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respectively. Thus, each network processor | and 5. can perfor
classification and reassenbly functions. ,Furthernore, each network
processor 3 and 5 can be a network proceSsor as shown in Figures 1 and 2.
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packets may be required to wait prior .to execution of the classification,
t ransn ssPetcinfaEass efitilgyré uncfomonbe shgteh rn@sul t'rhequmgtessmm 24,am8 and
34 ey beepsaidl g 1sCouplied ezcafkb@ AYRUED &Oan,smﬁé u%%ff@qo ggﬁgv jgui ng

nmechani smsh19 i and he enqueui n anl sns ace

cells int® yaige o]rarY§§p dicﬁ@ qﬁ%ﬁésrcah"d“(?aﬁe ﬁPGv‘PQFé’aél%PFf Y—l%,eatl on Whl ch i's
sent backptegriineables hetwoatn phticebed:h@e paciestr ided giratsar ectheo Prassédionat i on,

enqueui ndap e saNedy! Ly w;%twﬁsd@s{m@asfe&abi,aﬁep;%n%eg 1%, LIS, 1 ngress

EDS 12 an ress EDS e network processor in'Frgure 2,
The enqueﬁ‘i"‘?‘i’%lﬂ’% RERE stAscT bbaghgs A ing recquielished (Pra e Rpmbindtdoncefagsi f i er
22 and t hewischethiréeswith ofdr2hory fe Btk Pidcesssks @En (HeCatAGHEESLDSy a

12..Siml ' 28 d 34
he' reassenpier S0oEdhest-TBE R EfRe Al ok Gl s R e Frrding the

egress EDSEOT6annRIGVHRACPEF Py fiteri®.are schedul ers 21, 25, 29 and 35.
The schedul ers control t he schedul ing of i ndividual packets which are to

| eave the queupsnZl: s 2fbpipfh ANatlenl EARCELINEL Ve Leog?'agag'aﬁapca%s w

become nore c| ear CORCern resen 170N 1S pim
t he .egr esss‘“’lﬁBPt3r°0ndb¥f°trﬁ§t+ﬁet%‘1‘%rﬁﬁ'-b‘&?e§§6? of tl&i%ﬁl“&?’éﬁ?“ﬁyp%?‘éﬁ’e'sﬂsd p¥M 15, = -
egress ED@tWériaoegssss SWAltHough Ecnyuroe the ﬂn&tﬁ)&ﬁﬁrﬂﬁr peffogHed My the
present '&Vr%ngérﬁﬂgnleﬂgé lélqeélﬁ;vpxelﬁ%qsgyé ?@hedu B J gL'iC ehga lq,f byl I cto
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then t hetbetsduivbicl8hgerddsthie pasietitied bhecheasi bdy0RhHfGh EIRAGREOeh t he

posi tionagl f Tﬁu@er%%'e%%} 58 HAQECHAI R nd @ﬁscfaﬁgy't%rlégiﬁp gl 0 the next
c

occupi ed EQEItIOH usi ng uler 35 to contro Sal packet s
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met hod kapwh .as. RED m ear Ly, discard or be used in an
attenpt to aspsU%é;%t I%g QW%O SHor Y gel' eVl c%’n@?y%"é’%fﬁc esrffc’fﬁ°g)§

queue, iprowdssoverl eaded.alkb et Lok d&ﬁttﬂﬂo’is afdfetfwshuseﬁvlemlﬁﬁDerEbbeas RED
is typically used by one of the enqueuing. nmechanisns 19, 23, 27, 32, to

control the traffic through the correspondi ng queue 20, 24; 28, 34,
respectively. For the purposes of clarity, nmethod RED will be expl ai ned
with reference to the enqueui ng mechanism 19 and the queue 20.




At the end of a short period of tinme, known as an epoch, a queue |evel. of
'the queue 20 for the epoch is determ ned by the enqueui ng nechani s d’ai via
‘'step 41. Note that the queue |evel deternined could be an averagg ' YZUUI‘-
level for MeOEMI6h. In addition, the queue |evel deterni nedCauEB/laeot he
total level for the nenory resource of -which the queue 20 is a part. It is
then determned.if the queue level is abowve a m ninumthreshold) via step

42. |f the queue |evel is not above the mnimmthreshold, then a
conventional transmission fraction is set to one via step 43. Step 43 al so
sets a dis cti t e ze /394Gr7 5 14 NAY 200
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fraction. R¥FARETREES G0+ e:f@tgF yo “rtﬁ‘ié‘”fsnug“’f%‘"@%t‘feese?%f‘eé‘t’qupacket s
shoul d be Brogmsedrt tLlezghdafdearoibe & hetbakkhpraesppechs Shownf in tripareetienndnad in
step 42 that the queue |evel is above the mnimumthreshold;, then it is
next determ ned_whet }er. t he queue | evel far the epoch is above a maxi num
threshol d,” via 3% eg PELLEnSE Hh ELRPIIETENY Eraffd G2 085 ridei AtiHEhARshol d,
then the céavrepadketalmayr besrequsianté vadt i mrior sts eketurizeraf and the

convent i on@lasdi st dod,F 86442 580 Lﬂa Qessse%@y%&etfois | faet De Qusye | evel
is not above the Jma +rrumt %e{shol d "he conventional di scar fractl on

is set to PEBFobar t10al 33% 3¢ HEY, B%LP&C’H% P fPWPRET fPethoqeewibeh - A4 ded
by a nmaxi nEiPmapés%‘ll Bbre eqlqewnlgemedhaoxsmsam.eﬂaatﬂ/ehg 32t. 0 Benmengidwdnhgl i near
fnction Gﬁechhﬁiéﬁéeblﬁéeey@éﬁetw& stefy 4o Ihgsaoﬁbsp&amoger&%w@@'anﬁl ghprd

fraction is proportio to the fraction of I S occupi ed
or some ot eog ‘??near lc?:'fméln B fg, e&ﬁ&?éklte?/é 195Estep Waich hBRefore,
‘tHe converRAcsARlCnigmreissiToe ¢Yaseifivation absmisssn ¢ endesghedpbirigi onal to -

?ne m nus ﬁdgﬁtﬁcﬁl{b\lefﬁ IpQBﬁéradsll‘,‘?Cﬁrrodléé’da?fﬂ@B 1rE3:%s§Qfﬂéeﬁ 'agaaégxtésénﬁﬁg }%' On
raction e rd fraction._sef. in step or

then util ?ﬂs}le&;l?%r&tg ﬁ% %%?e%% E%E gte(r%an gfc ?r%lzsc%??d B%‘t?éf’% m‘iﬁhén’s?"ésp 137
Thus) wherf¥hd3 qdaeteaee| 2 5nd Bat o FbA 5 L 97U 7Rt 20k She |s¢he il rpazk aing
Wil be transee tdeadrdiy et hesiRBoHIRU i AgreFe CITANL S MskAita1h hangUenie2@nguri ng
the next gReGhn:aMies, tLhg weuﬁ%'qﬁms LS AROYE qnIBxl mﬁnbéhre?&‘o'{,ﬁ t%gfﬁ? all

packets wi.l| be discarded ueui ng mechani sm uring
epoch . or ERGOYESF %Eba&dd:?%é‘éﬁd:"&ﬁ ed\WFRI thhe gerearé FRS/8F- i s between the
m ni rrumthfeshol d and the maxi numthreshold, then the fraction of packets

di scarded by thﬁs‘%”&’é{ﬁl&&g i@ﬁm@g%ﬂ&‘é 4&9&1@}9@1 onal ztsoaw%s”@ﬁ“ on of
t he gqueue 2 i near function of the queue

ot her
| evel . Thus, e‘% erﬁl JIrjht € ﬁ%{?@“’r’é\?ef PALVINgherack e MPach iR B JSatket s
di scar ded. tth‘IWnSt?‘bnNa ZWOBM |3éat=re<§ne¢m-yeue pFrogérgedl tapdt e wi@hdescond

di scar ded morpaclearSheréihadt ecaUSAS &&ﬁeﬁ@'&eﬁhé Sressiies lsi@Qgic@)g igddid i onal
patket s fcggrgs packet s ch are selected for

r of .tinme. The i ndi vi dua
di scardi ng-ma Q%o'r%j%l °F dnToRT Y o5E REeFes c’rFL CERARYDY fegi‘e%%(?ﬁmph%'ket) t he
enqueui ng eﬁé&ﬁ%rﬁ%n% agdwsre&ﬁ 3?9746177 anlgrurW Qge)gaxemplary focus of the

present invention includes the scheduler 35 which controls the traffic to

ports B 36. For clarity, the function of schedulers is discussed with

regard to the scheduler 35 and the queue 34. Typically, the scheduler 35
is provided with information relating to each-pagkeﬁ in the queue 34. Thie
information may include the type of the packet, such as a real-time packet
for which time of transmission is important, or a data packet for which

the speed of tranemission is not important. Based on this information and
other information provided to it, the scheduler 35 determines each
individual packet in the queue 34 to be removed from the gueue and sent on
towards its destimation. For ekample, the scheduler 35 may include one or
more calendars, each ineluding a ‘number of positions, and a weighted fair
gueuing ring including another number of positions. The scheduler 35 may

place certain packets in the calendar and other packets in the ring. The
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random nunber is conpared to the conventional discard fraction. I

random nu 0{/54é7ess than or equal to the conventional disggffchdo@mkioon.
then the packet™I's dropped. OQtherw se, the packet is transmtted to the
queue 20. This process of discarding packets based on the transm ssion
fraction is continued until it is determned that the epoch has ended, via
'step 48. . Wien the epoch ends, nethod RED conmences again in step 41 to
determ ne the conventional transm ssion fraction for the next epoch and
drop packetchednleacebiatanes ancettatheampony erft toneltot eaeis PPattiom Lradre on

during th e S§ k&l sndd che wivecardledibasedeon the queue
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than dr oppithgoattiopackethe wisnterel HircReHidgeFing OF Jthey fchraliler ngd ki num -
queue | evedosiPesd QhMBHC @efhtblicsaswi duehidd rtingt drrs all apriey etitldrepceursividt bh
that does Jigl i L3181 Nl REDy LRAbobReich SMJCENpIdAT cOLIML Siiafypext

arri-ving ac résources are depl eted. Althoug t hod £y
RED i npr oxﬁé sepds Gherracken 18f tin@oshi BN A, raﬁ%}“aﬁ "sl”!ﬁ PP5+"r+°PheI%r i | |
readily regaldigfod Rat undectpivg, StHeuathanser tise skipet hodchmayekaidecupiatiequat el y
control i}?c{)sfﬂ;g ot hr ng% %x%%.hg %Bui]é}: ct:ﬁtfcﬁe 1 h @Gk ghBptpRREKE LS av g

.cells, roppe re t e queue becones f, the hosts tend to -
become syrdifr GRPSed4i rFrasfke SpR G&PYO%“%l"?el §‘“ﬁ§bt}%ul arly true for
nmoder ate or hi gher |evels of congestion of traffic in the switch 10. The
conventi onal Ur 2NsTLge @l difedel 120N 26, bBaseth en zIJéGdeﬁit%d sylracbloMevae,

t he queue IeveI not _be indicative of t] e of, the switch . F

exanpl e. l?éﬂen"‘l%velfllﬁef‘b\ﬁrﬁfé‘tni"#r]wﬁﬁf ryesﬁa]liﬁecou 5B fifet gr oW

| evel of tqwaa‘nrbsonaynberrarsvwft the b@mecphyewmmbwrmfr%@ee#@ﬂs passi ng through
the switch). However, a |ow queue | evel could aI so be due to a Iarge nunber

of discards in th revio ch bec use o f i r O

switch 10. If t’ﬁ%%gs\/*&ﬁst}% @eelel?%e doe oe§ Cof‘r é tga %ve ? l-rc;!'r easi ng
t he conventhxpngh theaseitichbsl®nthergbyi Bwprpying \Pelmeam M.I B‘%G‘Ft‘rc’rk 47\ AY
200e PCT/ Cﬁ&%oééelgwﬁm{ @Qrds@Ee 1hf pd e chDay, quenerhbaVvielowhsasl (REDt Oxandoingh

di scard fract Q%O a@g G2 L,é‘e%mo gggvb%”tag@&% LL %%%ﬁ'tgnaié‘&%t LR TRy be

undesi r abl € 0es ot tingur sh bet ween ese situations. As a

resul t, tHeemerdnEslieyanto MePPRC EETTRAY Sb‘éhl"i‘ﬁ:raeﬁ%"é’& wheFort O EderEehot  be.

When t hi s m@ués:; debeclaurtiay Jseaoire REDapiedhyd fRED| ksl .tyPheatlvansed i one

fraction vg,il |y %le ﬁgaﬁ%is@qet he queuegzl evteg c%i,}oldggé aasesen the
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discarded by the encqueuing mééhanism 19 during the next epoch or enqueued
to a discard queue. When the queue level is between the minimum threshold
and the maximum threshold, then the fraction of packets discarded by the
eﬁqueuing mechanism 19 is proportional to the fraction of the qﬁeuelzo
" that is occupied or some other linear function of the queue level. Thus,

the higher the queue 1e0e1, the highex the fraction of packets discarded.
In_addition{ a notification may be pfovided'to the sender of discarded

~" packets, which causes the ‘sender to suspend sending additional packets for

a'period of time,

The individual packets which are selected for discardiﬁg may also be

randomly selected. For example, for each packet, the enqueuing mechanism
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low traffic level, increasing the conventional transmission fraction is



w th the above discussion in mnd, it wll be understood by persons of
skili{ in the applicable arts that systens and. nmethods are n

‘vbetter control. traffic through a switch. The present inventfinWZéﬂ&s
such needsWOBLBMSTARY OF THE | NVENTI ON The present i nventi oRCHGB0/430
“met hods, apparatus and conputer readabl e nedia which enabl e control ling a
flow of a plurality of packets in a conplter network. The conputer network

includes a queue.. The methods an apparatus conprise determining a queue
| evel for the queue and determ ning an offered rate of the plurality of

packets tQuLhg, qyeLle. IIh&ﬂL@%ﬂéugq%v@p&%ra&moai M of0Mh g £R0LIG 11 N0 2

transmi ssion fraction of I ur a ackets to"the queue, gase
the queue lP’é%?"é’lsléﬁthFh€°’b‘f$‘tB‘P’é"t} Féit'@ml%‘i}%h%ﬁacfh%n t“‘laé{n’?m%é?ﬁr?aﬂ%ct i on

and the queusod @EBldc@enct  dé€E-hl A0 467wekh ME2D0RETECHR004H44 L0sulik ,
criticall yydarnededas; her Rl Qo%ﬂnggq)e el Seflugue deCYElully n&etbmem

Jeast a f| rst queue level a se queue ng £6°the
met hads, &PPRAraECHES afhe n‘Etﬂua RS BPeANedrdRIAY (fillek. Thi—)r“é@emlﬁsn%nt i on

provi. des FeatEitnSWELYf ehed RV ithgpgdn atnaaﬂquaieomexfﬂa&hpraea%iaset hemﬁfnor e,

oD henS o RRE|RlsRe Mk dsbetige SRR R IEIRLA cbRelh ARG RIRNE, M 1 |
a sinpli ff‘llé‘a Breye knay] ég‘F%ﬁﬂ 6113eds f9aidh T@eﬁﬂ#tclhnl%l t@@ﬁmﬂgeﬁs r‘r'@tmkllaFPgure
2 is a, sivephédn RaviblgogiedisagiAamand qreps@npryTaRs ea &eEMLH kepe Qeessqy usef ul

in a compyter, g%tmr% 2o qep@ﬁbéoﬁ,egf lw%al.%fa Pl 322 Swihtehd p certain

appl i cations. Ure 3 7s an alternative si npl BFOCKET agr &A% of a
sw t ch usé‘Fﬁ‘r"’Fkn“&i’E-‘oﬁbﬁtsé‘fltﬁ%t]\}aoﬁ‘kffel':?gure is a fI ow chart depicting .
gféx hod RED for controlling traffic through a switch. "k. Figure 5 is a flow

chart depicting,;gRiNQdaBlEsf Ore16qndhagl | deng dtBb Inforb NEQUAD P 2L 1Ga by
employees of International Business Machineé, Inc. of Armonk, New York.
This method is known as BLUE. Method BLUE takes into account not only
the queue level, but also the transmission rate and the offered rate. The
offered rate is the rate at which packets or cells are offered to the
énqueuing mechanism to be provided to the corrxesponding queue. As with

- method RED, method BLUE will be described using the enqueulng mechanlsm

19 and the queue 20. The queue level for the queue 20, the transmission

._ ,_ﬁ

fraction'provided to the gqueue 20 by the enqueuing'mEChanism 19 and
offered rate are determined for the epoch which just ended, via step 52.
The offered rate is the rate at which packets are provided to the
enqueuing mechanism 19. Thus, ;he offered rate could come from flows of -

traffic provided by one or more of the ports A 18.

It is then determined whether there is a packet loss or a queue
level greater than some threshold, via step 54. Either event indicates
that the discard fraction should be increased. If so, then the discard
fraction is incremented by a first constant amount that may be empirically
determined, via step 56. In step 56 the transmission fraction, which is
one minus the discard fraction, is decréased. If it is determined in step
54 that the discard fraction should not be increased, then it is
detefmined whether the discard fraction should be decreased, via step 58.
The discard fraction should be decreased if the queue level is low or the
offered rate is low. If the discard fraction should be decreased, then
this is accomplished by subtracting a second constant amount that may also
be empirically determineqd, vié step 60. The discard fraction determined
in step 56 or 60, if changed, or the old discard fraction is then used to

determine the fraction of packets to be transmitted to the queue 20 during
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d8ppocharacteristigs of :a method in accordance with the present” GB000441¢
Invention, for controlling traffic through a svvitcg such asg.in. Fi urg$A1
through 3. Fiagaeesa is a sinplified flow chart of &RYi*fABFemBn®Aty %2 he
nmet hod of Figure 7. Figure.9 is a viewsimlar to Figure 7 depi Jt nMAYZ[]Ul,.
characteristics of another nmethod in accogydance with the present invention.
Figure 10 is a sinplified flow chart of certain method steps useful in the
met hod of Figure 9. Figure 11 is a sinplified flow chart of an
i npl ementation of the nethod of Figure 9. Figure 12 is a viewsimlar to.
Figures ,7 ame feslegioshi nvga citep 2t erfPstiee S2oP2Xfitt HaY HretHiva™?3f atPHance
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Figures 15 aﬁ%ﬁ?l/g;.]mﬁeéﬁé'éﬁ%ht ?E‘wgg\g%h?r?ati c representation of a schedul er
present in the switches of Figures 1 thr h 3._..Flgur I f chart
of certain met hod&ssEs =e&BId FLI5, “oReT h"ﬁdgu%ﬁ %csc’énrt gﬁ%ﬁpg&fh§tﬁidsisié%enti on
and exer ci siimgrétementt keekukefhodf RED, e 2T PE10 3 FhE érﬁflllgnrgaﬁ FWF ENAFT of
certai n net hodt StmepodUBEEURaY Rakeek pdativel vadewst BHifc B ietFP BhS rAVEAFT on
and exer Ci Sifgst heraahe Hekedrmaficdtgunpreles oRDETARHLED DESCRYFTHREINCORITFER
| NVENTI ON Thn%tggg(sgg oL Mep! 8 drehiahahat Qs a3meeMents in the control. of
traffic in conputer nefworks. The followi ng description is presented to
enabl e. one of skill in the applicable arts to S vari ous
enbodi ments of t ResikivEmE & gf‘rd’ll”iisp?%\’f??eéaﬁ%ag‘ﬁ‘g?%%ﬁg e‘%F ch)flla pat ent
appl i cat i on =gdrithes ol W HEIEHETRS - \BIFT R Wit FEEPONs *to t e pref érred
enbodi nent s paighé loes-ieatlictyci@ppareusteh b A SRE |F-2FN 4% “5ind t he
generic pringhptas Heesiapuenraby agpiioddt coptisat BABTAPHE S “FR e he
present i nventLPnnkScHaoisderéergdad to be linted to the enbodi ments shown,
but is to be accorded the w dest scope consistent with the principles and

features described herei N, MOLC£§%0§§§Q LA EQTRE AL NetwihKgrdwypecal |y
ca

ooher me

contain queues, WRFER &y Be Togi cal_ <81 L Nen SaRE FREDEM
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in certain situations, In many networks RED fails to inprove network

per formance. For g?@?gg%teis an emerging Iaternet Engineering Task Foxce (IETE)

standard fey providing differentiated sexvices (see IETYT RFC 2475 and
related RFCs). DiffsServ is based on behaviour aggregate flows. &
behaviour aggregate flow Chn be viewed as a pipeline from cne edge of the
petwork to another edge of the network. Within each behaviour aggregate
flow, thexe could be hundrads of segsiene petwaer individual hosts,

Sexv is umconesrned with sessions within a behavicur
Inetead, DiffSexv is concerned with allecation of
Accoxrding to DiffSexv,

However, Dif:i
aggregate flow.
bandwidth between the bebaviouzr aggregats flows.
excess bandwidth is to be allocated fairly between behaviour aggregate
flows. Furthermore, DiffSexv provides criterxia, discussed below, fo;
measuring the level of service provided to each behaviour aggregate flow.

AMENDED SHEET



7 . 14 MAY B2 23555 FROM UK 1PLAW TO JAPAN-YAMATO LAB P.11/31
1 "1 WO 01/39467 13 14 NAY 200g PCTI GB00/ 04410 networks in which the

. swi t ches ha¥® M nBddfafedsf Wi fit'raffic amount of t S AT | L stT KR Be - ..
. 2BP2R0020 oscillations. Thus, such networks may carry only a veTy'gmﬁBDOO441o
anmpunt of trakf$wobd conparison to the capacity f oFewWRbedr 8¢ Febretwordks

wer e desi gned. The present invention provides nethods, apparatus aggkgzgya ,
bearing ,. instructions for controlling a flow of a plurality of p iZUU%
a conputer network. The conputer network includes a queue. The net hods,
apparatus and nmedi a conprise determning a queue |evel fox the queue and
determning an offered rate of. the plurality of packets to the queue..

They al so conprise controlling a transm ssion fraction of the plurality of

packets to the qu%gaegl %frﬁ‘?u A5 PreviANg foi ALl b 116 UH Lok RRSAGLON the

gueue | evel and t red rate hat ) S tion apd the
queue |evel SPEEFFPCH I"’ﬁ“ﬁ%ﬁpﬁ‘éﬁs ?t&te%el%]f%uéeor ?evé’| idégg%{e\g'\ger?vﬁ’{[} F‘gast a
first queue FERFEFesndEisaEdcHRIEPHTEWN & BET o he THT SRR LTI SHEEBRPIRF 137D
described in terns of particular systens and particul ar conponents. '
However, one of skill in the art will readily recognise‘that these nethods
and systenms will. operate effectively for other conponents in a conputer
network. The present invention wll also be described in the context of a
gueue. However, one of skill in the art. will readily recognise that the
present invention functions effectively when queues are |ogical queues
within a single nenory resource or when the queues are part of separate
. menory resources.. The present invention is also described in the context
~.of critical danmping of the system One of skill in the art will readily
recogni se, however, that the present invention generally operates over
epochs. Thus, the danping provided may not be instantaneous critical
danpi ng at each instant of operation. The present invention wll also be
di scussed in terns of packets and queues which are used prior to or after
perform ng specific operations. However) one of skill in the art wlll
readily realise that the nethods and systens operate effectively for other
pi eces of traffic, such as cells, other queues, and prior to or after

perform ng other operations. The present invention will also be discussed
in terns of controlling network flows by proactively discardi ng packets.
However, one of skill in the art will readily realise that the nmethods and

systens control the rate of packets arriving in a queue and that a signal.
sent to a source and dictating a fraction of. packets to be sent, with
others held at the source, would be effective. Therefore, control of a
transm ssi on WO 01/3967 14 ~ 4 MAY 200a PCTI GB00/ 0~410
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fraction is anal ogous control of a rate at which packets are offered, for
_exanpl e by one or nore sources. To nore particularly illustrate a method
and systemin accordance with the present invention; refer nowto Figure 7,
depi cting HROV¥AFodi ment. of . a method 90 in accordance wit RCTIGBOp/OesONt

i nvention. The nethod 90 can be used with the switch 10 shown,i,n Fiqure 1.
For the purposes of clarity, the method 0 will be expl ai ned M CMA%HBU on
with the queue 20 and enqueui ng nechani sm 19 depicted in Figure 3. However,
the nethod 90 can be used with other. queues) such as the queues 24. 28, .

34 The maidigsQ:6aedl 50 BecysAY Welha hhel, LRINGUIG MRENANSAB.  such as

t he enqueui ng, mechani sns prefer enbodi en *fet hod

90 is usedStn*% S§§7§t7e3rrPVna \ﬁl"?FYf‘I’FknﬁF‘H“ﬁF%ra&&éu&‘eawelq?aﬁtCaéf begetser nenory
resour ce. ddfiexeat, pimshi ong fpbew,emh&dgh\ea Fﬁ%.'frbﬂﬂtlQQ duR), bgiirgn Uedri N

anot her s;@tteg;ﬂ SNTATH o] u rrermr resou ce.
Referring Efe 7, %ﬁg%gugugu eve?l ESR%' &Fed oF *pri or epoch
are deter 155‘5“ |lae}§t"éﬁ“’9299¥?9aaepﬂ€f“ér rsg %dtms Tusme leoeds) evel is
det er m nechvatadedeqend Dévdilze NistuhEuiRotPPEPe ANdwl faded® 6LUGLrLfeat HTENDIY

resource. S d Iy eniNe Offered rate determned in
step 92 |§ﬂlfhgrattg€aﬁeg%fggeer% & ggF%q %%tﬁer%‘rdyo%esgufc 8tir $51§ lf‘?ﬂéfmpFFor

epoch. | n3® pr¥Per ¥&d sEfDIGi n@?ﬂ fl‘f"f?ef?%? &RSnpipssorre then icbangest badm pni or
epoch is dlowotietresuri Nevkl RospeRpsdb tha qRuadl feDalteeRdRILARNY, chdie

det er mi natje@pn@f e QUSUR . Igyong kDL, %}t}&{gw&d 90, ncl udes, det ar m ni ng the
in e

| evel of the queue 20 correspon g uew eﬁe‘cﬁgﬁf SHPEEC R so in

a pref er r 4o RSS 12 tar‘?épt?ﬁan?i‘ﬁ SRPYH VPF‘a?:tqronlﬂes ftongeantfagverriae epoch

47N thus GshetFendetwhati frodtatn amytidfmee iEEb A thea preys OUscRRRACHRe RiutS

" preferabl yadateeni edbithh p u5| 9L he et hod
90. The transn)fsa O'lﬁ.@ fracti g%%gﬁ%%igfﬁe%rc}%t ?%?E\eugﬁggﬁtﬁ% the” t FEREIHIEE on -

fraction aRd QUBEE IBORT=N EOh PE | 8| FIgahpe deBhEtisn Yangeaifficqirrbus

| evel s, . \ransfigpedso Ghre quewnoni Ssipped foaaed icdnthes faowd,r ohh e&eba’sﬁdaon the
queue | evalatﬁ:ﬂ:d Iidihﬁ.rﬂlB@#Hﬁtoi:'r@fétr)' @Q:erln{héb erlgtfh l.;:r@l% ﬁgpnpzdedn?eve’ls te

transmi smFQ‘,fcreaglt.l%g is also control based on the priof tfansm ssion
fraction pret or i & "EhbodrnETP, Bgtetﬁ o ChE ALYPES Admidtgetdmbahe
t ransni ssicBFP¥Fae thignosinseetaske Irevious fepocesiyedorelen bo frovidest et
dﬁSl red tlaan&mess:cmﬁnf Eti'ﬂ:t;-h&[b fﬁg&elcegtglg,al fﬂﬁ,ﬁ?éw @HPes?;gﬁés tﬁgg change in
the trans i c o.the transm ssion fraction for _ the previous
epoch. Thgbfir?gg ot{h%q%‘!e %ea\l/real S SVer Wh c?? \7\%?0’5‘3 tBedFPPers-14 MAY
200g 1' CT/-GB0O/ 04410 transnmission fraction is so controll ed coul d extend
over all possi blehaygbuehd eveisrv H(é&ﬁ%l@rh,eré Niedcpidee Eh.ed : eRDOdLOBIH i e

range ovegnWHeChr r ] 1S trolled. for crltlcal
danpi ng i s pet h’gl%n%:arﬁrgﬂn%s%gﬁe 1 evel Qgrea erﬁt Ha%‘l Sr AR 3P9Er 0 and

a maxi mum" E]geecﬁe‘:ha"lgéi}%lthleeg%e"dr legdarhreghedtien Wi He hausiamunrpdssidd eigesue

| evel . Thé&hrquahsthies skorprkr alitusontties néterk Usaini € di6€ Alsdnpatkehsnsa that
the switchaddiRetd:RRgh SidTRI Mgy ¥k %@%%eggau‘ggebégoans eac§| on fraction
can be usgd to d£ socalrﬁal et@ f}i?}@r %I’I ate .fraction of pac i &¢hi88 the
transmi ssfon fracton i -8 TEnEUETORTS t AE RIPEE aeheYiouei epgrepate

di scussed %\%Wemeheomﬁ%eard fraction is the fraction of packets to be

di scarded. In one enbodi ment) t he packets are di scarded random y. However,
in another enbg th di scarded based partially on the
priority of the&upamg%? o™ ﬁmé} ptEPEFTEY SRUGERRETR PRERTSLEFRIithat -axs a
packet ntﬁ%ﬁl%uaF%GOpmm\destfa Aedlity ceht isenvice. t eueehalieng ¥@shot hat t he

packet haaizkbeennéilsseardiedritﬁ&lé sty L BOSleCAILd CRRAANL) Y cgyspend
raction I's

traffic t tm?ee :LnB:.Pfgsl (As ed a the transmssio
controlle ste %Y o ﬁFoWTd'eR’E‘F |2€7%é1ndd‘a?116|tﬁ@ REGE) t HEvelso&m
descri bedswlﬁﬁérﬁr BerAviresd ionféyraparanetard tihep queee blaﬁﬂ\eﬂdthﬂ‘lla‘izeﬂé)lr Qita t he

traffic threegh zmbeaﬂ@euetezqsam PORIGLALE ort Besesth LNl L0, LooLANI gl Vo each
a stable ’%’3’ f€sc cause critjcal rovi ded, the trattic hrough

t he queue escrl Bed by W@ng‘ﬁéﬁg ?fe\?ege%’{dwt‘%é‘g?%’%m %]sqwohs a
fracti on, "eAf8Le d’fr the lampint of abifed £1¢ foe the Beldvibnnlagamedte dfow WABsh The

transm SSd:mséi anki O ce8UHS 6 dHRE Ll ki ' { tionship
bet ween t he treaansm ssigon fraction and t &q}i‘agﬁéep g%eﬁ%@gan$§h dJeegc}’l bed by

vari ous theorles135*?5??%%§af$ﬁeaﬁﬂeﬁbtW%W@FW%HH PHeedi bt abd vaxiet am olfe

t hought ofatascwartlblies. whiec hudestetdhe dhenst alnsodereherdweugs 20..Men the
queue |l evel increases, the discard rate should increase to prevent the
gqueue 20 from becomng filled. However, if the discard rate increases, the
gueue | evel shoul d decrease. Thus, the queue can be thought of as having a
p05|t|ve negatlve feedback Ioop, or relationship, betmeen the queue Ievel

o, - g = - - o, o -
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Qt) - Queue level T(t) - Rate that itens (e. g. packets) are offered to .
enqueui ng.. nmechanism T(t) - Transm ssion fraction - e.g.) Fra.f i of IU"{- ‘o
itens offered to enqueui ng mechanismtransmtted to queue g%@ '
whi ch it enWOMBTt put from queue Also .note that: D(t) - %&)“F( 0%% re: )
D(t) - the.discard fraction Further, note that Qt), I(t) and t) are
inherently non-negative and that T(t) has®val ues in the range [0,1]) The

rel ati onship between the tinme rate of change of the queue |level and the
transm ssion fraction is set by the properties of the queue 20. Simlarly,

t he rel at inRasikted cbequagnytdre séibcal driusactteomneehtd t Beed hat SITresd 19N abdseei On

S set by L0 (REODALLLSS r HOUENSL, dNElViaRS HAGLON J hASL PPed hIE! 0.0 8N
be virtual E/' any a_uan 'ty desired. reover, the transm ssion fraction can
vary as destvexk adhimistrhpeor to ubhlEpQirhggusshod 7Eor proyidinggagterent levels
PCT/ GBOO/ @4440~tikansm ssion fraction can be set to ensure that critical
danping is provided.. In a preferred enbodi nent, the transm ssion fraction
is chosen to be described by: . dT(t) /dt ~ .16 (t) * ( ~. - QT(t) -
Q Qrax) wher e: Eeptyhen zsingriperhod\RER [prnaetied cHdEona tdchedyder sugdiopstehst -
a const antscBAuIer! € EEXbEPFoPOES Bl n qUEMRekeMRlunt of work than can be
accomplished in a given time. In particular, if too many packets are
desired to be removed from the queue 34 in a particular amount of time,
the scheduler may be unable to cope with the traffic through the switch
10. For example, the scheduler 35 may be capable of ensuring that packets
removed from the queue 34 are forwarded toward their final destination, £
such as a target port, at a first rate. The first rate may be limited by a
variety of factors, such as the ability of the target port to accept
traffic. Methods RED'and BLUE may allow packets to be removed from the
gueue at a second rate. If the second rate is larger than the first rate,
then paékets begin to back up in the sgcheduler 35. For example, if the
~scheduler 35 includes a calendar and a weighted fair queuing ring, then
all of the pOSitions in the calendar and the weighted fair queuing ring
can eventually become oc¢upied. The packets will thus be stalled from
leaving the queue 34 until a position in the calendar or the weighted fair
gqueuing ring in the scheduler 35 becomes open. As a result, the latency
for packets travelling through the switch 10 will increase, traffic will

be slowed, and the switch 10 will not function as efficiently as desired.

