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Abstract: In this paper, we address the question of dynamic network provisioning for time-
varying traffic rates, with the objective of maximizing the system throughput. We assume
that the network is capable of providing bandwidth guaranteed traffic tunnels for an ingress-
egress pair and present an approach that (1) updates the tunnel routes and (2) adjusts the
tunnel bandwidths, in an incremental, adaptive manner, based on the variations in the incoming
traffic. First, we consider a simpler scenario where tunnel routes are fixed, and present an
approach for adjusting the tunnel bandwidths dynamically. We show, through simulations,
that our dynamic bandwidth assignment algorithm significantly outperforms the optimal static
bandwidth provisioning policy, and yields a performance close to that of the optimal dynamic
bandwidth provisioning policy. We also propose an adaptive route update algorithm, which can
be used in conjunction with our dynamic bandwidth assignment policy, and leads to further
improvement in the overall system performance.
Keywords: Dynamic traffic engineering, Bandwidth re-assignment, Tunnel re-routing.

1 Introduction

In recent years, there has been a significant interest in traffic engineering issues related to
bandwidth-guaranteed tunnels (see [1, 2], for instance). Most of the recent literature on this
topic is, however, associated with set-up or tear-down questions for these tunnels, and static
tunnel bandwidth and route assignments. Here, tunnel bandwidths and routes are typically
determined at set-up time, and remain fixed throughout its lifetime. Significant variations
in the traffic profiles is then handled by establishing new tunnels, or removing existing ones.
However, resource constraints can limit the number of tunnels that can be set up between an
ingress and an egress once all available resources are reserved by existing tunnels. In such
a scenario, a more intelligent algorithm should try to reassign the bandwidths to the existing
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tunnels or even reroute some of the existing tunnels through alternate paths with more resources
available in face of a significant change in traffic profiles. We refer the readers to [4, 5] for a few
examples on dealing with time-varying traffic in the context of Multi-Protocol Label Switching
(MPLS).

In this paper, we consider a scenario where traffic is carried from the ingress to the egress
node through bandwidth-guaranteed tunnels. The traffic requires a certain level of QoS, which
can be translated to a minimum bandwidth guarantee. If this bandwidth is not available be-
tween the corresponding ingress-egress pair at the time of the connection arrival, the connection
is rejected with no queueing. From the system perspective, we want to choose the tunnel routes
and their bandwidths so as to minimize the connection rejection rate, i.e., the fraction of connec-
tions rejected. This is equivalent to maximizing the system throughput in our formulation. The
optimal bandwidth assignment policy must take into account the traffic rates between different
ingress-egress pairs. Since the traffic rates could vary over time and are often unpredictable,
it follows that a good network provisioning policy must be dynamic, and adaptively adjust
the tunnel bandwidths and/or routes based on online measurement of the traffic rates. For
practical feasibility, such adaptive, online tunnel dimensioning and routing policies must also
be computationally simple. In addition, since traffic rates typically vary gradually and rerout-
ing existing tunnel may disrupt on-going traffic and applications, an algorithm that gradually
reconfigures the network in an incremental manner with time-varying traffic is more desirable
than an algorithm that completely reconfigures the network periodically (e.g., recomputing the
optimal static policy periodically based on the current traffic rates). Hence, in this paper we
are interested in designing a suite of algorithms that will dynamically reconfigure the tunnels
by changing their routes and assigned bandwidth.

In this work, we present simple, yet effective, network provisioning algorithms for time-
varying traffic patterns. Firstly, we consider a scenario where tunnel bandwidths are adjustable,
but tunnel re-routing is costly, and hence tunnel routes are kept fixed. In this scenario, we
present an adaptive tunnel bandwidth assignment policy that re-allocates bandwidths between
the fixed-route tunnels based on the dynamic traffic variations. Next we consider a scenario
where tunnel re-routing is feasible, and present an adaptive, incremental tunnel re-routing policy
that can be used in conjunction with our bandwidth re-allocation policy. Through simulations,
we demonstrate that our adaptive bandwidth assignment policy significantly outperforms any
static bandwidth assignment policy, and its performance is fairly close to that of the optimal
dynamic bandwidth assignment policy. Simulation results also indicate that the performance of
our integrated bandwidth and route assignment algorithm is very close to that of the optimal
dynamic network provisioning policy, while incurring significantly less computational overhead.

2 The Optimal Network Provisioning Problem

In this section, we pose our network provisioning question as a non-linear, mixed integer pro-
gramming problem, and motivate and outline our basic solution approach.

