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Stable Routing with Virtual
Topology Capacity Adjustment: A
novel paradigm for operating optical
networks
Pablo Pavon-Marino, Nina Skorin-Kapov

Abstract— Advances in optical equipment permit
network carriers to offer lightpath-on-demand
services to Internet Service Providers (ISPs). These
services are the key for constructing cost-efficient
Virtual Topology Capacity Adjustment (VTCA)
schemes, where ISPs dynamically adapt the number
of lightpaths contracted between their IP routers,
according to time-varying traffic volumes. An
existing technique called lightpath bundling offers
ISPs the possibility of grouping lightpaths between
the same pair of routers into so-called bundles,
perceived by the IP layer as single virtual links of
aggregated capacity. Consequently, new lightpaths
added or removed from bundles are not seen by the
IP layer as new links necessary to advertise, but
simply as capacity adjustments of already existing
links. Adding lightpath bundling to the picture opens
the door for developing VTCA schemes which
maintain stability in the IP routing tables, a major
requirement for ISPs. In this paper, we present and
evaluate the merits of the proposed Stable Routing
VTCA (SR-VTCA) paradigm and present algorithms
for designing such a scheme. Results clearly show
that SR-VTCA gives an advantageous trade-off
between the fully static network with no capacity
adjustment and the fully dynamic VTCA scheme
where both the IP routing and the virtual topology
are reconfigured over time.
Index Terms— Optical fiber communications,
virtual topology design, stable routing

I. INTRODUCTION

W

avelength Division Multiplexing (WDM) technology
and advances in optical switching are making it
possible to build transparent WDM networks expected to
satisfy the rapid growth of today’s capacity demands. In
such networks, transparent all-optical channels, called
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lightpaths, are established over the physical optical
infrastructure. The set of established lightpaths comprises a
so-called Virtual Topology (VT) where each virtual link
corresponds to one lightpath. Packet-switched (IP) traffic is
then routed over the virtual topology independently of the
underlying physical optical network. In practice, the owners
of the physical optical infrastructure are network operators
or carriers who lease bandwidth, i.e. lightpaths, to Internet
Service Providers (ISPs) or other institutional users of
bandwidth [1]. The leased bandwidth is in the form of a set
of limited-capacity lightpaths, i.e. a virtual topology, which
can support the maximal expected traffic of the service
provider. Generally, the ISP is not the owner of the physical
optical network [2] and the network operator sets the
leasing prices in the form of a constant bandwidth rate for
the leased bandwidth over time. Naturally, ISPs and other
bandwidth users prefer to minimize their leased capacity
while supporting their traffic needs.

A. Background and motivation
The process of finding a set of lightpaths to support a
given traffic demand is commonly referred to as Virtual
Topology Design (VTD), and has been widely studied in the
literature [3]-[6]. Common objectives include minimizing
congestion, the number of lightpaths established and the
average packet hop distance. These static planning
approaches assume long-term traffic estimates which may
not be ultimately precise. Short-term fluctuations of traffic,
or long-term growth with unexpected shifts, can occur and
lead to blocking. To overcome this, over-provisioning is
employed to achieve robustness to traffic changes, but at a
higher cost and degraded utilization, as well as higher
energy consumption.
Instead of ‘blind’ over-provisioning of the calculated static
topology, a method of ‘smarter’ over-provisioning for
improved utilization can be achieved by planning according
to known or expected traffic variations. Namely, real traffic
