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ie-r Cown d u e b  Ihelr disUnd r d v s n u e a  wer porely m i i m u m  dclsy s nodc D Y  hold a pa&eL In [41, ii i r  a h m  
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delay and lass ~ h a ~ t e t i ~ t i c .  for (iimb)mtical s m l i u -  
cionr ar. r.g. Ihr conm1 of a nuclrsr pinnt or i e lmd ic inc  
ippiicaiiom. ne l a a s  am imponaot. if a &tun 
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fic a ~ n d  by ~ ~ e c i a l i a d  legacy n w d r .  C d y .  dasr- 
mvustic .c,"is.a msy not m n s l i ~  the iejor pen o f  the 
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makss them n c r m k l a i  smadvc for s i m i z a i i m  w t h  
rcrpcctm rcsourcs a11ocatioo. 

delay requlrmrnl<. Howrvcr. ar firn s h o m  in Ihr sominal 
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plr nodr ;su,uhcrc2, ror dca,.oaxArch.dulci< I, u $0.. an 
nnrn i r . x  how m on~mal lv  wsim ths cnd-IJ-end dclr) . . .  
b u d m  mthrmulfrple n d e -  Thir global e f f r c t m y  o w .  
comprmar thc Iwa! lupcziunry ~ldcls) .oar id cckdulr r l  

Nci.mc.c<i, L i  .an os n a r d  W, an iinponan. I,,, &i 10, 
thr: w<orrrr al:urailun opim.raiim i ldnrmiin.si~c xr>iui 
,I Lha, h l a )  aod banduidih n e d  U br &roq lcd  "7 sch:cii 
caicani miuriu sl laacion~ W i l e  in p m l y  raic-b-wd 
ammachrl ihis derourilinp. h l i  nr: k n  LaXcn inlo srcounL . . . - 
RWI vorl  h.3 Juir u, rvrn u i h n r i  l u w g  Ihr "nie e l m a l  
h h n o v r  u l rau-oard  rncddlm& ur [T.  SI ihc laurr p i h  
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unda vont-W m f i c  amival plam<. A largc number of The mhcmatics of &!mninirtic icmres, ummody 
saeduling disciplinss diffiiing maslly i n  their a P m c y  m d  ~alld nmrork calnilus. arr ariginally b a d  m thc work of 
complcrity han bern pmpowd (r g o d .  slthough a liih b i l  CU [ io]  on ariu.l arid XMGC C-, y d h a m  brenrcfmsd 
a s d  ~ v c n i e w  B ~ I Y C O  in [I]). In gmeral, therc arc wa bmad ~d deepencd in several 0th- workr ( I  I, 12, 131. I n  brief, 
chscs  o f  r h e b l c n :  mfe.ba<rdand d=!+biurdschsdulen. ~ h i k  amval curvs dercnbc thc wunt-case behavior of a 

L L" ".W Inaiul"bi"ul , .$ici l lyUI~Y"< plrt.l *=M. 
iourcs uzthui glvcn time inicrvals, rcmcc Nrver rpecit). t h i  

H, c.nbiany mc<c n o  m r c p  I is rori iblc L dcnw 
&umini<!ii p~sranicis nn 1o.r and wls) mui ihr .von[- 
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TSpcc(rbpM 1141. &fmcd hy h foUowing m k a l  C w L  

whas  T = (b -M)/@ - r )  msy b eamidcrd U biust 
duatim. Ths TSpec is erwniially a dual b k n  b i u b t  wkTC 

mnhallcd burit insa~ i r  arrovold for by ths fmt bucket 
charasterurd bg peak r a k p  and m i m u m  pack t  a k  M. and 
Ihr langen," b h a n o v  i r  <sp& by the veood tob" 
b~cke f  chara fan ld  by average rate r sod s b u r k t  rYc b. 

A typical ( h e r )  ~ e n i r s  cur*e nr demniniYic r e n i c s  
[9] barsd on latency-rali schedulsn 

I W ~  vp s img thc dau m n r ~ m s i o n  path for raeh muzcr 
d u ~ g  an d~mucmcncphaw.  

