urr i3m 

raw ~iui~n.~ol#$un~~y~l)rldl6 r i?unis"Rmslwo~ni~  ~ i l w l d  
ldl~~nuda:lJi6uni~d~m~uil)rld LWS~=:~:LGUL~WILLW:~I'I.~'~ILI 
u i n  ~doflo~n'u.lrotimrrnim ~r l~i inis~.bisC~msri~ud~=:d~wiu 

u z . l  w % a J i ? g ~ l N  F I J U U O J ~ Q J ~ L ~ $ Q J L . ~ I ~ F I  ~ l ~ a : ~ ? l d J ~ d ~ J L " r ~ J  
L$lZCFI L d ~ ~ L d ~ ~ N l ~ l f l d 1 6 1  L L $ ~ ~ ? S J ~ Q ~ ~ J ~ I ~ ~ I U % Q J  

dpl.4 i?q ,~y inmu~~sun7u  d i d w i u n a ~ ~ ~ ~ i ~ a = : ~ n d ~ ~ d ~ ~ ~ f i ~ ~ ~ n o a  
A U P  

5% rwonm~ui imsf(d~ain$wni~~oo=:~~ ~ ~ R i 4 ~ d o u d ~ u ~ c i a  

~ d ~ ~ d f l i u n i ~  ~ J N N ~ J ~ M ~ ~  u 1.3.1 

dpld ~ d o d i s r ? ' ~ ~ n F i ~ d i d o ~ i ? ~ ~ i ~ n u ~ ~ s u n ~ u  ~ILLM~(JYIJ~ILLM~(J 



01 I IOI dwiuuiaiu$o~iQ~im rn~o~oamsclko:biruoid 
d J a a  

l&?u6d id id i~~a i i la  ozt A u d ~  d i ~ % a l ~ n u n n a d i n ' u ~ a ~ ~ ~ r  o 
I ~JunLib 

1 

1.4 Lafad L ' h 3 ~ k  (Encoder) 

a A ~ n ~ o ~ ~ $ i . r r i ~ r i l u k a u ~ d d ~ o ~ ~ n " s o d ~ ~ a a o m ~  df i i~a id  
u d ~ ~ m s b X l u p i i a  r w ' a r ~ u n a i u d ~ r ~ a f i ~ ~ ~ ~ ~ r i  J o ~ f f ~ ~ i m  

u a u  P dorn~a~doiam3 oiu~oumw a imsn ld i~n ia i~u 'o~~ (?u 

daiuni~na.rdia~iii0u'n~mws~imr~mu'u 9l ~ ~ : o i o ~ ~ f l ~ ~ K ~ n ~ a ~ I ( i  U 

~nfa~~ui.rCaozrlis ~ ~ r ( ~ r d a d a i a l ~ ~ i l u ~ i a C ~  huni3~du 

CAI uwr i~~1~8-I  u ~ d d  ~ Q i I d l ~ m 3  fiilfim.r~lau'u lunid 
- a d  noufiauaf o:isundadriu~ildlumfddi hw&aow 

~ u n i w i  &nqudi redundancy R ~ Y ~ ~ I ~ Q I o ~ ~ - I I ~ ~ ( ~ I u ~ ~ I I o ^ ~ ~ ~ ~  

d i  hud~ffu~$i'ldluma60di1n"u m~ 9% 7 rr$ani3~~uiau,&i 
na d u " u ~ o u a a n u ~ n i u  ri?uddu~d~rilusio~d~n"umf~au~ lud 

6ozisunhuifdi hwwnonolr 

n t  d ~uyGd7ijm~ o Lrnu 'yn9 Lraz I unu sooup urtrruynaiu 

u7unai3dn'o~nistt~mf~$~riaun~7f21~dflu ~flnouo7nniffu 
ddA ui una~.rriiu$~ci~ I Fi iu$a~~q~irunua~~unau~du"~~r iau 

d .cu 
n M i 3  auyR?i I On~dduu Id~ i l ~  o ~JaunmmIm~u o o:Idij 

Ianid~aui7du'o~i61~ U a7arftmu'u ~ ~ i a 7 o ~ u ' i l o i i ~  Rmdiui u n m  

i ~ i l u c i l i ~ n ' u u i y m 6 o d n 7 f ~ ~ n  u ~ ~ ~ o ~ o f i 7 ~ ~ f i s m a i u r ~ u ~ 7 u ~ 1 7 u  

u7 i l r y ~ i ~ r i i r o ~ n ' l ~ i j n i ~ ~ ~ i ~ ~ ~ r n ~ r i ~ u i o = : i ~  nis~$j.r%~ms 
nd a u d f i 7 I 6 ~ ~ 7 n ~ r i  uan vuo ~ 6 u j ~ ~ m s i 0  ~n7~lfif)r(rn'lm"uda=:1n3n7~ 

u ~ r n a i u J i ~ ~ o ~ o ~ i n  ~ot l t f iu~ la  
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'Li'nnhd8 U rdu aua. jGi idniuni~~m~u 010 CJr'uqrfiiGu'ofia 

