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Abstract. Inter-domain traffic engineering is a key issue when QoS-aware resource optimization is concerned. Mapping inter-domain traffic flows into existing service level agreements is, in general, a complex problem, for which
some algorithms have recently been proposed in the literature. In this paper a
modified version of a multi-objective genetic algorithm is proposed, in order to
optimize the utilization of domain resources from several perspectives: bandwidth, monetary cost, and routing trustworthiness. Results show trade-off solutions and “optimal” solutions for each perspective. The proposal is a useful tool
in inter-domain management because it can assist and simplify the decision
process.

1 Introduction
The main purpose of inter-domain resource optimization is to map incoming interdomain traffic flows into inter-domain network resources, satisfying quality of service (QoS) requirements, while aiming at optimizing the use of network resources
across autonomous systems (AS) boundaries. Network resources usage is, in any
case, conditioned by existing Service Level Specifications (SLSs) that, in turn, result
from the Service Level Agreements (SLAs) established between each domain and its
neighbors. For the purpose of this paper, the terms ‘domain’ and ‘autonomous system’ are synonyms.
In order to describe the inter-domain relationships of an autonomous system, one
can use a simple model, as shown in Fig. 1. An autonomous system is interconnected
with other autonomous systems by means of its ingress and egress interfaces. For the
propose of this paper, the terms ‘interfaces’ and ‘links’ are synonymous.
The service offerings between autonomous systems as well as their mutual responsibilities are described by means of Service Level Agreements. In general, each SLA
defines a set of contractual, administrative and technical requirements. The latter are
called Service Level Specifications. An SLS comprises several items or clauses, including identification, application scope, flow identification, traffic conformance,
excess treatment, and performance guarantees.

M. Pedro, E. Monteiro and F. Boavida

In the context of the present work an SLS is characterized by an egress interface,
an inter-domain QoS class q as proposed in [7], a destination prefix d, the corresponding maximum bandwidth requirements b, the monetary cost per unit of bandwidth c , and the route trustworthiness r associated to the SLS. The monetary cost
component reflects the monetary cost associated with the established SLA. On the
other hand the routing trustworthiness reflects the intra-domain routing costs associated with the egress interface, and the inter-domain routing costs like route quality,
reliability and domain policies. An SLS entry for a domain has the following format:
SLS entry = [egress interface, q, d, b, c, r]

Domain

Downstream
domains

i=1,2,…,s

Subscribed SLSs

j=1,2,…,f

Egress
interfaces
Aggregated flows

z=1,2,…,w

Upstream
domains

Ingress
interfaces

Fig. 1. Inter-domain relationship model

On the other hand, a domain receives from upstream domains a collection of w data
flows towards other domains. Depending on the domain policy and on their common
characteristics, such as destination and QoS class, these flows may be aggregated into
f inter-domain traffic flows. The flows’ common characterization includes the interdomain class mapping q and the destination prefix d. That is, an aggregated flow
entry has the following format:
Aggregate flow entry = [ingress interface, q, d, a]
where a is the bandwidth requirement of the aggregated flow. The flow will be
mapped into one of the existing SLSs. The appropriate selection of the SLSs for the
inter-domain traffic flows benefits the domain by improving the network resources,
maximizes the profits [21] from a business point-of-view and, at same time, selects
the most reliable routes according to internal and external information and business
objectives. The first benefit is reached through a correct bandwidth load-balancing,
the second through a minimization of the costs, and the third through a high value of
routing trustworthiness. In contrast, in current networks this task is executed in a
trial-and-error fashion.
The problem can be expressed by three objective functions (1), (2), and (3) that
represent respectively the total costs for bandwidth, monetary cost and routing. For-
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mally, the problem can be stated as follows. Let I = {1,2,..., s} be the set of SLSs and
J = {1,2,..., f } the set of aggregated traffic flows. For each SLS i there is a given
resource capacity, expressed in terms of bandwidth, bi > 0 . For each i ∈ I and each

