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Abstract:

We discuss how a new pricing scheme can be ineyraithin a communication network. The pricing
scheme is based on the availability of end-to-emthrounications, and is an alternative to congestion
pricing, which is not applicable when communicateapacity is higher than demand (as happens in most
communication backbone networks). We also invetideow, based on this scheme, an optimization
algorithm for updating the network topology canapplied. The network update problem is modeled as a
combinatorial optimization problem, which is approately solved using a Genetic Algorithm. The good
results obtained in a case study show that theadathrobust and can be applied even when enddo-en
availability measures can only be computed appratéiy (in this case, using a Monte Carlo method).
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Introduction

Devising new charging schemes for telecommunicatievorks has become a hot topic in the
scientific community, as it is often said that therent flat-rate charges used in the Internet are
an incentive for overusing the resources and tfadfic continues to grow exponentially. Also,
the network has to deal with applications havirftedent quality of service (QoS) requirements.
For instance, voice and video over IP require saoallys and jitter, but can support some losses,
whereas e-mail or file transfers do not supporséssbut are not delay sensitive. To ensure QoS
for the different applications case of congestigra service differentiation scheme has to be
devised, like in IntServ or Diffserv architectur@sd a pricing scheme has to be attached to it,
otherwise all customers will choose the best abklaservice class, and the service
differentiation becomes meaningless. This can l®ad substantial gain in revenue, see for
instance Fishburn and Odlyzko (1998). The exhaestirveys by Da Silva (2000), Falkner et al
(2000), Henderson (2001), and Tuffin (2003) presamdl discuss the different approaches
proposed in the recent literature.

We consider here an alternative viewpoint, basethenncreasingly admitted observation that
with the widespread use of optic fiber and imprgvitechnologies, the backbone networks are
and probably will be over-dimensioned, so thatengral congestion will not occur (see Fraleigh
et al. (2003)). Our paper then focuses on backbet&orks (with a possibility to include access
links to represent access networks, wireless celiwgd, see the examples in Section 5). In this
context, it could be more suitable to charge thevaek access, based on connection availability,
representing the steady-state probability (i.e.pproon of time) a connection between two
points is available.

We consider a network topology, where each linkassumed to have an infinite capacity
(corresponding to over-dimensioning) but may notibailable (due for example, to equipment
or software failures) with a given probability. Bapair of nodes has then a probability to be
connected. The price for each connection betwessueces and a destinationdepends on the
availability of the connection betweerandt. Of course the demand is also varying with this
price, so that a first goal, discussed in Sectipis 10 set up a price that maximizes the network
revenue; for this we need to estimate availabitiigasures, discussed in Section 2. Since those
availabilities are high, rare event simulationaguired. Note that all availabilities are relatel
high (as can be checked in practice), but critagadlications, such as medical ones, may require
still better ones. In a second stage, the probseta extend or in general modify the topology of
an existing network in order to increase the seryiovider's net profit (the revenue minus the
cost of modifying the network); this problem is rfarlated in Section 3, and can be
approximately solved using a genetic algorithm dbed in Section 4. Finally, in Section 5 we
present a test case inspired by the VTHD (Very HBgbadband IP/WDM test platform) French
network topology.

Our goal here is thus not to compare the proposethg scheme with congestion pricing, due to
their different nature, but to propose an altexgatis yet unstudied. Note also that the purpose of
pricing is here to upgrade the network and progosemputationally feasible algorithm (that we
do not claim to be the best possible). Pricing rietwork upgrade has been also proposed in
congestion pricing by a fixed charge (two-partsffdarsee for instance Wang and Schulzrinne
(2000). Our scheme proposes to finance this updsgdmposing a larger cost to users having a
better QoS (that is a higher availability in ouppa note that the same methodology can be
employed with other QoS related parameters, sugttexs delay, etc.).



