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Shannon Coding

Shannon Coding

Symbols that occur more frequently will have shorter codewords (F #5) than

symbols that occur less frequently
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Shannon Coding

Example :
# Encode the sequence:[BJA/ICDEFGH/AICDEFGCDDEEFDDEE

1. Determine the probability of each symbol (£ 4.1)
2. Sort, accumulate and partition the table (% 4.2)

% 4.1 % 4.2
BB B F PR OB F R A w & 1
A 2/24=1/12 D 1/4 1/4 0
B 1/24 E 1/4 2/4 0
C 3/24=1/8 C 1/8 5/8 1
D 6/24=1/4 F 1/8 6/8 1
E 6/24=1/4 A 1/12 10/12 1
F 3/24=1/8 G 1/12 11/12 1
G 2/24=1/12 B 1/24 23/24 1
H 1/24 H 1/24 24/24 1




Shannon Coding

% 4.3

B B F RAPpF witl wE2 wiE3 v L4
D 1/4 1/4 0 0

E 1/4 2/4 0 1

C 1/8 5/8 1 0 0

F 1/8 6/8 1 0 1

A 1/12 10/12 1 1 0 0
G 1/12 11/12 1 1 0 1
B 1/24 23/24 1 1 1 0
H 1/24 24/24 1 1 1 1

it 55 D:00 E: 01 C: 100 F: 101

A:1100  G:1101 B: 1110 H: 1111
Input Seq: BACDEFGHACDEFGCDDEEFDD EE (24 symbols)

Fixed-length code needs 72 bits to encode the sequence
Shannon code needs 66 bits to encode the sequence



Huffman Coding

* A class assignment by David Huffman (1951) at
MIT

e Based on two observations

— In an optimal code, symbols that occur more frequently
will have shorter codewords

— In an optimal code, the 2 symbols that occur least
frequently will have the same length



Huffman Coding

The algortihm :
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Huffman Coding

Example :
# Encode the sequence:a e bacd d ae a
Determine the probability of each symbol and construct the coding tree

04
P(a)=0.4, @ @ @
P(b)=0.1, (b0.1)) (c(0-1);

P(¢c)=0.1,

(©)=0. & # 2 R={a(0.4), x"(0.2), d(0.2), e(0.2)} & # 15 R={a(0.4), y'(0.4), e(0.2)}
P(d)=0.2, (a) (b)
P(e)=0.2,

R={a, b, c,d, e} 0
{:‘ o
)
'

£ # 15 R={a(0.4), 2’ (0.6)}
© (@) 4-6



Huffman Coding

Code -1
O F 75
a 1
e 01
d 001
@ b 0000
: C 0001

the input sequence:a e bacddacea
the encoded results: 1010000100010010011011

Huffman code needs 22 bits to encode the sequence

Fixed-length code needs 30 bits to encode the sequence — Why ?
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Huffman Coding

a

e 011 e 01
d 010 d 10
b 000 b 000
c 001 C 001

Both Code-2 and Code-3 need 22 bits to encode the input sequence
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Huffman Decoding
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Huffman Coding
Sequence: 1010000100010010011011
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Huffman Coding

Some issues for the implementation of Huffman coding:

1. How to find the probability of each symbol ?
Static model:

a. Prescanning: prescan the input sequence
[+55: better compression efficiency
S longer coding time, extra transmission time and storage

b. Fixed probability (statistics): dictionary or encyclopedia

§+ 55 easy, less time and storage ;T worse compression

efficiency

Adaptive model:

changeable probability (introduced later)
2. The compression efficiency will decrease largely when

the number of symbols 1s small or their probabilities are highly skewed
3. The size of Huffman tree is limited by the available resources

4. A bit error will cause a series of errors

4-11



Minimum Variable-Length Huffman Coding
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Minimum Variable-Length Huffman Coding