traces, such as those collected for the Abilene network and
the GEANT network (both available at [7]), indicate that
traffic often follows expected periodic patterns, such as daily
or weekly variations caused by peak hours. Knowledge of
expected fluctuations allows the network planner to benefit
from the sharing of lightpaths between time-disjoint traffic
demands. This type of traffic is often modeled as a temporal
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sequence of traffic matrices each estimating the demand in
a discrete time slot, referred as multi-hour traffic. The
problem of finding a static virtual topology to support
known multi-hour traffic has been investigated in [8] and
[9].
To further reduce or even eliminate over-provisioning,
lightpath reconfiguration approaches can be applied for
better adaptation to traffic changes in a cost-effective
manner. Initial work in this area was initiated with onestep virtual-topology reconfiguration approaches which
migrate a current virtual topology to a target one which can
support a new traffic demand [10]-[13]. The most common
design objective is to minimize the associated
reconfigurations to avoid traffic disruptions. However, such
large-scale reconfigurations could still cause significant
traffic disruption and are designed for long-term changes.
As real traffic has been shown to exhibit daily or weekly
variations, multi-hour traffic models have been applied to
plan periodic virtual topology reconfigurations in advance,
i.e. determine a periodic evolution of virtual topologies, in a
cost effective manner [14], [15]. The problem of multi-period
VTD considering not only periodic short term-fluctuations,
but expected long-term changes in both the traffic demand
and the physical topology, has been investigated in [16]. For
cases when the traffic patterns are not known in advance,
virtual-topology adaptation approaches have been developed
which investigate lightpath on-demand scenarios based on
real-time calculations of current traffic [1], [17].
While all the reconfigurable optical-layer approaches
described above, such as VTD adaptation and reconfigurable
multi-hour planning, can achieve efficient low-cost solutions
to handle traffic variations, the most common approach
employed by ISPs and other bandwidth users today is static
planning with high over-provisioning. The reason for this is
that approaches which assume a reconfigurable optical
layer carry with them the assumption of variable flow
routing, i.e. changing the routing in the upper (IP) layer as
changes are made in the optical layer. However, this is
something service providers strongly try to avoid. Namely,
traffic flow rerouting complicates not only the control plane,
but requires reconfiguration of monitoring services and the
event correlation database in the management plane, as
identified in [18]. Consequently, service providers prefer IP
routing stability over efficient resource utilization and
continue to aggressively over-provision, i.e. lease more
lightpaths.
In an attempt to maintain routing stability while
dynamically adding lightpaths to overcome short-lived
traffic bursts, the authors of [18] propose an approach to
mask the upper-layer flow rerouting from the IP routing
protocols under the name of optical bypass. This method
utilizes optical reconfiguration by adding temporary
bypasses to overcome congestion peaks but without
advertising the changes in the IP routing protocols.
However, the router at ingress node of each bypass must be
configured accordingly. This approach is well motivated but
only provides additional temporary lightpaths for shortlived traffic bursts without VTD re-optimization and does
not maintain truly fixed IP routing. Herein, we propose a
new paradigm for operating optical networks, which enables
efficient resource utilization via optical reconfiguration
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while maintaining true IP routing stability.

