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Abstract x

A b s tra c t

In  th is  th es is  a  perfo rm ance  analysis o f  Q uality  o f  Serv ice  (Q oS ) m echan ism s in  IP 

(In te rn e t P ro toco l) ne tw orks is p resen ted . IP  Q oS m echan ism s are  su rveyed  and  

c lass ified  as e ither non -frac tiona l serv ice  ra te  reserv ed  o r frac tional serv ice  rate  

reserved . W e show  th a t m o st m echan ism s supporting  D ifferen tia ted  Services 

(D iffS erv ) are  non-frac tiona l serv ice  ra te  reserved , w h ile  m o st supporting  

In teg ra ted  S erv ice  (In tServ) are  frac tional serv ice  ra te  reserved .

A m ong  the  non -frac tiona l serv ice  ra te  reserved  m echan ism s, the  focus is on tw o 

fundam enta l ones -- T hresho ld  D ropp ing  (T D ) and  P rio rity  Schedu ling  (PS), from  

w h ich  m any  o thers, includ ing  R andom  E arly  D etec tion  (R E D ) and  R E D  w ith  In 

and  O ut (R IO ), are  derived . A m ong  frac tional serv ice  ra te  reserv ed  m echanism s, 

w e specifica lly  exam ine the  loss behav io rs o f  L atency  R ate  Servers (L R  Servers), 

to  w h ich  m o st w ell know n  m echan ism s such  as G enera lized  P ro cesso r Sharing  

(G PS), W eigh ted  F a ir Q ueu ing  (W F Q ) o r P acket-by -packet version  G PS (PG PS) 

and  W o rst-case  Faire  W eigh ted  F aire  Q ueu ing  (W F Q ) belong .

T h ere  are  tw o issues add ressed  in  th is d isserta tion . O ne is ho w  w ell do the  

schedu ling  m echan ism s w h ich  support D iffserv  p rov ide  v arious Q oS levels. The 

second  is th e  perfo rm ance  b ehav io r, particu la rly  the  loss rate , o f  the  various QoS 

m echan ism s u n d e r a  w o rs t case scenario , w hen  the  inpu t b u ffe r o f  the  server is 

fin ite. W e also  de te rm ine  the  arrival p rocess th a t w ill resu lt in  the  m ax im al average 

loss rate . T he first issue is addressed  w ith  a perfo rm ance  analysis and  subsequent 

co m parison  o f  T D  and  PS. A  m ethod  fo r approx im ating  th e  m ean  delay  and  loss 

fo r PS is p roposed , and  the  resu lts  are  verified  w ith  sim ula tions. T he second  issue 

has b een  ad d ressed  by  analyzing  the  loss b ehav io r o f  L R  servers. In  particu la r, the 

arriva l p rocess  th a t resu lts  in  the  m axim al average  loss ra te  fo r ind iv idual sessions 

o f  L R  se rv er is de term ined . F orm ulae  fo r ca lcu la ting  the  average  loss ra te  are  then  

derived , and  zero  loss b u ffe r requ irem en ts fo r L R  servers are  ob tained .
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L R  Servers L atency  R ate  Servers. Q oS m echan ism s be long  to  fractional 

serv ice  ra te  reserv ed  schedu ling  m echan ism s, w here  packets 

from  ind iv idual app lica tions are  guaran teed  a m inim um  

serv ice  rate.
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Glossary o f Acronyms and Symbols

SCFQ Se lf-C locked  F a ir  Q ueu ing

SE FF S m allest E lig ib le  V irtual F in ish  tim e F irst

SC FQ S e lf  C lo ck  F a ir  Q ueue

T D T h resh o ld  D ro p p in g

W FQ W eig h ted  F a ir Q ueue

W F 2Q W o rst case  F a ir  W FQ

W R R W eig h ted  R o u n d  R ob in

S y m b o l s

xii

(a)+

A /z .t)

bi(t)

bs

Bi

B(t)

C j

Dj'

FP

Fpw

g

grj

max {a, 0}

th e  am oun t o f  traffic  o f  session  j  th a t leaves the  bu ck e t and  enters

the  n e tw o rk  during  (x,t]

the  to k en  bu ck et state  a t tim e  t

to k en  b u ck e t sta te  (num ber o f  tokens in  th e  bucket)

th e  se t o f  sessions th a t are  bu sy  in  the  tim e in terval ( tu ,ti)

the  se t o f  b ack lo g g ed  sessions a t tim e  t

the  m ax im u m  ra te  a t w h ich  the  b its  o f  session  j  can  leave  the  bucket 

th e  m ax im u m  delay  fo r session  j  

th e  tim e a t w h ich  p ack e t p  w ill fin ish  serv ice  und er GPS 

the  tim e a t w h ich  p ack e t p  w ill fin ish  serv ice  u n d e r W FQ  

averag e  rew ard  p e r tran sac tio n  o f  the  system  i f  it sta rted  from  state  

(bs,qs)  and  the  n u m b er o f  transitions m is large 

g u a ran teed  serv ice  ra te  fo r session  j
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¥ t )

h(bs,qs)

ki

Kt

Lmax

n

N

bsj

Pd

p (Q)

qs

Q i t i - )

Qj'

Q fi)

Q

th e  sequ en ce  n u m b er o f  th e  p a ck e t a t th e  h ead  o f  th e  session  j  ’s 

queue  _

re la tiv e  va lu e  o f  th e  po licy . I t in itia lly  rep resen ts  th e  in te rcep ts at 

m=0  o f  th e  asym pto tes o f  ys (m)

th e  inp u t b u ffe r size  o f  sess ion  i a t th e  se rver

in p u t b u ffe r size, it a lso  m eans th e  zero  loss b u ffe r  size  fo r B ang

B an g  p o licy

th e  m ax im u m  p a ck e t size

th e  n u m b er o f  th e  session  b u sy  p e rio d

th e  n u m b er o f  sta tes th a t th e  M ark o v  p ro cess  m ay  have

th e  tran sitio n  p ro b ab ility  from  sta te  bs to  sta te  j  in  n ex t transition

the  tran sitio n  p ro b ab ility  from  sta te  (l,kj) to  sta te  (l,kj) in  nex t 

transition . T he p ro b ab ility  equal to

P ack e ts  d rop  p ro b ab ility  

th e  inp u t b u ffe r queue 

th e  queue  leng th  o f  session  j  ju s t  b e fo re  tim e  aj  

th e  m ax im u m  b ack lo g  fo r s e s s io n /

th e  am o u n t o f  session  i tra ffic  queued  in  th e  se rv er a t tim e  t 

averag e  queue leng th

th e  rew ard  o b ta in ed  w h en  th e  M ark o v  p ro cess  m ak e  a  transition  

from  sta te  bs to  sta te  j

_ _ _ _ _ _ _ _ _ _ Glossary o f  Acronyms and Symbols_____________ x iil
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R(s)

Sj(T,t)

S>j(T,t)

shji<)

Tdi

M

k

Mi

Ustp(t)

Pi

U i(t)

us.

Vs(m )

V(t)

Wi(T,t)

a

0

the  rew ard  to  b e  ex pec ted  in  th e  n e x t tran sitio n  ou t o f  sta te  bs 

th e  am oun t o f  traffic  se rved  in  an  in terval (x,t] fo r sessions j  

the  serv ice  rece iv ed  b y  th e  tra ffic  o f  session  j  th a t a rrived  during  

tim e  in terval o f  (x,t]

th e  v irtua l start tim e  o f  th e  p ack e t a t the  h ead  o f  the  session  j  queue

th resh o ld  fo r flow  i 

se rv ice  ra te  o f  an  se rver 

m ean  arrival ra te  fo r flow  i 

the  a lloca ted  serv ice  ra te  fo r session  i a t the  server 

the  u n it step  function  

the  g uaran teed  serv ice  ra te  fo r session  i

th e  function  o f  h o w  the  tokens in  leaky  b u ck et b e ing  used  a t tim e t

It is also  the  ra te  o f  increasing  o f  A rriv a ls  Ai(0,t)

the  decision  to  u se  tokens w hen  system  is in  state  (bs, qs)  a t tim e  5

the  sum  o f  the  ex pec ted  to ta l earn ings in  the  n ex t m transitions i f  the

system  is now  in  sta te  bs

System  v irtua l tim e

th e  am oun t o f  serv ice  received  b y  sess ion  i du ring  (r,t) 

a  co n stan t w h ich  determ ines h o w  fas t the  m echan ism  w ill respond  

to  changes in  th e  queue leng th  

la tency  o f  the  L R  servers

_________ Glossary o f Acronyms and Symbols_____________ xrv
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<h a  po sitiv e  n u m b er w h ich  can  b e  in te rp re ted  as th e  w e ig h t by  w hich

th e  se rv ice  ra te  is a ssig n ed  to  sess ion  j  

r se rv ice  ra te  o f  th e  se rver

( <jj, pj, Cj) s tan d  fo r leak y  b u ck et

<Jj th e  leak y  b u ck e t cap ac ity  fo r sess ion  i

pj th e  to k en  g en era tio n  ra te

S(t) th e  im p u lse  function

td is th e  tim e  a t w h ich  the  system  is in  sta te  (o /,0)

tpi th e  to k en  b u ck e t filled  u p  every  tp= a^p  tim e  un its

Tieb. tim e  req u ired  to  em pty  th e  to k en  b u ck et

Ttpi the  se t o f  sta rt tim es o f  th e  p e rio d ic  arriva ls  o f  session  i

p  to k en  in terarrival tim e  ( / M l /# )

3d th e  la tency  o f  each  session  d  b u sy  p e rio d  (d=l, 2,...n)

ustp(t) th e  u n it step  function

9?i zero  loss b u ffe r  req u irem en t (den o ted  w ith  %  ) fo r B O L

77 th e  n u m b er o f  a rriva l p e rio d  tha t fo llow s B an g  B an g  P o licy  and

B O L  po licy . ij>0, t j<oo.
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C h a p te r 1 In tro d u ctio n

1.1 B a c k g r o u n d

The  rap id  g ro w th  o f  n ew  In te rn e t app lica tions m ake  IP  ne tw o rk s m ission  critical 

an d  w ill p ro v id e  a  fu tu re  dem and  fo r Q uality  o f  Serv ice  (Q oS ) p rov ision . T w o 

e ffo rts  h av e  b een  m ade  b y  th e  IP  com m unity  to  develop  standards th a t support a 

v a rie ty  o f  sca lab le  Q oS capab ilities fo r IP  netw orks. T hese  standards are  called  

In teg ra ted  Serv ices (In tS erv ) and  D ifferen tia ted  Serv ices (D iffserv).

T h e  In tS erv  m odel is ch arac terised  by  reso u rce  reserva tion , u sing  the  R esource  

R ese rv a tio n  P ro to co l (R SV P) to  m anage Q oS req u irem en ts fo r indiv idual 

ap p lica tio n  sessions. In tS erv  m akes it poss ib le  fo r an  app lica tion  to  request QoS 

w ith  a  h ig h  level o f  g ranu larity  and  the  b est guaran tees o f  serv ice  delivery . This 

m o d el, h o w ev er, faces som e im portan t d ifficu lties such  as the  dep loym ent and 

sca lab ility  o f  R S V P  and  the requ irem en t fo r an  in te r-dom ain  po licy .

O n  th e  o th e r hand , b y  g roup ing  traffic  w ith  sim ila r Q oS requ irem en ts in to  an 

ag g reg a te  an d  p ro v id in g  consisten t trea tm en t fo r the  aggregate , D iffserv  is ab le  to  

p ro v id e  sca lab le  Q oS  capab ilities. D iffserv  defines co n figu rab le  types o f  packe t 

fo rw ard in g  (P e r-H o p  B ehav iours), th a t can  p rov ide  local (per-hop) service 

d iffe ren tia tio n  fo r la rge  n e tw o rk  traffic  aggregates. D iffserv  com plim en ts In tServ  

to  p ro v id e  a  n ew  serv ice  m odel, w h ich  enab les end  to  end  Q oS m ore  e ffectively

[55].
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F o r e ith e r  In tS erv  o r D iffserv , p ack e ts  o f  d iffe ren t sess io n s b e lo n g in g  to  d ifferen t 

se rv ice  c lasses  w ill in te rac t w ith  each  o th e r w h en  th ey  a re  m u ltip lex ed  a t the  edge 

n e tw o rk  sw itch es (co rresp o n d in g  to  In tS erv ) and  fo rw ard ed  in  th e  co re  ne tw o rk  

sw itch es (co rresp o n d in g  to  D iffserv ). T here fo re , Q oS  sch ed u lin g  m echan ism s at 

sw itch in g  no d es p la y  a c ritica l ro le  in  p ro v id in g  ag reed  Q oS  to  app lica tions w hen  

co n tro llin g  th e  in te rac tions am ong  th e  d iffe ren t tra ffic  s tream s and  d iffe ren t serv ice  

c lasses.

T he  m an y  d iffe ren t Q oS schedu ling  m ech an ism s p ro p o sed  in  th e  lite ra tu re  can  be 

c la ss ified  in to  non -frac tio n a l serv ice  ra te  rese rv ed  and  frac tiona l serv ice  rate 

re se rv ed  schedu ling  m echan ism s. F o r exam ple , T h resh o ld  D ro p p in g  (T D ) [14] and  

P rio rity  S chedu ling  (PS) [31], p ro p o sed  fo r the  D iffse rv  A ssu red  F o rw ard ing  (A F) 

and  E x p ed ited  F o rw ard ing  (E F) P e r H op  B eh av io u rs , b e lo n g  to  non-frac tiona l 

se rv ice  ra te  reserv ed  m echan ism s, w here  th ere  is n o  serv ice  ra te  guaran tee  for the 

p ack e ts  o f  lo w er p rio rity  sessions. L a ten cy  R a te  Servers (L R  S ervers) [13] be long  

to  frac tiona l serv ice  ra te  rese rv ed  schedu ling  m ech an ism s, w h ere  packe ts from  

ind iv id u a l ap p lica tio n s are  gu aran teed  a m in im um  se rv ice  ra te . A  k ey  exam ple  is 

W eig h ted  F a ir  Q ueue  (W F Q ) [3], w h ich  is po ten tia l Q oS  schedu ling  m echan ism  

fo r In tS erv  and  an  a lterna te  m eans to  PS  fo r D iffse rv  E F  im p lem en ta tion . W FQ  

can  b e  p ro v ed  to  b e  an  L R  se rver [13]. It a lso  h as b een  p ro v ed  th a t G eneral 

P ro cesso r S haring  (G P S ) [3], W o rst case  F a ir  W F Q  (W F2Q ) [28], S e lf  C lock  F air 

Q u eu e  (S C F Q ) [18] and  W eig h ted  R o u n d  R o b in  (W R R ) [37] a re  all exam ples o f  

L R  S erv ers  [51].
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The Q u a lity  o f  S erv ice  (Q oS ) o f  a  p ack e t n e tw o rk  is in d ica ted  b y  a  com bination  o f  

c rite ria  th a t include  loss p robab ility , d e lay  and  d e lay  jitte r . T o  p ro v id e  a  guaran teed  

Q oS n e tw o rk  req u ires  th e  d e te rm ina tion  o f  w h e th er it h as su ffic ien t resources to 

m ee t the  req u ired  serv ice  level. A  k ey  issue is a  quan tita tive  u n ders tand ing  o f  the 

p e rfo rm an ce  a ris ing  from  th e  va rious p ro p o sed  Q oS m echan ism s, in  term s o f  

p a ck e t d e lay  and  p ack e t lo ss rate . F u tu re  n e tw orks are  lik e ly  to  be heterogeneous 

in  te rm s o f  schedu ling  m echan ism s used  in  servers. T here fo re  ano ther sign ifican t 

issue  is the  p e rfo rm ance  behav io r, particu la rly  loss behav io rs  u n d er the  w orst case 

scenario  fo r th is  b ro ad  ran g e  o f  schedu ling  m echan ism s.

T h is  th es is  add resses these  tw o  issues in  IP  ne tw orks. T he in itial approach  to  

an a ly ze  th e  perfo rm an ce  o f  tw o  D iffserv  m echan ism s — T h resh o ld  D ropp ing  (used 

in  A ssu red  F o rw ard ing ) and  P rio rity  Schedu ling  (u sed  in  E xped ited  Forw ard ing) in 

te rm s o f  p ack e t loss and  m ean  pack e t delay . T o fu rther exam ine the  per hop 

b eh av io r o f  PS , an  analy tical m odel is developed  b ased  on  n on -p reem ptive  p rio rity  

queues. T he focus th en  sh ifts to  the  m o st w id e ly  u sed  schedu ling  m echanism s, L R  

servers. T he traffic  a rriva l p rocess th a t w ill re su lt in  the  m ax im um  average loss 

ra te  is de term ined . T he u p p er b o u n d  o f  the  average  loss ra te  and  the zero  loss 

b u ffe r req u irem en t o f  a  co rrespond ing  session  are  derived . N um erica l resu lts are 

v e rified  w ith  sim ula tions. T he sign ificance  o f  th is  study  is th a t it p rov ides a  be tter 

u n d e rs tan d in g  o f  n e tw o rk  p e r hop  behav io rs and  th e  resou rces req u irem en ts for the 

w o rs t case  scenario  a t a  sw itch , w here  a  b ro ad  ran g e  o f  schedu ling  m echanism s 

m ay  b e  dep loyed . T h is w ou ld  be  help fu l to  n e tw o rk  p ro v id ers  design ing  and
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p ro v is io n in g  fu tu re  IP  ne tw o rk s .

1 .2  C o n t r ib u t io n s  R e s u l t in g  F r o m  T h e s is

T h is  d isse rta tio n  h as  c la ss ified  th e  m an y  Q oS  m ech an ism s in to  frac tio n a l serv ice  

ra te  re se rv e d  an d  n o n -frac tio n a l se rv ice  ra te  re se rv e d  m ech an ism s. P e rfo rm an ce  

an a ly sis  o f  th ese  Q oS  m ech an ism s h as b e en  d o n e  to  d e te rm in e  h o w  w ell the  

D iffS e rv  su p p o rted  Q oS  m ech an ism s, m o st o f  w h ich  a re  n o n -frac tio n a l se rv ice  ra te  

re se rv e d  ty p e , p e rfo rm  in  p ro v id in g  v a rio u s  lev e ls  o f  Q oS  req u irem en ts . T he focus 

h a s  b een  on  th e  tw o  b asic  D iffse rv  m ech an ism s - T D  an d  PS . A n o th e r im portan t 

issue , th e  loss b eh av io u rs  o f  a  b ro ad  ran g e  o f  sch ed u lin g  m ech an ism s ca lled  L R  

se rvers , h as  a lso  b een  ad d ressed  in  th is  d isserta tion .

T h e  co n trib u tio n s o f  th e  d isse rta tio n  are  as fo llow s:

1 D e te rm in a tio n s  o f  p ack e t lo ss and  m ean  p a ck e t d e lay  o f  th e  T D  m echan ism  

w ith  tw o  a rriva l tra ffic  flow s.

2 O b serv a tio n  o f  th e  im p act o f  th e  v a riab le  th re sh o ld  o f  th e  n o n -p refe rred  

flo w  o n  p ack e t lo ss  and  m ean  p a ck e t delay .

3. A  c lea r tra d e o ff  b e tw een  p a ck e t lo ss an d  m ean  p a c k e t de lay  fo r p re fe rred  

an d  n o n -p re fe rred  flow s is o b se rv ed  in  P S  w h e n  b u ffe r  a llo ca tio n  changes.

4. P re se n ta tio n  o f  an  ap p ro x im ate  m eth o d  fo r c a lcu la tin g  th e  p a ck e t loss and  

th e  m ean  p a ck e t d e lay  o f  n o n -p ree m p tiv e  P rio rity  S ch ed u lin g  w ith  a  fin ite
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bu ffe r  an d  tw o  tra ffic  flow s. T he  accu racy  o f  th is  m eth o d  has been  

c o n firm ed  w ith  sim ula tions.

5. D ev e lo p m en t o f  sim u la tion  m odels fo r PS w ith  th ree  traffic  flow s. R esu lts  

sh o w  th a t h ig h es t p rio rity  flow s can  m ee t th e  req u irem en ts  o f  E xped ited  

F o rw ard in g .

6. E x ten sio n  o f  ap p lica tions o f  th e  th eo ry  o f  L R  se rvers  to  inc lude  p ack e t loss 

ra te  ev a lu a tio n  fo r L R  servers. D eriv a tio n  o f  th e  m ax im al average  loss rate  

fo r L a ten cy  R ate  Servers fo r th e  w o rs t case  scenario .

7. O b serv a tio n  o f  zero  loss b u ffe r requ irem en ts  in  L R  se rver system s and 

co m p ariso n  b e tw een  d ifferen t arrival p rocesses.

8. D e te rm in a tio n  and  p ro o f  o f  a rriva l p ro cesses th a t w ill resu lt in  the  m axim al 

av erag e  loss ra te  fo r an  ind iv idual session  o f  an  L R  se rv er w h en  the  traffic  

is leaky  b u ck e t sm oothed .

1 .3  D is s e r t a t io n  O v e r v ie w

T h is  d isse rta tio n  is o rg an ized  as fo llow s:

C h a p te r  2 rev iew s the  lite ra tu re  on  Q oS schedu ling  m ech an ism s in  IP  netw orks.

Q oS  sch ed u lin g  m ech an ism s are  c lass ified  in to  n o n -frac tio n a l serv ice  ra te  reserved

an d  frac tio n a l se rv ice  ra te  reserv ed  schedu ling  m echan ism s. T h is chap ter also

p re se n ts  th e  k ey  issues a ris ing  from  th e  lite ra tu re , w h ich  are  add ressed  in  the

thesis .
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C h a p te r  3  p resen ts  the  ana ly sis  o f  n o n -ffac tio n a l serv ice  reserv ed  m echan ism s. In  

th is  pa rt, tw o  D iffserv  m echan ism s, T D  and  PS , are exam ined . P ack e t loss and  

m ean  p a ck e t d e lay  in  T D  and  PS  are com pared , b ased  on  the  sam e level o f  p ack e t 

loss fo r the  p re fe rred  flow . F u rther analy tical resu lts  fo r PS m echan ism s are 

p resen ted .

C h a p te r  4  analyses th e  frac tiona l serv ice  ra te  reserv ed  Q oS m echan ism s. A  b road  

ran g e  o f  schedu ling  m ech an ism s th a t be long  to  the  frac tiona l serv ice  rate  reserved  

c lass (i.e. L R  servers) are described . U sing  th e  L R  server fram ew ork , the 

m ax im u m  average  loss rate  o f  an  L R  server is derived  fo r the  w o rs t case scenario . 

T he a rriva l p ro cess  th a t resu lts  in  the  m ax im al average loss ra te  is de te rm ined  and 

p ro o f  is p rov ided . N um erica l resu lts  are then  v e rified  w ith  sim ulations.

C h a p te r  5  p resen ts  a  case study to  ex tend  the  study  o f  the  arrival p rocesses th a t 

fo llow s the  B ang  B ang  p o licy  to  L R  servers. S im ulations and  num erica l resu lts are 

p resen ted  to  ve rify  the  ca lcu la tion  o f  m ax im al average  loss rate  o f  a  session  in  an 

L R  server u n d e r the  w o rs t case  scenario  and  to  com pare  the  zero  loss bu ffer 

req u irem en ts  fo r the  arriva l p ro cesses th a t fo llow  B u rst O ver L atency  (B O L ) and 

B ang  B ang  po licy .

C h a p te r  6  p ro v id es sum m ary  o f  th is  d isserta tion , conclusions and  fu ture  research  

w ork .

A p p e n d ix

A p p en d ix  p ro v id es the  full tex t o f  the  pub lica tio n s b ased  on  the  d isserta tion .
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1 .4  P u b l ic a t io n s  B a s e d  o n  t h e  T h e s is

I. D . Jia , E. D u tk iew icz  and  J. C h icharo  “P erfo rm ance  A nalysis o f  QoS 

M ech an ism s in  IP  N e tw o rk s” , IS C C 2000

II. D . Jia , J. C h icharo  E. D u tk iew icz  “U nderstand ing  T raffic  B ehav io r -  A n 

A p p ro x im atio n  M eth o d  F o r C om pu ting  P ack e t L oss and  M ean  Packet 

d e lay  in  N on-p reem p tiv e  F in ite  P rio rity  Q ueues” , PA M 2000
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C h a p te r 2

Q o S  S c h e d u lin g  M e c h a n is m s  in IP

N e tw o rk s

2.1 In t r o d u c t io n

C u rren t IP  n e tw o rk s  (such  as the  In ternet) m o stly  o ffe r a  b est e ffo rt serv ice , w here  

th e  p e rfo rm an c e  o f  a  sess ion  can  deg rade  s ig n ifican tly  w h en  th e  n e tw o rk  is 

o v erlo ad ed . T h is  is b ecau se  pack e ts  from  d iffe ren t co n n ec tio n s in te rac t w ith  each  

o th e r  a t sw itch es w h ere  th ey  are  m ultip lexed . T here  is an  u rg en t n eed  to  p rov ide  

n e tw o rk  serv ices w ith  pe rfo rm an ce  guaran tees, and  hen ce  m echan ism s to  support 

th ese  g u aran tees. O ne  o f  th e  k ey  issues in  p ro v id in g  g u a ran teed  perfo rm ance  

se rv ice  is th e  cho ice  o f  p ack e t schedu ling  m echan ism s.

T h is  ch ap te r su rveys the  schedu ling  m echan ism s p ro p o sed  fo r D iffse rv  and  In tServ

an d  c lass ifies  th em  based  on  th e  frac tiona l se rv ice  ra te  reserva tion . T h is su rvey  and

c la ss ifica tio n  id en tify  k ey  issues in the  perfo rm an ce  o f  Q oS m ech an ism s th a t w ill

b e  ad d ressed  in  th is  study. Section  2 .2  d iscusses the  Q oS req u irem en ts  fo r fu ture  IP

n e tw o rk s . In  sec tion  2.3 a fte r a  su rvey  o f  Q oS m ech an ism s, a  c lass ifica tio n  o f

sch ed u lin g  m ech an ism s b ased  on  serv ice  ra te  rese rv a tio n  is p ro p o sed  fo r all w ork

co n serv in g  schedu lers. T h is c lass ifica tio n  o u tlines th e  m eth o d o lo g y  th a t has been

ad o p ted  in  th e  analy sis  o f  Q oS m echan ism s in  th e  thesis . B ase d  on  th e  su rvey  and

c la ss ifica tio n  o f  th e  Q oS  m echan ism s, sec tion  2 .4  d iscu sses th e  k ey  issues in  the

p e rfo rm an c e  o f  Q oS  m echan ism s th a t w ill b e  ad d ressed  in  th e  fo llo w in g  chap ters. 
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2.2 QoS R e q u ir e m e n t s  f o r  F u t u r e  IP N e t w o r k s

T he  In te rn e t is m a k in g  th e  tran s itio n  from  a  b e s t e ffo rt se rv ice  m o d e l, w h ere  tra ffic  

is  p ro c e sse d  as q u ick ly  as p o ss ib le  w ith o u t g u a ran tees  o f  d e liv e ry , to  one  th a t can  

p ro v id e  d iffe re n tia te d  p red ic tab le  se rv ice  lev e ls  fo r sp ec ific  Q oS  requ irem en ts . 

T h is  tra n s itio n  is d riv en  b y  th e  rap id  tran sfo rm a tio n  o f  th e  In te rn e t in to  a 

c o m m erc ia l in fras tru c tu re  an d  rap id ly  d ev e lo p ed  d em an d s fo r se rv ice  q u a lity  [8] 

[15] [21] [41]. In tro d u c tio n  o f  th ese  se rv ices im p lies  th a t fu tu re  IP  n e tw o rk s  need  

to  d isc rim in a te  b e tw een  d iffe ren t pack e ts , in  co n tra s t to  ex is tin g  b e s t e ffo rt 

n e tw o rk s , w h ic h  tre a t a ll p ack e ts  equally .

S e rv ice  q u a lity  in  th e  In te rn e t can  b e  ex p ressed  as th e  c o m b in a tio n  o f  n e tw o rk  

im p o sed  d e lay , j it te r , b an d w id th  and  re liab ility  [22]. G re a te r d e lay  p laces  h ig h er 

s tre ss  o n  th e  o p e ra tin g  e ffic ien cy  o f  th e  T ran sp o rt C o n tro l P ro to co l (T C P). T h is is 

b e ca u se  in c reas in g  d e lay  can  resu lt in  d e te rio ra tio n  o f  th e  sen sitiv ity  o f  the 

p ro to c o l to  sh o rt te rm  d y n am ic  changes in  n e tw o rk  load . H ig h  leve ls o f  j i t te r  can 

cau se  v e ry  co n serv a tiv e  ro u n d  trip  tim e  estim ates  to  b e  m ad e  b y  th e  T C P  p ro to co l 

w h ic h  re su lt in  in e ffic ien cy  in  re -e stab lish in g  a  d a ta  flo w  connec tio n .

F o r  m u lti-m e d iu m  ap p lica tio n s  such  as in te rac tive  v ideo , th e  in tro d u c tio n  o f  de lay  

can  cau ses  th e  sy stem  to  ap p ea r u n responsive . B a n d w id th  sh o rtag e  m ay  lead  to  

o v e rflo w  o f  th e  in p u t b u ffe r  a t a  sw itch  and  p ack e ts  th a t f in d  th e  b u ffe r is fu ll are 

lo s t [11]. T h e  lev e ls  o f  se rv ices req u ired  b y  ap p lica tio n s  m ay  v a ry  an d  th e  serv ice  

p ro v id e rs  a re  w illin g  to  n o t w aste  reso u rces w h ile  p ro v id e  g u a ran tee d  Q oS  to  th e ir 

cu sto m ers .
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A cco rd in g  to  th ese  m easu rem en ts  o f  se rv ice  qua lity , it is req u ire d  th a t fu tu re  IP 

n e tw o rk s  p ro v id e  d iffe ren tia ted  and  g u a ran teed  serv ices. It w ill th u s be  essen tia l 

fo r fu tu re  IP  n e tw o rk s  to  p ro v id e  Q oS ap p lica tio n s in  a  cu sto m er sp ec ific  m an n er 

su ch  as go ld , s ilv e r an d  b ro n ze  serv ices an d  to  g u a ran teed  se rv ice  fo r app lica tio n s 

req u ir in g  fix ed  d e lay  and  loss rate .

In  p rac tice , th e  co m b in a tio n  o f  In tS erv  (R S V P ) and  D iffse rv  w ill b e  req u ired  in  

p ro v id in g  en d -to -en d  and  to p  to  b o tto m  Q oS [10] [19][55]. O ne  ex am p le  o f  th is  

id ea  is illu stra ted  w ith  F igu re  2 .1 . O f  course , th e  n a tio n a l w id e  o r  in te rnational 

w id e  co m b in a tio n  o f  In tS erve  and  D iffse rv  req u ires  th e  co -o p e ra tio n  am ong

d iffe ren t n e tw o rk  opera to rs.

F ig u r e  2.1 Il l u s t r a t io n  o f  t h e  c o n b in a t io n  o f  In t S e r v  m e c h a n is m s  (RSVP) w it h

D if f s e r v

E ffic ien t su p p o rt o f  th e  requ irem en ts  in  p ro v id in g  d iffe ren tia ted  se rv ice  and  en d  to

en d  p e rfo rm an c e  w ill h o w ev er requ ire  im p lem en ta tio n  o f  v a rio u s  Q oS  m echan ism s 
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in  d iffe re n t p a rts  o f  th e  n e tw ork . It is w id e ly  accep ted  in  th e  lite ra tu re  and  

e v id e n ce d  b y  in d u stria l vend o rs  th a t m ech an ism s w ill s till be  n eed ed  to  p rov ide  

Q oS  to  ap p lica tio n s  [ 1] [4] [5] [29] [30] [33] [36] [39] [50]. V ario u s m echan ism s 

an d  p ro to co ls  p ro p o se d  b y  th e  In te rn e t E n g in eerin g  T ask  F o rce  (IE T F ) for 

in teg ra ted  an d  d iffe ren tia ted  serv ices seek  to  p ro v id e  in te roperab le , custom isab le  

so lu tio n s  in  th is  a rea  [10] [19] [24] [42] [53]. T h e  n e x t sec tion  w ill su rvey  and 

c la ss ify  th e se  v a rio u s  m echan ism s.

2 .3  C l a s s if ic a t io n  o f  Q o S S c h e d u l in g  M e c h a n is m s

A s sta ted  in  sec tio n  2 .2 , serv ice  d iffe ren tia tio n  and  g u aran teed  p e rfo rm ance  are  the 

Q oS  req u ire m e n ts  o f  fu tu re  IP  ne tw orks. In  th is  section , the  various QoS 

sch ed u lin g  m ech an ism s p ro p o sed  in  the  lite ra tu re  fo r In tS erv  and  D iffserv  w ill be 

su rv e y ed  and  ca teg o rized  fo r fu rther analysis.

T h e re  are  d iffe ren t C lassifica tions o f  Q oS m ech an ism s such  as P acket D ropping  

P o licy  (P D P ) [56], T raffic  M an ag em en t A lgo rithm s and  P ack e t Serv ice  D isc ip lines 

(P S D ) [57] h av e  b een  rep o rted  in  the  litera tu re. P ack e t D ro p p in g  P o licy  is to  drop 

p ack e ts  to  red u ce  tra ffic  con g estio n  and  m ain ta in  the  g u aran teed  Q oS accord ing  to  

ce rta in  p o licy . In  th is  c lass, pack e ts  are  n o rm ally  se rved  a t the  se rver w ith  sam e 

p rio rity . P ac k e t S erv ice  D isc ip line  a lloca tes resou rces acco rd in g  to  the  reservation  

d u rin g  d a ta  tran sfe r, b an d w id th -p ro m p tn ess and  b u ffe r space. It charac terized  w ith  

sep ara te  q u eu es  an d  serv ice  po lic ies  fo r g u aran teed  serv ice  and  o th er packets. A
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3  0 0 0 9  0 3 2 9 5 2 9 7  5



Chapter 2 QoS Scheduling Mechanisms in IP networks 1 2

se rv ice  d isc ip lin e  can  b e  fu rth e r  c la ss if ied  as e ith e r  w o rk -c o n se rv in g  o r  n o n -w o rk  

co n se rv in g .