j ∈ J there is a given set of costs, Bi , j > 0 , for bandwidth, Ci , j > 0 , for monetary,
and Ri > 0 , for routing, for assigning an aggregated traffic flow j to an SLS i. Additionally, zi , j is an indicator function that returns 1 if the traffic flow j is assigned to
SLS i and 0 otherwise. The mathematical formulation is as follows:
f

s

y1 = ∑∑ Bi , j ⋅ zi , j

(1)

f

(2)

i =1 j =1

s

y2 = ∑∑ Ci , j ⋅ zi , j
i =1 j =1

s

f

y3 = ∑∑ Ri ⋅ zi , j

(3)

i =1 j =1

f

subject to

∑a
j =1

i, j

s

with

∑z
i =1

i, j

⋅ zi , j ≤ bi , ∀i ∈ I ,

(4)

= 1, ∀j ∈ J ,

(5)

z i , j ∈ { 0 ,1}, ∀ i ∈ I , ∀ j ∈ J .

(6)

The goal is to minimize the costs of (1), (2), and (3), where Bi,j, Ci,j, and Ri are respectively the cost functions for bandwidth, monetary, and routing as described in Sec.
3.1. The capacity constraint (4) ensures that the total resource requirements of the
traffic flows assigned to each SLS do not exceed the available capacity. The assignment constraint (5) guarantees that each traffic flow is assigned to exactly one SLS.
Since we need to find the best solution considering all objectives at the same time,
our problem falls into a multiple objective optimization problem. For this kind of
problems genetic algorithms are a well known technique capable of finding the entire
non-dominated Pareto front in a single run [1]. A Pareto front is a set of solutions,
and a solution is said to be non-dominated if its components cannot be improved in
terms of one objective without causing a simultaneous degradation in at least one of
the other components [9]. The minimization problem is expressed formally as follows, for n objective functions with m optimization parameters:
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Minimize y = f ( x) = ( f1 ( x),..., f n( x)) = ( y1 ,..., yn ) ∈ Y

(7)

and x = ( x1 ,..., xm ) ∈ X

(8)

With X as the parameter space and Y the objective space, x is called the decision vector and y the objective vector. A decision vector a ∈ X is said to dominate a decision
vector b ∈ X if and only if:

∀i ∈ {1,..., n} : f i (a ) ≥ f i (b) ∧ ∃j ∈ {1,..., n} : f j (a ) > f j (b)

(9)

The objective of the work presented in this paper is to propose the optimization of
domain resources from multiple perspectives, namely from the bandwidth usage perspective, monetary cost perspective, in line with [21], and routing costs. For this,
three objective functions are proposed, and our aim is supported by a multipleobjectives evolutionary algorithm especially designed to deal with these off-line interdomain traffic engineering issues.
In Section 2 of this paper an overview of related work is given. This is followed by
a presentation of the proposed objective functions and the supported evolutionary
algorithm in Section 3. In order to validate our work, an evaluation framework comprising two test scenarios, each one representing a type of Internet transit autonomous
system [4], is presented in Section 4. Section 5 presents and discusses the obtained
results. The conclusions and guidelines for further work are presented in Section 6.

