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525.749 Image Compression, Packet
Video and Video Processing

Dr. Nicholas Beser
E-mail: Nicholas.Beser@jhuapl.edu
11/02/2009
Lecture 7 - Foundation of Video Coding
Part I: Overview and Binary Encoding
http://webdev.apl.jhu.edu/~beser/525759/index.html
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» Overview of video coding systems

* Review of probability and information theory
concepts

* Binary encoding
— Information theory bounds

— Huffman coding
— Arithmetic coding
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Components in a Coding System
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TABLE 8.1 COMPARISON COF SOURCE MODELS, PARAMETER SETS, AND CODING TECH-
NIQUES.
Source model Encoded parameters Coding technique
Stutistically independent pels Color of each pel PCM
Statistically dependent pels Color of each block Translorm coding, predictive
coding, and vector quantization
Translationally moving Color and moetion veclor of each Block-based hybrid coding
blocks block C hasec 1
Moving unknown objects Shape, motion, and color of cach Analysis-synthesis coding
object
Mowing known ohject Shape, motion, and color of each Knowledge-hased coding
known ohject
Moving known object Shupe, color, and behavior of Semantic coding
with known behavior each ohject :
4
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Statistical Characterization of
Random Sources

L ¢ B N __} _§ _§ Quuj=gaji]

» Source: a random sequence (discrete time random process), F = {F,}
— Ex 1: an image that follows a certain statistics
» F,_ represents the possible value of the n-th pixel of the image, n=(m,n)
» £, represents the actual value taken
— Ex2: avideo that follows a certain statistics
» F, represents the possible value of the n-th pixel of a video, n=(k,m,n)
» fn represents the actual value taken
— Continuous source: F, takes continuous values (analog image)
— Discrete source: F, takes discrete values (digital image)
» Stationary source: statistical distribution invariant to time (space) shift

* Probability distribution
- probability mass function (pmf) or probability density function (pdf): pF,(f) p(f)

- Jointpmfor pdf: pF, 4, Fo0,eo Foan (P foreen ) P(fL Forees, fiy)

— Conditional pmf or pdf:
PRy (FotFozse o P (Fvsal s fiacae ) p(ful s o 1)
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Information Content Characterization
of Discrete RVs
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Entropy of one RV: H(F)=-2 pe(f)log, pe(f)
feA

— Entropy is a measure of uncertainty or information content
— Very uncertain -> high information content

Joint entropy of two RVs: H(f,9)=-2 > pec(f.9)log, prc(f.9)
— Uncertainty of two RVs together feAs geAy
H(F,G)=H(G)+H(F|G) H(F,G)<H(F)+H(G)
Conditional entropy between two RVs: H (F‘G): > ps(9)H (F\g)

- Uncertainty of one RV gehy
given the other RV

H(F)2 H(FG) == % pa(9) = Pe(flo)log; e (flo)
Mutual information between gehg feAs
Prc(f.9)

two RVs : 1(F:G)= f,g)lo
— Information provided by G about F ( ) fg, geZA:g Pro(f.9)log; Pe(f)ps(9)

I(F;G)=H(F)-H(F[G) I(F;G)<H(F) I(F;G)=H(F)+H(G)-H(F,G)
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Information Content Characterization
of Discrete Sources
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* N-th order entropy
Hy(F)=H(F,F,....Fy)
=- > p(f,fo,..., fy)log, p(fy, fo, )
[f,f.... fy AN
* M-th order conditional entropy
He v (F)=H(Fy.a/Fv Fu.- F)

= 2 P(fy, fopes ) H Fral f s fycaseoo 1)
[flvfzv'“vfM ]EAM
H (Fy +1‘ YRRV IR f)
=- Z p(fM+1‘ IYERIYIETIeY fy)log, p(fM+1‘fM v f).

fm11€A

H(F) < Hona(F) = | Hy (F) < Hy(F)
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Information Content Characterization
of Discrete Sources
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» Entropy rate (lossless coding bound)
.1 .1
H(F):||mNHN(F):||mNHC,N(F)
N —o0 N—w

e N-th order mutual information (lossy coding bound)

Iy(F;G)=
> > p(fy, Ty, fn1 0190, In)
[f1.fo. N ]EAP [91|92v~~-,9N]€A§
P(fy, fore fnu 91,95, O0)
p(fy, forenny fN) (91, 92 In)

elog,
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Lossless Coding (Binary Encoding)
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< Binary encoding is a necessary step in any coding system
— Applied to
» original symbols (e.g. image pixels) in a discrete source,

