- N

Erasure-Reslient Wavelet Based
Video Transmission System

Yakov Nekrich

yasha@s. uni - bonn. de

University of Bonn



Video Compression and Transmission

f Wavelet Based Erasure-Resilient Video Transmission T
System

Joachim M. Buhmann, Marek Karpinski, Yakov Nekrich
CS Report 85257

http://theory.cs.uni-bonn.de/ — Publications
— 2004

o |

Erasure-Resilient Wavelet Based Video Transmission System — p.2



Video Compression and Transmission

- N

Good video compression (high compression rate)
and more:

® Rate Scalable Video
® Erasure-Resilient Transmission
# Unequal Loss Protection
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Overview

1. Video Compression (basic notions) T

2. Erasure-resilient Transmission
Cauchy-based Reed-Solomon Codes

3. Unequal Loss Protection
Priority-encoded Transmission

4. Temporal Rate Scalability
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Video Coding

- N

Video - Sequence of Frames
Temporal Redundancy - Similarities between Frames

Spatial redundancy - Redundant Information in a Frame

Goals - remove temporal and spatial redundancy

o |
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Temporal Redundancy
=

Intra-Frame Coding - Motion Compensation
Block-based Motion Compensation

Typical block size 16 x 16



Motion Compensation

Target block

mearch area Pazt frame Carrent franme

Compare the target block with all blocks in the search area
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Motion Compensation

Usual measure of distance between blocks:
Sum of Absolute Differences

SAD=3 i1 2o [B[E, ] = 113, )
Iz, 7] - pixel (i, 7) In @ macroblock in the target Frame

R|z, j] - pixel (i, 7) In a macroblock in the reference Frame
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Motion Compensation

- N

Motion Vectors
(X,Y) - upper left corner of B

(X', Y") - upper left corner of B’
(Az, A,) - Motion Vector
Ap=X-X

Ay=Y —Y
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9
K

MC Block:

Motion Compensation

with or w/o Motion Compensation

w/o Motion Compensation:
compress the block

with Motion Compensation:
s cCompress motion vectors

s compress the difference between the block and its
“best match” in the reference Frame

|
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Analysis
fTwo Types of Frames
# Intra-Frames (I-Frames)
# |Inter-Frames (P-Frames)



Analysis
fTwo Types of Frames
# Intra-Frames (I-Frames)
# |Inter-Frames (P-Frames)
IPPPPPPPPPPPP...
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Analysis
fTwo Types of Frames
# Intra-Frames (I-Frames)
# |Inter-Frames (P-Frames)
IPPPPPPPPPPPP...

IPPPPPPPIPPPPPPP
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Motion Compensation

Enhanced Methods

# Di-directional prediction
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Motion Compensation

-

Enhanced Methods:
# multiple reference Frames

® variable size of the motion block
(16 x 16 can be split into four 8 x 8 blocks etc. )

# half-pel prediction
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Motion Compensation

-

Half-pel Prediction
doubled image

A B
C D
A h B
vy C 19
C hy D
hy = | 2428 +0.5]
hy = |2 +0.5)
v = |45 4+ 0.5]
vy = [ 232 4+ 0.5
P LA+B+C+D +0.5]

J
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| mage Compression

-

# Compression of I-Frames

# Compression of the residual signal
(difference between the P-frame and its prediction)

Wavelet-based image compression
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L oss Protection

-

Forward Error Correction
to protect against packet losses

Cauchy-based RS Codes

An XOR-Based Erasure Resilient Coding Scheme
Blomer, Kalfane, Karp, Karpinski, Luby, Zuckerman
Technical Report TR-95-48,

International Computer Science Institute, Berkeley,
California, 1995.

http://citeseer.ist.psu. edu/ 84162. ht m
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L oss Protection

M Packets of b bits

M1

M

) o @ o

Mm




L oss Protection

-

M: m Packets of b bits
M1M2 e o o Mm

Encoding: n Packets
E, E E,




L oss Protection

-

M: m Packets of b bits
M].MZ o o o Mm

Encoding: n Packets
E; E E,

E,




-

L oss Protection

M1

) o o @

Mn

Encoding: n Packets

M: m Packets of b bits
M

|

E,

M1

2
. & @ O

Mn

Llf > r packets are received, M can be reconstructed

|

|
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L oss Protection
L -

(m,n,b,r) Code
My, Mo, ... M,, — FE1,E9,...,E,
M;, E; consist of b bits

arbitrary E;., F;,, ... E; uniquely determine M

r =m - MDS Code
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L oss Protection
L -

Reed-Solomon Codes:

ldea.
M is a vector of el-s from a finite field F°
Multiply message M with the generator matrix

Vandermonde matrix as the generator matrix
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L oss Protection

-

Main Properties
# Cauchy Matrix instead of Vandermonde matrix
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L oss Protection

-

Main Properties
# Cauchy Matrix instead of Vandermonde matrix
# Matrix Representation of field elements
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L oss Protection

-

Main Properties
# Cauchy Matrix instead of Vandermonde matrix
# Matrix Representation of field elements

# w/o multiplications
(only XOR and similar operations)
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Cauchy Matrix

- .

