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Dynamic Network Provisioning for Time-Varying Traffic
Vicky Sharma, Koushik Kar, Richard La, and Leandros Tassiulas

Abstract: Abstract: In this paper, we address the question of dy-
namic 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 in-
coming traffic. First, we consider a simpler scenario where tunnel
routes are fixed, and present an approach for adjusting the tun-
nel bandwidths dynamically. We show, through simulations, that
our dynamic bandwidth assignment algorithm significantly outper-
forms the optimal static bandwidth provisioning policy, and yields
a performance close to that of the optimal dynamic bandwidth pro-
visioning policy. We also propose an adaptive route update algo-
rithm, which can be used in conjunction with our dynamic band-
width assignment policy, and leads to further improvement in the
overall system performance.

Index Terms: Bandwidth re-assignment, dynamic traffic engineer-
ing, tunnel re-routing.

I. INTRODUCTION

The Internet provides the basic networking infrastructure for
a multitude of applications. In addition to the traditional data
traffic, it is being used for voice and multimedia traffic, and
is expected to provide support for a wide range of real-time
applications in near future. Such applications require certain
Quality-of-Service (QoS), which usually translates to a certain
minimum or average bandwidth guarantee from the network.
Such requirements have spurred the development of models and
approaches aimed at providing bandwidth guarantees to users,
even with interruptions in underlying network infrastructure.
Virtual Private Networks (VPN) are also fueling these availabil-
ity and reliability demands, and often require the establishment
of dedicated (traffic) tunnels across the network to meet the de-
sired QoS requirements. Here a tunnel refers to a virtual path
with a certain reserved bandwidth, routed through a path avail-
able between the ingress and egress nodes in the logical net-
work.

The extension of IP routing protocols to provide new and scal-
able routing capabilities through Multiprotocol Label Switching
(MPLS) [1], [5], [13], has emerged as one of the key frame-
works to enable the required services mentioned above. MPLS
could be used to establish bandwidth-guaranteed virtual tun-
nels (also known as Label Switched Paths (LSPs)) between an
ingress (source) node and egress (destination) node, and packets
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can be routed from the ingress to the egress through these tun-
nels. Once these bandwidth-guaranteed tunnels are established,
real-time voice and multimedia traffic can be carried over these
tunnels while guaranteeing a certain level of QoS.

In recent years, there has been a significant interest in traffic
engineering issues related to such bandwidth-guaranteed tunnels
(see [7], [9], 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 assign-
ments. Here, tunnel bandwidths and routes are typically deter-
mined at set-up time, and remain fixed throughout its lifetime.
Significant variations in the traffic profiles is then handled by es-
tablishing new tunnels, or removing existing ones. However, re-
source 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 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
[3], [12] for a few examples on dealing with time-varying traffic
in the context of MPLS.

In this paper, we consider a scenario where traffic is car-
ried 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 between the corresponding
ingress-egress pair at the time of the connection arrival, the con-
nection is rejected with no queueing. From the system perspec-
tive, we want to choose the tunnel routes and their bandwidths
so as to minimize the connection rejection rate, i.e., the fraction
of connections rejected. This is equivalent to maximizing the
system throughput in our formulation. The optimal bandwidth
assignment policy must take into account the traffic rates be-
tween 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 mea-
surement of the traffic rates. For practical feasibility, such adap-
tive, online tunnel dimensioning and routing policies must also
be computationally simple. In addition, since traffic rates typi-
cally vary gradually and rerouting 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 com-
pletely reconfigures the network periodically (e.g., recomputing
the optimal static policy periodically based on the current traf-
fic 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 pro-
visioning algorithms for time-varying traffic patterns. Firstly,
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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 band-
width assignment policy that re-allocates bandwidths between
the fixed-route tunnels based on the dynamic traffic variations.
We show, through simulations, that our incremental bandwidth
re-assignment policy converges and yields the optimal tunnel
bandwidth allocations for stable traffic patterns. We demon-
strate that our approach significantly outperforms any static
bandwidth assignment policy, and its performance is fairly close
to that of the optimal dynamic bandwidth assignment policy.
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. Simulation results indicate that the performance of our
integrated tunnel bandwidth and route assignment algorithm is
very close to that of the optimal dynamic network provision-
ing policy, while incurring significantly less computational over-
head.