» or converted symbols (e.g. quantized transformed coefficients) from a
continuous or discrete source

< Binary encoding process (scalar coding)

Binary Encoding

(bit length /)

Probability table
Pi

Bit rate (Bit/symbol): R= Z p(a)l(a)
aiEA 9
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Bound for Lossless Coding
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« Scalar coding:  H;(F)<R;(F)<H;(F)+1

— Assign one codeword to one symbol at a time

— Problem: could differ from the entropy by up to 1 bit/symbol
» Vector coding:

— Assign one codeword for each group of N symbols

— Larger N -> Lower Rate, but higher complexity

Hyn(F)<RN(F)<Hy(F)+1 Hy(F)/N <Ry (F)<Hy(F)/N+1/N.
lim Ry (F)=H(F)

» Conditional coding (context-based coding)

— The codeword for the current symbol depends on the pattern (context)
formed by the previous M symbols

HE W (F)<RN(F)<HE W (F)+1. Hem (F)<Roym (F)<Hgy (F)+1.
F(F)< lim Re y (F)< H(F)+L
10
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Binary Encoding: Requirement
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» A good code should be:
—Uniquely decodable
— Instantaneously decodable — prefix code

Codebonk | Codebook 2
(a prefix code) (mol a prefix code)
Symbol Codewond Symbol Codewond
4 ' a e
a it a3 Rl

:] “Hor ™ 00"
o “11" ay 1

Bilstream: oollolollolon

Decoded string based on codebook 1: 0[011 1O 0[010110/0 =0y 0y a5 a3 03 039,
{can decode instantancously )

Decoded string based on codebook 22 00 110 101 1D/ 00—y a a5 ) a4
(must kok ahead wo decode)
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Huffman Coding
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* ldea: more frequent symbols -> shorter codewords
 Algorithm:

Step 1: Arrange the symbol probabilities plas). I = 1.2.. ... L. in a decreasing order
and consider them as leaf nodes of a tree.

Step 2¢ While there is more than one node:

(ap Find the two nodes with the smallest probability and arbitrarily assign 1
and 0 to these two nodes.

thy Merge the two nodes to form a new node whose probability is the sum of
the two merged nodes. Go back to Step 1.

Step 3: For each symbol, determine its codeword by tracing the assigned bits from the
corresponding leafl node to the top of the tree. The bit at the leaf node is the
last bit of the codeward.

» Huffman coding generate prefix code.

» Can be applied to one symbol at a time (scalar coding), or a
group of symbols (vector coding), or one symbol conditioned
on previous symbols (conditional coding)

12
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Huffman Coding Example: Source
description
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» Four symbols: “a”,”b”,”c”,”d”

- pmf: p' =[0.5000,0.2143,0.1703,0.1154]

* 1st order conditional pmf:
0.6250 0.3750 0.3750 0.3750

0] 0.1875 0.3125 0.1875 0.1875
10.1250 0.1875 0.3125 0.1250
* 2nd order pmf: 0.0625 0.1250 0.1250 0.3125

p( fn—li fn) = p( fn—l)Q( fn‘ fn—l)-
Ex. p("ab™) = p("a”)q("b"/"a") = 0.5%0.1875 = 0.0938

13
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Huffman Coding Example:
Scalar Coding
I N D N N N e O oo
Codeword  Codeword
Symbol Probability length
“g” 0.5000 : Sk !
“b 0.2143 - 10 “o1r
1 (8]
“c” 0.1703 E— 0 05000 “no1e
" 0154 — 01 02857 “000”
Bitrate R = 17857 Lnwopy /i, = 17707
14
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Huffman Coding Example:
Vector Coding
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Reordered

Symbol Probshilty  symhol  Probability Codeword  Length
Tan 03z “pa” 03123 1 U 2
w000 b 00038 —L 011" 3
W noEs 08 Lol 4

i) i3 006 ! L i 4
tu D804 010630 — T30 “l010” 4
1 w0670 upe2s 1 LE ST 4
he 0040 00532 ! RE A 0001™ 4
BT 00268 3 —1 e B oo 4
o 00RM 00402 3-05-‘-‘ 01 00" 4
“ch” [LREL] u0isl L 0 Tlomnge 3
e DIRY 0319 —1 ik 00101~ s
"ol T kI j'_'f"- 00100 5
A Do 00268 —L - w0t s
“db’ melé 0ozl J_U-INI SO0 5
' noldd 1

i Tl 0oz 0 Tlonoar [
WU el e 001H J‘-’ 035 Re= 2= 12505 0000 6

R = 5000 H,= 14620
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Huffman Coding Example:
Conditional Coding
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Symbiol Probahility Codeword Length
“a"h 0.3750 . 1 1
|