A lth o u g h  th e  c la ss if ic a tio n  c o u ld  b e  do n e  in  v a rio u s  w ay s, in  th is  d isse rta tio n , th e  

c la ss if ic a tio n  is m ad e  o n  th e  b asis  o f  se rv ice  ra te  re se rv a tio n s  w h ic h  h av e  

s ig n if ic a n t im p a c t o n  th e  tw o  m a in  fac to rs  o f  a  Q oS  m e c h a n ism — th e  p a c k e t lo ss 

ra te  a n d  d e lay . In  th is  c la ss ifica tio n , a ll Q oS  m ec h an ism s a re  c a te g o riz e d  as 

fra c tio n a l se rv ic e  ra te  re se rv e d  an d  n o n -frac tio n a l se rv ice  ra te  re se rv ed  

m ec h an ism s. W o rk -c o n se rv in g  P S D  fa lls  in to  th e  frac tio n a l se rv ice  ra te  re se rv e d  

c a te g o ry  w h ile  P D P  an d  PS  b e lo n g  to  th e  c lass  o f  n o n -fra c tio n a l se rv ice  ra te  

re se rv ed .

In tro d u c in g  a  n e w  te rm in o lo g y  ra th e r  th an  s im p ly  u s in g  ex is tin g  ca teg o riza tio n  

su c h  a s  L a te n c y  R a te  S erv ers  (L R  S ervers) an d  n o n -L R  S erv ers  h as  the  

a d v an ta g e s  th a t it m ak es  th e  d isse rta tio n  p re se n t a  c lear, s im p le r  s tru c tu re  an d  issue  

fo cu s in g .

I t is in te re s tin g  to  o b se rv e , in  th e  fo llo w in g  sec tio n s, th a t m o s t sch ed u lin g  

m ec h an ism s  su g g e s te d  fo r D iffse rv  a re  n o n -frac tio n a l se rv ice  ra te  re se rv e d  and  

th o se  fo r  In tS e rv  a re  m a in ly  frac tio n a l se rv ice  ra te  re se rv e d  sch ed u lin g  

m ech an ism s.

* Please note LR that LR server is fully defined and elaborated in chapter 4.
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2 .3 .1  N o n - f r a c t io n a l  s e r v ic e  r a t e  r e s e r v e d  m e c h a n is m s

N o n -fra c tio n a l se rv ice  ra te  reserv ed  schedu ling  m ech an ism s a re  d e fin ed  as 

fo llow s:

For a server attending N  packet flows, there are no minimum bandwidth 

guarantees fo r  flows with lower priority. The output bandwidth is fully shared by 

all flows that have been backlogged, in the order o f  higher to lower priority or in a 

First Come First Served (FCFS) manner.

T D  [14], PS  [31], R E D  [46], R IO  [7] and  b u ffe r m an ag em en t schedu lers [43] fall 

in to  th e  n o n -frac tio n a l serv ice  reserv ed  schedu ling  m ech an ism s category . A  

co n cep t m o d el is illu stra ted  in  F igu re  2.2 . T here  are  N  p a ck e t flow s are  a ttended  by 

a se rv er w ith  se rv ice  ra te  o f  p . I f  flow  1 has the  h ig h es t p rio rity , there  is no  

m in im u m  b an d w id th  g u aran tee  for flow s 2 to  N .

Flow  1

Flow  2

Flow 3

Flow N

F ig u r e  2 .2  N o n - f r a c t io n a l  s e r v ic e  r a t e  r e s e r v e d  s c h e d u l e r

2 .3 .1 .1  F i r s t  C o m e  F i r s t  S e r v e d

F irs t C o m e F irs t S erved  (F C F S ) is the  s im p lest schedu ling  m echan ism , w hose  

p rin c ip le  is th a t p ack e ts  are  se rved  in  the  o rd er in  w h ich  th ey  have  arrived . Its 

im p lem en ta tio n  is sim p le  and  no  p e r flow  sta te  m ain ten an ce  is requ ired . T his
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m echan ism  on  its ow n  does n o t p ro v id e  de lay  o r ra te  g u aran tees. D e lay  guaran tees 

are  p ro p o rtio n a l to  b u ffe r size, and  th ere  are  no  b an d w id th  guaran tees o r flow  

iso la tion , w h ich  m eans th a t FC FS its e lf  does n o t support serv ice  d ifferen tia tion . 

F o r th is  reason , FC FS  u su a lly  w orks as a  d efau lt sch ed u le r in  b u ffe r m anagem en t 

schem es such  as T h resh o ld  D ropp ing  (T D ) [11] [14] and  R an d o m  E arly  D etec tion  

(R E D ) [46].

2 . 3 . 1 . 2  T D , R E D  A N D  R IO

T D , R E D  (R andom  E arly  D etec tion), R IO  (R E D  w ith  In  and  O ut packet) and 

A p p ro x im ated  L o n g est Q ueue D rop  (A L Q D ) are  schem es fo r decid ing  w hich  

p ack e ts  can  be  s to red  as th ey  w a it fo r transm ission , w h ile  the  schedu ler con tro lling  

the  actual tran sm iss io n  o f  p acke ts is FC FS . W e m ay  describe  them  as conditional 

d ro p p in g  schedu lers, and  they  are  schem atica lly  illu stra ted  in  F igure  2.3.

In  th e  T hresho ld  D ropp ing  m echan ism , the  decision  to  accep t or d iscard  a p acke t is 

b a sed  on  the  cu rren t b u ffe r u sage  o f  the  flow  from  the  source  o f  the  packet. A  

p ack e t tha t reach ed  its th resh o ld  in  the  b u ffe r is d ropped . S erv ice  d iscrim ination  is 

su p p o rted  b y  assig n in g  d ifferen t th resho lds to  packe t flow s.
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T here  a re  so m e  p ro b lem s th a t a rise  in  T D . F o r in stance , it can  n o t e ffec tive ly  

p rev e n t th e  o n se t o f  c o n g estio n  and , on  the  o th e r hand , it m ay  a lw ays cause  

p ack e ts  to  b e  d ro p p e d  fro m  sam e flow . T h is  p ro b lem  m o tiv a ted  th e  d ev e lo p m en t o f  

R E D  m ech an ism s. B a se d  o n  T D , R E D  ran d o m ly  d ro p s  p ack e ts  w h en  th e  b u ffe r 

co n te n t ex ce ed s  a  g iv en  th resh o ld , so th a t h e av y  flow s ex p erien ce  a  la rge  n u m b er 

o f  d ro p p e d  p ack e ts  in  c ase  o f  congestion . R E D  sch ed u lin g  m ech an ism  can  be 

d e sc rib e d  u s in g  th e  fo llo w in g  co m p o n en ts  [17].

♦ C o m p u ta tio n  o f  a v erag e  queu e  len g th  Q  

Qn=(1 ~P) Qn-1*PQn> 0<f3<1

W h e re  Q n is th e  cu rren t av e ra g e  q u eu e  length and qn is the  current 

q u e u e  length, p is a constant va lue  th at d eterm ines how  fast the  

m ech an ism  will respond to ch an g es  in the  q u eu e  length.

♦ P ro b ab ilis tic  p a ck e ts  d ro p p in g  acco rd ing  to  th e  averag e  queue leng th

If Q is less than  m inim um  threshold T D min, th ere  is no p acket dropped.

If Q  is e x ce ed s  th e  m axim u m  threshold T D max, all packets a re  dropped. 

P ackets  a re  dropp ed  with probability p (Q ) w h e re  T D min < Q < T D max.

p (Q )=Pmax(Q_TiDm/n)/(TDmax“TDmin) Where 0<Pmax^1 

♦ A  c o u n te r  is u se d  to  track  the  n u m b er o f  p ack e ts  accep ted  in  the  queue 

s in ce  th e  las t d rop  and  to  avo id  th e  g lobal sy n ch ro n iza tio n  p rob lem , i.e. 

a lw ay s d ro p p in g  p ack e ts  from  sam e flow . T h is  ensu res th a t pack e ts  are 

d ro p p ed  in  a  ran d o m  m anner.

D. Jia Performance Analysis o f  QoS Mechanisms in IP Networks



Chapter 2 QoS Scheduling Mechanisms in IP networks 16

A cco rd in g  to  F lo y d , se ttin g  p max to  1 is n o t reco m m en d ed  an d  s im u la tio n s show  

th a t Pmax= 0.1  is a  su itab le  se ttin g  [17].

R IO  is a  v a ria n t o f  R E D  and  in herits  a ll the  fea tu res o f  R E D . In  add ition , b y  

tag g in g  p a ck e ts  th a t co n fo rm  to  th e  co n n ec tio n  co n trac t as In  p ack e ts  an d  tho se  

th a t d o n ’t  as O u t p ack e ts , it is ab le  to  d iffe ren tia te  and  p en a lize  p a ck e t flow s u sin g  

m o re  re so u rce s  th an  h av e  b een  co n trac ted  w ith  th e  ne tw o rk . S erv ice  d isc rim in a tio n  

b e tw ee n  In  an d  O u t p ack e ts  can  b e  ach iev ed  in  R IO  in  d iffe ren t w ays. O ne w ay  is 

to  u se  tw o  th resh o ld s  to  d ecide  w h en  to  sta rt d rop p in g  packe ts . T he  th resh o ld  fo r In  

p ack e ts  is se t h ig h e r th an  the  th resh o ld  fo r O u t p acke ts . A n o th e r w ay  is b y  u sing  

th e  sam e th re sh o ld  fo r b o th  In and  O ut p acke ts b u t se lec tin g  h ig h e r d ropp ing  

p ro b ab ilitie s  fo r O u t packe ts , i.e., p max_out>  Pm axjn- A s in  R E D , th e  averag e  queue 

len g th  Q  de te rm in es in  w h ich  reg io n  th e  schedu ling  m ech an ism  tak es  d ropp ing  

ac tio n s . T he  reg io n s are  co ngestion  con tro l (Q  is above th e  h ig h es t th resho ld ), 

c o n g es tio n  av o id an ce  (Q  is b e tw een  the  th resh o ld s) and  no rm al o p era tio n  (Q  is 

b e lo w  th e  low  th resho ld ). N o te  th a t w h en  ca lcu la ting  Q  fo r In  packe ts , th e  coun ter 

w ill o n ly  co u n t th e  In  packe ts , w h ile  b o th  type  o f  p ack e ts  shou ld  be  coun ted  fo r 

O u t pack e ts .

T h e  im p lem en ta tio n  o f  A ssu red  F o rw ard ing  (A F) [24], w h ich  is o ne  o f  the  recen t 

p ro p o se d  D iffse rv  P e r H op  B ehav io rs recen tly  p ro p o sed  b y  IE T F , requ ires  an  

ac tiv e  sch ed u lin g  m ech an ism  to  m in im ize  long -te rm  con g estio n  w ith in  each  

se rv ice  c lass w h ile  a llo w in g  tran sien t con g estio n  resu ltin g  from  bu rsts . A  resen t 

s tu d y  [38] [49] h as show n  th a t T D , R E D  and  R IO  a re  su itab le  A F
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im p lem en ta tio n s . A s d iscu ssed  above, T D  is a  fu n d am en ta l S chedu ling  

m ec h an ism , an d  b u ffe r  c ap ac ity  h as  a  s ig n ifican t im p ac t on  its Q oS . T hus, fu rther 

an a ly sis  o n  th e  Q oS  p erfo rm an ce  o f  T D  an d  th e  im p ac t o f  b u ffe r  th resh o ld  and  

b u ffe r  s ize  is n e ce ssa ry  and  w ill b e  co n d u c ted  in  C h ap te r 3.

2 .3 .1 .3  P r io r i t y  S c h e d u l in g  m e c h a n is m

T h e  P rio rity  S ch ed u lin g  m ech an ism  p ro v id es  th e  ab ility  to  su p p o rt d iffe ren t levels 

o f  Q oS  w ith  a  ra th e r  co arse  g ranu la rity . P ack e t flo w s a re  c la ss ified  u sin g  a num ber 

o f  s ta tic  p rio ritie s , an d  each  flow  is a ssig n ed  to  an  in d iv id u a l queue. P ackets from  

lo w er p rio rity  q u eu es are  se rv ed  o n ly  i f  a ll h ig h e r p rio rity  queues are  em pty. 

W ith in  each  queue, ho w ev er, p ack e ts  are  se rv ed  acco rd in g  to  the  FC FS rule. 

A lth o u g h  PS does n o t read ily  a llo w  en d -to -en d  p erfo rm an ce  g uaran tees to  be 

p ro v id ed  o n  a  p e r  flow  b asis , it does o ffe r a  certa in  am oun t o f  serv ice  

d iffe ren tia tio n  cap ab ility  and  p ro v id es  b e tte r Q oS w ith  lo w  loss, low  latency , low  

j i t te r  an d  a ssu red  b an d w id th  fo r th e  h ig h es t p rio rity  flow . T h is  h ig h est p rio rity  flow  

is in d ep en d en t o f  o th e r tra ffic  flow s. T hese  fea tu res ex ac tly  con fo rm  to  the 

req u irem en ts  o f  th e  E x p ed ited  F o rw ard in g  PH B  o f  D iffse rv  p ro p o sed  b y  the  IE TF 

[53]. L ik e  F C F S , PS  h as  a  sim p le  im p lem en ta tion . M o re  im portan tly , PS is a  basic  

sch ed u lin g  m ech an ism  in  E F  from  w h ich  m any  o th e r sch ed u lin g  m echan ism s are 

d erived .

S om e ex am p les  a re  C lass B ased  Q ueu in g  (C B Q ), w h ich  a im s to  so lve the

sta rv a tio n  p ro b lem  o f  PS  [34] and  W eig h ted  F a ir  Q u eu in g  (W F Q ) w h ich , apart

fro m  so lv in g  th e  s ta rv a tio n  p ro b lem , im proves th e  fa irn ess  and  g ran u la rity  o f  PS. 
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B ecau se  o f  th is , it is im p o rtan t to  co n d u c t a  p e rfo rm an ce  analysis  o f  PS and  a 

fu rth e r s tu d y  on  th is  w ill b e  p resen ted  in  C h ap te r 3.

2 .3 .2  F r a c t io n a l  s e r v ic e  r a t e  r e s e r v e d  m e c h a n is m s

F rac tio n a l se rv ice  ra te  rese rv ed  schedu ling  m ech an ism s can  be  defin ed  as fo llow s: 

I f  there are N  flow s attended by a single server, the bandwidth allocated to each 

flo w  is guaranteed with a minimum bandwidth based on its assignedfraction o f  the 

service rate o f  the server. Output bandwidth is fu lly  shared by all backloggedflows 

in proportion to their assigned fraction.

A cco rd in g  to  th is  d efin ition , a  separa te  queue  needs to  be  m ain ta ined  for each  

p ack e t flow . Som e w ell k n o w n  schedu ling  m echan ism s, such  as G PS, PG PS (or 

W F Q ), W o rst case  F a ir W eig h ted  F a ir Q ueueing  (W F2Q ), S e lf-C locked  Fair 

Q u eu in g  (S C F Q ) [18] and  W aited  R o u n d  R ibbon  (W R R ) belong  to  the  fractional 

se rv ice  reserv ed  schedu ling  m echan ism  category . A  general m odel o f  scheduling  

m ech an ism s ca lled  L aten cy  R a te  S erver (L R  Servers) h as recen tly  been  p roposed  

[13]. L R  S ervers h av e  som e n ew  p roperties b u t still m ee t the  sam e defin ition  o f  

frac tio n a l serv ice  ra te  reserv ed  schedu ling  m echan ism  [51]. A  m ore  detailed  

d iscu ss io n  o f  th is  general m odel and  its p roperties w ill be  p resen ted  in  C hap ter 4.

2 .3 .2 .1  G e n e r a l  P r o c e s s o r  S h a r in g

G en era l P ro cesso r S haring  (G P S) is genera liza tio n  o f  U n ifo rm  P ro cesso r Sharing  

as d escrib ed  in  [35], and  its p ack e t b ased  v ers ion  PG PS (o r W F Q ) is developed  by 

P a rek h  [3] an d  D em ers [2]. B ased  on  G P S , P G PS  w as com b in ed  w ith  L eaky
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B u ck e t [52] ra te  co n tro l [3] to  p ro v id e  flex ib le , e ffic ien t an d  fa ir u se  o f  the  ou tpu t 

lin k  o f  a  sin g le  node .

T h e  G PS sch ed u lin g  m ech an ism  is d e fin ed  w ith  the  assu m p tio n  th a t the  se rver is 

w o rk  co n serv in g  (i.e . th e  se rver is n e v e r id le  i f  th e re  is w o rk  in  the  system ) and  

o p e ra tes  a t a  fix ed  ra te . L e t Sj(x,t) an d  Sk(x,t) d eno te  the  am o u n t o f  tra ffic  se rved  in  

an  in te rv a l (x,t] fo r sess io n s j  and  k  resp ec tiv e ly . A  sess ion  b ack lo g  tim e  p eriod  

(x,T] is d e fin ed  in  [3] as th a t w ith in  th e  tim e  p e rio d  (sess io n  b ack lo g  period ) the  

sess io n  q u eu e  is n o t em p ty  a t any  tim e  te (x ,T ] . A  G PS se rv er is th en  further 

d e fin ed  w ith  u se  o f  th e  co n cep t o f  sess ion  b ack lo g  period . F o r any  session  j  tha t is 

co n tin u o u sly  b ack lo g g ed  in  (x,t], G PS  se rv er h as th e  fo llow ing  properties:

^ - where j , k  = 1,2,...,N a n d are Positive numbers (2-1) 
Sk(T, t )  fa

W h ere  k  can  be  any  session  from  1 to  N .

T h e  p o sitiv e  n u m b er fa can  be  in te rp re ted  as th e  w e ig h t b y  w h ich  the  serv ice  

ra te  is a ssig n ed  to  each  session . I f  th e  se rv ice  ra te  o f  the  se rver is r and  a 

sum m atio n  is d one  fo r a ll k  o f  (2 -1), it can  be found  th a t

S ,- ( r ,0 2 > *  >{ t-r)r<j>)

an d  se ss io n  j  is g u a ran teed  a  ra te  o f

grj =
fa
' — r

U fa

( 2 - 2 )

I f  B (x) is th e  se t o f  b ack lo g g ed  sessions a t tim e  x, the  se rv ice  ra te  o f  a  non-

b ack lo g g ed  sess io n  j  w ill be  _____________________________________
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r J  =

* j

H A
keB(r)

r > g r j (2 -3 )

T o g e th e r  w ith  u s in g  a  lea k y  b u c k e t to  c o n s tra in  in co m in g  tra ffic , th e  G PS  

sc h e d u lin g  m e c h an ism  g u a ra n tee s  a p p lic a tio n s  w ith  a  w o rs t c ase  d e la y  due  to  th e  

g u a ra n te e d  se rv ice  ra te  s ta te d  in  (2 -2 ). T h e  c o n s tra in t im p o se d  b y  leak y  b u c k e t 

( < j j , p j , C j )  to  th e  tra ff ic  o f  se ss io n  j  th a t e n te rs  th e  n e tw o rk  is 

A j ( T , t ) < m i n { ( - T ) C j , ( 7 j  + P j ( t - z ) }  \ / t > z > 0  (2 -4 )

w h e re  A j(x ,t) is th e  a m o u n t o f  tra ff ic  o f  se ss io n  j  th a t leav es  th e  b u c k e t an d  en te rs  

th e  n e tw o rk  d u rin g  (x ,t], <jj is th e  leak y  b u c k e t c ap ac ity , pj is th e  to k e n  g en era tio n  

ra te  a n d  C7 is th e  m ax im u m  ra te  a t w h ic h  th e  b its  o f  se ss io n  j  can  leav e  th e  b u c k e t

( C j > P j \

T h e  w o rs t c ase  p a c k e t d e lay  fo r se ss io n  j  is d e te rm in e d  b y  th e  m ax im u m  queue  

le n g th  a n d  g u a ra n teed  se rv ice  ra te  fo r th e  sess io n . C le a rly  b o th  qu eu e  len g th  and  

g u a ra n te e d  se rv ice  ra te  a re  d e te rm in ed  b y  th e  a rriv a l p ro c e ss  o f  all sessions. It h as 

b e e n  sh o w n  in  [3 ]  th a t th e  u p p e r b o u n d  o f  th e  sess io n  j  d e la y  D j* an d  q u eu e  len g th  

Qj* a re  a c h iev e d  fo r G P S  se rv e r  w h e n  C j>r an d  ev ery  se ss io n  is g reed y  starts  a t the  

b e g in n in g  o f  a  sy s tem  b u sy  p e rio d . I f  D j* is th e  m ax im u m  d e la y  an d  Qj*is th e  

m a x im u m  b a ck lo g  fo r se ss io n  j ,  th en

Q * =  m ax  m a x  Q  • (z)  where Q (z)  = A • (0 , z )  -  S  ■ (0 , z ) (2 -5 )
^ J (A\,...,AN) r * 0  J J J J

D * =  m ax  m ax  D  • ( z ) where D  (z)  = inf{r >  z : S  • (0 , t) =  A  • (0 , z )} -  z  (2 -6 )
J {A\,...,AN) t >0 J J j j
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w h e re  Sj(x,t) is th e  am o u n t o f  sess io n  j  tra ffic  se rv ed  in  th e  in te rv a l (x,t] and  D j( x )  

is th e  se ss io n  j  d e lay  a t tim e  x. Ak is a rriva l fu n c tio n  o f  se ss io n  k  w h ere  k=l,2, ...,7V. 

T h e  sy s tem  b u sy  p e rio d  is d e fin ed  as a  m ax im al in te rv a l B  such  tha t

N

S j  ( r ,  t) =  (t -  r )r  fo r  any x<t and t eB  (2-7)
j =i

N o te  th a t th e  d e fin itio n  o f  sy stem  b u sy  p e rio d  h e re  is id en tica l to  th a t g iv en  fo r L R  

se rv ers  in  C h ap te r 4.

A s s ta te d  above, G PS  is an  a ttrac tiv e  sch ed u lin g  m ech an ism  d ue  to  its fo llow ing  

fea tu res:

♦ F lex ib ility  in  trea tin g  ap p lica tio n  sess io n s d iffe ren tly  b y  v a ry in g  th e  <|>j s 

w ith o u t d eg rad in g  se rv ice  to  o th er sess io n s to  w h ich  d iffe ren t (j)j have  been  

assigned .

♦ B e tte r  and  fa ire r u tiliza tio n  o f  o u tp u t b an d w id th  is ach iev ed  in  G PS due to  its 

w o rk  co n serv in g  charac te ris tic . T he g u a ran teed  se rv ice  ra te  an d  actual serv ice  

ra te  o f  each  sess io n  is p ro p o rtio n a l to  its a ss ig n ed  p o sitiv e  n u m b er <|>k w here  

k e B (x ) .

♦ T h e  d e lay  b o u n d  o f  an  a rriv in g  sess io n  j  b it o n ly  re la te s  to  its ow n  queue leng th  

an d  is in d ep en d en t o f  the  a rriv a ls  and  q u eu es o f  o th e r sessions.

♦ W o rs t-case  n e tw o rk  q u eu in g  d e lay  g u a ran tees (u p p er b o u n d ) can  b e  p ro v id ed  i f  

th e  tra ffic  so u rces a re  leak y  b u c k e t constra ined . T h is  u p p e r b o u n d  is g iven  by  

(2 -7 )
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A lth o u g h  th e re  are  m an y  a ttrac tive  advan tages in  G PS, there  are  also  som e 

d raw b ack s to  it. T he  s ign ifican t d raw backs o f  G PS are  th a t it can  no t transm it 

p ack e t as en tities, it assum es th a t b ack logged  sessions can  be served 

s im u ltan eo u sly  and  th a t traffic  is in fin ite ly  div isib le. T hese  d raw backs m ake GPS 

im practica l. T herefo re , in  n ex t section , som e scheduling  m echanism s that 

ap p ro x im ate  G PS  p ro p o sed  are  rev iew ed .

2 .3 .2 .2  W e ig h t e d  Fa ir  Q u e u e  (W F Q ) ,  W o r s t  C a s e  Fa ir  W e ig h t e d  Fa ir  

Q u e u in g  ( W F 2Q )  a n d  W F 2Q +

T he p ro b lem  o f  approx im ating  G PS in p acke t sw itched  netw orks has attracted  

co n sid erab le  a tten tion  in  the  litera tu re, and  m any  approaches have been  p roposed

[2] [3] [12] [18] [28] [40] [48] A m ong  them , the  one tha t is best know n is W FQ  

and  its v aria tions W F2Q  and  W F 2Q+.

A t a  w o rk -conserv ing  server o f  a  rea listic  packe t system , only  one session at a tim e 

can  receive  serv ice , and  a  p acke t can  be  served  on ly  a fte r the  p rev ious packet has 

b een  served . W FQ  is a  w ork-conserv ing  server, due to  its p roperty  o f  serving 

p ack e ts  from  all b ack logged  sessions w hen  the server is idle. In  W FQ  the finish 

tim e  o f  pack e ts  in  th e  co rrespond ing  G PS system  is used  to  decide the packet 

se rv ice  order. I f  th ere  are  N x sessions are  back logged  at tim e x and the server is 

read y  to  tran sm it the  n ex t packet, then  from  all back logged  sessions, the packet 

w ith  th e  sm alles t fin ish  tim e w ill be  served. L et Fp and  F p be the  tim e at w hich 

p ack e t p  w ill fin ish  serv ice  u n d e r G PS and  W FQ  respective ly , an  im portant resu lt
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e s ta b l is h e d  b y  P a re k h  [3] is  th a t  th e  d e la y  b o u n d  p ro v id e d  b y  W F Q  is w ith in  one 

p a c k e t tra n s m is s io n  tim e  d iffe re n c e  o f  th a t  b y  G P S . It c a n  b e  p re se n te d  as 

Fp - F p< L max/r  (2 -8 )

W h e re  L max is  th e  m a x im u m  p a c k e t s iz e  a n d  r  is  th e  ra te  o f  th e  se rv er. T h is  fea tu re  

m a k e s  W F Q  a  re fe re n c e  s e rv e r  m o d e l fo r  th e  g u a ra n te e d  se rv ice  c la ss  in  In tS erv

[47 ]. H o w e v e r , th is  d o e s  n o t m e a n  th a t  th e  W F Q  sc h e d u lin g  m e c h a n ism  an d  G PS 

p ro v id e  a lm o s t id e n tic a l se rv ice  w ith  o n ly  a  d iffe re n c e  o f  o n e  p ack e t. In  a  G PS  

sy s te m , th e re  m a y  e x is t  N  m a x im u m  s ize  p a c k e ts  th a t  f in ish  se rv ice  s im u ltan eo u s ly  

a t t im e  x a n d  n o  m a tte r  h o w  p e rfe c tly  th e  G P S  sy s te m  is trac k ed , th e re  is the  

p o ss ib ili ty , d u e  to  th e  a rb itra ry  se rv ice  o rd e r  in  p a c k e t b a se d  W F Q  sy s tem s, th a t 

F p- F PW= (N X- 1 )L max/r+  L max/(r*c|)) 

w h e re  <|> is th e  w e ig h t o f  th e  se ss io n  c o n ce rn e d . T h a t is

F p- F pw> (N x- l ) L max/r  (2 -9 )

T h is  m e a n s  th a t  th e  tim e  a t w h ic h  a  p a c k e t d e p a rts  fro m  W F Q  m a y  a c tu a lly  (N x-1) 

m a x im u m  p a c k e t tra n sm iss io n  tim e s  e a rlie r  th a n  fro m  a  G P S  system . T h is 

in a c c u ra c y  o f  W F Q  in  a p p ro x im a tin g  G P S  can  h a v e  a  s ig n if ic a n t n eg a tiv e  im p act 

o n  th e  Q o S  o f  re a l t im e  se rv ice  in  te rm s o f  d e la y  v a ria n c e  w h e n  a  l in k  is sh a red  b y  

a  la rg e  n u m b e r  o f  b a c k lo g g e d  se ss io n s . C o n s id e r  th e  e x am p le  w h e re  2000  

b a c k lo g g e d  se ss io n s  sh a rin g  a  1 0 0 M b p s lin k  w ith  a  m a x im u m  p a c k e t size  o f  1500 

b y te s . F o r  a  re a l t im e  se ss io n  re se rv in g  2 0 %  (<|)=20%) o f  th e  lin k  b an d w id th , 

a c c o rd in g  to  (2 -9 )  th e  p a c k e t o f  th is  se ss io n  m a y  h a v e  a  d e la y  v a ria n ce  o f  155m s a t 

o n e  s w itc h  n o d e .
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Im p le m e n ta tio n  c o m p lex ity  is an o th e r d raw b ack  o f  W F Q , becau se , im plem ent 

W F Q , it is n e c e ssa ry  to  tra c k  th e  p ro g ress  o f  G P S . T he  co n cep t o f  system  v irtual 

tim e  a n d  v irtu a l tim e  is p ro p o se d  fo r th is  p u rp o se  [3]. T h ere  a re  th ree  v irtua l tim es 

a re  u se d  in  tra c k in g  th e  p ro g ress  o f  p ack e ts  b e in g  se rv ed  in  G PS . System  virtual 

tim e  V (t) , v irtu a l s ta rt tim e  o f  S and  fin ish  tim e  F  o f  a  p acke t. S is the  tim e  packe t 

b e g in s  to  b e  se rv ed  i f  th e  system  is G PS an d  F  is th e  tim e  th a t the  serv ice  is 

co m p le ted . S y stem  v irtu a l tim e  is u sed  to  u p d a te  v irtu a l sta rt and  fin ish  tim e o f  a 

p a c k e t in  th e  sy stem  w h en  th e re  is an  ev en t o f  p a ck e t a rriva l o r  departu re  to  occur. 

S y s tem  v ir tu a l tim e  V (t) is d e fin ed  in  [3] as

V(t)  =

0

T

U fa
keBi

when server is idle 

t  = t -  fM and t  < t j  -  , i = 2,3,. ( 2 - 10)

w h e re  Bi is th e  se t o f  sessions th a t are  bu sy  in  th e  tim e  in terval (ti.i,t,) w hen  the 

e v en t o f  th e  i*  a rriva l to  or d ep artu re1 from  G PS occurs. B ased  on (2-10), the 

c a lcu la tio n  o f  v irtu a l fin ish  tim e  o f  a  p ack e t is g iv en  in  as fo llow s: 

i f  th e  ith p a c k e t o f  sess io n  j  a rrives a t tim e  tj1,

S \  +  F where S j  =  m ax  {F j 1, V (t j  )} ( 2 - 11)

T h e  im p le m e n ta tio n  o f  W F Q  is b ased  on th e  v irtua l tim e  func tio n  (2-11). W hen  a

p a ck e t a rriv es , th e  system  v irtua l tim e  is u p d a ted  an d  th e  v irtua l fin ish  tim e is 

s tam p ed  to  it. T h e  p ack e ts  in  th e  system  are  so rted  b ased  on  th e ir  v irtua l fin ish

1 T h e  convention  that a packet has arrived  o r le ft on ly  a fter its  last b it has arrived  or le ft has been

adopted in  th is dissertation________________ _ ___________________ _______ _____________
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tim e  and  p ic k e d  u p  b y  th e  se rv e r  in  an  in c reas in g  o rd e r  o f  tim e  stam p, i.e. the 

p a ck e t w ith  th e  sm a lle s t v irtu a l f in ish  tim e  is to  b e  se rv ed  first. T h is has a 

co m p lex ity  o f  0 (N )[2 ]  [3] [56] w h ere  N  is th e  n u m b e r o f  sess io n s sharing  the  link. 

U n d e r th e  w o rs t case  th e  sch ed u lin g  m ec h an ism  n eed s  to  p ro cess  N  events 

(a rriv a ls  o r d ep artu res) fo r a  sin g le  sch ed u lin g  d ec is io n , w h ich  m akes W FQ  

d iff icu lt to  b e  im p lem en ted  a t h ig h  speed .

T o  d im in ish  th e  in ac cu ra cy  an d  co m p lex ity  o f  W F Q , W F 2Q  and  a fu rther 

re f in em e n t W F 2Q +  a re  p ro p o se d  b y  B e n n e tt and  Z h an g  [28][26]. W F 2Q  uses the 

S m alle s t E lig ib le  V irtu a l F in ish  tim e  F irs t (S E F F ) p o lic y  to  schedu le  p acke ts in  the 

sess io n  queue. W F 2Q  se lec ts  th e  n e x t p a ck e t to  tran sm it a t tim e  x on ly  from  

p ack e ts  th a t h av e  s ta rted  se rv ice  in  th e  c o rre sp o n d in g  G PS system . A  p ack e t is said  

to  b e  e lig ib le  a t tim e  x i f  its v irtu a l sta rt tim e  is no  g rea te r th an  the  cu rren t system  

v irtu a l tim e. T he  ith p a c k e t o f  sess io n  j  is e lig ib le  a t tim e  x, i f  o n ly  i f  

S )  <  +  r )  (2-12)

B y  th e  u se  o f  b o th  v irtu a l s ta rt tim e  an d  v irtua l fin ish  tim e , th e  W F Q  scheduling  

m ech an ism  a ch iev es  a  m o re  accu ra te  em u la tio n  o f  G P S . D u rin g  any  tim e in terval, 

th e  d iffe ren ce  b e tw ee n  th e  a m o u n t o f  tra ffic  tran sm itte d  b y  G PS and  W F Q is 

w ith in  o ne  p ack e t size. L ik e  W F Q , W F 2Q  still p o ssesses  a  im plem enting  

c o m p lex ity  o f  0 (N ) .

W F 2Q +  fu rth e r im p ro v es  th e  p e rfo rm an c e  o f  W F Q , b y  u sin g  a  n e w  v irtua l tim e 

fu n c tio n  an d  a  s im p lifica tio n  o f  v irtu a l s ta rt an d  fin ish  tim e, to  reduce  its 

im p lem e n tin g  co m p lex ity  from  0 ( N )  to  an  o v era ll c o m p lex ity  o f  O (logN ) [27].
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T he  m a jo r ta s k  a sso c ia ted  w ith  W F 2Q +  im p lem en ta tio n  is com pu ting  the  system  

v ir tu a l tim e  fu n c tio n  an d  m ain ta in in g  th e  se t o f  e lig ib le  sessions so rted  by  v irtual 

f in ish  tim e . D iffe rin g  from  W F 2Q , W F 2Q +  u ses  a  n e w  v irtu a l tim e  function  w hich  

is g iv en  in  [27] as

V  2 (f +  r )  =  m ax{K  2 ( 0  +  r > m in  )} (2-13)
WF2Q + y ’  1 WF2Q+X J jeB( t )  }

w h e re  B(t) is th e  se t o f  b a ck lo g g ed  sessions a t tim e  t, h /t)  is th e  sequence  num ber 

o f  th e  p a c k e t a t th e  h ead  o f  th e  sess io n  j ’s queue  an d  S j  is the  v irtua l start tim e 

o f  th e  p a c k e t a t th e  h ead  o f  th e  sess io n  j  queue.

