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Abstract Communication protocols generally rely on
the existence of very long multihop paths to reach dis-
tant nodes. They disregard, however, how often such
paths indeed occur, and how long they persist, espe-
cially in highly dynamic mobile networks. In this di-
rection, this paper evaluates quantitatively the influ-
ence of node relative speed on path establishment and
maintenance, using real and synthetic vehicular net-
work traces. We propose a methodology for vehicular
network analysis where both relative speeds and hop
distances are used as parameters to characterize node
vicinity. Results show that contact opportunities highly
depend on the relative speed and the hop distance be-
tween nodes. In sparser scenarios, the number of con-
tacts between nodes separated by more than 3 hops
or even between neighbors with relative speed above
40 km/h is negligible. This confirms the intuition that
contacts at lower relative speeds and at few hop dis-
tances happen more often. In addition, contacts last
longer as the number of hops between nodes decreases.
Nevertheless, we can still find multihop paths able to
transmit messages at high relative speeds, even though
less often. We also demonstrate that relative speeds re-
duce the number of useful contacts more severely when
compared to the hop distance. For last, we show that it
is possible to increase the number of successful packet
transmissions by simply applying the outcomes of this
work, without any sophisticated model, avoiding the
waste of resources, such as energy and bandwidth.
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1 Introduction

Mobile Ad Hoc Networks (MANETS) are still in
spotlight even after almost two decades of extensive in-
vestigation. Characterization of mobility patterns, e.g.,
remains an open research issue especially in challenged
networks, where contact information is not known a
priori and there is no infrastructure to provide con-
nectivity. A good example of such scenario are Vehicu-
lar Ad Hoc Networks (VANETS) [1], especially if they
rely only on vehicle-to-vehicle (V2V) communication.
VANETS are highly dynamic and the intense node mo-
bility contributes to the intermittent connectivity and
lack of end-to-end-paths, which can hinder communica-
tions during contact opportunities, increasing the diffi-
culty to achieve efficient data transfer [2]. Several stud-
ies concerning mobility patterns and connectivity in
MANETS already exist and many of them are com-
piled in several surveys [3—8]. These works are valuable
to provide better insights to develop routing protocols
to disseminate messages in challenged networks.

Regarding ordinary networks, routing protocols are
designed considering that lack of end-to-end paths are
transitory. In challenged networks, however, this is not
a valid assumption, as the probability of not having a
connected network is very high. Therefore, routing pro-
tocols must consider that end-to-end paths are rare and
nodes need to decide at each encounter whether they
will forward a message to the newly encountered node
or carry it a little farther. To make this decision, nodes
need to know how to explore contact opportunities in
the best way they are able to. Some works analyze such
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opportunities through the study of node vicinity [9-11].
Typically, they consider that two nodes are in contact if
they are within mutual radio range, limiting node vicin-
ity to directly reachable neighbors. This definition in-
curs frequent vicinity changes and a limited view of con-
tact opportunities. As an alternative to circumvent this
restriction, some works propose prediction mechanisms
to anticipate contact availability [12], disruption [13], or
even stabilization [14-16]. A totally different approach
is proposed by Phe-neau et al. [17,18], when they extend
the concept of contact to also include nodes reachable
via multiple hops. In this case, the resultant extended
vicinity incorporates nodes even if they are out of mu-
tual radio range and, as a consequence, nodes find more
contact opportunities. Hoque et al. [19] use this idea to
develop an algorithm to analyze multihop connectivity
and network partitioning in VANETSs. Nevertheless, in-
dependent whether the extended vicinity is considered,
we did not find any work that analyzes quantitatively
the influence of relative speeds and the number of hops
on the connectivity of very dynamic networks.

This paper aims at analyzing contact opportunities,
taking into account the relationship between the ex-
tended vicinity of nodes and their relative speeds. The
goal is to quantitatively evaluate the expected notion
of “better connectivity at lower relative speeds” to shed
more light into multihop communications in typical ve-
hicular scenarios. To this end, we propose a methodol-
ogy to group nodes according to their relative speeds,
i.e., we consider links only between nodes at a certain
interval of relative speeds. This definition permits iden-
tifying conditions for multihop communications, which
in a broader sense, depend on whether opportunistic
contacts appear for long enough to be considered use-
ful.

In the case scenarios studied in this work, results
considering different radio ranges show that a signif-
icant number of useful contacts can happen even be-
tween nodes at high relative speeds, separated by mul-
tihop distances. Even in such conditions, we show that
nodes can transfer MB-size messages according to the
contact duration. Besides more general results, we also
observe that contacts with longer duration become less
often for relative speeds higher than 40 km/h and most
likely happen between nodes less than 3 hops away,
in sparser scenarios. On the other hand, even consid-
ering lower relative speeds, results show that contacts
between nodes separated by more than 6 hops are not
frequent. We also note that high relative speeds can
potentially degrade the number of useful contacts more
severely than the hop distance. Finally, we highlight
the importance of this work by proposing three different
forwarding strategies, based on our results, and compar-

ing them with the OLSR. We show that the best strategy
is the one the simultaneously considers the reachabil-
ity of nodes according to their relative speed and, fur-
ther, restricts the construction of node vicinity using
the relative speed with the neighbor nodes. This strat-
egy can increase the average packet delivery ratio while
reducing the waste of resources. We believe then that
the vicinity of a node must also include relative speeds
both in more theoretical evaluations and in practical
settings [6] and also that the results obtained herein
can be used as a step forward to more sophisticated
message dissemination schemes in vehicular networks.
In summary, our main contributions are:

— We identify the importance of quantifying the influ-
ence of relative speeds on the network connectivity.

— We propose an extended definition of node vicinity
to include both nodes at multihop distances from an
ego node and their relative speeds, instead of only
focusing on the node adjacent vicinity.

— We apply our definition to three different scenarios
in order to analyze the behavior of the node vicinity
under distinct conditions, such as varied node den-
sity, without being attached to any mobility model.

— We demonstrate through simulations that we can
potentially reduce network resource consumption,
and even improve packet delivery ratio, using the
correlation between relative speeds, hop distance,
and contact duration to make forwarding decisions.

This paper is organized as follows. Section 2 presents
node vicinity definitions used in our analysis. Section 3
introduces real and synthetic datasets used in this work
and provides a preliminary evaluation of them. