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Abstract

In heterogereas retwarks, achieving cangestion avaidarce is difficdt becase the cangestion feedback framoe
suxetwrk ray hoe 1o maning to sorces on cther suetvarks. 'We propese wing changes in romd-trip
dlay as animglicit feedack Usirng a Hadkbax mdel o the retwark, ve derive an expression far the optirel

widowas afuctiond the gradient o the del ay=wndowcurwe.

Te pdem o selfish gimmand social opiromare also adkessed It is shom that wthow a carefd
design, it is peesiHe to get inbo arace caditian during heavy congestian, viere each wer varts rare resources

than cthers, therely leading to a dverging cadition

It is shom that congestion aoidance wing romdtrip delay is a promsing aproach Te aproach has the

advartage that there is alsduely o owrlead far the metvark itself.

It is eemlifed by a simle schem.

Te parfarance o the schem is amlyzed wing a sirdationmdel. The schera is shom to Le effiiert, fair,

canergert, and adhptive to changes in retwark canfigratian

Te schem as desaribed vaks aly far retvaks wich can ke modkled wth qewing servers wth castart
service times. Futher research is requred to exterd it far irplerartation in practical metvaks. Several

directias fa fubure research hae been suggested

1 Introduction

Mot retwrking archi tectures hese scherss far con

gestion catrd. Ddgital’s Netwaking Achitecture

(DY [4] wes a tiraod-besed cangestion catrd

[14 and sqere root inpi boffer limting [7]. IBNG
Stera Ntvarki g Achi tecture (SVY. wes canges-

tion lits caled change window 1 ndi cator (CH and
reset window i ndicator (RY in mdets flodng in
the reverse direction to ask sowces toredice the load

doirg cagestion [1]. DEPAs THIP wtvals

e sorce qerch mssages in a simlar ramer. In

gereral, all congestion scherss camist o a feedback

sigml framtle retvark to the wers (timeou, Lits,

a essages) and a load-caird rachan smesercised

by the wers (rediwed wnbwar rate).

"By, ve e several leading retwarking architec-
twres, eachwthits omphil oy, assuptias, and
djectives. Acammicatias redium by defiitian,

camot stay alod far lag A metvarking becass
popd ar, ve vt to commi cate farther and farther
and by mecessity reed to we interradiate netvarks
that may o may ot hewe been desigred with the
sam philsody

In a mtwrk casisting  heterogereas  suxet-
vaks, the cangestion feedback franae sunetvark
may hoe o meaning to sowrces on cther suxet-
vaks. Te rodemis simlar to that of deciphering
traffi catrd sigs in afaeign comtry BEnding an
efbctive mars of feedback in suwch etvarks is ot
trivial. Te catrdling rachan sma insuwch netvarks
hoe to rely on irglicit feedback machanism suwch
& timaows, vhich happen dring congestion in all
architectures.

W are cacermed lere wth congestion avordance
rather than congests on cont rol inleterogerecs ret-
vaks. Biefl; a congestion avidance schem allow

a retvark to operate in the region o lowdel ay and


Raj Jain
jain@cse horizontal


high throghp [16. WAl elabarate an this poxk
in the et section e aproach that we propese
lere is called ‘Cngestion Aoidarce wing Rand
triplBlay a CARD. Te agroachis bwsed an the
sirgle fact that as the load on the retwark increases
and qewes bild wpy the romd-trip dl ay ircreases.
Mt trampat patocds maswe romd-trip delays
to set tirars far timeow [11] and can we this irfa-
mation to adjwet their 1oad on the retwrk

Te dlarhsed schem propsed in this paper is
mt irterckd to reface the ht-besed hirary feed
beck schers, ve roposed earlier in [151920]. Te
hHt-bsed schem is a fdly vaked ot schem ard
has been tested via simlatias to pafamwvell we
dr aw variety o circustarces. The del ay-based
schera propesed here is aly an exarple  an ap
poach vhich we feel, is a pramsing direction far
researchers to exdare.  The resuts preserted here
represert aly o intial effrt inthis drection Rr-
ther vk is required to designapractical del ayxhbased
schera thet can be imglemarted inreal retvarks.

2 Cangestion Avoidance

Rgwe 1show gereral petterrs o respase tim and
tlhroghpt o a metwark & a fuction d its load
If tle load is smll, thronghpt generally keeps wp
wth the load A the load increses, throwghpt ine
creases. Ater the load reackes the metvark capacity,
throghpt stops increasing, If the load is increased
ay further, the quewes start bulding, potertiallyre-
suting in packets being dropped  Troghpt ray
sudknly drop vhen the load increases beyond this
pant and the retwrk is said to be congested The
dlay (a respase-tima) curve fdlow asimlar pat-
tern A frst the respase tim increases little wth
tle load Wén the qews start bildng wy the
respase tim increases lirearly util frelly, as the
qews start owerfowng, the respase tim increases
drastically

Te pant a vhich throwghpt aproackes zero is
called the cliff de to the fact that thromhpt falls
df rapdy after this pant. Wse the tarmknee
to describe the pant after vhich the increase inthe
throughpt is small, b the increase inrespase tim
1s signfrart.

Asclem that allow the retwark to operate ab the
kree is called a congestion avoi dance schem, as

distingushed frama congestion control schem that

tries to keep the metwark gperating inthe zare to the

Bgwe 1. Ntwvak pafamace as a fuction o the
load Rden curves indicate perfarmance wth deter-

nmistic service and inberarrival tirss.

left o tle cliff

The nxher o packets ina pth, venit is operating

ab the kiee, 1s calledknee capaci ty o the pi pe size
o the path Welabarate further on these concepts
in[1514.