- With the above discussion in mind, it wiil be understood by persons
of skill in the applicable arts that systems and methods are needed which
better control traffic through a switch. The present invention addresses

such needs.
SUMMARY OF THE INVENTION
The present invention provides methods, apparatus and computer

readable media which enable controlling a flow of a plurality of packets

in a computer network. The computer network includes a queue. The

methods and apparatus comprise determining a queue level for the queue and
determining an offered rate of the plurality of packets to the queue. The
methods and apparatus also comprise controlling a transmission fraction of
the plurality of packets to the queue, based on the queue level and thé

offered rate, so that the transmission fraction and the queue level are



Because there are no physical constraints inposed on the transm ssion

“fraction, other than it be between zero and one, ( and can be ﬁrbM)A%é{JJ
‘sel ected. As discussed above, the goal for the transm ssion fr ét [i’a

-

provi de crwoitaab4édanpi ng) all owi ng the systemto reach stabPCTGBIH4kEDI dl y
‘as possi ble. For ease of explanation of critical danping) it will be
assuned that the offered rate, 1(t), andlthe output rate, Qt), are
constant at equilibrium the. stable state. 1-lowever) the anal ysis holds
true even where I(t) and Qt) continue to vary, as is generally true of a

?gt }[,\?:rlé aﬁ%l%nh eal![%?&amg?& (tageheretig ?ﬁ.fl% g)ng.% I%e E}'ngueq']'.gﬁee.l | Vbeeltw Qttr espect

cha ransnlsS|on W T res ect

shoul d belgesbo aj fllcﬁtteqmepﬂleveflaﬁed an@eeticmuely aeeelar e const ant. I.n other

wor ds,
t) -

a~ equilibrium 0 - I(t)*T(t) - Ot) 0 =(t) * (.- T.(t) - Q’erax) I

Co | Ve, iLib
011 30467 16 T 2oppieiarse Ry metRie Segs R bide Boitn il e

clarlty,

akeeergs suyantipmtpravidesniheshanliepior yoyoyidgingopstramemisnioh as 0. 25.

It is decisdgskidhabnd, hen@@fbgy mdrraﬁﬂ:@xgoﬁa&l{e@stmthéﬁ tak! &%@dtéxﬂ nk B ORI N

“of stablllt Q~ and T = 5/8.

Li kewi se, g ?’@ngﬁb&gdb%& 85}%’55 ?%&gﬂ%gugq %ﬁlg'?‘t') Q ~ x/4 that T should be
equal” to one. Thus, at these two extrene equilibria: 0=~- G *5/8 - -1 and
0=~ - C(Bnmpl/ﬁs_&mw%emﬁmﬁdgns, t he nunerical val ues of a and ~

can.be determned to be 2 and 2. 25, respectively. Note that other
tolerances for Q@Q',ax and I/O can be nmade to have ot her nunerical val ues
of Cc and ~. Tﬁusurandlea:nsbapldéngi Flpeld daseah of ®guikétbusefmlcdndi tions
&M sone RSBPUGAL Qgts,,oaiaout the ranges in Whl ch the switch 10 |s desired to

oper at e. el
and transmi ssmn SFFaction sy s‘fem can

For sta b| | i tzyisthe nealy ebq_gr ox rragémorc\,frratrloxrfor 1d ne?‘yet’l{e | evel
rmneaaﬁy ¥a |n par

‘deri vat i v@FOCTRReS, vaafel it A WWBHF% f’&é%ﬂ Bed qarablsy of eﬁﬁqc§l°r{1a@’%ﬁ B * Q
~(dQ dt )/ switéh lin certbdd/ablicatis-(aT/at)/ rT K-(t)/ Q- a-*(t)

Figure 3 is an alternative simplified block diagram of a switch

‘useful in a computer network.

'Figure 4 iz a flow chartidepicting method RED for controiling
traffic through a switch, |

Figure 5 is a flow chart depicting method BLUE for controlling
traffic through a switch.

Figurels is a flow chart depicting_a DiffServ method for controlling
traffic through a switch.

Figure 7 is a simplified flow chart depicting certain
characteristics of a method in accordance Qith the present invention for
controlling traffic through a switch such as in Figures 1 through 3.

Figure 8 is a simplified fiow.chart of an implementation of the
method of Figure 7.

Figure_S is a view similar to Figure 7 depicting characteristics of
another method in accordance with Ehe present invention.

- Figure 10 is a simplified flow chart of certain method steps useful
in the method of Figure 9.

" Figure 11 is a simplified flow chart of an implementation of the
method of Figure 9.

Figure 12 is a view similar to Figures 7 and 9 depicting
characteristics of another method in accordance with the present
invention. '

Figure 13 is a simplified flow chart of an implementation of the
method of Figure 12.



The ei genval ues of the matri x have negative real parts. Thus, the .
trajectory for the systemdescribed by the queue |evel and tra ZUU ‘
fraction is stable. That is, the traffic through the switch 5’?{#@ ?‘R t
control | edVOPIB: apl e over a range of levels. Furthernorel 00/0441
~eigenval ues are equal precisely if (t) =1/Q"x, the condition for crltlcal
danmping. Fromdifferential equations thebty, critical danping is provided
when the square of the trace of the matrix for the systemis equal to four
mul tiplied by the determ' nant In ot her words: CL' * | C~(t) 4* K(t)*I/Qm-
or K(t) - 4*I1/ L , S bove
VO 01/ 39467 19 F(l%"M&Y 50 B‘@I’/l G%%%/f%%fé‘a%gg EH&:(&)% , Hgm‘tglr?g’[’]%tgg% o
chosen totPég‘Eﬁ“?‘°ferfaFH"a"r‘FsFﬁSS| on fraction that will provide critical
danping in the mghtas 16 cinaMné clret be bRy Bdlem togettsi radat eingNeEdE £168i ng the
equat i ons n r L g critical
ampi ng. oShtgs o B PRTuiRl SR b 35 R i3RI 68 O BARKLELDD
assunpti ons abdteuFoid7GQa-simpddfied Oloy rdasy sfeAtkfeder Payded ?)SFPFhEseful
'.Er?n;sm ?Sl)iﬁntx‘fé’aﬁthdﬂ’loﬂrﬂghb&s QBes |1eV6| are: ) Qt + Dt) -

[ (t)*T(t) - O T(t ° t '" ~
- Q(t)/ Qrax) vm(eFtrlél‘rﬁDt 8 £ "??tlgfbea \(/?}a%zg]t &g%é I o‘%]estg’o %egs Ulale(ftu)'l
Tine for &R ”e‘melﬁtlégdc)’ﬁ@#ﬂ%r?%ldjr@a%éﬁ. _than or equal to 0.25 1(t)/Qt) is
| ess than or equghré Q9lib 4l BcliHrrde:[c trepocsEnuatidnobs 4 Reneddleat prenvhal e the

above congjti qv B(ggft} ureétQ And 4(1) are violated, the transm ssion
fraction can b angéed ased oni The queue | evel. Fox exanple, the

transm ssion frFaSP’FQ)r?OCa?] abélq’?a&éalft’oOSeCQ}'ﬁélWﬁh@ @teps ugegul dasmethasdso ey
25°. Si m hAardgtordandeivith (thlis )invehfich dnd Bxbkdfigehg tdh@nsdhdinlbhefquepeream | |
begi nto fill more rapidly than desired. Consequently, the transm ssion

- fraction can be set to zero or sone snmall val ue when the queue reaches a

| evel at or nedf99remadi Hurm FIUEhaHs ofj airate reaBed SFeRF tUfshEh PhBetinse

anal ysi s wASaexphiahdee ¢iels SHiE n@véﬂabntm ekésriedng aihe) stidduleand Fhgure

. out put ratlF. O(t>, are constant at equilibrium the analysis for critical
danpi ng holds when I (t) and Q(t) are not constant at equilibrium Thus)
critical danping can still be provided, allow ng the transm ssion fraction

to rapi dl pERRGEIDERdREPTITINgR STHENTINVMESTIONRUE | evel and, therefore) the
offered rate and output rate. To nore clearly explain the nethod and system
in accordance vmth the. present invention) refer to Flgure B) whi.ch_depicts

a nore det ai | ed " EnBEEEREACVEI L B REE 1560 PR VEBTR o T T £PAFHcOf hr ough
a switch. tFafficl anidopputdre npeidrd. 100ewidllobmaddsestiibbion [ susresgnte@ to

enqueui ngeARONRABLS ref19s;aﬂd ihenqusha 1 201 athe ts,vmat;&ha;l@ uslhtiSe vhbEous
engueui ng me?anl 359 r?er or t he Jet hod 19 t he {ret hod 00
h

e} ﬁtext
coul d be Ged By RhSThEPS dRTETPRF et hdni oS- dF erﬁ%re foRgR®t queue
“evel s andPBFiceraeh Matcsts ToNDTOTFIRA6 TR ous modi fications o the preferved

embodiments will be readily apparent to those skilled in the art and the
generic principles herein hay be appliéd to other embodiments. Thus, the

_ present invention is not intended to be limited to the embodiments shown,
but is to be accorded the widest scope consistent with the principles and

features described herein.

Switches used in computer networks typically contain queues, which
may be logical gqueues part of the same memory resource or be separate.
memory resources, in which packets or smaller sized pieces of the péckets,
called cells, are temporarily placed. The enqueuing mechanisms which
pléce'the‘packets into queues may also have a mechanism for discarding
packets in order to control traffic through the switch and improve
operation of the network. For example, random early discard or detection
(RED), described above in the method of Figure ¢, discards certain packets
based on the queue level. Although RED functions in certain situations,

in many networks RED fails to improve network performance. For example,



r 1*PCT/ B ~~~1~~~~ to the enqueui ng mechanism z9 are referred to, the
~gueue |l evel being determ ned could be for an entire nenory resqurce and the'
"‘of fered rate . could be for the entire menory resource. The queigl A%ﬂ

of fered ratWo&@4det erni ned for the previous epoch, via ste&d’[@@Boonw]oqueue _
level is preferably determined relative to a m ni mum queue | evel, Quip) and
~a maxi num queue. level, Q"x, at the. end of the epoch. The transm ssion
fraction for the previous epoch is also available in step 102. Generally,

t he transm ssi on fraction w II have been determ ned using. the nmethod |00
and t hus WI|| rea ai |l able. However, the transm ssion fraction my
be determ ped rre 48t Y qﬁc}(‘e% Yoees e "I’tm°d§r?rheer?rd 1Y PR CWHERREr°% he
queue | evet:rafélabe\lé Qiilh, beyisabitagptd @4cilathons .. t Mbws t lsech rensorkss non

fraction i §a:§§rt oty NEery é(tﬁaalss.rﬁ'&nlo&- tgﬁﬂ.clgﬁ %B§r%uEgschtehégpa%lg}é 20

packet s V\AJE transmtte y the, en%lnew ng nmechanism 19 to the que
if the que %rl it spee InSW%‘?l‘Suﬁ?‘Fe PesigPefs determined that the queue |evel
is above Qm in step 104) then it is determ ned whether the queue |level is

above Q'~", Vi arsd gPesk@® idvencidle pgb'ﬁ.lé%sln?e\(:ﬁl:dé S gBQé‘%uQ and mLQJl{' 6>teh§:tn

transm ssipn fracti-on is set to zero, via st eg ensdr es
that all paYKEPETIRPF|IPe R TOAI ML $1ovt Pe 2R %Hiéverf chleqf@ Bgh If the
queue | evetoupmteeineherrkhel w EWputromeahonie it xdest Aefueul. Strep dekRolie

transm ssi Qparkacd bl redif tt%piéeedeée%lﬂagt acaleu@lam&lg £ol Ln@ gtf eLl£d
enmbodi nent the transm ﬁ?é raction is set using the equation |scussed

above. ThuSSTTREPTaRy
t he queue Tle&b'elalsmtbmrede rangredidnyransanssiseiof fasttien of row pheapieyicdus

SOpen, 2 Rlicascl b6 boaly ohs Wb gRGEfn ERLAACDE, LUGADERTISS Bllealggct  ON
(stop 1142 5 PR iﬁ ét}eﬁf“hd’%ﬁe%%fafﬁf“grﬁaf@ 50 PR HattPEnEr TSR T IGR Hacﬁ%t‘c‘két‘é ,
‘provi ded tehe Wuevfudeee128r¢ sragirdlly clamhed tifankerigshorieveacts oatwekheapacket s
are preferaddsy sandsfignedd scacdagdy i nedosd Gubdd 1xBENEr to what is used in.
Ceferring back Lo Flgure 5. the packets can also be di scarded based on
their priority. TFUPFIREPROFEerRiqOMEE] batdessrikedrinf eyl 9f semtidvdek to the
host s sendsywprenbendi soat cecrpaaigehsnts0 tiakvehe chesés skam tignmpey: aEl:'%ll
poch nas Eokufy ki Wt hendde bR AH AN G S, DEELINAT
whet hér a R*F CFeH &?"‘R°F‘Fr’ét%~|&§ BBPREET netweakoureewsz&t ~inveppipn2 gDl

PCT/ GBOO/ OEbObs idesex ibke Daltbel @intekr of 4 RRetd ANTBWSEONoAd 3ET 1G11VAS the

conpl et ed. 5 ibe r@pﬁq p@c%gﬂ?ée Qggpltﬁg eﬁl‘esgxt}ter}.ngggtgokrﬁunc%ny pues. If the

epoch has c%rrpl etceﬁ en step IS returned
transni ssi O FHAL ?’o‘ﬁ‘ec‘a‘ﬁ“eb‘éss%"te #%&ceilmeeaf YHERDT iy singt&rﬂﬁgo%éemrﬁed
90 or the ¢retvhonl the(rueRpefaarabint of ideperdte. dempiyngesmewes. orhy presentdesi red

range of quewarigyek Salso%%kdﬁed)fmtémescér&%@,oft ReidfRRSASIhON LRCtiON s
set to zer% QL on%h?defp dll ngnot o wél{lthe ueue level is determined to

be too highHor to P5t a1 & CAY aF BT Fon POBE s B Ha ket s
can be di &SGR inEPRIGAN gaserpbldedraatpeaYEY i 9Poghet Ghusheibe gamipdngty,
synchroni slﬂtdv@aecninaheﬁ:t:Sb§ angdtditabédifsf bEitlieal NRABYAS GR 4Lk aRNBcPELVeENt ed.
Because cr orda rovi ded t hods .90 and, 100, can ovi de
better st %ﬁ ”erhgresen emt glndnt erﬁ me'fch(% RETTSTRS lﬁefhﬂ'ﬁsgéo and

| 00 al so r%ﬁtewﬁlwﬁpﬂMh@r\ea\mqﬂ pricmabo rmat hbeeBEUEE Gméaaswecifid cal

darr}[)l EgleogHra‘didiﬁd rﬁceeaqueﬁlog, %lgﬂllfﬁf %ﬁé‘céﬂ:ofuiﬂl. %EM}er§h%g the .
SswmMitic a | net no rove enen
élﬁ Fneé'godls asn% Lysete d:eé'ﬁt gﬁv‘é:gvel %ornp her §:pecreisn%£n{r§f1$€]/t

'| n performance usi ngs W B8T s2E e

net wor k Wef'SHo®e|eetF i ﬁt%ﬁ‘ 6He‘ifsbot-'tq BREK tP | 91k 28%¢ 1 retforming defiber on, the
nﬁt wor kK Waspelrs Bating € drhai pfbs'izuf:f:lzﬁ'leﬁihbnt wahf bCss ubehdtmesecp%oxttmt ef y a
thirty per

‘pur posel y érzr%rmia%to eﬁﬁé%}é‘%ﬁ&{ﬂ QEL‘?%)’(D gg’e?t?(r‘%lf cﬁle“?icn@np ac’feeﬁts he’sc’t"'r‘a EARY @nﬁ\oul d
have to bet G?‘é’éa?—ﬁléd‘e 235 IWPI ltqﬁéd@»’pé‘f#ilﬁéﬁtthat themesHodEpnd | syshenked

appr oxi matddnyrot \Mﬁe t:}”&QHS@mgaf:ﬁ&@eﬁrric}ingpaﬁkﬁtq%eu@)’aﬂ eRb@lal s{ghi8 L&heAro
maxi mum queue I gve he next pa I scussed

previ ously, “aI' scar C'fata{‘ﬁgs tffaﬂ’f’tfﬁt%ﬁdlpaﬁlcecﬁfr §°v&gﬁeg‘?'aﬁ’é§heﬂ‘:@eﬁ‘? dedfded
sinply bec&ushke tqwerweue\ﬂldsbé WifecDivec dftdirafpdey dompbdi of iastuncesssiahl e
because these frames are di scarded when the queue is full. D scarding
packets by droptail destabilises the network and fails to act according to
the priority of packets. In the sane experinent, the present invention

di scarded no franmes by droptail. Thus, the present invention could take
into account the packets pr| or| ty when det erm ni ng V\het her or not to

Y o v o Y r I " o s m

R iahein Plsurs"étt‘fcﬂf 8?‘?]ﬁtéa1=° FRfptis§ebased on



percent. .As di scussed above, because critical danmping is provided) the S
met hods 90 and 100 shoul d al so reach equilibriumnore rapidly th nl} thA}chU(g]lﬁ '
BLUE . . , In another enbodinent (120) of the present invention illustrate

in Fi gure. WO WBM6gueue | evel and offered rate for the prior PEB&ERI0/AIE0
determned, via step 122. In a preferred enbodi nent) the queue level is
determ ned at the end of the previous epbth and is the |evel of the nenory
resource.. Also in a preferred enbodi nent, the offered rate determned in
step 122 is the total offered input to the nenory resource during the prior
epoch. In efe i t Sy, SSi ‘ j [l kOre epoch
S Tt R Lot Lo S R S R

det er ni nafrHPLET LY [FBeqRR FIOTP SR CEH t he met hod 120 incl udes deternining the
| evel of the queue 20 corresponding to the enqueui ng nmechanism 19. Also in
a preferred enpodi nerit. .the transm.ssi fraction. i t.an V. n
epoch and thugJEI ganﬁor}%ep%iértlecru %Iﬁlé'dl; u%%g{iané%ordl %Ié "tseﬂ’gg%?é\%i %ﬁf%rg%%%h) but
i s pref erdbtly thetrresppedinyentins, s¥efer »AY tReFigVEe dbuseppedng ey rt ual

][raxi rruhm qumih\eﬂ@loﬁf grmddhea. w%uiaa%%ﬁa&;qiehmfﬁcnedpmbﬂg.inv&:kula.oauleuer_hbevel
romthe prior och, .via step. . The vi-rtua Ximum gueue_l e . is
decr easedae ] ?F ﬁaé"B%t‘ésreﬁ% V]%é’ gﬁ%tswf‘_ﬁ%h i %?:%mggniéﬁglé?\gl{ést%c’dr. \é%]e-

vi rtual naxineges piegéariiun| the megbed 8 eviillype teyrdaimed Anrgoniedtipnywisd | ess
tEan or equglqubeeenmx&,raﬁaaxqug@e?éwks@qssa%@teuhﬂn thg:}é?]3degﬁﬁv8‘iréke,d that
~the switch,i t ngest.ed. ef IS, | co S

determ ni Erée ?ﬁggc’? ﬁgg g%éubg %?/‘%Im?é%gg%%eqhgugﬁr %él olacfn?#’]%tquggeﬁ ééé %Ehah a
maxi mum qd&ue The\egthpao jcanpriss Bt a1sed pighhethagopagueving meghandismp o gush
det er m I’l6dstdhebEn@iBlihg_ﬁ§trEHﬂ:hbﬁ;_féﬂfsezihQ7_ﬂL@Je 26 o blréﬁarr_BGCe_’t%S&ifdelﬁe, Vire ualh
max!| mum \Y} | useg I.n ter n r ssion_fracti.on, the
t r ansmi ssﬁgﬁn% rggti?soﬁs%%yi%g %yfltgﬁli;i-g%f%‘sg‘ﬁ%% %gérr%lrsy Te 88t 8% Jz-'al\lleai | abl e
for the q6&TRMSUCTS reRANYGE: tHRAEVERe NAERING PEFVARLEf thehBetasdoP Y fresokRidd. As
a result, dedéd Ag amdindensyvsteh M ghiQorgasiduens Hdieat scpasat s Teadyf Fagdixaa .can
be set smaller than the transm ssion fraction otherw se would be.
Consequently, the switch 10 is better able_to cope with situations of high
traffic. The tR&FXTFIESi bh FlpYEa iTonthss Teden LEBT PAF| ¥ffeped edterf hEPueue

| evel ) theriudf epech matedatreomidg, virid sakp reexi nNinma. gueieerb@\eabodinieat st 126.

In a pref %ﬁé&dlmqis_”&é‘ée)mw@d ta'&%?errleﬁéi&_r‘tﬁé ?ﬁ%b@éhé'%p@étﬁ%&qrét tRLled so
that the s%étem descri bed b\?/ t he tr?ﬁsmsa on ract%on an,degueue | evel ;

AP SCBE i Beragngesoukier dlan) On A 0roreitrs anoonmet, el StERFe N

queue | evektthdstboemedetemarepaa, issther fetadabffemtdnpamit to thepnefogyr ed
enbodi Mentesdftte dulr3RgNEIRS pehod BELA ONIA S Bk8f:GRAL &dokierbARased on the
prior trapsm ssi ononf r%‘:t,'._-%r},-- Th%-ran’%ero(;c ggeyse alleveAe%e'%’fJea V\:hls h tﬁg
transm ssioR T ERITHATPEES ETntPEI T 80" FT8 B3R “eBVEr Al 558814l e
queue | ev@han pptgupste ¢mbodimentf ckrhe debeAvddpriEan oLt Hre Aagitfe loevadr inhtksh t he
transm SSin@Ethlr a@t:i}rfé:llujiés @RBéEFnki RSl dherlels:vreht bt alhedauiigtiengo | BrbedpsRaing to

m ni nrum queue | evel greater t or., €eq t a = Imaxi pum queue

| evel | esgg%reng\d%%]lngt 0 qﬁae{lﬁ T E%nrra%'(lls(rér’u%gpaogg?%?ezrer%au%ﬁbggf"é%‘gl' ) &}llehe

t ransni sskE&PEME 881D AR IENS 85 (ROBFEIRLPYE T GRt FRAPetRS FhRR A0t Pre dgtietreineeyel
does not excegdtide dvirihg ahe Praviitts @pecte bavels prbfedapapEcssimedf schieon
is then u t 1,S.C ack S a { t:gh function is maintained,
via step %g%n %ﬁcejh%r g%g‘rrnpoglgl gé?scfhr g?:{tlil&o%h%:gﬁtgéé& uggéd to discard the
.appropriate fraction of packets because the transmission fraction is equal,
to one m nus t iRe dixaR8hisdiocACttaBion A €heSiC U6SERMD1ABD \&D) thdre tHe Scar d
fraction | 1.acti t iLScadf i t he
packet s akga&(f?‘ g?}a{%‘e E?%h%%ng {?/& %‘\?\e/evlg‘rrgf|a(r%ga€1%%tﬂgglgjnggﬁkge§?§ptq hg?:fbtaec ket s
are di scaPHetreBasIRYSpar tVi@ EyeR R4t héfsr HATERys e FErgsaek et catEolted a

pr ef er r edpesda0dh N quéehis Qairdl REGAOEna ipROK Eradticat eprnl A8pidfedrgl ovi des a
notificati . e ngdli host t hat .packet i ded. As a
result, t h@%ﬁ%&“&ar‘fﬁ e'?rrpaglr% 5‘?%%93 nsﬁlgaﬁte:%g;tlrgaﬁ(sleoc ctg %élfcﬁgg&;\'/ﬁqts gﬁaorfo.ggii gure
1.0 is a fPoiprcharesdepien ifAgcbionr ef BY perrefebbed mohpdrenh, fdeRoY 130 for

det er m ni Bghdulgtys I YAANGRNhMHE QUankhibEMR FiictSbapsihed e bbevidrkhesbch20

of Fzgure,9.1ln a preferred _enbodinent, the nethqd 130 fox updating.the
Virtual miiTRIR U REOT AT CoF eSAPTh CRRPTAC KA AFPEF I LR GpHRI PG ITHA™

t ransm ssawd sddacthiecophanmgs tioptie? 6 rafsmi beiame fhaet ivR0to Ry efmapnpm tsdofi gur e
10, it isedeterAl f8d cnbelRfk othepareueTheYBhgl SedhRAILh efd1AN Py GHYAL ch@ @
threshold, via step 132. The threshold is preferably a Exaction of the

maxi num queue | evel. The fraction could be anywhere between zero and 1, but
is preferably between h and 32/32. Preferably, the threshold is 31/32 of

t he maxi num possi bl e queue | evel. however, Other fractions of the maxi num

L T N A | o A N A A -— S\ ~

=



24 where: / / .1 14 NMAY 200g PCT/ GB00O/ 04410 Mt) - Miltiplier calcul ated.
;for t'he previous epoch a ~ - A positive constant |ess than one, 4an
preferably 31/32 b = A positive constant greater than or equal Jalf (MAY 2094
| ess than OHROVIMET preferably 1/4 Thus,. in a preferred enb®UTVGBIO/04410e
mul tiplier approaches a first quantlty, one in a preferred enbodi nent) when
it Is repeatedly determned in step 132 ttBat the queue | evel exceeds a
threshold. If the queue level is less than the threshold) then the
multiplier ~ is set, via step 136. In step 136, the rrultiplier S

f bl m C;f (=) CO ex O'V r a Q Vmeré:
P o 2L Yo SBer SR ChAG L WS WBRITLg cdld B v MLt o

| ess t han BifEe HHELpr efforatsry %HFSE‘“#"—“%@ RIPPLIMERE ¢ ghet aamgel evsr whash or
equal t 0 (fhe tyanemidsjrcteicabby ik/ SdhckbUSed ifdr acit eéar Be\dpﬁﬁbi)@llﬂ”éﬁwéen the

| t | m v t a zZe a
P by raARLAALRES SyPCRRA QB L) BATPLY PR, gD il

. repeat edl y determned I n ueue
t hr eshol d. 1eMetsless: epearay tan’éi‘%eh%le‘taéﬁ'm‘mémﬁﬁéﬂmqupl lewelphiTe i s an

exponent i atdaysmidsdbheflaaveimage tQﬂcentthidpEB}H:&HSrWhékéﬂsl 86 Sth‘éﬁththe\?ﬁw%ﬁr
limit of opg, e i.nst of,.repeat ed congestion en the
queue IeveI s %t*ga'%a[%@i%d er: ﬁfn%t%he T§r 6% gs?f'of" 81t°ﬁe§?ﬁﬂtf? 1528 i | |
exponent i atdef 'é‘brfﬁéﬁ%’ﬁi &he |apsfonrahm frprefay ablgacbﬁfes behaysecbigest i on i s

r epeat ed| ytz&ﬁ@in:[kﬂipnvmlaticﬂelﬂ%El |tV Bhe infinheR@At @HMrhOMRIcillan Lhe

t hreshol d, e penential | roach a second val ue,

pr ef er abl ydlosﬁgs{ug# %L&lleh Ehe d %)&bg tlo%aip%éﬁl{)%m%m\? ?ELP&F Rl iCRURS queue
| evel , is YSCPHRE-asTH GPF cﬁm§°dil"ﬁnFns‘?th&nE%‘§<ec§P Frepehgeedded clandémioongest i on,
fh®n t he (Hroeeed s inegeahed leybdriment | hoet fuaehslde diRavied vakedphielally

capaC| ty '&n the prlgaé:LMXf Z,;Q@ Iga \QQtOJ‘llégé}q?n l.:a)CTéeQBO?/é)ll ch.m2r51tt ?.sgaar J.ngs
the physi cag fer capacity, designated as QD
a packet in step 96 also provides a notification to the sendlng host

that the packet has been discarded. As a result, the host can temporarily
suspend traffic to the switch 10.

As discussed above, the transmission fraction is .controlled in step
94 to provide critical damping for the system described by the
transmission fraction and the queue level. This allows the traffic
through the queue 20 and, therefore, the switch 10 to rapidly reach a
stable state. Because critical démping is provided, the traffic through
the queue 20, as described by the queue level and the transmission
fraction, should reach the stable state in a minimal amount of time. The
transmission fraction required for critical damping and the relationship
between the transmission fraction and the queué level can be described by

various theories as follows.