In  b o th  W F Q  an d  W F 2Q , v irtu a l sta rt an d  fin ish  tim es n e ed  to  be  m ain ta ined  on  a 

p e r  p a ck e t b asis . In  W F 2Q + , ho w ev er, on ly  one  p a ir  o f  v irtua l start and  fin ish  tim es 

is m a in ta in ed  an d  is u p d a ted  w h en ev e r a  n ew  p a ck e t reach es the  head  o f  the  queue. 

T h e  u p d a tin g  o f  th e  v irtua l start tim e  and  v irtua l fin ish  tim e  is also  g iven  in  [27] as

s j =

Fj Q M ~ ) * 0  

m a  x (F j , V {a) )) Qj (a) - )  =  0

L‘
F .  =  S ,  +

r</>i

(2-14)

w h e re  a j  is th e  a rriv a l tim e  o f  th e  i h p ack e t o f  sess ion  j  and  Q j ( a J - )  is the  queue 

len g th  o f  se ss io n  j  ju s t  b e fo re  tim e  a}. L j  is the  p ack e t leng th  o f  the  pack e t at the 

h e a d  o f  th e  sess io n  j  queue, an d  $  is the  w e ig h t o f  sess ion  j .  T he w o rk  o f  updating  

sy s tem  v irtu a l tim e  an d  so rting  v irtu a l fin ish  tim es am ong  e lig ib le  sessions in 

W F 2Q +  h as a  co m p lex ity  o f  O (lo g N ) [23]. It sh o u ld  be  n o ted  th a t W F Q + has no t
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o n ly  th e  sam e  p ro p e rtie s  as W F Q  in  te rm s o f  fa irn ess  an d  d e lay  b o u n d , b u t also  

h a s  s ig n if ic an tly  lo w e r com plex ity .

2 .3 .2 .3  L a t e n c y  R a t e  S e r v e r  (L R -S e r v e r s ) F r a m e w o r k

F u tu re  IP  n e tw o rk s  are  lik e ly  to  b e  h e te ro g en eo u s in  te rm s o f  sw itches (rou ters, 

g a tew ay s), an d  h en ce  a  v a rie ty  o f  sch ed u lin g  m ech an ism s m ay  b e  em p lo y ed  in  

th e se  sw itch es .

In  th is  sec tio n , a  genera l m odel fo r sch ed u lin g  m ech an ism s, th e  L a ten cy  R ate  

S erv er, is in tro d u ced . T he  L aten cy  R a te  (L R ) S erver, o r s im p ly  L R  servers , is no t 

an  in d iv id u a l sch ed u lin g  m ech an ism  b u t a  c lass (o r a  ca teg o ry ) o f  schedu ling  

m ech an ism s. L R  se rvers  w ere  first p ro p o sed  b y  S tiliad is  [13] as a  g enera l m odel 

fo r th e  an a ly sis  o f  a  b ro ad  ran g e  o f  schedu ling  m ech an ism s em p lo y ed  in  a  n e tw ork  

and , in  p a rticu la r, fo r stud y in g  th e  w o rs t case  d e lay  b eh av io u r o f  indiv idual 

sess io n s .

T h e  k ey  fea tu re  o f  th e  th eo ry  o f  L R  servers is it u ses  sess ion  b u sy  p e rio d  to

m easu re  se rv ice  rece iv e d  b y  th e  session  and  iden tify  sch ed u lin g  m echan ism s that

b e lo n g  to  L R  se rv ers  b y  co m p arin g  th e  average  serv ice  ra te  rece iv ed  w ith  the  rate

re se rv e d  fo r th e  sess io n  d u ring  th e  session  b u sy  period . P lease  n o te  th a t the  session

b u sy  p e rio d  u se d  in  L R  S erv er th eo ry  b y  S tiliad is is d iffe ren t from  th a t u sed  in  [3].

A  se ss io n  i b u sy  p e rio d , as d e fin ed  in  [13], can  be in te rp re ted  as th e  m ax im um  tim e

in te rv a l d u rin g  w h ic h  th e  sess io n  is co n tin u o u sly  b a ck lo g g ed  assu m in g  it on ly

rec e iv e s  re se rv e d  se rv ice  ra te . It can  be  tak e n  as th e  w o rs t case  i f  a  session  can

o n ly  rec e iv e  its  re se rv e d  serv ice  ra te , as fa r as th e  p a ck e t lo ss an d  de lay  o f  the  
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se ss io n  is c o n ce rn e d , w h en  th e re  a re  m o re  th a n  o n e  b a c k lo g g e d  sess io n s a tten d ed  

b y  a  se rv e r  in  a  w o rk  co n se rv in g  m an n er. I t is a lso  p o in te d  o u t in  [13] th a t w hen  

sam e  tra ff ic  d is tr ib u tio n  is ap p lied  to  tw o  d iffe ren t sc h ed u lin g  m ech an ism s, the  

se ss io n  b u sy  p e rio d  rem a in s  co n stan t i f  th e  se rv ice  ra te  re se rv e d  fo r th e  session  is 

id en tica l. T h is  is th e  fu n d am en ta l rea so n  fo r in tro d u c in g  th e  se ss io n  b u sy  p e rio d  

w h ic h  m a k e s  it  p o ss ib le  to  an a ly se  th e  p e rfo rm an c e  o f  d iffe ren t schedu ling  

m ec h an ism s. T h e  th eo ry  o f  L R  se rv e r is b a se d  on  th e  se ss io n  b u sy  p eriod , w ith  L R  

se rv e rs  d e fin e d  as fo llow s:

A scheduling mechanism is an LR server i f  there exists an non negative number 0 

such that the fo llow ing  inequality hold fo r  all times t from  the start o f  the j th busy 

p erio d  o f  session i till all packets that arrived during this period  are served and  

vice versa. That is

S itj ( r ,  t) > m ax (0 , / / , * ( / -  r  -  6))

where 6  is the minimum non-negative number that satisfies the above inequality 

an d  Sij(r,t) is the service received by the traffic o f  session j  that arrived during 

time interval o f  (z,tj. pi is the service rate reserved fo r  session i. G is also called  

latency o f  the LR server.

I t c an  b e  p ro v e d  th a t th e  0 in  th e  ab o v e  in eq u a lity  is th e  w o rs t case  de lay  seen  by  

th e  firs t p a c k e t o f  e ach  b ack lo g g ed  sess io n  o f  th e  L R  server.

Proof:

If th e re  ex ists a  n o n -n e g ative  n u m b er 0 (0 > 0 ) such th a t th e  first p acket o f a 

b ac k lo g g ed  q u e u e  o f session v is served  on or a fte r tim e  0 a fte r the  arrival
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*
tim e  t o f th e  p ac ke t. S in c e  th e  s e rv e r is L R  se rv er, th en  fro m  th e  definition  

th e  L R  s e rv e r a b o v e  w e  h a v e

S v( r J  + 6 ) >  p v{t* - r )

S v ( r ,  t  +  0*) > juv (t* - t ) + juv (6* -  6)

W e  a lso  kn o w  th a t th e  p ac ke ts  th a t se rv ed  o f sess ion  v a t tim e  t*+0 a re  

identica l to th a t a t t + 0  (p le a s e  n ote  th a t th e  q u e u e  o f sess ion  v  is em p ty  

right b e fo re  t* an d  no p ac ke t is se rv ed  a fte r t*). T h e re fo re  it is also  

o b s e rv a b le  th a t

0 >  juv(Q* -  0) w hich  contrad icts w ith th e  assu m p tio n  o f 0*>0.

T h e re  a re  tw o  im p o rtan t fin d in g s  re g a rd in g  L R  se rv e rs  b y  S tiliad is  [13]. O n e  is th e  

d e riv a tio n  o f  u p p e r  b o u n d s  o n  en d  to  en d  d e la y  w h ic h  e x te n d e d  th e  w o rk  o f  [3] [57] 

to  a c c o m m o d a te  a  b ro a d  ran g e  o f  sc h ed u lin g  a lg o rith m s in  an  a rb itra ry  w ays. T h is 

d e r iv a tio n  is b a se d  o n  th e  a ssu m p tio n  o f  lea k y  b u c k e t ( p j ,  <jj, o o )  c o n s tra in ed  tra ffic  

a rriv a ls . T h e  o th e r  is th e  d e riv a tio n  o f  z e ro  lo ss  b u ffe r  req u ire m e n ts  a re  d e riv e d  for 

th e  w o rs t case . W ith in  a  s in g le  L R  se rv er, th ese  tw o  f in d in g s  can  b e  d e sc rib e d  as:

D  <  — L- + 9  (2 -15 )

r J

B j  <<j j  +  P j Q j  ( 2 - 1 6 )

w h e re  Dj is  th e  m ax im u m  d e la y  o f  a n y  p a c k e t o f  se ss io n  j  in  th e  L R  serv er, Bj is 

th e  z e ro  lo ss  b u ffe r  re q u ire m e n ts  fo r se ss io n  j .  Oj is th e  la ten c y  o f  se ss io n  j  a t the  

L R  se rv e r . W ith  th e  u se  o f  (2 -1 5 ) a n d  (2 -1 6 ), o n e  can  h a v e  a  g o o d  u n d e rs tan d in g

D. Jia Performance Analysis o f  QoS Mechanisms in IP Networks



Chapter 2 QoS Scheduling Mechanisms in IP networks 30

o f  th e  w o rs t c ase  d e lay  b e h av io u r o f  an  in d iv id u a l sess ion  in  a  n e tw o rk  w ith  

h e te ro g e n e o u s  sc h ed u lin g  m ech an ism s.

F ro m  th e  ab o v e  in tro d u c tio n , it is c lea r th a t L R  serv ers  a re  a  genera l rep resen ta tio n  

o f  f rac tio n a l se rv ice  ra te  rese rv ed  m ech an ism s. C h ap te r 4  add resses k ey  L R  server 

issu es , in  p a rticu la r  th e  w o rs t case  av erag e  loss ra te .

2 .4  P e r f o r m a n c e  o f  Q o S  M e c h a n is m s : K e y  Is s u e s

T h is  se c tio n  su m m arise s  th e  p rev io u s  ones, and  o u tlines k ey  issues n o t ye t 

a d d re sse d  in  th e  lite ra tu re .

T h e  In te rn e t is ev o lv in g  rap id ly  w ith  an  increasin g  n u m b er o f  app lica tions w ith  

d iv e rse  req u irem en ts . A s d iscu ssed  in  sec tion  2 .2 , se rv ice  d iffe ren tia tio n  and  Q oS 

g u a ran tee s  a re  th e  b a s ic  req u irem en ts  fo r fu tu re  IP  n e tw orks. Q oS  m echan ism s w ill 

p lay  an  im p o rtan t ro le  in  co n tro llin g  the  am o u n t o f  n e tw o rk  reso u rces th a t each  

se rv ice  c lass can  co n su m e, and  w ill p ro v id e  g u aran teed  Q oS b y  m in im ising  the  

p a c k e t lo ss ra te  an d  en d -to -en d  delay . W hile  th ere  is s ig n ifican t w o rk  on  the  

a n a ly s is  o f  v a rio u s  sch ed u lin g  m echan ism s, e sp ec ia lly  fo r de lay  and  delay  

v a ria tio n , th e re  a re  still issues reg a rd in g  th e  com para tive  m erits  and  loss b ehav iou r 

o f  th e  v a rio u s  sch ed u lin g  m ech an ism s th a t a re  n o t fu lly  u nderstood . In particu la r, 

tw o  k e y  issu es a re  co n sid e red  in  th e  fo llow ing  chap ters. O ne is h o w  w ell do the 

sch ed u lin g  m ec h an ism s w h ic h  su p p o rt D iffserv  p ro v id in g  v arious Q oS levels. T h is 

issu e  w ill b e  ad d re ssed  in  C h ap te r 3 v ia  a  qu an tita tiv e  com parison , w h ich  show s 

th e  co m p a ra tiv e  m erits  o f  the  sch ed u lin g  m ech an ism s th a t su p p o rt D iffserv . In
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p a rticu la r, th e  w o rk  w ill focus on  th e ir  su itab ility  in  th e  D iffS e rv  en v iro n m en t and  

w ill d ev e lo p  an a ly sis  tech n iq u es. T he  o th e r issue  is th e  p e rfo rm an ce  b eh av io u r o f  

th e  v a rio u s  Q oS  m ech an ism s, p a rticu la rly  th e  loss ra te  u n d e r th e  w o rs t case  

scen a rio  w h e n  th e  in p u t b u ffe r o f  the  se rv er is fin ite  an d  de te rm in in g  th e  arrival 

p ro ce ss  th a t w ill cau se  th e  m ax im u m  average  loss ra te . T h is issue  is a  critical 

d im en sio n in g  issu e  w h ich  is n o t w ell u n d e rs to o d  in  th e  lite ra tu re . T o  address th is 

issu e , ch ap te r 4  focuses on  the  pe rfo rm an ce  analysis o f  a  genera l m odel o f  QoS 

m ec h an ism s — L R  servers.
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C h a p te r 3

P e rfo rm a n c e  A n a ly s is  o f N o n-F rac tio n a l 

S e rv ic e  R ate R eserved  S ch ed u lin g  

M e c h a n is m s -T h re s h o ld  D rop p ing  and  

P rio rity  S ch e d u lin g

3.1 In t r o d u c t io n

A cco rd in g  to  th e  c lass ifica tio n  o f  the  Q oS schedu ling  m echan ism s in  C hapter 2, 

m o st D iffe re n tia ted  S erv ices (D iffS erv ) m echan ism s are  non-frac tiona l serv ice  rate 

re se rv e d  sch ed u lin g  m echan ism s. D iffS erv  w as p ro p o sed  as an  a lternative for 

In teg ra ted  S erv ice  (In tS erv ) w ith  s im p lified  schedu ling  m echan ism s and  pro tocols. 

T h e  D iffS e rv  Q oS arch itec tu re  re lies on  the  defin itio n  o f  a  lim ited  set o f  local 

b e h av io rs  w h ich  are  re fe rred  to  as P e r H op  B ehav io rs (PH B s). B est e ffo rt is the 

d e fa u lt PH B  in  D iffS erv . T he m o st recen t IE T F  D iffS erv  w ork ing  group  focuses 

m a in ly  o n  tw o  PH B s, A ssu red  F o rw ard ing  (A F)[24] and  E xped ited  F orw ard ing  

(E F )[53 ].

In  A ssu re d  F o rw ard in g , IP  pack e ts  are  c lassified  as b e lo n g in g  to  one o f  N  traffic  

c la sses  (e .g . N = 4). W ith in  a  traffic  c lass, a  p ack e t is a ssigned  w ith  a level o f  drop 

p reced e n c e  su ch  as g reen , o r y e llo w  o r red . In  case  o f  congestion , packets w ith  

lo w e r p reced en ce , e.g. red , w ill be  d ropped  first. A F  PH B s can  thus p rov ide 

d iffe ren t leve ls o f  fo rw ard in g  assu rance  fo r IP  packe ts . A F  p ack e t can  expect to  be 

fo rw a rd ed  w ith  a  h ig h  p ro b ab ility , as long  as th e  tra ffic  does n o t exceed  its service
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p ro file  (su b sc rib ed  in fo rm a tio n  ra te). It is p ro p o sed  th a t the  im p lem en ta tio n  o f  A F 

u se s  an  a c tiv e  q u eu e  m an ag em en t m ech an ism , such  as T D  or R E D  [24].

E x p ed ite d  F o rw ard in g , also  ca lled  th e  P rem iu m  S erv ice  Schem e, im proves on  the  

cu rren t b e s t e ffo rt se rv ice  w ith  low  loss, low  la ten cy  and  jitte r , and assured  

b an d w id th . E F  tra ffic  shou ld , as suggested  in  [53], rece iv e  a p redefined  serv ice  ra te  

in d ep e n d en t o f  th e  in ten s ity  o f  any  o th e r tra ffic  a ttem p ting  to  tran sit the  node. 

P rio rity  sch ed u lin g  is su g g ested  fo r im p lem en tin g  EF.

A lth o u g h  th e re  are  so m e o th er Q oS m ech an ism s p ro p o sed  in  the  lite ra tu re  tha t can 

b e  u se d  in  im p le m e n tin g  A F  and  E F, T D  and  PS are  the  tw o fundam enta l QoS 

m ec h an ism s fro m  w h ich  th e  o thers are  derived . T herefo re , in  th is chapter, the  

fo cu s h as  b e en  o n  th e  p e rfo rm an ce  analysis and  subsequen t com parison  o f  these  

tw o  m ech an ism s.

3 .2  A n a l y s is  o f  T h r e s h o l d  D r o p p in g

T h e  T h resh o ld  D ro p p in g  m ech an ism  form s the  b asis  o f  Q oS m echan ism s such  as 

R E D  and  R IO . It p ro v id es  d iffe ren tia l serv ice  to  app lica tions b y  assign ing  d ifferen t 

d ro p p in g  p reced en ces  (d iscard  th resh o ld s) to  traffic  flow s. A  th resh o ld  d ropp ing  

m ec h a n ism  is d ep ic ted  in  F igu re  3-1.

F ig u r e  3 -1 . T h r e s h o l d  d r o p p in g  m e c h a n is m  w it h  t w o  p a c k e t  f l o w s
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In  F ig u re  3 -1 , tw o  arriva l flo w s a re  c o n s id e red : p re fe rre d  f lo w  a n d  n o n -p re fe rre d  

flow . T h e  p re fe rred  flo w  c o n s is ts  o f  p a c k e ts  ta g g e d  as in  p ro f ile  (i.e . w h ic h  d o  n o t 

v io la te  th e ir  tra ff ic  c o n trac t)  an d  th e  n o n -p re fe rre d  f lo w  c o n s is ts  o f  p a c k e ts  tag g e d  

as o u t o f  p ro file . P re fe rre d  f lo w  sh o u ld  re c e iv e  p re fe re n tia l  tre a tm e n t w ith  re sp e c t 

to  th e  n o n -p re fe rre d  flo w . T h is  is  a c h ie v e d  in  T D  b y  a ss ig n in g  a  th re sh o ld  S. N o n 

p re fe rre d  f lo w  p a c k e ts  w h ic h  a rr iv e  to  th e  sy s tem  w h e n  th e  q u e u e  le n g th  e x ce ed s  S 

a re  d ro p p ed . O n  th e  o th e r  h a n d , p re fe rre d  f lo w  p a c k e ts  a re  o n ly  d isc a rd e d  w h e n  th e  

q u e u e  le n g th  re a c h e s  th e  b u f fe r  s iz e  M .

F i g u r e  3 -2 -1  M e a n  p a c k e t  d e l a y  b e h a v i o u r s  o f  p r e f e r e d  f l o w  i n  T D  m e c h a n i s m  u n d e r  v a r i o u s  l o a d s  f r o m

B O T H  F L O W S . ( B U F F E R  S E T T IN G S :  M = 1 0 0 , S = 3 0 )  fa IS  F O R  P R E F E R R E D  F L O W  A N D  fa IS  F O R  N O N -P R E F E R R E D  F L O W .

F i g u r e  3 -2 -2  P a c k e t  l o s s  b e h a v i o u r s  o f  p r e f e r e d  f l o w  i n  T D  m e c h a n i s m  u n d e r  v a r i o u s  l o a d s  f r o m  b o t h

f l o w s .  ( B u f f e r  s e t t i n g s :  M = 1 0 0 , S = 3 0 )  fa  is f o r  p r e f e r r e d  f l o w  a n d  fa is f o r  n o n - p r e f e r r e d  f l o w .
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F i g u r e  3 -2 -3  M e a n  p a c k e t  d e l a y  b e h a v i o u r s  o f  n o n - p r e f e r e d  f l o w  i n  T D  m e c h a n i s m  u n d e r  v a r i o u s  l o a d s  f r o m

B O T H  F L O W S . ( B U F F E R  S E T T IN G S :  M = 1 0 0 , S = 3 0 ) fa IS  F O R  P R E F E R R E D  F L O W  A N D  fa IS  F O R  N O N -P R E F E R R E D  F L O W .

F i g u r e  3 -2 -4  P a c k e t  l o s s  b e h a v i o u r s  o f  n o n - p r e f e r e d  f l o w  i n  T D  m e c h a n i s m  u n d e r  v a r i o u s  l o a d s  f r o m  b o t h

f l o w s .  ( B u f f e r  s e t t i n g s : M = 10 0 , S = 3 0 ) fa i s  f o r  p r e f e r r e d  f l o w  a n d  fa i s  f o r  n o n - p r e f e r r e d  f l o w . '

A  k ey  co n sid era tio n  is the  loss and d e lay  arising  from  various d ifferen tia l loads 

and  d isca rd  th resho lds .

S im u la tio n s  a re  desig n ed  in  A R EN A ® to look  at the  loss and  delay  b ehav io rs o f  

b o th  p re fe rred  and  non -p refe rred  flow s. T he  m odu le  con tains a  sing le  server w ith  

tw o  in p u t queu es, p re fe rred  and  n o n -p referred  queues. Packets arrived  to  the  

q u eu es  acco rd in g  to  P o isso n  and  th e  p ack e t serv ice  tim e  at the  server is 

ex p o n en tia lly  d is tribu ted . T h e  arriva l ra tes  fo r b o th  flow s are  v aried  u sin g  d ifferen t
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ra te  to  g e n e ra te  p a c k e t in  th e  s im u la tio n  m odule . P ack e ts  a rriv ed  in  th e  queue  is 

c o u n te d  u n til th e  q u eu e  is fu ll. T h e  s im u la tio n  m o d u le  in  A R E N A  can  be  dep ic ted  

in  f ig u re3 -2 -5 .
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F ig u r e  3 - 2 - 5  S im u la tio n  m o d e l o f  T h r esh o ld  D r o p p in g  M ec h a n ism
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F igu re s  3-2-1  to  3 -2 -4  sh o w ed  sim u la tio n  resu lts  fo r th e  T D  m ec h an ism  u n d e r 

v a rio u s  lo ad s . T h ese  re su lts  w ere  o b ta in ed  a ssu m in g  th a t p re fe rre d  an d  n o n 

p re fe rre d  flo w s fo llo w ed  a  P o isso n  d is trib u tio n  w ith  m ea n  a rriv a l ra te s  Aj and  

¿2 (b o th  a rriv a l ra te  h av e  b een  n o rm alised  w ith  re sp e c t to  se rv ice  ra te), 

re sp ec tiv e ly . T h e  p a c k e t se rv ice  tim e  w as assu m ed  to  b e  ex p o n en tia l. T he  m ean  

p a c k e t d e la y  is n o rm a lise d  w ith  re sp ec t to  se rv ice  tim e. In  F ig u re  3 -2 , p a ck e t loss 

a n d  m ea n  p a c k e t d e lay  are  sh o w n  as a  fu n c tio n  o f  X\ an d  X2 . In  th is  figu re  the  

b u ffe r  s ize  is se t to  M  =  100 an d  th e  th resh o ld  is se t to  S =  30. A s expec ted , 

in c re as in g  th e  lo ad  o f  th e  n o n -p re fe rred  flow  h as little  e ffec t o n  p a ck e t loss 

e x p e rien c ed  b y  th e  p re fe rred  flow . T he m ean  p a ck e t d e lay s o f  b o th  flow s are  

b o u n d e d  b y  th e ir  re sp ec tiv e  d iscard  th resho lds.

F ig u re  3-3 sh o w s th e  im p act o f  th resh o ld  S on  p a ck e t lo ss an d  m ean  p a ck e t de lay  

o f  th e  p re fe rred  an d  n o n -p re fe rred  flow s. In  th is  figu re  b o th  flow s h a d  a  fix ed  load  

o f  0 .7 , th e  to ta l b u ffe r  s ize  w as se t to  M  =  100 and  th e  th re sh o ld  v a lu e  S w as v a ried  

fro m  10 to  90. U n d e r th e  abo v e  co nd itions, in creasin g  th e  th re sh o ld  v a lu e  resu lts  in 

little  im p ro v e m e n t in  p a c k e t loss o f  th e  n o n -p re fe rred  flow . H o w ev er, p a ck e t loss 

o f  th e  p re fe rred  flo w  increases sharp ly  as the  th resh o ld  is in c reased  b ey o n d  50. 

In c re a s in g  th e  th re sh o ld  leads to  a  lin ear increase  in  th e  m ean  p a c k e t d e lay  fo r b o th  

flow s.
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F ig u r e  3 -3 . Im p a c t  o f  t h r e s h o l d  o f  n o n - p r e f e r r e d  f l o w  o n  p a c k e t  d e l a y  a n d  l o s s

3 .3  A n a l y s is  o f  P r io r it y  S c h e d u l in g

P rio r ity  S c h e d u lin g  (P S ) is a  Q oS  m ech an ism  w h ic h  co u ld  p o ten tia lly  fo rm  th e  

b a s is  o f  a  D iffse rv  E F  im p lem en ta tio n . T h is  h o w e v er requ ires th a t th e  h ig h es t 

p r io r ity  flo w  in  PS  rece iv es  a  g u aran teed  fo rw ard in g  ra te , in d ep en d en t o f  th e  

in te n s ity  o f  o th e r  flo w s (a  k e y  req u ire m e n t fo r E F  [53]). T h is  sec tio n  exam in es PS 

p e rfo rm an c e , to  d e te rm in e  its  su itab ility  in  an  E F  env ironm en t.
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A  P rio rity  S ch ed u lin g  m ec h an ism  h an d lin g  tw o  p ack e t flow s is d ep ic ted  in  F igure  

3-4 . P ac k e ts  b e lo n g in g  to  th e  p refe rred  flow  rece iv e  n o n -p reem p tiv e  p rio rity  over 

p ack e ts  b e lo n g in g  to  th e  n o n -p refe rred  flow . B u ffer sizes fo r th e  p refe rred  and 

n o n -p re fe rred  flo w s are  se t to  K  and  L, respective ly .

K

X

F ig u r e  3 -  4  P r io r it y  F in it e  Q u e u e s

W e  w ill f irs t in v es tig a te  th e  im p act o f  b u ffe r p a rtitio n in g  b e tw een  p referred  and 

n o n -p re fe rred  flow s w h ile  k eep in g  th e  overa ll b u ffe r size constan t, assum ing  tha t 

p re fe rred  and  n o n -p refe rred  flow s are P o isso n  d istribu ted  w ith  m ean  arrival ra tes 

Xl and  X2, respec tive ly . P ack e t serv ice  tim e  is assum ed  to b e  exponen tia l. T he 

m e a n  p a ck e t d e lay  is n o rm alised  w ith  resp ec t to  serv ice  tim e. T he to ta l b u ffe r size 

is se t a t 15.

F ig u re  3-5 show s typ ical pack e t lo ss and  m ean  p acke t de lay  b eh av io u r fo r 

p re fe rred  and  n o n -p re fe rred  flow s as a func tio n  o f  b u ffe r space  a lloca ted  fo r n o n 

p re fe rred  traffic . T h e  resu lts  show  a c lear tra d e -o ff  b e tw een  p ack e t lo ss and  m ean  

p a ck e t d e lay  fo r p re fe rred  and  non -p refe rred  flow s w h en  the  b u ffe r a llo ca tio n  is 

changed .

T h e  cau se  o f  th e  tra d e -o ff  is th e  w ay  o f  chang ing  b u ffe r  size. T he  over all b u ffe r 

s ize  is f ix ed  and  th e  chan g in g  o f  the  b u ffe r size  fo r one  flow  w ill au to m atica lly  

ch an g e  th e  b u ffe r  a llo ca tio n  to  the  o ther. W h en  b u ffe r size  fo r n o n -p refe rred  flow  

is in c reased , th e  b u ffe r  size  fo r p refe rred  flow  is au to m atica lly  reduced . So the  

p a ck e t lo ss  fo r p re fe rred  flow  is increased  acco rd ing ly  w h en  the  p ack e t lo ss ra te  

fo r n o n -p re fe rred  flow  declined .
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0  2  4  6  8  1 0  1 2  1 4
b u ffe r  s iz e  o f n o n -p re fe rre d  f lo w

(A)

F ig u r e  3-5 (A ) : P a c k e t  l o s s  v s  b u f f e r  p a r t it io n  f o r  v a r io u s  v a l u e s  o f  n o r m a l is e d  a r r iv a l  

r a t e  X2 (n p _ r a te  in  th e  f ig u r e )  o f  n o n - p r e f e r r e d  p a c k e t s . N o r m a l is e d  a r r iv a l  r a t e  o f

PREFERRED PACKETS h  IS SET TO 0 .7

m e a n  p a c k e t  d e la y  v s  b u ffe r  p art itio n

(B)

F ig u r e  3 -5 (B ):  M e a n  p a c k e t  d e l a y  v s  b u f f e r  p a r t it io n  f o r  v a r io u s  v a l u e s  o f  n o r m a l is e d  

a r r iv a l  RATE X2 (n p _ r a te  i n  th e  f ig u r e )  o f  n o n - p r e f e r r e d  p a c k e t s . N o r m a l is e d  a r r iv a l

RATE OF PREFERRED PACKETS IS SET TO 0 .7
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In  F ig u re  3 -5 , m ean  p ack e t de lay  cu rves fo r n o n -p re fe rred  flow  sh o w  in te resting  

b e h a v io r  w h e n  th e  b u ffe r  sp ace  a llo ca ted  to  n o n -p refe rred  tra ffic  is varied . T he 

m ea n  p a c k e t d e lay  fo r n o n -p re fe rred  flow  is sm all w h en  th e  b u ffe r space  a lloca tion  

is e ith e r  sm all ( less  th a n  2 ) o r  large  (m ore  th an  12). T h is is becau se  w h en  the  

a llo ca ted  b u ffe r  s ize  is sm all, th e  m ean  de lay  is b o u n d ed  b y  th e  sm all b u ffe r size. 

W h en  m o re  b u ffe r  sp ace  is a llo ca ted  to  n o n -p refe rred  flow , h ow ever, th e  b u ffe r 

sp ace  le ft fo r p re fe rred  flo w  w ill be  decreased  due to  th e  constan t to ta l b u ffe r size. 

U n d e r th is  scen ario , p ack e ts  from  the  non -p refe rred  flow  w ill spend  less tim e 

w a itin g  fo r th e  queu e  o f  th e  p refe rred  flow  to  becom e em pty . T h is b eh av io r is due 

to  th e  fac t th a t w e  ignore  p ack e t re -transm ission  in  ou r sim u la tion  and  only  

co n s id e r  th e  m ean  d e lay  o f  th o se  packe ts th a t w ere  no t d ro p p ed  from  th e  queue.

3 .4  C o m p a r is o n  o f  T h r e s h o l d  D r o p p in g  a n d  

P r io r it y  S c h e d u l in g  m e c h a n is m s

A s d iscu ssed  in  th e  in tro d u c to ry  section  o f  th is chap ter, T D  and  PS can  be  regarded  

as b asic  sch ed u lin g  m ech an ism s from  w hich  the  o th er m echan ism s have  been  

d eriv ed . H en ce  th e  co m p ara tiv e  perfo rm ance  o f  these  tw o  m echan ism s is an  

im p o rtan t issue . T D  and  PS  have  been  analyzed  in  the  lite ra tu re  [49], b u t the  

c o m p ariso n  is b a sed  on  pack e t loss p robab ility  fo r the  n o n -p refe rred  flow . 

H o w ev e r o u r p e rfo rm an ce  com parison  o f  the  T D  and  PS m ech an ism s aim s to  

p ro v id e  a  c o n s tan t p a ck e t loss to  the  p referred  flow . O u r com p ariso n  a llow s us to  

d e te rm in e  th e  a sso c ia ted  loss ra te  fo r the  non -p refe rred  flow  and  th e  m ean  p ack e t 

d e la y  fo r b o th  th e  p re fe rred  and  n o n -p referred  flow s.
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W e  se t th e  tw o  m ec h a n ism s w ith  th e  sam e  to ta l b u ffe r  sp ace  o f  15 p ack e ts  and  the 

lin k  cap ac ity . A s  in  e a rlie r  te s ts  th e  p re fe rred  an d  n o n -p re fe rred  flow s w ere 

m o d e le d  a s  P o is so n  p ro cesses . F o r  g iv en  a rriv a l ra te s  o f  b o th  flow s, w e  v aried  the 

th re sh o ld  S  in  th e  T D  m ec h an ism  an d  th e  b u ffe r  s ize  K  in  th e  PS  m ech an ism  until 

th e  sam e  lev e l (p rec ise  to  10 '5) o f  lo ss  p ro b ab ility  fo r th e  p re fe rred  flow  w as 

o b ta in e d  fro m  b o th  m ec h an ism s. W e th e n  c o m p a red  th e  re su ltin g  p a ck e t loss o f  the  

n o n -p re fe rre d  f lo w  a n d  th e  m e a n  p a c k e t d e lay  o f  b o th  flow s b e tw een  these  tw o 

m ech an ism s.

T h e  p a c k e t lo ss  a n d  m ean  p a c k e t d e lay  re su lts  a re  sh o w n  in  F ig u re  3-6  and  F igure  

3 -7 , re sp e c tiv e ly . T h e  m ean  p a ck e t d e lay  is n o rm a liz e d  w ith  re sp ec t to  serv ice  rate. 

T h e  n o rm a liz e d  a rriv a l ra te  o f  th e  n o n -p re fe rred  flo w  in  b o th  figu res is 0.7.

T h e  re su lts  o f  F ig u re  3 -6  in d ica te  th a t th e  T D  m ech an ism  h as b e tte r  perfo rm an ce  in 

te rm s  o f  p a c k e t lo ss  fo r th e  n o n -p re fe rred  flo w  w h e n  th e  lo ad  o f  th e  p refe rred  flow  

is lig h t. W h en  th e  lo a d  is h eav y  th e  d iffe ren ce  in  p a ck e t lo ss b e tw een  the  tw o 

m ec h a n ism s is n e g lig ib le . T h e  resu lts  o f  F ig u re  3-7  in d ica te  th a t as th e  load  o f  the 

p re fe rre d  flo w  ch an g e s , th e  P S  m ech an ism  p ro v id es  a  sm a lle r m ean  delay  to  the  

re fe rre d  flo w  th a n  d o es th e  T D  m ech an ism . H o w ev er, th e  T D  m ech an ism  resu lts  in 

a  sm a lle r  m e a n  d e la y  fo r th e  n o n -p re fe rred  flow .

