Chwong 2
CAC MA TUYEN TiNH

2.1 CAC KHAI NIEM CO BAN
2.1.1. Céc ky thuit mi héa
M4 hoa thong tin nham giai quyét tinh trang 16i trong qua trinh luu tri¥, truyén tai thong tin trong
mdi trudng truyén tin. Co thé phéan biét hai k¥ thuat ma hoa chu yéu:
=  Ma ho6a ding nguon

Y tudng chinh cta phuwong phap nay 1a nén dit liéu tir chinh ngudn cia né trude khi
truyén di, gitp cho viée truyén tin cé hiéu qua hon.

Chang han, ta thudng dung cong cu “zip” nén dit liéu dé giam dung luong dir liéu phai
truyén trén internet, hoac khi sao chép.

= Ma héa kénh truyén

K§ thuat nay gitp cho viéc truyén thong tin chinh xac hon trong méi trudng nhiéu loan
cta kénh truyén thong. Trong chuyén dé nay, ching ta chi yéu nghién ctru cac van dé
lién quan dén k¥ thuat ma hoa kénh truyén.

Van d¢ ma hoa trén kénh truyén dya trén y tuong thém cac ky hiéu méi (thuong 1a cac bit véi ma
nhi phan) vao trong dir liéu dugc truyén, dé co thé xay dung cac loai ma nham muc dich c6 thé
phat hién 18i va sira sai cac 16i. D6 1a ndi dung chii yéu cua 1y thuyét ma hoa.

C6 2 van dé chinh dat ra véi 1y thuyét ma hoa thong tin:

1. Xay dyng cdc mi sao cho co thé khic phuc tdi da céc 16i, trong khi chi sir dung tbi thiéu cac
ky hié¢u bo xung.

2. Xay dgng cac ma vai thi tuc ma hoa va giai ma hiéu qua.

Trong chuong nay, ching ta sir dung cac khai niém va két qua cua Toan hoc da trinh bay ¢
chuong trude dé xay dung va nghién ctru cdc ma thong dung dung dé phat hién sai va cadc ma stra
sai cung Ung dung cia chung. Trong khi trinh bay, mdt so khai niém toan hoc phirc tap co thé
duoc don gian héa cho dé hiéu.

2.1.2. Cac dac trung cia ma

Nhu ta di biét, cac thong diép co thé duoc ma hoa thanh cac xau ky tu trén bang ky hiéu
m4, goi la cac tir ma. Mot tap hop cac tr ma duoc goi la mot ma. Mot sb dic trung cia ma duoc
dinh nghia nhu sau:

Dinh nghia 2.1.
Cho bang ky higu mad A = {ay, a, ..., aq}-

= Mot ma C voi do dai n trén A la mét tap con cua A", tirc la tgp cac vector trong A",
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= Mgt phan tir we C goi la mdt tir md, ¢6 dang W = X1Xa.... Xn , trong dé xi € A,
= S6 phan tir ciia C, ky hiéu | C |, goi la kich thuée cia ma.

= Néu bang ky hiéu ma A gom q ky hiéu, cAc ma trén A goi 1a ma g-phan (g-ary
codes), dac biét voi g = 2, ta c6 cac ma nhi phan (binary codes).

Nhu vay, mot ma C véi do dai n 13 tip cac tir ma, 12 cac xau gdm n ky hiéu trong A. S6 tir ma
trong ma C goi 1a kich thudc cia mi (side of code). Mot ma véi d6 dai n va kich thude M c6 thé
duogc ky hiéu 1a mét (n, M)-code, hay C(n, M)

Thi dy 2.1

Vi A = {0, 1}, mot mi c6 do dai n = 4 1a mot tap con cua A* = {0, 1}* = {0000, 0001, 0010,
0011, 0100, 0101, 0110, 0111, 1000, 1001, 1010, 1011, 1100, 1101, 1110, 1111}.

Chang han, C = {0001, 1000, 0110} 13 mot ma nhi phan (4, 3)-code, rd rang C — A*={0, 1}*

Céc khai niém ve trong s va khoang cach lién quan dén ma C dugc dua ra nhu sau:

Dinh nghia 2.2.
1.Cho céc tr ma trong C: X = X1 X2.... XnVa 'y = Y1Y2.... Yn trén bang ky hiéu ma A, ta ky
1 if x =Y,
higu d(x,y,) = {0 y 7 , khi d6 khoang cach Hamming gitta 2 tt ma x , y € C duogc
IT X =Y,

ky hiéu va xac dinh nhuw sau:
dix, y) = D d(x.Y,) (2.1)
i=1

2. Trong s6 Hamming (weight) ciia tir mad x la s6 ky hiéu khdc khéng trong x, ky hiéu la
w(X).

Nhu vay khoang cach Hamming giira hai tir ma X = X1 X2.... Xa V@ Y = y1Ya2.... Yo la tdng s6 cac
vi tri trong tmg ma chang khac nhau, tire 14 s6 cac i (i =1,2,...,n) sao cho xi # i.

Thi dy 2.2
1. d(10100, 10001) = 2 ; d(011010,101101) = 5 ; d(01201, 21011) = 3
2. w(10101) = 3 ; w(01020) = 2.

Khoéang ciach Hamming thoa mén tit ca cac tinh chat ctia ham khoang cach (metric), nhu
dugc ching to trong dinh 1y sau:

Dinh Iy 2.1

Voi moi tw md x, y, z co do dai n trén bang ky hiéu ma A, khoang cach Hamming co cac
tinh chat sau:

1. 0<d(x,y)<n, ¥x\y.

2. d(x,y) =0khiva chikhix=y.

3. dx,y) =d(,x) voi V'Xy.

4. dxy) <d(xz) + d(zy) véi V XY,z (bt ding thirc tam gidc)
Chutng minh:
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- C4c tinh chat 1,2,3 duoc suy ra ngay lap tire tir dinh nghia cia khoang cach Hamming.

- Dé chirng minh tinh chit 4 ta sir dung nhan xét: d(x,y) 1a sb cac thay dbi cua cac ky tu
trong xau x can thiét & bién d6i xau x thanh xau y. Nhan thiy rang, ddi v6i xau z c6 d6 dai n, sb
cac thay dbi cac ky tu can thiét dé bién dbi xau x thanh xau y khong vuot qua sd cac thay ddi cac
Ky tu dé bién d6i xau x thanh xau z va sau d6 bién dbi z thanh y.