2.1 System Model and Notation

Consider a network represented by a directed graph G(V, E) with link capacities ci,j , (i, j) ∈ E,
where all link capacities are assumed integral. Let K ⊆ V × V denote the set of ingress-egress
pairs of the network; the ingress and egress nodes of an ingress-egress pair k ∈ K are denoted
by sk and dk, respectively. We denote the set of tunnels used by ingress-egress pair k ∈ K by
Lk, and L = ∪k∈KLk is the set of all tunnels. In practice, the number of tunnels between an
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ingress-egress pair will be limited, for example, by the computational and/or storage complexity
of maintaining these tunnels. For ingress-egress pair k, let L̄k represent this pre-specified upper
limit. In the rest of this paper, we assume |Lk| = L̄k, i.e., we always use the maximum number
of tunnels. This does not result in a loss of generality, since the assigned bandwidth to some of
these tunnels may be set to zero, allowing the use of a fewer number of tunnels when desired.
The bandwidth assigned to a tunnel l ∈ L of ingress-egress pair k is denoted by bl, and the
total bandwidth allocated to ingress-egress pair k is Bk =

∑
l∈Lk

bl. Let Rl denote the set of all
available loop-free routes (paths) between the ingress and egress nodes of tunnel l. Let xl,r be
a 0/1 variable denoting whether tunnel l is routed over route (path) r or not. Assume that the
set of links on route r is denoted by Ωr.

We assume, for simplicity of exposition and analysis, that each incoming connection request
requires one unit of bandwidth. However, our approach can be easily extended to the case
where the bandwidth requirements of different connections may be different. The connection
arrival process for ingress-egress pair k is assumed to be a Poisson process with rate λk. Each
connection lasts for a random interval of time, and the connection durations are exponentially
distributed. For ingress-egress pair k, the mean connection duration is (1/µk). The connection
arrival processes of all ingress-egress pairs are assumed to be mutually independent. Let ρk = λk

µk

and φk(ρk, Bk) denote the (average) fraction of ingress-egress pair k connections that are rejected
due to insufficient bandwidth. Then, using M/M/n/n queueing results [3], we get

φk(ρk, Bk) =
1

Bk!

ρBk
k

∑Bk
k′=0

ρk′
k

k′!

. (1)

The overall rejection rate, aggregated over all ingress-egress pairs, is given by

Φ =
∑

k∈K

αkφk(ρk, Bk) , where αk =
λk∑

k′∈K λk′
∀k ∈ K. (2)

2.2 Formulation

Maximizing the system throughput in this case is equivalent to minimizing the overall connection
rejection rate. The objective of the bandwidth reallocation algorithm is given by

minimize Φ,

subject to

∑

l∈L

∑

r∈Rl:(i,j)∈Ωr

bl xl,r ≤ ci,j, ∀(i, j) ∈ E, (3)

bl ≥ 0, ∀l ∈ L, (4)∑

r∈Rl

xl,p = 1, ∀l ∈ L, (5)

xl,r ∈ {0, 1}, ∀r ∈ Rl, ∀l ∈ L. (6)

Note that (3) represent link capacity constraints. Constraints in (4) are the non-negativity
constraints of the bandwidths, and (5)-(6) describe the constraint that a tunnel must be routed
over a single route (path).

In the above formulation, the variables bl, xl,r are the decision variables that need to be
chosen optimally. The traffic parameters λk and ρk are assumed to be fixed (and known).
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2.3 Solution Requirements and Basic Approach

Ideally, we would like to find the optimal routes and bandwidths of the tunnels by solving the
optimization problem posed above. For time-varying traffic, however, this implies that this
optimization problem would need to be solved whenever the traffic matrix changes significantly.
Such an approach is practically infeasible for two reasons. Firstly, it may require solving the
complex mixed integer optimization problem frequently, which incurs a large computational
overhead. Secondly, even if the optimal tunnel routes (bandwidths) are computed, the new
routes (bandwidths) can be very different from the current ones, and therefore, updating the
current set of routes (bandwidths) to the new routes (bandwidths) could involve significant
delay and communication costs, and disrupt much of on-going traffic that needs to be re-routed.

For the above reasons, when traffic is time-varying an incremental solution is preferred. In
such an approach, the bandwidth assignment and route selection algorithms are run periodically
(time-driven) or whenever the traffic changes significantly (event-driven), but the bandwidths
and/or the routes of only a few tunnels are updated at a time. By limiting the number of
bandwidth and routing updates that can take place each time the algorithm is executed, the
overhead associated with dynamic network reconfiguration can be kept within a manageable
level and disruption to existing traffic can be minimized. We take this approach here and
propose integrated bandwidth and route update algorithms that react to time-varying traffic.

