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ThsJrsr problem irJnding ~ h s  oplimol sei dpssring ond rronsirporlnerrfar 
one INSP ol onr poinl in rrme given Ihs routing in/ormoiion ond ihc cusr/unc- 
rionr of rhe poleniiolpeeririg/tronsitporinrrr: JTfiilleren, types o/cor,r ond diOLr- 
snr iosr/unc,ions ors consrdercd. Rci;obiliry irruss orr corisiderrd (lor elomple 
erqorcing vnovgh spore copociry io obsorb rhe comnlca loilurr ofane p r ~ v i d q i  
os weil rn qunii1.v qfservtce conrrroinis ( e g  en/orcina n cenoin ovrrogc AS-hop 
count). Thisprobleni lrrornially Jercribed ondsoivid vi,h o n  opl"nol oIgori,hm 
nnd compored wi,h hr,'r<rncs. 

Tarrgs ond irqfi  are in o permonsnr ~ h ~ ~ , g < ,  rhw on INSP oiwoys h m  ro 
reihink wherher bis rurrenr choice grpeurrng/lronsit pnrlnrrr n still opzimol~or 
r r  or i r i i  moi. 6s worrhuiir ihe odmtnisirutive e f o n  ofchongingsomr o/irrprer- 
ing/lronsit ogrerlnerzlr. I h r  lost pon ofrhir poper drolr wich Qis problem ond 
odopfs >he olgoriihm Pom rh~ / i rJ lpon for ihis seiling. 

1 Introduction 
The Inleniel consisis of a huge iiumber o i n c t w o h s  operlcd by independenr 

TI,,. r o r l i  ia pirily 6PO"lY"d by thi Glmii" rr.nrih nrlroriprorid.rDrH (Dluiarhii Foric- 
huns%ncl r Y .  W.. dTn 0.8) i s  pzn o l l h c  LETSDoS proj i r t  ( w r l l t l i ~ o r d r ) .  
Th?, Wort  88 s l l o  p a d )  aponurrd by Ihr G ~ r m l n  icidrmir Corrisn ssrhing~ 0micDi iAD (Dcur- 

providers. On the one haiid, rhcsc provideii compeic for surtomrrs. onrhc olhcr 
hand ihey have to interoperaie and iiitcrconnecr iheir networks io offer world- 
widc ronneciivity. Coiiirary to thc situation on mort tclecomuiticarion markets 
Lhere is "0 ceiitra1 aufhority in ihe 1nternct cnforcing cooperdion, 

Providers compcic in a markel with a ncarly transpareiii pmduct like IP f o i  
wading and thercfarc arc in deadly compctition. 7hey havc to use erisring 
porentials for opiimiration and cost rabingr in o d e r  to suivivc. One of lhe  big- 
gesi cosi factors for Internei nenvork rciuicc providers (INSP) are interconnrc- 
tion cosis. For thc G e m a n  research nctwork DFN rn an cxample they are thc 
higheit cost factor m d  much higher thm c g  the hardwarc cartr. 

Ln this papcr. wc use dectsion theory m d  rnailiemaiical programmiiig mcihodi 
to model the p m b l m  of Fmding tlie optimal se! af peering and nansii piuvidcrs 
for an MSP. We coiisider costs, rcliability irsucr, qwlity of sewicc and ihe fact 
Uiat traffic arid r r r im are changing ovcr t lmc  W e  will show how ihe madels csn 
rmsily and exactly be solvcd and evalvar. thcir pcrfomunce in crrcnsive iirnula- 
Lionx. 

Beforc weproceed wc h n t n c c d  to defiiie somcof the remis "red coniinuourly 
in Chis paper: 

INSP (Interner Nrnurk  Service Providerl. INSPs are acccrs providers that 
cunnect priva:e persons and busincsses !a thc Intcmei and backbone providers. 
that conncct olher access and backbone providcrs, 

interonnrction: An intprconnecrian dcscribees t l ic conncction betwecn the net 
works of w o  diffcrcnt M S R .  Wc distinguish iiiterconnesrioiis by ihcir type and 
iheir merhod (sec Fig- I). 

The rnrerconnecaan rype is dctcmined by how roures arc cxchanged and by 
the hnmcial wirlement agrement.  Wiih ihc rronrii interconnccrioii type onc of 
lhe INSPs (custorncr MSP) pays thc other lNSP (transii MSP) foi rhc access to 
all destinations in iis muling table and Lr annouiicing thc cusiamer'r networks 
cnlry in 11s rouiing tablc. 

Withthe prrr ingintercann~ctim f p e  the ,wo INSPs mutually provide acccrr 
to cach oiher'r rulomers,  spicrl ly wirhout selilrmcni 191, [IO], 1141 

The 'nierconn.c,io>, mrlhod dcscribes huw ihc physical intcrconnection 
between thc twu providers is rcalized. ncrc  can be one or more dtrccr conncc- 
tions beiween thc two pmviders' nciworks (direct linc meihad) or an Inleinet 
crchange point (IXPj crn bc uscd An Liiierncr erchange point i i  lpical ly urcd 
by r larger numbcr of MSPs lhat are coiinccted ro a ce ian l  iouicr (erchange 
rouin mcihod), a cennal rwitch or LAN (erchaiige switch miihod) or a WAN 
(erchangc WAN method). Thc erchange swirch and erchange WAN methods 
arc rhc ones typically found iii largc IXPs(L1NY. DE-CIX, Parirj. 
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crchange exchan e erchan e 

ARer ihis iiiuaduction, we prerenr mailiemaiical progrsmming models for the 
rraric apiimilarion problem of finding the cort-minimal ret of peering and transil 
p i n n e n  at one poinr inrime. We take differcni anpects into accounr like concave 
carr funclions, reliability aspects (Section 3) and quality of service (QoS) 
requircmcnts (Section 4). We shou  hou  the different problems can be solved 
exactly and evaluaie the different models by extensive simulatioiis. 

Ln Seciion 5, we sliow how the previous models can be extended for the 
dynamic pioblem situation which is evaluating wherher a given set of peeting 
and traiisit p m n e n  i i  still optimal considenng ehanges in thc lraßic mir or cast 
SlrYcture of the involved pmvidcrs. Also conaidcrcd arc thc administrative costs 
of changing peenng rnd tmnsir panners. Again. the madelr are evaliialed by 
means of simiilafion. 

Related work is discussed iii section 6 and we cancliide wich a siimmsry and 
brief oudook. 