Bo dé 2.1

Néu x va y la cdc xdu nhi phén ciing @6 dai, thi d(x, y) = w(x + y).
Sinh vién tu chimg minh bd dé nay xem nhu bai tap.
Dinh nghia 2.3

Khodng cach Hamming cuee tiéu ciia ma C la khoang cach Hamming nhé nhat gitka hai
tr md khac nhau bat ky trong C, duweoc ky hiéu va xdc dinh nhu sau:

d(C) = min{d(x,y)| X,y € C, x# y} (2.2)
Nhu vay, mbi ma C c6 ba dic tinh chu yéu 1a:
1. Chiéu dai ctia cac tir ma trong C
2. Tong s cac tir ma trong C.
3. Khoang cach Hamming cyc tiéu cia ma C
Ta ky hiéu (n, M, d)-code la ma c6 d6 dai n, chira M tir ma va c¢6 khoang cach cuc tiéu d = d(C)
Chay 2.1: Md khéi la mét tdp hop bao gom nhiéu tir md dé ma héa dit liéu theo tirng khoi.

Khi can truyén nhiéu dir liéu bang ma khdi, nguoi giri chia dir lidu thanh nhiéu phan nho.
MJi phan nho dugc goi 1a mot thong diép va ma hoa mdi thong diép thanh mot ma ty, con duoc
goi 1a mot khoi trong ma hoa khoi. Nguoi giri sé giri tat ca cac khdi cho ngudi nhan, sau d6
ngudi nhan sir dung phuc hdi lai thong diép ban dau tir cac khéi nhan duoc 6 thé co 18i. Bang
viéc dong nhat mdi tir ma voi 1 khdi trong ma khéi, ta co thé khong can phan biét ma hay ma
khoi.

2.2 CAC MA TUYEN TiNH

Chii ¥ mé ddu:

Cac ma tuyén tinh dugc x4y dung dua trén cac két qua ciia Pai s6 tuyén tinh. Sinh vién can
nam virng cac khai ni¢ém vé khong gian vector, khong gian con, sy doc 1ap tuyen tinh, cac vector
truc giao, cac cau truc dai so, dac biét 1a cau trac truong...dd dugc gidi thiéu ¢ hau hét cac giao
trinh Toan cao cap (Giai tich va Pai so tuyén tinh).

Céc khai niém vé ma tuyén tinh duoc trinh bay trén truong Galois, 1a mot truong F ¢ s6
phan tr htru han. Ta ky hiéu truong nay la Fq (hay GF(g)) néu | F|=q.

Dé tién theo ddi bai giang, ta nhéc lai mot sd khai niém vé truong Galois :

= V6i q la sd nguyén td, truong Galois GF(q) 1a tap ky hiéu F={0, 1,2, ..., q— 1}, trén d6
¢6 hai phép toan cong @ va nhan ® modulo g.
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*  Dic biét khi F la bang ma nhi phan {0, 1} v&i phép toan cong bit va nhan bit (theo
modulo 2) d biét thi trudng Galois GF(2), thuong ky hiéu ngén gon l1a F»

Truwong F2 la tap F = {0, 1}, trén do co hai phép toan ‘cong bit’ va ‘nhan bit’ .

Dé cho thuén tién, néu khong gdy nham 13n, trong cac phan sau c6 thé sir dung ky hiéu “+°
va “.” théng thuong thay cho cac ky hiéu @ bit va ® bit, va duoc hiéu tiry theo ngir canh. Trong
gi4o trinh ndy, ta chi xét cdc ma nhi phan, vi vay hau hét c4c khai niém va két qua chi trinh bay
cho cac ma nhi phén trén trudng Fa. Cac khai niém va két qua cho cac truong GF(q) dugec mo
rong mdt cach tuong tu.

2.2.1 Ma tuyén tinh

Mai tuyén tinh 12 mot 16p ma dugc dung rat pho bién trong viéc chong nhidu (phat hién
sai va stra sai). Mi tuyén tinh C ¢6 muc dich ma hoa cac khdi tin k bit thanh cac tir ma n bit trudc
khi truyén di, néi cach khac, trong n bit ciia tir ma truyén di c6 k bit chira thong tin, con n — k bit
1a thém vao (ma hoa) dé chong nhidu.

Ta nhac lai vai khai niém lién quan dén ma tuyén tinh:
Tap tat ca cac tir ma do dai n trén truong GF(q) 1am thanh mot khong gian vector n chiéu, ky
higu la F' , khi do moi vector ciia khong gian nay 1a mot tir ma q- phan do dai n.
Dinh nghia 2.5
Cho C la mét tdp con cua khong gian cdc tw ma do dai n trén truong Fqn , C la mot ma
tuyén tinh néu va chi néu cdc tir ma cia C lam thanh mét khéng gian con k chiéu ciia
khéng gian n chiéu F!, tirc la dim(C) =k, véi k <n.
Hai tham sé quan trong nhat cia mot ma tuyén tinh g-phan 13 do dai tir ma n va s6 chiéu ciia ma.
= Mai tuyén tinh C v6i d6 dai tir ma n va dim(C) = k ky hiéu la C[n, k]-code (hay C[n, k])

= Néu dim(C) = k thi cac tir ma trong C c6 K bit chira thong tin va n — k bit thém vao dé
chéng nhidu.

= Do F,'luén la khong gian con ctia chinh no, do do tipma C = F/ gom p" tir ma do dai n
ciing 12 mot ma tuyén tinh.

Ap dung két qua vé khong gian con ctia dai s6 tuyén tinh, ta c6 thé xac dinh ma mot ma
tuyén tinh nho bo dé sau:

Bo dé 2.2
Md C duwoc goi la ma tuyén tinh trén truong GF(q) néu ne thoa man 2 diéu kién sau:
)x+yeC, ¥x,y eC
(2)a.xeC, xeC, Va e GF(q).

Chu ¥ rang, trén truong GF(2) = {0, 1}, tir diéu kién (2) trong dinh nghia 2.5 ta thdy : Do moi bit
trong ma nhi phan nhan véi 0 déu bang 0, nhan véi 1 déu cho chinh bit d6, nhu vy diéu kién (2)
trong dinh nghia 2.5 luén thoa mén, va ta chi can kiém tra diéu kién (1).
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Vdy md nhi phan C la ma tuyén tinh khi va chi khi tong cua 2 tir ma bat ky trong C ciing la mét
tw ma thugc C.
Thi du 2.3.
1. Xét ma nhi phan C = {000, 001, 100, 101}.
Khi d6, thuc hién cac phép tinh + .bit d6i voi cap tir ma 000 va 001, ta c6: 000 + 001 = 001 e C.