SRR 0.3125 Yo o 2

| 0 '
A 01878 —— o 6250 “nn1T 3

0] 3125 .
b 01250 —— “0ooT 3

Rowr= 19375 Hewp = 18829

Re v =1.5625, Ry = R g = Re g =1.9375, R, =1.7500
He v =1.5016, Hg o = Hg vor = Hg v =1.8829, H , =1.6922

16
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* Basic idea:

— Represent a sequence of symbols by an interval with length
equal to its probability

— The interval is specified by its lower boundary (1), upper
boundary (u) and length d (=probability)

— The codeword for the sequence is the common bits in binary
representations of | and u
» The interval is calculated sequentially starting
from the first symbol
— The initial interval is determined by the first symbol

— The next interval is a subinterval of the previous one,
determined by the next symbol

dn :dn—l* P In = In—l+dn—1*ql—1; U, = In +dn-

Arithmetic Coding

 EEEEEEEEEEEEEE——————————e e =R R}
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Input e ty e e _—
symbols
| 1 3 i -2
I 3 ki W T |
. /1% .
< f & / -'.IhL'“ 'l" “L!I'CIL' "lllh'.]\'l.'"
| ———— ] o
7 Tr — X e 1
“b” “ab’ abh f abab “ahach™
Encoding: 31— A HdE - A 2
e - ™ “ubay” Sl
1 10
0 —0 - T _+ wr
i i | i i
1 |l=|{'ll'il)|1l [ J;.'.—.}llull[lutn ];‘-I_I(Jli W) IJIE\-I_[llltJ}'.I 11y |w.ﬂ1_mm[1| (]
ity |-|il[uuulu- m_uimnmm S.n’lh-u]l:l Lo '\ﬂn\_inlqli HEn ‘W‘..‘N.m]tllpl 1
I 1 1 I ]
Output T - “al e
bits 01 v !
(a)
Received bis Interval Decoded symbol
DeCOdlng: “q 10.142) 5"
- 114,123
o 1174578 b
“oron” 11A.5{16) “a”
“oront 932 5/16) —
“Olon1 1T 19764 501 6) “e”
(h) 18
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Huffman vs. Arithmetic Coding
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e Huffman coding
— Convert a fixed number of symbols into a variable length codeword
— Efficiency:

Hy(F)/N <Ry (F)<Hy(F)/N+1/N.
— To approach entropy rate, must code a large number of symbols together
— Used in all image and video coding standards
e Arithmetic coding
— Convert a variable number of symbols into a variable length codeword
— Efficiency:

Hy(F)/N<R<Hy(F)/N+2/N. Nissequence length

— Can approach the entropy rate by processing one symbol at a time
Easy to adapt to changes in source statistics

— Integer implementation is available

— Used as advanced options in image and video coding standards

19
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Summary
l— ___________________________§ ___§ ;N B _§ _§ §J QNeujuguji
* Caoding system:
— original data -> model parameters -> quantization-> binary encoding
— Waveform-based vs. content-dependent coding
« Lossless coding
— Bit rate bounded by entropy rate of the source
— Huffman coding:
» Scalar, vector, conditional coding
» can achieve the bound only if a large number of symbols are coded
together
» Huffman coding generates prefix code (instantaneously decodable)
— Arithmetic coding
» Can achieve the bound by processing one symbol at a time
» More complicated than scalar or short vector Huffman coding
20
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Homework 5
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e Reading assignment:
— Sec. 8.1-8.5 (excluding Sec. 8.3.2)

* Written assignment — Due November 23, 2009
— Prob. 8.6,8.7
— MATLAB assignment. Code the arithmetic coder described in Example
8.4 in MATLAB (You can also do problem 8.7 using it). Adjust the
algorithm to support more than three symbols.
» Use the occurrence frequency of each symbol in the sequence as
the estimate of the probability of the symbol:
< Source Sequence: aachaabaabaaaabcd
» Compare the result to scalar Huffman coding
+ Comment on the size of the code

. Comgnent on the efficiency of the Huffman symbol “d” compared to the arithmetic
encode

» Do the same for the symbol “a”
» How far apart are the lower and upper limits after the last symbol

21
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