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a b s t r a c t

Complex network theory is a framework increasingly used in the study of air transport net-
works, thanks to its ability to describe the structures created by networks of flights, and
their influence in dynamical processes such as delay propagation. While many works con-
sider only a fraction of the network, created by major airports or airlines, for example, it is
not clear if and how such sampling process bias the observed structures and processes. In
this contribution, we tackle this problem by studying how some observed topological met-
rics depend on the way the network is reconstructed, i.e. on the rules used to sample nodes
and connections. Both structural and simple dynamical properties are considered, for eight
major air networks and different source datasets. Results indicate that using a subset of air-
ports strongly distorts our perception of the network, even when just small ones are dis-
carded; at the same time, considering a subset of airlines yields a better and more stable
representation. This allows us to provide some general guidelines on the way airports
and connections should be sampled.

� 2016 Elsevier Ltd. All rights reserved.

1. Introduction

During the last decade, the application of complex network theory (Newman, 2003; Boccaletti et al., 2006, 2014; Zanin
et al., 2016) to the study of air transport has experienced a tremendous growth. Such theory has demonstrated its usefulness
in the analysis of many real-world complex systems, from social networks, to the Internet or the human brain (Costa et al.,
2011); in all these cases, it has been possible to obtain a better understanding of the system structure, and of the correspond-
ing dynamics. Air transport has been no exception, with examples including simple topological analyses, its structural evo-
lution through time, the resilience of the system to perturbations, the dynamics of passengers, or air transport’s contribution
to epidemic spreading - see (Zanin and Lillo, 2013; Lordan et al., 2014) and references within for further details.

Creating a network representation of a given system entails two steps: map the elements composing the system into
nodes, and establish links between pairs of nodes when a relationship is detected among them. Such processes may be
far from trivial, as for instance for spatially extended systems lacking a characteristic resolution (i.e. a characteristic spatial
scale); or for systems without explicit relationships between elements, in which case such relationships have to be derived
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from the dynamics of the composing elements (the case of functional networks) (Papo et al., 2014). Such difficulty is not
prima facie present when creating network representations of an air transport system, as nodes and links can directly be
mapped - the former from airports, the latter from direct flights or passenger itineraries. The definition of nodes and links
is nevertheless complicated by two problems.

First, air transport network representations may be subject to a sampling process, i.e. when a subset of airports is consid-
ered, for instance the most connected ones, or when connections correspond to a subset of airlines. Several reasons may be
hidden behind such sampling: the need to reduce the computational cost; the interest in the analysis of one airline, or of a
region of the airspace; the reduced availability and reliability of data for small airports and airlines; or biases in the source
datasets, which may have been collected according to some incomplete processes. The literature provides numerous exam-
ples of such sampling processes. Zanin and Lillo (2013) shows that different analyses of the same air transport system
reported a substantially different number of nodes (and links).

For instance, China included 128 airports and 1165 connections in Li and Cai (2004), 144 and 1018 in Wang et al. (2011),
and 203 airports and 1877 connections in Du et al. (2016) - additional intermediate values can be found in Wang and Wen
(2012), Zhang et al. (2010). Also of interest is the case of the USA air transport network, which was represented respectively
by 215, 272, 305 and 732 airports in Chi et al. (2003), Xu and Harriss (2008), Fleurquin et al. (2013), Jia and Jiang (2012). In
both cases, the variation in the number of reported airports is significant: the largest network is 59% larger than the smallest
one for China, and 240% for the USA - see Table 1 for a full review. Also, the number of airports is well below credible esti-
mates of the likely true numbers, respectively 442 for China and 5194 for the USA (CIA, 2010).

Notably, in some cases the number of airports is not even reported (Alderighi et al., 2007; Bagler, 2008). It is well known
that considering a sampled version of a network (i.e. a sub-network) has important consequences for the observed topolog-
ical features, as some properties may be lost and others may emerge in a spurious way (Stumpf et al., 2005; Lee et al., 2006).
In the previously reported examples of China, for instance, the clustering coefficient varied between 0.69 (Wang et al., 2011)
and 0.73 (Li and Cai, 2004); more startling is the case of the Italian network, which was reported to have clustering coeffi-
cients between 0.07 in Guida and Maria (2007) and 0.42 in Zanin et al. (2008). While the impact of a sampling process has
been studied in different theoretical and applied contexts (Stumpf et al., 2005; Lee et al., 2006), it has largely been neglected
in air transport.

The second problem emerges when one considers the multi-dimensional nature of the air transport system (Neal, 2014).
In general terms, a complex system can be represented as an object composed of networking elements, which lie in a multi-
dimensional space (see Fig. 1). When creating a (single-layer) network, this multi-dimensional nature is discarded. On the
other hand, some information can be retained when creating a multi-layer representation, which is tantamount to projecting
the original object in one dimension, such that dimension is represented by different layers (Boccaletti et al., 2014; Kivelä
et al., 2014). Nevertheless, as represented in Fig. 1, even when just three dimensions are considered, two multi-layer projec-
tions can be obtained; furthermore, for highly dimensional systems, some dimensions have necessarily to be discarded in
order to create the representation. When considering the air transport, several dimensions may be included. Some of them,
e.g. airlines, are trivial and have already been considered in past research (Cardillo et al., 2013); others, like aircraft types or
time windows, have mostly been neglected. One problem thus emerges: is it safe to discard some dimensions to create
multi-layer networks? Is the multi-layer representation obtained still representative of the system under analysis? Notice
how this second problem is strictly connected to the former: discarding some dimensions is equivalent to discarding some
information in the projection, i.e. to sample links according to some hidden variables.

Merging both ideas, in this work we aim to assess if and to what extent a sampling process biases the topological and
dynamical properties one observes, with respect to what would be obtained by studying the complete topology. Addition-
ally, we also study whether a better sampling process exists, i.e. one that ensures a minimisation of the observed error. We
here tackle these problems by studying the evolution of some commonly used metrics, as a function of different criteria
(number of airports, number of connections, types of aircraft and time windows), and by comparing different sampling
strategies. Eight of the most important air transport networks (Australia, Brazil, Canada, China, Europe, India, Russia and
the USA) and three different datasets are considered.

The remainder of this contribution is organised as follows. Section 2 introduces the datasets and the complex network
metrics analysed. Section 3 presents the observed results, considering airport (Section 3.1), aircraft type and time window
(Section 3.2), and airline (Section 3.3) sampling processes, the dynamical analysis of the networks (Section 3.4), and the cre-
ation of an optimal sampling process (Section 3.5). Section 4 finally draws some conclusions, and introduces some recom-
mendations about the best sampling methods.

2. Materials and methods

2.1. Data sets

In this work, we consider ten air transport networks, corresponding to eight countries/regions of interest, chosen for hav-
ing the largest number of airports: Australia, Brazil, Canada, China, Europe, India, Russia and the USA. The networks have
been reconstructed from three datasets:
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