Bing cach twong ty, thuc hién cac phép tinh + .bit d6i véi tung cip cac tr ma khac cua C, ta dé
dang suy ra tong cac cap tar ma (thuoc C) sé thude C. Vay C la mot ma tuyén tinh.

2. Xétma B = {000, 100, 001, 111}. Ma nay khong phai la ma tuyén tinh vi khi thyuc hién

cac phép tinh +.bit dbi vai cap tor ma 100 va 001, ta co: 100 + 001 = 101 ¢ B.

Véi cac md g-ary codes,  #2 (khéng phai ma nhi phan), thi C la ma tuyén tinh khi va chz khi
méi tir md cua C la té hop tuyén tinh ciia cdc tir mé con lai trong C.
Thi du 2.4. Trén truong F3, cho ma C = {0000, 1011, 0112, 2022, 0221, 1120, 2210, 1202, 2101}.
Chung t6 rang C 1a mot mé tuyén tinh.

Chitng minh: Ta can chi ra rang mdi tir ma trong C 13 t6 hop tuyén tinh cta 2 tir mi nao d6 trong
C, hay ciing vay t6 hop tuyén tinh bat ky 2 tir ma ciing 1a mét tir ma thudc C (chu ¥ rang t6 hop
tuyén tinh chi v&i cac hé s6 0, 1, 2 € F3). Chang han: 1011 + 0112 =1120 € C, 1011 + 2*0112
=1202 € C, 2*1011 + 0112 = 2101 € C, ...etc.

Khdi nigm vé ma doi ngiu:

Vi mdi bd ma tuyén tinh C 1a mot khong gian con trong A", nén theo 1y thuyét vé khong gian
vector, s& ton tai khong gian con truc giao ctia khong gian con C, d6 1a tap vector gdm moi
vector trong A" ma truc giao v6i moi vector ciia C. Khong gian con truc giao ctia C goi 1a ma dbi
ngau cta C. Dé cho don gian. trong gido trinh nay chiing ta chi xét cac ma ddi ngiu ctia cac ma
tuyén tinh nhi phan, trén trudong Fa.

Dinh nghia 2.6.

Cho C la mét md tuyén dé dai n tinh trén truong F2 , ma doi ngau cua C, ky hiéu C*, 1a
khong gian con truc giao cua C trong khong gian n chieu F»".

N6i cach khac, ma d6i ngiu Ct gdm céc tir ma n bit truc giao véi cc tir ma cua C.
Ct={ve{0,1}"|vw=0, Yw eC},

Trong @6 v = (V1 V2 ... va ); W = (X1 X2 ... Xn ), C&C Xi, Vi € {0, 1}, ky hiéu v.w la tich v6 hudng Xac

dinh boi:

n
V.W= inVi , tong nay thuc hién véi cac phép +.bit va x.bit.
i=1

Thi du 2.5

1. Trén truong F», ta c6 tich vo hudng cua cac tir ma: (1001).(1101) = 1.1+0.1+0.0+1.1 =
1+0+0+1 = 0. Vay cac tor ma 1001 va 1101 1a truc giao nhau.

- Tuong tu: tacd (1111).(1110) = 1. Vay cac tr ma 1111 va 1110 1a khong truc giao.
2 Trén trudng F3, chimg minh rang:

a/. Cac tr ma 12101 va 21010 1a khong tryc giao (goi y: tinh tich vé hudng cta 2 tir ma)
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b/. Cac trma 12101 va 21111 1a tryc giao. (goi y: tinh tich vo hudng ctia 2 tir ma).
Tir cac két qua cua dai s6 tuyén tinh, c6 thé chimg minh dinh 1y sau:
Dinh ly 2.2

1. Néu C la mot ma tuyén tinh trén truong GF(q) thi | C | = q@m©,

2. Néu C la mot md tuyén tinh do dai n trén truong GF(q) thi C+ ciing la mot ma tuyén
tinh trén truong nay va ta co:

dim(C) + dim (C*) =n.
3.(CHt=C.

4. Moi ma tuyén tinh C déu chira tir ma 00 ... 0.

Ma tuyén tinh C d6 dai n, c6 dim(C) = k duoc ky hiéu 1a [n , K]-code, hodc C[n , k]. Dé chi r&
ma c6 khoang cach Hamming cuc tiéu 1a d, co thé dung ky hi¢u [n, k , d]-code, hodc C[n, k, d]

Thi du 2.6. Cho ma nhi phan C = {000, 001, 100, 101}, trong thi du 2.3 da dugc chirng minh
day 1a ma tuyén tinh . Khi d6 ta co:

1. Tu C ta thay chi c6 tdi da 2 vector ma doc 1ap tuyén tinh, vay dim (C) = 2.

Hoic ¢6 thé tinh dim(C) tir cong thirc | C | = 29M©) tacd | C | = 4, nén 294mO = 4,
Viy dim(C) = 2.

2. Do d6 dai tir md n = 3, s6 chiéu dim(C) = 2, vay C 1a mot [3 , 2]-code, hodc mot [3, 2, 1]-
code, néu cha ¥ dén khoang cach Hamming cuc tiéu d = 1 ctia mé C.

3. Tim ma doi ngau cua C.

Gidi: Trong khong gian vector 3 chiéu V = {0, 1}° = {000, 001, 010, 011, 100, 101, 110, 111},
tim tap C&c vector tryc giao v6i moi vector ciia C, d6 1a ma ddi ngau ctia C. Ta duogc: C*+ = {000,
010}, chi c6 1 vector doc 1ap tuyén tinh, vay dim(CL) = 1.

Nhdn xét. Tu cac két qua cua dai sO tuyen tinh, ta co két qua sau:

1. Tap cac vector ma nhi phan cing d¢ dai 1a doc 1ap tuyén tinh khi va chi khi tong cia
chung 1a mot vector ma khac khong (c6 chua it nhat mdt bit “1°)

2. Tap cac vector ma nhi phan cing do dai 12 phu thudc tuyén tinh khi va chi khi tong cua
ching 14 mot vector ma bang khong (chira toan bit <0”)

3. Moi tip vector mi c6 chitra vector khong déu phu thudc tuyén tinh
4. H¢ gém chi mot vector ma khéac khong 1a mét hé doc lap tuyén tinh.

