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Abstract!

There are two basic fypes of interconnection agreements beiween providers in
the Iniernet: peering and transit. 4 decision everv Internel network service pro-
vider (INSP) has o make is whick other peering/transit INSPs to connect with.
The poltential peering/transit partners differ (obviously) in the advertised routes
and they may differ quire drastically in the amount and type of costs (line cosis,
exchpnge point related costs, settlement costs, administrative costs) as well ay in
reltability and quality of service aspects. In this work, we discuss and solve prob-
lems in this context:

The first problem is finding the oplimal se! of peering and transit parirers for
one INSP at one point in time given the rovting wnformation ard 1he cost func-
tions of the poiential peering/transit pariners; different types of costs and differ-
enl cost funciions are constdered. Reliability issttes are considered (for example
enforcing enough spare capacity o absorb the complete failure of ane provider)
as well as quality of service constraints (e.g. enforcing a certain average AS-hop
caunt). This problem is formally described and solved with an optinal algorithm
and compared with heuristics.

Tariffs and fraffic are in a permanent charge, thus an INSP always has to
rethink whether his current choice of peering/transit partrers is still optimal for
i or if it may be worthswile the administrative effort of changing some of its peer-
ing/transit agreements. The last part of this paper deals with thix problem and
adapts the algorithm from the first part for this setting.

1 Introduction

The Inlernet consists of 8 huge number of networks operated by independent

" This wark is partly sponsored by the German research nelwork provider DFN (Deulsches Forsc-
hungsnetz e. Y., www dln.org) as pan of the LETSQoS project {www.l¢lsqos.de).
This work is also partly sporsgred by (he German academiy forcign exchange office DAAD {Deut-
scher Akademischer Avusiandsdienst, www.daad.de)

providers. On the one hand, these providers compete for customers, on the other
hand they have to interoperate and iuterconnect their networks to offer world-
wide conneclivity. Contrary to the situation on most telecommunication markets
Lhere is no central authority 1n the Internet enforcing cooperation,

Praviders compele in 4 market with a nearly transparem praduct like IP for-
warding and therefore are in deadly competition. They have to use existing
potentials for optimization and cost savings in order to suvive. One of the big-
gest cost factors for Intermel network service providers (INSP) are interconnec-
tion costs. For the German research network DFN as an example they are the
highest cost factor and much higher than ¢.g. the hardware costs.

In this paper, we use decision theory and mathemaiical programming methods
to model the problem of finding the optimal set of peering and transit providers
for an INSP. We consider costs, reliability issues, quality of service and the fact
that traffic and tariffs are changing over time. We will show how the inodels can
easily and exactly be solved and evaluate their performance in ¢xtensive simula-
tions.

Befaore we proceed we first need to define some of the terms used continuously
in Lthis paper;

INSP (Internet Nemwork Service Provider). INSPs are access providers that
connect private persons and businesses to the nternel and backbone providers,
that connect other access and backbone providers,

Interconneciion: An inierconnection describes the connection between the net-
warks of two diffcrent INSPs. We distinguish interconnections by their type and
their method (sec Figure ).

The interconnection type is determined by how routes are cxchanged and by
the financial settlement agreement. With the fransit interconnection type one of
the INSPs (customer INSP) pays the other [NSP (transil INSP) for the access to
all destinations in ils rouling table and for announcing the customer’s netwarks
entry in ils rouling table.

With the peerirg interconnection type the two INSPs wnutually provide access
10 ¢ach other's customers, typically without setiement [9], [10], [14]

The rnierconmection method describes how the physical intcreonnection
between the two providers is realized. There can be one or more direct connec-
lions between the two providers’ netwaorks (direct line method) or an Internet
exchange point (IXP) can be used. An Internct exchange point js typically uscd
by a larger number of INSPs that are connccted to a central rouler (exchange
router method), a central switch or LAN {exchauge switch method) or a WAN
{exchange WAN method). The exchange switch and exchange WAN methods
arc the ones typically found in large 1XPs (LINX, DE-CIX, Parix}.
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Afier this introduction, we present malliemalical programming models for the
static optimization problem of finding the cost-minimal set of peering and transit
portriers at one point in time. We take differcm aspects into account like concave
cost functions, reliability aspects {Section 3} and quality of service (QoS)
requirements {Section 4). We show how the different problems can be solved
exaclly and evaluate the different models by extensive simulations.

In Section 5, we show how the previous models can be extended for the
dynamic problem situation which is evaluating whether a given set of peering
and fransit partners is still optimal considering changes in the traffic mix or cost
structure of the involved providers. Also considered are the administrative costs
of changing peering and fronsit paniners. Again, the models are evaluated by
means of simnlation.

Related work is discussed m section 6 and we conclude with a summary and
brief cutlook.