D. Jia Performance Analysis o f  QoS Mechanisms in IP Networks



Chapter 3 Analysis o f  Non-fractional Service Rate Reserved QoS Mechanisms 43
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F ig u r e  3 -7  M e a n  P a c k e t  D e l a y  C o m p a r is o n  (T h e  M e a n  p a c k e t  d e l a y  in  t h e  f ig u r e  is

N O R M A L IS E D  W IT H  R E S P E C T  T O  S E R V IC E  R A T E )
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3 .5  P e r f o r m a n c e  o f  PS w it h  t h r e e  t r a f f ic  f l o w s

A  k ey  requ ire m e n t fo r an  E F  flo w  is to  m ain ta in  a  sp ec ified  departu re  ra te  from  a 

D iffse rv  no d e , reg a rd le ss  o f  th e  in ten sity  o f  o th er tra ffic  flow s [53]. O ur p rev ious 

an a ly sis  o f  T D  (re fe r  to  fig u re  3 -2 -1 ) in d ica ted  th a t th e  m ean  p ack e t de lay  o f  

p re fe rre d  flo w  in c reases  w h en  th e  load  o f  th e  n o n -p re fe rred  flow  increases. T his 

T D  fea tu re  d o es n o t th e re fo re  g u a ran tee  an  E F  tra ffic  d ep artu re  ra te  independen t o f  

o th e r  tra ffic  f lo w s’ in tensity . T o  in v estig a te  th e  e ffec tiv en ess o f  PS in  th is  regard , 

w e  h av e  e x ten d ed  o u r PS  s im u la tio n  m odel to  th ree  tra ffic  c lasses. A  n o n 

p reem p tiv e  p o lic y  is  u se d  in  th e  s im ula tion . T he  o rd er o f  p rio rities  assigned  to  

tra ffic  flow s, from  h ig h  to  low , is flow  1, flo w  2 an d  flo w  3. P ack e t serv ice  tim e 

w a s a ssu m ed  to  b e  ex p o n en tia l w ith  m ean  o f  1000 p ack e ts  p e r  serv ice  tim e unit. 

T he  tra ff ic  loads an d  m ean  p ack e t de lay  are  n o rm alised  w ith  resp ec t to  serv ice  rate 

an d  se rv ice  t im e  resp ec tiv e ly .

T h e  s im u la tio n  resu lts , as show n  in  figure  3-8 , ind ica te  th a t th e  p erfo rm ance  o f  the 

lo w est p rio rity  flo w  d e te rio ra tes  g rea tly  as the  lo ad  o f  th e  o th er flow s increases. 

(N o te  th e  in p u t b u ffe rs  fo r flo w  1, 2 and  3 are  K l ,  K 2  an d  K3 respec tive ly ).

F ig u re  3 -9  in d ica te s  th a t ch an g in g  th e  tra ffic  load  fo r an  ind iv idua l flow  (such  as 

flo w  2 ) h as  n o  im p ac t on  the  h ig h est p rio rity  flo w  in  te rm s o f  p ack e t loss 

p ro b ab ility  an d  m ean  p ack e t delay . H ow ever, on  th e  o th e r hand , th e  im pact on the  

flo w s w ith  lo w e r p rio rity  (e.g . flow  3) is s ign ifican t. F igu re  3-9 show s a  h igher 

p a ck e t lo ss  ra te  o f  flo w  2 th an  flow  3. T he reaso n  fo r th is  is th e  increased  load  for 

flo w  2, c o m p a red  to  flo w  3. F ig u re  3 -10  show s th a t in creasin g  th e  b u ffe r size for
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a ll tra ff ic  flo w s w ill im p ro v e  th e  p e rfo rm an c e  o f  flow s w ith  h ig h er p rio rity  in  

te rm s o f  p a c k e t lo ss. H o w ev er, it  d eg rad es th e  p e rfo rm an ce  o f  th e  low est p rio rity  

flow , fo r b o th  p ack e t lo ss  and  m e a n  p a ck e t delay . F ro m  th e  s im u la tion  resu lt w e  

can  co n c lu d e  th a t flow  1 w ill m e e t th e  req u irem en ts  fo r E F , w hereas flow  3 w ould  

p ro v id e  a  b e s t  e ffo rt se rv ice  only .

lo ss  p ro b ab ility

0.1 -

0.01 r

0.001 :

0 .000 1

1 e -0 5

1 e -0 6
0.1 0 .2  0 .3  0 .4  0 .5  0 .6  0 .7  0 .8  0 .9

tra ffic  lo ad  (s a m e  fo r f lo w s  1 ,2  a n d  3 ; b u ffe r  s iz e  K 1 = K 2 = K 3 = 5 )

(A)
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m ean  p a cket d e lay

10'

10

g 10“ -

0.1 0 .2  0 .3  0 .4  0 .5  0 .6  0 .7  0 .8  0 .9

traffic load (sam e  load for flows 1 ,2  an d  3; buffer s ize K 1=K 2=K 3=5 )

(b )

1

F ig u r e  3 -8  P a c k e t  l o s s  a n d  m e a n  p a c k e t  d e l a y  o f  PS  m e c h a n is m  v s  t r a f f ic  l o a d

im p a c t  o f in d iv id u a l tra ff ic  lo a d  o n  p a c k e t  lo ss  o f o th e r  flo w s

(A)
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(B)

F ig u r e  3 -9  Im p a c t  o f  in c r e a s in g  t r a f f ic  l o a d  o f  f l o w 2  o n  o t h e r  f l o w s  (t h e  l o a d  o f  0.1

IS  F O R  B O T H  F L O W  1 A N D  3)

(A)
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10 '

im pact of bu ffer s ize  on m ean  p acket d e lay

0.1 0.2 0 .3  0 .4  0 .5  0 .6  0 .7  0 .8

buffer s ize  of flow  1 , 2  and 3  (K 1= K 2 =K 3 )

( b )

0 .9

F ig u r e  3 -1 0 . Im p a c t  o f  in c r e a s in g  b u f f e r  s iz e  o n  t h e  p a c k e t  l o s s  a n d  m e a n  p a c k e t  d e l a y

L ow  lo ss , low  la ten cy  and  lo w  j i t te r  a re  k e y  ch arac te ris tics  o f  EF. T here fo re , th e  

k e y  is su e  in  d e te rm in in g  th e  sca lab ility  o f  a  sch ed u lin g  m ec h an ism  fo r EF in  

D iffS e rv  is to  e x am in e  th e  q u eu e  len g th  o f  co rre sp o n d in g  tra ffic  flow s. T o  address 

th is  issu e , th e  n e x t sec tio n  co n tin u es  in v es tig a tio n s  in to  PS  p erfo rm an ce  b a sed  on  

n o n -p re e m p tiv e  p rio r ity  q u eu es, b y  d e v e lo p in g  an  ana ly tica l PS  m odel.

3.6 A n  A p p r o x im a t e  PS P e r f o r m a n c e  A n a l y s is

A  k e y  re q u ire m e n t fo r  a n  E F  im p lem e n ta tio n  is to  en g in e er m ech an ism s to  p ro v id e

h ig h  p r io r ity  tra ff ic  w ith  lo w  loss, lo w  d e la y  an d  j i t te r  [53]. In  th is  sec tio n  w e

c o n tin u e d  o u r  in v e s tig a tio n s  in to  PS  p e rfo rm an c e  w ith  an  a p p ro x im ate  m ethod . A s

d isc u s se d  in  th e  p rev io u s  sec tio n , P rio rity  S c h ed u lin g  (P S ) is a  p o ten tia l

m ech a n ism  for E xped ited  Forw arding (EF). T he queue length o f  traffic flo w s w ill
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d e te rm in e  th e  p e rfo rm an ce  o f  PS  in  te rm s o f  loss and  delay . N on -p reem p tiv e  fin ite  

p rio rity  q u eu es  a rise  n a tu ra lly  in  p rac tica l ne tw orks. W ith  the  non -p reem ptive  

p rio rity  p o licy , a  p a ck e t rece iv in g  serv ice  is a llo w ed  to  com plete  its service 

w ith o u t b e in g  in te rru p ted , ev en  i f  a  p ack e t o f  h ig h er p rio rity  a rrives in  the 

m ean tim e.

In  [16], B e rtsek a s  an d  G a llag er de riv e  th e  m ean  p ack e t d e lay  fo r non-p reem ptive  

p rio rity  q u eu es  w ith  in fin ite  bu ffers . A  so lu tion  b y  S ahu  et al [49] requ ires a 

k n o w led g e  o f  th e  se rv ice  ra te  fo r each  ind iv idua l queue, w h ich  m ay  n o t be  know n 

in  p rac tice . M a y  et al [38] on ly  p ro v id e  a  so lu tion  to  the  h igh  p rio rity  queue. B oth  

[49] and  [38] a ssu m e a p reem p tiv e  se rv ice  po licy . B lo n d ia  [6] p rov ides a  m ethod  

to  c a lcu la te  th e  qu eu e  len g th  d is trib u tio n  and  w aitin g  tim e  d istribu tion . H ow ever, 

th is  m e th o d  is co m p lica ted  due to  th e  recu rsiv e  fo rm ulas fo r com puting  the 

L ap lac e  T ran sfo rm  o f  th e  b u sy  p e rio d  o f  the  p re fe rred  flow  and  the  b lock ing  tim e 

o f  th e  n o n -p re fe rred  flow .

W e p ro p o se  an  ap p ro x im ate  m eth o d  fo r ob ta in ing  p ack e t loss and  the m ean  packet 

d e lay  fo r tw o  tra ffic  c lasses, u s in g  a  non -p reem p tiv e  p rio rity  fin ite  queue 

m ech an ism . T h e  b asic  id ea  o f  o u r app ro x im atio n  m eth o d  is to  decom pose  the  jo in t 

q u eu es  in  F ig u re  3 -4  in to  tw o  eq u iv a len t ind iv idua l queues w ith  derivab le  

e q u iv a le n t se rv ice  ra tes. T he  resu lts  from  the  app ro x im atio n  m ethod  are  then  

v e rif ied  w ith  sim u la tio n s .
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A p p r o x i m a t i o n  Me t h o d  f o r  a  PS m e c h a n i s m  w i t h  t w o

S E R V IC E  C L A S S E S

C on s id e r  a  ro u te r  d e p lo y e d  w ith  n o n -p ree m p tiv e  fin ite  p rio rity  queues sharing  a 

s in g le  p ro ce sso r. A lso  a ssu m e  th a t th e re  a re  2 c la sses  o f  tra ffic  (p ack e t flow s) w ith  

d iffe ren t se rv ice  p re fe re n c e s  w h e re  c lass o n e  h as n o n -p reem p tiv e  p rio rity  over 

c la ss  tw o . B o th  tw o  flo w s a rriv e  a t th e  ro u te r  acco rd in g  to  th e  P o isso n  p ro cess  w ith  

an  e x p o n en tia l d is tr ib u te d  se rv ice  tim e. T h e  m ean  arriv a l ra te s  o f  c lasses one and  

tw o  a re  \  a n d  re sp ec tiv e ly . A  sep ara te  queue  is m ain ta in ed  fo r each  class. 

S in ce  th e  b u ffe rs  fo r b o th  q u eu es  a re  fin ite  (assu m in g  b u ffe r  size  K  is a ssigned  to  

th e  q u e u e  w ith  h ig h  p rio rity  an d  b u ffe r  size  L  is a ss ig n ed  to  the  queue  w ith  low  

p rio rity ) , a ll th e  p a ck e ts  th a t f in d  q u eu es  fu ll a re  d ropped . P ack e t re tran sm issio n  is 

n o t  c o n s id e re d  in  th is  study . W e in ten d  to  w o rk  o u t th e  p a ck e t loss p ro b ab ility  and 

th e  m ea n  p a ck e t d e lay  e x p e rien c ed  b y  b o th  flow s. T h e  q u eu in g  m odel is illu stra ted  

in  F ig u re  3-4 .

W e  u se  th e  fo llo w in g  n o ta tio n :

K  b u ffe r  size  o f  p re fe rre d  flow .

L  b u ffe r  s ize  o f  n o n -p re fe rred  flow .

Ko a  se le c te d  q u eu e  len g th  o n  p u rpose .

Pij p ro b a b ility  th a t j  p a ck e ts  a re  fo u n d  in  q u eu e  i, w h ere  /—1,2. 

f j  se rv ice  ra te  o f  th e  p ro c e sso r w h ic h  is n o rm a lised  to  1
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p i serv ice  rate for queue i

X. m ean  a rr iv a l  ra te  o f  f low  i.
i

p t =  —  u t ilisa tion  fac to r  fo r  q ueue  i

Mi

a t ra te  th a t p a ck e ts  a re  a ccep ted  b y  q u eu e  i.

NQi th e  a v e ra g e  n u m b e r  o f  p a ck e ts  in  q u eu e  i.

R  th e  m e a n  re s id u a l tim e  o f  th e  p a c k e t in  th e  se rv er

W h en  th e  q u e u e  w ith  h ig h  p rio rity  is K  (b u ffe r  q u eu e  is fu ll), a ll fo llow ing  packe ts

fro m  th e  flo w  th a t  fin d  th e  q u eu e  is fu ll w ill b e  d ro p p ed  an d  hen ce  X\= 0 fo r the

tim e  w h e n  th e  q u eu e  is fu ll. T h is  s itu a tio n  a lso  ap p lies  to  th e  low  p rio rity  queue.

So a fte r  so m e tim e , th e  in eq u a tio n  ^ ¡/p i< l ho ld . T h ere fo re , all sta tes in  th is  p rocess

w ill b e  e rg o d ic  [35] an d  th e  e q u ilib riu m  p ro b ab ilitie s  {Pi} exist.

U n d e r  s te ad y  s ta te  co n d itio n s , th e  p ro b ab ility  th a t j  p ack e ts  are  found  in  queue is

.H  X- 1 . .
g iv en  b y  Pj =  P o l l — “  w h e re  p 0 = ----- w ._1 - [35]. T he  m ean  arrival ra te  is

i + z n —
j= i  m > M m

Xq w h e n  th e re  is 0 p a ck e t in  th e  queue. H en ce  w e have

1 -

Pl,0 =

1 + 1
»=1

1

i L

j

(3-1)

1 -
f x, >A:+1
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p  = 
1 2 , 0

1

i - A .

Mi

1 + 1
n = 1

(  3 V

\ M l )

1 -

\ M i )

P  -  P1 I,* * 1 1,0
k mx ;

i _ A Va v
___ P i )

1 -

\ m x )

(

p = p  Ir 2 ,L r 2,Q

Mi )

V

1 -  ^  
M i  ) \Mi J
f

1 -
V M  21 )

f  1 \ L+l
(3-2)

(3-3)

(3-4)

T he  b a s ic  id ea  o f  th is  a p p ro x im a tio n  is to  d e co m p o se  th e  jo in t  q ueues in  figure  l 

in to  tw o  e q u iv a le n t in d iv id u a l q u eu es  w ith  d e riv ab le  eq u iv a le n t serv ice  rates. T his 

w ill m ak e  th e  a b o v e  p ro b ab ilitie s  o b ta in ab le . S ince  th e  p rio rity  is g iv en  to  flow  one 

(p re fe rred  flo w ), f lo w  tw o  (n o n -p re fe rred  flow ) can  o n ly  g e t se rv iced  w h ile  the 

p ro c e s s o r  is id le  a n d  q u eu e  o n e  is em p ty . I f  w e  a p p ro x im ate  th e  serv ice  ra te  o f  

c la ss  o n e  ¡j .x w ith  / / ,  th en  th e  se rv ice  ra te  fo r c lass  tw o  can  b e  d e riv ed  as

Mi =
r a  ^

V M  )

M = i l -

r 1 v ; \ K
I  _ A _  _ L  

^  M A M )

l -

/  \K+1
A

^  j

(3-5)

F ro m  n o w  o n , th e  sy s tem  can  b e  e q u iv a le n tly  d e co m p o sed  in to  tw o  ind iv idual 

q u e u es  w ith

— 'V i.o ^  ^
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~ ̂ 2̂ 2,0 “*”̂ 2̂ 2,1, + ” *+^2^2/r-l ~^2^~^2j) (3 -7)

NQ, =  V  nPl = £ i Q— t K  +  l i p 'K +  KP\
1 ^  ( 1 - p .X I - p ,™)

(3-8)
/>=0

NQ 2 = Y n P 2 = P lQ — (Z> +  l ) p 2£ +  I p  
2 ^  2'" ( l - p 2) ( l - p 2i+1)

i+i
2 (3 -9)

n=0

A c c o rd in g  to  L it t le ’s fo rm u la , th e  av e rag e  w a itin g  tim e  fo r the  p ack e ts  in  bo th  

q u eu es  a re

m

a x
an d

m 2

a 2

T h e  m ea n  re s id u a l tim e  in  th e  se rv e r  is [16]

*=ji«,zF (3 -10)
^  1=1

w h ere  %] is th e  seco n d  m o m e n t o f  th e  se rv ice  tim e. W h en  serv ice  tim es are 

e x p o n en tia lly  d is tr ib u te d  [35], = ——.
' Mi2

S in ce  a  p a ck e ts  in  th e  p ro c e sso r  is se rv ed  a t th e  sam e  ra te  ju no  m atte r w h ich  flow  

th e  p a c k e t b e lo n g s  to , th e  m ean  res id u a l tim e  can  b e  d e riv e d  as

R (3 -11)
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So th e  m ean  p a ck e t d e lay s  fo r  f lo w  o n e  a n d  flo w  tw o  (p re fe rred  flow  and  n o n 

p re fe rre d  flo w ) are

N O
D elay x = R  + ----- . (3 - 12)

a l

D elay 2 -  R  +
«2

(3-13)

N u m e r i c a l  R e s u l t s

T h e  a c c u ra c y  o f  th e  a p p ro x im a tio n  w ill b e  a ffec ted  b y  th e  n o n -p reem p tiv e  serv ice  

ru le  w h e n  p a c k e ts  fro m  p re fe rre d  flo w  fin d  th e  se rv er is p ro ce ss in g  pack e ts  o f  n o n 

p re fe rre d  flow . T h is  can  tak e  p lace  p a rticu la rly  w h e n  th e  p o ss ib ility  th a t the  server 

a tten d s  th e  p a ck e ts  o f  n o n -p re fe rre d  flo w  in creases. T h a t is

1) T h e  b u ffe r  s ize  o f  n o n -p re fe rred  flo w  is la rg e  (co m p ared  w ith  p refe rred  flow ) 

o r

2 ) T h e  lo ad  o f  n o n -p re fe rred  flo w  is h e av y  (fo r ex am p le  w h en  th e  load  fac tor o f  

th e  n o n -p re fe rre d  flo w  is eq u a l to  2 .0 ).

In  o rd e r  to  v e rify  th e  acc u ra cy  o f  th e  ap p ro x im atio n  m eth o d , s im u la tion  has been  

ca rr ied  ou t. F ig u re s  3-11 an d  3 -12  sh o w  th e  resu lts  a ris in g  from  o u r approx im ation  

m eth o d .

In  fig u re  3-11 a n d  3 -12 , th e  b u ffe r  s ize  o f  th e  n o n -p re fe rred  flow  is large (100 

p a c k e ts  in  c o m p a riso n  w ith  4  p a ck e ts  o f  p re fe rre d  flow ) an d  the  load  o f  the 

p re fe rre d  f lo w  b e  m o d era te  ( th e  lo ad  fac to r is 0 .5 ). F ig u re  3-11 and  3-12  show s the
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p a ck e t lo ss  and  m e a n  p a ck e t d e la y  fo r  b o th  flo w s w h ile  v a ry in g  th e  lo ad  o f  the  

n o n -p re fe rre d  flo w , an d  in d ic a te s  a  c lo se  ag reem en t b e tw ee n  s im u la tio n  resu lts  and  

an a ly tic a l o n es. T h e  m e a n  p a ck e t d e la y  is  n o rm a lised  w ith  resp ec t to  se rv ice  tim e.

W e  c o n d u c te d  a d d itio n a l s im u la tio n  ex p erim en ts , w h ere  th e  arriva l ra te  o f  the  

p re fe rre d  f lo w  w a s  v a rie d  w ith  a  c o n s tan t n o n -p re fe rred  lo ad  fac to r o f  2 .0 , and 

w h e re  th e  n o n -p re fe rre d  a rriv a l ra te  w as v a ried  w ith  a  constan t p refe rred  load  

fa c to r  o f  1.1. In  a ll cases, c lo se  ag reem en t w as o b se rv ed  b e tw een  sim u la tio n  and 

an a ly tica l re su lts .

0 . 0 4

0 . 0 3 5

0 . 0 3

£ 0 . 0 2 5

5
nJ

-Q
g 0 . 0 2
Q.
w
w
o

0 . 0 1 5

0 .0 1

0 . 0 0 5

0

lo s s  p r o b a b i l i t y  o f  p r e f e r r e d  f lo w  ( lo a d  f a c t o r  o f  p r e f e r r e d  f lo w  is  0 . 5 )

s im u la t io n

a p p r o x im a t io n

0 . 4  0 . 6  0 . 8  1 1 .2  1 . 4  1 .6

a r r iv a l  r a t e  o f  n o n - p r e f e r r e d  f lo w

1.8

O

(A)
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S 3
to

S 3
O
CL

1

0.8

0.6

0 . 4

0.2

0

lo s s  p r o b a b i l i t y  o f  n o n - p r e f e r r e d  f lo w  ( lo a d  o f  p r e fe r r e d  f lo w  is  0 . 5 )

s im u la t io n  ........

a p p r o x im a t io n  o

0  0 . 5  1 1 .5  2

a r r iv a l  r a t e  o f  n o n - p r e f e r r e d  f lo w

(B)

F ig u r e  3 -1 1  P a c k e t  l o s s  c o m p a r is o n  o f  t h e  r e s u l t s  f r o m  s im u l a t io n  a n d  a n a l y t ic a l

A P P R O X IM A T IO N  M E T H O D  W H E N  T H E  B U F F E R  S IZ E  O F  T H E  N O N -P R E F E R R E D  F L O W  IS  L A R G E

2 .5

1 .5

0 .5

m e a n  p a c k e t d e la y  o f p re ferred  flow  (lo ad  fac to r o f p re fe rre d  flow  is 0 .5 )

s im u la tio n
ap p ro x im atio n

0 .4 0.6 0.8 1 1 .2  1 .4
arriv a l ra te  o f n o n -p re ferre d  flo w

1.6 1.8

(a )
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m e a n  p a c k e t d e la y  o f n o n -p re fer red  flo w  (lo ad  o f p re ferred  flo w  is 0 .5 )

1 8 0

o f i .... fi..... * ...... * ............ • ............. * ..........  “ ....................
x ...

o .

1 6 0

T.

1 4 0 / -

1 2 0 / -

1 0 0 - -

8 0 - _

6 0
i

4 0

•O

-

2 0
_ :

0
o.....O *  °  ,

s im ula tio n ..........
ap p ro x im atio n  o

0  0 .5  1 1 .5  2
arriva l ra te  o f n o n -p re ferre d  flow

(B)

F ig u r e  3 -1 2  M e a n  p a c k e t  d e l a y  c o m p a r is o n  o f  t h e  r e s u l t s  f r o m  s im u l a t io n  a n d

A N A L Y T IC A L  A P P R O X IM A T IO N  M E T H O D  W H E N  T H E  B U F F E R  S IZ E  O F  T H E  N O N -P R E F E R R E D  F L O W  IS L A R G E

3 .7  C o n c l u s io n s

In  th is  ch ap te r, an  ana ly s is  o f  non -ffac tiona l se rv ice  ra te  reserved  Q oS m echan ism s 

h a s  b e e n  c a rried  ou t. T h e  focus o f  th is  stu d y  h as b e en  on  th e  perfo rm ance  o f  tw o 

b a s ic  D iffS e rv  m ech an ism s: T h resh o ld  D ro p p in g  (T D ) and  P rio rity  S cheduling  

(P S ), w h ic h  a re  tw o  fu n d am en ta l m ech an ism s fo r D iffse rv  Q oS prov ision .

O u r  p e rfo rm a n c e  in v es tig a tio n  o f  th e  T D  m ech an ism  h as ind ica ted  tha t chang ing  

th e  th re sh o ld  o f  th e  n o n -p re fe rred  flow  h a s  a  m in im al effec t on  th e  p acke t loss o f  

th e  p re fe rre d  flow . W ith  a  fix ed  to ta l b u ffe r size  and  th e  sam e arrival ra te  fo r b o th  

flo w s, th e re  is  a  m in im a l im p ro v e m e n t in  th e  loss fo r th e  non -p referred  flow  w hen  

its  th re sh o ld  is in c reased . T h e  m ea n  p ack e t de lays fo r b o th  flow s are  b o unded  b y  

th e ir  th re sh o ld s . A  c le a r  t ra d e -o ff  b e tw een  p a ck e t lo ss  and  m ean  pack e t de lay  fo r

D. Jia Performance Analysis o f  QoS Mechanisms in IP Networks



Chapter 3 Analysis ofNon-fractional Service Rate Reserved QoS Mechanisms 58

th e  p re fe rred  an d  n o n -p re fe rred  flo w s is o b se rv ed  in  th e  P S  m ec h an ism  w h en  the 

b u ffe r  a llo c a tio n  is ch an g ed . T h e  T D  m ec h an ism  p ro v id es  lo w er p a ck e t loss and 

lo w  m ea n  p a c k e t d e lay  to  th e  n o n -p re fe rre d  flo w  th a n  P S . H o w ev e r the  PS 

m ec h an ism  h a s  th e  a d v an tag e  o v e r th e  T D  m ec h an ism  in  p ro v id in g  a  lo w er m ean  

d e la y  to  th e  p re fe rre d  flo w  w h e n  th e  tw o  m ec h an ism s a re  e n g in eered  so as to  

p ro v id e  th e  sam e  lev e l o f  p a c k e t lo ss fo r th e  p re fe rre d  flow . A s th is  w o u ld  b e  a key  

req u ire m e n t fo r a n  E F  D iffse rv  im p le m e n ta tio n , w e  h av e  con tin u ed  our 

in v es tig a tio n s  in to  P S  p erfo rm an ce .

A  s im u la tio n  s tu d y  h a s  b een  u n d e rta k en  to  ev a lu a te  th e  su itab ility  o f  PS for a 

D iffse rv  E x p e d ite d  F o rw ard in g  (E F ) im p le m e n ta tio n  b y  look ing  a t the  

p e rfo rm a n c e  o f  PS  w ith  th ree  tra ffic  flow s. T h e  s im u la tio n  resu lts  show  th a t the 

h ig h e s t p r io r ity  flo w  in  PS  w ill m ee t th e  req u ire m e n ts  o f  E F , w h ile  the  low er 

p r io r ity  flo w s p ro v id e  a  b e s t e ffo rt se rv ice . T h ese  resu lts  h av e  m o tiv a ted  the 

d e v e lo p m e n t o f  an  an a ly tica l tec h n iq u e  fo r PS  p e rfo rm an c e  m o delling . B y  using  

th is  an a ly tic a l m o d e l, th e  p a ck e t lo ss  an d  th e  m ean  p a c k e t d e lay  o f  tw o  traffic  class 

flo w s can  b e  e a s ily  a p p ro x im ated . T h e  accu racy  o f  th is  ap p ro x im atio n  m ethod  has 

b e en  v e rif ie d  w ith  s im u la tio n s . T h is  ap p ro x im atio n  m e th o d  p ro v id es  a  sim ple  w ay  

to  u n d e rs ta n d  th e  E F  P H B s o f  D iffS e rv  w h e re  PS m ech an ism s are  dep loyed .
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C h a p te r  4

P e rfo rm a n c e  A n a ly s is  o f F rac tio n a l 

S e rv ic e  R ate  R e s e rv e d  Q oS  

M e c h a n is m s — L a te n c y  R ate  S erv ers

4.1 Introduction

T he  qu a lity  o f  se rv ice  (Q oS ) o f  a  p a ck e t n e tw o rk  is ind ica ted  b y  a  com bination  o f  

c r ite r ia  in c lu d in g  lo ss  p ro b ab ility , d e lay  an d  d e lay  jitte r . A  guaran teed  QoS 

n e tw o rk  req u ire s  a  d e te rm in a tio n  o f  w h e th e r  th e re  a re  su ffic ien t resou rces to  m eet 

th e  n e ed s  o f  th e  re q u ire d  se rv ice  level. It is n e ce ssa ry  to  have  a go o d  understand ing  

o f  th e  p e rfo rm an c e  b e h av io r  o f  Q oS  m ech an ism s, to  g u id e  b andw id th  allocation  

a n d  b u ffe r  d im e n sio n in g  p o lic ies . In  p a rticu la r, fu tu re  n e tw o rk s are  like ly  to  use 

m u ltip le  sc h ed u lin g  m ec h an ism  types. H en ce  th e  p e rfo rm an ce  o f  b ro ad  range o f  

sc h ed u lin g  m ech an ism s, p a rticu la rly  in  te rm s o f  p a c k e t loss u n d e r the  w orst case 

scen a rio , n eed s  to  b e  d e te rm in ed .

S o m e  re la te d  w o rk  o n  th is  issu e  has b een  p resen te d  b y  [3], [13], [25] and [44]. 

P a rek h  [3] h a s  d e te rm in e d  th e  w o rs t case  sess io n  b ack lo g s  fo r the  G PS system , 

w ith  th e  a ssu m p tio n  o f  an  in fin ite  b u ffe r  size. M o re  co m p reh en siv e  analysis w ork  

h a s  b e e n  d o n e  b y  C ru z  [44] [45] on  en d  to  en d  de lay  an d  b u ffe r requ irem ents o f  

se ss io n s  in  an  a rb itra ry  to p o lo g y  n e tw o rk  w h ere  all sou rces are  leaky  bucket 

co n tro lle d . A  g e n e ra l m o d e l, c a lled  L a ten cy -R a te  (L R ) server, developed  by  

S tiliad is  [13] h a s  b e en  u se d  to  d e riv e  th e  b u ffe r  req u irem en ts  fo r an  ind iv idual
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se ss io n  o f  a  b ro ad  ra n g e  o f  sc h e d u lin g  a lg o rith m s . S tilia d is ' s tu d y  a lso  g iv es  an  

u p p e r  b o u n d  o n  th e  re q u ire m e n t fo r  to  g u a ra n te e  a  z e ro  p a c k e t lo ss  a t th e  server. 

H o w e v e r , b o th  C ru z ’s a n d  S til ia d is ’ w o rk  a ssu m e  a n  in fin ite  b u ffe r  a t th e  server, 

a n d  h e n c e  lo ss  b e h a v io rs  a re  n o t ad d re ssed . T h e  p a c k e t lo ss  ra te  o f  a  G PS  se rv er 

sy s te m  w ith  a  f in ite  b u ffe r  h a s  b e e n  c o n s id e re d  b y  Y ee  [25], b u t th is  w o rk  is 

l im ite d  to  G P S  o n ly . T h e re fo re  fu rth e r  s tu d y  is n e e d e d  o n  th e  w o rs t case  loss 

b e h a v io rs  o f  se rv e rs  w h e re  b u ffe r  s ize  is f in ite  a n d  a  b ro a d  ra n g e  o f  sch ed u lin g  

m e c h a n ism s  e m p lo y ed .

L a te n c y  R a te  se rv e rs , a cc o rd in g  to  th e  c la ss if ica tio n  o f  Q o S  m ec h an ism s in  sec tion  

2 .3  o f  C h a p te r  2 , b e lo n g s  to  th e  c a teg o ry  o f  f rac tio n a l se rv ice  ra te  re se rv e d  Q oS 

m ec h an ism s . A s  L R  se rv e rs  d e sc rib e  a  v a rie ty  o f  Q oS  m ech an ism s, it is th e re fo re  

p o s s ib le  to  a n a ly z e  th e  w o rs t case  p e rfo rm a n c e  in  n e tw o rk  w ith  a rb itra ry  Q oS 

m ec h an ism s . A c c o rd in g ly  th e  o b jec tiv e  o f  th is  c h a p te r  is to  an a ly ze  th e  p a ck e t loss 

b e h a v io rs  o f  L a te n c y  R a te  se rv ers , c a lcu la te  th e  u p p e r  b o u n d  o n  th e  a v erag e  p ack e t 

lo ss  ra te , an d  to  d e te rm in e  th e  a rriv a l p ro c e sse s  w h ic h  c au ses  th e  m ax im u m  

a v e ra g e  lo ss  ra te .

O u r  a p p ro a c h  e x te n d s  th e  th eo ry  o f  L R  se rv e rs  to  c o n s id e r  p a c k e t lo ss beh av io rs . 

W e  a lso  e x te n d  th e  w o rk  in  [25] to  d e te rm in e  th e  a rriv a l p ro c e sse s  w h ic h  causes 

th e  m a x im a l a v e ra g e  lo ss  ra te  fo r L R  se rv ers  w ith  f in ite  b u ffe rs  (i.e . a  w o rs t case  

sc en a rio ).

B y  th e  w o rs t  c a se  scen a rio , w e  m ean  th a t i f  a  se rv e r  a tte n d s  N  se ss io n s , th e  se rv ice  

ra te  th a t  se ss io n  i c a n  re c e iv e  is o n ly  its  re se rv e d  (o r  g u a ra n tee d ) ra te , i.e. all
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a rriv a l p ro ce sse s  o f  o th e r  se ss ions a re  se lec ted  to  b e  b a ck lo g g ed  w h en  session  i is 

b ack lo g g e d . I t is a ssu m e d  th a t th e re  is a  se t o f  a rriva l p ro ce sses  U  an d  there  are 

co u n ta b le  a rriv a l p ro ce sses  A m (m=1, 2 , . . . )  in  U , i.e. \5={Am} (Am is an  arrival 

p ro ce ss  a n d  m= 1, 2 , . . . ) .  F o r an y  a rriva l p rocess , le t L i (A j ) den o te  the  tim e

av e ra g e  tra ff ic  loss fro m  sess io n  i d u rin g  [0,oo). B y  th e  m ax im al averag e  loss rate, 

w e  m ea n  th a t fo r se ss io n  i o f  th e  L R  server, th ere  ex is ts  tj and  A n sa tisfy ing  the 

le a k y  b u c k e t an d  ra te  co n stra in ts  o f  (4 -4 ) (in  sec tio n  4 .3 .1 ) such  tha t 

L i ( A )  = rrmxLi (A j ).
' A j e l l  J

T h e  re s t o f  th is  ch ap te r is o rg an ized  as fo llow s: In sec tion  4 .2 , w e in troduce  the  

g en e ra l a n a ly sis  m o d el o f  L R  servers. In  section  4.3 w e  p resen t the  arrival 

p ro ce sse s  th a t re su lt in  th e  m ax im al average  loss ra te  fo r L R  servers. A  p roposition  

c o n ce rn in g  B u rs t O v er L a ten cy  (B O L ) p rocess  w h ich  w ill re su lt in  th e  m axim um  

a v e rag e  loss ra te  fo r th e  L R  se rv er is p roposed . In  sec tion  4 .4 , an  analysis  o f  L R  

S e rv e rs  w ith  an  a rriv a l p ro cess  w h ich  fo llow s the  B u rs t O v er L a ten cy  (B O L ) 

p o lic y  is p resen ted . T w o  use fu l th eo rem s are  p resen ted  and  p roved . B y  using  these  

th eo re m s , fo rm u lae  a re  d e riv ed  fo r ca lcu la ting  th e  m ax im al averag e  loss ra te  for 

L R  se rv ers . T h e  p ro o f  o f  th e  p ro p o sitio n  th a t B O L  p ro cess  resu lts  in  the  m axim al 

a v e rag e  lo ss ra te  is p ro v id ed  in  sec tion  4.5.