W~IRLARBU r w n t  01 0 I~I~AIsITEI ~ r ~ z f i i f i m l u d i ~ ~ d ~ d a a ~  
u d ,  

~ U W  o r ' i i ~ ~ i ' r ~ m ~ ~ ~ o i n < u n i ~ < ~ ~  U r i l  ooo o r ~ i l u  1 1 1 Id16 
d Y  A r w n r h ~ ~ u r n ~ i i  uvocrmwnim r f i m b u ~ o ~ d i ~ ~ l i ~ ~ o ~ i ~ ~ ~ r i , ~ d  

Y 

~ d ~ u a r m u  l i u n s ~ ~ ~ Z u w i n ~  1.4.1 URZ 1.4.2 tii s~iruuuh 

(repetition code) d i j~a iuu ia~r i iTu  2 LLR:: 3 WNJ~I&J 

nisL5isITa L$M a u a . j ~ i i 8 i 8 n i  10 &~rnuulonaitl 
ddd I ~ u ~ i n n i ~ f i ~ m , - i u o o n ~  r i f o ~ ~ ~ i u ~ o ~ ~ ~ i m n u ~ ~ ~ u n a ~  

1 o oimrqn~rlduur~lu 11 $o$?udniuni~r'ums 11 n'orru'iloii 

9 1 ' ~ n i ~ < ~ ~ n i s l i ' i I o u a i n n ~ ~ f i ~ l ~  qJ ~ ~ ~ I L ~ J M ~ Y Q . J ~ ~ I T L ' U ~ T I S ~  
ddd rioudor~iams$uitchudo~~~~imnua~sun~u 

moio~#is<~mslmunisr6um~li ' i~~iuuia~6u~u~n~d~ 

(~/IUM&I IRUP~L~J o ~ i o  1 L#II~~MLL(~RZ~S ~dof i i l i 'ms~d~ r  

msd 3 i i r ~ ~ l ( r l  L L ~ ~ ~ ~ I U ~ U L R I  1 rIIudiu7ud ~du  ms t o  6s:: 
qnda4tUu 101 ~ ~ ~ ~ U M C ~ L L R ~ ~ I U ~ M L W I  1 'Iu 101 ~ I1 iTuaa~ 

& ~ ~ u d i u a u d  I" hums'ou 7 6 o t n n d ~ d ~ ~ o ~ n r ~ i s . j i a ~ u f i ~ ~ o ~  u 

r5i uanic njtu rmsrI i l isHkffau~uTums Rjdnnglus l im~ 

1.4.3 ~ ~ u n w n ~ w H ~ i  4 1 3 ~ 1 ~  ~a t i Jun  o Y~SD i C(rCjur~i11.16~1 

3mmnwnoun7arrauog' (even parity check bit) ( h ~ ~ u n s d 6  

f i ~ n v  o ~ n z  I d ~ ~ u ~ u ' i l d ~ r ~ a ~ i l ~ i u a u ~ n ~ ~  1 IUWRG~I~LCIW 
diu7~5f m o d u n f i ~ ~ u ' i r l i  Gmrsaoaoun7arrarro 

d@dd parity check bit) I U M C ~ ~ I L ~ U ~  ~n~ ry~%r (~w i t f i a61 f70  
t t: 

~ouniaenuodrri iuu urrorriuncnr q 41 iIfifimoaotm7ar 

6lRAlo (parity check bit) 



m1mu 1.4.4 

aia GiiaG'a 

1.5 d E I d ~ ~ ~ 1 ~  (Channel) 

IddH hrr~a7u67(discrete rnernoryless channel H% DMC) L ~ I  
d r o  $u da~RiyqinrFiunccluiud~ do~Riyryirunuuoyatu'iu~:u'o 

qaoon tllucilyha&uioiniaa9in'm dotrilyryirudlrid~hi7u 



w d r  
n q i u h  ~ Q d ~ d ~ ~ ~ l N ~ ~ ~ ~ n Y & ~ ~ d 6 3 ~ @ ~ ~ ~ d ~ ~ ~ ~ f l 3 ~ ~ ~ n ' ~  

ni~d~~'ryanwdCand~o::f a l i ~ u ~ u ~ Q ~ n ~ d 6 d d r i a t 6 ~ ~ ~ ~ " % a  
t: 

H$J~IT~MM 
rd w a 

au y3I.14' A = {a,, a,, . . ., ad rilurq~n adci~ai7u~n~'111duu'a 

~ar f iua : tgaoon  u i m ~ ~ d o ~ r i ~ ~ i r u ~ i l ~ b i r o ~ ~ r u ' i l ~ j ~ ~ ~ n ' u  

