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Abstract. The traditional approaches to optimal design and planning of packet networks focus on the network-
layer infrastructure, thus neglecting end-to-end Quality of Service (e2e QoS) issues, and Service Level Agreement
(SLA) guarantees. This is quite inappropriate since the Internet today carries a wide range of critical telecommu-
nication services. The challenge in the area is how to devise reasonable packet network design methodologies that
allow the choice of the most adequate set of network resources, subject to e2e QoS constraints and, at the same
time, consider the traffic dynamics of today’s packet networks. In this paper we describe a simple methodology to
tackle the packet network design problem, and illustrate an example of its application to the optimization of link
capacities and routing in a corporate Virtual Private Network (VPN), where traffic is mostly due to TCP con-
nections. An efficient Lagrangean relaxation based heuristic procedure is developed to find bounds and solutions
for the considered problem, and numerical results for a variety of problem instances are reported.
Keywords: Networks design and planning, Mathematical programming/optimization.

1 INTRODUCTION

Packet network design is an old problem, that was extensively investigated in the early
days of packet networks, starting with the seminal work of Kleinrock in the mid-sixties [1,
2]. The traditional approaches to optimal design and planning of packet networks focus
on the network-layer infrastructure, thus neglecting end-to-end Quality of Service (e2e
QoS) issues, and Service Level Agreement (SLA) guarantees. This is quite inappropriate,
since the Internet today carries a wide range of critical telecommunication services, and
design approaches based on end-to-end QoS are a must.

From the end user’s point of view, QoS is driven by end-to-end performance param-
eters, such as data throughput, web page latency, transaction reliability, etc. Matching
the user-layer QoS requirements to the network-layer performance parameters is not a
straightforward task. The QoS perceived by end users in their access to Internet services
is mainly driven by TCP, the reliable transport protocol of the Internet, whose congestion
control algorithms dictate the latency of information transfer.

Additionally, the description of traffic patterns inside the Internet is a particularly
delicate issue, since it is well known that IP packets do not arrive at router buffers following
a Poisson process [3], but a higher degree of correlation exists. Traditionally, either M/M/1
or M/M/1/B queueing models were considered as good representations of packet queueing
elements in the network. The traffic flowing in IP networks is known to exhibit Long
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Fig. 1. Schematic Flow Diagram of the Network Design Methodology

Range Dependent (LRD) behaviors which cause queue dynamics to severely deviate from
the above model predictions. For this reason, the usual approach of modeling packet
networks as networks of M/M/1 queues [4–6] appears now inadequate for the design of
such networks.

In this paper, we propose a packet network design and planning approach that con-
siders the dynamics of packet networks, as well as the effect of protocols at the different
layers of the Internet architecture on the e2e QoS experienced by end users. A refined IP
traffic modeling technique, already presented in [7], that is both simple and capable of
producing accurate performance estimates for general-topology packet networks loaded
by realistic traffic patterns is considered. The main idea behind the approach consists in
reproducing the effects of traffic correlations on network queueing elements by means of
Markovian queueing models with batch arrivals. Hence, using M[X]/M/1 like queues.

Since the routing and link capacities selection problems are closely interrelated, it is
appropriate to jointly solve them in what is called the Capacity and Flow Assignment
(CFA) problem. In this paper, we present a nonlinear mixed-integer programming formu-
lation for the generic CFA problem and solve it in the case of corporate Virtual Private
Network (VPNs). An efficient Lagrangean relaxation based heuristic procedure is devel-
oped to find bounds and solutions. When explicitly considering TCP traffic it is also
necessary to tackle the Buffer Assignment (BA) problem.

The rest of the paper is organized as follows. Section 2 describes the general design
methodology and provides the formulation of the optimization problem. Section 3 illus-
trates a Lagrangean relaxation of the problem, as well as a heuristic solution procedure.
Numerical results are discussed and compared against results of ns-2 simulations in Sec-
tion 4. Conclusions are given in Section 5.

2 THE IP NETWORK DESIGN METHODOLOGY

Fig. 1 shows the flow diagram of the proposed design methodology. Shaded, rounded boxes
represent function blocks, while white parallelograms represent input/output of functions.
There are three main blocks, which correspond to the classic blocks in constrained opti-
mization problems: constraints (on the left), inputs (on the bottom right) and optimization
procedure (on the top right). As constraints we consider, for every source/destination pair,
the specification of user-layer QoS parameters, e.g., download latency for web pages or
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perceived quality for real-time applications. Thanks to the definition of QoS translators,
all the user-layer QoS constraints are mapped into lower-layer performance constraints,
down to the network layer, where performance metrics are typically expressed in terms of
average delay and loss probability.