In  c h a p te r  5, a  case  stu d y  fo r th ese  tw o  arriva l p ro cesses , B an g  B an g  po licy  [25] 

a n d  B O L  p o lic y  an d  th e  co m p ariso n  o f  zero  b u ffe r req u irem en ts  are  p rov ided . T h is 

c h ap te r  a lso  p re sen ts  s im u la tio n  resu lts  from  a s ing le  L R  se rv er w h ere  W FQ  is
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em p lo yed  as the scheduling m echanism . Sim ulations are designed  for verify ing the
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m ax im a l av e rag e  lo ss ra te  and  th e  im p a c t o f  la ten cy . C h a p te r 6 sum m aries  the 

d isse rta tio n  an d  p ro v id es  d irec tio n s  fo r fu tu re  w ork .

4 .2  L a te n cy  R ate  S e rv e r (L R  s e rv e r) M odel

4 .2 .1  L R -S e r v e r s

T h e  L a ten c y  R a te  S erv er o r L R -S e rv e r d e v e lo p ed  b y  S tiliad is  and  V erm a  [13] 

co m p rise s  a  c lass o f  sch ed u lin g  m ech an ism s (o r sch ed u le rs). T h ese  schedu ling  

m ec h an ism s fo rm  th e  g en era l m o d el fo r stu d y in g  th e  w o rs t case  b eh av io r o f  

in d iv id u a l se ss io n s in  a  h e te ro g en eo u s n e tw o rk s , w h ere  a  b ro ad  ran g e  o f  

sch ed u lin g  m ech an ism s are  u sed . A cco rd in g  to  th e  d e fin itio n  o f  L R  server by  

S tiliad is , a  sch ed u lin g  m ech an ism  can  b e  sa id  to  b e  an  L R  server, i f  the  average 

ra te  o f  se rv ice  rec e iv ed  b y  a  b u sy  sess io n  du rin g  any  tim e  in te rv a l sta rting  a t 0 and  

w ith in  th e  sess io n  b u sy  p e rio d  is n o t less th an  its re se rv e d  ra te . T he p a ram ete r 6  is 

c a lle d  th e  la ten cy  o f  th e  server. F ig u re  4-1 p resen ts  tw o  sess ion  bu sy  periods

(t 1 ,t2 ] , (t3 ,t4] an d  th e  la ten cy  6.

F ig u r e  4-1. S e s s io n  b u s y  p e r io d s  (ti, t2] a n d  (u , U]> 0 is t h e  l a t e n c y  o f  t h e  LR s e r v e r .

(T h e  s o l id  l in e  in d ic a t e s  s e r v ic e  s t a r s  a t  a  g u a r a n t e e d  r a t e  a f t e r  THE LATENCY 0)

A ssu m e  a  p a ck e t sw itch  w h ere  N  sess io n s share  th e  sam e o u tp u t link . D en o te  by  ft,
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th e  ra te  a l lo c a ted  to  se ss io n  z, a n d  b y  A f r j )  th e  a rr iv a ls  f ro m  se ss io n  i d u rin g  the  

in te rv a l  (x ,t]. W fr j )  is  th e  a m o u n t o f  s e rv ic e  re c e iv e d  b y  se ss io n  i d u rin g  th e  sam e 

in te rv a l. In  th e  p a c k e t-b y -p a c k e t m o d e l, i t  is  a s su m e d  th a t  A fy t )  in c re ases  w h e n  a  

p a c k e t  is  c o m p le te ly  re c e iv e d  b y  th e  se rv e r , a n d  W fz j )  in c re a se s  w h e n  a  p a c k e t in  

s e rv ic e  h a s  c o m p le te ly  d e p a r te d  fro m  th e  se rv e r. S o m e  d e fin itio n s  in  [13] re la te d  to  

L R  se rv e rs  a re  re v is ite d  h e re .

A  s e s s io n  i b a c k lo g g e d  p e r io d  is  a n y  tim e  in te rv a l w h e n  p a c k e ts  o f  th e  se ss io n  are  

c o n tin u o u s ly  q u e u e d  in  th e  sy s te m . I f  Q ft)  d e n o te s  th e  a m o u n t o f  se ss io n  i tra ffic  

q u e u e d  in  th e  s e rv e r  a t  t im e  /, th e n  Q f (t) =  A { (0 ,t)  -  Wf (0 ,t) ,  an d  se ss io n  i is sa id

to  b e  b a c k lo g g e d  a t t im e  t i f  Q t (t)>  0 .

A  s e s s io n  i b u s y  p e r io d  is th e  m a x im a l t im e  in te rv a l (11,12] th a t  fo r an y  g iv en  tim e

fe (x i ,T 2],

Ai(r,t)>  Hi(t-ri) (4 -1 )

W h e re  /// is  th e  re s e rv e d  se rv ic e  ra te  fo r  se ss io n  / a t th e  se rv er.

T h e  s e s s io n  b u s y  p e r io d  is d e fin e d  in  re la tio n  to  a  h y p o th e tic a l sy s tem  w h ere  a  

b a c k lo g g e d  se ss io n  i is  se rv e d  a t a  c o n s ta n t ra te  //, su ch  a s  is illu s tra te d  as F ig u re  4 

1. T h e  k e y  p o in t  a b o u t th e  se ss io n  b u sy  p e r io d  is th a t it o n ly  d e p e n d s  on  th e  a rriva l 

fu n c tio n  Ai(r,t) a n d  th e  re se rv e d  se rv ic e  ra te  ///. I f  th e  sam e  tra ff ic  d is tr ib u tio n  is 

a p p lie d  to  d if fe re n t  sc h e d u lin g  m e c h a n ism s  w ith  a n  id e n tic a l se rv ice  ra te  

re s e rv a tio n , th e  se ss io n  b u sy  p e rio d s  o f  th e  m e c h a n ism s  a re  id en tica l [13], even

th o u g h  th e ir  s e s s io n  b a c k lo g  p e r io d s  m a y  v a ry . T h is  is th e  fu n d am e n ta l re a so n  fo r 
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d e fin in g  a n  L R  se rv e r  b y  th e  se rv ice  re c e iv e d  o v e r a  se ss io n  b u sy  p e rio d . T h is 

fe a tu re  o f  th e  se ss io n  b u sy  p e rio d  h a s  p ro v e n  to  b e  an  e ffe c tiv e  to o l in  L R  se rv er 

th e o ry  fo r a n a ly z in g  th e  d e la y  b e h a v io r  in  th e  L R  se rv e r  sy stem . W e w ill show  in  

fo llo w in g  se c tio n s  th a t it c an  a lso  b e  u se d  in  a n a ly z in g  th e  lo ss  b e h av io r  o f  the  

sy stem .

T h e  d e fin itio n  o f  th e  L R  se rv e r  [13] is rev is ited  h e re  d ue  to  th e  freq u en tly  

re fe re n c e  m a d e  in  th e  fo llo w in g  sec tio n s o f  th is  C hap te r. A  sch ed u lin g  m ech an ism  

is an  L R  se rv e r  i f  th e re  ex is ts  an  n o n  n e g a tiv e  n u m b e r 0  su ch  th a t th e  fo llow ing  

in eq u a lity  h o ld  fo r a ll tim e s  t fro m  th e  s ta rt o f  th e  j *  b u sy  p e rio d  o f  sess io n  i till all 

p a ck e ts  th a t a rr iv e d  d u rin g  th is  p e rio d  a re  se rv ed  an d  v ice  versa .

W ij ( r ,  t)  >  m ax (0 , / / ,  ( t - r  -  6))  (4-2)

W h ere  x is th e  s ta r tin g  tim e  o f  th e  j *  b u sy  p e rio d  o f  se ss io n  /, 0 is the  m in im um  

n o n -n e g a tiv e  n u m b e r  th a t sa tis fie s  th e  abo v e  in eq u a lity  an d  W j/z j)  is th e  serv ice  

re c e iv e d  b y  th e  tra ff ic  o f  se ss io n  j  th a t a rriv ed  d u rin g  tim e  in te rv a l o f  (x,t]. 0 is also  

c a lle d  la te n c y  o f  th e  L R  server. A s sh o w n  in  ch ap te r 2 , th e  0 in  the  above 

in e q u a lity  is th e  w o rs t case  d e lay  seen  b y  th e  firs t p a c k e t o f  each  b ack lo g g ed  

se ss io n  o f  th e  L R  se rv er. T h e  la ten cy  0  o f  an  L R  se rv e r  d ep en d s o n  th e  schedu ling  

m e c h a n ism  u se d  as w e ll as th e  se rv ice  ra te  re se rv e d  fo r th e  sess io n  and  th e  re la tive  

tra ff ic  p a ram e te rs .
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4.2.2. P r o p e r t i e s  o f  LR S e r v e r s

In  th is  sub -sec tion , a  sum m ary  o f  som e im po rtan t p ro p e rtie s  o f  LR  servers defined  

b y  S tilia d is  [13] is  p re sen te d . F o r  L R  se rv ers , i f  so u rce  tra ffic  is leak y  b u ck et 

c o n s tra in e d  w ith  a  to k e n  b u c k e t d ep th  o f  o? fo r sess io n  /, Qi(t) is th e  qu eu e  leng th  

o f  se ss io n  i a t t im e  t a n d  pi is  th e  to k en  a rriv a l ra te  fo r th e  session , th en  th e  queue 

le n g th  is  b o u n d e d  an d

(4-3)

T h e  q u e u in g  d e la y  is a lso  b o u n d  b y  p  . <  a  j + q  . w h ere  D j is the  m axim um

7 n  ‘

d e la y  o f  a n y  p a ck e t o f  se ss io n  j  in  th e  L R  se rv er an d  0 j is th e  la ten cy  o f  session  j  at 

th e  se rv er. I t  is a lso  p ro v e d  in  [13] th a t so m e w e ll-k n o w n  sch ed u le rs  such  as G PS, 

W F Q (P G P S ), S C F Q  b e lo n g  to  th e  L R  se rv er c lass. T he  la ten c ies  o f  these  

sc h e d u lin g  m ec h an ism s a re  lis te d  in  tab le  4-1

T a b l e  4 -1 . L a t e n c y  o f  G P S , W FQ  (P G P S ), S C F Q

S c h e d u lin g  m ec h an ism s L aten cy

G P S 0

W F Q (P G P S ) f'/ ! "I- - ^ m a x  l ^

S C F Q L i  !  r i +  ¿ m a x  (N  - l ) / r

L i  is the m a x im u m  packet size o f  session i  and L max is the m axim u m  packet size o f  a ll sessions, r, is 

the reserved service rate o f  session i ,  r  is the service rate o f  the server and N  is the connection 

n um b er in  S C F Q .

4.3. Arrival process that results in the maximal 
average loss rate for LR server

4.3.1 . Le a k y  b u c k e t  c o n s t r a i n e d  s o u r c e s

F o r  a  s in g le  L R  se rv e r  sy s te m  w ith  a  to ta l se rv ice  ra te  o f  n , le t N  be  th e  se t o f
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se ss ion s  in  th e  sy s tem  w ith  e ach  se ss ion  p o lic ed  b y  a  leak y  b u ck e t (cr,- p u Q ,  as 

sh o w n  in  F ig u re  4 -2 . F o r  e ach  u n it o f  se ss io n  i tra ffic  in to  th e  n e tw o rk , a  session  i 

to k e n  is re q u ire d . T h e  ra te  a t w h ic h  se ss io n  i tra ffic  can  b e  in p u t to  th e  n e tw o rk  is 

fu rth e r  c o n s tra in e d  b y  a  p e a k  ra te  p a ra m e te r  C/. A ssu m e  th a t C, >p,. p , is the  token  

g e n e ra tin g  ra te  fo r  se ss io n  /. a j  is th e  cap ac ity  o f  th e  to k e n  b u ck e t o f  sess ion  i, and  

k  is th e  in p u t b u ffe r  s ize  o f  se ss io n  i a t th e  server. T raffic  th a t a rrives w hen  the  

b u ffe r  is  fu ll is  lo st. T h e  lea k y  b u c k e t co n stra in ts  can  b e  d esc rib ed  by

<  min{( t -  t ) C ¡ , ( j i +  p i{t -  r)}  V ie N  an d  Vx, t>x. (4-4)

P i

1
Oi

Arrivals

C,

F ig u r e  4 -2  L e a k y  b u c k e t  c o n s t r a in e d  s o u r c e s

L e t Ui(t) b e  th e  n u m b e r o f  p ack e ts  in stan tan eo u s a rriv ed  a fte r constra in ing  o f  the  

le a k y  b u c k e t a t tim e  t. I t  is th e  in creasin g  ra te  o f  ac tu a l a rriv a ls  Ai(0,t) a t tim e  t 

w h ic h  in d ic a te s  h o w  to k en s  in  th e  leak y  b u ck e t are  u se d  a t tim e  t. T he  analysis  o f  

lo ss  b e h a v io rs  o f  th e  L R  se rv er in  the  fo llo w in g  sec tio n s is carried  ou t on the  

a ssu m p tio n  o f  lea k y  b u c k e t sm o o th ed  tra ffic  arriva ls.

4 .3 .2 . A r r i v a l  p r o c e s s  t h a t  r e s u l t s  i n  t h e  m a x im a l

A V E R A G E  P A C K E T  LOSS RA TE

I t  h a s  b e e n  p ro v e n  [25] th a t th e  e ssen tia l p ro p e rtie s  o f  th e  a rriva l p ro cesses th a t
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re su l t  in  th e  w o rs t  c a se  a v e rag e  lo ss  ra te s  fo r  a  G PS  sy s tem  a re  (i) th e  inpu ts  o c cu r 

in  b u rs ts , a n d  ( ii)  th e y  a re  p e rio d ic . T h e  p ro c e s s  c a n  a lso  b e  d e sc r ib e d  as a  B an g  

B a n g  c o n tro l  p o lic y . T o  e x te n d  th is  w o rk  to  a  m o re  g e n e ra l s itu a tio n  w h e re  th e  

sc h e d u le rs  a re  L R  se rv e rs , w e  in tro d u c e  th e  fo llo w in g  p o lic y  to  c o n tro l th e  u se  o f  

to k e n s  in  th e  b u c k e t. T h is  p o lic y  m a x im iz e s  a v e ra g e  lo ss  ra te  fo r  th e  L R  se rv ers  

a n d  c a n  b e  s ta te d  as:

W h en ever the token bucket for session / is full, that is bi(t)=<j, (where bj(t) denotes 

the token bucket state at time t ), then all a batch of traffic is input to the 

network. This assum es that C,=a>. Thereafter, the available tokens are 

continuously used until the time r+0; w here x is the start time of this session busy 

period. A  packet that finds the input buffer full is lost. Tokens are to be 

accum ulated after the server starts to provide service to the traffic of the session 

(t=r+0) until the token bucket fills up again. Hence for Cj=oo, the token control 

policy is presented as

oo
c?i H S (t- riO  +  tp ))+ p>(7 - riO  +  tp)) n (6 + tp )< t< 8 + riO  +  tp)

n=0
0  O + n (0 + tp )< t< (n  + \)(0 + tp)

(4-5)

W h ere  8 (t) is the impulse function and tp-o/pu which m eans that the token bucket 

is em ptied of a\ tokens every tp time units. bj(t) is the token bucket state at time t. 

W e  c a ll  a n  a rr iv a l p ro c e s s  th a t  fo llo w s (4 -5 ) as B O L  (b u rs t o v e r la ten cy ) a rriva l 

p ro c e s s  o r  B O L  p o lic y .

O b s e rv e  th a t  th e  a rr iv a l p ro c e ss  g iv e n  in  (4 -5 ) is p e rio d ic  w ith  a  p e rio d  o f  0+tp, 

a s s u m in g  pi>pi a n d  <j{>kL T h e  B O L  p o lic y  c a n  b e  in te rp re te d  as im p ly in g  th a t
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w hen ev e r  th e  to k en  b u ck e t o f  se ss ion  i b ecom es  fu ll, a  b u rs t o f  cr, p ack e ts  ( i f  each  

to k en  rep re sen ts  a  p a ck e t)  is in pu t to  th e  n e tw o rk . T he  n e tw o rk  inpu t b u ffe r 

b e com es  fu ll w ith  p a ck e ts  and  <jr ki p a ck e ts  a re  lost. D u rin g  th e  p e rio d  u n til the  

se ss io n  tra ff ic  re c e iv e s  se rv ice  (i.e . th e  L R  se rv er la ten cy ), to k en s  a re  co n tin u o u sly  

u se d  a t th e  ra te  o f  th e  to k en  g e n e ra tin g  ra te . T o k en s a re  a ccu m u la ted  u n d e r 

o th e r  c irc u m s ta n c e s  u n til to k e n  b u c k e t b eco m es fu ll again . T h e  inp u t b u ffe r 

(q u e u e ) is b e  e m p tie d  e v e ry  k/jUi t im e  un its . 

k- c  •
S in c e  —  <  — , th e  q u eu e  w ill b e  em p ty  b y  th e  tim e  O+tp, so  th a t th e  p ro cess  

Mi Pi

re p e a ts , b e g in n in g  a t tim e  O+tp. T h ere fo re , th e  to k en  b u ck e t sta te  b ft)  an d  th e  state  

o f  in p u t b u ffe r  q u eu e  qi(t) a re  b o th  p e rio d ic  w ith  p e rio d  O+tp. T he  av erag e  loss ra te  

L (0 ,t)  is

lim
/—> oo

¿ , ( 0 , 0

t

<j i + p f i  -  k j

0  +
P i

(4 -6)

P ro p o s i t io n  T h e  B O L  to k en  co n tro l p o lic y  g iv en  b y  (4 -5 ) is op tim al w ith  resp ec t 

to  m a x im iz in g  th e  av e rag e  loss ra te  fo r sess ion  i w ith  la ten cy  0 o f  a  L R  server. T he 

w o rs t c a se  b a se d  m ax im al a v erag e  loss ra te  o f  sess io n  / is g iv en  b y  (4 -6 ). T he 

p r o o f  o f  th is  p ro p o s itio n  is g iv en  in  sec tio n  4.5 .
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F ig u re  4 -3  illu s tra te s  th e  a rriva l p ro ce ss  and  the  se rv ice  function  o f  B O L  po licy  

(a ssu m in g  C,->pi).

In  fig u re  4 -3 , p °  is th e  g u a ran teed  se rv ice  ra te  fo r sess io n  i and  Sift) is actual 

se rv ice  re c e iv e d  b y  sess io n  i. T he  tra ffic  o f  sess io n  i en te rs th e  n e tw o rk  a t the  rate  

o f  C, u n til th e  to k en  b u c k e t b eco m es em p ty  a t tim e  Tieb. A fte r th a t th e  arriva l rate  

e q u a ls  to  th e  to k e n  g e n e ra tio n  ra te  pi and  th e  n u m b er o f  to ta l to k en s u sed  a t the  end 

o f  la te n c y  p e rio d  6  is

c ,t m  + pie -  Tieb),. =  a , + p,e Tieb< e

C,Tieb = CT; +  p ,T ieb Tieb>6

w h e re  T ieb = '

C,-  Pi

W ith  th e  to k e n  co n tro l p o lic y  B O L , th e  a rriva l p ro ce ss  for L R  servers can  be 

p re s e n te d  as
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Pi (t ~ n(6  + tp) -  Tieb)

Ui(t) = <0

n{0 + tp) +  Tieb < t<6 + n(0 + tp) 

n(0 + tp) + 0 < t< (n  + \)(0 + tp)
0 0

c i £  [ustp(t -  n{Tieb +  tp)) -  ustp(t -  n(Tieb + tp) -  Tieb)] when

0 > Tieb 

0  >  Tieb

Q ~ Tieb

(4 -7 )

w he re  ustp(t) is  th e  u n i t  s tep  func tion  and  n is th e  n u m b e r o f  th e  se ss io n  b u sy  p e rio d  

a sso c ia te d  w ith  th e  tim e  t. I f  k\ is th e  b u ffe r  a llo ca tio n  fo r se ss io n  i, in  each  bu sy  

p e r io d  cy c le , th e  a m o u n t o f  tra ffic  lo st due  to  b u ffe r  o v e rflo w  is

max[0, Ci*Tieb+pi(0-Tieb) -Si(0,Tieb)-ki]

w h e re  pi(0-Tieb)=O w h e n  0< Tieb and  Sj(0,Tieb) in d ica te s  th e  m in im u m  serv ice  

re c e iv e d  b y  se ss io n  i d u rin g  (0, Tieb). W ith in  th e  in te rv a l o f  (0, Tieb), to k en s  are  u sed  

a t th e  m a x im u m  ra te  o f  C,-. I f  0>Tieb, to k en s  w ill b e  c o n tin u o u sly  u sed  a t th e  ra te  o f  

pi  w h e n  Tieb<t< 0 in  each  p e rio d , and  no  to k en s a re  u se d  o therw ise . S ince  on ly  the  

w o rs t c a se  scen a rio  is co n sid ered , th e  se rv ice  ra te  o f  sess io n  / is p®. So Si(0,Tieb)= 

Pi)(Tieb-0) i f  0 <  Tieb• T he  w o rs t case  b ased  m ax im al av erag e  loss ra te  fo r L R  

se rv e rs  w h en  Ci<oo is th en

m ax { 0 , C[Tieh +  p ^ X -  Tieh) -  ( X -  0 )  -  £ ,}

tp  +  'K
(4-8)

w h e re  X =

T leh 0  < T ieb 

0 0  > T ieb

(4 -9)

4.4. Analysis of LR servers with an arrival process 
which follows BOL under the worst case

scenario

T h is  se c tio n  a p p lie s  th e  th eo ry  o f  L R  se rv ers  to  a n  a rriv a l p ro cess  th a t fo llow s the
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B O L  po lic y . U n d e r  th e  w o rs t c ase  sc en a rio , tw o  th eo rem s a re  de rived . B y  usin g  

th e se  th e o re m s  o n e  c a n  c a lcu la te  th e  m ax im a l av e rag e  lo ss  ra te  fo r an y  ind iv idua l 

a rr iv a l se ss io n  (re fe r  to  se c tio n  4 .6  fo r a  case  study ). A p a rt fro m  th ese , th e  zero  

lo ss  b u ffe r  re q u ire m e n t o f  a n  L R  se rv e r  is a lso  d erived .

C o n s id e r  a  s in g le  L R -se rv e r  sy s te m  a tten d in g  N  sess io n s  w ith  each  sess io n  h av ing  

a  f in ite  in p u t b u ffe r  size . F o r  se ss io n  i, th e  so u rce  tra ffic  is leak y  b u ck et 

c o n s tra in e d  w ith  p a ra m e te rs  o/, p „  C,-. A ssu m in g  n ?  is th e  m in im u m  serv ice  rate  

a llo c a te d  to  se ss io n  i a n d  p /°>p,. N o te  th a t p f  is a lso  th e  m ax im u m  serv ice  rate  

u n d e r  th e  w o rs t c a se  scen a rio  d u e  to  th e  fac t th a t a ll o th e r sess io n s a re  back logged . 

A ssu m in g  th e  a rriv a l p ro c e ss  is p e rio d ic  acco rd in g  to  (4 -5 ) so th a t it fo llow s the  

B O L  co n tro l p o licy . In  th is  p a rt, w e  sh o w  th a t no  sess io n  b u sy  p e rio d  exceeds the  

c y c le  len g th  o f  th e  p e rio d ica l a rriv a l p ro cess  an d  h as th e  sam e s ta rt tim e  as the  

p e r io d ic  cycle .

L e m m a  1: I f  Ct=oo, a ssu m e  x, is th e  s ta rtin g  tim e  fo r b o th  a  sess io n  i b u sy  p e rio d  

a n d  th e  p e rio d ic a l c y c les  o f  a rriv a l p ro ce sses  (4 -5). I f  th e  sess ion  b u sy  p e rio d  is 

( x , , x 2 ] an d  pj0 is th e  c o n s tan t se rv ice  ra te  o f  the  sess io n  as in  (4-1), th en

x 2 - x i  <0+tp  a n d  cr/p , is th e  to k e n  b u c k e t / fill up  tim e.

P roof. T h is  le m m a  is p ro v e d  b y  co n trad ic tio n .

S u p p o se  x 2 - x ,  >  Q+tp a n d  let  x 2 - x ,  =0+tp+x (x>0), th en  th ere  ex is ts  a  /, w here  

t e  (Xj ,  x 2 ] a n d  t - x x =&+tp.

F ro m  th e  d e fin itio n  o f  th e  se ss io n  b u sy  p e rio d  an d  (4 -1 ), it is th e  case  th a t
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A i( i u t ) > Ml° ( t - T i)  ' (4 -10 )

S in ce  nf> P i is  a ssum ed  an d  ip  = c r /p „  it  is  ea sy  to  d e riv e  th a t 

p ° ( 0+tp)>pj8+ a i , th a t is

A t ( i i .t)> P iO + oi (4 -11 )

A c c o rd in g  to  th e  w o rs t c ase  a rriv a l p ro ce ss  w h ic h  fo llo w s th e  B O L  co n tro l p o licy , 

A i ( T j , t)= pi0+ <ji w h ic h  is c o n flic t w ith  (4 -11 ). T h ere fo re  th e  a ssu m p tio n  o f

t 2 - i j  >Q+tp d o es  n o t h o ld  an d  th e re  m u st b e  x 2 - <0+tp.

L e m m a  2 : F o r  a n y  b u sy  p e rio d  {tsu tj\ o f  sess io n  /, th e  s ta rtin g  tim e  tsi e  { z tpi}, 

w h e re  is th e  se t o f  s ta r t tim es o f  th e  p e rio d ic  a rriv a ls  o f  sess io n  i.

Proof: C o n trad ic to r ily  su p p o sin g  th e  b u sy  p e rio d  s ta rtin g  tim e  tsi<£ { z tpi}  and  th ere  

e x is ts  z tpM, w ith  z tpi su ch  th a t z tpi+l>tsl> z tpi. z tpM is th e  s ta rtin g  tim e  o f  a  p eriod ic  

a rr iv a l th a t fo llo w s z ^ . L e t tsi= z tpi +jc (0<x<tr tsi). S ince  tsi is th e  starting

tim e  o f  a  se ss io n  i b u sy  p e rio d , fo r any  ^ e ( tsi, tf](E> 6), there  is

Ai(tsi, §  > p 'J( i- ts,)>p,(8-tsi)  (4 -12 )

A c c o rd in g  to  th e  a rriv a l p ro ce ss  s ta ted  in  (4 -5 ), a t tim e  r lpi, th e  v o lu m e  o f  traffic  

a rr iv a ls  is a,. A f te r  r,pi, th e  tra ffic  is in p u t to  th e  n e tw o rk  a t th e  ra te  p, un til tim e  

q+ r  . A f te r  t im e  0+ r,p, , th e  tra ff ic  in p u t in to  th e  n e tw o rk  is zero . T h a t m eans 

th e re  e x is t  a n  0< £< x  a n d  A,(zipi+s, tj)~Pi(8-e)- S in ce  th e  a rriv a l fu n c tio n  A,(t) is an
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in c re a s in g  p o s i t iv e  fu n c tion  in  t, w e  ob ta in  th e  re su lt  th a t 

Ai(tSi, Q<Ai(Ttpi+s, tj)=pi(0-e) w h ic h  con trad ic ts  (4 -12).

S o  tSi e  { r tpJ  is  sh o w n  to  b e  v a lid .

T h e o r e m  1: F o r  a n  L R  se rv e r, w h e n  C ; =oo a n d  th e  a rr iv a l p ro c e ss  fo llo w s the  

B O L  c o n tro l p o lic y , th e re  is o n ly  o n e  se ss io n  b u sy  p e rio d  w ith in  e ach  tim e  in te rval 

b e tw e e n  Q+tp a n d  th e  s ta r tin g  tim e  o f  th e  b u sy  p e r io d  4 /g  { z !pi}.

Proof:

S u p p o se  th e re  is a n o th e r  se ss io n  b u sy  p e rio d  ( 4 ,  t f]  w ith in  th e  b u sy  p e rio d  (ts, tf], 

it  is  e a sy  to  p ro v e  fro m  le m m a  1 an d  le m m a  2 th a t  ts ’=ts an d  tf=  tf. A g a in  from  

le m m a  2 , w e  h a v e  tsi e  { r tpi}.

L e m m a  3 : I f  C/< oo, a ssu m e  xi is th e  s ta rtin g  tim e  fo r b o th  a  se ss io n  i b u sy  p e rio d  

a n d  th e  p e rio d ic a l c y c le s  o f  th e  a rriv a l p ro ce sse s  (4 -7 ). I f  th e  se ss io n  b u sy  p e rio d  is 

(x i, X2] a n d  pi° is th e  c o n s ta n t se rv ice  ra te  o f  th e  se ss io n  as in  (4 -1 ), th en

x 2 -Xj <tp+% (N o te  th a t  £  is d e fin e d  as in  (4 -9 ), tp = a /p it Tieb= — ——  an d  tp+% is
c i  ~  P i

th e  c y c le  len g th ).

Proof: In  th e  sa m e  w a y  a s  lem m a  1, w e  c o n tra d ic to rily  a ssu m e  th a t

x 2 - Xj > tp+ % m d  w e  fu r th e r  a ssu m e  x 2 = tp+%+x (x>0). T h en  th e re  ex is ts  a

t e  ( Xj , x 2 ] w h e re  t - x, =tp+%

F ro m  th e  d e f in itio n  o f  se ss io n  b u sy  p e rio d , it is th e  c ase  th a t 

A i ( x l t t) > ^ 0 - ^ 1 )
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S in c e  inf >pi, i t  is  e a sy  to  d e riv e  th a t 

p f  ( t - x x)> (ji +&%, so  th a t

A i ( x , , t) > | i f  ( t - x x)> C iTieb-piTieb+ p £  (4 -1 3 )

A c c o rd in g  to  th e  w o rs t  c a se  a rr iv a l p ro c e ss  (6 ),

A j ( x , , 0 =  CiTieb+Pl{§- Tieb)+ (4 -1 4 )

(a)+=max{0, a}.

T h is  is c o n tra d ic to ry  to  (4 -1 3 ) fo r  a n y  0 . So  x 2 - Xj <tp+% is  v a lid .

L e m m a  4: I f  C ,<  fo r  a n y  b u sy  se ss io n  p e rio d  (tsi, tj\ o f  se ss io n  i w ith  pi° as th e  

c o n s ta n t  s e rv ic e  ra te  o f  th e  se ss io n  a s  in  (4 -1 ), th e  s ta r tin g  tim e  tSi e  { r tpi}> w h ere

Ttpi is  th e  se t o f  s ta r t  t im e s  o f  th e  p e rio d ic  a rriv a ls  o f  se ss io n  i.

Proof: S u p p o se  th e re  is a  se ss io n  i b u sy  p e rio d  (tsi,tf] w ith  s ta rtin g  tim e  tsi<£ { z tpi} 

a n d  Tieb >tsi>Ttpi. W e  w ill p ro v e  th a t  (tsi,tfj is n o t th e  m ax im u m  tim e  in te rv a l such

th a t  th e re  e x is ts  a  n u m b e r  ^  w h e re  th e  in eq u a lity  Ai(tsi> Q>p?(Q-tSi) h o ld s  fo r any  

f e  (tshtj. T h e n  it is  e a sy  to  d e riv e  th a t (tsbt j  is n o t a  se ss io n  i b u sy  p e rio d  w h ic h  is 

in  c o n flic t  w ith  o u r  a ssu m p tio n . So  th e re  m u s t b e  tsi e  { r tpi}.

A c c o rd in g  to  th e  d e fin itio n  o f  se ss io n  b u sy  p e rio d  in  se c tio n  4 .2 .1  (re fe r  to  F ig u re  

4 -3 ) , th e re  is

A f t  si, Q > p i(C rtSi) £ -T ieb (4 -1 5 )

F ro m  (4 -1 5 )  a n d  th e  a rr iv a l p ro c e ss , w e  h a v e  C f  £-tSi)>Pi°(£-tSi) a n d  th e re fo re
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c ,•>//,•0 (4- 16)

O n  th e  o th e r  h and , th e  a c c u m u la te d  a rriv a ls  o f  se ss io n  i in  th e  tim e  in te rv a l ( r tpi ,tsJ

is Aj(Ttpi ,tSj)= Ci(tSi~ Tpf). F ro m  (4 -1 6 ), it is e asy  to  o b ta in  th e  re su lt th a t

Ci(tsi-Ttpi)'>fJ.i ( z tpi -tsi). (4 -17)

In e q u a lity  (4 -1 7 ) in d ic a te s  th a t th e  tim e  in te rv a l (tSj, tf] is n o t th e  m ax im u m  tim e 

in te rv a l th a t  m ak e s  th e  in eq u a lity  Ai(tsi, Q>Hi(CrtSi) h o ld  fo r an y  <£ e (tsi,tf]. 

