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a b s t r a c t
Typically, core networks are provided with both optical and electronic physical layers.
However, the interaction between the two layers is at present limited, since most of the
traditional transport functionalities, such as trafﬁc engineering, switching and restoration,
are carried in the IP/MPLS layer. In the light of this, the research community has paid little
attention to the potential beneﬁts of the interaction between layers, multilayer capabilities,
on attempts to improve quality of service control.
This paper shows when to move incoming label switched paths (LSPs) between layers
based on a multilayer mechanism that trades off a QoS metric, such as end-to-end delay,
and techno-economic aspects. Such a mechanism follows the Bayesian decision theory,
and is tested with a set of representative case scenarios.
Ó 2008 Elsevier B.V. All rights reserved.

1. Introduction
Core networks are typically equipped with both electronic and optical resources. This means that incoming
trafﬁc can be routed in either the optical or electrical domain. Essentially, electronic routing has the well-known
advantages of statistical multiplexing and granularity, but
is a hard-computational process for high-speed networks
and it further introduces queuing delay to packets. On
the other hand, data packets switched in the optical domain only experience propagation delay. However, optical
resources provide a granularity which is too coarse for typical Internet streams, even if they come from the multiplex
of many users.
In this IP over WDM scenario new challenges appear,
since it is necessary to manage two layers, which can provide some functionalities to both of them. This is the case
of routing, trafﬁc engineering, quality of service, resilience
techniques, resources optimization, etc. which could be
* Corresponding author. Tel.: +34 914972268.
E-mail address: Victor.Lopez@uam.es (V. López).
1389-1286/$ - see front matter Ó 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.comnet.2008.02.018

carried out in either the IP or the WDM layer. Over the
few years, a considerable effort has been dedicated to the
development of automatic switched optical network
(ASON) and generalized multiprotocol label switching
(GMPLS). Thanks to this development, a standardized control plane has been deﬁned, which allows a framework to
propose solutions to the previous problems: trafﬁc engineering [1], routing [2,3] or grooming [3,4].
In conclusion from previous papers in this area [4–7], it
is highly desirable to efﬁciently combine the beneﬁts of
both optical and electronic domains to solve previously cited problems. With this aim, architectures to build multilayer-capable routers have been deﬁned [5,8]. In this
situation, incoming label switched paths (LSPs) traverse
the multilayer-capable router, which has to decide
whether to perform optical or electronic switching
(Fig. 1). If an incoming LSP is routed in the electronic domain, it suffers hop-by-hop opto-electronic conversion
(with subsequent delay), otherwise the router provides
an optical bypass. The choice of electronic or optical
switching is based upon a set of previously-deﬁned rules
in the multilayer-capable router. However, these rules
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Fig. 1. Multilayer-capable router scenario.

are still open. The authors in [9] address the multilayer
trafﬁc engineering problem, proposing a cost model based
on the link occupation. Depending on the link occupation,
the router is able to decide the number of LSPs switched
through each lightpath. Nevertheless, no QoS evaluation,
in terms of end-to-end delay, is performed, while the paper
is more focused on load balancing issues. In [1], the authors
propose an ILP optimization algorithm to minimize the
load in the electronic domain using cut-through lightpaths,
subject to the network equipment restrictions.
In this paper, we propose a techno-economic model to
help routers take the decision of optical or electronic
switching of their LSPs. Such an approach makes use of
Bayesian decision theory, and takes into account several
aspects concerning the quality of service perceived by
packets, by means of queuing delay, and also techno-economic aspects such as the relative cost associated to
switching LSPs in either the optical or the electronic domain. The algorithm’s computational cost is low and only
have to be computed when a new LSP arrives at the router
or any of the input parameters of the algorithm vary. This
multilayer algorithm could be easily implemented in the
control unit of the multilayer-capable router (Fig. 1).
In the light of this, the remainder of this work is organized as follows: Section 2 covers the mathematical foundations for such techno-economic analysis with a Bayesian
decisor. In this section, a set of experiments and numerical
examples is also provided to show how to reach an optimal
decision. Section 3 studies the behavior of the bayesian
decisor in a dynamic environment, with its analytical definition and experiments. Finally, Section 4 outlines a summary of the results obtained and further lines of
investigation.
2. Analysis
2.1. Problem statement
As previously stated, the aim is to deﬁne a mathematically rigorous set of rules that helps such multilayer-capable core routers decide whether to switch a given LSP in
the optical domain or in the electronic domain.

