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IV

A B S T R A C T  

M U L T IR E S O L U T IO N  A N A L Y S IS  F O R  E F F E C T IV E  D Y N A M I C  
B A N D W I D T H  M A N A G E M E N T

by

C lau d e T u rn er  

A d v iso r: P rofessor J o se p h  B arba

T h e  a im  o f th is  d isse rta tion  is to  develop e ffective  d yna m ic  b a n d w id th  m anagem ent algo­

r ith m s  to  meet the m u lt ip le  q u a lity  o f service (Q oS) requirem ents o f  th e  va rious  a p p lica ­

tio n s  u t iliz in g  a te lecom m un ica tion  ne tw ork. In  recent years, g row ing  processing  pow er and 

b a n d w id th  have s tim u la ted  a new breed o f a p p lica tio n s , such as IP -based P r iv a te  B ranch  

Exchange', video on dem and and video conferencing. These new a p p lic a tio n s  req u ire  m ore 

in n o va tive  tra ffic  m anagem ent a lg o rith m s  to  m eet m u lt ip le  QoS requ irem en ts , and  fu tu re  

a p p lic a tio n s  promise to  be even m ore cha lleng ing. O ne o f the m ain  obstac le  to  im p ro v in g  

QoS is congestion at n e tw o rk  nodes, w h ich  resu lts  in  ce ll loss, delay and tra f f ic  f lu c tu a tio n . 

I t  is believe th a t p re d ic tin g  th e  b a n d w id th  a t the  o u tp u t o f each ne tw ork  node is th e  key to  

red uc in g  such congestion and . thus, im p rov ing  QoS. T he  proposed m e th od  is co m p a tib le  

w ith  cu rren t technologies such as Voice O ver IP  (V o IP ). M u lt i-p ro to c o l L a b e l S w itch in g  

( M P L S ) and asynchronous tra n s fe r  m ode (A T M ;. T he  nove lty  o f th is  approach  h inges on its  

e x p lo ita tio n  o f  the discrete w ave le t tran s fo rm  (D W T )  o f  the netw ork tra ffic . Recent studies 

have shown th a t w hile  ne tw o rk  tra ff ic  consists o f  b o th  long- and short- te rm  dependence, its
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wavelet coeffic ients are short te rm  dependent only. Hence, s ig n ifica n t advantages m ay be 

gained by e m p lo y in g  legacy tra ffic  m odels in  the wavelet dom ain . T h e  DW 'T decomposes 

the tra ffic  in to  a low -frequency com ponent and  its  h igh  frequency com ponents - the de ta ils . 

The low -frequency com ponent o f the tra ff ic , are s ign ifican t fo r lon g -te rm  tra ffic  behav io r 

and. hence, fo r b a n d w id th  a llo ca tion . T h e  h igh-frequency com ponents are s ign ifican t in  

the sh o rt-te rm  beh av io r o f the tra ffic  and . hence, fo r bu ffe r-a llo ca tion .
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1

Chapter 1

Introduction

1.1 Overview

C< unrest i' ‘ii at a comm itment i< ui netw ork node piavs a m a jo r roie in the degradat mu of 

QoS in tho network. T yp ica lly . several tra ffic  sources a rr ive  at a network node. am i a ll or 

a subset of these must u tilize  one o f several d ifferent o u t-go ing  links. (F ig u re  1.1 shows 

the sim ple  case o f a single o u tp u t l in k  w ith  several in p u t sources.) The p ro b le m  is to 

de te rm ine  the  bandw id th  requ irem ent on an out-go ing  lin k  so as to reduce congestion  and 

to. in general. improve quali ty o /.s f rr/c> QoS) in the n e tw o rk . A varie ty o f m e thods have 

been proposed to deal w ith  th is  p rob lem , but they a ll have lim it,a t ions. T h e  E ffective  

B a n d w id th  M ethod 1 . which has been one o f the m ore p op u la r o f these a n ti is bast'd 

on assigning a fixed b a n d w id th  to  eat h source, tends to  over- and under- e s tim a te  the 

b an dw id th  at various tim es T tiu s . in recent years, the re  have been an einoi gem e of a 

varie ty o f a lte rna tive  b a n d w id th  management met hods 2. -1 T  One approach th a t seems
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Fi^ur<> 1.1: N etw ork Node

to  ho ld  meat promise, is th a t o f m odelling  the tra ffic  a n d /o r the tra ffic  b an dw id th  in 

the wavelet dom ain 12 4 ”> ti . T h is  new approach is d riven  bv recent research showing 

ne tw ork tra ffic  to  be se lf-s im ila r o>r lone; ranee dependent ( L R D i !  7 8 f) . and is thus 

not adequately m odelled by the  short-range dependent ; S R D i  models w h ich  have been the 

m ainstay for legacy tra ffic  m odels. However, research also show tha t the  discrete war r let  

t ransform  i DW’T > a to o l th a t allows for the analysis o f a signal at d iffe ren t resolutions 

de-correlates network tra ffic  so that at each scale, waveiet coefficients o f th e  tra ffic  is 

short-range dependent i S R D i  Id I I  . The first o f these find ings is so s ign ifican t th a t it has 

p rom p ted  one o f the w o rld 's  g iant te lecom m unication  companies. N orte l, to  beg in  fund ing  

the N orte l Chaotic Telecoms P ro ject (see http: , <p~i<ilock. t iork.ac.uk m u l g  telccorns.html). 

The goal o f tins pro ject is to  investigate p red ic tion  met hod." for netw ork b ehav io r so as to 

achieve better contro l T he  second find ing  is also s ign ifican t. Because o f the SR D  nature 

o f wavelet coefficients, they  lend themselves to  m od e lling  w i t h  legacy tra ffic  models.

There art' several approaches to  so lv ing  the* b a n d w id th  a llocation  p rob lem  iti th e  wavelet 

dom ain  One o f these is to  ca lcu la te  the b an dw id th  base on the no tion  th .it  the  tra ffic 's  

b it tire h igh frequency tra ffic  com ponents are s im ila r to  high frequency com ponents o f its 

present and recent past. A  second m ethod is based on the idea o f first generating  svn-
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3

th e tic  tra ffic  in  the wavelet d o m a in  ahead o f tim e and th en  estim ating; the  co rresp on d in g  

b a n d w id th  from  th is  syn the tic  tra ff ic . T he  syn the tic  tra ff ic , in th is  case, m ust o f course 

em body s im ila r  characteristics to  th a t o f the netw ork tra ffic , th a t is. the  a c tu a l ne tw o rk  

tra ffic  w i t h  a syn the tic  m odel. A  th ird  m ethod involves p re d ic tin g  the next p  values o f  the 

actua l netw ork tra ffic  ahead o f t im e  in  the  wavelet d om a in  and then p e rfo rm in g  some sort 

o f tra n s fo rm a tio n  on these values to  o b ta in  the b a n d w id th . Each o f these m e thods  share 

the fo llo w in g  in  common: ( 1 ) a need to  have a tra in in g  set o f  d a ta — real o r s y n th e t ic - -w ith  

s im ila r characteristics to  the  a c tu a l n e tw o rk  traffic . (2 ) th e  need for some so rt o f  b a n d w id th  

model or trans fo rm a tion  based on  the  tra ffic  available in  ( 1 ) to  model the  tra ff ic  b a n d w id th , 

and (3 1 the  need to  separate (o r decompose) the tra ff ic  in to  its low and h ig h  frequency 

com ponents by way o f the d isc re te  wavelet transform . T h e  h igh  frequency com ponen ts  o f  

the netw ork tra ffic  characterize th e  short range dependency in  the tra ffic , w h ile  th e  low  

frequency components characte rize  the  tra ffic 's  long range dependency.

1.2 Research Objectives

T he  ob jectives o f th is  d isse rta tio n  are as follows:

•  To develop a class o f b a n d w id th  models based on th e  discrete wavelet tra n s fo rm  to  

m odel the  tra ffic  b a n d w id th  a t a network node o u tp u t:

•  To develop m a them a tica lly -p ro ve n  approaches to  e s tim a te  (or p re d ic t) w ave let coef­

fic ients needed by each, b a n d w id th  formula:
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•  To develop a genera lized d yn a m ic  b a n d w id th  a llo ca tio n  scheme based on  the  band­

w id th  models and p re d ic t io n  a lg o rith m s  deve loped here:

•  To analyze the above a lg o r ith m s  using a s im u la te d  A T M  sw itch and d e te rm in e  q u a lity  

o f service param eters to  test the  perform ance o f  each a lg o rith m :

•  To show th a t the above approach leads to  im p rovem en t in two c r it ic a l QoS param eters- 

cell loss ra tio  and ce ll delay.

1.3 Methodology

In  th is  section, we discuss in  b r ie f  o u r overa ll s tra te g y  fo r the construc tion  o f th e  in tegra ted  

d yn a m ic  b a n d w id th  m anagem ent m odel m entioned in  the  th ird  ob jec tive  o f  th e  previous 

section. Assume the tra ffic  to  be  the num ber o f  packet a rriva ls  x, d u r in g  the  i - t h  tim e  slot 

o f d u ra tio n  T0 €  o f the m easurem ent . Let I n =  ( 1 .2 . ■ ■ ■ . n ). fo r some n  €  N * . then  the 

tra ffic  sequence may be w r it te n  as x  =  ( x , ) , ^ / n . T he  goa l o f th is  in tegra ted  app roach , illu s ­

tra te d  in F igu re  1.2. is g iven th e  A past values o f th e  tra f f ic  X k - \ - „ - i . X k - \ - p+2 - ' ' '  •T k- P• 

p re d ic t (o r estim ate) the  fu tu re  b a n d w id th  req u irem en t B k - P~\ .  B k - P~ 2 - ■■ • . Bk  fo r the 

next p  tra ff ic  samples i k - p~ \ - X k ~ p~ 2 - ' ' '  -Tit to  a rr iv e . I t  proceeds as fo llow s. A s  the  tra f-

PWC ID W T

QoS M aintainer

Bandwidth A llocation

F ig u re  1 2 : B a n d w id th  A llo c a tio n  M odel

fie a rrives , a copy o f each x , is s to red  in to  a bu ffe r, w h ich  uses a f irs t- in - f irs t-o u t (F IF O )
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d isc ip line  (see F igu re  1.1). Once A tra f f ic  samples have accum u la ted  in to  th is  bu ffe r, th e ir  

d iscrete wavelet trans fo rm  is com pu ted , and the wavelet coeffic ients obta ined  are used in  a 

p red ic tion  a lg o r ith m  to  pred ict wavelet coeffic ients for fu tu re  tra f f ic  x * _ p i  i • x*._p_ 2 - • ' - * k -  

These predicted coefficients are in  tu rn  used to  ca lcu late  the  b a n d w id th  requ irem ent. N ote 

th a t a certa in  am oun t o f c o m p u ta tio n a l tim e  w ill be associated w ith  the p re d ic tio n  algo­

r ith m . Let th is  tim e  r  be measured in  te rm s o f the num ber o f  samples th a t a rr ive  d u r in g  

the  com puta tion . Thus, the value o f  th e  b an dw id th  th a t exists before the c o m p u ta tio n  

begins is m a in ta in ed  u n til at least th e  a rr iv a l o f sample i \ ^ r : w hereupon, it  is u pd a te d  to  

the  new ly p red ic ted  bandw id th . Let k  =  A. W hen tra ffic  sam ple x * _ p arrives and its  value 

stored, the b a n d w id th  is again u p d a te d  using the A m ost re ce n tly  stored bu ffe r values. 

Z jc - i .  i k - 2 - • *n the p re d ic tio n  a lg o r ith m  to  p re d ic t th e  b a n d w id th  fo r the  next p

tra ff ic  samples to  arrive. T he  b a n d w id th  continues to  upda te  in  th is  way u n t i l  th e  n ,h 

tra ff ic  sample a rrives. For the  sake o f  convenience, in the sequel. A. p and tra ffic  len g th  n 

w il l  be assumed to  be powers o f two.

A n  idealized p ic to r ia l exam ple o f th e  a lg o r ith m  is given in F igu re  1.3 (b) fo r A =  32 and 

p  =  8 . In th is  exam ple  the in it ia l b u ffe r a llo ca tio n  occurs between 1 and 40 and the  tra ffic  

values x j . Z ) . -  • • . x ;)2 Eire used to  p re d ic t th e  ban dw id th  fo r X41 th ro u g h  x^g. In  th e  next 

upda te  x 9. • • . X40 are used to  p re d ic t the  b andw id th  fo r X 49. • • • , x ^ .  O th e r updates 

continue  in a s im ila r  manner.
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3 5-
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F igu re  l . 3: B a n d w id th  A llo c a tio n  A lg o r ith m

1.4 Dissertation Outline

T h is  d isserta tion  consists o f  seven chapters. C h a p te r One provides an in tro d u c tio n , states 

the  research ob jectives and describe ou r genera l m ethod  o f approach to  proposed problem . 

C hap te r Two in troduces the  necessary m a th e m a tica l background. S e lf-s im ila rity , long 

range dependence and sh o rt range dependence are defined and exam ples are also given. 

T h is  C hapter also in tro du ces  the wavelet tra n s fo rm  and m u ltire s o lu tio n  analysis.

C hap te r Three covers the  basic and re la ted  concepts o f  A T M  Technologies. Q u a lity  o f Ser­

vices. Tra ffic  C h a ra c te riza tio n  and resource m anagem ent in  M u lt im e d ia  C om m un ica tion . 

T he  necessity o f tra ff ic  p re d ic tio n  in  d e te rm in in g  b a n d w id th  and resource a lloca tion , the 

im pact o f low -frequency com ponents on long  te rm  behavior (b a n d w id th  a llo ca tion ) and
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the im p a c t o f  high frequency com ponen ts  on the sh o rt te rm  behavior (bu ffe r a llo c a tio n ) 

are also discussed here.

C hap te r Four in troduces b a n d w id th  models.

C ha p te r F ive proposes tw o  b a n d w id th  p red ic tion  a lg o rith m s . The firs t is based on  the 

Independent Wavelet M odel. T h e  second is a regression-based m odel.

C hap te r S ix proposes b a n d w id th  a llo ca tio n  a lg o r ith m s  based on the b a n d w id th  fo rm u las  

and p re d ic tio n  a lgo rithm s o f  th e  tw o  previous chapters. Some o f the tra ffic  traces use 

in  our expe rim en ts , the  e x p e rim e n ta l results for the  b a n d w id th  a llo ca tio n  a lg o r ith m s  and 

th e ir  d iscussions are also p ro v id e d  here. C hapter Seven concludes d isse rta tion  and describe  

fu tu re  w ork .
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Chapter 2

M athem atical Preliminaries

2.1 Definitions

D efinition  2.1 (integrable functions) The space o f  measurable integrable fu n c t io n s  L l {R) 

is g iven by

L ‘ I x i  =  { /  i '! / ! ' =  f  f  \ <  5c}. (2 . 1 )

D efinition  2.2 (square-integrable functions) The space o f  measurable square integrable 

fu n c t io n s  I 2(?.| (the H i lbe r t  SpaceI is given by

(2 .2 )

D efin ition  2.3 (inner product) Let f . g  £ L 2{R ). the L 2 (!R) inner  product o f  f  with g 

is w r i t te n

f - s =  I s  (2.3)
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Definition 2.4 (T he Cp Spaces) Let 1 < p <  - x .  Then

^  = I V  € = i £ fl£=>(n)!P < - x }  rM)
| { x  € E.-upn^-Tln)! < ~ x  i f  p = —x .

Definition 2.5 (norm  on P )  The P  norm is defined as follows

f t , £ C  I =  ' / I S P * - *  (2.5,
I supn!E;: i-r(n) I / p = + x .

N ote th a t i f  1 < p < q < ~ * -  then  P  C P  and th a t th e  inclusion is p ro pe r i f  p < q.

Definition 2.6 (H older's Inequality) Holder inequality  fo r  1 <  p <  — x  states

(7x € P d ' t y  € P  IP_I ) X { n )y ln ) \  < ^  |x(n)y(n): < iij-,;p,iy:|p ;p_i,. (2.6)
' n ~ Z  ! n ~ Z

Definition 2.7 (F in ite  E nergy Signals f‘ ) The special case p =  2 gives the important

spare o f f in i te  energy signals with scalar product

(7x € f J )(Vy € f~) ( r . y )  = ^  x { n ) y ( n )  (2.7)
n<£ 2

and norm  (2 .8 )

* r j l  =  m  =  =  , It  =  i/lT,. (2.91
V fe

Definition 2.8 (C auchy-Schw artz Inequality) The Cauchy-Schwart: inequality is de­

f ined  as follows

(Vx € f J )(Vy €  f 2) ( x . ;/) <  - !y||. (2.101

Definition 2.9 (fin ite-d im ensional distributions) The n th-order d is t r ibu t io n  o f a stochas­

tic  process x  is the j o in t  d is t r ib u t io n :

F l j ] . x j  x n : 11. t 2 t K ) =  P { x U , )  <  x i . x ( l j )  < x>  s ( t n ) <  x n }. (2 .1 1 )

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



10

Its curTf spondmg n -order density fu n c t io n  is given by

c,  , d n F \ I x . X 2 ........... I n )  101
f h  I - J - . ' ............I n )  =  — n— n ----------------n ------------• ( 2 . 1 2 )

U I \U J 2 '*  * uXn

Definition 2.10 (covariance) The covariance o f  random variables x  and y u-ith mean  

f i j  =  E .x  and p y = E [y \ .  respectively, is g iven by

C Iy  =  E { ( x  -  n x ) {y -  py)\  =  E 'x y ]  -  E [x ]E [y : .  (2.13)

D efinition 2.11 (correlation coefficient) The correlation coeff ic ient o f  random v a r i ­

ables x  and y is defined by

r = £ ? L  (2.14)
fTjCTy

uhcre C Ty is the covariance o f RVs x  and y. and o s and c y a r t  the standard deviat ion o f  

x  and y. respectively.

D efinition 2.12 (autocorrelation) The autocorrelation o f  a stochastic process x  is the

covariance o f  the product x ( t \ ) x ( t 2) o f  the R \ 's  x ( f i )  and x ( t 2 ) and  is given by:

R ( t i .  t2) =  E \ x [ t \ ) x ( t2)J =  [  x i x 2f ( x i . x 2: t i . t 2). (2.15)

D efinition 2.13 (autocovariance) The autocovanance o f a stochastic process x is the 

covariance o f  the RVs  x ( t t ) and x ( t2):

- y ( t i . t2 ) =  E ' ( i ( t i  ) -  p ( t i ) ) ( x ( t 2 ) -  f i ( t 2 ) ) ’ =  R ( t : . t 2) -  p ( t ,  ) / j ( t 2). (2.16)
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D e f in i t io n  2 .14  ( s t r i c t  s t a t io n a r i t y )  .4 process s i f )  xsstnct-sen.se. s ta t io n a ry  (o r  wide- 

sensr s ta tionary o r  cavanancr s ta t io n a ry ) i f  (x ( t  j ). r ( t > ) ......... x ( f r, | )  and i ts  k-shxfted ver­

sion Xjt =  (x (^ i — k ) . x ( t >  — k )  x ( t n — A')) possess the same jo in t  d is t r ib u t io n  f o r  a l l

ri €  Z ~. t ] . t ,  t „ . k  €  Z.

D e f in i t io n  2 .15  (S e c o n d -O rd e r  S t a t io n a r i t y )  .4 process x { t )  is second-order s ta t ion ­

a ry  i f  its autocoranance fu n c t io n  *y(r. s) =  E' , { x( r )  -  p ) { x ( s )  — p)'. sa tis f ies translation  

in ranance. i.e.. s ( r . s )  =  "v(r — k . s  — k) f o r  al l  r . s . k  €  Z .

2.2 Wavelets. Multiresolution Analysis &: the D W T

T he  wavelet tra n s fo rm , w h ich  was p o p u la rize d  by Grossman and M o r le t [12]. has been 

u tilize d  extensive ly in  the  s ignal processing c o m m u n ity  [ 13][ 14]. T h is  is la rg e ly  due to  the  

w ork o f M a lla t To ], w ho  developed an elegant m ethodo logy to lin k  subband  decom pos ition  

w ith  m u ltireso lu tion  ana lys is  and wavelets, and Daubechies [16]. w ho deve loped  a class o f 

sm ooth wavelets. In  recent years, a s ig n ific a n t am oun t o f research has been done on the 

app lica tion  o f results o f  wavelets and m u lt ire s o lu tio n  a pp ro x im a tion  th e o ry  to  the  te lecom ­

m un ica tion  ne tw o rk ing  area and. in p a r t ic u la r ,  in  the  area o f tra ffic  m o d e llin g  and analysis 

[2[ [ 1 ()j [ 11 ]. The v e rs a tility  o f wavelets, in  p a r t ic u la r ,  its  a b ility  to  s im u lta n e o u s ly  localize 

in  the spatia l and frequency dom ains, makes it  b e tte r  su ited  fo r s ignal rep re sen ta tion  th an  

m any o f the classical m ethods.

A m athem atica l resu lt, w h ich  is q u ite  im p o r ta n t in  signal processing, s ta tes  th a t any
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continuous fu nc tio n  (s igna l) can be represented by m ore  elem entary func tions . F orm a lly , 

given a s ign a l t  in  a H ilb e r t space Z.*’ (R) [17] [18]. th e re  exists a basis { o * }  C L~CR) and 

coeffic ients € C} such th a t

where { o fc} is the dua l o f { o * } -  W hen  a signal is represented in th is way. it  is possib le  to  

d e te rm ine  w h ich  o f the coeffic ients c o n tr ib u te  s ig n ific a n tly  to  its  representation. T h u s , i t  is 

som etim es possible to represent X  w ith  fewer and in  m any  cases fin ite ly  m any coeffic ients.

