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ABSTRACT

Nowadays, huge and a large amount of data is transferred and stored through
network. It is backed up in order to protect data loss. However, the amount of data is
rapidly increased, only one disks might not enough to handle the growing data. So, the
distributed storage is proposed to combine multiple disks to be a group of disks to
store such data. Nevertheless, when some of disks is broken, the data inside that disk
will be lost.

This thesis studies about cloud storage system, which is a distributed storage
system that stores data in many disks on the Internet. In order to achieve more reliable
data and improve the storage system, erasure code is invented and applied to cloud
storage system where in the user’s data will be stored online through the network.
This research studies and applies a complete graph of rings (CGR) code, which is a
maximum distance separable (MDS) code, and implements in cloud storage system.
Moreover, the maximum likelihood decoder (MLD) is also implemented on the receiver
to detect and correct errors due to a noisy channel. In this research, 3 types of data,
which are the binary images, non-binary images and files, are randomly stored on the
distributed cloud storage. The experimental result shows that the receiver operated

with the MLD outperforms by siving the lower BER.
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2.1 szuunudayauuunszane
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mhganusnmelussuuiuloyaiudens  fevameluduasgapmelude Teosdis

Uearudoyanialussuuiivdoyaiiafivsninuazaiulaensde (Fognugu swadisves)

53UU RAID (Redundant Arrays of Independent Disks) uszuutivdoyanuy

nsratgviianiladaliauamnsolunisdesiudeyaanmelunsaliviisaudndemela
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1. RAIDO
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3. RAID2
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4. RAID3
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wnasiiliiinAevin (Bottleneck) Mvmieanudndmiuiiudayansivasy
5. RAID4
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6. RAID5
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7. RAID6
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n15UsEUIaNAaUUNg Uue (Cloud computing) Humaluladd ldmswensigu
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1. Infrastructure as a service (laaS)

syUUTIEann1S Virtual Machine v 85895UN15 1300 NA LIS WALk UNELAT WU

sruvuungue lnelinasianisnsneinsuasiuidmiudeyanuaudaen1svesgldeu
ADUNU Telstra, Microsoft Azure ag amazon web services

2. Platform as a service (Paa$)

SEUUNAUINNTAIULNAANDTUAINS UNA LI WARITS DD UNBLATUULLT T WIS

YDIRWIUINTT BNFIRENLUY Microsoft SOL Azure, Amazon RDS Waz Wordpress
3. Software as a service (SaaS)

FEUUN AU N19A 1z oS wazaundindunuldusnsruniadunesiis

gNFDEYU Gmail thag Microsoft office
4. Storage as a service (Staa$)

wuumﬁu‘%mwmaﬁ’mmﬁﬁm%’uLﬁuﬁaaﬂaiﬁﬁu;ﬂ%ﬁmimumﬁuL@@%Lﬁm

8NAIBE19TU Onedrive, Google drive ay Dropbox
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1. Private Cloud
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2. Community Cloud
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3. Public Cloud
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4. Hybrid Cloud

Wunskauiuseninesyuu private cloud tag public cloud @958 UUNVINIIUUY

'
a S
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2.3 INEDLILYDY
swadiswesidusiauien (Block code) yilavdaihinnldtures deyaLuUauLaou
(Erasure channel) Ingn15ii1deya (Data) 91U3U k YA uasliindiudeyansivaeu (Parity)

1 m Ya Jeaglddayanavun n un AU 2.4 uaziideyadiuiu n gatunsrangluiu

U

TunieAUIIMINA n e fu (Sen91 nadsia) laedeiintgaudndeniouns

v

e wumsmmsaﬁ”auua”l,é’mﬂmiﬁﬁamaﬁLLUﬂLﬁUIumﬂaﬂﬂawmﬁwﬁuﬂ HRLRERVGITR]

Y

¥ Y A

Toyatug ndvanld derlunsldaiadisiweiforisanalidelunsamuairvieia

mheanusiteunfiuteyadisossian
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Encoder | Erasure Code Decoder

ENE = SR — R

JUN 2.4 \pssasnesiaBisives

sWaBLsL RN ﬂ’J’]ﬂJﬁ’]M’]SﬂﬂGUEJJJaVILﬁEJ‘W]EJl@ﬁQﬁﬂLV]']ﬂUQ’]U’JWUE]@JﬁG]i’JQ?{@UVlL‘Wll

Y

dluiuiodndustaifiquant® Singleton bound wiafi3oniudtsiaszessinsgagn
(Maximum distance separable code : MDS code) %daa’i’nﬁuiﬁaﬁmmzamﬁ@ (Optimal
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Fn-lglaneu (Reed-Solomon) [4] 5@ EVENODD [5] #385%a CGR (Complete Graph of
Rings) [6]
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Distributed Storage System
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message codeword channel message
Channel output Decoder detected

5UN 2.6 sUnUUMITUdstayanUYasdyn 0

Posdygralusuidetdazusznounisdesdyyia 2 vilaAe Binary Symmetric

Channel (BSC) wag Binary Erasure Channel (BEC) ﬁ'ﬂgﬂﬁl 2.7 LLazg‘Uﬁ 2.8 MUARU

Channel

Input —Pm—b Output
1-

0 Y -

g — 1
1-p

Uﬁ 2.7 3UWUUYRHEY sy 1LY Binary Symmetric Channel

Channel
Input —Fﬂ—h Output
1
0 . 0

Ip
i‘lJ‘VI 2.8 sULUUYBIdRYe 10U UL Binary Erasure Channel

lng
1. Binary Symmetric Channel (BSC) i uvesdygyraufi ddoyadunauasdaya

winaduluus nedeyadunafloduyesdygyinaziaiuiindunds

Joyavzgniudeuilen p (input, output € {0,1}
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2. Binary Erasure Channel (BEC) 1udesdygalunisdeansifisnwuzaaiuiu
BSC @aflonldlunuudnasinisdeansuuuidisva detayadunnaiunsagnau

dou (e) lomeanuiazidu p (input € {0,1}, output € {0, e, 1}) [10]

demmualvideyagnadudesdyaauuudyanusuniundidsun1iuin (Additive
white Gaussian noise: AWGN) laedl x; Aeartayawuuluunindwiudesdyain wazle

14 v 1 1 % A d‘ A o d'
VBYANNIWNTDITYIUAD ; = X; + n; LB n; AR IUTUNIUAILFUN 2.9

5UN 2.9 dayalutesdaya 1o uudye s uNIWNM@ZEUYIUIN

nsiisvadeuaneudwiutesdyanvatssuudeaisuutiedesiudeyaiana1ni
AnsEnInan1ssudstonn edeyasi1ailaiul ana1nuedIunaH LY 0d 10 13
noaiadeyanus astieuilutoyaniianaranduiunila dmsvuuuunisaensiatud

LY

ANV SULUUBINERIRYT YRt snansiandesldlulagtune

Message Passing Algorithm (MPA) 19 UNTHUIUNTTOOATHARULIUT (Iterative
decoding) fidesldlumsaenstaneaning dufuswaudenvianis [11] lngstaaiaily
é’ﬂwmzmiwﬁﬂ/ﬂamﬁaﬁwgﬂwaaaﬂimaaqmu (Bipartite graph %30 Tanner graph) R
Usznauseluunsuds (Variable node) waslnuansiaaay (Check node) Weousaidimiiu
Formnuald Haswasndauin m x nannsinassdirvaglaluuadulsie Ve
V1, V3, V3 ..., Uy} WBEINUARTIAGOUAD € € {C1,Cy, C3 wov, Cn ) dloandegaumsnd H &

WAAIAIUAS

H =

oOrR O R
_, O O -
(Y R SN
cor o
N =
_, O R O

WIDMUUA LA LD ILUIUDUVDUUATND H WNUAIEINUAGILUT LAZLOILUIRILNUAIE
Iuansdey azanunsalsunsmidudenlusuwuuvainsmlassdiulannnisannidues

nlnusdnysidilnuansiaasulunsanalumensng H Tusmunusiuonazuantus dan
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a 3 a Y =~ 1 & o Il v & a1 a [
Uadu 1 LLaslmaJLauwamsmwaaﬂwumuuq Iumwmwumuawaﬂuuﬂ uAUnLJU 0

NNFIBEUNENS H aganunsananTdudeslusuuuuvesnsvlassdulafsgun 2.10

Variable MNode
151
Check Mode
v
2 o
ii'g !:'2
c
'1;'.:1.' N 3
_7.?“'- Ca
Lo\
Vg

JUN 2.10 N vaRIdIUMILASNY H

dmsunszuiunsinauves MPA luduneuusnusaglvundiuusaglasuadeya
FUNANIAINY DI YYIUVRITTUUH RS YNt uIzdsToyaneludiinunnsiaaeu ¢

TaALLNOATIIARUTRYARITUN 2.11 naantulvuansIaaeuaydoyandulgdaluundy

'
a

wUs v; AguR 2,12 Balnussiuusaginnisdweyalunsivdeunulyunnsivaaunnluiseys

g
(%

UNIZIFUAANTHVIUNIT [12] Jaenszuiunisaensiauas MPA wudla 2 ¥da Aa n1s
nOATAALUUNYIU (hard decision) Taeld Bit-Flip Algorithm wazn1snoasiaLuUazLdun

(soft decision) elt Sum-Product Algorithm [13]

Variable Node

U1
. Check Node
123 -
Ck
L&
Vs B

5UN 2.11 n9liduieud oauanitayafiiulnuAnTIEaU ¢ ANTIANUARILUS v,
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Check Node
(&1
Variable Node
Cy ~
oy
C3
Cyq u

5UN 2.12 neiiduiendesuanstayaniulnuniminls v; indlnunansivaeu ¢,
2.4.1 Bit-Flip Algorithm

Bit-Flip Algorithm tJudane3viuildnannisaensiawuuneu (hard decision) 1le
Toyauuuluusgnateanaintesdyginandinundiuys Inunfaudsazdadoyaludaluun
nTRdeudInAYLiansIvaeuteya BalnunansIdaeuIryinn1IATIvaeudeyatiue lnen1sii

Gé'fazgjaﬂgwmmﬁnmi XOR (Exclusive-OR) fufsaunisa 2.1
Ck = 171@172@173@ @vl (21)

oo

k fio Shunudiduveslnuansinaeu o 1 < k < mide m fesuulnuansisaeu

V1, Uy, Uz ., V) FD %@gaiwumﬁaLLUﬁ‘ﬁﬁLé’uﬁamiﬂé’fﬂmmmmaau Cr

‘mﬂimmmwaauwudw%’azgaﬁlﬁmﬂimmﬁmmiﬂj”uﬁ%ﬁmwmm TNUARTIVEDUIY
vhnsmseaeuuarUiuasuadadoyavesmuadiudsiaenshdeyavesinunnsiaaey

P9UUAL XOR AURIEUNITN 2.2

Vi == C1®C2@C3@ @CJ (22)
il
i Ao I wUIaslnuafY lag 1 < i < niile n Aeduiulnuaduls
A v Ao v 4 L g

¢y, €2, C3 ..., ¢j AR ToyalnuansIvaeuniidudenludalvuniiuds v;

R INIuefIkUTUTUAsuA1Untayauld seuvazdtayaantnuafuysly
ATRaeUnulruAnTIIdeUdnATe NIvuINNsagynaulusess aunsenslartayandl

a v a . . . ) [ ax aa Y

ANURanaatiedign Bit-Flip Algorithm 1Judanasiuiiiinszuiun1snsiadeuvednundi

LUSWAZINUARNSIVEOUT N8 TV IALANUT UL DU TUNITATUIUAIAIANAIIUITIIAY L6

UszAnSnmeinisnansianudlaufwiniens [13]
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2.4.2 Sum-Product Algorithm

v U

Sum-Product Algorithm #3713 9niuAaisn1snensianieniuuissiiugagn

Y

(Maximum likelihood decoder) ¥ st0usanasnud W nann1snansiawuuazdun (soft

[

decision) indnn1svinaumileuiunisaensialuuneu (hard decision) LilgauAvoyaay

a 1 Id A & & o 1 Id
NAFUINUUAIUS 0 %5 1 uummmmmﬂiamammm%Lﬂuqaqm

defwualy P, = P. [v; = 1]y] feteulvanuiiavifureduundiuds v; 361 1

nliAnewing y #agld B[v; = 0ly] = 1 — P; wagimiualvl q;; Aeteyaiigndsninlyun

Y

=

fuds v; Wdslnuensiageu ¢ laedn q;;(0) wae q;; (1) formudedeiinds y; av
fandudn 0wiede 1 muaidu lnedivue q;(1) =P, waz q;(0)=1-P; R
q:;(0) + q;(1) = 1 waglumsnduiuidermun 7, Aedeyaiideninlvuansiaaey ¢
wdalruadauys v; laeal laga 7;;(0) uag (1) forpuudedediandn v, axdan
Jude 0 viedn 1 mudu 34 7;:(0) + 1;;(1) =1 mwmh%Lﬁumaa%’ayjaﬁiwumﬁaLLUS

A911591MUARIIEDVANLN TV LAIINAUNITN 2.3 way 2.4

1 1
7;:(0) = > + > 1_[ (1 —2q;(1)) (2.3)
i’EVj-'#i
7:(1) = 1 —13;(0) (2.4)

44' & & o & Aa vy oA Y]
LB V] ﬂ@LGUGISUENIVU@I@’JLLTJ?VN‘V‘N@I‘V]@JLaULGUEJMﬂUIﬁu@Gﬁ?Qﬁ@U Cj

mmu’wzLfJ‘wuaﬁayjaﬁ‘[mmmaaaauéamé’ﬂmmﬁa wUsANN5MLAINANNIT

q;;(0) = k;;(1 = P;) 1_[ 7;1;(0)

: (2.5)
j'eci#j
qi; (D) = ky; P; 1_[ i (1) (2.6)
J'eCi#j

e ¢; Aevdinvaslnuaniageurvuafiidudoudulnundiuds v;

ez k;; Aomasfifiviiliaunns q;;(0) +q;(1) =1
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FeazauTamuIMLAazliunfwlsaanNauNIsh 2.7 ay 2.8

0:(0) = k(1 = P) | | 1:40) -
Jj'ec;
Q;(1) =k;P; | | r;:(D) (2.8)

dlo 0;(0) waz 0;(1) Aearuurvzilundeyaiilvuadinys v; duazdandu 0 uas

1 gy Feansafinnsanndoyadiimuaduds v; 1Fnaunisil 2.9
o {LWheTl Q;(1) > 09;(0)
'~ 10, when 0(0) > 9,(1) 29

FedanaInisiazinnuaunseudeyadnilanarandesiian [14]

L

awv o4 v
2.5 UIYNNYAUBdY

szuuiudeyawuunszany (Distributed storage system) 1l ussuuLiudoyaily
WieANIMaeY sasnyefuiuteya weliliusednsamuavainulasadelunisifiv

¥ Aaa v Y 1 o £% ad v a o 1 & <
CRE mﬁmiﬂaaﬂwuaagamsﬂwmaﬂamqugmsvl,wmmﬁ@Nwma]amalﬂu N13LAU

foyat (Replication) Sadunmiiudeyadililuminsauddnants fegragu Google
File System [15] Dynamo [16] t.ag Windows Azure Storage [17] hagn1sldsiadLsiues
1081969 u W3 a-lglauou (Reed-Solomon) [4] 59@ EVENODD [5] 43 e5Wa CGR
(Complete Graph of Rings) [6]) Tunisidsiadeyaneuiuludamieainudn uilidedede
Ausalunssudsdona (10 speed) ﬂ]w?wﬂ’iwLﬁmmﬂ%ga%ﬁaqmumiL%'ﬁ/aamﬁ’adau