Example :
# Encode the sequence:a e bacddae a

Determine the probability of each symbol and construct the coding tree

on

P(c)=0.1, 2 % 13 R={a(0.4), x"(0.2), d(0.2), e(0.2)} 2 % 13 R={a(0.4),x"(0.2), y "(0.4)}
P(d)=0.2, (a) (b)
P(e)=0.2, Code—4 (MVLHC)

R={a, b, ¢, d, e}

& # 2 R={y "(0.4),2(0.6)}

(c)
4-13



Minimum Variable-Length Huffman Coding
B $EEREAL Sm2rsh i kg B P B EE LY %
PR TS N aRF SV R A NP - o e S e R4
B A -tk o 2 E >

Code—4 (MVLHCO)

In average, the performances of the two Huffman codes (Code-1 and Code-4)
are the same, but when buffer transmission is considered:

Transmit 1000 b = 4000 bits (Code-1) =3000bits (Code-4)

Transmit 1000 a = 1000 bits (Code-1) =2000bits (Code-4)

If transmission capacity is 2500 bits/per second, buffer size ?

Code-4 (MVLHC) needs less buffer size 4-14



Extended(Vector) Huffman codes

* When the alphabet 1s small and the probability of
occurrence of the different symbol 1s skewed
— H(x) « 1 bit/symbol
— Huffman code 1s very 1nefficient

* Remedy:
— Combine m successive symbols to a new “block symbol”
— Huffman code for block symbols
— Disadvantage: exponentially growing alphabet size



Adaptive Huffman Coding

Huffman coding:

The coding tree and codewords won’t change through the whole coding process
Adaptive Huffman coding:

 To achieve better probability estimation, we use adaptive model to tune
the probability of each symbol dynamically

* Better probability estimation can guarantee better compression efficiency

* The coding tree and codewords change dynamically through the whole

coding process { #7(S,.)
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Adaptive Huffman Coding
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Adaptive Huffman Coding
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Adaptive Huffman Coding
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Adaptive Huffman Coding

A more practical approach for the implementation of AHC:

1. Add a node number and a weight to each node
- the weight of an external node (symbol) is its occurring times
- the weight of an internal node is the sum of its offspring
2. Guarantee the sibling property (¥ # |+ 5")
- the nodes y,.; and y,; are offsprings of the same parent node
- the node number of an internal node is greater than its offspring

- x; is the weight of node y, thus X, =x, <...sX,, ,

(1)
#5 #6 n=4 (leaves),
0 a 2n-1=7 nodes,
2| |2][3] |4 X722, X,=2, ..., xs=1, x;=11
#1  #2  #3  #4

When updating the adaptive Huffman tree:

Guarantee the sibling property through out the whole process

4-19



Adaptive Huffman Coding

(1)

#8

a(#1) b(#2) c(#3) d(#4) a(#1) b(#2) c(#3) d(#4) b(#2)

(4) Inputb
#8

a(#1) b#2) c(#3) d#4)

b(#2)

4-20



Example for Adaptive Huffman Code

Example :

# Encode the sequence: Xy zx z
Bk & fh B PR & 7260
JBER A > F| P TSP
A kA F26fEE o HIUE
L - BRBEANBYRL
BB IR P PE R ¥

Input: x
Output: 11000

#31
0 (é:%m,

#31(Null) 0| 1]
#29(Null) #30(x)

B 4.15(a) B 4.15(b)

Y % 75 (5bits)
a 00000 (0)
b 00001 (1)

00010 (2)
X 11000 (23)

11001 (24)
z 11010 (25)
Input: y

Output: 011001

----

#27(Null) #28(y)

Bl 4.15(c)
4-24



Example for Adaptive Huffman Code

Input: z
Output: 0011010 #31

#25(Null)  #26(z)
®4.15(d)

Input: x #31
Output: 0
#29(x #30

#27 L #28(y)
1

0 1

0 1
#25(Null) #26(2)

R 4.15(f)