B. Our approach: Stable Routing (SR) with Virtual
Topology Capacity Adjustment (VTCA)
For better understanding of the approach, some
preliminary terms are introduced. A lightpath bundle refers
to a set of lightpaths established between the same set of
nodes. The concept of lightpath bundling was first proposed
in Internet Draft “Link bundling in optical networks” (2001)
and included in RFC 3717 in 2004 as a mechanism to reduce
the signaling burden in the control plane, e.g. by advertising
bundles instead of individual lightpaths. This was further
generalized with Link Bundling functionality in RFC 4201
and 4202 for any GMPLS-based network. The concept of
lightpath bundling allows IP routers to perceive new
lightpaths added/removed between the same pair of nodes
as capacity expansions/reductions, i.e. capacity adjustments,
of existing virtual links and not new virtual links which
need to be advertised in the IP layer. The virtual topology is
then composed of a set of lightpath bundles, where each
lightpath bundle is a virtual link of variable capacity with
lightpath granularity. Adjusting bandwidth capacity per
virtual link in GMPLS-based networks was investigated in
[19]. More recently, in [20] the lightpath bundling approach
was studied in conjunction with a technique called anycast
switching, to improve the statistical multiplexing gain in
the network. Here we apply the lightpath bundling concept
to virtual topology reconfiguration as a mechanism to
maintain routing stability.
In order to validate our approach, we first investigate
where the main savings lie in standard virtual topology
reconfiguration approaches. Namely, since existing optical
reconfiguration approaches also assume variable routing,
their obtained savings with respect to the static nonreconfigurable case comes from the flexibility on both
layers. Our objective is to assess how much of these savings
can come from reconfiguring only the optical layer,
assuming fixed IP routing. A comparison of fixed and
variable flow routing over a static virtual topology for multihour traffic has been investigated in [8] and [9], the results
of which are elaborated upon in Section II. However, to the
best of our knowledge, the comparison of reconfigurable and
non-reconfigurable virtual topologies assuming fixed routing
has not been studied, as all reconfigurable approaches
assume variable routing.
In an effort to ease realization of our SR-VTCA concept
and assess its merits in the aforementioned context, we
provide an efficient scheme for finding a fixed routing which
implies the least-cost evolution of VTDs (i.e. the total
lightpaths needed over time) for expected traffic variations.
This reduces the lightpath leasing costs for the ISP while
maintaining routing stability. If no information is available
regarding future traffic variations, the routing can be
planned according to standard static VTD approaches, while
unexpected traffic variations over time are handled via
straightforward Virtual Topology Capacity Adjustment
(VTCA) as needed. This achieves savings with respect to the
static over-provisioning approach by establishing lightpaths
on-demand while keeping routing stability thanks to
lightpath bundling. However, if periodic traffic variations
estimation models or data is available, increased savings
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can be achieved by finding a routing which corresponds to
lower-cost capacity adjustments, i.e. less lightpaths hired
over time. To develop our scheme we apply multi-hour
traffic models representing expected traffic fluctuations of
so-called background traffic. These fluctuations make up for
the bulk traffic whose variations are assumed to be known
and used in the optimization to determine the best routing.
Note that once we define a fixed routing, the decisions of
which lightpaths to dynamically add or remove along time
are straightforward, i.e. put the capacity (lightpaths) where
the traffic is as it changes. Additional unexpected shortlived traffic bursts outside the multi-hour estimates can be
handled through standard VTCA on-demand.
We formulate the problem of Stable Routing with Virtual
Topology Capacity Adjustment (SR-VTCA) assuming multihour traffic as an ILP (Integer Linear Program). The
objective is to minimize the total number of lightpaths over
time representing the leasing costs of the service providers.
The proposed scheme does not consider the Routing and
Wavelength Assignment (RWA) of each lightpath. The RWA
design is the task of the network carrier and does not affect
the ISP’s perspective as long as the optical infrastructure is
dimensioned appropriately. We assume such a situation in
the paper, where all the lightpaths requested by the ISP
have a valid route and wavelength.
Due to the high intractability of the ILP, we propose an
efficient heuristic algorithm, called Sensitivity-based
Iterative Rounding Algorithm (SIRA), for larger instances.
We enable an additional degree of flexibility which allows
the service provider to decide on the desired frequency of VT
reconfiguration, e.g. every 4 hours. Nowadays bandwidth
markets have started to appear which will allow bandwidth
users to employ on-demand bandwidth provisioning at
granularities even as small as five-minute blocks [21] so
assumptions of the desired frequency can be highly variable.
We perform tests on multi-hour traffic based on real
traffic traces from [7] and compare with analytical lower
bounds on the multi-layer fully (non)-reconfigurable cases.
Results indicate that significant savings (in terms of
lightpaths) can be achieved by reconfiguring the optical
layer while keeping the flow routing fixed with SR-VTCA, in
comparison to the “smart over-provisioning” approach of
planning a fixed routing over a static non-reconfigurable
optical layer based on MH traffic. In contrast, full
reconfiguration of both the optical layer and IP flow
rerouting, only achieves minor savings with respect to SRVTCA indicating that not much benefit can be gained from
IP rerouting. These findings, in conjunction with the
increased network management complexity associated with
variable routing, indicate that planning a fixed routing over
a reconfigurable optical network utilizing virtual topology
capacity adjustment offers and advantageous trade-off
between cost and routing stability, which is very much in
line with today’s ISP demands.