1 Pricing model

We consider the network of an Internet Service Rliev(ISP), represented by an undirected
communication networks = (N,E) consisting of a set of nodékand a set of connecting links

(it is equally acceptable to assume a directed igednnetwork). Letm be the number of links
andn the number of nodes @. We assume that each link will be over-provisigremdthat it is
considered with infinite capacity. We consider tf@mteach linkl 0 E, we can choose between
different technology types, which have differenstsoand probabilities of failure. Design by
the set of types and, for each lihkl E, let T() O T be the set of all the possible technology
types applicable to link So, for each link O E and each technology type of this libkl T(l),

we assign an (independent from others) probabifftyailure q(t) and a costy(t) (which can
depend on link length, geography, technology arpatibn, operation and management
associated costs, etc.). For simplicity, we assthmenodes do not have costs and that they do
not fail.

Only a subset of nodd§ [0 N has connection demands, we call these ntetesinals To each

pair of terminalsg,) with s,t[0 K, we associate a total connection demand jfgltea connection

duration (assumed to be exponential with rpt@, and an availability measung; which
corresponds to the probability that there is a prathe network connecting nodsesndt. Note
that the assumption of exponential durations isothiced for tractability reasons, but that
Poisson arrivals is a common assumption at theiosessvel (see Ben Fredj et al. (2001)).
Arrivals and connection durations are assumed tondependent for tractability reasons. To
each pair of nodess) is also associated the utility function of gejtia connection with
availability r, modeled by a random variabl& (r), expressed in monetary units. The overall
level of satisfaction is thebs (r)-p wherep is the connection price. A customer will enter the
network if and only ifUs {r) = p. The random variablgs (r) is characterized by its distribution:

we denote byF,,its cumulative distribution function and we deffig =1-F,,. The actual
arrival rate of connections betweens and t, As{psy), IS given by

As,t (ps,t ) = As,t P(U s;t (rs,t ) 2 ps,t ) = As,t Ifs,t (ps,t )
Our goal is then to find out the optimal prices; &ach pair £,1), in terms of the availability

measurds; maximizing the network revenlhe(G) = Zns,t p,, over the set of pricegs;= 0,
(st)oK

for all s,t with ns; mean number of onlinesf)-connections. According to classical queuing

Ast Ast -
theory for the M/Mé queue, we haven,, == sothat H(G)= > = p,_ F. (p..)
st (st)ok Mst
If we use first order conditions while maximizinigig revenue (as the prigg; is necessarily
positive otherwise the revenue betwesmand t would be zero, meaning that the Lagrange

multiplier is zero), i.e.,0G/0ps=0. st (assuming that it gives the solution) we get

0 = — oF
E (ps,t Fs,t (ps,t )) =0 ’ that Fs,t (ps,t )+ ps,t %
In general, solving these equations can easily &iecd out numerically, using Newton
algorithm for instance. Nevertheless, we will ma@me additional hypothesis, leading to
analytical results. In particular, we will suppodat, as in many economic applications, the
utility is linear in its argument (here the availd) so thatUs(r) = -Ds ¢Hys ¢ With ys ¢ translating
the availability in financial terms, as the mongtaalue of an availability unit (so that the ulit

=0.

s,t



increases vxiith) andDs being a random variable not dependingroand representing a dis-
utility. Let F s be the distribution function of random varialblg; not depending on Then the

aF*s,t (ys,tr - ps,t) —
aps,t

0.

previous first order conditions becornfes; (ysytr - ps’t)+ P,

as‘t+1

In particular, if for alls, t F*s,t(p):[ P ] with OspsMs; and as; > 0 (so that the dis-
s;t

utility increases with the price), from the firstrder conditions we obtain that

Ps; = ys,trs,t/(asyt + 2) provides the optimal prices and the maximum reeenin the rest of this

paper, we work with this demand function.

2 Computation of Network Availability Measure

The scheme described above takes as input the rhetwailability measures for each pair of
terminal nodes. Computing the availability measykels an NP-hard problem (see Provan and
Ball, 1983, and Valiant, 1979), but there are &fit estimation methods which can be used to
estimate its value. In this paper, we will emplopmie Carlo simulation with the Generalized
Antithetic Variable method proposed by ElI KhadindaRubino (1992), as this variant performs
better in computational time and in precision thastandard Monte Carlo technique.