2 Static Models for Optimal Interconnection 
In thir scciioii, we preseni wo maihimaiical programming mo&ls for rinding 

the optimal ser of peeriiig and lnnsii p m n m  for onc M S P  in thc rtarie casc 
which meanr a i  a cmain  point in time. We slrrt ui th r brsic model ihai user I in~  
ear volumc dependent cost functions for thc vansit pmvidcn rnd Rxed costs for 

the peering providers In restion 2.2. the modcl ir eriendcd to all kindr o l  siep- 
uise linear eori fuiiciions includiiig the coiicavc cost funciions Oiai are com- 
monly used in reality [ I 4 1  The model can be soli,ed by iiandard MIP soli,ing 
techniques, u e  do ro snd use rimulations to eomparc !hc resulis ui ih hcuririicr 
that verymuch resemble what providers do ioday. 

2.1 General Model 
Finding the optimal lnnii t  and peering Pannen Tor onc INSP is modcllcd by 

Ihe following general optimiralion model. We arsurnc lhal therc arc R diftmni 
rouier, the provider han a prognosis of the rraffic Tor each rouie'. There are J 
lnnsii providers offering lnnsit seivice for all roules and I pecting providcrs 
offering peering for some specific routes. Tlie opiimiratioii model trier io mini- 
mire the costs uhich are fired costs for p e e r i n g p m c r s  and firrd corts plus vol- 
ume dependent cosii for ihe iransii ,n,erconnections. 

Tliis problem is non-trivial because the selection of thc bcrt mnsit  provider 
generally depends on the amouni of  traffic exchangcd wiih lhir provider. Ai the 
same time the decision to pecr with a ~ e e r i n g  ~ m v i d c r  or not depends on the 
price of the rransit pmvider and at the rame time affects ihe transil price itnelf. 
The problem can be modeled as a mathematisal programming model. 

The following indices, parameters and variables are used: 

1ndices2 

i = I. ... I pccnng providcri. 

j = I. . J  ~ransitprovidcri. 

r = I. . . .  R routcr 

Parameters 
- 

l r i f f i ~  prognolil for router  
P 

l i  fired casri far an inrcrconneciion with peering provideri. 
P 

C .  capaci1y af peering pmyider i. 

V ;  scr a f  rauicr affcrcd hy pecring provideri. 

' nor. ih., s iru,. In Ih. conirri uTlhi i  p.p.r i i  a non~o".dspping igB'i8mI10" or  BGP routrl. 
Typli.lly<arh *rnns pr"u"<rh.i onr rvvtr ,iu awn n i l i o r i )  snd i,irrr il an  (1 8 I)Ch rru,- ror Ihr 

r<s, d , h C  ,",<rnC,. 

2 U",..i ulh.rvi.r i.iliri,ril >h. in<l,c., .Irr,, run ham ihr bounilapnnni.d herr. 



T 
'J fixed cor!i for an interconnecrion with rransil provider;. 

C,(C~:,) COS, fvnction of transit providcrj, cosis are a function for 

r rhe irafficpasring thraugliproviderj, 
T 

capasity of tramir providerj, 

Variabler 
T 

X .  
J' 

amouni of traffic for roulc r passed through tranur provider 

P 
I , , 

for r s  S i ,  amaunt of tratiic for roule r passed rhmugh 

peenns provideri. 
P 

Y ,  b i u r y  variable. I if rn in!cnonnecrioii iopeering provider i 

is mrde and 0 othcwise. 
T 

Y,. binary vwiable, 1 if an interconneciion io transit pmvidci j 
is madc and D othenvise. 

Using a gcnenl cosi function cj(zr,:) the modcl 1s: 

Y:€ 10. I I  Vi (8)  

The rarget function (1) minimires L e  fixed eosri plus ihe volume depended 
cortr. Consiraint (2) makcs sure that thc complelo iraffic demand 7 ir sarisfied 
by the combination a f  pecring and iranrii ~rovidcrs choren. consirainrr (3) and 
(4) are ihc crpsciw constrainu for perting np .  transit, 

Ai the rrmc time constrainis (3) and (4) foree the according binary variables 
P T 

V ,  m d  y . to one if any amovn! of traffic is seiii o\,ci L e  according pecring/iian- 
I 

slr  provider ib. 
Constrainb ( 5 )  m d  (6) are the non-negativity and (7) and (8) ihe biiiary eon- 

strainis for the variables. 

If ihe coni fvnction ir a simple linear function with pricc kj per unit of  volvme 

T ci(p:,) = kj j, (9) 

then the madel above can be casily rolved wirh riandsrd mixcd integer pro- 
grran.:>e ' ~ . h - . 4 u . %  [*I ~ C I C I ~ C  : , p i ~ d l  r r r n . ~ l  pr. i loer. .nl igr  , YICP* >. 

je . icu ine~.> I~mrdrprndcnlp: i . i i<ocp;  iJ n t  g.rc2 I i i a r 9 i l a o . i i . u i  
DC er rnJeJ 10 3l.ou Liii l ion, I hi \  .r pre,en'.J ii. :nc . i c v  ? c . . t ~ n  

2.2 Model nith Stepwise Linear Cast Functions 

2.2.1 Dsier ip t ion  

The following models enhanecs the previour onc by introdueling stepwire earf 
functions. The problem here lies with conrave cost funclions, ar ihc algorithm 
has io rtalr iisinr rhe lower ~arts of ihc cast fvnctions first.' 

' Ca""." rosn funrtionl mrr unirslistic, ii ilonotui. thim in Chii orpsr. Horru~ . .  ihi? rin hr n<id- 
rlrd wich Ihi uc.y ram. opliini..i,o" rn0d.l *,,hau, rhing". 
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Figirre 2: Stepwisc decreasiiig cost funcfion of tranri! 

Thc following indices, pararneters and variables are used: 

Indices' 

i = i. . I  peeri"g pmvideri, 

j = I .  . J  tmnsit provider,. 

r = I .  ... R router 

m = I. ... q pa*m of cost hinction of transit providerj. 

Parameters 
- 
X, 

traffic progDosis for mute,. 

1; fixed C O I ~ S  foi an  interconncction with pccting providcri. 
P 

Ci capacity of pccting pmvidcr i. 

gi i sct ofmutes offered by peeiing provideri. 
T I .  
1 

fiicd corls for an inteiconncction with rransil providcrj. 

5 iiumber of steps iii the cost funclion of transiiprovidcrj. 
T 

C .  , = 1. + ] )  capacity of transit prowider,. 

I .  1ower vo1urne limii of step m of the cosi function of lransi, 
im 

pmvider, (sec Figure 2). 

kjm price per unit of vo1ume in step m of i1ie cost hiiiaion of 

transit providerj. 

variables 
P 

I i r  for r t <Ri , amount of tinfic for mute r passed thmugh 

peenng pmvideri. 
P 

Y i  binary variable, I if an interconnection to peeriiig provider i 
is "red and 0 othcwise. 

T 
arnount of traffic for rourc r puscd  through trmrit provider 

.T 
X .  im 

trafic vo1umc in cost func,ion segment m of Irans,,  pro^ 

wider,. 
T 

Yj,,, binary variable, 1 if cosi hinciion segrneiit rn of lranril pro- 
viderj is used and 0 othcwise. 