C. Outline of the paper
The rest of this paper is organized as follows. Section II
gives a state of the art on multi-hour planning in optical
networks, followed by the formal problem definition and
exact ILP formulation in Section III. Heuristic approaches
are presented in Section V while Section VI describes the
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experimental method and obtained results. Finally, Section
VII concludes the paper.

II. RELATED WORK ON OPTICAL NETWORKS MULTIHOUR PLANNING
Network planning taking into account time-varying
traffic demands has been researched for various network
technologies [22]. In particular, the concept of adjusting the
capacity of the Virtual Paths in ATM networks while
keeping routing stability was investigated in ATM
networking, in works such as [23][24]. Dimensioning
lightpath-based optical networks under multi-hour traffic
models has more recently attracted attention of the research
community. The Non-Reconfigurable Multi-hour Virtual
Topology Design (MH-VTD-NR) problem was investigated
in [8] and [9] which find a static VTD to support multi-hour
traffic. Both approaches compare fixed (stable) and variable
flow routing on the fixed VTD. In [8], various objective
functions are considered, such as the number of lightpaths,
average packet hop distance and link utilization. Results
indicate that allowing flow rerouting achieves some savings
with respect to the static case, but maximally in the order of
6% for number of lightpaths and less than 4% for the other
criteria. In [9], the savings was measured in the total
number of transceivers needed over time. The migration
from fixed to variable routing was found to be justified only
if splittable (bifurcated) routing is also allowed in the
network, and only for medium or high loads. These results
indicate that routing variability may not be the best
approach, which corresponds to the routing stability
constraints of ISPs.
Assuming
optical-layer
reconfiguration,
planning
approaches can further exploit multi-hour traffic fluctuation
by not only sharing link (lightpath) capacity over time
between time-disjoint traffic, but also sharing node
(transponder) capacity between lightpaths over time. Thus,
a periodic evolution of virtual topologies can be determined,
i.e. a planned set of temporary lightpaths, which make use
of common transponders installed at network nodes at
different moments in time, exploit time-disjoint wavelength
reuse, as well as reduce the total number of lightpaths
required over time.
The idea of scheduled temporary lightpaths was proposed
in [25] under the name of Scheduled Lightpaths Demands
(SLDs) which assumes a known evolution of lightpaths.
Work in this area was initially focused on planning the
lower layer, i.e. routing and assigning wavelengths to a
given time sequence of SLDs. In [25], the authors proposed
branch and bound and tabu search approaches, while in [26]
a more scalable tabu-search based heuristic and greedy
algorithms are presented. [27] and [28] study a more
general model, called the sliding scheduled traffic model
where the known starting and holding times of lightpath
demands are allowed to slide within a predefined window.
More recently, approaches which consider planning in the
upper layer, i.e. determining the evolution or set of
lightpaths from the periodic multi-hour traffic, called
Reconfigurable Multi-hour Virtual Topology Design (MHVTD-R) have been proposed. In [15], the authors present a
MILP formulation and a decomposition heuristic for solving
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the non-reconfigurable case and compare its merits with a
naïve approach for the reconfigurable variant where the
VTDs are independently planned in each time interval. In
[14], an efficient heuristic is proposed for MH-VTD-R with
the objective to minimize the number of reconfigurations
while minimizing the transceivers needed over time.
However, both these approaches assume variable traffic
flow routing in conjunction with the planned lightpath
reconfiguration. Our approach of stable routing with virtual
topology capacity adjustment also exploits multi-hour traffic
and lightpath reconfiguration to minimize the cost (in terms
of lightpaths), as do the MH-VTD-R approaches, but
assumes fixed flow routing. Our results indicate that the
main savings obtained by reconfiguration in fact lies in the
dynamicity of the optical layer and not the variability of the
routing.

III. AN ILP MODEL FOR THE SR-VTCA PROBLEM
In this section, we present an ILP (Integer Linear
Programming) model for the Stable Routing with Virtual
Topology Capacity Adjustment (SR-VTCA) problem. The
target of the model is to find a stable flow routing and
associated time-varying virtual topology which can support
known time-varying traffic demands. The optimization
target is minimizing the estimated cost of the capacity
leased from the network carrier, assumed to be proportional
to the number of lightpaths required per time interval.
Let N be the number of nodes in the network. The letters
s,d,i,j,n are reserved as indices for nodes. We use the indices
s,d={1,...,N} to denote the ingress and egress nodes of
electronic traffic demands. In its turn, we use the indices
i,j={1,...,N} for denoting the initiating and ending nodes of
lightpath bundles. Let T be the number of time intervals for
which the traffic is defined, and t ={1…T} be the index
indicating the time interval. Let Mt denote the traffic matrix
at time slot t, and M ijt denote the traffic demand (measured
in Gbps) from node i to node j, during time interval t. Let C
denote the lightpath capacity in Gbps (e.g. 10 Gbps).
We assume that VT adjustments in the network can be
made only at specific instants in the day/week. We call the
time between two consecutive VT adjustments a nonreconfigurable epoch. Recall that the flow routing is kept
unchanged along all the epochs. The number of nonreconfigurable epochs is denoted by R, and we use the letter
r={1,…,R} to index the epochs. We assume that all the nonreconfigurable epochs have the same duration, which is a
multiple of the duration of the time intervals. Then, given
an epoch r={1,...,R}, the number of traffic matrices
associated with it is given by T/R = {1,2,…,T}. To simplify
the notation, we denote as r(t) the non-reconfigurable epoch
index to which a time interval t belongs to, and we denote as
t(r) the set of consecutive time intervals associated to the
epoch r. As an example, a plan based on T=168 traffic
matrices corresponding to one traffic matrix per hour over
the course of a week (24 hours x 7 days = 168), and the
assumption of two reconfigurations per day, i.e. R=2x7=14
non-reconfigurable epochs per week, would make each
epoch associated to T/R=12 matrices (twelve hours of real
time).
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The decision variables to the SR-VTCA problem are:
 pijr{0,1,2,...}. Number of lightpaths in the
lightpath bundle from node i to node j, during
non-reconfigurable epoch r.
 xsdij[0,1]. Fraction of the total traffic demand
from node s to node d that is routed over
existing lightpaths in the lightpath bundle from
node i to node j.
The problem formulation is given by (1).

min

(1a)