At a given time, a multilayer router handles a number of
LSPs. Typically, due to QoS constraints, optical switching is
preferred due to the lack of queuing delay. In principle,
many LSPs can be multiplexed in the electronic domain,
whereas the lightpath bandwidth may be underutilized if
LSPs are switched in the optical domain. This can be seen
as a capacity planning problem. Given a set of input LSPs,
the question is to derive the number of LSPs that should
be switched in the electronic domain and the amount of
LSPs to be switched in the optical domain, in an attempt
to maximize utility. It is preferred to switch in the electronic domain because the availability of buffering in core
nodes allows for a higher utilization, and the remaining
optical bandwidth can be used for newly arriving LSPs.
Thus, the router must trade-off these two parameters:
queuing delay versus the cost associated to optical switching (a techno-economic trade-off). Moreover, it needs to
have a set of predeﬁned rules to make a decision on how
many LSPs should be switched in the optical domain and
how many in the electronic domain.
To do so, let N refer to the number of LSPs handled at a
given random time by the multilayer router, and let L(di,x)
refer to the loss function. The loss function L(di,x) denotes
the cost or loss of switching i LSPs in the electronic domain
(thus, N  i LSPs in the optical domain) with subsequent
queuing delay experienced by the packets of the electronically switched LSPs, which is denoted by x (for simplicity,
the optically switched LSPs have been assumed to experience zero delay). The term di denotes the ‘‘decision” of
routing i LSPs out of a total of N in the electronic domain,
and is deﬁned for some decision space X = {d1, . . . ,dN}. In
the light of this, L(di,x) is given by:
Lðdi ; xÞ ¼ ðC e ðiÞ þ C o ðN  iÞÞ  UðxÞ;
i ¼ 1; . . . ; N; x > 0

ð1Þ

where Ce(i) and Co(N  i) refer to the cost associated to
routing i LSPs in the electronic domain and N  i in the
optical domain, respectively; and U(x) refers to the utility
associated to a queuing delay of x units of time, experienced by the electronically switched LSPs.
Following [10], the Bayes risk, which is essentially the
expectation of the loss function with respect to x, equals:
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Rðdi Þ ¼ Ex Lðdi ; xÞ ¼ ðC e ðiÞ þ C o ðN  iÞÞ  Ex UðxÞ;
i ¼ 1; . . . ; N

ð2Þ


The goal is to obtain the optimal decision dN such that the

Bayes risk RðdN Þ is minimum. In other words:




Find dN such that RðdN Þ ¼ min Rðdi Þ
di ;i¼1;...;N

The next section proposes a set of utility functions, U(x),
that measure the QoS experienced (in terms of queuing delay) by the electronically switched packets, and also introduces a metric for quantifying the relative cost of optical
switching with respect to electronic switching.
2.2. The utility function U(x)
As previously stated, the utility function U(x) is deﬁned
over the random variable x, which represents the queuing
delay experienced by the packets of electronically
switched LSPs. The queuing delay shall be assumed to be
Weibull distributed, since this has been shown to accurately capture the queuing delay behavior of a router with
self-similar input trafﬁc [11–13]. In the light of this, the delay probability density function is given by [11]:
pðxÞ ¼ ð2  2HÞC
 exp 

2KðHÞ2 am

2KðHÞ2 am

The Bayes risk requires to compute the average utility
Z T max
Z 1
pðxÞdx ¼ 1 
pðxÞdx
Ex ½U step ðxÞ ¼

ðCxÞ

!
;

x>0

ð3Þ

where C is the lightpath capacity, m is the average input
trafﬁc and a is a variance coefﬁcient such that am = r2
(with r2 being the input trafﬁc variance) and H is the Hurst
parameter.
Once p(x) has been deﬁned, the next step is to deﬁne a
measure of the ‘‘utility” associated to routing LSPs in the
electronic domain.
2.2.1. Delay based utility
In its simplest form, we can easily evaluate the utility
based on the observed delay, that is, Umean(x) =  x. The
utility function is thus opposite to the queuing delay x,
since more utility occurs for smaller delays. Thus, computing the Bayes risk deﬁned in Eq. (2) yields:
Z 1
Ex ½U mean ðxÞ ¼ Ex ½x ¼ 
xpðxÞdx
ð4Þ
0

which equals the average queuing delay experienced by
the electronically switched packets. Such a value takes
the following analytical expression:
!1=ð22HÞ 

1 2KðHÞ2 ami
3  2H
Ex ½U mean ðxÞ ¼ 
C
C ðC  miÞ2H
2  2H

ð5Þ

However, the average delay is not always a useful (or at
least, representative) metric in the evaluation of the quality of service experienced by certain applications, especially when quantifying the relative QoS experienced by
real-time applications. The following considers two other
utility functions used in the literature for hard real time
and elastic applications [14,15].