The queue level and the discard rate can be thought of as variables
which describe the state of the queue 20. When the queue ievel increases,
the discard rate should increase to prevent the queue 20 from becoming
filled. However, if the discard rate increases, the queue level should

~decrease. Thus, the queue can be thought of as having a positive-negative
feedback loop, or relationship, between the queue level and the discard
rate. This relationship is what can cause oscillations in the |
conventional system. The present invention can be thought of as adding
friction to the discard rate so that the discard rate does not change as
rapidly with queue level as it does in conventional methods for
controlling traffic, such as RED. As a result, oscillations can be damped

or prevented.



of repeated congestions, when the queue level is repeatedly abogelr t'@?f\énglt -
threshold, the virtual buffer capacity is one-half of the physica P
capacity, . Orgg’~/2' Those of ordinary skill in the art w IdcHeBsoaasate ' '
that some™MdU&%n other than ~ m ght al so suffice for the definition of
virtual buffer capacity during instances.of repeated congestion. In some
flow control algorithns as descri bed above, the anmount of data enqueued in
a buffer is expressed as a fraction of nmaxi mum buffer capacity, Qmx. Thus,
Q' ~x appears as a denominator in sone expressions, for exanple as the queue
level Qt) di vindedrbven® imventidratcansal@o BerxexpThinadeying sgepiliryiorosy-
virtual huffer cgpacity.is. th f i Mal t,QcHsL thah tHweagssEiai ty

2% Mk QY Qﬁ%?vﬁ’a%%f‘s’?l P Tt %%éggg?ﬁ%§%§§t§35 1glk,of %l congestion. when M
is 3, or mwearis ised.t Whecysuesieed oAMPE dtFCriReLUFAPY B HRE TG ~x. In
instances, Qf , r aReakesk-LAC calid, €E@ Tl owggesdtieon, Thehent Mt satmdsothangarty
one, the expressi,on 2*M "ax. | i * - lreghbufdtax/#e Thus, .
“nul tipl yi"l‘FgQ'Ph‘éh- dr&nR atf(?%epngng?t foffag%%gg O%S&%ﬁaor}otﬁ nes, the mul tiplier
M has t hectefsgectn che corparlavglQritd gesRectus? HUF 1T SLEFRSYL Y2 or virtual

maxi MUM QUEKEmt S348h. rddk ahitipbalédny whé BfFetdd rsve imdhusodel sytputheatghove
‘definition and use of the, multinplier has epusgm r ake 9 & alelise
the cal cufBsi oFPDIEPERES d’?gl&drreap??tag i%:%gi %’s'i%gt’g%ces g?élsgsé%cgn esti on,
up to ei ghitet ot ove cboitpIst intm.inMHOCW@%F?%WlﬁYﬁﬁPenﬁ?F@nfér‘%lﬁ a’%eg‘é in
the operafion,ef.@ ss¥htGR YRR, seMkatad Beostplgisaliases happen to have
traffic for one . t ' outgoing sink. Figure 11 is a nore detailed -
flowchart of a method 14.0 in accordance with the present invention for £
control ling tragfi)dden= & (REtTGP kT Olffé net hod 140 can be used with the
switch 10 shown in Figures 1 and 3. For the purposes of clarity, the nethod
140 will be explained in conjunction with the queue 20 and enqueui ng ,
mechani sn’f’}i?’fedepi cted in Figure 3. However, the method 140 can be used with
ot her queues and with other enqueui ng nechanisns. In a preferred

enbodi nent, theg(get hododd@ 1seased in a systemin which nultiple queues are
part of the sage menory. . 0 DYVRL t RO G RN E HoSehdiRuiy hod
140 from bei ngggté)ed i nx%tﬁo%ﬁ%r q%g@? eﬁolgﬁ\ﬁ%ﬁikz%qeach gueue has ad_qfepar ate
menory resource. The ouethé*i&Vel and offered rate for the previous epoch
are determ nedr(¥) a =St epanbéssilour ftmrtdone, the transm ssion fraction and
the WO 01/39467 26 1o~ VAX: 23008 of 1iP&dd G208/d¥4d Ceriubliigy mechdndbmt he
previ ous epoch are also preferably available in step 142 because thése
quantities were prefer éﬁ?%?mé%l"re@uﬁét"éﬁufor the previous epoch. .If, however,
the transm ssi ontfract Rare andwiight i tpimseprd GutPHe IFPRVAYSUS epoch are not

avai l abl e, these quantities are preferably determned in step 142. It is
then determned if the queue level is.greater than or equal to a m ninmum

t hr eshol d2188 #°5EeP®*F44. In a preferred. enmbodi ment, the niniuium threshol d
is one- .quarter of the maxi num queue level. If the queue |level is not
greater than opequal to_tfieym ni mumthreshold, the transm ssion fraction

is set to one (step 146). If the queue level is greater than the m ni num
threshold) then-it is determ ned whether the. queue |evel is above a

maxi num t Whes#rol d, via step 148. In a preferred enbodi nent, step 148

i ncl udes determ ni ng whet her the queue. |evel exceeds the virtual maxi num
queue level. If_ it is ter.nin ..t he queue |l evel is above the maxi num
t hreshol d, therP(ttbme Trgﬁgnéls?g?%g f}-rgg%ﬁnon is set at or near zero, via step
15A. If, however, it is determned that the queue level is not above the
maxi mum t hr eshgh@}nthemousithge tdie ) mut tH)phiadro (kdrateh énlprment by ponperddtivhe
gueue | evel , the prior__transm ssi f i oh,,1the offered rate and the

maxi num qﬁé‘aet}faé:vﬁl(%) {RE a&é‘ﬁgrﬁ%gggn{%%ac |'olr]1'i s deternmined, via step 152.
2n a preferred enbodi ment, the transm ssion fraction is given by: T(t + Dt)
= mi ni mum-l, maxgipeuet 148 ondiily) betwedhl tifd kihd/ take Xk c@andex pf* tifedmyeyer Feyed | -
2*Mt) *Qt), / ~ re; - .t | Liddeh-€ied b@Mid Queie\BioQUS
epoch u%ﬁh@%%?%ml&si?%ergﬁ%ic% ?%\ Eéegp?gpﬁéa%t%e:rrereeini ts I\%?e that in
the equat issmiiandyT( the Y@yt ichebim berpeste tha(ddscarh SAPEBorA +78nd M are

Si lfm' tfnecwﬁ/(kyxgmqghe&a%w&y ibt sddl 'ﬁﬁ il itrSprdperathdi t i n«mevw; tHeat the

mul tiplier t) appears twce i t he .equat.i of JTCL . t-e@ppears in
the term FERPEVRSELY/ FXILIR RSt icﬁrédbea%\r/ée‘?aq‘}%e‘{né? %%?tli@g ?%Algievi de

buf f er capmekbyedy thawrdanshirstianciescbion epeatay edf§es¥ibn. Tt At plier
Mt) also appears in the term2*Mt)*I(t)*Dt/ Qi ~. Here the nunber of bits
offered to the queue systemaver the tinme interval Dt is I(t)*Dt. This
anount is conpared to Qmax to result in a fraction I(t)*Dt/



WO 01/ 39467 ~ 4 MAY 2004 PCTI GB00O/ 04410 27 Qrex This fraction is then
‘multicplied by 2*Mt). Again, the affect is to divide buffer capacity by two
"Yin instances of, congestion. .. In a preferred enbodi ment, in. ﬂ)d{ EMA%;T 2@{]1,.h
the cal cul MQM3%67 the ' _ transmission fraction, the multi pOTAGBG0M4410
updated, via step 154. In a preferred enbodinment, the multiplier is updated
using the nethod 130 depicted in Figure 3@. Note, however, that nothing
prevents the multiplier frombeing updated in series with the transm ssion
fraction. Furthernore) nothing prevents the use of the nultiplier for the
current eRR%QS$P,§%'C Iatigg the transmssion fraction for the current
epoch. However THCBUFREIPRESAR b EeTrdtneRditec Y 5 idical fdamping is
transni ssikFAvidesbt | om 4 prefeped S@nbolidengurthel travidmt s endEf{RE6RAtLs anddsinng
the transricss Qikdh-@6dd 8P, Set in step 146, step 150 or step Z52, the
~enqueui ng mechani sm 19 proactively discards packets to maintain the
function of the switch 10, via step I56. It is determ ned whether the epoch
has ended, via &t@p/dd8S= kf(tr)ot(ag_t-h@nr@r)ep d/ggx)i s returned to. O herw se,
step 192 is repeated. The netho 120 and 140 are stable, allowing traffic
to be - controlled in the swtch 10. Furthernore, using the nmethod 12D or -
140, a hi@ﬁeﬁﬁbunt_of traffic can be accounted for using the virtual '
maxi mum queue | evel or the multiplier. Thus, a switch 10 utilising one
enbodi nent of the nethod 120 or |40 m ght acconmpbdate an oversubscription
of ei ght hundrdd (Sértet Pumhegnt Yhigh epyt BeHardced ¢amei t hout filling the queue
“or ,. . NENDry 4 esouw cg guenrauben highly oversubscribed. Furthernore; using
t he nethod 150)_ the transm ssion function and queue |evel are critically
Ganped, assuni%ﬁ t he" mal €9gAteBE i s al ready set or is otherw se considered
constant for tRR.purposre nakifed @oBEIIBGndaRPiA@1 Because the queue | evel
and transm ssion fraction are critically danped, the swtch 10 will reach
‘equilibriumas rapidly as possible. It is also contenplated that the
present invent ESA*PIOVREES TRt BHY Bl sssseraings Mmosed|dni tige a plurality
of pipes itrazsmoeNpot Grateiot)r ktherAGhdnast hReBetlicen! A580and REe COMPYLE! can
network i el 498%3f:1.,£88fe Q2§ Processor for a switch. The at [east one
processor has' a queue. The plurality of pipes utilises the queue for
transmtting traffic through the switch. The nethod and system conprise
al | owi ng a m nidsudidduened mboae Mk ngoall f t@wthe transrission easticafl if he
pluralitypebvidepesidindl At g Niad Yo e ng exlgls for, the
queue. Thgagghgpgsand sgf?%nﬁ%kso co%g??gé§§s§§”€¥%%%§@f%7§5§t? as _

00~ possl e,

PR For ease of" explanation of critical damping, it will

be agsumed that the offered rate, I(t), and the output rate, O(t), are
constant at equilibrium, the stable state. However, the analysis holds

true even where I(t) and O(t) continue to vary, as is generally true of a
network. '

At equilibrium, the rate of change of the queue level with respect
to time and the rate of change of the transmission with respect to time

should be zerxro if the output :até and offered rate are constant. In other
worde, at equilibrium:

I{t)*T(t) - O(t) _,
(E)*( - T(t) - Q/Cumy)

0
0

L]

I(t) = I
' = comstant

o{t) = o
= comnstant

Consequently, at equilibrium,



" PCT/GO 4 1 linearly increasing a flow for a pipe of the plurality of pipes
.+ based on the mninmumflow or the maxi mumflow if excess bandw d hf IASA 2004 oo
and if the flow for the pipe of the plurality of pipes is Ifi) /z&%mfxﬁe '
maxi num f 1 W8 BG4 he pi pe. The nethod and system al so conpri 1
exponential |y decreasing the flow for the pipe of the plurality of pipes
based on the mininumflow . or the maxintm flow if excess bandwi dth does

not exist and the flowis greater than the mninmumflow for the pipe. Thus
the traffic through the queue is stable. The present invention now w |l be
describedq n terng/,of such pipes through, or flows provided to, a queue.
However,.one of skill in the art will readily realise that the pipes could -
be behavi @urTaggﬁegalQéQuH aws of different or the sane class or any offered .
rate into a particular conponent which utilises a queue for storage. To !

nore particularly illustrate the netho nd.system jn accordan ith the
present invent ii6h; SPEFEY ﬁ‘%ﬁ? tac?sf'—‘f"autrhggl , mﬁré%mﬁ%“t’ &)gd;ﬁn%as gnggafcter%m 0! E'1a
met hod 16@si o 2¥ccoftdancieqided thas Phresartmumnyatie; of. I/Phehaetdfodiirged cen be

used withehBegosnsih Ot kOarsiowp i 1Fs gukesnils ayel x3eidhys rebbiesehada 6Q can

be carried gut .in a swtch 10 havin ltiple bla 7, d 9. and

mul ti pl e 86% s“%ﬁ"%a?Chl%llgdée?‘,“%& 3 %Tfeifogi‘?’hé’rpg K0S &2 %ﬁ%%‘ﬁtﬁ% the

met hod | 66heild bbeeawapl i ed. | Thugorjtutbedeofive Litrene egyelEbxizg and

enqueui ng mechanism |9 depicted in Figure 3~ However, the nmethod 160 can be
used with other. queues, such as the queues 22,.28, 34. The nethod 160. can:
al so be ufed wit B ot Ket5&hqlietiShg mechani sms. such as the enqueui ng.

mechani sy 23, %\E,' 3% 1ln, preferred enmbodinent,’ the method 160 is used g
in a systemin ich. nmultiple queues are part of the same nenory resource. ’ .
_However, nothing prevents the nmethod 160 from bei ng used in another .system
in which eaeh tpeesienRampiicaepaial RuiBiiBLy vatsedibtea Reherf icag Heodbigiinea 3

and 12, t i nj a ' ' ws Lpe {4l iC-t 0 L he
ueue. 20 S5e0% 2 THTIZE, FUSLRNTEAONS abOL feP SRl ilRMledd BpL kD e
18 to theIdogueaubagnadectamiage dtder| mrericadf ealwsd efitb@indefit , Thhe papés of

interest aLg NEeRBVIQULAAB%E03E obh LW i USnaflieRs 1ha BoRS &l-aliptisglts the
m ni nrum and nmaxi nrum bandw dt h for "behavj our $§q{?§9at flows of interest.
e

Fur t her npPBOU T8 STRTFEF T hERhThiTtEnTF6%s"f o PTD&S SRHIRE  be | ess than
or equal to the service rate) S, of the shared queue processor. This is

because flows abe gehiined, agnd ifihagt RPrHlinkbfod AhediaFBeMndubiafibias
whi ch t he eue 20, can s%rvrce. m.f | ow Pe can be.zero.

The m ni .for . a pi
Typi cal | y2¢hE2GiBIREISD HISTE" SYSEER KR A B AT Y BT BT FCHIG 04410 29
defi ned séevivEireg e, Thwo the enadriwmhdnb tdescEirafetPO syghe®UtSout itens from
the queue. In a preferred enbodinent, the sumof the m:nimumflow rates is
| ess than one=half of the service rate, S., Also in a preferred enbodi nent)

the maxi mim $¥/8 { 6f ®ach pi pe* {9/FEs *Than or equal toCthe servide rate.
Al 't hough in a preferred enbodi nent the maxifrum nunber of pipes serviced

bythe queu i ss than o |, .o 1024, there is po,real uppef, J,imt
. on the %uﬁ%%fr%t&? ;Lpi%pes cont r%ﬁﬁggg/ I”"‘rill addi tion, each gi f)tre)/g:f“i‘eréB t(rée{ffi C.
to the queue 20 at an offered rate, 1;(t), where i denotes the ith pipe.
Dependi ng on ditht ed Rehvi AR06S tHROME Ak KR héqftive ray perth.oppad, e
-transm ss"k:on.fracti n for thg [ iﬁ' b qledet D& R A6 | Qn.ofsdssaffic
fromthe |rajepc|tf)’5y Tc h? ssyfsr%r?lsdﬁlsgjf e%dtb the (ﬁlueeﬁe 1§-l %iust' the -
i nst ant an&&RGEEHonhiRy scable ¢ ABAt "is, Phg&TRflict thyough)the pwigch ‘cpnsthps bey )
] In a |tor e??ﬁﬂ’cﬂdef{ﬁwgi&nﬁ?ﬁlet&’iﬁrnﬁtfﬁge1:&016~&El.sa| f@itzmgudsﬂa_,t hae t_Ef pi pelst
aving traf Qwi_n rou . e_at,l eas L [ WS 4
is determ:n%écf’%v?ﬁel?%eafet aqu%zj%lf%iiamsf g%’ces?%andﬁ?ﬁﬁéavgoﬁa' e, V%%S(t ep
i 64. | n adpreimgrr BePreAbbtintohtal egudidonp @Ryt IFTEEL PR YR T AT OV oK st
i f the quetén |uhéesqiasel HERASEAGe S el mutaipl Rircthedy@bodiaTeat)l escoss
bandwi dt h_js_deternin tp.exist in ep..164 if. the queue 20 is enpty or if
t he queuemrgﬁlléﬂqaf%!?yt %geqﬁéﬁ"ém nlké ?é‘cgtehaesri ‘ﬁ?fdaThus, step 164 preferably
i ncl udes determ ning a queue | evel and conparing the queue level to a
et er i ned not Fo'ef & i theulentoredel s not el ther zeroor
decreasi ng. However, nothi ng*pf@wentss®t he use of another criteria for
det er mi ni ng whet her excess. ba=ndwin$1)h/Qexif§;,s nd LsbdndtSolSt-RE Ned.i N step
Z64 that excess bandwi dth exists, then the flows for the pipes are
increased linearly, via step 166. Preferably, step 166 is acconplished by
linearly increasing the transm ssion fraction for each of the pipes. The
| i near increase for a pipe can be based on the m ninmumflow, the maximum
flow, or a weight. Thus, the |inear increarsve for a pipe can be based on the



1 14 MAY 200 PCTI GBOO/ 04410 Preferably, step 168 is acconplished by

. exponentially decreasing the transm ssion fraction for each .Pil}pm yi .
‘exponenti al decrease for a pipe can be based on the m ninmum A B@"&
maxi mum f | Q. 01739¢€7, t he exponenti al decrease. for a pi pe carChaBlasedoon

t he pipes.mninmumflow only) the maxi nrumflow.only, or sone conbi nation of
the m ni nrum and maxi num fl ows. However, i®n a preferred enbodi nent, the
exponenti al decrease for the pipe is based on the m ninumflow for the

pi pe. Because the decrease is exponential in nature, the decrease is also
based on the current flow,,or transm ssion fraction, for. the pipe. Because
the met hod™%0 Ji At} edsa8 A 6o e FROsER oy TSRk A8 R dS AR RS I @ SActidnal | v,
the net hodhd6Grigeneratidy @msivas didahgt he thé afaflhﬁs tﬂmOMﬁh:hptlﬁte%gE@em tige.
queue .20 { y a ach st abi :

i ncrease c%irggh%clar gg?eﬂ gguen ?%lql §p{m5,_\9,\%1 e q%guér%mh% & é‘xlé’é%%twn .
Jbandwi dt h 3T §f’5mq°t't‘}ntgs°t=éae#e@amvtmawhq Provided |fpri thr saseclag ol ong

as excess Foandwimglé), exiisg Shetdrenmydilohs exposefdd alby, Serreasahedbgden the
| ack of e h il ban h be ones avai |l abl e.
)&QgéﬁbQQWtﬂte trattgfftésﬁﬁ%ﬁém Sgéﬁ% dt0 < AR,

Thi s behavi our repeat. |n other wor S otlithe pi pes can
settle into a steady cyclic state known as a I|mt cycle Thus, regardl ess
of 'the state imwhiar)the traf i ¢xidhrough-the)pkpes conmences; the system
will nove towakd,s he cyglic b i s t apl may not be
achieved with gﬂgt%\?)coﬁb?h@tl o(r?tpg: ?%{:Qf“éagészééndgd&:tge @gtg%tl’dr exanpl e,
an exponential increase and a |linear decrease or an exponential increase
and an expbesnti al decrease may not produce stable behaviour. Furthernore,
fh\e increase and decrease in the flow for each pipe wll depend upon the
m ni mum or_ maxi mum fl ow for _the pipe and the previous flow for the pipe.
Thus, di f PErent pf P%s IoTRRy2hRPEVERT FRIGHA IR PePE DR DWW, , or servi ce.
Consequent | y, theTimst fiod ah6€paean not only produce stable behavi. our, but can
al so pr ovtgqle),@mtiffsr Btdal-ethsebyidfs) addoald ocate excess bandwidth fox the
gqueue 20 Eﬁ%){!oyt a neglwork adm_ni strator or other user nust do is set .
the m nimi dE et HGRE FRERCT 579UE? drrér s di fferently dependi ng upon the
| evel of service desired for the particular custoner. Thus, the nethod 160

can be used i nia &aferety &Eo@ﬂpkbﬁﬁhé%%uaﬁ%g @1§ez‘e tﬁlaeta.}égxgé(% ??:Ltr].%ns of
|

DffServ, I net rvice pr de5|r|n ro er ent
| evel s of lg%)r'\u&gg{toddtaﬁt)erent 8 g Bfa“fsﬁ‘? g?aé’ﬁt‘m?ré’ﬂflabe Thragesk

acconpl i shetrdheretie Byewt Roviing Fdve evdumleau ritentrareei saimnf fowtion bansee f or
the behavieds tagnes egat endd O¥G., iheesdIThen®S 35, t@mﬂf&ﬂl ;. v@leﬁsﬂaé 8N ptiher

fl ows cor Qn gt t t ho VO
01/ 39467 E Gegi(’)’“/qgmgb J?Z’% @e%ur‘éllrii wgmlng rS} gl ere rpradly et&‘af‘lcg*‘\ﬁ%ﬁ%rt of

a met hod ??Feiqﬁe%@é’or H’é?tééa’v&"tlﬁst%effﬁcéééhtcainnlverﬂeitow fzero mrovdnl mgall

di f f er ent valued waen \theeguaniet fraches sWléwdl 10 Shavsr iaNmbliguh6gi1te, and 3.
Thus, the nethod 170 can be carried out in a switch 10 having miltiple

bl ades 7, 8 and 9. -s and multiple ports an each blade 7, 8 or 9. For the
purposes of cl&Fi FPeUERE ABYIFod> HPOuSH (the RPO¥R PANRLHELF MRS comeiadon with
t he queueagmang Wrgubhe rgfemdheatiesnT &9 , dapl ehedutputirgué £ 03¢), Hawever, the
met hod - 17eomanpeamadlmtbmpt Bﬁé d BN, fauebl@lsca& hsamgex?#%%ﬁé el 1

The net hogndlz)q ot her enqueul n ani sns,

t he enqueli ng nf‘g?‘rsc°2§tan§83t §E“l]11f‘?ré“'br e’l”é‘i‘sr efrEribatidreRing tcﬁé met hod
170 is usedtllnkg WS’E@!FFH alldvilod timel trispeeisgpion efraatompavtrapfidie sane
nmenory res&&ﬂinﬁtedaddo‘bﬁ&/&jes BOthE NGeRE BNGBE Saralec il Rod 140. T zelhelng, used
i n anot her ds%s i_n,_which each queue has a separate Menory resource.
,Furtherm)re CheP ietABE" 1 70 will be described in the context of pipes,
however, the nmethod 170 can be used for a variety of conponents, incI udi ng

behavi our aggr e@&t&eféﬁﬁtyv@}bﬁﬂn@ﬂé %PH&%LQ é’)sE@n? { TQéfe o@ﬁ&ﬁ‘&d
R 25" B ng

commences after fhe En ni mum and ‘maxi mum f for eac
control | B ave PESR-YE, *$35F EX4APPE By “ét'“ﬁ@t@ﬁﬂlﬁt%tdni“ﬂ‘f%tdfié‘t"dﬁd Const ant s
are conputepdinenteatha ofethire 1ph pes drasedllimgt tuammmamgraradsmhrrumd‘:l ows

for the pingsty anst \e@c};tzzloomme@g NacPBhed tn AusiRR YA knden shatishant
D~, are corrpué q_fl n st The const ant is u for
i ncr easi ng the ¥ oW"F‘ber 2B ?ertf‘i sydteh éLBussTé‘HsbequV\Fn%’PH#‘PQaF’P?haqlﬁe ¥onst ant

D is usepkrformexjhenesittioal 100 . daivesst, Nghé e thddWob ofoull BerePp&d iby @Sother
di scusseds RRLAYg hRcRaRIRT e he 5ons ta Ls D, are both
based on tx%g m o mum 7 ﬁ Pg&;‘%ﬂgﬁ,egﬁ% duglt‘ r men g;‘h{}frfgrrates
di fferent pipes can al so be provided. In such a [ case the constant G and
D, may al so be cal cul ated based on the wei ghts provided. once the constants
are determ ned, trafflc is allowed to flowthrough the p| pes to the queue

~ N - . A A I T .. o s o



1 ~ MAY 200 WO 0l /39467 33 Where: PCT/ GB00/ 04410 Dt = Length of an epoch
(time.since transnission fraction |ast cal cul at ed) Preferably e flow
units are set so that Dt and the maxi mum' possi bl e queue Iev W?
one. Thus WOlE36ANsNi ssion traction linearly decreases. FuPC'ﬁ/ the
transm ssion fraction will continue to linearly increase as |ong as excess
bandw dth continues to exist. |f excess ¥andwi dth did not exists in the
previ ous epoch (B was zero), then in step 18B the transm ssion fraction, T;
(t + Dt) for each pipe i is then set based on a previous transm ssion

fracti on {0t NG RlBEsg Helbbdusoh 19 A Hi¥RREE WOUSRS |AMLd AviN@epbpe: f:

(t). The transms IOn 3 ract| on en - excess bandw d not preV| ously
exi st is fetermings yould & B9x apj pptireppgmoxryTygsopree [%‘df'fl'(et PERSHRS, *tfe
transm ss¢N df pelGldrOhs @htife Hefpry F8semaieres that the transm ssion -
fraction and, therefore, the flow will exponentially decrease as |ong as
excess bandw dth continues not to exist. The constants C, and Ds are .
preferabl y basBe arment fievain #idonf fanedesateTRee deserminesds &9y £8e \RACYEVSF or t he

const ant Se&chan@ltdjscaﬁ & odi, Sﬂtéss;eéuéoale%\& 1w phefe@hBTE MeCeininkl Grenatdve to
-Referrlng back to Fi

usin thetra nfractio t in
step 188)% JHERTEY gb’ﬁggljﬁé’e?hr tﬂgh ST mﬁ ?ngégggvfghh%?‘eﬁtegﬁec%% r%étj)ped
during theaeppeth. vithe strepst@ionnfzachiat &or cthecRbodione meochatkedsar e
dropped basadapnd Qtnl;yelpriota he dehansilys St thiasdiood @raddionpia hﬂvél\/ni ch

they are rovmn S0 O the ty .0 each cket
enbodi ment®st A& ?HB’R%?S“S&P% “oppEd dr g%(ﬁ%’id Lh S TS %’éat SR davv??n% 6r the
epoch is H@mretw tyargend sefen g pactifnnery, bentertemmerq éf ot phIREEYt 0 Dbe. .
~transferrgehihased on the sane transm ssion fractions, via step 190. If t he! "_
epoch has finished, then the nethod repeats commencing with step 176.
Because the nethod 170 increases flows linearly and decreases flows
exponential |y, TE He FBehctetePuinednthetdas SienfiPens yeYe' tRerhVehoe 166 SheP
~provides ey of ddig Mtbenﬁ:fahtsﬁms{bus&atcheorrr&tshmh t80oneGaniensap eLashat
the traff] h PL the t

sl 359% sPLPSekO i aftEiekelk G2 3 eﬁaumsattdvb e

asyrrpt oti Caﬁ reac rom es can settle into
1 ~ MAY 2eenleu1m"tﬁchmvlﬁ>cfpl EBooTELg 13 3& Ehes RN 16\7%4 i€ 5tarE¥Eown as

alimt cyclie idhgernbga dhasshefqidue séwafleis nbahe chit he stemfifoikc gHemoingh
the pi. pesg%@gﬂﬁ%- whdlSe Y eqtmé '1e09yqst QHWedQStabL? s‘%)éﬁ'io% beﬂa\ewur

Furt her nore e I ncrease and decrease In waOl’ each

depend UpBHEYEh S YR In it ARV o Bt th‘T’hé?hﬁltb'ﬁméﬂ’chtlﬁE W‘B’hé’sfg tf’o?’“t"he

pi pe. Thusia @k exient Pipessrmy thavensdiréd ahentallepadleetef willobe Jdigraxdadyi ce.
Consequenj ¢ }bhetﬁfeﬂée&m 120 &ansp oduce stabl e behaviour, allocate excess

bandwi dth for the queue 20 fairly, and provide differentiated services) All
a network adm nistrator or other user nust do is set the m ni mum and

maxi mum f | ows foreheugteredsvell filseneiftbey RRISENSNTONFSAVE x| dber BT s§ep vi ce

desired foya theetm;shtmoar £ LAl GRES s thtt&antaheforfe&mcHQiae@mdae psed in a

variety of atio suc Diff Serv I net
service p?f)‘%og ‘g Et‘“i‘er?(’j ‘tH %?6%?%“@58 ieff%n loInef'/sél'sser'o n)é’rw ce 'g s
differ entdxﬂmeﬂ@raévoeﬁ f Ghudi fther Emnsmat;wn fragips Jsﬁcéeﬁpqqrsﬁ’@cflﬁfétel y by
al | ow ng &ih%ﬂn; NbABEA 8 CHEBS:SUETL EY&Y bﬁf&edseattef axd td’i:@.nhﬁl’b%\ibﬁ)lﬁ’raaggj’regat e
flovs, CUBlGBLS plA83C%palPdld. wOly QhNEe Lol 62TERSBOOM] Ntheikg P

pi pes |n 1f‘herm)re ecrease Int ow rate from
t he transhﬁ’%f“éﬁslfqﬂaéﬁ%nl setf 48( SeFPoaffr ' ATeAltndbE RIRECEHAFEs

descri bi ngrddsanstddorpiprariea Nsepprivipney the épesimpeechartibe 19 Bearhat
increase jn the flow .The area und eGur f digates the
bits per Jéecon “F1oW ofgpatcllfr%u r%g %%dpte'gl ?#:eoq%éﬁ“e‘:’]c gﬁeﬁ% .J?gx\i 'ﬁ% }?elaow through
a pi pe cabransgdspion fractiigned Weepackete pdich PrRRFPRLY i 1agdemy Sisardpfow®

t hrough aamlﬁﬁla;:r hissnet e Ghawis Qﬁecbaadwﬁehtﬂmﬂeﬁmmedm@s&a fa‘Bemd wiit®
‘regul at ed, re 14 depicts am)red d o}

embodi ment®% (ﬂegg J“S‘dr go f%?weﬁ'r%w d’egf P%Jﬁ}ée)\t%’tol g’f%\% s;er\?hg %%;ﬁ?%m
met hod 188lgw bf edidslayded dospdrant eeetrherilWérxtl divgcHegwires e nﬁét*‘e‘uCﬁéb@Vés I n

general , pth&pEbNPGAOWBIR b6 tdieS%&%edehﬁﬂﬂgl 8105 dﬁb&aﬂd&\aeﬁ&dlﬁﬂ§ Ed:l sriwsed
ecessar Yy

above to control the transm ssiaon C h| h.|evel

and ot her W%&°8EeLHR ﬁ%’?ﬂ%ﬁrﬁymsf“ﬁ?extadtc éﬁﬁe%’ S %“értlclger I&l scl 5S8d." The
met hod 18@etcamited nhethey tthet durrent tapech Chashgomplieedi girestep, 1nd 3IhisThus,
the met h%f%@ £A0LnRE 1 S b hdtdbmifi §M\ét.th@|i‘ 4 Qahayhngrntde phe Hbpsas 7,
a and 9 and nultiple ports on each bl ade 7, or 9. For the purposes of.
clarity, the method 180 will be explained in conj unction with the queue 20
and enqueui ng nmechani sm 19 depicted in Figure 3. However, the nethod 180
can be used with other queues, such as the queues



WD 01/ 39467 35 1 ~ MAY 200g PCT/ GBOO/ 04410 24) 28, 34. The net hod 180 can

. al so'be used wi th other enqueuing mechani sms, such as the enq B%I
‘mechani sms 23, 27, 32. In a preferred enbodi nent, the nmethod 7 mﬁﬁﬂﬂqn
‘a system VHO WAYBR467 rrul t | pl e queues are part of the same e MOFQYT/GBEU044 1E -
However,. nothing prevents the ' nmethod 180 from being used in anot her
systemin which each queue has a separatgi nenory resource. Furthernore, the
met hod 180 wi 11 be described in the context of pipes', however; the nethod
1BO can be used for a vari ety of conponents, including behaviour aggregate
flows, whj cnhcec ﬁres t,0 pré) 'ﬁ The nethod 180 preferably commences after
the mni rrum an rTlF’SV\% &R8; TRREPEESFER f 26k ghYRe cPﬁPleé'r&éh gt the

pi pes hasem@nhsetnot mmreSed,Lss;edn rateprmislcyntmhes smnthe égtennhdd mum f 1 ows
‘shoul d becd@asetdanneResdep! 10208 ictuph&f @ably I ess than half of the :
service rate for the queue 20. Also In a preferred enbodi nent. each of the
m ni mum and maxi numflows is |ess than the service rate. In a preferred
enbodi ment, théhwrunbhe tRnfhissgon raesion kan ber s@quar dr@csiat Yad@ng. [N a
pr ef erredu@maoehmehoa% wei gt nd i @bg SRR pm%eraﬁolgn&b%@&lt Sh &l Eey,d0ES

not affect behavr our he switch 10, As di scusse ove er orf erecf rate
to a queue Py 18 ﬂ?élrﬂ (rﬂ"-je °f MAYE HrYedd- by UERster PR P sAngA. Bt | on f or
t he pi pe, tﬂan(sm}ﬂsircn ratrion Girobbite téwo browe, Oderteheiny pe, wHethés tngonst ant s

fox | NCT Ciid01 ore1deE! QARSI [e0V6, hidbn &2 pl BEY A% 4Bh LI NG A3
on the nipi rrugfgf lows and) where used. 1 5 hts, vrfgo sfe ?éﬁal Ganpity

d)
Preferabl ¥, Alop t%°5’nst%?ﬁa“158rpafcﬁﬁ'r%§§’f*rfge f‘h%c 6‘3\/“(’}1°mléfnﬁr tblfTée@c?ﬁsi%ﬁﬂt f or
decr easi ntp traet férowhedx prd;rbr:a;ypr peacaxenicak tofl af absas feablVsrafriC to Ne
((fN~V\7 * gitenfici Ban B pritdie@d. Jsﬁcause l;héll.;l%f %&3 ve [ﬁq@fgd% gqual to

one, | 28L& errie enbodi nent P evi n)
. t 0
13.6 | %J PRE MR ) can ErWH&ee < te\‘ﬂﬁﬁfré’g‘%?"%he systgy theds -
kPCﬂV(HBOO/Tﬁﬁ&?Q RED. The methods 90 and 100 also reach equilibrium more rapidly
than method BLUE because crltlcal damplng is prov;ded Consequently,’

performance of a network using the switch 10 that ut;llse the method 920 or
100 is improved.

The improvement in performance using the method 90 or 100 can be:
seen experimentally. 2a network was modelled in which a bottleneck link
existed. In addition, the network was provided with sufficient traffic
such that approxlmately a thirty percent oversubscription was obtalned
Thus, the network was purposely managed so that approximately thirty
percent of the traffic would have to be. discarded. During the experlment,

\ method RED' dlscarded approxlmately two thousand frames, or packets, by
droptall (due to a maximum queue level, the next packet had to be
dropped) . As dlscu53ed previously, discarding frames by droptail occurs
when frames are discarded simply because the queue is full. Discarding by
droptall 1s undesirable becauge these frames are discarded when the queue
is full. Discarding packets by droptail destabilises the network and
fails to act according to the priority of packets,

In the same ekperiment, the present invention éiscarded no fremes by
droptail. Thus, the present invention could take into account the
packets' priority when determining whether or not to perform a discard.
Furthermore, the total number of frames transmitted by the present
invention was higher than that of method RED. Consequently, the methods
90 and 100 can better manage traffic in a network even where there is a
high oversubscription. In the embodiment here disclosed, the present

invention operates well for oversubscription of up to at least fifty
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entire menory resource ueue is a part wever, 1 n another
enbodi ment"ethef® 40 ctnd L&Y Shorth aﬁé°f’fﬂ5°§ ?%Ft‘%ﬂiu&u‘éﬂ’é B?Pﬂs‘l}t?qﬁbﬁé methpdy
pref err ed seobodi nent, the instantaneous excess bandwi dth signal, B, and the
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for a previous epoch. Thus the information required for the ensuing

cal cul ations | $nagaathel| enbodinent dR2Qr AF e MARSSMEr invesbien HaAUsKLRA e St S
for the queyere2, Mt@q&&ﬂp 14861 ahA Sefrel aatediaRRgligheBE , eficBPad6

| ol udes dRLenloh NG aNgL et s e RIS UL ENBL LRyl HECRES Ny 1o
However, not reven Usé of FAROTher Criterta f6r ermning :
whet her eﬁ@é%’@“lba At PR end of She| previgug rrgel |andels itdhe Hevsleasithy vemozer o,
then it i sedeiwem nedo tn 9pefle&6earatboemss handeisied exisigstreinesisse,
LS det gkl ned 1 DahCX688S PANAW digl does, rsem%ﬁsﬁtesourch 6§35, Ragaw dth
exists, then an instantansous excess b e, via
step 18B. PFiOHEPOCk hednt hPrehetemt Mﬂ@e@xcéw%aﬁmndfha%q@ﬁaton $heet to
zero, Vi apstiep epSck).isThEsd@BdeindhbaSirgBatp 1921 hem setalterfesi@mbodiment,

exponent | hLYauL ol doRY 06 LR JNSLAhaNRNSs haRdM A g anal . wia

step 1.92 erred e exp onen ted bandvm dt h.
signal i sd§éfm’c16“b6é the fevel pf )the gugue3do )°°*-’EeiH°}‘d‘+n33t€t the Btn)!“?‘B-?QV%ere '
- WO 011394 6écRehitm~1NAYARED iR(H @Bt a4 diliibdbhént;, Bbd traltiasd obhamdet tirh :
si gnal f 0l sCLUe 20k AR FEEhdon- aﬁécm @aarn%w Q&é&:ﬁiwgtf.ﬂy r&&ﬁy'a&se%ngepoch

B(t + Dt) = I nstantaneous excess gnal he current epoch -~
In paral | §PSVRERPHe eBpaxt PHY TF Pt"'ﬁfeeﬁaﬁélf ﬁﬁfaﬁ‘é‘d’ﬁg TJ"ar”rBW HAFtsPhride and t he
bandwi dt hpsegivak éppcgt.eps 186 through |92, the transnmission fraction for
the current epoch. is updated, via step 194. The transmi SSI on fraction is
set in step 19% sucth hat the mni n_]i_.l f1 g provi ded. each active
pi pe when possibl'e; FFPEAET 4581 1R 1 é%%@“ﬁr‘?)e“d&a Wé’)’(eéieé‘a”?%e
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with situations of high traffic.

