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Among the many proposed opportunistic content sharing schemes, Floating Content (FC) is of special in-
terest for the vehicular environment, not only for cellular traffic offloading, but also as a natural commu-
nication paradigm for location-based context-aware vehicular applications. Previously published results
on the performance of vehicular FC have mostly focused on the conditions under which content persists
over time in a given region of space, without addressing other important aspects of vehicular FC perfor-
mance, such as the effectiveness with which content is replicated and made available, and the system
conditions that enable good FC performance. This work presents a first analytical model of FC perfor-
mance in vehicular networks in urban settings. It is based on a new synthetic mobility model (called
District Mobility Model - DMM), and it does not require a detailed knowledge of the road grid geome-
try. We validate our model extensively, by comparison against numerical simulations based on real-world
traces, and we prove our model accuracy under a variety of mobility patterns and traffic conditions. Our
analytical and simulation results provide evidence of the effectiveness of theFC paradigm in realistic ur-
ban settings over a wide range of traffic conditions.

© 2019 Published by Elsevier B.V.

1. Introduction

After many years of mostly academic interest, vehicular com-
munications and networks are now one of the top priorities for
several industrial segments. On the side of telecommunication
equipment manufacturers, the 5G PPP (5th Generation Public Pri-
vate Partnership) has identified automotive as one of the most im-
portant vertical sectors for the application of 5G technologies [1],
and the IEEE LAN/MAN Standard Committee (IEEE 802) has de-
veloped a specific standard for Wireless Access in Vehicular En-
vironments (WAVE), labeled 802.11p [2]. On the side of car manu-
facturers, attention is high to both connected cars providing ser-
vices based on the inclusion of the vehicle in a smart environ-
ment where other vehicles, as well as roadside units, are able to
exchange data with the car, and to the extraction of value from
the huge amount of data generated every day by each vehicle. This
surge of industrial attention to vehicular communications is surely
due to the fast progress in autonomous vehicles, along the 5 lev-
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els identified by the taxonomy and definition in the SAE (Society
of Automobile Engineers) document ]J3016 [3], but also to the in-
creasing volume of sensor data that can be collected within cars.
While telecommunication operators are trying to propose their
networks and their technologies (and in particular 5G) as the solu-
tion for all vehicular networking applications, some of the planned
vehicular communication services impose very demanding QoS
(Quality of Service) targets. According to the classification of 3GPP
TS 23.203 [4], V2X (vehicle to anything) messages fall into QCI
(Quality Class Indicators) classes 3, 75 and 79, and can tolerate a
delay of up to 50 ms with packet loss rate up to 10~3 or 1072,
However, critical applications, such as remote driving, can impose
much stricter requirements, with latencies as low as 10 ms (see
3GPP TS 22.261 [5]). This implies that the use of a telecommuni-
cations infrastructure to carry the huge volume of data generated
by cars for all the applications of interest may not be the wisest
choice, considering the difficulty in meeting the specified QoS tar-
gets. This becomes evident if we consider the fact that most of the
data of interest are generated at the network edge (inside the vehi-
cle or close to it) and are directed to users (other vehicles or road-
side units) in proximity of the vehicle. In such a context, offload-
ing vehicular data transfers (at least those with the characteristics
above) from the telecommunications infrastructure to a direct V2V
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(Vehicle-to-Vehicle) opportunistic link seems reasonable, both be-
cause it reduces unnecessary infrastructure overload, and because
it allows much shorter latencies between data generation and de-
livery.

An example of opportunistic communication paradigm for the
local dissemination of information goes under the name of Float-
ing Content (FC) [6] or Hovering Information [7]. It enables prob-
abilistic content storing in geographically constrained locations -
denoted as Anchor Zones (AZ) - and over a limited amount of time.
Given the infrastructure-less nature of the FC paradigm, and its
reliance on opportunistic exchanges among mobile nodes, a sig-
nificant portion of the performance studies on FC has focused on
the conditions under which content persists in the AZ (i.e., “floats”
for a “large enough” amount of time). Hyytid et al. [6] introduces
the criticality condition, a sufficient condition for the content to
float indefinitely with very high probability, under various mo-
bility models. Desta et al. [8] introduces an analytical model for
content persistence for the case of outdoor pedestrian mobility in
large open spaces, such as a city square. However, for any practical
application, content persistence over time within the AZ is only
a necessary condition for FC viability. Indeed, when the content
persists, it is essential to characterize how often the FC paradigm
manages to deliver the content to the intended users. Despite its
importance, few works consider this issue. For setups where nodes
move according to a random direction mobility model, Ali et al.
[9,10] characterize analytically the success probability (i.e., the prob-
ability of delivering content to users in transit in the AZ) as a func-
tion of system parameters. Ali et al. [10] shows however that those
results are heavily inaccurate when applied to realistic scenarios,
and in particular to vehicular setups. Several works consider FC in
the vehicular environment (see e.g., [11,12]). However, these works
still focus on content persistence within the AZ. Hence, how the
features of vehicular mobility patterns impact FC performance, and
how to engineer a vehicular application relying on FC for achieving
a target performance, are issues that remain to date still open.

This work is motivated by the need to better characterize the
FC performance in vehicular urban environments. We focus on ur-
ban scenarios (which in a European context means built environ-
ments with approximately 50-100 inhabitants per hectare), and we
propose an analytical approach to performance evaluation of FC in
vehicular scenarios. Our approach is based on mapping the pat-
terns of vehicular mobility in an urban environment into a modi-
fied version of the random waypoint (RWP) mobility model. This
allows the derivation of a performance model that is not based
on any specific road grid geometry. Numerical assessments of our
results on measurement-based mobility traces show that our ap-
proach accurately models vehicular FC performance over a wide
range of values of system parameters. Through simulations on real-
world vehicular traces, we perform a first characterization of the
relation between land uses (office/commercial, industrial, or resi-
dential), their induced vehicular mobility patterns, and FC perfor-
mance. As expected, we observe that in each scenario such fea-
tures of mobility as the local mean node density, the mean con-
tact rate, the degree of mixing between different traffic flows play
a crucial role in determining the optimal AZ dimensioning strat-
egy, the achievable success probability, and the type of applications
which FC can support. Moreover, and contrary to what was previ-
ously shown in the literature, our results suggest that in realistic
urban vehicular settings the criticality condition is not a good in-
dicator of the probability for the content to float over time.

The key contributions of this paper are the following:

« We propose a new synthetic mobility model (called District
Mobility Model - DMM), which captures the main characteris-
tics of urban mobility, without requiring as input the specific
geometry of the road grid,;

« We apply DMM in the performance analysis of FC, deriving an-
alytical expressions for the average content availability and the
success probability in a vehicular FC system;

We carefully validate our analytical predictions by comparing
results against those of detailed simulations driven by realis-
tic, measurement-based mobility parameters. We show that our
approach accurately models vehicular FC performance over a
wide range of values of system parameters;

We discuss the insight provided by numerical results on the
performance of FC in vehicular urban scenarios; and

We discuss the limitations of our modeling approach, pointing
out the cases in which it can be inaccurate.

The rest of this paper is organized as follows. In Section 2, we
present the system model, and in Section 3 we present the main
analytical results on FC success probability. In Section 4, we nu-
merically assess the accuracy of our analytic results, and we evalu-
ate them by simulation on a realistic setup. In Section 5, we briefly
discuss previous work, and finally Section 6 concludes the paper.