Sinh vién ty chimg minh cac két qua trén xem nhu bai tap.
2.2.2 Ma trin sinh ctia mi tuyén tinh

M3 tuyén tinh C[n , k] 1a mot khong gian con k chiéu cua khong gian n chiéu céc tir mé n thanh
phan trén truong Fa , do d6 ton tai k tir ma doc 1ap tuyén tinh, chang han {go, g1,..., gk-1} 1am
thanh mot co sé cua C, sao cho mdi tir ma trong C 14 t6 hop tuyén tinh cta k tir mé nay,. Tuc la:

VWeC, W=aogo+ aigs + ... + akalk1, v6i cac hé s ai thuge {0, 1} (2.3)

Xép k tir ma nay thanh k hang, tao nén maot ma trén cdp k x n, goi 13 ma tran sinh ctia ma C.
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Dinh nghia 2.8.
Cho C la mét ma tuyén tinh [n , kj-code trén truong Fo,

1. Matrdn G = [gij] cdp k x n ma cac hang cua né hinh thanh mét co so cua ma tuyén
tinh C, thi G dwoc goi la ma tran sinh cua ma C.

2. Ma trdn sinh H cap (n-K)xn cia ma doi ngdu C*+ goi la ma trdn kiém tra ciia ma C
Chuy:
1.Néu C lé} mot mﬁ tuyén tinh [n, k]-code thi ¢6 thé c6 nhiéu ma tran sinh khac nhau, moi ma
tran sinh déu c6 cap k xn.
2. Bat ky k tir ma doc lap tuyén tinh nao ciing c¢6 thé dung 1am ma tran sinh cho ma C[n , k].

3. Néuma train G cdp k xn1a mot ma tran sinh cia ma tuyén tinh C[n , k] thi cac hang ctia G
1a cac ma doc 1ap tuyén tinh trong C.

4. Néu H 1a ma tran kiém tra cia ma C[n , k] c6 ma tran sinh 13 G, thi G 12 ma tran kiém tra cua
ma d6i ngau C+, va nguoc lai.

Thi du 2.7 Choma tuyén tinh C = {000,001,100,101} trong thi du 2.5 .
1/. Tim ma tran sinh ctia ma C.
2/. Tim ma tran kiém tra cia ma C

Giai:

1/. Ta co dim(C) = 2, vay day la mot ma tuyén tinh C[3 , 2],n=3;k=2. Ma trén sinh G
6 cap k xn. Vay ma tran sinh cua mé C la mt ma trén cap 2 x 3. Trong C c6 hai vector
mi doc 1ap tuyén tinh 1a 001 va 100, ma tran sinh G tao béi hai tir ma nay:

001
G=
100
CAc tin ngudn gom 2 bit s& dugc ma hoa thanh cac tir ma 3 bit trong C theo ma tran sinh G.

2/. Ma tran kiém tra H 12 ma tran sinh ciia ma d6i ngau CL.

Ta tim duoc mi d6i ngdu (xem thi du 2.6): C+ = {000, 010}, chi c6 1 vector doc lap tuyén tinh
1a 010, vy ma tran sinh cia ma C* la:

H=(010)

Ma tran H chinh 1a ma tran kiém tra cia mi C.
Chuy ré‘mg néu ma tran sinh G c6 cép k x n, thi ma trin kiém tra H sé& co cap (n-k) x n, tuc 1a cép
1 x 3 trong thi du trén.
2.2.3 Ma héa dung ma tran sinh
Néuu= (a0, ay, ..., ax-1) 1a mot tin cin dugc ma hoa, thi tr ma w tuong Gng véi U nhan dugce
bang cach nhan vector hang u (cap 1xKk) vdi ma tran sinh G k. n. Ttre 1a u dugc ma héa boi:

w=u.G

Vi moi tr ma twong g voi cac tin dugc sinh ra bdi ma tran G, nén G dugc goi 1a ma tran sinh
cua by ma.
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Thi dy 2.8

Cho ma tran sinh G cia mdt mé tuyén tinh C[ 7, 4 ] nhu sau:

go|l [1 1010 0 0]
G g 1011100
T e [Tlo1 00011
g3] [1 01000 1

Néu u=(1101) 1a théng tin can ma hoa thi tir ma twong vmg 1a

theo cong thuc (2.3), w = U.G = apQo+ @101 + ... + ak1gk1=1.go + 1.1 + 0.g2 + 1.03
1101000

1011100
w=(1101). | | =(100101)

1010001

Nhu vy, mot tin ngudn gom 4 bit d3 duoc ma hoa thanh mot ma gom 7 bit, 4 bit chira thong tin
3 bit thém vao la dé chong nhiéu.

2.2.4 Giidi ma nho ma tran sinh
Gia st u = (ao, a, ..., ak-1) la mdt tin da dugc ma hoa thanh tir ma w = (bo, by, ..., bn-1) thudc ma
tuyén tinh C[n , k], nho ma trdn sinh G.
Van d¢ dat ra 1a khi nhan dugc tir ma w (gia thiét 1a khong c6 nhidu), ta can giai ma dé tim tin
nguon U, nodi cach khac ta can xac dinh cac ao, ay, ..., ax-1tlr cac gia tri bo, by, ..., bn-1.

Jdo Yoo Jo1 wo Oona

o , A . gl glO gll gl,n—l
Gia stir ¢c6 ma tran sinh G = =

gk—l gkfl,O gkfl,l gkfl,nfl
T cong thirc ma hoa u.G = w, ta co:

900 Y01 - Yo

0 O - Gun-
(a0, a1,..., ak-1) . e m = (bo, b1,..., bn-1)

Ok-10 Gk - Ykeana

ta 6 hé n phuong trinh dé xac dinh k 4n ao, a...., ak1, (kK <n):
k-1
2913 =b;, (j=01...,n-1) (2.4)
i=0

Do hang cia ma tran G bfmg k, hé luén c6 nghi¢m, chi can chon k phuong trinh don gian nhét
dé xac dinh k 4n s ai.