The problern can bc dcrctibed as thc following mixed integer prograrnrning 
rnodcl 

subject to 

CiT ,m = CI; (11) 
m 

P T C X;, + cxjr = q v r  (12) 
i l r s 3 ,  J 

T 
;La (eim+ L - e j n ) ~ ,  vjvm (13) 

-T T 
5(,,2 (ej,,,+l - e j m ) ~ „ , + ,  VjVm = I ,  . . .  M j  1 (14) 

P P P  C x ; , ~ C i Y i  v i  (15) 
r c  ¶; 



Y:,,€ (0 .11 V;Qm (20) 

Taigei hinciioii (10) minimires the total cosrs. 111 this model eompared io the 
T 

buic  model above, we use ihe additioiial varisblei i,, to keep nrck of how 

much of the iraRic of provider j lr in  segment m o f  i tr  cost function, Coiistrrint 
T T 

( I  I) coniimir llie variables ii„ 10 ihe variables ri, airhe same rransit provider 

J ,  the total amount o i t ra f ic  that is divided among all routes has to be eqiial ia rhe 

~mfiflc ii! all seginenls of ihe cost lunciiati. 

Cmstraints (12) and (13) d e  svre that rhe cost functioii regminti are  filled 
UP correctly: (12) l imis ihc amounlof Irafie in  oiie segmrnt lo Ihr aegment sire, 
for the highcst segmeni (12) replaces ihe capsciry conatrainf in  thc bssic model 
for the rraiisii provider For eoncave cost funciionr the higher segmenir would be 
filled up fiist bccause ofthe lower volume coiti 2nd the minimiring lsrgct func- 
i ion Tlieriarc (13) is necessary, a higlicr regment ofa cosi function can anly be 
used i f ihe lawei segment is complciely hill. 

Coiishaint ( I  I )  is rhe rraffic dcrnrnd constraint (see baic model). eonstraini 
(15) is Ihe eapaciiy coiismint for rhe peering providerr. Cansrrainm (16) to (IR) 
fonn the non-negalivily and (19) lo (20) Ihe binary conririinir br the variables. 

The eract soluiian for ihis problem can bc lound using siandard MIP solution 
techniques like brancli & bound with LP relaration in  eombinarion with ihe rim- 
plex alcoiithm or intetior point methodr (81. 

2.2.2 Sirnulative Evalust ion 

We now evaluate ~ h e  model witli wo heuristics by a rst ofsimularionr. 

Sirn"l*liiiii S.,U~ U'<c\ l l~. i . i . i . f i~rr.ni  .... niri ,  , I ..cnari ,<<p<c red h> a 
F nllmhrr loccr.iig p.0, Irr.. v~ , \ i  pro%iai.i ..>L c\ rno an in lcnrl  i r ~ n  
* n . n  ' :aif: 1n.1. >.% i : clic<c nroi der, rrn r ..IC\ waun \ ..*J? i ~ - 

insio?cc~ i i  crerted by randomly crcaiing cast functions and brffic demand vec- 
lon from rhe scenarlo rpeeific p m e r e r  intervali, We creaic n=lOO instances 

per scenario, solve csch inrlance and evalvate the average a f  rhc I00 instances. 
The parameler inlervals for the baric Se! of icenatios are given iii Tablel end 

T s b l ~  2. For ~he simulations, we arsume thai each peering provider offers otic 

ToUle and always has enoueh capaciiy foi >hat roiiip. The traffie dcmand far one 
routc ir drawn equally distributcd from rhc '.lrrffic demand for a pccring pro- 
vider's raute" iiiterval. Thc BGP routes nor covered by rhe prerlng providcrs' 
routes are modeled with onr rdditlonal larger murt. The mRic for that raute is 
detemined by tlie "hafific demand for ihe rest of thc w o i l d  paiamerer. The fired 
costs for the peering providers are diawn from the ' f i ied pcering costs" inlcrval, 
die fired Irans,, costs fiom the "fired trrnsi, cosls" interva1. The variable iranii, 

eosts are drrwn fram Ihe "variable corts" inrerval for the f i rr i  step of ihe easi 
function and theii decrease in each funlter srip ar specified by thc "degressioii" 
inarval. The traniit capaciiy is diawn from ihe "transit capacity" intenal and 
wl i t  UD evenly u ~ o u  Lhe dirieferent sesments of fbc cosf hindian. 

un<iipiio. Yinm.lr 1.1..i.l I 
~iirn. I>~,~Iu. ior~vc:nnirr.~i i l : r  . KSUC.  1 1:. 1 , " .  -- 

I ."I T,.",,, < . , \ L ~  I .! :'r,,!~,.l.:,,J ,388.. 

\ , i i ,<hl.Tnl.i , i .  ..C , < ,  , 

\ , , , I  ,:I -iStewo! .n: lcm>#:t-.~~t :m. , n 

Tib.: I h r m c r r  i n r n i i  nrr irr r i .  ,. n n  ua. . ~.~i,..ii 

T ~ ~ ~ ~ ~ " r  [25%, 50%] oftotal nafic [75%, 12S0/u1 of mial mfii 

T R ~ ~ C  ~ m i a ~ d  ior 30 X averagc crrmr dmmd o i  15 X avsrage hamc dcmand 
R . S ~ O ~ I ~ C  U'~.I~ peenng providcn' mure ofpemnl pmvidcri' 

I. Pes.DgCoji, (0.25. 2.51 iimcr ihcuaffic for [O 125, 1.251 tinicsthcuafic 
rate, urpretinp pr0nd.r rar rouici 0ipsi""gpmvida 

Table 2: Paramctir inrsivals ihat ds~cnd on the iclecsd iccnano 

Tablc 2 lists the 5 scenaria dependent parametcr ranges, we will evsluaie all 
possible 32 combiiiations of rhem. Each scenario h a  a number from 0 io 31. In 
scenario s ilic ~&rameterA from TableZ is used ii rhe aecording bit i n r  i s  not set. 
ofhervisc B ir  "red For scenatio r=7 iheparameter intenals A will be "red for 



ihe iiumbcr of pecring and transit p r ~ v i d e i i  and the lransit capaciiy (bils 1,  2, 4), 
paramcter illrerval B will be used for chs rraffic demand of ihc rcL of the world 
and ihc fixcd peering sosts (bia 8, 16). 

W e  use !hc commercial MIP solvnCPLEX [I21 to cal~ulare lhe eract solvtion 
for the "oplimal intcrcanncciiaa model" (OPT) from Seccion2.2. We compare 
rhe soluiion obrained wiih rwo hcuiistics. 