Several recent works have considered the question of dynamic
bandwidth provisioning, and are worth mentioning in this con-
text. The authors in [2] propose the TEAM architecture for
LSP set-up, bandwidth allocation and routing. The proposed
scheme measures the LSP traffic and employs Kalman filtering
to arrive at an estimate of optimal number of active connections
and the bandwidth to be reserved. In [6], the authors propose
a fuzzy logic approach to allocate bandwidth to incoming re-
quests. This work assumes a diffserv-enabled MPLS network
with three main service classes (premium, assured, best effort)
and proposes a fuzzy logic table to allocate rates to different
classes as requests arrive in the network. The authors in [11] for-
mulate the resource allocation problem for virtual paths (LSPs
in MPLS). The authors construct an approximate model for a
single link case, and derive the optimal allocation in a closed
form, based on this model. The optimal allocation rule for the
single-link case is then used as a building block to develop a so-
lution for a general network. It is worth noting, however, that
these existing works only consider the bandwidth provisioning
question in isolation; we, on the other hand, consider the route
assignment question as well. Our dynamic bandwidth assign-
ment algorithm differs from the existing approaches, and inte-
grates nicely with our route assignment procedure to provide a
complete dynamic network provisioning solution.

This paper is organized as follows. In the next section, we
formulate the network provisioning problem as an optimization
question, and outline the solution requirements and basic ap-
proach. In Section III, we assume that the tunnel routes are
fixed, and present and evaluate a dynamic bandwidth assignment
algorithm for fixed-route tunnels. In Section IV, we present our
adaptive tunnel routing algorithm, and evaluate the performance
of our integrated tunnel routing and dimensioning algorithm.
We conclude in Section V.

II. THE OPTIMAL NETWORK PROVISIONING
PROBLEM

In this section, we pose our network provisioning question as
a non-linear, mixed integer programming problem. We argue
why solving this problem directly is practically infeasible, de-

scribe the solution requirements, and motivate and outline our
basic solution approach.

A. 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, respec-
tively. 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 ingress-egress pair
will be limited, for example, by the computational and/or stor-
age 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 tun-
nels 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 b l (assumed in-
tegral), 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 band-
width. 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 connec-
tion 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. Using the above assump-
tions and M/M/n/n queueing results [10], 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) , (2)

where αk, k ∈ K , are given by

αk =
λk∑

k′∈K λk′
. (3)

B. Formulation

Maximizing the system throughput in this case is equivalent
to minimizing the overall connection rejection rate. The objec-
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tive 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, (4)

bl ≥ 0, ∀l ∈ L, (5)∑

r∈Rl

xl,p = 1, ∀l ∈ L, (6)

xl,r ∈ {0, 1}, ∀r ∈ Rl, ∀l ∈ L. (7)

Note that the the expression
∑

l∈L

∑
r∈Rl:(i,j)∈Ωr

bl xl,r in
(4) denotes the total bandwidth allocated on link (i, j). There-
fore, (4) represents link capacity constraints. Constraints in (5)
are the non-negativity constraints of the bandwidths, and (6)-(7)
describe the constraint that a tunnel must be routed over a single
route (path).

In the above formulation, the variables b l, xl,r are the decision
variables that need to be chosen optimally. The traffic parame-
ters λk and ρk are assumed to be fixed (and known).

C. Solution Requirements and Basic Approach

Ideally, we would like to find the optimal routes and band-
widths of the tunnels by solving the optimization problem posed
above. Such an approach is feasible and efficient if the traf-
fic rates do not vary significantly with time, in which case the
network provisioning problem can be solved off-line once the
traffic rates are known (or estimated). However, when traffic
varies with time, a static route/bandwidth assignment policy will
be inefficient in general (as we demonstrate later in this paper).
One solution to the problem may be to re-solve the optimization
problem 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 over-
head. Secondly, even if the optimal tunnel routes (bandwidths)
are computed, the new routes (bandwidths) can be very differ-
ent 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 at the
same time disrupt much of on-going traffic that needs to be re-
routed.