Uunlda1u fe8199u OceanStore [18] Fuduszuuiiudoyauuunizaefiteyavzgn

Y Y

nsiaresiadiswes (siase-lalaneu) Mndunszaraiuluniisaudileavnus 39l

v

szuuiuTauatuilanitanazidemgldnanniian  wag Total Recall [19] Fatduszuu

U

o ¥

gnludfNnTIvd0ULALANIUNTEUIUNTANT0990YA 1ABAIANTTAINNOANTTUYBITEUY
Auteyaluefsiieliszuuivsednsnmgeian asulanannsied 2.1

=

miaamﬁ’aﬁwmmm%Lﬂqua@ (Maximum likelihood decoder) wJu35ng

9

= [y

poasaduniey Weewinianududousi wazlvnanf dainuddesiuiuunileaisnisd

UNFIDE LYY Q’IUSJ‘:]JEJ%ULLiﬂﬁIsfjjﬂ’]iﬂE]ﬂiﬁﬂéhEJF]’J’HJ‘UI’]T\]%Lf]uaﬁﬁﬁfﬂIUﬂ’l’imi’JﬁlﬁE}U@’]ﬂ’ﬁ

Y 9

FNNILHNVOLANLINAAIINAITNTZUIANATALD T901n15TNNTEANIZYIIREIURII VoS

UMY weuwazen waeulmgluung Feuideliazamadeuniseasulmvssludiu
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¥
av A

e Wedladeomstnnseaniuiewiu Gdslianuaaaeioulunsdinaidedliaiunse
FuunaInstnnsganiveInsinieulmunile [20] Adetudeunlinisnensiameniny

wnzlugenanluniswianguiiovenyiunaveamsneinsainainatenisernia laglunsdl

'
I 1

N maediyanmnadeadaiulinazyiiliniswlainguiueaiuseansamlalunnviniials

[
a v

[21] uazaideFugeinoiildnszuiunisaonsiameniuiizdugsiigadmiuasadu
Toyaaanduiuslad (Cross-correlation) Liieanantiaiailitdosas (low latency) Favh
Tinsuszgndldlusudumesidnvesndauuusiuay (Narow band Interet of things :
NB-loT) Uszndandasnuuind sduufianududeulunisatns Sauansnsnnismsady
Foyauanduiusiiies (Auto-correlation) A UFauY 08N [22] 907 nd1737
nszvIuMsnensasmoaunazfugsiandunssuiunsilidudeundtvsslovinnning

Jagnihunyszendldauiussuuiasedeasivanvateaiulaninisei 2.2

A1519% 2.1 mu‘i%’ﬂLﬁmf'ﬁ’umsﬁsﬁa;gaiuizwLﬁusﬁaaﬂawumzma

ASZUIUNS f298719 AGRA! RIGE

udoyagluniaenudn

Google File System [15] | Bnvitlsyn nIalvigAINdn | @uddeamsnens

Replication | Dynamo [16] demgagansmihdeyaiin | whgauind
Windows Azure [17] wiheaddngandanld | dhundudeyadn
ula

Toyagnidnsianeudiluiv

Tumiiganuan nsan

, o AEIluNg
OceanStore [18] NUIYAINUINFYVNE AL o .
Erasure Code \ % Fuavea (10
Total Recall [19] a1u130nensiaINveyaly s
speed) #1n

wieANIIMvdeUaya

v = ¥
AdUAULNLS




a Ao gy v Y 1 [
13190 2.2 mmf\]awiﬂmismumsaammmammm%Lﬂuqﬂqm
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U7

WU

JaLde

Maximum-Likelihood
Detection of Neonatal
Clonic Seizures by Video

Image Processing [20]

19 MLD iens19a8ua1nIg

dnnszanvosnnusnifalagld

X
NM5UTENIARANNINTIALD

feuianaInlunig
Fuunnsadaulmung

< o
WuensunnIzen

Class quantification of
aerial images using
Maximum Likelihood

Estimation [21]

14 MLD wusnguuanysuna

YDINSWYINTTITUIIANIUNNG

ANV INA

N P
n3eNANINEAIY
AANEARINUILYINIIANTS
wlanguuenysuautiuly

a a a 1 d‘
HUTLANTAINLNINAIS

Maximum-Likelihood
Detection for Energy-
Efficient Timing
Acquisition in NB-loT [22]

19 MLD dusunsi93u
&y

Souanaanduiusluiiiioan

Autignatitesal Lialn

NB-loT USenganaainuann

a =
gNVU

TAMUTULBUNINNILID
WIgUAUNISHIIFU

Fye UAVELIUGA LD




unil 3
= [ < [ [ a R
ﬂ’]iﬂﬂ‘w’]i%ﬁUU’i}ﬂLﬂ‘U‘UE]QaLLUUﬂi%QﬂﬁlLLazaaﬂai‘VﬂJﬂ’li

nsa93uANLNazdugedn

uniiduuniinaafiinisfinwszuudanudeyauuunszaeuas danesiuildlunis

v Ly

JedeRedane3fiunisnsinduaruinslugian Sdumideliiuuudiaeinisnaaeuans

)

JU7 3.1 lngazimvualitoyanufy (x) gnidnswamesia CGR neuwiiaiulumiieiiu

¢

¥

Toyawvunguiug letoyalumiraiiudeyauuunguagnldi deyanuazgnoensia

kY

CGR faugdtludalda () seminadeyagnaslugaiSuazsindasdygyraniidyausuniu

o

LUULNIEL T B U1IUIN (AWGN : Additive White Gaussian Noise) %agmumumaé’@@m
sUNIU (n) Mliiniadeyasunianuianain (¢) lagludiuveunIesiuasiiiunszuiunig
MLD s9rsuntedegaianantiulideyaludiuvesilssu () Inetoyaniaulatinmeassd 3

Uszinn fe Tayanmiuuluuns deyanniuyuou-luuts uastouakuuonans

| Part 1 : Distributed storage system Part2 : Receiver
2 L f . % f 2
—E-E—E
‘ ; e AR | L\WGN‘
3__ _,thanneL\_ P

5U# 3.1 wuudneeIn1snnaes

Y < v
3.1 ISUUINNUYBUALUUNTSINY

3.1.1 5%d CGR é"m%'uszuuﬁ'ﬂLﬁuﬁagmmunszma

M3dulafny1s9a CGR (Complete Graph of Ring code) [6] #udusiadisiyasi
o & v ] = o & Y v [V
WWUW‘UU?S‘UULﬂUGUQQJUaLLUUﬂQNLNGXJ L‘L!ENRHﬂi%ﬂummiﬂﬁi’]ﬂﬁﬂafﬂugﬂﬂmﬂiﬁ‘WLaUL‘U@N

waranunsathudeulvegluguveansivaesdiu  (Bipartite graph) Tdulassadnslunis

[ Y

WS ULUURAEINUTARDaANS (low-density parity check code) &aiesiananudnly 8n

v
v v ®

ndalusiassesvinsganvisesiadumieoa (Maximum distance separable code) wiinnils
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Weuwnuamedyanual (K,,Cy,) W8 v, =v; +3 1o v; ABTIUINVDINNTINEUTEY

) = v oA 1 Y] PN
ey vy ﬂ@ﬂ']u’)u‘ﬂqﬂ%iasﬂ@UsUaﬂﬂﬁf]wLﬁuLSU'EJEﬂULLG]a%'NﬂQEUV] 3.2

*—e

K, Cs
I:;
b

Ky ¢

gih?'i 3.2 ieg19ns W CGR(K,, Cs) way CGR(Ky, C,) [6]

Aog1al 39id CGR (Ks, Cs) anansalisulvisglugUvessiiaundandu (Array code)
Feaglel umndduasun 3.3 TnsuslasvanFeuldfuduauresiheaud wazusazun
Wieulfudnnuyaesteyauasdoyansivaeu dmsusna CGR (K, Cs) dusznaudie
Foyafulumgnudisiuo 2 Mussiwdeyansaaeulumhenudidn 3 § Fsazdes
Theeussaiamn 5 srluniafudoyayai laesiatfiemmiffeannsaddeyaain

nsfimieanudndemendeniulads 3 63 Furiiudmunbeanudnlddmiuiudeya

n3IRdey usunlensviatiinuauti Singleton bound

a9 | 0Ps5 | 1P6 | 2P7 | 3Ps

g‘dﬁ 3.3 $aLaa10uYed CGR(K,, Cs)

el lanszuiunsifuteyalanauanstiiviisanudndeme 1-3 63 wazld

VN ¥ ¥ dd‘ 1 o = ! = 1 U U d! ! dl
anansafAudeyalansaiivileanudndemeinnivizenindu 4 f @dliegluteuluves
a8 CGR(K, Cs)) #idglaendiegansaiiviieanudndens (Ailuwdaznanmely) f

firaenasaluil
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1. MIYANUINENY 1 69

gndeeslymani 1 meld Favihlvideya 0 uag 6 melume usissaunsadleyanu
Ilay Toya 0 @u1samlaanNnivin XOR vesteya 5 fu Yeyansivaeuluundn 5 wind 2

wazdaya 6 @XM IAA1NNNYI XOR vastaya 1 iU Toyansivaeuluwain 5 wani 3
2. veanuTLEeIY 2 67

gndeeglmand 1 uwaenanil 2 weld Fwihlideya 0, 1, 6 uaz 7 melusie usag
annsagaudeyalalag Toya 7 a113amlaa1nnisvin XOR vesdeya 2 (U Yeyansivdey
luuadfl 5 wind 4 Jeya 1 annsamlaainn1sin XOR veddeya 2 fu Teyansiaasuluund

1 3 nan#l 5 wagdoya 0 uay 6 aunsambagulieatunsaimieanudndenie 1 6
3. whganudndeniy 3 6

gniegslvviany 1. 2 wavndnd 3 meld e?faﬁﬂ‘ﬁ%agﬂa 0,1,2 6,7 way 8 meld
My weagannsanfuteualalae Yays 6 anunsaminainnisyin XOR vesdeya 5 fiu Teya
nyvaeuluuail 4 wdndl 4 deua 7 annsavnldainmsia XOR vesdeya 6 fu Teya
nyvaevluumil 4 udndl 5 deya 8 awnsavldainnisvin XOR wesdioya 3 fu Feya
nyvaeuluuniil 5 udndl 5 doua 2 awnsavldannnisi XOR vesdeya 7 fu Feya
nyavaeulunadf 5 vdndl 4 deya 1 anansamldainmisyih XOR vesteya 2 fu deya
naedeulundil 3 vandl 5 deya 0 anansamléainnisvin XOR vestesa 1 fu deya

A519aeulukaIn 3 wend 4
4. MNYANUINALVE 4 67

gniveeslviand 1, 2, 3 uasnanil 4 meld Fwilvdeya 0, 1,2, 3,6, 7, 8 uaz 9

meluie dunderiisadaya 4 uag 5 lngleNansanveyansivaauividslumiieaudiiu
o | vy P Y Y = o v oA | o a )

Livisanesonsiveyanmelunduauinls Feihlviliemheanudwdems 4 d1 9nssuy

Y

Audeyaitlmeausisiuau 5 i eguenteulalunisiteyasesda sia CGR (K, Cs)
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3.1.2 ANAAINISNAADY

MaEelaTnaessuuNUToNaLUUNTEETIUTENDUMEMINEANTIVWIN 5 i1
Tneneluszuuiudeyasuunseareifinsldnusia CGR (K, Cs) Wusiadisweslunig

Uoatudeyaidemenielussuuiudeyail Inedegavilagaazgnuuniu 2 di (k=2) uaziiiy

a

Toyansi9deu 3 dw (m=3) Feanusadestumheanuindemensouiulagsian 3 i

Y 9

mdelsaulaiteyasialuwisinuadunbenudeyasuunsgareninisldnusia CGR

[ i%
a

(K,, C5)  souninassivmheanudiniglusyuuiuteyailidoms 0-5 61 anndulvsia

Y

o !
£ % =

CGR (K, C5)  nansviateyavesmmiignudMdemetunduindsaansaaulanamisned

3.1

15197 3.1 msﬁaaﬂaﬁﬁ’mmmaaaﬁ’mzumﬁu%gmwumzma

Snutoyaluniitiun samse sl usyUuE Y MuBALLEE e
Y Y

naaau (Un) YoLARYUNIZANY (5)
U

100,000
200,000
300,000 5978 CGR (K3, Cs) 0-5
400,000
500,000

3.2 daganiuuuluun3iudanasiiun1snsandusiieanuuiasdugde
3.2.1 NSZUIUNISTNIUYDIDANDI NN

<

n309nsTEREIsANUIIEITuasEn (Maximum Likelihood Decoder : MLD) 1u

Y 9

'
a

Wnsnddunsmealenalululiasdian Tnediivuali X Jusudsduindivgniseifie

q

X = {x1, %5, X3, .., X} WO . ABMANITAITINVIOVIAA WA 1 ABALMRNITATLTINTAN T

agl@auns Likelihood snuaunnsd 3.1

n
P(x1, X2, ey Xp s 1) = np(xi; w (3.1)
i=1

hi P(X) fo joint probability mass function
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\lana1saurdeyalu Binary symmetric channel @ x; = {0,1} anunsaiUseuln

ToyATN1THANUINUULUTYAE (Bernoulli Random Variable) leifsaunisi 3.2

n n
P(x1, X2, vy X s 1) = l_[p(xi; W = l_[uxi (1— )t (3.2)
i=1 i=1

:4' s Ao o a
LﬁJaﬂ'ﬁLLf’UﬂLL"NLLUULLU?H@@NﬂW@QﬁQJﬂWiW 3.3 ey 3.4

(3.3)
(3.4)

Px=1)=pu
Px=0)=1—-u
deo<p<1
veAgsanvesaunsi 3.2 Inennsldrasni3iia (logarithm)
logp(X ;) = log [TiL, i (1 — p)t=™i

iz logfp¥i(1 — ' 7%}
i=q [log p*i + log(1 — p)* %]
io1 [xdogp + (1 — x)log(1 — )]

(3.5)

logp(X ; p) =

WIANGIEATRIAUNTST 3.5

argmaxlogp(X ; u) = argmax 2=, [x;logu + (1 — x;)log(1 — w)] (3.6)
i 7 :

mauﬁuﬁ‘ﬁwé’uﬁ 1 Gumammiﬁ‘?i 3.6
—logp(X W =Tty = [x;log i+ (1 — x;)log(1 = )]

(7]
= ?ma logp + X1 (1 —x) 7 log(1 — p)

—logp<x W =25~ (1 - x)
(3.7)

Muualiaunsn 3.7 Iavhiuguditemeaigegn
_1sn n
0 - P i= 1 i Z 1(1 )
1 _ 3, (-x)
12 Z?zlxi
1_q = Zimt
u Z?=1xi
_ n

- n
Zi=1xi

—lyn .
- nzl=1 xl (38)

T IR

Upax
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maUszandlinszuiunisnensiamennnuiiasiugegaduteyanmuuuluns fe

Wi muadnsoutna 8 Un vesdn C muud 3.4 1ile x; = {0,1}

X1 | X2 | X3

X4 C X5

Xe | X7 | Xg

5UN 3.4 nndnaeanisiansandnseutnaves MLD

A1115MAANNEIAETuNTn C azdiandu 0 wag 1 Tea1naunish 3.9 way 3.10

. 1

fc=1 = S Xiz1 % (3.9)

fle=o = 1 —flg=1 (3.10)
dane3fiunisnensiarmeauinasiugadiudeyanimuuulunsanunsoasulas