Description 01 the Heuristirs The first hcurislic (H]) deseribes an evoluiian- 
ury approaeh thaicould dcrcribc how a real INS? found his interconnecrion psrt- 
nen :  Go wilh Iheeheapcst (or cheapert 1elo0 transir providen Br*, then look ac 
all ~ e e t i n ~  oossibiliries individullv and evalvare eachofthem. if the saved iran- . -. 
sir eosts h m  a peering possibilityare lowcr thsn the costs for peering iirelf, theii 
Peer, othcwisc do not. The Eeeond hcurisiic H Z )  i s  ealled the "peenng slul" 
heuristis- Pccr will, r\,crybody, seleet the rheapesi tnnsii p m v i d a  (or rer of tran- 
sil providerr) for thc rcrr of lhe traftie. 

PerlormaoceEvslust ion Wo f in i  compsre the solvlion obiained by our 
model with the solution obiaincd by rhe hevristics. Figure 3 rhows ihe average 
COIU TOT each seensrio based on "=I00 instanees per seenario, csch of ilie algo- 
tithmr rolved the samt 100 insiancer pcr scenario. The coris are nomalized to 
Ihc cosrr of riie OPT algotithm. For ihe hewistics tlie according 95% confidenee 

--a 

Figure 3: Nomalizcd Coirs 

X-" 

Figure 4 Pcerinflrinsit Provider Ratio 

X-0 

Figure 5: Peennw'Tranrii Traffic Raiio 



inler~al is also sliawii 11 can be clearly seen that both hevristicr lcad io rovghly 
40 to 70% higher cosrs thrn OPT for all scenatios. H2 leads to a womc pcrfor- 
mance thrn H I .  Thir holdr tnie for all sceiiarios. 

The rerson for Lhe bad perfamance can be~een in Figure 4 andFievre 5 which 
show the ralio of Ihc number af peering providers per iransit providcr and the 
amount of pcsring Irafic divided by lhe transit trafic.' H1 selecrs far ioo few 
peeting paniieri comparcd lo ~licoptimal algorithm and H2 selecls too many, 

Theresulis rhow ihst thc OPT algoiithmpresenied in this paper can save large 
amounts of intcrcoiiiiection e o i l  for all Ihe different scsnanor whm eompared to 
,WO simple yet actually used realhvorld hcunstiss. Thc nerr queirion we inveni- 
gale is whetlier the computational complexity o f  ihe OPT a lgat i rh  might be an 
obstacle for using ii instead of ihe heutistics. 

Erduai ian ofConiputations1 Complrrity. 1rwe define M = !EM. and 
J j  J 

S = ! Xsize (Xi) then themodel 2.2 needi 
l i 

l(S+l) + J(2MiR) vatiabler and (111 
It21MtRconsiraints~ (22) 

The time SI rook to solve an iiistancc of ssenatio 0 on a macliine with a 700 
MHz Pesium 3 and 256 M B  RAM i s  dspicted in Figure 6. The number of peer- 
ingpmviders land transit providsn J were increased as shown on rhe x-axis to 
iiicrease thecomplexity of!he problcm. As Figure 6 shows, OPTcan berolved in 
roughly 210minules for lrrge problcms wich 900pmvidem. Oiveii the faci (hat in 
the real-world the problcm hrs to hr ralved only rarely the eomputaiional com- 
plerily is iio obstacle for vsing OPT 

A funher advantage of OPT in lhst it is barcd upon a MIP problem ihai san he 
further eneiided in different wayr as sliowii in Lhe nexl reclionr Somc of fhers 
clianges would be very hard io iiicorporate into the heuiislicr. 

3 Adding Reliability Measures 

3.1 Policies 
Rcliahility ir an Impartant issue for INSPs, ilie model 2.2 san be cxtrndcd in 

icvcral wayr to also rccount for reliabiliry. Reliability in ihis conicxt is urually 
ihs proieclioii againii rhe failure o f  one or mori interconneciioni Looking atthe 

Figure 6: Time ro Solvc 

rimulalion rerults above for the OPT algotithrn i f  the biggesl provider selecled 
from ihal straregy fails, there is not enough hcc capacity available h m  the othei 
intcreonnccled mnsit providers to campenrate ihe failure by iouting the traffie 
destined for the failed pro"idcr. we rhercfore discusr severa1 ways o f  exlending 
the algotithm sbovi 

Minimum Numbrr o f i r a n r i l  Providerr Palicy One easy reliability policy is 
to interconneet with a minimum nvmber l' af rransil providerr to reduce rhe 
dependency on each o f  ihcm Thir policy i u n  he incorporated iiito the above 
model by adding the following conrlraini: 

EY; 2 r (231 
j 

The advaiiiage ofthir  policy is its ease o f  use, the disadvanlrgc is that it doei 
not give any guaranleer riid fine-grained coniml. 

Minimum Fres Capreiry Poliey Anoilier reliabiliiy policy is making sure ihai 
lhcrc is a minimum rmounioffree iraiisii capacity available. e.@ s prrcrnlsgr 
o f  the btal traffic. The hee transit eapacity is ihe sum ofal l  capacitiei of Lhe iran- 
sil minus rhe uied capacities o f  Lheie providers. Thir polisy ean be 
addcd u> ilie above madel 2 2 by intmducing the following new paramerer, var i~  



abler and constraints': 

Parameter 

r thc icquired rraction d m e  capacity fmm the total traffic. 

variabler 

measiirer the free capacity of rransir providerj. 

Constrsints 

Constraint (24) limits variable ro rhc hcc capac~ryafiransitproviderj, (25) 4 
f o r e e s c  to zero ifthers is no inicrromcctioii wirh rranrit providerj. 

(27) eiiforces the minimum arnounl oifrcc eapa~ity.  (26) !s ihe non-negativiiy 
constraint for the n e u  variables. 

Thispolicy gives the decisioii maler  a finc-giained cantml over the hee capac- 
ity 11s d r a w b a i  is that if one inte~oniiected providrr who cames more than ihe 
fraction r of the traffic failr. [hex  ir nol enough spart capacity. This is avoided 
by Ihc  ner t  palicy. 

Anticipating Failure Policy This policy is a modification o i  ihc last onc and 
makes surc ihal there is en~ugh spare rraiisit capacity i l a  s i n g l ~  mnsitlpecnng 
provider fails complclely I! can be modeled by replasing constraiiii 127) wich thc 
followiiipcansirainri2. 

Constraini (28) antieipates ~ h e  failiirc of bansir pioviderj, (29) does the Same 
for peeting piovider i. 