2. System model

We consider a set of wireless nodes moving on a region of the
plane, with transmission range r (Table 1). We assume two nodes
come in contact when they are in the range of each other, i.e.
when their distance is not larger than r (Gilbert’s model [13]). With
C(x) we denote the throughput between two nodes when they are
at a distance x, x < r from each other. C(x) can be modeled using
Shannon’s capacity law, or any other more realistic model.

In what follows, we focus on an urban environment. Coherently
with typical features of vehicles mobility in an urban setting, we
assume that mobility patterns of each node alternate between time
intervals spent moving, and time intervals spent still at a waypoint,
which could model a pause at a crossroad, or in a parking lot.

More specifically, we assume nodes move according to the Dis-
trict Mobility Model (DMM), which abstracts from the details of the
geometry of the street grid. Its formal definition is as follows.

Definition 1 (District Mobility Model). We assume that nodes ar-
rive in a region of the plane according to a Poisson process with
intensity A. Nodes, inside the region, move according to the RWP
mobility model with pause, with velocity v constant and equal

Table 1

Table of notation.
Parameter  Description Units
r Node transmission range m
C(x) Throughput between the two nodes at distance x Mb/s
A Nodes arrival rate 57!
v Node speed mfs
p Probability of the next waypoint with the AZ
Tm Moving time within an epoch s
Ts Stopping time within an epoch s
T; Moving time (when crossing the AZ without pause) s
R AZ radius m
v Frequency of contact between two nodes 571
Q Probability of successful content exchange
N Mean number of nodes within the AZ
n Mean number of nodes within the AZ with content
m Mean number of nodes within the AZ without content
Psyce Probability to obtain the content
P, Probability to obtain the content in an epoch
P Probability to obtain the content during moving time
P Probability to obtain the content during stopping time
L Content size MB
B Bandwidth MHz
o Coefficient of attenuation cm™!
No Power of spectral density W/Hz
P Transmit power w
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for all nodes (though our approach can be easily generalized to
scenarios where velocity varies between waypoints according to a
given distribution).

When a node arrives, its initial waypoint is chosen uniformly
at random on the border of the region. Upon reaching a waypoint,
each node pauses for a random duration. Then, with probability p,
the location of the next waypoint is selected uniformly at random
within the region. Otherwise, with probability 1 — p the location of
the next waypoint is selected uniformly at random on the border
of the region. Once reached the border, a node disappears from the
region.

As in RWP, in the DMM the sojourn time of every node within
the region consists in a succession of epochs, where each epoch is
the sum of the time spent moving between two consecutive way-
points, (the moving time), and of the time spent still at the desti-
nation waypoint (the pause time). The duration of moving time, T,
and pause time, Ts, are assumed to be independent random vari-
ables. We denote their pdf with fr, and fr,, respectively. We as-
sume such pdfs to be the same for all nodes. When a node does
not stop into the region, its sojourn time is spent only moving
from one point to the other of the border. We indicate such epoch
as a traversal epoch. With T; and fr, we denote, respectively, its
duration and the associated pdf. Finally, given two nodes, of which
at least one moving, the trajectory distance is the minimum value
that the distance between the two nodes takes while they are in
the range of each other.

One of the distinctive features of vehicular mobility is being
strongly influenced by the geometry of the road grid, and the re-
lated constraints on node speed and direction. As a consequence,
existing approaches to vehicular FC modeling focus on specific
geometries, such as highways, highway junctions, or Manhattan
grids, deriving results which are hardly generalizable [11].

Different from the typical vehicle mobility over a street grid,
the DMM is isotropic (i.e., at any point in space, all directions can
be chosen with equal probability) and unconstrained (i.e., a vehicle
can occupy any location within the area). This is the reason why
we say that the DMM abstracts from the details of the geometry of
the road grid. However, when a “sufficiently large” portion of the
road grid is included inside an AZ (say, a few blocks), even if the
possible instantaneous directions of movement are finite, for any
two points chosen at random on the map (on the road grid), often
there exists at least one path between them (albeit usually not on
a straight line). Hence, both with DMM and in reality the move-
ment between two points is possible. On a macroscopic scale, and
for the purpose of modeling content replication and diffusion dy-
namics within the AZ, the approximations introduced by the DMM
only impact the mean moving time between two waypoints.

2.1. Floating content basic operation

We assume that at a time ty, a node in the plane (the seeder)
defines a circular area of radius R, the Anchor Zone (AZ), contain-
ing the node itself. At time ty the seeder (blue node in Fig. 1a)
generates a piece of content (e.g., a text message, a picture). For
t>ty, every time a node with the content comes in contact with
a node without it within the AZ, the content is exchanged suc-
cessfully with probability Q (Fig. 1b). We assume the time taken
to replicate the content is negligible with respect to contact time.
Nodes entering the AZ do not possess a copy of the content, and
those exiting the AZ discard their copy. Hence, the typical behav-
ior of a node consists in entering the AZ with no content, receiving
the content from another node, distributing the content to nodes
with no content met within the AZ, leaving the AZ and dropping
the content. If the node then re-enters the AZ, it will again receive
the same content when a node with content is met. As a result

of such opportunistic exchange, the content floats (i.e., it persists
probabilistically in the AZ even after the seeder has left the AZ). In
this way, the content is made available to nodes traversing the AZ
(Fig. 1c) for the whole duration of its floating lifetime.

A first performance parameter of FC is content availability at a
given time, i.e. the ratio between the number of nodes with con-
tent over the total amount of nodes inside the AZ at that time. In-
deed, a high value of availability is correlated with low likelihood
of content disappearance from the AZ, but also with the proba-
bility of getting the content for a node entering the AZ. This last
feature is captured by the success probability, the probability for
a node entering the AZ of getting out of the AZ with a copy of
the content. This is the main performance indicator, and the one
which is most directly related to the performance of applications
and services relying on FC. Indeed, it is a direct indicator of the ef-
fectiveness with which the floating content is delivered and made
available to nodes traversing the AZ.

Another relevant performance parameter is the mean time the
content from entering the AZ, which is especially crucial for safety
applications requiring that the message reaches nodes as soon as
possible.

3. An analytical model for success probability

In this section, we introduce the analytical results which relate
the success probability to the main system parameters.

For our derivation, we consider a system in equilibrium, in
which the mean number of nodes inside the AZ does not change
over time. For nodes mobility within the AZ, we consider a district
mobility model, with area coinciding with the floating content AZ.

The sojourn time for a node in the AZ is given by the sum of
the duration of the epochs spent within the AZ, plus the time to
enter and exit the AZ, weighted with their probabilities:

Tooj = (1= p)| T: + Y p*[K(E[Tn] + E[Ts]) + E[ T ]] (1)
k=1
and N = ATy; is the mean number of nodes in the AZ, by Little’s
law.
With g we indicate the mean fraction of sojourn time in which
a node moves:

. (1= [Tt + X1 PH(KE[Tw] + E[Tw]) |
B Tsoj

Note that when p tends to 1, g is well approximated by %

In order to derive an analytical expression for success proba-
bility, we start with the following two results, which determine
the frequency with which any two nodes come within the range
of each other in the AZ, and the content availability (and hence

the mean number of nodes with content in the AZ).

