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Abdiad : Themod popul arad ivequeuemanagement & go-
i thm RED,i =8l eadyshownt ohaepaame e etionand
adapt ivity probl ems The BLUE algai thm is an adapt ive alter
nativet ot heRED a goi thm ,whi chbehavesqui  tebet terf or
ECN suppot ednet wokswi thhi ghnumbeof flowsad ive
REDbasd RO agoi thm isded gned to offer diffeent levd sof
Evi oes over asnglequeue and isused to provi de AF svi e of
DSarchi tedure Duet oi tsancet o sprobl em RO shoul dbe
re- tunedf oranychangeont henegt wokandt rof ficpat tems
Since thisisnot prad ical, BLUEbasd B algoi thm waspro-
posd as an altemat ive to RO with its adaptive nature. h this
paper, BO agoi thmisre gudied for DSnetwoks and sveral
altemat ives ae oons deed for diffeent pat s of the algai thm .
I isshown that with thee m odifications BIO isapomisng a-
temat ivet oORIO wi thl oss 1t esaoundzeoand mii nim ized
dd ay val ues

1L.NTRODUCTON

The benef its of the dadess archited ure of the IP (Internet
Protoool ) have enabl ed the rapid growth of the Internet. W th
thisenor mousgr owth, net workoonged ion, caussdbyt  he
dadesa diitedureof | Phesbecomemor egopar ent. As
neworkef fidengyandr edudtionof t hel osr aebecame
m gor pr oblem snew medhani ansar er equiredt omed t he
eed ations of today s goplications g nce the architedt ure of
the Internet is not des gned to suppor t these kinds of applica
tions

Jaoobson’ soonget ioncont rol d gorithm s 1], whi chhed
beendevdl opedupont hef ird obser vationsof Nagl € soon
getion predidions [2] on ared network, are 2ill be ng used
ont heaur rent | nternet. Jaoobonpr  oposedd ow € artand
oonges ionavoi danced  gorithm st ober unbyt  heend- node
TCPstopr event net workoonged ion. Thed ow ¢ artd go-
rithm inoreasest hedat ai nt rand tt od artt hesdl f-dodd ng
[1].Conged ionavwoi danced gorithm sensur et hat t heend-
nodest aket henecessr yadt iononpadet | oss Congest ion
growsexonent idlyandear lydet edionof t heconges ion
he pg opr event i t.Suchadet ediondear esset hedr opr ae
caued by ocongest ion. Gaeways exper iend ng congest ion are
theonl ynodes whi chcandet edi tandt akepr oper ad ions
earlied.

Drop-tailqueues em pl oyi ngt het raditiona queuem echa
nism, do not require any ged d prooes ng on the queue for
oonget ioncont rol. Padket sar eacoept edwhi let he queue
lengthisless than apre-defined limt, and dl the padket s are

dropped ater thislimt. Severd problem sare inherent in this
achitedureast hequeuebecomesf  ulld modd It het ime
AdiveQueueM anagement ( AQM mechani ans uchas
RED [5]andBLUE[ €],a econges ioncont rold gorithm s
which are run on gateways to detedt conged ion earlier and to
endi mpidtor expl idtf eedbackt ot heend- nodes Duet o
theadvant ages t heuseof ad ivequeuem anagement a chi-
tedures on gateways isrecommended by IETF[3].

New gopl ication types born with the growth of the Internet,
neednew ki ndof sr vicesover | nternet.| ETFhasbeende-
vd opingDi fferentiatedSer vicey DiffServ,DS) a chitedure
[4] to offer different levd s of services to the goplications be-
yond the best -effort srvice. Beddes the drop-talandAQM
m echaniam snew queuem anagement  d gorithm sl ikeR1 O
[13],whi char edevd opedegped  dlyf orser vicedi fferentia
tion are usd on shedul ed queues to suppor t D S.