3 Black-bax Approach

The &l arhased apgroach propesed in this paper is,

vint ve call, a bl ack-boz agroach It treats the met-
vark as a Hack bk vhich does mt give ay exlicit
feadnck Wreed to dedice the retwark 1oad besed

sdely on the iffamation aailade atsidke the ret-
vk Bamges d swh iffamtion are tiraods,
decreased throughpt, ar increased delay Back-box
cangestiancatrd scherss weing tiraous are already
being wed in seweral architectuwres including TNy
O/ [, arl 12 3.

Back box scherss hese 1o e zpl © c2 ¢ feedack and are
therefare also called © mpl ¢ cv ¢ feedback scherss. Sch
scheres ay be Bed even if a retwark already has

an exlicit feednck schem. Te latter vaks aly

far thee resorces that can serd the feedck @-



ten it happers thet even though the retwark does
heoe anexglicit feedback schem, sam cangested re-
sarces camct serd swh a feednck Fr exayle,
IANrides operate tramsparently at the daba-link
layer and camnct set cangestion hits vhich are at the
retvark layer. Alridee, if congested can aly drop
pcets wthot notifying the sorce. Asimlar arge
rart apflies if cther dabaliklewel elerarts, suwhas
IANadapters, are cangested bt the the feedback is
irgerarted at a higher layer.

Te advatages o Hadkbx schemss far heteroge-
ecs retvals are dwios. Srce there are 1o wi-
versally agreed exficit feedback sigmals, ae sulret-
vark ray mot knowabow the feedback sigmls from
ather suretvals.

Back box scherss are not an al termative to exglicit
feednck scheres. Tey are capleratary Wh
poper irffamatian, any systemcan be rade to per-
fambetter than wthow ay iffamation Irlicit
feedback scherss increase the amnt o ifaration
aailaHe by adding iricit feedack to the exlicit
feednck if awilaHe.

Badebx sdems ae zero network overhead
scheres.  The fowcatrd, congestion catrd, and
cangestian avol darce rachanista, Wile essertial far
retwrk operation, are actwally overheads sirce they
therpel ves casum the very resorce they are sup

pse to allocate. Tt is pesiHe to get inko a ‘thrash
irg situwation in wich all resorces are totally con
sund by the catrd ressages wth mthing left far

the wers. Te metvak architects are therefare car
startly lodking far vays to mmirize these owerheads

[12. XayXdf fowcaird and tireod-hesed con
gestion catrd are exaples  ws to achieve fow
and cangestian catrd wth mmml a m exlicit
feednck In this peper, we repat prelinmery re-
sdts d ar effrts to design a rachmisnfar canges-
ticon avoi dance that requires m exgdicit feedack fram
the retwrk

4 Optimal Window Size

Rgwe 2 show the Hackbx viewd a metwak of
sewral IAN, terestrial and satellite links. Uers
are ot avwre of the irtermls o the netvak  Tey
treat it as a Hackbx A they increase their load
anthe retwrk, the el ay increases and based anthis
dlay their task is to deternre the optimal 1cad

Te endto-end del ay experierced by packets trars-

D N O
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Wer Ntvark
e

Rgwe 2 AHadkbxviewd the retwrk

mitted by an end systemis a fuction o seweral pa-
rasters includng the fdlowng
1L Wibwsize (a load) o tle end system
Rdet ar trainirerarival patern |13
Nober o retvark resaurces wed
Service tima distribtiond individal resorces

AT -

Nrber o cther end systera sharing the re-

Sarees

6 Whbwsize and itterarival pattern of other
erd systern.

The prdd emdf irterpreting the ‘ el ay signals’ is quite
caplex wless v mke sam sirgifying assup
tias. Iet w frst assum that there are 1o other
wars on the metvawk  This elinmates the fairmess
casideratias and sirglifes the effiercy casidra-
tias. Aso ve assun that the sorce wes awndow
fowcatrd mchanism TFeating the retvak & a
Hacdkebx the sarce can maswre the retwrk del ay
and throghpt far aw given windbw It can also
camte the ‘pover,” Wichis defied as the ratio o
throghpt and delay [517. B dotting the pover
& a fuction f wnbwsize, 1t can deterrire the
widowat wich the pover is reximm Tis is the
kree.

Te procedire as atlined abowe can be further sim
difed in several diffrert vys. D expain these al-
termatives ve reed to defie anrher of syrhds and
exdain the rtation The fdlowng syhds wil be
wed
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Wibw=Nrher o packets inthe
etvark
Troghpt inpackets per wit tima
Rud-trip del ay
b= T
Bpoent wed in defiing pover
The optiral vale d z, i.e., the valwe
o z a the kee. Here zD) P, T,
a W

®» e w3
I

Te romdtrip dlay D and tle throwgpt T are
both fuctios d the widowlV

D=f p(W)

T=frW

Te pover is defied & the ratio o throughpt and
celay.
TC(
P=—
D

Hre, o is a pramter chosen by systemdesi gners.
Its irpact will ke clear shartly.

log(P) =alogT) — log( )
A the pant of reximmpover, i.e., ab the kiee:
dP _ dT dD

P T D
ar _dp
T =D

hs, a the kiee, tle relative (percerbage) ircresse
indelayis o tims the rel ati ve increase inthroughpt.
If ve dose o =1, the percertage increase in delay
is equl to the percertage imcrease in thronghpt at
tle kiee. Bfare the kuee:

dD < aT

D T
the relative increase in celay is sraller than the rel-
ative gainin thronghps. Ater the kree:

ap _ dr
D T
the rel ative increase indel ayis larger thanthe rel ative
gain in throughpat.