B. D e l q B o u i d o n d R q ~ i d S e m ' c e f i e  

Applying nefwork calculus wc rn mmpuv i worrl-cax 
&lay baund b d  m t h r  hoiuontal deriarim k lwea amvsl 
and senice s w e :  

d., = bio. r) 
- rup,.o(inj(XHLOno(r)5r(i+Ml~l 

(3) 

FOC ths T S ~ K  as amval- and ihs lmcu  rsrvict c- 
&f ind i n  (Z), u. natc Lhat the honu>ntsl dcvi l ion n e d i  b 
bc m n  oosi rither the onanor Ihr bunf h i t i o n  Tdepend- 
ing upoo wheihir thc scrvicc rais is h t e r  or alowr than Uic 
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faster or tlmn fhan ihe peak nu nf the flow M d  whdher thc 
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(se Figurc I lor ui ülurhsfion) Thcrc ohscnsr im Rn i l i i n  
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de1ay"Qi of naw. For uample. coliiidn a drra now wiUi 
TSpec = (2000, 100% 8W0, SM) [in b*r rcrp. by4zdil. Let 
u i  asiume thii nw crorvn 5 hnn. lall wiUi Mm = 9188 

- 
flow ir e m e l y  o-.prnnsiooed io rclatian to iir band- 
widthrrquirmientr. 

B. Drcoupbng &I* mdBondridth A~~igngngngnn 

T h  solutian to Uie abovcproblein ir to decauple lhc band- 
widUi a<sigomml fram dclay ga.18 which can aaly bs 
schicvcd by non-1incnr rrmcc curvci. Thc mo,, .imp1r non- 
limcar s m i s s  e m  that can aehi~re  bmdwidlh-delay decou- 
pling ir a cantinuoul pircc-iriie lincar smice  u i r r e  m n i r b  
in8 o f h o  linear x m m 4  i.e, a srnice c u m  of rhe f m  

mth f = IR, -R$f - R L  to nilurc uinfuiuiv 

H e  I &notc5 U. innechon mhl which ieriarnler lhe hm 
phair'ol Uic a-rr c,nc. ulih LN Ln, p b c  r h n r  s <m- 
irr mir R,. wh.rh we cal. h c  ihn- i r im mu. .Y aIlo¿au<i io 
och.eic a flus'r d c b  rwi. md Uic s c r d  ha?c x t e n  rau 
n„ whi.hia we C ~ I I  ~ieio>g-tmn mu. U s s i &  fo mure i. 
band~idlh rsq"immU. mir x n i c c  c w e  may Uiu. be con- 
lidend ar a r l ibt ,  vn effastir. m w l i i t i o o  .f Ule launcv- - .  
(iinelb).ae acheduling a c k &  tovirda l o ~ m ) ~ t r ^ m < &  
W r e n i c e  cunirr and a comrpordiogclars of a~bsddin. 

W l e  0th- -linear s c n i a  c w c r  also have Uie band 
widWdel~deuiupüng &meteri*tlc we M n  on fmua w 
vnic. w e r  ar &imed in (9) du? to W" ~implici* and 
ronwa"",, smnrti-C. for sruai  imoiemmistian. In fast, 

L2R ~ihedulerr while kccpiog thc delay bnind and buRn 
~ q u i r ~ m e n ~ ~  Uii samr U for thr Wdinonal LR i chdulas  ar 
orucnlcd in SerrimlL Ihis crrenliallv mcanr wr fu th i  

. . 
lonp-tmn rpk LIC PYCTS~E r a t  r s spni f i~d  by thc applic- 
iion's T$==. Ihis rcqukoncol d e s  L2R optMal in lhc 
SMC h e ~  Uiey haverninimd Mp.ffandday-uncriird flows 
in. c.8.. a bat-iffon s m i c e  clss. slthovgh it har to h noled 
thaiconcvrrentdeimniniröc smise flowamighi bsneetimm 
a mors a g ~ a r i v e  choiu far ~ i c  long-rsm-ratc R,. S ina  Uic 
schcmiler'n 1afcn.v km L is derimdint uoon thc %mal 
ichdulmg algoribmiu.e4 i, 2s nota desisnparamde. for mn 
r tsoum aptimilalim prablcm md Uiw Uic innoriim poinr I 
m s h  ar lhe lolc wiable to h o o t w  0bvinu.lv. fhc 
a d l n  wc cao i h m w  1" (9) Ule mom rnie rcilurur WE Cm 
savc for oUin 0e.n delay-cdical) flowr @sibly fmm oUi" 
rcmcr clarre,). 
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Undcr nll tha pnmquisitu dis~uldsd in thi prcvious - 
liao. a r h l r .  inoutiri choice of p-eins fm I ~ C  Service 

as,i&nit of a flow Y to choosc ~ i e  innrnim poinl i t  
I = ~+d... . This would definiicly mure that thc diay  
b o d  is m b  by Uic shon-tsrm rat. airignmml brfore thr 
a rmci  c w .  h d 3  towud9 Ui. 1ong-,e"" RLL to m e t  the 
bnndwidih guamolee. ThY inmitivc shoicc of ihe i d e n i w  
mint rcailü in Uic follovmg aemice mrvc nllocation 