Bai giang “Co s¢ md héa thong tin” | nvdinh@vnua.edu.vn 36



Thi du 2.9. Gia st ma tuyén tinh C[7 , 4] ¢6 ma tran sinh G:
1101000
1011100
G= (2.5)
0100011

1010001
Gia st tr ma nhan dugc la w= (bo, b1, b2, b3, bs, bs). Hay xac dinh tin nguén u1?

Gidi: Lap h¢ phuong trinh (2.2) véi ma tran G va w trén , ta c6 h¢:

( lao+ lai+0az+ las = bo

lag+ Oa;+ lax+0as = bh; ao=hs+bs

Oag+ lai+Oaz+las =bp Chon 4 phuong trinh don gian nhét a1 = ba (2.6)
< lap+ 1ai+ 0a, + 0as = ba (chtra nhicu hé s6 0). Giai ra ta co: a = bs

Oap+ lai+0az+0az = bs IO as = bs + be

Oap+ Oai+ laz+ 0az = bs
\ Oap+ Oar+ lax+lasz = be

Ta nhén dugc cong thirc giai mé (2.6) cho ma tuyén tinh ¢6 ma trén sinh G trong (2. 5). Khi do6
v6i mdi tir ma w nhan dugc, ta s& giai ma dugc tin ngudn u.

* Gid st tr md nhan dugc lawi=(1100101), theo cong thirc gidi ma (2.6), ta xac dinh
dugc tinnguon laur = (110 1).

= Gia st tir md nhan dugc la w2 = (100101 1), theo cong thirc giai ma (2.6), ta xac dinh
dugc tin nguon lauz = (101 0).

Ban doc c6 th¢ ma hoa uz bang ma tran sinh G, dé xem két qua co trung véi tir ma wo?

Chu y: Viéc giai ma dung ma tran sinh nhu trén chi ¢6 tinh 1y thuyét, chi dugc thuc hién khi w la
mdt tir ma (khong c6 151). Trong thyc té, cac kénh truyén thudng c6 nhiéu, khi giri di mot tir ma
W, ta nhan dugc khong phai 1a w, ma law’ #w, do d6 viéc giai ma gém 2 giai doan: trudc hét, tir
w’ phai xac dinh dugc dung tor ma w da gui di, giai doan 2 1a xac dinh tin u tor W nhu da trinh bay
& trén. Cac khai niém giai ma trong cac phan sau duoc hiéu theo nghia xac dinh chinh xac tir ma
da gui di.

Sai lam SV thuong mac phai: khi yéu cau giai ma mot xau nhan duogc X, SV thudng coi X 13 mot
tir ma va ding ma tran sinh dé giai ma nhu trén, diéu nay sai vi x chua chic da 1a tir mi. Piéu can
lam 1a khi nhan duoc X phai x4c dinh tir ma nao da dugc gui di (s& hoc trong cac phan sau)

2.3 CAC MA TUONG DUONG

2.3.1 Su twong dwong cia CAC ma

Chung ta d3 biét rang, mdi mi C ¢ ba dic trung chua yéu 1a:
1. Chiéu dai ctia cac tir mi trong C: n
2. Tong s6 cac tir mé trong C: M

3. Khoang cach Hamming cuc tiéu ciia ma C: d = d(C).
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Ta ky hiéu (n, M, d)-code la ma c6 d6 dai n, chira M tir ma va c6 khoang cach cuc tiéu d = d(C).
Céc tham s trén c6 ¥ nghia gi trong 1y thuyét ma hoa?

Chiéu dai tir md n: tir ma cang dai thi viéc truyén tin cang kém hiéu qu4, tuy nhién viéc ma héa ‘
chong nhiéu 1a vi¢c thém vao céc thong di€p goc mot so bit, can thém vao mot so bit toi thicu dé
dat dugc muc ti€u chong nhi¢u. Noi chung chi€u dai tir ma cang ngan cang tot.

Téng s6 tir md M: M cang c6 nhiéu tir ma cang tdt, vi nd c6 thé truyén tai dugc nhiéu thong diép
goc, tuc 1a chira dugc nhicu thong tin.

Khodng cach Hamming cuee tiéu ciia ma d: 13 su sai khac nhau tdi thiéu gitra cac tir mé, do do,
khoang c4ch nay cang l6n thi sy khéc biét gitra cac tir ma cang 16n, do d6 kha néng phéat hién 161
va stra 101 cang cao.

Vi vy, cac tham s trén 14 cac dic trung co ban cia mot bd ma. Ta s& con phan tich chi tiét hon
cac dac trung nay trong cac phan sau.

Duya trén cac dic trung trén, hai ma twong dwong 13 hai mi c¢6 cung cac tham sé dic trung n, M
va d. Hai ma twong duong s€ c6 hiéu qua truyén tin nhu nhau, va quan trong hon 1a so cac 10i co
thé phat hién va stra dugc 1a nhu nhau. Vi vay thay vi stt dung mot bo ma C da cho, ta c6 the st
dung mdt bd ma twong duong voi C c6 dang don gidn nhat d€ viéc tinh toan thuan lgi, ma van
dat dugc moi hiéu qua nhu bd ma ban dau.

binh nghia 2.9.

Hai ma (n, M)-code trén ciing bang ky hiéu md, dwoc goi la tirong dirong néu mét trong
hai ma dat dwoc tir ma con lai bang viéc hodn vi toa d¢ Cac tir ma, hodc nhan mét toa do
C&C tir md voi mot so khac khong.

Nhdn xét:

Tt dinh nghia trén ta théy viéc hoan vi toa dd hodc nhan mét toa dd véi 1 sd khac khong s€
khong 1am thay doi cac tham sb dic trung clia cac ma. Tirc 1a néu C 1a mét (n, M, d)-code thi C*
cling 1a mét (n, M, d)-code. Theo y nghia nay, cac ma duoc coi la trong duong.

Chuy

1. Ttr dinh nghia trén, ta thiy rang hai ma 1a twong duong thi trude hét phai phai 12 cac ma cing
dd dai va cé cung so tir ma.

2. Hai ma C va C’ ¢6 cung d6 dai va c6 cung sd tir ma goi 1a twong dwong néu chung co cing
khoang cach Hamming cuyc tiéu, tirc 13 d(C) = d(C”)

3. Vi ma nhj phan, viéc nhan mot toa do voi mot sé vo hudng khac khong trén truong Fa 14
nhan v6i 1, ma s& khong d6i. Do d6 hai ma nhi phan twong duong 1a cic ma chi khac nhau vé
hoan vi toa d0 ctia cac tir ma.

4. CAc ma nhi phan tuyén tinh twong duong ciing theo dinh nghia trén, d6 1a cac ma tuyén tinh c6
cung cac tham sb (n, M, d).