&

The transmigsion fraction is then controlled based on the queue
level, the offered rate and the virtual maximum queue level, via step 126.
In a preferred embodiment, the transmission fraction is also controlled so

~ that the system described by the transmission fraction and queue level,
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benefits A4mping Aethrsgeen GOmamhun7gueun ldval ghichter ertah ate dqsr ‘tbCﬁ.&oCaﬁd be

provi ded iaNmaxshabdneudbnaen aégk %% a1 %néﬂmﬂfthec@a&iﬂﬁm Q:'o}a?ﬁﬁ%eg.\éﬁ' rly.
This is aq_on})llﬁ.{;e Wit h, m,ni he user, nere setfing the

t
m ni mum and" axi i Frons FoP= t 8°b’|°ﬁ‘e£ T"Eé rPEFﬁBBabES’OC%° edosphaged in
a vari ety '8¢ @spei tameilofess potlexgsed whactinbwdds magimgn PiddeSeevel . byhd nt er net

servi ce prteumﬂﬁrsslﬁke&&abmnt Os [HheN Idl-%dchd‘ hesant hbaveks & REM \Ehgesvlfl%h .
fTY f er ent £GHSE QUEE S, am ;ssn% beh #8 ag r ate flows or different nedia.
This is acconplished rarery by Al g th ﬁ?ﬂﬂ?ﬁséh‘a“ RO F3oRet 0 be

set for tﬁée%éﬁagﬁﬁﬁrda@‘gﬂr égm@rﬁ#méraqmenmﬁspem bedpaseadhiea, or ot her

f Ihovvs cor rteszrmrisf @sDgh tﬁQa&tl’heanpi.sp%‘i;}.th] thheneRihad tﬂ.gchlswbw ,fr%mokldomst haough
the pipe, s@sRidLSelns e i fer| ervi ce ere ted as desire
Furt her mor ey the rré(eb Vet Ef% d?g eas t; \V&H nagLsé g‘f' ?ﬁac% Hl? BAdicthere Pt s of
two of thé"‘ﬁ‘[ﬁﬁ?‘éddeé‘@r P‘B%G“‘H%‘i%ﬂ%r tBédﬁ‘G§@tst ree gligtsarded aamivimdgi on
fraction Gamews,usednother EbditedO thapadkadlibte (Alischi @Ckased, parti@l1y

01/ 39467 %Q the prlorlty of the packet. Also in a preferred embodiment, discarding
of a packet in step 128 also provides a notification to the sending host
that the packet has been discarded. As a result, the host can temporarily
suspend traffic to the switch 10.

Figure 10 is a flow chart depicting a preferred embodiment of a
method 130 fof determining the virtual maximum queue level in step 124 of
the method 120 of Figure 9. In a preferred embodiment, the method 130 for
updating the virtual maximum queue level is performed in parallel with
updating the transmission fraction in step 126 of the method 126.
Referring to Figure 10, it is determined whether the queue level is
greater than or equal to a threshold, via step 132. The threshold is
preferably a fraction of the maximum gueue level. The fraction could be
anywhere between zero and 1, but is preferably between ¥ and 31/32.
Preferably, the threshold is 31/32 of the maximum possible queue level.
However, other fractions of the maximum possible queue level could be
used, including 127/148, 7/8, 3/4 and 1/2. However, it should be noted
that the queue level may remain below the maximum possible queue level at
the cost of reduced throughput. If the queue level is greater than or
equal to the threshcld, then a multiplier is set, via step 134. In step
134, the multiplier is preferably set according to the function:

M(t + Dt) = minimum{ 1, a *M(t) + b }



1 ~ MAY 200 ~ PCT/ GB0OI 04410 congestion in an efficient rranner Use of the A
multiplier,.. which corresponds to a virtual naxi mum gqueue o
decreases as_ the q7 eue 20 ie repeatedly above a threshold, im%ﬂ%e
switch canWQP?Ast abl e over a wide range of subscripti ons -
enbodi ment, an ' oversubscription of up to eight hundred percent may be
accounted .for. Furthernore, since the gl¥bal transmission fraction is, in
a sense, critically danped, the system described by the queue | evel and

gl obal transmi ssion fraction will rapidly ,reach a stable state.

- Consequent)etf he nethod 1BO allows the desired transm ssion rates for .
equilibriumto be rapidly achieved. It is envisioned that in general) the
switch 10 will use the portion of the nmethod 1BO that corresponds to the-
net hod 160@nd < 7@ultipudertdadcplpas iy [thgepravabhs epech egul ated such that a
stable lingt cyelg ) ésl%qt}rfeee%qtawlasprﬂ LT &R AP ok FBRlbyy g 36! ow t hrough

a pipe wll increase unti ueue level is no. l'gnger decre;asr ng and
will decrédase unt Pl P?%‘HE&?QSF%%WF%“%EF%?F@‘ZW ?r 3. “1% 'i's bel i eved
that this will belebe thaoroml, andiprefexsgpdyatfson. However, in critical
cases, for exanple because :several pipes suddenly becane active and desire
their.mninmumflows or the queue_|evel exceed a threshold, anot

net hodol ogy may*¥&ecoi® %tc?’f‘%érr%f“@?‘imﬁ“é the '@115581rletrr ARRFRAS: Ff)na first
fraction o:amnbbtyut bhestd & preferded emsutimetnthawhedeltyuisuseRitdobs deseriiasdne
full. Wenfhe crishi Gale cA0G YR GAkh Veslde@BSid Qh¥esrhat € has been account ed
for) the transmssion fractions which result in the. stable limt cycle
wi |l again be used. Thus) a switch using the nethod 180 nay operate
effectively eveIf ahei decua drgel 0fs Sielbscthypt ithasthrdsbopbd esdrt the anltgplsier
al so Conteztgolééte %Lh%@épaagssyikegeeamtw COMPIhIe i 5Eid NG Folek@RMT set

fraction for a.flow for pipe of the plurality of pipes to be a m ni.mum of
the gl obal®3PaHIH F°f"r1'§ctf}”6?1:1&ﬁd a di fferentr al transnit fraction. The
differential transmt fraction can linearly increase the fl ow based an the
m ni mum f Lpw Qrpd)he maxiypumf lgow i f excess bandw dth exists and if the flow
for the pipe is less than the nmaxi rumfl ow set for the pipe. The
differential transmt fraction can al so exponentially decrease the flow for
t he pipe based:on the mninum flow or the.maxi numflow if excess bandw dth
does. not exist and the flowis greater than the mnimumflow set for the
pi pe. Thus raffi u table. [ e 1 hod and systemal so
conpri se co{ttt)roTI ?‘qng&;p pﬁa%sm &S g?tteo %retvmtx u;e’ue based on the :
transmit f¢actionapesifivei sinsgant %Hemhaer oRey éB‘i‘ttPrrGIfe’E%b&Vf?V3Pr omthe
queue Thea schedulaeposithve Mhétaticless Man0dd 46T RCTL GBOO/ &t pPeferdBly -
m ght enabl e one p FLcy or. a conbination of policies. For exanple) the
schedul er might utilise one. or a conbination of the follow ng policies:
First In First Qut, Priority Queuing, Custom Queuing, Wighted Fair
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gueui ng policies To nore_particularly | ustrate an additional nethod and
system in %ttaéoF]h%r‘FBéqutePfeth’e‘s ﬁFe%"éﬁt‘erﬂtféﬁP? , refer nowto Figures 15
and 16, depicting one enbodi nent of a method. 220 in accordance with the

present inventigg,, TE@eﬂ?&QQ‘Ln%Zﬁésé?%@t@ﬁni‘:&%e&é"’mhi‘tﬂ §e§\Mht1€H 1350a§h0Wn in
Figures 1 and 3. Thus, the ﬁﬂ?et Pe carr

havi ng rrurtrpanenfbta&aéswefghseddﬁareea%ﬁqaf ET"@C’BBrT ileeat'fh"" 8% “:'ppe§ or
9. For theljmirpoteseof Fudtheitore, t ire imetdrows200 mmate@ecmqslsat-md@w the
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Fi gure 3. ‘F (ﬁrre enbodi ? §g§ S ergress
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processor fepe@hedly theldest hatkr22Be iepe cfeyedibisy rapeatedily Howhe tdaguehs ng
mechani sm 3deshifa %ﬁé‘%ﬁéléﬁiﬂ pase h8iady abiNRKEMa seBOIdVABuPr EVENL S
t he net hod 220 from bei n% used with other queues) such as the queues 20,

29, 28, ' R¥REETRRUEBE Y fechani sms, such as the enqueui ng mechani sms 19,
23, 27, and other schedulers. In a pref erred enbodi nent, the nethod 220 is
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resource. However, not reven 220 from bel ng used
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m ni mum angudiieXifMugpbitusd vi D1l pRS throsiddidngeder aifdualt bufifbe cupadetB4sar e
set, via step 222. The pipes may cone fromany of the ports A 18 to the
enqueui ng nechanism 32. In a preferred enbodi nent, the pipes of interest
are behavi our aggregate flows. Thus, step 222 preferably sets the mninum
and maxi mum bandw dth for behavr our aggr egate flows of |nt er est
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oncé the mnimum and maxi mum fl ows for the pipes are set, the enbedded
.processor conpl ex may commence controlling traffic through th ﬁgﬂgq_
vi a step 224. The queue |evel and offered rate for the prior - epo

det er ni ned WQPH3M6Zps 226 and 228, respectively) In a pref erMCIIGBI0/04410
enbodi nent, t he queue level is determned. at the arid of the previous~epoch
and is the level of the nenory resource. 28l so in a preferred enbodi nent,
the offered rate determned in step 228 is the total offered input to the
menory resource during the prior epoch. In a preferred enbodi nent, the
transmt fgHac n a scussed below for
the prior e}é E%‘%;Pg glets%ﬁy’eﬁcg?%ﬁun% @:‘%dﬂsafcl{)} g%é ggnl’atgé 58 @8 T 1gprdnces
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excess banrdphsiithy, ayaiiabla, n¥kfnuk! QRuel8& i g 16). In a preferred

enbodi ment, excess bandwidth is determned not to exist if the queue IeveI
as increasing. Also in a preferred enbodi nent, excess bandwi.dth is
determ ned: to &Ri 8im4ylatienspwdp muit:t—hvlqcttenedé% i sheepptye defidittibe aggeue
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dirTerent badorshase ikn | SRCELMNL OlnRBE P lol NRnlL AT ng NSeLIDERT, | N7 0058
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. combi nat i nof %he m ni mrum and naxi num f1 ows an ver in a
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m ni mum f POve erqudvdnpinpehadifsmst i depwrerredenbodihes 28R iBhod ¢SS
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di f f er ent azdther ansren fir abtdloRaéOGueas Mapi pasepThteendIONtdRurdecr ease for
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exponential in nature, the decrease is also based on the current flow for

t he pi pe. w~ ~ ~ ~ MaY 20 o~ WD 01/39467 PCT/ GB00/ 04410 . 43 The
tranamt fractlon |s then set to be the m ni mum of the gl obal transmt
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The'schedul er 35 is then used to séhedul e the renoval individual packeté E
fromthe queue to be sent toward the packets' final destinatiohd, MAZ{ 2@@4@

242. The sghe 35 thus allocates bandw dth for packets :
gqueue 34. %%2{7 words, the scheduler 35 allocates turns Pg?mférbg/r(r%@%to be

sent fromthe queue 34. The schedul er 35 glet erm nes when, packets that are
allowed to enter the queue 34 in step 248%are removed from'the queue 34 and
transmitted toward their final destination) The schedul er 35 thus provides
anot her | evel of control far traffic through the switch 10. In a preferred
enbodi menmitha isehesiukne Rovpsist epseh aremi124Zpledseablgnatdidaphariacteep stics
of the packet, which is pr t h | ; I - 1he. '
avai | abl qugn%levﬁaaf R t(%"re sguﬁ%gg%'gi%ts "?%%eogféﬁés}ggﬁ%%raégﬁggg %'r et tﬁ%rp:r}g?é?usg.
one of porPsciB F§) . homexesc (rbgutransBipsipp | frachipe ppg gl il %&b packet
~so that -i}p'reﬁfdgistPﬁErGQ{&i ﬁa&llhlta)w,t Bhéé‘&‘qﬁ?ﬂiﬂtﬁﬁﬁﬁﬂ&&:ﬁﬂériﬁw pﬁck_et. _
For exanple, the sche ar. 35 JIF resent e Iy real -tin cket. A
real -ti nedﬁg?:?&nfasmﬁgﬁg JélgpachE}éiP %'e%vgf%eem 'é?agﬁ,ltfn%h?/e B'ged(?o%%géflng I with the
speed of gramesH $baprerasawad] ko @s minkmupy thegshpid.t Wéa t§t4RSHi4ssFBrR PrEferyed.
?ddi L [ On,h em?¢ﬁ@hedwr§r mB@MBYtHr@_Kﬂqimﬁgh&ﬁCOdﬁkHrtEP%ft ype na&ilfsm \Guege pai d
for byt cljent sending qr receiving_ the packet. e,t of service may
~ be represgﬁf’% By Fie qHFﬁT ﬁﬁﬁ?]aﬁﬁ ﬂ%&%ﬁﬁ?ﬁ‘?ﬁomﬁn 5reTRE %?Dgle‘ef“rudﬁmﬁﬂi ch the
packet carrbreshdid, t the typesmipsidre fpaatiion ia seffto Poe (Fterdi¢s)ine packet,
the scheduler 35 will schedule the packet in a high priority manner, so

t hat the packet_c arrive within the desired tine.frape. However, the.
schedul er 35 ndy gﬂ%oquﬁgep eé’§£n’tse3reaek\7\f) &%gﬁ%flﬁhﬂ‘ ngoggbetrh?n *eis
PCT/ GB007@4aanimief hwhetdiar sbhsaguede, 16l éxahore dmexiimckhypspelq, via step ¢
Ir equ: r_esl.- beslg ﬁfﬁoﬁi—éﬁe\fxﬁed %ﬁﬁbdiinfeﬁt, despi nat Eﬂ&ﬂ.udBESdeteﬁﬁ{ihﬁ wr?taﬁeha&p, :
ow |l evel ._.0 ervice iLch,ner.e equires that t efforts of the _
net wor k bguﬁ%%gelvﬁiseexr?ﬁfcril%rLthﬁenﬁé%T}etmg#é&‘i%? gug%s#?ﬁ%t'i on. The schedul er 35
may schedul e such a packet at a nuch lower priority so that the packet is
sent onward onlne wheis Gbeéthinsd xwbt | thecghedrandwdldtih duove thesmatidumlO to -
forvard tRe,DAGKS! - bRl dlifafl 8RR SRANM Lo d-2cdd Q0 Ald diid ecantial,
transmt fraction set In step 5 and 234 or 3 respective é to
det er ni ne FRe tf-ahStRvers r He F ofeieRmiRnY GiRT itBR THetn 173El of° PRE FOWEJIER®r in
step 242 pagimdeshidsieadhenehi isingFiies nhltird ieetfhedeiR?fradouenspach, that
the queue 34, d0gS.nOteREEANE [ demt ALQUOR 13801 hBGGLoNALaEE AlRMche

fraction as. the transm?plfractl on. Filling of the queue 34 would require
dr oppi ng SP*HMRF FUFthHerYphe kEE strtaBs'b’essﬁPﬁc%GCF’rf”’t A& ReETR"ES: \af SeFs
undesi r abhé&2. IFhe. preflegibed embadisnent, fubactfawmniesicbef wekeert éd givest bp: 23B as
the transmt fraction when the queue | evel for the queue 34 is high enough.

to cause oncern that .the queue 34 me f . Wrhus,.  the gl |
transnmit fq"r(gcfi g;r)l i s~ plefet gfﬁéf‘%‘ﬁ‘?éé?&g Th‘éu%k%{ngﬁ%tmf(gﬁ)?égp?n step
238. Wen the gl obal. t RAB&Wi + FrHEL QW) V8a)skd as the transnmit fraction,
critical danping is provided for the system described by the transmt
fraction a gré.he queue level. This allows the traffic through. the queue 34
and, therefore, the switch 10 to rapidly reach a stable state. This stable
state is at a queue. |evel between the m ni num and. maxi num desired queue

| evel s, whiteh canche metiplierensow end habvidie gpwike | evel never becomes-high
enough for the. queue 34 1o _be in _danger_o cQm f Because criti cal
danpi ng c%ﬁ be pr g@?g‘e" t{‘ e ?’Feafelp?% t rﬁftgﬁ?gf?h%mqg&eeugjﬂfé as descri bed by
t he queue level and .the transmt fraction, should reach the stable state
in a mninum anaiget cipfe hhenWb@intibe @robal + peNImetmilkfplie@nMits) upedarsihe
met hod 22 I for_ di rential . Ser . p i in :
manner. - TAGtch e R st RN R UShERF o Brp BPERE BBt S, el SRS
in cases WRErienathsheuedeipkica| Mitd ApreairA Bthfgeln Ghecs@ebifthEor Texitnih - -
desired queugpgdeatsl in ItheOtdiar 2v(tqsq (dyreqd] bl adebiild RS NThe fetgett ais set

in step 234 or. .236. W) | generall e used to _provi.de th ra A L j on
in step 2%5.8@@%&?%\%%%%%9%% é’:{(t 1l it g’rﬁsstr?inge’? r°§cf?pgﬁ€?énccr° ggg@eém}ﬁ.ggﬁsé .
linearly andtddcesadts hlewsppeponénttiel Fexm MGt {OrERL i Q.- tHERSAPE
fraction gepedaldsypfsbEesredt bAtenkhuduealfdtemt BF2Uke RiRESi - i4le DUeHe 34

can automatically _and as totically_reach stability., Flo i1l Jncrease
or decreadéttefendity aﬁ‘ﬁéﬁ?\hﬁ&%ﬁ%%é” Qmax t@@eﬁfﬁégﬁ’@ éﬁ%cjgn I\]/Jlﬁ(\\'ﬁﬁgvs
PCTI GB00104410 queue 34 has excess bandw dth. When stability ie reached,
flows will linearly increase as |ong as excess bandw dth exists) then wll
exponentially decrease, due to the |ack of excess bandwi dth) until excess
bandw dt h agai n becones available.. This behaviour will repeat. In other #
words, the traffic fromthe pipes can settle into a steady cyclic state ,

B o Y I .4 N Y Y

i

)

‘ Kl



., Thus, different pipes may have different levels of flow, or service.
Consequently the differential transmt fraction can not only I t
produce st })ehaw our, but can also provide differentiated Taé Mf@@ﬂ%
“al l ocate ex QI(’% 3%hdwi dth for the queue 34 fairly. All a netRcF/&B00/04410
adm ni strator ox other user nust do is set the m nimum and maxi mum fl ows
for.custoners differently dependi ng upon #he | evel of service desired for -
the particular custonmer. Thus, the method 220 'can be used in a variety of
applications, such as. in networks using DiffServ, by Internet service
provi ders dggi nh0g £-h0r 0¥k el fS1gEEed s,vez'*mef agLui cenl o ALLT erent
custoners QL f Oﬁﬁ% ferent nmedia. This Is ‘acconp nerely”™ élLISI B ng
the mini mui -5H¢ STuffHACGRY ]y bre s‘é‘t”?%anf‘hee °5e‘l’f%{’sifeéﬁ¥°faggr egat e flows, ,
the customers, the nedia, classes or other flows corresponding to the ~f

pi pes in the ”E&HOQ p%ggerr-gguémbotdt'rﬁ% t{W%ﬁ?&e@”&fghe%hgoéal%n#%t tghai;t;f tqu

queue IeveI is control but "al'so

di ffereénti SFUERPLRS TFFt4o8t AP LRt 57, ia uphRkes, bhefdtenotsi.hen met hod
220 is in phefarsed cimbblitmene hethel Milt3plidy Sk apdaddeda ﬁeﬁ@m h&ﬁxoﬁr:@eﬂﬁm t
fraction i gegflcel 38,1t n ob the
differenti 3 ﬁt ran?nf?ggu%c?? O%SQQQ,[ rﬁé’tlg"n%un'fmg%m fP%V5Pg§| g‘ m‘f]tflPh%er
queue 34 cARCHESLRhEPBRISSHin meries adth tthet heanspheriEPefraS ionn Muethmovieed
with a feaspbiiegapmeyettoftheoude ofhikehmitepsidedot G:fhe35u:.€z%ﬂt3€;§b‘éﬂpiﬂ shed at
a desired taléiabing0thelc tRbiliee L% IBLR0: 62000, RLEY L0b i,] REvIuLeT 39

from bei ng_pr.esent ed traf fromthe queue at a rate F S hah™ t he
schedul er §E R &n°H%ck % ma'i*h?‘%“b?%]véﬂ’f‘%“lﬁh@”séhecﬁﬂaéﬁm%#’?‘o?ﬁaﬁe{ﬂmnng
¥l . As asresdb? ofl Atenei 83 winlrgddéstkreecause of the schedul er 35 can be
reduced or elimnated. This prevents the formation of a backlog of packets
upstream of . the sichedu er 1 ~ MAY 20U~r WD 011 39467 PCT/ GB00/ 04410 46 35
Wit h- unpr edi ct abF e‘gefﬂf‘%cttrgn?fﬁslsé?’er“r(’:’?“*&s%"és inpheBwt Hh-h SEEP J6At 90 Rtemd
fitter. Fi¢8tethd «dapeeing mecH2Bifn aonpreactditedy| dibcerbodiacrats @b wiigpsi230) -

control | i ngné Ffen@h(wa&f tt&;an&iﬂtkhffoacbiaogt@ﬁsl@@ Oft EQ%&%@H%&WE&@Q%M

of fered ragI? o2 Qdcgrrlgerlﬁ asfte the | obal fransmt fraction, gueue
level and ofiered Faref of B hievibdSteddeh Fhibeltds UetwPAYFed: In a
preferred Q%ﬁf%nf‘te& Hézgﬂr%b'al?eattleansmt fraction for the previ ous epoch

was determ ned in a .previous lteratl on of the rret hod 220. However, .the

transm.t fracti if al L abl e. The queue |
|l evel is preferg%i %{é}e%?%r rgn%ngaé1 a?re st olea m n| i q:cfﬁéﬁe Ié’vET) Qn", and
a maxi num GREGR s én they E%t‘%i‘tl‘{ hEUEFRETBIr e husiggothe Tethpd lherr ded erani ned
whet her t heigiuenintey®|trasfaheur Hg' hérouktdd $hepusihdacdd vAstualt B8R mhhe

gl obal tragamel1dveaChi Al murithiid, ARG, Jis S 29¢k 14 L el%né54 R
ensures thaé % 5{)"*?(: ket s 1| e transm tte e enque h esrﬁ‘ 32
to the, queue 34"%°¢ g% efédé°| AL aﬁcgmmﬁﬁteneugﬁer%wbspmtswaeqfeuemred -
t hat the dexdeed epaterts a@;meu@gr ite fumcst@pw2Bihutt hENLing ti% deéws Bi-ned

whét her t h@emoﬁﬁ%ﬁ%ohﬁi@levéx§ @QQVkﬁggy oversu\f:'s@rﬁe%p ?L?:Qhezlnf\ozteheu&'ﬂgu& | evel
i's above eﬁ t t.he fran fraction is_set to zero | a Step
Shachoa 50 LI Pl ﬁ

258. Thus, step tehnesuraerés“ilﬁi o 1 {Ush i @Rd fiste plevaL sR2R dEdtiPline queue
l evel is t‘%ﬁj“PH?gWSSnghehqmeﬂlemlevellsl glrealdy hest beligwobhérwiee @hevder@a~. X

then the gédﬂaa&n& Ifaﬁsdﬂet bFREkl U BStLRADLIR) b%lﬂ&orBe(EEhé%%le LA (WerV! a
step . 260 . cl earE

lain the settin transmt
fraction, | se“é’ nsu%?eg)igﬁaﬁret?% (’J’F"I‘]éﬁ'eﬁg“ipéﬁe ks FH’et‘ﬁ’ué&é“é& rqach) |
and the mﬂ‘@‘é%#’?r&td@ g gapide geawesPle.Q(t), are constant at equilibrium
the stable state.. However) the analysis holds true even where I(t) and

.Q(t) continue tQ vary) as is neraII true of a petwork. At equilibrium
the rate of chafr% eg.ay °t FE§ ﬁ‘gg% Fe‘%}& Wi F?r?"eeé‘ﬁet‘:’f"et”(‘il?’? rP§°¥1’rfEF fHeethefle of

change' ofa’{dhéystﬁean%% §9¥WI\J\MQ1 ar phppetityt of teipesshoal dotpmiteeretivbrk.has .
Out put r atimsapekrotif aneded; attﬁeaécﬁtcﬁgéis hathork! thathes a\ﬁnﬁ.ga?gt @I‘Le %Q‘UEAAEQEI um

0 = 1(1) "Lt ) o Uy ¢ LRZ hne
8w
const ant : \?\b §§ >§. a/gt ne proc ssog l)xas a €ue he plural:.ty of
plpes utlllses the queue for transmltt:.ng traffic through the switch. The
method and system comprise allowing a minimum flow and a maximum flow to
be set for each of the plurality of pipes and determining if excess

bandwidth exists for the queue. The method and system also comprise



qt) O constant gT(t) = global transmt fraction' ; Consequently, at'

eqU|I|br|um ~ ~ MAY 200 PCTI GB00O/04. A10 * .. T Ql a ,'
For clarityyo@l/gRepssune that at m ni num QQ",~is a constmgglﬁwggmf
0.25. It is decided that the maximnumratio of 1/Othat is allowed in the -
domain of. stability is 1.6; at this I/Ojatio, Qreaches Q", and T = 5/B.
Likewise, it is decided at Qless than or equal to Q' "~/4 that gT should be
equal to one. Thus, at these two extrene equilibrium 0 =~ - a *5/B -1 ahd
- a- 1/~ Fromthese assunptions, the nunerical values of and can be

det er mi nedlineabdy Angrehsin@s® flew fost & \wdpy. of\ghe plvaelbthef pidesr bamsasohor

QQ -~ ~ anelhé /m@'xﬁxﬂ;ﬂ @fomaﬂechteomm\ﬁﬂm%mrlﬂ@méemanuaimseﬁstangnd 1 ENthSe
arid can b é ned based. on e\g@hi¥ um congdi t.i ons .and sone assu tlons
0

about- the evﬁﬁpéh"ft & SRk °FsP‘d’é§| teders Oper hie g
stability, fcpzt tbarplbe Sthewrethbdtand sgsm Klso (bhprisé* ekpdneptidll@ndecrensiitd )

= 4% (Q ene £8ou £hr(dnke é@@%ﬁf&(e E:'i‘@ra%i%&”ﬁkt oo %Egﬁ]at Wx?ﬁ HEH Smun{ Siow

and ~ can be chosen to result in a'transmt fraction provi
critical d%ﬁ?‘ﬁd"ﬁxﬁm‘t‘%élii‘élﬁfegx‘f‘iﬂs RM"&"FId'E‘hébﬁs'tcé?rrF?‘%“ &é@l*r}@df’t?}" dfer ate.
Using the @chaabr ihan alieveinihe £Icanso the rpigiel. OThube &he adafdic Ehésigh BHe
critical | HyleR ?letge provided for the -switch 10. For exanple, using the
assunpt i ons above Q Qx and 1/0O, the system described by the transmit
fraction and the queue level are: Qt + Dt) - Qt) + [I (t) *gT(t) - Qt) ]
*Dt gT(t + Dt) Thegpfégent {dviehyidd hQva,will (R BbseridegT{d ke=GX tof/ Rlicley)des
VD 01/ 3906chrcfl YRS Sond 5 MR, PETLERIOHNAN R, Dhnd IdFeck a2t KAl DgL e
cal cul ati onsll Qs ? gl pot
readily re llse that the pipes could be behaviour aggregate flows of £ 3 _
different or the same class or any offered rate into a particular

component which utilises a queue for storage.

To more particularly illustrate the method and system in accordance
with the present invention, refer now to Figure 12, depicting oéne
embodiment of a method iGO in accordamnce with the present inventien. The
method 160 can be used with the switch 10 shown in Figures 1 and 3. Thus,
the method 160 can be carried out in a switch 10 having multiple blades 7,
8 and 9 and multiple ports on each blade 7, 8 or 9. For the purposes of
clarity, the method 160 yiil be explained in conjunction with the queue 20
and engueuing mechanism_lspdépicted.in Figure 3. However, the method 160
can be used with other queues, such as the queues 22, 28, 34. The method
160 can also be used with other enqueuing mechanisms, such as the
enqueuing mechanisms 23, 27, 32. ;n a preferred embodiment,.the method
160 is used in a system in which multiple gueues are part of the same
memory resource. However, nothing prevents the method 160 fxom being used

in another system in which each queue has a separate memory resource.

. Referring to Figures 3 and 12, the minimum and maximum flows for
pipes providing traffic to the queue 20 are set, via step 162. The pipes
may come from any of the ports A 1B to the engqueuing mechanism 19. In a
preferred embodiment, the pipes of interest aire behaviour aggregate flows,
rThus, step 162 preferably sets the minimum and maximum bandwidth for
behaviour aggregate flows of interest. Furthermore, the sum of the minimum
flows for the pipes should ke less than or equal to the sexvice rate, S,
of the shared queue processor. This ié because flows are defined as a
fraction of the total amount of traffic which the gueue 20 can service.

The minimum flow for a pipe can be zero. Typically,.the gueue 20 has a



a Ti‘me for an epoch Q(t) /Q~,x is greater than or equal to 0 .25
(t)./0(t) is less than or equal to 1.6 In order to account f . _
"Situati ons where the above conditions of Qt), I(t) and Q't) 125 leﬂlgﬁ
t he transnmWOP3867 on can be changed based on the queue | eveder/&RdoR¥anP! €)
the transmt fraction can be nade to be one when Q Q' ~x is |less than 0. 25.
Simlarly, when I (t)/Q(t) is larger thany}. 6, the queue will begin to fill
more rapidly than desired. Consequently, the transmit fraction can be set
to zero or sone snall val ue when the queue reaches a |l evel at or near a -
mexi num val ufene% t he Iobal transmt fraction is set for critical
danpi ng based ieﬁgl%fué'ﬁ | EhBITatE1 3% MBYCH She anedet FQuFen eutbuhcitiena fram .
the previ oti® @porh; Ias wetferasd tdrodiaegth e bhe dfp(-mél m;himxird’lelngi Qhals is -
transm ssnmsl Shauﬁeéeaz%ﬁf& tha Lacd i Qn) transmtted
or di scar dgd % glc%u eu ngﬁnem}%%\?irﬂggéz’ go Itu% p Fae(: regn d paTet s
provi ded to% R x‘t?\h‘g‘u 41P% SBER AIPE otat hesT (CRAR A% eﬁ\i%ﬂcttpothe Fh@rlpackete; are
pref er abl YA itaadoniiy alisveteted, erkodmaitnt b maRBMHE bukle W8t i 1&;&1 by
met hod - REQineHgueMeh) hee I rded _base on t hej r
priority. Fur%}her nore, .a %?F%csbat ?%‘r?al ggﬁgg?ertg%?fl ‘ot PHCKUPRS tHBithost s
sendi ng t K& GFEWIReY fapiness e rokiad- t Fe Hgstione apadle mppe REELys SuspRid
‘traffic toa ke smeuehzol@t abhusfedeberagleobnl(tf r aRsHd ti heAGllsOMLan l[:)ﬁc,_:set for
critical dfgg;gh u 3 fera ritic i ng can
occur only_in a 3 éﬁgfké%ﬁqeki%qr%e%gmgeo\%e hé t{é\éfg?cdg'%%et %Fgg)ﬁggng’éhethe
gl obal tranEhfise 8’6tf|r8ﬁt’r°§‘ S "PS e PéPor Toﬁé deéndfrRrtéen wifet tritithe
ueue | evelromstiget Brmipeedhich be tressriitghd afo tRo dueue MG eng,i thcal danpi ng
cul ati Qlhet BRGALSES Qgg‘kego.} ;8 leSEAT ra of. ased at least in -
part on their prior I'\L% nch{fsﬁl sgﬁ %onf%lffdﬁgst sflggg1 t r8f 3 pfe%?‘frteﬁe |
switch 10 can D6 pt event Tt a8 2¢FP t5EHFe ddpi th Pépﬁﬁ devinsdrraffac - .
et hods 2Z3oxiRy 2BOPUgANtiFmOREve abetdast edbbi hirtiyih oM olBe system than method .
RED. The net hods 220 and 230 al so reach equilibriummnore rapidly than
-met hod BLUE becauge gritical i s provided. Consequentl per f or mance
of a network usi né t er"""nteghquB gf‘e e s Phe Wﬁﬁ&’aﬁﬂwl‘iﬁr}‘ 230 is
i nproved. availahlegayadgeep 194 \ID 9 br894GEIPGHGRISIL 4 edddhsBartvgatre 118
depicts ad&foéﬁmdeaaidtedo fdx@ut Glratte Qled ri%%é‘@‘isﬂr@:z‘egs ?\E@J‘Qﬁ with the

present VeRd, iding _the dif ent} transm raction. The
met hod 2 87 ng t%J“g)eaprl;eo\éper"f‘%r mms g J"‘S‘EI 3m1n§ﬂdt‘2§6‘1’6‘f inhgtsrethtd
220 depl ctléd $h TET YU LRSS 5MRR 0T 6if Ré? arebe gl eyad ko the geee 18, ibt | S
assuned t Katrd¢dsénguanes) exep, 16anpiﬁs£ﬁﬂyalﬂ@!me§>@§§mﬁﬁ'ﬂg% Q%u'&uélﬂ%@? B,

and an exeasSchgRaiqdii VALYE 1 b | read vail able erably roma
previ-ous |te£a<{al?8n£§26t h\gﬁme ho 1% %\f/‘er%/oeursyqu?u nléf “al %Pollg 't hese

val ues sh&uf B tarsd. E’Fﬁsa hapdfidithetr dabeenimeAtnot he dxighsif Ghet he
prior epodhewhderel dbsertheitheni kaldl er debheas i h Qw2 30r C QBERNGE Srafenel t he

m ni mum al&ﬂe el 821 EnbEs cI-Pcfer:.Qaﬁl} @éte&h&ﬂgpgﬁeﬁgk’ngcc%ggtgaoldl f& have been
set), for é;_pl e by a network adm ni strator. "Constants are co 2d fox

each’ of t pi pes based 'on' the m ni num and maxi mum.fl ows for t he pi pe,
via step 272 For each pipe) i, a constant C, and a constant D are

computed. in sttemt:ZKB debRenGRASi ARk e iicai S r Yords DT €231 Ng.
the fl ow Eﬂé fgl 9§ se di. scussed, bgllg:lolv‘f/4 t'::lrlh-’!r% @{'gcrgég bﬂﬂ"gaé%ng&gn %ﬁ

used fox exponentiarly d@c?eesagfﬁglnfﬁ%aaffioﬁneafﬂ t"ﬁ% #Hi®Be1§6 - §§e%r§éhssed
bel ow. . | ﬁt%P ﬁFéf’ér peePrerbehidnbntlinedd yc bmsteaning Ehandrabiminséohdachbased on

the m ni maox fdadlsof kRe @ipas ! @hoatgeoThadidRAL oG E%Bé bR % '.bLLeeJ % ttﬁ?' pes

can al so Rg,y d. ol sHch a_case, the constant D;
cal cul at ed blgr%gdhgﬁ the werghrsi ot uéq el S)"E':On'lg’tuﬁnt"shef EJ?’“‘?""!‘TCF’%%%PF’@ ’B’rr

" decr easi n@ RIPE FaHkRe qa@pdt% the pg.ge'aﬁ @inimum flow only, the maximum flow

only, some combination of a minimum flow and the weight, some combination
of the maximum flow and the weight, or some combination of the minimum and
maximum flows and the weight. However, in a preferred ‘embodiment, the

\ ?
linear increase for the pipe is based on the minimum flow for the pipe.