N9 (Flowchart) é’fﬂgﬂﬁ 3.5

2 a L=
- AunIAIgLR C

¥

= = & =
fiazaningeudneds C

¥

miqadauds 1 uaz O waz

A T
Hc

Y

SIE IR Thy, Ty
c

wazanaulatn C

UNTINNH

JUN 3.5 fsudanesiiunmsnensianiernuinasdugegaiutoyanimuuuluus
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ATASHLUAEU (Threshold : Ty,) AeAnlUSaUIBUAY Ac lavazsndulafiansan
wAledn C TAWNAU 1 188 fice; w50 Clyindu 0 Wie i, Wwellssuiisuiumdasuildou

'
a

(Threshold) ¥8¢ MLD g3devianidesdn Ty, = 1/2 lagdyyagyiaiiasninainnaiiieu
Iowounisdua C asiilunuddetdadenlden T, > 1/2, T, = 3/4 waz Ty, > 3/4 1ag
oA Ty, > 1/2 favsnefernnnuu1aziduvesdn C fic; w50 ficey JA1MINATT 1/2 J

Wagumdn C muaiug lnei [, WidSeuludenan azasaida C Wluadu

3.2.2 NNSAYAINISNAADY

% ¥

magidelfideya 3 yaumnseiuteussnoudae deyaluunitnannsduuine
600x600 Tnsfaguil 3.6 uazn Myl Bitmap 1uIA 600x600 ANIN S 50 AW 71
uanenefy 2 4dn Ae AmmIMARELIe U war e TiEld UL FegUd 3.7
wazgUTt 3.8 1usuliegluguuuuves bitmap lnanaassluamunisalirassiiviheiudeya

wuungufieuualdsna CGR (Ko, Cs) tnedayanilagnazgnuuady 2 dw (k=2) uaziiiy

'
a

Toyansivaey 3 @ (m=3) Feannsadesdumheanudndemeniouduldgeiian 3 67

HUY D&y e N d Y IUTUNIULUUN AR BUTIIUIN (AWGN : Additive White Gaussian

Noise) 1éegsudield MLD lunsunludeyaranwainiionu Fedanasiu MLD anansaidenty

AdaEuasulmmzauiuan neesesdyaule  Teglunisveassazidanty MLD 7dan

Th > 1/2, Ty = 3/4 uae T, > 3/4 lnedenlddoyaraviun 4 sUiuufe nmandeyaly
a ) o aAa v o aa

WITHUUEN AN dduweuuIUng 50 5U mnunadidiiduveunun 50 5U wagn1na

AviERILUUdRFRNINTIaun 50 JU Feasulananisni 3.2
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a S aa o v v a e v Y 1 [
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3.2.3 MsAnw1dnsdiuvesdayaluuns 0 uaz 1 Aunansznuvesdanasiy

Toyagunmunauuuluuituddiudsenauininds 0 unudan wazln 1 unud

[ 7
a o

LY [ v Y a [ =2 LY ! a A a
%W?NWU?Zﬂ@UﬂULU‘UEUﬂ’WW TnelumdenuideguilagyinnisAnwonsdiueesdn 0 wioln

(%
Y

1 sedavimuevesgunn efnwissdnsamuesdanesiiunisaensareanuinazduy

'
v A va v

gagananIdeloiaueluiiden 3.2 eliaunsalfenmmiiimesvesdanesiulivingay

a

furdinveanmuazanininaeuiielisanesiuiliinUssansnmasian

9

AwIansdvesdn 1 dednvianuavesgunimlaninaunis

i (3.11)

l

=

Ratio

1
all

= |

n
i=1

e x; = {0,1} uar n Aeduudnvesguawiavin

A3eladnsunImudkuuluuzIgIn 600x600 90NN I 120 2N AsgUR 3.9
PNTuUUINgNvaIgUAmRINanTdvesdn 1 sedavesgun wiivae  Anuuteyagn
AU DI U AUTIA Y IUTUNULUUMALGBULUIN - (AWGN  :  Additive  White

Gaussian Noise) 7 SNR 0-20 dB 118375 lnesulddaneiiunisnensiaseanuuiasdy

U

% N a 1

| i = 3 3 pry I
gageseAdasuUAY (T,) 499 MLD I T, > —, T, = S ez T, > = uisudludeya

[

RANAINNNNAINTRIFY IR 3.3 TeeneEIdeazinuNan1snaAaeIu ey

o -

ARSI, BnT1dmvesln 1 AeUnNanUAYDITUNI WASAMNINYBITRI A e

A

AN asLieUTE AN Ngegn

M15190 3.3 ATAneIA @ unadeUNaTRIdane3TiunITnenTEA 8Lz Ty

GG

onsdudn 1 delnvesgunindianue ANNINYDY AAUALNUREUYRY MLD

L]

1 [

(FUAMUUIN 600x600 pixel) ¥29a8yeY15U (SNR) (Th)

1. 0 <Ratio: 0.2
all

2. 0.2 < Ratio:1 <04

=

all 1. Ty, > >
3. 0.4 < Ratio:1 £0.6 3
all 0-20 dB 2. Ty =~
4. 0.6 < Ratio1x <0.8 3
i 3.T), >~

S

5. 0.8 <Ratiox <1
all
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3.3 faganmuuuuau-luun3iudanasfiunmnsiadudteninuiiasliugesa

3.3.1 NFTUIUNITNI9IUVDIDANDSNY

v v [y a = v Y 1 I ¥ a
INMVeN 3.2 aaﬂastmsaamwamammm%L‘duqﬂqmgﬂimwﬂuﬂmu’ﬂ%m

(%
Y

ludayanmuuuluwni nanfenyanimluudazyaiuila 0 v3e 1 Wermualiainwuulu-

WRHYIA § X j 0010 wazusiazgnnmden x; ; = {0,1} AaguU 3.10

X11 | X1,2 | X1,3 | X1,4

X21 | X22 | X2,3 | X2,4

X41 | Xa2 | X433 | X44

JUN 3.10 nmdraesganinvesveyaniniuuluund

T

dmsudeyanmuuuueu-lunistuuendiagagu Grayscale viin 8 Un %30 RGB ¥iln

8 Un Gedoyausazannimazusznaunisln 0 50 1 91U 8 Un Aagui 3.11

Xij = {Xij8Xij7| Xije|Xis5|*ij4| Xij3} Xij2f Xij1

X1 [X12 | X213 | X14

-

X271 |X22 |X23 |X24

r

X31 |X32 |X33 |X34

X1 |X42 |Xg3 |Xa4

JUN 3.11 nmdnaesgnn nvesteyanIniuuten-luun3

N3UT 3.11 ndoyans 8 Tnliudloduantumdaiargiu 10 9lA15ening 0-

255 lagrudazUnilenagui 3.12

MSB LSB

Xij,8 Xij,7 Xij,6 Xi,j,5 Xij4 *ij3 2 Xij1

27 26 2° 2% 23 22 21 20

5UN 3.12 sgazideausiazinvaideya 8 Un
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lofiansandoyagnn nueIn miuTLeL-lUWTHEIRENU I AlNaLABIiY 9y
Nl a A yva o A W SO v & v )
fendanlndifeaiu  nandfednyarvesn nwutau-luwsHullasE g IuAde v
amuuuluwns  edeyadaudasdndenuduiusdaiuwasiy  Fanedidelaussendly
nszuIuNIsaensiameauuvzlugaaiunmiuuteu-luunsleglduannisideadiunm

o - v v A a a % Aa A
wuuluun3feaunisn 3.8 wite 3.2 lagaviinnsaninseutisveanimiuuueu-luuniviasdn

Faguil 3.13

8 bits pixel

X11 | X12 |[X13 | X14

X21 |X22 |X23 [X24

X31 |32\ [ X35 X34

». / \
s P \
\I
i 7
X1,1,8 X1,2,8 [¥1,3,8 X1,1,7 x1,2/7 X1,3,7 X116 X126 (X136 X1,101%1,2,1 (1,31
/ Y
s 1.8(C228 X238 21,7 102027 1X2,3.7 X216 2261236 @ @ ® oo 11 1Ca,21 X231
X3 1,8 X3,2,8 [X3,3,8 1X3,1,7 X3,2,7 |X3,3,7 X3,1,6 [¥3,2,6 £3,3,6 ¥31,1 €3,2,1 X3,3,1
bit 8 of pixel bit 7 of pixel bit 6 of pixel bit 1 of pixel

JUN 3.13 mndraesmsiansandnseudiaves MLD Audeyanimuuyueu-luuns

PN v v a A o Ya Y a ada a
AINFUNTIIN 3.8 IU‘W']GUEJV] 3.2 L@J@ﬂ']%u@I‘Vi"UWi@‘UGU'N‘UGW]Wﬁ]'Timq Ao
=1 ! YV dl
X1, X3, X3, e, Xy @305 Deulusilensannisi 3.12

A ik
Akpae = 7 Bi=1%Xik (3.12)

naun15¥ 3.12 Wemaruiazsduvesdde k dle k = {1,2,3,...,8} vuganm

Aagfansaundanduden 0 waz 1 19asaunisn 3.13 uag 3.14

A 1
Akcy = 5 2i=1%Xik (3.13)
ﬁkc:o =1- ﬁkczl (3.14)

danesfiumsnensiasmerinuinasdugegaiuteyanimuuuien-luusaunsoasy

LY

I¢Faaau (Flowchart) faguil 3.14
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A J

2 2 1
AUWIATLIUIRANTIN C

v

A J

fasaundimraudeqanin C

A 4

peradauds 1 uaz O uarA1uanian

LY
Th-ﬁ wasiaisnualuannw C
c

L

WiRefiesen Thﬁ fuTy,
c

wazsnaulataanualuganmw C

apnn C = gaie?
UNTNTU

a £ [y a = v Y | 1 v Y a
EU‘VI 3.14 B\INTu@ﬁﬂ@iﬂﬂﬂ?iﬂ@@ﬁﬁﬁﬁ?ﬂﬂ?’muﬂﬂgLUU%Q@@ﬂUGUEJ%JJaﬂ’]WLL‘U‘UUEJ‘LJ—VLUU’W

TuduvesinTaSuddsu (Threshold : Ty) Bsasfidnuwagmsinnsanadnefuidod
3.2 Weudnsawsazdaueniululiasganim dermuslriganimidagyn
Uszneudagluun3on k wavue 8 9a Tagen T, Aorildwseuiisuiu fy Wneazdindula
fisanudlaganm C sumisdei k Wihiu 1 e g, viefimsanudluganiw C
sumjadndl k Wity 0 1dle gy, TnewSoudioufuAdaisuasu (Threshold) w83 MLD
Feludhuilazldmdnsuasuiotuinded 3.2 fwsenoudne T, > 1/2, T, = 3/4 ues
T, >3/4



34

3.3.2 NNFAINISNAADY

meIdelimihdeyanimueu-luws 2 vlindeusenauluiieg deyanimuiin Grayscale

uazdoyanmuda RGB 1uau 30 AW UM 600x600 MW FegUTl 3.15 uay 3.16

[ [ a

PINEIRU Teanuazdayan niln Grayscale AoganInusarynazUsEnoumedayaluus

.2 = = 1 a =

U 8 Un Aagui 3.17 BausdazUnuanitannduvesdn uagdnwudeyanmyiln RGB

Y

AogAnINUsazndrUsEnoumedeyaluunidiuiu 8 Un viavun 3 ¥n AegUN 3.18 Fausas

Unludayausazyniuianiiennnuduvesdung @07 uagdtuku auaey

T,mEmmaaﬂuamumsaﬁaﬁ’wamﬁmmmﬁuﬁayjmmumjmLmﬁi%’iﬁa CGR (K, Cs)
Tnedoyanilanazgnudady 2 dwu (k=2) uasiiadoyansisasy 3 dw (m=3) Fsawnsa
ﬂmﬁumhammﬁﬁL?wmsw%’amﬁuié’qﬁqm 3 6 rutedynanTd g ms UL
\M@BBurTIuIn (AWGN : Additive White Gaussian Noise) 1ngagf3udsld MLD Tunisudly
Yoyafiawaailowu Fsdanesfiu MLD annsadenldadaiuudsulinyauiuanin
vowedyaaldd Taglunimeassasdenld MLD fiinsfinisaneansfves 2 ffe f
Fasudeuiio Ty > 1/2, T, = 3/4 uae T, > 3/4 wazsmnudafiiundan (fuan

a A

neuieaavselni 8) Faasulannsm 3.4

€

()}

M19199 3.4 Arpyaguiuuueu-lu I mMAReIiUSANasINNISnonsAIEAINLIL

Duasgn
ATt RO R IS S Audnii
Y { AAaLsuLURaguYes MLD |
JULUUTRYATUNIN VAL WA1358U13970 MLD
. (Tn) -

(#) (Us)
1
1.Ty > 5

sUnnvlle Grayscale 0-3 2.Ty = % 1-8
3
3Ty >
1
]. Th > E

sunmailn RGB 0-3 2.Tp = % 1-8
3
3.T, > "
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Ul 3.16 wuou-luuiviia RGB

Grayscale pixel

X11 | X2 | X13 | X1,4

X2,1 |Xz2 |X2,3 [X2,4

X3,1 |X32 |X33 |X3,4

X141 %/44/3 Xy,

//// /
» v
X3,3,8 X3,3,7 X336 00 X331
bit 8 bit 7 bit 6 bit 1
of pixel of pixel of pixel of pixel

5UN 3.17 amdnaesdeyasunmaila Grayscale
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RGB pixel

X11 | X1,2 | X1,3 [ X1,0

X21 |X22 |X23 [X24

X31 |X32 [X33 |X34

| Xg 7 | ’x/‘:,/z xa,g Xg,a

— /
— S /
/ -
— e
£3,3,8p X3,3,78 X336 X331
X338 X337, 33,66 e o0 X33,1¢
X338 X3,3,75 X3,3.6p X3,3,1p
bit 8 of pixel bit 7 of pixel bit 6 of pixel bit 1 of pixel

5U# 3.18 amdnaeadeyajunmyila RGB

3.4 dayanuuLeNaNsiudana3fiunInsaadudtenlunanlugEn
3.4.1 NSTUIUNTVINNIUVDIDANDINN

[y

ax A ve 9 i = = ° i o
danesfuilasumsiasesenaIn ngram [23] a9l ngram AokUUTI@DITLY
AwAtAIiluueINaudInYs (Character Sequence) Mintus T dudA wiomAy

uraztluvesi et (Word Sequence) AAnTusimiududselon

[y

Wetwual . W unugnvasiidniiugiudeya  FeUseneulumednd W =

{wy, Wy, ws, ..., w,} 1D nPadnnuAdninaunlug udeuatiu lagilafiansanemdni
U dl

° v = v U o =
a1 x lugiudeya W FeUsenoulUMEMENYs Wy = {Wy 1, Wy 2 Wy 3, -, Wy} B M

A o v o ) o & o aa v = v

ARIIUIUMBYIIRUALUAIIY  wag D Lmummwmmmﬁlsumayﬁ FaUsznoulunay
fonws D = {d;,d,, ds,...,d,} uay D, Lmuﬁﬁﬁgﬂﬂﬁ]’ﬁmﬁLLﬁl‘U“Z’J}EmuaLLay’J A1U150%1AIU
Wnziluresmifiansa D 9nnguijvediud (Bayes’s Theorem) saaunisii 3.15 waziile

Wisuiweuiuamlugiudeya W annsan (p(D|W,)) leannaunisi 3.16

p(ANB) (3.15)
P(AIB) = ===
p(B)

p(Wy) (3.16)
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#9150 p(D N W, ) Aeduitteyavivdouiuieasls p(D @ Wy, ) dsaunis 3.17

p(D & W, )
p(Wy)

= ! &, o aa 1 v o v )~ a
Lu@\‘m']ﬂf"’n']ll‘lﬂ‘ﬂzLU‘UGUEN?’YWTW"U'WM']LLfgflsUﬂJ@yjaﬂUﬂqﬁLugqusﬂawuaﬂJ AITUONNU

p(D|W,) = (3.17)

v = o A a ° Yo =i
waneeiu Jehanudnufansunlunsauulafaunsy 3.18

pr(DIWy) = p(fw, )P (D|W,) (3.18)