If ve vart to allowhgher relative increase in del ay
ab the kee, v can dose o > 1 Smlaly o <
1 can ke wed to achiewe higher relative increase in
throughput a the ke,

Er wnbw fow catrdled mtvaks, the wer’s
throghpt T is W packets per romd-trip delay, o
w

T="2"
D

and therefare,
log(P) =clogW) — (1+ o) log(D)

K sdving tle abowe oaritjm fa W, v gt the
optimal widbwsize Was:

a a D
W= T (I) S
Sice dl d the qutities an the right hard side o

the aboe equetion are kmw& we can camte the
optimal widbwsize W,

Te resdts so far are valid far al metvaks a re-
sarces since v hoe ek © assuptios abow

tle lehmiar o the irtermal capoents o the ret-
vak dtammstic a proehlistic dstribwias o
service tims, a lirear ar mlirear kehmiar o the
dlay verswe wrdowcaure.

If there are o0 ather wers on the mtvak it o
vicdes avay far ae wer to deternire the kiee wing
tle mmswed dlay ad tle gradert dD/dW d tle
dla=wndweurve. Tis is the key famlaleadng
B to hope that a Hack-bax agroach to cangestion
aol dance may be feasiHe.

Tevwed W camted wing equbion (1) gives

tle optetmal directson fa winbwadwtmt. If the
curert vindwWis less thn W, thenve shoddin
crease the inbw Smlarly, if the curent wndow

W is greater than VT/, we shodd cecrease the wine

dow Te exact diffrerce betveen W and Wray(r
may ot be reaningfu. Br exargle, if the gra}elt
dD)dWis zero a a prticdar W, Wis infrite ind-

cating that Wshodd be increassed This shodd not

be interpreted to rean that the path has an infiite

kiee capcity A diffrert valuwes & widbwW, the

capted W my be diffrert, ht in each case, it
pats inthe right direction In shart, aly the sign,
and ot the regnituk, of the difEremce ( W—W), is
meani ngful.

Qe possi He vay to deternire the carect directiand
widowadjistmart is to we the normal i zed del ay
gradi ent (NDG) vhidy ve dfie, as the ratia

dD/ dW

Nrmalized dlay gradient = oW




If the load is loy NU= is low If the load is high
Nis high A the kiee, N¥is are-lalf as canbe

seen by wing eqution L
dD/ dW o

DWW 1+

if a=1

N | =

Ths, by camting N¥x v ray be ale to decice
wviether toinrease ar decrease the vindow

4.1 Sel fish Opti mmmversus ( obal Opti nmm

Fr mitiwer cases, the apdicationd eqution (1) is
mt as straghtfavard as it may agpear. In particu
lar, there are two diferent optiral operating poiits:
social ard selfsh

Gwen n wers sharirg a sirgle path the system
throghpat is a fuction d the sund’ the wrdoe
d dl n wers: s
T = i=1""1
D

Hre, W ; is the wndbowd the 2 th ger, ard Dis tle
canm delay experienced by each & the n wsers.
The systempover is defied on the basis o system

throghpt:

T l -«
P=— D (ED1+a) =D - (ZW>

t =1

Te pant o mximmsystempower is given by a

set d n equtias lile the fdlowng
oD [\
t =1

)

t =1

aP
_ 1 D —2—a
W, (1+40)

i «a D

ZW"ZI 3D

£ +o W

A D

W; = 1_|_a (6D) ZW
Iw J#i

The optimal gperating pairt so dtainedis called the
social optimmm

Echindvidal wer’s power P ; 18 based an tle wer’s

throghpt T ; andis givenly
W;
Ti=—
D
ad T we
_ T3 _n —-1- a
h=F=pimal W

Te wer’s pover is maxi narwen

aPi _ -2 —aaD a -1 —-a a—1
W, = (L) D W, WD oW &7 =0
a"
N o D
W,=— [ == 3
1+ ((;’5) @

Te operating poitt so dbaired is called the sel fish
optimmm It is dear by exanimingeqetias (2) ad

(3) that the  W; dttained by selfish oitiromis 1ot

the sam as that otained by social opinmam Tey

may ot patt awer inthe sam direction Te two

valtes are equal if > W =0 that is, if there is
aly ae wer a the retvok  Ior su:hacase, we

can we elther eqution to determime the direction of

vicbwadj wtrart.

Sxial capiceratias vadd lead caciertios wers
to we lower wibw as other wers imremse their
vibwe. W le selfeh casideratias waddlead the
wers to we hgher windoe as other wBers increase
their wndow. Interestingly this behviar is mot aly
matheratically trie & we showed aboe bt also
‘pyddagcaly tre. Role start hoarding a re-
sarce ard increase their apparert derend far it if
the resaxrce becass inshat suply

In cangestion avol dance ve are reallyimterested in at-
tainng social oppimm Selfsh optiromleads to a
race caditioninvhi cheach wer tries toraxize its
pover ab the cost o that of the others, and the wine
dow keep increasing wthot bomd  Tater, ve wil
showtle simlation resdt o ae swh cse. Wa-
tuntely by exanning equbion (2), it is clear that
to deterrime ae’s socially optirmmwndow each
wer 1ay reed to kiowthe windoe o other wBers.
Acangestion avai dance pdicy requiring each wser to
ifamotler wers o its widowwll cage too mch
owrhead to be acceptale.

FErtuntely, there is a special case in vhich kiod-
edee o cther wers’ widbwe is ot required to achieve
the social optirom This case happers far deternim

istic retvarks.