.a'c;man ui~n%:jk a, uddmunid<?u a, n $ o u i ~ n & d o ~  

ciiyq~aciJ a, nillu u c i d ~ 1 u n 1 ~ o i o l 6  a, Q Z ~  
Riygnm&dsrfi A or!?iuauoia p 4 5  

P ( ~ U  a, 1 dd aj) = p h%?~ i # j 

riluna~uriiorriludi~n'nw& a, gnd~oin6unm u c i d ~ i s r n d i  

C a, dumndidoin@~*nw&6dd dun p ii ~a~uw'7ilotrSului 
(crossover probability) ~a7~~7i lo t6~~n '~~s~ 'n~di lo tw 'n  

(symbol error probability) 

d do~~iynrh~iir'aomfdf:nou6aut?ra A = {a,, a,,. . ..a) m 
w w 

i s u n i i q . ~ n a o n w u a r r ~ a v ~ ~ ~ a i ~ ~ r i , 1 ~ ) 2 : ~ ~ ~  ~(?ua,lcida,) Aaan 

n6adT-h 

$ ~ ( % a  I dda ) = 1 dln?uyn 7 i 
i-I 

I 1 

rda ~ ( i u  a, I (/J a,) &41rriinir h ~ ? u y n  q a, lu  A orgun 
d' 

d o t % q r y ~ w i i  dodi?qjryim~uuln5nx q (q-ary symmetric 

channel) 
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u t: #d u 
nJuu n a i u d i ~ ~ r ~ l u ~ c i t y t s n ~ ~ ~ n ' i u d ~ ~ u n ~ ~ n r J n  

Iun.iriirawir rdo q = 2 m ~ s ~ s r u i ~ o ~ R i y q ~ m ~ u u ~ a ' i ~ u ~ o ~  
d n 

(binary symmetric channel BSC) w8.J 

w a f l o a ~ w a ? ~ ~ ~  (random error) ku4o $€~~~RWEIIR?~ILLMG~ 
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ni p = 0.01 Lrnldi 

d 
1.6 bFl5QdEl Qfl3Hk (Decoder) 

~ n d s o ~ n o ~ n i a a e ~ i ~ w ' i ~ ~ n ~ d i ~ ~ ~ T ' u d ~ i u n i ~  ALIAITCN 
d ~ ~ ~ ~ i d ~ i y ~ i ~ d i ~ u ' ~ f i ~ ~ t J i ~ ~ ~ ~ u " ~  isunni.in.r:ciiRjntiia 

641 nn?snommir ~ d o ~ o o m z h : l ~ u o i n ~ i d ~ d i r ' u  di4idldi 

iub.i~.ddi.iC~ ~n'sa~nom.i~o:~ln~fiu~~idi~idr'uuiu"u Cu'oftm 

W R I R L R ~ ~ ~  ira:ctiqC~iw o rn$odnomz~~o:~m~'b , f inn~ad~6  91 51 
ftmlaiuinM'n 



lSun c i 7  ̂ rC~pu q uuLan A = {a,, s. .... a~ ~ d a  c Ao~asl 
u o ~ ~ i & u o ~ a i y ~ n w & 8 ~ u l ~ i n ~ ~ m 4 i n ' a  A ddaui9n q Ri 
duncru19nlu c ii h n i a  uazRunwm A 47 psi?o*nws 

(alphabet) 

C1 = {OOO, 11 1) 

C2 = {OOO, 011, 101. 110) 

C, = {000000,010101,101010, 111111) 

P L L ~ U ~ I  C1, C2. URZ C3 LI(UT$N~IUBQJM~Q~<N\UU~~ L~(511d7 

uviu~ud~rd7p~ d ~ ~ ~ d i 3 ~ 1 ~ ~ ~ ~ ~ 7 % n ? 1 O d ~ 9 1 6 2 ~ n  {0.1) lu 
Y Y  nrdif iffmoionh?.h c,, c2, unz C, rBu.r<~uu.qaamnw {o, I) 



r"runBiu~udi~~~I.I.s%~di~K~ii n a 3 ~ 1 ~ 3 a  r o . s d i G ~  61th 
fK~1u c pndiiinaiuui?triinic ~norI3unt.lrn c ii s g ~  

uvvv&n (block code) uncn'i n W onmu uiquo.sdi.rHk rLnr 

M WoBiu~udiirrlu c acdun c ii .~Hk(n, M) 



mmuiso~Gan a,, a, LLar a, t ~ d a r ~ K 3  ii Woardonl% 
~i lu o, i M?Q 2 f l G  ~ d t u  41u~umuiBnlu F: rriitii~ 33= 27 

