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y P (y=0 |x=0) = 1 − f ;

P (y=1 |x=0) = f ;
P (y=0 |x=1) = f ;
P (y=1 |x=1) = 1 − f.
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i ai pi

1 a 0.0575
2 b 0.0128
3 c 0.0263
4 d 0.0285
5 e 0.0913
6 f 0.0173
7 g 0.0133
8 h 0.0313
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10 j 0.0006
11 k 0.0084
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14 n 0.0596
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16 p 0.0192
17 q 0.0008
18 r 0.0508
19 s 0.0567
20 t 0.0706
21 u 0.0334
22 v 0.0069
23 w 0.0119
24 x 0.0073
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ai pi log2
1
pi

li c(ai)

a 0.0575 4.1 4 0000

b 0.0128 6.3 6 001000

c 0.0263 5.2 5 00101

d 0.0285 5.1 5 10000

e 0.0913 3.5 4 1100

f 0.0173 5.9 6 111000

g 0.0133 6.2 6 001001

h 0.0313 5.0 5 10001

i 0.0599 4.1 4 1001

j 0.0006 10.7 10 1101000000

k 0.0084 6.9 7 1010000

l 0.0335 4.9 5 11101

m 0.0235 5.4 6 110101

n 0.0596 4.1 4 0001

o 0.0689 3.9 4 1011

p 0.0192 5.7 6 111001

q 0.0008 10.3 9 110100001

r 0.0508 4.3 5 11011

s 0.0567 4.1 4 0011

t 0.0706 3.8 4 1111

u 0.0334 4.9 5 10101

v 0.0069 7.2 8 11010001

w 0.0119 6.4 7 1101001

x 0.0073 7.1 7 1010001

y 0.0164 5.9 6 101001

z 0.0007 10.4 10 1101000001

– 0.1928 2.4 2 01
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x P (x)

a 0.0575
b 0.0128
c 0.0263
d 0.0285
e 0.0913
f 0.0173
g 0.0133
h 0.0313
i 0.0599
j 0.0006
k 0.0084
l 0.0335
m 0.0235
n 0.0596
o 0.0689
p 0.0192
q 0.0008
r 0.0508
s 0.0567
t 0.0706
u 0.0334
v 0.0069
w 0.0119
x 0.0073
y 0.0164
z 0.0007
− 0.1928
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symbol probability Huffman Rival code’s Modified rival
codewords codewords code

a pa cH(a) cR(a) cR(c)

b pb cH(b) cR(b) cR(b)

c pc cH(c) cR(c) cR(a)
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0.00

P (x1 = a1)

P (x1 =a1) + P (x1 = a2)

P (x1 =a1) + . . .+ P (x1 =aI−1)

1.0

...

6?a1

6

?
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6?aI
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probability density
is maximized here

almost all
probability mass is here

√
Nσ



Arabic
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Roman
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ewpage



Source string’s interval

P (x|H)

Binary intervals
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H(X,Y )

H(X)

H(Y )

I(X ;Y )H(X |Y ) H(Y |X)



H(X|Y) H(Y|X)I(X;Y)

H(X)

H(Y)

H(X,Y)
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H(Y|X,Z)

H(X)

H(Z)

I(X;Y)

H(Z|X) H(Z|X,Y)

I(X;Y|Z)A

H(Z|Y)

H(X|Y,Z)

H(Y)
H(X,Y|Z)
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5 13 1.625 3.7 0.74
6 21 1.615 4.4 0.73
7 34 1.619 5.1 0.73
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n Likelihood Posterior marginals
P (yn | tn = 1) P (yn | tn = 0) P (tn = 1 |y) P (tn = 0 |y)

1 0.1 0.9 0.061 0.939
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4 0.1 0.9 0.061 0.939
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Data set Likelihood Probability of parameters
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(a) (b)



(a)

. 0 0 0 0 -2 2 -2 2 2 -2 0 0 0 2 0 0 -2 0 2 2 0 0 -2 -2
0 . 4 4 0 -2 -2 -2 -2 -2 -2 0 -4 0 -2 0 0 -2 0 -2 -2 4 4 2 -2
0 4 . 4 0 -2 -2 -2 -2 -2 -2 0 -4 0 -2 0 0 -2 0 -2 -2 4 4 2 -2
0 4 4 . 0 -2 -2 -2 -2 -2 -2 0 -4 0 -2 0 0 -2 0 -2 -2 4 4 2 -2
0 0 0 0 . 2 -2 -2 2 -2 2 -4 0 0 -2 4 -4 -2 0 -2 2 0 0 -2 2

-2 -2 -2 -2 2 . 0 0 0 0 4 -2 2 -2 0 2 -2 0 -2 0 0 -2 -2 0 4
2 -2 -2 -2 -2 0 . 0 0 4 0 2 2 -2 4 -2 2 0 -2 4 0 -2 -2 0 0