Lemma 1 (Frequency of contacts). In the district mobility model,
considering a region with area A, the mean frequency of contacts be-
tween any two nodes, with mean speed v and transmission range ra-
dius r, is

2rqu[2(1 —q) + 1.27q]
V= A

For the proof of Lemma 1, please refer to Appendix A.

In general, the number of nodes with content in the AZ at
a given time t>0, n(t), and without content, m(t), are random
variables. In what follows, we indicate with 7n(t), and m(t) their
stochastic averages, and we consider what happens to these quan-
tities when the transient due to the initial spreading of the content
within the AZ is exhausted. Let n, and m denote the values taken
by the previous quantities in stationary regime. We have the fol-
lowing result.

(2)
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(b)

Fig. 1. Basic operation of Floating Content. 1a) Seeder (blue) defines the AZ. 1b) Opportunistic message exchange between nodes. 1c¢) Nodes going out of the AZ (red) discard

the content.

Lemma 2 (Content availability). For R> >r, when the criticality
condition

NTSOjv >1 (3)
is satisfied, the stationary mean number of nodes in the AZ with con-
tent, 1, is given by
- 1
=N-—
TsojUQ

The mean number of nodes without content, denoted with m, is
_ 1

For the proof of Lemma 2 we refer to Appendix B.

We now present our main result, which relates the success
probability to the probability for a generic node to get the content
during the epochs of its sojourn time inside the AZ.

S]]

Theorem 1 (Success Probability). In the district mobility model,
when R> >r and the criticality condition (3) is satisfied, the prob-
ability for a node to get the content during its sojourn time within
the AZ, in stationary regime is

Pace = (1= PR+ g s (PR + P (1= p)] (5)

where P, is the probability that a node gets the content during an
epoch (other than the final one), given by
PeZPm+(1_Pm)I)s (6)
Ps is the probability of getting the content during the pause time,
given by

P = fom (1-e™) fr(v)dr (7)

P, is the probability of getting the content during the moving time,
given by

2R

Py = / ! (1-e™ ) f (z)dr. (8)
0
Where the pdf of T, is given by
12 w TV ™\ 2
fr,(v) = (a CCOS — 3% " 3R 1- (ﬁ) ) (9)

Py is the probability of getting the content during the transition epoch.
Its expression is the same as (8), with fr, instead of fr,,:
T2
() = — (10)
E 2RVAR? — T212

For the proof of Theorem 1 we refer to Appendix C.

Note that the epoch in which the node exits the AZ coincides
with the time spent moving towards the border of the AZ, as the

node is assumed to disappear once reached the border. Hence for
the final epoch P. = Pp,.

In realistic settings, every time two nodes come in range of
each other, a substantial amount of time is required by each node
to detect the presence of the other node, and to establish the con-
nection. To such time overhead (which is in the range of a few sec-
onds in Wi-Fi Direct, up to 10 — 12 s in Bluetooth [14], and sensi-
bly inferior in DSRC [15]), it adds up the time for content transfer,
which is a function of content size L and of the capacity between
the two nodes during the contact time.

The following result provides a way to include such effects into
the performance model of vehicular FC. Let 7 be the mean time
taken by two nodes in contact to establish a connection and coor-
dinate for content transfer.

Theorem 2. When r< <R, and Ts is exponentially distributed with
mean 1/u, the probability of successful content exchange Q is given

by
L ) L
Q=2(1-q)q-0 + 0 4 (1 q)?exp [2M<To+ —)] (11)
r r Go
where

« hg (respectively, hf) is the maximum trajectory distance beyond
which no successful content transfer can take place, when only one
node is moving (respectively, when both nodes are moving). hy is
the solution of the following equation:

c(\/(hg)2+ (,/rz— (hg)Z—vt> )dt (12)

- [
To

hy, is the expectation of the maximum trajectory distance h" with
respect to the distribution of the relative speed v, between two
moving nodes:

2v
my= [ W fwods

where fi(v;) is the pdf of the relative speed between two moving
nodes:

frtvy) =

Ur

v2r/1— (v /v —1)2

and where h'(v;) is the solution of the following equation:

L— / e </<hr<vr>>2

» C(x) is the channel capacity between the two nodes, as a function
of their distance x.

2
S ()2 — vy ) )dr

(13)
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« Cp is the mean throughput between two static nodes:
2 r
Co=— | xC(x)dx
0= [ €@

For the proof of Theorem 2, please refer to Appendix D.

Note that Theorem 2 assumes that on a contact between two
nodes, the time for the content to be successfully transferred is
not affected by other already ongoing content transfers involving
the two nodes. This is a reasonable assumption for setups with
low node densities, i.e., setups where it is unlikely that a node
is simultaneously in contact with several other nodes, and with
r < <R, while bringing to optimistic performance estimations in all
other cases. Finally, note that results in this section have been de-
rived under the non-spatial approximation, by which, for the sake
of analytical tractability, nodes have been assumed to be uniformly
distributed within the AZ. In Section 4, we numerically assess the
impact of such assumptions on the model accuracy.

4. Simulation and validation

In this section, we illustrate the numerical validation of our
model, and the numerical assessment of the performance of FC in
a vehicular environment, based on two scenarios. In a first sce-
nario, we consider nodes moving according to the DMM, and we
compare simulation results with the analytical predictions of our
model. Our goal is to characterize FC performance as a function of
the main system parameters, and to validate Theorem 1 by assess-
ing the impact of those effects, such as clustering of nodes with
content and border effects, which are not included in our model.

In a second scenario, in order to perform a more realistic as-
sessment, we consider a setup where mobile users model vehicles
on the streets of two European cities, moving according to a set of
measurement-based mobility traces.

In both scenarios, simulations are performed using the VEINS
framework [16], based on OMNET++ [17] for network simulation,
and on SUMO (18] for road traffic simulation.

Unless otherwise stated, we assume that content is transferred
(with probability Q = 1) every time two nodes come in the range
of each other, regardless of the amount of time spent in range.
This corresponds to the case in which the content size is small
enough, for content transfer time, to be much smaller than the
typical mean contact time in urban scenarios. This is the case, for
instance, of such applications as traffic warning, accident warn-
ing, or textual advertisements. We assume Ts to be exponentially
distributed, with mean 1/u. In what follows, we model C(x) us-
ing Shannon’s capacity law (though any other, more realistic model
can be used):

—a
C(x) = Blog, (1 + Px )
No

where o is the attenuation coefficient, Ny the power spectral den-
sity of the additive white Gaussian noise, and B is the available
bandwidth. We do not include the effects of fading and interfer-
ence. Note however that our approach can easily be adapted to in-
corporate such effects.

Finally, with respect to the expected validity time of the floated
content, we group vehicular services relying on FC into two broad
categories. The “near real-time” category typically floats messages
with a very short validity in time (a few minutes). Examples
are situated introductions, or infrastructure-less ridesharing, where
passing cars inform neighboring pedestrians of their availability
and their planned trip. Services in the “delay tolerant” category,
instead, are associated to events with slower dynamics, and hence
they require longer floating lifetimes of content inside the AZ (of
the order of one-two hours).