ð7Þ

which, according to Eq. (3), leads to
Ex ½U step ðxÞ

ðCxÞ12H
22H

T max

0

¼ 1  Pðx > T max Þ

¼ 1  exp 

ðC  mÞ2H
ðC  mÞ2H

2.2.2. Hard real-time utility
Hard real-time applications are those which tolerate a
delay of up to a certain value, say Tmax, but their performance degrades very signiﬁcantly when the delay they
experience exceed such value. Examples of these are: online gaming, back-up services and grid applications. The
parameter Tmax denotes the tolerated delay threshold for
each particular application. The ITU-T recommendation
Y.1541 [16] and the 3GPP recommendation S.R0035 [17]
deﬁne service classes based on thresholds.
Thus, hard real-time utility can be modeled by a step
function as shown in Fig. 2 left, and takes the expression:

1;
if x < T max
U step ðxÞ ¼
ð6Þ
0;
otherwise

ðC  miÞ2H
2KðHÞ2 ami

!
22H

ðCT max Þ

;

T max > 0

ð8Þ

2.2.3. Elastic utility
Other services consider a more ﬂexible QoS function,
since the service is degraded little by little (Fig. 2 right).
These services consider zero delay as the maximum possible utility, but the utility slowly reduces with increasing
delay. For instance, the ITU-T recommendation G.107 deﬁnes the ‘‘E model” [18], which explains in detail the voice
service degradation as perceived by humans. In other utility function analyses, the exponential function has been
used to describe the degradation of elastic services [15].
Thus, the elastic utility function is modeled as:
U exp ðxÞ ¼ kekx ;

x>0

ð9Þ

where k refers to decay ratio of the exponential function.
Following the deﬁnition of Tmax above, the value of k has
been chosen such that 90% of the utility lies before Tmax.
That is
k¼

1
T max logð1  0:9Þ

ð10Þ

U(x)

U(x)

1

1

Tmax1 Tmax2
Hard Real-Time functions

Tmax
Elastic functions

Fig. 2. Utility functions: hard real-time (left) and elastic (right).

Author's personal copy
V. López et al. / Computer Networks 52 (2008) 1916–1926

Finally, the average elastic utility follows
Z 1
kekx pðxÞdx
Ex ½U exp ðxÞ ¼

ð11Þ

0

which has no analytical form. However, we can use the
Taylor expansion to approximate it, since

Z 1
E½f ðxÞ 
pðxÞ f ðE½xÞ þ f 0 ðE½xÞðx  E½xÞ
0

1
1
þ f 00 ðE½xÞðE½x  xÞ2 dx ¼ f ðE½xÞ þ f 00 ðE½xÞr2x
2
2
ð12Þ
Thus
1
Ex ½U exp ðxÞ  U exp ðEx ½xÞ þ U 00exp ðEx ½xÞr2x
2
1
 kekEx ½x þ k3 ekEx ½x r2x
2

ð13Þ

where Ex ½x is given by Eq. (5), and the variance r2x can be
easily derived from Eq. (3):
!1=ð1HÞ  