T h e re fo re  (tSi,tf] is n o t  a  se ss io n  b u sy  p e rio d . T h is  is in  co n flic t w ith  th e  assum ption  

o f  th e  lem m a. So  th e  tSi e  { mu s t  h o ld

T h e o r e m  2 : F o r  a  L R  se rv er, w h en  C, <oo an d  th e  a rriva l p ro cess  fo llow s the  B O L  

c o n tro l p o lic y , th e re  o n ly  o ne  se ss io n  b u sy  p e rio d  w ith in  each  tim e  in terval 

b e tw e e n  tp+% a n d  th e  s ta rtin g  tim e  o f  th e  b u sy  p e rio d  tsie  { r tpi}. (£  is d e fin ed  as in

(4 -9 ). tp= a/pi, Tieb= —^1 —  an d  tp+% is th e  cy c le  leng th).
Q  -  Pi

Proof:

S im ila r  to  lem m a  2 , a fte r  £  th e re  a re  n o  m o re  p ack e ts  a rriv in g  un til th e  nex t 

s ta r tin g  p o in t o f  th e  cy c le  p e rio d . T h ere fo re , th e re  is no  sess ion  b u sy  p eriod  

s ta r tin g  a fte r  tim e  £  F ro m  (4 -1 6 ), it is easy  to  sh o w  th a t (TtpnT ieh\ m ust be

c o n ta in e d  in  th e  sam e  se ss io n  b u sy  p e rio d  as (tsi, tj\. L em m a 4  ind ica tes  th a t each  

s ta r t tim e  o f  se ss io n  b u sy  p e rio d  tsie { r tpi}. L em m a 3 ind ica tes  th a t th e  leng th  o f

se ss io n  b u sy  p e r io d  w ill n o t ex ce ed  tp+%. T h is  ends o u r p roof.

B a se d  o n  th e  th e o re m s  1 a n d  2 , th e  B O L  p ro c e ss  fo r se ss io n  i and  th e  assoc ia ted
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se rv ice  b eh av io r  c an  be  illu s tra ted  as in  F ig u re  4 -4  fo r Cf= oo an d  figu re  4-5  fo r

Ci<oo.

F ig u r e  4 -4 . B O L  p r o c e s s  a n d  s e r v ic e  f u n c t io n  w h e n  C p o o

In  F ig u re  4 -4 , th e  to k en  b u ck e t is em p tied  a t the  start tim e  o f  each  p e rio d  w hich

w ill cau se  a  (jj-kj tra ffic  loss fo r sess ion  i. W hen  the inpu t b u ffe r queue o f  the

se ss io n  is fu ll, to k en s  are  co n tin u o u sly  u sed  as long  as there  are  any availab le

to k en s . T he m a x im u m  ra te  is id en tica l to  the  to k en  g enera ting  rate. T he use o f

to k e n s  w ill cease  w h en  the  se rv er starts to  serve the  tra ffic  o f  the  session , due to

th e  B O L  p o licy . D u rin g  th e  tim e  in te rval (G,tp+9), all the  tra ffic  in  the  inpu t bu ffer

w ill b e  e m p tied  since  p l0tp>(7i acco rd ing  to  (4-2). T he m ax im al p ack e t loss in  each

p e rio d  is cr, +  p t6 -  kt . It is obv io u s that, u n d er the  w o rs t case  scenario , the  bu ffer

req u ire m e n t to  g u aran tee  zero  loss from  a session  o f  an  L R  server is

k t =  <J j +  PjO  (4-18)

an d  th e  m ax im a l averag e  loss ra te  is g ive  by  (4-6). F o r co n v en ience , w e sim ply  
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rew r ite  it h e re  as Z, , =  — ------------ l-  . N o te  th a t (4 -18 ) is iden tica l to

6  +
P i

th e  re su lts  fo r a  s in g le  L R  se rv e r  [13].

S im ila r  to  F ig u re  4 -4 , F ig u re  4-5 p resen ts  th e  a rriva l p ro cess  acco rd in g  to  (4-7). 

F o r  an  a rb itra ry  la ten c y  0 , th e  p ack e t loss in  each  p e rio d  o f  sess ion  i is

g iv e n  b y

{ C,Tieb + Pi (e -  T,eb) -  k, e > Tieb

\ c ,Tm -M °(T,eb e < Tieh }

F ro m  (4 -1 9 ) w e  see  th a t th e  b u ffe r  req u ire m e n t to  g u aran tee  zero  loss from  session  

i u n d e r  th e  w o rs t c ase  scen a rio  is

+ p f i ,

-p ,)T ieb

0 *  Tieb 

0 < T kb
(4 -20)
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4.5. The proof of the arrival process that results 
in the maximal average loss rate for LR 
servers

4 .5 .1 .  P r o p o s it io n

T he  p ro b lem  o f  d e te rm in in g  th e  a rriv a l p ro ce ss  th a t re su lts  in  th e  m ax im al average  

lo ss  ra te  fo r L R  se rv e rs  is to  d e te rm in e  th e  o p tim al co n tro l p o lic y  fo r u s in g  tokens 

in  th e  b u c k e t. T h is  se c tio n  sh o w s th a t th e  B O L  p o lic y  in tro d u ced  in  sec tion  4 .3 .2  

p ro d u c e s  th e  m ax im u m  a v e ra g e  lo ss ra te  fo r a  g en era l case  w h ere  th e  schedu lers 

a re  L R  se rv ers . C o n s id e r  in d iv id u a l tra ffic  sess io n s th a t can  o n ly  rece iv e  reserved  

se rv ice  ra te  a t L R  se rv ers , th en  th e  m ax im al a v erag e  loss ra te  o f  sess io n  i is first 

d e riv e d  b a se d  o n  th e  fo llo w in g  p ro p o sitio n .

P rop o s it io n :

I f  w e  le t  Ai(0,t) b e  th e  a m o u n t  o f  s e s s io n  i t r a f f ic  in p u t  to  th e  n e tw o r k  a t  a  r a te  

o f  C/=oo, a n d  a l l  t r a f f ic  a d m it t e d  in to  t h e  n e tw o r k  is  le a k y  b u c k e t  c o n s tr a in e d ,  

t h e  B O L  ( B u r s t  O v e r  L a t e n c y )  a r r iv a l  p r o c e s s  g iv e n  b y

U i ( t )
& i 'E s ( i - td ) + P itd

d =1
0

td ~ t < t d + ^  

td + 0  < t  < td+x

(4 -21)

is  o p t im a l  in  t e r m s  o f  m a x im iz in g  t h e  a v e r a g e  p a c k e t  lo s s  r a te  f o r  s e s s io n  i 

w it h  la t e n c y  $ o i  a  L R  s e r v e r .

Ui(t) is  th e  n u m b e r  o f  to k en s  in  th e  to k e n  b u ck e t i th a t a re  u se d  a t tim e  /. T h is  is ju s t

eq u iva len t in va lu e to  the traffic arrived at tim e t or the increasing rate o f  A,(0,t) at
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t im e  t, w h e re  td=td-i+ 0+<j/pi (to=0) a n d  n te n d s  to w a rd s  in fin ity , w h ile  t h a s  

in f in ite  len g th .

T h e  m a x im a l  a v e r a g e  p a c k e t  lo s s  r a t e ,  b a s e d  o n  p e r  t o k e n  in t e r a r r iv a l  t im e ,  o f  

s e s s io n  i  u n d e r  t h e  w o r s t  c a s e  s c e n a r io  is  g iv e n  b y

7  _  a i +  P i e  ~  k i
(4 -22 )

w h e re  ki is  in p u t b u f fe r  s iz e  fo r  se ss io n  i in  th e  sy stem , pi is th e  to k e n  g en era tin g  

ra te  a n d  o j is  th e  to k e n  b u c k e t c a p a c ity  o f  se ss io n  i.

4 .5 .2 .  B a c k g r o u n d

In  a n  L R  se rv e r , i f  s e ss io n  i is c o n s id e re d  to  b e  w o rs t case , th e n  th e  tra ffic  from  the  

se ss io n  w ill  o n ly  re c e iv e  its  re se rv e d  se rv ice  ra te  p °  ( p \ > p f  i.e . a ll o th e r  sessions 

o f  th e  se rv e r  a re  c o n tin u o u s ly  b a c k lo g g e d . T h e  p a c k e ts  o f  th e  se ss io n  th a t a rriv e  to  

f in d  th a t  th e  in p u t b u ffe r  q u e u e  is fu ll a re  d ro p p ed . W h en e v e r  th e re  is a  p a ck e t in  

th e  in p u t b u f fe r  q u e u e , th e  q u e u e  w ill b e  se rv ice d  a t th e  ra te  fii° a fte r  th e  la ten cy  

p e r io d . T h e  f irs t  p a c k e t a rr iv in g  d u rin g  a  se ss io n  b u sy  p e rio d  w ill w a it an  in te rval 

i9 (0<3<6) b e fo re  se rv ic e  b eg in s .

T o  d e te rm in e  th e  a rr iv a l p ro c e ss  th a t  m ax im iz es  th e  a v e rag e  p a c k e t lo ss ra te  fo r 

s e s s io n  i o f  an  L R  se rv e r , w e  m u s t fin d  an  o p tim a l c o n tro l p o lic y  fo r  u s in g  to k en s  

in  to k e n  b u c k e t i, in  o rd e r  to  m a x im iz e  th e  p a c k e t lo ss. W e n a tu ra lly  a ssu m e th a t 

th e  in p u t b u f fe r  a n d  to k e n  b u c k e t a re  fin ite .

B a s e d  o n  a s su m p tio n  th a t  C ,=  oo, th e  a p p ro a ch  u se d  to  p ro v e  o u r  p ro p o sitio n  is 

d y n a m ic  p ro g ra m m in g , a  m e th o d  fo r  th e  so lu tio n  o f  a  se q u en tia l d e c is io n  p rocess .
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T ak en  th e  num be r o f  p a ck e ts  lo st as th e  rew ard  o f  th e  p o lic y  fo r u s in g  tokens, the  

p ro b le m  o f  d e te rm in in g  th e  o p tim al p o lic y  to  m ax im ize  p a ck e t loss can  be 

fo rm u la te d  as a  p ro b lem  o f  seq u en tia l d ec is io n  m ak in g  in  a  M ark o v  P ro cess  w ith  

R e w a rd  [20]. I f  th e  tra ffic  a rriv es  o n  a p a ck e t-b y -p a ck e t basis o r by te-by -by te  

b a s is , it is m o re  rea lis tic  to  a ssu m e  th a t th e  to k en  b u ck e t cap ac ity  cr and  th e  bu ck e t 

s ta te  b(t) ta k e  o n ly  in te g e r va lues. T h en  w e  can  s im p lify  th e  p ro b lem  by  

tran s fo rm in g  th e  co n tin u o u s tim e , co n tin u o u s sta te  rep resen ta tio n  in to  d iscrete  tim e 

an d  s ta te  one .

L e t p  b e  th e  to k e n  in te ra rriv a l tim e  ( /? = l /p ;) fo r sess io n  i. T hen  th e  instances o f  

to k en  a rr iv a ls  w ill b e  p, 2p, 3p ,.... T he  d ec is io n  to  u se  the  tokens is m ade 

im m e d ia te ly  a fte r  th e ir  re sp ec tiv e  a rriv a ls  a t tim es p f , 2 j f , 3 / f , . . . .  T he sta tes o f  

th e  to k e n  b u c k e t an d  th e  in p u t b u ffe r qu eu e  are  w ritten  as bs and  qs respective ly . 

T h e  d e c is io n  to  u se  to k en s  w h en  system  is in  sta te  (bs, qs)  a t tim e 5 is deno ted  by 

us. S o  us can  b e  an y  in teg e r b e tw een  0 an d  bs inclusively .

In  th is  a p p ro ach , le t R (s) b e  th e  ex p ec ted  im m ed ia te  rew ard  for the  sta te  (bs,qs) 

w h e n  d e c is io n  us is m ade. D en o te  th e  se t o f  the  dec is io n s w ith  U = {u s>0 w here 

u s< b s fo r an y  s} . W ith  a  g iv en  con tro l p o licy , a  M ark o v  p rocess  w ith  rew ards is 

sp ec ified . I f  th e  p ro ce ss  is to  o p era te  fo r m tran sac tio n s, th e  to ta l exp ec ted  rew ard  

th a t th e  sy s tem  w ill o b ta in  is s ta ted  as (4 -23 ), s ta rtin g  from  sta te  bs u n d e r the  g iven

p o lic y  [20].

vs (m ) = R (s )+  'ZPbsj vj ( m ~~ty s = l 92 ,. . . ,N  m - 1,2,3,... (4 23)
y=i 5
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vs(m) is  th e  sum  o f  th e  ex p ec ted  to ta l ea rn in g s  in  th e  n e x t m tran s itio n s i f  the 

sy s te m  is n o w  in  s ta te  bs. T h e  q u a n tity  R (s) can  b e  in te rp re ted  as th e  rew ard  to  be 

e x p e c te d  in  th e  n e x t tra n s itio n  o u t o f  s ta te  bs. Pbj  is th e  tran s itio n  p ro b ab ility  from

sta te  bs to  s ta te  j  in  n e x t tran s itio n . N  is th e  n u m b e r o f  sta tes  th a t th e  M ark o v  

p ro c e ss  m a y  h av e . R(s) is  d e fin e d  b y

R ( s ) =  Z  P b J r bsj s  = 1 , 2 , 3 , . . .N  (4 -24)
7 =  1

rb j  is  th e  re w a rd  o b ta in ed  w h e n  th e  M a rk o v  p ro ce ss  m ak e  a  tran s itio n  from  sta te  

bs to  s ta te  j .

W h en  m b e co m e s  la rg e , vs(m) is ap p ro x im a te d  as [20]

v s ( m )  =  mg  + h { b s , q s )

w h e re  g  is th e  a v e rag e  re w a rd  p e r  tran sac tio n  o f  th e  sy stem  i f  it s ta rted  from  state  

(bs,qs) a n d  th e  n u m b e r  o f  tran s itio n s  m is large. h{bs,qs) is ca lled  the  re la tiv e  value 

o f  th e  p o lic y . It in itia lly  rep resen ts  th e  in te rcep ts  a t m=0  o f  th e  asym pto tes o f  

( m ) .  T h en  (4 -2 3 ) is fu rth e r d e riv e d  [20] as

m g + K b s,q s) = R(.s) + Y ,P b J ( m - l) g + h(bj ’<ljK  n = l ,2 , - ,N  (4 -25)
J=i

N N

m g + h (bs , q s ) =  R ( s )  + (m -  1 ) g 'L p „ sj + ' Z P b tj W j , q J ') (4 -26)
y=i 7=i

S in ce  Y,Pb =1> (4 -2 5 ) an d  (4 -2 6 ) can  b e  w ritten  as fo llo w s

M

N

g + h(bs, qs) = R( s) + T . P b j W j ’ Qj')
_______ 7=1_____________ __ ______________________ __________
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In  o u r  sy s tem , a  tra n s ition  h ap p en s  a t in te rv a l o f  p, d u e  to  th e  a rriva l o f  a  n ew  

to k en . H e n c e  th e  g  c an  b e  in te rp re te d  as th e  re w a rd  g a in e d  from  th e  system  p e r 

to k e n  in te ra rr iv a l tim e . I f  w e  l e t g '=  m a x g ,  th e n  g 'w i l l  b e  th e  m ax im al average
ueU

lo ss  ra te  o f  th e  system .

T h e  a p p ro a c h  to  d e te rm in in g  an  o p tim a l p o lic y  th a t m ax im izes  th e  average  loss 

ra te  fo r  se ss io n  i is b a se d  o n  th e  fo llo w in g  steps:

S te p  1 is c a lle d  th e  v a lu e -d e te rm in a tio n  o p e ra tio n . It u se s  eq u a tio n  (4 -27) to  

d e te rm in e  th e  re la tiv e  v a lu e s  {h(bs,qs)}  a n d  g  w ith  th e  se ttin g  h(b^ ,qy)=0.

S te p  2 is p o lic y -im p ro v e m e n t [20]. T h e  p o lic y  im p ro v em en t p h ase  w ill find  the 

o p tim a l p o lic y  fo r e ach  s ta te  bs th a t m ax im izes  th e  te s t q u an tity  (4 -28) u sing  the 

re la tiv e  v a lu e s  d e te rm in e d  u n d e r th e  o ld  p o licy . N o te  th a t th e  te s t quan tity  (4 -28) is 

ju s t  th e  R H S  (R ig h t H a n d  S ide  ) o f  (4 -27).

/?(*) + Z  P b ,h(b j , q j )  s = l,2 ,...,N  (4-28)
;=i

F o r  ex am p le , i f  x  to k en s  a re  u se d  in  p o lic y  u w h en  th e  sy stem  is in  sta te  (bs,qs)> the  

re la tiv e  v a lu e  in  th e  n e x t sta te  w ill be  

h ( b s -  x  +  1 > # $ + l )

W ith  u s in g  th e  te c h n o lo g y  o f  V a lu e -d e te rm in a tio n  an d  P o licy -im p ro v em en t, in  

n e x t sec tio n , w e  sh o w  th a t B O L  p o lic y  is op tim al w ith  reg a rd  to  the  m ax im um  

a v e rag e  lo ss  ra te .
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4 .5 .3 . P r o o f

T o  p ro v e  th e  p ro p o s ition  in trod u c ed  in  sec tio n  4 .5 .1 , tw o  steps o f  rew ard  b ased  

te c h n iq u e s  h a v e  b e en  used . In  s tep  1, w e  ap p ly  th e  B O L  p o licy  to  th e  L R  server to  

so lv e  (4 -2 7 ) fo r a ll re la tiv e  v a lu es  an d  g  b y  se ttin g  h(ba. , qa.)=0 [20]. In  step  2,

th e  p o lic y  im p ro v em en t p h ase , w ith  u s in g  th e  re la tiv e  v a lu es o f  the  B O L  po licy  

o b ta in e d  fro m  step  1, w e  sh o w  th a t th e  B O L  p o licy  is op tim al in  term s o f  

m a x im iz in g  (4 -2 8 ).

W ith  ap p ly in g  th e  B O L  p o lic y  (4 -5 ) to  th e  L R  system , th e  sta te  tran sitio n  d iagram  

o f  th e  sy s te m  can  b e  p re sen ted  in  F ig u re  4-6 .

F ig u r e  4-6. T r a n s it io n  d ia g r a m  o f  BOL p o l ic y

W h e r e  (s y m b o l ^  s y m b o l 2) is  t h e  s t a t e  o f  t h e  s y s t e m  a n d  s y m b o l i  in d ic a t e s  t h e  t o k e n

NUMBER IN THE BUCKET AND SYMBOL2 INDICATES THE QUEUE LENGTH OF THE INPUT BUFFER FOR 

SESSION /.  S =  1 ,2 ,. .. ,  N AND N IS THE NUMBER OF STATES THAT THE SYSTEM MAY HAVE.

T h e  p e rio d ic a l tran s itio n  s ta rts  from  sta te  (a,0) w h en  the  to k en  b u ck e t for session  i 

is  fu ll (cr tokens in the bucket) an d  in p u t b u ffe r  is em p ty  (q,=0). W ith  the

D. Jia Performance Analysis o f  QoS Mechanisms in IP Networks



Chapter 4 Analysis o f  Fractional Service Rate Reserved QoS Mechanisms 84

p ro b ab ility  o f  P j j , th e  sta te  {(7,0) tran s its  to  sta te  (1, k,) w here  inpu t b u ffe r fo r 

se ss ion  i is  fu ll and  th e  to k e n  b u c k e t c o n ta in s  th e  o n ly  to k e n  w h ic h  a rriv ed  du ring  

th e  tra n s itio n  in te rv a l. D u rin g  th e  la ten c y  p e rio d , to k en s  are  co n tin u o u sly  used . So 

th e  sta te  rem a in s  till th e  en d  o f  th e  la ten cy  p e rio d  a t th e  p o ss ib ility  o f  P2i2- 

T h e n  th e  se rv ice  p e rio d  s ta rts  an d  th e  B O L  p o lic y  con tro ls  n o t to  use  any  to k en  till 

th e  to k e n  b u c k e t f illed  u p  again . D u rin g  the  se rv in g  tim e  in te rval, sta tes are tran sit 

fro m  {h3,q3) to  {bs,qs).

A c c o rd in g  to  th e  d e fin itio n  o f  B O L  P o licy  and  the  sta tes o f  transition , w e can  

o b ta in  th e  fo llo w in g  m atrix es:

T h e  T ra n s itio n  p ro b ab ility  m a trix  P  and  R ew ard  m atrix  R  

P =

W h ere  P d= ---- an d  th e re  are  cr, s ta tes in  to ta l fo r sess ion  i.
9 + y

/ P i

In  th e  F ig u re  4 -6 , a ll th e  p o ss ib le  sta tes  fa ll in to  the  fo llow ing  fou r sets:

>  S e t 1 ( 05, 0) is  th e  s ta rt s ta te  o f  the  p e rio d ica l transitions.

>  S e t 3 (bsk,) are  sta tes  o f  the  sy s tem  d u rin g  latency  period .

>  S e t 2  ( M )  an d  se t 4  (bs.qs) are  th e  sta tes o f  the  system  du ring  serv ing  tim e

p erio d .

0 1 0 0 ••• 0 1b0

0 • • 0"
0 0 Pd 1 - P d  ••• 0

« t 

0 1 0 • • 0
0 0 0 1 ••• 0

and  R = 0 0 0 • • 0

0 0 0 0 1
°  0 0 • • ° .

_1 0 0 0 ••• 0
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C o rre sp o nd in g  to  th e se  fo u r se ts , th e  eq u a tio n  (4 -2 7 ) can  b e  p resen ted  as (4-29). 

N o te  th a t  in  th is  ap p ro a ch , i f  bs=y  (i.e . th e re  are  y to k en  in  the  to k en  b u ck et and 

y<<Ji) th e n  bs+j=y+l. S in ce  f t ,  2 f t ,  3 f t , ...a re  th e  tim es th a t decis io n  is to  be

m ad e , bs>l.

g + h ( c r i , 0 ) = ( c r i - £ , ) + / < U / )

g+/<&„fci)= l+ /< 6„*/) td < t< td + 0  d = \% ..n - \

g+h(bs,0)=0+h(bs+l,0) Vb=ki +Ui + 2 ,. . . , ( c7, - 1 )

\ g + K b s ,q s ) = 0 + h ( b s+l, ( < l s - M - f t )  V(bs ,q s ) > 0 , b s + q s < k t

1  g + K b s ,q s ) = 0 + K b s+U < l s - M ? f T ) td +0<t<td+1 d = \% ..n -1

(4-29)

w h e re  (a)+=max{a, 0} an d  td is th e  tim e  a t w h ich  th e  system  is in  sta te  (o /,0). N ote  

th a t  q u eu e  len g th  is re le v an t o n ly  w h en  it reach es  its m ax im u m  v a lu e  h  fo r session  

i an d  w ill b e  zero  a fte r  tim e  O+kffj,® fo r th e  d *  b u sy  period . A p p ly  m atrix  P , R  to  

(4 -2 7 ) in  th e  s tep  1 o f  ab o v e  app roach , th e  averag e  rew ard  o f  th e  system  p e r token  

in te ra rr iv a l tim e  g  u n d e r th e  p o licy  (4 -5 ) is g iv en  as

=  p f i  + crj -  k  (4-30)

P f i  +  G i

A n d  th e  so m e u se fu l re la tiv e  v a lu es are  d e riv ed  as fo llo w s

h(bs,qs) = (bs -c r i)g

< h ( l k i) = g - ( ( J i - k i) K

h (a i,0) = g

In  th e  fo llo w in g  p a rt, it  w ill b e  sh o w n  th a t (4 -5 ) is o p tim al in  te rm s o f  ob ta in ing

th e  m a x im u m  re w a rd  (i.e . lo ss), p rev io u s ly  d en o ted  as g .  T o  ach iev e  th is , in  the

p o lic y  im p ro v in g  p h a se  (i.e . s tep  2), b y  u s in g  (4 -3 0 ) an d  (4 -31) w e  on ly  need  to

sh o w  th a t  th e  B O L  p o lic y  p ro v id ed  in  (4 -5 ) w ill m ax im ize  th e  R H S  o f  (4 -2 7 ) [20] 
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fo r e ach  se t in  (4 -29 ). A s a  m a tte r  o f  fac t, i f  th e  BO L  po lic y  (4 -5 ) is p rov ed  to  be 

o p tim a l, th e  g  in  (4 -3 0 ) w ill b e  g ' .

S e t  1: (<Ji, 0)

C o n s id e r  th e  d ec is io n  o f  u s in g  % to k en s  is m ad e  w h en  system  is in  th e  sta te  o f  ( 

(<j 0)). T h e  m ax im iz a tio n  o f  th e  R H S  o f  (4 -2 7 ) is

N

m a x  { R ( s ) +  £  P b s J h ( b j , q  j ) }
unit J = 1

=  maxfCX~K)++Kbi’<k))

m ax  { ( z ~ kX  + g ~ ( & i -  k , )} (4 -32)
0<X<CTj

w h e re  x ls th e  n u m b e r o f  to k en  to  b e  u sed  in  th is  sta te . W hen  x =(Ju th e v a lue  o f  (4- 

3 2 A ) is g. U n d e r o th e r  co nd itions, w e  can  o b se rv e  th a t th e  te rm  C r - £ ,) +is a 

p ie c e w ise  lin ea r fu n c tio n  o f  % w ith  a  slope  o f  1 w h en  % >  k\ and  h as th e  va lue  o f  

z e ro  w h e n  % <&/.

O b v io u s ly , w h en  x =(Ji (4 -32) reach es  th e  m ax im u m  v alue . T h ere fo re , it is optim al 

to  m ax im iz e  th e  rew ard  b y  u sin g  a ll av a ilab le  to k en s  w h en  th e  to k en  b u ck e t is full.

S e t  2 : (bs,0)

F o r  a n y  s ta te  (bs>0) w h ere  bs=k+l, k+ 2,...,(a r l )  th e  m ax im iza tio n  o f  R H S  o f  (4-

2 7 ) is

N

m a x  { R ( s )  + X  P  bsj h ( b  j , q j ) }
u e U  j — i

=  m a x  { ( X  ~  £ / ) + +  (^5 “  X  +  1 ”  ( J i ) g }

(4 -33)
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T ak e  bs=(<jr l )  a s a  sam p le  case  fo r illu s tra tion  and  th e  rem a in in g  cases w ill have  

th e  sam e  p a tte rn . S u b s titu te  bs= (a,-l) in  (4 -3 3 ), so  th a t

N

m a x  { R ( s )  + £  P b s j h ( b j , q j ) }

= m a x  { { x - k . Y - x g )
0 < /  < cr / -  1

T e rm  —%g h a s  a  n e g a tiv e  slo p e  fo r a ll x  (O -X -^rV -  H ence , a  linear convex  

fu n c tio n  o f  x  is  fo rm ed  fro m  su m m in g  u p  te rm  -%g an d  ( x  -  &,)+ . T he m ax im um  

v a lu e  is re a c h e d  e ith e r  w h e n  x =0 o r  X =<Ji~l- T o  su b stitu te  th e  va lues o f  x  w e

o b ta in  a  v a lu e  o f  0  w h en  x = 0 o r a  n eg a tiv e  v a lu e  ~ P&  ~ k w h en  x =(Jr l-  T his
PiQ + a f

in d ic a te  th a t, in  se t 2 , n o t to  u se  any  to k en  is op tim al.

S e t  3 : (bStkj)

W h e n  th e  sy s tem  is in  sta te  (b s,ki) an d  td+ 0+ a/pi<t<td+1+ 0, d = l,2 ,.. .n - l , the  R H S 

o f  e q u a tio n  (4 -2 7 ) b eco m es

m a x
u& U

{R{s) +YJPbsjh{bj,qJ)}
j =1

’ m a x  { x  + g  ~  («7/ -  k f )}

m a x  { x  + \bs ~ X  + ^ ~ <Ji)S )
0 5 ^ < i s - l

when bs -  x  + 1  =  1 

othersw ise

( 4 - 3 4  A) 

( 4 - 3 4  B )

W h en  bs- x + l= h  i .e .^ = 6 s, (4 -3 4 A ) b eco m es bs+g-(crr k,). T he  equation  (4 -34B ) is 

re a c h e s  its  m ax im u m  v a lu e  a t e ith e r p o in t x =0  o r  a t  X = b s -1- W e substitu te  in  these  

tw o  v a lu e s  o f  % to  o b ta in  th e  v a lu es  (bs+l-<Ji)g an d  bs-I+ (2 -a jg . A m o n g  these
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th ree  v a lu e s , th e  la rg e s t one  is  bs+g-(<Jrkt) w hen  %= bs. A nd  th u s th e  op tim al 

p o lic y  a t th is  s ta te  is to  u se  a ll o f  th e  av a ilab le  tokens.

N o te  th a t  th e  la s t sta te  o f  se t 3 sh o u ld  b e  (7, &,) d ue  to  th e  fac t th a t th e  decision  to  

u se  a ll a v a ilab le  to k en s  w a s  m ad e  in  p rev io u s  s ta tes, an d  th e re  is on ly  one  new  

to k e n  a rriv in g  b e tw e e n  d ec is io n s . W h en  th e  sta te  is an d  td+0<t<td+i

d= l,2 , th e  p ack e ts  in  th e  in p u t b u ffe r  a re  b e in g  se rv ed  a t the  ra te  o f  the  

R H S  o f  e q u a tio n  (4 -2 7 ) b eco m es

N

m a x  { R ( s )  +  £  Pbsj h (b ; ,< ? , )}
ueU M  (4 -35)

=  m a x  {(% -  ¿ i f p ) + -  Xg + (t>s +  1 -  ° i ) g }
0<%<bs

T h e  v a lu e  o f  x  th a t m ax im izes  th is  sum  is a t o ne  o f  th e  ex trem e  p o in ts  x = 0  o r %=l. 

B e ca u se  th e  v a lu e  (2-oi)g w h en  is g rea te r th an  (l-Oi)g  w hen  %=\. So a t the 

s ta te  ( l,k i) td+6<t<td+i d = l,2 ,. . .n - l , n o t u s in g  an y  to k en  is op tim al.

Set 4: (b s,q s ) f (b s,qs)>0

F o r  a n y  sta te  (b s,qs)> w h ere  (bsqs)>0, and  (bs+qs)^kh  th e re  w ill be  no  rew ard  (no 

p a c k e t lo ss  o r  R(s)=0 ) fo r an y  s ing le  tran s itio n  o f  th e  p ro cess , and  th e  value  o f  

R H S  o f  (4 -2 7 ) w ill be

N

m a x  { 7 ? ( s )  +  X  P b s j h ( b j , q j ) }
u&U j —\

=  m a x  { 0  +  ( b s -  x  +  1 “
ueU
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F o r  a n y  d e c is io n  u, th e  u se  o f  th e  zero  to k en , %=0, w ill m ax im ize  th e  va lu e  o f  the  

ab o v e  eq u a tio n . So  th e  d ec is io n  to  n o t u se  an y  to k en  w h en  the  system  sta te  is 

(bs,qs)  is  o p tim a l.

I f  (bs+qs)> ki bftG i an d  td<t<td+0, w e  n e ed  to  co n sid er the  sta te  sets p rev ious to  

(bs,qs)  ( se t 2  a n d  se t 3). S ince  th e  p ack e ts  in  th e  in p u t b u ffe r are  w a itin g  fo r the  

se rv e r , q s h a s  th e  v a lu e  o f  kj o r  zero  and  th e  co rresp o n d in g  sta te  w o u ld  b e  (bs,ki) or 

(b s,0 ). T h e  o p tim a l p o lic y  fo r u s in g  to k en s  w ill be  th e  sam e as fo r se t 2  o r se t 3.

I f  (bs+qs)> k ib ^G i  an d  td+ 0<t<td+1), th e re  ex is t tw o  cases fo r th e  R H S o f  (4-27):

•  when state (bs>qs) is transited from  set 2

N

m ax{R(s )  +  £ Pbsj h(bj > <lj)} equals to
ueU y=1

/ \ [b -  y + 1 = 1 an d

m a x { ( % - fi?0 - k i )+ + g - { a , , - k , )  fori. o 8 _ k > q
, 0<x<bs [ X ~ M i P  Ki - u

m a x  { (x  - t f / 3 -  ki ) + +  ( * ,  -  X + 1 -  ) s )  otherwise
0<x<bs -l

( 4 - 3  6A) 

( 4 - 3 6 5 )

S in c e  th e  v a lu e  (h + l - a j g  a t x = 0  is g rea te r th an  bs-rffi+g-cn  at % -bS9 in  a  sim ilar

w a y  to  (4 -3 5 ), n o t u s in g  an y  to k en  is th e  op tim al d ec is io n  in  th is  state . T he 

o n g o in g  s ta te  fro m  h e re  w ill h av e  th e  sam e p a tte rn  till bs=<Ji-las in  se t 2.

•  when state (bs,qs) is transited from  set 3

S in ce  a t th e  tim e  o f  m ak in g  th e  d ec is io n  fo r sta te  (7, to), th e  n u m b er o f  tokens th a t 

c an  b e  u se d  is x = l anc* w e  ^ ave
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N

max{/?0) + 'ZPbsjh{bJ,q] ))
ueU - i

7=1

= m ax  { ( x  +  q s - t f P - k i ) + + ( b s - x  + 1 - c , ) g }
0<X^S

=  m ax  {(bs - z  + 1 -< r ,.)g }
O^Z^s

(4 -37)

O bv iou sly , x = 0 w ill m ax im ize  th e  v a lu e  o f  (b s -z+ l-c jg  and  th u s to  n o t u se  any  

to k e n s  is th e  b e s t d e c is io n  in  te rm s o f  m ax im iz in g  th e  v a lu e  o f  (4-37).

N o w  le t u s  lo o k  a t th e  co n seq u en tia l sta tes. I f  th e re  a re  b s to k en s availab le  fo r use, 

th e  tim e  e la p se d  a fte r  b s to k en s  h av e  b e en  u sed  since  b s= lw il l  b e  bsp. T he  state  

a fte r  b s to k e n s  a re  u se d  w ill b e  (b s+ i= l, qs+i~ kr bsjUi°ft). S ince  th e  R H S

o f  (4 -2 7 ) can  b e  w ritte n  as 

N

max {i? (s) +  X  Pb'j h(b] ,q j )}
ueU

7=1

=  max { (¿ s -  X +  1 “  &i )g }

S in ce  (_  g x  + (bs + 1 -  c r . ) g ) h as a  n eg a tiv e  slope  fo r all % (0 <%<bs\  %=0 w ill thus 

m ax im iz e  th e  v a lu e  o f  th e  above  equation .

F ro m  se t 1 to  se t 4 , b y  th e  u se  o f  p o licy  im p ro v em en t m ethod , w e  h av e  show n that 

th e  a rr iv a l p ro ce ss  th a t fo llow s th e  B O L  p o lic y  w ill re su lt in  the  m ax im al average  

p a c k e t lo ss  fo r  an  L R  server.