4.1. Baseline scenario

In order to assess the accuracy of our model, we performed
a steady-state analysis of the system. Each simulation run started
with an empty AZ. Then, after waiting long enough for the tran-
sient on node population to be exhausted, we assumed that the
closest node to the center of the AZ generates a message, and it
starts replicating it opportunistically. Finally, once exhausted the
transient on content population in the AZ, we measured content
availability within the AZ, averaged over two hours. Being this
a steady-state analysis, we only retained data for those contents
which float. Moreover, for the welfare of homogeneity in measured
data, we retained only simulation results for which the content
floats for the whole simulation time. Note that, since the criticality
condition was satisfied in all simulation setups, the vast majority
of the content fluctuated for the whole simulation time.

In addition, for each simulation, we measured the average suc-
cess rate over the simulation time. The average success rate is de-
fined as the fraction of nodes which leave the AZ with a copy of
the content during the simulation time, and it is an estimator of
the success probability for the given content.

Unless otherwise stated, we considered an AZ radius R = 50 m,
arrival rate A =0.1s~!, and a mean moving time 9 s. The proba-
bility p for a node to remain in the AZ after a pause has been set
to 0.9.

In Figs. 2 and 3, respectively, we plot the values of success
probability and availability derived from simulations, as functions
of the ratio between the transmission range and the AZ radius, for
different values of mean pause time 1/u, and hence of the fraction
of moving nodes q.

In both plots, we compare simulation results with analytical
predictions.

As the plots show, both performance parameters increase
monotonically as a function of r/R. Indeed, both are directly related
to contact rate, and from Lemma 1 we know that contact rate is
directly proportional to r/R.

The range of values of r/R was chosen as follows. Values of r/R
below 0.1 do not allow the content to float for more than a few
minutes (the criticality condition is not satisfied). When r/R> 1 in-
stead, even at very low node densities, nodes within the AZ form
a strongly connected component, bringing success probability very
close to one.

Indeed, when r/R gets closer to one, node clusters start to
emerge, lowering the estimates of success rate from our model
with respect to values from simulation. However, this effect is
counterbalanced by border effects. Indeed, in our derivation, we
discarded the fact that users close to the border of the AZ have
part of their coverage area lying outside of the AZ. Ignoring this
effect brings to overestimate the replication opportunities of a con-
tent with the AZ. Such effect, typically negligible for low values of
r/R, starts to have some impact on the accuracy of our model for
values of r/R close to one. Moreover, in the derivation of contact
rate, we assumed that node directions are all equally likely. For
the DMM, this is a good approximation when nodes are close to
the center of the AZ, while bringing to an overestimate of contact
rate (and hence of content exchange opportunities), when nodes
are close to the border of the AZ. Figs. 2 and 3 show a good ac-
curacy of our model in predicting FC performance, across various
system configurations. Indeed, the overall difference between anal-
ysis and simulation is always less than 5%. Note that, for the same
value of /R, and keeping constant all other system parameters, an
increase of 1/u has two contrasting effects on success probability.
On the one side, it increases the mean sojourn time, increasing the
mean number of nodes in the AZ and therefore (at least in prin-
ciple) the content replication opportunities. On the other, it also
decreases the fraction g of nodes, which at any time instant, are
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Success probability
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Fig. 2. Success probability over transmission radius, with 95% confidence intervals.
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moving within the AZ, thus decreasing the overall contact rate in
the AZ. As we can see from the plots, the net result is an increase
of success probability and success rate.

We also see that the marginal benefit of increasing r/R is higher
for high values of g, indicating that the more mobile nodes there
are, the higher are the advantages of a large transmission range.
Fig. 3 shows that availability has a similar dependency with respect
to /R and q as success probability. The figure also shows that there
is no direct proportionality between availability and success proba-
bility, and that typically availability is lower than success probabil-
ity (indeed, success probability is the availability of nodes leaving
the AZ, which typically have more chances of possessing the con-
tent than the average node in the AZ). Hence, as the plots suggest,
and despite being often chosen as the main FC performance pa-
rameter, availability is, in general, a poor indicator of success prob-
ability. We can also see that, increasing the mean amount of time
spent moving by a node allows decreasing the availability required
for achieving a given value of success probability.

Finally, we analyzed the impact of finite content size and ca-
pacity between two nodes on content diffusion and on FC per-
formance. We assumed content of size L =5 MB, to emulate the
exchange of multimedia content (e.g., a video), attenuation o =3
(typical of urban scenarios), B=1 MHz and a transmitter SNR of
5 dB (which models setups with high interference, common in
crowded city centers, e.g. at the 2.4 GHz frequency). As for mo-
bility, we have assumed a speed of 10m/s, and mean pause time
of 10 s, in order to emulate the mobility in urban scenarios with
intense traffic. The initial delay before content exchange 7, was
varied between zero and 5 s, to take into account connection setup
delays. In Fig. 4, we plot the values of the probability of successful
content exchange Q obtained from simulation and those derived
from Theorem 2. As we can see, the model maintains high levels of
accuracy even for values of transmission range comparable to the
radius of the AZ. We see that, in all configurations, the model is
slightly pessimistic with respect to simulations. This is due to the
fact that the model neither considers those contacts during which
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a change in mobility (from static to moving, or vice versa) takes
place, nor it includes border effects. Indeed, the loss of accuracy
increases with increasing 7 because those effects are more likely
to impact those contacts which last longer.

The effects of finite content size and limited channel capacity
on FC performance are also visible in Figs. 2 and 3, where we plot
success probability and availability, for a content of size 4MB. As
expected, the impact of these factors on performance is relevant
for values of mean contact time less than or equal to the mean
time taken by a contact transfer, while slowly decreasing with in-
creasing transmission range.

4.2. Assessment in urban scenarios

In order to test our model in a realistic context, and to char-
acterize those conditions in which FC is feasible in a vehicu-
lar environment, we considered two European city scenarios, in
which nodes move on an urban road grid, and according to
measurement-based vehicular mobility traces.

Specifically, we consider a section of the area of Luxembourg
City, and of Cologne, Germany. The Luxembourg scenario (Fig. 5a)
consists of an surface of 155.95 km?2, which includes the city cen-
ter as well as part of its surroundings. The street grid and the
measurement-based mobility traces for this scenario for a 24 h pe-
riod have been derived from [19]. The Cologne scenario extends
over an area of 400 km?, (Fig. 5b) in which the road grid was de-
rived from [21], while mobility traces are derived from the TAPAS-
Cologne project [20]. Given the heterogeneity of the urban envi-
ronment, in order to capture the effects on FC performance of a
specific road structure and of the resulting mobility patterns, in
both settings we chose three different locations as AZ centers. One
is set in the city center (downtown, area “C”), another in a resi-
dential area (area “R”), and a third in the industrial district (area
“I").

In order to take into account temporal fluctuations in the mo-
bility patterns of these cities, we considered two different time in-
tervals over the course of the 24 h. A first one, from 7AM to 9AM,
corresponds to a period of peak traffic, due to people commuting
to work. A second time interval was chosen early in the morning,
from 2.30AM to 5.30AM. Being this typically a period of very low
car density, it usually represents a worst-case scenario for FC per-
formance. For both time intervals, we chose a duration that is of
the same order of magnitude of the typical validity of messages in
such services as traffic congestion warnings, or accident warnings.