3.2 Simulative Evaluation 
Lnorder to evaluate the rcliabiliiy policieiabovc we itre rgaiii simiilations The 

resulu presented here are b u e d  oii scenario 0 bui they ars iloi significantly dif- 
ferent for the orher scenwios. 
in order lo evaluate the reliability pcrfomanec we calcvlare the free transit 

eapacity of the solutions oblnined by Ihe dilierent policies as perceiitage oi  thc 
totsl traiflc. The higher ihe free capacity, the morebuffer remains i i c g  onc pra- 
vider fai ls  For each solution we also detemine whether there would be enough 
iree capaeity to c m y  ihe rrafic of the  biggest (peering or iranrit) prorider if it 
raiis, CXII  this thc mb~i tners .  ~ h e  average resu~ts arid rhe 95% confidence 
intervrlsare depicred in Ihe following rigures u a r e  theavemge corts oi thc  solu- 
tions obained bl thc ditTereia po1icies. The figures also conlnin ihe rererence 
reliability and cost memures a f  the solution obtaiiied for the Same problclns by 
the unmodificd OPT rlgarirhm Crom above (0% robushess, 1.8%free capacicy). 

Again wc gcncralcd n=100 prahlem insrances rhat were ~ o l v e d  by ihc "Mini- 
mum N m b e r  of Transit Providen Poliey" (MT), the "Minimum Free Capaeity 
Policy" (MC) aiid hy the combinition of the "Minimum Free Capacity Polisy" 
and the "Anticipsting Failure Policy" (MCAF). The rerulis fai  rhe "Anticipating 
FailurePolicy"(An alone are included inihe resulis for MCAF with a minimum 
free capacity of 0%. 

lf we l w k  at MT whiih has a parameicr iha! can only be incrcared iii smp of 
one if can be scen from Figure 7 thal ~ h e  cortr incrcasc very quickly ~f the mini- 
mum number of  transit providers is incrcased. The cosi increare a f rhe  MC end 
MCAF policies ari much amoorher aiid more con@ollcd ( F i g u r  91. Figure 9 (and 
rgain Figurc 10 and Figure 11) also show (hat MC and MCAF lerd u> cqual 
msulü if ~ h e  minimum free capacity demaiided ir 60% and higher. This is the 
amaunt of hee capacitynccessary to be able lo rccovcr lrom a hiluie of Ihe big- 
pcsr pmvidcr in (almost) all inrtances so ihc consrraiiits of AF no loiigcr harc a 
signsficanl etTect on the solution. 

L f w ~  vnalyse thc reliability meuuier .  ihe robuilnesr increascs quickiy for MT 
and MC. MCAF auiomat~cally lcads ta full robusiness because of ihc AF son- 
straiiirs. The frei capaciry crplodrr Car thc MT slrstcg~ uhile 11 is obviously 
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Figure 7: MT - Corrs Figure 9: MC and MCAF - Coris 

more conlmlled wilh ihe MC policy becaurc ihc minimal fres capacity :r a 

rrrrrrnirrrrrrap - -  Parameter of thai policy. Besause of the AF conilrainct in MCAF ihc frcc cspac- 
ity does not deciease for lower vslues ofthe minimum free capaeity parameter. 

The MT policy san be used to increase !hc ieliabiliry howcver as corrr can 
explode and the policy parameicr ouly indirectly influcnccr rilishiliry metricr 
like tree capacity aud robusmess the MT policy cannol he recamrnended Thc 
MCAF Strategy secmr to he ihe best choicc. ii offen €ull rahurincrr 2nd full con- 
trol over the free capscity. 11s Parameter is chc ininimal frec crpaeity which can 
be eeiily estimated by thc decision maker lfiiic f a i l w  af rhe higgerr pravider 1s 

unlikcly MC canalso be used. 

B 100 . . 
4 Awareness to Quality of Service 

The qualiiy 01 servicc achievable wilh ils imerconnections ir also a typii'al 
~aramrtrr an INS? wantr fo ootimize. In thir coriiexi. aualih of sirvice can he . . 
mrinly innucnccd hy sclccting interconnections such hat  the leunh of foules in 

10 I2 Icmr  of AS hops is kcpf low. A p M  h i n  Ihaf, peering or transit providerr sould 
minimum numbcr ol irani i i  orwidir. be raled in somc feihion with reipect to rhe qualiiy of service they usually offer 

Figrire 8: MT - Reliabilily 
and thr solution could rake ihose ratings iuro account. We will focus on lhe more 
ohjceiive mcasure of routs len5hs and now show several possibilities of exiend- 
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F i g m  10: MC - Reliability 

ing model 2 2 to be awrre of the qualtry a f  senicc (QoS) thal is achieved by the 
inlercanne~tton policy chosen These exlensions ean be comhinrd with the ones 
from Seclionl. 

4.1 Strategies 
The typicsl QoS meiric used on !he rime~scale of inremonnectionr ir ihe aver 

age number af  AT (autonomous sysam) hops for a rouiefrom thepmvider'i net- 
work to ihe end-ooint A lower "umher of hoos orrelater  with lower delav and r . ~ 

lower los8 probabilib for the packers and lhus a higher uiiliiy for the customen 
end-urer. This is esprcially imporlant for rou~er cairying inft ic  from realtime 
multimedia applicaiionr and network games. Pccring interconnections usually 
offer a lower hop~counl thvi transi, iniemonnections because ihc traftic end3 in 

the pccring nciwork. This ir in faci the main reaon why some largcr INSPs 
acrepr ~ r a i n ~ ,  wiih signiticantly rmaller INSPs [I41 

sllraclive. P 
This can be done hy replacing the parameter I ,  with thc ncw paramcrcr 

-P P 
I = I ,  - b i  8" mode12.2 above, 

The adrantage of this approrch in its case of ure. ihe disadvantage ir ihat the 
parameter b, san be hard to rsimare as it OUIY indircclly influencer theQoS 

Hnp<'oni,rrinl \i,~:hr.r ippi.>*.i rna. p , i c .  ihr ,r.i*.on nah.: n 1.r :on -. 
.>f i c Q . ,  pl.aliciir hsp Co i n  , i,Ji"d .n iu l i i i . l l l .  ".',,in , 1. nr * i r i a e c  
n.p . iin: .>r ,"C !.d,,.. H c  ,.,C, iJ .:r :nc f i l l  ,urig ntx  pl.iiitc:cii to mi.i.1 . , . . 

...--I , 
(1 m 40 m ao im in0 $46 

"umnun 4rcrqnii", I% "mw -os~ii, 

Flgure I I :  MCAF Reliability 

h: avcrrgc hop counr far traftic rhrougli pecnng provider i .  

this i i  ~ i c a l l y  L foi a prering provider 

hf citimation of ihe avcrage hop cavnr for ~iafticihrouph Iran- 
rir pmviderj. 

0 ,  delsy sensiituity a f  the traftic ou rovre r, murcs knawn io 

camy delay reniirive traff~c (e.g. io gmining sitcs) shovld 
oblmiu r higher than avcragcy,. g i s  uied a a weighi when 

deiemining the average hop count of rhe trafic. 