2 .2 .1  C la ssica l T ransform s

Several tran s fo rm s  are exis t to  represent a signal as described  by (2.17). However, th e y  a ll 

have s ig n ifica n t drawbacks and are unsu itab le  fo r some app lica tions. The  K a rhunen-Loeve  

(K -L )  tra n s fo rm  [19] is a specia lized  tim e  series rep resen ta tion  where the  basis fu n c tio n s  

{Ok}  y ie ld  a set o f uncorre la ted  coeffic ients {c * } .  Nevertheless, it has tw o m a jo r  d isadvan ­

tages. I t  is s igna l dependent. F u rth e r, the  K -L  tra n s fo rm  is co m p u ta tio na lly  co m p le x  since 

there is no  fast a lg o rith m  ava ilab le  w hen {c*.-0 * }• is a rb itra ry .

T he  F ou rie r tran s fo rm  (F T ) [20] decomposes a s igna l in to  sinusoids at various frequencies. 

T h a t is. it  transfo rm s the  s igna l from  the spatia l to  th e  frequency dom ain. U n fo rtu n a te ly , 

the sp a tia l in fo rm a tio n  is lost d u r in g  such a tra n s fo rm a tio n . I f  the signal is n o n -s ta tio n a ry .

T =  5^ CkOk- (2.17)
k ~Z

T he coeffic ients {c * }  are g iven b y  the  scalar p ro du c t

(2.18)
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its  tra n s ito ry  charac te ris tics  such as d r if ts ,  trends , a b ru p t changes, th e  beg in n in g  and end 

o f events, are not detected.

The S h o rt-T iin e  F o u rie r trans fo rm  (S T F T ) is an extension o f the F T . I t  enables loca liza tion  

in  the spa tia l d o m a in  by app ly ing  the  F T  over w indowed signal pieces. However, the 

w indow  size rem ain  fixe d  irrespective  o f th e  frequencies being analyzed.

The D iscrete Cosine T ransfo rm  (D C T ) is o fte n  used to  approxim ate  th e  K -L  tran s fo rm  [201. 

It. is used extensive ly in  standards fo r speech, im age and video com pression. However, the 

signal m ust be p a r t it io n e d  in to  b locks before  the  D C T  can be app lied. Consequently, the 

co rre la tion  across boundaries arc not rem oved and b lock ing  effects resu lt. As an a lte rna tive , 

subband o r wavelet schemes are em ployed.

2 .2 .2  T h e C o n tin u o u s W avelet T ran sform

A wavelet is any fu n c t io n  v  € L ' ( l i ) s a tis fy in g  the  fo llow ing  properties:

0 =  J _ v ( t ) d t  (2.19)

C v =  f  — —  di/ <  x .  (2.20)
Jy. M

E quation  (2.19) im p lie s  th a t the wavelet is a bandpass o r osc illa ting  fu n c t io n . Indeed, the 

wavelet fu nc tio n  is u su a lly  chosen as a sm a ll wave defined on a s u p p o rt, w h ich  is a lm ost 

lim ite d  in  tim e  and hav ing  most o f its  energy w ith in  a lim ite d  frequency band. i.e.. its  

spread in tim e  and frequency are re la tiv e ly  lim ite d . However, bo th  th e  tim e  support and 

frequency band cannot bo th  be f in ite , and th e re  is an in te rva l on w h ich  th e y  are effectively
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l imited.

The con tinuous  wavelet tran s fo rm  consists o f  the co llec tion  o f  coeffic ients

{ ( l l ' L x ) ( u .  b) =  t x .  f a> )  =  J  T ( t ) v a . h l t ) dt  : a £ R ~ . b £ ? . \  ( 2 . 2 1 )

where th e  d ila t io n  param eter a defines the  scale o f tim e  (o r. equ iva len tly , the  range  o f 

frequencies) over which the s ignal is to  he analyzed, the s h if t  pa ram ete r b defines th e  tim e  

ins tan t a ro u n d  w hich  the s ignal x  is to  be analyzed and { t r a.fof is the  set o f a n a lyz in g  

fu nc tio ns  g iven by

U '\i.fd7 > =  a - 1  : a  £  . b  £ *.}. (2 .2 2 )

T he  rec ip ro ca l 1 /u  o f the scaling p a ram e te r is called the  r e s o l u t i o n .  An increase in  the  

scale (decrease in  reso lu tion) corresponds to  a s tre tch ing  o f th e  wavelet fu nc tio n  t \  w h ile  

a decrease m scale corresponds to  a com pression o f c .

T he  inverse continuous wavelet tra n s fo rm  is given by

(W  € X) x ( t)  =  C ~ l f  J  ( T . f a.b) v a.b(t) .  (2.23)

2 .2 .3  T h e  D iscre te  W avelet T ransform

A d iscre te  wavelet transfo rm  can be o b ta ine d  by c r it ic a lly  sa m p lin g  the  tim e-scale p lane , 

i.e.. to  keep am ong the { (H \ .x )  i a . b ]  1 a €  .b £ R\ .  o n ly  a d iscre te  set o f coe ffic ients 

w h ile  s t i l l  re ta in in g  the in fo rm a tio n  in  x .  In  th is  case, the  fa m ily  o f wavelets o f in te re s t
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then  becomes, for j .  k  £  Z .

c,_ic(t) =  a y '  ~w(aJ0t -  kb0 ) (2.24)

Thus, u =  a ' and b =  kb^n-’y  A  discreti wavelet t rans fo rm  ( D W T )  can now tie defined as

{ l T x ) ]k -  [Wj k . x )  =  a ^ J ~ v ( a ~ Jx  -  kb0 ) x \ t ) d t  : ( j . k ) € Z ~ \  (2.25)

Indeed, it suffices to  choose dyad ic  values a =  2J and 6 =  k2J (i.e.. ao =  2. 6q =  l ) fo r  the 

scaling and tra n s la tio n  param eters, respectively.

2 .2 .4  M u ltir e so lu tio n  A nalysis

T he theo ry  o f m u ltire s o lu tio n  analysis makes i t  possib le  to  derive a wavelet v  such th a t

( v x £ ? u  t j . * ( x )  =  2~J 2v [2~j x  -  k) j . k z Z  (2.26)

is a basis o f Z.J(R ). L e t \ j  be the subspace o f  L " (R )  spanned by {<t>j.k)kiZ- i-e. =  

s[>ari{Oj.k\k-z. where 0 j . k (D =  2~} 2o{2 ~Jt -  k)  and  6  £ V0 is the so-called scaling func t ion .  

A sequence o f nested subspaces { \ ' j } } ~z c o n s titu te  a multireso lu tion analysis  fo r L 2(R)  i f  

the fo llow ing  co n d itio n s  are m et:

1. • ■ci 'c r0 cV-i  c •••

2 . L - [ a ) =  U j - ; z r j  “ d  n j€ ~ l j  =  { 0 }

3. 5c> £ r „  such th a t {Oo.n } is an u n c o n d it io n a l Riesz basis fo r \ ’u.

4. (V j  £ I )  x  £  V j < = >  x (2  ) £  \ j _ i
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W hat is the s ign ificance  o f these co nd itio ns?  P ro p e rty  1. shows th a t the  spaces { l j }  are 

nested. P ro p e rty  2. L 1 (3.) =  U  V j. m eans th a t the I j 's  art* approx im ation  subspaces 

for L 'i 'R ) .  P ro p e rty  3 expresses the fa c t th a t th e  set o f sh ifted sca ling  functions {c>o./t 

1  t  form s a Riesz basts for l'o- m ea n in g  th a t th ey  are lin e a rly  independen t and span 

the space 1 '0. b u t  they are not necessarily o rth og o na l nor do have to  be o f u n it leng th . 

Properties 3 &: 4 toge ther im p ly  th a t th e  set : k € Z }  is an unco nd itio n a l Riesz

basis for l j .  T h u s , m u ltireso lu tion  a na lys is  involves successively p ro je c tin g  the s ignal x  

in to  each o f th e  a pp ro x im a tion  subspaces I j :

.4 ,(0  =  ( P y x j ( t )  =  ^ a Ti j . k ) o J.k ( t )  (2.27)

where P y x  denotes the orthogonal p ro je c tio n  o f  x  onto the space V j. From  P ro pe rty  4.

Vj Z thus  A j  is a coarser a p p ro x im a tio n  o f  x  than is .4j _ i . M oreover. P ro pe rty  2

im plies th a t a ll in fo rm a tio n  is removed fro m  th e  signal, as j  —» oc. M R A  is. therefore, a 

s tu dy  o f a s igna l x  by exam in ing coarser a n d  coarser app rox im a tions o f i t  as the deta ils  or 

h igh frequencies o f  the  da ta  are e x tra c te d .

The in fo rm a tio n  th a t is removed when g o in g  from  one app ro x im a tion  to  the  next is ca lled 

the deta il:

Dj ( t )  = A j - x ( t )  -  .4 ,(0 . (2.28)

from  which it  fo llow s  th a t .4; =  A i  ~  Dm-  J =  1 L .  Results from  M R A

theory guarantee th a t the deta il signal t a n  be ob ta ined  by p ro je c tin g  th e  signal x  on to  a 

co llection o f .subspaces. { H ’; =  — V j} .  ca lled  the  wavelet subspaces. Moreover, there

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



17

exists a function  c  ca lled the  m other wavelet, w h ich  can be derived fro m  0.  such th a t its  

tem pla tes j t ’; .* : k  €  Z ]  cons titu tes  a basis fo r  H j  :

D j ( t j  =  t Pn  ■ x ) ( f )  =  (2.29)
k^Z

In  theory, the p ro je c tio n  procedure  can be p e rfo rm ed  from  j  —* — oc up  to  j  —► — ■*:. In

p ractice , however, the  range o f j  is lim ite d  to  j  =  0. 1 L.  Thus, i t 's  o n ly  necessary to

consider

I L -  I L - 1 C • ■ C \ o- (2.30)

T h is  means th a t the ana lys is  o f x  is now res tric te d  to  th a t o f its o rth og o na l p ro je c tio n  .4,-j(t) 

on to  the reference space Iq . The  fine scale a p p ro x im a tio n  .4q( i ) can now  be w r it te n  as a 

sum m ation  o f de ta ils  a t d iffe ren t reso lu tions to ge th e r w ith  a fin a l re so lu tio n  th a t belongs 

to  \ 7 .

L

.4,,i f )  =  A L i1) ( 2 -311

j = i
L

=  ^ a T( L . k ) o L k {t) x. ^ T ^ d x ( j .  k)u- j ,k( t )  (2.32)
k J= l k ^ Z

I f  the  signal x  belongs to  the  set 1’0. then one can replace .40 by x  in  (2.31). In  th is  

case. Equation  2.31 is refered to  as the Inverse Discrete Wavelet T ransform  ( ID W T ) .  

O therw ise , unavoidab le  in fo rm a tio n  loss w ill  occu r fo r the  in it ia l p ro je c t io n  [21]. Subsequent 

p ro jections, however, w ill  not in c u r any fu r th e r  loss. Vary ing  L  s im p ly  means decid ing  i f  

m ore or less in fo rm a tio n  is w r it te n  in  the deta ils  as opposed to  .4^. the  f in a l a p p ro x im a tio n .

Since the ,4; s are coarser and coarser a p p ro x im a tio n  o f x . 0  needs to  be a lowpass func tion . 

T he  DjS  cons titu te  an in fo rm a tio n  d iffe ren tia l, the re fo re , v  is a bandpass fu n c t io n -  a sm all
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wave (a wavelet] .

Thus. g iven  a sealing fu nc tio n  O and a m o th e r wavelet, t \  the  Discrete (o r  n on -redundan t j  

Wavelet Transform  would then  consists o f  the  co llec tion  o f  coefficients:

x  — { { r t r l L . t | : t € Z } .  { d z \ j .  k )  : j  =  1.2 L.  t e l } } .  (2.33)

These coeffic ients are defined th ro u g h  in n e r p roducts  w ith  tw o  sets o f functions:

az { j . k ) =  (x.Oj .ki  (2.34)

dz ( j . k )  -  \x.u-,.k) (2.35)

where v'j.k (resp.. tfy * ) are s h ifte d  and d ila te d  tem pla tes o f  c  (resp. o). G iven coeffic ien ts  

az { j .  ) and  d z ( j . - )  at reso lu tio n  j .  i t  is possib le  to  o b ta in  coefficients a t the  f in e r level 

j  — 1 th ro u g h  the  use o f a so-ca lled  d u a l m o th e r wavelet c  (resp the dual sca ling fu n c t io n  

0 ) T he  d e fin it io n  o f the d u a l is dependent on w he ther one chooses to  use o rth o g o n a l,

sem iorthogona l o r b io rthogona l D W T  wavelets [16] as w i l l  be seen later. The ro le  o f  the

wavelet and  its  dua l can a rb it r a r i ly  be sw itched : as is th e  ro le  o f the  scaling fu n c tio n  and  its  

dua l. T he  dx { • . )  cons titu te  a subsam p le  { (H \ .x ) (a .  b) : a 6  S * i c  5 }  located on th e  so- 

called d ya d ic  g rid . dz i j . k )  =  ( W l x ) ( 2 J .2 Jk) .  T he  lo g a r ith m  o f the scale log2(n =  2J ) =  j  

is ca lled the  octave. In m any cases, a scale w il l  o ften be referred to  bv its  co rresp on d in g  

octave.
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a
- 0 —© —  < D H i }

0 - 0 —  — C H 3

F igure  2.1: D ecom position  (le ft h a lf)  and  R eco ns tru c tion  (r ig h t h a lf)  A lg o rithm s

2 .2 .5  T h e Fast P yram id a l A lg o r ith m

T h is  subsection in troduces the fast p y ra m id a l a lg o r ith m  o f S. M a lla t T 5 ] fo r the com pu­

ta tio n  o f  the d iscre te  wavelet trans fo rm .

Due to  the  nested s tru c tu re  of m u ltire s o lu tio n  ana lysis, i t  is possib le  to  o b ta in  the app rox­

im a tio n  (resp. d e ta il)  coefficients aT( j  ~  1 . ) (resp. dT( j  ~  1 . •) from  a convo lu tion  o f  the 

app ro x im a tion  coeffic ients one octave lower a T( j . - )  w ith  a f i l te r  f  (resp. h)  to  be derived 

from  o  (resp. f )  [15; as follows:

aj-U  ~  I-* :)  =  ( (a r ( 2 - - ) * f )  I  2) (fc) =  k - ma x ( j -Tn)  (2.36)
m

dx ( j  +  1. A.) =  ( (a r ( j .  ■) *  h)  |  2) ( k ) =  ^  h 2 k - m d x i j . n i ) .  (2.37)
rn

T h is  a lg o r ith m  is q u ite  efficient and is o f o rd e r n . the  len g th  o f  x.  w h ich  is s ign ifican tly  

less than  the order r r  fo r the D F T .

T he  .synthesis, where the  fine a p p ro x im a tio n  a t level j  is o b ta in e d  from  th e  coarse approx-
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im atiou  and d e ta il coefficients a t level j  — 1. is o b ta in e d  v ia  the  converse operation:

aT( j . k )  =  ^ { n z ( j  ~  1. ■) ‘  2) *  f  j  (k)  4- 4- 1. •) -  2) *  h j  (k)  (2.38)

=  5 1  f 2m- kaiU-TTi )  -c 5 ^  h2m- k ~ \ d z { ] . m ) .  (2.39)
TTl T71

Tim s, we see th a t the d e te rm in a tio n  o f  the f ilte r  coeffic ients t and h and th e ir  duals t  and h 

is of cen tra l im portance  in  c o m p u tin g  wavelet coeffic ients. T h e  next tw o subsections show

how to com pu te  these coeffic ients in  the case o f o rth o g o n a l and b io rthogona l wavelets,

respectively.

2.2.6 O rth ogon a l W avelet B a ses

This section discusses how to  o b ta in  the  f ilte r  coeffic ients fo r the  fast py ra m id a l a lg o rith m  

in the case o f o rth on o rm a l wavelet bases. Let <? €  I ’o such th a t (<g>ok( t )  =  0( t  — k ) ) k^~ 

constitu te  an o rth o n o rm a l basis fo r l'o and let az ( j . k ) =  ( s . Oj k ) -  From  the  m u ltire so lu tio n  

analysis co nd itio ns . {Ojki t ) )k~Z =  ( - ~ J 20 ( 2 ~ } t -  k ) ) kaz  then  co n s titu te  an o rthono rm a l 

basis for I j  w ith  p ro jec tion  onto  Vj g iven by

A j ( t )  =  ( P V]jt) (t ) =  Y , a x ( j - k ) 0 j k (t). (2.40)

Since 0 €  l"0 C V'_i =  S p a n { 0 _ l k : k  € Z } .  then the  fu n c t io n  0  necessarily satisfies an 

equation o f typ e

0( f )  =  ^  M 2 t  -  k).  (2.41)
k^Z

where r k =  {o. O - u -  By the o rth o g o n a lity  o f ( c > o * r we  have

^ h n h n - i k  =  MkO- (2.42)
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The associated o rth o n o n n a l wavelet basis is given by

L"(f) =  £ ( - l ) * h - k - i O < 2 f  -  k).  12.431
k i Z

where (/ / t ) is given bv (2.41). I t  fo llows th a t ( ti’j t ).j.* )€ — c o n s titu te  an o rth o n o n n a l basis 

for Z.~’ ( R). Moreover, fo r every fixed j .  (dx ( j . k ) =  (s.  t j . t )  ) /ttZ  express the  difference 

between the a p p ro x im a tio n s  o f x  w ith  reso lu tions 2-' and 2J~ 1.

A  _ ; r  =  P x s  -  ^  dT(j .  k ) v ] k ■ (2.44)
k-iZ

The a p p ro x im a tio n  and wavelet coeffic ients are obta ined by ta k in g  the  inne r p roduct o f x  

w ith  (2.41) and (2.43). respective ly, to  get

a r  U- k ) =  ^ 2  f n - i k a T{ ]  -  l . n )  =  ( j / * a T( j  -  1.•)]_>) (k )  (2.45'
n

d x  ( J -  k )  =  ^ 2  d-n -  >ka z [ j  -  l . n )  =  ( [ h  *  ax ( j  -  l . - ) ] ^ 2) (2.46)
n

where h =  ( — 1 )771 f  _ rri _ ; .  E quations (2.45) and shows how to  o b ta in  a coarser approxi­

m a tio n  from  a finer one. as well as the d ifference in  in fo rm a tio n  between the tw o  successive 

a pp ro x im a tion s , respective ly. Recovering the  finer a p p ro x im a tio n  fro m  the  coarser one to ­

gether w ith  the d ifference in  in fo rm a tio n  is obta ined  by us ing  E q ua tio ns  (2.41)(2.43) and 

(2.44) to  get

a x ( j  -  l . m )  - ^ 2 ' a T ( j . k ' ( 6 j k . 0 j - [ m } 4- dx { j . k ) { ^ j k . O j - i m ) \  (2.4 - I
k ~ Z

=  k)  ■+- h m- 2 k d x ( j .  fc)] (2.48)
k

=  ( I  *  <ax { j .  ■)->') -1- (h *  [dx ( j .  - ) -2]) (m) .  (2.49)
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Thus. th(> coeffic ients fo r the reconstruction f i l te rs .  ( / im )mc- ;  — ( h -  m ) m*£ Z. and ( f m )m~z -

It - m Im-iZ- arc ju s t  th e  m ir ro r  images o f the  deco m p os itio n  filte rs . I f  O and v  have compact 

support, f ilte rs  h and  f  have fin ite ly  m any taps.

I t  ran he shown (see [16!) th a t exact re co n s tru c tio n , r  =  i ' . by the  fast p y ra m id a l a lg o rith m  

as represented in  F ig u re  2.1 is possible o n ly  i f

^  '~‘f irn -2k^n-2k  ^•m — 2k^-n — 2ki ~~ r̂rzn (2.50)
K

Since hn =  ( - l i nf _ „ _ i .  th is  reduces to

=  f*r £k~2m =  d"m0 - (2.51)
k

2 .2 .7  B io r th o g o n a l W avelet B a ses

B io rthogona l wavelets bases have tw o d u a l bases. an<^ i ^'mn){m.n)~z-  cach

obta in  from  a s ing le  fu n c tio n , v  or c . U n like  o rth o g o n a l wavelets, w h ich  o b ta in  recon­

s truc tio n  filte rs  coe ffic ien ts  by s im p ly  ta k in g  th e  m ir ro r  images ( / i _ „ ) n€t  and 

o f the decom position  f ilte rs  (hn )nzz and ( fn )ncz-  b io rth o g o n a l wavelets offers trem endous 

f le x ib ility  in  the  design o f synthesis filte rs . M oreover, they a llo w  fo r sym m e tric  filte rs , 

w hich is im possib le  in  the  orthogonal case, except fo r  the H aar w avelet.

The m u ltire s o lu tio n  ana lys is  for b io rtho go na l w ave let bases d iffe rs  fro m  the  o rthogona l 

case in that it has tw o  hierarchies o f a p p ro x im a tio n  spaces.

