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a b s t r a c t
In this paper we address the problem of ﬁnding the optimal performance region of a wireless ad hoc network when multiple performance metrics are considered. Our contribution
is to propose a novel cross-layer framework for deriving the Pareto optimal performance
bounds for the network. These Pareto bounds provide key information for understanding
the network behavior and the performance trade-offs when multiple criteria are relevant.
Our approach is to take a holistic view of the network that captures the cross-interactions
among interference management techniques implemented at various layers of the protocol
stack (e.g. routing and resource allocation) and determines the objective functions for the
multiple criteria to be optimized. The resulting complex multiobjective optimization problem is then solved by multiobjective search techniques. The Pareto optimal sets for an
example sensor network are presented and analyzed when delay, reliability and energy
objectives are considered.
 2013 Elsevier B.V. All rights reserved.

1. Introduction
Wireless ad hoc and sensor networks often operate in
difﬁcult environments and require several performance
criteria to be satisﬁed related to the timely, reliable, and
secure exchange of data. To enable communication across
the network, key design elements include routing and resource allocation protocols. Various constraints related to
transmission delay [1], energy consumption [2] or fairness
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[3,4] are added to the protocol’s main design goal of reliable information transfer. Thus, the assessment of such
protocol performance relies on various criteria measures
which may be evaluated analytically or through network
simulations.
It is possible to understand the capabilities and limits of
a routing protocol or a resource allocation strategy if a
bound on the network performance is known. An end user
requires certain simultaneous levels of performance for
multiple criteria to guarantee quality of service, yet the
considered performance metrics often conﬂict. The solution maximizing for instance capacity may not be the one
that minimizes delay. Therefore all of these performance
metrics have to be considered concurrently in the optimization process. In the case of multiple criteria, however,
there is usually no single optimum and several solutions
offering different optimal trade-offs exist. More speciﬁcally, if you decide to optimize delay and capacity, you will
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ﬁnd solutions (i.e. routing and resource allocation strategies) in the Pareto optimal set that favor either capacity,
delay, or some trade-off combination. The main contribution of this paper is to propose a uniﬁed cross-layer framework capable of capturing the trade-offs existing between
multiple performance metrics.
The solution we propose for obtaining bounds on
multiple benchmark objectives relies on the deﬁnition of
a multiobjective optimization problem; the subsequent
evaluation provides a set of Pareto optimal solutions. The
Pareto set is composed of non-dominated solutions, i.e.
solutions of the search space that are never dominated
by any other with respect to the evaluation criteria considered. A solution herein characterizes one possible route
conﬁguration with its resource allocation deﬁned in terms
of transmission rate. For example, a possible solution to
facilitate the transfer of information from source to
destination could be the selection of an intermediate node
to relay the data with a ﬁxed transmission rate. This multiobjective optimization problem is hard to solve since it is
the combination of a resource allocation problem and a
routing problem. Compared to analytical approaches, it
has the drawback of being computationally more expensive but has two main advantages. First, it can be used to
derive bounds for multiple performance metrics at a time.
Second, it not only provides the performance bounds, but
also extracts the solutions that are Pareto optimal which
cannot be determined using a classic analytical approach.
In order to mitigate the limitations of the layered network architecture, cross-layer interactions have to be considered in the framework deﬁnition. In [5], the authors
address a cross-layer optimization problem of joint design
of routing, Medium Access Control (MAC), and physical
layer protocols with cooperative communication to achieve
minimum power cost under a speciﬁed per-hop packet error rate (PER) objective in wireless sensor networks. The
authors in [6] highlight the need to ﬁnd ‘‘a simple interface
to the physical layer that allows the upper layers to achieve
optimal or near optimal cross-layer performance based on
the underlying channel conditions’’. For the cross-layer
model we describe in the following sections, we deﬁne a
link probability–the probability a packet arrives over a given link. This parameter serves as an interface between network layer routing/link layer management decisions and
expected physical layer performance by leveraging the
broadcast nature of wireless transmissions. The variables
of our multi-objective optimization problem determine
how often and when a node should re-broadcast a received
packet. The approach we take in this work provides for the
characterization of fundamental upper bounds, the tradeoff
space of multiple criteria, and the routing and resource allocation decisions to achieve these tradeoffs. This approach
mirrors the key research areas proposed in the framework
of [6]. The authors describe the need for joint research in
the areas of fundamental performance upper bounds, layerless dynamic network performance, and application and
network optimization. It is through the interaction of these
research areas that ad hoc network design and performance
can be related and formalized.
Understanding the trade-offs involved with various
routing solutions will enable adaptive resource manage-

ment across layers and nodes, leading to a more accurate
‘‘local to global performance mapping’’ for practical routing protocol design. The identiﬁcation of Pareto optimal
solutions provides not only achievable performance
bounds, but also speciﬁc solution sets for the routing and
resource allocation algorithms to operate at those bounds.
In this paper, we propose a novel framework capable of
providing a bound for joint optimization of multiple performance metrics. Our proposed framework comprises
both a probabilistic cross-layer network model and a multiobjective optimization problem formulation. Our proposed cross-layer network model captures more
accurately the interactions between routing decisions and
resource allocation, assuming a basic random medium access control protocol. With its intrinsic probabilistic deﬁnition, it is capable of deﬁning various routing techniques
such as multi-hop single path routes, broadcast protocols
or multi-path protocols. The multiobjective optimization
problem is solved using the Parallel Multiobjective Tabu
Search (PMOTS) algorithm to retrieve the set of Pareto
optimal solutions. This global cross-layer multiobjective
framework is applied herein to tackle the problem of robust routing and resource allocation for wireless sensor
networks. The following three criteria are relevant in this
context: (i) reliability deﬁned as the probability of having
a successful packet transmission, (ii) delay, deﬁned as the
average end-to-end delay in the network, and (iii) the forwarding energy, deﬁned as the energy spent by the network for relaying.
The goal of our work is different from other approaches
aimed to distributively compute Pareto optimal routing
algorithms with respect to multiple performance criteria
as proposed in [7,8]. Our aim is not to develop a new routing algorithm, but to provide a general framework capable
of capturing the performance trade-offs of a given network
by computing the set of Pareto optimal routing strategies.
This characterization provides an efﬁcient tool to:
 compare the performance of existing routing algorithms to the bound provided by the set of Pareto optimal strategies, and
 foster the development of more efﬁcient and ﬂexible
routing strategies based on end-user requirements for
network performance.
Our main contributions in this work are twofold:
1. Propose a general cross-layer framework network
model capable of capturing the impact and interaction
of a wide range of interference and resource management techniques for various channel conditions.
2. Formulate a multiobjective routing optimization problem by deﬁning appropriate evaluation functions for
criteria such as reliability of information transfer, endto-end delay, and energy consumption.
The multiobjective routing optimization problem described in the following can be solved using existing multiobjective search techniques [9]. Our paper focuses mostly
on the derivation of the proposed cross-layer framework,
and gives only a brief description of the optimization