A mrximal average hopcount allowed. 



Th< avnage hop count i s  

and v r  can add anew constraint to model 2.2 that limirr H io A 

Apan frarn thc AS hop counl any arher QoS meiric ean be madeled with this 
approsch. 

lnslead of looking st thc complere I ra f ie  this approach caii be earily modified 

IO lmke into aceounl only a subset of rhc routei. For mom fine-grained prediciion 
T 

o f  the hop couni for osniii providen 1, could be replaced by a rouicdependcnt 
T 1 

prediciion 1, .  for roure r through thenemork of mnsil providerj. 
J ,  

The advinfage of tliis apprusch is that i t  gives the decirian rnaker a finer con- 
liol and wilh rhe rnarirnum hap count aii easy lo understand design parameter. 
The disadvantagcs src ihe higher numbcr o f  parlmererr and the slighily highcr 
complexity of thr opfimizatioii modcl with Uie uddinoiial constraint. 

Hop Count Penalty Coata Strategv Decreasing rhe hop-count can lead to 
quickly incrcasinp cosis (8s sliown lvrer in ~ h e  simulationi). The hop conshaint 
strategy cnforces a maximal hap sounr witliout respecl far cosis, the hop couni 
peiialty costs srrategy ir Grnilar but does not enfonea maximum hop-counl wiih 
a conshaini but iiistead adds rhe hop-count with aame penalty costr to tlie iurpet 
function. Thir allows a tradc-off between decrcaring the hop count (whlch typi- 
cally leadr io increasing costs ar wc will See in rhe simulations) aiid decreasing 

P T 
ihe caats Ii can be rnodelled wirh tlie parametem hi  . 1,. , q, frornabove and by 

J 

adding (10) to targei funcfion ( I )  weighted wich penaliy castr '4 

4.2 Simulative Evaluation 
In ordrr to evaluaie the QoS approaclies wc use ~imularionr bascd on sceiiario 

0 again, rhc rcrults arenot sig~iificanily different for the ober icenarios. The hop 
counf for peering providers ts set ro 1 aiid for the irrnsit providers it is drawn 
eausl l~ disttibuied fmm the intcrval 11.0. 6.01. . . .~ . . 

The averager o f ~ 1 0 0  problem iiistances snd lhe 9j% confidcnce inteivals are 

diown for Ilic ''Pccring Bonus" PB), "Hop Canstrainr" WC) aiid "Hop Count 
Peuaiiy Corlr" (HP) Straregies in Figure 12 lo Figure 14. As refrrcnce ihe corrs 
and the hop cauni from ihe plain OFT model from Sectioii 2.2 wirhaut any QoS 
Daiuier are depicred. ioo. 

Wifh the PB sirsicgy ihc costs iiicnaie only slightly snd the hop covnl 
d~cree~es oiily slighfly cvcn i f  the peering bonus is I W U  of  Uie avecage pccring 
cosm The peeting corrr pcr hams within on pioblmi instance differ obviourly 
quite slrong so rhat even i f  they are all rcduccd by aii averagc amouni rnany o f  
the peering pmvideri are siill iioi sclccred. Thir effect can also be S e n  in  in F i g ~  
ure 4rnd Fiqure 5 wherc evrn far rhe scenatios with lowerpeeting cosri (Bit 16 
= I )  nesrly as many peering proriders rernain unaihaclivc as wiih Iiieher average 
peeting costs (Bit 16 = 0). The ierson lies within the Iiuge intnval sice for :he 
rrafficand for the pcciingcosri. 

The HC conrtmint offeo direci conlial over the hop count which lhe oiher 
straiegiesdo not As caii be seen in Figure L I  the c o s t ~  inciesscquickly for lower 
hop eavnts. Decreaiiig ihc hop counr hy 16% to 2.4 coris roughly 38% more 
cosrs while decreasing Ihr hop couni by 25X only corii 1% mmo recosts. 

The HP sirategy dors nar eiiforce a cenain hop Count but instead evalualr~ rhe 
vaiue oflhc decriaied hop count (eipresrrd hy rhepenalty costr) rgrinst the hop 
counl Themforc Fipure 14 dorr not shaw rhe rimng increase in  casrs as Figure 

I 
20 4 0  60 110 100 
pewing bonu? 1% w c r > l r  Tixrd riz%rinyeoiiil 

Figure 12: Peeriiig Bonus Strategy - Corts &Hop Cauni 



1 8 1  
13 while at thesame iime the hop count decreales nearly as mucliar in Figure 13. 

-~<-..GiGi TO conc~udc, <he influcncc of the PB parimctcr on ihe hop count ir o n ~ y  an -" - +..... -%" + 3.5 
indirect anc und not sfmng, wc do not rccommeud tliis stmtegy If accrtain max- +..... 

+ . . ~  . imum hop count is strictly given, ihe HC stratcgy Iias to be used, arhewise if 
-+ ......., J there is flexibility on the hop-count the HP ofiers ihc bcst way of modelling fliis 

+ .+ ..+ +.. irade-oR HC and HP can slro be combined, HC cauld be used to cnsure ihar a 
+.---C. . . 2 s c e ~ i n  (I i i~heri  hoo uiunt is uot excecded rh i le  HP is used io furtlier decrease 

7 . 
li 5 ihe hop-count wifhout ignoting thc cosi-increase. 

5 Dynamic Model Tor Optimal Interconnection 
The riatic models of rrctiun 2 ro 4 can be  urcd lo calculale the optimal sei of 

pcering and lranrit pioviders for one INSP alonc paiut in t ime  Thir is uscful for 
a new INSP cniering ihe markct An M S P  thar alrcady has intercouncciians with 
a number of peeting and transit providcrr faces a slightly differenl prohlcm: 1s 
Ihe currcnt sct of pcering and Iansir pravider~ still opiimal or is it woith chang- 

4 3.8 3.6 3 4  3.1 3 2.8 :.L 1.4 ing intemannections considciing the rechnical and administrative eoits for eriab- 
-""um nunbcrolhopa lishin* a " e r  interconuec,ion or cancc1liua an existine one? ~~~~ ~ 

Figure 13: Hop Consrraint Siralcgy - Costr & Hop Count We call tliis ihe d y a m t c  problem and now show ihat thc static models can he 
casily exlcndcd for thc dynamie casc. Agaiu. wc cvaluate our modcli by simula- 
fions 

1.8 
5.1 Adjusting the Static Models ior the Dynsmic Problem 

FOT the dynamic case we now assume that therc are iurcreonneitions io 2 sei 
1 . 6  O of thelpeering pmvidem and to a sei 8 ofthe Jrmnrlr  providers Asrherrar- 

fit rcquircmenn and thc cort functionr of ihc providers ~ h a n g e ,  ihc dyurmis 
2 8 ,  
B problem is salved cvery period in order ra Find the new optimal sci a f  providers. 