X =Az1,...,2m} Y ={y1,...,yn} - two sets of el-s in a fiel
F

1. Vi,1<i<m,Vj5,1<j5j<n,z;+y; #0

2. Vi,1<i1<m,Vj,1<j5<m,x; # x5 Vi,1 <i<n,

) 1 1 1

T1+Y1 T1+Y2 Co T1+Yn
1 1 1

T2+UY1 T2+Y2 T T2+UYn

C = .
1 1 1
Tm—-11TY1T Tm—-1tY2 ~~°  Tm—-11+Yn

1 1 1

TmtY1 TmtY2 T Tm+Yn

- ' ' -
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Cauchy Matrix
- -

2l=1 » 2L=1 Cauchy matrix over GF[2"]:
v =i—1,i=1,..21

y =21 4i—1,i=1,.. 271
In the general case:

X - first m el-s

Y - the following n elements
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Cauchy Matrix

6 5 2 7 4
5 6 7 2 3
(2 x 5) Cauchy Matrix over GF[2?]
X ={0,1} Y ={2,3,4,5,6)

-

Example




Cauchy Matrix
-

Properties:
#® every square submatrix of C' Is non-singular

® det(C) = Hi<j<ﬁijl>(xni$§;§ﬁ—yj)

# inverse matrix of an n x n matrix can be computed with
O(n?) operations in F
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Finite Fields
-

GF[2/]

Elements - polynomials

S X = fo+ X 4+ X2+ 4+ fr_1 X1 of degree at
most L — 1

can be specified by a coefficient vector (fo, f1,..., fr—1)
Operations are modulo p(X') where p(X) - irreducible

polynomial of degree L
Addition - XOR

Multiplication - complicated

|
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Finite Fields

- N

Matrix Representation:
7(f)I1s an L x L matrix whose i-th column is the coefficient

vector of X* 1 f(X) mod p(X),i=1,2...,L
Example

Galois Field GF[2°]

p(X) = X3+ X + 1is an irreducible polynomial

0 0 0 O
O |=—1| 0 0 O
0 0 0 O
1 I 00

L 0 0 0 1 J
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Finite Fields

)|

o = O
—_ O O
O = =

)



Finite Fields
-

) Is a field isomorphism:
7(0) - all-zero matrix

r(f
»
® 7(1) - identity matrix
#® 7 IS bijective

o

o

T(f+9)=7(f)+7(9)
7(fg) =7(f)7(9)

o |
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Finite Fields

- N

# polynomial multiplication can be replaced with matrix
multiplication

® M (ep) matrix representation of an element e;
V(e2) - vector representation of an element e,
M(el) X V(ez) = V(eleg)

3xh =4
1 0 1 1 0
1 1 1 * 0 = 0
0 1 1 1 1

o |
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XOR-based MDS Code

Message M = (M1, Mo, ..., My,) T
consists of m packets of L words each

each word consists of w bits

M is an element of (GF[2])"E>w)

(M can be viewed as an mL x w matrix over GF[2])

C - (n —m) x m Cauchy matrix over GF|[2*]
(L must be such that L > log, n)

Generator matrix - (1,,|C')

|
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XOR-based MDS Code

fExample

(10000\
01000
00100
00010
000 0 1

6 52 7 4
\5 6 7 2 3/




XOR-based MDS Code

fExample

vl TN

SsSSSs

~_ -

¥

vl TN
o O O O A <t ™M
O O O —+H O D~ &
o O - O O AN -
o —A O O O 0o O
—— O O O O O O
~ -




XOR-based MDS Code

fExample

~ N
— N N 0 O -
R R RRR
N— ___
]
~ N
=====
N— __
*
~ N
o O O O — HF M
SO O O —H O b= AN
o O —=H O O AN -
S — O O O W0 O
— O O O O O O
N— __




XOR-based MDS Code
=

Example

10000\ (M \ [ My
00100 Ms Mo
00010 ]| «| M |=]| M
6 5 2 7 4 g My
\ 5 6 7 2 3 \ Er )\ Ms )