As before, we consider the network as a gi@ph(N,E). We define a binary random variatie

for each linkl, called the state of the link, = 0 means that link is unavailable and
Xi = 1 means that the link is available. The statéhefnetwork is completely characterized by
the vectorX whose components are the valugslf we fix two nodess andt, the connection
availability can be formalized employing a binapnétion @, called the structure function,
such that @s; (X) = 1 if and only ifs andt are connected in the graph definedXyinally, we
denote by the availability measure betwesmandt, such thats;= Pr(@s(X) = 1) = E@s (X))
(this measure is also called in graph theory litemthe source-terminal reliability of a graph,
see Barlow and Proschan (1981)).

The Generalized Antithetic Variable method generBtendependent blocks df samples each
one (notation:X®Y, ... X®Y samples of block). The L samples of a block are chosen in a
dependent way that decreases the global variaaspdct to the standard Monte Carlo). In order
to estimate the measurg we use the unbiased estimator

181
=YY o (x0)
B L=

To estimate the variance Vey{ we use the unbiased estimator

_ 1 $f1g on)] _ 1 . e
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3 Extending the Network, based on Requests
The next step is to plan the capacity of the nétw®he idea is as follows: consider a fanfly

of graphs such that for every graghsuch thaG=(N,E') O F, the seN of nodes is the same, but
the set of linkE' is a subset of the set of feasible liké' [ E).

In order to completely define a netwdd&(N,E') in our model, we have to choose a technology
type for each lind O E', this is modeled with the assignment functonE' - T (wherea(l)
means the technology type chosen forltlak, a(l) O T(1)).



From the network point of view, the goal is to detme the topologyG=(N, E') (and the

assignment functioa) maximizing the benefit$ (G) - > ¢, (a(l)).
(I =¢

Now, we can summarize the formal problem used tjfiout the rest of the paper. Inserting in
the revenue equation the optimal prices and theaddmdistribution functions we have

Y (as‘t+ ) Y (”s,t+ )
H (G) = z As,t ys,t rs,t ys,t rs,t - ys,t rs,t /(as,t + 2) ' - As,t ys,t rs,t (as,t + 1)ys,t rs,t ' .
(st Mgy Asp T+ 2 M (s.tk Msy (as,t + 2) (as,t + Z)M st

s;t

We then arrive at the following combinatorial opization problem:

~ (a5 +1)
Astystrst aSt +1yStrSt '
s {( 52 } - (all).

Maximi
mize (S§K lus,t (as,t + 2) (as,t + Z)M st I0E’

where the decision variables &tk the edge set o6=(N,E'); anda : E' - T, the technology
assignment function; Note that although we havemade it explicit in the formulation
depends on both' anda.

This formulation does not seem easy to exploit tnyexact or numerical algorithm, as we have
two sources of difficulty. On one hand, we have ¢benbinatorial nature of the problem itself;
on the other, as we already discussed, the fatttmputing the availability measurg; is an
NP-hard problem implies that to exactly computeneaesingle value o(G) is also NP-hard.
An alternative is to employ metaheuristics, whiavé been used with success to solve many
difficult combinatorial optimization problems. Amgnthese techniques, we have chosen to
employ Genetic Algorithms (GA), which, although qmumationally expensive, have given good
results in other network design problems, as regofor example by Dengiz, Altiparmak and
Smith (1997), Deeter (1998), Burgos et al (2003yaie, Baran and Benitez (2003). An
important property of GA is that they are robusthwiespect to the computed values of the
objective function, that is, they obtain good solug even in the presence of (small) errors in the
evaluation of the function to optimize.