w:o 

u d  u a  d d v  uanain~Girru~uuijonusj? u ~ u a w r r ~ l n u u u ~ u ~ n ~ a ~ Z Q ~ d ~ u  
miuii'h,nir ru'7rr;i~ - oaolfr;irr ms~in&uni~-a:dKnuw~Uu 

d o n  7 i$unir usiaru5ion~:~n~$isGim~muu'uo~n'~1~~on~11~ 

~londkrioua~Gu icrtan.lr;imIr:~nnhi MiruuuGt"itlu' (tree 

code) c n ~ w ~ h ? u n  t ~ u ~ ~ d o s i l ~ n n ~ f ~ ~ i s ~ w ~ ~ u ~ d m u i ~ n o ~ i u  

Ifimudiu$i?un.nA<uIu' 
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~O~~RI"IRIRLLUU$~.I (random error) 

1.8 ~Einmmw'?llmoAsH'a (Decoding Rule) 

nlsno~s$1Tmda'Ra3~d30z~~~q~q~ 
(Maximum Likelihood Decoding H% MLD) 

~ u u f t i i h s C ~ 6 i ~ f  3 ~ n n . r ~ k  c qnd~d iudo~~rg in r  &{ 
Q JRI e n i d  U L rdor?"iudni enidla~u L ~ ~ L Q  o f  x 

4 4  oioo:~iluks~du c d o ~ d f i l i  { ~ ~ d f i i u n i ~ o r d i u ~ a n m  
riiarrilw 
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~ ( i u  x 1 i d  C) rhn?uqn 9 dis& c !u c 
u d ,  urtatqd41 co f iod isnm~dainun i  61 c0 8ad i s~a~u  C d 

C a f l i l6 'n~ ia~J ia~~f iu  P(% x I k c0) G A i g q ~  uuno 

P(% X I 1/J co) 

= max{p(b x 1 k c) I h ~ ? u y n  q dinia c E C )  

r n l i u n ~ ~ n n i m o ~ s ~ ' n r ~ ~ ~ d i i  n t r n o ~ ~ ~ ~ h u 7 # ~ ? 7 u d 7 0 ~  

dnpam q n i - s n o ~ s ~ a ~ a ~ l ~ n ~ i u r i , i ~ ~ ~ i l ~ a ~ a ~  U q n?o MLD r r d~  

oontilu 2 uuu i i o  

1. n ~ ~ n o r ~ K ~ ~ m u 1 # ~ a 7 ~ ~ r i 7 ~ ) r ~ 4 ~ g ~ q r 1 b ~ u ~ 3 ~ 1 1 d  

(Complete Maximum Likelihood Decoding f i ~ ~  CMLD) 

'rii x r~udif!IiY?u mniAin% co i f ~ i ' l i n ~ i u ~ i a t ~ f i u  

P(B x I ciJ c0) iihndcm U r6o~finurduun'y ~ ( 5 u  x I r i ~  c) 

h ~ b  c d r i l u d d ~ h  q u$~Rlsltiu41 c0 ~ i l u ~ i s $ ~ d t j ~  nom 

$n x lfi5u co hnr"u1uns~ddAis~a c uinn. j i~ t tn ld 

~ i l f ln? iuI i7~:r~u P(?U x j h c) 8dipqa \fl~6onnons$@ x 

~ f i ~ d l ~ f l d l M ~ 3 ' 1 ~ ~ 1 ~ 3 ~ u " ~  

2. n ~ ~ n o r ~ G ~ ~ r u l ~ ~ ~ ~ ~ t 5 ~ 0 ~ b ~ ~ . ~ ~ ~ ~ u ~ 1 ~ ~ l o i ~ ^ s y ~ d  
(Incomplete Maximum Likelihood Decoding M?Q IMLD) r~ f l o1 .4  

aid& 6uni~nocl.r$~~~uu CMLD pnr~u~wnsmnudisHir c Cffli\% 

nnucilor~fiu p(iL x I d~ c) tlJqmuinn?7n6~di 'lunsrid 

rnotlrin on38 u d o ~ ~ o l ~ ~ ~ n i ~ ~ ~ d i s ~ ~ u i l ~ I j  (retransmit) 

h o r i i a  1.8.1 : G~qsoci.r$~ C& = {~OOOOO, IO~OIO,OIOIOI. I 11 11 1) \unioui~ 

1.7.1 ks$n c3 h~$o~@ry i ru  ESC A ~ ~ ~ ~ I u ~ I ~ L L ~ u I I I ~  p = 
0.01 nuuRidrnurn~kTTu 01 1101 daGildfiir~ mhum 



und 1 n 2 i u i ~ 6 a ~ ~ u  2 1 

!diC~?nda c =-010101 rn%%hdi c = O l o l o l  r3uCi 
U d ,  

r~an~4oin$iMni~ 

HUIUIH~ : 01nRjaLii4 1.8.1 chguni~k 0io10l w i u ~ a ~ i ~ q ~ i o l d ~ ~ i ' I ~ r ' ~ a d  