■ :  u  c  Vo c  r _ ,  c  (2.52)
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■ ■ • C l  i C  I o C  I - 1 C  • ■ ■ .

w ith  spares I Vj  and H '; sa tis fy in g  H j  _1_ I ' ,  and 2. V,. b u t \ )  not o rthogona l to  l i ' ; . As 

a resu lt. ( hu ) and ( / „ ) .  rep resen ting  the  coefficients fo r the  decom position  filte rs  in  F igu re  

2 . 1 . and ( / i „ )  and l f ( n | )  th e  coeffic ients fo r the  reconstruc tion  filte rs , are re lated to  each 

o the r q u ite  d iffe ren tly . Let a da ta  sequence uT(0. •) be g iven. T hen , its  decom position  is 

ob ta ined  by

nT( l . n )  =  k)  (2.53)
k

dT( l . n )  = ^ h 2n - k ~ i a A 0 . k ) .  (2.54)
k

and its  reco ns tru c tion  by

n ’T { 0 . l )  =  ^ [ f 2n_,ax ( l . n )  - /i2n- / - i d j . ( l . n ) ; .  (2.55)
n

The exact reconstruc tion  req u irem en t. ax (0. •) =  ar (0. •). (see F igure  2.1). imposes the 

co n d itio n :

2 n - k  ~  ^Jn- I ^ 2n 1] =  fyfc- (2.56)
n

w hich  in  the r  dom ain  is equ iva len t to

l- [ ( ( : ) f (  = ) ~  h ( : ) h ( z ) }  = 1  (2.57)

^ T ( - r ) f ( r )  ~  h ( - : ) T i ( z ) }  = 0 . (2.58)

where /H r )  =  hn : n and h{z)  =  ^  h - n - n =  h n: ~ n . w h ich  reduces to  the fo llo w in g
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c o n d itio n s  on the f ilte r  coefficients:

5 3  ^ n ^ n -2*- =  '̂fcO (2.59)
Tl

hn =  h =  ( - l ) " * l f _ n- 1. (2.60)

T he  sca ling fu nc tio n  and wavelet are g iven by

0 (1 ) =  \ Z 2 ' ^ r i-_ - ( „o (2 t  -  n | (2.61)

f i t )  =  v ^ r n^ z / i „ * i O ( 2 / -  n) .  (2.62)

respective ly. T h e ir  duals are given by

0 (1 ) =  y / 2 y n - ~ i nO\2t -  n) (2.63)

t  ( l)  =  v 2  /tn - iO (2 l -  ri). (2.64)

respective ly.

T h e  fu nc tio ns  t / ' ^ ( l )  =  2~J 2v ( 2 ~ Jt — k) .  j . k  €  Z . constitu te  a basis in L 2(R). T h e ir  dua l

fram e is g iven by the c , . * ( l )  =  2~J 2v ( 2 ~ J t -  k) .  j . k  € Z  and fo r a ny  x  € L 2(R) we have

H  H  (2.65)

M oreover, the V ;> . i;-, k co ns titu te  two dua l Riesz bases, w ith

^J-k-^ ' l .ni /  =  ^j.I^k.m (2 .6 6 )
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i f  and on ly  i f

J  o  \ t \ o ( t  -  A-| =  fit.,)- (2.67)

A d d itio n a l de ta ils  on b io rthogona l w avelets m ay be ob ta in  in  :16ii22).

2.3 Self-Similarity, LRD &: SRD

2.3 .1  S e lf-S im ila r ity

There are several d iffe ren t -no t necessarily e q u iva le n t—d e fin it io n s  o f se lf-s im ila rity . The 

standard  one states th a t a continuous-t im c  process y =  {y (M i t >  Of is se lf-s im ila r (H-ss) 

i f  it satisfies the  equa tion :

y ( / )  =  a ~ Hy( a t ) .  Vf > 0 . Va G N* H  €  (0 . 1 ) (2.68)

where =  denotes equivalence in  the sense o f  f in ite  d im ensiona l d is t r ib u t io n . T h is  de fin itio n  

o f se lf-s im ila rity , however, has a s ign ifican t d raw back. Unless y( t )  is degenerate, i.e.. y ( t ) =  

0 for every t >  0. y( t )  cannot be s ta tio n a ry  (s ta t io n a r ity  dem ands th a t y( t )  =  y(a<)[23]). 

In  m any cases, however, the  increm enta l process x ( t )  =  y( t )  — y ( t  — 1). is assumed to  be 

s ta tionary . In  th is  case, the  process y is th e n  said to  be H-sssi. T h e  canonica l example o f 

th is  is f rac t io na l Broum ian  M otion,  w ith  H u rs t param eter H  =  1 /2 . w here its  increm enta l 

process is f ra c t io n a l  Gaussian noise.

A no the r d e fin it io n  o f se lf-s im ila rity , w h ich  is m ore  app rop ria te  in  th e  co n te x t o f time-series 

analysis, assumes y =  (y i) ..;s  to  be a d is c re te -tim e  process w ith  s ta tio n a ry  increments
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x  -- . w he re  x , - y, -  ;/■-[ Let

j Arm

Y  x,. (2.69)
r n

T
rn

t =: k -  1' m — 1

T h a t is. x  m‘ is o b ta in e d  by p a r t it io n in g  x  in to  non-overlapp ing  b locks o f size rn and th e n  

averaging each b lock , k  is the block index. I f  x  is the inc rem en ta l process o f the se lf-s im ila r 

process y  define by (2.68). it  fo llows (see [23]) th a t fo r each m

x  =  m ' ~ f l x  m . (2.70)

Definition 2 .16 (Self-Sim ilarity and Second-order Self-Sim ilarity) The s ta t to na ry  

process x = (x,) ,;m-  is said to be exactly  self-sim ilar i f  i t  satisfies equation (2.70) f o r  

all aggregation levels m  and  asym ptotically  self-similar i f  i t  satisfies (2.70) as m —> oc. 

.4 c o v a n a n rr -s ta t io n a ry  sequence x t.s sa id  to be exactly second-order self-sim ilar i f  

the process m 1" ^ x ;rai has the same variance and autocorre lat ion as x and asym ptot­

ically second-order self-similar i f  the process m ] ~ H s lrn) has the same variance a nd  

autocorrelation as x.  f o r  a l l  m. o r  as m —+ 3c.

T he a u to co rre la tio n  o f an exactly  second-order se lf-s im ila r process is given by

'■r(k) =  ~ ( l k  +  l ) 2H - 2 k 2H -H A : -  l ) 2" )  (2.71)

(see ;24j).
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2.3.2 D efin itio n  o f  L ong- and S h ort- R a n g e  D ep en d en ce

In tu it iv e ly , a long-range dependent proeess (L R D )  (also know n as persistence phenomenon  

25] or the  H urs t effect '26 ) ran  he considered as a phenom enon in which a cu rre n t observa­

tion (sam ple) is s ig n ific a n tly  correlated to  observa tions fa r away from  it  in  tim e . T h is  phe­

nomenon is o f p a rtic u la r  in te rest to tra ffic  m ode ling , since i t  has been discovered recently 

that b o th  E the rne t tra f f ic  |7; and video sources [8][27] possess long-range dependence.

A more fo rm a l d e fin it io n  o f  long-range dependence is as follows:

Definition 2.17 (long-range dependence) Le t x ( t )  be a covariance-stat ionary process 

with mean p and variance a 2 and autocorrelat ion r ( k ) .  k €  N. x{ t )  is said to exhibit 

long-range dependence i f

r [ k ) -  '‘k r n L i ( k ) .  as k  — x  (2.72)

where 0  <  D  <  1 and L  i (-) is a slowly vary ing fu n c t io n  . that is. l i in (_ x  L \ ( t w ) j  L \ ( t )  =  1. 

fo r  a l l  v  >  0. ( Examples o f  slowly varying fu n c t io n  include constants and loga r i thm s).

Under weak re g u la rity  co nd itio ns  on [28] [29][8] show th a t x ( t )  is a long-range de­

pendent process i f  its  sp e c tra l density is given by

/ ( A )  =  A - ° L 2 (A). (2.73)

where 0 <  o  <  1 and L i(  A) is a slow ly va ry ing  fu n c tio n . The  spectral d en s ity  fu nc tio n  of 

x  is fo rm e rly  defined as / ( A )  — r ( k ) e ‘kX. T h u s , a covariance-stationary, long-range de­
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pendent. stochastic process is also a 1/ /  process, i.e.. it  is s ta tio n a ry  a m i satisfies Equation

(2.73) fo r some o  €  (0. 1).

From the d e fin it io n  o f  long-range dependence, i t  can be in fe rred  th a t a long-range de­

pendent process is charac te rized  by a h v p e rb o lic a lly  decaying a u to c o rre la tio n  function. 

Moreover, the su m m a tio n  o f the  au to co rre la tio n  is in f in ity , i.e..

* •  =  0

Thus, a lthough  in d iv id u a l co rre la tions at large lags m ay be sm all, th e ir  sum m ation  w ill 

have a d ras tic  effect on the  overa ll sum. There fo re , large-lag co rre la tio n  should not be 

ignored in  the tra ffic  m o d e llin g  problem .

A short range dependent (S R D ) process is defined as follows:

D e f in i t io n  2 .18  ( s h o r t - r a n g e  d e p e n d e n c e )  Let x ( t )  be a covariance-s tat ionary  stochas­

tic process with mean p . variance o~ and autocorre la t ion  fu nc t io n  r ( k ) .  The process x { t )  is 

said to exhibit short-range dependence i f

where - 1  < p <  1 and  L \ ( - )  is a slowly vary ing  fu n c t io n .

Thus, a short-range dependen t process is characte rize  by an exponen tia lly -decay ing  auto-

r [ k )  <  yz. From th e  sp ec tra l perspective, sho rt-range  dependent processes are charac­

terized by a spectra l d e n s ity  / ( A )  which is f in ite  fo r A =  0. O n the  o the r. (2.72) or (2.73)

X
(2.74)

r { k )  ~  \p\ k L \ ( k ) .  k  —► oc. (2.75)

co rre la tion , i.e.. r ( k )  ~  pk . 0  <  p <  1. re su ltin g  in  a sum m able a u to co rre la tio n  func tion
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implies th a t ^ , k r ( k )  -  :c . i.e.. a long-range dependent processes has a spectra l dens ity  

tha t increases w ith o u t bound as th e  frequency A approaches zero.

2.4 Examples of Long- and Short- Range Dependent Gaus­
sian Processes

T his  section gives some concrete exam ples o f short- and long- range dependent Gaussian 

processes. A  large class o f the tra d it io n a l M arkov m odels are characterized  by e xp o n e n tia lly  

decreasing a u to co rre la tio n  fu n c tio n s  and are therefore short-range dependent. O ne  such 

example is th e  Auto-regrcsstve M o v in g  Average ( A R M A )  m ode l [30]. A n  A R M A  process 

(Tk)<k~Z) de fined by

<&(B)xk =  S ( B ) f k . (2.76)

where, fo r each in teger k. ek is an independent Gaussian random  variab le  w ith  zero mean 

and u n it variance. B  represents th e  backw ard sh ift o p e ra tio n , i.e.. B x k =  x k_i -  $>(B)  and 

0 ( B )  are p o lyn o m ia ls  o f degree p  and  q. respectively. W hen  7  =  0. the A R M A  process 

degenerates to  an auto-regressive ( A R )  process. The a u to c o rre la tio n  func tion  o f  an A R M A  

process decays e xpo ne n tia lly  at la rge  lags.

Long-range dependent Gaussian processes inc lude the  (a s y m p to tic a lly )  second-order self­

s im ila r processes. F ractiona l A u to -reg ress ive  In tegra ted  M o v in g  Average (F A R IM A ) pro­

cesses [25][30], and the (exactly ) second-order se lf-s im ila r processes. F ractiona l G aussian 

Noise (F G N ) processes [31]. w h ich  is the  increm enta l process o f the  se lf-s im ila r process. 

F ractiona l B ro w n ia n  M o tio n  ( F B M ) .
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F A R IM A lp .d .q )  i25 is a fra c tio n a l d iffe re n tia t io n  o f  the A u to -regress ive  M oving  Average 

( A R M A (p . q ) )  process, wherp p and q represent the  orders o f the  A R IM A (p .q )  process, and 

0  <  d <  0.5 is the  d iffe re n tia tio n  degree. I t  is the  genera lization  o f  A R IM A (p .d .q )  [30] 

models fo r in teger d. A  F A R IM A  process is defined by

4 > (B )£ dx k =  S ( B U k . (2.77)

where B  represents th e  backw ard -sh ift o p e ra tio n , i.e.. B x k =  x k - \ .  Q ( B )  and $ ( B )  are 

po lynom ia l func tions  o f  orders p  and q. respective ly . A  =  1 -  B  is the  d iffe re n tia l opera tor, 

is a fra c tio n a l d iffe ren c ing  opera to r.

~ Xk f  )  ( - 1 )'-r - t -  (-2" 8)
i =0 '  '

where the fra c tio n a l b in o m ia l coeffic ient is

f  ( - ! ) ' =  - r ( - d ^ )  ( , 79)
\ i ) [ } V ( - d ) r ( i  + 1 )

and r(-) represents th e  G am m a fu nc tio n . I t  has been shown [25] th a t fo r  a F A R IM A (p .d .q ) 

process, the H urs t p a ram e te r H  equals 0.5 4- d. For positive  p  o r  q. F A R IM A (p .d .q )  is a 

m ix tu re  o f b o th  long- and short-range dependence. Because F A R IM A (p .d .q )  has p +  q +  3 

parameters, it  is m uch m ore flex ib le  th a n  F G X  in  term s o f s im u ltan e ou s ly  m odeling SRD 

and LRD .

The in te resting  range fo r  d  is — 1 /2  <  d <  1/2.  I t  has been shown in  [32] th a t  a F A R I M A ( p .  d. q) 

process has a spectra l dens ity  and a u to c o rre la tio n  satis fy ing  / ( A )  ~  \ ~ 2d. as A - *  0
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and r(A-) — k J,t as k — x .  T hus, fo r d — 0. we o b ta in  the  short range dependent

proses A R M A f p . q l .  long range dependence o r persistence occurs fo r d  €  (0 .1 /2 ) .  and

an ti-pe rs is tence  for d  £ ( - 1 / 2 . 0 ).

2.5 Estimating LRD Parameters

T h is  section  sum m arizes several o f  the  m ethods used to  estim ate  the  param ete rs  o f  long 

range dependence ( L R D )  in  th e  tim e , frequency and wavelet dom ains. T h e  tim e - and 

frequency- dom a in  estim a tors  have concentra ted m a in ly  on the  es tim a tion  o f  th e  param eter 

<> or e q u iv a le n tly  the H urs t p a ram e te r H  =  (1 -t- a ) . However, the recent fin d in g s  o f A b ry  

and W itc h  [33] claim s th a t the re  is n o t one. b u t two  param eters. ( o . c r ) o r  equ iva len tly  

( o . c / ) .  w h ich  characterize long range dependence. A lth o u g h  a  is the m ost im p o r ta n t since 

it defines the  existence o f L R D  itse lf, and governs the  ch a rac te ris tic  sca ling  b ehav io r o f a 

LR D  process as well as s ta tis tic s  derived  from  it .  the  second param eter p lays a s ign ifican t

role in  f ix in g  th e  absolute size o f  L R D  generated effects.

2.5 .1  T im e  D om ain  E stim a to r s

The c lassica l e s tim a to r fo r H  is th e  vanogram  o r R /S  es t im a to r  [34]. T h is  e s tim a to r yie lds 

poor s ta t is t ic a l perform ance in  th e  fo rm  o f  high bias and  su b o p tim a l variance. T he  A lla n  

variance [35: is a be tte r e s tim a to r th a n  the va riogram . I t  measures the  e xp e c ta tio n  o f
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squared difference o f  averages o f the da ta  t  w ith in  a w indow  o f len g th  T  as follows:

where K  is the num be r o f segments o f size T  in  the  d a ta , w hich a lso behaves as a power 

law o f T  when L R D  is present and allows an  unbiased e s tim a tion  o f  H .

The best es tim a to r fo r  H .  as well as fo r o th e r param eters, is th e  Gaussian M ax im um  

L ike lihood  E s tim a to r [34]. However, its  exact a lg o r ith m  is c o m p u ta tio n a l expensive. Thus, 

a lte rna tive  a lg o r ith m s  have been developed: am ong these, the W hitt le  E s t im a to r  [34][33] 

offers the best pe rfo rm ance  y ie ld ing  an a s y m p to t ic a lly  unbiased and e ffic ien t estim a tor, 

ju s t as in  the exact case.

T im e - and frequency- based estim ators o f H  suffer a va rie ty  o f d raw backs  33]. which are 

unacceptable fo r m any rea l-tim e  app lica tion s  in  n e tw o rk ing . T he y  are m a in ly  param etric  

in  na tu re  and. thus, re q u ire  a param eterized fa m ily  o f  m odel processes to  be chosen a p rio r i. 

M a n y —due to  th e ir  h ig h  co m pu ta tiona l co m p le x ities  and m em ory requ irem en ts—cannot 

be im plem ented e x a c tly  fo r large datasets. M oreover, th ey  are not n a tu ra lly  matched to 

the essentially s im p le  scale behavior o f L R D  processes.

2 .5 .2  F req u en cy -b ased  E stim a to rs

Since the spectrum  o f  an L R D  process j- behaves like  a power law  ( l / l i / j ° )  fo r i> close to 

zero, it is n a tu ra l to  th in k  o f spectral es tim a to rs  fo r the  param eters o f  L R D . One standard

K
( 2 . SO)
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fre q u e n rv -d o in a in  es tim a to r is th e  fo llow ing:

/_ .(/')  /  T{t -  k L ) i r i J t )e x p ( i '2 - x i / t ) d t ' r  (2.81)
k= 1 J

where P  denotes the  num ber o f  da ta  pieces, each o f len g th  L. i r i  a w e ig h tin g  w indow . 

A p p ly in g  s J (i/) to  signals, resu lts in an e s tim a to r fo r H .  based on line a r f i t  in  log ( id

vs. log(.s_■(*')) p lo t, w hich has the  undesirable effect o f  be ing  s trong ly  b ias.

2.5 .3  W a v e le t-b a sed  E stim a to rs

The unb iased  sem i-param etric  wave let-based e s tim a to r o f  A b ry  Y e itch . firs t proposed 

in [33; to  b e  la te r im proved in  [36i. seems to  p rov ide  a so lid  a lte rn a tive . I t  studies the 

s ta le -dependen t p roperties o f d a ta  d ire c tly  v ia  the  coeffic ients o f a jo in t  sca le -tim e wavelet 

deco m p os itio n . Thus, very l i t t le  needs to  be assumed abou t the u n d e rly in g  process. It  

can eas ily  b e  im plem ented using techniques from  non -redundan t m u ltire s o lu tio n  analysis. 

It is ro b u s t against an im p o rta n t class o f n o n -s ta tio n a rity  — namely, the  a d d it io n  o f non- 

d e te n n in is t ic  trends. T h is  is an im p o rta n t advantage in  the L R D  con tex t where it  is 

d iff ic u lt in  th e o ry  and in p ractice  to  d is tin gu ish  between real trends and lon g -te rm  sample 

path  v a r ia t io n s  due to  L R D  (see [33] and references w ith in ) .

2.5.3.1 T h e Abry-Veitch E stim ator

The A b ry -V e itc h  E s tim a to r s ta rts  w ith  the basic d e fin it io n  o f an L R D  p ro ce ss -n a m e ly , 

the a u to c o rre la tio n  func tion  o f a wide-sense s ta tio n a ry  L R D  process takes the  fo rm  ~
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r -k'~ ~ - l ! _ f t  >  0.5. corresponding  to  d ivergence o f the a u to c o rre la tio n  sum . '

dc. o r equ iva len tly , the  spectra l density satisfies:

f ( y )  ~  Cf it/ ; 1 ~f { . i * —► 0 . (2.S2)

R ecall th a t an L R D  process belongs to  the  class o f 1 / \ u \a processes fo r u  close to  0 where 

o  =  2H  — 1. Define th e  fo llow ing  s ta tis tic a l e s tim a to r for

ins tan t 2 Jk and frequency 2 ~J/'o. w ith  L'q an a rb it ra ry  reference frequency selected based 

on choice o f c . T he  in teger, r i j .  is the ava ilab le  num ber o f  w ave let coeffic ients at octave 

j  and is usua lly  g iven  by n -  2~Jn w here  n is the leng th  o f  the  data . f ( i>)  may be 

in te rp re ted  as a m easure o f  the am ount o f  energy th a t lies w ith in  a given b andw id th  

a round  the frequency u.

I f  r  is wide-sense s ta tio n a ry  we also have th e  fo llow ing  e s tim a to r fo r s:

T h is  es tim a to r, however, suffers from  the  so-called convo lu tive  bias: T he  spectrum  to be

ana lyz ing  w indow  at scale j .  However, re ca llin g  the a sym p to tic  b eh av io r o f the  spectrum

(2.83)

where \<iz [ j .  m easures the am ount o f  energy in  the ana lyzed s igna l abo u t the tim e

(2.841

estim ated  is m ixed w ith in  a frequency range corresponding to  th e  frequency w id th  o f the

o f an L R D  process and assum ing, m om en ta rily , th a t th is  behav io r ho lds fo r a ll frequencies.
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2 .M i can be re w r it te n  as

2.85)

2 .8 6 )

£':.-r>-v„i; = e, -2-‘ J

For - ^ 7  processes. (2.85) shows th a t the  convo lu tive  bias is converted  to  a m u ltip lic a tiv e  

one and th a t th is  m u ltip lic a tiv e  constan t is independent o f j .  Therefore , an unbiased 

estim ator H  o f  H  can be designed by a linea r regression o f Io g j( s r (2 _J/^ )  on j  as fo llows:

lo g  , 5 . ( 2  J u 0 =  lo92 ~  C-H -  D j (2.87)

where c estim ates log2 (0 / /  l^ ! 1 2H‘f ( i ' ) \ 2 du  1 p rovided th a t

/ ( 2 .8 8 )

converges. P e rfo rm in g  a weighted least-square fit between octaves j \  and j ?  yields the  

fo llow ing  fo rm u la  fo r the  es tim a to r H  o f the H urs t param eter H .