2 Related Work
Several studies on intra-domain resource optimization, such as [12-15], can be found
in the literature. In the case of inter-domain, references [8][16-19] constitute the
framework for most of the current proposals.
Genetic algorithms have already been extensively used to solve network optimization problems [8][12-15][20][22]. These algorithms, belonging to the class of evolution strategies used in optimization, resemble the process of biological evolution,
where each individual is described by its genetic code, called a chromosome. On the
other hand each chromosome is composed of individual genes. In the problem in
hand, a gene is the assignment of a single aggregate traffic flow to an SLS, and an
individual (i.e., a chromosome) is a potential solution.
There are several examples of single objective proposals, like in [2] where different heuristic algorithms are compared, or in [6] where a weighted genetic algorithm is
presented. Other proposals as in [22] address the minimization of inter-domain transit
costs.
The proposal in [8] presents a multi-objective solution based on [9] that contemplates the cost minimization and the bandwidth cost minimization, for traffic engi-
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neering of best effort traffic. Our approach extends the use of routing trustworthiness
costs for off-line traffic engineering.
To the best of the authors’ knowledge, it is the first time an inter-domain optimization proposal includes simultaneous optimization of bandwidth costs, monetary costs,
and routing costs. It is also the first time a parameter related to egress links and routing is used, combining internal, external, and business perspectives, which leads to a
simplification of the egress link selection task. Lastly, a modified multi-objective
genetic algorithm that simplifies the management task is proposed, allowing the
choice of the perspective which best fits the objectives.

3 Proposal
This section describes the proposed cost functions and the evolutionary algorithm.
3.1 Cost functions
The off-line traffic engineering as considered in this paper consists of selecting the
optimal mapping between sets of aggregated traffic flows and the associated sets of
SLSs in such a way that the following the objectives are satisfied:
• minimization of the egress link bottleneck, thus improving the egress loadsharing
• minimization of the costs of egress links’ usage, so as to maximize the domain
business profit
• minimization of the routing costs, improving the link trustworthiness
The bandwidth objective function (10) was used in order to measure the egress interfaces bottleneck, allowing the correct load-balancing in these interfaces, where bi is
the available bandwidth on egress interface i (the agreed SLS) for some QoS class
and destination and bj the bandwidth of the aggregate flow j. The value 0.1 was added
to the dominator in order to limit the values of Bi , j to 100.

Bi , j =

1
(bi − b j + 0.1)2

(10)

Ci , j = ci ⋅ b j

(11)

Ri = 100 − ri

(12)

On the other hand, the monetary cost objective function (11) measures the charge
to pay for using the established SLS i, by the aggregated flow j. It represents the domain expenses.
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Lastly, the route trustworthiness objective function (12) measures aspects related
to the egress links. This includes route fail history, link fail history, routing metrics
history, intra-domain routing costs, and domain policies. The specific way to combine
these data in order to obtain a value for the route trustworthiness is outside the scope
of this paper. In this paper, this parameter takes values varying from 0 (link not used)
to 100 (the best choice). The routing perspective is not a BGP weight, nor a routing
metric, nor does it intend to replace the local-pref discretionary attribute [10].

3.2

The Algorithm

The proposed algorithm follows the proposal in [9]. The basic algorithm steps are
presented in Fig. 2. It starts with the creation of the initial generation, where the individuals are created randomly. Then, an evaluating step based on the proposed objective functions (1),(2), and (3), with costs (10), (11), (12) respectively, follows. After
that, and for a number of generations, a new generation of children is created that are
compared with the corresponding generation of parents. From this comparison the
better elements will compose the next generation of parents. The ranking step is done
as proposed in [9].
Create the initial parent generation;
Evaluate the generation;
For a number of generations;
Create the child generation;
Evaluate both generations together;
Rank both generations together;
Replace worst parents with better children;
End
Fig. 2. Algorithm basic steps

The algorithm has a time complexity of O(MN2) where M is the number of objectives
and N the size of the population.

4 Evaluation Framework
In order to evaluate our proposal, two typical scenarios were built, a tier-1 and a nontier-1 transit autonomous’ systems, as proposed in [4]. The scenarios’ characterization is presented in Table 1. The traffic matrices and the SLSs matrices were built
using these values as basis, Weibull distributions for sources and destination prefixes
[5], Weibull distributions for ingress and egress links [3], and 3 exponentially distributed QoS classes [11].
For each scenario the algorithm returned a Pareto front with a non-dominated
population of individuals ranked according. The comparison was made between front
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individual’s rank 1 solution and the “best” ones in relation to every single perspective: bandwidth, monetary cost and routing cost.
Table 1. Test scenarios characterization