4. Genetic algorithm design

We have followed a rather standard GA algorithmigtesWe describe (briefly, for space

reasons) the components of the proposed algorithm:
Encoding the genotype (solution encoded) is an array z¢ given by the number of edges
of E, where we have an allele for each possible linkhim network. The alphabet of each
allele is an integer between zero and the maximumber of technology types of this link,
where zero means that this link does not appetrarsolution, and any other value that the
link is present and that we use the correspondiaigrology type in this link.
Fitness functionthe objective function defined in Section 3 (Henefits of the network) plus
the sum of the maximum costs of all the links (Bat tfitness is always positive). The
availability measures are computed as discuss&edation 2.
Initial population generated randomly. Existing links are alwaysuded; each non-existing
link is selected (or not) according to a Bernoutiriable of parameter 0.8. The type of
included links is determined uniformly choosingvee¢n possible technology types.
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Stopping criterion we tested two criterions, either to fix the numbé generations; or to
iterate while there is an "improvement” in the $ioln. The first one was selected, on the
basis on tests over calibration problems.
Selection "roulette wheel" selection with elitism; the béstlividual is always included in
the next generation, and for the other individu#itg, probability of including them in the
next generation is proportional to their fithesgiothe population total fitness.
Crossover:single pointCrossoverselecting the crossover point uniformly, and swagall
alleles of the parents between the sampled pos#tiwhthe end of the string. Crossover is
applied to two randomly selected strings with abaiality p. (if this does not happen, the
parents are copied exactly to the next generation).
Mutatiort the new value for the current allele is choseifoumly between zero and the
maximum number of technology types of this linkeTalue zero corresponds to removing
the link; the other values include the link witlgisen technology type.
A remark is that the operations preserve the fddgibf the solutions; this is useful, because
feasibility can be hard to maintain in a genetgoathm when the problem has many constraints.

5 Numerical lllustration

The VTHD (Very High Broadband IP/WDM test platforsee http://www.vthd.org) network is
a French project, whose main goal is to investighte applications of a new generation of
Internet and Intranet networks. We use this netvaarlan illustrative application of our method.
The VTHD network uses two main technologies typasits links: the backbone part of the
network uses a IP/WDM architecture, with STM1/4 &¥dM16 links (in this work we suppose a
0.01 probability of non-availability for these lis)k the access part of the VTHD network uses
Giga-Ethernet links (with a probability of failud 0.1). Figure 1 shows the network for our
illustrative example. The same network is shownesddttically in Figure 2, also representing
some feasible additional links (shown as dotteed)n
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Figure 1: Validation Problem: Very High BroadbafdWDM test platform.




Figure 2: Graph corresponding to the Very High Bitwend IP/WDM test platform.

Specifically, we apply the proposed GA method te¢hdifferent scenarios. The three problems
have the same specification (the same parametdhe afemand, utility, etc.), but they differ in
the possibilities of network extension. In the tfimoblem (called VTHD1), we evaluate the
benefits of extending the backbone of the netwoitk the links shown as dotted lines; in this
case the best solution of this problem can be fobpdenumeration because the network
extension has only 32 possibilities. The secondthind problems (called VTHD2 and VTHD3
respectively) add the possibility to upgrade theeas network with IP/WDM links, that is to
increase the availability of links connecting remtlas to the backbone in Figure 2, since they are
less reliable. The difference between these twblpros is the cost of updating the technology
of the access links (in VTHD2 problem we use reabbnmoderated costs, and in VTHD3
problem we consider very high costs). It is verydh@ obtain the optimal solution for these two
problems, as the solution space is very large (Bx&° possibilities). The VTHD1 optimal
solution is also feasible for these problems, @tu& providing then a lower bound for their
optima.

The experiments were run on a SunFire 280R, withtv GHz UltraSPARC Il Cu processors,
2 GB of main memory, and Solaris™ 8 operating systéhe parameters of the algorithm were
chosen as follows: mutation raf®.=0.01, crossover ratp.=0.95, population sizé®>=100,
generation numbet=100, generalized antithetic Monte Carlo block #2400 and number of
blocksL =50. These values were chosen on the basis tfraidin experiments over a set of ten
smaller problems.

