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a b s t r a c t 

Characterizing the contacts between nodes is of utmost importance when evaluating mobile opportunis- 

tic networks. The most common characterization of inter-contact times is based on the study of the ag- 

gregate distribution of contacts between individual pairs of nodes, assuming an homogenous network, 

where contact patterns between nodes are similar. The problem with this aggregate distribution is that 

it is not always representative of the individual pair distributions, especially in the short term and when 

the number of nodes in the network is high. Thus, deriving results from this characterization can lead to 

inaccurate performance evaluation results. 

In this paper, we propose new approaches to characterize the inter-contact times distribution having a 

higher representativeness and, thus, increasing the accuracy of the derived performance results. Further- 

more, these new characterizations require only a moderate number of contacts in order to be representa- 

tive, thereby allowing to perform a temporal modelization of traffic traces. This a key issue for increasing 

accuracy, since real-traces can have a high variability in terms of contact patterns along time. The exper- 

iments show that the new characterizations, compared with the established one, are more precise, even 

using short time contact traces. 

© 2016 Elsevier B.V. All rights reserved. 

1. Introduction 

In Opportunistic networks, contacts are sporadic and can ap- 

pear intermittently so routes are built dynamically. Any contact be- 

tween nodes can opportunistically be used for message relaying, 

provided it is likely to bring the message closer to the final desti- 

nation, thus depending on cooperation to work properly. Applica- 

tions of such networks include Mobile Ad-Hoc Networks (MANETs), 

Vehicular Ad-Hoc Networks (VANETs) and Mobile Social Networks. 

Evaluating the performance of these opportunistic networks is 

a challenging issue. A common approach is to simulate these net- 

works using a network simulation tool under realistic mobility 

traces. Nevertheless, simulation can be very time consuming and 

restricted to the limited scenarios of the available mobility traces. 

In order to avoid these drawbacks analytical models can provide a 

fast and broader performance evaluation. Analytical models require 
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anyway a precise and concise description of the mobility patterns. 

For example, there are many analytical performance models that 

assume that the inter-contact times distribution between pairs of 

nodes are exponentially distributed with a given rate λ. For exam- 

ple, using a contact rate λ we can obtain the transmission delay 

and cost of routing protocols, such as epidemic routing protocols 

[1,2] , and the impact of node selfishness on mobile networks [3,4] . 

The precision of the previous models clearly depends on how ac- 

curate is the estimation of the contact rate λ, which at the same 

time directly depends on the representativeness of the character- 

ized distribution [5] 

Therefore, characterizing inter-contact times (or inter-meeting 

times) between nodes is essential for analyzing the performance of 

contact based protocols such as cooperative or opportunistic net- 

works. The established approach is to characterize the inter-contact 

times distribution between pairs of nodes using an aggregate dis- 

tribution [6–10] . This distribution is obtained by aggregating the in- 

dividual pair distribution of all node pair combinations in the net- 

work. The individual pair distribution is defined as the distribution 

of the time elapsed between two consecutive contacts between the 

same pair of nodes [11] . Another way to characterize inter-contact 

times is to consider the time elapsed between contacts for any 

pair of nodes in a group (known as inter-any-contact times ). This 
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characterization was briefly studied in [6] using human mobil- 

ity traces. The conclusions were that inter-any-contact times are 

longer that individual pairs inter-contact times (as expected), but 

with a similar distribution shape. This paper also shows a time de- 

pendence in the contact distribution, with different pattern distri- 

butions for the diurnal and night periods. 

Previous works have studied the distribution of the inter- 

contact times by collecting data from real mobile network en- 

vironments [1,7–9,12–14] . Some of these works have shown that 

the aggregate inter-contact times distribution is exponential with 

rate λ for both human and vehicle mobility scenarios [1,9,13] . The 

work in [12] analyzed some popular mobility traces and found 

that over 85% of the individual pair distributions fit an expo- 

nential distribution. Nevertheless, there is some controversy about 

whether this exponential distribution relates to real mobility pat- 

terns. Some empirical results have shown that the aggregate inter- 

contact times distribution follows a power-law distribution and has 

a long tail [7] , meaning that some pairs of nodes barely experi- 

ence any contact. In [15] it is shown that in a bounded domain, 

the inter-contact distribution is exponential, but in an unbounded 

domain the distribution is power-law. The dichotomy of this dis- 

tribution is described in [8] , which shows a truncated power law 

with exponential decay appearing in its tail after some cutoff point. 

A recent paper [11] , presented the dependence between the indi- 

vidual pair distributions and the aggregate distribution . It is stated 

that, starting from exponential individual pair distributions , the ag- 

gregate distribution is distributed according to a Pareto law. It also 

verifies the dichotomy property of the aggregate distribution ana- 

lytically. 