= a

sormlonianuinzilugianvesingniinnsaudlatoya D, Moanaunisi

Y

3.18

D, = argmax|[ps(D|W;, Wy, W3, ... W,)] (3.19)

\Wefedardmilugudeyauanifsmsnedl 3.5 deanumdsdiuig 18 lud uas

TOMNUVAIHUFYYINTUNIULARAS AU 3.19 Uag 3.20 PIUAGY

M13197 3.5 feestoya Ngram1l

AVFNY ADTINY autaeduding
14 i p(w,)
a 20 0.25
as 8 0.10
is 6 0.19
it 11 0.14
this 10 0.13
that 12 0.15
storage a4 0.05

T | h|i s s a s|tjlo|r|alg]|e

5UM 3.19 degdoyatonansauwuy
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5UN 3.20 Fegatayalanansviaariudayy1usuniu

[

Rsandydnwaluusm@ausenounie “space”, “.”, “?7, “1I”, “” “” \Judu 91n
TOYAMSIUFYIUTUNIUAIFUN 3.17 aganunsoutadnla 4 Ao Thss, i#, a ke st3vage

Tnadlefinrsananuinziluresiii 4 esudugiudeyadmisnd 3.5 Taladenns1ai 3.6

M19197 3.6 Freg NS suisumANIINguToya

i AIANTAIN ALY
W50 Uty Hudiny p(D|Wy) pr(DIW,)
(D) W) P (fw,)
this 0.13 3/4 0.0975
Thss
that 0.15 2/4 0.075
as 0.10 0 0
i# is 0.19 1/2 0.095
it 0.14 2 0.07
a a 0.25 1 0.25
St3vage storage 0.05 5/1 0.035

INANTNNA 3.6 AIENTING 4 srazidenuilumdniidusfilaniannuuiazidun

AgeanTaRsladma 1IN suAlutayaRANaIALEIAIFUN 3.21

T|h|i]s gl S |V GId s{tlo|rlalg]e

JUN 3.21 shegndoyatonalsvasun lutoyaiinnain

danesiumsnensiasmernuinaslugegaiuteyauwuuienasanunsaasulin

974 (Flowchart) ﬁ’ﬁ’agﬂﬁ 3.22
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A 4

o

2 ] [
AWIAWLaARanEs C

Y
wispnandszlaaineld

Arudneniuiiaen

Y

Aunilaniganuiiszidugede

D|W; 1esemngudaya

v
dadulamdnst D mnps (D |Wy)
fflpn sz ilugesn

AUNIFN U

JUN 3.22 Hanudanesiiunsnensiameanuiiasugeaniudayawuuienans

3.4.2 ANSAAINISNAADY

a [

nMaIdeliihdeninuainunanun wdnguainesetiedumesiiaviauaUsaa

o

5,000 A1 laginudennny wazanudinuAiy wasegrudeyaddnidmsuinsanwdly

Toyaludanesiiuinaaes Femeidelamiuney 5 ey wiasunauiuseana 200

[y

AN AUTRIFY YIUNTIF Y YIATUNIULUUINAGEUY1IUIN (AWGN : Additive White

A

Gaussian Noise) 18a55uasld MLD lumsudludeyaianainiiossiu
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NANIINNADN

Unagnaniman1sAnyiarnImMAaeIvesideanuni 3 Feusznaumena
msfinwszuuiudoyanuunsgareidnsiamesia CGR nan1snaaesasfeyaninuuuly
WIS HaNIeaastayan nkuuNeL-lunS  Uaznansaaastayawuuenansiusanesiiy

nsnensiareAuinandugen

4.1 nan1sAnszULIAUTaYALUUNTZANY
nnsAnmszuvinfiuioyauuunszaelasainsdoyaluuniouie 100,000 Oa
200,000 9 300,000 400,000 U uaz 500,000 TntAulumbefutoyauuunszanedil
msldforusia CGR (K, Cs) iusiadinmeslumsdasiudoyaiomenisluszuuiivioyad
Mnusaeslinheanudlussuuiuloyauuunssnedemesuau 05 d dlduans
maaaﬁqgﬂﬁ 4.1 lewdennsmluny y TugtuuuesidudvesAdndanann wagunu x fe

PUIANUINTES NN

100
T R - o Y L SO L RN 0, MO il lf |
S W W - T == W ) I NY ¢ ... [ A " AN, % 17 f
T W, WL - B T s P iy SIRNI N o S— S 4 4 A o
9 ol N : : :
o —e&— Distributed Storage System with CGR code
o =& = Distributed Storage System without CGR code : :
= 50_ .............................. T ................................ ..............................
- : o1Le : f
o 4 i : !
] st e Dt Y SR R RRRY SETITRTEPTIT e 2l
e : ke : :
" ,/ : ; :
e e T At T I, o e AR oo ey 1| ST =
: b : ; !
2 // b i .
-l : : T e )
20_ ........................ //E ................................ ................................ ................................
o ; : : :
1D_ .......... /// ............................................................................................................................................ —
/’/
e & b
0 1 2

Number of Disk Failure

JUN 4.1 AnvesidudvesdoyaRanaindieviisrnudndenie 0-5 i Tuszuuiudeya

wuunsTaedildsia CGR (K, Cs)
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NNHaNTARRsgUT 4.1 uaasliifuindeidudeyaluniefudeyauuunszaeily
AusWA CGR (K, Cs) nadifimiasarusidions 1-3 62 aunsoddoyafundusnldome
100% iflesanegludoulvvesnuantfisia CGR (K,, Cs) winsdiivihgaudndeme 4
¢ waw 5 Huerliaunsofdeyavemheanudfidemelunduanldimun Fwannso

asUladannsnan 4.1

M15°9% 4.1 agunanisfneszuuiivtoyawuunszanadleldsia CGR (Ky, Cs)

oL ) NUIUNUIIAININ
SHEBLSIYRS L . HANNIVIAGDY
UGEVRERCR)

1 anasaiveyafulanivun
2 anansavoyaaulanivun

s%a CGR (K, Cs) 3 anansaiveyaulanivun
4 lgnansaddeyamheanuiidemealundupuunla
5 lanansageyantheanuinidsmelunduduunla

4.2 Namswﬂaae%’agamwLLUUluu'l?ﬁ’Ué’ana%ﬁumim'aﬁuﬁfaEjmflmjm
<
wWugega
4.2.1 wamswﬂam%’agamwLLUUluuﬁ'ﬁUé’aﬂa'%ﬁuﬂ'lsaamﬁaé"mm’mu”m:
Jugegn
INFUNHALYARES) 1L YUIA 600600 IALN susznaulusne

1. sunmandeyaluuiduuuguaunn 600x600 9aMM §1u3 50 U

2. U mLUBlUuNEIUIA 600x600 90w WU 1 411w 50 3U

3. gUamuuUlULFIUIR 600x600 AN WUUT 2 $1uu 50 U

4. gUamuuUlULFYIA 600x600 NN WUUT 1 way 2 insrudundaduEensn

Viavium 50 §U

'
a

Tudeuleimbaiudeyademendeudu 0-3 f7 anvianun 5 61 uagiasessuld
Y o = o 1 3 3 & ™ 1%
danesviu MLD Willen Ty >, Tp = waw Ty >3 luReulanagnsiaaeunazuiltoya

Hanann Falinanegun 4.2, 4.3, 4.4 uay 4.5 audny
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BER

—&— (-3 disk fail with MLD Threshold =1/2
=B —0-2 disk fail with MLD Threshold ==3/4
c & 0-3 disk fail with MLD Threshold =3/4
— 9 -0-2 disk fail without MLD

0 2 4 B B 0 1!2 14 16 18 20
SNR (dB)

JUN 4.2 ¢1 BER 91nN1300aTTatoyasun muuuluuIsuuUgUIIn 600600 900N
3

00 il
wanl Ty, >5,Th 24

3
,Th>z

NaN1SVAeRIgUnl 4.2 wansliiudnl MLD  ldfimalunisiiuanssauzuiluainy

Aananafutayaluusuuud Wesntayausaznlailinnuduiusi

—&— (-3 disk fail with MLD Threshold =1/2

=& —0-3 disk fail with WLD Threshold ==3/4 -~
e e 0-2 disk fail with MLD Threshold =3/4
Y =@ -0-2 disk fail without MLD

0 2 4 B g 10 12 14 16 18 20
SNR (dB)

JUN 4.3 A1 BER ann1saensiiadeyaguninwuuluuniuwin 600x600 301 wuuil 1

A 1 3 3
LmamTh>E,ThZZ,Th>Z
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NaN15VAaeaguil 4.3 wansliiiuil MLD Tinadnslunisiiivaussousvesnisuile
a Ao 1o v = = A 1 4 3 4
mmmwmmmmmwagamwLL‘UUi‘umiLLUU% 1w Ty > SV SNR< 16 dB, T, = 2

SNR < 17 dB uaw Ty, >~ SNR < 18 dB

BER

—&— (-3 disk fail with MLD Threshold =1/2
=& =0-3 disk fail with MLD Threshold ==3/4
& 0-3 disk fail with MLD Threshold =374
= % -0-3 disk fail without MLD

SNR (dB)

JUN 4.4 @1 BER nn1snensiiatayaguninuuuluiniawin 600600 A0 WUuyl 2
3

A 1
Weanl T, >E'Th Viafn

3
;Th>z

NaN1INAaeIUT 4.4 uandlidiuan MLD Tinadwslunisiiivaussousveanisuile
a { 1 U v { { { 1 { 3 i
ANuRaNanRndiuteyaluulunsuuun 2 Wa T, > 5 #ASNR< 16 dB, T}, = 2171' SNR

3 a = a v el v a Y] =
<17.dB uaw Tp > ¥ SNR <18 dB FailwadnsnlnalAesiunanismaasaIngui 4.3
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BER

—&— (-3 disgk fail with MLD Threshold =1/2 |
{ —B = 0-3 disk fail with MLD Threshold ==3/4 L

<o (023 disk fail with MLD Threshold =344
| =@ -0-3 disk fail without MLD

| | | |
0 2 4 B 8 10 12 14 16 13 20

SNR (dB)

JUN 4.5 /1 BER 3nmisnensviadeyazUuanuuuluun3uun 600x600 30N Wuuil 1 wag 2

= 1 3 3
LﬁamTh>5,Th22,Th>Z

wansneaesgUl 4.5 Mtaganmuuuluun wuudl 1 uas 2 lasazduidensniiuou
50 N1 sAaBU MLD wandliidiuin MLD Winadnslunisiinaussauzvasnisuiluning
Aananafinnii e Ty >% 7ISNR< 16 dB , Ty = %1‘71' SNR < 17 dB uag T), > %ﬁ SNR <
18 dB %@ﬁmaé’wéﬁiﬂé’lﬁmﬁ’umamswammﬂg‘uﬁ 4.3 uay 4.4

=gy

5 Y @ - a = 5 = a a = ¥
PNNNANINARDINIVNA  LanslAiuINanesyid MLD uuuﬂizammwmﬂwaa&

D

(%
o

sUN M s ntayaiimnuduiusiuseiangeudng tnedn T, v0edanesiiu MLD tud

)}

ANUENNN TN luToyRRA AR L uTesdtyaIuNT SNR uansneiuas

1 = 1% t:l'd d' 1 1
1. Tp>= Hanuanunsaunlutauanaiiie SNR BYITWIN 0-8dB

Y

N

3 Y] i i ' '
2. Ty == danuanunsounlutoyaiifiile SNR atfsyning 8 - 12 dB

Y

N

3 a o Ao A '
3. Th > ZNﬂ?qﬂaqﬂqﬁﬂLLmsUsUaﬂJaV]ﬂLN@ SNR &1nn31 12 dB

Y

'
a

NANENIUTRUaTULARINITNN 4.2 wazanunsaRsanseladnliedentd Ty,

'
a a =

Y9389an037u MLD Inefiansanainauninvestesdnyaaieiliussdnsningiian  lu

Y 9

v =

Toyanmildlaldnudanesiiu MLD Wwdedld SNR fis 16dB  wsiludeyagunmiildau

o a = dl ! 3 3 5 ¥ ld 1 = U dlo.l a a a
2aNINN MLD e Ty, = 1 739 T, > 1 Uy SNR NilAAewA 12 dB iens1dnRanaindl

[ [J

A1 1073 viselunsSudsdauadnuiy 1,000 U nuinddnnanain 1 U9 F99U18A3140310NNS

Y



detoyasunmilanunsaan SNR aslat 4 dB ilelddanesiiu MLD 7 T, =

3 A 129) % a
T, > ; weliliSunmuninvesteyanaiy
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A13197 4.2 agunanisvaaesdeyanmluwitudanesiiunisaensiaiennuinsly

GG
Uszmvestoya AUALSUUAEUYRY MLD AesuY
(Ty)
sunmandayaluunsuuudy , janesiiy MLD  ldwnzaudunisunle
NnA T, 5 . . .
ﬁua;ﬂagﬂmwmﬂsua:ualuumwuam
T, >l whbuUey addL 19 SNR 8g521319 0-8 dB
2
ﬁUﬂWWVLUUW‘%GU'TJGT'] Th > E LLﬁl%%@NaﬁaLﬁa SNR @EJi”V’J'N 8-12 dB
? 4
T, > 3 LLﬁlm%’auaﬁﬁLﬁa SNR 11nn31 12 dB
4

4.2.2 WaN1INARRINTSANYISNTIdmvadayaluuns 0 uaz 1 AukanIENUVES

danasny

NN INARDIANILTUNNYIAMUULULITUNIN 600x600 FANTN IIUIU 120 AN 9

o | a A & A A Ao a a o = &
UDMNTNFIUVBDIUS 1 GBDUNNINUA I@f’J“UG] O LLNUUNFAALASUS 1 LNUUNEUI GUQQﬂLL‘U\TL‘UU 5

[

GHI

]

1. 0 < Ratio: <0.2
all

2. 0.2 < Ratio: <04

all

3. 0.4 < Ratios < 0.6

all

4. 0.6 < Ratiox1 <0.8

all
5. 0.8 < Ratio: <1

all

ey aNddygIasunIuLUUIN@TGauI1IUINga SNR 5211919 0-20 dB lag

A

Tudvesulaiinislddanesfiunsnensiasmeanuinasdugaderlnsudaeu (T,)

993 MLD fien T, > 1/2 , Ty > 3/4 waz T, > 3/4 LﬁaLLﬁ’lﬁu%gaﬁﬂwmmﬁmmﬂ

1%
Y

Hoadeyayos Iaeluduiled aﬁlzwﬁamﬂiﬁWLﬁ@%Lmﬂzﬁﬂé’J’ayjaLﬂu 2 d1ufe Tudrunsnaznasn

nsl T, vesdane3fiunisaensiamennuinazluganusdazan  aglddoyaguninid
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dnsduvesdnluaseiuiiinuninvestoyawnnsiuvseld Assun 4.6, 4.7 uay 4.8
! = [ Ao ! a ! ! ¥y LY a e

wayludunaesznfennsmigunniiisnndruvesdausiaze Ineglddeya T, vesdana3iiy

msnensiasmemuiandugede Wefinsanaunmuestoyaien T, M99y wansiegy

i 4.9,4.10,4.11,4.12 uay 4.13

BER

—e&—|mage with bit1fall . D<Ratio==0.2
—& = Image with bit1fall - 0 2<Ratio=<=04 |
G mage with bittall 0 d=Ratio==0 5
Image with bitl/all; 0 G=Ratio==08 I
Image with bitfall . 0 8<Ratio<=1
=@ Al Pic Without MLD