1
 pijr
R i, j ,r

subject to:

x

sdnj

j

M

  x sdin
i

t
sd

1, if n  s

  1, if n  d , n, s, d  1,...,N
0 otherwise


x sdij  Cp ijr ( t ) , i, j  1,..., N , t  1,..., T

(1b)

(1c)

s ,d

The objective function (1a) minimizes the average number
of lightpaths required to support the traffic. This is an
estimation of the total cost of leasing lightpaths for the ISP,
assumed to be proportional to the number of lightpaths in
the bundles and the amount of time each lightpath is active.
Constraints (1b) are the routing conservation constraints for
the stable routing x. Note that the traffic is routed on the
lightpath bundles: a bundle is considered a single virtual
link. Constraints (1c) are the capacity constraints in the
lightpath bundles: the size (number of lightpaths) of the
lightpath bundle at any moment in time should be enough
to carry the traffic traversing it. In this formulation, it is
assumed that all pairs of nodes can be interconnected with
lightpaths. Consequently, the resulting virtual topology can
be up to a full mesh with time-varying virtual link
capacities defined by the number of parallel lightpaths
between node pairs over time. Naturally, additional
constraints can be included to limit the lightpath topology
according to physical limitations in the network, as defined
by the RWA problem. However, we do not consider this case
here.

IV. THE SIRA ALGORITHM
In this section, we present the Sensitivity-based Iterative
Rounding Algorithm (SIRA), for solving the SR-VTCA
problem. Fig. 1 is a diagram illustrating the main steps of
the SIRA algorithm. SIRA starts by solving the LPrelaxation of original problem (1) by dropping the integer
constraints. If the solution of the relaxed problem,
represented by a vector p of lightpath bundle sizes, is
integral then the solution is optimal and the algorithm
ends. If not, we round down the values in vector p and use it
as a starting parameter for an iterative rounding-up stage
of the algorithm. Vector p becomes the tentative lightpath
bundling size vector.
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Each iteration of the round-up stage of SIRA starts with
Procedure P1, which involves solving linear program (2)
shown below. An execution of LP (2) takes the tentative
vector p=(pijr, i,j=1,...,N, r=1,..,R) as an input parameter. It
tries to find a stable routing x=(xsdij, s,d,i,j=1,...,N), and a
deficit lightpath bundling size vector s=(sijr, i,j=1,...,N,
r=1,...,R), so that a network with bundle sizes (p+s) is able
to support the traffic at every time. The name deficit bundle
size is used to reflect that the bundle sizes given by p are
not enough to carry the traffic, and thus have a deficit of
capacity represented by s. Formulation (2) is as follows:
Find:
 sijr≥0. Size of the deficit in the lightpath bundle
from node i to node j, during non-reconfigurable
epoch r.
 xsdij[0,1]. Fraction of the total traffic demand
from node s to node d that is routed on the
existing lightpaths in the lightpath bundle from
node i to node j.

min  s ijr

(2a)

i, j ,r

subject to:

x
j

sdnj

  x sdin
i

1, if n  s

  1, if n  d , n, s, d  1,...,N
0 otherwise


(2b)

M

t
sd

x sdij  C ( p ijr ( t )  s ijr ( t ) ), i, j  1,..., N , r  1,..., R

(2c)

s,d

Equalities (2b) are the routing conservation constraints.
Constraints (2c) ensure that bundle sizes (p+s) are able to
support the traffic at each moment. The objective function
(2a) minimizes the deficit capacity that needs to be
allocated. Note that since the deficit variables s are not
restricted to be integer, Procedure P1 involves a Linear
Program (LP), and can be completed in polynomial time.
If the deficit vector s resulting from Procedure P1 is zero
in all its coordinates, then the routing x from (2) and the
sizes p are a valid solution to the problem, the iterative
section of the algorithm ends, and the algorithm continues
with Procedure P3. If not, Procedure P2 is responsible for
the rounding process. The new tentative vector p’ is
computed as follows. First, p’ is set to p’=p+s. Then, vector
p’, which may have fractional coordinates because of the
fractional nature of the deficit vector s, is selectively
rounded, according to the current value of the utilization
threshold Uth. The word selective in SIRA means that the
coordinates (i,j,r) of p’ with a fractional value equal or
greater than Uth are rounded up, while the remaining
coordinates are rounded down. Note that every coordinate of
p’ is always equal to or greater than the same coordinate in
p, since we round vector (p+s). In other words, the tentative
capacity vector p is always non-decreasing along SIRA
iterations.
The reasoning behind SIRA is that we iteratively increase

U th  1

sijr  0, ijr ?

Uth  Uth  U gap
p ijr  floor( p ijr ) ,  ijr

U th  0 ?