2.1 QoS Translators

The process of translating QoS specifications between different layers of the protocol stack
is called QoS translation. According to the Internet protocol architecture, at least two QoS
translating procedures should be considered as follows.

Application-Layer QoS translator This module takes as input the application-layer
QoS constraints, such as web page transfer latency, data throughput, audio quality, and
translates it into transport-layer QoS constraints. Given the multitude of Internet ap-
plications, it is not possible to devise a generic procedure to solve this problem, and in
this paper we do not focus on generic translators, since ad-hoc solutions should be used
depending on the application.

Transport-Layer QoS translators The translation from transport-layer QoS con-
straints to network-layer QoS parameters, such as Round Trip Time (RTT ) and Packet
Loss Probability (Ploss), is more difficult. This is mainly due to the complexity of the TCP
protocol, because of the error, flow and congestion control algorithms it implements. The
TCP QoS translator accepts as inputs either the maximum file transfer latency (Lt), or
the minimum file transfer throughput (Th). We impose that all flows shorter than a given
threshold (i.e., mice) meet the maximum file transfer latency constraint, while longer flows
(i.e., elephants) are subjected to the throughput constraint. Obviously, the more stringent
constraints among latency and throughput will be considered.

Our approach is based on the numerical inversion of analytic TCP models [8, 9], taking
as input either the file transfer throughput or latency, and obtaining as outputs RTT and
Ploss. Indeed, we decided to fix the Ploss parameter, and leave RTT as free variable.
This choice is due to the considerations that the loss probability has a larger impact
on the latency of very short flows, and that it may impact the network load due to
retransmissions. Therefore, after choosing a value for Ploss, a set of curves can be derived,
showing the behavior of RTT versus file latency and throughput.

In order to obtain these curves we consider a mixed traffic scenario where data files
are exchanged with a given flow length distribution. One-week long measurements, related
in [10], say that 85% of all TCP flows are shorter than 20 packets. Considering this
distribution, given the file transfer latency and a fixed throughput of 512 Kbps constraints,
the curves of Fig. 2 report the maximum admissible RTT which satisfies the most stringent
constraint for different values of Ploss.

The decision of fixing “a-priori” the loss probability allows us to decouple the CFA
solution from the BA solution (see [11, 12]).

2.2 Problem Description and Formulation

A network is modeled as a directed, connected graph G = (V, E) where V is a finite set of
vertices (network nodes) and E is the set of edges (network links) representing connections
of these vertices. Let n be the number of network nodes and m be the number of network
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Fig. 2. RTT Constraints as given by the Transport Layer QoS Translator

links. A path from source node s to a destination node d is a subgraph of G and it is
modeled as an open network of queues, where each queue represents an output interface
of an IP router with its buffer. For a given link (i, j), the flow fij is defined as the effective
quantity of information transported by this link, while its capacity Cij is a measure of
the maximal quantity of information that it can transmit. Flow and capacity are both
expressed in bits per second (bps). Each buffer can accommodate a maximum of Bij

packets, and dij is the link physical length.

CFA formulation Different formulations of the CFA problem result by selecting i) the
cost functions, ii) the routing model, and iii) the capacity constraints. It is important to
note that for a given set of options a specific optimization technique must be applied to
solve the problem. In this paper we focus on the VPN case, in which common assump-
tions are i) linear costs, ii) non-bifurcated routing, and iii) continuous capacities. Solution
techniques for this sub case are presented in Section 3. Optimization techniques for the
design of physical topologies, i.e. the non-continuous capacity case, are currently being
investigated.