For the reasons stated above, when the 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 sig-
nificantly (event-driven), but the bandwidths and/or the routes
of only a few tunnels are updated at a time. By limiting the num-
ber of bandwidth and routing updates that can take place each
time the algorithm is executed, the overhead associated with the
dynamic network reconfiguration can be kept within a manage-
able level and we can minimize the disruption to existing traffic.
In this paper we take this approach and propose integrated band-
width and route update algorithms that react to time varying traf-
fic. We demonstrate through extensive simulations that even a

small number of appropriately chosen bandwidth and route up-
dates could improve the system performance significantly, and
in many cases achieve near-optimal network performance.

III. 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 incre-
mental, adaptive manner. The reason for considering this sim-
pler, fixed-route scenario is two-fold. Firstly, tunnel re-routing
can involve a much higher overhead compared to simple band-
width re-assignment. Therefore, tunnel re-routing can often oc-
cur 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 vari-
ations. 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 com-
plex problem of joint bandwidth and route re-assignment.

A. The Optimal Bandwidth Assignment Problem

In the network model described in Section II, 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 A l. Then the objective of
the optimization problem is given by (1)-(3), and the constraints
are

∑

l∈L:(i,j)∈Al

bl ≤ ci,j , ∀(i, j) ∈ E, (8)

bl ≥ 0, ∀l ∈ L. (9)

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. As mentioned earlier, we are inter-
ested in designing an incremental bandwidth assignment algo-
rithm that tries to achieve the same objective of minimizing the
connection rejection rate without having to explicitly solve the
optimization problem posed above.

B. 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 al-
gorithm 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 can-
didate 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 improve-
ment 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
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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 band-
widths of some other tunnels that share links with the chosen
tunnel by one unit. If so, the algorithm identifies a set of tun-
nels which a unit bandwidth is taken away from and is given
to the candidate tunnel, and computes the change in the over-
all system rejection rate, which is defined to the profit function
of the candidate tunnel. If the overall rejection rate decreases,
then the bandwidth update takes place. Otherwise, the algorithm
does nothing and proceeds to the next iteration and identifies
another candidate tunnel if possible. Note that the profit func-
tion 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 rejec-
tion 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) , (10)

∆−
k = φk(ρk, Bk − 1) − φk(ρk, Bk) . (11)

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 . (12)

Clearly, ĉi,j represents the capacity of link (i, j) minus the
aggregate bandwidth that has been allocated to different tun-
nels 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 Âl = φ, then it is possible
to increment tunnel l’s bandwidth without reducing the band-
width 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 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′) , (13)

where ∆−
k are defined by (11).

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 (13).

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

Pl = ∆+
κ(l) − min

Nl

∑

l′∈Nl

ακ(l′) ∆−
κ(l′) , (14)

where ∆+
k and ∆−

k are defined in (10) and (11), respec-
tively. The term minNl

∑
l′∈Nl

ακ(l) ∆−
κ(l) represents a mini-

mum weighted set-cover problem [4], [8], where we are inter-
ested 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 prob-
lem is NP-hard [4]. In our simulations, we will use a greedy ap-
proximation to this set cover problem, which is described below.
For the unweighted set cover problem, this greedy approxima-
tion algorithm is known to guarantee a logarithmic approxima-
tion factor [8].
Our algorithm can now be described as follows:

Bandwidth_Re-assignment_Algorithm (BRA)
For t = T, 2T, 3T, ..., do the following:
For i = 1, 2, ..., M , execute the following steps:
1. Determine profit for every tunnel l ∈ L using
(14), using the Greedy_Link_Cover algorithm to compute
minNl

∑
l′∈Nl

ακ(l)∆−
κ(l) approximately. The average traffic ar-

rival rates in the last T time units are used in these calculations.
2. Pick the tunnel with the maximum profit. Let this tunnel be
l. If the profit Pl > 0, go to the next step; otherwise, exit the
loop.
3. Increment the bandwidth of the tunnel l by one unit. Decre-
ment the bandwidth of each tunnel l ′ ∈ Nl by one unit, where
the set Nl is computed using the Greedy_Link_Cover algo-
rithm.