#31

#29(x) 0/< 430

0 1
#25(Null)  #26(z)

F4.15(e)

#25(Null) #26(2)
®4.15(g)

4-25



Example for Adaptive Huffman Code

Input: z
Output: 101

#25(Null)  #26(z)

F4.15(h)

Input data: xyzxz
Output: 11000011001
00110100101

See page 75, textbook

0 1
#25(Null)  #26(y)

®14.15(i)

0 1

#25(Null) #26(y)

4-26



Tunstall Coding(iﬂi’%%ﬁ@ﬁ%ﬁgﬁ)
Two special properties for Tunstall code:

a. All codewords are of equal length.

b. Each codeword represents a different number of symbols

Example 4.6: (page 85, textbook)
# Encode the sequence: zxy xyyyzxy with 3-bit Tunstall code

The probabilities of the symbols are: K=H={x,y,z} P(x)=0.3, P(y)=0.5, P(z)=0.2
a. Remove the symbol that has the highest probability in A, and

concatenate the symbol with every symbol in K

H={x(0.3), z(0.2), yx(0.15), yy(0.25), yz(0.1)}

where P(yx)=P(y)xP(x) > P(yy)=P(y) x P(y) > P(yz2)=P(y) x P(z)
b. Repeat procedure a

H={z(0.2), yx(0.15), yy(0.25), yz(0.1), xx(0.09), xy(0.15), xz(0.06)}

Because the number of symbols in set H 1s 7, we end the process

4-27



Tunstall Coding

Example 4.6:
F P OB X F B BETS Yk iR 5 P AERINRBIRS
z 0.2 000 . . L
yx  0.15 001 FEEEFAHER 2 RF AT g
yy 025 010 E RN R FRF hF A BT
yZ 0.1 011 _
xx  0.09 100 K& o NP IRMEHF AT BRE D
Xy 0.15 101 - i — r_j,’}'» 2 . Wh (7
xz  0.06 110 F A& A DRI e Why
BRBE A R €V F AR SalE RerdF > B AT
Fo BEREORE-EN HBEF L BRERYE 2 - B
B RfAmAE 2 gl - @ P PHF(THEFI AT
R) o XN R L RBBIG - BERLDONA > § REEE B
i@ﬁ%%’%%i—%&£ﬁ@ﬁ%§ﬁ,?ﬁ @A sl
PRS- M B RS MBI AT R BB AR > P w hF AR

dMEEE R LIRS 3§ BB G AR -
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Advantages of Tunstall Code

Example :
P(a)=0.4 > P(b)=0.3 > P(c)=0.2 » P(d)=0.1
# Encode the sequence: c¢bdc with Huffman code

- TR outputs: 00101000001
b 081 one-bit error: 00100000001
d 000 decompression: cddb

# Encode the sequence: c¢bdc with 3-bit Tunstall code

outputs: 001010000001

3 A ¥ 3 M

@ 0099 sne-bit error: 00100000001

C 0.2 001 —

b 0.3 010 decompression: cddc

ad 0.04 011 ,

ac 0.08 100 Adyv: errors in codewords do not propagate

ab 0.12 101 (In VLC, a bit error will cause a series of errors)
aa 0.16 110
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n-order Markov-Huffman Coding

— BAF e > FE R REF DERBIE o FHREFT AHGEF AL Sb AP
X

e HY BT A kAT Gt AR B R D R A R
73;:_—_%‘ o

input sequence : ababcabbcbaccaaabc (prescanning)

a:1 b:01 c:00

first-order Markov-Huffman Coding (three symbols in the alphabet)

A B ach¥ g # P(?|a) A i bendn g 4t P(?|b) A B e s A P(?c)
P (ala) =2/7, P (b|a) = 4/7, P(alb) = 2/6, P(b|b) = 1/6, P(a|c) = 2/4, P(b|c) = 1/4,
P (cla)=1/7 P(c|b) = 3/6 P(c|c) =1/4