- r  1 (2.89)

Z^CjZU.Cjr - (z%lc,Jy _
where r)} =  log> \dx { j .  A:)!2 )  is theo re tica l a sym p to tic  variance and the weight

Cj  =  is th e  inverse o f r ) j .

For H  to be an unbiased es tim a to r o f  H .  a few cond itions m ust be m et. F irs t. E qua tion  

(2.82) must be tru e  fo r each j .  T h is , however, can be re laxed since the  range o f scales 

{ j \ J z } >s ehosen by the user. Second, the  num ber o f van ish ing  m om ents .V m ust 

satisfv .V >  H  — 1.
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2.5.3.2 The A bry-V eitch  Joint E stim ator

The m ain difference betw een the A b ry -V e itch  J o in t E s tim a to r and the  o r ig in a l A b ry -V e itch  

(A V l es tim a to r is th a t th e  fo rm er provides a means o f com pu ting  the  im p o r ta n t ,  yet long 

neglected, second p a ra m e te r o f LR D  c-. o r. e qu iva len tly , c j . .  T hu s , in s tea d  o f  the  single 

H urst param eter H .  th e re  are now tw o L R D  param eters to  be co ns ide red -n am e ly  (n . c-.) 

o r equ iva len tly  ( o .s ) .  L ike  the o rig ina l A Y . the  jo in t  es tim a to r is a lso  based on linear 

regression and thus uses a s im ila r approach as used there  to  estim a te  a  a nd  c j .  Thus, only 

the m ain results are sum m arized  here (see (36]). Recall th a t the  w ave le t coeffic ients are 

given by {d z [ j . k )  = ( r .  u-) ( j . k )  € Z ’ } and cons ide r the  fo llow ing  d e fin it io n s :

where s‘ is a genera lized  R iem ann  Zeta fu n c tio n . A lso , consider the  fo llo w in g  de fin itions :

(2.90)

n '  =  var\log-<( j t j  )) =  C(2 . n ; / 2 ) / ln J 2 ~  2 , / (n ? In2 2 ) (2.91)

(2.92)

{ S j  -  Sz )/<j ~

sszz -  srj
(Szz -  Szj ) /e r ~

sszz- s j g} =  « '( n , /2 ) / l u 2 -  log 2 (n_,/2 ).

(2.93)

(2.94)

Then, the es tim a to rs  are  g iven bv:

(2.95)

c j C  =  p • 2 ° . w here  p  =
r ( n J / 2 )exp (t/.'(n J/ 2 ) r J ) 

H r ,  -  r i j / 2 )
(2.96)
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f  W ' d i ' n  <  0 .

C  =  < f  i> ~a i ' fHi / ) \ -di 'Q <  n  <  1. 

l \ ' \>{v)\2d v a  >  0

(2.97)

r f  =  r f C i C . (2.98)

2.6 Wavelet Transform of Self-similar and LRD Processes

The wavelet trans fo rm  o f  an L R D  (or se lf-s im ila r) process is a  short-range dependent 

process (SR D ): or is at least a good a p p ro x im a tio n  o f  it  [ 10 ] [11  ][33][34]. Since the re  are 

a lready a va rie ty  o f  e ffic ien t S R D  m odels in  existence [37] [38][39j [-iO] [41]- it  m igh t be m ore 

advantageous to  analyze a nd  m odel L R D  processes in  the w avelet dom ain . T h is  section  

summ arizes some o f the im p o r ta n t results o f  the wavelet trans fo rm  o f L R D  and se lf-s im ila r 

processes.

2.6.1 S om e K ey  R e s u lt s  from  W avelet Transform

In [11, it  has been shown th a t  the  fo llo w in g  tw o resu lts  from  M R A  and wavelets are ve ry  

s ign ifican t fo r not o n ly  s e lf-s im ila r  and L R D  processes bu t for sca ling  processes in  general:

•  W l :  The wavelet basis is constructed  from  th e  d ila tio n  (change o f scale) o f  the  

wavelet func tion , th a t is. the  wavelet ana lyz ing  functions themselves U'j.k e x h ib it a 

scale invariance fea tu re .
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•  W 2 : T he  wavelet fu n c t io n  u' has .V >  1 vanishing moments:

J t kt = 0 .  fc =  0. 1 . • ■ ■ . .V — 1. (2.99)

The clio ice o f .V is dependent on th e  choice o f r .  T he  Fourie r trans fo rm  4* satisfies the 

co n d itio n  ,4 ':( i/)  ~  :*/!•' . i/ —► () [16].

2 .6 .2  W a v e le t  T r a n s f o r m  ( W T )  o f  H -s s  a n d  H -s s s i  P ro c e s s e s

Let x  he a se lf-s im ila r process (also called an H-ss process I. then, fo r each octave j  the 

wavelet coefficients dz ( j .  •) o f  x  e x a c tly  reproduces the  s e lf-s im ila r ity  th ro u g h  th e  fo llow ing

cen tra l sca ling p rope rty  (see [ 11 j and references th e re in ):

•  PO SS: In  the rase o f th e  D W T . dx ( j .  k)  =  (x.Wj.k)-  so th a t

1 dT{ j - 0 ) . d T(j.  1 ) d A j - n j  -  1 )) =  2J H~ l ‘  (< f,(0 . 0 ). dx (0 . 1 )...dr (0 . r t j -  1 ) 1 .

( 2 . 100)

For the  C W T . (W L. / ) ( a .  6 ) =  (x .n-ab). hence

( i r t .r ) (c a . cb \ ). • • ■ . ( W V x K ra . e6n )) =  r H~ l * ( (H \ ,x ) (a .  h j ) ..........(W t .x )(a . 6n )) Vc >  0.

( 2 . 101 )

and i f  x  is second-order s ta tio n a ry , then from  (2 .1 0 0 ). we have

E [ d x [ j . k r ]  =  2J ( 2 H  -  1 )£:[(rfx (0.Ar!)-[ (2.102)

(a consequence o f W l ) .
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I f  in  a d d it io n  x  is H-sssi (sec Section 2.3.1). then p ro pe rtie s  W l and W2 com b ine  to  

produce the fo llo w in g  salient p rope rties :

•  P I SS: T he Wavelet coeffic ients w ith  a fixed scale ind ex  { d T( j . k )  k <E Z }  fo rm  a 

s ta tio n a ry  process (a consequence o f  W 2). Thus. E q u a tio n  (2.102) now becomes

E [ l d z l ] . k ) ) ‘ ] =  2J' 2H~ l t C ( H . v ) < r - .  Vit. (2.103)

w ith  C( H .  v  I =  /  i t r H { f  — t )du )d t  and <T‘ E .r( 1 ) '.

• P2 SS. From  the  specific c o rre la tio n  s truc tu re  o f  th e  H-sssi process:

E[x(1  ) r ( s ) j =  s\2H -  if -  s '2l ! ]. (2.104)

it can be shown th a t for .V >  H  ~  the co rre la tion  between wavelet coeffic ients

located at d iffe ren t positions is very sm all and th a t th e ir  decay can be co n tro lle d  by

increasing .V [42] [43] [44][45':

E { d x (rn. k ) d I (n . l ) \  =  |2mfc — 2n l \ 2H~2S. \2mk - 2 nl\ ^  + x .  (2.105)

2 .6 .3  W T  o f  L R D  P rocesses

Let x  be a second-order s ta tion a ry  process. Its  wavelet coe ffic ien ts  {d r (j.A :)} sa tis fy  the  

fo llow ing  p roperties :

•  P0  LR D :
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E ’d r ( j . k r }  =  J  S r ii.-YlJ t y W i A ' - d v  (2.106)

w here 5 X(.’ 'J and stands fo r the ptower sp ec trum  and the F ou rie r tra n s fo rm  o f

j .  respectively. T h is  has in te rp re ta tio n  o f c lassica l inference fo rm u la  o f  l in e a r  filte r  

th e o rv : E[dT( j .  k ) 2] is a measure o f Sx ( ) at frequency iy} =  2~Ji'o (uo d ep en ds  on r )  

th ro u g h  the constan t re la tive  b a n d w id th  wavelet f i l te r  (see ; lU  and references there 

m ).

I f  the  process x  satisfy th e  a d d it io n a l p roperties W l and W 2. we have th e  fo llo w in g  two 

a d d it io n a l properties:

•  P i  LRD: Using 5 r ( id  ~  c- u ~n . u —* 0  (2.106). we ob ta in

E[d I { j .  k ) 2] -- 2j a c- ,C(o .  «•). j  —► -*-oc. (2.107)

w here C (o .C ’ ) =  /  | ^ 1_Q ^ ( i ^ ) :2 dv. a  £  ( 0 .1 ). T h e  case a  =  0 co rresponds  to  tr iv ia l 

sca ling  at large scales, leaving  o n ly  short-range  dependence at sm all scales. Th is  

resu lt is due to  W l.

•  P2 LRD: The covariance fu n c tio n  o f any tw o w avelet coefficients is c o n tro lle d  by .V 

and therefore can decay m uch faster than  the  c o rre la tio n  o f the L R D  p rocess  x  itse lf 

and. in fact, is no longer L R D  fo r .V >  a /2 .  Since a  £  (0 .1 ). th is  is a lw a ys  satisfied.

E ’d j i m .  k )dz { n . l \  \ -  \2mk -  2 n/ ; ° - ‘ - 2V . \2m k -  2nl  -  ~ o c . (2.108|
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Note th a t the exponents in P i SS a n il P2 SS are d iffe ren t fro m  those o f P i LRD  

and P2 LRD.

2.7 Empirical Studies on the Correlation Structure of Wavelet 
Coefficients for LRD and SRD

A lth o u g h  the theo rec tica l resu lts in the  p rev ious  section provide  im p o r ta n t results on the 

c o rre la tio n  s tru c tu re  o f L R D  processes, those  resu lts  are useful o n ly  fo r k'2m — — 1 '2 "

large, where m and n are scale indices and  k and / are the s h ift ind ices. However, th is  

begs the question as to  how does one o b ta in  usefu l in fo rm a tion  w hen k 2 m — (I - r  1 )2 "  is 

n o t large. The e m p irica l approach o f  M a  [10] has provided useful resu lts  th a t gives deeper 

in s ig h t as to de te rm ine  the  fo llow ing  im p o r ta n t questions:

1. how do wavelets d is tin g u ish  SRD fro m  L R D .’

2 . w ha t co rre la tions  need to  be ca p tu re d  by wavelet coefficients?

T h e  next two subsection gives a b r ie f su m m a ry  o f the answer to  these questions.

2 .7 .1  V ariance o f  W avelet C o effic ien ts

I t  has been shown e m p ir ic a lly  [10] th a t one to o l th a t can be u tiliz e d  to  de te rm ine  how 

w ave le ts d is tingu ish  L R D  from  SRD is a variance-scale d iagram . T h e  variance-srale  d ia ­

g ra m  is a plot o f the  scale j  versus the  lo g a r ith m  o f  the variance o f  wavelet coeffic ients at
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scale j -  log d  va r {d r [ j .  m  i ). . For exam ple, t.ake th e  fo llo w in g  three well kn ow n  processes: 

th e  short-range dependent process A R ( 1 ) w ith  p a ram ete r /> =  0.9. the long-range depen­

den t process F A R IM A ((J .0.4.0) and. fin a lly , the  m ixe d  short- and long- range dependent 

process F A R IM A (1 .0.4.0). T h e ir  p lo ts  are shown in  F igu re  2.2. As can be seen, the  L R D

tOr

4-

0- 

-2 —

F ig u re  2.2: log o f variance dT{ j . r n )  versus tim e  scale j .  F A R IM A (0 .0 .4 .0): "o " :
A R (0 .9 ): F A R IM A d .0.4.0)

process F A R IM A (0 .0 .4 .0 ) increases exponen tia lly . T h e  SRD process A R ( 1 ). p  =  0.9. in ­

creases exponen tia lly  fo r sm a ll j  b u t saturates fo r la rge  j .  The variance-scale p lo t o f  the  

m ixe d  S R D -LR D  process F A R IM A f 1.0.4.0) d isp lays th e  jo in t  characteristics o f  b o th  the  

A R ( l )  and F A R IM A (0 .0 .4.0) processes.
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2.7 .2  C orrela tion  S tr u c tu r e  o f  W avelet C oeffic ien ts

Th is  section is concerned w ith  w h a t co rre la tions need to  be ra p tu re d  by wavelet coeffic ients. 

To fa c ilita te  th is  discussion, th e  n o tio n  o f wavelets on trees and the single in d e x  wavelet 

coeffic ient, as develop by Basseville  e t. al. J46i. are firs t in troduced . F igu re  2.3 shows the

7" (*  .1

1 2 3 4 5 6 7 8
t

Figure 2.3: Tree representa tion  o f the H aa r wavelet basis

Haar wavelet basis at level L =  3 ( le ft)  and its  co rrespond ing  tree d iagram  ( r ig h t) .  The 

num ber in  th e  c ircle  represents the  one-d im ensiona l ind ex  o f  the co rrespond ing  wavelet 

basis fu n c tio n . In  the case o f o rth o g o n a l wavelets, the s ing le  index coeffic ient s is re la ted  

to  the double  index (j . m ) by th e  equa tion  s =  2 h ~J 4- rn . where K  represents th e  lim ite d  

reso lu tion (o r the  m axim um  decom pos ition  level). T he  fu nc tio ns  7 and u o f  F ig u re  2.3 

evaluated at node s are defined to  be the index o f the pa ren t node o f s and th e  ind ex  o f 

the left side neighbor o f * ,  respective ly .
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N ow re tu rn in g  to  question  o f the  co rre la tio n  s tru c tu re  o f  wavelet coeffic ients. F igure  

2.4 (a )-(c ) are p lo ts o f  co rre la tion  m atrices fo r  the  wavelet trans fo rm  o f th e  SR D  pro ­

cess A R (1). p =  0.9. the  L R D  process F A R IM A (0 .0 .4 .0 ) and m ixed L R D -S R D  process 

F A R IM A ( 1.0.4.0) w ith  A R  param eter p =  0.9. respectively. A p o in t { j . j ) in  the  cor­

re la tio n  m a tr ix  represents the  norm alized  co rre la tio n  between the t- th  and  _?-th wavelet 

coeffic ients, i.e.. ■ where t and j  represents the  one-d im ensional ind ices (nodes) in

th e  tree d iagram . T he  grayscale is p ro p o rt io n a l to  the  m agn itude  o f the c o rre la tio n  m a tr ix . 

T h e  h igher the m agn itude  o f the  co rre la tion , th e  w h ite r  the p ixe l in  the image. F igu re  2.4 

shows th a t beside the  m a in  d iagonal, there  are fo u r pa irs o f  lines having "v is ib le "  corre­

la t io n . They correspond to  the  co rre la tion  betw een 7 * (s )  and s. where ->(.«) denotes the 

pa ren t o f  node *• and o denotes the  paren t o f  node *v*— 1 (>) w ith  k  be ing  1. 2. 3 and 4 

co u n tin g  from  the m a in  d iagonal.

F rom  these figures, it seems reasonable to  conclude, as has been done in  [10]. th a t the 

m ost s ign ifican t co rre la tio n  is due to  the p a re n t-ch ild  co rre la tion . Since the  com p lica ted  

co rre la tions  in  the tim e  d om a in  concentrates on these types o f co rre la tion , it  is possible  to 

use a parsim onious m odel in  the  wavelet d om a in  to  fa ith fu lly  represent the  o r ig in a l tra ffic .

2.8 Markov Models for Wavelet-Domain Correlation Mod­
eling

As has been seen in the  last section, co rre la tio n  am ong wavelet coefficients fo r  L R D  and 

S R D  is concentrated in  ce rta in  types o f co rre la tio n . T h is  section provides a means o f
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(a) AR(1).  p=0 .9

(b ) F A R IM A (0 .0 .4 ,0 )

(c) F A R IM A d .0.4 .0)

F igure  2.4: C o rre la tio n  S tructu res
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m ode lling  wavelet coefficients by e x p lo it in g  the  charac te ris tics  o f the  co rre la tion  s tru c tu re  

o f wavelet coeffic ients. The basic idea is th a t a pars im on ious m odel can be b u ilt  u s ing  o n ly  

the strongest co rre la tions, w h ile  ig n o rin g  the  ins ign ifican t ones. T he  wavelet coe ffic ien t d s 

may be m odelled  v ia  the fo llo w in g  generalized linear e q u a tio n  [ 1 0 ]:

.v - i

d* =  H  a f ( i ) d , ~ b , u - s (2.109)
I =  I .ITS

where { a , ( 'K  1 i =  1. 2 ........  .V — 1 } and 6 , are param eters  to  be estim ated, w h ich  are

dependent on the  one-d im ensional index .s (see F igure  2 .3). The (u»s) are i. i.d  ra n d o m  

variables.

In  o rder to  m odel a wavelet coeffic ient in  a causal fashion. E q ua tio n  (2.109) is w r it te n

s - l

d,  =  £ a < ( i ) d ,  +  b, ws. (2.110)
i =  i

The e s tim a tio n  o f  param eters in a lin e a r m odel can be o b ta in e d  th ro ug h  estim a tion  th e o ry  

for Gaussian processes as follows.

Let the random  variab le  :  b e a  lin e a r com b ina tion  o f  k  G aussian random  variables, denoted  

by the co lu m n  vecto r y . p lus a G aussian noise te rm . T h a t is.

r  =  y r a  +■ tm\  ( 2 . 1 1 1 )

where the co lu m n  vector a  and sca la r 6 are param eters to  be determ ined and w  is inde­

pendent G aussian noise w ith  u n it variance. Note th a t E q u a tio n  (2.111) s im p ly  re w rite s  

the sum in E q ua tio n  (2.110) in  vecto r fo rm . T he  param eter vector a can be es tim a ted  by 

m u lt ip ly in g  b o th  sides o f E qua tion  (2 .1 1 1 ) by the  vector y  and  ta k in g  expectations o f  b o th
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side o f the re s u lt in g  equa tion :

E [z  y ]  =  E{  y y r ;a. (2.112)

where E [ z y  represents the  cross-corre la tion  between r  and y . E [ y y T] represents the co- 

variance m a tr ix  o f  y .  I f  E  y y r ] is in ve rtib le , a can be de te rm ined  by:

a  =  ( E [ y y r i ) “ l E [ r y i .  (2.113)

S im ila rly , m u lt ip ly in g  E q ua tio n  (2.111) by c and ta k in g  expectations o f  b o th  sides o f  the 

resu lting  e q u a tio n  y ie lds

h = y  E [ z - \  - E [ z y T] ( E [ y y T ] ) ~ l E ' z y ' . (2.114)

Therefore the p aram ete rs  a  and b are determ ined b y  th e  covariance m a tr ix  E [ y y r ]. the 

cross co rre la tio n  E f r y 'j  and the  variance o f z th ro u g h  E qua tions  (2.113) and (2.114). The 

rem ainder o f th is  subsection  sum m arizes five m odels based on E qua tion  (2.110). These 

models represent a c u lm in a tio n  o f the works o f [47] a n d  [10].

Am ong these m odels, there  lies an inherent trad e -o ff betw een com p lex ity  and  perform ance.

O n the one hand, th e  m ore com plex models lead to  b e tte r  perform ance. O n  the  o th e r hand,

there is a desire fo r  a pars im on ious m odel, i.e.. a m o d e l th a t uses as few param eters as 

possible to  m odel th e  m ost s ign ifican t corre la tions. In  o rd e r to  s tudy e m p ir ic a lly  the  trade­

o ff between pe rfo rm ance  and com p lex ity , in  the fo llo w in g , five models are presented rang ing  

from  the s im p les t to  the  m ost com p lica ted  based on th e  observation in  the  p rev ious  section.

M o d e l  1:  T h e  Independent  Wavelet Model  is the s im p le s t o f the models. I t  m odels on ly  

the mean and va riance  o f  wavelet coefficients, i.e.. d z { j .  m )'s  are chosen as independent
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random  variables w ith  zero mean and variance a j  to  be estim ated a t each octave j .  Thus, 

th is  m odel com ple te ly neglects dependence am ong  wavelet coeffic ients and its  co rre la tion  

in  the  wavelet dom ain is g iven by:

S C C I - H  (2.1151I 0  o therw ise.

A  wavelet coefficient d.  in  th is  case is e s tim a te d  by ds =  bsu \  w here ( u \ , ) are iid  random  

va riab le  w ith  zero mean. T he  param eter. bf . is the  standard  d e v ia tio n  o f  d s and can be 

e s tim a ted  from  the square ro o t o f the sam ple variance o f wavelet coeffic ients o f  a tra in in g

sequence a t the correspond ing  octave, i.e.. bs =  dT( j . r n ) 2 . w here n ; is the

n um ber o f  wavelet coeffic ients at octave j .  I t  has being suggested [10j th a t th is  sim ple 

m od e l— w ith  a pp rop ria te  ad jus tm e n ts— suffices fo r many p ra c tica l a p p lica tio n s .

M o d e l  2 :  T h is  is a firs t-o rd e r M arkov m ode l, w h ich  models the p a re n t-c h ild  re la tionsh ip . 

R esu lts in  the last section seem to suggest th a t  th is  is the most s ig n ifica n t co rre la tion . A 

m odel w h ich  includes the  p a ren t-ch ild  re la tio n s h ip  can be im p lem en ted  th ro u g h  a firs t- 

o rd e r M a rkov  m odel as

d %] =  a j d ^ ' ^ b j u - . .  (2.116)

w here a} and b} are param eters to  be d e te rm in e d  from  data. Wj is G aussian noise w ith  zero 

m ean and u n it variance, -v(.s; ) represents th e  p a re n t o f  s,. where s} is th e  one-d im ensiona l 

index  o f a wavelet coeffic ient (node) in  the  j - t h  t im e  scale (See F igure  2.3 fo r an illu s tra tio n  

o f  the  one-d im ensiona l index o f  wavelet coe ffic ien ts ).