Our goal is to minimize the total link costs while determining the best route for the
traffic that flows on each source/destination path, and meeting the maximum e2e packet
delay constraint. The following optimization problem is thus formulated:

ZCFA = min
∑

i,j

gij(Cij) (1)

subject to:

∑

j

δsd
ij −

∑

j

δsd
ji =











1 if s = i
−1 if d = i
0 otherwise

∀ (i, s, d) (2)

K1

∑

i,j

δsd
ij

Cij − fij

≤ RTTsd − K2

∑

i,j

δsd
ij dij ∀ (s, d) (3)

fij =
∑

s,t

δsd
ij γsd ∀ (i, j) (4)

δsd
ij ∈ {0, 1} ∀ (i, j, s, d); Cij ≥ fij ≥ 0 ∀ (i, j) (5)
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The objective function (1) represents the total link cost, which is a linear function of both
the link capacity and the physical length, i.e., gij(Cij) = dijCij. Constraint set (2) enforce
flow conservation, defining a route for the traffic from a source s to a destination d. δsd

ij are

decision variables which are one if link (i, j) is in path (s, d) and zero otherwise. Equation
(3) is the e2e packet delay constraint for each source/destination pair. It says that the
total amount of delay experienced by all the flows routed on a path should not exceed
the maximum RTT (section 2.1) minus the propagation delay of the route. The average
queueing delay is expressed by considering an M[X]/M/1/∞ queue [13]:

E[T ] =
K

µ

1

C − f
with K =

m′

[X] + m′′

[X]

2m′

[X]

(6)

where m′

[X] and m′′

[X] are the first and second moments of the batch size distribution

[X] and 1/µ is the average packet length. Given the flow length distribution, a stochastic
model of TCP (described in [7]) is used to obtain the batch size distribution [X]. Equation
(4) defines the average data flow on the link. The average (busy-hour) traffic requirements

between nodes can be represented by a requirement matrix Γ̂ = {γ̂sd}, where γ̂sd is the
average packet transfer rate from source s to destination d. We consider as traffic offered
to the network γsd = γ̂sd

1−Ploss
, thus accounting for the retransmissions due to the losses

that flows experience along their path to the destination. Recall that Ploss is the desired
e2e loss probability. Constraints (5) are integrity and non–negativity constraints. Finally,
K1 = K/µ, and K2 is a constant to convert distance in time.

3 LAGRANGEAN RELAXATION

The resulting CFA problem is a nonlinear non convex mixed-integer programming prob-
lem. Other than the nonlinear constraint (3), it is basically a multicommodity flow problem
[15]. Multicommodity flow belongs to the class of NP–hard problems for which no known
polynomial time algorithms exist. In addition, thanks to its non convex property there
are in general a large number of local minima solutions.

In this section, we propose a procedure based on a Lagrangean relaxation of the
problem in order to find lower bounds as well as feasible solutions. We first obtain an
equivalent problem by applying the change of variable wij = 1

Cij−fij
:

ZCFA = min
[

∑

i,j

dij

wij

+
∑

i,j

∑

s,d

dijδ
sd
ij γsd

]

(7)

subject to:

K1

∑

i,j

δsd
ij wij + K2

∑

i,j

δsd
ij dij ≤ RTTsd ∀ (s, d) (8)

wij ≥ 0 ∀ (i, j) (9)

δsd
ij ∈ {0, 1} ∀ (i, j, s, d) (10)

and (2).
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The second step corresponds to linearize constraints (8) (by using a logical constraint).
We use the new variables wsd

ij (whose dimension is seconds per bit) for each link (i, j) on

path (s, d). Thus we have the following problem:

ZCFA = min
[

∑

i,j

dij

wij

+
∑

i,j

∑

s,d

dijδ
sd
ij γsd

]

subject to:

wsd
ij ≤ Msdδ

sd
ij ∀ (i, j, s, d) (11)

K1

∑

i,j

wsd
ij + K2

∑

i,j

δsd
ij dij ≤ RTTsd ∀ (s, d) (12)

wsd
ij ≥ 0 ∀ (i, j, s, d) (13)

and (2), (9), (10).

Note that constraints (11) force the packet delay of link (i, j) on path (s, d) to be 0
if the link is not used. The constant Msd corresponds to the minimum value of wsd

ij that

is able to satisfy the packet delay constraints for path (s, d). We have Msd = RTTsd/K1.
We refer to this problem as problem P in the rest of this paper.

We now consider the Lagrangean relaxation of problem P obtained by dualizing con-
straints (11) and (12) using the nonnegative multipliers αsd

ij and βsd, respectively.