Greedy_Link_Cover (GLC)
1. Initialization: Find the set of all tunnels which cover least
one link in Âl. Let this set of tunnels be Ñl. Set Ãl = Âl, and
Nl = φ.
2. Do the following until Ãl = φ:

(a) For each tunnel l ′ ∈ Ñl:
i. Compute nl′ , the number of links in Ãl that are covered by

l′.
ii. Compute the weight function wl′ = nl′/(ακ(l′) ∆−

κ(l′)).
(b) Pick the tunnel with the maximum weight function. Let

this tunnel be l′′. Then,
i. Include l′′ in Nl.
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ii. Remove l′′ from Ñl.
iii. Remove all the links covered by l ′′ from Ãl.

C. Example

As an example, consider the network topology shown in Fig-
ure 1, which consists of two ingress-egress pairs, each with one
tunnel. Let us denote the two ingress-egress pairs, and the cor-
responding tunnels, by 0 and 1.
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Fig. 1. Example Network 1. (The numbers shown in ( ) across the links
represent the link capacities.)

The ingress and egress nodes as well as the route of the tun-
nel for each ingress-egress pair are as follows: s0 = 1, d0 =
7, A0 = {(1, 3), (3, 5), (5, 7)}; s1 = 2, d1 = 6, A1 =
{(2, 4), (4, 3), (3, 5), (5, 6)}.

Let b0 = B0 = b1 = B1 = 5. Let µ0 = µ1 = 1 and
λ0 = 3, λ1 = 1. Thus ρ0 = 3, ρ1 = 1, and

α0 =
λ0

λ0 + λ1
=

3
4
,

α1 =
λ1

λ0 + λ1
=

1
4
,

φ0(ρ0, 5) =
1
5!

(ρ0)5∑5
k=0

(ρ0)k

k!

= 0.11,

φ1(ρ1, 5) =
1
5!

(ρ1)5∑5
k=0

(ρ1)k

k!

= 0.03,

Φ = α0φ0(ρ0, B0) + α1φ1(ρ1, B1) = 0.0833,

∆+(0) = φ0(ρ0, B0) − φ0(ρ0, B0 + 1) = 0.0578,

∆+(1) = φ1(ρ1, B1) − φ1(ρ1, B1 + 1) = 0.0025,

∆−(0) = φ0(ρ0, B0 − 1) − φ0(ρ0, B0),
∆−(1) = φ1(ρ1, B1 − 1) − φ1(ρ1, B1),

P0 =
3
4
× ∆+(0) − 1

4
× ∆−(1) = 0.0403,

P1 =
1
4
× ∆+(1) − 3

4
× ∆−(0) = −0.071.

Since the profit of tunnel 0 (of ingress-egress pair 0) is posi-
tive and greater than profit of tunnel 1 (of ingress-egress pair 1),
we select the former for bandwidth increment. Thus we incre-
ment b0 by 1, and decrement b1 by the same amount. Now we
have new overall rejection rate, Φ

′
= 3

4 × 0.0522 + 1
4 .0154 =

0.04325; hence Φ
′

< Φ. Hence, incrementing the bandwidth
of route 0 using our dynamic bandwidth re-assignment algo-
rithm results in a reduction in overall connection rejection rate.
If µ0 = µ1 = 1 and λ0 = 3, λ1 = 3, in this case it is easily
observed that P0 = P1 = 0. Hence, no tunnel will be chosen
for bandwidth increment in this case, and the tunnel bandwidth
assignments remain unchanged, as expected.
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Fig. 2. Example Network 2. (The numbers shown in ( ) across the links
represent the link capacities.)

D. Simulation Results

D.1 Example Network

We present the simulation results of the proposed algorithm
based on the example network shown in Figure 2. There are four
ingress-egress pairs in the network, and the ingress and egress
nodes of these pairs are as follows: s0 = 0, d0 = 12, s1 = 4,
d1 = 8, s2 = 3, d2 = 1, s3 = 4 , d3 = 14. Ingress-egress pairs
0 and 2 have three tunnels each, while ingress-egress pairs 1 and
3 have two tunnels each.