BIO[15]wagr oposdasand  ternativet oRI O andwas
eped ed to perform better for ECN suppor ted networks with
highnumber of f lowsad ive | nitidlypr oposdBI O d go-
rithm [ 15] wasma kingpacket & ooaggr e vay, hencer e
alting inlow link utilization. In this paper, BIO dgorithm is
regudiedf orDSnet worksandsever  dd terndivesar epr o
posd for different parts of the dgorithm . Am ongthee dter-
natives the one which is cons dered as the m og prom i ng by
the authorsis sudied etend vl y. It is shown that with thee
modifications Bl O over omesR| O withl oss ratesar ound
zeroand mhimized del ay va ues

Ther et of t hepaper i sor gani zedasf ollowsFi r¢,RED
andBLUEAQM s edexr ibed. Next ,DSa chitedureand
rdaedquesemanagement d gorithm ,RI1 O,a eeql aned.
M odifications on the BIO dgorithm are proposed to recover
its problem s Find ly the perform ance of a proposed BIO d-
gorithm is com pared with RIO ud ng 9 m uitions

2 ACTVEQUEUBY ANAGEM ENALGORITHM S

21 RED

R ED m anages the queue based on the aver age queue length
inform aion. It cal aul ates the aver age queue length us ng both
theadt ual queuel engthandt heaver agequeuel ength, and
maks packet s with a probabi lity proportiond to the aver age
queue length. wy isthe fird parameer of REDwhich is used
aswe ghtof t heaver agequeuel engthi ncd aul aionof t he
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new aver age queue length. By us ng aver age queue length at
themar ki ngpr obabi lityca aul @ions i ndant bur $scanbe
tolerated. M aking padket s provi des feedbadk informaion to
ur e nodes on the congest ion leve of the gateways through
the pah.

REDuss wopar aneers minthandmaxt h,ont hequeue
length that show threshol d val ues O nae the queue length ex-
ceeds the minth param eer, packet s are maked with the ran-
dom izedm a ki ngpr obabi lity. maxpi & hem axi m um packet
m aki ngpr obebi lity. Led par am efer,i & hequeuewe  ghti n
the ca aul etion of the aver age queue length

The behavi or of the dgorithm can be quite different for dif-
feret st of par aneers Theepar ameersshoul dbet uned
oond dering the network and traffic archi tecture.

Theef fedivenessof theRED d gorithm onconget ion
ocontrol andr edudionof t hel ossr aei spr ovenbybot h
Imuetionsandr ed-worldexper ienced 5,7] .However ,t he
dgorithm haspar ameersl edtionpr oblemq 8].1 nor dert o
benef itf rom thed gorithm itspar ameersmud bear ranged
properly. M orover , the making aggress veness of the dgo-
rithm isi nsend tivet ot henumber of ad ivef lowsont he
gateway. W henthe bottlenedk link is dhar ed equd ly between
theat ivef lows markingonepadket tosndoonges ion
feedbackder easest het otd t hroughput byt her ateof 1-
V(2N) [9]. Since only the aver age queue length and maxp pa
raneer a eusdi na alaionof RED’'spadkat marking
probabi lity, RED cannot m ar kpadket spr oportiond Iyt ot he
num ber of adive flows Thismayrealtin the loss of queue
oont rol.

22 BLUE

BLUE[6] isareont |y devel oped adive queuem anagem ent
m echanian whi chhasacompl  edydi fferentmarkingg ra-
egy compared to RED .BLUE dgorithm asum es that queue
length does not diretly refled the conges ion level . Hence it
doesnot updat et hepadket marking pr obabi litywi tht he
queuel ength.l ndeadi tusesqueueover  flowandi dleevent
higory to upda e the padket m aki ng probabi lity (py,). Padket
loss due to the queue over flow m eansthat the making is not
aggress ve enough and p, shoul d be inoreesed. Simiarly, the
queue idle event ooour s as areall t of the aggres ve making
polioyt hereforet hep par aneershoul dbedexr essed. Thi s
m echanian effedivd y dlowsBLUEto lean the corred rate
it neads to end back oonged ion notification.

BLUE uss three prameers The fird two param eer de-
term ine the am ount by which pp, isinaemented in cae of the
queue over flows (d)) or is deaxr emented when the link isidle
(dg). Thel &g par ameeri st heminimum timeinterva be-
tweentwosucess ve updaes (fleez t ime) BLUEisasm-
ple dgorithm com pared to RED .