1 2KðHÞ2 ami
2H
2 3  2H
þ
C
r2x ¼ 2
C
1H
2  2H
C
ðC  miÞ2H
ð14Þ
2.3. The economic cost of electronic and optical switching
As previously stated, the values of Ce(i) and Co(N  i) in
Eq. (1) represent the cost associated to switching i LSPs in
the electronic domain and N  i in the optical domain. As
previously stated, optical resources should be penalized
more than the electronic ones in order to maximize link
utilization. For simplicity purposes, we have considered a
linear cost approach, at which electronic switching is
penalized as Ce(i) = Ki for some K > 0, and the cost of optical
switching is Co(N  i) = RcostK(N  i). The value of Rcost (generally Rcost > 1) denotes the relative optical-electronic cost,
that is, the ratio at which the optical cost increases with respect to the electronic cost.
2.4. Scenario deﬁnition
A few numerical examples applied to real case scenarios
are shown as follows. The aim is to show practical cases
where the implemented algorithm, at a given core multilayer switch, decides the number of optically switched
LSPs that should be transmitted according to three sets of
parameters: (1) QoS parameters, essentially the Tmax value
introduced above; (2) the relative cost Rcost which provides
a measure of the economic cost of switching LSPs in the
optical domain with respect to the electronic switching;
and, (3) the self-similar characteristics of the incoming
ﬂows, represented by the Hurst parameter H. Furthermore,
the impact of the LSPs mean and variance modiﬁcation are
studied.
The simulation scenario assumes a 2.5 Gbps core network, which carries a number of N = 60 standard VC-3 LSPs
(typically 34.358 Mbps each). The values of m, r and H,
which represent the characteristics of the trafﬁc ﬂows,
i.e. average trafﬁc load, variability and Hurst parameter,

1919

have been chosen as H = 0.6 (according to [19]) and m
and r such that mr ¼ 0:3.
Finally, the value of K has been chosen as K ¼ N1 , in order
to get the electrical cost normalized, i.e. within the range
[0,1].
2.5. Study of threshold Tmax
This experiment shows the inﬂuence of the choice of
Tmax in the decision to be made by the multilayer router
with relative optical-electronic cost set to Rcost = 2. Fig. 3
shows this case for several values of Tmax assuming the
step or hard real-time utility function (left) and the exponential utility function (right). The values of Tmax have
been chosen to cover a wide range from 1 ms to 100 ms.
Clearly, the number of optically switched LSPs should increase with decreasing values of Tmax, since high QoS constraints require small delays in the packet transmission
(thus larger number of optically switched LSPs to reduce
latency).
Typically, most of the end-to-end delay suffered by
applications occur in the access network, and it is widely
accepted that the core network should be designed to
introduce delay of no more than 1–10% of the total endto-end delay. For hard real-time applications, which may
demand a maximum end-to-end of 100 ms, the core delay
is thus in the range of 1–10 ms. This would require a total

number of electronically switched LSPs of d60 ¼ d43 (see h)

and d60 ¼ d55 (see s), respectively, of a total of N = 60 LSPs.
For the same delay constraints, elastic applications impose

a number of electronically switched LSPs of d60 ¼ d34 (see

h) and d60 ¼ d44 (see s), respectively.
2.6. Analysis with different Rcost values
This experiment shows the impact of Rcost, which refers
to the relative cost of optical switching with respect to
electronic switching, in the ﬁnal decision d*, to be taken
by the multilayer router. Fig. 4 left shows where the optimal decision lies (minimum cost) for different Rcost values
considering the case of linear utility function. As shown on
the right, the more expensive optical switching is (large
values of Rcost), the smaller is the number of LSPs switched
optically. In other words, for high Rcost values, only a small
portion of LSPs is switched in the optical domain. This becomes clear for Rcost = 4, where the ﬁrst optical LSPs occurs
after i = 40 electronically switched LSPs. Fig. 5 shows the
evolution of the optimal number of electronically switched
LSPs i with respect to N when for the exponential utility
function. Its behavior is quite similar to the Umean function
with differences in the function slope.
Fig. 6 shows the evolution of the optimal number of
electronically switched LSPs i with respect to N for the hard
real-time utility function. Essentially, the functions Umean
and Uexp, as deﬁned in Section 2.2, show a smooth decrease
with respect to delay, whereas Ustep has an abrupt utility
transition at the value Tmax. Such abrupt transition is further translated to the optimal decision, as shown in the
ﬁgure.
To sum up, when optical switching becomes too
expensive, the Rcost is critical in the optimal decision, thus
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canceling any inﬂuence of the QoS parameter Tmax. In this
light, the network operator has a means to decide where
the optimal decision lies, trading off the Rcost parameter
and the QoS values.
2.7. Inﬂuence of the Hurst parameter H
The previous two numerical examples have assumed a
value of H = 0.6, as observed in real backbone traces [19].
However, other scenarios may show different values of H