U n d e r  B O L , i f  th e  la ten cy  o f  each  sess io n  i b u sy  p e rio d  is v a riab le  &d (d=l,2, ...n), 

th e n  th e  a v e rag e  lo ss ra te  o f  sess io n  i can  b e  d e riv ed  as
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t  r  L &d( 0 , t )  
L sd = l im  — 2- ------

a f —> o o  t

«(o-,. ~ k )  +

=  l i m --------------------- ^ —
« - > o o rr "

« ( £ l ) +
Pi d =1

(4-38)

W hen  la ten cy  h a s  a  co n s tan t v a lu e  o f  0  fo r ev e ry  bu sy  p e r iod , th e  av erag e  loss rate , 

d e n o te d  b y  L i , c a n  b e  d irec tly  d e riv e d  from  (4 -3 8 ) as

n ( a ,- k i)+ p ^ Q
L ,  =  l i m ---------------------- ¿ m _ = .( * , - * , )  + /> I*

p ,6 »  +  c r ;« —> o o

Pi d = 1

S in ce  0>Od, it  is  o b v io u s th a t Li > L&d. T h e  p ro o f  o f  th e  p ro p o sitio n  is now

co m p le te d . I t is a lso  w o rth  o u r a  w h ile  to  see  th a t i f  w e  w an t L /= 0 ,  the  only  

re q u ire m e n t is (<j ;- - k i) + p f i  =0 . T h a t is k t =  cr, + p f i  . T h is is ju s t  th e  zero  loss 

b u f fe r  re q u ire m e n t fo r L R  se rvers  g iv en  b y  (4 -3 ) in  [13]. O u r deriv a tio n  verified  

th is  im p o rta n t re su lt  from  a n o th e r angle .

4.6. Conclusions

T h is  c h a p te r  c o n s id e rs  th e  p e rfo rm an ce  o f  frac tiona l se rv ice  ra te  reserv ed  QoS

m ec h an ism s . O u r fo cu s  h a s  b een  on  th e  b est k n o w n  Q oS m ech an ism s w hich  can

b e  c la ss if ie d  to g e th e r  as L R  servers . A fte r b rie fly  in tro d u c in g  th e  L R  server m odel,

th is  c h a p te r  h a s  d e te rm in e d  an d  p ro v ed  th e  a rriv a l p ro cess  th a t w ill re su lt in  the

m a x im a l a v e rag e  lo ss  ra te  fo r an  ind iv idua l sess io n  o f  an  L R  server. T h is  p rocess ,

w h ic h  w e  h a v e  c a lle d  th e  B O L  p o licy , b u rs ts  o v e r th e  la ten cy  p e rio d  o f  th e  server.

The w orst ca se  based  m axim al average loss rate is  show n to depend on latency and
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th e  se rv ice  ra te  a llo ca ted  to  th e  se ss io n  u n d e r consid era tio n . T h is  w o rk  has 

e x te n d e d  th e  re su lts  in  [25] to  a  m o re  g en era l Q oS  m ech an ism  fo r L R  servers. T h is 

is b e ca u se  G P S , th e  sc h ed u lin g  m ec h an ism  c o n sid e red  b y  Y ee  in  [25], is a  special 

L R  se rv e r  c ase , w ith  la ten cy  0=0.

T h e  is su e  o f  p a c k e t lo ss b eh av io rs  in  L R  se rvers  h as a lso  b een  addressed . T h is 

s tu d y  su g g e s ts  th a t  fo r a  g u a ran teed  se rv ice  leve l, p a rticu la rly  u n d e r th e  w o rs t case  

scen a rio , it  is im p o rtan t to  se lec t sch ed u lin g  m ech an ism s w ith  sm alle r latency . B y  

u s in g  th e  d e riv a tio n  o f  (4 -6 ) and  (4 -8 ), fo r an y  g iv en  m ax im u m  p ack e t loss 

re q u ire m e n t fo r L R  se rvers , one can  ca lcu la te  th e  m ax im u m  b u ffe r requ ired .

O n  th e  o th e r  h an d , th e  zero  loss b u ffe r  req u irem en t o f  th e  L R  se rv er sy stem  is also  

d e riv e d  a n d  it is co n sis ten t w ith  th a t in  [13].
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C h a p te r 5

C a s e  S tu d y  an d  C o m p ariso n

In  th is  c a se  s tud y  sec tio n , th e  s tu d y  o f  th e  a rriv a l p ro cess  th a t fo llow s the  B ang  

B a n g  p o lic y  [25] is e x ten d ed  to  th e  L R  server. B y  u sin g  theo rem s deriv ed  in  

se c tio n  4 .4 , th e  a v e rag e  lo ss  ra te  o f  sess io n  / is ca lcu la ted  u n d e r th e  w o rs t case  

scen a rio . U p p e r  b o u n d s  o n  th e  req u irem en t o f  b u ffe rs  a t th e  L R  server th a t w ill 

g u a ra n te e  z e ro  lo ss  a re  d e riv ed  an d  co m p ared  w ith  th e  resu lts  o f  (4 -18) w hen  the  

a rr iv a l p ro c e ss  fo llo w s th e  B O L  p o licy . T h is stu d y  is co n ducted  b ased  on  the  

a ssu m p tio n  o f  th a t th e  tra ffic  is leak y  b u ck e t co n stra in ed  and  Ct=o o .

5 .1 . B a n g  B a n g  P o l i c y  C a s e

C o n s id e r  a  L R -se rv e r sy stem  w ith  a  fin ite  inpu t b u ffe r  K t fo r session  i. 6  is the  

la te n c y  o f  th e  sc h ed u lin g  m ech an ism  u sed  in  th e  server. In  th is  section , w e  w ill 

d e riv e  th e  w o rs t case  b a sed  averag e  lo ss ra te  fo r sess ion  / fo r the  case  w h en  the 

p e a k  ra te  a t w h ic h  se ss io n  / tra ffic  can  b e  in p u t to  th e  n e tw o rk  is C,—o o .  T he arrival 

p ro c e ss  th a t  fo llo w s a  B an g  B an g  p o lic y  is re s ta ted  as

u , ( t )  =  c T i J ^ S O  -  n *  t p )  C,=co (5-1)
« = 0

W h en  C,<°o, V i, fo r 0< t<Tieb+Oi/pi, and  th e  a rriv a l p ro cess  is

U,(t) =Ci[Ustp(t)-Ustp(t-Tieb)] (5 ' 2)

w h e re  uslp(t) is  th e  u n it  s tep  function . In  each  cy c le , th e  am o u n t o f  tra ffic  lo st due
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to  b u ffe r  o v e rflow  is

max[0, C ^ T ieb-Si(0,Tieb)-Ki]

5 .2 . B a n g  B a n g  p o l i c y  w h e n  t h e  p e a k  r a t e  o f  t h e

O U T P U T  FRO M  TH E LE A K Y  B U C K E T IS INF IN ITE , C ,=  00

U nd e r th e  w o rs t case  scenario , th e  se rv ice  ra te  fo r sess io n  i is //,= //, °. W ith  period ic  

a rr iv a ls  a cc o rd in g  to  (5 -1 ), th e  p ack e ts  th a t find  th e  inp u t b u ffe r fu ll are  lost and  

n o t ta k e n  as a c tu a l a rriva ls . So th e  session  b u sy  p e rio d  and  th e  la tency  6  are  b ased  

o n  ac tu a l a rriv a ls  an d  th e  serv ice  rece iv ed  b y  the  sess ion  a fte r 6  fo r th e  w o rs t case 

scen a rio . B y  u s in g  T h e o re m s1 1 and  2, th e  a rriva l p ro cess  and  serv ice  b eh av io r can 

b e  illu s tra te d  as in  F ig u res 5-1 and  5-2 fo r an  a rb itra ry  6. T he  do tted  line  ind icates 

a  re p e a t o f  n o n -d o tte d  line  part.

F ig u r e  5 -1 . S e s s io n  /  b u s y  p e r io d s  w it h  B a n g  B a n g  a r r iv a l s  a n d  s e r v ic e  f u n c t io n  a t  LR

SERVERS W H E N  T] * t p <0 < (7J+ l ) tp -K / t f °, TJ>0 .

1 These tw o  theorem s are also app licab le to  (5 -1 ) and (5 -2 ). I t  is easy to  prove these w ith  a s im ilar 

approach to  th at in  section 4 .4 .
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F ig u re  5-1 d e p ic ts  th e  c a se  w h e n  C/=a> a n d  th e  la ten c y  o f  th e  se rv er lasts  a fte r  the  

t j  a rr iv a l p e rio d s , i.e . r/*tp<6<(t j + 1 ) t p - K /p f  ri>0. K /p ?  is th e  m ax im u m  tim e 

n e e d e d  to  e m p ty  th e  in p u t b u ffe r  fo r se ss io n  i. It is o b v io u s  th a t th e  in p u t b u ffe r 

w ill  b e  e m p tie d  b y  O+K/p?. So  th e  p a c k e t lo ss cau sed  b y  th e  fin ite  b u ffe r  in  any  

p e r io d  o f  ( rj+ l)tp  is  ( ij+l)<jr Kiand  th e  a v e rag e  lo ss  ra te  is
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F ig u r e  5-2 S e s s io n  i  b u s y  p e r io d s  w it h  B a n g  B a n g  a r r iv a l s  a n d  s e r v ic e  f u n c t io n  a t  LR

SERVERS WHEN 7J* t p > 0 > 1j * t p -K / p i °, T]> 0 . (T1 J 2 ), (T3 J 4 ) AND (Tsje) ARE ALL BUSY PERIODS OF

SESSION 7.
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F igu re  5-2  show s th e  case  w hen  th e  la ten cy  o f  th e  se rv er ends b e fo re  the  77th arrival 

p e rio d s , i.e . rj*tp>6i> rj*tp-K//u?. T h ere  are  tw o  scen ario s  n eed  to  be  considered .

S c e n a r io  A : W h e n  S2> S i a n d  7j<(m =l,2,3,...)

L e t mSi>S2 >(in -l)S i, Sj an d  S2 is th e  se rv ice  rec e iv e d  b y  session  i d u ring  tim e

p e rio d  (6, tj*tp) an d  (rj*tp, /R esp ec tiv e ly . F ro m  figu re  5-2 , it is obv io u s th a t w here

Ki =Sj+S2. S(6,rj*tp) an d  S(rj*tp, / )  is th e  m in im u m  se rv ice  rece iv ed  b y  session  i

d u rin g  (6, rj*tp) an d  (rj*tp, i )  respec tive ly , f  is th e  tim e  w h en  the  la s t p ack e t th a t

a rr iv e d  d u rin g  th e  sess io n  b u sy  p e rio d  p rev io u s to  t l  (re fe r to  figu re  5-2) le ft the

se rv er. F o r  r |< m  (rj> 0 ), th e  p a ck e t loss in  a  tim e  p e rio d  o f  (Tj+l)tp w ill be  (Tj+l)<Jr

(Ki+Si) an d  th e  a v erag e  loss ra te  is

_  * /  + ■?!, '
U I_____ TJ + 1

tp

S c e n a r io  B : W h e n  a n d  T]>m o r  S i^ S i ( m = l ,2 ,3 , . . . )

T h e  a v e rag e  lo ss  ra te  o b ta in ed  in  th is  scenario  is

tp

T o  su m m a riz e  th e  ab o v e  scen a rio , w h en  th e  a rriva l p ro cess  fo llow s th e  B an g  B ang  

P o licy , th e  w o rs t c ase  b a sed  a v erag e  lo ss  ra te  o f  sess io n  i in  L R  se rv er sy stem  is
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L  =

<y : -
K ;

, _ JL ±1

tp

Kj + Sj
TJ + 1

cr, -

tP

cr, -
n

a , -

tp

Kt + 5,

tp

' n * t p < . e  < ( v  +  \ ) t p - ^ -

Hi

r j * t p ------ '— <  6  < i j *  t p  a n d  S 2 >  S ,

Pi

r j * t p ------ { - < 0 < T j * t p , 7 j > O  a n d  S 2 <  S ,

Pi

K t „
tp — ^ < e < t p  

Pi

(5 -3)

C om pa red  w ith  (4 -1 8 ), a  tig h te r  b o u n d s o n  th e  zero  loss b u ffe r req u irem en t can  be 

o b ta in e d  fro m  (5 -3 ).

I f  Ki is th e  u p p e r  b o u n d  o f  th e  zero  loss b u ffe r  req u irem en t fo r sess ion  i  w ith  B ang  

B a n g  a rriv a l p ro c e ss  g iv en  b y  (5-1).

S in ce  L  = 0  w h e n

Ki=(TJ+l)<7i fo r  rj *tp<0< (rj+1) tp -K /u f (5-4)

K i= (rj+ l)arS i fo r  7j*tp-Ki/jUi°<0<7j*tp and S2>Sj (5-5)

Kt=m fo r  tp-K/p®<0<tp (5-6)

T o  su b s titu te  th e  6 in  (5 -4 ), w ith  th e  sm a lles t va lue , r ftp -K /p ? w h ich  w ill m ake

Si re a c h  its  m ax im u m  v a lu e , w e  im m ed ia te ly  ob ta in  th e  lo w er b o u n d ed  K t tha t

Kj=(rj+l)<Jj/2 0= rj*tp-K/pi° (5 -7)

T h e  re a so n  o f  c h o o s in g  th e  sm a lle s t v a lu e  o f  6  is  to  m ak e  sure  th a t A) reaches its 

m ax im u m  v a lu e .
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T o  su b s ti tu te  th e  0  in  (4 -18 ) w ith  ?j*tp, tp-K/ju?  and  t j*tp-K Jpi^  w e  h a v e  th e  

fo llo w in g  z e ro  lo ss  b u ffe r  re q u ire m e n t (d e n o te d  w ith  %  ) re sp e c tiv e ly  (N o te  th a t

P t< vh -

%  =(rj+1) o; 0=7]*tp (5 -8 )

%  =(t]+l) CFi-fp/jUi0)  Ki 9=tp-K/pi° (5 -9 )

%  = 2oi-(p i/p i) K t 9=7]*tp-K/pi° (5 -1 0 )

W ith  c o m p a r in g  K x a n d  %  in  th e  p a irs  (5 -4 ) a n d  (5 -8 ), (5 -7 ) a n d  (5 -9 ), (5 -6 ) an d  

(5 -1 0 ), it  is  fo u n d  th a t  %>Ki. T h is  re su lt  in d ic a te d  th a t th e  u p p e r  b o u n d  o f  th e  zero  

lo ss  b u ffe r  re q u ire m e n ts  p ro v id e d  b y  (4 -1 8 ) is c o n se rv a tiv e  fo r th e  B a n g  B an g  

a rr iv a l p ro c e ss  g iv e n  b y  (5 -1 ).

5.3. Sim ulations and numerical results

In  c h a p te r  4 , w e  h a v e  d e te rm in e d  th a t th e  B O L  arriv a l p ro c e ss  c au ses  m ax im al 

a v e ra g e  lo ss  ra te  o f  a  se ss io n  in  an  L R  se rv e r u n d e r th e  w o rs t case  scen ario . T he 

c a lc u la tio n  o f  th e  m ax im a l av e rag e  lo ss  ra te  is g iv en  b y  (4 -6 ). In  th is  sec tion , w e  

p re s e n t s im u la tio n s  to  v e rify  th is  ca lcu la tio n . In  ad d itio n , th is  sec tio n  a lso  p resen ts  

n u m e ric a l re su lts  to  c o m p are  zero  lo ss b u ffe r  req u ire m e n t fo r a rriv a l p ro ce ss  th a t 

fo llo w s  B O L  an d  B a n g  B a n g  p o licy .

5.3.1. S i m u l a t i o n s

S im u la tio n s  a re  d e s ig n e d  to  v e rify  th e  ca lcu la tio n  o f  th e  w o rs t case  b a se d  m ax im al

average lo ss  rate for LR  s e r v e r s . __________________________________ _
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A  s in g le  L R  s e rv e r  em p lo y in g  th e  W FQ  sc h ed u lin g  m e c h a n ism  a n d  v a ria b le  le n g th  

p a c k e ts  is  a s su m e d . T h e re  a re  th re e  se ss io n s  a tte n d e d  b y  th e  se rv e r  a t a  ra te  o f  

6 2 2 M b p s . S e rv ic e  w e ig h ts  a ss ig n e d  to  se ss io n s  1, 2  an d  3 a re  3 3 % , 2 1 %  a n d  4 6 %  

re s p e c tiv e ly . T h e  to k e n  g e n e ra tin g  ra te  fo r  e a c h  se ss io n  is  9 0 %  o f  its  re se rv e d  

se rv ic e  ra te . T h e  to k e n  b u c k e t  s iz e  is  se t a t 5 1 2 0 0  b y te s  w h ile  th e  in p u t b u f fe r  s ize  

v a r ie s  f ro m  5 1 2 0  to  5 4 0 0 0  b y te s . T h e  IP  p a c k e t le n g th  v a rie s  fro m  4 0  to  1500 

b y te s , a c c o rd in g  to  th e  d is tr ib u tio n  s ta te d  in  [32 ]. T o  g e n e ra te  th e  w o rs t c a se  fo r  

s e s s io n  3 , th e  a rr iv a l p ro c e sse s  o f  th e  o th e r  tw o  se ss io n s  a re  g reed y  ( in p u t p a c k e ts  

to  th e  m a x im a l e x te n t) , so  th a t  se ss io n  3 o n ly  rec e iv e s  its  re se rv e d  se rv ice  ra te . T h e  

a rr iv a l p ro c e s s  o f  se ss io n  3 fo llo w s  th e  B O L  p o licy .

o
>N

X I(C
X»
o

1

0.8

0.6

0 . 4

0 .2

0

lo s s  p r o b a b il i t y  - -  a n a ly s is  v s  s im u la t io n

lo s s _ p r o b _ s im u la t io n  

lo s s _ p r o b  a n a ly s is A

1 5 0 0 0  1 7 0 0 0  2 0 0 0 0  2 5 0 0 0  3 0 0 0 0  3 5 0 0 0  4 5 0 0 0  5 3 1 7 1  6 0 0 0 0

n e tw o r k  in p u t  b u f fe r  s iz e  fo r  s e s s io n  3

F i g u r e  5-3. T h e  w o r s t  c a s e  b a s e d  m a x i m a l  a v e r a g e  l o s s  r a t e  o f  s e s s i o n  3 w h e n  a r r i v a l

P R O C E S S  IS  BO L.

F ig u re  5 -3  sh o w s  th e  w o rs t c a se  b a se d  lo ss  p ro b a b ility  o f  se ss io n  3 a g a in st its  in p u t 

b u f fe r  s iz e  (u s in g  B O L  p o licy ). T h e  fig u re  in d ic a te s  th a t th e  re su lts  fro m  th e
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s im u la t io n  and  th e  a n a ly tic a l ca lcu la tio n  a re  q u ite  c lose , an d  the  s im u la tion  resu lt 

is u p p e r  b o u n d e d  b y  th e  an a ly tica l resu lts .

5 .3 .2 .  N u m e r ic a l  r e s u l t s

H a v in g  d e te rm in e d  th a t th e  a rriv a l p ro ce sses  w h ic h  fo llo w  th e  B O L  p o licy  resu lt in  

th e  m ax im a l a v e ra g e  lo ss ra te , it  is  p o ss ib le  th a t, u s in g  th e  fo rm u lae  d e riv ed  from  

B O L  p o lic y  in  p rev io u s  sec tio n s, th e  in p u t b u ffe r  a llo ca tio n  can  b e  m ade  to  ensure  

z e ro  p a c k e t lo ss  a t an  L R  server. B ecau se  th e  zero  loss b u ffe r req u irem en t g iven  by  

th e  fo rm u la e  fo r  B O L  a rriv a ls  u p p e r b o u n d s th e  req u irem en ts  o f  o th er arrivals. 

H o w ev e r, it is n e ce ssa ry  to  k n o w  w h en  to  u se  th is  b o u n d  in  d im ension ing  the  input 

b u ffe r  fo r  a  n e tw o rk , h o w  co n serv a tiv e  it co u ld  b e  and  w h a t w o u ld  be  th e  savings 

i f  n o t  u se  th is  b o u n d  w h e n  th e  a rriv a l p ro cess  do es n o t fo llo w  the  B O L .

T h is  sec tio n , th e re fo re , co m p ares  th e  B O L  p o licy  an d  B an g  B an g  p o licy  to  p resen t

•  H o w  c o n se rv a tiv e  th e  zero  lo ss  b u ffe r  a llo ca tio n  fo r an  arrival p rocess 

fo llo w in g  B O L  w o u ld  b e  in  co m p arin g  w ith  th e  B an g  B an g  po licy .

•  T h e  im p a c t o f  p a c k e t len g th  o n  th e  u p p e r b o u n d  o f  th e  zero  loss b u ffe r 

req u ire m e n t.

T o  a p p ly  th e  a rr iv a l p ro ce sse s  fo llo w  B O L  an d  B an g  B an g  po licy  to  W FQ , a  w ell 

k n o w n  L R  se rv e r , n u m erica l d a ta  a re  c o llec ted  ag a in st zero  loss requ irem en t.
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F ig u r e  5-4. B u f f e r  s a v in g s  u s in g  a r r iv a l  p r o c e s s  (5-1) c o m p a r e d  w it h  u s in g  p r o c e s s  (4-5)

F igu re  5 -4  com pares  th e  zero  loss b u ffe r requ irem en t for the  arriva l p rocesses o f  

(4 -5 ), i.e . BOL , and  (5-1), i.e . th e  B ang  B ang  Policy . F o r B ang  B ang  arrival 

p ro ce ss , th e  b u ffe r  req u irem en t fo r g u aran tee ing  zero  loss is less th an  th a t o f  for 

B O L  a rriv a l p ro cess . T h is  a lso  can  b e  in te rp re ted  as b u ffe r sav ings w hen  

d im e n s io n in g  th e  in p u t b u ffe r  fo r th e  n e tw o rk  i f  a rrival p rocess is considered  to  

fo llo w  B a n g  B a n g  p o lic y  o th e r  th an  B O L .

I f  th e  m a x im u m  p a ck e t len g th  is  1500 by te, 5%  m o re  bu ffers  requ ired  fo r th e  B O L  

p ro c e ss  th a n  th e  B a n g  B an g  a rriva l p rocess . T h is fig u re  also  im p lies th a t it  m ay  be  

to o  c o n se rv a tiv e  to  ap p ly  th e  zero  lo ss  b u ffe r  req u irem en t fo r B O L  to  arrival 

p ro ce ss  o th e r  th a n  B O L .
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5.4. Conclusions

T h is  ch ap te r, v ia  case  s tudy , h as  ex tended  th e  study  o f  arrival p rocess th a t fo llow s 

th e  B a n g  B an g  p o lic y  to  th e  L R  servers. T he  fo rm ulae  u sed  to  calcu late  the 

m ax im a l a v erag e  lo ss  ra te  fo r B an g  B ang  p ro cess  is derived .

In  p a rticu la r, th is  c h ap te r a lso , w ith  sim ula tions, verified  the  ca lcu lation  o f  the 

m ax im a l a v erag e  lo ss  ra te  o f  a  session  in  an  L R  se rver und er th e  w orst case 

scen ario . In  ad d itio n , zero  loss b u ffe r requ irem en ts o f  the  L R  server system  for the 

B O L  an d  B an g  B an g  arriva l p ro cesses are derived  and  n um erica lly  com pared. 

F ro m  th e  co m p ariso n  w e find  th a t the  u p p e r bo u n d  o f  the  zero  loss buffer 

req u ire m e n t o f  B O L  can  b e  conserva tive  w hen  arrival p rocess does n o t fo llow  

B O L  p o licy .
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C h a p te r 6 S u m m a ry  an d  F u tu re  S tu d y

T h is  d isse r ta tio n  h a s  a n a ly se d  th e  p e rfo rm an c e  o f  ty p ic a l Q oS  m ech an ism s in  IP  

n e tw o rk s . T h e se  Q oS  m ech an ism s h a v e  b e e n  c la ss if ied  as e ith e r  n o n -frac tio n a l 

se rv ice  ra te  re se rv e d  sch ed u lin g  m ec h an ism s o r  frac tio n a l se rv ice  ra te  reserved . 

W ith  th is  c la ss if ic a tio n , it  is  sh o w n  th a t m o s t m ec h an ism s su p p o rtin g  D iffS e rv  are  

n o n -frac tio n a l se rv ice  ra te  re se rv e d  m ech an ism , w h ile  m o st m ech an ism s 

su p p o rtin g  In tS e rv  a re  frac tio n a l se rv ice  ra te  rese rv ed . T h e  ad v an tag e  o f  th is  

c la ss if ic a tio n  is th a t  it  d e co m p o se s  c o m p lex  p ro b lem s in to  sep ara te  c o m p ara tiv e ly  

s im p le  p ro b lem s. T h ese  s im p le r p ro b lem s a re  in  re la tio n  to  th e  fea tu res  o f  Q oS th a t 

an  IP  n e tw o rk  is su p p o sed  to  p ro v id e  to  v a rio u s  k in d s  o f  ap p lica tio n s . A m o n g  n o n 

f rac tio n a l se rv ice  ra te  re se rv ed  m ech an ism s, th e  fo cu s h as b een  tw o  fundam en ta l 

sch ed u lin g  m ech an ism s from  w h ic h  m a n y  o th ers , in c lu d in g  R E D  an d  R IO , are  

d e riv e d . A m o n g  frac tio n a l se rv ice  ra te  re se rv e d  m ech an ism s, w e  specifica lly  

e x am in e  th e  lo ss  b eh av io u rs  o f  a  b ro a d  ran g e  o f  Q oS  m ech an ism s ca lled  L R  

se rv e rs , to  w h ic h  m o st w ell k n o w n  m ech an ism s such  as G P S , W F Q  (P G P S ) and  

W F 2Q  b e lo n g .

T w o  k e y  issu es h av e  b een  ad d ressed  in  th is  d isse rta tio n . O n e  is h o w  w ell do  the 

sch ed u lin g  m ec h an ism s w h ich  su p p o rt D iffse rv  p e rfo rm  in  p ro v id in g  va rious Q oS 

lev e ls . T h is  issu e  h as  b een  ad d ressed  v ia  a  q u an tita tiv e  co m p ariso n  o f  T D  and  PS , 

to  e x am in e  th e  re la tiv e  m erits  o f  th ese  sch ed u lin g  m ech an ism s in  th e  D iffS erv  

e n v iro n m en t, a n d  to  d ev e lo p  su itab le  tec h n iq u e s  in  an a ly sis  m odelling . T he  o ther
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issue  is th e  p e rfo rm ance  behav iou r, p a rticu la rly  th e  loss ra te , o f  th e  various QoS 

m echan ism s und e r th e  w o rs t case  scenario , w h en  th e  inpu t b u ffe r o f  th e  se rver is 

fin ite . T h is  p e rfo rm an ce  issue  h as b een  ad d ressed  w ith  analy tical and  sim u la tion  

w o rk  to  d e te rm in e  th e  w o rs t case  loss ra te  fo r L R  se rvers  and  the  a rriva l p rocesses 

th a t re su lt in  th e  w o rs t case.

6 .1 . S u mm a r y  o f  t h e  d is s e r t a t io n

A s a  re su lt o f  th e  lite ra tu re  su rvey , th is  d isse rta tio n  h as iden tified  the  tw o  k ey  

issu es fo r p e rfo rm an ce  analysis  o f  Q oS  m ech an ism s in  IP  netw orks, nam ely  the  

p e rfo rm an ce  o f  D iffS erv  and  In tServ . T o add ress these  issues, a  c lassifica tion  is 

p ro p o se d  w h ich  g roups Q oS m echan ism s b ased  on  w h e th er the  serv ice  ra te  is 

re se rv e d  fo r d iffe ren t traffic  c lasses.

A m o n g  th e  n o n -ffac tio n a l serv ice  ra te  reserv ed  Q oS m echan ism s, tw o  basic  

D iffS e rv  schedu ling  m echan ism s, T D  and  PS , have  been  investigated . O ur 

p e rfo rm an c e  analy sis  o f  T D  ind icates th a t chang ing  th e  load  o f  the  non-preferred  

flo w  h as  a  m in im al e ffec t on  p ack e t lo ss o f  the  p refe rred  flow . G iven  a fixed  to ta l 

b u ffe r  size  an d  iden tica l arrival ra te  fo r bo th  flow s, there  is a  m inim al 

im p ro v em en t in  loss fo r the  n on -p referred  flow  w hen  its th resho ld  increases. In PS, 

w h en  th e  b u ffe r a lloca tion  changes, a  c lear tra d e -o ff  be tw een  p acke t loss and  m ean 

p a ck e t d e lay  fo r the  p referred  and  n o n -p referred  flow s is observed . F rom  th is 

co m p ariso n  o f  T D  and  PS , based  on  the  p rem ise  th a t b o th  m echanism s prov ide  the 

sam e leve l o f  p a ck e t loss fo r p referred  flow s, T D  p ro v id es a low er packe t loss and 

lo w er m ean  p a c k e t d e lay  to  the  non -p refe rred  flow  th an  PS. H ow ever PS has the
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ad v a n ta g e  o v e r  T D  in  p ro v id in g  a  lo w e r m e a n  d e la y  to  th e  p re fe rred  flow . 

S im u la tio n s  o f  P S  w ith  th re e  tra ff ic  f lo w s sh o w  th a t  th e  flo w  w ith  h ig h es t p rio rity  

w ill  m e e t th e  re q u ire m e n ts  o f  D iffS e rv  E x p ed ite d  F o rw a rd in g  (E F ). T o  ex ten d  our 

s tu d y , a n  a p p ro x im a te  PS  p e rfo rm a n c e  a n a ly s is  is p resen ted . It ap p rox im ates 

p a c k e t lo ss  a n d  m ea n  p a c k e t d e la y  fo r n o n -p re e m p tiv e  P S . T h e  accu racy  o f  the  

a p p ro x im a tio n  h a s  b e e n  v e rif ie d  w ith  s im u la tio n s .

A m o n g  th e  frac tio n a l se rv ice  ra te  re se rv e d  Q o S  m ech an ism s, a  b ro a d  ran g e  o f  Q oS 

m e c h a n ism s  h a v e  b e e n  co n sid e red . S in ce  fixture n e tw o rk s  a re  m o re  lik e ly  to  be 

h e te ro g e n e o u s  in  d ep lo y in g  Q oS  m ech an ism s, a  g e n e ra l m o d el is req u ired  to  

a n a ly se  th e  p e rfo rm a n c e  o f  th e se  m ech an ism s. T h e  L a ten cy  R a te  S erv er (L R  

S e rv e r)  is ju s t  a  su c h  m o d e l th a t Q oS  m ec h an ism s a re  c h a rac te rise d  w ith  on ly  tw o 

p a ra m e te rs :  L a te n c y  a n d  R a te . T h e  d e fin itio n  o f  L R  se rv e r  is b a sed  on  th e  co ncep t 

o f  se ss io n  b u sy  p e rio d , w h ic h  d e p en d s  o n ly  o n  th e  p a tte rn  o f  a rriv a ls  and  the 

se rv ic e  ra te  re s e rv e d  fo r  th e  sess io n . B e ca u se  o f  th is , th e  a rriv a l p ro cess  is a  k ey  

fa c to r  a ffe c tin g  th e  p a c k e t lo ss  ra te  o f  a  se ss io n  a t an  L R  server.

A fte r  a  b r ie f  in tro d u c tio n  to  L R  S e rv e r an d  its  th e o ry  an d  p ro p erties , th is 

d is se r ta tio n  s tu d ie d  p a c k e t lo ss  b e h a v io u rs  o f  th e  L R  se rvers . In  p a rticu la r, the  

a rr iv a l p ro c e s s  th a t  re su lts  in  th e  m a x im a l a v e rag e  lo ss  ra te  fo r in d iv id u a l sessions 

o f  L R  se rv e r  is  d e te rm in e d . F o rm u la e  fo r  c a lc u la tin g  th e  lo ss  ra te  a re  th e n  d e riv ed  

a n d  z e ro  lo ss  b u f fe r  re q u ire m e n ts  fo r L R  se rv e rs  a re  o b ta in ed .

W ith  a  c a se  s tu d y , w e  a lso  e x te n d e d  th e  w o rk  o f  [25] to  a  g e n e ra l case , w h ere  an 

L R  se rv e r  is e m p lo y e d  (ra th e r  th a n  o n ly  G P S ), to  lo o k  a t th e  m ax im a l av erag e  loss
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ra te  w hen  th e  a rr iv a l p ro ce ss  fo llow s th e  B ang  B ang  po licy . T h is study  suggests 

th a t fo r g u a ra n tee d  se rv ice  leve l, it is im p o rtan t to  se lec t schedu ling  m echanism s 

w ith  sm a lle r  la ten cy . B y  u sin g  th e  d e riv a tio n  o f  (4 -6 ) and  (4-8), fo r any  g iven  

m a x im u m  p a c k e t lo ss  req u irem e n t a t L R  servers , o ne  can  ca lcu la te  th e  m axim um  

b u ffe r  re q u ire d  to  g u a ran tee  a  lo w er p a ck e t lo ss rate .

6 .2 . F u t u r e  s t u d y

In  ad d itio n  to  th e  w o rk  in  th is  d isse rta tio n , it is im p o rtan t to  look  a t m axim al 

a v e rag e  lo ss  ra te  o f  each  sess io n  in  the  L R  se rv er i f  a ll sessions have  the  B O L  

a rriv a ls . A n a ly tica l w o rk  to  add ress  th is  issu e  is le ft fo r fu ture  study. It is also 

n o te d  th a t th e  en d  to  en d  de lay  b o u n d  and  zero  loss b u ffe r requ irem en t fo r L R  

se rv e rs  a re  d e riv e d  w ith  an  a ssu m p tio n  th a t th e  m ax im al ra te  a t w h ich  traffic  can 

b e  in p u t to  th e  n e tw o rk  from  leak y  b u ck e t is in fin ite  [13][3][25], i.e.C/=a>. T he 

c ase  w h e n  Q <oo is an  o p en  issu e  w h ich  need s to  b e  addressed .