Y How to determine the prob of P (ala), P (alb), ... ? 4-30



n-order Markov-Huffman Coding
sequence : ababcabbcbaccaaabc (I-order Markov-Huffman Coding )

S B P B rE (BA-EIRE D)

F 7. |ababca F 7. albabca F 71]: ablabca

i * & Ab et i & fka enf i Kk Aeb et

a mm) Ol b =) 1 a m) Ol

ﬁi;f] 41: 01 %J dr: 011 ﬂih] 4101101
() (b) (c)

F 7. abalbca F 7. abablca F 7. ababcla

® %Rk ika oo i * R b gt i * R ik c dg

b =) 1 c =) | a =) |

@?J 12011011 ﬁ%l 120110111 @?J 1201101111
(d) () ®

2-order Markov-Huffman Code: 9 coding trees (3 symbols in the alphabet)

n-order Markov-Huffman Code: 3" coding trees (3 symbols in the alphabet)
4-31



n-order Markov-Adaptive-Huffman Coding

BREEL L BB A RBELE BB FE-HRBEL S %
Wik E rb - BB e FLATEA & -

Bk S DI il BRI E A § Yl iHce+ B

input sequence : caabcb

zero-order Markov-Adaptive-Huffman Coding
BB | FaE R

B ?]: |caabchb B 7]: claabch B %]: calabcb
¢ B 10 a EE 11 a B 11

#& 4110 # 21011 4 :101111
$o 75 M AT % Y- S8 & Yo 7B BT AT 5
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n-order Markov-Adaptive-Huffman Coding

zero-order Markov-Adaptive-Huffman Coding

B #|: caalbch E 3|: caablcb F 3|: caabc|b

b =) 11 c @ 10 b =) 11

# 41210111111 # 4: 1011111110 #5 41: 101111111011
RO AT R AT 5 SR AT 5

4-33



n-order Markov-Adaptive-Huffman Coding

first-order Markov-Adaptive-Huffman Coding (3 symbols in the alphabet)

I8 7 4 - B4 & S iE o o B - B R je L Az
R

G aSE st P(?la) R EbeB AR P(?b) K i cindnsg A P(?c)

P(a]a) = 1/4, P(b|a) = 2/4, P(ab) = 1/4, P(b|b) = 1/4, P(ajc) = 3/5, P(b|c) = 1/5,
P(cla)=1/4 P(clb) =2/4 P(clc)=1/5

Ade—- FEEV AR RME L § SR
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n-order Markov-Adaptive-Huffman Coding

A i B M R e 4 RS K A cerie b Yo B BT

first-order Markov-Adaptive-Huffman Coding

F 7|: |caabcb F 3|: c|aabcb B 3|: calabcb
% T i Athb ®* YAS A % * it

c B 1 a B 1 a B (0
IR | LIEER # 4111100
SaFB RO { A7 5 SFB AT L AT5 B ATa 75
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n-order Markov-Adaptive-Huffman Coding

B 7|: caalbcb E 7]: caab|cb B 7]: caabc|b
% * Yofg kta ®* SnfhAtb i * Yok e
b= 0 c @ 1 b =) 00

ﬁgl 41+ 11000 ﬁ%l 41: 110001 ﬁ%l 41: 11000100
SR 375 SR L A7 5 SR AT 5

2-order Markov-Adaptive-Huffman Coding: 9 coding trees (3 symbols)
n-order Markov-Adaptive-Huffman Coding: 3” coding trees (3 symbols)
k" coding trees (kK symbols) 436



Colomb code

* Unary code for integer n 1s simply » 1s followed
by a 0 (= 4R
e Combination of two parts

— a unary code and a different code

— A family of codes parameterized by an integer m > 0,

let n»> 0 and V
q:

—J, r=n-—qm
m

— quotient g 1s represented 1n unary code

—  14=2%5+4
110 111