Thus, the  ob jective  o f  th is  m odel is to  m odel th e  paren t-ch ild  c o rre la tio n  in  a d d itio n  to
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w hat is m odelled in  M odel 1 . For th e  sake o f convenience, we d ro p  the e x p lic it dependence 

on j  in  E qua tio n  2.1 It i and re w rite  it as:

d s =  f l . i f , ,  v -  6 , u \ .  (2.117)

where, again, a.. ,, and bs are pa ram eters  to  be de te rm ined . I t  can be shown th a t the  

pa ren t-ch ild  co rre la tion  is in va ria n t fo r wavelet coeffic ients in  the  same scale. T he re fo re , 

the  p a ren t-ch ild  co rre la tion  E'd^d-, (s) \  as well as the  ta rge ted  variance eqq and _ can be 

• “s tirna ted  th ro ug h  those o f a tra in in g  sequence. F u rth e rm ore , th rough  E qua tions (2.113) 

and (2.114). a..:s , and bs are found  to  be 

E ( d sd^,s l )
a . , , ,  =  ------------ — . (2.118)

" d =
' " S '

and

b' =  V ,fri  -  'Gd „ , r  (2.119)

respectively.

M o d e l  3 :  M ode l 3 is a th ird -o rd e r M a rko v  m odel, w h ich  m odels the co rre la tions am ong 

s. M s ) and td-s). I t  has been proposed as an im provem ent to  M ode l 1 in  [47] based on  the  

in tu it io n  th a t ne ighboring wavelets c o n tr ib u te  m ore s ig n ific a n tly  to  the co rre la tio n  th a n  

o th e r wavelets. However, th is  has show n not to  be the  case in  [10].

T he  param eters o f M odel 3 can be ca lcu la ted  in a s im ila r  m anner to  th a t o f  M ode l 2.

M o d e l  4 • M ode l 4 is an a lte rn a tiv e  th ird -o rd e r  M a rkov  m odel, which m odels th e  co r­

re la tio n  am ong '.(>■). -y-’ (.s) and s. T h is  m odel incorpora tes co rre la tions between node s
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and its g randparent node -vJ(s ' in a d d it io n  to  the  paren t-ch ild  re la t io n s h ip  in  M odel 2. 

and  is equ iva lent to  a th ird -o rd e r M arkov m ode l. In  the co rre la tion  m a tr ix ,  th is  m odel is 

equ iva lent to  m atch ing  the  firs t two strongest line .

Param eter es tim a tion  fo r M odel -1 is s lig h t ly  d iffe ren t from  the  p rev ious  th ree  models 

because the inva rian t p ro p e rty  does not h o ld  fo r a ll wavelet coe ffic ients in  the  same scale. 

T he  approach used here groups together w avelet coefficients at the  same scale and w ith  the 

same sta tis tics. M odel 4 has fou r such groups, whose sh ift indices are {4A: -+- fco} t *_0 

fo r k,-, =  0 . 1. 2 .3  at each j .  T he  co rre la tion  to  be m odelled can be e s tim a te d  fo r each group, 

and Equations (2.113) and (2.114) can be used fo r each group in  th e  same way as th a t for 

the  previous three models.

M o d e l  5 :  M odel 5 is a fo u rth -o rd e r M arkov  m odel, which m odels th e  c o rre la tio n  among 

■v(s). • 'J(s). "v3 (s) and .s. In  the graph o f th e  co rre la tion  m a tr ix ,  th is  is equ iva len t to 

m atch ing  the firs t tw o  strongest lines as w ell as th e  (bare ly v is ib le ) lin o  near the  diagonal, 

w h ich  represents the ne ighbo ring  re la tio n sh ip .

Param eter es tim a tion  fo r M ode l 5 is s im ila r  to  th a t o f M odel 4. w ith  th e  exception th a t 

the  num ber o f groups increase to  8 . T he  im p o r ta n t question now is: how  w ell do M odels 1 

th ro u g h  5 capture  the  co rre la tion  s tru c tu re  in  th e  wavelet dom ain? W e p lo t the  co rre la tion  

m atrices o f  Models 1 and 2 in  Figures 2.5 (a) and  (b ). As expected. M o d e l 1 leaves out a ll 

the  corre la tions. M odel 2 captures the p a re n t-c h ild  re la tionsh ip . H ow ever, its  g randparen t- 

ch ild  re la tionsh ip  as com pared w ith  the  o r ig in a l process is s ig n ific a n tly  d im in ish ed . P lots
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(a) M ode l 1

(b ) M ode l 2

F igu re  2.5: Wavelet C o rre la t io n  M atrices for M od e l 1 and M odel 2
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o f  the  rem ain ing  m odels m ay be found in  [10]. In  te rm s  o f co m p le x ity  o f  these m odels. 

M od e l I requires o n ly  one p a ra m e te r— the variance <r~ a t each level j .  M ode ls  2. 3. 4. and 

5 have tw o. four, four a n d  five  param eters a t each scale, respectively.
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Chapter 3

Network Prelim inaries

3.1 Asynchronous Transfer Mode

Asynchronous transfe r mode (A T M ) is a technology capable  o f in teg ra ting  d iffe ren t types 

o f ne tw ork in to  a single conso lidated , broadband (h ig h -b a n d w id th )  network. The need fo r  

such a technology has arisen because o f the c o n flic tin g  goals o f m any o f the new a p p lic a ­

tions. such as the  In te rne t, th e  W o rld  W ide  Web (W W W ), video conferencing, v ideo-on- 

demand. etc.. fo r high b a n d w id th , w ith o u t sa crific ing  th e  q u a lity  o f  a set o f p re-defined 

parameters. T h e  level o f q u a lity  an a pp lica tion  desires is ca lled the  app lica tion 's  qual i ty o f  

service (QoS). T he  key to  reso lv ing  the co n flic ting  go lds  o f  h igh b a n d w id th  w ith  s tr in g e n t 

QoS requ irem ent is traf f ic management  (T M ). For th is  reason. A T M . because o f its  soph is­

tica ted tra ffic  management ca p a b ilit ie s , has been chosen by the IT U -T  as the technology 

o f choice to launch B roadband In te g ra te d  Sendee D ig ita l] N etw ork.
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3.2 ATM QoS Requirements

QoS requirem ents are u s u a lly  specified in term s o f in fo rm a tio n  loss, in fo rm a tio n  delay and 

in fo rm a tio n  va riab ility . T h e  basic QoS param eters fo r  an A T M  connect ion  are ce ll loss 

ra tio , ce ll transfer delay a nd  ce ll delay va ria tion  ( j i t te r ) .  O th e r QoS param eters com prise 

o f ce ll m is insertion  ra te , c e ll e rro r  ra tio , ce ll tra n s fe r ra p a c ity  ( th ro u g h p u t), and skew 

'd iffe rence  in representa tion t im e  o f tw o related o b jec ts ). T he  m ajor A T M  ce ll perform ance 

param eters are cell e r ror  ra t i o  (C E R ) .  rel l  loss rat io f C L R i .  cell m is inser t ion  rate ( C \ f R l . 

severely errored cell block ra t io  (S E C B R j .  cell t ransfer  delay ( C T D I .  mean cel l  t ransfer  

delay, cell  delay var iat ion ( C D V ) .  Concise d e fin it io n s  are given in  Table 3.1. and a more

exhaustive  treatm ent can be fo un d  in  [48j.

P a ra m e te r A c r o n y m M e a n in g

, Peak ce ll rate P C R M a x im u m  ra te  a t w h ich  cells w ill be send
I S us ta ined  cell rate S C R T he  lo n g -te rm  average cell ra te
\ M in im u m  cell rate M C R The m in im u m  accep tab le  cell rate

C e ll de lay variance to lerance C D V T T he  m a x im u m  acce p tib le  cell j i t t e r
! C e ll loss ra tio C L R F rac tion  o f  ce lls  lo s t o r delivered to o  la te
, C e ll trans fe r delav C T D How long d e liv e ry  takes (mean and m a x im u m ;
j  C e ll de lay varia tion C D V T he  va riance  in  ce ll de live ry  tim es
| C e ll e rro r  rate C E R F rac tion  o f ce lls  de live red  w ith o u t e rro r
, Severe! v -erro red  cell b lock ra t io S E C B R F rac tion  o f b lo cks  ga rb led
i C e ll m is inse rtion  rate C M R F rac tion  o f ce lls  de live re d  to  w rong  d e s tin a tio n

T ab le  3.1: Some QoS param ete rs

3.3 Traffic Characterization and Resource Management

A T M  technology is based on th e  s ta tis tica l m u lt ip le x in g  o f variable ra te  sources. Due 

to  the burstiness o f tra ff ic  sources in te lligen t co n tro l mechanisms are req u ired  to  avoid
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degradation  in  QoS in an A T M  netw ork. A  s ig n ifica n t am ount o f studies ra n g in g  from  

source ch a rac te riza tion  to congestion con tro l, so le ly fo r  the  purpose o f im p ro v in g  QoS and 

increasing th e  netw ork u tiliz a tio n , have a lready been done. T h is  section sum m arizes some 

o f these recent studies.

3.3.1 T y p e s  o f  Services

An A T M  co m m un ica tion  ne tw ork is com prised o f a va rie ty  o f services such as rem ote  

local area netw orks (LA N s), h igh -reso lu tion  s t i l l  im age transfe r, h igh q u a lity  in te ra c tiv e  

v ideotext, v ideophone, video conference, d is tr ib u t iv e  T V .  voice and others. A l l  o f  these 

services have d iffe ren t characteris tics [49; in  te rm s o f  tra ff ic  burstiness. b it ra te , and  ca ll 

du ra tio n  as illu s tra te d  in Table 3.2.

Table 3.2: B roadband  Services and T h e ir  C haracte ris tics

S e rv ic e s F L 'U ) ] B

Voice 32 K b /s 2
In te ra c tive  D a ta 1 - 1 0 0  K b /s 10
B u lk  D a ta 1 - 10 1 M b /s 1 - 10
S tandard  Q u a lity  V id e o 1 5 - 1 5  M b /s 2 . 3
High D e fin it io n  T V  (H D T V ) 15 - 150 M b /s 1 - 2
High Q u a lity  V id e o  Telephony 0 2 - 2 M b /s 5

s(t)  is th e  n a tu ra l in fo rm a tio n  ra te  
E [s (f) ] is the  average in fo rm a tio n  ra te  o f s ff)  

B  =  (m a x  s ( f ) ) /E [s ( f ) j  is th e  burstiness

Further, each o f these imposes d iffe re n t service requ irem en ts  as shown in  T ab le  3.3. T he  

A T M  services are categorized as constant bit ra t t  (C B R ). variable bit rate (Y B R )  and 

available bit rate (A 3 R )  C B R  is used fo r c irc u it e m u la tio n  where a constant b a n d w id th
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Table  3.3: Service A t tr ib u te s  fo r an A T M  N e tw o rk

Services B ER PLR P IR Delay
T elephonv 1 0 ' 1 0 - ' 1 0 - ' 25 n is  /  500 ms
D a ta  T ransm ission 1 0 ' 1 0 '* in '* 1000 m s (50 ms)
Broadc ast v ideo 1 0 '6 1 0 '“ 1 0 '“ 1000 m s
H if i Sound l O - ' 10 ' 10 ' 1000 ms
R em ote  Process C o n tro l 1 0 " '' 1 0 - ' 1 0 '1 1000 m s

is desired. A B R  is subscribed fo r b u lk  ra te  transm ission. L A N  o r  T C P / IP  tra ffic . V B R  is 

the most cha lleng ing  service type w ith  respect to  resource m anagem ent, p r im a r ily  because 

heterogeneous tra ff ic  sources are m u ltip le x e d  together and tra f f ic  vo lum e fluc tua tes w ith  

tim e.

A lth ou g h  defined and supported  in  v a ry in g  degrees in the ne tw o rk . A B R  has enjoyed only- 

modest usage. T h is  is due. in  p a rt, by a lack o f  endpoin t su p p o rt and  considerable concern 

about in te ra c tio n  o f A B R  w ith  T C P  c o n tro l mechanisms.

O n the o the r hand. M u ltim e d ia  V B R  tra ffic , such as JP E G  and  M P E G  encoded d a ta  

50][511[52]. has d ra w n  considerable in te res t in  te lecom m un ica tion  tra ffic  research and ap­

p lica tions. Its  p o te n t ia lly  vast am o un t o f real tim e  services such as image and v ideo  

app lica tions, is th e  d r iv in g  force fo r its  p o p u la rity .

The image com pression scheme supported  by the  Jo in t P ho tog raphy  E xpe rts  G roup  (J P E G ) 

is used p r im a r ily  fo r encod ing  and transm iss ion  o f s till images. T h e  compression techn iques 

employed by JP E G  is based on b lock trans fo rm s such as the D iscre te  Cosine T ra n s fo rm  

iDC'Ti.
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The M oving; P ictures E x p e rt G ro u p  (M P E G ) is a w o rk in g  group o f the  s ta n d a rd iza tio n  

o rg an iza tio n  IS O /IE C  in  charge o f the developm ent o f  in te rn a tio n a l s tanda rds  fo r com­

pression. decompression, processing and coded rep resen ta tion  o f m oving  p ic tu res , audio 

am i th e ir  com b ina tion . T hus  fa r. M P E G  has created:

•  M P E G -1 , the s tandard  fo r  storage and re tr ie va l o f  m oving p ic tu res and a ud io  on 

storage media (approved Nov. 1992)

•  M P E G -2 , the s tandard  fo r d ig ita l te levis ion (approved  Nov. 1994)

•  M P E G -4  version 1. the  s ta nd a rd  for m u ltim e d ia  a pp lica tions  (approved O c t. 1998)

and is now  developing:

•  M P E G -4  version 2 ( to  be approved Dec. 1999)

•  M P E G -7 , the content rep resen ta tion  s tandard  fo r m u ltim e d ia  in fo rm a tio n  search, 

f i lte r in g , management and  processing (to  be approved  J u ly  2001).

The m ost uf>-to-date in fo rm a tio n  on M P E G  is to  be fo u n d  a t h t tp : / /w w w .c s e lt . it /m p e g /.

3.3 .2  M o d el-B a sed  T raffic Source C h a r a cter istic s

Most o f  the  model-based s tud ies re ly  on s ta tis tic a l characte ris tics w ith  the  im p o s itio n  

o f special assum ptions and us ing  su itab le  a p p ro x im a tio n  m ethods such as f lu id  models.
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phase type processes. M arkov M odu la ted  Poisson Process (M M P P ). In te rce p te d  Poisson 

Process (IP P ). F ra c ta l B row nian  M o tio n  (F B M ) . am ong others. N om ura et. a l. iO.ll used 

three measures: d is tr ib u t io n , a u to co re rre la tio n  and coeffic ient o f va ria tio n , to  evalua te  

burstiness. A n  autoregressive (A R ) process or coeffic ient o f va ria tion  m ethod  can  be use 

to  model and characte rize  video sources. T he  Autoregressive M oving  A verage  Process 

(A R M A ) was used by G runenfe lder et. a l. [54]. A  p a ram e tric  model o f encod ing  a lg o r ith m s  

was in troduced  by Rodriguez, which genera lized v ideo  tra ffic  characteristics regard less o f 

the actua l encod ing  scheme employed [55].

3.3 .3  N o n -M o d e l B ased  Traffic S o u rce  C h aracter istics

Non-m odel based tra ff ic  characte riza tion  s tud ies  bypass the  m odeling procedure . Ins tead , 

it uses m ethods such as entropy and energy fu nc tio ns , tra ffic  components d e co m p o s itio n , 

to  m ention a few. in  o rder to  carry ou t its  ana lysis.

3 .3 .4  B a n d w id th  A nalysis and A p p r o x im a tio n

One o f the m a jo r advantages o f A T M  is its  c a p a b ility  to  support a w ide va rie ty  o f  connec­

tions w ith  d iffe ren t b an dw id th  requ irem ents and tra ff ic  characteristics. W h ile  th is  envi­

ronm ent provides an increase f le x ib ility  in  s u p p o r tin g  various services, its  d y n a m ic  na tu re  

poses d if f ic u lt t ra ff ic  co n tro l problems w hen  t ry in g  to  achieve efficient use o f  n e tw o rk  re­

sources. especia lly fo r  b a n d w id th  m anagem ent and a llo ca tio n  o f rea l-tim e tra ffic . P ro v id in g  

de te rm in is tic  guarantees require tha t the  n e tw o rk  a lloca te  resources, according to  th e  worst
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case scenario . T h is  in  tu rn  requires a p e a k -ra te  resource a llo c a tio n  scheme, w h ich  w o u ld  

result in  s ig n ifica n t u n d e r-u tiliza tio n  o f th e  n e tw o rk  for V B R  tra f f ic  where the peak average 

ratios is h ig h .

Stochastic f lu id  m odels and the theo ry  o f  la rge  dev ia tions  have been used to  define e ffective  

b a n d w id th  o r equ iva len t capa rity  o f  each source. The effective b a n d w id th  is dependent 

on source cha rac te ris tics . QoS requ irem en ts  o f  the  source, and bu ffe r size [56]. A n  ap­

p ro x im a tio n  expression for the "e q u iva le n t ca p a c ity " o f  b o th  in d iv id u a l and m u ltip le x e d  

connections was proposed by G uerin  [57]. Resource management using effective b a n d w id th  

has been d em on s tra te d  by De Yeciana. w h ic h  is based on the  general c lassifica tion  o f  the  

A T M  connections  as d e te rm in is tic , s ta tis t ic a l and  best-e ffort.

However, a s tu d y  by C houdhury [ l j .  revealed th a t the effective b a n d w id th  a p p ro x im a tio n  

can over-es tim a te  the  target sm all b lo c k in g  p ro b a b ilit ie s  by several orders o f m ag n itu de  

when there  are  m any sources th a t are m ore  b u rs ty  than  Poisson. T h e  effective b a n d w id th  

based co nn ec tio n  adm ission contro l a lg o r ith m , w h ich  depends so le ly  on the ta il a s y m p to tic  

decay rates, m ay not be as effective as th o u g h t. C ho ud hu ry  fu r th e r  dem onstra ted  th a t the  

effective b a n d w id th  app rox im a tion  is n o t a lw ays conservative. For sources less b u rs ty  th a n  

Poisson. th e  a s y m p to tic  constant grows e x p o n e n tia lly  in  the n um be r o f  sources. Thus, th e  

effective b a n d w id th  app rox im a tion  can g re a tly  under-estim ate  th e  ta rge t b locking  p ro b a ­

b ilities . Hence, the need arises fo r new a p p ro x im a tio n  mechanisms.

C a ll A d m iss io n  C o n tro l, which de te rm ines w h e th e r the netw ork has su ffic ien t resources to
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support a new connection  w ith o u t degrading the  service o f  ex is tin g  connections, has also 

d raw n s ign ifican t a tte n tio n . G ibbens [581 p resented a dec is ion -theore tic  approach w hich 

em ploys Bayesian decision th eo ry  w ith  tim e-sca le  d ecom pos ition . E lw a lid  !o9] and others 

developed QoS assurances, especia lly the p ro te c tio n  o f  one QoS connection from  another, 

on the basis o f  leaky bucket adherence bv a ll connections, e ith e r at th e  source and or 

th ro ug h  netw ork leak ing  bucket po lic ing  w ith  s tr ic t  d ro p  po licy . They dem onstra ted  an 

approach fo r d e te rm in in g  th e  a d m iss ib ility  o f  va riab le  b it  ra te  tra ffic  in te rm s o f  a llo ca tin g  

buffers and b a n d w id th  to  heterogeneous regu la ted  tra ff ic  a t an A T M  node.

3 .3 .5  Traffic an d  C o n g estio n  C ontro l in  A T M  N etw ork s

In  o rder to  ensure an acceptab le  q u a lity  o f service fo r a ll coex is ting  calls sha ring  the same 

netw ork resources w ith in  the  en tire  d u ra tio n  o f  th e ir  connection , two fu n c tio n s  have been 

defined: C onnection  A d m iss io n  C on tro l (C A C 'i and  Usage Param eter C o n tro l (U P C ).

C A C  represents th e  set o f actions taken at ca ll se t-up  phase to  accept o r re ject an A T M  

connection. A  connection  request fo r a given ca ll is accepted o n ly  when su ffic ien t resources 

are available to  c a rry  the  new connection th ro u g h  the  w ho le  ne tw ork at its  requested QoS 

w h ile  m a in ta in in g  th e  QoS o f a lready accepted connec tion  in  the  network.

Usage Param eter C o n tro l o r  "p o lic in g " represents th e  set o f  actions taken by th e  netw ork 

to  m o n ito r and c o n tro l tra ff ic  on an A T M  connection  in  te rm s o f  cell tra ffic  vo lum e and cell 

ro u tin g  va lid ity . Its  m a in  purpose is to enforce th e  com p liance  o f  every A T M  connection  to
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its  negotia ted tra ffic  contract. Some o f the ex is ting  p o lic in g  functions inc lude  Cell Tagging. 

Leaky Bucket iL B ) .  Jum ping  W indow  (JW ).  Triggered Jumping  Windo ( T J W /. Moi-tng  

Window i M W i  and Exponentia l Weighting M ov ing  Average (E W M A  i;60 '.

Leaky Bucket., the  most p o p u la r  am ong the p o lic in g  functions, has been ana lyzed as a 

G / D / l .  N queue w ith  fin ite  w a it in g  room  N and an a p p ro p ria te  a rr iva l process in w ork by 

B u tto  61 .