3 Dynamic Bandwidth Re-assignment for Time-Varying

Traffic

In this section, we consider a scenario where the routes of the tunnels are assumed fixed, and
investigate the problem of developing an efficient bandwidth re-assignment algorithm that re-
allocates bandwidths of these fixed-route tunnels in an incremental, adaptive manner. The
reason for considering this simpler, fixed-route scenario is two-fold. Firstly, tunnel re-routing
can involve a much higher overhead compared to simple bandwidth re-assignment. Therefore,
tunnel re-routing can often occur at a longer time-scale (possibly based on the long-term time
average traffic rates) in comparison to adaptive bandwidth re-provisioning of existing tunnels
based on short-term traffic variations. Therefore, in certain practical scenarios, dynamic tunnel
bandwidth assignment questions can be considered orthogonal to tunnel route selection issues,
and can be studied separately. Secondly, even in scenarios where joint bandwidth and route
re-assignments are feasible, study of the bandwidth re-assignment problem in isolation provides
valuable insights to the more complex problem of joint bandwidth and route re-assignment.

3.1 The Optimal Bandwidth Assignment Problem

In the network model described in Section 2, we assume that the route of each tunnel is fixed.
Let the set of links on the route (path) of a tunnel l ∈ L be denoted by Al. Then the objective
of the optimization problem is given by (1)-(2), and the constraints are

∑

l∈L:(i,j)∈Al

bl ≤ ci,j, ∀(i, j) ∈ E, (7)

bl ≥ 0, ∀l ∈ L. (8)

Note that our objective function is a non-linear function of the tunnel bandwidths, and the
above problem is a complex non-linear optimization problem. We are interested in designing an
incremental bandwidth assignment algorithm that tries to achieve the same objective without
having to explicitly solve the optimization problem posed above.
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3.2 Solution Approach

At an intuitive level, our solution approach can be described as follows. Our algorithm is run
periodically every T time units, where T is an adjustable system parameter. Each time the
algorithm is executed, it repeats the following procedure up to M times, where M is also an
adjustable system parameters. In each of M iterations, the algorithm first identifies a candidate
tunnel whose bandwidth may be incremented by one unit. This candidate tunnel is chosen in a
greedy manner, based on a ‘profit function’, described in details later in this section. Intuitively,
the ‘profit function’ for a tunnel is a measure of the improvement in the system-wide connection
rejection rate when the bandwidth of the tunnel is incremented by unit amount (while possibly
decrementing the bandwidth of other tunnels in order to free up the needed bandwidth for
the candidate tunnel). Once a tunnel is selected for a bandwidth increment, the algorithm
determines whether or not it is necessary to reduce the bandwidths of some other tunnels
that share links with the chosen tunnel by one unit. If so, the algorithm identifies a set of
tunnels which a unit bandwidth is taken away from and is given to the candidate tunnel, and
computes the change in the overall system rejection rate, which is defined to the be the profit
function of the candidate tunnel. If the overall rejection rate decreases, then the bandwidth
update takes place in that iteration, or not. Note that the profit function depends on the traffic
parameters, and reflects the relative importance of adding bandwidth to a tunnel under the
current traffic parameters. Therefore, as the traffic rates vary over time, our algorithm tries
to dynamically allocate more bandwidth to tunnels assigned to ingress-egress pairs that are
more heavily loaded, while taking bandwidth away from less loaded ingress-egress pairs, so as
to improve the system-wide connection rejection rate.

Next we describe how the profit function is defined in details. For any k ∈ K, define ∆+
k

and ∆−
k as follows:

∆+
k = φk(ρk, Bk)− φk(ρk, Bk + 1) , (9)

∆−
k = φk(ρk, Bk − 1)− φk(ρk, Bk) . (10)

Note that ∆+
k represents the decrease in the connection rejection rate when the bandwidth

allocated to ingress-egress pair k is incremented by one unit, from Bk to Bk + 1. Similarly,
∆−

k represents the increase in the connection rejection rate when the bandwidth allocated to
ingress-egress pair k is decremented by one unit, from Bk to Bk − 1.