and it is interesting to study its impact on the bayesian
decisor. In this light, Fig. 7 shows the inﬂuence (left) or
no inﬂuence (right) of such parameter H in the optimal
decision. In spite of the fact that long-range dependence
degrades queuing performance generally, at high-delay
values, the delay variability is smaller for high values of
H (see [11], Fig. 7).
Thus, the characteristics of the incoming trafﬁc have a
higher or lower impact on the bayesian decisor, depending
on the QoS parameters. When Tmax P 10 ms, there is little
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inﬂuence of H (Fig. 7 right), but for Tmax = 1 ms and smaller,
the value of H is key since it moves the decision in a wide
range of optimal values: from d29 in the case of H = 0.5 to
d57 for H = 0.9 (Fig. 7 left).
The level curves shown in Fig. 8 show such behavior for
the three utility functions (Tmax = 10 ms). Each level curve
corresponds to a different utility.
Fig. 8 middle (case of exponential utility function) and
left (case of mean utility function) shows an inﬂuence with
the H value. However, Fig. 8 right (case of step utility function) should read as having no inﬂuence with the Hurst
parameter (i.e. parallel level curves = optimal decision

independent of H value). It is important to remark that
such independent behavior with parameter H does not occur if Tmax = 1 ms is chosen.
2.8. Impact of the mean and variance of the LSPs
Typically, a network operator agrees a service level
agreement with its customers, but it may well happen that
less channel capacity is used or that the trafﬁc variation
changes. Accordingly, this experiment studies the decisor
behavior when the LSPs’ mean and variance (values m
and r2) vary, for different utility functions, which are
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shown in Figs. 9 and 10, respectively. In the former, the original LSPs mean value is m = 34.358 Mbps (VC-3), depicted
with 4. This value has been modiﬁed in the range from
10% (30.92 Mbps, depicted as h) to + 1% (34.7 Mbps, as
/). This range aims to simulate the case of LSPs transmitting at a much lower ratio (10% to +1%), but rarely exceed
1% of its nominal rate. As shown, there is little inﬂuence in

the ﬁnal decision d60 , especially in the case for the step
utility function. Clearly, the change in the LSPs’ transmission rate has an impact on the optimal decision, nevertheless this impact is much smaller than the impact of other

system parameters: Tmax (see Fig. 3), Rcost (see Fig. 4) and
H (see Fig. 7).
Finally, for changes in parameter r2 (rate variance), the
impact is negligible, as shown in Fig. 10.
3. Dynamic behavior of the risk process
3.1. Analysis
This section studies the dynamic behavior of the risk
process in a multilayer router. Let us consider that LSPs
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arrive following a Poisson process (rate k) with exponentially distributed duration (mean 1/g). The cost process
can be formulated as a Continuous-Time Markov Chain.
More speciﬁcally, let {X(t),t > 0} denote the chain that
gives the total number of LSPs under service by a multilayer router at time t, out of which i LSPs are switched
in the electronic domain and X(t)  i are being switched
in the optical domain. And let Nmax denote the maximum
number of LSPs supported by the multilayer router
simultaneously.
For simplicity, let us consider discrete-time transitions
between states of the chain, which we denote by

{X(n),n = 0,1, . . . }. Then, the transition probabilities pjk are
given by
k
k þ jg
jg
¼
k þ jg

pj;jþ1 ¼
pj;j1

ð15Þ

for j = 1, . . . ,Nmax  1 and p01 ¼ pNmax ðNmax 1Þ ¼ 1, while
pjk = 0 for all other values of (j,k). We analyze the process
{Vj(n),n = 0,1,2, . . . ;j = 0,1, . . . ,Nmax} which refers to the
accumulated cost in n steps of the chain X(n), assuming it
departed from state j. Let rjk denote the cost associated to
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and V j ð0Þ ¼ 0 where R() is given by Eq. (2) and
V j ðnÞ ¼ EðV j ðnÞÞ.
Now, we explicitly calculate the ﬁrst steps of the recursion formula (n = 0,1), and provide results for a generic
n = 1,2,. . .,10 in Section 3.2. For n = 0, as deﬁned above:

the transition from state j to state k. Let us deﬁne

rjk ¼ Lðdk ; xÞ, which corresponds to the decision policy of
choosing the optimal decision according to Eq. (1) for a total number of k LSPs. Accordingly, it follows that
n
X

V j ðnÞ ¼



pjk r jk þ V k ðn  1Þ

V j ð0Þ ¼ 0

j ¼ 0; 1; . . . ; N max

ð24Þ

k¼1

j ¼ 1; 2; . . . ; N max  1;

n ¼ 1; 2; . . . ;

For n = 1, using the result for n = 0, it yields:

ð16Þ



k
jg


Rðdjþ1 Þ þ
Rðdj1 Þ
k þ jg
k þ jg
j ¼ 1; . . . N max  1



V j ð1Þ ¼

and
V j ð0Þ ¼ 0; V 0 ð1Þ ¼ Lðd1 ; xÞ; V ðNmax Þ ð1Þ ¼ LðdNmax 1 ; xÞ,
which follows directly from the one-step Chapman–Kolmogorov equations. Note that the accumulated cost in n
steps from state j is equal to the cost of the one-step transition to state k plus the accumulated cost from such state
k in n  1 steps. Now, we use Eq. (15) to obtain:

¼
Eq. (21) provides
and V 0 ð1Þ ¼
the dynamic behavior of the Bayes risk, as we move n steps
forward from any state j.

V j ðnÞ ¼ pjðjþ1Þ ðr jðjþ1Þ þ V jþ1 ðn  1ÞÞ þ pjðj1Þ ðr jðj1Þ þ V j1 ðn  1ÞÞ

3.2. Numerical example

j ¼ 1; 2; . . . ; N max  1;

n ¼ 1; 2; . . . ;

V 0 ðnÞ ¼ r 01 þ V 1 ðn  1Þ;

n ¼ 1; 2; . . . ;

V Nmax ðnÞ ¼ r Nmax ðNmax 1Þ þ V Nmax 1 ðn  1Þ;


Rðd1 Þ; V ðNmax Þ ð1Þ

ð17Þ
ð18Þ
ð19Þ

n ¼ 1; 2; . . . ;

Fig. 11 shows the risk curves of a multilayer router as a
function of the total number of LSPs switched. Actually,
each curve represents a different (increasing) number of
LSPs. The optimal decisions are represented by the symbol
h. In the ﬁgure, a total number of j = 30 LSPs gives an opti
mal decision of d30 ¼ d17 electronically switched LSPs. As
shown, as the number of LSP arrivals increases, the optimal
number of electronically switched LSPs i also increases,
thus reducing the risk. For j = 60, the optimal number of

LSPs switched in the electronic domain is d60 ¼ d44 . Interestingly, in some cases, the optimal number of electronically switched LSPs remains the same regardless of a
small increment in the number of incoming LSPs j (several
squares along the same vertical line).
The accumulated risk function Vj(n) as deﬁned in the
section above was analytically solved for n = 0 and n = 1
only. Fig. 12 shows the time evolution of Vj(n) for a time
horizon from n = 1 to n = 10, given different initial states
(j 2 {30,50,70}). The q ¼ kg value for the experiment was
50%, although the variation of this parameter was tested

and Vj(0) = 0. Finally, expanding the transition probabilities
brings the ﬁnal recursion formula:
V j ðnÞ ¼

k
jg
ðr jðjþ1Þ þ V jþ1 ðn  1ÞÞ þ
ðr jðj1Þ
k þ jg
k þ jg
þ V j1 ðn  1ÞÞ j ¼ 1; 2; . . . ; N max  1; n ¼ 1; 2; . . . ;
ð20Þ

and Vj(0) = 0. It is worth noticing that the expression for
V0(n) and V Nmax ðnÞ remain the same. Taking expectations
on both sides of the equation gives
V j ðnÞ ¼

k
jg


ðRðdjþ1 Þ þ V jþ1 ðn  1ÞÞ þ
ðRðdj1 Þþ
k þ jg
k þ jg

V j1 ðn  1ÞÞ j ¼ 1; 2; . . . ; N max  1;
V Nmax ðnÞ ¼

þ V 1 ðn  1Þ;


RðdNmax 1 Þ

n ¼ 1; 2; . . . ;

n ¼ 1; 2; . . .

þ V Nmax 1 ðn  1Þ;

ð21Þ
ð22Þ

n ¼ 1; 2; . . . ;