SNR (dB)

[ Ao o ]
ﬂUE‘Uﬂ’]W‘V]lIEJWi’]ﬁ'JuSUEN

N |-

JUN 4.6 A1 BER 3nn1snensiaveyasunimuwuulung T, >

Ualuae9

=y

NAN1INAERIFUN 4.6 wandliiiudndeyagunimuuuluwsiial T, > = Augunini

4
2
9n31du 0 < Ratios < 0.2, 0.2 < Ratio:r <0.4, 0.4 < Ratio: < 0.6, 0.6
all all all

Ratio 1 < 0.8U@ay 0.8 < Ratio 1 < 171 BER AlndiAssriuivna SNR
all all

N
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BER

| —&—Image with hit1/all . O=Ratio==02

| —E —lImage with bitl/all : 0.2<Ratio==04

A& Image with bit1fall - 0 d<Ratio==0 6

: Image with bit1fall - 0 6<Ratio==05

: Image with bit1fall : 0 8<Ratio==1
=4 - All Pic Without MLD

i : :
a 2 4 A i 10 12 14 16 13 20

SNR (dB)
{ ! o v a 3 o Ao v |
3U# 4.7 ¢1 BER sannsaenstiadeyaguamuuulunns T, = = dugunmilidnsnadiuves

TmlumAmnge

w

NAN1INAREIFUT 4.7 wansliiudndeyasunanuuuluuniiien T, = > Augunmidl

NS

9n918U 0 < Ratioa < 0.2, 0.2 < Ratio: < 0.4, 0.4 < Ratio: < 0.6, 0.6 <

all all all

Ratio: < 0.8 Wa¥ 0.8 < Ratio: < 1 Wi BER #ilndifesdufi SNR Asing (SNR <
all all

10dB) wagil 0 < Ratio: < 0.2 usr 0.8 < Ratio < 1 Fudugunmididnsdiudn 1
all all

soln 0 uazgunmnilensidmdn 0 dedn 1 NdelndiAgstuaglvidmadnsvesnisnaaesd
ANd1 (BER ¢1) weananntudanuini SNR 41 (SNR > 12dB) sunwiiidnsidiuvesdn

1 sodn 0 lndiAeseiy Ao Ratios 0.4-0.6 v BER genan (aussauglunisunluln
all

A 1w 1

Aananaan) Losarndndlaetanuduiusiuginadnsdiuous)

9 Y
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BER

—&—|mage with bit1/all : 0=Ratio==02
| —B =Image with bit1/all - 0. 2<Ratio==04 |-
e mage with bit1fall . 0d<Ratio==06 |
Image with bit1/all ; 0 B=Ratio==08
; Image with bit1/all : 0 8=Ratio==1

=@~ All Pic Without MLD

SNR (dB)

i 1 o v i 3 o =gy ]
U 4.8 1 BER mnmisnansiiadeyazunmuuuluuns T, > ~duguamilidnsidiuves
Tnlupmige
NAN13VAERIgUT 4.8 wandliiuindayaguninwuuluwisinen T, =

3
4
9m31d7U4 0 < Ratioar < 0.2, 0.2 < Ratio:1 < 0.4, 0.4 <Ratiox <0.6, 0.6<
all all all

Ratios < 0.8 Uay 0.8 < Ratioa < 1 a1 BER #lndifesiufl SNR Asing (SNR <
all all

10dB) wazil 0 < Ratio: < 0.2 uay 0.8 < Ratio: < 1 Fulugunmdiddnsdiudn 1
all all

Ia [ 1

soln 0 uazgUanensidiudn 0 dedn 1 NlelndAvsiuaglvirmadwsvosnisnaaed

An31 (BER #11) BedlracnsnlnalAgaiunanImAaeaIngu 4.7
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dl o ! 3 a d‘dv } a ! 3 = !
Wanuueal T, = = “UUWUBQEﬂﬂW\MM AINFTIUVDIUNF N Huliiflinane

K

[

UszAnSninveddana3iiuile SNR ag5ening 0-6 dB us13a SNR wnn3 6 dB

[y

yinvesgUunmilensduveslngeg duilnaseUszdnSninvesdanesiiuiies
ntoy AuNIENIDa SNR gandn 14 dB Faiuinwiiavesgunndididnsdiuves

Un 0.4 < Ratiox < 0.6 wIetayazunmndniadiuvesinu1iulndiiia
all

=

TnaAsaiuulsy BER fianaaiian (aussauslunisuiludsianaingn) Wewieuiu

Y 9

oo |

yinvesgunminiiensdiuvesdngu

£%
a 1 &Y

d‘ o ! 3 a Ao o | 1l !
Wwanmuaal Ty >Z %umaﬂgﬂm‘wmm AINAIUVDIUANING Huliifinane

a = 1

Usglninmuesdanaifisnile SNR og5ening 0-10 dB ufdae SNR 1101 10

dB ¥avessUNmildnsIdIuettnmeg dullianeUszavinmvesdaneinu

Wisadnioy uNIevadie SNR gendn 14 dB Funiuinilevesgunwifisnsdn

Y9400 0.4 < Ratio 1 < 0.6 viatayazunmnsndimvesinu1iiulndniia
all

|
1 ol

TndtAseiunuly BER fenasiian (Aussauzluniswiledsianain) wewieuiu

Y 9

v a Y

yipvesgunnnisnsdiuvesdnoug  ewindndanuduiusivgeiuing

Y

=
LA

—e&— LD Threshold =1/2
=& =MLD Threshold ==3/4
g WLD Threshold =3/4
=& - \Without MLD

2 4 5] g 10 12 14 16 18 20
SNR (dB)

U 4.9 A1 BER ann1saensiadeyasuninwuuluininiensidiudnme

0 < Ratio1 < 0.2 AU T, AN
all
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NAN1TNARDITUT 4.9 LanINanITIRRDsTiAn T), > § ,Th, 2% , T > % dlodasdn

vosUnlunmilal 0 < Ratio% < 0.2 Winadwidefian T, > % Tnansvnaesfinninnsdif
a

14l MLD (BER #inn37) 1o SNR < 17 dB, Ty, 2% Tnansneaesdinninsdiildld MLD

(BER #1n37) wilo SNR < 18 dB, T}, > z Tfnansaaefinninsanlalld MLD (BER @ndn)

il SNR < 19 dB

BER

A —&—MLD Threshold =1/2
=& =MLD Threshold ==32/4 ¢

e MLD Threshold =3/4
1 =% - Without MLD

] 2 4 5] a 10 12 14 16 18 20
SNR (dB)

35U 4.10 A1 BER 91nn1saensiateyasunmuuuluunsiiidnsidiutnde

0.2 < Ratio1 < 0.4y Ty, AN
all
3

= A 1
NanINAaedgul - 4.10  wdnwaNINeaRIAn Ty > T, = 3

3 =
y Th >, we

Y] | a ' . v @ {1 1 v
dnsduvestnluniuidar 0.2 < Ratio 1 < 0.4 Tvnaawdeedien T, > > Winanmvnaes
all

finninnsdldld MLD (BER fnn) wilo SNR < 16.5 dB, T}, = % Tian1saaesinningel
#ladld MLD (BER sin31) wile SNR < 18 dB, T), >% Tnansveaasiidniinsdiilalld MLD

(BER #1177 o SNR < 18.5 dB
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BER

—&— LD Threshold =1/2
=& =MLD Threshold ==3/4
& WLD Threshold =344
=& -Without MLD

SNR (dB)

U 4.11 ¢1 BER 91nn1saensviateyaunmuutluunsniisnsduinde
0.4 < Ratio 1 < 0.6 U Tj, AR
all
&

J A 1
HANISNARRITUN 411 UdpwanIveResnal T, > S P =5

3 P
»Th>; (81))

o | a ! L P 1y gy 1 P
dnTduvesinluninial 0.4 < Ratio: < 0.6 lvinaawdpeanen T, > > binanmsvnaes
all

fiRninsdnldld MLD (BER sndn) wile SNR < 16.5 dB, Ty, = % Tinanisvaaeafinninndl
sl MLD (BER sn37) 1ila SNR < 17 dB, T), >Z Tinanisnaaesinninsailals MLD

(BER #1n47) e SNR < 17.5 dB
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BER

—&— LD Threshold =1/2
=& =MLD Threshold ==3/4 |:
ol s WLD Threshold =344 |
Ul = Without MLD

0 2 4 B g 10 12 14 1B 18 20
SNR (dB)

U 4.12 ¢1 BER 91nn1saensviateyasunmuuuluunsniisniduinde
0.6 < Ratio 1 < 0.8 AU T}, AI%199
all
=

s
2T >3 e

= I~ 1
mamsmaaqgﬂw 4.12  udmnanIsveassvien T, > > v =,

) | a P 7 v ) A A 1 v
dnsnauvaslnluningal 0.6 < Ratio: < 0.8 lvinaawshedien T), > : Tinan1svnaes
all

fiRninnsadldld MLD (BER snan) die SNR < 16 dB, Ty, = % IfansNnasTinnInSan
1314 MLD (BER sn37) 1ile SNR < 18 dB, T, >% Tnamsneasfinninnsaidldld MLD

(BER #1n37) 1io SNR < 18.5 dB
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BER

—e&—NLD Threshaold =172

1 —B—=MLD Threshold ==2/4

1o &F o WLD Threshold =304
=& - Without MLD

SNR (dB)

JUN 4.13 A1 BER 31NN snensiatoyagunimiuuluuninddnsdiuinge
0.8 < Ratio1 < 11U Ty A9
all
3

A A 1
NENINAERIFUT 413 uanwanIneaeAY Ty > Ty >3

3 o
»Th>; (81))

o | a | A v 1y {1 1 ') d
dnduweslaluninial 0.8 < Ratio 1 < 1 Tuaawspenen T, > S Winan1svaaesi
all

fAndnsainllld MLD (BER #1n31) e SNR < 17.dB, T}, = Z Tian1svaaesfinninnseaivill
4 MLD (BER #n31) 8 SNR < 18 dB, T}, > % Tnansmaassfinninsailald MLD (BER

#n77) 1l SNR < 18.5 dB

INNANINARBIRIFUTN 4.9, 4.10, 4.11, 4.12 Uaw 4.13 au13antasIeiveyaviinves
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sUnmngns1dmvesdndlade
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L i T, > duiidesdryaauiifin SNR 0 dB fie 20dB T BER WilnaiAeariu
naMAeiiA1Ace 3x1072 fis 107* Fadn Ty, Arilvangauiudeyasun1niines

HUYBIdy NIy 145UNIUE (SNR 61 5 SNR < 8 dB)
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&Y

2. fifn Ty, = 3 wufivesdeyayraudifian SNR 0 dB &1 20dB wie1 BER 9x102 &

B w

1075 &aAn T, dvnzaududeyaguninidesiiudesdyauilinsuaundy
@ i = ] 3 & g, A
vosdyerusuniu (linsiu SNR) wliesainal BER w8s Tj, > " wulvien BER 713
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ANNNNANTEHINA Ty, > > way Tp > 1
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#5A1 SNR 0 dB @19 20dB 1¥e1 BER umnsnediu

a

finnuduvesdyanasuniusi (SNR 49; SNR > 12 dB)

FRINNANINAFBINNEINTIAUEINT0aTULARRN5197 4.3

M13199 4.3 a3UunanIIAaeINsAnNYERTId@LYeteyaluuns 0 uag 1 MUNANTENUYeN

gana3y
W 1ITNARDS AN TIELIOS A5 UNE
1 ANz aNAUYeId e 1l SNR #1 (SNR < 8
Tz 5
o \R dB)
ANTALTILUAEUYEY MLD 3 R N
T, > ugauiutesdyaunlingu SNR
(Tp) 4 .
3 WHNzaufUYeeayauAd SNR g9 (SNR >
T, >—
7 b 12 dB)

o | v a
@miqﬁju‘sﬂ@ﬂs{]a%aliluqi 0

Way 1

0 < Ratio1 <0.2

all

AN MYeLAnAwHIU MLD Afigawiaifiguiu
Toyauiinou (BER A1¥ign)

0.2 <Ratio1 <04
all

AAMTRLANEIHIU MLD Uunanaiiaifigy

futeyavlindu (BER Uruna)

0.4 < Ratio1 < 0.6

all

AN MTRLANAEIU MLD ueifigaiileiiiey

v Y a

udeyaviindu (BER geiign)

Y

0.6 < Ratio1 < 0.8
all

AMNINYDUANAIIU MLD Ununasiilawiiau

Y

[

YUauavinay (BER Ununang)

Y

]

0.8 <Ratio1 <1
all
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uNNYBLANANIY MLD Avaatilaifiguiiu
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'
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4.3 HaN1MAARITAYANNLUULBU-lUNNIAUIaNDININNITNTIAIUAIIAINY
[ 1
Unazdugegn

NNNINARRITRLATUN NN YA 600x600 AN Fesialuil

1. sUnmuuuueu-luu3wila Grayscale ¥u1m 600x600 NN F1U3U 30 §U

2. sUnmiuuuueu-lunTulia RGB U11M 600x600 NN F1U3U 30 §U

Tudeuleimbhaiudeyaldomendeuiu 0-3 67 anviiun 5 M wagin3ossuld
9 o= o a s a I 1 3 3 o a o
28NV MLD NuA WIS HmesuaLsulasune Ty, > > T, = " T, > 2 4azanUUANgN
Wunfiasande 1-8 Un dwmsugunmuwuuueu-luun3wia Grayscale lanadsgui 4.14, 4.15,

4.16,4.17,4.18,4.19, 4.20, 4.21 uazgUnmuvuuou-luiivila RGB ldnadsuil 4.22, 4.23,
4.24,4.25, 4.26, 4.27, 4.28, 4.29

BER

=& (-3 disk fail with MLD Threshold =1/2, 1 left-bit calculation
=G =0-3 disk fail with MLD Threshold ==3/4, 1 left-bit calculation
s 023 disk fail with MLD Threshold =354, 1 left-hit calculation

| =—8—0-3 disk fail without MLD

] 2 4 B g 10 12 14 16 18 20
SNR (dB)

5Uf 4.14 ¢1 BER 9inmsnensviaguniwueu-luivia Grayscale 1u1n 600x600 9N

A 1 3 3 a a o A ° a
dee Ty > =, Ty 2 7, Ty > 3 wazlniithuniiansandwau 1 Oa

Nan15VAaeaguil 4.14 \Wunan1snaaes MLD funmueu-luui3uuy Grayscale 1

[%
v 1 v

Toyauiazannmilanuduiusiutes Fwsr1danesiiu MLD Wa1sande 1 Jatuainds

=4

MSB FsliinadnsAoan BER a5/n3n (BER sindn) uile SNR > 14 dB 31 T, > %%115? BER 7iu¢

flgm (BER g9) Ty, = %ﬁ]ﬂﬁ BER #iUunaniwag T, > % 217 BER 7iffign (BER #)
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BER

—&— (-3 disk fail with MLD Threshald =1/2, 2 left-bit calculation
=G —=0-3 disk fail with MLD Threshold ==3/4, 2 left-hit calculation
co e 023 disk fail with WMLD Thresheold =3/, 2 |eft-hit calculation

—&— (-3 disk fail without MLD

u 2 4 B g 1ID 12 14 16 18 20
SNR (dB)

sUfl 4.15 ¢1 BER 9nnnsnensiaguninuey-luiniuila Grayscale au1n 600x600 9AAM

o

Y ! 1 3 3 a a o a
Hean Ty, > 3 NS i ) T A 7 SAsUANIUININDI TN 2 U

NaN13NARBITUT 4.15 [unanimnaes MLD Aunimueu-luwisuuy Grayscale &

faAdanesiin MLD fiansainde 2 dntfuaindn MSB dslvadnsaedn BER agfnin (BER
) idle SNR > 13 dB &s Ty, > 2 a¢lk BER flusiign (BER g9 Ty, = = avlik BER iU

nauay T > Z w19k BER #ifiiga (BER #)
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BER