In Table 2 we list some of the main parameters of mobility for
the three AZs, for an AZ radius of 260 m. These values show that,
within each city, the three districts differ substantially in terms of
mean node density, mean sojourn time, and mean contact rates.
More specifically, in both cities, the industrial district and the city
center have a sensibly higher node density and contact rate than
the residential district. Indeed, as the maps in Fig. 5 show, typi-
cally the residential zone is mainly a transit zone for vehicles, with
little local traffic, and with few main roads carrying the majority
of the traffic of the area. This implies, on average, shorter sojourn
times and hence fewer opportunities for content replication with
respect to other areas of a city. Despite these differences, however,
we observed that mean pause time, mean moving time, and mean
speed are essentially the same for the three districts in Luxem-
bourg City (and equal to about 15 s, 25 s, and v = 14 m/s, respec-
tively), and they do not vary significantly in the course of the 24 h.
The Cologne scenario is characterized, in each AZ, by a similar ar-
rival rate as the corresponding AZs in Luxembourg city. However,
due to differences in road grid geometry (and in particular to an
average block size larger than in Luxembourg City), it is also char-
acterized by a lower average stopping time, a higher average speed
(16 m/s), longer moving time (30s), and a lower mean contact rate.
The latter feature is probably related to the fact that the blocks,
being larger on average, make it more difficult for nodes on oppo-
site sides of a block to come in the range of each other. Note that,
for the computation of the mean pause time, we assumed that cars
which are parked do not participate in content exchange.

In each simulation run, the adopted seeding strategy is as fol-
lows. Among all nodes passing in the AZ in the first 5 min of the
given time interval, we choose at random a node as seeder. Then,
from the moment in which the seeder enters the AZ, we simulate
the process of content replication and floating for the whole dura-
tion of the time interval. Such strategy models those FC application
contexts in which a single vehicle is the producer of the content.
This is the case, for instance, of infrastructure-less car sharing, in
which each car offering a lift advertises its availability (plus, possi-
bly, its approximate location and trip plan), or of parking manage-
ment applications, in which a car leaving a parking location adver-
tises the location of the available parking spot.

For each of the two cities, Fig. 6 shows success probability for
the three districts, for an AZ radius of 260 m, and for the low traf-
fic time interval, as a function of the ratio between transmission
range and AZ radius. These plots show that, even in scenarios with
realistic mobility patterns, simulation results are in good agree-
ment with analytical values of success probability computed with
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(b) Cologne area [20]

Fig. 5. The areas of Luxembourg City and Cologne considered in our evaluations. In each area, the yellow circles correspond to three AZ with R = 260m, located in the city
center (C), in the industrial district (I), and in a residential district (R).

Table 2

Main mobility parameters in the Luxembourg and Cologne scenarios, for the three AZs
in Fig. 5 for low-density (2.30AM — 5.30AM) and high-density (7AM — 9AM) traffic pe-
riods. AZ radius R = 260 m, transmission range r = 20 m.

City Scenario Sojourn  Contact N. of nodes  Arrival
Time Rate in the AZ rate
Ty v(IN-1) N A
Luxembourg C low traffic 335.7 0.04 29.5 0.087
peak traffic  368.4 116 489.2 1.327
I low traffic 412.2 0.05 38.7 0.0938
peak traffic  440.8 0.72 512.1 1161
R low traffic 189.6 0.0063 1.9 0.010
peak traffic  192.4 0.043 129 0.067
Cologne C  low traffic 192.2 0.037 20.7 0.107
peak traffic  245.8 0.75 294.9 1.257
[ low traffic 258.3 0.029 329 0.128
peak traffic  311.8 0.81 326.5 1.051
R low traffic 124.3 0.0011 2.6 0.021
peak traffic  136.1 0.018 10.7 0.079

the model in Section 3. The fact that our results maintain a high
accuracy on very different road grid scenarios, and mobility pat-
terns suggests that the district mobility model is effective in cap-
turing those aspects of vehicular mobility, which have a significant
impact on FC performance in urban settings.

In the industrial area, the node density and mobility are such
that even with a small transmission range (26 m) success proba-
bility is very high (above 0.8 in Luxembourg, and slightly lower in
Cologne). As for the city center AZ, despite having only marginally
lower node density, it exhibits a markedly smaller success proba-
bility at low values of r/R. Similarly to what seen in the baseline
scenario, in scenarios with smaller sojourn times, increasing the
ratio between transmission range and AZ radius brings to larger
marginal increases in success probability. Finally, in both cities the
plots indicate that, even at peak traffic, the residential area is the
most critical for FC performance, requiring a large ratio r/R to
achieve high success probabilities. Note that in practical settings,
values of r/R close to one defeat the purpose of having an AZ, as
the vast majority of users who should get the content are within
transmission range.

We also note that the higher traffic “fluidity” in Cologne, with
less frequent stops, and with a slightly less dense road grid, brings
in each district to generally inferior performance in terms of suc-
cess probability and availability. The higher traffic regularity brings
however also to a higher level of accuracy between model and
simulations, for a same number of simulations, as averages of sys-
tem parameters and of mobility parameters are more representa-
tive of the actual mobility features in the considered observation
window.

The strategy for content seeding can have a significant impact
on the performance of FC. In order to show the effect of seed-
ing, we look at the AZ in the Luxembourg city center in the high
traffic period (from 7AM to 9AM). We consider an AZ with radius
R =260 m and a transmission radius r = 160 m, with 94 nodes in
the AZ at time t = 0. In Fig. 7, we report the evolution of the suc-
cess probability versus time under four different seeding strategies.
Each point in the graph is an ensemble average of 30 simulation
runs, with a further average over 30 s. In the first case, all nodes in
the AZ receive the content at t = 0, for example with a broadcast
message issued by the cellular infrastructure. In the other cases,
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Fig. 7. Success Probability over simulation time. Several seeding strategies in the city center of Luxembourg City at high-density traffic (7AM — 9AM). Anchor Zone radius
260 m, transmission radius 160 m. At t = 0 there are 94 nodes within the AZ. Mean over sample population of 20 (each point) every 300 s.

the fractions of nodes that receive the content are 75%, 50%, 25% The fact that the availability plot is much noisier than the suc-
or just one node. We clearly see that the seeding strategy only af- cess probability is due to the fact that short-term fluctuations in
fects the duration of the transient before the success probability the overall population of nodes as well as in the population of
stabilizes to slightly more than 0.9. A similar, but more noisy be- nodes with content within the AZ have an impact only for a frac-

havior is observed in Fig. 8, where we report the evolution of the tion of the time that a node spends in the AZ. And while this is
availability versus time in the same conditions. enough to generate fluctuations in availability, the probability of
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getting out of the AZ with the content is affected by the compound
effect of many such fluctuations along the whole sojourn time of
a user in the AZ. As it can be seen from Fig. 7, such compound
effect brings to smoothing out fluctuations in success probability
over time.

One of the main features of mobility which are not accounted
for by our model is node clustering, which typically brings to
a higher rate of contacts, and hence to a larger amount of op-
portunities for content exchange with respect to scenarios which
are homogeneous in space. In particular, given that our approach
is based on mapping mobility features to a synthetic mobility
model, such as the DMM, which tends to distribute nodes evenly
in the AZ, we expect our approach to yield substantially pes-
simistic estimations of FC performance in scenarios with a signif-
icant amount of clustering. To clarify this aspect, we have consid-
ered, for a specific AZ (the industrial AZ in the Luxembourg sce-
nario), the empirical distribution of cluster size. In order to be
conservative, we have considered the low-density traffic time in-
terval (2.30AM — 5.30AM), when clustering phenomena should be
at their daily minimum for the considered area. Fig. 9 shows the
empirical distribution of cluster size for three values of the ra-
tio r/R. We see that the amount of clustering is significant even
at small values of transmission range, and that the cluster size
(i.e., the number of vehicles in the cluster), as well as the rel-

industrial AZ in the Luxembourg scenario, for the low-density traffic period.

ative number of clusters, increase with transmission range, as
expected. This observation, together with the high model accu-
racy at every value of transmission range observed in Fig. 6, sug-
gests that our approach is robust against very high levels of node
clustering.