AS level
Links
QoS classes
Bandwidth (sources)
Destination prefixes
Monetary cost
Route trustworthiness
Aggregated flows

Tier 1
400
3
0..100
14738
1..10
0..100
84400

Non-Tier 1 transit
20
3
0..100
14738
1..10
0..100
50400

5 Results
The two scenarios presented in Table 1 were used for testing the assignment algorithm as described in Sec. 4. Fig. 3 shows the comparison between the 4 different
solutions returned by the algorithm for the Tier 1 scenario, for each of costs. The
figure shows the per cent increase in cost in relation to the minimum cost solution for
the correspondent perspective (with 0%).
Tier-1 - Bandwidth comp.

Monetary comparison

Route comparison

Rt

Mt

Bw

Rank 1

0

50
Bandwidth cost(%)

100

0

5
Monetary cost(%)

10

0

10

20

30

Route cost(%)

Fig. 3. Tier 1 results – comparison in percentage with lowest cost solution for bandwidth costs
(left), monetary costs (middle), and routing costs (right)
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When only the “best” bandwidth perspective is selected (row two from the bottom
in all graphics) we have got the lowest costs for bandwidth but higher costs for
monetary and route perspectives. On the other hand, if the selected individuals are the
“best” from the monetary point-of-view (row three from the bottom in all graphics)
we have got the lowest monetary cost, but high costs for bandwidth and route perspectives. The same we can say for the “route” perspective (top row in all graphics).
The bottom row in all graphics shows the individuals in the first rank, as returned
by the algorithm. In this case the solution is not as good as when a perspective is
selected individually, but has better costs compared with the worst cost values returned by the other solutions.
In the Fig. 4 a comparison between the four different solutions for the non-Tier 1
transit scenario, for each of the costs perspectives, is presented. The figure shows the
per cent increase in cost in relation to the minimum cost solution for the correspondent perspective (with 0%). Comparatively, the results are similar to Tier 1.
NTier-1t - Bandwidth comp.
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Fig. 4. Non-Tier 1 transit results –comparison in percentage with lowest cost solution, for
bandwidth costs (left), monetary costs (middle), and routing costs (right)

6 Conclusions
Inter-domain QoS-aware resource optimization is one of the main challenges of
current traffic engineering. Based on a modified version of a multi-objective genetic
algorithm [9] and using typical models of transit autonomous systems, our proposal
presents a set of solutions. They include trade-off solutions and “best” solutions from
single perspectives optimizations. These solutions can be used to generate domain
policies that, in turn, may influence routing decisions.
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This paper also introduces a new kind of traffic engineering factor that simplifies
the selection of the egress links: the route trustworthiness.
As a general conclusion, one can say that the presented proposal can be a useful
tool in domain management because it simplifies the decision process by presenting
the optimal costs either in terms of individual perspective, or in terms of trade-off
between all perspectives.
Further work will address the algorithm’s refinement and efficiency (the latter with
the objective of reducing the computational complexity) and methods to compute
route trustworthiness.

Acknowledgement
This work was partially supported by the Portuguese Ministry of Science and High
Education (MCES) and by European Union FEDER under programs POSC and
PRODEP.