2 Static Models for Optimal Interconnection

In this scction, we presenl two mathematical programming models for finding
the optimal set of peering and transil partners for one TNSP in the statie case
which means at a certain peint in lime. We start with a besic mode) thal uses lin-
ear volumc dependent cost functions for the rransit providers and fixed costs for

the peering providers In section 2.2, the model is exiended to al) kinds of step-
wise linear eos1 functions including the concave cost funclions thal are com-
monly used in reality [14]. The model can be solved by slandard MIP solving
techniques, we do so and use simulations to eompare the results with heuristies
that very much resemble what providers do loday.

2.1 General Model

Finding the optimal Iransit and peering partners for one INSP is modelled by
the following general optimization model. We assume (hal there arc R different
routes, the provider has a prognosis of the traffic for each toute'. There are J
lransil providers offering Lransit service for all routes and / peering providers
offering peering for some specific routes. The optimization model tries to mimi-
mize the costs which are fixed costs for peering partmers and fixed costs plus vel-
ume dependent costs for the transil inlerconnections.

This problem is non-trivial because the selection of the best transit provider
generally depends on the amount of traffic exchanged with this provider. Al the
same lime the decision to pecr with a peering provider or not depends on the
price of the transit provider and at the same time affects the transit price itself.
The problem can be modeled as a mathematical programming model.

The following indices, parameters and variables are used:

Indices®
=4, ..1 peering provideri.
J=1, .. J teansit provider j.

r=1f .. R router

Parameters
x traffic prognosis for route r.
!:.D fixed casts for an interconneclion with peering provideri.
P . : ;
<; capacity of peering provider /.
R, set of roules offered by pecring provideri.

Plesse nate that & route in the context af this paper is a non-overlapping aggregation of BGP routes.
Typically each peering pravider has ane route {les awn network} and there is an (I 1)ch route for the
rest af the [nternet.

? Unless utherwise iadicsted the indices always run from the bounds presenred here.
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"j fixed costs for an interconnection with transit. providerj.
T . . . .
CI{Ex _,‘r) cost function of transit provider j, cosls are a function for
r

the 1raffic passing through provider j.

CJT capacity of transit provider j.
Variahles

x;:, amount af traffic for roote r passed through transit provider
i

i for re mt. , amount of traffie for roule r passed through
peering provideri.

}'f binary variable, 1 if an nterconnection 1o peering provider i
is made and 0 otherwise.

y}r\ binary variable, I if an interconnection to transit provider j

is made and O otherwise.

. . T .
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The target function (1) minimizes the fixed costs plus the volume depended
costs. Consiraint (2} makes sure that the complete traffic demand I is satisfied
by the combination of peering and transi providers chosen, Consimints (3) and
(4) are the capaeity constraints for peering rsp. transit,

Al the same time constraims (3) and (4) foree the according binary variables
¥, and ¥ to one if any amount of traffic is sent over the according pecring/tran-
sit provider i,

Constraints (3} and (6) are the non-negativity and (7} and (8) the binary eon-
straints for the variables.

[f the cost function is a symple linear function with pricc k; per unit of volume
C’j[zx T},) = & erj, ©®)
r r
then the model above can be egsily solved with slandard mixed integer pro-
gramming techniques [8]. However, typical transit providers charge a stepwisc
decreasing volume dependent price as depicied in Figure 2. The model above can
be exlended to allow these functions This is presentcd m the next section.

2.2 Model with Stepwise Linear Cost Functions

2.2.1 Description

The following models enhanees the previous one by introducting stepwise eost
functions. The problem here lies with coneave cost funciions, as the algorithm
has o start nsing the lower parts of 1the cost functions first!

L Conve¥ tosts functions are unrealistic, we do not nse them in this paper. However, they can be mad-
eled wilh the very same optimization model withour changes.
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The following indices, parameters and variables are used:

Indices'

j=1

Parameters
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Jjm

k

Yim

r=1,

.1 peerng provideri,

, transit provider ;.

route r,

J
R
m=1.., M partm of cost function of transit provider/.

traffic prognosis for route r.

fixed costs for an interconncction with pecring provideri.

capacity of pcering provider 7.

set of routes offered by peering provideri.

fixed costs for an interconnection with rransit provider;.

number of steps in the cost function of transit provider;.
‘!j(M} 1) capacity of transit provider ;.

lower volume limit of step m of the cosl function of transit

providery (see Figure 2).

price per unit of volume in step s of e cost functien of

! Unless otherwise indicated the indices ulways run [rom the bounds presented here.

Variables

transit provider j.

for r e fﬁl- , amount of traffic for route r passed through

peenng provider/.

binary variable, 1 if an interconnection to peering provider
is used and 0 otherwise.

amount of traffic for route r passed through transit provider
i

traffic volume in cost funclion segment m of Iransil pro-
vider;.

binary variable, 1 if cost funclicn segment m of transit pro-
vider/ is used and ¢ otherwisz.

The problem can be described as the following mixed integer programming

model
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Targel function (10} minimizes the total costs. In this model ecmpared 10 the

. . . -T
basic model above, we use the additional variables Ay 0 keep track of how
much of the traffic of provider j is in segment m of its cost function, Constraint

(11) connects the variables ijm lo Lhe variables X, of the same transit provider

7, the total amount of traffic that is divided among all routes has to be egnal 1o the
traffic in all segments of the cost function.

Constraints (12) and (13) make sure that the cost function segments are filled
up correctly: (12) limits the amount of traffie in one segment to the segment size,
for the highest segment ( 12) replaces the capacity constraint in the basic model
for the transil provider. For concave cost functions the higher segments would be
filled up first because of the lower volume costs and the minimizing target func-
lion. Therefare 13} is necessary, a higher segment of a cosl function can only be
used if ihe lower segment is completely full.

Constraint (11) is the traffic demand constraint (see basic model), eonstraint
(15} is the eapacily constraint for the peering providers. Constraints (16) to (18)
forin the non-negativity and {19) to (20} the binary constraints for the variables.

The exact selution for this problem can be found using standard MIP solution
technigues like branch & bound with LP relaxation in eombination with the sim-
plex algorithm or interior point methods [8].

2.2.2 Simulative Evaluation

We now evaluate the modei with two heuristics by a set of simulations.
Simulation Setup  We evaluale different scenaries, a scenario is speeified by a
given number of peering providers, transit providers, roules, and an interval from
which traffie and cosls for these providers rsp. routes are drawn. A scenario
instance 1s created by randomly crealing cost functions and traffic demand vec-
tors from the scenario speeific parzmeter intervals. We create n=100 instances

per scenario, solve each stance and evaluate the average of the 100 instances.

The parameler inlervals for the basic set of scenarios are given in Tablel and
Table 2, For lhe simulations, we assume that each peering provider offers one
route and always has enough capacity for that route, The traffie demand for one
route is drawn equally distributed from the “traffic demand for a peering pro-
vider's raute” interval. The BGP routes not covered by the peering providcrs’
routes are modeled with one additional larger route. The traffic for that route is
determined by the “traffic demand for the rest of the world™ parameter. The fixed
costs for the peering providers are drawn from the “fixed peering costs™ interval,
the fixed Lransit costs from the “fixed transit costs” interval, The variable ransi
eosts are drawn from the “variable costs” interval for the first step of the cost
function and then decrease in each further step as specified by the “degression”
interval. The transit capacity is drawn from Lhe “transit capacity” interval and
split up evenly upou the different segments of the cost function.

Description Parameter Interval |
Traffic Demand for a Peering Provider’s Route [50, 1060]
Fixed Transit Costs [0.05, 0.5] times (he tolal traffic
Variablc Transit Costs [0.5, 2.0
Variable Transit Costs Degression [5%, 20%)]
Number of Steps of thc Transit Cost Function 5
Tablc 1: Parameter interval that are equal in all basic scenarios
Bit Description Parameter Interval A Parametey Interval B
Number of Peering
! Providers 30 60
I HNumber of Transit
2 Praviders 15 0

4 Capatity ofa

Traiaenr ol | [25%. 50%] of towl mraffic | [75%, 125%] of total mafFic

g |Traffic Demand for | 30 X average tafTic demand of | 15 x avernge traffic demand
Rest of the Woarld peering providers' route of pecring providers® route

[0.25, 2.5] times the waffic for ([0.125, 1.25] times the walTic
routes of peering provider  [for routes of peering provider

Table 2: Parameter intervals that depend on the seleelcd scenario

16 [Fixed Peenng Cosis

Table 2 lists the 5 scenario dependent parameter ranges, we will evaluale all
possible 32 combinations of them. Each scenario has a number from @ 1o 31. Tn
scenano s the parameter A from Table?2 is used if the aecording bit in s is not set,
otherwise 8 is used For scenario s=7 the parameter intervals 4 will be used for



1he number of peering and transit providers and the transit capacity (bits 1, 2, 4),
parameter interval B will be used for the traffic demand of the rest of the world
and Ihe fixed peering costs (bits 8, 16).

We use the eommercial MIP solver CPLEX [12] to ealculate the exact solutjon

for the “‘optimal interconnection model” (OPT) from Section2.2. We compare
the solution obained with two hemistics.
Deseription of the Heuristics The first heuristic (H1) deseribes an evolution-
ary approach that could describe how a real INSP found his interconnection part-
ners: Ge with the eheapest (or cheapest set of) transit providers firsi, then look at
all peering possibilities individually and evaluate each of them, if the saved tran-
sit costs from a peering possibility are lower than the costs for peering iself, then
peer, otherwise do not. The second heuristic (H2) is called the “peenng slul”
heuristic: Peer with everybody, select the cheapest transil provider (or set of tran-
sil providers) for the rest of the traffic.