In order to get insights on these performance features of FC, we
analyzed the evolution over time of the mean content availability
for each of the three AZs in the Luxembourg scenario. In Fig. 10 we
plot (in red) the mean content availability over time for 30 simu-
lation runs.

Content availability, being a property of the system in steady
state, is not defined when content does not float. In experimental
scenarios, the content is ultimately subject to disappearance, possi-
bly due to stochastic fluctuations in the populations of nodes, or to
specific mobility patterns, which bring out of the AZ those nodes
with content, or which prevent content from being exchanged. In
Fig. 10, we plot (in gray) the fraction of nodes with content over
simulation time, for each of the 30 simulation runs. As we can see,
in some configurations (e.g., in the city center AZ, for R = 260 m in
the low traffic time interval), content does not float for the whole
duration of the interval. For this reason, we also plotted (in black
in Fig. 10) the mean fraction of nodes possessing a copy of the
content at a given time from content generation. This last quantity,
taking into account content which disappears, is a better measure
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radius is 100 m.

of the effective likelihood for a node inside the AZ to possess a
copy of the content at a given time from content generation.

In all configurations, the criticality condition (3) is satisfied.
However, in the low traffic period with R =260 m, only in the in-
dustrial district the content floats (in most of the cases) for the
whole duration of the interval (Fig. 10a). In the city center AZ, in-
stead, (Fig. 10f), despite achieving rapidly a high availability (0.7
within the first 10 min), on average content floats for 30 min,
while after an hour content has almost invariably disappeared.
Similar behavior is observed in the residential area, where the con-
tent floats for at most 10 min (not shown).

Summarizing, in low traffic periods, even with relatively large
ratios /R, content floats for a few minutes at most, making FC
suitable only for “near real time” applications, with short lifetime.
In the residential zone, at all times of the day, a large AZ radius
is required to float the content with high probability for more
than 30 min. In low traffic, extending the AZ radius while keep-
ing constant the transmission radius has an overall positive im-
pact on availability, and on floating lifetime, in all parts of the city
(Fig. 10b, h and e).

When content floats for the whole two hours, we note a strong
correlation between the evolution of availability of different con-
tent over time (Fig. 10a, b, ¢ and h). In addition, we see availability
taking only a finite set of values over time. This is an indication
of the existence of few clusters of vehicles, with little inter-cluster
exchanges. Only the increase of the number of vehicles arriving in

the AZ (at around 4000 s from the beginning of floating time, in
the low traffic time interval, see Fig. 11) increases the exchanges
between these clusters (sharp increase in Fig. 10a, b and h).

Finally, from these results, it clearly emerges how the critical-
ity condition is a poor indicator of the actual feasibility of FC in
realistic scenarios. However, they also show that, at least in the
considered urban settings, by appropriately setting the AZ radius
(within reasonable limits, i.e. not extending it to the whole city) it
is always possible to set content to float for a consistent amount
of time.

4.3. Limitations of our approach

When applying our approach in a realistic scenario, an impor-
tant aspect is the choice of the AZ radius. A first element to con-
sider in such a choice is the desired FC performance, usually in
terms of success ratio. A reasonable choice for the AZ radius is typ-
ically the minimum value of AZ radius that ensures a success ratio
at least equal to the target value. However, when such radius is
small enough (say, of the same order of magnitude as the typical
block size), then the spatial inhomogeneities in user distribution
and differences in mobility patterns between various parts of the
AZ may strongly affect the accuracy of the model, as the mobil-
ity data which parametrize our model, and which are computed
as averages over the AZ area do not describe accurately anymore
the actual features of mobility within the AZ. As an example, we
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Fig. 12. Residential scenario in Luxembourg, including a portion of a highway.

consider the setup in Fig. 12. It consists of an area of the city of
Luxembourg, in the time interval (7 AM, 9 AM). As one can see,
it is located in a residential area, but it also includes a small por-
tion of a highway. The considered transmission radius is r = 26 m,
and hence it is such that the highway vehicles have little or no
chances of exchanging content with the residential nodes. In addi-
tion, highway vehicles spend a very small amount of time in the
AZ. As a result, they hardly get the content, and when they get it,
they often go out before being able to exchange it. Despite their
modest contribution to content diffusion, highway vehicles, being
numerous, give an important contribution to the mobility parame-
ters on which our model is based. The result is a high discrepancy
between the success ratio predicted by our model (0.741) and the
value arising from simulations (0.13).

5. Related work

A scheme related to FC in VANETS is Geocasting (e.g [22] and
references therein). Similarly to FC, it aims at delivering a message
to a target region through opportunistic replications. However, typ-
ically the message source resides out of the target region. Hence
Geocasting focuses more on getting content to that region, rather
than (as done in FC) proposing strategies to make sure that, once
in the region, it persists in the region over time, and it is delivered
to the intended recipients with a given target probability.

The work in [12] considers a setup in which AZ size and lo-
cation is based exclusively on application requirements (such as
the region within which the content is of interest to users), and
it proposes an algorithm which dynamically tunes content repli-
cation within the AZ, in order to ensure a target availability while
trying to minimize the number of replications. Being tied to a fixed
size AZ, such an approach can easily lead to infeasibility or to con-
tent disappearance from the AZ, as it is only able to decrease the
number of content replications when they are more than the ones
required to achieve the performance target.

In [9], authors consider settings where users move according
to Random Direction mobility model (RDMM) without pauses. The
analytical model they propose allows deriving accurate estimates
of availability and of success probability for various configurations
of the AZ, as well as of the probability for a node to get the content
as a function of the time spent in the AZ. Such approach for FC
performance modeling is tightly dependent on the assumption of
uniformity in space of user distribution, and on the geometrical
properties of the AZ and of the mobility patterns. As such, it does
not lend itself to generalizations to heterogeneous settings.

Ali et al. [23], Rizzo et al. [24] consider a campus setup, and
propose an analytical model of FC based on a Poisson Jumps mo-
bility model, which captures exchanges within user clusters, and
between clusters. The proposed model is based on the assumption
that on-the-fly exchanges between nodes on the move are negli-
gible, in a way that results are not easily generalizable to other
contexts, such as vehicular ones, where such assumption does not
hold. For FC performance in vehicular environments, Nakano and
Miyakita [11] develops an analytical model for the mean floating
lifetime on a two-lanes highway. Di Maio et al. [25] considers a
setup where a Software Defined Networking (SDN) controller col-
lects mobility information, such as vehicle speed and position. It
proposes a general strategy for optimizing the AZ radius for ve-
hicular applications in urban environments. However, so far such
strategy could not rely on accurate models of FC performance in
vehicular settings.