C Optiwl choica o/In,lem'on Point 

Howrrer, ia*Yig &to accovnt rar U. tau R L p  (or. 
alimaiiveiy da.,< d )  Uic drlay bound i i  t&ni w ai h e  ori- 
sin, ve can amully imprnv~ (rcdiu*) Uic smice c w c  .]I* 
ca,ion b" .Mi"= Uie innection mint I f"*n 1cn 1i.c.. ~- 

iariier).' ~ o r e  - a c c ~ r s ~ ~ y ,  I t chown svch Ihai 
,'(T+ d.,) - .(T). Thu.. t b  &lay b o ~ d  is eu.urcd, 
bsuvlc Uir horimnral dch t ion  bsrwccn M v a i  and sorr:cc 
c w c  ir now t&m on ei boUi poiiliible Locaiiom, Uir angin 
and & burst dwirion T(rcc also Firne 2 for an illuruation). 

. , 
r r ~ t  to whal md vndn which mnirainll. Wc bke s p r -  i RII -L) '  t < r + d - < =  
naw pmapntivc, ;.C., we do not focu m tbrglobal opIimii- 

Sv'('1 - rr+(R-rJ(T+dme,)-RL r 2  T+d., 
(11) 

tim problrm of compting flows and how ta irsign rssowcö 
~ C ~ V F F ~  ~ i e x  (al~iough 61s 18 ccwin~y intnesing). bul we 

wiUi R . pTtMiC W to minimuc V. rcrome roniumption of s ringls flow h L..+ T-D 
plhclilu, ny in ~ i ~ r r n l ~ c  the handwidl anienmcni far 

s i l e r l h a n  d.,, sinuoihmnwthc b l a y b o v n d d d n o i  

h ratisfid. 
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finc thai I, L defuiiiion. p„ ~ n d  4 ,"., srr i h -  

t i u l  over 10. n ,  i.e. U." veriicaldcvisiionmu~tb. thc m 
rinm TandL fall withinthin intmd. 
Cme2.2. I< T 
Ihia rase ir a Linie moreuimplicekdboeaui s„ aod i;.... 
are no longcr i h t i ~ a l  oKr an in& u>nmin8bnh~osai-  
blr lodionr fm the V ~ I ~ I  deh t im to h ut~oon.  FwL if 
appiies het r „ ( ~ )  = r,,...,(~) . Ifue cannow rhwthat 

a„.,(L)-~„(~)ra,~~..<n-~.,lT) (141 

i t f o l l o w s t h a r ~ . v c n i c a l d E v u t i o c ~ r U i s i c a x i i ~ o n I  
L. %B, rimc and ,„,, M id.rnicd a i ~  Uiey hev. Uie 

samr vmical deuiaöoa 
~ r n c ~ ,  ir to bc r h o ~  bhal(l4) Y valid 
C ~ U  = ( I )  = , u e c s n t h u ~ r e m c ( l 4 ) a i  

z ( L I - r ( n 2 0  (151 
NB* Uiat 

=(L) = M + C + p D  1161 
and ~~~ ~ . . .  .- 

i n h d o n  point I ir "@W as f u  leR a. posiblr wiUinii 

m lhe loog time-scalc~ of Ue serrice a w r  than Uie l i n w  
s m i c r  cuws, 2""'. and thc nhPic n n i - ~ ~ ~ ~ ~ ~ i ~ ~ ~ ~ ,  whnc 61 ineguaion r a p l ~ ~ ~ s  ~ i c  lM ~ i a f  for R LP thclug- 
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m b l c  .in= Ihe Short umc-acalcr of um' bavc to dcal ,fwe"muu(i6) snd(17)"(1,)indMicihir r < p  * 
wilh n,.fying delay bau!& m d  arr Uiu ihc rau r 3 o m e r  obiaio 
mon hcavilv coneodcd for. ~~~~~ - ~~. m. SCN~CC ,OP' k ~ ( p i d i y  designadtoju.tmmt 1 ( ~ ~ - r ( n 2 ~ + ~ + p ~ - I ~ - I ~ - r ~  
Uie deliy bovod also arhicued by thi LR ssmrc  c w e .  A hu. P P (ial 