E 1 4  
Thcrc ia fypically same tcclin>cal and adminiirative effon ueccssary for estab- 

l ibing a n e u  intcrionnecliou ,hat ean be cxpressed by a cusr reim (transaction 
I 1 . 7  sosts) Also caniclling an exirring interconneciion typically involves some effon . 

,hat can be cxpressed by a cosf rcm.  I Penalty Cortr Policy The corü for esiablishing a ncw inieironnccl3an can be 
I I crprcsred a i  penr1ty coits per period by dividing t1iem by thc number "f psnodr . /  - .  an inlemannection ii expecled to Isri o i  by a rypicsl amorticaiion or planning 

hori2on. These penalty eosis can be addcd to the fixed coiir a r  tlie provideri noi 
O P  in set 0 rsp. B .  Sirnilarly, ~ h e  cosis for crnceliug an cxiriing intemnniciion 

10 10 30 <" I0 can be transfomed inla banus soils perpeiiod Uietare substraircd Bom the fiied 
08"S,r, c0,m Ph " r r ~ ~ ~ r c n c ~  costcj 

costs for ihe providcn in sa O rrp B This gives an inccnt,ve io stick with ,he 
Figure 14: Hap Couni Penalty Cosis Strarcgy - Cosls & Hop Couni current rcc of providers, we call ihis ihe penally costs policy, model 2.2 is for- 



foiloring r s y  

The scl of pc t ing  praviders h a t  an interconneciion exisis 

r i t h  in thr beginning af rhe cunent petiod. 

ihe E L ~  of lranril prov>drrs that an interconneciion exists 

r i t h  in !hc beginning ofihecunenipctiod. 

for aii i G Q  . the@er pniod)penalry cors  for csrablishing 
a new inrcrcoiiiiection r i i h  peeniig piovideri. 

for all i t 0 ,  the (per period) bonvs Tor nai canccling an 

existmg il~leiconnection with ~ e e ~ i ~ ~ g  ~ m ~ i d ~ ~ i .  

for all j e Cl.  the (per period) penally sorts for cslabiirlting 

a new intersonnestion with transit proridcr i 

for all j E Cl, rhc (per pcriod) bonvs for not canceling an 

eristing intersonnectioii rirhiransii provtdcr i. 
P T -P -T 

Parameters 1; and I .  arc replaced by I, n p .  5 vhicli aredefined ss 
- P  P P' - P  P P 
I, = I ,  +.yi for i e  Q  2nd 1; =Ii -bi  for I E Q  
-T T T . .  -T T T 
I , = I . + s .  toc le  e arid I, = I .  b f a r j s  e 

i l i I 

The advanrage of this policy ir ,hat thc sirrlc niadels are earily ertended thii 
r a y  and ths involved cost iems san typically be eiriniated quiskly and easily. 

Limiting Change Policy Anolhm policy for dealing with the dynarnis problem 
rou ld  be Iimiiing the arnouni of chrngc (ncw infercoiinecfions uid sanseled 
intcrsonnestionsi oer oeriod rcnccti i i~ !hc limiicd iechnisal saoasfies for thcse . .  . 
shanges in a period or rhs risk o f  rhange !he prowider i s  ~ e a d y  ro lake  We call 
lhis policy "limiting shangc policy", iI is more somplisard io d d  io model 2 2 

Paramelers 

Q , ö  sce above. 

W murimiim allowed numbei of iicw and canssllcd in icmn-  
necrioii agreemsnts in this ~ c ~ i ~ d .  

~ddi t iona i  consrrainii 

Coniirainl (32) Iiniin the al lored number of changei. The leR hand side of 
conrtraini (32) counis h e  binaiy y-variables thar are I i f  an inkrsonnection 10 

provider iJis m d e  for all providcrr ;J that na previaui interconnection agree- 
menl erirted wich and adds all cancellarions of intercannectioii agreementr by 
counting the zemes in the binary >,-variabler a f  thc providers i/i wirh r h i c h  an 
interconnection agreemenl eristcd u.ilh iii the last periad. 

5.2 Simulative Evaluation 
FOT the simulative evaluatioiire crcaic n=100 poblcm inrtances. To simulate 

the dynamic envimnmenl we  siniulatcp periods per insiance. io  the beginning o f  
eachperiod the amouniofirafic and Ihe capacily of thcproviders wowth uid ihe 
fixed and vuiable costs vaiy. The rangt o f ~ h c  changcs is shovn in Table3 and 
Table 4. As in Seslion 2 2  we  analyre differeiii scenarios v s r e  eitlier optionA or 
B hom Table 4 is used. If oplion "All Providers Available at Begiiining"is ured. 
all the providen are available for an interconneslion agreemeiit at period 0. the 
only shangc in t b t  simularion is rlic td'c. sapasiry and cort cliangc. If lhis 
opiion U noi choscn, 2jY.4 af rhe providers are not availabls in petiod 0 and 
beconic arailable in a random pa iod  of the simulation(each period has ~ h c  sams 
orohabiliivi. 

Dirrrip<ian Psrimibr 1ntervr1 
GrnvthorTrafTicpcr Routspcr Pcriad I 115%, 25%] 

Growh ofCapactry psr Ps.od I [15%, 25%] 
Table 3: Parametern forall scenarios 

Dmeriplion 
Numbcr ofPcri&p 

Change of FiXd Peeling c a s e  1 Psnod 
Change oiFircd Transit Ccctt 1 P~riod [-20%. +5!.4] [-IO!.4. Wh] 

Change af Vuiabls Coitrl Pcriod 

All Pravidsr. Auulablc sf Bcginning YIS Nu 

Tablc 4: Scenario de~endenl  Paramclcrr 

Wc now firri evaluatc the dependciicy of the rcsiilrr of cach policy on ihc 
parametci. of the policy for ssenario 7 and lheii compare all of thc policies for 
each rsenario. 
~ t p i n d e n r y  on poliey psrsmeterr  wc sian with analysing the avsrage num- 



" 
policy (LC)! We san see that Ihe probability thst no shsnge ossurs in a ~ e ~ i o d  
remains low independent of W. The LC polisy allowr a numbn of shanger eash 
period and ihui equally distributcs the amount of changes over all periodr. This 
leads to ihe 1ow probability ar Seen in Uie figure Ths amount of e h a n ~ e d  inter- 
sonnsstions per pn iod  obviously decreare witli W. The costs of LC are shown in 
Figure I 5  and increase by only 6% if Wir desreased fiom 6 to 1 