An earlier version of some of the results in the present pa-
per has been proposed in [26]. With respect to that paper, in the
present work, we introduced the following variations. First, some
of the approximations on which the derivation of a formula for
success probability were based in [26] have been removed, by de-
riving a new formula for success ratio. Such approximations greatly
reduced the accuracy of the model in scenarios with a small av-
erage number of stops during a sojourn time. Second, the model
has been developed to include the effects of a non-negligible con-
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Table 3

Accuracy of the approach presented in this paper and of the two main existing analytical
approaches, in terms of % difference in success probability with respect to simulation
values, for three different scenarios in Luxembourg City in a high-density traffic period
(7AM — 9AM). Content size: 4 MB, connection time 7 = 5 s, bandwidth 4 Mhz, coefficient
attenuation 3, SNR 5 dB. Anchor zone radius 260 m, transmission radius 160 m.

Approach Mobility Success probability, % difference wrt simulation
City Center  Industrial  Residential
This paper = DMM -2.18 -145 -2.34
[26] DMM 18.63 18.04 18.53
[9] Random Direction ~ 29.69 2022 28.10
tent transfer time, of contact time and of finite channel capac- Acknowledgments
ity and of the connection setup time. Indeed, the latter has been
shown experimentally to be key for the practical feasibility of a This research was supported by the CONTACT project

given wireless technology for FC. These new results allow more
realistic and accurate estimations of FC performance in urban ve-
hicular settings. All these new results have been assessed numer-
ically by simulation. In order to appreciate the impact of the de-
velopments presented in this work with respect to the state of
the art, we have considered the three areas of the Luxembourg
scenario during the peak traffic period (7AM-9AM). In these se-
tups, we have compared the success rate arising from simula-
tions with the success probability derived from the approach pre-
sented in this paper. In addition, we have considered the success
probability obtained from the only two other results which could
be applied to a realistic, non-homogeneous setup, that is the ap-
proach in [26] and in [9]. As the latter has been derived under
the assumption of nodes moving according to the Random Direc-
tion (RD) mobility model, we parametrized it by substituting the
PDF of the number of contacts during the sojourn time with a
Poisson Distribution with mean equal to the experimental mean
value.

As it can be seen from Table 3, in all of the three scenarios the
accuracy of the approach presented in this paper is substantially
better than any other existing result.

6. Conclusions

In this work, we presented and evaluated an analytical model
for the prediction of FC performance in vehicular urban environ-
ments. The model does not require a detailed description of the
road grid geometry, but only a few key parameters of mobility,
still proving to be quite accurate. Indeed, the validation of analyti-
cal predictions against simulations, based both on synthetic mobil-
ity patterns and on real-world vehicular traces, showed very good
matches. Hence, our work provides the first accurate tool to engi-
neer a vehicular application based on FC in a realistic setting.

In addition, through simulation and analysis, we have evaluated
the feasibility of the FC paradigm in realistic urban setups under a
variety of system parameter values, traffic conditions, and mobil-
ity patterns. Our results suggest that, in European city contexts, in
any city district and at any time of the day it is always possible to
find a reasonable size of the AZ such that the content floats for the
whole target duration with very high probability. As for application
performance, our results indicate that in industrial and city center
districts the FC paradigm is able to satisfy tight application-level
performance requirements at any time of the day. Conversely, in
residential districts and in area with low density of inhabitants, FC
is best suited for the diffusion of information with relatively short
time of validity, or for those applications (such as proactive mecha-
nisms for traffic congestion avoidance) for which reaching less than
50% of the total amount of nodes within the area of interest does
not compromise application-level performance.

CORE/SWISS/15/1S10487418, funded by the National Research
Fund Luxembourg (FNR) 164205 and the Swiss National Science
Foundation (SNSF) project no. 164205.

Appendix A. Frequency of contacts

Proof. Let us consider two nodes a and b within the region, and
the case in which p =1, i.e. nodes never exit the region. Let us as-
sume that node a moves according to the district mobility model,
while node b is static. We consider the location of b as well as the
initial location of a to be random within the region.

Let us divide a time of an epoch of node a into intervals of same
duration 7, with T much smaller than the expected value of T
and of Ts, and small enough to assume that, in each interval, a is
either moving or static. The mean fraction of intervals in which a
moves is hence q. q is also the probability that a is moving during
an interval of duration 7. Let us compute now the mean number of
contacts which node a experiments in a time interval [0, 7] during
which a is moving. Note that since a moves along a straight line
during a moving time, it cannot meet b more than once. Hence,
the expected number of contacts between the two nodes is equal
to 1 which multiplies the probability of finding b in the surface
swept by a during the given time interval. As the location of b is
uniformly distributed within the region, such probability is the ra-
tio between the area of the surface swept by a, and the total area
A.

Note that we assume an event of contact occurs at the first time
instant in which two nodes are in range of each other. Hence in the
computation of the contacts occurred in [0, t], if node b is already
in range of a at t = 0 we do not consider it as a contact occurred
in the given time interval. As a consequence, for the computation
of the above probability we have to subtract from the total area
swept by a in the time interval, the area covered by a at t = 0. The
resulting expression of the probability p. that the two nodes come
in contact during [0, T], when a moves, is

2rvt

Dc = A (A1)

In every interval, a moves with probability q. Hence, the mean
number of contacts during [0, T] is p.q, and the contact rate is
pcq/T. Finally, the mean time between contacts is the inverse of
the mean contact rate.

Let’s now consider the case in which a and b both move with-
out ever exiting the considered area. In each interval 7, the two
nodes both move with probability g2. For computing the mean
time between contacts, we consider the equivalent setup in which
a moves at a relative speed v, while b is still. Due to the uni-
form choice of waypoint at every epoch, the expected value of v,
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is given by

v 2 3

E, = E/ \/(1 +c0s6)? +sin“(6)d6 (A.2)

0
which is equal to 1.27v. With probability 2(1 —q)q only one of
the two nodes is moving (with speed v), and both do not move
with probability (1 — q)2. Therefore, the mean node speed during
a generic time interval is 1.27vq% + 2(1 — q)qv, and the mean con-
tact time between the two nodes is

A
2rqu(1.27q +2(1 —q))

The inverse of this quantity is the frequency of contacts between
any pair of nodes in our system, and we denote it with v. If there
are N nodes in the area, the overall contact rate is hence VN(N —
1)/2.

When p <1, in equilibrium the mean number of nodes does not
vary. That means, when our system is in equilibrium state, v is also
the mean contact rate per couple of nodes. O

Appendix B. Node density

Proof. We write the balance equations for the mean number of
nodes with (and without) content. The mean number of nodes
with content is the result of nodes with content going out from AZ,
and of nodes without content coming in contact with nodes with
content, and successfully exchanging it. If T,,; is the mean sojourn
time in the AZ, and if we assume that nodes with content are uni-
formly distributed within the AZ, n(t)/Ty,; is the rate at which, at
time ¢, nodes with content decide to get out of the AZ. The rate at
which nodes acquire content is determined by the frequency with
which a node with content comes in contact with a node without
it, within the AZ. The mean rate of contacts within the AZ is given
by v (the mean rate at which a given pair of nodes comes in con-
tact) multiplied by the number of node pairs within the AZ at ¢,
w. Of these contacts, those which increase n(t) are those
in which only one node of the two has the content, and for which
the content is transferred successfully. As p,(t) = 1'\118 the fraction
of nodes with content in the AZ, and as Q is the probability that a
content transfer is successful, the mean rate at which n(t) increases

at t is given by
2pa(t)(1 — Mt))qu

Since N(t)>1, we can approximate (B.1) with vn(t)m(t)Q. Hence
we have

_ . n
vimQ — — =0
soj

(B.1)

(B.2)

Over time, m increases due to arrivals of new nodes into the AZ,
and it decreases because of nodes without content leaving the AZ,
and as nodes without content come in range of nodes with con-
tent. Hence

)= ViRQ - 7 =0
so0j

By Little’s law and balance equations we get (4). O

(B.3)

Appendix C. Success probability

Proof. We start by analyzing the probability for one or more suc-
cessful content exchanges during a single epoch in the sojourn
time of a node in the AZ. In the stationary regime, for the given
mobility model, we assume that content is uniformly distributed
among the population of nodes. This implies that at a given time
instant the probability for a node to have the content is the same

for all nodes, it is independent of node position within the AZ, and
of the relative position of nodes. Such an assumption holds when
clusters of more than two nodes are rare, which is typically the
case when node densities are not high and R>»r [27].