D.2 Traffic Profiles Used

Simulations were carried out for three different traffic pro-
files. 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 traffic profiles used are as follows:
1. Profile A: This is a step profile as shown in Figure 3. The
traffic patterns of all ingress-egress pairs are the same. We use
this traffic profile to show that if the traffic rates remain stable
(i.e., do not vary significantly) over a period of time, then our
algorithm tends to converge and yield the optimal rates for the
traffic profile.
2. Profile B: This traffic profile shown in Figure 4, is more re-
alistic, and is generated by adding a noise to smooth sinusoidal
variations. The noise is modeled as a brownian bridge process
[14]. Note that the traffic profile varies from one ingress-egress
pair to another. Note that in the figure, the traffic pattern is
shown only for 0-23 hours; this traffic pattern is repeated every
24 hours. We use this profile to compare the performance of our
algorithm with that of the optimal static and dynamic bandwidth
allocations.
For each of the profiles, a total of 10,000 arrival and departure
events were simulated, and results are averaged over 25 sample
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Fig. 4. Traffic Profile B. The vertical axis plots the rate of poisson arrivals for
an ingress-egress pair.

paths.

D.3 Results and Discussions

Results for profile A:
Figures 5-6 show the simulations results for traffic profile A.

Figure 5 shows that the average connection rejection rate for
our algorithm gradually converges to the optimal rejection rate
(computed using the Erlang-B formula). Figure 6 demonstrates
the convergence of the allocated bandwidths to their optimal val-
ues. Here, the optimal bandwidth allocations are computed by
numerically solving the nonlinear optimization problem posed
in Section II. From the plots, we see that as expected, a smaller
value of the update interval T results in faster convergence.
Similarly, a larger value of M (the maximum number of iter-
ations the bandwidth update procedure is executed) also results
in faster convergence.

Results for profile B: 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 7 and 8 show the corresponding simulation re-
sults. In the figure, the ‘static optimal policy’ case corresponds
to the policy where a static bandwidth allocation is used. In this
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Fig. 5. Convergence of achieved rejection rate to the theoretical opti-
mum.
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Fig. 6. Convergence of the allocated bandwidth to the optimum, for
ingress-egress pair 1.

policy, the optimal bandwidth allocations are computed offline,
based on the time-averaged traffic rates, and these bandwidth as-
signments are used throughout the simulation run. We see that
our algorithm performs significantly better than this static pol-
icy. 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 allo-
cations every hour (based on the current traffic arrival rates), by
solving the optimization problem posed in Section III-A. In our
case, we used the MATLAB optimization toolbox to compute
the optimum bandwidth assignments, for both the static and dy-
namic policies. Our plots demonstrate that our incremental al-
gorithm achieves performance very close to that of the optimal
dynamic bandwidth assignment policy. Moreover the computa-
tional complexity of our algorithm is considerably less than that
of the latter.

In Figure 7 we see that, for a fixed T , the performance im-
proves as M increases as one would intuitively expect. Simi-
larly, Figure 8 shows that for a fixed M , the performance im-
proves with decreasing value of T , as expected. At intermediate
values of the traffic load, our algorithm is observed to perform
about 10-15% better than the static optimal policy, and is within
5% of that of the optimal dynamic policy.
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Fig. 7. Rejection rate vs. average traffic load for our algorithm (for
T = 15 minutes and M = 3,5), and the static and dynamic optimal
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IV. 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. We then demon-
strate that the inclusion of our tunnel re-routing algorithm into
our dynamic network provisioning algorithm leads to a sig-
nificant increase in the system throughput, over what can be
achieved only by bandwidth re-assignment of tunnels with fixed
routes. We also show that the performance of our integrated
route and bandwidth assignment algorithms is fairly close to that
of the optimal dynamic network provisioning policy.

A. Motivation

Although our bandwidth assignment algorithm presented in
the previous section performs close to optimal dynamic band-
width assignment policy, the connection rejection rate achieved
by our algorithm depends significantly on the choice of the

(fixed) routes. We illustrate this by means of an example, which
also demonstrates the importance of dynamic tunnel re-routing
in achieving improved system throughput.
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Fig. 9. Example Network 3. (The numbers shown in ( ) across the links
represent the link capacities.)