HIufiflld dRl~n74tltlgl'r'lJ 011101 ~ I ~ ~ € I G ~ T $ I ( ' I ~ ~ L I ~ %  MLD 3:: 

nonsca OII~OI iVr'du c = OIO~OI i !~~s~n'udidkoin6uni4 $ 
WH'dir3umsncas$~d~n~1'a4 udfiisiuni~d4 11 11 1 1 ciiu 

d u n  d o ~ ~ q r y i n r ~ ~ i l ~ O n u s n ~ ~ ~ : : O ~ n ~ i ~ ~ l d  d~ iun i~~ t ln?u  

01 1 lo1 ~dun'u udnisnons$dnu\% MLD ~ u & a L i i ~  1.8.1 d P:: 
h: Y 

nanst  01 1101 dIm~uI~r'\~lu 010101 ~hnir n ~ u ~ w n t i i  ~ ( i u  

o i  i 1 01 I c i ~  01 01 01 ) i k i i 1 4 ~ ( 1  %I ~JIUI~F~I~F~J !~Rv~'LGu~IL~~u~I~ 
n o n s ~ i & l d ~ n 6 ~ ~  U R R J ~ I ~ I ~ ~ ~ R . ~ K I ~ ~ ~ I L ~ ~ M P Z Q ~ ~ ~ ~ L ~ U ~  

u u n  W PLLH'U~I ~ i ~ a ~ ~ w ~ i a ~ d u i n ~ n n ~ ~ n a a ' t ~ w ~ t ~ n ~ a ~  ueirii 

i i ~ u i n  q rilulrllgl'iinianans~aotlt3nnia~ U oif nuin 9 uan~ 

i ido~~iyry i  m ~ ~ f l u n i s ~ a ~ ~ 7 s r ~ o d a ~ 8 j ~ 6  

1.9 s~ut'uaud~(~arnrnin~ Distance) 



2. d(x, y) = d(y, x) ~ H % J  x, y l R  7 ku F; 

3. d(x. y) < d(x, z) + d(z, y) r h ~ %  x. y, z I@ 7 1U F; 
C 1 wuna r:n:uaud~~ilu tum?n(metric) uuta91 F; mriunmruia 
u #I a* A Yan 3 M - J ~  a&fNn?d#~ULHaUu (triangle inequality) 

3ad1 kdd;nn'c~ni~ni~?ntfiaflu F; ddidoin x = ooi i nda 

091 O~lafld' orrAuii 



u t  
101 1 c i i t ~ i n  x = 001 1 lufinum RJUU d(101 I. 001 1) = 1 

u t  
01 11 dimin x = 001 1 kUfiRdR04 RJUU d(0111, 001 1) = 1 

0001 cii.soin x = 0011 lufimdnu &$u ~ ( O O O ~ , O O ~  1) = i 
dd u t  

0010 o i i ~ ~ i n  x = 001 1 lufiann RJUU ~(OOIO. 001 1) = 1 
u t  
RJUU ~ ~ U ? U L ? ? ~ ~ R Q ~  Y & d ( ~ ,  Y) = 1 ~$JMUR 4 L ? ~ I U O ~ ~ Q  

1111 riiann x = 0011 1uij.d 1 uh: 2 & ~ u d ( i r l r ,  0011) = 2 

roo1 diaain x = 0 1  1 Iuflold 1 ua: 3 d(lM)1,0011) = 2 

l o l o  diaain x = 0011 luiind 1 uar 4 ~j~ud(1011.0011) = 2 

0101 riia~qn x = 0011 Iuijnd 2 uar 3 d(0~01.0011) = 2 

01 10 riiaoin x = QOI 1 lu l ind2 ua: 4 &ifu ~(OIIO,OOI 1) = 2 

0000 riiapin x = - 0011 IUCRC( 3 YR: 4 ~ j i u  ~((ooM), 001 1) = 2 

ad a 91u-~ur-~nroloiC(eiia~in x ~ & i j c n  = diiu-~u-~araon 1 ijol ain 4 ijol 

a- a 
9iu-Ju~-Jn~nof~~iiaain x woa9ol = Biu-Ju-Jrrraon 2 f i m  ain 4 9ol 



r r i i c u  3 - 1 = 2 n n r n o f  ua::rdor~inr?n~aofudarr?nuaf~ 

4 ~ ~ ~ i i o n d i r r ~ ~ ~ d u ~ n i i ~ ~ d ~ d i i ~ r ~ d ~ 1 6  

~ I L L H ~ J  G q - I n n m a f  u ~ t ~ l o n d i ~ ~ ~ d ~ d ~ r b r l n d i ~  i d i r r ~ c i ~  
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h s i u  XE F; uar r  f(ri~ut11u7wriiudIa1~0tb~u nsdnru 
d a- d 