Performanceof t hed gorithmd savd uatedbys m ulions
andaneer imendt etbedat [ 6].1 ti sshownt ha BLUE
o ullyoont rolst hequeueandover comesRED when
ECNisusd in[€].

3. DFFERENTATED SERVCESM ECHANBM SON
ROUTERS

Differentiated Services (DS)is a new architecture [4], which
isdevd opedbyl ETFtosuppor tdi fferent] evd sof sr vices
over IP neworks It is more g4 adl e than the previ ous <l i
tion, Integrated Servi ces [10], w hich requi res com plex chedss
on each packet and m antenance of date inform aion for each
adive flow on each gateway.

D Sprovi desExpedi  tedFor warding( EF)[ 11] PHB ( Per-
H op Behavi or) which offers ow loss low latency, low jitter,
asur ed bandwi dth’end- to-end s viceand Asur ed For -
warding (AF) [12] PHBwhich provi des ddivery of IP pade
esin four independent ly forwarded AFdases W thin each
AFdass an IP pake can be asd gned one of three different
leve sof dr oppr ecedence. AFPHB shou dd ot derae
shor t-term congest ion.

31 Redwithh and Out(RD)

To offer thiskind of srvices arouter mayuse different num-
ber of queues for each output interface srvedwi th a shed-

uler. Gaewaymay have an EFqueue, aB E queueandf our
AF queues Each AF queue shoul d run an dgorithm like RIO
(REDwith In and O uf) [13] to be able to %rve packet s with
different priorities in one queue.

RIO runs N(3)di fferentpar am eleriz2dRED d gorithm on
the queue to m ak each packet reped ive to its priority. It be-
gins to drop low priority packet s m uch before the high prior-
itypadet s W hent heoonges ioni naresseshi ghpr iority
padket s are dropped. It is hown that RIO can provi de differ-
et leve sof srvices to different priority packet s[13].

32 BLUEwithh and Out(BO)

Agdesr ibedi nSett ion2. 1,RED haspar ameers etion
problem sand its inadequacy to adaptt onewcondi  tiond 9],
and [14]. Sine RIO isan dgorithm based on RED it has the
smepr oblem d nherently. Asand  ternative, aB LU Ebased
agorithm,BlO,wasproposd by [15]. BLUEs an adgptive
dgorithm forad nglepr ecedencel eve queue, but i ti snot
ded gnedt oof ferdi fferent| evel sof s vicesover ad ngle
queue as RIO.

Initid Bl O d gorithm wasmar kingpadket st coaggr es
svdy, hence reaul ting in low link utilizaion. Beow, the BIO
dgorithm isre-dudied and sver d dternatives are cons dered
for different parts of the dgorithm.

BLUEdoesnot havet hredol dsaspar ameersi t9 mply
adonqueuei deandqueueover  flowevent sHowever ,t o
reer ve different levd s of resour ces to each precedence levd
BlOd gorithm shoul dhavemi nthandmax hpar aneers or
each precedence levd . W th thee twoparam elers bad ¢ BIO
agorithm will be as follows

* Q p<mnth, no drop and dec pm,
* Qp>maxth, forced drop and inc pm,

Three different dternatives exi g for Qy:



1Q,=q
2.Qp=0p
3Qp=am(qg) [i=0..p] <Oisthehighet precedence>

W hee g, is the num ber of precedence p packet sin queue

Sdeaingt hef ird opt ionmayr eulti nma kinghi gher
precedencepacket swhi lel ow pr ecdencepacket <2t illexdi &
in queue. Since thisis not com pliant with Q oSrequi rem ents
this option is ignored. Seeaing the sscond option for minth
com paionmayr edl ti nt hesameaf fed,i ti sd i gnored
forminthcom par ion. W itht heser edridionswehaeon y
the leg dternative for the lower threshol d com parison.