A s d isc u sse d  in  th e  d isse rta tio n , it m ay  in  p rac tice  be  necessa ry  to  com bine the 

c h a rac te ris tic s  o f  In tS e rv  an d  D iffS e rv  in  th e  fu tu re  IP  netw ork . Som e industry  

p ro d u c ts  h av e  a lread y  b een  p rep a red  fo r th is  transition . F o r exam ple , L ucen t has 

p ro p o se d  its  P a c k e tS ta r  64 0 0  se ries  [36] to  em p lo y  W F Q  as a  scheduling  

m e c h a n ism  w ith  b u ffe r  m an a g em en t tech n iq u es . T h ere fo re , fu rth er investiga tion  is 

re q u ire d  fo r  th e  co m b in ed  p e rfo rm an c e  an a ly sis  o f  D iffS e rv  m echan ism s and 

In tS e rv  M ech a n ism s.
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A b s t r a c t

I n t e g r a t e d  s e r v i c e s  I P  n e tw o r k s  a r e  

e x p e c t e d  t o  p r o v i d e  a  v a r i e t y  o f  s e r v i c e s  w i th  

d i f f e r e n t i a t e d  Q o S . T h is  r e q u i r e s  th e  

im p l e m e n ta t i o n  o f  m e c h a n i s m s  th a t  c a n  

d i s c r im in a t e  s e r v i c e  c l a s s e s  in  t e r m s  o f  Q o S .  

T h e  I E T F  h a s  r e c e n t l y  p r o p o s e d  a  

D i f f e r e n t i a t e d  S e r v i c e s  (D i f f s e r v )  f r a m e w o r k  

f o r  p r o v i s i o n  o f  Q o S . I n  th i s  p a p e r  w e  a n a l y s e  

p e r f o r m a n c e  o f  tw o  D i f f s e r v  m e c h a n ism s :  

T h r e s h o l d  D r o p p i n g  a n d  P r i o r i t y  S c h e d u l in g  

in  t e r m s  o f  p a c k e t  l o s s  a n d  m e a n  p a c k e t  d e la y .  

A  c o m p a r i s o n  o f  t h e  tw o  m e c h a n is m s  is  

c a r r i e d  o u t  w i th  t h e  r e q u i r e m e n t  th a t  b o th  

m e c h a n i s m s  p r o v i d e  th e  s a m e  l e v e l  o f  p a c k e t  

l o s s  f o r  t h e  p r e f e r r e d  f l o w .  T h is  c o m p a r i s o n  

e x t e n d s  th e  r e s u l t s  r e p o r t e d  in  th e  l i t e r a tu r e  

f o r  t h e s e  tw o  m e c h a n is m s .  I n  p a r t i c u l a r ,  in  

t h i s  p a p e r  w e  d e t e r m in e  th e  im p a c t  o f  b u f f e r  

t h r e s h o l d  a n d  b u f f e r  s i z e  o n  p a c k e t  l o s s  a n d  

m e a n  p a c k e t  d e l a y  in  t h e s e  m e c h a n ism s .

K e y w o r d s — D iffs e rv , Q oS, Threshold  

D ro p p in g , P rio rity  Scheduling.

In t r o d u c t i o n

R ap id  grow th  o f  new  applications and the 

need fo r d iffe ren tia ted  Q u a lity  o f Service 

(Q o S ) has increased the dem and fo r better 

perform ance and fle x ib ility  o f  the In ternet to 

support both existing and em erging  

applications. T h e  current In ternet offers best 

e ffo rt service to  a ll users and is inadequate fo r 

those applications w ith  m ore stringent QoS 

requirem ents. D iffe re n tia te d  Services 

(D iffs e rv ) fram ew o rk  has been proposed by 

the IE T F  [6 ] [7 ] [8 ] [9 ]. In  D iffs e rv , packets are 

tagged w ith  d iffe re n t p rio rities  according to 

th e ir service classes. Service d ifferen tiation  is 

achieved w hen packets are processed and 

fo rw arded  by  D iffs e rv  m echanism s according

to  packets’ p rio rities . E ffic ie n t support o f  

d iffe ren t QoS services, how ever, m ay require 

the im plem entation o f  d iffe ren t QoS 

m echanism s in  d iffe ren t parts o f a netw ork.

A  num ber o f  QoS m echanism s have been 

proposed in  lite ra tu re  including Threshold 

D ropping  (T D ) [8 ], P rio rity  Scheduling (P S ) 

[9 ], Random  E arly  D etection (R E D ) [11 ], 

R E D  w ith  In  and O ut p ro file  packets (R IO ) [3] 

and W eighted F a ir Q ueuing (W F Q ) [1 ][2 ][1 0 ]. 

T D  and PS can be regarded as basic 

m echanism s from  w hich the other mechanisms 

have been derived. H ence com parative 

perform ance o f these tw o m echanisms in 

provid ing required QoS is an im portant issue. 

The results can be used to choose the 

appropriate m echanism  to provide the required 

QoS fo r particu lar applications in  the most 

effic ien t m anner. The above mechanisms have 

been analysed in  the literature to a certain 

extent. These include the analysis o f R IO  in  

[4 ] and W F Q  in  [1 ] and T D  and PS in  [5]. 

H ow ever, the im portant issue o f how  to 

engineer these mechanisms fo r optim al 

perform ance s till needs to be tackled. In  this 

paper w e carry out a perform ance com parison 

o f the T D  and PS m echanisms w ith  the aim  o f 

provid ing the same level o f packet loss to the 

preferred flo w . O ur com parison allow s us to 

determ ine resultant packet loss fo r the non

preferred flo w  and m ean packet delay fo r both 

the preferred and non-preferred flow s as a 

function o f various param eters o f the tw o  

m echanism s.

The paper is structured as fo llow s. Section 

2 b rie fly  describes the operation o f the T D  and 

PS m echanism s. Section 3 presents a 

perform ance com parison o f the mechanisms in 

term s o f  packet loss and m ean packet delay. 

The im pact o f  the threshold setting and buffer 

partition ing  on the re la tive  perform ance o f the 

tw o  m echanism s is also exam ined in  this 

section. Section 4  concludes the paper.
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O v e r v i e w  o f  T D  a n d  PS  

M e c h a n i s m s

T h r e s h o l d

D r o p p in g

A  threshold  dropping m echanism  is  

d ep icted  in  F igure 1. T w o arrival flow s are 

considered: preferred flo w  and non-preferred  

flo w . T he preferred flo w  con sists o f  packets 

w h ich  are tagged  in  p ro file  (i.e . w h ich  do not 

v io la te  their traffic contract) and the non 

preferred flo w  co n sists o f  packets w h ich  are 

tagged  out o f  p ro file . Preferred flo w  should  

rece iv e  preferential treatm ent w ith  resp ect to 

the non -preferred  flow . T his is ach ieved  in  the 

T D  m echanism  b y  settin g  a threshold  S . N on 

preferred flo w  p ackets w h ich  arrive to  the 

system  w hen the qu eue length  exceed s S are 

dropped. O n the other hand preferred flo w  

packets are o n ly  dropped w hen the queue 

length  reaches the bu ffer s ize  M .

K

F ig u re  1 . Threshold dropping

m echanism  with tw o packet flows

F igures 2 and 3 sh ow  sim ulation  results for 

th e T D  m echanism  under various load  and 

th reshold  con d ition s. T hese results w ere 

obtain ed  assum ing that preferred and non 

preferred flow s w ere P o isso n  w ith  m ean 

arrival rate X\ and X2, resp ectively . Packet 

serv ice  tim e w as assum ed to be exponential. 

T he m ean p ack et d elay  is norm alised w ith  

resp ect to serv ice  tim e. N o  flo w  control and 

p ack et re-transm ission  w ere considered

(a )

Figure 2 .  L o s s  a n d  d e l a y  b e h a v i o r s  o f  T D  

m e c h a n i s m  u n d e r  v a r i o u s  lo a d  f r o m  b o t h  f lo w s .  

( B u f f e r  s e t t in g s :  M = 1 0 0 ,  S = 3 0 ) .

Figure 2 show s packet lo ss and m ean 

packet delay as a function o f  Xi and X2 
(norm alised w ith  respect to |l) . In th is figure 

the buffer size  w as set to M  =  100 and the 

threshold w as set to S =  30. A s expected , 

increasing the load o f  the non-preferred flow  

has little  e ffect on packet lo ss experienced  b y  

the preferred flow . The m ean packet delays o f  

both flow s are bounded b y  their thresholds.

Figure 3 show s the im pact o f  threshold S on  

packet lo ss and m ean packet d elay o f  the 

preferred and non-preferred flow s. In this 

figure both flow s had a fixed  load  o f  0 .7 , the 

total buffer size  w as set to M  =  100 and the 

threshold value S w as varied from  10 to 90 . 

U nder the above conditions increasing the

D . J ia
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threshold valu e results in  little  im provem ent in 

packet lo ss o f  the non-preferred flow . 

H ow ever, packet lo ss o f  the preferred flow  

increases sharply as the threshold is increased  

beyon d  approxim ately 40 . Increasing the 

threshold leads to a linear increase in  the m ean 

packet d elay  for both  flow s.

0.1
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I  0.0001 

I
£  1O-05

10-06 

10-07 

10-08 

10-09

padcot loss vs threshold of non-preferred lo w

preferred f lo w .........  /
non-preferred now

20 40 60 80 100
threshold of non-preferred now

(a)

F ig u re  3 . I m p a c t  o f  th r e s h o ld  o f  n o n 

p r e fer re d  f l o w  o n  p a c k e t  d e la y  a n d  lo s s

P r io r it y

S c h e d u l in g

A  priority sch ed ulin g m echanism  handling 

to  packet flow s is dep icted  in  Figure 4. Packets 

b elon gin g  to the preferred flo w  receive non 

preem ptive priority over packets b elonging to 

the non-preferred flow . B uffer sizes for the 

preferred and non-preferred flow s are set to K  

and L, resp ectively .

K

Figure 4. Priority Finite Q ueues

Figure 5 show s sim ulation results for 

packet loss and m ean packet delay experienced  

b y the preferred and non-preferred flow s in  the 

PS m echanism  as a function o f  the buffer size  

L allocated to the non-preferred flow . The total 

buffer size (K +L) w as set to 15 and preferred 

and non-preferred flow s w ere P oisson  w ith  

m ean arrival rate A-i and X,2 , respectively . 

Packet service tim e w as assum ed to be 

exponential. The m ean packet delay is 

norm alised w ith  respect to service tim e. N o  

flo w  control and packet re-transm ission w as 

considered.

mean packet de lay  vs  bu tte r pa rtition

( b )

F ig u re  5 . Packet loss and m ean  

packet delay vs buffer partition for various of 
np_rate (À2). Norm alized arrival rate of 

preferred flow (Xi) is 0 .7.

Figure 5 show s a clear trad e-off betw een  

packet loss and m ean packet w hen the buffer 

allocation  is changed. M ean packet delay  

curves for non-preferred flow  show  interesting  

behavior w hen buffer space allocated  to non 

preferred traffic is varied. The m ean packet 

delay for non-preferred flow  is sm all w hen the
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buffer space a llocation  is either sm all (less 

than 2 ) or large (m ore than 12). This is 

b ecau se w hen the allocated  buffer size  is 

sm all, the m ean delay  is bounded b y  the sm all 

bu ffer size . W hen m ore buffer space is 

a llocated  to non-preferred flow , how ever, the 

bu ffer space le ft for preferred flo w  w ill be 

decreased  due to  the constant total buffer size. 

U nder th is scenario , packets from  the non 

preferred flo w  w ill spend less tim e w aiting for 

the queue o f  the preferred flo w  to becom e 

em pty. T his behavior is due to  the fact that w e  

ignore packet re-transm ission in  our sim ulation  

and o n ly  consid er the m ean d elay o f  th ose  

packets w hich  w ere not dropped from  the 

queue.

P e r f o r m a n c e  C o m p a r is o n  o f  

T D  a n d  P S  M e c h a n is m s

In th is section  w e present the results o f  a 

num ber o f  sim ulations carried out to obtain  

relative perform ance o f  the tw o m echanism s. W e 

set the tw o m echanism s w ith  the sam e total 

buffer space o f  15 packets and the sam e link  

capacity (norm alized to 1). A s in  earlier tests the 

preferred and non-preferred flow s w ere m odeled  

as P o isson  p rocesses. For g iven  arrival rates o f  

both flo w s, w e varied the threshold S  in  the TD  

m echanism  and the buffer size  K  in the PS 

m echanism  until the sam e lev e l o f  lo ss  

p robab ility  for the preferred flo w  w as obtained  

from  both  m echanism s. W e then com pared the 

resu ltin g packet lo ss o f  the non-preferred flo w  

and the m ean packet d elay o f  both  flow s betw een  

th ese tw o m echanism s. T he packet lo ss and 

m ean packet d elay results are show n in  Figure 6 

and F igure 7 , resp ectively . The m ean packet 

d elay is norm alized  w ith  respect to service tim e. 

N orm alized  arrival rate o f  non-preferred flo w  in  

both figures is 0 .7 .

comparison of packet loss for non-preferred flow

F ig u re  6 . P acket loss Com parison

comparison of mean packet delay for both flows

Figure 7. M ean P acket D elay  

Com parison

The results o f  Figure 6 indicate that the TD  

m echanism  has better perform ance in term s o f  

packed loss for the non-preferred flo w  w hen the 

load  o f  the preferred flo w  is light. W hen the load  

is h eavy the difference in  packet lo ss betw een  

the tw o m echanism s is n eglig ib le. The results o f  

Figure 7 indicate that as the load o f  the preferred  

flo w  changes, the PS m echanism  provides a 

sm aller m ean delay to the preferred flo w  than 

does the TD  m echanism . H ow ever, the TD  

m echanism  results in  a sm aller m ean delay for 

the non-preferred flow .

C o n c l u s io n

Threshold dropping (T D ) and priority 

scheduling (P S) are tw o fundam ental 

m echanism s that can provide the ab ility  to 

discrim inate betw een  Q oS o f  traffic classes in 

D iffserv. Our perform ance investigation  o f  the 

TD  m echanism  indicated that changing the 

load o f  the non-preferred flow  has a m inim al
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e ffe c t on packet loss o f  the preferred flo w . 

W ith  a fix e d  to ta l b u ffe r size and the same 

a rriv a l rate  o f  both flo w s , there is a m in im al 

im provem ent in  loss fo r the non-preferred flo w  

w hen its threshold is increased. T he m ean  

packet delays fo r both flo w s are bounded by  

th e ir thresholds. A  c lear tra d e -o ff betw een  

packet loss and m ean packet delay fo r the 

p referred  and non-p referred  flow s is observed 

in  the PS m echanism  w hen the b u ffe r 

a llo catio n  is changed. T h e  PS m echanism  has 

the advantage o ver the T D  m echanism  in  

p ro v id in g  a lo w e r m ean delay to  the preferred  

flo w  w hen the tw o  m echanism s are engineered  

so as to  p rovide the sam e lev e l o f  packet loss 

fo r the pre ferred  flo w . H o w ever, under the  

same scenario , the T D  m echanism  provides  

lo w e r packet loss and m ean packet delay to  the 

non-preferred  flo w .
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Abstract—F o r t h c o m i n g  I n t e r n e t  w i l l  h a v e  t h e  

a b i l i t y  o f  p r o v i d i n g  d i f f e r e n t i a t e d  Q u a l i t y  o f  

S e r v i c e  ( Q o S )  t o  d i f f e r e n t  t r a f f i c  c l a s s e s .  

U n d e r s t a n d i n g  t h e  p e r f o r m a n c e  o f  t h e  m o d e l s  

u s e d  in  d i s c r im i n a t i n g  d i f f e r e n t  s e r v i c e  c l a s s e s  i s  

a n  im p o r t a n t  i s s u e .  P r i o r i t y  S c h e d u l i n g  ( P S )  i s  a  

m o d e l  t h a t  c a n  d i s c r im i n a t e  t r a f f i c  c l a s s e s  a n d  

e n g i n e e r  E x p e d i t e d  t r a f f i c  F o r w a r d i n g  (E F )  in  

I n t e r n e t  [ 8 J .  I n  t h i s  p a p e r ,  w e  a n a l y z e  t h e  

p e r f o r m a n c e  o f  P r i o r i t y  S c h e d u l i n g  ( P S )  a n d  

d e t e r m i n e  t h e  i m p a c t  o f  i t s  b u f f e r  p a r t i t i o n  o n  

t h e  m e a n  p a c k e t  d e l a y  a n d  p a c k e t  l o s s .  I n  

p a r t i c u l a r ,  in  o r d e r  t o  s im p l i f y  t h e  a p p r o a c h  o f  

o b t a i n i n g  t h e  m e a n  p a c k e t  d e l a y  a n d  p a c k e t  l o s s  

p r o b a b i l i t y ,  a n  a n a l y t i c a l  a p p r o x im a t i o n  m e t h o d  

i s  p r o p o s e d  f o r  n o n - p r e e m p t i v e  f i n i t e  p r i o r i t y  

q u e u e s .  R e s u l t s  f r o m  t h e  a p p r o x im a t i o n  m e t h o d  

u n d e r  v a r i o u s  s c e n a r i o s  a r e  v e r i f i e d  w i t h  

s im u l a t i o n .

I n d e x  T e r m s — Q u a l i t y  o f  S e r v i c e  

P r i o r i t y  S c h e d u l i n g  (P S ) ,  E x p e d i t e d  

F o r w a r d i n g  (E F ) .

(Q o S ) ,

t r a f f i c

I I n t r o d u c t i o n

F u tu re  In te rn e t w ill be ab le to  support service  

d iffe re n tia tio n  in  term s o f  Q oS . T h is  requires  

s u ffic ie n t m odels  to  be engineered in  d iffe re n t 

parts o f  a n e tw o rk . A  num ber o f  queuing m odels 

h ave  been  proposed in  lite ra tu re  in c lu d in g  

T h re s h o ld  D ro p p in g  (T D )  [9 ], P rio rity  

S ch ed u lin g  (P S ) [1 0 ], R andom  E a rly  D e tectio n  

(R E D ) [1 2 ], R E D  w ith  In  and O u t p ro file  

p ackets  (R IO )  [3 ] and W e ig h te d  F a ir Q ueu ing  

(W F Q ) [1 ][2 ][1 1 ]. PS  can be regarded as one o t

the basic  m ech an isms fro m  w h ich  the other---- _ _ _ — .—  ------ ;—  — — r
p  ' P e r f o r m a n c e  A n a l y s i s  o f  Q o S  M e c h a n i s m s  in  I P  N e tw o r k s

m echanism s have  been d eriv e d . H en ce  

understand ing  perfo rm ance o f  PS in  p ro v id in g  

re q u ire d  Q oS  is an im p o rtan t issue. In  th is  paper, 

w e  carry  ou t s im u lations to  an a lyze  the  

p erfo rm an ce o f  PS w h ere  the im p act o f  b u ffe r 

p a rtitio n  on the m ean packet d e lay  and packet 

loss are exam in ed . O n  the o th er hand, non 

p re em p tiv e  fin ite  p rio rity  queues arise n a tu ra lly  

as m odels o f  co m m u n icatio n  system s [1 3 ]. In  

o rd er to  s im u la te  p ra c tic a l s itu atio n , w e  lo o k  at 

tra ffic  b ehavio rs  o f  n o n -p reem p tive  p rio rity  

queues in  term s o f  packet loss and m ean packet 

d e lay . W ith  n o n -p reem p tive  p rio rity  ru les , a 

p acket under service is a llo w e d  to  com plete  

service w ith o u t in te rru p t even i f  a packet o f  

h ig h e r p rio rity  arrives in  the m ean tim e. In  [5 ], 

B ertsekas and G a lla g e r gave a so lu tion  to  packet 

loss p ro b a b ility  d is trib u tio n  and m ean packet 

d e lay  fo r in fin ite  n o n -p reem p tive  p rio rity  queues 

th a t share a s in g le  server. B u t th is  so lu tion  

assum es the service rate  o f  both  in d iv id u a l 

queues is kn o w n . H o w e v e r, these service rates 

are n o t kn o w n  and s till need to  be ob tained  in  

th is  case study. S im ila r approach b y  Sahu e t  a l  

[7 ] also needs to  know n service rate  fo r 

in d iv id u a l queue. M a y  e t  a l  in  [6 ] o n ly  g iv e  out a 

so lu tion  to  h ig h  p rio rity  queue. B o th  [6 ] and [7 ] 

are assum ing the b u ffe r is scheduled according  

to  p reem p tive  ru le . B lo n d ia  in  [1 3 ] p rovides a 

m ethod to  calcu late  queue len g th  d is trib u tio n  

and w a itin g  tim e  based on em bedded M a rk o v  

chain  and recurs ive  fo rm u la . B u t th is  m ethod is 

d iffic u lt and com plicated  due to  the recursive  

fo rm ulas fo r com puting the L ap lace  T ransform  

o f  busy perio d  o f  p re ferred  flo w  and b lo ckin g  

tim e  o f  n o n -p referred  flo w . A p a rt fro m  these,
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t ere is less d iscussion on this issue in literature. 

In this paper, a m ethod to analytically 

approxim ate the packet loss probability and 

m ean packet delay o f  finite non-preem ptive 

priority queues for two traffic flow s is proposed. 

R esults o f  the approxim ation m ethod are then 
verified  w ith sim ulations.

The paper is structured as fo llow s. Section 2 

overview s the perform ance o f  PS, in  particular, 

determ ines the im pact o f  buffer partition on 

packet loss and m ean packet delay. In section 3, 

an analytical approxim ation m ethod has been  

proposed for com puting the packet lo ss and 

m ean packet delay o f  non-preem ptive finite 

priority queues w ith tw o traffic classes. R esults 

from  both analytical approxim ation m ethod and 

sim ulation are then com pared. Section 4  

concludes the paper.

II Pr io r it y Schedul ing

A  non-preem ptive fin ite priority queuing m odel 

handling tw o traffic classes (preferred and non

preferred flow s) is  depicted in  Figure 1. The 

packets o f  preferred class (preferred flow ) w ill 

be served first. W hen the queue o f  preferred flow  

is em pty, the packets from  non-preferred flow  

w ill be served. W e assum e here that the packets 

arrive at the server according to Poisson  process 

and the service tim e is exponentially distributed. 

B uffer sizes for the preferred and non-preferred 

flow s are set to K  and L, respectively. Service 

rate f l  is norm alized to 1.

F ig u re  1: Priority fin ite Q ueues

Figure 2 show s sim ulation results for packet loss 

and m ean packet delay experienced by the 

preferred and non-preferred flow s in the PS 

m echanism  as a function o f  the buffer size L 

allocated to the non-preferred flow . The total 

buffer size  (K +L) w as set to 15 and preferred

and non-preferred flow s were P oisson  processes 

w ith mean arrival rates Xx and , respectively.

N o flow  control and packet re-transm ission were 

considered

The results show a clear trade-off betw een  

packet lo ss and m ean packet delay w hen the 

buffer partition is changed. M ean packet delay 

curves for non-preferred flow  show  interesting 

behavior w hen buffer space allocated to non 

preferred traffic is varied. The m ean packet 

delay for non-preferred flow  is sm all w hen the 

buffer space allocation is either sm all (less than 

2) or large (m ore than 12). This is because w hen 

the allocated buffer size is sm all, the m ean delay  

is bounded by the sm all buffer size. W hen more 

buffer space is allocated to non-preferred flow , 

how ever, the buffer space left for preferred flow  

w ill be reduced due to the constant total buffer 

size. Under this scenario, packets from  non

preferred flow  w ill spend less tim e w aiting for 

the queue o f  preferred flow  being em pty. This 

behavior is due to the fact that w e ignore packet 

re-transm ission in our sim ulation and only  

consider the m ean delay o f  those packets that 

were not dropped from  the queue.

In Figure 2, w e denote:

N P curves o f  non-preferred flow .

P curves o f  preferred flow .

NP_rate mean arrival rate o f  non-preferred flow .

P_rate m ean arrival rate o f  preferred flow .

loss  p ro ba b ility  vs  bu ffe r s ize  (P_ra te=0 .7 )
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F ig u re  2: Packet loss and m ean packet delay vs 

buffer partition for various values o f  N P_rate

( ^ 2  )• P-Jrate ( Aj ) is set to 0 .7  in this study.

Ill Appr ox ima t ion  Met h o d  f or  
Pr io r it y Schedul ing

An appr ox ima t ion  met h o d  f o r  pr ior it y 
SCHEDULING WITH TWO SERVICE CLASSES

A ssum e that there is a router deployed with 

non-preem ptive fin ite priority queues sharing a 

sin gle processor. A lso  assum e that there are 2 

classes o f  traffic (packet flow s) with different 

service preferences where class one has priority 

over class two. B oth  tw o flow s arrive at the 

router according to Poisson process with 

exponential distributed service tim e. The mean

arrival rate o f  class one and two is Al and Aj

respectively . Separate queue is m aintained for 

each class. Since the buffers for both queues are 

fin ite (assum ing size K  is assigned to queue with 

high priority and size L  is assigned to queue with 

low  priority), all the packets that find queues full 

are dropped. Packet retransm ission is not 

considered in this study. W e intend to work out 

the packet loss probability and the mean packet 

delay experienced by both flow s. The queueing 

m odel can be referred as figure 1 in section 2. 

D enote:
P id probability o f  j  packets are found in queue 

i.
fd service rate o f  the processor w hich is 

norm alized to 1

Mi service rate for queue i

A; m ean arrival rate o f  flow  i.

£  a factor that reducing the service rate o f  

preferred flow

due to the non-preem ptive service rule.

P i — —  utilization factor for queue i

Pi

Ct. the rate that packets are accepted by queue 

i.

NQi the average number o f  packets in queue i.

R  the m ean residual tim e o f  packet in  server 

B ecause after som e K 0 (K0= K  for the queue w ith  

high priority and L  for queue w ith low  priority. 

For exam ple, when K 0-K ,  all fo llow ing packets 

from  high priority flow  w ill be dropped and

i A
hence A]=0) ---- <  1 , so all states in this

P i

process w ill be ergodic [4] and there exists the 

equilibrium  probabilities {Pi}. Under steady 

state, w e have

Ao =
1

i - A

Mi
A .

i + I
* (A .  Y

A ,n = 1
l -

p  —

"*2,0
1

l _ —2
M2

1 + X A y
a ,

i -

P -  P
r l  , K  - * 1 , 0

£  2 ,L  —  A , 0

A
Mi

j _ A Y 4
M i

\ r 1

2, Y A,
P: A

1 -
P  21

( 1)

(2 )

( 3 )

( 4 )
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T h e  basic idea o f  th is approxim ation is to 

decom pose the jo in t queues in  figure 1 into  

eq u iva len t tw o  in d iv id u a l queues w ith  derivable  

eq u iva len t service rates. Th is  w ill m ake the 

above p ro b ab ilities  obtainable. Since the p rio rity  

is g iven  to  flo w  one (p referred  flo w ), the flo w  

rivo  (n o n -p referred  flo w ) can on ly  get serviced  

during  the processor is id le  and the queue one is 

em pty as w e ll. I f  w e  approxim ate the service rate  

o f  class one f j ,x w ith  / j ,  (the  reason is ju l =  ju  -

8  and £  tends to  be a v ery  sm all va lu e ), then  

the service rate fo r class tw o  can be derived as

f  aA* U ]
1— 1 p  = i - . M A M

f  . V™
A

(5 )

—  2 •
[5 ], -  —  .S ince the packet in  the

Mi

processor is served at the same rate ¡J. no m atter

w h ich  flo w  the packet belongs to , the m ean  

residual tim e can be derived as

R = j ± * , z i
« = 1 M

Z  a , O D
1 =  1

So the m ean packet delays fo r flo w  one and flo w  

tw o  (p re ferred  flo w  and non-preferred  flo w ) are

D elay , ~ R  + N @l (1 2 )

« 1

Delay  2 =  R + —^ 2 (1 3 )

«2

From  no w  on, the system  can be equ ivalen tly  

decom posed as tw o  in d iv id u a l queues w ith

~P \jc ) (6)

° 2  =/ ^ 2,0 +^2,l, —^2(1 -P y)  (?)

In  e q u ilib riu m , the average num ber o f  packets in  

both queues are d erived  as

_k+i
N Q t =  f  «/>„ = A ( l - ( *  +  l )A *  + K p t  (8 )

^  ( l-p .X l-P ,* * ')n=0

Numer ic a l  Res u l t s

T he accuracy o f  the approxim ation  w ill be 

affected  i f  £  increased. Th is  can take place w hen  

the p o ssib ility  that the server attends the packets 

o f n o n-p referred  flo w  increased. T h a t is

1) T h e  b u ffe r size o f  n on-p referred  flo w  is very  

large (com pared w ith  p re ferred  flo w ) or

2 ) T h e  load o f  n on-p referred  flo w  is heavy  

(such as the load fac to r o f  non-preferred  

flo w  equal to  2 .0 ).

N&=£ ^ =/hirT \ i r ^ r 1 (9)0  P i ) \ \  P i  )«=0

A cco rd in g  to  L itt le ’ s fo rm u la , the average 

w a itin g  tim e fo r the packets in  both queues are

W i

» .

and
n q 2

«2

T h e m ean residual tim e  in  server is [5 ]

* = t Ì > . * T  o°)
^  1 = 1

w here is the second m om ent o f  service tim e. 

W h en  service tim es are expon entia lly  distributed

In  order to  v e rify  the e ffic ie n c y  and accuracy o f  

the approxim ation  m ethod, s im ulation  is carried  

out to  im p lem ent the above situations.

F irs t, w e  le t the b u ffe r size o f  non-preferred  flo w  

to  be large (1 0 0  packets w ith  com parison o f  4  

packets o f  p referred  flo w ) and the load o f  

preferred  flo w  be m oderate (lo ad  facto r is 0 .5 ). 

Then w e observe the packets loss and m ean 

packet de lay  fo r both flow s w h ile  vary ing  the 

load o f  non-preferred  flo w . T h e  focus in  this 

case has been the im pact o f  non-preferred flo w  

on packet loss w hen the load o f  non-preferred  

flo w  is m ore than 0 .4 . The com parison o f  results 

from  s im ulation  and approxim ation is shown in  

F igure  3 . M e a n  packet delay is norm alized  w ith  

respect to  service tim e._____________________
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loss  probabM ty o f  p re ferred Bow ( load (ac to r o< pre fe rred (low Is  0 .5 )

a rriva l ra te  o l  non -p re te fred  (tow 

loss  p robab ility  o( non -p re tenred (low  (toad ol p re fe rred (tow is  OS)

M' 0.6

o  0 .4

arriva l ra te  o( non -p re fe rred (tow

comparison o f toss probability (toad o t preferred Bow Is 1.1)

P_slmula tton — — 

P_approod ♦

03 1.5
arrival rate o(  non-p re ferred flow  (K=4,L=100)

arrival rate ol non-pre ferred (low (K=4,L=100)

m ean packet de lay  o t pre fe rred flow  (load fa c tor o f pre fe rred flow  is  0.5)

5

com parison o f mean packe t delay (load of preferred flow  1.1)

P simula tion • • ......

• - .............. ♦ .......♦ ...... • ...... ♦ .......................... ♦ ............. .................— • ................. -.......
P_approxi ♦

2.5 .

4

2 . _

l
1.5 a

I  2 - -

1 ■ -

E

0.5 . .

1

s im u la tion  .......
ap prox im a tion  ♦

° 0 .5 1 1.5
f  1 2  1 4  ^  2 arrival rate of non-p referred flow  (K=4,L=100)

arriva l rate  o f non -p re fe rred flow  comparison ol mean packet delay (load o l preferred flow  is  1.1)

m ean pa cke t de lay  o f non -p re ferred (tow (load o l p re fe rred flow  is  0.5)

■ #  ---- ---------------------------------

- /

-

I

/ *

....... ..  *  *  . .

sim u la tion ---------
app roxim a tion ♦

0  0 .6  1
a rriva l ra te  o f non -p re ferred flow

1 .5 2

« .  - i——

arrival rate o( non-p re ferred flow (K -4 .L -1 00)

400

Figure 3: Com parison o f  resu lts from  Figure 4: The com parison results w hen the

sim u lation  and approxim ation  w hen  bu ffer s ize  load  o f  preferred flow  is heavy,

o f  non -preferred  flo w  is  large.
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com parison  o f loss  p robab ility  (toad o f non -p re ferred flow  is  2 .0  )

i '  0 .6

arrival rale o f preferred flow (K=7, U=7) 

comparison of loss probability (load of non-preferred flow is 2 .0 )

arriva l ra te  o f pre fe rred flow  (K=7 . L=7)

3, the m ean packet delay is norm alized with 

respect to service tim e.

Figure 4 presents the com parison results when 

the load o f  preferred flow  is heavy (load  factor 

is 1.1). W hen the load o f  non-preferred flow  is 

heavy (load factor 2 .0) and buffer size  o f  the 

tw o flow s are kept the sam e (7 packets), w e 

vary the load for preferred flow  from  light 

(load factor 0 .1 ) to heavy (load factor 1.1). The 

results from  sim ulation and approxim ation are 

depicted  in  Figure 5.

The observations o f  the good agreem ent 

betw een  the curves o f  packet loss (for preferred 

flow  and non-preferred flow ) from  both 

approxim ation and sim ulation are obtained in  

Figure 3, 4  and 5. Same observations are also  

obtained for m ean packet delay. The 

agreem ents o f  the num erical results show  that 

the approxim ation m ethod is effective.

|
a

6

6

3

2

0
0  0 .2  0 .4  0 .6  0 .8 1

arr iva l rate o f p re ferred flow  (K=7,b=7)

com parison  o f m ean  packet de la y  (load o f non -p re ferred flow  is 2 .0)

P _srm u la tion  ---------
P_app rox i «

t

sl
«

80 

70 

60 

50  

40 

30 

20 

10 

0
0  0 .2  0 .4  0 .6  0 .8  1

a rr iva l ra te  fo r p re ferred flow  (K=7,L=7)

com parison  o f  m ean packe t de lay  ( load o f non -p re fe rred flow  is 2.0)

NP_sim ula tk>n -- ------
NP_app roxi ♦

Figure 5: The com parison results w hen load  

o f  non-preferred flo w  is heavy

In both  figures 4  and 5 , w e denote the results 

from  sim ulation  for preferred and non 

preferred flo w  as P _sim ulation and 

N P _sim u lation  resp ectively . L ikew ise, w e 

denote the results from  approxim ation m ethod  

as P_approxi and N P_approxi. Sam e as Figure

IV Concl usion

A  clear trade-off betw een packet loss and mean 

packet delay for preferred and non-preferred 

packets flow  is observed in PS m echanism  

w hen the buffer partition is changed. To 

sim plify  the com putation o f  packet loss and 

m ean packet delay o f  fin ite non-preem ptive 

priority queues, an approxim ation m ethod is 

proposed for two traffic classes (preferred flow  

and non-preferred flow ). The results from both 

analytical approxim ation m ethod and 

sim ulation are compared. N um erical results 

indicate that the approxim ation m ethod is 

effective in  terms o f  accuracy. This 

approxim ation m ethod provides a sim ple w ay 

in understanding traffic behavior o f  the future 

Internet where PS m echanisms are deployed.
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