Consider the network shown in Figure 9. Assume that there
are two ingress-egress pairs, with one tunnel each. Let us de-
note the two ingress-egress pairs, and the corresponding tun-
nels, by 0 and 1. The ingress and egress nodes, and the tun-
nel routes and bandwidths are as follows: s0 = 1, d1 = 7,
A0 = {(1, 4), (4, 5), (5, 7)}, b0 = B0 = 6; s1 = 2, d2 = 8,
A1 = {(2, 3), (3, 4), (4, 5), (5, 6), (6, 8)}, b1 = B1 = 5.

Assume µ0 = µ1 = 1, and λ0 = λ1 = 3. Therefore
ρ0 = ρ1 = 3. In this scenario, it can be easily observed
that the profit functions for the tunnels are zero. Therefore,
this is the optimal bandwidth allocation for the two tunnels,
and the optimal rejection rate can be computed to be 0.052.
Therefore, using bandwidth adjustments only (while keeping
routes fixed), we would not be able to reduce the rejection rate
below 0.052. However, note that if tunnel 2 is re-routed to
route A′

2 = {(2, 3), (3, 6), (6, 8)}, then bandwidths of 10 and
8 could be assigned to tunnels 0 and 1, respectively. This re-
duces the overall connection rejection rate to 0.0044, which is
smaller than our previous rejection rate by an order of mag-
nitude. Therefore, by combining tunnel re-routing and band-
width re-assignment intelligently, we could achieve a much bet-
ter throughput than what is achievable by fixed-route bandwidth
re-assignment. This motivates us to look for simple but efficient
tunnel re-routing strategies.

B. Solution Approach

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 tun-
nel. Thus, if the tunnel to be re-routed is l, then our tunnel re-
routing algorithm keeps the tunnel bandwidth unchanged at b l

after the tunnel is rerouted. Clearly, this re-routing requires re-
serving 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 band-
widths 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 tun-
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nel 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 tun-
nels 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 for-
mer 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, 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 and 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 (12),
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 all links
with zero available capacities in the tunnel’s route 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 S r, is given
by

∑

l′∈Sr

ακ(l′) ∆+
κ(l′) ,

where the terms ∆+
k are defined by (10). Note that there can

be multiple choices for Sr, and we choose the set Sr that max-
imizes 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′) . (15)

If the amount of extra bandwidth available on route r is δ
units, then using a first order approximation, the overall gain in

the system throughput is approximated by1

δ Γr = δ max
Sr

∑

l′∈Sr

ακ(l′) ∆+
κ(l′) .

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 on route
r 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 reduc-
tion 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. The overall increase in the con-
nection 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 (11). 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′) . (16)

If the amount of bandwidth reduction on route r is δ units,
then using a first order approximation, the overall loss in the
system throughput is approximated by

δ Λr = δ min
Tr

∑

l′∈Tr

ακ(l′) ∆−
κ(l′) .

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

∑
l′∈Sr

ακ(l′) ∆+
κ(l′) cor-

responds to the maximum weighted set-packing problem [8].
Here the links in Âr correspond to the elements, and each tun-
nel in L̂r corresponds of a set consisting of one or more of
these elements. With this mapping, Sr corresponds to a col-
lection of disjoint sets. In the weighted set-packing problem,
we are required to choose this collection of disjoint sets so
that the total weight of the sets chosen is maximized. If the
weight of a tunnel l ′ ∈ L̂r is set to ακ(l′) ∆+

κ(l′), then the prob-

lem maxSr

∑
l′∈Sr

ακ(l′) ∆+
κ(l′) corresponds to the maximum

weighted set-packing problem. The maximum weighted set-
packing problem is NP-hard [8]. In our re-routing scheme, we
use a greedy approximation to this problem, which is similar in
nature to the Greedy_Link_Cover algorithm, and is described
below as the Greedy_Tunnel_Packing algorithm.