If it is determined in step 164 that excess bandwidth does not

exist, then flows for the pipes are decreased exponentially, via .step 168.



det ermi ned based on the ni ni num fl ows and, where used, the wei htg{ '
Preferably, the constant fox increasing the flow, Cs, and the (l# AXtZ@Gﬁ

decreasi ngwdheddsgw, D,, of a pipe are calculated as fol | owpeTieB00/04410
(~'~1~~4~1) * ~ S+ fimn - Fr f je-n) 116 7 If all of the weights are

equal to one) as in a preferred enbodinegy) then: C - (S +f;,mn- .F.S
fimn) ~16 i Ds - (S - fi~~n) *4 WD 01/39467 50 where: T ~ MAY 200 ~ o~ .
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constant, BPEREIABIY - Era 3 EPRele| TE BTVl STRR DR pFOS BAETHR flEotle
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excess. banrsipbilirt id0es R¥k&dsk, lARNLh Ml D&diABE ahReEs maeﬁc&hbaﬂd:\md&ibegsgnal_
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an exponent | avera “t he It aNEoUS EXCEess” ban vmecﬁh
signal , vi"g¥e% 'eﬁh27‘8raffhﬁsfr°i“nt*}f Bf%ﬁfSeF?’ECFeéﬁ%ﬂndPﬁ%rﬁ stealy exedSsSERifdw dt h
val ue i S &nbwi Sts eonBtidntydisl. t THals), etbgaydBessr 6F ithidSsiateess whaadwhdt trasive
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signal. The first and second constant ess than one and are
pr ef er abl PEBIVEFTanThif) Shableckehavipyropgy ’1°ﬁ Be fedierseiigh3Bar RNt , the
exponent i geinyinggiighted ibermhaksltandvddareasss.s@or texabvple, aw exponential =~ -

increase and a linear decrease or an exponential increase and an
exponential decrease may not produce stable behav1our Furthermore, the
inecrease and decrease in the flow for each plpe will depend upon the
minimum or maximum flow for the pipe and the previous flow for the pipe.
Thus, different pipes may have differenr levels of flow, or service.
Coneeqdentlya the method 160 can not only produce stable behaviour, but
can also provide differentiated sérvices and allocate excess bandwidth for
the gqueue 20 fairly; All a network administrator or other user must do is
set the minimum and maximum flows for customers differently'depending upon
the level of service desired for the particular customer. Thus, the'method
160 can be used in a variety of applications, such as in networks using
DiffServ, by internet gervice providers desiring to provide different
levels of service to different customers or for different media. This is
accomplished merely by allowing the minimum and maximum flow to be set for
the behaviour aggregéte flows, the customers, the media, c¢lasses or other

flows corresponding to the pipes in the method 160.
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. 17 an be used for a varlety of compouents, 1ntlud1ng behaviour aggregate
' flows, which correspond to pipes.

The method 110 commences’ after the minimum and maximum flows for
each of the pipes being controlled have been set, for example by a network
admlnlstrator Constants are computed for each. of the plpes based on the .
- minimum and maximum flows for the plpe, via step 172 For each pipe, i, a

constant C; and a constant D; are computed in step 172. The constant Cgis
used for linearly 1ncrea51ng the flow for pipe i, as discussed below.
: Slmllarly, the constant D; is used for exponentially decreasing the flow
- for the pipe i, as discussed below. In a preferred embodiment, the
constants C;and D; are both based on the minimum flows. In an altefnate
embodiment, welghts for different pipes can also be provxded In such a

case, the constant C; and D; may also be calculated based on the weights
‘provided. '

Once the constants are determined, traffic is allowed to flow
through the pipes to the queue 20, via step 174. The queune level,
instantaneous excess bandwidth signal, B, and the excegg bandwidth signal,
E, are determined for the prior epoch if not already available, via step
176. In a preferred embodiment, the flows for the prior epoch are also
made available in step 176. In other words, step 176 determines the
quantities necessary to update the system in the method 170. Tt is then
determined whether excess bandwidth exists, via step 178. In a preferred
embodiment, excess bandwidth is determined to exist oniy if the queue

level for the queue 20 is zero or is decreasing. Otherwise it will be
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T;(t + Dt) = T;(C) + Ci*E(t)

r 2.94 is »



r "position in the. ring 298 can hold exactly zero or one pagket, ver,
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schedul ed could be based in part on the kind of data carried by the packet,
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repeats commencing with step 176.

Because the method 170 increases flows linearly and decreases flows
exponentially, the method 170 functions similarly to the method 160 and
provides many of the same benefits. Thus, the method 170 can ensure that
the traffic through pipes to the queue 20 can automatically and
asymptotically reach stability. The traffic from the pipes can settle into
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packet is t5retiersblsy fEF*acPé‘dtu%ﬂ: &hmreare}ﬁ&ffethmeem édscm;@pm dftowsffarhe
previ ous papketisl pAspokbionzants phpes e SiTehé ,1ihBen fkeepackat tne's £p6wf @habl y.

pl aced at _a.cl ' ri 14 MAY
HoU W0 017 353eER %‘%T?%o%gﬁ%lgié’!’ quis%ﬁgm‘i‘; B&q??ér RdRa Bppyad T
fewer tur F&PH0s PtEBRsinYorhe suRue r%ﬂre?’é‘adlf ot ‘PReus gpif?Bca’Fh@SBI’a%enent
of . packetcsltslapeefareabiry epbasied ipaidatahd \chenestaee side thfoughps epiipausTiacket
fromthe saEeeiRlDeo BaffdAtn (£ BBEIHA LOFhcihay] 10 206 fags vork on

di fferent pipes at approximately the same rate. F| gur 1i1s a flowchart
depi cting one enbodi nent of a nethod 320for sending packets fromthe
correspondi ng Guewes hasdghions tsheopacieetSledpdsivt kb ofi 4 ee€atweddar s 292 g
294 . and 28Fc&hdnt he 5'&9:1’138&.80' @oﬂ%&?&lmgtﬂ%féfmgkgé 5%%01(‘!\44 | Tﬁﬁ

packets from tdhe cal endar, _292 r fromthe cal endar 29

e ra
schedul er "5\ PY pé’legf)raé’éﬁd”tf&(‘fﬁ%‘&te? r"cﬂ'ﬁ fﬂ‘éenEél?%cT&FCWEdnﬁ?’ifiPa‘b?vcﬁ y
fromthe &al esndarl 238e rmgthod clredtd dre 206rlpeed ughidbsesehde pavketionsr om t he

cal endar 296c193e8 dvakdlps fzsmlo&hemr it P&t 8 i ohN¥Sactidak 6lts asgiquuwd usi ng
t he cal end Ls 292, 294 d 296 .are referag %ﬁsen before a

schedul ed | 8 RESRAANY otpgrwige eér%"f’?é APHEE EOCTRS BR h%s??’f]dﬁrl n

t he hi ghegtsgiasedity cal endar 292 is enpty, via step 322. If the current
position is not enpty, then the packet in the current position for the

cal endar 292 is renoved fromthe queue and sent to the next portion of the
switch, via stép®3Erhof (180hean fp  RERC BbY ROFYhCR FO ERPEN AR FiSY5eF & enpt y,
then it isndet.er Miysedtivhekhard a8Canche qaosidd ont iim thewisebona haivipwest
priori ty galepdarsiaddsis @mwe &a@nﬁieﬁ@%ngfoﬁ 45 U1 7 PASLET 2N bP

t he cal end 94 |s not _enp in position is reaned
fromthe §OBRY*R 8F1t°11361?3hetﬂé>€‘te"58‘? t’188nw’dfl Pﬁé"W’t‘?ﬁ‘? ipjepndpRriseB. | f
t he currenttipodetquenei2d bhe amuenilsyr m@&bnt sm apispidtedi s deyerarizned whet her
a current [ | 0 d 9 e vi a
step 330. HP‘?%etﬁeo{:htfr !ra%én}{zﬁp%@ tcgldn%?g%g?%eﬁgglogﬁ grcﬁ%glggl ?urclgtgsur%(e:c ﬁﬁ’é%
then the packet in the calendar 296 is renoved fromthe queue and sent to
the next portion of the switch) via step 332. If the current position. in
the calendar 296 is unoccupied, then it is determ ned whether a current
p05|t|on |n the r|ng 298 |s errpty (step 334). If not, then packets

R " PN o .




WO 01/ 39:167 PCT/ GB00O/ 04410 57 The next position in the cal egdar or
»calendars is then nade the current position in the cal endar, qv‘% aMﬂ\éQUmB
Regar dl essygf oiMdhyen portion of the schedul er 290 sends 'the Pﬁéﬁi /

| east one of the calendars is advanced. In a preferred enbod 00 oé‘ilgp 338
advances at ' ~ least the cal endar 292. % the next position. Also in a
preferred enbodi nent, the cal endars 294 4Rd 296 advance to their next
position at multiples of the time in which the cal endar 292 advances to the
next position. For exanple, in one enbodi ment, the cal endar 294 advances to
t he next ;?d$|2$,on4eaalhetmmoﬂhmocahmmiab Regasbmmaﬁivansedadqaeﬁm next
position f r n I a e d enbo

step 338 tdfgﬁa%%\@gng%cﬁu tltt‘glge cal e arszl%’% m%%ﬁ a"% gga 1&0 t k&e %’fﬁeg

posi ti on. *FRBRMAEERoEhenerhody 18 hdA wred éﬁéaﬁ@ﬂtewhmgvhlablm@tim meedreds 300
and 320, tave pdxxnodftier adfe meniy sesdiaksed %advﬁeadbﬂh&hf%xéﬂémﬁu%ﬁé si zes
are treat i t 0 f trafl Is.at or below the
sust ai ned%{}é{‘id qt‘:%sefnx%q‘ bietgsngerc{qu tth %‘ i%hTach BPTSr ?f?/ a -

cal endar P§P2TAte E@ﬂlﬂré.’r r?sr?f"éF?/aIFslrtl’ﬁmPﬁe' r“-&?é“eéfmfilléw Wllt bafdescriedabove
t he sust aithmeckntekataf bmesbehmuvtelae eakettie1so thebel Qe fot I Wath@ly b8
determ ne buy, t st schedul ed in the higher
priority %gﬁﬂe{%%%f%g %é%ﬁuééb dangé%xe a%gg% Y& H°fw15 [ OB EREOREHRRGeET he
sust ai ned B*BE® and bel ow t he peak rate for a longer time, then packets are
entered into the ring 298, which ensures only best efforts are used to send

the packets) | fThrehﬁetfhlogv‘fkeanngénfBerQLi clg%%rfc}ﬁgbae t§ch h%ﬁ%{e)xgn{uﬁeﬁ%gar ant eed or

tained rate
ﬁorl ty FAPEH FRF: W&Eﬁe‘f?dar‘éﬁlﬁﬁ% rféﬁoﬁé%‘é} oF She (picee hesi hepnt hetcalsendar S
292, 294 &dpdc@gdgpuckvibeslyi Nghe? 38m ayed thé anifeii0 81320 shhdSbe tlfé%ssﬁ%d%@r
290 schedubgsis %eefeeﬂzgyﬁllegg Gidl Wldugk BACKEIA LI NG GHEUR. SUGh as the
cha

queue 34, trom ¢ fent%%o F‘ﬁs based racteristrcs of the packets as
wel | as chafactefiRiaes” L F’FS’Fﬂ%FE‘h M PrETU aRIkh A e f%Q}‘(‘i—ﬁ igs the
char act er i1§8% chapfthe peevicousatpacketa profartrhd epbpdineAs, ahkeasidsbr dh&1lows

schedul er 139&é‘saah§rl Rel dne@ntd Qllxéf-‘%t:’fﬂfc Itnhg%&gge;ﬁ% cﬁm&igﬂe hEl?é we§|91[1]

t he net hoggrdeasc r| begdlgbove ’b‘i fic throu and the sw
‘controll e $ o 158G, & K T-STeRbr %r%’eﬁfcbfbechﬁéi%‘%fﬁ P‘éh"—bﬁl I | not

be exhaus®teitch éP heafpiussed abrghe t heeuw'e?e@éd trage gloobadueie ans &l pigd, act ion.

In particul@), iheugeiited es&ehhé Q&aﬁsrﬁ%rsﬁbﬁlﬂraétﬁﬁnﬂiry th€SQUECEr, €

n
driven to bg..2.§ e sityati ngy A smal | queue leve? ensures |
not- only tEaet' tthgmcﬁ?éﬁgéh\% H btehee’;? 2uUs e(’j) but also that fitter and

ot her undesirabl e phenonenon due in part to a WO 01139467 58 ~. ~ SAY
2b0~r , ~' PCTCEBOGIB4 4k fhddeadiny opeasdrpadidd exk qu&ube fsam&ep{ﬂuﬁw or -
avoi ded. ﬁ@t@&’ﬂh&d%se&llgxxf @ﬁe.e%hftﬁ d e 881y 'aggs w%gin DEed %ﬁ fOI’ exarrple

through the US1§ of tg ferential transmt’ fraction.’ g3 erdnt

cust oner’s 5t 158" F’é"“é’&yw tH¢ BPRetarEntor dvieasHg (ﬁé%rf\lPEeéltr Iawdamh tion,

a schedul ePnﬁr@ntefpsudecndaaing thé fflowi, SDic oot mopiredand chbeulpackels k8VRIws:
Furt hernore, use of t he schedul er and the nethods descri bed can ensure that
the schedyler is )g vvlth a feasi bIe amount of work to acconplish.
Thus, . additi onal (gtéq ie¢ fte 1§ fie) Séhedul er may be reduced or

eli n1 nat ed. Methods and systens have been disclosed for controlling traffic
through a network. Software witten to inplenent the present invention is
to be stor dallln $QIE forgof conput er -r eadabl e medi um such as nenory,
CDROVIor Pans it tTEdGVEFS 218t Mk EafPexdft 4P et PESES rpf Rubedisent ,

Al ternati ¥®#%, some or all of the present invention could be inplenented ~
-, in hardware.. Although the present invention has been described in N
accordancg vvlth g]h(% errfbodl nts shovvn -one of ordinary skill in the art
will readily recogni $efiehat ® tHeré2®oul d be variations to the enbodi nents
and those variations would’e within the spirit and scope of the present.

i nventi onp, Accer disngl ¥, .yvany nodifications may be made. by one of ordinary
skill in the art without departing fromthe spirit and scope of the
appended cl ai ns. 14 MRY '02 23:54 FROM K | PLRW Gi |-bLi ~ ~1G 14 r~~
r~ur~ un eherenw 28- 02- 2002 ~AL99CU98 59



TO JRPRN- YRMRTO LRB P. 12131 1 UWV I 14J1 ~AW. WV 1~ (i: LAZMA‘?ZH 4
CG. Z2C~i ~r.., nn. . GB0004410 New Page: 26 n”ebr~aw-r 0 O
2009 Z. Ryorei/nagy conprising the steps of: to 1 cointrolli ng:'md;mofd4m of a
plurality oaf packets noving through a queue in a conputer network and
(b).determ ning a queue |evel for the queyge; (C) determ ning an offered
rate of the plurality of packets to the queue . (d) controlling a.
transm ssion fraction of the pl urality of packets to the queue based on
the queue level and the offered rate, '"the transm ssjion fraction and the-

queue | eveF bei ng thei ppeeer| of AR ThichethruBRSWiaHR 15 §° (he: aekerated| east
a first qugue |eVQJe:L§HQ fRrSeE0ad pipelant e dls, pidferablyhangmel Batidee [0, 1]
transm ssi on fraction, ﬁl’&g/ ?}Eect time being st to be equal first
Cquantity nfiltipFi damoth Attt VLR | 1 st quantity being dependent upon tinme,
t he secondfguwanti tminbeennglow fflorstheceﬁ'sm!m?t m nus a second cont ant

.mul tiplied by the transm SS|on fraction mnus she queue | evel divided by a

bl I d di th
Quoue. na 5 TR QU dbor ks (P i RS 45) ChE SR 14 Thap Ber 10

conpri si ngenehe step of (e) determning virtual maxi mum queue |evel based
on the determ ned queue | ove:. and the naxi mum queue |l evel. 3. A nethod

~according to cl %\hﬁm on gggi ?%VI rtﬁuatlhfg%gumve&uéteuﬁflhqglv\e/: r%ﬁt er, m ni hg

step (e) furthe Fncr easr ng & %maxi mum
queue | evetﬂettee'maneﬂawimmhateﬂ s1f epsendshanhasy JetfusPmpistefe theri Hianfdoesie

level if aququ@élqebéyeﬂorl ghed Qé/xﬁcﬁsfépro&h atﬁar e@d&hanecnn@hé asabwgleeeaSI ng
the virtua | evel C

ue | eve u e
L hreshol o SetoRHERaY S dhg Gt L Pokn M s Biee; Tl £ e RREHIY e
queue | eveduatet bevelnangtiet epl OF) thaeptrly. TG DHRESTERG esbedinest, (W) queue
provi di ng l@ex@il ﬂ: Rhie€iededl of %emiﬁmﬁﬁﬂd&eEMe, of h@uBN'tIHepl;ﬁafe bei ng an

exponenti al | ht ed vera whi approagches a fj | evel t he queue’
| evel bel ow’ﬁy thr eeﬁfﬁ’d Fen mgmdlr Sgghggl a seco edrelt'leve | tkg’;t queue

| evel is alrgical raueupres ﬁem}leutehe“f Br Eﬁefleém 'eliﬁdrié‘éb‘bn&}‘ﬁg”’tséaﬁ‘?@eﬂ”ﬁt ual
queue | eveéxcbﬁbnl&rﬂwﬁmm mug&am rﬁuaﬂndquwexée&\éGBazﬂﬂﬁldtm%lmnd a8 @lade

cor responding, Lo 11g Yid i BRGNS (P B-LG gueylevel ; and.
wher ei n the‘nﬁqr ansem Ssi on #r acdg'l on econt ro Er “ %rt inc udes t he
‘step of information requlred for the ensulng calculatlons 1s avallab e

It is determined whether excess bandwidth exists for the queue 20,
via step 186.lIn a.preferred embodiment, step 186 includes determining '
whether the queue level is zero or decreasing.'Hewever, nething'prevehts
the usé of another criﬁeria'ﬁor determining whether excess bandwidth
exisﬁs. If the queue level is decreasing or zero, then it is determined in
step 186 that excess bandwidth exists. Otherwise, it is determined that
excess bandwidth does not exist. If excess bandwidth exists, then an
instantaneous excess bandwidth signal is set to one, via step 188. If not,
then the instantaneous excess bandwidth signal is set to zero, via step
190.

The bandwidth Eignal is then set to be an exponentially weighted -
average of the instantaneous bandwidth signal, via step 192. In a
preferred embodiment, the exponentially weighted bandwidth signal is set
to be:

E(t + Dt) = (31/32)*E(t) + B(t + Dt)/32

Where:

!



AAVENDED SHEET 14 MAY 200g WO 01/ 39467 PCT/ GB00/ 04410 60 (dI) zogj ol ling
. the transm ssion fraction based on the queue |evel, the offerel:l r AYZO[M
previ ous t ixay 'ﬁ? on fraction, the multiplier and the nmaxi nrum queue
level. 5. A nmethod according to claim4 wherein the multipl PeT/GRO8P#4IP ng
step (el) further includes the steps of: geli) setting the nultiplier equal
to a first constant nultiplied by a previdus nultiplier plus a second:
constant if the queue level is. below the threshold; and (elii) setting the
mul tiplier equal to the first constant nmultiplied by the previous '
mul tiplierE usPe t h# r dxcemsbandwiidth tdignaliede dhe¥elt ieo@bove the threshol d.

6. A nmet hogleccordi ng ai Wwherein the transm ssion fraction :
control | i rhg(ts_t e[g__e(di ) ?8?%1%%%%@ udesgg??nle St 5615 8BS control ling .the |

transni ssiofn Tradti oh CBSERRtaRROUST exdees handwidtdy elgriad bed @we acuFrBheipLareue
level; and (dlii) controlling the transm ssion fraction to be the m ninum
of one and a sego ..the second val ue being the. maxi numof a fourth
constant and a th?%(f\{}égrﬁ‘)el,thtﬁhee Pﬁl%}dn%a‘ﬁjéh?)é"i“ﬁ tREeec Predwi dth agigma s Si on
fracti on fiPfstR¢ PeRAviAth Aigeal timesteapsr 196 whtaghbedngtRe forbhimisak ue

mul ti pl i edFrbytizdnstet theadui@ent R@ofh fikhuNllg, REL | fth cqnstant :
mul tipli et BYe RnPLEVeQUS, ML i § I4i°er'lm.|llb%/i gl i ed b)r;&tegeiéo‘lf:f glrl% *PRppiesion
mul tiplied b% a tinme interval di vPHEg® F the THEXM LU dgertanided. fidre * si xt h
val ue bei TG4 XY PEBASIERt PeRsibLe a sealy eheth the nSlioantorMehbh Pipedadds hbe |
previ ous texaesNithsinakiiidCeheH thhe ke d Rl M- HPNREAN AUl L] Pl ied by the

previous ubdiRkkor iplied by the eue. | evel divide %y t he maxi num
eue | eveli.: fﬂkk&#eﬁ%%ge%%%:%ragi %%ngt 550%& BB e rer reamesrarddng Inepeky i s a
previ ous GOBUECPLASE ARl ekRecdstf ardegiver devel andr euenuscedder afg rakg. . 8. A
nmet hod acébrtlithy t:enehidatoh sMaeeeid ik haet badS TSR JysaGH id%gcirfbegaogt roll ed
afiter eachn®fquaudligial ity pfe %999%13 Iz,i‘_;pndﬂm\t—\:’f’l’;g‘arei the transm ssion tr Etion _
control ling, st eéc) (d) further * nc UGERE jﬁ“egra&rt.l"r( GFF TCoONEFBtY Agmaede
transni ssion Traction- i arfighst wversuberintionltaty. airiepoahaahmsgdngmst he
queue | evEhat Ghe sysrevideasridpdchy thianehbersad: r@hegi&raltmnggfygigﬁs epoch
and t he t e EAbLS Ste@Bh fERGH 110 e..Pr evi ous, epoch such that_ the
transm SSL!%.lodf'rI;\eax?ti on fqglr t%eh%p%:#%%(}gt iaﬁsepaﬁse zgr Fef BGEFFRE previ.ous
epoch are criti Cal'l Y YATPRYTLs51iqY RS iogfar3eseh PRAN iBKs¢tPlsRed tha?8- 02- 2002
~3 1~-~-3 'RJ2 14=1~2 )-R(~l WK IPI~ILJ" ~i ~9009H ' ' :
Ty (t + Dt) = A if the sum of the offered rates at time t is greater than

or equal to a constant D;
= min{1, Ti(t} + F} if.fi(t) is less than or equal to f,.,;
= G*Ty(t) if £,(t) is greater than f,,; énd otherwise
= min{T(t), if B(t) = 1 then Ti(t) + Ci*E(t) else T,(t) -
Dy*fy(t) if B(t) = 0}

" Where:
A = a constant less than one and pfeferably .125 .
D = a constant less'than one-and-preferhbly .25
F = & constant less than one and preferably .125
G = a constant less than one and preferably .875
T(t) = a global transmission fraction

Preferably, the global transmission fraction is given by:

T{t)= minimum{1, maximum(1/8, T(t. - Dt)+ 2*1(t-Dt)*M(t-Dt)*Dt/Qm.x)*(9/4 -
2%T(E) - 2*M(t)*Q(t) /Quu)) )"

where:



TO JRPRN- YAMRTO. LRH P. 13131 TO EFO MUNI CH P. 08/ 26 oos 28 . o@ﬁﬁuo g
lowW2age ¢ 2 6 r ebr~ry ~O& 1 ~ MAY 200g sl 9. A nethod acco | ,

1 wherein gue further includes 3 Hardware menory resggmdofaﬁﬁ
met hod acg“éﬁ/ﬁg to claim1 wherein the transm ssion fraction controlling

step (d) further includes the step of: (cLl) dropping a portion of the
plurality of packets based an the transm'ssion rate and a priorty of each
pi cket. in the plurality of ".,packets. il, A nethod according to claim?2
wherein the transm ssion Fraction controlling step (d) furthest includes
the steps of (dii)) controlling the transm ssion fraction such that each

packet. of plyuralit o‘]‘n %g%@éls fké‘\‘ t‘;ﬁ‘gnﬁl{p‘,&g&d ebbclf he queue |evel is

bol ow a m mumthresh the transm ssion fraction such
that no packet or a=srﬁi‘|el ““ﬂrté.-@ﬂ-i% aBPr‘iaIﬁ‘BeT)I%Fa’ﬂ PyPEFEerEek rpofiment -
~transnitted if the quagRnl eval iépeabedns aetmminetmthit eleotkueahevel (d3)

controlling the. transm ssion L{‘ Ewgcg &HC,Q Jhgﬁ_‘tztt he ,_IJPQF%H %§L9ﬂrbf:1%§(3t i Or?_l

and tree queue |evel are-cri ti queué | evel et ween
the m ni mum t hreshol d tﬁqaitdtltehaumllﬁ’mﬁ tdﬁ%%élﬂ‘cfzd WenEb¥sdode cording to
claim1 fpgther. corrpr|t31engengta}oﬂ&hkr\émhauplappﬂiprﬁyt@ tpmpsundleech use t he
‘queue; (f) setting a mnimumflow aid a maxi flow'for each of the plurality"
- of pipes: (g) determning it excess bandwi dth exists for the queue: and (h)
linearly. i ncreBwimgthe fdlobe¥ drapsmiispéohdgaction Hrures heteche Aete Vet ow
and the nmaxd guendil %:hé‘miexﬂ&ﬁ&rb&ﬁdw &den cextishblyamempéd ahe Haaw for the

pi pe of the Iuralluo |‘3 835 han the maxi mum fl ow for the pipe:
‘or f AME P ﬁﬁﬁa% (i) exponentially decreasing the

fl ow fox the pipe based on one of the m ni mum fl ow and the maxi nrumflow if"
excess bandw dideedoss diRt coxishiadith thatibowetsrmineat af sthansuhepatkeiaum

f OVV'for_t h%u.cég ‘of traffic, for the pipes are transmltted or dropped, via step
196. In a preferred embodlment, step 196 accounts for the prlorlty of a
packet when determlnlng whether to drop a partlcular packet. In anotherl
embodlment, individual packets are randomly dropped to malntaln the

- caleculated transmission frqctlons

"It is then determined whether the epoch has completed, via step 198.
If not, then the packets continue to be dropped or transmitted, via step
196. If the epoch has completed, then step 182 is returned to in order to

update the values for the next epoch.

The niethod 180 results in much the same benefits as the methods 160
and 170 in that differentiated services can be provided in a stable mannef
and excess bandwidth can be allocated fairly. Tﬁis is accomplished with
minimal effort by the user, merely settiﬁg the minimum and maximum flows
for the pipes.. The method 180 can also be used in a variety of
applications, such as in networks using'DiffServ,.by internet service
providers desiring to provide different levels of service for different
customers, classes, behaviour aggregate flows or different media. Thiplis

~ accomplished merely by allowing the.minimum and maximum flow to be set for
the behaviour aggregate flows, the customers, the media, or other flows
corresponding to the pipes'in the method 180. Thus, the flow through the

pipe, a DiffServ criterion of sexrvice, can be regulated as desired.

Furthermore, the method 180 takes advantage of the additional
benefits of two of the above-described methods. Because the global

transmission fraction can be used, the method 180 can account for higher



uch \t hat the traffic through the queue is. stable. 13. A nethod according
. ts\o cl'aim2 wherein the plurality of pipes is a plurality of behaV| our
aggregate flows. 14. A nethod according to claim2. wherein t IMAWQEP
“or decreasWQ@UsHeps (h)' and (i) is performed for each of tﬁ@q/@ﬁdéy@h

pi pes. 15. A nethod according to claim2 wherein the excess bandw dth
determning step (g) further includes thegsteps of; (gl) determ ning the
gueue |l evel far the queue; (g2) determ ni ng whet her the queue | evel has

i ncreased or decreased; and (g3) determ ning that excess bandw dth exists

[ d d m ni ng that excess
bandw dth degerin PR o SRR nlind:" A5L Be e SR EIRGRD: MBIED Cl A m o
wher ei n t FOTERTRAEES e dwirnthal MAXHRTE HE W Agvel eqha(:g&)créaufetshe& umChMﬁS t he

S SHRAUS S dwy d ongl Lo be one
?;elto hgfqu(@?beﬁh&my?ebcdrvga&sgdg&or |§ zéeﬁr%ga%dé%g t‘!ﬂe tsn%rf?h nstaﬂ?la’heous
excess bansg" = dt T ST ghaT e §2PEe Lar BBERLPHoRE - @"7“% W@Pﬁwn&cm ding to

claimé6 Wﬁeﬁwchnepteme@fs up atrrel i gith hdedeydnpaidahtShap béga?acoﬁﬂféd"IQE,r i ncl udes

Q%:%n?aﬁﬂ;‘l t al, to be an
teQ;e)o?\teﬁltol zrurtﬁ&abﬂ bk reqeagnogxg ns%ﬂt%ﬁ%gg‘% é)?(:ess bEFHER dt h

h
si gnal . llXJA\A%J‘? h%ac'f P 5§C(§F’8| sr?'th'B d(?lsﬁf’rﬁed7byvm't§r BRevet hevel avd fadebahe pi pe
of the pl lhra?l?'flysse?n girpesionswild pifidipdreaahea natabileldtade by:oaséq&ﬁasm Sghen

fracti on awrdnydaneidnibhe dnRCAQATENG AhsRRGE B82S SEGPE ﬂ)uo %ﬁ e;:”t hter
i nclude thg §éﬁp§ R eve ghl) setting .a transn ssion fraction ow to
-be a previ otls traﬁsn% ssion fraction plus a first quantity if excess

apndwi dt h exists, | ~ ~ SAY 20Q-r 63 the first quantity being a first

73 st ant nulti;ﬂtied ey i d 1tPe@XGR8Sin general, the switch 10 will use the

' portion of the method 180 that co:responds to the method 160 and 170.
Thus, the pipes will generally be regulated such thaﬁ a stable limit cycle
is achieved. In a preferred embodiment, the flow “through a pipe will
increase until the queue level is no longer decreasing and will decrease
until the queue level is decreesing or zero. It is believed that this will

* be the normal mode of operation. However, in critical cases, for example
because several pipes suddénly become active and desire their minimum
flows or the queue level exceed a threshold, another methodology may
become active. For example, the global transm1351on fraction can be
utilised to try to ensure that the gueue 20 does not become full. When the

_ crltlcal, and typically transitory, state has been accounted for, the
transmiseion fractions which result in the stable limit ecycle will again
be used. Thus, a switch using the method 180 may operate effectively over
a widex range of subscriptions.