3.4 The Effective Dynamic Bandwidth Formula

T he  E ffective  D ynam ic B a n d w id th  (E D B ) F orm ula . [21. is a wavelet based b a n d w id th  

fo rm u la , w h ich  has shown ve ry  p rom is ing  results. T h is  section gives a b r ie f  d iscussion o f 

th is  fo rm u la — h ig h lig h tin g  its  s ign ificance, as w e ll as its  lim ita tio n s .

T he  E D B  fo rm u la  is given by:

m

(3.1)
: = i

where

•  x  is the incom ing  tra ffic

•  A , x  is th e  j th coarse a p p ro x im a tio n  signal o f s ig n a l x

•  D , x  is the  j th deta iled a p p ro x im a tio n  fo r some s igna l A’

•  o , are coefficients to  be de te rm ined.
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The te rm  .4mx . which represents the low frequency com ponent o f the tra ffic , re flects the 

m ajor b a n d w id th  requ irem ent: w h ile  the te rm  -4m £3™ t o ,|D ,X i. which consists bas ica lly  

o f an averag ing o f the h igh  frequency com ponents { D \ x .  D>x.  ••• . D mx } represents the  

tra ffic  f lu c tu a tio n  and has been inc luded  to  reduce th e  delay th a t would have been present 

were the b a n d w id th  to be based soie ly on the f irs t te rm  ao • A mx. The set o f rea l-va lued  

coefficients {r*o -r t i - ••• -C m } a llow  greater a d a p ta tio n  to  s tringen t QoS requ irem ents. I f  

tra ffic  signal x  is sampled at 7~, seconds, then B  is u pd a te d  even- 2mTf seconds: so th a t rn 

also determ ines the update in te rva l. A  special case o f  (3.1) is

k

B  =  B k,m =  A kx  -r .4* £  iA - r i .  (3-2)
! =  m

where the  fo llo w in g  assignm ents have been made: «o =  1. o , =  0 fo r t =  1 .2. ■ • • . tt> and 

q, =  1 fo r i =  T n . m  ~  1. ■ - • . t .  T he  param eter rn is re la ted  to  the b andw id th  u t i l iz a t io n  

rate. F igure  3.1 is an il lu s tra t io n  o f f?6.2

F irs t and second order s ta tis tic a l analysis (density  fu n c tio n  and au tocorre la tion ) o f x  sam ­

pled at T s =  .5 seconds and th e  E D B  given in (3.1) w ith  k -  4. which corresponds to  

a b an dw id th  update  in te rva l o f  S seconds, have been com puted in  [2] for V B R /M P E G  

and A B R /L A N  tra ffic  sources: and comparisons have shown to  be quite  favorable. One 

o f the im p o r ta n t results show th a t the  a u to co rre la tio n  o f the  b an dw id th  rep resen ta tion  

is s im ila r to  th e  o rig in a l da ta , w h ich  is a requ irem en t i f  the fo rm u la  is to  serve as an 

efficient b a n d w id th  a lloca to r. A  s im ila r  analysis fo r  V B R /M P E G  m u ltip lexed  sources at 

a s im ulated A T M  sw itch were also shown to  be favorab le. F ina lly , the ta i l  d is t r ibu t io n  

func t ion  (T D F )  has been ob ta ine d  in  s im u la tions fo r  a single V B R /M P E G  source, m u l-
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tip le xed  V B R /M P E G  sources and A B R /L A N  sources to  s tu d y  the  queueing effect at an 

A T M  sw itch  am i the results proved to  be satisfactory.

A lth o u g h  the  ED B form ula  has shown to  be well co rre la ted  w ith  the  da ta , it does have 

some s ig n ifica n t drawbacks. F rom  3.1. it can be seen th a t s ign ifican t loss do occur: such 

loss m ay not be acceptable fo r ce rta in  app lica tions. A lso , no m ethod  has been proposed 

fo r the d e te rm in a tio n  o f coeffic ients G iven these drawbacks, we propose a new

d yn a m ic  b an dw id th  form ula  in  the  next section, w h ich  w il l  overcome these lim ita tio n s .

3.5 A Simple ATM Simulator

In  *2j. th e  E D B  form ula  3.1 has been u tiliz e d  in an A T M  s im u la to r  s im ila r  to  the  s im p lified  

version o f  F igu re  3.2 to  measure the queuing  effect o f th e  sw itch . T he  T a il D is tr ib u tio n

F un c tion  (T D F ) . which is defined . has been obta ined fo r a va rie ty  o f tra ff ic  traces. In  this

_________________________________________________________ b _______________

  ■ ■ »   ►   ►rz
! i

Q t

F igu re  3.2: A T M  S im u la to r
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scenario, when an A B R  o r \  B R  tra ffic  stream  arrives a t the  A T M  s im u la to r, th e  s ignal 

x  is generated as a tra ff ic  ce ll num ber count in a u n it  t im e  in te rva l, and the E D B  B  is 

ca lcu la ted  using 3.1 and com pared w ith  jr. I f  x l t )  <  B ( t ) .  a ll o f the  tra ffic  cells are passed 

to  the dow nstream  sw itc h in g  node. I f  x ( t )  >  B i t ) ,  s ince th e  tra ffic  cells are bounded  by 

B ( t ) .  on ly  B i t )  t ra f f ic  cells are passed to  the  dow nstream  sw itch in g  node, and x ( t )  — B i t )  

tra ff ic  cells rem ain  in  the  loca l sw itch  bu ffe r when th e  sw itch  buffer is unbounded . In 

subsequent ope ra tions , the  res idua l tra ff ic  cells are tra n s m it te d  whenever x l t /  <  B ( t } .  and 

o n ly  a m axim um  o f  B i t ) — x { t )  is released from  the loca l sw itch  bu ffe r at tim e  t. T h e  T a il 

d is tr ib u t io n  fu n c tio n  is then  o b ta ined  as the  p ro b a b ility  d en s ity  func tion  o f the  tra f f ic  ce ll 

occupancy in the lo ca l sw itch  buffer.

In  p rac tica l scenarios, bounded buffers are assumed. A n d . since the  ED B cannot be  pre- 

generat.ed. it p red ic ted . T he  p re d ic tio n  scheme used in  [2] is an adaptive  neural n e tw o rk  

approach. In C h a p te r 6. we developed a d iffe ren t fo rm u la  to  represent the b a n d w id th  and 

p re d ic tio n  schemes fo r  the  p re d ic tio n  o f th is  ban dw id th .

3.6 Voice Over IP

T h is  section p rov ides a b r ie f su m m ary  o f  Voice Over IP  (V o IP ). VoIP  is the tra n s p o r t o f 

voice tra ffic  using th e  In te rn e t P ro to co l ( IP ) . IP  is a packet-based pro toco l, w h ich  d iv id e s  

tra ff ic  in to  sm all packets th a t are then sent in d iv id u a lly  to  th e ir  destination. IP  a lso hap­

pens to be the most p o p u la r  o f the  ne tw ork  protocols in  use today. However IP  b y  its e lf 

cannot guarantee any  QoS nor can i t  even guarantee th a t packets w ill arrive in  th e  o rde r
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in  w inch  they were sent. The re fo re , o the r p ro toco ls  such as T ransm iss ion  C on tro l P ro to co l 

(T C P ) and I ’ser D a tag ra m  P ro to co l (U D P ) have been deve loped to  w ork in co n ju n c tio n  

w ith  IP  to  deal w ith  these issues. For real tim e  tra ffic , however. T C P  in troduces unac­

ceptable  delay I 'D P  on the  o the r hand, when com bined w ith  o th e r p ro toco ls, such as the  

R ea l-T im e  T ranspo rt P ro to co l (R T P ). have y ie lded  m uch b e tte r  resu lts fo r VoIP.

In  recent years. V o IP  has been generating trem endous exc item en t in  the  te lecom m unica­

tions  industry. T h is  exc item ent is d riven  p r im a r ily  by the p o te n t ia lly  huge p ro fit ga ins 

im p lic it  in  p ro v id in g  h igh  q u a lity  voice over the In te rn e t. Voice have been tra n s m itte d  

successfully for years over the  P ub lic -S w itched  Telephone N e tw o rk  (P S T N ). However, th e  

c irc u it sw itch technology used by the  PSTN  is ill-s u ite d  fo r non-vo ice  app lica tions, such as 

e -m ail. W W W . file -tra n s fe r, e tc.. fo r which IP  is so w e ll-su ited  fo r. T he  In te rn e t, w h ich  is 

a vast in te rconnection  o f co m p u te r networks th a t com m un ica te  us ing  IP . has seen trem e n ­

dous g row th  in te rm s o f the  num ber o f businesses and the  num be r o f users u t i liz in g  i t .  

However, thus far. a lth o u g h  the  In te rne t has been ve ry  successful in  de live ring  non-rea l 

tim e  services, i t  has been unsuccessful in de live ring  h igh  q u a lity  rea l-tim e  app lica tions  to  

its  customers. Indeed, fo r the  m ost p a rt, i t  has o n ly  been successful in  de livering  u n -p a id . 

low qua lity , re a l-tim e  voice and v ideo to its  users. T h is  is one o f  the  m ain reasons th a t 

revenues generated by the  e-com m erce in d u s try  are m inuscu le  (m illio n s  o f  do lla rs) in  com ­

parison  to  those generated by the  telephone com panies (b illio n s  o f  do lla rs ). For m anaged 

netw orks, however. V o IP  has shown great success in  tra n s p o r t in g  h ig h -q u a lity  voice. T h e  

hope is th a t the next genera tion  o f  the  In ternet m igh t be able to  d u p lic a te  such h ig h -q u a lity  

voice levels, and thus enab ling  the o p p o rtu n ity  to o ffe r h ig h -q u a lity , in teg ra ted  vo ice-da ta
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services to its  users. T hus , one o f the g rea test challenges facing V o IP  is im p rov ing  QoS. 

A n d . one o f the key elem ents in  im p rov ing  QoS is b a n d w id th  m anagem ent. To ensure th a t 

su ffic ien t b an dw id th  is ava ilab le  to enable h ig h -q u a lity  voice necessitates proper con tro l 

and p r io r it iz a t io n  o f  access to  the availab le b a n d w id th . A t present, however, no regula­

tio ns  exis t on the In te rn e t to  co n tro l or p r io r it iz e  b a n d w id th . Thus, one person trans fe rring  

a huge file  m igh t cause o th e r user transactions  to  proceed more s low ly  and may thereby 

degrade QoS fo r these users.

T h e  In te rn a tio n a l E ng inee ring  Task Force ( IE T F )  has provided several m ethods th a t are 

designed to  enhance or im prove  QoS. A lth o u g h  these m ethods by them selves cannot guar­

antee h ig h -q u a lity  voice over th e  In te rne t, th e y  have shown to  be successful fo r managed 

ne tw orks. W h a t is needed on the  In te rn e t is fo r the  various In te rn e t Service Providers 

(ISP s) to  im plem ent service level agreements so th a t certa in  s tandards are m ain ta ined in 

te rm s o f  QoS fo r the  va rious ISPs on the  In te rn e t. T he  QoS m ethods o f  the IE T F  may 

be d iv id e d  in to  three basic categories resource reservation, p r io r it iz a t io n  and by s im p ly  

increasing  the availab le b a n d w id th . Resource R eserva tion  P ro toco l (R S V P ) is an exam ple 

o f  a resource reservation m e th od  and is described  in  R FC  2205. I t  operates by ensuring 

resources are availab le  before  the  transfer o f  any m ed ia  from  the source to  the destina tion . 

T h e  process in itia te s  when the  sender sends o u t a P A T H  message to  its  ta rge ted  destina tion  

v ia  a num ber o f rou ters. T he  P A T H  message co n ta ins  in fo rm a tion  a b o u t the k in d  o f da ta  

the  sender intends to  send, in  te rm s o f b a n d w id th  requirem ent and packet size. W hen the 

receiver receives the P A T H  message, it sends a Reservation Request (R E S V ) back to  the 

sender along the same rou te . A t each ro u te r, resources are a llocated  based on a va ila b ility
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and upon  the receiver’s a u th o r ity  to  make the request. F ina lly , when the  R E S V  message 

reaches the sender w ith  a co n firm a tio n , the da ta  (o r m ed ia ) is a c tu a lly  tra n s m itte d . 

D iffe re n tia te d  Service (D iffS e rv ) is a re la tive ly  s im p le  means o f p r io r it iz in g  tra ff ic  and is 

discussed in de ta il in  R FC  2475. T h is  m ethod e x p lo its  a fie ld  value in  the  header o f an IP  

version 4 or 6 packet. D epend ing  on the value o f th is  fie ld , a p a rtic u la r  tra ff ic  s tream  is 

m arked as requ iring  a ce rta in  ty p e  o f  fo rw ard ing . D iffS e rv  defines two types o f fo rw a rd ing : 

E xp ed ite d  Forw ard ing (E F ) and  Assured F o rw ard in g  (A F ). EF is specified in R F C  2598. 

It  is a type  o f service in  w h ich  packets from  a g iven tra f f ic  stream is assign«*d a m in im u m  

d ep a rtu re  rate th a t is g reater th a n  the a rriva l ra te  a t the  same node, p rov ided  th a t the  

a rr iv a l ra te  does not exceed a pre-agreed m ax im um . T h e  process ensures th a t queu ing  

delays a removed. Since queu ing  delays are m a jo r causes o f  end-to-end de lay and j i t t e r ,  

the  process by extension ensures th a t delay and j i t t e r  are m in im ized. A F  is defined in  

R F C  2597. It  is a type  o f service in  which packets fro m  a given tra ffic  source are fo rw arded  

w ith  a h igh p roba b ility , p ro v id e d  th a t the tra ffic  fro m  th a t source does n o t exceed some 

pre-assigned m axim um . A F  defines four classes. Each class is a llocated a ce rta in  am ount 

o f resources— b andw id th  and b u ffe r space. W ith in  each class, a given tra ff ic  can have one 

o f th ree  d rop  rates. In  tim es o f  congestion w ith in  th e  resources a llocated  to  a p a r t ic u la r  

A F  class at a given rou te r, th e  packets w ith  the  h ig he s t d rop-ra te  values are d iscarded 

firs t so th a t packets w ith  lower d ro p -ra te  values w ill  receive some p ro tec tio n . In  o rd e r fo r 

the  D iffS e rv m ethod to  w ork w e ll, the  incom ing tra ff ic  m ust not con ta in  a h igh  percentage 

o f packets w ith  low d ro p -ra te  values. O therw ise, th is  w i l l  defeat the m ain  purpose o f  the  

m ethod , which is to ensure th a t h ig h -p r io r ity  packets do  indeed get th ro ug h .
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Labe l sw itch ing  is yet another p r io r i t iz a t io n  m ethod  th a t has garnered q u ite  a b it o f in ­

terest in  the In te rne t co m m un ity  la te ly : so m uch so. th a t a s ign ifican t am ount o f e ffort 

has been applied in d e fin in g  the p ro to co l c a lle d  M u lt i-P ro to c o l Label S w itch in g  (M P LS ). 

M P L S  is s im ila r to D iffS e rv  in the  sense th a t  i t  m arks tra ffic  at the entrance to  the  net­

w ork. However, the  p r im a ry  fu n c tio n  o f  th e  m a rk in g  is no t to  a llocate  p r io r ity  w ith in  a 

ro u te r, but to de te rm ine  the next ro u te r in  th e  p a th  from  source to d e s tin a tio n . M PLS 

involves the a ttachm en t o f a short labe l to  a  packet in  fro n t o f the IP  header, w h ich  en­

ables faster ro u tin g  decisions to  be m ade a t each rou te r. T he  label iden tifie s  a Forward

Equiva lence Class iF E C ). w hich means th a t a ll packets w ith  a given F E C  w ill  be treated

the  same way as fa r as fo rw a rd ing  is conce rned . T he  packets fo r a voice s tream  fo r exam ple 

w ou ld  a ll belong to  the  same FEC  and  w o u ld , thus, receive the  same fo rw a rd in g  trea tm en t. 

There fo re , we can ensure th a t the  fo rw a rd in g  tre a tm e n t app lied  to  a given s tream  can be 

set up in  such a way so th a t a ll packets f r o m  p o in ts  A  to  B. fo r exam ple, fo llow  exactly  

the  same path. I f  the  s tream  requires a s p e c ific  b a n d w id th , then  tha t b a n d w id th  can be 

a lloca ted  at the s ta rt o f  the  session. T h is  fe a tu re  can ensure th a t a given s tream  receives 

the  b a n d w id th  it requires, and th a t the p a cke ts  o f th is  s tream  arrive  to  th e ir  des tina tion

in the  o rder in  w hich th ey  were tra n s m itte d .
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Chapter 4

D ynam ic Bandwidth  
R epresentation for Network Traffic

4.1 Introduction

T h is  c h a p te r deals w ith  the firs t o f  o u r objectives as o u tlin e d  in  C hap te r 1. namely, th e  con­

s tru c t io n  o f  D W T  based b a n d w id th  signals fo r the e ffective  representa tion  o f netw ork tra ffic  

b a n d w id th  at a netw ork node o u tp u t .  In  p a rticu la r, tw o  new classes o f b a n d w id th  signals 

are p resented. T he  firs t class, ca lled  the  Local M a x im u m  B a n d w id th  M odels (L M B M ) and 

denoted C.  consists o f  piecewise co ns ta n t signals, where each o f  these piecewise constant 

signal is cons truc ted  from  more e le m e n ta ry  constant s igna ls w ith  fixed support o f leng th  p. 

The va lue  o f  a p a rtic u la r  e lem entary constant signal is o b ta in e d  by ta k in g  the m a x im u m  o f 

the p  m ost recent values of the tra f f ic  p lus some scalar m u lt ip le  o  o f the tra ffic 's  lon g -te rm  

mean p * .  In  th is  class, each s igna l is u n ique ly  de te rm ined  by n.  p and { pk)k^K-  where K  

is de fined  in  the  fo llow ing  section. T h e  second class o f  s igna ls, called the D e ta il M a x im u m
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B a n d w id th  M odels (D L M B M )  and denoted V .  is s im ila r  in  c o n s tru c tio n  to C. However, 

here, the value o f  each e lem entary constant s igna l is o b ta ine d  by ta k in g  some constant 

m u ltip le  o f  the m a x im u m  o f  the p most recent values o f  the d e ta il s igna l ob ta ined  th rough  

the D W T  o f the tra ff ic , p lus  the tra ffic 's  lo n g -te rm  mean up to  some po in t.

4.2 The Class of Local Maximum Bandwidth Signals

T h is  section presents th e  class o f Local M a x im u m  B a n d w id th  M o d e ls  (L M B M ). which we 

denote C. L ike  the  E D B  in  the last chapter, the  goal o f an L M B M  signal is to  provide a 

means o f representing the  tra ffic  b a n d w id th  on th e  o u tp u t lin k  o f  a ne tw ork node. Let the 

tra ffic  be denoted by x  =  ( x ; .  x j .  • • • , x n ). D efine the  sets F k =  {fc — p - r  1. k -  p — 2. • • . k}  

and K  =  pH ' ^ A n . and  the  long te rm  mean o f x  by p*. =  Yl*= i  1 )• k  €  A'. I € H * .

Let x  =  (x ,) ,^p t and bk =  m a x i.  The o b je c tive  is to  d e te rm ine  th e  b a n d w id th  for the p 

tra ffic  samples x  fo r each k  €  A". Ideally, i f x  were availab le , the  best b a n d w id th  would  have 

been x  its e lf fo r each k  € A". However, in  a re a l- life  s itu a tio n  th is  m ig h t not be the case. 

Thus, a means o f a p p ro x im a tin g  the  b a n d w id th  becomes necessary. One app ro x im a tion  

we use is to  represent the  tra ffic  b a n d w id th  as a fu n c tio n  o f th e  m ax im um  o f  x  fo r each 

k € pH. M ore spec ifica lly , define the o pe ra to r B (Ka k : Z.p Z p by

l V k £ h ' )  B p^_k x  =  (bk -  n f i k ) ■ l p . (4.1)

for some p € A' and a  €  3L Then a signal B  €  C is g iven b y  B  =  l B pa kx)  kc ^ .  for 

some p €  2N and o  6  ?_ Since the sequence. B p n k x.  is co ns ta n t on each F k . then B  

is piecewise constant on . Note also th a t the  param eter p is the  b a n d w id th  update
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p a ram e te r, i.e.. i t  is the num ber o f  tra ff ic  sam ples fo r w h ich  each B p.„ is held constan t. 

Thus, as p  increases, so to  does the  t im e -d u ra tio n  fo r t^ J c h  B p ^_k i-s held, th a t is. the  

tra ffic  b a n d w id th  is updated less o ften . T h is  is il lu s tra te  in  F igure 4.1 fo r various values o f 

p  w ith  a  = 0 .  In  a rea l-life  s itu a tio n , th e  va lue o f  p  is dependent on the tra ffic  a rr iv a l ra te .
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bandwidth

traffic 
bandwidth
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p = 128
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800 1000 1200

F igu re  4.1: L M B M

processor speed, desired QoS and u t iliz a t io n . Since com m un ica tion  speed has in  the  large
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exceeded processor speed [62]. t> should he chosen s u ffic ie n tly  large to  com pensate fo r th is 

d ifference, especia lly d u r in g  tim es o f high tra ffic  vo lum e .

T he  role o f a is to  c o n tro l th e  average value o f  the  b a n d w id th  signal. As o  increases, the 

average value o f B n ^  a lso  increases and vice versa. F ig u re  4.2 is an il lu s tra t io n  fo r the  case
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Figure 4 2: L M B M
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when p  is held constant a t e ight and a  allowed to  vary. Here we see th a t as a  increases, 

bo th  cell loss and u t iliz a t io n  decrease. A lthough  th is  is desirable fo r the ce ll loss, it is not 

for the u tiliz a tio n . T h is  im p lie s  th a t there  w ill be a need fo r a trad eo ff betw een QoS and 

u tiliza tio n .