Param ey d ettion is a problem of the dgorithm sdnce it
ishar dt ot unet hem fordi fferentoondi tions Thef ollowing
dternaivemaybecond  deredf ort heminthcom par ison, t o
rem ove a param eier from the BIO dgorithm:

am (q) [i=p+1..N]=0 mak precedence p padket (where
N isthe num ber of precedence levd 9

Thisd ternaivemeansd hawema kpr ecedence- ppadket s
only if wehae no lower leid padke sin queue. W th theg,
dl pos ble hanges to BLUEtoformBlO isas follows

D eaem ent pm,, if:

1L g,=0 Single [ S]

2. am(q)[i=0..p] =0 All [ A]
[norem ent pmy, if:

1 qgp>maxh, Singe [S]

2. am(q) [i=0..p] > maxth, All [ Al
M ak padket in precedence p with pm,, if:

1 am(q) [i=0..p] > maxh, Threshol d[ T ]

2. am(q)[i=p+t1..N]=0 Ide [1]
W ithmultipled ngt wodi fferent d ternativesf ort het hree
m an parts of the dgorithm ,weoom e up with eight different
BIO dgorithms BIO-SST,BIOSATBI OASTBI OAAT,
BIOSSI, BIOSAI BIOASI and BIOAAL

4.BO COM PARBON

Inthis paper, BIO-AAIlis com pared with the RIO dgorithm
for ECN suppor ted networks on the network shown in Figure
1 ud ng ns 9m uktion tool [16]. Perform ance of the RIO dgo-
rithm isa 9 meadred on Smia network archited ure. Bad-
cd ly,our conf igurationdi ffersf rom theor igind Rl O con-
figuraioni nt henum ber of adt ivef lowsThi soonf iguration
repreent smanyd ientsDSdoma nssr vicedbyt hel SP
(Internet Ser vicePr ovider)DSdoma n.Thel SPdomaini s
the 9 m ples network with twoedge routers and a cor e router.
All links exagpt linkl has 33M bbandwidth. Since linkl isas
sgned 66M bbandwidth, link2 becom es the bottlenedk point.
Alld ientdoma nshave32FTP/ TCPflowsad iveandt hey
ae conned ed to their regpedt ive dom ains a the other 9 de of
thel SPdoman.Edger outerl, r unsat okenbudket marker
for each dient domain. Target rates and the round-trip times
for each domain are choen different for com parison. Source
neworksar enumber edbet weenO0Oand9. Ta get r aei s
0.8M bfor evennumber ednet works and4. OM bf or odd

num bered networks RTT is | eded as (/2+1)*20m s w here
nisthe network num ber.

The dmuktion is run for 500 sonds  dl flowsae darted
in the firg 25 ssoonds and gopped inthe lag 25 seoonds uni -
forml. Themesar ementsar et akenbet weenl100- 470c
onds of the 9 m ulation to exd ude the leani ng phase of BIO.

BothR1 O andBl O queuesar easd gnedonebandwi dth-
ddaypr odud buf fer pace W ithaver ageRTT asdd &y,
quetel imt( gim)i st t02601KB paka s RI O queue
boundaries a e € eded a max hjy=gim, min
thi;=m axthy=glim 2, minthy,=qlimp. Fl oyd spr opod i n
[17] to =t maxh as 3'minth is goplied for out conf iguration.
Since queue length is dways bd ow the maxth,,; (minth;,) pa-
rameer, west minth;, as hd f of the maxh;, to provi de more
buffer gpace to the dgorithms BIO-AAI has only maxth pa
ram eer &t to maxth,, = glim,and maxth,,=glim2 asin RIO.

deg inaions

DUr S

Figure 1. Sim ulation netwok oonfigurat ion

Since the maxp and wqparam eers of RIO are hard to tune
fordi fferent net workar chitedturesandnet workoondi tions
mayd fferentd ternativesar et riedt osdl ettt heet wopa
ram eers gopr opriady (produd ng mnimumsand maimums
fordi fferentooncer ng.Bl O-AAlpar ameersar echoenas
follows I N (0.02, 0. 01, 0. 02, 0. 01), OUT (/ 0.001, 0. 001,
0.003, 0. 003) wher et henum ber & epresent ( incement ,dec
ement,i ncement f eeet imedecement f et imere
Pedt ive y.