—&— (-3 disk fail with MLD Threshold =172, 3 lefi-bit calculation
=& =03 disk fail with MLD Threshold ==3/4, 3 |eft-bit calculation
e 023 disk fail with MLD Threshold =244, 3 left-bit calculation

| —8—0-3 disk fail without MLD

SNR (dB)

5Ufl 4.16 ¢1 BER 9nnnsnensiaguniwuey-luiniuila Grayscale au1n 600x600 9AAM

A i 3 3 A Ao a o a
deen Ty > =, Ty = 7, Ty > 7 waelniihuniiansandimau 3 Oa

NAN1INARBITUT 4.16 WHunanimaaes MLD Auniwuew-luwiiuuy Grayscale &

faAndanesviu MLD fifansandn 3 dnfuainde MSB ddlsradnsaenn BER aginin (BER
n31) Wl SNR > 12 dB &3 T, > % 22l BER 7ludiian (BER q0 T = % a¢l9f BER iU

3 v Aaa °
nasuay Ty > 5 92l BER 71aVan (BER #i)
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BER

—&— (-2 disk fail with MLD Threshold =1/2, 4 left-bit calculation
=& = (0-3 disk fail with MLD Threshold ==3/4, 4 left-bit calculation
o 0-3 disk fail with MLD Threshold =3/ 4 left-bit calculation

—&— (-2 disk fail without MLD

SNR (dB)

U 4.17 @1 BER 91nn750ensiasunmueu-luuisolin Grayscale vu1n 600x600 3NN
lﬂ' U 1 3 3 a dl o a o a
Wofn Ty > =, Ty 2 5, Ty > - wazlniiunfiersandiuou 4 On
Nan1sVaeaguRl 4.17 Wuwan1snaaed MLD dunnueu-luwiswuu Grayscale &9
flaAeanesiy MLD nia1saundn 4 Untuaandn MSB @slvnadwsAen BER 3gAnin (BER
° ! P = 1 v A 3 v PN
A7) 1o SNR > 11 dB % T, > = ¢lv BER ueian (BER g9) T, > c: 9¢l9i BER 71U

3 v Aaa °
nasuas T, > - avlvi BER #ififign (BER o)
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BER

|| —&— (-3 disk fail with MLD Threshold =1/2 | 5 left-bit calculation
e =B —0-3 disk fail with MLD Threshold ==3/4, 5 lsft-bit calculation |
[ & 0-3 disk fail with WMLD Threshold =3/ 5 left-bit calculation

—6— (-3 disk fail without MLD

o a 2 4 ] a 10 12 14 168 18 20
SNR (dB)
U 4.18 @1 BER 91nn7500nsasunwueun-lunisvln Grayscale 311 600x600 AN

3
4

TANUILINANTUIIUIUL 5 U9

ee

A 1 3
Wann Ty, >E'Th X1=y L >ZLLa

HAN13VAERIgUN 4.18 1WuNan13naaed MLD Auninuew-luwisuuu Grayscale &9
AH9AN0aNa3NY MLD NNa1sants 5 Jatuaindsn MSB d9linaansAaAn BER a¥@anin (BER
° | = = 1 v A A 3 v ~
#1n11) o SNR > 9 dB &3 Ty, > E%‘Iw BER ue7gn (BER g9) Tp, = Za]:fl‘w BER 7U1unang

waz Ty, > % 217 BER fiA7iga (BER #in)
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BER

—&— (-3 disk fail with MLD Threshold =142, & left-hit calculation
=& = 0-32 disk fail with MLD Threshold ==3/4, 6 [eft-bit calculation
o023 digko fail with MLD Threshold =344, 6 left-hit calculation
—— (-3 disk fail without MLD

SNR (dB)

sUTl 4.19 A1 BER :1nnnsnanssiaguamusy-luun3uin Grayscale wu1a 600x600 900

{ 1 1 3 3 a i o a o a
e Ty, > ¥ ,Th = C , TR Y wazdamihunfasanduIl 6 In

KAN13NAREIIUT 4.19 WWunanisveaes MLD dunimuen-luwuuy Grayscale &

f9A19aND3NN MLD NNans5aunTn 6 Tatuainds MSB FelvnaansAaan BER a¥@Ani1 (BER
o 3

#n7) io SNR > 9 dB &3 T, > %%‘Iﬁ BER ﬁLLsiﬁzjﬂ (BER d9) Tj, = Z%‘Iﬁ BER #iU1unans

uaw Ty > > 4zl BER AiTign (BER #7)
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BER

=—&— (1.3 disk fail with MLD Threshold =12, 7 left-bit calculation
1 =B = 0-3 disk fail with MLD Threshold ==3/4, 7 left-bit calculation
o032 disk fail with MLD Threshold =344, 7 left-hit calculation |-

—&—0-3 disk fail without MLD

1ID 12
SNR (dB)

sUTl 4.20 A1 BER nnnsnanssiagunmuey-luun3uin Grayscale wu1a 600x600 900

{ 1 1 3 3 a i o a o a
e Ty, > N, 2 T wazdamhunnarsandiu 7 in

KAN13NAREIUT 4.20 WWunanisvaaes MLD dunimuen-luwiSuuy Grayscale &

AIAN9ANDIN MLD ANaNsauDn 7 Usuaindn MSB felvnaansAann BER agAnin (BER
o 3

#n7) io SNR > 8 dB &3 T, > %aﬂﬁ BER ﬁLLﬂﬁﬁjﬂ (BER d9) Tj, = Z%‘Iﬁ BER #iU1unans

uaw Ty > > 4zl BER AiTign (BER #7)
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BER

—&— (-3 disk fail with MLD Threshold =142, 8 left-bit calculation
=& = (0-3 disk fail with MLD Threshold ==3/4, & left-bit calculation |}
cegF e (023 disk fail with MLD Threshold =344, 8 left-bit calculation

1 —&—0-3 disk fail without MLD

SNR (dB)

sUfl 4.21 A1 BER 91nnsnanssiagunmuey-luun3uin Grayscale wu1a 600x600 900

i 1 1 3 3 a i o a o a
e Ty, > > , i 2 b THro " wazdaihunfarsanduiu 8 in

KeN13NAABIUT 4.21 WWunanisveaes MLD Auniwueu-luwuuy Grayscale &

f9A19aNa3NN MLD NNansaunTn 8 Tntuainds MSB FelvinaawsAaan BER a@Anin (BER

) io SNR > 7 dB &3 T, > %ﬁ]ﬂﬁ BER ﬁLLsiﬁzjﬂ (BER g9) Tj, = %%ﬁl‘ﬁ BER #iU1unans

uaw Ty > > axlik BER Mg (BER #)
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BER

—&— (-3 disk fail with MLD Threshold =1/2, 1 left-hit calculation
=& —0-3 disk fail with MLD Threshold ==24 1 left-hit calculation
-3 disk fail with WMLD Threshold =344, 1 left-bit calculation

: . e

] 2 4 B a 1ID 12 14 16 18 20
SNR (dB)

sUil 4.22 1 BER 9annsnenssiaguninueu-lutn3uiin RGB 9119 600x600 A0

TANUILINANTUIIUIUE 1 U9

ee

A 1 3 3
Wann Ty, >E'Th ZZ ,Th>ZLLa

(%
v 1

KAN13NARBIFUT 4.22 1Hunaniivaaes MLD fiunmue-luniSuuu RGB Fewnin

=

fanesfiy MLD ARa1sainn 1 Induaintn MSB &slinadnsfani BER 109 Tj, 8L3UUANATN
3

fudlo SNR > 16 dB 3¢ Ty, > % aylw BER ﬁLLsJﬁqm (BER g9) Ty = a¢l9f BER 7ivunand

waz Ty, > % 217 BER fiA7iga (BER #in)
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BER

—&— (-2 disk fail with MLD Threshold =12, 2 left-bit calculation
=& —(0-3 disk fail with MLD Threshold ==3/4, 2 left-bit calculation -
v (023 disk fail with MLD Threshold =344, 2 left-bit calculation
—&—[)-3 disk fail without MLD

] 2 4 B g 'IID i 14 16 18 20
SNR (dB)

g'ﬂﬁ 4.23 A1 BER mﬂmmamﬁﬁgﬂmwuaulwﬁmﬁm RGB 1110 600x600 9NN
A 1 3 3 a do a o a
WAl Tp > > ) 7 = 3 ), Tass 7 $ATUANUININDITANIUIUY 2 Up

(%
Y

NaN13NARBIFUN 4.23 Wunanisvaaes MLD funwuen-luuiswuu RGB FeAse

danesin MLD Afiansunie 2 Unduaintn MSB @slinaansfan BER 199 T}, 92L5UMANANY
3

fudlo SNR > 14 dB 39 T, > % 9yl BER ﬁLLsJﬁqm (BER g9) Tp =7 a5l BER 7ivunand

waz Tp, > % 9¢1% BER 7i77ign (BER o)
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—&— (-3 disk fail with MLD Threshold =1/2, 3 left-bit calculation
=B = (-3 disk fail with MLD Threshold ==3/4, 3 laft-bit calculation |
s (023 disk fail with MLD Threshold =3/, 3 left-bit calculation
—— (-3 disk fail without MLD

- ] 2 4 B g 10 12 14 6 1a 20
SNR (dB)

sUTl 4.24 A1 BER 91nnnsnensiagunmmusy-luunSedn RGB wu1n 600x600 300w

i A 1 3 3 a do a ° a
e Ty > = , W/ =% ¥ y Th > % wazdaniunfarsanItuag 3 On

HANTNARBIFUN 4.24 Wuranisnaass MLD fun wueu-luwIsuuy RGB F969An

danesin MLD Afiansuaie 3 Usduainda MSB slinaansfan BER U9 T}, 92L5UMANANY
3

fuudle SNR > 12 dB %3 T, > % 2¢l9% BER flutilan (BER g9) T, = ~ ezl BER fiUrunans

uay Ty, > 2 ¢k BER #ifign (BER o)
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BER

—&— -3 disk fail with MLD Threshold =142, 4 |eft-hit calculation
=& = (0-3 disk fail with MLD Threshold ==3/4, 4 |sft-bit calculation
& 023 disk fail with MLD Threshold =3/, 4 |eft-bit calculation

j —8— (-3 disk fail without MLD

u] 2 4 5] g 1ID 12 14 16 18 20
SNR (dB)

sUTl 4.25 A1 BER 91nnnsnenssiagunmmusy-luun3edn RGB 4u1n 600x600 300w
3

{ 1 1
e Ty, S U 5L,

3 A Ao a o a
), ToAes g LA UANUININIITUIRIUIU 4 UR

HANTNARBIFUN 4.25 Wuranisnaass MLD fun wueu-luwIsuuy RGB F969An

v o

danesyii MLD Nfiasandn 4 Opuaintn MSB &elinaansaaa BER 94 T, 9L30LANANY
3

fuidlo SNR > 10 dB &4 T, > =2l BER ueiiign (BER g9) Ty, = = 2l BER fivtunans

uay Ty, > 2 ¢k BER #ifign (BER o)
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BER

L —&— (-3 disk fail with MLD Threshold =142, & left-bit calculation
) —E—0-3 disk fail with MLD Threshold ==3/4, 5 left-bit calculation |
Fio & 0-3 disk failwith MLD Threshold =3/4, 5 left-bit calculation
| —8— (-3 digk fail without MLD

- 0 2 4 & g 1ID 12 14 18 18 20
SNR (dB)
JUT 4.26 A1 BER 31nM3nensiazunmueu-luuizviin RGB a11a 600x600 30N

3

3 A Ao a o a
7 T, > ” LR UAVIUIUINITITUIRNUIU 5 UR

{ 1 1
WeA Ty, > = Th 2

HANSNARBITUN 4.26 Wukan1vaass MLD fun wuau-luLISuUyU RGB F969A0

danesyii MLD Nia1saudn 5 Untiuaintn MSB @slinadnsaan BER a4 T, 9L30LANANY
3

fuile SNR > 8 dB &4 Ty, > %aﬂﬁ BER flutiign (BER g9) T, = - Ui BER fivunanauas

Ty, > 2 9l BER 7idfign (BER #19)
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BER

—&— (-2 disk fail with MLD Threshold =12, 6 left-hit calculation
=B = 0-3 disk fail with MLD Threshold ==3/4, & left-hit calculation
v 023 disk fail with MLD Threshold =344, 6 left-bit calculation

| —8—0-3 disk fail wathout MLD

SNR (dB)

SUT 4.27 A1 BER annnisnensiagunmmusy-luuniadn RGB 9u1n 600x600 300

= 1 1 3 3 a Ao a o a
depn Ty > =, Ty = 7, T > Zuaelnihuniiansand i 6 On

HANSNARRIUN 4.27 Wuran1snaass MLD fun1nuau-luwISwuy RGB F369A0

dane3in MLD Nansunie 6 Unduaindn MSB Flinaanshan BER 194 T, a2L5UMANANY
3

fudle SNR > 7 dB &3 T, > %f\]ﬂﬁ BER 7iutiign (BER &9) T, = ~ 9%l BER fivunanauas

Ty, > 2 ¢l BER 7if¥ign (BER siv)
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BER

=&—[1-3 disk fail with MLD Threshold =142, 7 left-hit calculation
=& =0-3 disk fail with MLD Threshold ==3/4, 7 left-hit calculation |
s 0113 disk fail with MLD Threshold =344, 7 left-hit calculation
—&— (-3 disk fail without MLD

] 2 4 5] a 1ID Hem) 14 16 18 20
SNR (dB)

sUT 4.28 A1 BER nnnnsnensiagunmmusy-luuniadn RGB 9u1n 600x600 3001

{ 1 3 2 a Ao a ° a
e Ty, > = B/ ) TREE wazdaniunfarsandiuau 7 O

HANSNARRIUN 4.28 WJuran1snaass MLD fun1wuau-luwIswuy RGB F369A0

dane3in MLD Nfasunie 7 Unduaindn MSB Flinaanshan BER 194 T, a2L5UMANANY
3

fudle SNR > 6 dB @3 T, > %%“Lﬁ BER 7iutiign (BER &9) T, = ~9¢lv BER fivunanauas

Ty, > 2 ¢l BER 7id¥ign (BER si)



70

BER

—&— (-3 disk fail with MLD Threshold =1/2, 8 left-bit calculation
=& =03 disk fail with MLD Threshold ==3/4, & left-bit calculation |:
o023 disk fail with MLD Threshold =3/4, 8 left-bit calculation
—6— (-3 disk fail without MLD

] 2 4 B g 10d 12 14 16 18 20
SNR (dB)

sUTl 4.29 #1 BER nmsnensiiazunmueu-luutiudin RGB 4u1a 600x600 A0
3

A 1
LIBAN Th>5,ThZ4

3 A Ao a o a
) T\ b LA UAVIUININIITUIRIUIU 8 UR

NAN1INARBITUN 4.29 Hunanisneaes MLD funmuen-luwisuuu RGB FeAsan
fanesfiy MLD Nfa15a10n 8 Tniluaintsn MSB Fslinadwsaan BER 104 Tj, 38L3UUANATN
3

fudle SNR > 5 dB @4 Ty, > %%1151’ BER fludiian (BER g9) T, = <9zl BER fiUunanauas