The execution times for the three problems arelaimEach mutation takes in average 75.26
milliseconds, and each crossover takes 1.16 secdimdsmutation and the crossover are often
executed in the execution of a genetic algorithwa¢dy 10000 times the mutation and 5000



times the crossover, because we have a populafisize 100, and 100 generations). The
selection operator needs the fitness of the papulab be computed, therefore, before each
selection, we have to calculate the fitness ofrtbe individuals, that implies an availability
estimation. This estimation takes in average 18b60ndliseconds, the consequence is that the
algorithm execution time is approximately 5 hours.

Problem Benefit of known Best Fithess Maximum Cost Benefit

feasible solution of GA Cost
VTHD1 1630 1628 160 0 1468
VTHD2 1630 2137 370 801767
VTHD3 1630 3892 2260 1201632

Table 1: VTHD solutions. The maximum cost of théwwrk is the sum, for all links, of the most

expensive technology type costs. The cost corraisptmy_ ¢ (a(l)), i.e.thenewly included and
I0E’

the upgraded links. The benefit is the objective function, il(G)- Zc, (a(l)).

10E

Table 1 shows the results of the genetic algoritt\fe.found that for VTHD1 the GA obtains a
solution very close to the optimal solution (withddference well within the statistical error
induced by the computation by Monte Carlo ). In YHEHD2 problem, the solution found is
quite better than the lower bound, and the seldaikd are in general quite different. The results
of the GA for the VTHDS3 problem are also quite bethan the ones obtained for VTHD1, but a
bit below the VTHD2 ones, this is expected as eW\WfTHD3 case, the technology upgrade costs
are much higher.

In Figures 3 and 4 we show the evolution of theragye fithess and best fithess of the population
respectively. For problems VTHD1 and VTHDZ2, thetiali population has already quite good
fithess values; that is not the case for VTHD3. tA# same, the GA attains quickly good values
in the three cases; for VTHD1, the best value sderbg found in less than forty generations. In
the case of VTHD2 and VTHDS, it is difficult to knoif the optimum has been attained, but the
evolution seems to have stopped after 80 genegation

An important point is the influence on the optintiaa procedure of the availability estimation
error. We have estimated that the deviation caefiicof a single fitness evaluation in our
experiments is about 3%. In order to evaluatenisact, we did five experiments for the VTHD2
case, using different random number seeds in thatdarlo procedure that estimates the
availability measures. The deviation coefficientlod fithess values of the solutions obtained by
the GA was about 1%, smaller than the deviatioa single fithess evaluation, and showing the
robustness of the method. All the same, this vadwen if small, can correspond to significant
monetary amounts in the context of network design.
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6 Conclusions and Future Work
In this paper, we have studied a new pricing schieased on connection availability, and used it
to set prices and to extend an already existingaritin order to increase the service provider's
benefit. To validate our method, we have run trethmd on three problems inspired by the
VTHD (Very High Broadband IP/WDM test platform) meirk. One of the problems consists of
modifying the backbone by incorporating new linkbe other two, with a large solution space,
additionally upgrade the access network technolafgthe access links. The genetic algorithm
finds an almost optimal solution for the first pledn, and very good solutions (although we can
not be sure if optimal) for the remaining problems.
Note that the fitness evaluation of GA is compuotadily very expensive since it is based on
availability estimation, an NP-hard problem in geheln our work, the availability is estimated
by means of the Generalized Antithetic Monte Caitaulation method. Our GA evaluates the
fitness many times, therefore an important improsemin run time can be attained by
diminishing the computing time of each evaluationhe total number of evaluations. As future
work, we could try different approaches to solvs giroblem:
a) using efficient upper bounds; this approachnteresting because it can represent Service
Level Agreements, based in availability, in a nakuay;
b) in the execution of our GA, as some estimatimight be computed more than once; savings
can be attained by storing previous computationsaaoiding repeating them;
c) developing heuristic methods to estimate thelability from previous similar estimations
(for example, using a random neural network).
An important point is the impact on the optimizatiprocedure of the availability error
introduced by the estimation. A preliminary evailoatof this aspect has been discussed in
Section 5; a refinement of the trade-off betweeceutainty in genetic algorithm and availability
estimation is then an important issue for futurekyo order to improve the overall precision of
the method.
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