4.2 IDtermmistic Ntworks

A dtermmistic copter retwak is ae in Wich
the packet service tim ab the servers is mt a ran
domvariale. Te service tim per packet at difErert
servers may be diferent b they are all fied Ar
alytically such retvarks can be modeled by a clased
qewing etk d m DD servers, were mis the
nrter o qewes thet the packets and their ackiod-
ederarts pess through in are roud tri p throggh the
retvok I suwch retvarks the del ay versie virdow
arwe casists d tw straight lire segmts meting
ab the kiee. Bfare tle kiee, the dlayis castart:

W= )t

t =1

were, t ; is the service tima o the ¢ t hserver. Ater

tle kiee, the delay increases lirearly:

oW =,
were t p 1s the service tima o the bottleneck server,
l.e.,
1ax
ty= ¢ {ti}
Bxed delay servers such & satellite links are not in
cukd in the reximmdtermmtion bt are in

cukdintle sumation Te twequtias far dlay
abowe can be cahired irto ae:

qm:THX {Zti,Wi b}
t =1
The pover 1s maxinamat the kiee, were:

m

Zti W

t =1

ET:lti

143
Epetion (4) far opiral vindowsize kel ® can
pte the kiee capcity of a pathe L

Sand al service tims

Wkn ee =

Hee capucity of a path &
capcity o a b Rittlereck service tim

FEr dternmistic retvarks, aa—‘z_ and N@are zero to
tle left o the kiee. Tis property lelps w achiew

tle social optiromin a distribted fashon s

is the basis o the cangestion avidance schera de-
scaribed rex.

LThis expression for knee capacity is approxi mately valid

for unbal anced probabilistic networks as well.

5 ASample Scheme

Te wers  the retvark need gudelines to arsver
the fdlowrg three questias:

1 Wéther to increase ar decrease the wndow
2. Fwnxch shoud the change 1n wrdowhbe?
3. Bwdten to change the widbw?

Te capaerts o the cangestion avdi dance scherm

wi charsver these qestias are called decisianfunc-

tiay imcrease/dbcrease algaithm and decision fre-
qercy, respectively  These three capaerts to
gether famat is calleduser policy [1d. Te dlar
besed scheres hve 10 net work policy simce the ret-
vark does ot explicitly participate in the congestian
acidmce. In the fdlowns, ve desaile the three
capaerts o asaqple schem in detall.

5.1 Icision Fuxtion

Te dcision fuxtion helps the wer determme the

drection  wnbw adjwtrart. Wecan we NIz

& the decision fuction Fr deternmistic retvarks,

Nt:is zero to the left o the kiee. Gvenromdtrip

dlag Dad D ;5 & wnbow W ad W o1 Fespec
tively the decision furction casists o checking sima

Hyif N¥is zero Te exact al garithmis desaribed

kel ow

N& D—D,i4 W4Waq Y.
<D+Dold> (W_Wold )’

IF (NE> 0 a0 W=W s )

"THENI3crease(W)

HSE IF(NB< 0a W=W i )
THENIcrease(W);

In tle abowe algrithm W mi nd@d W .. . ae loer
ard upper boud an the vindow e wpper bond

1s set equl to the fowcatrd windowpernmtted by

the recei ving tock bised onits local baffr aeilakility
casideratias. The lowr boud is greater ar equl

to ae since the wndbwearmot be rediced to zero,

Wmi nZ 1

Wma z Z Wmi n

RrsettingW i n =W 4 5 e candisae the wndow
adj st



Nite that the wrdbwiist either increase ar decrease

a ewery cecision part. It camct remain castart
(except vien the schern hes been disal ed by setting

Wi n=W ma o). s is mecessary simce tle metwark
loadis castartly chenging, It is impartart to ersure

that changes in gradiert, if ary are detected as som

a possile.

Asoncte that irstead of checking viether the charge
indlay D— D ,; ds zerq v deck wether Nix
is zero. Te tw caditias my ke equvalert b

w pefer the latter sime Nizis a diramsialess
qurtity and its valwe remirs the sam regardess of
wvether v maswe dlays in posecand a years!

The diffrerce in del ay can be mack to lodk arhitrar-
ilysmll (a large) by agropriabe ripdationd its
uits. N¥xs not sweceptiHe to such nan pd ati as.

5.2 Iicrease/Ddcrease Agorithm

The schem wes additive increase ard mitigicative
cecresse al gori thra v ch e been show to be the
sirglest altearmatives leading to fairmess and camer-
gerce (9,163 far mltife wers starting ab arbitrary
vinbwvalwes. Ths, if the inbwhes to ke in
creased, ve do so additively:

W—W+AW

Fr a decrease, windowis mitigied by a factar less
than ae:
W—cW ¢ <1

Te pramters AV amd ¢ afbct the amglitude and
freqercy o cscillatias ven the systemoperating
pant aproactes the kree. Rcamanded valwes of
these tw paramters are AV=1 and ¢ =0.87%.

The dhoice o additive increase and mltigicative de-
crease can be hriefly jwtifed as fdlow. If the met-
vk is operating below the kee, all wers go wp
eqully b, if the metwark is congested the mi-
tigdicative decrease rakes wsers wth higher virdowe
godom mre thanthese wthlowr widow, reking

the allocation more fair. Nte that 0. 865 =1— 2
s, the mtidication can be perfarad wthow
frating poirt hardvare, and by sirgle logical shift
imstrwetias.  Te recamankd valwes o the in
crease/dbcrease prambers lead to srall cscillatias
and are easy to irpl erart.

Te capstatias shodd be romded to the rearest
irteger. Tucation, imstead d romdirg, resdts ina
slightly lover fairress.

Bsti-

Sarce i

W

o

W—W 1

t:DO

t =Do+D 1

D]_ :fn(W 1)

Rgwe 3 Te romdtrip &lay imadiately after a
change o windowfrandV o toW | carespak to W

5.3 Idcision Fequency

This companert hel s deci e howd ten to change the
widow (arging it too dten lead to umecessary
acillatias, wereas chargingit irfreqertly lead to
a systemthat takes too lang to adapt.  Sstemcan
trd theary tells 1 that the optiral catrd freqercy
depenck vpon the feedtack del ay — the tim betveen
aplying a card (chenge vindow and getting feed
back framthe netwrk carespading to this catrd.