Performanee Evaluation We fist compare the solution obtained by our
model with the sclution oblained by the heuristics. Figure 3 shows the average
casts for each scenarie based on #=10{ instances per scenario, ¢ach of the algo-
rithms solved the same 100 instances per scenario. The costs arc normalized to
the costs of the OPT algorithm. For the heuristics the according 95% confidence

200

H1 -+
OPT

Pttt

ity

2
e

+

3
¥

-]

rerored izeed costa { relative tocosts of CET) [%)]
E

. L Ll

01 23 45 67 85101112 13141516 1718 1920 2122 2324 2526 T728 2930 31
soenario

Figure 3: Normalized Costs

Ato

ratio

08

0.6

04

02

Lt +%Hﬁ

ph TR T h

U

L HH

UL

L b el e

3 g
01234567 89101112131415161718192021222324252627 28203031

SCETATIO

Figure 4° Peering/Transit Provider Ratio

LLLLLLL LU L L LT

-

|1t

i

0123456 789I10111213141516171819202122232425262728293031

sceTana

Figure 3: Peering/Transit Traffic Ratic




inlerval is also shown [I can be clearly seen that both heuristics lead 10 roughly
40 to 70% higher costs than OPT for all scenarios. H2 leads to a worse perfor-
mance than H1. This holds true for all scenarios.

The reason for the bad perfarmance can be seen in Figure 4 and Figure 5 which
show the ratio of the number of peering providers per iransit provider and the
amount of peering traffic divided by the transit traffic.! HI selects far loo few
peering partners compared to the optimal algorithm and H2 selects too many,

The results show Ihat the OPT algorithm presented in this paper can save large
amounts of intereonnection costs for all the different scenarios when compared to
two simple yet actually used real-world heuristies. The next question we investi-
gate is whether the computational complexity of the OPT algorithm might be an
obstacle for using it instead of the heuristics,

Evaluation of Computational Complexity. 1f we define M = 52Mj and

§ = %ESize (mi) then the model 2.2 needs 1
i
[(S+1) + J(ZM+R) variables and L)
1+2IM+R conslraints. 22)

The time il took to solve an instance of scenario 0 on a machine with a 700
MHz Pentium 3 and 256 MB RAM is depicted in Figure 6. The number of peer-
ing providers / and transit providers ./ were increased as shown on the x-axis to
increase the complexity of the prablem. As Figure 6 shows, OPT can be solved in
roughly 210 minutes for large prablems with 9040 providers. Given the facl that in
the real-world the problem has to be salved only rarely the eomputational com-
plexity is no obstacle for using OPT.

A further advantage of OPT is that it is based upon a MIP problem thal ean be
further extended in different ways as shown in the next seciions. Some of these
changes would be very hard Lo incorporate into the heusistics.

3 Adding Reliability Measures

3.1 Policies

Reliability is an smpaortant issue for INSPs, the model 2,2 ean be extended in
several ways to also account for reliability. Reliability in 1his context is usually
the pretection againsi the failure of one or more interconnections, Looking at the

! The 95% confhidence interval is shown (ot HZ and OPT, for H1 ivis 30 small it cannol be
depicied.
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simulation results above for the OPT algorithm if the biggest provider selected
from that strategy fails, there is not enough free capacity available from the other
interconneeted transit providers to compensate the Failure by routing the traffie
destined for the failed provider. We therefore discuss several ways of extending
the algorithm above

Minimum Number of Transit Froviders Policy One easy reliability policy is
to interconneet with a mintmum number Y of transit providers to reduce the
dependency on each of them This policy ¢an be incorporated into the above
model by adding the following constraint:

T
Yzt @3
7

The advanlage of this policy is its ease of use, the disadvantage is that it does
not give any guarantees and fine-grained contrel.

Minimum Free Capacity Policy Anotler reliability policy is making sure that
there is a minimum amount of free transil capacity available, e.g a pereentage T
of the 1otal traffic. The free transit eapacity is the sum of all capacities of the tran-
sit providers minus the used capacities of Lhese providers. This policy ean be
added 1o the above madel 2.2 by introducing the following new parameter, vari-



ables and constraints':

Parameter
T the required fraction of free capacity from the total traffic,
Variables
JGT measures the free capacity of transit providerj.
Constraints
T T -T .
j‘:,. < € = 2 5im /) [E}
m
T T T
R T i
fJ > ¥ Wj 25)
r
J; 20 ¥ (26}
DI ED IR @7
i r

Constraint (24) limits variablej;;r to the free capacity of Iransit provider j, (25)
forees]f to zere if there is ne interconnection with transit provider,j.

(27) enforces the minimum amount of free eapacity. (26) 15 the non-negativity
constraint for the new variables.

This policy gives the dectsion maker a fine-grained control over the free capac-

ity Its drawbaclk is that if one interconnecied provider who carries more than the
fraction T of the traffic fails, there is not enough spare capacity. This is avoided
by the next policy.
Anticipating Failure Policy This policy is a modification of the last one and
makes surc 1hat there is encugh spare ransit capacity if a single frensit/pecring
provider fails complctely. 1t can be modeled by replacing constraint (27} with the
following constraints?:

~T ,
f{a L A/ {28)
i m

U And we now exphoily have t pssume positive fixed cosis for ransit providers: er >0

2 [I'both policies are 1o be combined constraing (27) is kepl.