References
1. Coello, C.: An Updated Survey of GA-Based Multiobjective Optimization Techniques.
ACM Computing Surveys, 32(2) (2000) 109-143
2. Pedro, M., Monteiro, E., Boavida, F.: Comparative Study of Inter-Domain Traffic Optimization Algorithms. In: Proc. of IPS-MoMe 2005, Warsow, Poland (2005)
3. Fang, W., Peterson, L.: Inter-AS traffic patterns and their implications. In: GLOBECOM
1999 - IEEE Global Telecommunications Conference (1999) 1859-1868
4. Zhang, B., Liu, R., Massey, D., Zhang, L.: Collecting the Internet AS-level Topology.
ACM SIGCOMM Computer Communication Review (CCR), special issue on Internet Vital Statistics (2005)
5. Broido, A., Hyun, Y., Gao, R., Claffy, K.: Their share: diversity and disparity in IP traffic.
In: Proc. Passive and Active Network Measurement (2004)
6. Pedro, M., Monteiro, E., Boavida, F.: A Two-Phase Algorithm for Off-line Inter-domain
Traffic Optimization. In: Proc. of International Conference on Service Assurance with Partial and Intermittent Resources (SAPIR 2005), Lisbon, Portugal (2005)
7. Levis, P. et al: A New Perspective for a Global QoS-based Internet. In the Journal of Communications Software and Systems (In press), Available online (www.mescal.org) (2005)
8. Uhlig, S.: A multiple-objectives evolutionary perspective to interdomain traffic engineering. International Journal of Computational Intelligence and Applications, Special Issue on
Nature-Inspired Approaches to Telecommunications, World Scientific Publisher (2005)
9. Deb, K., Pratap. A, Agarwal, S., and Meyarivan, T.: A fast and elitist multi-objective genetic algorithm: NSGA-II. IEEE Transaction on Evolutionary Computation, 6(2), (2002).
181-197
10. Halabi, S., McPherson, D.: Internet Routing Architectures. 2nd edn. Cisco Press (2000)
11. Chang, W., Simon, R.: Performance Analysis for Multi-Service Networks with Congestion-Based Pricing for QoS Traffic. Annual Simulation Symposium (2005) 33-40
12. Ericsson, M., Resende, M., Pardalos, P.: A genetic algorithm for the weight setting problem in OSPF routing. Technical report, ATT Shannon Laboratory (2001)

M. Pedro, E. Monteiro and F. Boavida
13. Buriol, L., Resende, M., Ribeiro, C., Thorup, M.: A memetic algorithms for OSPF routing.
In: Proceedings of 6th INFORMS Telecom (2002) 187—188
14. Buriol, L., Resende, M., Ribeiro, C., Thorup, M.: A hybrid genetic algorithm for the
weight setting problem in OSPF/IS-IS routing. Unpublished [Online]. Available:
www.optimization-online.org/DB_FILE/2003/06/674.pdf (2003)
15. Riedl, A.: A hybrid genetic algorithm for routing optimization in IP networks utilizing
bandwidth and delay metrics. In: Proceedings of IEEE Workshop on IP Operations and
Management (IPOM), Dallas (2002)
16. Morand, P., et al.: D1.1: Specification of Business Models and a Functional Architecture
for Inter-domain QoS Delivery. IST-2001-37961, unpublished. (2003)
17. Ho, K., Wang, N., Trimintzios, P., Pavlou, G., Howarth, M.: On Egress Router Selection
for Inter-domain Traffic with Bandwidth Guarantees. In: Proceedings of IEEE Workshop
in High Performance Switching and Routing (HPSR'2004), Phoenix, Arizona, USA (2004)
18. MESCAL project [website]: www.mescal.org
19. Bressoud, T., Rastogi, R., Smith, M.: Optimal Configuration for BGP Route Selection. In:
Proceedings of IEEE INFOCOM’ 2003, San Francisco (2003)
20. Pioro, M., and Medhi, D.: Routing, Flow, and Capacity Design in Communication and
Computer Networks. Morgan Kaufmann Series in Networking (2004)
21. Aiber, S. et al.: Autonomic Self-Optimization According to Business Objectives. In: Proceedings of the International Conference on Autonomic Computing (ICAC’04) (2004)
22. Ho, R., Pavlou, G., Howarth, M., Wang, N.: An Incentive-based Quality of Service Aware
Algorithm for Inter-AS Traffic Engineering. In: Proceedings of the IEEE International
Workshop on IP Operations and Management (IPOM'2004), Beijing, China (2004)