Summing up, most of the literature is based on the aggregate 

distribution, assuming that it is representative of the individual 

pair distribution [11] . This is the case of the so called homoge- 

neous opportunistic networks assumption, where all pair contact 

patterns are supposed to be the same. Thus, the contact rate of the 

aggregate distribution is similar to the individual pair distributions 

contact rates. Nevertheless, as shown in [11] , these contact rates 

are only similar when the length of the contact trace is large. Fur- 

thermore, most traces exhibit a non-homogenous behavior, where 

pair contact patterns are different. For example, analyzing a con- 

tact trace of a University campus we can observe that the contact 

pattern between students can be different to the contact pattern 

between staff members. Thus, obtaining a representative charac- 

terization (for example λ) of these heterogeneous networks to be 

used in analytical models is a challenging issue. 

A practical approach would be to obtain an equivalent contact 

rate, aggregating the individual contact rates, as in the homoge- 

neous case ( the homogeneous assumption ). However, this can lead 

to an inaccurate characterization, as shown in [16] . The authors 

of this paper compared three methods for fitting the exponen- 

tial distribution from traces, always using an aggregation based 

distribution. These methods were evaluated using a Continuous- 

Time Markov Chain model of the epidemic diffusion. The results 

showed that none of the characterization methods used was accu- 

rate enough. Therefore, an alternative approach to accurately es- 

timate this individual pair distribution (and the contact rate) is 

needed, especially for heterogeneous networks. 

In this paper, we propose new approaches to improve the 

characterization of the inter-contact times distribution present- 

ing higher representativeness and, thus, increasing the precision 

of the results obtained. Using different characterizations, three 

inter-contact time distributions are considered: the Aggregate Pairs 

distribution, that is the established characterization ; the Aggregate 

Nodes distribution, that is obtained as the aggregate of inter- 

contact distributions between one node and the rest of nodes; and 

the Any Contact distribution, that is the inter-contact distribution 

between any nodes. First, we study their statistical representative- 

ness showing that, for the same trace length, the Aggregate Pairs 

distribution has a very low representativeness, especially when the 

number of nodes is high, in contrast with the others having a good 

representativeness. Second, we study the relation among these dis- 

tributions. We prove that, if all individual pair distributions are ex- 

ponentially distributed, the Any Contact distribution is a new expo- 

nential distribution as well. This is not true for the aggregate distri- 

butions, that depends on the distribution of each individual λ [11] . 

The previous conclusions are very important because it allows ob- 

taining the λ value used in the analytical models in a more precise 

way. 

Finally, we evaluate the precision of the three distributions us- 

ing both synthetic and real contact traces. The precision is evalu- 

ated using a well known analytical model, namely the epidemic 

message diffusion, that is based on a given exponential inter- 

contact times distribution with rate λ obtained from the three pre- 

vious characterization methods. Experimental results confirm that 

the established Aggregate Pairs distribution is under-representative 

and, consequently, the precision of the results obtained using the 

epidemic routing model is too low, especially when the number 

of nodes of the evaluated network is high. Instead, the results 

using the Aggregate Nodes and the Any-Contact distributions are 

much more precise, requiring significantly smaller contact traces. 

Furthermore, these distributions allow the evaluation of the time 

dependence, obtaining more accurate results, in contrast with the 

low representativeness (and poor precision) of the Aggregate Pairs 

distribution. 

The rest of the paper is organized as follows. In Section 2 we in- 

troduce three methods for characterizing inter-contact times distri- 

butions, evaluating their representativeness. Section 3 studies the 

relation between these distributions, and the associated contact 

rate. The experimental evaluation of the precision of the different 

characterizations is described in Section 4 using both synthetic and 

real contact traces. Finally, Section 5 presents some concluding re- 

marks. 

2. Characterizing inter-contact times distributions 

In this section we describe three possible methods for charac- 

terizing the inter-contact times distribution from a contacts trace. 

Beside the established Aggregate Pair characterization we introduce 

two new approaches: the Aggregate Nodes and the Any Contact 

characterizations. We study their representativeness by introduc- 

ing two metrics; the average number of measures and the inter- 

contact rate. We then evaluate the proposed metrics through some 

real traces. 

2.1. Contact mobility datasets 

A contact is defined as an opportunity of transmission between 

a pair of nodes (that is, two nodes are able to communicate be- 

tween them directly for a given time). From all the datasets evalu- 

ated we obtained a contact trace . 

Given a network with N nodes, the contact trace is obtained 

measuring the times when contacts between pairs of nodes occur 

for a given time interval T . The result is a trace of length C ( T ) (that 

is, the number of contacts), where each record is a 4-tuple ( t i , a i , 

b i , d i ), reflecting, that at time t i ≤ T , there was a contact between 

the pair of nodes ( a i , b i ) with a duration of d i seconds. Based on 

this definition, for practical issues, there is only one record for each 

contact between a pair of nodes ( a i , b i ), and this contact is recip- 

rocal (in other words, there is no another record with the ( b i , a i ) 

contact). A simple contact trace is shown in Fig. 1 . This trace cor- 

responds to a five nodes ( N = 5 ) network, which has a duration T 

of 20 s, resulting in 14 contacts ( C(T ) = 14 ). 
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