Let κ(l) denote the ingress-egress pair for tunnel l, i.e., κ(l) = {k ∈ K : l ∈ Lk}. Consider
a tunnel l ∈ L, and let us assume that the bandwidth of the tunnel is incremented from bl to
bl + 1. This results in an increase in the overall bandwidth allocated to ingress-egress pair κ(l)
from Bκ(l) to Bκ(l) + 1. Therefore, the addition of one unit of bandwidth to tunnel l results in
a decrease in the connection rejection rate of ingress-egress pair κ(l) by ∆+

κ(l).
Note, however, that in order to increment tunnel l’s bandwidth allocation, we may need to

decrement the bandwidth allocated to some other tunnels. To see this, let us define ĉi,j to be
the available capacity of a link (i, j) ∈ E, given by

ĉi,j = ci,j −
∑

l∈L:(i,j)∈Al

bl . (11)

Clearly, ĉi,j represents the capacity of link (i, j) minus the aggregate bandwidth that has been

allocated to different tunnels sharing link (i, j). Let Âl ⊆ Al denote the set of links on tunnels
l’s route that have zero available capacities, i.e., Âl = {(i, j) ∈ Al : ĉi,j = 0}. If Âk,j = φ,
then it is possible to increment tunnel l’s bandwidth without reducing the bandwidth of other
tunnels. Otherwise, the unit bandwidth added to tunnel l must be “taken away” from some other
tunnel(s) using the links in Âl. Let Nl be the set of tunnels whose bandwidth is decremented by
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one in order to increase bandwidth allocation of tunnel l ∈ Lk by unity. Clearly, the tunnels in
Nl must “cover” all the links in Âl, i.e., each link in Âl must be a part of the route of some tunnel
in Nl. The bandwidth allocation of each tunnel in Nl is decremented by unity, and therefore,
the overall increase in the connection rejection rate due to these bandwidth decrements is given
by

∑

l′∈Nl

ακ(l′) ∆−
κ(l′) , (12)

where ∆−
k are defined by (10).

Note that there can be multiple sets of tunnels that cover Âl. In that case, we choose the
set Nl that minimizes the increment in the overall rejection rate given in (12).

The profit function of tunnel l ∈ Lk, denoted by Pl, is given by

Pl = ∆+
κ(l) −min

Nl

∑

l′∈Nl

ακ(l′) ∆−
κ(l′) , (13)

where ∆+
k and ∆−

k are defined in (9) and (10), respectively. The term minNl

∑
l′∈Nl

ακ(l) ∆−
κ(l)

represents a minimum weighted set-cover problem [6, 7], where we are interested in finding a
set of tunnels that cover all the links in Âl and yields the smallest increase in the aggregate
rejection rate when a unit bandwidth is taken away from them. This set cover problem is
NP-hard. In our simulations, we use a greedy approximation to this set cover problem, called
Greedy Link Cover, which is described in detail in [8].

4 Dynamic Tunnel Re-routing for Time-Varying Traffic

In this section, we consider a scenario where tunnels are re-routable, and present an adaptive,
incremental route re-assignment algorithm for time varying traffic.

At an intuitive level, our solution approach can be viewed as follows. Our algorithm is run
periodically after every T ′ time units, where T ′ is an adjustable system parameter. In each run
of the algorithm, a few tunnels are re-routed. We assume that tunnel re-routing preserves the
bandwidth of the re-routed tunnel. Clearly, re-routing of tunnel l requires reserving a bandwidth
of bl on the new route and will ‘free up’ the same amount of bandwidth in the current route of
the tunnel. If the new route does not currently have enough available capacity to accommodate
tunnel l, then we decrement the assigned bandwidths of some appropriately chosen tunnels that
share one or more links with this route, by the necessary amount. This freed up bandwidth is
then used to accommodate the re-routed tunnel. Also, the bandwidth bl freed up on the original
route of the tunnel is used to increment the bandwidths of other tunnels sharing the links in
the route .

From the above discussion, note that although the bandwidth of the re-routed tunnel l is
kept the same during the re-routing process, the bandwidth of some tunnels other than l might
change due to the re-routing. Bandwidths of some of the tunnels sharing links on the original
route of tunnel l may increase, resulting in a decrease in the rejection rate for the corresponding
ingress-egress pairs, thereby improving the system throughput. On the other hand, bandwidths
of some of the tunnels sharing links with the new route of tunnel l may decrease, leading to
an increase in the rejection rate for the corresponding ingress-egress pairs, thereby reducing the
system throughput. Clearly, in order to enhance the system performance we need to choose
the tunnel l such that the throughput improvement due to the former factor outweighs the
throughput reduction due to the latter factor, yielding a positive gain in system throughput.