P .
E{f z 2‘5‘ %, vi (29)
i re R,
Constrainl (28) antieipates he failure of transit provider /, (29} does the same
for pecting provider .

3.2 Simulative Evaluation

In order to evaluate the reliability policies above we nse again simnlations, The
resulls presented here are based on scenario 0 bul they are not significantly dif-
ferent for the other scenarios.

In order 10 evaluate the reliability performanee we calculate the free transit
eapacity of the solutions obtained by the different pelicies as percentage of the
1ot} traffic. The higher ine free capacity, the more buffer remains if e.g. one pro-
vider fails. For each solution we also determine whether there weuld be enough
free capaeity to carry the traffic of the biggest {peering or Iransit) provider if it
fails, we call this the robusiness. The average results and the 95% confidence
intervals are depicted in the following figures as are the average costs of the solu-
tions obtained by the ditferent policies. The figures also contain the reference
reliability and cost measures of the solution obtained for the same problems by
the unmodified OFT algorithm from above (0% robustness, 1.8% free capacity).

Again we generated #=100 problem instances that were solved by the “Mini-
mum Number of Transil Providers Poliey” (MT), the “Minimum Free Capagity
Policy” (MC) and by the combination of the “‘Minimum Free Capacity Policy”
and the " Anticipating Failure Policy” (MCAF), The results for the “Anticipating
Failure Policy” (AF) alone are included in the resulls for MCAF with a minimum
free capacity of 0%.

1f we lock at MT which has a parametcr that c2n only be increased in sieps of
one it can be scen from Figure 7 that the costs increase very quickly if the mini-
murm number of transit providers is increased. The cosl increase of the MC and
MCAF policies are much smoother and more controlled (Figure 9). Figure 9 (and
again Figurc 10 and Figure ) also show that MC and MCAFT lead to cqual
results if the minimum free capacity demanded is 60% and higher. This is the
amount of free capacity nccessary to be able to recover from a failure of the big-
gest provider in (almost) all instances so 1he constraints of AF no longer have a
significant effect on the selution.

If we analyse the reliability measures, the robustness increascs quickly for MT
and MC, MCAF aulomatically leads to full robustness because of thc AF con-
straints. The free capacity oxplodes for the MT stratcgy while it is obviously
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more conirolled with the MC pelicy because thc minimal free capacity s a
parameter of that policy. Because of the AF constraints in MCAF the free capac-
ity does not decrease for lower values of the minimum free capaeity parameter.

The MT policy can be used to increase the teliabiliy however as costs can
explode and the policy parameler culy indirectly influences reliability metrics
like free capacity aud robusmess the MT policy cannol he recommended. The
MCAF strategy secms to be the best choice, it offers full robustness and full ¢on-
trol over the free capacity. Ils parameter is the minimal free capacity which can
be easily estimated by the decision maker 1f the faiture of the higgest pravider 15
unlikely MC can also be used.

4 Awareness to Quality of Servicc

The quality of service achievable wilh ils interconnections is also a typical
perameler an INSP wants 10 aptimize. In this contexi, quality of service can be
mainly influenced by selecting interconnections such that the leugth of routes in
terms of AS hops is kept low. Apart fromn that, peering or transit providers could
be raled in some fashion with respect to the qualily of service they usually offer
and the solution could take those ratings iuto account. We will focus on the more
objeetive measure of route lengths and now show several possivilitics of extend-
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ing model 2.2 to be aware of the quality of service (QoS) that is achigved by the
interconnection policy chosen. These extensions ean be comhined with the ones
from Section3.

4.1 Strategies

The typical QoS metri¢ used on the time-scale of interconnections is the aver-
age number of AS (autonemeus system) hops for a roule from the provider’s net-
work to the end-point, A lower numher of hops correlates with fower delay and a
lower less probability for the packers and Lhus a higher utilily for the customers
end-user. This is especially important for routes cairying traffic from realtime
multimedia applications and network games. Peering interconnections usually
offer a lower hop-count than transil inlerconnections because the traffic ends in
the peering network, This is in fact the main reason why some lacger INSPs
accept peering wilh significantly smaller INSPs [14].

Peering Bonus The easiest way of taking (he lower hop coun! of pecring pro-
viders into account is giving peering providers with Qo8 sensitive routes a bonus
b; that reduces their fixed peering costs and thus makes peering wilh lhem more
aitractive. I

_This can be done by replacing the parameter f; with the new paramcier
li = If— &, 1n model 2.2 above.

The advantage of this approach is its case of use, he disadvantage is that the
parameter &, can be hard to estimate as it ouly indircetly influences the QoS.

Hop Constraint  Another approach that gives the decision maker more control
of the QoS parameter hop count is adding an additional constrainl for Lhe average

hop count of the traffic. We introduce the following new parameters to maodcl
2.1

hf average hop count for traffic through peering provider i,
this is typically | for a peering provider.
T —_
kj estimation of Lhe average hop count for traffic through lran-
sit provider j.
q, delay sensilivity of the traffic ou roure r, routes known Lo

carry delay sensitive traffic (e.g. o gaming sitcs) should
oblaiu @ higher than average ¢,. g, 1 used as a weight when
delermining the average hop count of the traffic.

b maximal average hop count allowed.