In copter retvarks, it takes ae romd-trip dlay
to afbct the catrd, that is, far the newwndowto
take efbct and anther romdtrip delay to get the
resuting change fed back fromtle retwak to the
wers. Tis, therefare, leak to the caclwion that
widowe e adjwted ace every tw romdtrip de-
las (tvo vindowturis) and that adly the feedack
sigmals received in the pst cycle be wed in wndow
adjwstmat, as shomin Egwre 3.

In tle procedre as owlired abowe, altermate delay
maswernts are discarded Tis leak to a slight
less  ifamation vhich can be acided by asimple
mdifcation The del ay experienced by every packet

is afuction of the nber o packets already in the
retvek This maber is namelly equl to the cur-

0



rert Wrdbwexcepp ab the poirt o vindow change.

If far those packets vise sending timas are recarded

far romd-trip del ay maswrerants, we alsorecard the

ner W, paclets custanding (padets sert b
ot ackiodedeed) ab the tima o sending, the delay
Dand the nxher W o u 4% aae-to-ae carespar
de. Avtw{W .y D} pairs canths be wed to
camte Nz Tis rodifration allow ® to updite
widowevery romdtrip delay e increased infar-

mation resuts in a faster respase to the retwak
changes. The simlation resuts, jreserted later in
this peper, e this mdfration

5.4 Initialization

Te scera does nt set ary requrerarts on the
wndbwval wes to be wsed ab carectionintialization
TFarsparts canstart the camectias ab any val ve and
the schern wll evertwlly ring the load to the kee
lewl. Iater ve wll slowsimlationresdts to proe
this. Nuetleless, starting ab the rmiromwrdow
vale is recamanced as this cases mmiral afbet an
other wBers that may already be wing the metvark

6 Performance of The

Wwred a simation modl to study the peafa-
mace o varios delagbmsed congestion aval dance
dtermatives. Atwlly ths is the sam mdl [1]
that ve had wed earlier far devel gaing the timout-
bsed cagestion catrd schera (UE (14 ad
the hrery feedck congestion awidarce schera
[15192). Te mdkl dlok & to simlate a g
eral comter metwark wth seweral terrestrial and
satellite links. Aw resamle mxber o wers, in
termdi ate systern, andlinks canbe simlated Gr-
rertly the rodel siml ates anly one-vay fowd packe

ets frarsorce to the destimtias. Te reverse fow
o acknodedgmarts framthe destimatian to source
is bt exflicitly simlated Te sowce is ifarmad
imstartaneasly as som as the packet is received by
the destimation e mdkl dbes it allowsird ation
d the ackmowedorant wthhd ding ar path sitting
Inall siml atias reparted here, the intermad ate sys-
tera vere cafigwed wth enogh bffrs to disale
pcet loss de to hufer shartage.

Wsimlated a nrher  cafgratias. Fo o
these cafgwratias and the carespading simla-
tionresuts are described below

Sche me

Rguwe 4 Te VANGrfpration

6.1 Gse I: Very Large Aea Netvork

Te frst netvrk cafigration is a satellite link wth
sewra terrestrial links. Satellite retvaks are mow
caled very large area metvarls (VAS) and are
impartat sirce met large netvarks generally con
sist o several wck area retvals (AN) and local
arearetvarks (LAY) comected together viasaellite
lins. Aqewing okl o the cofigoration sime
lated is shomin Egue 4

Te qewing mdl o the retwrk casists o far
servers wth determmistic service tiress o 2 5, 3, ad

4 mits o tim.  The satellite lirk is represerted by
a fied (regrdess d winbw dlay d 625 wits o
tira. Al service tires are relative to sowce service
tima v ch therefare hes aservice tilad 1. r this
retwrk, the bottlereck server’s service tim ¢

ad > t; =7.5 If the total nrber o pacdets in
this retvark is W, the delay Dis given by

D=M{ 71. 5, 3V}

Te kiee d tle Elay cuwe (see HEgwe 5) is a
Wi e 277, 5/5=15. 5

Ao o wndbwas afuctiond tim, a dtained
fransimlation wing the the sagle schern, is
stominthe Hgue 6. Ntice that wthin 16 wndow
adjwstmarts, the windbwreaches the optiral valwe
ard then cecillates betveen 12 and 16 Kery farth
cycle, the indoweure takes anuptunab 13 (ratler
then & 12) becawe we rairbain wnbwvalwes a
real nrhers even though the actual mxber of pack
ets sert is the rearest irteger.

6.2 G(GseIl: Wide Aea Ntverk

The secard cafgarati an preserted is that of a terres-
trial wck area retvack s cafprationis simlar
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12 Bowe & Wibwia the WNCrfigration
& to the U ANnetvark except that there is o satellite
(%) link Aqewing okl o the cafgrationis shom
_§ 8 inHgue 7, Te service tires o the fie servers are 2,
£ 5, 4, and3 tira wits (relative totle sowce). Te &
= lay wth Wadket circd ating in the retwrk is given
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4 D=M{ 15, 5%}
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Rgwe 6 Wibwwing the delaxhbesed schera far
the M ANcafiguration
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Rguwe 9 Rspasiveress d the schem to changes in
link speeds.