Ms, My were lost

o
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XOR-based MDS Code
-

T'=1(cij)i=1...n,5=1,...,m

Matrix Representation of each element in the generator
matrix

(n x m) — (nL x mL) matrix

7-th packet £; consists of rows 771,742, - - TG of
1T - M

o |
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XOR-based MDS Code

I 5 2 7 4
b 1 3 47

Each M I1s divided into L slices of w bits.

o



XOR-based MDS Code

Ee1 =M1+ Moq+ Moo+ Mzg+ Myq+ Myo+ Myg—+ Mso

o



o

/10
0 1
0 0
0 0
0 0
6 5
\ 5 6

o O O = O O

7

Decoding

N J O = O O O

W == = O O O O

[ M)

My
M3

/

oy

oMy + dMo + 2Msg + TMy + 4Ms = Ejg
SMy + 6Mo + TMsg + 2M4 + 3Ms = Ex

vy



Decoding
-

@6 = B¢ — TMy — 2Ms — 6 M,
Eq = By — 2My — TM3 — 5M|
5My + 4Ms = Eg

6Mo + 3Ms = Ex






-

J - set of indices of received redundant packets

Decoding
-

I - set of indices of received information packets

1.
2.
3.

I - set of indices of lost information packets

compute £; = E; — — > g T(ej)M; forall j € J
compute D~ for D =71(cj;),j e J,iel

“‘combine” E; into E: jL + i-th row of £ is the i-th row of
Ej

. compute D1E

J
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o

Decoding
Encoding - O(m(n — m)L?) operations
Decoding - O(mkL?) operations

Advantages:
# XOR operations only
# Word Parallelism

|
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| mplementation

-

Packet Size b may be > Lw

Packet is divided into segments of size Lw
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Experimental Results

-

SUN SPARCstation 20
CPU - 61 MHz
64 MB RAM



L oss Protection - Encoding

-

Encoding Time vs Number of Segments

L) —t - ' | t _n“'-m | L = 10, w = 32

200 — - 1 - ﬂ_;,.-*" | Packets consist of seg-
180:=1 | ' | ....'-_.1. ' | ments of 320 Bits each

L | | A ' m = 100

1” o | Number of segments
o & varies between 32000 bits

o0 —| S | | | and 3200000 bits

|
| Sepmeniis

EL )] AL 401 LI i BHE ] HLE HCELLE]
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L oss Protection - Decoding

- N

Decoding Time vs Redundant Packets needed

TG
750.00 -
0000
G000 -+
£l l‘ - . . fw

] L =10, w =32

o | 1 Packets consist of seg-
SO0.00 —————— - Pt L ments of 320 Bits each
| | i ' T m = 100

st | pooes ] , , Number of redundant
300.00 - i - - = packet is between 1 and
250,00 | - '_--—i 3 i 50

150.00 . | -
| " |

100.00 —

SO0~

{00
" Packeix

000 10.00 20.00 I 40 00 5600
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Unequal L oss Protection
B -

Goal: Graceful Degradation of video quality

Quality of video smoothly decreases with the growing
number of packet losses

Priority Encoding Transmission

Different parts of the data stream are assigned different
priorities according to their importance

Example: I-Frames are more important than P-Frames

o |
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Unequal L oss Protection

-

Message wi, wa, . .. Wn

Priorities p1, pa, ... pm

Encoding Length nl

(n Packets of length [ each)

If p; - n Packets are received, w; can be decoded

o |
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Unequal L oss Protection

" _ 1
girth, = >

girth,, Is the lower bound of the length of encoding

Upper Bound:

girth
nl < g7 +1

with pf < p; +1/m

d - number of different values of p;

o |
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Temporal Rate Scalability




Temporal Rate Scalability
BTN L T .

I-Frames: Redundancy Factor 5
P1-Frames:. Redundancy Factor 3
P2-Frames: Redundancy Factor 2

o




Experimental Results

File Compression Rate | Loss Rate | average

(in kKbps) PSNR

coastguard 48 0 27.12
coastguard 48 50% 27.12
coastguard 48 75% 24.55
mother and daughter 24 0 30.56
mother and daughter 24 50% 29.59
mother and daughter 24 75% 21.29
mother and daughter 48 0 33.64
mother and daughter 48 50% 33.60
mother and daughter 48 75% 32.08

|
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PSNR in dB

Experimental Results

Mother and Daughter

40 1 | | | I
35 ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, -
30 """""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""" —
25 ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, i
20 ; ; ; ; ; ; ; ; ; ;
10 19 28 37 46 55 64 73 82 91 100
frames
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