Fig. 1. SIRA algorithm
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the tentative capacity vector p, and make the routing adapt
to it. The extra capacity granted is accumulative, i.e., the
capacity added to p in an iteration is used to route traffic in
subsequent iterations. Then, given a tentative capacity p,
formulation (2) finds a new routing minimizing the extra
capacity needed on top of p. As the algorithm advances, the
routing is shaped by (2) to make use of the allocated
capacity, and consequently less and less excess capacity is
needed.
Parameter Ugap is used to control the complexity vs.
accuracy trade-off in SIRA. In the first execution of
Procedure P2, the utilization threshold Uth has a value of 1Ugap. In subsequent iterations, Uth is decreased by
parameter Ugap, and the algorithm ends when the
utilization is zero. Then, the number of iterations of the
algorithm is limited to a maximum of 1/Ugap. As an example,
if Ugap=0.1, ten iterations of SIRA corresponding to Uth={0.9,
0.8,..., 0.1, 0} are completed. Note that in the iteration
where Uth=0, all (i,j,r) triples which have a deficit of
capacity (sijr>0) are rounded up, and the algorithm proceeds
to Procedure P3. Also note that smaller Ugap parameters
mean more SIRA iterations, and a more gradual adaptation
of the routing to the discrete nature of the bundling sizes.
Logically, this comes at a cost of a higher algorithm running
time.
Finally, Procedure P3 takes as an input parameter the
routing vector x computed by the SIRA iterations. Routing x
is set as the final stable routing which determines the traffic
at each time instant that is carried over each lightpath
bundle (i,j). Then, it is trivial to compute, in every nonreconfigurable epoch r, the minimum cost VT to support the
traffic in the lightpath bundles. This is given by (3).

p ijr

 M sdt x sdij 
max  
, i, j  1,..., N , r  1,..., R
sd


t  t (r ) 
C



(3)

V. RESULTS
This section presents results of the tests conducted to
assess the potential benefits of the SR-VTCA paradigm in
terms of network cost reduction, as well as the efficiency of
the SIRA algorithm as a planning approach within this
paradigm. We compare the benefits of SR-VTCA with
respect to (i) a network where both the routing and the
virtual topology are stable (we refer to this as a static
network), and (ii) a network where both the virtual topology
and the flow routing can be changed to adapt to traffic
variations (we refer to this as a fully-reconfigurable
network).

A. Testing scenario and traffic normalization
We use data from real traffic traces available for two
different topologies: the 11-node Abilene network and the
23-node GEANT network, both of them publicly available at
[7]. This data consists of traffic matrices spanning several
weeks obtained from monitoring campaigns. For both cases,
we investigate weekly variations of the traffic by

6

partitioning a week into T=42 consecutive time intervals of
four hours each. For each time interval t=1,...,42 in the
week, we compute a representative traffic matrix Mt,
averaging the corresponding values from the original trace,
taken at the same time interval within the week for all the
weeks of the trace. As a result, a sequence of T=42 matrices
representing the average periodic weekly variations in the
traffic is obtained for each network topology (Abilene and
GEANT).
Given such a sequence of traffic matrices Mt, we
normalize its load to five different traffic load factors ρ={0.5,
1, 2, 5, 10} in an effort to assess the merits of the various
approaches for different traffic load conditions. Value ρ
represents the average amount of traffic between two nodes
during the highest-loaded time slot measured in the number
of lightpaths. Consequently, a value of ρ=0.5 corresponds to
the case when the average traffic between two nodes in the
peak traffic time slot of the week equals 50% of a single
lightpath capacity. On the contrary, a value of ρ=10
captures cases in which the average traffic between two
nodes in the highest loaded time slot fills on average 10 full
lightpaths. We denote as Mt(ρ) the normalized sequence of
T=42 traffic matrices corresponding to load factor ρ.
In addition, we investigate the evolution of the network
cost with respect to different durations of the nonreconfigurable epochs. We denote the duration of the epochs
as De, and test for cases of De={4h, 8h, 12h}. In the first case
with De=4h, the network is reconfigured every four hours,
while in the last case with De=12h, the network is
reconfigured twice a day. Note that these cases correspond
to R=7×6=42 and R=7×2=14 non-reconfigurable epochs in a
week, respectively.
Finally, we assume that lightpaths between two nodes
(i,j) in the network can be established only if at least one of
the following two conditions is met: (i) there is a direct fiber
link connecting nodes i and j, (ii) the length of the shortest
path (in kilometers) between both nodes is below or equal to
2000 km. Namely, in lightpath-based networks, optical
signal degradation constrains the maximum reach of
lightpaths. The aforementioned conditions intend to capture
limitations in the VT design that the ISP may experience
due to the impossibility of leasing lightpaths between
excessively distant nodes. The length 2000 km is consistent
with the practical limits of currently available long-haul 10
Gbps equipment [29]. Incorporating such impairment-based
constraints into the SR-VTCA problem formulation, as well
as the SIRA algorithm, can easily be achieved by adding
constraint (4) to formulations (1) and (2), respectively.