We consider an epoch in the sojourn time of a node, and we
evaluate the probability for a node to acquire the content during
the moving time of that epoch. At time t, let N(t) be the number
of nodes in the AZ. Hence, there are N(t) — 1 node pairs of which
a given node is part. The mean contact rate at t is vV(N(t) — 1) =
VN(t). It can be easily seen that the system can be modeled as a
M|G/oo queue, whose distribution of number of customers in the
queue is Poisson [28]. Hence, in stationary state, N(t) is Poisson
with intensity N. Therefore the expected contact rate for a single
node at t (where the expectation is with respect to the contact rate
between a pair of nodes) is also Poisson distributed, with intensity
vN. Note that this holds because the two processes (contact rate
for a pair of nodes, and number of nodes in the AZ) are indepen-
dent.

Thanks to the uniform content distribution, the probability for a
node to have the content is % The probability for a node of having
an unsuccessful contact (i.e., to get in contact with a node without
content, or to fail in transferring a piece of content) is therefore
% + %(1 -Q)=1- %Q. The probability for a moving node to get
the content during T;;, conditioned to having j contacts is the com-
plement of the probability that j contacts bring to no transfer of
content. That is,

— J
P[succ, m | T, j] = 1 — (1 - ZQ) (C1)
By the law of total probability,

Plsucc, m | Tn] = ) P[succ | T, j]Poissg, ;. (§)
=1

— n
=1-exp (—NvaQN>

For the derivation of the pdf of the moving time fr,, note that
Tm has a different distribution when it refers to the first moving
time of a node in an AZ, when it refers to the last moving time
in the AZ, and when the moving time is the first and the last of
the node path inside the AZ (i.e., the node does not stop inside the
AZ), and in all the other cases. However, when the mean number
of waypoints on the path of a node is large enough, we can assume
all these distribution to be the same as in those cases in which the
node is neither entering nor exiting the AZ. The distribution of the
transition length L is given by [29]

fy =2

TR2

Then, given that T, = % me.d (t) =vfi(rv). By the law of total
probability, the probability of success during a moving time is

hence
2R

Pn = /0 ! (1-ev™) fr, (v)dT

The probability of success during a transit time P; is derived in the
same way as Pp. The pdf of the transit time T; is derived from the
pdf of the chord length c for a circle of radius R. As this last pdf is

given by
_c
2R/4R? — 2

and given that T; = £, we get

2

f (T) — *
T T ORVARE — t22
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In a similar manner, the probability for a static node to get the
content during Ts is

+0o0 _

g:/ (1-e™™) fr (v)dr. (C2)
=0

Finally,

Pezpm+(1_Pm)1)s (C-B)

The probability of getting the content during the sojourn time in
the AZ, conditioned to no stops in the AZ is P;. The probability of
no stops is 1 — p. For k> 0 stops in the AZ, the conditional prob-
ability is [1 — (1 — P.)*(1 = P»)], and the probability of such event
is p*(1-p).

The probability of getting the content during the sojourn time
in the AZ is hence given by

Puce = (1= )P+ Y p[1 = (1= Pu) (1 = P)¥]
k=1

which gives (5). O

(C4)

Appendix D. Probability of successful content transfer

Proof. When r < <R and when two nodes are in range, a change
of state (i.e. from still to moving, and vice versa) is relatively rare.
Hence we consider only the following three cases:

+ both nodes move for the whole duration of contact time;

» one node is still, and the other moves for the whole duration
of contact time;

« both nodes are still for the whole duration of contact time. This
is equivalent to not counting as part of the contact time the
time intervals when both nodes are in range, but one is moving
(before and/or after stopping).

Let us consider first the case in which one node is still and
the other moves. Let t = 0 be the time at which the moving node
comes in range of the still node. The moving node will move along
a secant line of a circle of radius r, centered at the location of the
still node, and h is the distance of the chord from the center of the
circle.

At any instant t during which the moving node is in range of

the still node, let vt < 24/r2 — h2 be the length of the path within

the circle until time t, where 2+/12 — h? is the chord length. Then
the distance of the moving node at time t from the still node can
be derived from standard trigonometric results:

dmhy:/@+(Jﬂ—hg-mY

The total amount of (useful, i.e. not control) bits which can
be transferred during the contact time, is the integral of the ca-
pacity of the link between the two nodes, over the contact time.
If T is the time taken by two nodes to sense their proximity
and to get ready for content exchange, such total amount of bits
which can be transferred during a contact with trajectory distance
h is

24/r2-n2
v

Bm):/ C(d(t, hyry)de (D)

To

A successful content transfer implies that B(h)>L. One can easily
see that B(h) is monotonic decreasing with h. Hence the maximum
trajectory distance hg is the one satisfying (12). As for the statis-
tics of h in the RMM, when nodes are not too close to the border
of the AZ, the assumption that all directions are equally likely is
a good approximation, and h (the trajectory distance of a moving
node with respect to a still node, conditioned to the event of the

two nodes coming in contact of each other) can be modeled as a
uniform random variable in the interval [0, r]. Hence, the probabil-
ity of successful content transfer conditioned to having one node
moving and the other still, is equal to the CDF of h evaluated in
ho(V).

The derivation for the case with two moving nodes is similar
to the case with only one moving node, considering one node still
and the other moving at the relative speed given by the compo-
sition of the two speeds. Let f be the pdf of the relative speed
between the two nodes. In our case, in which all nodes have the
same speed, f; can be obtained with simple geometrical arguments,
and it is given by

Ur

v2r/1— (v /v —1)2

Now, we have

fr(vr) =

2v
B(h) = /0 £+ (ur)B(h[v)duy

Where B(h|v;) is given by (D.1) with v = v;.

Finally, let us consider the case in which both nodes are still.
Given the properties of the DMM, all positions of a node within
the transmission range of the other are equally likely (excluding
again effects due to the border of the AZ). In this case, the mean
throughput between the two nodes is

2w xdx
Tr?

qzﬁ%m

If Ts is distributed as an exponential, thanks to the memoryless
property of the exponential distribution, the time spent still by
the home node, counted from the arrival of the second node, is
still exponential with mean 1/u. Hence the duration of the con-
tact time is the minimum of the time spent still by the nodes. By

the properties of the exponential distribution, such contact time
is distributed as an exponential random variable with mean ﬁ If

1- exp(—ﬁr) is the CDF of such distribution, the probability of
successful content transfer is exp—ﬁ(ro + CL—O). Putting it all to-
gether, we have (11). O
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