6.3 Iesporsiveness to
(harges

Cmter retvals are castartly recafipring &
links go dom ar com wp "D test if the congestion
aoidace schem wadd respad to suwch dynarnc
caditias, ve siml ated the . ANcanfigurati on de-
scribed aboe. Wdiviced the impt packet stream
irto three equl parts. Dring the mdde part ve
changed the bottlereck rader speed by a factar of 3
so that the optimal wndbwsize changed framilb. 5 to
5.17. A seeninHgure 9, the del ay based schera did
respad very vell to this change. Inthe third prt o
the stream ve changed the bottleneck servers speed
back to arigiral ard ace again the window curve
cam back to the optinmm

6.4 Birness

Rgwe 10 show the perfamance far the VANmet-
vark wth two wers. The optimal widowper wer in
this case is 7.75 and as seenfranthe figwe both wers
heve vindow thet scillate between 6 and 8 Te to-
tal (sunf the two) vindowoscillates betveen 12 and
16
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Rgwe 10 Rrfarence far two wsers ina ANcar
fgwration

6.5 Agy Imitial Whdow

Sree the schem is respasive and adapts to changes
in the mtwak cafpwation the intial wndbw
were a wer starts 1s irrelevart. Werifed this by
wing a AN etwark wth the wer starting ot a
very high wndow A shom in Hgue 11, the wer
qicky cass dom to the kree.

6.6 (onvergence under Heavy (dngestion

Rgwe 12 show wndoweurve far a highly cangested
Wcafguration wth nime wers. Te kiee capac-
ity d the pathis aly three. Te optimal windowper
wer is ae-thrd Srce the mnmsnbwsize is
1, the wers keep ascill ating betveen 1 and 2 and tatal
winbwaecill ates betveen 9 and 18

My altarmative decision fuxtias were rejected as

aresut d dwrgence far ths cafpration Hg

we 13 show sirdation resdts far such a dverging
case wth wers trying to optinze their local pover
(ratter then simgly clecking NU3to ke zerd). Te
wers discower that to optinze their local pover they
reed windove at least as large as the sundf the other
wears. This lead to a case vere the man window
o the wers keeps gang wp wthow bound
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Rgwe 11 Te windbwoarserges to the kiee capac-
ity regardess o the starting wndow
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Rgwe 12 Te sdem casergs fa heaily cor
gested retwrls.
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Rgwe 13 Adecision fuction that leak to diver-
gerce uckr heavy cangestian Tis cecision fuction
ves rejected

7 FEATURES OF THE SCHEME

Te dsign d the schera described bere vas bosed
o a mrher  goals that ve had deternimed be-
faehard Blow wve showhowthe propsed schem
moets these goals at least far determmistic retwals.

1 Zero metvak owerleat Tere is m owerlead
anintermad ate systern. This schem does mot
requre interradiate systera to maswe their
loak a qewe lengls. Teir resoxrces can
be cedicated far packet favarding rather than
feednck

2. N ewpackets: Wlike sarce qench scherm
a dde pdet sdem [1§, this sdemn des
ot require ay rewpackets to be injected itto
the retvark diring overl oad ar underl cad

3. Do change in packet heackrs: e schem wil
vk in al retwrks wth their existing packet
farmts.

4 Dstribsed catrd: Te schermn is distribued
and varks wthow ary certral observer.

5 DQramsm Ntwrk cafgratios ard traf-
fc vary catinoely Ndes and lids com



w ard dom and the load daced on the met-
vark by wers varies wdkly e optimal oper-
ating port is therefare a catimosly mving
target. The propsed schema dynarncally ad
Jwts its gperation to the curert oppiral part.
Te wers catinoely i tar the retvark by
changing the 1oad slightly below and slightly
abow the oppiral point and wverify the curert
state by dserving the feedback

6. Mhamnrscillatiar Te increase ammat of 1
and decrease factar o 0.87 have been chosen
to niminize the agituk o edllatias inthe
windbowsi zes.

7. Gvergerce: If the retwark cafigration and
varkload remain stale, the schem brings the
retwrk to a staHe operating poirt.

8 low pramter semitivity Wle compering
varios altermatives, ve stulied their semsitiv
1ty wth respect to pramter valwes. Wdis-
carded several al termatives sirgly becaise their
pafarernce ves highly sersitive to the setting
o a pramter valwe.

9 Ifamation etray: Irfarmation entropy re-
lates to the we o feednck ifamation W
vat to get the mmdmminfamtion acoress
wth the nimi roanant o feedck B w-
irgirgicit feedack this schern allow several
Hts vath f ifamtion to be dtaired wih
ot wing ay phesical hits.

10 Dmsialess pararaters: A pramter thet
bes drmsias (length, mss, tirm) is gererally
afuctiond retwrk speed ar cafigration A
drasialess paramter has wder aplicalil-
ity Te wndowupdbte frequency, wndowin
crease amxt, and widowdbcrease factar are
all drasialess. Wspeci fcally rejected al ter-
matives that reqired wing paramters such as
mmmmcl ay o rxdi mmgradient becaise
such prraraters have dmarsias and vad d be
valid aly fa retvaks of certain bandwdils
and exterts.

1. Cofigwration independence: N miar kood-
ede d the metwark cafigration mxber of

hops, preserce ar alsence o satellite links, etc.

1s requred

Mt o the discssion in this paper certers aroud
widowhesed fowcatrd rachenisre.  Hwever, ve

net part ot that this is ot a requrerart. Te
cangestian ava darce al gori thra and cacepts can ke

ewily mdfed fa aher famm o fowcatrd such
& rate-based fowcatrd, invich the sources net
serd a arabe lover than a radmnrate (in pack

ebs /secand ar bybes secand) specified by the destin
tion Inthis case, the wers wold adjwst rates based
an the del ay experierced

In devel g ng tle schera proposed lere, v assund
that romdtrip delay can be estimted Tis is pos-
sile aly if pacets are acknowedged exlicitly ar
irgicitly (by akwodederart hits a by respase
to a reqest). Nt ewery padet meed to ke ac-
krodedeed thogh  Mbt retwarking archi tectures,
ircdluling M. we aly ae tirar to maswe the
romdtrip delay vile a nrher  packets are out-
standng Ths is suffiert. Te impact f wthhdd
irg ackodedgrant arhitrarily reeds futher vark
R, if tle dlay ibrodiced is fied (regwdess d the
v, the efbct is sinlar to that of asatellite link
and the schem is expected to vk

8 Areas For Further Research

Te main prpse d this paper is to introdce re-
searchers in this area to the pesihlity  designng
dlarbwsed schems far cangestion aadarce.  The
ickas preserted here are aly a begiming, Nkh re-
mai1s to ke due tomlke it apractical schem. Som

d the areas needing further research are:

1 Atermtive dcision furtias

2 Aldtiael ifametion

3. Btemsio to proahilistic retwrks

4 Atermtive ogimlity criteria
In this section, v exain the aboe areas ard de-
scribe possiHe sdwion agroaches lriefly Hwever,

all statemrts in this section are specdative, and
sam ray evertwally tun o to ke false.

8.1 Atermative Idcision Rmxctions

Wised Nlzas the cecision fuction Qher possi-

hlities are:

1 Intercept: Gvendelas at two diffrent wndow
valwes, ae can ft a straight lire o the fam

D=aW+b



Hre, a is the gradent and b is the inbercep
d the lire. Bfae the kee, the irtercep is
clese to the delay I) vhile after the kiee, the

irtercept is clase to zera

2 Irberceps/Gladient Riia Riiob /a islarge be-
fare the kiee bt very small after the kiee,

3. DBlay at MimmWibw Bfae the kiee,
the delay is clese to the delay st W=1, wile
after the kiee, it seweral tims tle delay at
W =1 In mtwals that can mdled as
a doed qewing etk o severad MMl
servers, the delay at the kiee is apradimtely
twce the delay wthowt ary queweing, Ths, if
ve maswre the delay ab W=1, ve cancatine
ircreassing the windbwtill the delayis twee this
armuat.

It shodd be doias that seweral ather calimtias
o NU; intercept, gradiert, and rim rodel ay can
aso be wed

8.2 Alditiomal Information

In devel oping the schera proposed in this paper, ve
fdlowed a pure Hackbx agroach by assuimg mo
kiodede vimtscever abot the path  Aitianl
ifamtionis saatims avalale and can be wefu.
Bamples d suh irffarmation are:

1 Naber o wers sharing the pathe If the mm
ber of wers n sharing the path is kiom, it is
pssile to reach dlase to social optimmmeing

local pover. If each wer wes alyl/ (2n— 1) &

the window predicted by the selfsh optinmm

l.e.,
woe 2 (e V[ 2
2 —1 \14a 2D

then, it can be shom that starting fraveny ini-
tial codition the wndoe wll evertwally con
wverge toafar andsocially optimal val e so that

Wi=WJ-=1(L) DV vi, s
n \ 14w oW

It is pesiHe to statically select » a make it a

retwrk paramter set by the retvark nanager.
Inthis case, the perfamance is slightly subop

dring perios ven the nrber d wers ex
ceeds n. Te dvergerce can be catrdled by
setting alimt W .4 &

2 Mimndlay If nmmmdlay (dElay
tlrogh a path with 0 queeing ayviere)
is krom, we can estirate the curert load o
otler wers an tle metwrk francurent &
lay and therely try to achieve the social opti-
mm Te gradient o the del awndowcurwe,
if magero, is propatiaml tothe bottleneck ser-
vice tim, ard the nmimmdelay is equl to
the sund al service tims. Tese tw alow
B to camte the kiee capacity o the path

Te diffrerce in dlay at W ¢ =1 and mimi-

mmdelay is popatioml to the load pt by
otler wers on the etvwk  Awer can ths
camte its share o the 1cad to achiewe socia
optimm

My retworking architectures assign cost to
retwrk links based on their speed and we it
to select the opiral psth In metvaks wth
very fast links, the service times at the swich
irg ocks determme the ogimlity o a path
and ot the lirk speed Ths, if cst vere as-
siged to al servers (lids = well as switcles)
besed an their packet service tim, the cost of a
pthvad dbe amasue o the rim o] ay:

8.3 Extemsionto Probahilistic Ntvarks

Te key area far further research is to extend the
schera far probalilistic netvarks invi chtle service
tima per packet ab each server is a randamvariale.
Whot that extersion, the schema is ot yet ready
far practical ing emartatiars.

If v alowthe service tims o the servers to be
randonsari a es wth a praahility distribtion, the
romd-trip del ay becams randomtoo.  Aw decisian
besed an the delay then hes a cartain probehility of
beingwarg, There are several al termatives to hande
this rddem

1 Sgml Bltering Astraightfavard extersion
the schera to randservice tinss wodd be to
take several sarples f delay at a givenwrdow
and estimate the raan ard canfikrce inberval
o Nox

e pdemwth straight fltering is that de-

lay is mt a rambmoars abl e, it is a randm

timmdrizg periods wen actl d process. Arandmvariale is characterized

wers is belown, ad the schem ray diverge



by a prd=hility distribubion fuction wth pe-
rammters that d mt change wth tim. A
random rocess is characterized by a probe-
hlity distribtion fuction vhse paramters
change wth tim.  These changes are cased
by charges in metvark cafigration a load
Wless a stochastic process is stationary, the
timn avrage (aerage d sales taken o df-
ferert tims) is mot icenbical to space average
(average d several sales talen ab the san
tirg). In ay case, adl awraging stodd be
such that the recert samgles have nare irpact

o the decision mking then the dd sargles.