For the penaliy cosipolicy (PC) thepenaliy cosis were calculated as a constani 
pereentage of the fixed peering n p .  transit cosis for esiablishing a new or cancel- 
ling an enisting inlsrconnestion. For penalty eosts of up to 100% ihe probability 
,hat no change occurs increares almoit linearly while ar the sams time ths 
ainount of changes per period desreaser (sec Figure 18). At the same time the 
cosis incremc slightly (ree Figure 17). Tliis is a nice result, ihe PC can influence 
ihe amouni of change bener tlian LC. However, if penaliy costs reacli 100% ihe 
amount of change is no langer decreased eveii for very higli penalty cosrs. Tlie 
conclurion is the the amount of change Seen for high penalty costs is the shange 

for Ihis phenomenon 

Evaluation oT the diiierent Scenarios Figure 19 showr Uie averagc costs of 
tlie uiimodified algorithm from 2.2, thePC policy wifh 50% penalty costs. the LC 
po1icy with w=2 and the combination of PC and LC for 811 scenarios nnie cosir 
can diffcr up 10 20% bcwcen the policics. No palisy leads to clcarly lower or 
highcr costs tlian aiiother iii all scenarios. As shown iii Figure 20 the combined 
policy leads to rhe feweri shanger. followsd by PC and LC. The unmodified 
algorithm does iiot coiirrol change and tlius leads to the highest change rate. nnie 
probability o f  a period withour any changcs is gcncrally lowcst foi the LC policy 
and the iinmodified algorithm (see Figure 21). For ihe oiher rwo polisisi rhe 
p~obabilily is significantly Iiigher. 

To conclude we can recommend iising PC or the combination of PC and LC 
Using LC alone or no polisy at all lcads 10 higher changes and not ncceisatily 
lower costs. Tlie combination 0 f P C  and LC reems to bethe most robust pa1isy. 
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Fisrc  17: PcnalQ Coil Policy (PC) - Cortr F i s w  19: Aucrsgc Cuits (absoluli) 



lation Game'  [IS] where tlie participants play pruviders and negoriale inieiron- 

6 Related Work 
Thc arc two basic iypes of work about intemonncclions. game thcoreric and 

dccision theoreiicivorkr. Thisprper i i  riie-iampleofdecirionlhcoreticwork. ihc 
001lmal deeision of one MSPs is analvsed under a Nteris oanbus constraini 
which cffectively meaiir that it does not aiiiisipate possible reaetions ofthe oiher 
panies involrcd Thc pame rheoii;iie works focvr on thc anticiertion of ~ o s r ~ b l e  
reaciions or iompeliiig lNSPr and iypieally modcl the opiimizrtion problem 

~ ~ 

i l ~ e l f  in leis delail. 
Grme tlieoretie works are 121, [P], [SI. Thc ralioiialcs bchind peering deeisionr 

iar commercisl INSPs and rar rcadcmic reseamli nehvorki are analyscd in 121, 
die focus lies on anrlysing compctltion and burinrrs iiealiiig effcctr. 

[P] and [ j ]  coneen1raie an ihe econoniisr of direct linc intcironneciionr risum- 

e n  iii tlie samc area while [SI dircurscr the saiiie for lNSPs rhar do not compeic 
for cus,omeri in thc ssme ireu. 

An interesring wark rclated to rhe game ihwretic works is thc "Peering Simu- 

necti(ins 
Dezision ihearstic w o h s  are 161. [ I  I], [L] and I131 (61 is prrt a i  MPRASE 

(Multi-Period Resoume Allocatian ai System Edges) 171. r mathematical frame- 
wmk that describer and solves sll kind of resourec allocation problemr at rhe 
edge between w o  iielwarks [6] discusrcs (among ather ihings) the selection a f  
the cheapost piovider ar ihe cheapest rornbinalion of prouiderr from Ihe cus~ 
tomei of an INSPs point of view (which covld be anoiher INSP) Similarly ra 

Section S n dynamic problem with multiple periods is inverligalrd. The approach 
howrver i f~ndamentally different ro tliis pspcr. [6] maker ane decision in tlie 
firsf period abour the eombinaiton of providers uied fo: rhe rest of tlie plaming 
hotiron while iii Sn t ion  5 a decision is made ai ihs beginning of Cash periad. 
Also the modcls 161 cantain less complex cori funciions and no reliability and 
Q o s  issues. 

While thu  paper diseusses an inlereannection problcm in the currenr bes t~  
effon Intcmei, [ I I ]  prcscnts an inlcrconnsction problem for a future QoS s u p ~  
parting Intemet, wherc D i m c r v  [3] is uscd as QoS mrcheniim. The papcr s lud~  
ies how ihc cost of qualiry Tor different QoS netwoih characrerizes ihc optimal 
rerourcc alloimtion stratcgics of ihc D i m e r v  bmdwidlh broker. 

[ I ]  prcsenir a MIP model for tinding !he uia-minimal placemcni of a given 
numbcr of tntereonncction pointr within tlie topology of an INS? oncc the deci- 
iion ra interconncct i s  made. Similrr and also taking ilie swiichiroiiler placemcnt 
(ctework dcrign) problcm inio accovnt i s  1131. 

7 Summary and Outlook 
In ~ h i s  prpcr wc presenred scveral opltniiration models Tor interconneciions 

between pr~viders.  We stancd by preseniiiig models and soluiion algorithms for 
I ~ C  stalic inlerconncction pmblcm which is finding ~ h e  cosi-optimal sei of pcr- 
ing and rransi, pamerr  for one ~ ~ ~ v i d c r .  I" simu1ations we showcd that our 
appioach is far supcrior to typical real-world Iicuiistis approachcs. 

Nexi wcpresenred and discussed r e r c n l  ways oiextcnding our modrls ra iake 
reliability issucs iitio accouni. Bcsidcr ieliability. qualiiy of scrvire cun i lso an 
importanf aspcct for a ~ r n ~ i d c r ,  We prescntcd and discurrcd reveral quality of 
service nraterries for rlic modrla. In rlic last oart of thc osoer we showcd how io ~ -~ , . 
extend che static models ia rlie dynamic problcm which is evaluting whcthcr D 

givcn sct orpeeringand nanrir parmcrr issiill ~p l imal  coiisideting changes in ~ h e  
mAic mix or cosr rtnicnire of ihe involved providcrr, We also considered ~ h c  
admiiiisirative costs of changing peering and rranrit partneis and rvaluated dif- 



fcrent appmachcs i n  simulslioni. 
The iesulrs o f  lhis paper arc models, algoriihms and recommendations far dif- 

fcrcnr rcliabiliiy policics and QoS srmegicr for inisrconneciion bsisions from 
the poiiit o f  view oionc provider. W r  ~ l s n  to exlend this work r l t h  a case siudy 
ba~ed on real dala from ane provider 

The authois would Iike m lhank John Sauicr from LlNX (London Interner 
Exchange, w l i n x n e t )  and Prof Jrrien from ihe DFN (Gcman researeh ni l -  
work, r r w d h d c )  for lheir input and fruilfYl dilcussions. 
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