Tablel M eaurement fom RO and BIO dm uktions

G oodput on Total Loss Rate

wq | maxp| bottleneck link (out, forced) Avg Delay
0.0001 | 0.10 [32.9030701248242 0.11889507 126. 1374
0.0002 | 0.10 [32.9746413061960 0.12048474 124.1927
0.0006 | 0.20 2.9999999983952 0. 08771180 127.0812
0.0001 | 1.00 [32.9999999983952 0. 01198577 126. 4260
0.0800 | 1.00 [32.9999999983952 0. 01476733 119. 6525

BIO 32.9998851042515 0.00001755 60. 9447

Baxd ont her eaul tsobt anedf rom about 3008 m uktions
throughput , loss rate and dday are m easured for the sl et ed
&t of param eers Since the only bottlenedk in the network is
linkkandnoot  hert refficd asexi ¢sont henet work, t he
num ber of packet s in queuef or each packet a rivd i smeas
ured as the queui ng, and over dl, dd ay indication.

Therealltsin Table 1l indicae that different st of RIO pa
raneerssat idfiesdi fferent conor ns Bassdont hedd ay



messurem entwecanesd  lyoond udet hatf ord Ipar ameers
RIO canot cont rol t he queue sucoesd Ully, 9 nce queue

length isadways around the m axim umthreshol d for out pack-
ets Dueto the aver age length cd aul aion logic of the RIO d-

gorithm ,queuel engthdoesnot exoeedt hemaxt hye | imi
m uch, for TCPtreffic
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Realts d 9 prove that BIO can control the conget ion suc
e ully, hence loss rate and the dday are quite smdler than
anyR1 O conf iguration. Bl O achi evest hiseveni  fi ti snot
fine- tuned us ng hundr eds of s m ulations as done for RIO.
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The only areg, RIO is good, isthe throughput m easurem ent.
Amongthed ededd mulaions Bl Oisd ightlywor st han

om eof the RIO conf iguraions However, thisan dl ino ease
int hroughput of Rl O isachi evedbyadt ingasadr opt al
queue as €en in Figure 3. BIO can gill com pare to RIO with
reped throughput even its loss rate is quite low and ads as
an AQMas shown in Figure 2.

In Figure 4, ratio oft hem easur edt hroughput t ot het arget
raef oreachsr Vvicedaus omernet worki sgi ven. Her et he
term netwok isused asin context in Sediond. TCPf avors
flowswith low terget rates 9 nce it takes longer to achi eve its
oldt hroughput uponapacket | ossf or f lowswi thhi gher
throughput . Ther efore, odd number ed net worksget more
shar ef rom theaccessbandwi  dth. Si neeBl O’sdr opr aei s
aoundzer 0,Bl O minimizest hiswe | knownbehavi or of
TCP.

5. CONCLUSON

RIO isusd to suppor t AF srvice for DSnetworks but its
inherent par ametler & etion and adapt  ivenes pr oblems
cauet of alt or eedingt odi fferentnet works tuaions D ue
to this problem ,REDRIO dgorithm sshoul d be re-tuned for
network or traffic changes as shown in[9]. Anadaptive dter-
native, BIO ,wasdready proposed aga nd RIO.However, the
proposed adgorithm faled to achi eve high link utilization due
toits m aki ng aggr e veness

Int hispaper ,®ver dmodificationst ot heBl O d gorithm
aementionedandapr omidngvar iationi scom par edwi th
RIO ud ngd muktions | ti sshownt hatt hepr oposedBl O
outperformsRIO inloss rate and dd ay.

Sim uktions ndicatet hatBl O cont rolst hequeuesuoess:
fullyandachi  evesver yl ow | ossr atesonECN auppor  ted
networks W hie the link utilization is dightly lower for BIO
adgorithm agang RIO,thisis manly because of the drop-tal
like behavi or of the RIO dgorithm .

Tod imnatet hewd [-knownpar ameersd edionpr oblem
of RED/RIO hundr edsof § muktionsar er unf orRI O with
different param efer st sand the param elers givi ng the begt re-
il tsar eempl oyed. Si neBl O isanadgpt ived gorithm it
beat sR1 O evenwi thout f ine-tuning. | td or ead st oany
dhange in the network or traffic condi tions without any inter-
adion.

Currently, weare worki ng on the behavi or of the other BI1O
varidions for different traffic patterns network archi ted ures
and, ladk of ECNsuppor t.
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