Note th a t fo r the mean pk  to  be t ru ly  long-term , th e n  k  must be s u ffic ie n tly  large and / 

app ro p ria te ly  chosen. For th is  reason, we s ta rt w ith  k  =  1025 and I =  1. F u tu re  values o f 

k are chosen such th a t k — I ~  1 =  1024.

A lth ou g h  4.1 is not e x p lic it ly  connected to  the D W T . i t  w i l l  in  the rea l-life  s itu a tio n . There, 

it w ill become necessary to  p re d ic t x. However, the  approach we w ill use is to  p re d ic t the 

wavelet coefficients o f  x .  and  from  these get a p re d ic tio n  o f x. There lies th e  connection!

4.3 Results

Results fo r the  L M B M  and E D B  are illu s tra te d  in  F igu res  4.3 and 4.4. respective ly . F igure 

4.5 shows the resu lting  ce ll loss fo r each form ula w ith  p  =  32. I t  is clear th a t fo r the  ED B . 

the cell loss increases ra p id ly  as the tra ffic  load increases. W h ile  fo r the  L M B M . the cell 

loss is zero fo r each load.
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Starwars and Proposed Model

index

F igure  4.3: L M B M

Starwars and EDB

index
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Figure 4.5: C L R : E D B  and L M B M

4.4 The Class of Detail Local Maximum Bandwidth Models

We now in troduce  a second class o f b a n d w id th  m odels— the class o f D e ta il Loca l M a x i­

m um  B a n d w id th  M ode ls  (D L M B M )— needed in  the  firs t step o f the  design o f  o u r overa ll 

b a n d w id th  a llo ca tio n  scheme. Assume th e  tra f f ic  to  be the  num ber o f p a c k e t a rr iv a ls  x, 

d u r in g  the t- th  tim e  s lo t o f  du ra tio n  Tq €. o f  th e  measurement. Let /„  =  (1 .2 . - - -  . n ). 

fo r some n G !T .  th e n  the tra ffic  sequence m ay be w r itte n  as x  =  ( x , ) l€ / n . Let x  =  

(x fc _ x - i.x /t_ x ~ 2 - •• ■ .x / t ) .  fo r some A <  k. A 6  M*. T he  class. V .  to  be c o n s tru c te d  sha ll 

be based on the  d e ta il signal. D \ i ( t ) =  where d j ( l . - )  a re  the  d e ta il

wavelet coefficients o f  x  at level 1. R eca ll th a t the  s ignal D [X  consists o f  th e  h igh fre­

quency com ponents o f  the  tra ffic , i.e.. th e  S R D  in  the tra ffic . F u ture  va lu e s  o f such a
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signa l a re  therefore  like ly  to  be .s im ila r to  present and reren t past values. T he  D L M B M  

w ill e x p lo it  th is  coneept.

Let K  =  p fT  =  {p. 2/>. 3/J. ■ • • . n }  fo r some p  £  N * . For every k  £ K .  each band ­

w id th  m od e l D  =  (B, in  V  sha ll consists o f  piecewise constant sequences B ' l  — 

{ B k - ti~ i-  B i c - ^ j - ' '  • B k \. w here fo r each i. j  £  { k  — p  1. k  — p 2. ■ ■ ■ . k }. B, -  B j  

fo r some p  £  N *. Thus, we also have B  =  ( B ^ )k-  p  ■ T h e  bandwidth update pa ram e te r  p  

is s im p ly  th e  num ber o f tim e  s lots fo r w h ich  B£  pers is ts , i.e.. pTo is the t im e -d u ra tio n  fo r 

w h ich  b k ‘ is m ain ta ined. T hu s , to  o b ta in  i t  is necessary and suffic ien t to  o b ta in

( B k )ka K . T h e  may be rea lized  th ro u g h  the fu n c tio n a l B-,.k : E x —> 5  g iven by

(? k  €  K )  B^,kx  =  p k ~  -  m a x D \ x  (4.2)

fo r some * £  ix. Indeed. B k is defined fo rm a lly  as B k =  B-,,kx. T he  spare V  is th en  g iven 

by

V  =  { B  =  { B k )kc K  =  {B-,.kx ) k i K ' ■> € X -p  €  *i* }• (4.3)

F igures 4.6 and  4.7 illu s tra te  th e  behav io r o f B  w ith  p and  7 . respectively, when p k =  0. In  

F igu re  3. 7  is held constant so as to  s tu d y  the behavio r o f  p  on the b an dw id th  B .  N o te  th a t 

as p  increases, the b a n d w id th  u pd a te  in te rva l. T  — pTo. increases— the b a n d w id th  upda tes  

less fre q u e n tly . Conversely, decreasing the  value o f p  causes m ore frequent b a n d w id th  

updates to  occur. The ro le  o f  *v is to  co n tro l the  average value o f the b a n d w id th  s igna l. 

B. As 7  increases, the average value o f B  also increases and vice versa. F igu re  4.2 is an 

il lu s tra t io n  fo r  the  case when p  is he ld  constant at 32. w h ile  7 varies. Here we see th a t as 

-v increases, b o th  cell loss and u t iliz a t io n  decrease. A lth o u g h  th is  is desirable fo r  th e  ce ll
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loss, it is not fo r the u tiliz a tio n . Th is im p lies th a t th e re  w ill  he a need fo r tra d e o ff between 

QoS and u tiliz a tio n .
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F igu re  4.7: Effect o f p a ram e te r •y on B

T he  D L M B M  w ill  he our b an dw id th  m odel o f choice in  our s im u la tio ns .
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so

4.5 Bandwidth Modelling for Voice Over IP

Section T 6 discussed several QoS m ethods fo r VoIP. These m ethods are the Resource- 

Reservafion P ro to c o l (R S \'P ) . the D iffe re n tia te d  Service (D iffS e rv ) p ro toco l and M u li-  

P ro toco l Label S w itc h in g  (M P LS ). In  th is  section, we p rov ide  a h igh-leve l discussion o f 

how the b a n d w id th  B * m ay be de te rm ine  using  each o f the  m ethods. We s ta rt w ith  the  

D iffServ m ethod  and  in  p a rtic u la r  the E x p e d ite d  Forw ard ing  (E F ) service. Recall th a t 

w ith  EF. packets fro m  a g iven tra ffic  s tream  is assigned a m in im u m  departu re  ra te  th a t 

is greater than  the  a rr iv a l ra te  at the same node, p rovided th a t the  a rr iv a l rate does not 

exceed a pre-agreed upon m axim um . T hus , each b a n d w id th  va lue B k may be ob ta ined  

by choosing o  such th a t Bk  >  Xk fo r each k. p rov ided  th a t Xk <  W  fo r some pre-agreed 

m axim um  value. IT  i f  th a t b a n d w id th  is ava ilab le . O therw ise, non-rea l tim e  tra ffic  m ay be 

buffered u n til th is  can be accom plished. For A F . the procedure w ou ld  be s im ila r. Recall 

th a t w ith  A F  packets fro m  a given tra ffic  source are fo rw arded w ith  a h igh  p ro b a b ility , 

p rov ided th a t th e  tra f f ic  from  th a t source does no t exceed some pre-assigned m ax im um . 

Thus. Bk may be chosen so th a t Xk is fo rw a rded  w ith  p ro b a b ility  one i f  there are no o th e r 

tra ffic  at the node. O th e rw ise , let B k be chosen such th a t x k is fo rw arded  w ith  the highest 

possible p ro b a b ility  am ong the  various tra f f ic  sources.

For the Resource-Reservation P ro toco l (R S V P ). since the P A T H  message provides in fo r­

m ation  such as b a n d w id th  and packet len g th , we may o b ta in  b a n d w id th  values B k in 

advance from  the  P A T H  message itse lf, w h ich  w ou ld  then override  the  need to  ca lcu la te  

these values.
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F<»r the M P LS  m ethod we may choose o  based on the  FEC  type. i.e.. th e  k in d  o f tra ffic  

being tra n sm itte d . Voice tra ffic , fo r exam ple, shou ld  be allocated su ffic ien t b a n d w id th  so 

th a t the  need for b u ffe rin g  shou ld  be v ir tu a lly  non-ex is ten t.

4.6 Summary

T h is  chap te r in troduces tw o  classes o f D W T  based b a n d w id th  signals fo r th e  representa tion 

o f tra ffic  b a n d w id th  at a ne tw ork node. T he  firs t is the  class o f Local M a x im u m  B a n d w id th  

Signals. P . In  th is  class, each signal is o b ta ined  by B  =  ! B p n , k i ) k ^h -  w here  th e  opera to r 

Bp.n.k is g iven by B p,a_ki =  (m a x x  — a p *.) ■ l p p €  pFT ■ The param eter p  is the  b a n d w id th  

update  in te rva l and a  is a param eter w hich  co n tro ls  the  mean o f the  b a n d w id th  signal. 

The second class o f  s ignals is the  class o f D e ta il Loca l M axim um  B a n d w id th  Signals. I t  

is defined by B  =  (Tp x t k f ) k ~ K  where the o p e ra to r Tp_n is given by T p - .^ -  -  (Hk ~  

m a x , ; f t D \ i t ) ■ \ p. T h e  ro le o f  param eter y is s im ila r  to th a t o f a.
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Chapter 5

Bandwidth Prediction Algorithms

5.1 Introduction

The p rev ious chapter presented the  firs t o f o u r tw o -p a rt so lu tion : narnelv. signals for the 

m od e lling  o f the tra ffic  b a n d w id th . The cu rren t chap te r takes up the issue o f  how to 

p red ic t the  wavelet coeffic ients needed by each b a n d w id th  signal in  the  case o f a p ractica l 

s itu a tio n . In  p a rticu la r, tw o  p re d ic tio n  a lg o rith m s  are presented. T he  firs t is a wavelet- 

based regression model and th e  second an Independent W avelet M ode l [10] based p red ic tion  

a lg o rith m . Recall th a t in  th e  p ra c tica l s itu a tio n , we w ish  to  assign a b a n d w id th  to  the  

tra ffic  before it  a rrives  at the netw ork node. However, th e  b a n d w id th  signals

proposed in  the last chap te r are based on ( z , ) , ^  themselves. Since the  are not

im m e d ia te ly  available, we p ropose to  estim ate  them  th ro u g h  p re d ic tio n . Let the  p red ic tion  

o f be denoted Thus, w hat we are a tte m p tin g  to  do is to  p re d ic t p £  N*

values o f  the  tra ffic  given A £  H* o f its past values, w ith  A »  p. Suppose we are given the
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tra ffic  x  =  ( x i . x j . - - -  . x * x- 1 ). Since the  b a n d w id th  m ust he predicted in  advance, 

then it  must be assumed th a t the  b a n d w id th  fo r ■ ■ ■ .x*._, ,) has a lready

been p red ic ted  (see F igu re  and th a t the  goal now is to  p red ic t the b a n d w id th  fo r 

(x, ^i~f \  — (J"*.-- , » - ! • ■ '  - - r * ) be fo re  x k - P is received. Let the long te rm  mean be 

given by p k _2p - \ ~ \  =  Y^kt=i~'> A~* x <- T h e n , from  the  fo rm  o f the b an dw id th  s igna ls  o f  the 

last chap ter, we o n ly  need to  p red ic t the  m a x im u m  o f (x, T h a t is. we o n ly  need to

p red ic t bk .

R eca lling  also the  long-range dependent n a tu re  o f  ne tw ork tra ffic  and the sho rt-range  

dependent n a tu re  o f  its  wavelet coeffic ients, we propose to  p re d ic t bk by firs t p re d ic tin g  

the wavelet coe ffic ien ts  fo r the  tra ffic  p e rfo rm in g  an inverse wavelet tra n s fo rm  on

these p red ic ted  coeffic ients, to  get p red ic ted  tra ff ic  ( x k )k^ f l!. and then  tak ing  the  m ax im um  

o f the X/t’s. In  o th e r words we w ish to  f in d  a p re d ic to r P  : —► S. such th a t P x  =  bk .

where t>k is as close to  bk as possible in  th e  £* sense w ith o u t u n d u ly  sacrific ing  QoS.

5.2 The />Step Linear Predictor

T h is  section in tro du ces  the  p-step W avelet D o m a in  L inea r P re d ic to r (pS W D -LP ) to  p re d ic t 

wavelet coeffic ients needed by the L M B M . T h is  a lg o r ith m  is b ;is ica llv  an a p p lic a tio n  o f  the 

autoregressive ( A R ) m odel on each level o f  a p-level d iscrete wavelet decom position. Recall 

th a t a line a r p>redictor o f o rder p  a ims to  p re d ic t the next value o f  process o f len g th  n  in
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terms u f its  p  m ost recent values:

P - 1

-Tn*  i — O i X Tt _, — OtjXn ~~ O l - X n -  l — Om-tn — p* I • ( 5 . 1 )
i = e

where the  coeffic ients \ p are o b ta in e d  v ia  the  classical L e v in g s to n -D u rb in  A lg o r ith m

-30;. Let L  =  log 2 (pi  and

x  =  (x  t - x - p - 1- - r / t-v -p *  .>•••• --r*:-p ) (3.2)

be the cu rre n t buffer**d tra ffic  w ith  d isc re te  sca ling  coefficient at level L  and wavelet coef­

ficients up  to  level L  g iven In­

fa n t Z.. •). { d i ( l .  • ) .d f  (2. • ) . • • - .  d-z (L .  •)}- (5.3)

For each level j  €  A p. let the order o f  th e  A R  process be \ / 2 J . We p re d ic t fu tu re  wavelet

coefficients fo r  each j  by a pp ro x im a ting  E q u a tio n  5.1 by a p / 2 3 p re d ic to r  on dz ( j . - )  as 

follows:

A  l 1
(V j € A l )(V i €  \ P 2j ) dz ( j . i )  =  -  P) /2J -  I -  i ) .  (5.4)

1=0

E s tim a tin g  a i ( lo g 2 (p). •) by a j( lo g 2 (p ). -). th e  inverse wavelet tra n s fo rm  m ay be perfo rm ed  

on {d j( lo g 2 (p ). •). { d f ( l .  •). d j ( 2 . •)• • • • • d i ( lo g 2 (p ). •)} to ob ta in  p re d ic te d  tra ffic  ± k_p^ i .  ± k - p^ 2 - ■ ■' i * k -  

T he  bk is th en  ob ta ined  as bk =  m ax ,c .\„ k { x , }. T he  procedure is i l lu s tra te d  in  F igure  5.1.

M ore fo rm a lly , the  p S W D -LP  is g iven as fo llow s:

Algor i thm :
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B (t)
MAX[x]lID W T

F ig u re  5.1: p-step W ave le t-D om ain  L in e a r P re d ic to r

Step 1: Let r  be g iven:

Step 2: C om pu te  an I- le v e l wavelet decom position  on x  to  get scaling coeffic ients a ± (L .  •) 

and wavelet coeffic ients {d j . ( j .  ■) =  - - . L }:

Step 3: Set j  =  1 and  i =  1 :

Step 4: O b ta in  d ^ i j . i )  v ia  E q ua tio n  5.4:

Step 5: i =  i ~  1 :

Step 6 : I f  i € A p _>j • g o to  Step 4:

Step 7: j  =  j  +  1:

Step 8 : I f  j  € A l - set i =  1. goto  Step 4:

Step 9: Get ( s , ) l^ i k

Step 10: Get p v ia  E q ua tio n  4.1:
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Step 1 1 : W h ile  k <  n.  goto Step 1.

5.3 The p-Step IW M  Predictor

From  the  prev ious chapter, we learned th a t wavelet coefficients needed by the L M B M  and 

D L M B M  are not rea d ily  available in  a p ra c tic a l s itu a tio n : and m u s t therefore be p re d ic te d .

I t  is fo r th is  purpose th a t we present th e  p —Step IW M  P re d ic tion  (p S IP ) a lg o rith m . Let s =

2 j  £  H * . i  e H a n d  le t L  =  lo g 2 (p). Let i  = (x fc_, . x k_ , ' '  • • -f *■ -<> 1

be given, fo r some k € K  w ith  k  >  \  ~  p. T hen  the  pSIP a lg o r ith m  is given as fo llow s:

Step 1: C o m p u te  the  log 2 (p) m u lti- le ve l wavelet decom position  o f  x  to  get {a x (L .  1 !. ■) :

j  =  1 .2 . . ! } [ :

Step d: Set j  =  1:

Step '1: C o m p u te  the sample variance Vj o f dT( j .  ■):

Step 4 ' For i  =  0 .1 . ■ • • . n } — 1. p re d ic t wavelet coefficients at leve l j  v ia  the IW M  e qu a tio n  

d i ( j - i )  =  VjU'f. where w  is a white noise  process:

Step 5: W h ile  j  not equal to L.  set j  — j  — 1. goto  Step 3:

Step 6: Set d  =  {a x (L .  1). {d x ( j.  •) : j  =  1 . 2. • • • . L )  |
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5.4 Summary

T h is  chap ter in troduced  th e  p-step L inear P re d ic to r— A lg o r ith m  1. Section 5 2  -a n d  the 

^>-step IW M  p re d ic to r— A lg o r ith m  2. Section 5.3. Each  a lg o r ith m  serves the  same purpose, 

nam ely, to  pred ict the w ave let coefficients o f th e  n e x t p tra ff ic  samples to  a rr iv e  given its 

A m ost recent past values.
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Chapter 6

Bandwidth Allocation Algorithm s

6.1 Introduction

T h is  chap te r proposes tw o b a n d w id th  a lloca tion  a lg o r ith m s  fo r rea l-tim e  ne tw ork tra ffic . 

The firs t is th e  Consecutive M ax B a n d w id th  A llo c a tio n  A lg o r ith m , which uses th e  Class 

o f D e ta il M a x im u m  b a n d w id th  M ode ls . Subsection 4.4. and  is based on the t ra f f ic ’s past 

behavior. T he  second is the  Independent Wavelet B a n d w id th  A llo ca tio n  A lg o r ith m , w h ich  

is also based on  the  Class o f D e ta il M a x im u m  b a n d w id th  M od e ls , b u t uses the  p re d ic tio n  

a lg o rith m  pS IP . Subsection 5.3. These bandwidth a llocation a lgor ithms are examples o f  the 

general a lg o r i th m  discussed in Chapter 1. Subsection /.,?.

The aim  o f a b a n d w id th  a lg o rith m  is to  es tim a ting  the  n e tw o rk  tra ffic  b a n d w id th  ahead o f 

tim e  before th e  tra ffic  arrives at the  ne tw ork node o u tp u t. M o re  specifically, g iven A past

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



S9

valut*s

( J - * - -  V - „ - | . x *  J . - - -  . x t - „ l  ( 6 . 1 )

o f the  tra ffic  x  e s tim a te  the  h a iu iw id th . B .  fo r the  p  fu tu re  tra ffic  samples (x*.. x * *  t . • • • , i k^ p) 

o f x  ahead o f  t im e , where p. A € .'1*. W ith o u t lost o f gene ra lity , p and A w ill  be as­

sumed to  be powers o f 2 w ith  A >  2p  a m u lt ip le  o f p. R eca ll th a t to  com pute  band­

w id th  B  =  ( B \ .  B±. . B n I it is necessary and su ffic ien t to  co m p u te  on ly  the subsequence

i B p. B lp . • ■ ■ . B n ).

6.2 The Consecutive Max Bandwidth Allocation Algorithm

T h is  section in tro d u ce s  the  firs t o f ou r b a n d w id th  a llo ca tion  a lg o r ith m s — the Consecutive  

M as Bandwidth  A l loca t ion  Algorithm  (C M B A A ) . T he  a lg o r ith m  is shown in  b lock d iag ram  

fo rm  in F igu re  6.1. As m entioned ea rlie r, the  C M B A A  is a spec ia l case o f the  in teg ra ted

- j - J [— j D W T f- « j D LM BM  ~j—«| G NB B

- |  QoS M aintainer

F ig u re  6.1: The C onsecu tive  M ax  B a n d w id th  F o rm u la

b a n d w id th  a llo c a tio n  a lg o rith m  given in  Subsection 1.3. The G e t New B a n d w id th  (G N B ) 

fu nc tio n  is defined by Step 5 to 7 in  fo rm a l s ta tem ent o f the C M B A A  given a t the end o f  

th is  section. W e now discuss th is  C M B A A  in  d e ta il. Let us assume th a t the firs t c =  l / p  

values {B p. B'2,,. ■ ■ - B \ )  o f th is  subsequence are given. T h a t is. an in it ia l b a n d w id th . 

B ;. B j .  • . B \  is p re -a lloca ted  on the o u tp u t lin k  o f the ne tw ork node fo r the  a n tic ipa te d
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tra ffic . - r ; . X j .  . s \ .  at t im e  t =  0 say (see F igu re  6 .2 ). T he  choice o f these in i t ia l  B f>

— — I ' ~ T  I ! I
0 I T  2 T  3 T  4T 5T  6 T  7T  ST 9T 10T

x ,  r t . B t - P B k

t = 3 T  C
0 I T  2T  3T 4T 5T 6 T  7T ST 9T  10T

»=4T

t = 5 T

t = 6 T

3 T  4T 5T 6 T  7T ST 9T  10T

I T  2T 3 T  4T i T  6 T  7T  ST 9T 10T

0 I T  2T  3 T  4T 5T 6 T  7T ST 9T 10T

T ra ffic

■ ■ ■  A lloca tedB andw idth

F igu re  6.2: B a n d w id th  A llo c a t io n

may he based on some p re lim in a ry  estim ate  o f tra ff ic  o r  on a p r io r i  tra ffic  in fo rm a tio n . As 

the tra f f ic  samples are a r r iv in g  th e ir  values are cop ied  in to  a bu ffe r which uses a firs t- in  

f irs t-o u t (F IF O ) d isc ip lin e . ( H ’e wish to emphasize here that the traffic samples themselves 

are not held in this huff ie r—only a copy o f each is). L e t k  =  A — p. and make th e  fo llo w in g  

assignm ents at tim e  ATq:

tr  =

Bf  r r n p  —  B~, kW 

B k —  Bf c m p

( 6 . 2 )

(6.3)

(6.4)
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h i tlu- m tt 'r im  w h ile  these co m p u ta tio ns  an* b rin g  made, a d d it io n a l tra ffic  samples.