The minimization minTl

∑
l′∈Tl

ακ(l′) ∆−
κ(l′) represents a

minimum weighted set-cover problem, as already argued in

1Note that in discussion here, we are making an implicit, simplifying assump-
tion that the network links not included inÂr have enough available capacities
for accommodating a simultaneous unit bandwidth increment for all tunnels in
Sr . Clearly, if the bandwidth changes are done in units of δ and δ is sufficiently
small, this assumption holds.
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Section III. This problem being NP-hard, we can use
Greedy_Link_Cover, a greedy approximation algorithm for
the problem, as described in Section III in this paper.

In our re-routing algorithm, we first compute the gain func-
tions (given by (15)) 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 Γ r̂(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 (16)) over all possi-
ble routes of ingress-egress pair κ(l) (we discuss later how this
minimization can be done in a computationally efficient man-
ner). Tunnel l is now re-routed from r̂(l) to r̃(l). Thus, band-
width bl is now taken away from tunnel l, and this bandwidth
is assigned to other tunnels using the links in r̂(l) based on the
algorithm 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) based on
the algorithm Greedy_Link_Cover (or from the solution of our
route-finding algorithm, as described later). In practice, the pro-
cess 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.
Our algorithm is described below:

Tunnel_Re-routing_Algorithm (TRA)
For t = T ′, 2T ′, 3T ′, ..., do the following:
For i = 1, 2, ..., M ′, execute the following steps:
1. Compute the gain function for every tunnel in the network us-
ing (15) and approximating the maximum weighted set-packing
problem by the Greedy_Tunnel_Packing algorithm. The aver-
age traffic arrival rates in the last T ′ time units are used in these
calculations.
2. Pick the tunnel with the maximum gain function. Let this
tunnel be l ∈ L.
3. Find the route between ingress-egress pair κ(l) with the mini-
mum loss function (16) using the Min-Loss_Route_Algorithm
(see below). This is the new route, r̃(l).
4. Reduce the bandwidth of tunnel l on the old route
r̂(l) to zero, and assign this bandwidth to links in S r̂(l)

computed by the Greedy_Tunnel_Packing algorithm in
step 1. Obtain the optimum T r̃(l) from the solution of
the Min-Loss_Route_Algorithm algorithm, found in step
3 (alternatively, compute T r̃(l) approximately using the
Greedy_Link_Cover algorithm on route r̃(l)). Assign a band-
width bl to tunnel l on the new route r̃(l) by taking away equiv-
alent amounts of bandwidth from the tunnels in T r̃(l).

Greedy_Tunnel_Packing (GTP)
1. Initialization: Find L̂r, the set of all tunnels that are bottle-
necked by r. Set Ãr = Âr, L̃r = L̂r and Sr̂ = φ.
2. Do the following until Ãl = φ:

(a) For each tunnel l ′ ∈ L̃r:
i. Compute nl′ , the number of links in Ãl that are covered by

l′.
ii. Compute the weight function wl′ = ακ(l′) ∆+

κ(l′))/nl′ .

(b) Pick the tunnel from L̃r that has the maximum weight
function. Let this tunnel be l ′′. Then,

i. Include l′′ in Sr.
ii. Remove l′′ from L̃r.
iii. Remove all the links covered by l ′′ from Ãr.

Min-Loss_Route_Algorithm (MRA)
1. From the given directed network graph G = (V, E), and the
set of tunnels L, form a graph G′ = (V, E′) in the following
way:

(a) For each tunnel l ′ ∈ L, do the following:
For each node v on tunnel l ′’s route:

Add directed edges of cost ακ(l) ∆−
κ(l) to all downstream

nodes of v on tunnel l ′’s route.
(b) For any two nodes u and v, remove all the edges from u to

v except for the minimum-weight edge from u to v.
2. Run Dijkstra’s algorithm to compute the minimum-weight
path from the ingress node to the egress node of the pair κ(l).
This is the new route (min-loss route) for tunnel l, r̃(l).