Thi du 2.10

Cho ma nhi phan tuyén tinh C = {000, 101, 010, 111}, ma C’= {000, 011, 100, 111} nhan dugc
trma C béng cach ddi chd toa do thir nhit véi toa do thtr hai cta céac tir ma. Vay haima Cva C’
la tuong duong.

>
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2.3.2 Ma trin sinh ciia cac mé tuyén tinh twong dwong

binh nghia 2.10
Cho C[n, K] va C’[n, K] 1a hai ma tuyén tinh twong dwcong trén truong GF(q), khi do:
1. Ma trgn sinh G va G’ cua 2 ma twong dwong la cdc ma trdn sinh tuwong duwong.
2. Ma trgn kiém tra H va H’ ciia 2 md twong diong la cdc ma trdn twong dwong.
Néu G va G’ 1a hai ma tran sinh twong dwong ta ky hiéu G ~ G’, twong tu, cac ma tran kiém tra
trong duong duogc ky hiéu: H ~ H’. Dinh 1y sau trinh bay cac phép bién ddi cac ma tran sinh dé
dugc cac ma tran sinh twvong duong. Cac ma tran kiém tra cling duoc bién doi tuong tu dé nhan
duoc cac ma tran kiém tra tuong duong.
Dinh ly 2.2
Cho G va G’ la hai ma trdn sinh cia hai md tuyén tinh twong dwong C[n, k] va C’[n, K] trén
truong GF(q), khi do moi ma trdn co thé nhdn dwoc tir ma tran con lai nho dp dung cac ludt
bién doi sau:
R1. Bdi chd cac hang cho nhau,
R2. Nhan mét hang voi 1 s6 khéc 0 trén truong GF(q),
R3. Nhan mét hang véi 1 sd trén trudng GF(q), roi cong vao hang khac.
C1. Déi chd céc cot cho nhau,
C2. Nhan mot cot vai sb khac 0 trén truong GF(q).
Vi¢c chiing minh dinh Iy kha don gian, danh cho SV nhu 1a bai tap.
Céc luat trén duoc goi 1a cac luat bién doi twong duong cho céc ma tran sinh dé nhan dugc mot
ma tran sinh méi tuong dwong voi ma tran ban dau. Voi cac ma tran kiém tra ciing 4p dung cac
luat bién ddi nay.
Nhdn xét:
Trén truong Fo, ludt (R2) thuc chét 1a khong thuc hién gi, vi nhan 1 hang véi s6 khac 0 (la 1) thi
khong thay d6i, con luat (R3) 1a thyc hién viéc cong hang nay véi hang khac clia ma tran.
Tuong tu, luat C2 ciing khong thuc hién gi. Nhuw vy, cdc ludt bién doi tiwong dwong cho cdc ma
tran sinh trén truong F2 chi con luat (R1), (R3) va (Cl).
Chii ¥ quan trong : Khi sir dung cac phép bién d6i twong dwong trén day, ta nhan dugc mot ma
tran sinh G’ ciia mot ma tuyén tinh C” twong duong v6i mi C, nhung ndi chung C’ khac véi C.
Neéu chi dung cac phép bién do6i twong duong trén cac hang (R1, R2, R3) thi s nhan dugc ma
tran sinh G’ ctia chinh ma C, khi d6 c6 thé dung ma tran G’ thay cho ma trdn G cua cing ma C.
Dinh nghia 2.11.
1. Ma tran sinh G cua ma tuyén tinh C[n, k] goi la o dang chudn néu G ¢6 k cét dau tién la
ma trgn don vi, ticc la G = (I | A) voi Ik la ma trdn don vi cdp k xk con A la ma tran
cap k x(n-k).
2. Ma trdn kiém tra H ciia ma tuyén tinh C[n , k] goi la ¢ dang chudn néu H c¢é n — k cét
cudi la ma trdn don vi, tirc la H= (B | Ink), v6i Ink la ma trdn don vi cdp n-k, con B la
ma trdn cdp (n-K)xk.
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Cac ma tran sinh ¢ dang chuan c6 vu diém 1a viéc biéu dién va tinh toan don gian. Do do, voi
ma tuyén tinh C[n, k] c6 ma tran sinh G, nguoi ta thuong bién ddi G dé nhan dugc ma tran sinh
tuong dwong G’ ¢ dang chudn va thay thé ma C béi ma C’ sinh boi G’. Néu G’nhén duoc tir G
nhé cac bién d6i R1, R2, R3 thi G’ 1a ma tran sinh dang chuén cua chinh ma C.

Viéc thay thé cic ma tran kiém tra H boi cac ma tran kiém tra twong dwong H’ & dang chuan
cling dugc thuc hién tuong tu.

Thidu2.11

Cho ma nhi phan tuyén tinh C = {000, 101, 010, 111} trong thi du 2.9. Ma nay c6 tdi da 2 tir ma
doc lap tuyén tinh, d61a (0 1 0) va (1 1 1), vy ma tran sinh ciia ma la:

010
G=
(111)

Do dim(C) = 2, ma C la mét [3, 2]-code, nhan dugc tir viéc ma hoa tap tin U = {00, 01, 10, 11}
thanh cac tir ma 3 bit nhd ma tran sinh G.

= Tadung cac phép bién doi trong duong dé dua G vé ma tran sinh dang chuén:
010 100

Tu G =
[1 11 111

J, dung luat (C1): ddi chd 2 cot dau, tacd : G ~ [ J , dung ludt (R3): cong

100 N
hang 1 vao hang 2, ta cé: G ~ G’= (0 L 1]. Ma tran G’ ¢6 2 c¢ot dau la ma tran don vi l2, vay G’

la ma tran sinh dang chuén. Ta xac dinh C’ bfmg cach ma hoa tap tin U = {00, 01, 10, 11} nho
ma tran G’, ta nhan duoc ma C’ = {000, 011, 100, 111} (SV tu kiém tra viéc tinh cac tir mi nay).
Mi C’ khéac véi ma C nhung C” ~ C va ciing 1a cac ma tuyén tinh C[3, 2].

= By gio ta dung cac phép bién d6i twong duong chi trén cac hang dé dua G vé ma tran
sinh dang chuéan:
010
111
(R3): cong hang 2 vao hang 1, ta co:

101 N
01 O) . Ma trén Gz c6 2 cdt dau 1a ma tran don vi I, vay G1 ~ G.

111

T G =
{ 010

J, ding luat (R1): doi chd hang 1 v6i hang 2, ta dugc G ~ ( J , dung luat

G-~ Glz(

Mit khac, néu ma hoéa tap tin U = {00, 01, 10, 11} nhd ma trén G1 ta nhan duge ma Ci =
{000, 010, 101, 111}, r6 rang ma nay trung véi ma C, vay G va Gy cung sinh ma C, nén
ma tran sinh dang chuan Gz c6 thé thay thé cho ma tran G trong cac tinh toan lién quan
dén ma C.