The present inventions aleo contemplate methods and systems which °
comprise setting a transmit fraction for a flow for a pipe of the
plurality of pipes to be a minimum of the global transmit fraction and a
differential transmit fraction. The differential transmit fraction can

-llnearly increase the flow based on the m;nlmum flow or the maximum flow
if excess bandwidth exists and if the flow for the pipe is less than the
maximum flow set for the pipe. The differential transmit fraction can also
exponentially decrease the flow for the pipe based on the minimum flow or
the maximum flow if excess bandwidth does. not exist and the flow is
greater than the minimum flow set forrthe pipe.'Thus tfaffic through the

- queue is stable. The method and system also comprise controlling
tfansmission of traffic to the queue based on the transmit fraction and

utilising a scheduler to control traffic from the queue. The scheduler



bandwi dth signal; and (il) setting the transm ssion fraction t, bmgg L,
previous j ~ transmission fraction mnus a second quantity if FASIVE S
bandw dt h does not exist, the second quantity being the pre\f)i %M()@?%

mul ti pl i edW01839%Econd constant.. 19. A nethod according to G erein
the first constant and the second constant depend upon .the mninumflaw
for the pipe.. .20..w A nethod according t& claim 19 wherein the first .
constant is a weight nultiplied by a third quantity, the third quantity
being a queue service rate plus the mninumflow for the pipe mnus the sum

of the m n'ingg] flla%\ﬂli gr\g%ggf:n:ﬁptaﬁt;'%o%mﬁhbﬁ Yo£Obo RcRES. ng examﬁleﬂ'ehzhéd

according Yo | ow |“% a trans€n §S|fo 1 jes:

mul tipli ecﬁwd’a#%f“ﬂ-@?‘édltlih%%’f SRR hBr SRR OPNRY &8Si r?g Sw n(?egrelacm Rg
steps (h) miide(i) riwst heit, i naloutey theuiepeustion Quruing sdeightpdt Frix :
transm ssi-on fract C i @rﬁumﬁfocassor
plurality ot uﬂl%\/vs Fr%né)atsﬁér%lia AT{& FHLE Jugﬁ%gs' ?gﬂa}%ggﬁ eIE‘tt han a first
queue | eveleighhed JFad et @uevdng h@~°‘t1‘ia%1r?§ %S| thlﬁeéc?‘i"ﬁ’ﬁ Rfiny ¥ BF?)? #8°%R t he
m ni mum of QA8 ng naliigi s evi ous transm ssion fraction for the pipe plus the
first.constant |f the flowfor the pipe is lass than or equal to the
mnimum flow for the pipe; (h3.3) setting the transmission fraction to be
"the previous t rmgmrswmlwmlhfo#%‘r‘r?%aﬁlBp?é‘iﬁ’cﬂr’tarlpl"?eéﬁ°?)f“3 VSR
const ant ifcddp@akicd G¥th Ahel Pradenpeirvengiant estdrhacw ttherimmxesmun addWet or t he
pi pe, the second constant es s2gEti ng
the transnt&SCon" P56t ?%n ?menr}?ﬁk %‘em&p 2%9‘31:1 Qg%ﬁﬁlﬁmwgw%h\éﬂﬁ& |
transmi ssi twebtieni onThndeshed 23p %Hﬁl‘ﬁ?d vHe Frs SPtanli 38 g’Be’i’hg t he Fﬁ
previ ous tf@d’iﬁ—@‘bs_ﬁlagﬂ i1 aahibon tlhlsuﬁetaloandan bgUueatriey dqut Bx@eseitsdndd dt h

exists, the first, %“139&'% Y%aBEINYat e B g¥d Q\u&ltp&@rﬁd?ésarp@aéﬁ 25LEOT, MaNes A
third quan |ty i T excess. andvmd h .does not exi st e se

quant i t y~b2i fgratheiprapesnts hrAlaFHY. 5PP dethoe Zfzgl‘blr}l abe ‘""f‘ﬁg""‘t‘r’l"?flr’d[1 const ant

dependi ng &éhjuRet 16akiUM dHeOdbedehss singnehquappmo ackhargsorie Aepiqtepeiat ed

i nstances of & Xcgs%é{’% 9¥14h ﬁ] gb%meﬁéc%ggm&%@ IR0 14 %eat&ﬁth@satg&eges
Wi

of no excessguband uantit eég_ a fourt gn&

dependi ng &ifq RE FheniskiRTH I18V\i“i'ﬁjl F’i“?ﬂei%ﬁe )FhF 5af \P°5E|’s°n © el\/ﬁ?f"ﬁﬁﬁ 64
flow, the gtafeakot rmnshussitba fathod 2R aé IrowEenpbdy i wdedavitda ks ﬁgq\b%t%en

the gl obal \158090h 55} 0Bl IRELL o) A diBecdiuaueed B¥el noddverh ARG

according to claim?2 JQ‘ obal cIans %on fermaecstlglpchl gst %

m ni mum of PEHEPEASHe f“FF]%‘fd 3?&? om,) eé'nfgl P fg-a faXi num o - .
fifth constaetesant, 24segdndtiet wequttmgsmiﬁﬂw ué“%’e?ﬁgih& BRBPERE gI obal .
transm ssi QQcﬁa&;@QrLé an, pbys 26) tdHd deved) Weheduhers hithda wakferreai enpoaidiour,t h

val ue rrultl | i ed aJ ue, r [ gSixd B t ant
mul tiplied*By %tﬂ?‘g\ﬁz(gués Mt pt & eryshcelmt %%‘{"ga‘yg’lyﬂgiﬁ% @gslu% Hegrg Hr)gfe

nul ti pl i edthy samei mencxyrt seapakceli vHEeRVESy BOTRERS MATRY RFSUEPS é\?é’l“ad £AR F5Ft h
val ue bei NPe fncS Q¥EAN GRAGEIANEydHeRUSn dhich Ghih @enstiast a mephipld aemdyy t he
previous nultiplier multiplied by the queue |evel divided by the maxi mum
queue | evef® s?'%genul tiplier being an exponentially weighted average which
approaches a first level if a previous queue level is below a threshold and
whi ch approachegna xﬁieﬁmd drav hxiimamt fIowar £ort @lipex)peaeidiey elrait Sialbovend he

threshold. 23  w A nethod acco e e 12 &lglfrl; s St eBe(Sortefa
controlli naua % ran%rnel sssel bn l%r a%: gﬁzcgrnt r(@fﬁgs ax)"@g o ns?%l t rgcﬁ on_.and

al
conpri si nglfhe ﬁHPtWe%%@eE‘Pamﬂ“P%etIPl ?lé’réf?‘i"ziﬁs?ﬁbt" ? %I% P75 %F| ow
for a pipeiftedeie Prelrhatiovel agiregacd clbes a Thmi whep cR2tpreighaiial sernrdai t
jraction andefudl Lhe Bl dehARML sl Behifbur {digrEedvecrrild ot thk 85647 ¢

fraction capa I'I'néarly.1Increasing th % m ni mifnglowa
or the mxﬁwanmew« fEoaxeasds cHEARPPRR T &R U0 Ghd Ff“‘lf‘ﬁ‘gu"f IFBRFFSF =F hie B pe
of the plugatidhe piped PAGuIE beehssst B tthe smdingwepiawyf o, plﬁetlm:pEO!:md

capabl e of Penent Ie%ér!ege%egfnl\e%q ;.D estOé'Ka.fnoﬂaltfhgf RJthséHdlwecaEEH{@} ity

of pi pes bé"s’éd1 Toft ¥He SHAT num e maximum flow if excess
does not egi sforamte tharth.| Bos &s d?e@&tlé? ﬁlﬁ’aﬁ aeedshineiph 1 RFL™ Chet pe)

such that tBeat Labihe deheoueh ot S AUEKE gusud 3abl#i s(ek\)u@ontlreohimmgm flow

t f traffic to th the, feohLiingn flow,
(1)1 11 SPRG S BSERCHR 8P 15 ocoRIPOR 1 a P CREER4 RES a gy el dendee an

« rate, the rate at which the gqueue 34 can output J.tems from the queue,

Although in a preferred embodiment the maximum number of pipes serviced by



24.° The method of claim .23 wherein the transmit fraction settlng step

- (1) further includes the steps of: (jl) setting the dlffel’eﬁtl¥ /{Y
fraction for the flowto be a previous differential transmt frac mus
a first qu thll‘y’4q7f excess bandw dt h.exists, the first quaneCT/GBO&EI4IG0 a
first constant nultiplied by an excess bandvvl dt h val ue; and 1 ~ MAY 2004
65 (j2) setting the differential transni¢lfraction to be the previous
differential transmt fraction mnus a second quantity if excess bandw dth
does not exist, the second quantity being the previous flow nultiplied by a

second comnatafieue2ds is ﬂ-él'.% eRded af! & %28’3 Wﬁ@%e 10 §d¢. tIansmt fract| on.

setting steptkg furth |ncludes the step of Setting the=*

di fferenti‘al “tF SR%R EFFO??“FB?llteﬁe i Bﬁfl’ttd"a' fqatcétPJcPGnBifaﬂw tfaff£isum of
a plurality e m@m 3frgmanhet feked adakéy ft)pi pldrel 5 PnBBELknkhan @ ki r st
queue | evek; eddid &f)tﬁf r a fraction for the pipe
to be'the n’f ni - onfeggﬁgefa@tzr’%\?l glo}gé %k x%Igsr g%{%tllc Taryake n{"i °PPFAc *P8n f or
the i. pi p& pIug t ‘é“ﬁ?%t OE othet AntPiPE. (haLY | dfy Fhey frarsipn f Evaffssitdwman or
equal to the ift pireimbikbvisf crarmshetyrdpes thiedjueaat 34 nghltuhe i f frRtentdRbus

transmt Enactflogntﬁeo1bep£ﬂaelprf%w)°u;srﬁ(£?"’15m>t H;tainé Oﬁrrg E"%P%ﬁ?ég‘ﬁ‘ tHn

rrultlplled econd constant if the flow for

the maxi munrido o ¢ §P0t PeEopPEiret Hints B RéPeD Mav ing tbeﬂfr#g fldng hehroogie; and
(j 4) ot hethem dagetat] Agadtheheiansminumf £26&i on for the pipe to be the nininmm
of a global transmt fraction and a first quantity, the first quantity
being the preV| ous gl fferential transmt fraction. plus a second quantity

i f.excess bandWPdi FPEXPELEUR And gaximym £gws ifoy Hhe REpasharpraeti ous

7Y f er ent Pavecded rExPces$qra compdiex Mayu Soranehbé rdbngHat hi ytziafffﬂé( Qﬁ§§ugbﬁ pgdwi dt h

does not .exiteh, 16 h@lﬁe%ﬂdzﬁuagﬁé tqﬁe\mell@g akB'J&eggc? LDt I I pl I ed by a
-.SI gnal, the thi rdd%gnstan dependi'ng Iow ff:’h

approachl ng one for repea ed’li""nittez?ﬁc’e?s6 éFdez%@es"seSBa?Rf\WHYh énda applfe:a@ldl ng
zéro for P APeRt i Al avers lgvehdsesogmsailmndwi diehend be 1 bde bRt Edokn

bei ng a four L BONSEO o ORRNdby0Feddiged nm&mk'%grm}ge@ L&Y

previ ous 3 hod g 1cI aim23 whereint ansm
setting s{:ljeeg\g i |dsl%‘1)terg§E % P EHEN2AY *FhEPDIFara PEiETR bRps t°2'=ihe The

met hod of"‘?f'l"ii” nFPPURRR B IR ke Firdbulererins Anta foratdnren énotiedt, ntraIm of
one and at¥fdnssit ahueior Bd frhe sf1oval Ue-REHRE FadraK) m&%@jss@iﬂ bdifdh gQnstant

and a secgpd p¥ad e, d vaI ue elng.a previ ous transmt
fraction pjus gét%I ‘rbd)h eac‘gg hi lrgid WA 18 /Y séeg&ﬁst h ¥akge

mul tipli ey By E-S FF”P‘PP%P’&e the tﬁetﬁmﬂﬂﬁhl%lqﬁeﬂtyeqnglealgvedt Hncions mathiod

rru: ti p: i gobynelqﬂeevdeuﬁmrmhlbl el @EvelUbt igHei @sbdaysf &L%oneijgeggdtgeat e

mul tipli ¥ufhd WEBhdAERT i de o mJ 1 MAY 200 66
l evel, th 42 uthgtv LS\? gla\r?a aﬂsseévent %o%ggg eﬁﬁﬁ&gn&n t&e 'Fﬁaf?sE‘bﬁst ant

mul tipl i ed‘aby Thé™prEVvPBL S AP p FT a5t 16 P pF s d o sE Fheeayaemd shes cdinvi ded

by t he medd ﬁﬁh?weae dtewey titmdaluminhd itpk | tevbein gpadh, expOneNbHek-Mb el ght ed

average vdute Bmafar @8 cieSsthrk! §Sttnk GRLi LSS gpcpghew ous queue |evel is below a
t hreshol d and whi ch approaches a second level If the previous queue |evel -

is above the threshold. 28..' The net hod of claim 23 wherein each of the
plurality of pisegionsd| teRmsmat Sreaistonohe thypeantralaedi 2 cAdE tHaegidalt he

utilisi ng:rﬁhﬁﬁlit( f):aétubhhﬁ{d héleuleset Bfe %&?&&fn (abk % ]EQU hSI r}? the
u

schedul er ic fromthe eue for” eac N ty of
pi pes base ggﬁl%t 1tef P" 2SR FEAFRLBeE %@Hﬁ’tés’ used, via step 230, 'The

global transmlt fraction is controlled based on the queue level and the
offered input. 1In a preferred embodiment, the global transmit fraction is
. also controlled based on the priof global transmit fraction. 1In a
preferred embodiment, step 230 calculates a change-in the global transmit
fraction since the previous epoch in order to provide the desired global .
transmit fraction for critical damping and adds the change in the global
transmit fraction to the global transmit fraction for the previous epoch.
The range of queue levels over which the global transmit fraction is so
contrqlled could extend over all possible queue levels. However, in a

preferred embodiment, the range over which the global transmit fraction is



2g) The nmethod of claim2$ wherein the at | east one type of} eW m a -
particular type of service of-ealh flow of the plurality. o 2 ‘ﬁach ’,
of the plurali of pipes and where the utilising step (11)

i ncl udes tWé’“s‘Pé Tof : (11i) utilising the scheduler to scheHE#@l{a%ﬁlpc
fromthe queue for each of the plurality of flows based on the particul ar
type of service for each of the pluralit$¢2of flow 30. The nethod of claim
23 wherein the schedul er includes at |east one calendar. 31. The nethod of
claim 23 wherein the schedul er includes at | east one weighted fair queuing

ring. 32, ddae-omER0oeh.0f £l e Zudy %ﬁe g ﬂem«ansmmm« q'ue@é Lid_eél Akat&ast

one cal endar and at | east one wel ed fair euing rin .. The nmet hod of
cl ai m 23 P efpRt $onerkg apd |anE‘F’Ei‘d\é“§‘ ‘é‘feulee BYelonest ?eﬁ‘ﬁ%ﬂl ERdPaP theast
one first maxitun pbsditlenpodvanisrl.34: Apparatus conprising: a queue for
storing a portion. of a flow.of a plurality of packets noving through a
conmput er network; an enqueui ng nmechani sm coupled with the gqueue, for :
recei ving an offtei@dstarBingt whesher gl Fpgpepps JHeK BreesgnBradHaE Nt rol i ng a
transn ssisvaifsmael i@ obrdfhespl wialid)y oh aDQEKEHx&eBOeriH&:ﬂuﬁ]ﬁﬂiwex&ehe '

transm ss n oIe I eue ~
~ MAY 200}%%9“' %?‘ﬁldgg?{ﬁ Eé llrc'at gos%i?gagfﬁe rgﬁs%%\égl lO‘In Qafalg ;nd _
the queue MEQein arereferred aPbydingRpe #XFese Rangyicts ?-%\F’éFeP&lqﬁét%éPfla*t in
| east a fistap zpzeue dmRvVehewrnols assenmtydogueiient axighe 1d@lchangaeidueubess -
transm ssiqn, ééﬁaCLéan 10 L e 8S %Cheéx%akkﬂf '&\ﬁh gs§§{> 49 ?Peéqgéiy §Qefldels! St

quantity mul £ a ‘second quantity, i rst. quan
dependent q&ﬁﬁﬁ“it"‘llﬁ% a HH%“%‘ vl a&ﬂa‘?ﬂ“ﬂ’??’!ﬁe?ﬁ@ %‘EPFszﬁ"e&oﬁ%taaﬁFe‘fﬁ%ﬁs a g
second Congieaatlewdl! imbbech Bypidferiéapandiseas, felxaei-.s Ofandidth Lde queue o

| evel di vigded hy.a ES‘LHIhEQSff QLS c%léﬁgelég%‘ieis n eﬁﬁ’@?rﬂﬁsof‘ccord' hg to .

Claim 34 wnherein sa enqueul ng nism vi =tual paxi num
queue | evé’lecﬁ%F’sséﬂgoH{%e‘tj‘EreuéW}é‘\P@I PTetYFnFﬁéh&u%‘i?e °£n%ln‘?tll?érn%6€1tﬁﬁ+ﬂ dQeue

| evel , t heleeatpiathgglieesdnrixses< dahdvdldbhngkitshe. t ransni ssion rate based on -
" the queue Ievel for the queue, the offered rate and the virtual maxi num
queue | evel . A€ paratus according to_claim35 wherein the enqueuing ."
nmechani sm furt I‘Fér NS 88ETineR 1 PSP P 3 R UTGEE RAIGHLRED 51 smai’i""rﬁ,uﬁ
that is | es§f¢traniar tagusditt bradrdonebornthe gipee ilsepet tiof allmv ghefdovevigk | s

above a fighstpidakesdahdrand ﬂﬁga§Q§ESriEh@té§| b dalp-EBed 0] cdeepedevgl if

ol 2 35 RREVETHoEHE Rt i, TREERAAant I AL BP B0 AEeoa b TP R o or

the maxi megchurfuthe aipks. tThe lnnetalrpmcemab%lfng amwpipgporreheikdded owityht ed

aver age Whi;ahmappioAChes rxkimisSte1bey &y hfwetlaﬁt qumus |t§1‘éeiln|1e°arb§1|1<§3:\€a§e for
t hr eshol d _and whi Crl? aggro chesh a_ second. | evel th | evel 1r__| s above

] ue
t he threshof’gpe A¢ 19 P51 &le essp% mum f “t ﬁef)('/’ Lé aquﬂlé'&e Plvel

bei ng a NioMWUPERE requinafieneod aveiniany £iny sed o %\_ﬂéﬂF c%meesmaah@rtd
the virtuals ﬂl&ﬁt&xixﬁﬂﬁkl&iﬁiaﬁﬂ tHee wERHE UG (bR EcdmBY R4t i o NGE Wker @i dimivh €and

endueul 19 (JRENANESL UbANAL GOl fodche: { LANSTASLOR LARLIGRIDaSR] On the

queue | ev ere rate, previous. transm ssion_fraction,
nul tipli ertiBPRF t‘ﬁérer?éﬁl Fﬁﬁn‘:aﬁé?}é’el L dpsedpn BpD Aratnen 5&8‘6rfcﬂrn§h"t (15’1€F ai m 37
wherein the enqueui ng mechani smfurther sets the nulti pI ier equal to. a

firstpconstant gubd il heckfitnds Reul 91135 Subek iRl Phdt a0 RANS! an!

i f the queue |eve thresho sets l'1Ter equal to
the first eXdft ZREn et AiAfesentiplt Heangpit i fFgstinn t'Lii'p‘F"rtefto p?ld§waf3t°r‘r‘sr ter
const ant ithethideq Ut @eb sasale efpomenvinlilfte tilar esdwl2d6. Preferably, step 236 is

accomplished by exponentially decreasing the differential transmit
fraction for each pipe. The exponential decrease for a pipe can be based
on the minimum flow or the maximum flow. Thus, the exponential decrease
for a pipe can be based on the pipe’'s minimum.flow only, the maximum flow
only, or some combination of the minimum and maximum flows. However, in a
preférfed embodiment, the exponential decrease for the pipe is based on
the minimum flow for the pipe. Because the decrease is exponential in

" nature, the decrease is also based on the current flow for the pipe.



39. Appar atus according to claim38 wherein the enqueui ng rrechanl sm further
. control s the transm ssion fraction to be the m ni num of #2&)&65
one and a Wgﬂgﬁﬁll ue, the second val ue. being the maxi rmm of a ﬁnlf
constant a d value, the third value being the previ ®CT/GBMMA4TOSSI ON
fraction plus a fourth value, the fourth value being a fifth 14 NMAY 2004r
68 value nultiplied by a sixth value, thd3fifth, value being a fifth
constant multiplier by a previous nultiplier nultiplied by the offered rate
multiplied by a tine interval divided by the maxi mum queue | evel, the si xth

val ue being a sine bBr&Rst aidly v onstant. nul ti I|ed y the .
previous tJ; %EB'Q%ts? on fracti Sglﬂ‘lysr%ﬁgt}%ﬁ %E%Eﬁc]b c%ﬁﬁgt"z'i"ntl RIS S @EIC’W t he

previ ous nil FAFRICP| R5eEBiNsY hetanaard F’é‘i/élhedfhﬁfdew!iiyltthemmu num
queue | eveﬁracﬂjaon Apprrmdness iaceitm@irnarepo2Td a3 videiep mishengugue | evel
IS a previenysafmeaus deayel the revious,offered rate.
41. Appargtus. a,%cg(r?dl ng tsoeagggldr}d ggi{/\%égcgluﬁ {'Sﬁe:lhau% ?u?’f%@ff%eﬁ&ﬁfdés a
har dwar e mERDTY: T B5HERS deserminsd riarus RrevseeH sgoth Ehasuvh- 85caskersiep t he
“enqueui ng Zﬁﬁcﬂmnﬂosmerniphhe@r idimealia &iQOEbLed 206 Lheuph Uhgl ity of packets
based on the transm ssion rate arid a priority of each packet in the
plurality of packets aratus according to Caim 34 wherein-ein the -
queue is used By® t’iﬂfﬁf‘al‘i%Ag DFIUPEHSY i tdeyrophirchiedr bdfeldcon Thir ansEid ed
and furt héragkiemei via beerrqoueuinng ;rmbafudsai&b%ﬁﬁe& %Qéwqbfi&‘i’uﬁ%d

maxi num f la@Be 5@t nf Glack e i es b user
enqueui ng rrel((:er]ianl é% detag{mg%}ﬂ#} &eé)%?:}é ry an W ’gt% 8§ fsa[ c§o¥%, Suph g blstie

%Qg (a) | Fnéar f/’rf‘?f'é‘r’;é(as'i"nﬁn%i"ﬂel B’W“f &ke a?rﬁP?j@toer%éOplsﬁtahm tarepf238i pes
ed on fAEWHIREAUFAf Aowher dnbedimext MANsELOW £irfcDEn8 SSa 80 didedt fhs@é!aﬁt S

and i f thesft.enshor sher Rk c P a° Res is | ess than t
maxi mum f Loy f 5 i e grer)%%) llie}%polr:f(!gj{]tg ilL%a(%a?éy %ifa%rteggﬁ?g°?‘ﬁé“"ﬂ‘%\ﬁhfor t he

pi.pe of the p ura%ratCtE% pi pes based on the mninmumflow or the maximum
flaw i f excess bandvm dt h-does not exist and the flowis great er than the

m ni mum f | ow fahetmemm sugh s of o hr ou he .queue_is
st abl e. ,émgag acco?dl ng t%%a% %{]ﬁﬁ 4£&V\Atghir:e ért]‘ “the 3 %rlﬁfi?\”fuﬁil pi pes

are a pl ur ity o ouf t&g]@? 58t e"‘°I"F‘6‘?N§he4@°keA?)pafrlaehsieaewmdpwg to
cl ai m 43 WHer%sFR ‘H?e 'é‘?ﬂqﬁeleﬁ%er Iethanirindanes aasasidih G6€pR3R4S the Tl ow

for each déating peurabid wa:npbaee?r haacd of WORLASL: Ofs Dol GXeess Dandw dth

exi sts. 48ranRPAS 3l C 19 cI erein enqueul ng nec ani st
det er ni nes. whet he?ee%:%sgp tg'g WhHE S rsr%]%e ﬁ\é\ﬂ‘ifﬁ?éf'n?% figeriaeg udge | evel

~ ~ MAY 2BYG68 FBE tHRe a&%@'{fé tRleneeRithe napenhethdn strp queusel mieledas
i ncr easedfom tberaeseds hﬁtﬂlt&&ﬁénﬁ@té&l&iawilhﬁ th@XCessa PR L b exigts if the

queue | eve&hetaas dagr gased. o i.ndi.cat i t hat excess bandw dth
does not gxist. %t W rvvl segl.‘ 1dg§é’p%1?%t u?%%c&%r rriég]t &% SR A% ShRarst n

enqueui ng reCRARS AV f urt her indicates that excess bandwi dth exi sts by
segtl ng an instantaneous excess bandw dth signal to be one if the queue

I'evel has decrﬁa&egr@gerggd Z850a3d: sebti t antaneous excess
'bandvvl dt h §|thacha§_,0 be t JLQerQPe 9§ per orms step 242 based

acterlstlé; of the packet which is presented to the scheduler
35 as well as the available bandwidth of subsequent resources such as a
‘target port (e.g. one qf ports B 36). The scheduier 35 will, therefore,
schedule each packet so that it can be sent consistent with the
requirements for that pracket. For example, the scheduler 35 may be
presented with a real- -time packet. A real-time packet, such as a packet of
volce data, may be concerned with the speed of transmisslon as well as the
jltter in the transmission. In addition, the scheduler 35 may take into
\ _ account the type of service paid for by the client sending or receiving
the packet. The type of service may be represented by the minimum and
maximum flows for the pipe from which the packet came or by the type of
" the packet itself. For a real- time packet, the scheduler 35 will schedule
the packet in a high priority manner, so that the packet can arrive within

the desired time frame. However, the scheduler 35 may also be presented



ot herwi se. 48. ! Appar atus accor di ng to claim47. wherein the enqueui ng

mechani sm further indicates that excess bandw dth exists by set4i 004
excess banm(ﬁég 6?7 gnal to be an exponentially weighted aver /o
i nst ant ane es~ bandwi dth si gnal . - ... 49. :, Apparatus according to

claim48 wherein the flow of the pipe is an off erect rate nultiplied by a
‘transm ssion fraction and wherein the en&ﬁew ng mechani smfurther increases
or decreases the flow by setting the transnmission fraction to be a previ ous
transm ssion fraction plus a first . quantity if excess bandw dth exists,

the first WJuani idEYa g@cﬁgta flok I Slam® 08 Tnankhien hé:p&liyededpurtaheomceﬁsrts to

bandwi dt h si gha ett)ng hetr nmssmnfrac 0 b ey S
transm ssi 8ﬁg'i' o (o ???)’ﬂ'i )(Pé‘ £ ﬁgp “Gant it ‘:m?p'excesr!Lsevg:L ? gf\hl% oel{sl%ﬁot
exi st; thanesehomeqairest khat besngfﬁhetmpévmmeew%hh@ﬁénlﬁ regadingnthe

mul ti pl | eGab¥etd 5L des Ptk abh . TRO . schaBREEABY S GRACHUIE £ubnCh Apaltkdd at

wherein the first constant and the secon onst ant' de d on, t he, m ni,mum
flow for thBUHh 8"3’5f’r”°’/3é3 aPt Teta oPag’ﬁ% 8 T ﬁ]n‘ga(fg et E&ge § P8t

const ant isstffxdaaﬁtabﬁdldtvhétreeeom ewitabaif tos fogyrd she paghel-at us accordi ng
to claim®'50 wherein the first constant is a weight multi pIied a third

- quantity, the third_quant] n ueue, servic rate s the ni mum
flow far the piP& o ﬂ:ﬁ? a&u?ﬁad’%m?% rﬁf?ﬁoﬁhﬁﬁ qeg e’fent;gaijc%r ?mtt
pl ural ity fohcpigeset 53 sﬁ@xpaaataxsi azeordRiGy tespcivels Meti%?lenmﬂtﬂ?ethe '

enqueui ng JyiBghaR $pdibhhal c'oﬂf\lrﬁ:%;%@& mhd&&r easan kbgeduhew fy s64f tikpg t he
transm ssi on fc{actlontoa consLh% if a umof ‘a Iurall of flows

~ ~ MAY 2&3ev? er“oﬁ?’f??ebﬁ’f"ufrlaﬁsl tr'if' *§f Rethed, ?eat THan® trfl rstc Juelle  peq
| evel , by 33etivesngot Heecomanylils shuomgh reset P‘értl’lreoslqmé pravemip fxactirn af rihdum

of one and, gnRKiQVi t@y&lbaarﬁmﬁﬁg 0313 tﬁ@eheea H40fod 1 rPiniS e PESHRLIE SEi &5}
const ant

| De iis less thag,or e {0 Nippum
f1 ow for té?ehb?rpgacﬁ}:ss&t]? 59 ’rlatr?semq%?}eogq'f ract%Hgis ngebéit}? Pe plrrﬁl ous
t ransm ssicdnbdk geanemitf éraqunpnagyebmﬁetlﬁﬁwfbdnbﬁ/“@ 38R I tROATERFILI f t he
flow for tdigcPidewhén Gheaineduet Nl Ebe tHOXdnEue $4 AW hogh eheugn pe)calnbe a

second constall, RELOCILCSRel3 illene A PULISCLAO hlGIbERD VA0

fraction forcﬁﬁe nsM ssi on ractlon
and a firdiragtiamn Feypmfﬁe?%YseeléqweSﬁ ra§t t’éﬂlé&ﬁﬂ‘%“}f'tbéﬁfﬁlt’ﬁel”pﬁé?ﬁ 4ag-
transm ssion fraction plus a second quantity if excess bandw dt h exi sts.

the first quanthiy bel Bgophe tBLEN:QUAJRAORULSLON o 85 LM B L, rd

quantity if excess not exist; the second uantltéz? eing a
third consrikicad BRmRindeds RFoxidedyRar thenaYRuem PITHBedhY HRpdn ﬁ‘f@ton t he
m ni mum f |fxaetidre asd gal qaper oaedli.nghioneliors rtepcataddic ndrawe shofaquene 83s

bandw dt h aad MQ?@Q' Rfe Zﬁlgclfx Gl E@%@R@ﬂy 'r@ﬁ&ﬁ@%@a&fe BPa EXC e Etable

bandwi dth, the third quanti t%{ %8’ %grt const ngl ng ? on .t

m ni mum f ISREF PPl SRS 15Y8 PO TTEIPE <11 on ' 6F T Re %al

transni ssilemeis.ashion canl by t—:q' ienpexd tHappibegTbuienderel hevep dpegmes high :

E:, g ac\; mi SSIéAtBﬁM %trl ema teﬂeué ha gy%ee?h%elberié bERPAMGL ﬂmacmadeag:rt;m@alal m
erein the ranspission fr | e ‘mni 0

first val J&™ pi"?% claf’a&%et p\’/’ﬁY’(fge]dbeflhe tﬁa%glm rgrﬁrrﬁu Py s |qfl?lhemég]hs?s %F gcraggd by "

second valuhre, qudve ée‘c@ndnéaﬂhﬁetrmmmg %asFe%ro%m&Idob‘a?dt EBAsTHaRLs GFate

fraction ploug widikinh hnbaht€or &iRe WAkA dnealushaiet Aghsmit Ofdakbisdlibeused.
multiplied by a fifth value, the. fourth val ue being a sixth constant
multiplied by a previous nmultiplier nmultiplied by a global offered rate
mul tiplied by &heamethadt 22w @lldvyifesddififenentirlnegrvigendo Beagrrovidpd infa h
val ue bei rgctlaslée,&eaw QQB&&g%ﬂTstQﬂ» ﬁzlzﬁ %&Hgf‘ﬂld}eﬁeﬁgﬂ &Pingidk t £ick esh Ry1t he
revi ous ti t he queue, | e [ mum
(F:)]ueue | evel® “f% iﬁufﬁeﬁl |g?r°ngf‘?1y §Heefxlf)'ggen |né Vi d\é‘h erd gy%’gf'}él'rga 5 whi ch
appr oac hegnaxifur siesizadelqupge demie-vﬂmsthﬂewerqsev\'ehe |déf eﬁ\wi*hl ttﬁ?’e%%él d and

V\ﬂl Chhargrﬁgghﬁﬁ; BdefeGORAep ez\é‘:ﬂ ot fzakh@nm gaﬁﬁg&lﬁweséﬁ\ﬁel pt&riabame t he

t hr esho aratus accord claim reip,t appara

i ncl udes & rﬁ‘f‘fﬂ’éoe ESCHP D HER {Ege cg??a“?ﬁomf RWE' erengi 1u(r%g {)mﬁ o#éébf:%lcc’f‘es,
each of thiewcpearesl Flgwsoflipepdesawt sehreAseq élqylswmqnteytxﬁllpor‘tl@ and wherein

}\Ar&$ gggue diF£EAnt2aPraceaay 2hctNf pabahi{ YenRhrdH ABRESPeStrasfic Anrough
' pipes to the queue 34 can automatically and asymptotically reach

stability. Flows will increase or decrease depending upon whether the



56. Apparatus according to cl-aim43 wherein the enqueui ng nechani sm
rcontrols a global. transmt fraction of the plurality .of pack ts to t he
queue, basgg q&,%&z queue | evel and the offered rate, so that_ 3004 '
transmt fract|3 nd the queue level are critically danpedlﬂﬂWGﬁ%WHQQUe

| evel is between at |east a first queue | evel and a second queue |evel, and
t he enqueui ng mechani smal so sets a transtit fraction fox a flow.for a pipe
of the plurality of pipes to be a m nimumof the global transmt fraction
and a differential transmt fraction, the .differential transmt fraction
capabl e of qﬁeuteanltmsl BRESRS biigwi en f wavh hﬁasﬂn@s} wQeH&HHd”UfTﬂoLEQW qr the

maxi num f | bandw dt h_exi sts e flow for the pipe of the
plurality g#éaﬂg:&f&%ﬁ Fes&®tian B Tasy %ﬁ?ﬁd&&/ PHEEE hdhpR ﬂ@léng Eapabl e

of ex ponenﬂ%ﬂ’!%%?ééﬂ’eé%%g% heut | owtherlacheoiepeessl bamiwiptiur ahtily eateddi pes

based on th&dﬁ;ﬁtlﬂlﬂﬁhﬁh%c@ﬁei Qeaﬂwlgur@l{ik%ﬂatriﬁf@@§ﬁ Q@ﬁ‘él‘é" dilh JdRes not
exi st and Igwls?ghec% an the - mninu G{OW or.th e, such that

the traffic. through ke | RPEP oFire B¢ e Erﬂf&éﬁ’( r?gc B&AFS M
al so cont r ey pares Ailnst Mctﬁ trhaé f iregixplehe afuebee shasednomitthethd Eagseiict

fraction; emébuglrihepisMRbHREs, ansChRAY n t fhom the
pig ] g cl ai ﬁGh\?hlé?gTﬁge%&%m Eﬂ%ﬁ yullig.fl ty of

queue. 57. ﬁ%ara;usrhaccs%rgi

pi pes incltdes at 1 edst R ?3’5 2HeUS PR BRE Rfd2dHered ri"lf:hé’m@éh%‘dul er
further scPrRERIasiqy affincrkrenn ehe dgueerseborFarackamplet b @ipshehitay of *pipes
based on th&ﬁhséwtamehymceéas%eeylaqaeex&ﬁrenéma&ﬁéfé%sécaﬁﬁr% ng to claim

57 wherei n %hﬁ# aleggtrong“'g bgerwc IS a E)(artl cul ar type of
vice of each flow of The "5 ura |p1ry o) i PHRATACH - oFu‘fq’?énbcf‘i?PaFlPﬁty of
ﬁes and {REcerd atnﬁed%%‘f?éd%lli@r the Hfédulfevs eacalf bipe Wibimdehendqupsie ther each
of the pl unidiimiy &f mhOM bﬁﬁﬁdo@&h&hﬁl&aﬁﬁd GHk Brel YRS @io@%y't&\ﬁ %9,% .each
n

of; the pl Ufaldl tﬁi&feru?‘éﬁgfs )iy RRAr gt erg%%qrdl%gf%&}gwal m 56 the

schedul er includes at cal en ac®oftriget o cl aim .
56 wher ei "I HHul Bre Fh%ﬂ%d@%laét tiaipalt direcweingbdredof ainly galdivicate i NQ.