Viewed intuitively, to maximize throughput improvement due to re-routing, we want to
choose a tunnel (for re-routing) such that it is currently using the “most congested” route,
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and move it to the “least congested” route. Our tunnel re-routing algorithm is based on this
intuition. In the following, we outline how the notions of the most/least congested routes can
be formally captured in terms of the given problem parameters.

Towards this end, lets us first quantify the gain (loss) in the overall system throughput when
one unit of bandwidth is made available on (taken away from) any route r. Note that if one
unit of bandwidth is made available on each of the links in route r, this extra bandwidth can be
used by some tunnels using the links in r. With the available link capacities defined as in (11),
let Âr denote the set of links on route r that have zero available capacities (before the extra
unit bandwidth is made available). A tunnel is said to be bottlenecked by route r if the only
links with zero available capacities in the tunnel’s route, if there is any, belong to Âr. Clearly,
when an extra unit of bandwidth is made available on route r, this bandwidth can be used to
increase the bandwidth assigned to a tunnel bottlenecked by route r. Let L̂r denote the set of
all tunnels bottlenecked by route r. Let Sr ⊆ L̂r denote the set of tunnels whose bandwidth is
incremented by one unit, when the extra unit of bandwidth becomes available on route r. Note
that the overall reduction in the connection rejection rate due to the bandwidth increments of
the tunnels in Sr, is given by

∑

l′∈Sr

ακ(l′) ∆+
κ(l′) ,

where the terms ∆+
k are defined by (9). Note that there can be multiple choices for Sr, and we

choose the set Sr that maximizes the above expression. Thus, Γr, the overall gain in the system
throughput due to the availability of a unit of bandwidth on route r, is given by

Γr = max
Sr

∑

l′∈Sr

ακ(l′) ∆+
κ(l′) . (14)

Now consider the case where one unit of bandwidth needs to be freed up on route r, i.e.,
the bandwidth on each of the links on route r needs to be decremented by one unit. If a link is
not in Âr, this bandwidth can be taken away from link’s available capacity (which is non-zero).
However, for links in Âr (which have zero available capacities), this bandwidth reduction must
be carried out by taking away an equivalent amount of bandwidth from tunnels that use these
links. Let Tr be the set of tunnels whose bandwidth is decremented in order to free up one unit
of bandwidth on route r. Note that the overall increase in the connection rejection rate due to
the bandwidth decrements of the tunnels in Tr is given by

∑

l′∈Tr

ακ(l′) ∆−
κ(l′) ,

where the terms ∆−
k are defined by (10). Note that there can be multiple choices for Tr, and we

choose the set Tr that minimizes the above expression. Thus, Λr, the overall loss in the system
throughput due to the reduction of one unit of bandwidth on route r, is expressed by

Λr = min
Tr

∑

l′∈Tr

ακ(l′) ∆−
κ(l′) . (15)

Next we comment on how the sets Sr and Tr can be chosen optimally. The maximization
maxSr

∑
l′∈Sr

ακ(l′) ∆+
κ(l′) corresponds to the maximum weighted set-packing problem [7]. The

maximum weighted set-packing problem is NP-hard [7]. In our re-routing scheme, we use a
greedy approximation algorithm for this problem, called Greedy Tunnel Packing, which is
described in detail in [8].

The minimization minTl

∑
l′∈Tl

ακ(l′) ∆−
κ(l′) represents a minimum weighted set-cover problem,

as already argued in Section 3. This problem being NP-hard, we use a greedy approximation
algorithm for the problem, Greedy Link Cover, described in [8].

855



In our re-routing algorithm, we first compute the gain functions (given by (14)) on the
routes of all existing tunnels in the network. Let l represent the tunnel that is chosen for re-
routing, and r̂(l) denote its current route. Then l is chosen so that it achieves the maximum
gain Γr̂(l) (over all tunnels that currently exist in the network). The new route, r̃(l), is chosen
so that it minimizes the loss function (given by (15)) over all possible routes of ingress-egress
pair κ(l). This minimization can be done in a computationally efficient manner (in polynomial
complexity), and is described as the Min-Loss Route Algorithm in [8]. Tunnel l is now
re-routed from r̂(l) to r̃(l). Thus, bandwidth bl is now taken away from tunnel l, and this
bandwidth is assigned to other tunnels using the links in r̂(l) using Greedy Tunnel Packing.
Also, tunnel l is allocated an equal amount of bandwidth on route r̃(l), and this bandwidth is
obtained from other tunnels using the links in r̃(l) using Greedy Link Cover. In practice,
the process of moving the bandwidth allocation of tunnel l from route r̂(l) to r̃(l) can be done
in a gradual manner, to avoid re-routing of existing traffic as much as possible. Also, note that
in each run of our re-routing procedure (which is invoked once in every T ′ time units), up to
M ′ tunnels are re-routed, where M ′ is an adjustable parameter.