ð23Þ
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Fig. 11. Risk versus optimal number of electronic LSPs for a total number of LSPs in the range 30–60.
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and it was not outstanding. Vj(n) is a monotonically
decreasing function, since as previous risk curves have
shown (for instance Fig. 11), the risk of the optimal deci
sion (dj ) is negative. Besides, as the decisor works with
the loss function (Eq. (1)), it is reasonable that the function
decreases. If the decisor had been deﬁned with a proﬁt
function, Vj(n) would have been a monotonically increasing
function. In other words, a negative loss function implies
that there is a (positive) revenue for the operator. The initial state for Vj(n) determines the evolution of the accumulative risk function and its slope is determined by this
point. Furthermore, it is noteworthy that there is a quasilinear behavior for all curves.
4. Summary and conclusions
This paper’s main contribution is two-fold: First, it presents a novel methodology, based on the Bayesian decision
theory, that helps multilayer-capable routers to take the
decision of either optical or electronic switching of incoming LSPs. Such decision is made based on technical aspects
such as QoS constraints and long-range dependence characteristics of the incoming trafﬁc, nonetheless it also considers the cost differences of optical and electrical
switching. This way permits high ﬂexibility to the network
operator to trade-off both economic and technical aspects.
Secondly, this paper proposes the Bayesian decision
theory as the mathematical framework for dealing with
the decision of optical or electronic switching of LSPs. Such
mathematical framework is of low complexity, and can
easily adapt to changing conditions: QoS guarantees, trafﬁc
proﬁles, economic aspects and network operator
preferences.
Finally, this algorithm can be implemented in a per
node basis by using local and independent parameters
(e.g delay thresholds and optical-electronic cost) in each
node. However, in further extensions of this mechanism,
the local QoS parameters used in each node will be based
on information regarding end-to-end delay throughout
the whole network.

[1] K. Matsui, T. Sakurai, M. Kaneda, J. Murayama, H. Ishi, A multilayered trafﬁc engineering architecture for the electronic/optical
hybrid network, in: Proceedings of IEEE Paciﬁc Rim Conference on
Communications, Computers and signal Processing PACRIM, vol. 1,
2003, pp. 293–296.
[2] J. Comellas, R. Martinez, J. Prat, V. Sales, G. Junyent, Integrated IP/
WDM routing in GMPLS-based optical networks, IEEE Network 17
(2) (2003) 22–27.
[3] D. Zhemin, M. Hamdi, J.Y.B. Lee, V.O.K. Li, Integrated routing and
grooming in GMPLS-based optical networks, in: Proceedings of IEEE
International Conference on Communications, vol. 3, 2004, pp.
1584–1588.
[4] S. De Maesschalck, M. Pickavet, D. Colle, P. Demeester, Multi-layer
trafﬁc grooming in networks with an IP/MPLS layer on top of a
meshed optical layer, in: Proceedings of IEEE Global
Telecommunications Conference GLOBECOM, vol. 5, 2003, pp.
2750–2754.
[5] K. Sato, N. Yamanaka, Y. Takigawa, M. Koga, S. Okamoto, K.
Shiomoto, E. Oki, W. Imajuku, GMPLS-based photonic multilayer
router (Hikari router) architecture: an overview of trafﬁc
engineering and signaling technology, IEEE Communications
Magazine 40 (3) (2002) 96–101.
[6] B. Puype, Q. Yan, S. De Maesschalck, D. Colle, M. Pickavet, P.
Demeester, Optical cost metrics in multi-layer trafﬁc engineering
for IP-over-optical networks, in: Proceedings the 6th International
Conference on Transparent Optical Networks, vol. 1, 2004, pp. 75–80.
[7] M. Vigoureux, B. Berde, L. Andersson, T. Cinkler, L. Levrau, M. Ondata,
D. Colle, J. Fernandez-Palacios, M. Jager, Multilayer trafﬁc
engineering for GMPLS-enabled networks, IEEE Communications
Magazine 43 (7) (2005) 44–50.
[8] W. Wei, Q. Zeng, Y. Ouyang, D. Lomone, High-performance hybridswitching optical router for IP over WDM integration, Photonic
Network Communications 9 (139–155) (2005) 17.
[9] B. Puype, Q. Yan, S. Colle, D. De Maesschalck, I. Lievens, M. Pickavet,
P. Demeester, Multi-layer trafﬁc engineering in data-centric optical
networks, in: Proceedings of Optical Networking Design and
Modeling (ONDM), 2003.
[10] S. French, D. Ríos Insúa, Statistical Decision Theory, Oxford
University Press Inc., 2000.
[11] I. Norros, On the use of fractional Brownian motion in the theory of
connectionless networks, IEEE Journal on Selected Areas in
Communications 13 (6) (1995) 953–962.
[12] K. Papagiannaki, S. Moon, C. Fraleigh, P. Thiran, C. Diot, Measurement
and analysis of single-hop delay on an ip backbone network, IEEE
Journal on Selected Areas in Communications 21 (6) (2003) 908–
921.
[13] J.A. Hernández, I.W. Phillips, Weibull mixture model to characterise
end-to-end Internet delay at coarse time-scales, IEE Proceedings of
the Communications 153 (2) (2005) 295–304.
[14] S. Shenker, Fundamental design issues for the future internet, IEEE
Journal on Selected Areas in Communications 13 (7) (1995) 1176–
1188.
[15] Y.-J. Choi, S. Bahk, QoS scheduling for multimedia trafﬁc in packet
data cellular networks, in: IEEE International Conference on
Communications., vol. 1, 2003, pp. 358–362.
[16] ITU-T, ITU-T Recommendation Y.1541 – Network Performance
Objectives for IP-Based Services, February 2003.
[17] 3GPP, 3GPP Recommendation s.r0035-0 v1.0. – Quality of Service,
September 2002.
[18] ITU-T, ITU-T Recommendation G.107: The E-model, a computational
model for use in transmission plannings, March 2005.