61. . Appar atussiuae crabi & godhav iduai, b6 cuklengb rbxfok}ede %Qf'?éilék‘@{at'ea Céé%@@éesa%nd

| east one LSalengdar, e _wei ght e ing rin
Appar at us ccordi nxgtggS ?agl‘%%gé Pq:er":iglenqg‘lltf.a ec!;stlc ] At %I%&g‘gﬂ%t | east one

cal endar &AL TEIST Yn&TPTT BT MUFF rdq lmﬁtetrré‘%a‘hnw and-maxiviy 208G 72 -
63. Appar atass caeeoeds N fferaitay dpenithey epon the wRgUAIH Bg-vIes haRiised for

contral s tthﬁ.- b&?&h&ﬁh&ﬁl&@t&ﬁe@ﬁfﬂ& aél;eel;neéﬂt;dhzgg c@n%e“h%d vaa?:EOChsfand
wherein t ing nmechani sm controls the transm ssion ractl on- ffor*an

epoch of t ur aﬁ tPHT BhIBHREGYRERR) ushRg DhELSATEY DY é&)’éﬁmﬁ’érs%"pwﬂ%w ous
epoch, - t hé"@t"ﬁé?’@d deatmingoro tphevipieetdi Hisserpaehe BN AL tdravi ¢l 6 N iFFeBént

fraction fastbherdbeVida; SROEH: Skalat Hals HiealdRINAS! Rkt A5 R the

epoch and e | evel for e revi ous oC be critrca
danped. 64éhQAp|93rglr “ﬁus %é“c?’é? 5 o B@1 56 ﬁF%Af"ngﬁ?ﬂe ﬁhat"l’réu’qtﬁ‘éﬁl’éeﬂa&?tffﬂé-‘rws

i, ngl udes é%a?ﬂ%@mér?mr%ﬁqudesomleese'ﬁ@ dyiear elicws @overstindgng @octia m 34
rein tlheipeagiethagnstmel 2ol SfHJsl,lrMberneQQﬁt £ Snbli@st AANSH S AP d.action

by settin hang s gSLI;O vvlth respect”. to tine equal -
to a fi rs%ﬁggntl tgﬁirrﬂ #P@Tongg a secon qh%?ﬁl AR FFPYSSquant i t'y

bei ng depdidémtenip stei"r‘ﬁ%\‘:e‘it AR %éééh’tF dasrorty bei ng a first constant mnus
a second constant nultiplied by the transm ssion fractl on m nus the queue
level divided by +@i pat UM I u ve] Ap tus according to
clai m 34 wherein the enquelutr)%g%rr%c %%%g S‘% ggﬁg? t5BRYGeT AR
plural ity “8f *pH 14t s Brsenee Ghetbrrénﬁmién§m%t§pam9r aeta ianeltea P34 &pi by tdk each
packet i hémps ofatie moi]amaﬁmms alﬁamaausiﬁamrtdmmtwmcl Rhidhune
-wherein the eRGUQHI [ r controls. t ransm ssi on fraction
such that each ack%!%ﬂ?gt ﬁ:g pruqH%& 3‘ o‘fanL CKEPE” h@‘ %ré‘ﬁs%ﬁeﬁéa ti f*bEhe
queue |evE&F F‘%“lﬁél B%C&nnmmmqeﬁr@is%adf;eaﬁebbaemmobf twoek plwbiah ithe of
packet s i schedismi 35 edni icdohﬁlmeti&d eveésllrsci aheve @ Ha%@rmdfshrﬁ&hm d, and

e P REBbORb ) LR AV S RS LY Elante L el SR e

gueue Iev%l i s betweent
the gqueue at a rate higher than the scheduler 35 can process. This

prevents the scheduler 35 from becoming full, As a result, latencies
introduced because of the scheduler 35 can be reduced or eliminated. This

prevents the formation of a backlog of packets upstream of the scheduler



68. A conputer-.readabl e nedium containing a conputer execut abl e program
conprising instructions for (a) determ ning a queue |evel for qNHﬁg 004
t hr ough mh 5s,a plurality of packets flowing in a conpy
(b) determ 0fg??!ﬁ'?17offered rate of the plurality of packets fgﬁ?ﬁg&%@gue,
and ~ ~ NAY 200g 73 (c) controlling a transn155|on fraction of the
plurality of . packets to the queue based®on the queue | evel and the
offered rate, the transm ssion fraction and the queue |evel being
critically danped if the queue level is between at |east a first queue
- level and & seaOnRfpoetRicCadlRVeffectbeor hatgtryl, N1édues! roarsivi.8sh @l léeaAcionoand
W th respﬁ L Lo time -being set to be equal to a first quantity multiplied
by a seco kR quantlty, the first quantity being dependent upon tine, the
second quantity being a first constant mnus a second constant nultiplied-
by the transm sl&lg%eflrvaa&pl@ms rdguso th @ogel@istal Baelembbdirdad dFy saep@doum

possi bl e CL‘ueE ei\llue the g oba-{hg &%ﬁ?&y tﬁgcéfo%dggéeed gﬁd$ﬁgnnégue 1@*/&1 6=§1df urther
conpri sing 1 ERHIREI B 05 rmnrng a vir gueue 1 evel -
based on tCrféeqefbtthe\ﬂéIEPaﬁ@ cImmeness mﬁﬁ?ﬁt}é‘eegll‘?é’éélt%mihrﬁrﬁé\'sl%eﬁé?%

the transniesel Othd bafdre@Nrdt@NtdOlhe rtgrekrlﬂ&ié’ @pb10 hak& Kb%ﬁedeﬁ’tmkﬂ&i quaug
| evel, the offered rate, and the_vj maxil I

ueu The
conput er - PEEESHTSS AERAMETY EP%ighP @1 &ﬁ%‘rme‘?lﬁ aeCtgl PrUAl e frevmus cRach
| evel det evasi detrymiined Mocs ipyRsicqud) ifenathen qfnt—:llmd'etb%tmectﬁqmse*‘orthe( dl)

i ncreasi NG AaBBmM rfkﬂﬂloﬁmwym&l&e%deavgf rlo® ﬂﬁa&ymmhaie i #nd agguthan
or equal tjg Lhe, maxip ”},agg el'rm%"eh rela{z fe. queyebevel 1s,above a first,
t hr eshol d: XA j(s Y eUEE tfhe Vif maxi num que e T eve i fthe =4
queue | evel TRSitIE gueue ée*c%nd%hré%ﬁé‘ledend?ff q*rfeeE%‘Fﬁ)ut er-teadabl e msdl um
of cl-aim 69 wherein the virtual maximum queue | evel determ ning

T At LO"E of Be L ST el NERUAS LASHUCLIO NSt e L] J BON B9 Aa scep

mul tiplier for the maxi num queue Ieveﬁ I'Ter Sbeln n -
exponent i &Ry i @ﬁtzethaVéﬁh&g@%#cﬁﬁ&ﬁB%'baféﬁééwnalFl $edt tPe?FLﬂ Y*a t4&P queue -
| evel is hsliow sxdphpeshalsl eaparashichic appreasbBes w13 ebondahewidlced foyt RBequeue

| evel is aﬁ%aésmg nbUESOR!G. od el btk LLUG! cAPIAEILONERYd Qahiehdish! U

gueue | eve rmumvirtual: ueue eve e secon
cor r espondifnd® t tdﬁéemlﬁF%eﬁhaﬁL}'é’Geq‘P%’\?eFe‘b%‘l ARG PAPEenBeei ABNTTGRet? 1 &DBR ;itand
wher ei n t e teessiinges ivhBtlidrachd @hego rifevol | isngboves QruC tviianstepc p56 ur tclﬂethe

I ncl ude lrzﬁfew%émsig %ove( oL, Qﬁ@ﬁrﬁkléf&aﬁh&a%ﬁ{‘é@ﬁéh% fipagdd @@ based
on t he queue  evel fered rate, a previ ou%_?t rapsm S?I on fﬁgctl on, the.

mul ti pl i er**4Rd ‘fif?esF@(Fﬁﬁm JHiBire SFER A5 9BPUTeR L SHU&BEE Bfedi um of
claim 71 wWhererded hé thel tragulei bevedr bwitdenlignst r uctl ons (dl) further include

instructions for: ~ ~ ~aY 200 74 (dli )~sett| ng the nultiplier equal to a
- first constant pI i e previqu lier_plus a secgnd nst ant
if the queue |e eI BFo]&ﬁx'Fﬂelﬁ ﬁF%@ﬁ&gH on R0z FapoVe S “then €

global transmit fraction is controlled for critical damping, via step 260.
To more clearly explaln the setting as the global transmit fraction, it

. will be assumed that the offered rate to the queue 34, I(t), and the
output rate from the queue 34, O(t), are constant at eguilibrium, the
stable state. However, the analysis holds true even where I{t) and O{(t)

continue to vary, ag is generally true of a network.

‘At equilibrium, the rate of change of the gueue level with respect
to time and the rate of change of the transmission with respect to time
should be zero if the output rate and offered rate are constant. In other

words, at equilibrium:

I(t)*g'r_(t). - o(t)

0 =
0 = K{t)*( f - ay T(t) - Q/Qux)
I(t) = I

constant



(dlii) setting the multiplier equal to the first constant nultiplied by the
N previ‘ous multiplier plus a third constant if. the queue |evel i s‘] #bmlﬁytm
t hreshol d. wa 1,}314%7conput er-readabl e nmedi um of claim 72 wherein the™" ’i‘
transni ssi oh P Vaeti on control | | ng instructions (cl) further RGIGRAH4410
instructions for: (cli) controlling the transm ssion fraction to be one if
t he queue level is below a m ni mum queue 4®vel; and (cliff) controlling the
transm ssion traction to be the m ninum of one and a second val ue, the
second val ue being the maxi numof a fourth constant and a third value , the
third val ue(tei ag ¢ he previous transm ssion fraction plus a fourth val ue, -
the fourth val ue bei.n fifth value multiplied by a sixth value, the fifth
val ue being a frft%on(?g?‘lrgtt ant nultiplier by a previous nultiplier nultiplied
by the of f8Ffed rataxlobal tixehseit Syaatiohne interval divided by the maxi num .
gueue | evel, the sixth value being a sixth constant m nus a seventh .
eonst ant tipli by the previous transm ssion fraction mnus an eighth
const ant %”ﬁeg\‘?’g’: Yhy?t ﬁ&“ﬁ‘&ff‘&‘ﬁg nultiplier nultiplied by the queue
| evel "di vided by the maxi mum queue | evel. 74. The conputer-readabl e. nmedi um
‘of cl ai m 7gr wheg eigyrt he queue |l evel is a previous queue |evel and.the
offered rate is a previous offered rate.. 75. The conputer-readabl e. nedi um
of cl.ai m 6% #ef f n-t ¥eexr ansni ssi on fraction controlling instructions (c)
further include instructions for: (cl) discarding a portion of the
plurality g LKA e n t transm.ssion, rate and 'a priority of each
packet in 1'?;hre@pl uré’?i %l%%’ogs%éncekgﬁast. agé'.‘m‘]’ﬂ'ﬁ“'c8ﬁ%ﬁtb‘? 3 ERPLBRe FEER AR of
g%ai m 68 1t helt d8rniaidpAFhatsthauoetions fagro(af) 140 |tk ngs alnéwaikinim dhleow
nl a i dmmid|axstaniacgels h05; GaCma! 170 RhUIG ol YetheplPeSathl oh e the
queue; (e)Lgeleddn ging i ndw. dth exists for the queue; and’ "1 ~
IMAY 200g 75 %Fﬁ) i near] fgfﬁ%ﬁgggi 3‘*55 oW Fof T8 pFp@uft thet FruFkauldybef
pipes base®Bh ThECR MHiHm F9 Shrth traexsnstenamilibnid:f excess bandwi dth
exists and if the flow far the pipe of the plurality of pipes is |ess than
the maxi mym f1 ow £ or &uglgi%e Q exponential |y decreasing the flow for the
pi pe of the plurality o e8"Based on the nininmumflow or the nmaxi num
flow if excess b#hdwiath does not exist and the flow is greater than the
m ni mum fl ow for the pipe, such that the traffic through the queue is
stable. The conputer-readabl e nmedium of claim 76 wherein the excess _
bandwi. dt h “d&F e¥ifi®hi MFIREIT et Femoupericalimahess ioficlarde ¢arsbe udtommeRots
(el) detemsi Piang 2heb quesmsdtavely f oRodehenatliotitir (60dradedLERE /A, Waat PRy

the queue daavied whaads dNGEEASRH P MHEE : (e3) determning that the
excess bar&@% tih.eaeg(; sts |if t_?le,n ueufecg Z‘\%Ceil’ue%%g daé%&r éaselté‘d’sm 8 A Pand

determining that excess Bafdt i i ESnftionxiaef smseprsiugetions about the

ranges in which the switch 10 is desired to operate. For stability, it can
be shown that: '

a2 ) 2(t) = 4% K(t)*I/Qux or
K(t) = 4%1/ (Qux* G?)

=’ I(;)/me for the assumptions made above

Thus; (t), @ and f can be chosen to result in a transmit fraction that
‘will prqvide critical damping in the values for which the'system is
desired to operate. Using the quations above, the transmit fraction
desired for providing critical d&ﬁping can bé provided for the switch io.
For example, using the assumptions above for Q/Q.. and I/0, the system
described by the transmit fraction and the gqueue level are:

Qt + Dt) = Q(t) + [I(t)*gT(t) - O(t)]+*Dt
gT(t + Dt) = gT(t) + (I(t)*Dt/Quu)*(2.25 - 2%gT(t) ~Q(t)/Ouy) *Dt



The conput er-readabl e nmedium of claim 76 wherein the flowis an offer , -
rate multiplied by a transm ssion fraction, the increasing or dec e’iaslﬁgélzomr '
i nstruct '\9’6%)1; b4g7further .include instructions for: (fl) seppiriSBobhgi10
transm ssi O Taractlon to a first constant if a sumof a plurality of flows
fromthe pl urallty of pipes is greater J1an a first queue level; (f2)
setting the transm ssion fraction for the pipe to be the mnimmof one and
a previous transm ssion fraction for the pipe plus the first constant if
the f low for the pipe is less than or equal to the mninumflow for the
pipe; (f3hesetting the transm ssion fraction to be the previous '

transm ssion fraction for the pipe multiplied by a second constant if the
flow for the pipe is greater than the maxi rumflow fox the pipe, the second
-const ant Dbei ng | Bive ERkaTVBhRetpey CRATHIGEARIRNCEEQ 0 Fhg the transni ssion
fraction for theriMep€ot anepddme m ni mum of a gl obal transmission fraction
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improved.



does not exist and the flowis greater than the mninumflow for 't

such t hat ffic through the queue i9 stable; (m .controllin :
transni ssi Wgwsﬁﬁiffi c to. the queue based on the transmt Pi‘ﬁéé’?qﬂ 43105 g
(n) utilising a scheduler to control traffic fromthe queue. 81. The
conmput er - r eadabl e nedi um of cl ai m 80 wher¥®in each of the plurality of

pi pes,includes at |east one type of service and wherein the utilising
instructions (n) further include instructions for: (nl) utilising the
scheduler to schedule traffic fromthe queue for each of the plurality of
pi pes based on at ast _one type.of .servi.ce. 82 The co ter-readabl e
medi um of cl 'ai_rr% r\(/evhledr gfﬁlﬁtﬁeaa"t‘éépeges a%ﬁ% 198 TPt & B 'Beetr{’g Y %&Pticul ar
type of setqfPE@anse vhlgh the Ryesent Havemtioal foy podviding e ¢ifdgecentghlt he
plurality wlanphpesrasiomhernal Ret kiR BYd Ia$l BY ubBS tdcUpdHRRR ddab) urt by

kncl ude i ngtys

pi p'es: based on the minimumflow or the maximumflow if excess baﬂd‘ﬁ”ﬁﬂ@
04

i gn fox; (nli).utilising the scheduler to schedu]e.
traffic from ? %ée oc%ugrl?e Slrmc{eg%:h ¥ tif #ueedsﬁ ur e 15 a?4 dfs HFEEETWn e He B

parti cul arFigipe ¥, &t sier ppamefiothagathe aendidepelir ahi inptentdrieous .ex88ss The

conput er - readabith FRghdl) 8f aehaiiNeRfe M18LRER dLRG3GREA| gfe iREL s at

| east one a(l:v%I.gn? Ar ajrgdf-ez%'tau:dr egst one wej ghtfd fajr gueui ng ring. 84. The

conput er =r'eadabl e ‘mBarum or' &Fal M BEVUTEFet FErotIE P diSnPe°8n? traction i s

control | edioarrey, dichetorvalinble altheye ofalepe cheulhdewtsdicelaredheln mansni ssi on

fracti on garEepidd BEbAISEALICkhONS oS) £SUERD§r1bN GolEE JnBSId Wekd gs for:

(cl) contrgl li&éﬁ%tthe transm ssion fraction for an epoch of the plurality of
chs based on tthe gueue |l evel for a previous epoch, the offered rate for

he previous epoch and the transm ssion fraction for the previous epoch

such that the trmansstss ono foacdde@l {ext e AROGIMAR] Whei et WseyYgl for

medi um of c] ai m 68 ransm ssion traction contr

~the previ %é%h?@f"‘t'ﬂem%ﬂregi ﬁ%r&%rej:%xltggiié/d dapred., 83: The Exatlp tFi r'grae%&%%'r%

i nst ruct i AREPEIEREPT hEPRFIRIEE s ASTRUTEH | ¥a¥s s1ahY ©F (te) pirast brrpdactdege i n
the transmigginen dndacdiionm vilbhs reeapeied phipet iviR @@pat7d.0rdr fehbstpiguant,i fy

multipli ek¥eanseeond ARt of U8 [ddubliceq 1o cteln2000 LR UARTELY,
bei ng dependent upon tinme, ‘the second quantity beifg a first CoOnstart™ M nus
a second ctifStHRft TAHFRTIYI FTeRY i thERe FAREATSPRE fr % BéfrufsRdPelne. queue
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cqnstants C; and D, are both based on the minimum flows. In an alternate
embodiment, weights for different pipes can also be provided. In such a
case, the constant C; and D; may also be célculated based on the weights

provided.

Constants for increasing or decreasing the flows for the pipes are
determined based on the minimum flows and, where uesed, the weights.
Preferably, the constant for increasing the flow, é,, and the constant for

" decreasing the flow, D;, of a pipe are calculated as follows:

Cs = (Wi/W)¥(S + fimn ~ X EFyun) /16
j

If all of the weights are equal to one, as in a preferred embodiment,

then:

Cy = (8 + fyun - zs Eymin) /16
b]

D; = (S - fimin) *q
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packet. However, the scheduler 290, calendar 292, 294 or 296 and ring 298
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109 | &'() éachlgosléiog) In a pgeferred embodlment the calendar 292 is a low
latency calendar and thus has the highest priority of the calendars 292,
294 and 296. The calendar 294 is a normal latency calendar and thus has
the second highest prlorlty of the calendars 292, 294 and 29s6. The
calendar 296 is a peak rate calendar and thus has the lowest priority of
the calendars 292, 294 296. In a preferred embodlment therefore, the time
spent in each position for the calendar 292 is less than the time epent in
fgj ' each position for the calendar 294. 51m11arly, the time spent in each
. position for the calendar 294 is less than the time spent in each position ’
{3 : for the calendar 296. The calendars 292, 294 and 296 are thus used for
scheduling hlghest, normal and lowest priority packets. By traversing the .
positions in each of the calendars 292, 294 and 296, the scheduler 220
ensures that packets are sent from the corresponding queite, such as the
queue 16, consistent with the priority of packet. |

The rlng 298 is preferably used for schedullng the lowest priority’
packets. Thus, a packet placed in the rlng 298 has a lower priority than a
packet placed in one of the calendars 292, 294 and 296. The ring 298 1s
preferably work conserv1ng Thus, over a particular amount of time, the
ring 228 will do a constant amount of work as long as the rlng 298 is not

_ empty The r1ng 298 also has a particular number of positions. Each

p051t10n in the ring 298 can hold exactly zero or one packet. However,
when the ring 298 is traversed, the ring 228 goes directly to the next
occupied p051tlon, skipping any positions which are not occupied. As a
result, the ring 298 is work conserving.

Figure 20 depicts a simplified flow chart of one embodiment of a
method 300 for scheduling packete using the scheduler 290. The _

. characteristics, such as the type, of the packet to be scheduled is
determined, via step 302. The type of packet to be scheduled could be
based in part on the kind of data carrled by the packet, for example real
time data such as video versus pure data such as an email. In addition,
the type of pipe from which the packet came can also be considered. For
example, in one embodiment, the type of .pipes generally available are
expedited forwarding (EF), best efforts (BE) and assured forwarding (AF).
Typically, an EF pipe carries real time traffic. An EF pipe allows traffic
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T ‘relatively expensive, level of service. Traffic carried by the EF pipe

above the guaranteed maximum flow rate may be discarded. Thus, traffic for
an EF pipe is likely to be mapped to a high priority calendar, such as the
calendar 292, but might also be mapped to thercalendars-294 and 296. A BE
_typlcally carries low prlorlty traffic, such as data packets. A BE pipe
typlcally carries trafflc using resources of the network that are
: avallable after higher priorlty traffic has been allocated at least its
minimum bandwidth. Traffic for a BE pipe may thus be mapped to the ring
298. An AF pipe has a guaranteed minimum rate, for which a customer
typically pays a premium price. However, the AF pipe may be allocated some -
portion of any excess resources, or bandwidth, available in the network. - =
- Traffic for the AF pipe may thus be Mapped to ebme.combination_of.the
Galendars 292, 294 and 296 and the ring 298.

In a preferred embodiment, the charactErlstlcs, such as the type, of
the prev10us packet from the same pipe (the correspondlng plpe) as the
packet to be scheduled is also determined, via step 304. It is then
determined whether the packet to be scheduled is of the highestlpriority,-
via step 306. The “highest priority” considered in step 306 could be a

' range of high priorities. In addition, the deterﬁination of the priority

. of the packet could take into account the priority of the previous packet
and the flow rate for the corresponding pipe. For example, if a packet has-
a high priority such as a real time packet, but i; is indicated that -the
corresponding pipe has a flow which iS'hiQher than the guaranteed rate,
the packet may not be considered to be of the highest priority. If the
packet is of the higheét prietity;'then the packeét is placed in a position
in the calendar 292, via step 308. In one embodiment, the position in
which the pecket is placed takes into account the priorities of some
number of the other packets.within the calendar 292. In one embodiment,_
the pecket is placed in an open position in the calendar 292. ﬁowever, in
an alternate:embodiment, the packet might be placed in an occupied
position and the packet from that occupied position moved to another

position.

If the packet is not of the highesﬁ p}iority,-then it is determined
whether the packet is of the second highest priority, via step 210. The
“second highest priority” considered in step 310 could be a range of
priorities. In addition, the determination of the priority of the packet
could take into account the priority of the previous packet and the flow
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& ()- #109@mqgﬁlquQI:thg@packet is placed in an open position in the calendar 294.
However, in an alternate embodlment the packet might be placed in an
occupied pos;tlon and the packet from that occupied position moved to
ancther position.

_ If the packet.is not of the second highest'priority, then it is

'fza . determined whether the packet is of the third highest priority, via step

314. The “third highest priority” considered in step 314 could be a range

Loy . of prlorltles In addition, the determination of the priority of the -
packet could take into account the priority of the previous packet and the
flow rate for the corresponding pipe. If the packet is of the third
highest priority, then the packet is placed in a position in the c¢alendar
296 having the third highest priority, via step 316. In another .
embodiment the position in which the packet is placed takes into account
the priorities of some number of the other packets within the calendar
296. In one embodiment, the packet is placed in an open p051t10n in the
calendar 296. However, in an alternate embodlment the packet might be
placed in an occupled prosition and the packet from that occupied position
moved to another position.

If the packet is not of'the third highest priority, then the packet
is placed in a position in the ring 298, via step 318. In one embodiment,
the position in which the packet is placed takes into account the
prlorlties of some number of the other packets within the ring 298. In one
embodiment, the packet is placed in an open position in the ring 298.
However, in an altermate embodiment, the packet might be placed in an
occupied position and the packet from that occupied p051tlon moved to
. another position. In a preferred embodiment, step 318 takes into account
the size of the previous packet from the same pipe in placing the packet
in the ring 298. For exampie, if no previous packet exists, then the
packet is preferably‘placed in the most remote unoccupied position of the
ring 298. However, if the previous packet from the same pipe was large,
then the packet is preferably placed at a more remote unoccupied position.
If the previous packet from the same pipe was small, then the packet is

preferably placed at a closer unoccupied position in the ring 298. Thus, a

‘
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' Figure 21 is a flow chart depicting one embodlment of a method 320
for sending packets from the corresponding gqueue based on the packets'
positidns in the calendars 292, 294 and 296 and the ring 298, In.generél,
the scheduler 290 will send pédkets from the caiendar 292 more rapidly
from the calendar 294. The scheduler 290 will also send packets from the
calendar 294 more rapidly from the calendar 296. The scheduler 290 will
‘also send packets from the calendar 296 more rapidly from the rlng 298.
Thus, packets scheduled ﬁsing the calendars 292, 294 and 296 are
preferably sent before a packet scheduled in the ring 298.

"It is determined whether a current position in.the highest priority
calendar 292 is embty, via.step'322. If the current position is not empty,
then the packet in the currén; position for the calendar 292 is removed |
from'the gqueue and sent to the next portion of the switch, via ste@ 324.
If the cufrent position in the calendar 292 is empty, then it is
determined whether a current position in the second highest priority
calendar 294 is empty, via step 326. If the curreﬁt poéiticn in the
calendar 294‘15 not empty, theh the packet in that position is removed
froﬁ the queue and sent to the next portion of the switch, via step 328.
If the current position in the calendar 254 is empty, it is determined
whether a current position in-the third highest priority calendar 296 is
empty, via step 330. If the current position in the calendar 296 is not
unoccupied, then the packet in the calendar 296 is removed from the queue
and sent to the next portion of the switch, via step 332. If the current
position in the calendar 296 is unoccupied, then it is determined whether
a current position in the ring 298 is empty (step 334). If not, thén
packets corresponding to positions in the ring 298 are removed from the
quéue and sent to the next portion of the switch (step 336) until it is
time to move to the next position in one of the calendars 292, 294, or
296. Preferably, this occurs when the next position in the calendar 292 is
to become the current position. This is because the highest priority
calendar 292 preferably spends the shortest amount of time in each

position.
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portion of the scheduler 290 sends the packet, at least one of the
calendars is advanced. In a preferred embodlment step 338. advances at
least the calendar 292 to the next posltlon Also in a preferred
embodiment, the calendars 294 and 296 advance to their next posltion at
multiples of the tlme in which the calendar 292 advances to the next
position. Eer example, in one embodiment, the calendar 294 advances to the -
next position each time the calendar 292 has advanced to the next position
five h#ndred and twelve times. Thus, in a preferred embodiment, step 338
may advance multiple calendars 252, 294 and 296 to the next position. The
faﬁ method 320 may then be repeated. Thus, using the methods 300 and 320, the
' flow of traffic and sustained and peak rates and burst sizes are treated
| ; is desired. If the rate of flow of trafflc is at or below the sustained
rate, then packets are allowed to enter the high priority calendar 292 at
. regular intervals. If the xate of flow of traffic is above the sustained.
rate but below the pedk rate, then for a time that is determined by the
burst size, packets are still scheduled in the higher priority calendars
‘ 292, 294 and 296. If the traffic remains above the sustained rate and
below the peak rate for a longer tlme, then packets are entered into the
:rlng 298, which ensures only best efforts are used to send the packets. If
the flow later falls back to at or below the guaranteed or sustained
rate, then packets may once again be scheduled in the high priority _
calendar. Packets are then removed from queue using the calendars 292, 294
and 296 and the ring 298 and the method 320.

Thus, the scheduler 290 schedules the removal of individual packets
from the queue, such as the queue 34, from different pipes based on _
characteristics of the packets as well as characteristics of the pipe from
which the packet came, such as the characteristics of a previous packet
from the pipe. As a result, the scheduler 290 can finely control traffic
through the switch. | |

'Thue, using the methods described above, traffic through and the
' switch 10 can be controlled. It may be assured that memory resources of
the switch will not be exhausted, for example through the use of the
global transmit fraction. In particular, the queue level for a particular
memory resource can be driven to be a small value in most situations. A
small queue level ensures not only that the queue will not be exhausted,

but also that jitter and other undesirable phenomenon due in part to a
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o provided with a feasible amount of work to accomplish. Thus, additional

latencies due to the scheduler may be rediced or eliminated.

Methods and sYstems have been disclosed for controlling traffic
through a network. Software written to implement the present invention is
.to be stored in some forxrm of corﬁputer—readabl-e medium, such as memory, F:"\

7/

CD-ROM or transmitted over a network, and executed by a processor. _
Alternatively, some or all of the present invention could be implemented ' '
in hardware. Although the present invention has been described in

accordance with the embodiments shown, one of ordinary skill in the art

will readily recognise that there could be vafiatiops to the embodiments

and those variations would be within the spirit and scope of the present
invention. Acéordingly, many modifications may be made by one df'ordinary
skill in the art without departing from the spirit and'scope 6f the

appended c]_.aimé .
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{a) controlling the flow of a plurality of packets movinhg through

3 quene in a camputer netwerk and
{b). deverxmining & queue level for the queue; .
{¢) determining am offered rate of the plurality of packets to the

_queue;

(d)  contr rolling 2 transmiss flon fraction of the plurality of
packets tc the queue based on the queue level and the ¢ffered xrate, the
transmission Fraction and the quoue level being critically damped if the
quete level is between at least & first queue level 2nd a second gueue
level, the chenge in the trarsmissicn fraction with respect to time being
set To be equal to a first quantlty rulzipiied by 3 second quantity, the
flest quantity being dependent upon time, the second quantity being 2
first constant minus & second conssant multiplied by the transmission
fraction minus the gueue level divided by a maximum pdssible queue level.