th . i r rqu i rmi l  p k d  on it wai thaf Uic buEer rrquironmv > ( p - r ] ~ r ~  
inrouiem ahourd ooi bc incrraied. in fsq it w b e  nhovn thai mdcan Uius confim (14). 
Uie buRnrequircmenll uc the nmi sr far Uic LR achduln O 
s m i r e  c i w c  p r u m l d  in s w i o n n '  
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m. s. 101 I''".~' RmnYdcr U. *low bandwidth shon & W - W  offlow 

As forUicriinplcU( smicecwc thconly locatiom bkni as an exampie sbove in ~lct ionm.A. i.c, ib T S F ~  = 

w h c r c U i c v e n ~ c r ~ ~ v i a ~ o n h c m b e t a h c n o n i r U i e J ~ h ~ u ~ b  (2WO. IWO. E r n ,  5W) lin byf- -P. W d S l .  itr deiay 

bamy L or thc mt dinmion z wc nd to cou.idn di*. =qG=mcnt d., = 100 m6. C = 2500 W s  ind D 

m ,  _CI: 
2.371 m.. ~ a r  such. flow Uic diamnt nsrvirc -c n1lou- 
iions arr shovn ~n F i w  3. 

cm. I: R < P  ir obvious fhat ~ i i  imcu iemiceNrvr appmach w a u  a 



bally ~ ~ ö m a l  alloiations fm concmnt  now3 inslesd of ths 
moa local pcr-now penpnive  wr pvrrued in thii p s p r  

O I O  ODE 1 0  O S  IIO *J ,  0.0 

T- (in 0 

Figure 3: Di6mnt  m i m  s w e r  for fhe givm elamplr flow. 

lotofrate EY>~FEI, Ihe f x t r h i c h  Ld VJ Ihe conlideration of 
non-liorar i c m c e  ~ r v c s  In comgariron ofthe simple vr Ihe 

i r r  fhe ~@rnnl uw 10, thc hcI.mplc rion-nrar unir; cunr 
I r i  u< p d o m  s 5 mplr brc.+f.Uircmilup. ca1c~IU.m L, 
i l l u r o ~ c  ~ h e  brnrfii 21 ihr o o t m l  xnirr c w c  allucauoii 

Ars- we have a 10 Mbii h k  w d  we have 40 flawi of 
Ihr ab". W. (th. marimum numbcr thsi can bc accepted). 
FOI ~ i ~ ~ i ~ r a r a ~ i ~  C-e no &*er guamteed h ~ i c u i u l d  
bc xccpted. For Uu simple U R  a m i a  cwe, eg.. an sddl- 
iionil 10 Bowr ~ s c h  xlIh T S p c  - (1170W. 7800. 1170W. 
srbihary) w d  a&lay q u i r c m c n o r l S 0  mi  uiuld bc admit. 
ted oo Uie I&. Far Uic mlimal &mim c w c .  Uic iamc 

allow u, admit more drlny-auiiitivr nows r o m p ~ d  lo Uie 
simple U R  m i a  s w e  and wen m r E  ra uimpmed Ui Uie 
linesr r e m a  curve ofLR rchcdulcn. 

V1. C O N ~ L U ~ ~ ~ N ~  

1" hk wo* W. havc d&ved crplicii f o m l a s  for optimal 
icrvicc curve, bavd on bandwidth-&lay deoupled s w i c e  
diwiplin~~. ~ ~ n h ~ ~ a r e ,  we hsve nhoim fheirpotential when 
compmd "intuitive 1naive"choia ofvrvice cweparam- 
rma hy . nume"ci1 uampls. n e i r  MI  poP"tis1 can bc 
erplaited esperia1Iy in U,. rase when "10," b a n d d t h .  rhort 
&lay<..lype a l  Born ars mulliplcxcd wiUi lers delay-crilieal, 
y d  still delsy-sclullive nows which CM LBLe advantagc offhe 
mlative moderatencrr offhe optimal acrviee curver on longcr 
timsscaler 
& a him wo* iirrrn i re  peraivs LhE ,nveJtigation of BI* 
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