L(α, β) =min







∑

i,j

dij

wij

+
∑

i,j

∑

s,d

dijδ
sd
ij γsd +

∑

s,d

∑

i,j

αsd
ij

[

(wsd
ij − Msdδ

sd
ij )

]

+
∑

s,d

βsd





∑

i,j

(K1w
sd
ij + K2δ

sd
ij dij) − RTTsd











(14)

subject to (2), (9), (10) and (13).
Problem L(α, β) can now be decomposed into two independent subproblems, L1(α, β)

and L2(α, β), as follows:

L1(α, β) = min
∑

s,d

∑

i,j

δsd
ij (dijγsd − Msdα

sd
ij + K2dijβsd) (15)

subject to (2) and (10). And:

L2(α, β) = min
∑

i,j

( dij

wij

+
∑

s,d

wsd
ij (αsd

ij + K1βsd)
)

−
∑

s,d

βsdRTTsd (16)

subject to (9) and (13).
Subproblem L1(α, β) can be further decomposed into n ∗ (n − 1) shortest path prob-

lems (one for each source/destination pair) and solved using the classic Bellman-Ford’s
algorithm.

To be able to solve problem L2(α, β), we decompose it into m independent subproblems
(one for each link):

L
(i,j)
2 (α, β) = min

( dij

wij

+ wij

∑

s,d

ysd
ij (αsd

ij + K1βsd)
)

(17)
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where the variables ysd
ij can be seen as estimates of the network routing. Subproblem

L
(i,j)
2 (α, β) is minimized by minimizing

∑

s,d ysd
ij (αsd

ij + K1βsd). It is straightforward to see

that at least one variable ysd
ij must be 1, for all (s, d); otherwise wij tends to infinity. The

solution consists in set ysd
ij = 1 for (s, d) of minimum (αsd

ij +K1βsd), and ysd
ij = 0 otherwise.

Then, the optimal values of wij are given by:

w∗

ij =

√

√

√

√

√

√

dij
∑

s,d

ysd
ij (αsd

ij + K1βsd)
(18)

3.1 Solving the Lagrangean Dual Problem

The value of the Lagrangean for any set of multipliers υ = (α, β) will be equal to the sum
of the optimal solutions to the subproblems, L(υ) = L1(υ)+ L2(υ). It is well known from
optimization theory, by using the weak Lagrangean duality theorem [16], that for any
vector of multipliers, L(υ) is a lower bound for the objective function value of the original
problem, i.e., L(υ) ≤ ZCFA; ∀ υ ≥ 0. We are interested in obtaining the tightest possible
lower bound, i.e., in the multipliers vector υ∗, that corresponds to L(υ∗) = maxυ{L(υ)}
(the Lagrangean dual problem). In order to solve the dual problem, the subgradient
method [16] is used to update the multiplier υ.

3.2 Obtaining Feasible Solutions

The solution to the dual problem is generally associated with an infeasible project, i.e.,
some of the end-to-end packet delay constraints and/or routing constraints may be vio-
lated.

To construct a feasible solution to the CFA problem, we use as a basis the trial
solutions to the Lagrangean problem obtained at each of the iterations of the subgradient
procedure (Primal Heuristic). At each iteration, we test if the routing obtained from the
solution of subproblem L1(υ) can generate a feasible solution to the primal problem P.
The test corresponds to verifying whether RTT is strictly greater than K2

∑

i,j δsd
ij dij for

all source/destination pairs; in this case the values for wsd
ij can be obtained. The algorithm

stops if no feasible solution can be found, so that the requirements of the problem must
be relaxed. Therefore, given the routing, a capacity assignment solver provides the values
for the Cij. We apply two techniques: i) a fast approximation solution which is described
in [11] (it gives a fast upper bound for the CFA problem); and ii) a second approach
using the logarithmic barrier method [14]. (it gives a solution whose accuracy is a priori
known). Consequently, the value of the primary objective function can be obtained. As
the iteration progresses, we check for decreases in the primal objective value, and store
the best primal solution, and the best primal cost so far.