x sdij  0, s, d  1,..., N , (i, j ) excessively distant nodes

(4)
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(a)

(b)
Fig. 2. Cost comparison static network (lower bound) / SR-VTCA (SIRA) / fully-reconfigurable network (lower bound), (a) Abilene
network, (b) GEANT network. The x-axis ranges different load factors ρ={0.5, 1, 2, 5, 10} and reconfiguration epoch durations De={4h,
8h, 12h}.

B. Benefits of the SR-VTCA approach
In this sub-section, we evaluate the merits of the SRVTCA approach, as an advantageous compromise between a
static network and a fully-reconfigurable network. To do so,
we compute the costs of the Abilene and GEANT networks
applying the SR-VTCA paradigm using the SIRA algorithm.
SIRA was implemented in the MatPlanWDM tool [30],
which interfaces to the TOMLAB/CPLEX solver [31] for
obtaining the solutions to the LP formulations involved. The
results shown correspond to those obtained for parameter
value Ugap=0.05 which limits the number of SIRA iterations
to 1/0.05=20. The value of this parameter was determined
experimentally. Namely, for Ugap values lower than 0.05,
which implies more rounding iterations, the algorithm

produced no improvement in the final solutions at the
expense of larger execution times. Alternatively, setting the
parameter Ugap to values higher than 0.05 to reducing the
number of iterations ran faster, but produced a constant,
albeit slight, increase in the cost of the obtained solutions.
As already mentioned, we ran SIRA for load conditions
ρ={0.5, 1, 2, 5, 10} and for durations of the nonreconfigurable epochs set to De={4h, 8h, 12h}. In order to
assess the guaranteed savings of our approach with respect
to the static case, as well as the maximal possible savings of
the fully reconfigurable case in comparison to SR-VTCA, we
compare with associated lower bounds. Thus, we calculate
the following two bounds:
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 LBfr: A Lower bound on the network cost of a fullyreconfigurable network. In a fully-reconfigurable
network, the planning problem can be decoupled
into R independent planning problems, one per
non-reconfigurable epoch. Then, a lower bound to
the optimal cost can be obtained by computing
the optimal cost of the LP relaxations of
formulation (1), applied to each epoch.
 LBs: A Lower bound on the network cost of a static
network. This lower bound is given by the
optimal cost of the LP relaxation of problem (1),
for the case where R=1 (i.e., there is only one
non-reconfigurable epoch which implies no
network reconfiguration at all).
Figs. 2-(a) and 2-(b) report the results obtained for the
Abilene and GEANT cases respectively. The top of the black
bars, represent the LBfr cost, i.e., the minimum possible cost
of the network for the fully-reconfigurable case. The top of
the white bars show the SR-VTCA cost, while the top of the
grey bars mark the lower bound on the cost of the static
network (LBs). This configuration of the bar plot helps us to
illustrate the advantages of the SR-VTCA approach in a
visual way. In particular:
 The size of the grey bar represents the minimum
(guaranteed) cost saving obtained if we migrate
from a static network to a network planned and
operated following the SR-VTCA paradigm.
 The size of the white bar represents the maximum
possible extra savings that can be achieved if we
migrate from SR-VTCA to a fully-reconfigurable
network plan.
 The size of the black bar is the unavoidable
network cost: a lower bound to the cost of a fullyreconfigurable network.
We observe the following. First, for all the network
conditions, except low loads (ρ=0.5), the white bars have a
much smaller size with respect to the grey bars. In other
words, the main reduction in the ISP network cost with
respect to the static case comes from reconfiguring the
virtual topology (the SR-VTCA approach), while only
marginal extra cost reductions can be achieved if the
routing is also allowed to be variable. The advantages of the
SR-VTCA approach are increasingly evident for higher
loads. As an example, if the network (Abilene-GEANT) is
reconfigured every four hours, the SR-VTCA approach
yields a minimum saving of 24%-28% (ρ=1), to 45%-50%
(ρ=10) with respect to the static approach. In its turn, the
maximum extra savings if also the routing reconfigurations
are permitted, is in the order of 17% (ρ=1) to 2%-3% (ρ=10).
Naturally, shorter non-reconfigurable epochs implying
more frequent reconfigurations give better results.
However, VT reconfiguration twice daily (De=12h) already
seems enough to obtain very relevant cost savings with
respect to static networks, especially for high loads.
Moreover, note that the results shown reflect a comparison
between guaranteed savings achieved by SR-VTCA with
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respect to the maximum achievable extra savings of the
fully-reconfigurable case, i.e., the worst cases for SR-VTCA.
In other words, the relative merits of the SR-VTCA
approach with respect to the other options may even be
higher in reality. In particular, for the low load case (ρ=0.5)
where the guaranteed savings of SR-VTCA seem to shrink,
it cannot be deduced whether this is caused by a true lack of
benefits of the SR-VTCA case or a lack of accuracy of the
lower bound LBs for these scenarios.
In summary, for the cases tested, results indicate that the
SR-VTCA paradigm gives a clearly advantageous trade-off
between the static and fully-reconfigurable approaches
obtaining most of the potential cost savings derived from
network reconfiguration, while keeping routing stability in
accordance with ISP preferred requirements. The guarantee
of these benefits increases with the network load.