Thi du 2.12 Cho mai tuyén tinh C[7, 4, 3] ¢6 ma tran sinh:

Tjojjofo)1|1|0
G= 1(1{0)0]1|0]1
O (ojo1|1]0)1
1|0j1(0o|0|0]1

Hay tim ma tran sinh dang chuan twong dwong véi ma trin G
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Céch 1: (nhanh) ap dung cac phép bién ddi tury ¥, theo ca hang va cot, do G di c6 sin mot sb cot
1a vector don vi, ta chi can ap dung cac luat Cl1: ddi chd cot 1 cho cot 6, sau d6 d6i chd cot 3 cho
cot 4, ta nhan dugc ma tran G’ tuong duong véi ma tran G:
1000101
G =|0100111
0010110
0001011

G’ 12 ma tran sinh dang chuén ctia mot mé tuyén tinh C’[7, 4, 3] twong dwong ma di cho.
Céch 2: Chi ap dung céc luat bién doi theo hang R1 , R3, ta s& dwa G vé dang chuan.
(1000110

T G=|1100101|4p dung R3 2 lan: cong hang 1 vao hang 2 va cong hang 1 vaohang 4:
0001101

1010001

1000110
G~|0100011|4pdung R1: d6i chd hang 3 va hang 4, ta nhan dugc ma trén G’ tuong
0001101
10010111
duong véi G:
1000110
G>=|0100011| G’lama tran sinh dang chuan ctia ma trdn G, va G’ sinh ra chinh mi C.
0010111
0001101

Nhdn xét: Dé ma héa v6i ma tran sinh dang chuén, ta ¢6 k bit du tién trong tir ma w chinh 1a k
bit cuia tin nguoén U, chi can tinh n — Kk bit chong nhiéu tmg v&i n — K cot cudi ctia ma tran sinh G.
Viéc giai ma cling thuan 1¢i: k bit dau tién cia tir ma w s€ 1a tin ngudn u.

Thi du 2.13 Cho ma tuyén tinh C[7, 4] c6 ma tran sinh Gax7 nhu sau:

1000110
010001
G =
0010111
0001101

Gia sir can ma hoa tin u = 1101, ta c6 w = (1101).G, két qua tinh duoc w = (1101000).

Pé giai ma tir ma w = 1101000, 14p hé phuong trinh x4c dinh céc aj tir ma trdn G va cac bj, voi
U=agaiazas,W=Dbobi1b2bsbsbsbs=1101000. Thyc té chi can h¢ 4 phuong trinh:

k-1
Zgi'jai :bj ’ (J :O,l,...,n_l)
i=0

lag+ Oar+0ax+0as = 1 ap =
Oao+ la;+0Oax+0az = 1 — Giai ra ta co: a=1
Oap+ Oa;+ lax+0a3 = 0 a =
Oao+ Oar+0az+ las = 1 az=1

Vay gidi ma tr ma w = (1101000), ta nhan dugc tin ban dau la u = 1101
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2.4 MOT SO GIO1 HAN CUA MA TUYEN TiNH TOI LU

Chung ta d4 biét rang, mdi ma C ¢ ba dic trung chu yéu la:

1. Chiéu dai ciia cac tir ma trong C: n

2. Tong s6 cac tir mi trong C: M

3. Khoang cach Hamming cuc tiéu cia ma C: d = d(C).
Ta ky hiéu (n, M, d)-code la ma c6 d6 dai n, chira M tir ma va c6 khoang cach cuc tiéu d = d(C).
Céc tham s6 trén co ¥ nghia gi trong 1y thuyét ma hoa?
Chiéu dai tir md n: tir m cang dai thi viéc truyen tin cang kém hiéu qua, tuy nhién viéc ma héa
chong nhicu 1a viéc thém vao cac thong diép goc mot s bit, can thém vao mot s bit toi thiéu dé
dat dugc muc ti€u chong nhiéu. Noi chung chiéu dai tir ma cang ngan cang tot.

Téng s6 tir md M: M4 cang c6 nhiéu tir ma cang tdt, vi nd c6 thé truyén tai dugc nhiéu thong diép
goc, tirc 1a chira dugce nhicu thong tin.

Khoang cach Hamming cuc tiéu cua ma d: 1a su sai khac nhau t6i thiéu gitra cac tor ma, do do,
khoang cach nay cang 16n thi sy khéc biét gitra cac tir ma cang 16n, do d6 kha nang phat hién 1oi
va stra 101 cang cao.

Thong thuong, mot ma C(n, M, d) véi d 1a khoang cach Hamming cyc tiéu ctia ma, d = d(C),
duoc goi la ma tdi wu néu né ¢ n nho (dé co thé truyén nhanh cac tir ma), M 16n (c6 thé truyén
mét s6 16n cac tir ma) va d 16n (co thé stra duoc nhiéu 1561). Diéu nay lién quan dén muc tiéu cua
cac bai toan t6i vu cac ma, nhat cac ma tuyén tinh. Cac myc tiéu d6 goi la cac gigi han cua méa
tuyén tinh t6i wu. Trong cac ma tuyén tinh téi wu ta cd mot s6 gidi han quan trong sau:

2.4.1. Giai han Griesmer
Déi voi ma tuyén tinh [n, k, d]-code, véi k va d = dmin dd duoc xac dinh, phai xay dyng ma
c6 dd dai cac tur n nho nhét.

Bai toan nay tuong ung voi gioi han Griesmer:

Trong do !_X—‘ la s6 nguyén tran cia x: sé nguyén nho nhat khéng bé son x. Chang han
[3.14]=4, [5]|=5,[-3.14]=-3.
2.4.2. Gioi han Plotkin

Dbi voi ma tuyén tinh [n, k, d], véi n va k da duoc xac dinh, phai xay dung ma cé khoang
cach cuc tiéu d 16n nhét.

Bai toan nay tuong tng voi gioi han Plotkin:

2.4.3. Gioi han Hamming

Dbi voi ma tuyén tinh [n, k, d], véi n va s 13i c6 thé stra dwoc t6i da la t di xac dinh (do t
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phu thudc vao d, nén ¢ day coi nhu n va d di xac dinh), phai xay dung ma co sb ky tu k cta
thong diép can truyén 13 16n nhét (hay s6 (n - k) nho nhat).