5 Simulation Results

In the simulations, we use a 14-node 22-link network, with 4 ingress-egress pairs (the network
diagram is provided in [8]). The connection arrival processes are Poisson processes, and the
connection durations are exponentially distributed. The mean connection duration is fixed at
one unit time. Traffic rate of an ingress-egress pair is varied by changing the arrival rate of the
corresponding arrival process (assumed to be Poisson). The variation of arrival rates with time
for the 4 ingress-egress pairs is shown in Figure 1. This traffic profile is generated by adding
a noise to smooth sinusoidal variations. The noise is modeled as a brownian bridge process [9].
Note that the traffic pattern shown in the figure is repeated every 24 hours.

We first focus on the case where tunnel routes are kept fixed, and the algorithm adapts
to traffic variations only through bandwidth re-assignment (BRA). In this case, the fraction
of connections rejected (rejection rate) is plotted as a function of the average traffic load, for
different values of the simulation parameters T and M . Figures 2 & 3 show the corresponding
simulation results. In the figure, the ‘static optimal policy’ case corresponds to the policy where
a static bandwidth allocation is used. In this policy, the optimal bandwidth allocations are
computed offline, based on the time-averaged traffic rates, and these bandwidth assignments
are used throughout the simulation run. We see that our algorithm performs significantly
better than this static policy. This is because our policy takes into account the dynamic nature
of the traffic profile. The ‘dynamic optimal policy’ case refers to a policy that recomputes the
optimal bandwidth allocations every hour (based on the current traffic arrival rates), by solving
the optimization problem posed in Section 3.1. Our plots demonstrate that our incremental
algorithm achieves performance very close to that of the optimal dynamic bandwidth assignment
policy. Moreover the computational complexity of our algorithm is considerably less than that
of the latter. Note that in Figure 2 we see that, for a fixed T , the performance improves as
M increases as one would intuitively expect. Similarly, Figure 3 shows that for a fixed M , the
performance improves with decreasing value of T , as expected.

Next we compare the performance of our joint bandwidth re-assignment and tunnel re-
routing policy (BRA+TRA) against that of our fixed-route bandwidth re-assignment algorithm
(BRA). In addition, we also compare the performance of (BRA+TRA) against that of the opti-
mal dynamic network provisioning policy. Obtaining the optimal network provisioning policy is
computationally expensive, since it requires solving the non-linear mixed-integer programming
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problem posed in Section 2 at regular intervals. We therefore obtained a lower bound on the
rejection rates of the optimal network provisioning policy by simulating an algorithm that solves
a ‘relaxed’ version of the problem. In the simulation results shown here, we use this lower bound
as a characterization of the performance of the optimal network provisioning policy. For the
TRA algorithm, we assume the upper-limit on the number of tunnels is three for ingress-egress
pairs 0,2, and two for ingress-egress pairs 1,3.

Figures 4 and 5 plot the connection rejection rate as a function of the average traffic load,
for different values of the simulation parameters T, M, T ′, and M ′. From Figure 4, we see that
the performance of (BRA+TRA) is significantly better than that of only BRA. Moreover, even
when our tunnel re-routing is done infrequently (once in 30 mins in this case), and only for a few
routes at a time (once, twice or thrice in each run of TRA), the performance of (BRA+TRA) is
very close to that of the best achievable performance. This suggests that our incremental tunnel
re-routing and bandwidth re-assignment scheme performs close to the optimal dynamic network
provisioning policy, while incurring a much smaller overhead of computation and communica-
tion. Moreover, the figure shows that the performance improvement of the cases M ′ = 2, 3 over
M ′ = 1 is only marginal. Therefore, only a small number of routing updates are needed at the
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decision times for a good performance, and a large number of simultaneous tunnel re-routes do
not lead to any significant additional performance improvement.

Figure 5 shows the variation of the performance with respect to the re-routing interval T ′,
when M ′ is kept fixed at 1. As expected, the plots show that the performance of our scheme
improves as the interval between successive runs of our re-routing algorithm, T ′, is reduced.
Figure 6 shows the percentage difference in the performance of (BRA+TRA) w.r.t. that of
BRA and the lower bound on the optimal performance.
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