2, A methed accordinyg to Claim 1 wherein the gueue has a maximm’
Queue level that is possible and furthexr conprising the step of: L

{e) determ;ning a virtual msximum gueve level based on the
determined queue level and the maximum queve level.

3. A method according to claim 2 whezein the virtual maxioum
queuc level determining step (e) furthex includes the steps of:

lel) increasing the ‘virtuzl maxizum queue level to & marimum that
is less than or equal to the maximum gueue level if the queue level is

above a first threshald; and
(e2) decressing the vistual maximum queue level if the cuewe level

is below 2 secend thresheld,

4. A method aggording to claim 2 wherein the virtual maximum
quene level determining step (e) further includes the steps of

(el) providing & multiplier for the maximum gueue leval, the
multiplier being an exponentially weighted average which appraaches &
fizet level i£& the gueue Jevel is below a threshold and which approaches 3z
second level it the queue level is above the threshold the first level
corresponding te the virtual queus ilevel being a minimom virtual Queue
1evel and the second level corresponding to the virtuval gueue level being

the magimun queue level;
and whepein the tramsmission fraction coptrolling step (d) further

includes the step of

AMENDED SHEET

Y+Mrg
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a previous multiplier plus a second constant if the queue level is below
the threshold; and _ _ _ “
{e1id) : settinglthe multiplier eqﬁal to the first constant
multiplied by the previbus multiplier plus a thixrd constant'if the queue
level is above the threshold. ' - I. ‘

6. A method according to claim 5 wherein the transmission
fractlon controlling step (dl) further includes the step of:
(d1i) controlling the transmission fraction to be one if the queue
level is below a minimum gueue level; and
(d1ii) controlling the transmission fraction to ‘be the mlnimum
" of one and a second value, the second value being the maximum of a fourth
constant and a third value, the third value being the previocus
transmlsslon fraction plus a fourth value, the fourth value being a fifth
value multlplied by a sixth value, the £ifth value belng a fifth constant
multiplied by a previous multipller multlplled by the offered rate
multiplied by a time interval divided by the maximum queue level, the
sixth value being a- sixth constant minus a seventh constant multiplied by
the previous transmission fraction minus an eighth.cdnstant mﬁltipliéd by
the previous multiplier multiplied by the queue level divided by the

‘maximum gueue level.

7. A method according to claim 6 wherein the queue level is a

previous queue level and the offered rate is a previous offered rate.

8. A method according to claim 1 wherein the transmission
fraction is controlled after each of a plurality of epochs and wherein the
transmission fraction controlling step (d) further includes the step of:

(d1) controlling the transmigsion fraction for an epoch of the '
plurality of epochs based on the queue level for a previous epoch, the

~ offered rate for the previous epoch and the transmiésion fraction for the
previous epoch such that the transmission fraction for the epoch and the

queue level for the previous epoch are critically damped.



14 MAY 'zé 23:54 FROM UK IPLAM TO JAPAN-YAMATO LAB P.13/31

1, +10%h& ( cs 109PsPs&’ ()<L N Z( 0% () - | XZ(10988& () -
1 6&G( 1098 ( 78 & 189 1 U” NNNNN} ASH=! 1 10TiJ B, U"”g“ >-gas2%
. D8702-Q00% () - 610(%2&' () -1 FAz10%x& ()- 0z 10%& ()-! ., +1098 () R4 2 GB0004410

NDPSH=I . 0%
& ()- ]OYy@tl(J)af)}&'yg(b)@i}' F10% " & ()-1 F 10%c& ()-" 109& () - T0uef |\ oonBEp&iim |
<SHE! 1 F@Ll0%&: ()-!3l 1nt 10%& ()- ! F@&L0%& () - 'Y$10%&'() 1 4 MAY 2004
Y@LO0%& ()-s!|"109& ()-WMWAMMWE @ 1 Sk | |
I 1098 () - SYL0%HE () - 10%& ()-! d3109% ()- 10 10 103;
109 () - WAMZ[\W\yW6~ @ 1 !! (10%WW& ()-! h'! (1092 Uz U& ()-'d"!
(109%& ()-!p | (10 &' O 5 'dbed s BIE L) o @14;&343"4%&39. “Onk] queloe Frnllthed TV 1

I dLO%I5&
a () J.m:l des % hardwaxe memory resdurce.

i0. B method according to claim 1 whaerein the transmission
fraction controlling step (d) further includes the step of:

(e1) dro?ping 2 portion of the plurality of packets based on the
trxansmission rate and a pricrity of each picket in the plurality of

Ipackets.

il. R method accerding to claim 1 wherein the transmissicn
fraction controlling step (d) further include_s the steps of:

. (dl}) eontrolling the transmission fractién such that each packet of
T the piurality of packets is transmitted if the queve level ig Dalow a
ninimom threshold;

(d2) - contrelling the transmission fractiom such that »o packet or a
small fraction of the plurality of packets is transmitted if the queue
level is above a mawimum thresheld; and :

(d3) conrreliing the transmission fraction such that the
l.cansmission fraction and the queue level are cxitically damped if the
queue level is between the minimam threshold and'the maximum thresheid. .

i2. A method according to claim 1 further cemprising:
{a) defining a plurality «f pipes which use the queue;
: {£) setting z ainimum flow and a2 maximun £low for each of the
plurality of pipes;
"(g) determining if owcess bandwidth exists for the gueus; and
(h)  linearly inereasing = flow for a pipe based on ore of tha
£ minimum flow and the maximm flow if excess bandwidth exists and if the
’ flow for kthe pipe of the plurality of pipes is less than the maximm flow

for the pipe; ox

ANMENDNDEND SHEFT
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0l 13. A method according to clalm 2 wherein the plurality of pipes
is a plurality of behaviour aggregate flows. '

14. A method according to claim 2. wherein the increasing or

decreasing;steps (h) and (i) is pe}formed for each of the plurality of

pipes.

15. A method according to claim 2 wherein the excess bandwidth
deteimining step (g) further includes the steps of:
(gl) determining the queue level for the queue;

i . {g2) determining whether the queue level hag increased or

decreased; and
(g3) determining that éxcess bandwidth exists if the queue level

! : has decreased or is zero and determining that excess bandwidth does not

exist otherwise.

16.. A method according to claim 5 wherein the excess bandwxdth
determlnlng step (g3) further includes the step of:
(g3i) setting an instantaneous excess bandwidth signal to be cne if
the gqueue level has decreased or 1s zero and setting the instantaneoué

excess bandwidth signal to be zerc .otherwise.

:17_1A method according to claim 6 wherein the excess bandwidth
determining step (g3) further includes the step of:
(gjii) | getting an excess bandwidth sigﬁal to be an
exponentially weighted'average of the instantaneous excess bandwidth

gignal.

18. A method according to claim 7 wherein the flow for the pipe
of the plurality of pipes is an offered rate multiplied by a transmission -~
! fraction and wherein the increasing or decreasing steps (h) and (i)

furthei include. the steps of: _
' (h1) setting a transmission fraction for the flow to be a previous

transmission fraction plus & first quantity if excess bandwidth exists,
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exist, the second quantity being the previous flow nultiplied by a second

C onstant

19. A method according to claim 8 wherein the first constant and
the seccnd constant depend upon the mlnimum flow for the pipe.
20. /' A method according to claim .19 wherein the first constant is a
o . we1ght multlplled by a third quantity, the third quantity being a queue
service rate plus the minimum flow for the pipe minus the sum of the

minimum flow for each of the plurality of pipes.

21.. A method according to claim 12 wherein the flow is a
transmi551on fractlon multiplied by an offered rate and wherein the
increasing or decrea51ng steps (h) and (i) further include the steps of:

(hil) setting the transmiésion fraction for the flow to a first
constant if a sum of a plurality of flows from the plurality of pipes is

greater than a first queue level;
(hi2) setting the transmission fraction for the pipe to be the

minimum of one and a previous transmission fraction for the pipe plus the
first constant if the flow for the pipe is less than or equal to the
minimum flow for the pipe; -_

(hi3) seﬁting the transmission fraction to be the previous
transmission fraction for the pipe multiplied by a second constant if the
flow for the pipe is greater than the maximum flow for the pipe, the
second constant being less than one; and

(hi4) otherwise setting the transmission fraction for the pipe to be
the minlmum of a global transmlsslon fraction and a first gquantity, the
. first guantity being the previous transmission fraction plus a second
i quantity if excess bandwidth éxists, the first quantity being the previous
' transmisesion fraéﬁion_minus a third quantity if excess bandwidth does not

exist, the second quantity being a third constant multiplied by-a signal,

the third constant depending on the minimum flow, the signal approaching
one for repeated instances of excess bandwidth and approaching zero for

repeated instances of nb excess bandwidth, the third guantity being a

fourth constant depending on the minimum flow multiplied by the pre&ious
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22,  A method according to claim 21 wherein the global transmission

fraction is'the minimum of one and & first value, the first value being a
maximum of a fifth constant and a second value, the second value being a
previous global transmission fraction plus a third value, the third value
being a fourth value multiplied by a fifth value, the fourth value béing.a
gixth constépt multiplied by a previous multiplier multiplied by a global
offered rate multiplied by a time interval divided by a maximum queue
level, the fifth value being a seventh constant minus an eighth consﬁant
multipiied by the previous multiplier multipliéd by the queue level
divided by the maximum queue level, the muitiplier being an exponentially
weighted average which approaches a first level if a previous queue level

is below a threshold and which approaches a second level if the previous

queue level is above the threshold.

23. i‘A method according to Claim 12 wherein said step (d) of
coﬁtrbiliﬁg a transmission fraction controls a global transmit fraction
and comprising the further steps of:

_ {3) setting a transmit fraction for a flow for a pipe of the
'plurality of pipes to be a minimum of the global transmit fraction and a
‘differential transmit fraction, the differential transmit fraction capable

| of linearly increasing the flow based on the minimum flow or the maximum
flow if excess bandwidth exists and if the flow for the pipe of the
plurﬁlity of pibes is less than the maximum flow for the pipe and capéble
of exponentially decreasing the flow for the pipe of the plurality of
pipes based on the minimum flow or the maximum flow if excess bandwidth
does not exist and the flow is greater than the minimum flow for the ripe,
such that the traffic through the queue is stable;

(k) cohtrolling transmission of traffic to the queue based on the

transmit fraction; and
(1) utilising a scheduler to control traffic from the gueue

~

24, The method of claim 23 wherein the transmit fraction setting

step (j) further includes the steps of:
(j1) setting the differential transmit fraction for the flow to be

a previous differential transmit fraction plus a first gquantity if excess
bandwidth exists, the first quantity being a first constant multiplied by

an excess bandwidth value; and
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does not exist, the second guantity being the previous flow multiplied Sy

a second comstant.

25.  The method of claim 23 wherein the transmit fraction setting ‘
stép (j)'further inciudes the step of:
N (J1) setting the differential transmit fraction for the flow to a
‘first constant if a sum of a plurality of flows from the plurality of
pipes is greater than a first queue level;

(jz) setting the differential transmit fraction for the pipe to be
the minimum'df one and a previous differential transmit fraction fer the
pipe plus the first constaﬁt if the flow for the pipe is'iess than ox

equal to the minimum flow for the pipe;
(j3) setting the differential transmit fraction to be the prrevious

transmit fraction for the pipe multiplied by a second cogstant'if the flow
for the pipe is greater than the maximum flow for the pipe, the second

constant being less than one; and
fj4) otherwise setting the transmit fraction for the pipe to be the

minimum of a global transmit fraction and a first quantity, the first
quantity being the previous differential transmit fraction plus a second
quantity if excess bandwidth exists, the first quantity being the previous
differential transmit fraction minus a third quantity if excess bandwidth
does not exist, the second quantity being a third constant multiplied by a
signal, the third constant depending on the minimum flow, the sigmal
approaching one for repeated instances of excess bandwidth and approaching
zero for répeated instances of no excess bandwidth, the third guantity

being a fourth constant depending on the minimum flow multiplied by the '

previous flow.

26. The method of claim 23 wherein the transmit fraction setting

sﬁep.(j) is performed for each of the plurality of pipes.

27. The ﬁethod'of claim 23 wherein the global transmit fraction is
the minimum of one and a fixrst value, the first value being a maximum of a
fifth constant and.a second value, the second value being a previous
global transmit fraction plus a third value, the third value being a
fourth value multiplied by a fifth value, the fourth value being a sixth
constant multiplied by a previous multiplier multiplied by a global

cffered rate multiplied by a time interval divided by a maximum queue
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weighted average which approaches a first level if a previous queue level:

is below a threshold and which approaches a sécond level if the previous

queue level is above the threshold.

28, The method of c¢claim 23 wherein .each of the plurality of pipes

includes at least one type of.sgrvice'and wherein the utilising step (1)

further includes the step of:
(11): utdilising the scheduler to schedule traffic from the queue for

each of the plurality of pipes based on thg at least one type of service.

29, The method of claim 28 wherein the at least one type of
service iz a particular type of service of-each flow of the plurality of

flows in each of the piurality of pipes and where the utilising step (11)

further includes the step of:
{11i) utilising the scheduler to schedule traffic from the gqueue for

each of the plurality of flows based on the particular type of service for

each of the plurality of flowr

30. The method of claim 23 wherein the scheduler includes at least

one calendar.

31, The method of claim 23 wherein the scheduler includes at 1éast

one weighted fair queuing ring.

32. The method of claim 23 wherein the scheduler includes at least -

one calendar and at least one weighted fair queuing ring.

33, - The method of claim 23 wherein the scheduler includes at least

one calendar and at least one first in first out wechanism.

34. Appafatus comprising:
a queue for storing a-portion.bf a flow of a plurality of'packets
moving through a computer network;
an enqueuing mechanism, coupled with the queue, for receiving an
offered rate of the plurality of packets and for controlling a
transmission fraction of the plurality of packets to the queue, the

transmission rate being controlled based on a queue level for the queue
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level and a second queue level, the change in the transmission fraction
with respect to time being set to be equal to a first quantity multiplied
by a second quantity, the first quantity being dependent upon time, the
second quantity being a first constant minus a second constant multiplied
by the transmission fraction minus the queue level divided by a maximum

possible queue level.

35,
mechanism determlnes a virtual maximum queue level based on a queue level

Apparatus according to Claim 34 wherein said enqueuing
) for the queue and the maximum gueue level, the enqueulng mechanlsm

} controlling the transmission rate based on the queue level for the queue,
! the offered rate and the virtual maximum queue level.

36.
mechanwsm further increases the virtual maximum queue level to a maximum

Apparatus according to claim 35 wherein the enqueuing

that is less than or equal to the maximum queue level if the Qqueue level
is above a first threshold and decreases the virtual maximum queue level

if the queue level is below a second threshold.

37.
mechauism further provides a multiplier for the maximum gqueue level,

Apparatus according to claim 35 wherein the enqueuing

the
multiplier being an exponentially weighted average which approaches a
first level if the queue level is below a threshold and which approaches a

second level if the queue level is above the threshold, the first level

corresbonding to the virtual queue level
level and the second level corresponding

the maximum gueue level; and wherein the

being a minimum virtual queue

to the virtual queue level being
engueuing mechanism further

the offered

L controls the transmission fraction based on the queue level,
rate, a previous transmission fraction, the multiplier and the maximum
queue level. '

38. Apparatus according to ¢laim 37 wherein the enqueuing
mechanism further sets the multiplier equal to a first constant multiplied
by a previous multiplier plus a second constant if the queue level is
below the thresheld and sets the multiplier equal to the first constant
multiplied by the previous multiplief plus a third constant if the queue

level is above the threshold.

38.

mechanism further controls the transmission fraction to be the minimum of

Apparatus according to claim 38 wherein the engqueuing
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nstant and a third value, the third value belng the previous
transmission fraction plus a fourth value, the fourth value being a fifth
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maximum queue level.,

40. Apparatus according to ¢laim 39 wherein the queue level is a

previoﬁs queue level and the offered rate is a previous offered rate.

! -41- . Apparatus according to claim 3% wherein the queue further

includes a hardware memory resocurce.

~ 42. apparatus acc”rding to claim ~35wherein the enqueuing.
mechanism further discards a portion of the plurality of packets based on
the "transmission rate and a priority of each packet in the plurality of
packetg._ '

43, »apparatus acéording to Claim 34 wherein the queue is used by a
plurality of pipes through which traffic is transmitted and further
wherein the engueuing mechanism uses a minimum f£low and a maximum flow set
for each of the plurallty of pipes by a usex, the enqueuing mechanism
determining if excess bandw1dth exists for the queue and (a) linearly
increasing a flow for a pipe of the plurality of pipes based on the
minimum f£flow or the maximum flow if excess bandwidth exists and if the
flow for the pipe of the plurality of pipes is less than the maximum £low
-for-the pipe or (b) exponentially decreasing the flow for the pipe of the
plurality of pipes'based on the miﬁimgm flow or the waximum flow if excess
bandwidth does not exist and the flow is greater than the minimum flow for

the pipe, such that the traffic.through the queue ig stable.

44. Apparatus according to claim 43where1n the plurality of pipes

are a plurality of behavipur aggregate flows.

45.  Apparatus according to claim 43 wherein the engueuing
mechanism increases or decreases the flow for each of the plurality of

pipes based on whether or not excess bandwidth exists.

46. Apparatus according to clainm 43 wherein enqueuing mechanism

determines whether excegs bandwidth exists by determining the queue level
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has decreased or is zerc and indicating that excess bandwidth does not

exist otherwise.

47. Apparatus according to claim 46 wherein enqueuing mechanism
further indicates that excess bandwidth exists by setting an 1nstantaneous
excess bandwidth signal to be one if the queue level has decreased or is

- zero and setting the instantaneocus excess bandwidth signal to be zero

otherwise.

48. . Apparatus according to claim 47 wherein the enqueuing
mechanism further indicates that éxcess bandwidth exists by setting an
excess bandwidth signal to be ar exponentially weighted average of the

instantaneous excess bandw1dth signal.

o

49. Apparatus according to claim 48where1n the flow of the pipe
is an offered rate multiplied by a transmission fraction and wherein the
'enqueuing mechanism further increases or decreases the flow by setting the
transmission fraction to be a previous transmission fraction plus a first
quantity if excess bandwidth existe, the first quantity being a first
constant multiplied by the excess bandwidth signal and setting the
transmission fraction to be the previous transm;ssidn fraction minus a
second gquantity if excess bandwidth does not eiist; the second quantity
being:the pfevious transmission fraction multiplied by a second constant.
. J o~

50. ' Apparatus according to claim 49 wherein the first constant and

the second'constant depend upon the minimum flow for the pipe.
o -W | . _

51. apparatus accordlng to claim 50 wherein the first constant is

125 and the second constant is .875.

-

52, Apparatus according to claim ‘50 wherein the first constant is
a weight multlplied a third quantlty, the third quantity being a queue
service rate plus the minimum flow for the pPipe minus the sum of the

minimum f£low for each of the plurality of pipes.

53..Apparatus according to claim 43 wherein the enqueuing
mechanism further increases or decreasee the flow by setting the

transmission fraction to a first constant if a sum of a plurality of flows
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frém the plurality of pipes is greater than a first queue level, by
setting the transmission fraction for the pipe to be the minimum of one
and a previous transmission fraction for the pipe plus the first constant
if the flow for the pipe is less than or equal to the minimum flow for the
pipe, by setting the transmission fraction to be the previous transmission
fraction for the pipe multiplied_by a second constant if the flow for the
pipe is greater than the maximum f£low for the pipe, the second constant
being less than one, and by settiné the transmlssion fraction for the pipe
to be the minimum of a global transmission fractiom and a first quantity
btherwise, the first quantity being the previous transmission fraction |
plus a second quanﬁity if excess bandwidth exists, the first quantity
being the previous transmission fraction minus a third quantity if excess
bandwidth does not exist, the second quantity being a third constant

multiplied by a signal, the third constant depgndlng on the minimum flow,

the signal approaching one for~r¢peated instances of excess bandwidth and

approaching zero for répeated instances of no excess bandwidth, the third
quantity being a fourth constant depending on the minimum £low multiplied
by the previous transmission fraction, the global transmission fraction

allowing cxitical damping between the global transmission fraction and the

queue level,

54; Apparatus according to claim 53 wherein the global
transmission fraction is the minimum of one and a first value, the first
value being a maximum of a f£ifth constant and a second value, the second
‘value being a previous global transmission fraction plus a third value,
the third value being &a fouéth value multiplied by a f£ifth value, the
fourth value being a sixth constant multiplied by a previous muitiplier
multiplied by a global offered rate multiplied by a time interval divided
by a maximum queue level, the fifth value being a seventh constant minus
an eighth‘constant multiplied by the previous multiplier multiplied by the
queue level divided by the maximum queue level; the multiplier being an
exponentially weighted average which approacheé a First level if a
previous queue level is below a threshold and which approaches a . second

level if the pre&ious queue level is above the threshold.

55. Apparatus according to claim 43 wherein the apparatus includes
a piurality of processors corresponding to a plurality of blades, each of
the plurality of processors having a plurality of ports and wherein the

queue is for a processor of the plurality of Processors.
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.£flow for a pipe of the plurality of pipes to be a minimum of the global
transmit fraction and a dlfferentlal transmit fraction, the differentlal
transmit fraction capable of llnearly increasing the flow based on the
minimum f£low or the maximum flow if excess bandwidth exists and if the
flow for the pipe of the plurality of pipes i1s less than the maximum flow
for the pipe and capable of exponentially decreasing the flow for the pipe
of the'plurality of pipes based on the minimum flow or the maximum flow if
excess bandwidth does not exist and the flow is greatei than the minimum
flow for the pipe, such that the traffic through Ehe quene 15 stable, and

the enqueuing mechanism also controls

queue based on the transmit fraction; and further comprising:

transmission of traffic to the

a scheduler to control traffic from the gueue.

~ 57. nApparatus according to claim 56 wherein each of the plurality
of pipes includes at least one type of sexrvice and wherein the scheduler
further schedules traffic from the queue for each of the plurality of

pipes based on the at least one type of service.

l 58. Apparatus according to claim 57 wherein the at least one type
of service is a particular type of service of each flow of the plurality
of flows in each of the plurality of pipes and wherein the scheduler
schedules traffic from the queue for each of the piurality of.fiows based

cn the particular type of service for each of the plurality of flows.

59. Apparatus according to claim 56 wherein the scheduler includes

at least one calendar.

60. Apparatus according to claim 56 wherein the scheduler includes

at least one weighted fair queuing ring.

61. Apparatus according to claim 56 wherein the scheduler includes

at least one calendar and at least cne welghted fair queuing ring.

62. Apﬁaratus according to claim 56 wherein the scheduler includes

at least cne calendar and at least one first in first out mechanism.
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.' fraction for an epoch of the plurality of epochs based on the queue level
for a previous epoch, the offered rate for the previous epoch and the
transmiasion fractioﬁ for the previous epoch such that the transmission

fraction for the epoch and the queue level for the p:évious epoch would be

critically damped.

64. Apparatus according to claim 34 ‘wherein the queue further

includes a hardware memory resouxrce.

65. Apparatus according to claim 34 wherein the engueuing
‘mechanisin-further controls the transmission fraction by setting a chaﬁge“ -
in the tranémission fraction with respect to time ecqual to a first
quantity multiplied by a second gquantity, the first quantity being
dependent upcn time, the second quantity being a first constant minus a
second constant multiplied by the transmission fraction minus the queue

level divided by a maximum possible queue level.

_ 66. Apparatus according to claim 34 wherein the engqueuing
mechanism further drops a portion of the plurality of packets based on the
tranémission rate and a priority of each packet in the plurality of
packets. .

67. Apparatus according to claim 34 wherein the enqueuing

mechanism further controls the transmission fraction such that éach packet

of the plﬁrality of packets-iS\transmitted if the queue level is below a

minimum ﬁhreshold, no packet of the plurality of packets is trinsmitﬁed if

the queue level is above a maximum threshold, and the transmission
fraction and the queue level are critically damped if the queue level is

between the minimum threshcld and the maximum threshold.

68. a computersieadable medium containing a computer executable program

comprising instructions for
(a) determining a queue level for a queue through which pass a

plurality of packets flowing in a computer network;
(b) determining an offered rate of the plurality of packets to the

queue; and
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(éons%an% minus a second constant multiplied by the transmission
fraction minus the queue level divided by a maximum possible gueue level.

69. The computer readable medium of Claim 68 further comprising
instructions for (d) determining a virtual maximum gqueue level based on
the queue level and the maximum'queue level and further wherein the
transmission fraction controlling instruction is based on the queue level

the offered rate, and the virtual maximum queue level.

70. The computeér-readable medium of claim 69 wherein the virtual
maximum queue level determining instructions (d) further include
instructions for: | '

(dl) increasing the virtual maximum queue level to a maximum that
is less than or equal to the maxihum queue level if the queue level is
above a first threshold; and

.(d2) decreasing the virtual maximum queue level if the queue level

is below a second threshold.

71. The computer~readable'medium of claim 69 wherein the virtual
maximum queue level determining instructions (d)} further include
instructions for: .

(d1) providing a'multiplier for the maximum quehe level, the
multiplier being an exponentially weighted average which approaches a _
first level if the gqueue level is below a threshold and which approaches a
second level if the queue level is above the threshold, the first level
corresponding to the virtual gueue level being a minimum virtual. queue -
level and the second level corresponding to the virtual queue level being
the maximum queue level; and wherein the transmission fraction controlling
instructions (c) further include instructions fof

(cl) controlllng the transm1551on fraction based on the gueue
levei, the offered rate, a previous transmission fraction, the multlpller

and the maximum queue level,

72, The computer-readable medium of claim 71 wherein the

~multiplier providing instructions (dl) further include instructions for:
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_ (d1id) setting the multipliexr equal to the first constant
multlplled by the previous multipller plus a third congtant if the queue

level isg above the threshold

73. The computer-readable medium of claim 72 wherein the
transmission fraction controlling instructions (cl) further include

instructions for:
(c1i) controlling the transmission fraction te be one if the queue

level is below a minimum queuwe level; and
(c1ii) controlling the transmission fraction to be the minimum

of one and a second value, the .second value being the maximum of a fourth
constant and a third value, the third value being the-previous

"trénsmiséion fraction plus a fourth value, the fourth value being a fifth
value multiplied by a sixth value, the fifth value being a fifth constant
multiplier by a previous multiplier multiplied by the offered rate .
multiplied by a time interval divided by the maximum queue level, the
sixth value being a sixth constant minus a seventh constant multiplied by
the previous transmission: fractlon minus an eighth constant multlplled by
the previous multiplier multlplled by the gueue level divided by the

maximum queue level.

74. 'The computer-readable medium of claim 73 wherein the queue

?J level i1s a previous queue level and the offered rate is a previous offered

rate.

75. The computer-readable medium of claim 69 wherein the
transmission fraction controlling instructions (¢) further include

instructions for:
(c1) discarding a portion of the plurality of packets based on the

transmission rate and a priority of each packet in the plurality of

packets.

76. The computer readable medium of Claim 68 further comprising

instructions for
(d) allowing a minimum flow and a maximum flow to be set for each

of a plurality of pipes which uge the queue;
(e) determining if excess bandwidth exists for the queue; and
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bandwidth deterﬁining instructions (e) further include instructions for:
(el) determining the queue level for the gqueue;
(e2) determining whether the queue level has increased or
decreased; and
(e3) determining that the excess bandwidth exists if the queue

level has decreased or is zero and determining that excess bandwidth does

not exist otherwise.

therein the flow is

\

_ 78.  The computer-readable medium of claim
an offered rate multiplied by a transmission fraction, the increasing or
decreasing instructions (f) further include instructions for:

(f1) setting the transmission fraction to a first constant if a sum
of a plurality of flows from the plurality of pipes is greater than a

first queue level;
(f2) setting the transmission fraction for the pipe to be the

minimum of one and a previous transmission fraction for the pipe plus the
first constant if the flow for the pipe is less than or equal to the

minimum f£low for the pipe;
(f3) setting the transmission fraction to be the previous

transmission fraction for the pipe multiplied by a second constant if the
flow for the pipe is greater than the maximum flow for the pipe, the
second constant being less than one; and

(f4) otherwise setting the transmission fraction for the pipe to be
the minimum of aiglobal transmission fraction and a first quantity, the
First quantity being the previous transmission fraction plus a second
quantity if excess bandwidth exists, the first quantity being the previous
transmission fraction minus a third quantity if excess bandwidth dces not
exist, the second gquantity being a third constant multiplied by a signal,
the third constant depending on the minimum flow, the signal approaching

one for repeated instances of excess bandwidth and approaching zero for
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repeated instances of no excess béndwidth, the third quantity being a
fourth constant depending on the minimum flow multiplied by the pfévious
transmisgion fraction, the global transmission fraction allowing critical

damping between the global transmission fraction and the queue level,

79. The computer-readable medium of claim 78 wherein the global
transmission fraction is the minimum of one and a first value, the first
value being a maximum of a fifth constant and a second value; the second
value being a previous global transmission fraction plus a third value,
the third value being a fourth value multiplied by a fifth wvalue, the
foﬁrth_value being.a sixth constant multiplied by a previous multiplier
multiplied by a global offered rate multiplied by.a time interval divided
by a maximum quéue level, the fifth value being a seventh constant minus
an eighth constant multiplied by the previous multiplier multiplied by the
“queue level divided by the maximuﬁ queue level;--the multiplier being an
exponentially weighted average which approaches a first level if a '
previous queue level is below a threshold and which approaches a second

~ =

level if the previous queue level is above the thresho

80. The computer readable medium of Claim 76 wherein the
transmisgion fraction controlling instructions (¢) control a global

transmit function and further comprising instructions for:
allowing a minimum flcow and a maximum flow to be set for each-

(g)
of the plurality of pipes;
(h) determining if excess bandwidth exists for the queue;

(1) determining a queue level for the gueue; _

i) determining an offered rate of the plurality of packets tc the
gueue;
(k) cbntrolling a global transmit fraction of the plurality of
packets to the queue, based on the gqueue level and the offered rate, so
that the glcobal transmit frgction and the queue level are critically
damped if the queue level is between at least a first queue level and a
second queue level; '

(1) settihg a tranemit ‘fraction for a flow for a pipe of the
plurality of pipes to be a minihum of the global transmit fraction and a
differential transmit fraction, the differential transmit fraétion capable
of linearly increasiﬁé ﬁhe flow based on the minimum flow or the maximum
flow if excess bandwidth exists and if the flow for the pipe of the
the maximum flow for the pipe and capable

plurality of pipes is less than

of exponentially decreasing the flow for the pipe of the plurality of
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pipes based on the minimum flow or the maximum flow if extess bandwidth
does not_exist and the flow is greater than the minimum flow'for the pipe,
"such that the traffic through the queue is stable;

(m) controlllng transmission of traffic to the queue based on the

transmlt fraction; and
“(n) utilising a scheduler to control traffic £rom the queue.

8l. The computer-readable medium of claim 80 wherein each of the
.plurality of pipes includes at least one type of service and wherein the

utilising instructions (n) further include instructions for:
(n1)  utilising the scheduler to schedule traffic from the queue for

each of the plurality of pipes based on the at least one type of service.

82. The computer-readable medium of claim 80 wherein the at least
one type of service is a pa:ticular type of servico of'eachlflow of the
plurality of'flowg in each of the plurality of pipes and wherein thé R
utilising instructions (nl) further include instructions for: ‘

(n1i) utilising the scheduler to schedule traffic from the queue for

each of the plurality of flows based cn the particular type of service for -

each of the plurality of flows.

83. The computer-readable medium of claim 80 wherein the scheduler

includes at least one calendar and at least one weighted fair queuing

‘ring.

84. The computer-readable medium of claim 68 wherein the
transmission fractlon is controlled after each of a plurality of epochs
and wherein the transmission fraction controlling instructions (c¢) further

include instructions for: _
(cl) controlling the transmission fraction for an epoch of the

plurality of epochs based on the queue level for a previous epoch, the
offered rate for the previcus epoch and the transmission fraction for the
previous epoch such that the transmission fraction for the epoch and the

‘queue level for the previous epoch would be critically damped.

85. The computer-readable medium of ¢laim 68 wherein the

transmission fraction controlling instructions (c) further include

instructlons for:
{c1) setting a change in the transmission fraction with respect to

time equal to a first quantity multiplied by a second guantity, the first
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guantity being dependent upon time, the second quantity being a first
" constant minus a second constant multiplied by the transmiséion fraction

minus the queue level divided by a maximum possible queue level.

86. The computer-readablé medium of claim 68 wherein the -

transmission fraction controlling instructions (c)'furﬁher include

instructions for:
{cl) -dropping a portion of the plurality cf'packets based on the

transmission rate and a priority of each packet in the plurality of

packets.

87. The computer-readable medium of c¢claim 68 wherein the
transmission fraction controlling instructions (c¢) further include

instructions for:
(cl) controlling the transmission fraction such that each packet of

the plurality of packets is transmitted if the queue level is below a

minimum threshold;

{c2) controlling the tramsmission fraction such that no packet of
the plurality of packets is transmitted if the queue level is above a
maximum threshold; and

(c3) controlling the transmission fraction such that the
transmission fraction and the Queue level are critically damped if the

queue level is between the minimum threshold and the maximum threshold.