Ty, > 9l BER 7iAvign (BER o)
nHanIsTanoaLaLaasfiu Foyaztnmuvuueu-luuiidudsdany
Fudouvasdeyagenirfoyasunmuuuluuiiulisyavsnmnsudladeyafionainves
Fane3fiu MLD fisani1 Ssanansnasuldlésd
1. gUamueu-luuiviin Grayscale annnansneaesfaguil 4.14, 4.15, 4.16, 4.17,
4.18, 4.19, 4.20, .21 uwanslmuInmsiaudTusiuesinsoudies
(@namusiazailndlfssiulinundudiuandstumnn)  iussansamudly
foyafiawanfifosnn (BER anasifosnin 1073)
2. sUnwueu-luw3uia RGB 9nNan1TnaodsgUTl 4.22, 4.23, 4.24, 4.25, 4.26,
4.27, 4.28, 4.29 LLamﬂﬁLﬁu’hmwﬁﬁmm%’u%’auéuaqﬁm’tuLwiaz?gmquq L5
fansdimuduiusiuvosdnsoutieging - @anmusasgailndifssiuiian
Euansnafulaiinn Wsvavsnmudludoyafianainluszduiiunans (BER

anasuszu 7 X 1072 )
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nMameaedazulainlennuadiuudniinuiensadanesiu MLD Auanss

a ¥ a

fu (18 Jaleesusuaindesudie) agliseansnmunlateyatinnainiiunnsne e
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a o a n:l'd 1 3 dl‘ ¥ a a ¥ a n:l' d' ] U
WINTURANDINUNUAT T, >Z ‘lNIWUiBﬁVIﬁﬂ']WLLfﬂ‘UﬂJ@&JﬂﬁN@Wﬁ’m%LﬂiJ']SﬂiJ‘V]’sjfﬂﬁ']‘VﬁU

o =i

Toyan1nueu-luinIasguN 4.30 uag 4.31

: =& —0-3 disk fail with MLD 2 left-bit calculation |
0 0-3 disk fail with MLD 3 left-bit calculation f:

1] 2 4 B 8 T —-—=L2 16 18 2
SNR(dB:{ ‘

SNR gain ~2 dB

JUN 4.30 Usg@vign n MLD Liler1 BER 91 1072 a1nmsaeasviagunivuau-luusuin
{ ! 3 a { o a o a
RGB War T, > - sazdnilinaniioisandiuiu 1-4 Oa
4

Y

mamsmmaaqgﬂﬁ 4.30 f3delandonnsangunIn RGB 7id1 Ty, >% lngUsznouniy
Joya MLD fidaArnsRarsandn 1-4 Tmtuaindn MSB Feldkanadl BER wihiu 10~2 nuin
A5EI7AlY MLD 14 SNR Useanad 11 dB @esisarnnsalftlalld MLD @sl% SNR Useanay 13 dB

(SNR gain = 2dB) usazlinadnsaueninnsdildld MLD o SNR wnnin 16 dB
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n

=B = (0-3 disk fail with MLD 6 left-bit calculation
&+ 0-3 disk fail with MLD 7 left-bit calculation |
& - (-3 disk fail with MLD 8 left-hit calculation |
0-3 disk fail without MLD !

0 2 4 B a 10 12 14 16 18 20
SNR (dB)
—"

SNR gain =3 dB

JUT 4.31 Usg@vsnam MLD LileA1 BER 91 1072 a1nnisaensviasuninuau-luuisuin

{ U 3 a ld' o a o a
RGB 1ila@n Th >~ UAZUANUININAITUIIUIU 5-8 UA
4

NAN1INARBIFUT 4.31 FIdelindennsmsunn RGB fien Ty, >% lngUsenausie
Yoya MLD Nasen1siarsandn 5-8 Tnuaindn MSB Fslanafien BER whiu 1072 wud
nsalitld MLD 19 SNR Uszanas 10 dB &ewaannnsgdfilally MLD @ald SNR Uszanay 13 dB

(SNR gain = 3 dB) udaglinadnsiusninnsaifilalld MLD e SNR uinnda 13 dB

INEANITNAADIT AU AIUNTANIITAUINITAIATNITITLADSVDI9ANDSTU MLD 91AN

[

Ty > % NNJUT 4.30 war 431 Sardnilanaadien 1072 sielunissudsteyadiuiu
1,000 99 wuiriitafinwana 1 Jntiu Iuﬂsaﬁsﬁagaﬂmuau—iuuﬁlﬂéﬂ%é’aﬂa'%ﬁ:u MLD 19
SNR 13 dB wsiiilel#9nd1uau 1-4 Tm anitersanudledeyafiawainsnedane3iin MLD nu
14 SNR Uszanas 11 dB Bsaansaan SNR Tunsdsteyalél 2 dB (910307 4.30) uaziilelddn
w3 5-8 Un wnfiasanuiludeyaranainsigdane3iiy MLD wuanlyd SNR Uszanas 10 dB
Fsanansnan SNR Tunsdadeyals 3 dB (anguil 4.31) Fannnindleldtndiuu 1-4 T
915001 MLD usidlofiansand SNR ﬁqaﬁu MLD Wlofiansandndnou 3-8 Jelvien BER 7
Wisuwinunsalitlalld MLD 1 SNR wirdy 16 dB flifies MLD Wefiansandndiuiu 1 uay 2

On Fel9iAn BER wisuwihiunsaifilalld MLD 9 SNR wihiu 18 dB uag 17 dB auadu @

agulansnnsnad 4.4
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M13199 4.4 asUran Ieaestayan nkuLLeU-luWSiudanesiunsnensiansnIy
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4.4 nan1snnasItayaluLENEsiUdanasfiun1snIIRdumeaNLazdy
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5U#1 4.32 @1 BER 21nN1500059at0R1 39113 5 unAd
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SER

—8—0-3 disk faill with MLD | .
e (1-3 disk fail without MLD ‘\.\
°
10 4 ' 1 c— e e — - L L L
o 2 4 6 8 10 12 14 16
SNR (dB)

5UN 4.33 A1 SER InMsnensiatenudiuiu 5 unainy
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danasfiunisnsiaiudteanuinaslugegaiudayannuuuluuns

Step 1 : Identify size of image Matrix P:n,m
: Identify surrounding bit of G, i X
Step2 : Start correct bit of C; j where0<i<nand 0< j<m
forO0<i<n
for0< j<m
switch i, j do
caseI : i = 1(bit of Cis at the first row)

casel-A:j=1step:X =[B;,, B, ; B, .l
casel-B:j=mstep: X =[B; P, ; P, ]

case[-C:1< j<m step: X :[Pi,j—] Pi,j+1 Pi+l,j—l Pi+1,j Pi+l,j+1]
case Il :i = n (bit of Cis at the last row)

casell-A: j=1step:X =[B; B ;B ]

casell-B: j = m step : X :[Pi,j—l 1/ Pi_u]

casell-C:1< j <m step: X =[F‘1j4 F’;,J-Jr1 F'Ll,jfl FLI,J- Pi—l,j+1]
case Il :1 < i < n(otherwise)

caselll- A: j=1step:X = [Pi,j+1 Pi—l,j Pi—l,j+1 i1, Pi+1,j+1]
caselll-B: j = m step : X =[F’i’j_1 Pi_l’j_l Pi_LJ- Pm’j_1 Pm’j]
caseIII-C:1< j<m step: X = [Pi,j—l Pi,j+1 F)i—l,]—l Pi—l,j Pi—l,j+1 Pi+1,j—1 Pi+1,j Pi+1,j+1]

end switch

P\ L ¥
He :?izl X[i], forany r e X

He=g =17 Heo
Ci,j <« {1 |compare /UC:1With Th ,0 | compare ,uC:Owith Th }

end for
end for
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danasfiun1snsiduiteauiazlugegaiudeyanmuuuuau-luuns

Step 1 : Identify size of image Matrix P:n,m,b
: Where n : row, m: column, b : number of bit
: Identify surrounding bit of G e X
Step2 : Start correct bit of C; i,k where0<i<n,0< j<mO0O<k<bhb

forO0<i<n
for0< j<m

forO<k<b
switch i, j do
casel : i =1 (bit of Cis at the first row)
casel-A:j =1 step: =[R i,j+1k F)i+1,j,k I:)i+1,j+1,k:I
casel-B:j=m step. = [Pu,,—1,k Pt ik Pk
casel-C:1< j<mstep: X =[B ;B P Pojx Bojok]
caseII :i = n(bit of Cis at the last row)
caseIl-A: j=1step:X =[P ;.\, B, Bl
caselI-B: j = m step: —[PJIkP:]J]kPH’jk]
casell-C:1< j<mstep:X =[F ;B B Boju B

caselll:1<i<n (otherwise)
caselll-A: j=1step: X =[B ;. By jc By B B

17, > 1

i, 5

caseIII-B:j =M step: [Pl Lj—1.k Pl—l,j—l,k Pi—l jok Vsl j-Lk Ti+l,j k:I

caselll-C:1< j<m step.X :[Pi,jq,k Eawh 1,j-Lk Pk Pi—l,j+1,k
Pi+1,j~1,k Pi+l,j,k PI 1,j+1, k]

end switch

r
#kC=1 = % iz,l Xk[i], for any r € X
Me—o = Moo
Ci ik < {1 |compare 'ukC:l with Th ,0 | compare ,ukC £ with Th }
end for
end for
end for
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dana3fiunisnsiaiudteanuinaslugegaiudayauuuenans

Step 1 : Identify word of corpus : W = {W1 W, W3 s W }

: Identify letter of text files: C = {C1 , C2 R C3 e Cm}

: Identify interested word : D

: Identify letter of text files with MLD: T = {T1 s T2 R T3 e Tm }
Step2 : Start correct word of D where 0 <i <m,
for0<i<m

switch Ci do

casel: C; # Special character {,: ;!.?- () space}
step : D « {Ci }

case Il : Ci = Special character {,: ;!.? - () space}

step : compare D with W
1 n
find argmax (D /W, )= p(f, )=>(d, ®w,;)
R L= :
T( D) (i=1) < W} Where : p is the previous position of special character
clear D

end switch
end for
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Thauamuay (Matlab code) dwiudanaiiiunansiaseanuiastugegaiu

1% =
Payaguntnwuuluuni

function Result = MLD(DataMatrix,ratio)
[n,m] = size(DataMatrix);
D = DataMatrix;
fori=1:n
for j=1:m
if ==
if j ==
C = [D(i,j+1) DGi+1,j) D(i+1,j+1)];
elseif j==m
C = [D(,}-1) D(i+1,-1) D(+1,))];
else
C = [D(i,j-1) D(i,j+1) D(i+1,j-1) D(+1,j) DG+1,j+1)J;
end
end
if i==n
=4l
C = [D(i,j+1) D(-1,)) DG-1,j+1)];
elseif j == m
C = [D(i,j-1) DG-1,j-1) D(-1,))];
else
C = [D(ij-1) D(i,j+1) D(i-1,j-1) D(i-1,j) DG-1,j+D)I;
end
end
if (1<i)&&(i<n)
ifj == 1
C = [D(i,j+1) D(-1,j) DG-1,j+1) D(i+1,j) DGi+1,j+1)];
elseif j ==m
C = [D(ij-1) D(i-1,j-1) D(i-1,j) D(i+1,j-1) DG+1,));

else



C = [D(i,j-1) D(i,j+1) D(i-1,-1) D(i-1,j) D(i-1,j+1) D(i+1,j-1) D(i+1,))
D(i+1,j+1)];
end
end
one = 0;
zero = 0;
[r,s] = size(C);
one = sum(C,2);
zero = s - One;
if one >= s*ratio
D(i,j) = 1;
elseif zero >= s*ratio
D(i,j) = 0;
end
end
end
Result = D;

end
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Thauamuay (Matlab code) dwiudanaiiiunansiaseanuiastugegaiu

dayagunimuuuuau-luus

function Result = MLD8bit(DataMatrix,ratio,bitmeasure)
[n,m] = size(DataMatrix);
y = reshape(transpose(DataMatrix),[1 n*m]);
D = de2bily,8,'left-msb);
for i=1:n*m
clear G
if i<=m
if i==
for j=1:8
C(:,)) = [DG+1,)) D(i+m,j) D(i+m+1,))];
end
elseif i==m
for j=1.8
C(:,j) = [DGi-1,)) DG+m,j) DG+m-1,))];
end
else
for j=1:8
C(:,j) = [DG-1,)) D(i+1,j) D(i+m,j) D(i+m-1,j) D(i+m+1,))];
end
end
end
if (N-1)*m)+1<= D&&(i<=n*m)
if i==((n-1)*m)+1
for j=1:8
C(,)) = [DG+1,)) DGi-m,j) DG-m+1,)];
end
elseif i==(n*m)
for j=1:8
C(j) = [DG-1,)) D(i-m,j) DG-m-1,)];

end



else
for j=1:8
C(:,j) = [D(-1,)) D(i+1,j) D(i-m-1,j) D(i-m,j) D(i-m+1,))];
end
end
end
if (M<&&(i<((n-1)*m)+1)
if mod(i,m)==1
for j=1:8
C(:,j) = [DG-m,j) D(i-m+1,)) D(i+1,j) D(i+m,j) D(i+m+1,j)];
end

elseif mod(i,m)==0
for j=1.8
C(:,)) = [D(-m,j) D(i-m-1,j) D(i-1,j) DGi+m,j) D(i+m-1,))];
end
else
for j=1:8
C(,j) = [Di-m-1,j) D(-m,j) D(i-m+1,j) D(i-1,j) D(i+1,j) D(i+m-1,j) D(i+m.,j)
D(i+m+1,));
end
end
end
[r,s] = size(C);
C_Check one = sum(C,1);
C Check zero =r - C Check one;
for j=1:bitmeasure
if C Check one(1,j) >= r*ratio
D(i,j) = 1;
elseif C_Check zero(1,j) >= r*ratio
DGi,j) = 0;
end
end

end

89



90

Result = D;

end

dy 1 dl ¥ o U ¥ d‘ = 1 5 1 Y o ¥ 6 v ¥
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Thauamuay (Matlab code) dwiudanaiiiunansiaseanuiastugegaiu

dayauuuenans

function Result = Textcollectionngram1(Sentence,bag)
Char = num2cell(char(Sentence));
[~ b]=size(Char);
count =0;
[~,totalword] = size(bag.Vocabulary);
ngram1 = topkngrams(bag,totalword, NGramlengths',1);
W _ngram1 = ngram1(;,1).Variables;
W Check ngraml = lower(num2cell(char(W_ngram1(;,1))));
[ngram1 Row,ngram1 Column] = size(W_Check ngram1);
Tem = cell(0);
Check Tem = zeros(ngram1 Row,ngram1_Column);
for i=1:b
if
(Char{1,i}==")||(Char{1,}==")||(Char{1,i}==")||(Char{1,i}==")||(Char{1,i}==")||(Char{1,i}=="7")
[(Char{1,}==")|(Char{1,i}=="")||(Char{1,i}==")||(Char{1,}=="()[[(Char{1,}==))
[~,SizeTem] = size(Tem);
if (SizeTem ~=0) && (SizeTem <= ngram1_Column)
[~ Tem Column] = size(Tem);
for Tem_number = (Tem_Column+1):ngram1 Column
Tem(1,Tem number) = {' '},
end
for j=1:ngram?1 Row
Check Tem(j,:) = strempi(Tem(1,:),W_Check ngram1(j,:)); % Don't care
about Upper& Lower <---
end
Check Tem c = sum(Check Tem,2);
Check Upper = isstrprop(Tem(1,1),'Upper);
Check Upper All = sum(cellzmat(isstrprop(Tem(1,:),' Upper'),2);
Max_Check Tem = max(Check Tem c);

Position_max_ngram1 = find(Check_Tem c == Max_Check Tem);