It can be verified that the min-weight path in the graph G ′

corresponds to the min-loss route in G, and vice versa. More-
over, note that the Min-Loss_Route_Algorithm also provides
the optimal set of tunnels that cover the links in the new route.
To see this, note that each edge in G′ is mapped to a tunnel in
G. The optimal set of tunnels covering links in the new route is
thus obtained by picking the tunnels in G that correspond to the
edges in the min-weight path in G′. Note that the complexity of
the Min-Loss_Route_Algorithm is polynomial in the network
size, although it depends on the total number of tunnels, like the
other algorithms discussed before. Algorithmically, this repre-
sents an interesting scenario where the optimal path based on
a cost-metric can be obtained in polynomial time, whereas the
(seemingly simpler) problem of finding the cost of a given path
is NP-hard in general (since the later problem corresponds to the
set-cover problem). Note that if the new route is computed by
some other approach, then Greedy_Link_Cover can be used to
find a (possibly non-optimal) set of tunnels covering the links in
the new route.

C. Simulation Results

For simulation experiments, we use the same network as
shown in Figure 2, and traffic profile B. In this section, we
compare the performance of our joint route and bandwidth re-
assignment 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 op-
timal dynamic network provisioning policy. The optimal net-
work provisioning policy can be obtained by solving the non-
linear mixed-integer programming problem posed in Section II.
In a dynamic scenario, this problem need to be solved at regular
intervals, or whenever the traffic pattern changes significantly.
Solving mixed-integer programs is computationally expensive.
Therefore, we solve a relaxed version of the mixed-integer pro-
gram instead. In this relaxed problem, the constraint on the max-
imum number of tunnels in use for an ingress-egress pair is re-
laxed, thus reducing the problem to a continuous flow optimiza-
tion problem with a non-linear objective function. Solving this
problem provides a set of routes (the number of routes could be
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Fig. 10. Rejection rate vs. average traffic load for our algorithms (BRA
and (BRA+TRA)), and the dynamic optimal policy.
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Fig. 11. Rejection rate vs. average traffic load for our algorithms
(BRA and (BRA+TRA)), and the dynamic optimal policy.

much larger than the pre-specified upper limit on the number of
tunnels), and their bandwidth assignments. In our simulations,
this optimization process is run every hour, based on the current
traffic matrix, and the set of tunnel routes and bandwidths ob-
tained from the relaxed optimization problem are used over the
next hour period. Clearly, the rejection rate of this ‘relaxed algo-
rithm’ is expected to provide a lower bound on the rejection rate
of the optimal dynamic network provisioning policy, as defined
in Section II. In the simulation results shown in this section, we
use this lower bound as a characterization of the performance of
the optimal network provisioning policy.

Figures 10 and 11 plot the connection rejection rate as a func-
tion of the average traffic load, for different values of the sim-
ulation parameters T, M, T ′, and M ′. The traffic profile used
is Profile B, as shown in Figure 4. 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.

From Figure 10, 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
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Fig. 12. Performance of (BRA+TRA) (T’ = 30 minutes and M’ = 1) with
respect to BRA and the lower bound on the optimum performance.

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 sug-
gests that our incremental tunnel re-routing and bandwidth re-
assignment scheme performs close to the optimal dynamic net-
work provisioning policy, while incurring a much smaller over-
head of computation and communication. Moreover, the figure
shows that the performance improvement of the cases M ′ = 2, 3
over M ′ = 1 is only marginal. Therefore, only a small num-
ber of routing updates are needed at the 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 11 shows the variation of the performance with respect
to the re-routing interval T ′, when M ′ is kept fixed at 1. As ex-
pected, the plots show that the performance of our scheme im-
proves as the interval between successive runs of our re-routing
algorithm, T ′, is reduced. Figure 12 shows the percentage dif-
ference in the performance of (BRA+TRA) w.r.t. that of BRA
and the lower bound on the optimum.

V. CONCLUDING REMARKS

In this paper, we have presented a dynamic network pro-
visioning algorithm that adaptively allocates bandwidths and
routes to tunnels so as to maximize the overall connection ac-
ceptance rate. Since our algorithm takes into account dynamic
variations in the traffic profiles, it significantly outperforms the
best static bandwidth allocation policy. Moreover, although our
algorithm is incremental in nature and simple to implement, it
achieves a performance fairly close to that of the optimal dy-
namic network provisioning policy (which may not be practi-
cally feasible for most networks).
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