(sphere) dd5pa~dnfl14n x  uaru3nu r  d O b m  

s ( x . r ) = { y E  F; l d ( x , y ) ~ r )  





- - - -  

3EIl8.4 1.9.3 1 3:u:hu$cl (minimum distance) V P J ~ ~  C ~ J I L L $ L I ~ ~  

C, = {OM), 011, 101, 110) 
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fitgod fioi.mmmwnau S(X, t) uar ~ ( y ,  t) rdo x, y E c uac 

L 1 uumo u ES(X, t) uar u E ~ ( y ,  t) u ~ a ~ d i  

uar ~ ( y .  t) 'kjrrui)niquKu rn 

IJfrnar~i .9.1 uar 1.9.2 rn 

nqdun 
1.9.1 

Sphere-packing bound d o  Hamming bound 

61 c c F; I~uJH~(-(~. M, 2t + 1 ) uG7 

M{[3 +(;).-1,+(3-1,2 +..+(;](q-I)t} 5 qn 

LL~thlrlfYU q = 2 

.{[;)+[;)+[;) +...+(;)} s 2. 



~ ~ ~ ~ n u a u d ~ ( ~ a r n m i n g  weight) u o ~  x e  F: ~ i o d u n k  7 h 
d r i i~ r inuo~ x ~ o ~ i w a u ~ ~ u ~ l i ~ d h ~ ~ i I ;  o iw x mo:: 

L! uuunusiau wt(x) 



rii~rin1totlt7sl (minimum weight) u o t ~ k  C d d ~ ~ u u u n u  6ai7~ 

wt(C) 

wt(C) = min{wt(x) ( x E C LLRz x # 0) 

i d x  = (x,, x,, .... xn) L L R ~  y = (Y,. y2. ..., y.) E F; dawiau 

x LLRL y d~~!uu~mu6au x n y l o  

x n  Y = ( ~ , Y I , x ~ Y ~ ~  - . - I  XnYn) 

rdo 3~ ~ o ~ ~ ~ m d ~ f l ~ ~ w ~ ~ w n 1 ~ . 9 . 3  i h ~ i ~  i = 1,2,  .... n 



I .I 0 n7snssls~'2111$b~u~i?w'fl~nn'd~m (Nearest Neigh bour Decoding) 
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nmn.iir:~awdfin o fin > n~iudir:~Uudfin 1 dm 
> nmudiar~ilud~m 2 fin > ... > n~iuriiot~ilwdfin n fin 



d l  Ra oooo a ~ t  i or o di~QnisnoasCu~uu^r~sd m o t  ~3on 

d i~ndmdt  ahnonsr;i~ x ' I~~i ludi$u ~liu~'lonnocl3k x 1% 

3863 auuGi.1 q ow, ~~udm%ki%t ~3qo:nacl.rr;i~ra;CnCJo;m 
u t  

16?unn~cloi 000, loo, 010 nio 001 atuu n?iuriiot~ildo:: 
Y d l  n  aasr ; i~d i i 'La~~ \~r~n ia3  as~Kuh.rcl ~ n c r ~ s i  n 6 u n i ~  ?la 

or~Aui i  61 11 1 ~ i l u d i d d ~  n~iudio:~~u6ornacl~$~d1dlfiu 
u t  

~ct~da~oziihbriiniru a3uu n?iuhozb~uiotnoadi3r;i1~61 

W@% (word error probability) 80 

w n 
1.1 1 ~Hlamno5uur rufitltl o ~ a ~ a ~ ~ ( e n o r  detecting and correcting code) 
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~daiunidf i i i$aAaw~if l~f im<u u r i r i i i ~ f i ~ w a i a  3 diuu~rid 

C, orlrimrnsnasaotiuu'afiaw~~alG 

9, u uomrnol : d(Co) = I, d (~ , )  = 3, d(C2) = 2 us:: d(C,) = 3 r n w u i i  C, lrimuisn 

ssaaGua'oAawaial6 c2 RS~OOIUGEIR~W~IR~RI 1 ( i / ~ u ~ ~ r i d  dau 

C, an:: C, muisoano9'uu'oiiawaial~d 2 ~IUMI~J 

3~06 ~uy?il<s~Y~ c muisn~noGuu'oAaw~ialaQiid t d i u ~ ~ i i  
ww d - 

RU~%I y u ~ u d i d ~ a ~ ~ w a o i n d i s p n ' ~ d d d  t d iuu~ridf ia~au 

n i l  u ~ a ~ i i  y Gai\a.j2ddisHk &#a disC~uFipt$&~di~nir  
w a :  

u i n n i i  t d i u ~ t i d  a9uu d ( ~ )  2 t + 1 

lunwntYun'01 auuiili' q d ( ~ )  1 t + 1 eruaa~iisriR c 
muisnanaGu$aRawaimla7~ t ( / i u~r id  IS x LUU(IIT%R d k  



h o d i d  1.9.8) L L R O I J ~  C3 ~ ~ 1 3 0 ~ 3 ? 0 ~ & f i ~ ~ Q l ~ ~ R ? ~  2 