Author's personal copy
1926

V. López et al. / Computer Networks 52 (2008) 1916–1926

.[19] R.G.

Clegg, Markov-modulated on/off processes for long-range
dependent internet trafﬁc, ArXiv Computer Science e-prints.

Vìctor López Álvarez completed his MSc.
degree in Telecommunications Engineering
with Honours at Universidad de Alcalá in
2005. Before that in 2004, he joined Telefónica
I + D where as a researcher in next generation
networks for metro, core and access. During
this period, he participated in several European Union projects (NOBEL, MUSE, MUPBED)
focused on previous topics. In 2006, he joined
the Networking Research Group of Universidad Autónoma de Madrid as a researcher in ePhoton/One Plus Network of Excelence. His
research interests are focused on the analysis and characterization of
services, design and performance evaluation of trafﬁc monitoring equipment, and the integration of Internet services over WDM networks,
mainly OBS solutions.

José Alberto Hernández completed the ﬁveyear degree in Telecommunications Engineering at Universidad Carlos III de Madrid
(Spain) in 2002, and the Ph.D. degree in
Computer Science at Loughborough University (United Kingdom) in 2005. After this, he
joined the Networking Research Group at
Universidad Autónoma de Madrid (Spain),
where he actively participates in a number of
both national and European research projects
concerning the modeling and performance
evaluation of communication networks, and
particularly the optical burst switching technology. His research interests
include the areas at which mathematical modeling and computer networks overlap.

Javier Aracil received M.Sc. and Ph.D. degrees
(Honors) from Technical University of Madrid
in 1993 and 1995, both in Telecommunications Engineering. In 1995 he was awarded a
Fulbright scholarship and was appointed as a
Postdoctoral Researcher of the Department of
Electrical Engineering and Computer Sciences,
University of California, Berkeley. In 1998 he
was a research scholar at the Center for
Advanced Telecommunications, Systems and
Services of The University of Texas at Dallas.
He has been an associate professor for University of Cantabria and the Public University of Navarra and he is currently a full professor at the Universidad Autónoma de Madrid, Madrid,

Spain. His research interests are in optical networks and performance
evaluation of communication networks. He has authored more than 50
papers in international conferences and journals.

Juan Pedro Fernández-Palacios Giménez
graduated with a degree in Telecommunications Engineering from the Polytechnic University of Valencia where he carried out his
ﬁnal project working on the simulation of
wavelength converters. In September of 2000
he joined Telefónica I + D where he has been
working on the analysis and evaluation of
optical technologies either in access or backbone networks, likewise he has participated in
European projects such as Eurescom P1014
TWIN and ISTs projects David, Nobel and ePhoton/One as well as other internal projects related to the development
of optical networks in the Telefónica Group. Currently he is Project
Manager in the Division of Network Planning and Techno-Economic
Evaluation of Telefónica I + D.

Óscar González de Dios received a Master
Degree from the University of Valladolid in
2000 in Telecommunications Engineering. In
addition to his work in Telefónica, he is at the
same time pursuing his PhD degree in TCP/IP
performance over OBS networks in the University of Valladolid. In 2000 he joined
Telefónica I + D, where he worked for several
years in the development and testing of telephony applications and interactive voiceresponse platforms. In 2005 he joined the
Advanced Network Planning department in
Telefónica I + D, where he is currently participating in R&D European
projects, such as NOBEL II and e-Photon One+, concerning analysis and
performance evaluation of optical networks.