4 NUMERICAL RESULTS

In this section, we present results obtained considering several topologies, which have been
generated using the BRITE topology generator [17] with the router level option. Random
traffic matrices were generated by picking the traffic intensity of each source/destination
pair from a uniform distribution.
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4.1 10-Node Networks

In this first set of results we consider the dimensioning of a 10-nodes, 20-links network
topology and its performance results. We considered a mixed traffic scenario where the
flow length (ranging from 1 to 195 packets) follows the distribution related in [10]. We
choose, for this case, the following target QoS constraints for all source/destination pairs:
i) file latency Lt ≤ 0.4 s for TCP flows shorter than 20 packets, ii) throughput Th ≥ 512
Kbps for TCP flows longer than 20 packets. Selecting Ploss = 0.01, we obtain a network-
level design constraint equal to RTT ≤ 0.052s (see Fig. 2) for all source-destination
pairs. Each traffic relation offers an average aggregate traffic equal to γ̂sd = 1Mbps. Link
propagation delays range from 0.25 ms to 1.5 ms . After solving the CFA problem, we
solved the BA problem in both the DropTail and RED cases (see [11, 12]). The objective
of the BA problem is to minimize buffer costs while keeping the total loss probability,
experienced by all the flows routed on the path (s, d), below a maximum fixed Ploss. The
average loss probability for the M[X]/M/1/B queue is evaluated by solving its Continuous
Time Markov Chain (CTMC).

To validate the network design, we performed packet-level simulations (using the ns-2
simulator) to check whether the QoS constraints are actually met. In the experiments TCP
connections are established at instants described by a Poisson process, choosing at random
a server-client pair. Connection opening rates are determined so as to meet the offered
traffic. We performed path simulations rather than simulating the entire network, i.e., we
selected a path referring to a single source/destination pair, and simulated only links in
that path, considering also interfering cross traffic. Among all possible source/destination
pairs, we selected the longest path in the network, which comprises 5 links. Results are
plotted in Fig. 3, which reports the file transfer latency for all flow size classes. The QoS
constraint of 0.4s for the maximum latency is also shown. We can clearly see that model
predictions and simulation results are in perfect agreement with specifications, since the
latency constraint is satisfied for all flows shorter than 20 segments. Note also that longer
flows obtain a much higher throughput than the target, because the flow transfer latency
constraint is more stringent.

4.2 40-Node Networks

In this second set of results we consider the dimensioning of 40-node, 160-link network
topologies and analise their costs. Link propagation delays are uniformly distributed be-

1222



3.0*106

3.5*106

4.0*106

4.5*106

5.0*106

5.5*106

6.0*106

1 2 3 4 5 6 7 8 9 10

N
et

w
or

k 
C

os
t

Network ID

Lt < 0.2s 
 γ = 5Mbps

Min Hop + CA
UB
PH
LB

Fig. 4. Network cost for 40-node networks with random topologies

tween 0.5 and 1.5 ms. The average source/destination traffic requirement is set to γ̂sd = 5
Mbps.

Four different techniques were considered: i) Lagrangean relaxation (LB), ii) primal
heuristic with logarithmic barrier CA solution (PH), iii) primal heuristic with approx-
imate CA solution (UB) [11], iv) CA with minimum-hop routing (MinHop). For all
source/destination pairs, the target QoS constraints are: i) latency Lt ≤ 0.2 s for TCP
flows shorter than 20 packets, ii) throughput Th ≥ 512 kbps for TCP flows longer than
20 packets, iii) Ploss = 0.001. For this case RTT ≤ 0.032 s.

Results for ten random topologies are presented in Fig. 4. We can observe that the
feasible solutions (PH) and suboptima solutions (UB) for all considered topologies always
fall rather close to the lower bound (LB). The gap between UB and LB is about 16%.
Using the PH solution, the gap is reduced to 13%. In addition, avoiding to optimize the
flow assignment subproblem results in more expensive solutions, as shown by the “Min
Hop” routing associated with an optimized CA problem. This underlines the need to solve
the CFA problem rather then a simpler CA problem.

5 CONCLUSIONS

In this paper, we have considered the the QoS design of packet networks, and in particular
the CFA problem where both the routing assignments and capacities are considered to
be decisions variables. Our new formulation differs in two important points from previous
formulations. First, it considers end-to-end QoS constraints for all source/destinations
pairs on the network, and second, it uses a more refined IP traffic modeling technique. By
explicitly considering TCP traffic, we also need to consider the impact of finite buffers,
therefore facing the Buffer Assignment problem.

We have formulated the problem as a nonlinear mixed-integer programming problem.
A Lagrangean Relaxation approach was used to obtain both lower bounds and feasible
solutions in the VPN case. A subgradient method was used to find the optimal Lagrangean
multipliers. Numerical results suggest that the proposed methodology provides a quite
efficient approach to obtain near-optimal solutions with small computational effort.

Examples of application of the proposed design methodology to different networking
configurations have been discussed. The network target performances are validated against
detailed simulation experiments.
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