6ij-t~~nid 

~ K H  C, ~ o n s i n ~ r m ~ a ~ C u ~ ~ i j ~ w n i ~ l $ i d ~  2 h ~ ~ n i d u h  

&muisn~~fiu'oR~wnia~~"On6au nuy lji O I O ~ O I  ~iludi3Hk 

dri~ r i i i t i j nw~ i~n f in4u~ i t~d1~~n id  G I I L L ~ ~ ~ I O ~ ~ ~ ~ R Y  FII~IJRILI 

ni ~l6r'u ti o 

110101,000101, 011101,010001, 010111 nqo 010100 





d(x, x') 5 d(x, y) + d(y, x') 5 t + t = 2t 

d(c, d) = d(C) = k 
u t  nduu t + 1 S k S 21 u a : r ~ a n n u ~ a ~ n I u n ~ r ~ h i t l  r m ~ t  

rtuyi-h c uat d unnsi1~6ulu k = d(c) h r a d d r ~ m  ~w~tri'i . 

ld ld  rmmu1~n~Kuli1rr~ri,~vo~d1rr;itvl6 G~i20~1~7nrmof x 4 4  

fi k - t i l ~ r r ~ d ~ ~ r n t ~ d o u  c uazfi t erliu~dd~cl~dr~doun'u d 

unti~douiYu& c uat d lu n - k d ~ ~ r ~ d q a f l i u  
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naiudIi'~uWpnt+Ym Iun'i~u" moi~I+so~"m~ndn' ia~<~~~'a i jn  ' 
Ad u 

waimIGfiwo usiui~n~~rn81rl i lni~r~on rdu n'irunuoi~lurnd 
o. L: 

rrJr~8npnriiaiu Wmui.mAonn$uAwuilii mauu m4irilu 

1.12.1 ~I~YUIU~$H (Extending a Code) 

n+l n 
, Z ci = 0 (mod 2) M?Q C, + , = ci (mod 2) 

i=l i-1 



n+l n 
Z ci =O(mod p) 6% c,,, = - Z ci  (mod p) 

i=l i=l 

c, c, + c, (mod 2) 

i uar ~tluaui8nIu S. kt' ic( P ) LLRI ~ t ( ;  ) 4iril 
~UuQ~uau~lu$ oqnnqlr jun 1.9.2 mli 



&&A d( ii , j) kotdu-hu7ufi ch~ iuqn 7 i i ,  j 1% i. $ u ~ o  

d(e ) Ldt?lu4lu?u$j uoi 

d l d ( e ) l d + l  

ruztdoooin d tiludiu7u?! urnoil d(E ) = d + I 

luniongurk RU~KLI! D ~ilus$t~-(n+~, M, d+l LLRRJ~I 

6mi i i i sG~ X, y lu D 4 4  

d(x, y) = d+l 

iRondluM%iol% x r a t  y dumnoilorYu ihu~ri,oImfln' 
a: 

aud iu~~wuoono~nd l  rvkyndilu D ot$iI~srut&oguoo 

D N R R J H ~  ~ ? ~ u ~ ~ ~ R F I R J H ~ ~ R ~ u L $ u ~ " u  Eh~ql~7U(il l$6f&l 

nodu dotriiKu M ku6n nlMKt~-(n, M, d) miu 8annl'i 
w e d $  

1.12.2 n i 3 f i i ~ ~ s w H H ~ a ~ ( ~ h o r t e n i n ~  a Code) 

~uyRdi  c tilush-(n, M, d) pu q rnfia~'im76~.r$tYlu c 
da u d d  

~ o ~ a i t m u t ~ ~ ~ n 1 f d ~ a ~ ~ ~ n a d ~ ~ i ~ ~ t ~ r i , o 6 t o i t a o  U rdufioisml 
dd ad (iis~tvIu c nusrycinud o ~ Z u l i i ~ ~ ~ o i J C (  j f ioi~mitawltt l l  

U U 

~n r i i d  ahacl~qrinvni h l u l l u ~ r i , o % n d i ~ o o n a i n q n ~ 7  mot 
I d d  I&CR c WUWJIUUI? n - 1 ~ ~ : s t u t G ~ u p ~ a ~  C' ozidi~dio 