A expoertially-vei ghted awraging is there-
fare peferae to a straightf avard sumatian
o dl saples taken far the sam wrdow

2 I8cision Hltering Acther aproach to han
de randomess is to mle seweral, say 2% +1
dcisias each bwsed on a singe saple. Al
cecisias wll mt be idetical. Som wil ask
the wer to increase vhile the cthers wll kit
to cbcrease the widow Te fil action talen
wll ke as dictated by the mjarity Te o
hlity d eras can be niminzed by increasing
k. Tet p e the proahility o carect decisian
bsed on ae sample. Then, proahility o ca-
rect cecision bwsed an 2k H sarples vad d be:

2k +1
2% H i —q
Z ( ) )p(l_p)2k+1

1 =k +1

Smlaly the prdehility o incarect decisian

is: .
?]C—H. 3 —q
Z( ) )p(l_p)2k+1
t =0
Anin, the decisias ray be ‘aged-o’ and re-
cert cecisias my ke given a higher weght

than earlier ares.

3. Sqeria Bsting Inthe determmistic version
o the dlay schern, we check to see if N@x
is zero. In the probahilistic version ve wodd
reed to change this to a statistical hypothesis
test wth a specified cafidence level. Wy
design a sequertial testing procedire such thet
dter k samples, the test asls ® to imcrease,
decresse, ar to tale ae mre sarple.

4 (ol (Qenge: Fr determmistic cases, Nlad
dlavwndow carve is zero to the left o the
kee. This is ot alvs tre far pdmhilistic
cwes. Ir examge, far a bal anced retvak of
h +1 idetical MM servers in a cycle, the

14

average roud-trip &l ay with SoF _ Wi padlets
circdating in the cyle is:

D= (h + ZW1> 173
t =1
viere t 4, is the service tima o each server. Fr
this case, the dlay cue is a singe straight
line, and there is 1o visiHe kiee on the cure.
Mlemtically thowgh the kiee can be deter-
mied as fdlow. The systempover is:

b T (S
D Dl +a
(E?:lwi)a

{4307 _ )} ™

It 1s rexirmmat:

Zn:W,-:h

t =1
Te fdloimg b ds at the optirel peirt:
D=2ht ,=2D

Hre D  is the aerage nmmmdlay on the
retwrk wth 1o pacets circdating Ths, the
ratiod the del ay to nimi k] ay rather than
NUzis a better indicabar of the kiee far swch

a case.

The exporertial distribtiond service tim as-
sund in the abowe amalysis is aly far amal yt-
ical casenemce. In met practical retvarks,
the service tims heoe a variarce mch sraller
than that imlied by the expoerntial distri-
btion In the pst, ae reason fa variahl-
ity o service tim wed to ke the te-brbte
handing o packets such that the service tim
ves ropatioml to the packet lengh G-
rert trerd is to get avay fromsuch handing,
and the packet service tires are getting cleser
to the castart distribuwion and aay frarnthe

expaertial.

8.4 Atermative timlity Qiteria

The dftdty in fiding a distribited schem far so-
cal oppinmis partly de to the Efnitiond the ‘op
timrhwing power. Jafk [§ tes stom thet the ret-
vk pover is mockcertralizae. Ths, infact, hes
been the strangest argurant agairst e o pover as a
goal, andit has leadresearchers tolokfar ather furc-
tias wich can be cecertralized Fr exagle, the



new power fuction propesed by Slga [21] achieves
its rd rnden tle delay is ardtie (say; tvice)

the mmimodel ay Tis requires knowng rim mom
dlay o the path Hwever, if the mmimomdel ay is
krom then ve may ke aH e to extend the el ay based
aproach as discesed earlier inthis section

8.5 Gme Theary

The social s selfsh cafict supgests that gama the-
ay my be ade to kelp ® in changing the opti-
nzation prod emframa capetitive gam to a co-
operative garn. Mt cooperative gares (ar team
effxts) reqire casidrae extange d ifamation
Suckrs |22, far exayle, propeses wing anincertive
schera to prevert the wers frargetting itto a sel fsh
mc. Hwewer, her resarce allocation rachanism
es a certral ok to cdlect irfarmmtion abow met-
vark state. Adistribted version d the mechanism
vodd ertail casiderale owerlead

9 Summary

Rudtrip dlas throwgh the retvak are an im
gict indicatar o load on tle retvark  Wing these
poides avay fa cangestion avaidance 1n heteroge-
recs retwrks. Ben in homgereas retvarls, this
sdws the rddemd congestion ab resorces, suwch
& Iridees, vhich bt operate ab the architectural
laer ab vhich exlicit congestion feedback can be
poided Asq it has the desired property o pitting
zero oerhead an the retwrk itself.

Whoe dsaibed a sagle sdhem in wich the
sarces we romdtrip dlay as the aly feedmck
aailale to catrd their load an the retvark  Te
key limtation o the schem is thet it varks aly far
determmistic retvarks, 1.e., retvarks inwich packet
service tim per packet is castat. Wing a simla-
tionmodel, ve heve tried may difbrert deterrimis-
tic cafigratias ard scerarics. Whese foud the
schera to be camergert, fair, optirmm and adaptive

to retwark canfigurati an changes.

Qe d the keyisswes dring the design  this schem
ves selfsh optirmversie social opimom Wre-
jected several altermatives that achieved selfsh opti-
mmard cased a race caditian leading to diver-

gerce.

The resdts o ar intia effrts in achieving canges-
tion avoi dance wing romd-trip dl ays are encorag-

irg. Hwever, nxh remits to be doe to male it a
pactical schera far imglematationin real netvarks
viere the service tims are rambmand vere wers
are capeting rather than cooperating Bterding
the aproach to probalilistic metvarks, wing gam
thearetic cacepts a by getting additionl ifam-
tion abot the retwark is a promsing direction far
futher research in this area
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