C. Assessing the quality of the SIRA algorithm
This section is devoted to give an insight on the merits of
the SIRA algorithm proposed in this paper, as a method for
solving the SR-VTCA problem.
Table I reports the optimality gap of the SIRA algorithm
(run with parameter value Ugap=0.05), i.e., the gap between
the cost of the solution provided by SIRA and a lower bound
on the optimal cost of the SR-VTCA problem. This lower
bound is obtained by solving the LP-relaxation of (1). The
optimality gap values are given as a percentage of the
obtained SIRA cost.
Results
show
that
optimality
gap
decreases
approximately according to sequence 20%, 15%, 10%, 5%
and 2.5% for increasing values of the load factor ρ={0.5, 1, 2,
5, 10}. Results are consistent for both topologies and various
durations
of
the
non-reconfigurable
epochs
De.
Consequently, results support the efficiency of the SIRA
algorithm for solving the SR-VTCA problem. In particular,
the narrow optimality gaps at medium and high loads are a
valuable proof of the success of SIRA in these scenarios.
TABLE I
OPTIMALITY GAPS
ρ
0.5
1
2
5
10

De=4h
25%
17%
10%
4%
2%

Abilene
De=8h
23%
15%
9%
4%
2%

De=12h
22%
14%
9%
4%
2%

De=4h
26%
17%
11%
6%
3%

GEANT
De=8h
De=12h
23%
21%
15%
14%
10%
9%
5%
5%
3%
3%

D. SIRA running complexity
SIRA algorithm has a polynomial complexity. The
maximum number of iterations executed is given by (1/Ugap),
and can thus be determined in advance. In each rounding
iteration, an LP program is solved. In practice, the
complexity of these LP programs determines the running
complexity of SIRA.
Table II reports the execution times of the SIRA
algorithm with parameter Ugap=0.05 (which produced the
results shown in Figs. 2-(a) and 2-(b)) run on a laptop with
an Intel(R) Core(TM) i5 CPU, 2.27 GHz and 8 GB of RAM.
The running times of SIRA are always below 30 seconds for
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the Abilene network. The running time increases somewhat
with network loads, ranging from about 10 seconds for ρ=0.5
and about 25 seconds for ρ=10. In turn, the running times of
SIRA for the GEANT network range from ~8 minutes to a
maximum of 4.25 hours. The significant increase in the
running times associated with the network size (Abilene vs
GEANT) is explained by an increase in the number of
decision variables and constraints of the problem. In
addition, running times for the larger GEANT case tend to
increase for higher values of De. Intuitively, higher values of
De create a more coupled problem since the virtual topology
at each non-reconfigurable epoch supports more traffic
matrices. Since the sophisticated CPLEX solver achieves it
efficiency by making various problem reductions, this
coupling can make it more difficult to achieve such
reductions resulting in longer execution times.

ρ
0.5
1
2
5
10

TABLE II
SIRA EXECUTION TIME (MINUTES). UGAP=0.05
Abilene
GEANT
De=4h
De=8h De=12h De=4h De=8h
De=12h
25%
23%
22%
26%
23%
21%
17%
15%
14%
17%
15%
14%
10%
9%
9%
11%
10%
9%
4%
4%
4%
6%
5%
5%
2%
2%
2%
3%
3%
3%

SR-VTCA concept of maintaining a static IP-layer on top of
a reconfigurable optical layer provides an excellent trade-off
between cost savings and network stability. These findings
support the validity of this paradigm as a promising
solution able to cope with the growing dynamicity of nextgeneration optical networks.
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