\ X k - 2p-* I • X k - 2‘ ' ' ' ‘ X k — (i) • ( 6 . 0 )

or at least a subset o f them , are lik e ly  to  a rrive . These w ou ld  also be copied to  the bu ffe r. 

Note th a t Bk  is the  ban dw id th  fo r th is  tra ffic . A t th is  p o in t, o n ly  p samplt*s o f the tra f f ic  

w ill be needed to  make the next b a n d w id th  p ro jec tion  B k - \ -  T hus the F IF O  buffe r m ay 

now be assumed to  be o f length p. so th a t an equiva lent am oun t o f  tra ffic  values are d ro pp ed  

from  the b u ffe r as the  am ount copied to  it .  T h is  means th a t o n ly  p tra ffic  samples are 

m ain ta ined  in  the  bu ffe r at any given tim e . To ensure th a t th e  b a n d w id th  is assigned fo r 

the next p7o t im e  slots before the  tra ff ic  a rrives, the c o m p u ta tio n  tim es fo r the assignm ents 

in E qua tions (6.2) t h rough (6.4) w ill  be assumed to  be less th a n  the  value o f p7V

The b a n d w id th  va lue B k~ „  fo r the next tim e  slot is ob ta ine d  by s p lit t in g  the sequence 

x 1’ -  \X k~2 i>~ \-X 'k ->p -2 -" '  ■X k - p ) in to  tw o separate sequences each o f length  p /2 . T he  

first sequence u* 11 =  ( i k - 2p ~ i -X k - 2p~2 - m ' • •T-’/ t - .v n * )  c'°ns is ts  ° f  the  firs t p /2  values o f 

x ' ° '. T he  second sequence consists o f  the  rem a in ing  p /2  values o f  x [ p i.e. the la t te r  

part o f T 'p\  and  is given by u " 2' =  [ x !2k - 3 i>! 2 \~ i-  X( >k-ip  , 'J K 2 - ‘ "  •**-<>)• Thus, we have 

-  ( w 1' . w  2 ). Le t 6 !i =  B -, .kW ] ' arid b;2: =  I f  (ft*1' -  B tcmp) >  r  and

lb 2' - B trm p ) >  then  set B trmp =  m a x {b ( 1 . b{2)} and =  B teJnp O therw ise , set

B k-p  =  Btrmp Set k  =  A: p and upd a te  the  b a n d w id th  using the  updated  buffer s ta r t in g

w ith  the c o m p u ta tio n  o f the u-' 1 and i r  2'. C on tinue  to  upd a te  the  b an dw id th  in  th is  way 

as new tra ffic  a rrives . The a lg o rith m  is illu s tra te d  p ic to r ia llv  in  F igu re  6.1.

The a lg o r ith m  is g iven fo rm a lly  as fo llow s: Algorithm :
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A lqon thm :

Strp  I. Let to lerance r  he g iven and assume th a t B \ .  B 2 . • • • • B k ~ p have been p re -a lloca ted  

for the firs t X =  Ip  a n tic ip a te d  tra ffic  values (X 1.X 2 . • • • .x a ) o f  x.

Strp  Let k =  X — p and  w  =  ( x j . x i .  • • • . i k - 2 p );

Strp  t  Let B l c m p  =  B - . . k U ' :

Strp 4 : Set Bk =  Bum p :

Strp 5. Let

11" 1 =  ( X k  — 2p— 1 • X fc_ Jp—2' ’ • X (2 / t -3 p > , ’2 )  a n ^

U' '  =  i x ' 2 k - . i p :  2 * 1  • x ;JJfc-3pl 2 ~ 2 - ' "  - x k - p )

Strp 6 : Set b' 11 =  B ^ k w ' 1 an(f ^ :* ! — $ ' . * u ' '2)

S t ip  ?: I f  [ { b v  -  B , r m p ) >  r; k k  {(b'2) -  B t t m p ) >  r]

B ,emp -  m a s  { b 1 . 6 21}

B k ~ p  =  B  u m p

Else

Bk~p  — B  *frn p

Step S: W h ile  k  <  ti 

k =  k +  p 

G o to  Step 5
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6.3 Results

In  th is  sec tion , we present the resu lts  o f  o u r a lg o r ith m s  fo r the  w ide area T C P  trace . L B L - 

T C P -3 [63 ] - a p o rtion  o f w hich  is illu s tra te d  in  F ig u re  6.4 w ith  its  a llo ca te d  b a n d w id th . 

T h is  trace  conta ins two hours o f  a ll w ide-area T C P  tra ffic  between Law rence  Berkeley 

L a b o ra to ry  and  the rest o f  the w orld . I t  is free ly  ava ilab le  on the In te rn e t from  the 

In te rn e t T ra ffic  A rch ive {h ttp : / / i ta .ee . lb l.gov /h tm l/ t races .h tm C ). We no te  th a t a ltho ug h  

the trace  is a c tu a lly  given in  bytes/sec. the subsequent results also holds tru e  fo r tra ff ic  

given in  ce lls /sec or packets/sec. T h is  is because th e  num ber o f packets o r ce ll per second 

is d ire c t ly  p ro p o rtio n a l to  the num ber o f bytes p e r second. We use the  s im p lif ie d  A T M

F ig u re  6.3: A T M  S im u la to r

s im u la to r [2] illu s tra te d  in  F igu re  6.3 to  m odel the  tra f f ic  a t a network node. Here the  tra ffic  

i  a r r iv in g  a t a network node continues to  the node o u tp u t p rovided th a t th e  b a n d w id th  

is large enough to accom modate it .  B, >  x ,. i ^  { k  — p  -1- 1. k  -  p  +  2. • • • . k }  fo r some 

k t  pH  n  A n . I f  the tra ffic  exceeds the  b a n d w id th , th e n  tra ffic  samples D ,  =  x , -  B t . i  €E
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' k  -  f > ~  l.(\- -  ft — 2. • • . k \  are d ropped  in to  the  F IF O  b u ffe r t i f  s i/e  , \ I  shown. L e t Q k - 1 

be t iie  im inbe r o f cells in  the b u ffe r at tim e  k — l . k  ~ A*. then  the buffer sta te  a t  t im e  k 

is given by Q k =  m in { . \ / .  m a x { l) . D k ~  We test the perform ance o f th e  p roposed

„ 1 q- Traft«c and Bandwidth, p •  S i2

0 2 4 6 8 10 12 14

F ig u re  6.4: T ra ffic  and B a n d w id th

a lg o rith m  by app ly ing  it to  the  A T M  s im u la to r shown in  F ig u re  6.4. The fo llo w in g  tw o  QoS 

param eters arc then com puted in  o rd e r to  test the  pe rfo rm ance  o f the a lg o r ith m : th e  cell 

loss ra tio  (C L R ). defined as the  num ber o f  loss cells d iv ided by the number o f  t ra n sm it te d  

cells. T he  maximum cell deiuy  (M C D ). defined as the  m a x im u m  num ber o f  t im e  u n its  fo r 

w hich a cell is held in the  bu ffe r. We also com pute  the  u t iliz a t io n , u =  x , /  B,.

A u t iliz a tio n  o f  one when cell loss is zero means th a t a ll th e  a lloca ted  b a n d w id th  is a c tu a lly  

used: a u t iliz a tio n  less than  one. means tha t the b a n d w id th  is a c tu a lly  u n d e r-u tiliz e d : w h ile  

a u t iliz a tio n  greater than  one mean*- tha t some ce ll/p a cke t loss have occurred because o f
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the  tra ffic  exceeding the b a n d w id th  at various tim es.

Results fo r the proposed a lg o r ith m  w ith  the A T M  s im u la to r  are as fo llows. F igure 6.4 

shows the  tra ffic  L B L -T C P -3  ove rlapped  w ith  the a llo ca te d  b a n d w id th . B. F igure 6.5 

d isplays C L R  versus the b u ffe r le n g th . M .  w ith  *> =  1.4. p  =  A =  512 and r  — 50. C learly. 

C LR  decreases as the  buffer le n g th  increases as one w ou ld  expect. F igu re  6 . 6  illu s tra te s  the

CLR v s  Buffer Lengtfi
0 5,--------------------------------         .--------------------------------- 1--------------------------------1

i
0 45 — -i

0 4*-

0 35

0 3

5  0 25

0 2

10
4M

*  1 0

F ig u re  6.5: C L R  vs. AT

M C D  versus A /, aga in  w ith  •> =  1.4. In  contrast to  the C L R . the M C D  increases w ith  the 

buffer length  M .  T h is  is consistent w ith  previous resu lts  [2] acknow ledg ing  th a t increasing 

bu ffe r length  by its e lf  may no t necessarily  im prove o ve ra ll q u a lity  o f  service and may in  

fact increase delay in  the ne tw o rk .

F igures 6 7 and 6 .S show the  e ffect o f  the  param eter *y on C L R  and M C D . respectively.
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Manmum Delay vs Butter Lengtn

9 j-

8 r

i
7 t-

6  r
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2

5
M

9 10

x 104

F igu re  6 6 : M C D  vs. M

Here M  =  50 and p =  512. T h e  C L R  decays e xp o n e n tia lly  w ith  ■>. A lth o u g h  the M C D  

also decays w ith  i t  does so at a much slower ra te  and in  an oscillators* fash ion.

T he  u tiliz a tio n  is show n in  F igu re  6.9. and it  also decays e xpo ne n tia lly  w ith  7 . A n  im p o rta n t 

design p rob lem  is choosing  an o p tim a l value fo r 7 . In  choosing such a va lue, one would 

want C L R  and M C D  as low as possible w ith  a u t i liz a t io n  as close to  one as possible. 

However, sinre  these th re e  param eters decays w ith  there  w ill  be a need fo r some sort o f 

tradeoff. F u tu re  w o rk  w ill  exam ine th is  question.
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CLR. M « 10OO

p -  32 
p >• 64 
p -  128
P -  256 
p -  512

0 25 -
\
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o os r
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F igure  6.7: C L R  vs.

Maximum Delay. M » 1000
9:----------;-----------------------------------------------------------------------------      .-     —

‘ 1 » P -  32 I !
" | ---- P -  64 ']

8 •- j -  p .  120 |_j
•' ; -  -  P -  256 I i
1 ' p -  512 I !,    I

7U‘

0 6 20 0 4 1 80 2 0 8 1 4 1 61

Y

F igu re  6.8: M C D  vs. -y
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Utilisation -  sum(data) sum(BandwicJtm M * tOOO

P -  32
P • 64

0 6  r P - 256

co

3

0 2

0 4 0 6 0 8
Y

F igu re  6.9: U t i l iz a t io n  and >

6.4 The Independent Wavelet Bandwidth Allocation Algo­
rithm

T h is  subsection presents a second b a n d w id th  a lg o r ith m — the Independen t W avelet Band­

w id th  A lloca tio n  A lg o r ith m  ( IW B A A ) . In  m any respects the IW B A A  is s im ila r to  the 

C M B A A . The m a jo r d ifference lies in  the use o f  the  pSIP a lg o rith m  to  generate simulated, 

network traffic ahead o f  t im e  and then e s tim a tin g  the b an dw id th  from  th is  tra ffic  instead 

o f ju s t using past values o f the  ac tua l ne tw ork tra ffic . Let an in it ia l b a n d w id th  o f length 

A — p  be pro-a llocated on the ou t-go ing  lin k  a t a n e tw o rk  node. i.e.. (6*.) k c K ~ \ x^ 0 are given. 

Let tolerance r  € !f* be given. Assume th a t tra f f ic  values, j  — t j - j . T j .  ■ ■ ■ - X \ ) .  are stored 

in  a buffer w ith  m ax im um  len g th  A. W ith o u t loss o f generality, let us also assume th a t
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they are f in ite ly  m any tra ffic  samples u . T h e  IW B A A  is i l lu s tra te d  in  F igu re  6.10. It  is

D L M B M  - j  GNBIW M

QoS M aintainer

F igure 0.10: B a n d w id th  A llo ca tio n  M od e l

given fo rm a lly  as follows:

Algorithm :

Strp 1: Let to le rance  r  he given and assume th a t B \ . B j .  . B^  have been p re -a lloca ted

for the f irs t X =  Ip  an tic ipa ted  tra ffic  va lues ( x j .  • •• . x * )  o f  x .

Step J: Let k =  X ■+■ p and w =  ( x j . x 2. ■ ■ ■ .Xfc_2P):

Step ‘1: Pass <r to  p S I P  a lg o rith m  to  o b ta in  wavelet coeffic ients d =  d i .d n .  -- - d p fo r

tra ffic  Xfc _ p_ j . x _p^.•>. . x ^ .

Strp 4' Le t x  be the  signal reconstructed  v ia  the  ID W T  o f d:

Step 0 . Let Bfernp —

Step 6: Set B k =  B , „ np: 

Step 7: Let

tC 1 =  ( X k - 2 p ~  1 • x k - 2 p ~  > -' ' ■ • x < 2k- : i p)  2 ) an<^

U " ‘ =  ( l ‘<2 * - 3p )  ' 2 - l - - r : 2 i t - 3 # » l /2 -2 -  * ' ' - x k - p )

Step S. Set 6 1 =  B-,.ku ' ‘ at>d h'2 — B ^ ^ w

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



100

Strp  9: I f  Ah 1 -  B .rmp) >  r \  k k  [(b' 2) -  B ternp) 

B ,emp -  tua s \b '  1 )

B k ~ - p  —  B f p r n p

Else

Bfc-̂ p — Bipmp

Strp  10: W h ile  k <  n 

k =  k -  p 

G oto  Step 5

6.5 Results

T h is  section pn?sents the resu lts  o f the IW B A A  a lg o r ith m  fo r the the  w ide  area T C P  trace 

m entioned in the previous section. LB L-T C P -3J63 ]. We again use the  s im p lif ie d  A T M  

s im u la to r shown in F igu re  6.3 w ith  a fin ite  b u ffe r o f  leng th  A / in  o rder to  test th e  cell loss 

ra tio  (C L R ). m axim um  ce ll delay (M C D ) and the  u tiliz a tio n  o f the IW B A A  a t a network 

node. T he  A T M  s im u la to r has been discussed in  the  previous section. T h e  resu lts  fo r the 

IW  B A A  are given in  F igures 6.11. 6.12. 6.13. 6.14 and 6.15. These resu lts  are s im ila r to  

those fo r the C M B A A  in  Section 6.2 (see the  discussion there).
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CLR v s  Butter Length
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F ig u re  6.11: C L R  vs. M

Maximum Delay vs Butter Length
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F ig u re  6.12: M C D  vs. M
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F igu re  6.13: C L R  vs. 7

Maximum Delay. M •  10OO
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F igu re  6.14: M C D  vs. 7
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Utilization « sumidata* sumf Bandwidth) M • 1000

P -  32
P -  64

0 9

eo

0 4

o !------------1--------------------------------------   1------------1 . -------- ------------------------- -
0 02  0 4  0 6  0 8  1 12 14 16 18 2

y

F igu re  6.15: U tiliz a tio n

6.6 Summary

T h is  chapter presents tw o b a n d w id th  a llo ca tio n  models for to  estim a te  the b a n d w id th

at a netw ork node. T he  C onsecu tive  M ax  B a n d w id th  A llo ca tio n  A lg o r ith m  is based on

past values o f the tra ffic  as w e ll as previous b a n d w id th  values. T h e  Independent W avele t

B a n d w id th  A lloca tio n  A lg o r ith m  is based on past values o f the  tra f f ic  and the b a n d w id th

and also on s im ulated d a ta  generated v ia  the  Independent Wavelet M odel.
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Chapter 7

Conclusion and Future Research

T h is  d isse rta tion  investigates the p rob lem  o f ban dw id th  rese rva tion  and a lloca tion  a t a 

com m un ica tion  n e tw o rk  node using the  concepts o f m u ltire s o lu tio n  analysis, wavelets and 

tim e  series ana lysis. T w o  classes o f b a n d w id th  models based on th e  d iscre te  wavelet tra n s ­

fo rm  have been developed to  model the  tra ff ic  ban dw id th  at a n e tw o rk  node. A lg o r ith m s  

for es tim a ting  (o r p re d ic tin g ) wavelet coeffic ients needed by th e  b a n d w id th  models, w h ich  

themselves are based on the discrete wavelet trans fo rm  o f n e tw o rk  tra ffic  have also been 

provided. T he  L M B M  fa m ily  o f b a n d w id th  m odels are o b ta ined  b y  ta k in g  the m ax im um  

o f the tra ffic  over the  a pp ro p ria te ly  chosen tra ff ic  samples. A n o th e r  fa m ily , the D L M B M  

fa m ily  o f b a n d w id th  models, are o b ta ined  by ta k in g  the m a x im u m  o f the  de ta il s igna l o f  

the tra ffic  at level 1. We also proposed tw o  p re d ic tio n  a lg o r ith m s . T he  pSIP a lg o r ith m , 

based on the Independent Wavelet M o d e l can be used to  e s tim a te  wavelet coeffic ients 

needed by a chosen b an dw id th  fo rm ula . S im ila rly , the p S W D -L P  a lg o rith m  can also be 

used to  p red ic t th e  necessary wavelet coeffic ients for a b a n d w id th  fo rm u la . I t  is based

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



105

an on lin e a r p red ic tion  or au to reg ress ion . An in teg ra te d  b a n d w id th  a llo ca tio n  a lg o rith m  

is th en  constructed  by p ic k in g  an  a pp rop ria te  b a n d w id th  fu nc tio n , and, o r a p re d ic tio n  

a lg o r ith m  to  predict its  wavelet coe ffic ien ts . We have also developed tw o specia l cases o f 

th is  generalized in tegra ted m ode l. T h e  Consecutive M a x  B a n d w id th  A llo c a tio n  A lg o r ith m  

(C M B A A )  is based on past va lues o f  the  tra ffic  as w ell as previous b a n d w id th  values. The 

Independent Wavelet B a n d w id th  A llo c a t io n  A lg o r ith m  ( IW B A A )  is based on past values o f 

the tra ff ic  and on s im u la ted  d a ta  generated  via the  IW M . B o th  models have been analyzed 

w ith  a s im u la ted  A T M  sw itch  and th e ir  perform ance eva lua ted  in  term s o f C L R . M C D  and 

u t il iz a t io n  The results fo r th e  a lg o r ith m s  are s im ila r. N am ely, they show th a t C L R  can 

be m ade a rb it ra r ily  sm all by  choos ing  the  buffer len g th  a t the  sw itch  a p p ro p r ia te ly  large. 

However M C D  increases as M  g e ts  large w h ile  u t i liz a t io n  drops below  one. Therefore , 

one im p o rta n t design p rob lem  to  b e  investigated is choosing an o p tim a l value fo r M  at a 

ne tw ork node. Choosing an o p t im a l values for the  param eters  -v and a  in  the  D L M B M  and 

L M B M . respectively, are also im p o r ta n t problem s to  be investigated as these param eters 

co n tro l C L R . M C D  and u t i l iz a t io n . O u r results com pare  favorable w ith  resu lts  in  [2]. and 

in  some cases ou t-perfo rm ed those resu lts . The proposed m ethod is also fle x ib le  enough to  

a llow  fu r th e r  im provem ents as m o re  soph istica ted  p re d ic tio n  a lgo rithm s become availab le  

and as wavelet theory advances.

F u tu re  w ork  w ill continue to  in ve s tig a te  more e ffic ien t b a n d w id th  m odels and p re d ic tio n  

a lg o rith m s  th a t can be used to  p re d ic t b a n d w id th  com ponents, such as. the  large class o f 

non linea r p red ic tion  a lg o rith m s  th a t  have been developed. We also w ish to  investiga te  the 

p rob lem  o f using wavelets its e lf  as a p re d ic tio n  too l. W avelets and m u ltire s o lu tio n  analysis
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can be used to  separate tra ffic  in to  a su m m atio n  o f m u ltip le  stream s: each stream  m ay 

th en  be m odelled  separately. T he  overa ll p re d ic tio n  w ill  then be th e  sum  o f the in d iv id u a l 

p re d ic tio n s . T h is  approach may have several advantages:

•  In tu it iv e ly , some streams are m ore im p o rta n t th an  others and thus need to  be m od­

e lled m ore  carefully. For exam ple, th e  tra ff ic  streams at e ith e r  h igh  or low enough 

re so lu tio n  may be ignored (i.e. a s im p le  m ean m odel is used).

•  T ra ffic  a t d ifferent reso lu tion  may be m odelled  separately. In tu it iv e ly , tra ffic  is com ­

posed o f m u ltip le  va ria tions  at m u lt ip le  tim e  scales (e.g. e ith e r net backoff p ro toco l 

dess th a n  one second]. T C P  and end -to -end  dynam ic (1 second), app lica tion  adap­

ta t io n  (5 seconds), and user behav io r (m in u te s )). T h is  a llow s us to  m odel d iffe ren t 

dynam ics  separately and d iffe ren tly .

•  I t  m ig h t be possible to  m odel seasonal tra ff ic  va ria tion  w ith o u t much e ffort.
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