Bai toan nay tuwong ung voi gioi han Hamming:

2" > i(:(n,i)

trong do gia trit = LdT_1J (¢ day ky hiéu LXJ 1a s6 nguyén san cua x: s6 nguyén 16n nhit khong
vuot qua x, ching han |3.14|=3; [5.0|=5; | -3.14|=- 4).
Ky hi¢u C(n, i) 12 s6 to hop chap i ciia n (con dugc ky higu 1a C!) va dugce tinh bang cong thirc:

C(n, i) = - n! . hodie C(n, i) = n.(n—l)....(n—i+1)
it(n—i)! i!

Chu y rang C(n, 0) = 1; C(n, n) =1; C(n, 1) = n; C(n, i) = C(n, n —i)

Trong giao trinh nay, dé don gian, trong cic phin sau ta chi trinh bay cac gi6i han trén cho cac
ma la nhitng ma nhi phan tuyén tinh va 1ap luan twong tu cho truong hop tong quat.
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BAI TAP CHUONG 2
1. Tinh khoang cach Hamming gitra cAc cap xau bit sau:

a. 1111101; 1000011 5
b. 00001110; 01110001 i
c. 101000101; 010110010 8
d. 0000000000; 1111111111 10

* Chi y: Vé6i cac mé nhi phéan, Co thé dung cong thirc d(x,y) = w(x + y)
2. Cho mi tuyén tinh C = {000 ; 110; 011 ; 101}
a. Tim ma tran sinh G cia ma C
b. Tim ma ddi ngau cia C. PA:{000, 111}. Tim ma tran kiém tra H ctia ma C.
c. Tinh khoang cach cuc tiéu d(C) ctia ma PA: (d = 2).
* Ch y: V&i cac ma nhi phan tuyén tinh, c6 cong thirc d(C) = min {w(x) | V X € C, x #£ O}
3. Cho ma tuyén tinh C = {0000 ; 1100 ; 0011 ; 1111}
a. Tim ma tran sinh G ctia ma C. Tim ma trdn G’ ~ G, tu G’ hdy xac dinh ma C’. So sénh
ma C’ vama C.
b. Tim ma ddi ngau ctia C. (PA la C).Tim ma tran kiém tra H cia mi C. (PA: H = G)
c. Tinh khoang cach cuc tiéu d(C) ciia ma. PA: (d = 2)
4. Gia st rang ma C c6 ma tran sinh:

1011000
0101100
G=(0010110
0001011
a. Nhing tir ma nao trong ma C duoc tao ra béi ma tran sinh nay?
b. Hay ma hoa thong diép u = 0110 nho ma tran sinh G. Giai ma tr ma w = 1110100
nho ma tran G.
5. Gia sir rang ma C c6 ma tran sinh:
1110000
1001100
G=|11000011
0101010

a. Hay dua ma tran G vé dang chudn G’ = (14| A) (cht ¥ 1 chi bién déi theo cac hang).
b. Nhitng tir ma nao trong ma C dugc tao ra boi ma tran sinh nay?

c. Tim ma tran kiém tra H ctia mé C. (goi ¥: tir dang chuén G = (I4 | A) cia ma C, tim H theo
cong thirc H = (AT | I3), xem dinh 1y dudi day.
Dinh Iy: Néu ma tuyén tinh C[n , k] trén truong GF(q) c6 ma trdn sinh dang chudin G = (I | A)

thi ma tran kiém tra dang chudn ciia ma C dwoc xde dinh boi: H= (= AT | Inx) ,
v6i AT1a ma tran chuyén vi cia ma trdn A trong ma tran sinh dang chuan G.

Vi cac ma nhi phan tuyén tinh, thi H= (AT | Ink)
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10100
6. Cho m tuyén tinh C c6 ma tran kiémtraH=11 0 10
01001

a/. Tim ma tran sinh ctama C. DA: G = 10110
01011

b/. Viét tat ca cac tir ma cia C. DA : {00000, 10110, 01011, 11101}

7. Cho ma tuyén tinh C trén truong F3 = {0, 1, 2} c6 ma tran sinh:

1110
G=|1201
a/. Tim tat ca céc tir ma cua ma C

b/. Pua ma trén sinh G vé dang chuan bang cac phép bién ddi theo hang (R1, R2, R3)

¢/. Tim ma d6i ngau C* va ma tran kiém tra H cia ma C. (goi ¥: tim ma tran kiém tra H
theo dinh Iy trén: H = (= AT | Ink ), ma d6i ngau ctia C 1a ma nhan H 1am ma tran sinh)

8. Trén truong F3, cho md C ¢6 ma tran sinh:
11201

G=
20121

b/. Bién ddi chi theo hang dé dua ma tran sinh G vé dang chuén.

a/. Viét tat ca cac tr ma cua C

¢/. Tim ma tran kiém tra cia ma C c6 ma tran sinh trén day
9. Phai xay dung ma C v&i @6 dai tir ma n 1a bao nhiéu dé ma tuyén tinh C[n, 4, 3] la ma t6i vu
dat gioi han Griesmer
10. Phai xay dung ma C véi khoang cach Hamming cuc tiéu d 1a bao nhiéu d¢é ma tuyén tinh
C[7, 4, d] la ma toi wu dat gioi han Plotkin.
11. Can xay dung ma tuyén tinh C[7, k, 3] 4 ma hoa cac thong diép gbc gdm k bit thanh tir ma
7 bit, so bit ctia thdng diép goc 1a bao nhiéu dé C la ma t6i wu dat gioi han Hamming.

TAI LIEU THAM KHAO

[1] Raymond Hill, (1993). "A First Course in Coding Theory", Clarendon Press, Oxrord, USA.
ISBN : 0-19-853803-0.

[2] Yehuda Lindell, “Introduction to Coding Theory”, Lecture Notes, Department of Computer
Science Bar-Ilan University , Israel (2010).

[3] Tom Richardson, Rudiger Urbanke. “Modern Coding Theory”. Cambridge
University Press (2008)

[4] Ping Vin Chuyét, Nguyén Tuin Anh.(1998) “Gido trinh Co s¢ Iy thuyét truyén tin”.
NXB Giao duc.

Bai giang “Co s ma héa thong tin” | nvdinh@vnua.edu.vn 45