Jou d rwnti~n~srlll$n?lu~~~a~unosC~$u~~ nl01/d~%t~l t  

$ouqnduh ~ d o r ~ ~ l f i ~ ~ n ~ ~ u m u ~ s n ~ p b n ~ s ~ r f i ~ ~ a f i m  
wry  w a m l ~ ~ v u  u i % o t + u E a ~ z f i i l f l ~ 7 ~ ~ ~ 6 7 ' i K a ~ m ~ ~  fiunncrtuau 

2 
n isknhqu i i  msPaaw 6 c, = h liun ~'4irtlwsiYtYdriin 

~innisiYmu7irsHk c d cj = n 



c I nun iskum~~Hk  c C/ c, = o n-aiuai-auaa C' rriiCu 3 won 

d 
1.1 3 ~HlflVlll&J&J~?k4 (Equivalence of Codes) 

S = { a,, a*, ..., a,,) 







1 .I 4 S%~AUIJS& 91 (Perfect Code) 





2. 3%?hL~hul~ (binary Golay code) Wa3M'~guuii-(23. 212. 7) 

~ i l u s i Y ~ ~ u y  .mi (~noa:t3nolluM'+ii'a 4.2) iwn: 

= 2 1 2 ( i + 2 3 + 2 5 3 + 1 7 7 i ) = 2 1 2 ~ 2 1 1  = 223 

3. 3$ffh l ~ d l n a f ~ i ~  (ternary Golay code) # D T ~ H L ~  0 ~ - ( 1 1 ,  

1.15 ~??~~&JI?I?R (Optimal Code) 
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d i n k  c h 9 1% C ~r6a~f l  d(c, 0) 2 3 uamr-j7~:cirorD 1 1% c 

orhr~oumud?u~cir ku6o dido flu C oz&ad~~udi~uf l ihda 
llld 

1110, 1101,1011,0111, I450 1111 
u t: 

ozr~'u~idiuciaz~~u~i~i&~r~:~i idn'uu'aerni i  3 aruu h a k  

i&zodlu c I ~ L W ~ J ~ ~ L Q ~ ~ L I  ~ i o ~ u i n n - i i ~ Q h  orrh1C 

d(c) c 3 uaari i  A2(4. 3) 2 2 uonoind 

C = {OOOO, 11 10) 

~~usl ia - (4 ,2 ,3 )  ~ r n ~ c i  q(4 .3)  2 2 A2(4. 3) = 2 



d u u  urz d 1 7 A ~ i u ~ d A ~ ~ r r ~ U u n ~ n u u ~ ?  91 f im~6:n'~ronulnn 
a d  u ~riJ#oaoJ Sloane (1982) ~ r i i  156 \ ~ n ~ ~ n ~ d M i d l W o J  A2(n, d) 

The sphere-coverlng bound for A,(n, d) 
d 6'' V; (d - 1) unuvu'mao~nr~nrulu F; numu d - i uh 

qn 5%(n,d) 
V," (d -1) 
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~durru~uinniin~orYiinuY d ~~~irdidran~ao+Cdn6jia~~$a ~m 

muisnr~unnmof~ru"i!rl'bu c Q~~:v lq I~ in !~ i<~ - (n ,~+1  , d) 

krdu!d\d!6 r w n r  C tdus%mu7a M 4-3 M = A@, d) ~ d z u  

bitou' rguw d n  oasda'Tnoln sphere-packing bound (nqabun 

1.9.1 ) L L ~ Z  sphere-covering bound (nqwiun 1.15.4) ' D 
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&adid 1.15.1 : ~ ~ ~ U R R J ~ I  A2(5, 4) = 2 IRUl% sphere-covering bound 

sin sphere-covering bound ad6 

The Singleton bound 
n - d + l  

%(n, d) 5 q 



a d d  115.2 : oin The Singleton bound nil6 

LLo/ein sphere-packing bound ~31; 

~ t ~ A u 3 i f i  q 2 4 LLRY? Singleton bound 9tWndi sphere-packing 

q4  bound uin rwmz q c - 
4q-3 

uuu3nh I. 

" dd 
1. ruu~3irm~~~~u~uui"Ti~uu~1o1u~aiuoia q 5 uudcGqryim 

Bsc 4 4 0  p L~uR~Iu\~~PLL!?U~'$~ ~ J L L R ( ~ J ~ ~ R ~ ~ u \ ~ I Q Z L ! ? N ~  

~mEl@d13lhfi@~ t n n (  error probability) 8 P lo$-1 5<+6{ 



l o .  61 001 ~ i l w d i d l 6 ~ u  o ~ n ' i u i u n i ~ n n n s ~ w  IMLD h~yu 
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C = {OOOO, 0001, 0010, 001 1, 0100, 0101, 01 10, 01 11, 