-2 -2 -2 -2 -2 0 0 . 0 0 0 2 2 2 0 -2 2 4 2 0 0 -2 -2 0 0
2 -2 -2 -2 2 0 0 0 . 0 0 -2 2 2 0 2 -2 0 2 0 4 -2 -2 -4 0
2 -2 -2 -2 -2 0 4 0 0 . 0 2 2 -2 4 -2 2 0 -2 4 0 -2 -2 0 0

-2 -2 -2 -2 2 4 0 0 0 0 . -2 2 -2 0 2 -2 0 -2 0 0 -2 -2 0 4
0 0 0 0 -4 -2 2 2 -2 2 -2 . 0 0 2 -4 4 2 0 2 -2 0 0 2 -2
0 -4 -4 -4 0 2 2 2 2 2 2 0 . 0 2 0 0 2 0 2 2 -4 -4 -2 2
0 0 0 0 0 -2 -2 2 2 -2 -2 0 0 . -2 0 0 2 4 -2 2 0 0 -2 -2
2 -2 -2 -2 -2 0 4 0 0 4 0 2 2 -2 . -2 2 0 -2 4 0 -2 -2 0 0
0 0 0 0 4 2 -2 -2 2 -2 2 -4 0 0 -2 . -4 -2 0 -2 2 0 0 -2 2
0 0 0 0 -4 -2 2 2 -2 2 -2 4 0 0 2 -4 . 2 0 2 -2 0 0 2 -2

-2 -2 -2 -2 -2 0 0 4 0 0 0 2 2 2 0 -2 2 . 2 0 0 -2 -2 0 0
0 0 0 0 0 -2 -2 2 2 -2 -2 0 0 4 -2 0 0 2 . -2 2 0 0 -2 -2
2 -2 -2 -2 -2 0 4 0 0 4 0 2 2 -2 4 -2 2 0 -2 . 0 -2 -2 0 0
2 -2 -2 -2 2 0 0 0 4 0 0 -2 2 2 0 2 -2 0 2 0 . -2 -2 -4 0
0 4 4 4 0 -2 -2 -2 -2 -2 -2 0 -4 0 -2 0 0 -2 0 -2 -2 . 4 2 -2
0 4 4 4 0 -2 -2 -2 -2 -2 -2 0 -4 0 -2 0 0 -2 0 -2 -2 4 . 2 -2

-2 2 2 2 -2 0 0 0 -4 0 0 2 -2 -2 0 -2 2 0 -2 0 -4 2 2 . 0
-2 -2 -2 -2 2 4 0 0 0 0 4 -2 2 -2 0 2 -2 0 -2 0 0 -2 -2 0 .

(b) →

(c) →

(d) → →

(e) →

(f) →

(g) →

(h) →

(i) → (j) → (k) → →

(l) → → (m) → →



(a)

. -1 1 -1 1 x x -3 3 x x -1 1 -1 x -1 1 -3 x 1 3 -1 1 x -1
-1 . 3 5 -1 -1 -3 -1 -3 -1 -3 1 x 1 -3 1 -1 -1 -1 -1 -3 5 3 3 -3
1 3 . 3 1 -3 -1 x -1 -3 -1 -1 x -1 -1 -1 1 -3 1 -3 -1 3 5 1 -1
-1 5 3 . -1 -1 -3 -1 -3 -1 -3 1 -5 1 -3 1 -1 -1 -1 -1 -3 5 x 3 -3
1 -1 1 -1 . 1 -1 -3 x x 3 -5 1 -1 -1 3 x -3 1 -3 3 -1 1 -3 3
x -1 -3 -1 1 . -1 1 -1 1 3 -1 1 -1 -1 3 -3 1 x 1 x -1 -3 1 3
x -3 -1 -3 -1 -1 . -1 1 3 1 1 3 -3 5 -3 3 -1 -1 x 1 -3 -1 -1 1
-3 -1 x -1 -3 1 -1 . -1 1 -1 3 1 x -1 -1 1 5 1 1 -1 x -3 1 -1
3 -3 -1 -3 x -1 1 -1 . -1 1 -3 3 1 1 1 -1 -1 3 -1 5 -3 -1 x 1
x -1 -3 -1 x 1 3 1 -1 . -1 3 1 -1 3 -1 x 1 -3 5 -1 -1 -3 1 -1
x -3 -1 -3 3 3 1 -1 1 -1 . -3 3 -3 1 1 -1 -1 -1 -1 1 -3 -1 -1 5
-1 1 -1 1 -5 -1 1 3 -3 3 -3 . -1 1 1 -3 3 x -1 3 -3 1 -1 3 -3
1 x x -5 1 1 3 1 3 1 3 -1 . -1 3 -1 1 1 1 1 3 -5 -3 -3 3
-1 1 -1 1 -1 -1 -3 x 1 -1 -3 1 -1 . x 1 -1 3 3 -1 1 1 -1 -1 -3
x -3 -1 -3 -1 -1 5 -1 1 3 1 1 3 x . x 3 -1 -1 3 1 -3 -1 -1 1
-1 1 -1 1 3 3 -3 -1 1 -1 1 -3 -1 1 x . -5 -1 -1 -1 1 1 -1 -1 1
1 -1 1 -1 x -3 3 1 -1 x -1 3 1 -1 3 -5 . 1 1 1 -1 -1 1 1 -1
-3 -1 -3 -1 -3 1 -1 5 -1 1 -1 x 1 3 -1 -1 1 . 1 1 -1 -1 -3 1 -1
x -1 1 -1 1 x -1 1 3 -3 -1 -1 1 3 -1 -1 1 1 . -3 3 -1 1 -3 -1
1 -1 -3 -1 -3 1 x 1 -1 5 -1 3 1 -1 3 -1 1 1 -3 . x -1 -3 1 -1
3 -3 -1 -3 3 x 1 -1 5 -1 1 -3 3 1 1 1 -1 -1 3 x . -3 -1 -5 1
-1 5 3 5 -1 -1 -3 x -3 -1 -3 1 -5 1 -3 1 -1 -1 -1 -1 -3 . 3 x -3
1 3 5 x 1 -3 -1 -3 -1 -3 -1 -1 -3 -1 -1 -1 1 -3 1 -3 -1 3 . 1 -1
x 3 1 3 -3 1 -1 1 x 1 -1 3 -3 -1 -1 -1 1 1 -3 1 -5 x 1 . -1
-1 -3 -1 -3 3 3 1 -1 1 -1 5 -3 3 -3 1 1 -1 -1 -1 -1 1 -3 -1 -1 .