The average hop count is
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and we can add a new copstraint to model 2.2 that limits H 10 7 -
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Apan from the AS hop count any ather QoS metric can be modeled with this
approach.

instead of looking at the complete traffie this approach can be easily modified

to 1ake into acecunt only a subset of the routes. For more fine-grained prediction
T
of the hop couns for transit providers }rj could be replaced by a route dependent
. r . .
prediction .ﬁj' for rouwte r through the network of transil provider j.

The advantage of this approach is that 1t gives the decision maker a finer con-
trol and wilh the maximum hop count an easy to understand design parameter.
The disadvantages are the higher numbcr of parameters and the slighily higher
complexity of the optimization mode] with the additional constraint.

Hop Count Penalty Costs Strategy  Decreasing the hop-count can lead to
quickly increasing cosis (as showr later in the simulations), The hop constraint
strategry gnforces a maximal hop count without respect for costs, the hop count
penalty costs strategy is similar but does not enforce a maximum hop-coun wilh
a constrainl but instead adds the hop-count with some penalty costs to the larget
function. This allows a trade-off between decreasing the hop count (which typi-
cally leads to increasing costs as we will see in the simulations) and decreasing
P

the costs It can be modelled with the parameters h;

N JT, g, from above and by

adding (309 to targel function (1) weighted with perally costs ‘¥ .

4.2 Simulative Evaluation

In order to evaluale the Qo3 approaches we use simulations based on scenario
0 again, the results are not signifieantly different for the other scenarios. The hop
count for peering providers is set to | and for the wansit providers it is drawn
equally distribuied from the interval [3.0, 6.0].

The averages of =100 probiem instances and the 95% confidence intervals are

shown for the “Peering Bonus™ (PB), “Hop Consiraint” (HC) and *'Hep Count
Penalty Cests” (HP) Strategies in Figure 12 to Figure 14. As reference the costs
and the hop count from the plain OPT model from Section 2.2 withaut any QoS
fealures are depicted, 100,

With the PB siralegy the costs increase only slightly and the hop eount
decreases only slightly even if the pecring bonus is 100% of Lthe average peering
costs. The peering costs per traffic within on problem instance differ obviously
quite strong so that even if they are all reduced by an average smoum many af
the peering providers are still not sedected. This effect can also be seen in in Fig-
ure 4 and Figure 5 where even for the scenarios with lower peering costs (Bit 16
= |} nearly as many peering providers remain unattraetive as with ligher average
peering costs {Bit 16 = 0). The reason lies withir the huge interval size for the
traffic and for the peering costs.

The HC constraint offers direct control over the hop count which the olher
strategies do not, As can be seen in Figure 13 the costs increase quickly for lower
hop eounts. Decreasing the hop count by 36% to 2.4 costs roughly 38% more
costs while decreasing the hop count by 25% only costs 15% more costs.

The HP sirategy does nat enforce a certain hop count but 1nstead evaluales the
value of the decreased hop count (expressed by the penalty costs) against the hop
count Therefare Figure 14 does not show the strong increase in costs as Figure
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Figure 1 2: Peering Bonus Strategy - Costs & Hop Count
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13 while at the same lime the hop count decreases nearly as much as in Figure 13.

To conclude, the influence of the PB parameter on the hop count is only an
inditect one and not strong, we do rot recommend this strategy If a certain max-
imum hop count is strictly given, Ihe HC strategy has lo be used, otherwise if
there is flexibility on the hop-count the HP offers 1he best way of modelling this
trade-off. HC and HP <an also be combined, HC could be used to ensure that a
certain (higher) hop count is uot exceeded while HP is used Lo further decrease
the hop-count without ignoring the cost-increase.

5 Dynamic Model for Optimal Interconnection

The static models of section 2 to 4 can be used te calculate the optimal set of
peering and Iransit providers for one INSP at one poiut in tire, This is useful for
a new INSP enlering the market An INSP that already has intercounections with
a pumber of peering and transit providers faces a slightly different problem: Is
the current set of peering and transit providers still oplimal or is it worth chang-
ing interconnestions considering the technical and administrative eosts for eslab-
lishing a new interconueetion or cancclliug an existing one?

We call this the dynarmie probiem and now show that the static models can be
casily extended for the dynamie case. Agaiu, we evaluate our roodels by simula-
tions

5.1 Adjusting the Static Models {or the Dynamic Problem

For the dynamic case we now assume that there are iutereonnections Lo a sel
O of the  peering providers and to a set 8 of the ./ transit providers As the traf-
fic requircments and the cost functions of the providers change, the dyuarmnic
problem is solved every period in order to find the new ephimal sci of providers.