[Position_max_ngram1 Row,~] = size(Position_max_ngram1);
for a=1:Position_max_ngram1 Row
Position_max_ngram1(a,2) =
table2array(ngram1(Position _max_ngram1(a,1),2)); % <---
end
[~,Position_ngram] = max(Position_max_ngram1(;,2));
if Max_Check Tem == ngram1 Column
for k = ngram1_Column:-1:1
if Tem{1,k} ==""
Tem = Tem(;,1:k-1);
end
end
[~ SizeTem] = size(Tem);
if Check Upper{1,1} == 1
Tem{1,1} = upper(Tem({1,1});
if Check Upper All > (SizeTem/3) && SizeTem >= 3
Tem = upper(Tem);
end
Char(1,(count+1):(count+SizeTem)) = Tem(1,1:SizeTem);

else

Char(1,(count+1):(count+SizeTem)) = lower(Tem(1,1:SizeTem));

end
Tem = cell(0);
else

if Check_Upper{1,1} == 1

92

Tem = W_Check ngram1(Position_max_ngram1(Position _ngram,1),:);

Tem{1,1} = upper(Tem{1,1})
for k = ngram1 Column:-1:1
if Tem{1,k} ==""'
Tem = Tem(;,1:k-1);
end
end

[~,SizeTem] = size(Tem);
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if Check_Upper_ All > (SizeTem/3)
Tem = upper(Tem),
end
Char(1,(count+1):(count+SizeTem)) = Tem(1,1:SizeTem);
else
Tem = W_Check ngram1(Position_max_ngram1(Position ngram,1),:);
for k = ngram1 Column:-1:1
if Tem{1,k} ==""
Tem = Tem(;,1:k-1);
end
end
[~,SizeTem] = size(Tem);
Tem = lower(Tem);
Char(1,(count+1):(count+SizeTem)) = Tem(1,1:SizeTem);
end
clear Tem Column Check Tem.c'Check Upper Max ‘Check Tem
Position-max_ngram1 Position_max_ngrami1_Row Position ngraml
Check _Tem = zeros(ngram1_ Row,ngram1 _Column);
Tem = cell(0);

end

else
Tem = cell(0);

end

Tem(1,i-count) = Char(1,i);
end
end
Result = num2str(cellzmat(Char(1,.));

end
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for Error-File Recovery on Cloud Storage System
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Abstract—Cloud storage system is a distributed storage
system which stores data in many disks on the Internet. In order
to achieve more reliable data and improve performance of the
storage system, an erasure code is invented and applied to cloud
storage system wherein the user’s data will be stored online
through the Internet. This paper applies the complete graph of
ring (CGR) codes [7], which is a maximum distance separable
(MDS) code, and implements in cloud storage system. Moreover,
the maximum likelihood decoder (MLD) is also applied and
implemented on the receiver to detect and correct errors due to
noisy channel. In this paper, the grey-scale images/files are
randomly stored on distributed cloud storage, then sent via
communications channel, and finally read by receivers. The
result shows that the receiver operated with the MLD

outperforms by giving the lower BER.

Keywords—cloud storage system; erasure code; maximum
lkelihood decoder (MLD)

I. INTRODUCTION

Huge and a large amount of data is stored and transferred
through netwotk every day. To protect the data loss during
transmission and storage, in the past users might have to
duplicate data and store in backup hard disks. However, in the
present to store data in only one disk might not handle such
growing and increasing data. So. a distributed storage is
proposed to combine different disks such as RAID system
shown in Fig.1. In RAIDO, data will be stored in many disks
without any redundancy data. RATD1 uses a duplicate disk as
the backup to store the same data as the original data. In the
other hand, RATDS uses a group of disks to store data and also
provides parity data stored in each disk, so this system can
protect data if one disk is failure. RAIDG is similar to RAIDS
except it can protect two disk failure in the same time without
data loss [1].

To protect data loss in distributed data storage, there is a
trade-off between storage overhead and fault tolerance. Erasure
code is one efficient technique applied in this system. The
maximum distance separable (MDS) code, an optimal erasure
code which achieves a singleton bound property, is preferable
used for fault tolerance such as Reed-Solomon cede [1] and
EVENODD code [3], or the complete graph of ring (CGR)
code [7].

However, distributed storage system is suitable in a large
company. Whereas a small company, which does not use

storage too much but still need security, is not suitable.
Service
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provider provides cloud storage system for the Internet users
and small companies. Erasure code is also applied for data
protection in cloud storage system (e.g. Microsoft Azure [2],
Hadoop Distributed File System (HDFS)), in order to protect
data by providing the fault tolerance capability.

RAID1

RAIDS RAIG

(et

£

e
.

Fig. 1. Diagram of RAIDO, RAID1, RAIDS, RATDG

In communications systermn, a maximum likelihood decoder
(MLD) is a decoding method by selecting codeword with the
maximum possible probability. In the other word, it is the least
probability of error data. There are many research applied this
method in wvarious applications and implementations, For
exarnple; in [4] MLD is used to detect neonatal clonic seizures
using video image processing, This research detects the clonic
seizures, which cause periodic movement of parts of body (e.g.
hands, legs), to early diagnose, but there are still in some case
that is not able to recognize all clonic seizures using MLD
algorithm. In [5]. researchers use MLD to classify
quantification of aerial image. But, in case of where the aerial
image has very similar pixels, the classification may not be as
effective as it should be. Moreover, MLD with cross-
correlation is applied to reduce latency on NB-IoT, in order to
save more energy. The disadvantage is that it is more complex
in implementation than the one with auto-correlation [6]. As
mentioned above, MLD is a simple and useful method with
many fruitful benefits. It can be applied with various
implementations of communications system.

This research applies and implements the MLD on the
cloud storage to detect and comrect errors due to system
transmission. When user wants to download data from cloud
storage system, data will be transmitted via a noisy channel so
it may cause some data loss. To provide the reliability and
efficiency of data transmission without adding any redundancy



or additional function on transmitters, we propose the MLD
algorithm applied on a receiver to reduce bit error rate (BER)
and improve the system performance.

The organization of this paper is as follows. Section II
introduces all related backgrounds such as cloud storage, MLD,
and CGR codes. In Section III, our algorithm and design
framework are shown and described, Section IV gives an
experimental results, and finally in section V, the conclusion of
this research is given.

II. BACKGROUND

A. Cloud Storage System Overview

To simply describe algorithm which is applied with cloud
storage system. we present diagram of transmitter that can
upload files to store into cloud storage, and diagram of receiver
that can download files from cloud storage shown in Fig.2.

v

Storage || Storage Il
Storage IV Y

B R
R

Control Node_ L {
P, "

-1

Transceiver

’4

Transceiver

Fig. 2. Diagram of basic cloud storage system

‘When users want to upload ot store files into cloud storage
system, files will be transmitted to a control node and then a
control node will distribute them to a group of storages. To
read or download files, a control node also retrieves such files
from all storages and send to receivers. Since, there are many
data loss in cloud storage system due to disk failure, erasure
codes will be applied for data loss protection. All encoding and
decoding process are always implemented on the control node.
So, to download/read files, control node will decode all
codewords into original files (or data) and then send to
TECELVEL.

The communications model used in this paper is separated
into 2 parts shown in Fig.3. The first part is a cloud storage
system which is a distributed storage, and encoded data by
CGR code [7] will be stored into different storages. The second
part is a communications systems. Stored data from cloud
storage system is sent to receiver via noisy channel. There
might be some error data arrived at receiver and degraded a
system performance. To reduce errors, the MLD algorithm is
implemented into a receiver to eorrect some bit errors in order
to provide better performance.

From Fig.3, an original data (x) is encoded by CGR code
before all codewords will be stored into cloud storage system.
Before sending codewords through a channel, they will be
decoded. The data sent to the receiver via a noisy channel is
affected by the additive white Gaussian noise (AWGN) (n). So,
all received data ()) might include some undesirable errors. In
part of a receiver, MLD algorithm is implemented to detect and
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correct errors. The preferable data required at a receiver is the
same data as we stored in the system at first.

Part1

] £ ; 5
- - - = B
AWGN
channel

Part2

Fig. 3. Block diagram of cloud stotage system

B. Complete Graph of Ring Code

The complete graph of ring (CGR) code [7] is one of a
maximum distance separable (MDS) codes constructed based

on the structure of graphs. It can be represented as (K . C,,),
where v, is a number of ring-graph and v, is a number of all

edges of graph, and v, = v, +3.

The (K,,C;) can be written in term of an array code as

shown in Fig.4. Each column represents as a number of storage
and cach row represents as a symbol of data or redundancy.

The(K,,C;) contains 2 disks of data and 3 disks of

redundaney (totally 5 disks). This code is capable of recovering
up to 3 simultancous disk failure, which is equal to the number
of memory used to store the redundancy. In addition, this code
can be easily set in the form of tanner graph (or bipartite
eraph), which is the same format as a low-density parity-check
(LDPC) code [8].

0 1 2 3 4
[ 1 ] 2 5
a3 | 3gH 430 051 @2
=L 80 95 36 67
139 | 03 1t &7 38

Fig. 4. Amay Code of CGR.(K,.C;)

C. Maximum Likelthood Decoder
The maximum likelihood decoder (MLD), which is in the

memoryless channel, is a method of estimating maximum
probability. If X iz a diserete random variable
with X = {x, %, %;,...,X,, } . where n is the total event and u

is the parameter to be estimated. Likelihood function is defined
as follows.

n
P(xp.Xg.uX 1) = ,l'll fxji) . (€)]
i

where P(X) is a joint probability mass function.

When considering the data in binary symmetric channel
(BSC), where x; = {01} . It can be compared to the Bernoulli

random variable as shown in Eq. (2).
n nox l'Xi
P(xl,xz,'..,xn;p)=il;llf(xi;u3 =il;llyL (T-p ., @

where Bernoulli random variable is shown below.
Px=1)=p,P(x=0)=1-p,when 0 <p<1.
After that, we find the maximum of Eq. (2) by taking log.
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argmax logP(X; 1) = argmax
u B

We find the maximum of Eq. (3) by letting its first

5 Blogu + (1-xplog(1-] ()

]
derivative equal zero, ()— logP(X;p) = 0) , which is
ou

v = 2% @

1
n

2
Tt

III. ALGORITHM AND DESIGNED FRAMEWORK

A. Our Algorithm
We define the probability of the 8 bits around bit C as
shown in Fig.5, where x; = {01}

IL I: .'Xa
Xy Xc
X | Xa | Xg
Fig. 5. Model of surrounding § bits

The probability of C whether it is 0 or 1 can be designed as

- 18

By == 2 % (5)
CX gyt

FC=0 g 1- o | (6)

The threshold (T,) is the value compared \m'thﬁc. We

consider bit flipping when (i or fin_y from Eq. (5), and
Eq. (6) compared with T, of MLD. We avoid the value of

4 gl by intuition since it iz randomly selected value of C.
vl

simulation scenario, we apply the CGR (K,,C;) code (which
is a MDS array code that can recovery up to 3 simultaneous

disk failure) to cloud storage system via the AWGN channel to
the MLD receiver. The MLD can seclect threshold

probability, T, >1/2, Tj =3/4or T, >3/4, by using 2
different sets of data in Table L.

IV. RESULTS

In a situation when the storages simultaneously fail up to 0-
3 disks from 5 disks, the MLD receiver with the threshold

probability T, >1/2, T, >3/4,and T} >3/4 to make a
decision for bit flipping will detect and correct errors.

Fig.6 shows the bit error rate (BER) of MLD receiver with
various threshold T, in each type of stored files/images. The

results show that the MLD algorithm gives good performance
with image data because any bit of image data has a relation
with its neighbors. Consider the threshold, we can notice that

T, >1/ 2 achieves lower BER compared with the system
without MLD, when SNR is between 0-8 dB, Th = 3/ 4 gives

good performance, when SNR is between §-12 dB, Ty > 3/ 4
gives lower BER, when SNR is higher than 12 dB. However,
when the SNR is higher than 18 dB, the system with MLD will
give worse performance, since at the more reliable channel
many received bits are already good bits and need not to be
corrected, but our algorithm might make a wrong decision. So,

we can choose the value ofT) based on the quality of the

channel to achieve the best efficiency. Fig.6 (d) shows that the
receiver without MLD algorithm needs 16 dB of SNR, while

the one with MLD {Th 23/4, T, > 3/4) needs only 12 dB of

SNR. to achieve BER a.tl()'3 . The different threshold levels
give different error-correction capability in a noisy channel
based on the different SNR.

So, in this work we set the value of T, asT >12. T, 2 3/4

Algorithm : 1 Maximum likelihood decoder for binary image

and7, > 3/4. If7; >1/2, it means that the probability of bit C
!1C:1 or ﬂCZO >1/2 and bit C will be flipped, otherwise we

keep C as the original received bit. The algorithm is shown in
Algorithml.

TABLEI EXPERIMENTAL SETUP
Number Threshold of MLD
Dresfbss oL
Random binary bits images 0-3 = 1/2 .2 lfrl =3/4
B/W images with light borders (Type 1) 0-3 > 1/2 T 3}4 > 3/4
B/W images with thick borders (Tvpe 2) 0-3 = 1/2 - 3/4.5 34
B/W image (Typel+2) 0-3 >1f2.23/4 5304

B. Designed Framework

We select 3 different sets of data which are random binary
bits with size 600x600 bits and black/white bitmap images with
light/thick borders size 600x600 bits for 50 images each. In this

Step 1 :Identify size of image Matrix P :n,m
: Identify surrounding bit of C, Sl
Step? : Start correct bit of C, J where0<i<nand 0< jsm
for0<i<n
for0< j=m
switch i, j do
casel: { = 1(bitof Cisat the first row)

casel-A:j=1step X =[P ;, B, ; B, 4]
casel-B:j=mstep:& =[P, Py ;4 Pyl

casel-C. 1< j<mstep X =[F P, Py BBl
caseIL ;i = n (bit of C is at the lastrow)

case IL-A - j=1 step X =[}’”|le ].JP:JJ']]
casell-B:j=m step: X =[P, P, ;  F ;]

casell-C:l< j<mstep X =[P\ B . P . F,; P,
caseIIl :/ < i < n (otherwise)

caselll- A :j=1] step X = [‘Pi.jnl‘P; l._,le l‘JIlID!'\],j ‘Du]__,r'-l]
caselll-B:j=mstep: X =[F; P, F,; P, ; .,
caselll-C:l< j=mstep X =[P, B, P, P, ; P,
B Py Baajal

end switch
- l Z’: X[k].forany re X
T = 3 ¥
He_g =1 ey
C(.._“i ¢ {1|compare f¢._ with Iy, 0| compare ft~_,with I}, }
end for
end for
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Fig. 6. Bit error rate of MLD receiver with vanous threshold 1‘;‘ in each type of stored files/images: (a) random binary bits image (b) B/W images with light
borders (Tvpe 1) (c) B/W images with thick borders (Type 2) (d) B/W image (Typel+2)

V. CONCLUSION

This paper proposes an implementation of MLD to recover
data errors on cloud storage system. The MLD algorithm is
applied in a receiver, so there is no redundancy adding in the
original data. Our implementation uses the binary bitmap
image as experimental data stored in the cloud storage, and the
receiver with MLD, which the threshold probability are

Th>],/2,fh23/4andTh>3/4, can detect and correct

errors. Each threshold level gives different error-correction
capability - depended on the different SNR. In the low level of

SNR (0-8 dB). the suitable threshold is Tj > 1/2, then the
threshold T > 3/4 gives a better BER at the higher level of
SNR (8-12 dB). The BER of T, > 3/4is better than the onc of

Th z 3/4 when the SNR > 14 dB. However, this algorithm is

not preferable when SNR > 18 dB, since flipped bits may give
1M0re errors.

VI. FUTURE WORK

All data applied to the MLD algorithm should be black and
white image, so the system has lower complexity in decoding
process than the color image or non-binary image. To improve
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and apply this algorithm to correct errors in non-binary images
is still the open and challenge problem.
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