(b) → →

(c) → →

(d) →

(e) →

(f) → →



Desired memories:

→ → → → →

→ → → → →



Desired memories
moscow------russia

lima----------peru

london-----england

tokyo--------japan

edinburgh-scotland

ottawa------canada

oslo--------norway

stockholm---sweden

paris-------france

→ W →

Attracting stable states
moscow------russia

lima----------peru

londog-----englard (1)
tonco--------japan (1)
edinburgh-scotland

(2)
oslo--------norway

stockholm---sweden

paris-------france

wzkmhewn--xqwqwpoq (3)
paris-------sweden (4)
ecnarf-------sirap (4)
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Model Control Parameters

Training Error

Test Error

(e)
Model Control Parameters

Log Probability(Training Data | Control Parameters)





Error rate
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H =



tn (a) The prior distribution over codewords

P (t) ∝ � [Ht = 0].

The variable nodes are the transmitted bits {tn}.
Each node represents the factor � [

∑

n∈N (m) tn =0 mod 2].

tn

P (rn | tn) (b) The posterior distribution over codewords,

P (t | r) ∝ P (t)P (r | t).

Each upper function node represents a likelihood factor P (rn | tn).

nn

P (nn)

zm

(c) The joint probability of the noise n and syndrome z,

P (n, z) = P (n) � [z=Hn].

The top variable nodes are now the noise bits {nn}.
The added variable nodes at the base are the syndrome values
{zm}.
Each definition zm =

∑

n Hmnnn mod 2 is enforced by a factor.



0.1

0.01

0.001

0.0001

1e-05

1e-06

0 0.2 0.4 0.6 0.8 1

P
ro

ba
bi

lit
y 

of
 d

ec
od

er
 e

rr
or

Rate

GV
C

Shannon limit

low-density
parity-check code



(a1) (b1)

(a2)
0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

-4 -2 0 2 4

P(y|‘1’)P(y|‘0’)

(b2)
0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

-4 -2 0 2 4

P(y|‘1’)P(y|‘0’)



1e-06

1e-05

0.0001

0.001

0.01

0.1

1

1 1.5 2 2.5 3 3.5 4 4.5 5 5.5

(N=96)

N=204

N=408

(N=204)

N=816
N=96

1e-05

0.0001

0.001

0.01

0.1

1

1 1.5 2 2.5 3 3.5 4

j=3
j=4

j=5 j=6

(a) (b)



3 3 3
(a) (b)



0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

0 5 10 15 20 25 30





x

r

f f f f f f
@@R @@R? ?��	 ��	

@
@@R

�
��	f
?
x
r

]
iteration
i−1

]
iteration

i



difference set cyclic codes

N 7 21 73 273 1057 4161
M 4 10 28 82 244 730

K 3 11 45 191 813 3431
d 4 6 10 18 34 66
k 3 5 9 17 33 65
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Octal name

(a)

z0〈d � s`
- t(a)

z1〈dz2〈dz3〈dz4〈dz5〈dz6〈dz7

⊕
? - t(b)⊕

?-⊕
? -⊕

? -⊕
?--
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