There is typically some technical and adminstrative effort vecessary for estab-
lishing a niew interconnecliou that ean be expressed by 2 cost term (transaction
costs). Also cancelling an existing intereonmection typically involves some effort
that can be cxpressed by a cost term.

Penalty Costs Policy The costs for establishing a ngw interconneenion can be
expressed as penalty costs per period by dividing them by the number of periods
an nterconnection is expecled to last or by a typical amortization or planning
horizon. These penalty costs can be added to the fixed costs of the providers nol
in set © rsp. 8. Similarly, the costs for canceliug an cxisting interconnection
can be transformed into bonus costs per peniod that are substracted from the fixed
coats for the providers 10 set @ rsp. @ This gives an incentive 1 stick with (he
current sct of providers, we eall this the penalty costs policy, model 2.2 is for-



mally extended the following way-

Paramelers
o] The set of peering providers that an interconnection exisls
with jn the beginning of the current period,
[¢] The set of transit providers that an interconneclion exists
with in the beginning of the current period.

r . . .
5 forall i g @, the (per period) penalty costs for establishing
a new interconnection with peering provideri.

4 - . .
b:‘ for all 7 € ©, the (per period) bonus for not canceling an
existing interconnection with peering provider,

r _
5; forall j « @ ,the (per period) penally costs for establishing
a new interconnection with transit provider f

T .
bj for all j€ @, the {per period) bonus for not canceling an

existing mterconnection with transil provider f.
P T “p +
Parameters {; and Ij are replaced by /; rsp. /; which are defined as
wop P ; WP
i =1 +s5, forie @ and [; =I:J -bf forte @
L Y ST, r,T .
F —nf]. +.sj forj ¢ B end /; fn'l. b, forje @

The advantage of this policy is that the static models are easily extended this
way and the involved cost lerms can typically be estimated quickly and easily.
Limiting Change Policy Another policy for dealing with the dynamic problem
would be limiling the amoun! of change (new interconnections and canceled
intcrconnections) per period reflecting the limited lechnical capacities for these
changes in a period or the risk of change the provider is ready to take. We call
this policy “limiting change policy™, 11 is more complicated 10 add 1o medel 2 2

Paramelers
Q.6 sce above.
W maximnm allowed number of new and cancelled intercon-

nection agreements in this period.

Additional Constraints

Tu-yn+e T -y Tl

JjeB i€ jie9 i€

Constraint {32) limits the allowed number of changes. The lefi hand side of
constraint (32) counts tne binary y-variables that are L if an inlerconnection to
provider i/f is made for all providers i/j that no previous interconnection agree-
meni existed with and adds all cancellations of interconnection agreements by
counting the zeroes in the binary v-variables of the providers if with which an
interconnection agreement existed with in the last period.

y:.D <W (32
Q

5.2 Simulative Evaluation

For the simulative evaluation we crcate n=10{ problem istances. To simulate
the dynamic environment we simulate p periods per insiance, 1o the beginning of
each period the amount of traffic and Ihe capacity of the providers growth and the
fixed and variable costs vary. The range of the changes is shown in Table3 and
Table 4. As in Section 2.2 we analyse differenl scenarios were either option 4 or
B from Table 4 is used. [f option “All Providers Available at Beginning™ is used,
all the providers are available for an interconnection agreement at peried 0. the
only change in that simulation is the traffic, capacity and cost change. If this
option 15 nol chosen, 23% of the providers are not available in period 0 and
become available in a random period of the simulation {each period has the samc
probability).

Parameter Interval
[15%, 25%]
Growth of Capuacity per Period [15%, 25%]
Table 3: Parameters for all scenarios

Description

Growth of Traffic per Route per Period

Bit Description A B
1 Number of Periods p 20 40

Change of Fixed Peering Costs / Period
2 Change of Fixed Transit Costs / Period | [-20%, +5%] | [-10%, 0%]
Change of Variable Costs / Period

4 All Providers Available at Beginning Yes No
Table 4: Scenario dependent Parameters

Wec now first evaluate the dependency of the resnlts of each policy on the
parameters of the policy for scenario 7 and then compare all of the policies for
each scenario.

Dependency on policy parameters We starl with analysing the avcrage num-



ber of changed imerconnectios and the probabilily of a period without any
changes. These change metrics are depicted in Figure 16 for different parameter
W that limit the number of allowed changes per period for the limiting change
policy (LC).! We can see that the probability that no change occurs in a period
remains low independent of #, The LC policy allows a number of changes each
peried and thus equally distributes the amount of changes over all periods. This
leads te the low probability as seen in the figure Thc amount of e¢hanged inter-
connceiions per period obviously decrease with . The costs of LC are shown in
Figure 15 and increase by only 6% if ¥ is decreased from 6to 1.

For the penalty cost policy (PC) the penalty cosls were calculated as a constanl
pereentage of the fixed peering rsp. transit costs for esiablishing a new or cancel-
ling an existing intcrconnection. For penalty eosts of up to 100% the probability
that no change occurs increases almost linearly while at the samc time the
amnount of changes per period decreases (see Figure 18). At the same time the
cosls inereasc slightly (see Figure 17). This is a nice resulf, the PC can influence
the amount of change better than LC. However, if penaly costs reach 100% the
amount of change is no longer decreased even for very high penalty costs. The
conclusion is the the amount of change seen for high penalty costs 1s the change
that 18 necessary (e.g. choosing a new ransit provider) because Iraffic demand
exceeds the capacity of the existing interconncctions. There is a strange effect in
the cost function Figure 17 which has a maxima at 80%. We have no explanation
for this phenomenon

Evaluation of the different Scenarios Figure 19 shows the average costs of
the unmodified algorithm from 2.2, the PC policy with 50% penalty costs, the LC
policy with =2 and the combination of PC and L.C for all scenarios. The cosis
can differ up to 20% betwcen the policies. No policy leads to clearly lower or
higher costs than another in all scenarios. As shown in Figure 20 the combined
policy leads to the fewesl changes, followed by PC and LC. The unmodified
algorithm does not confrol change and thus leads to the highest change rate. The
probability of a period without any changes is gencrally lowest for the LC policy
and the nnmedified algorithm (see Figure 21). For the ether two policics the
probability is significantly higher.

To conclude we can recommend nsing PC or the combination of PC and LC
Using LC alone or no policy at all leads to higher changes and not nccessarily
lower costs. The combination of PC and LC seems to be the most robust policy.

' Again the average over n=100 problem inslances and the 95% coalidence inlerval are shown,
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6 Related Work

The are two basic lypes of work about interconnections, game theoretic and
decision theorelic works, This paper is an example of deeision theoretic work, the
oplimal deeision of one [NSPs is analysed under a eeteris paribus constraint
which cffectively means that it does not amicipate possible reaetions of the other
parties involved. The game theoretie works facus on the anticipation of possible
reactions of compeling INSPs and lypieally modcl the optlimization problem
itself in less detail.

Game theoretic works are [2), (4], [5]. The ralionales bekind peering deeisions
for commercial INSPs and for academic research networks are analysed in [2],
the focus lies on analysing competition and husiness slealing effects.

[4] and [5] coneentrate on the economics of direct line interconnections assum-
ing that IXs are¢ congesied and there are thus incenlives to move away from them
and thar INSPs differentiate based on connected content providers [4] discusses
direct line interconnection agreements between INSPs that compete for custom-
ers in the same area while [3] discusses the same for INSPs that do not compete
for customers in the same area.

An interesting work related to the game theoretic works is the “Peering Simu-

lation Game" [15] where the participants play providers and negoriale intercon-
nections

Decisicn theoretic works are [6], [(1], [L] and [13]. [6] 1s part of MPRASE
(Mulii-Period Resource Allocation ai Systemn Edges) [7], a athematical frame-
wark that describes and solves all kind of resouree allocation problems at the
edge between two networks [6] discusses (among other things) the selection of
the cheapost provider or the cheapest eombination of providers from the cus-
tomer of an INSPs point of view (which could be another INSP). Similarly o
Section 5 a dynamic problem with multiple periods is investigated. The approach
however is fundamentally different to this paper. [6] makes ane decision in the
first period about the eombination of providers used for the rest of the planning
horizon while in Section $ a decision is made at the beginning of each period.
Also the models [6] contain less complex cost functions and no reliability and
QoS issues.

While this paper diseusses an intereonnection problem in the cumrent best-
effort [ntemel, [11] presents an interconnection problem for a future QoS sup-
porting Intemet, where DiffServ {3] is used as QoS mechanism. The paper slud-
ies how the cost of quality for different QoS networks characterizes the optimal
resource allocation strategies of the DiffServ bandwidth broker.

[1] presents a MIP model for finding the cost-minimal placement of a given
number of intereonnection points within the topology of an INSP ance the deci-
sion o interconnect 1s made. Similar and also taking the switch/ronler placement
(network design) problem into account is [13].

7 Summary and Qutlook

In this paper we presemed several optimization models for interconnections
nerween providers. We staricd by presenting models and selwion algorithms for
the stalic interconnection probiem which is finding the cost-optimal sel of peer-
ing and transi1 partners for one provider. [n simulations we showed that our
approach is far superior to typical real-world heuristic approaches.

Next we presented and discussed several ways of extending our models to lake
reliability issues inta account. Besides reliability, quality of service can also an
importent aspect for a provider, We presented and discussed several quality of
service strategies for the models. In the last part of the paper we showed how 10
extend the static models 1o the dynamic problem which is evaluating whether e
given set of peering and ransit partners is slill optimal considering changes in the
traffic mix or cost structure of the involved providers, We also considered the
administrative costs of ¢changing peering and transit pariners and evaluated dif-



ferent approaches in simulations.

The results of this paper are models, algorithms and recommendations far dif-
ferent reliabilily policies and QoS strategies for inlcrconnection decisions from
the point of view of one provider. We plan 1o exlend this work with a case study
based on real daia from one provider.
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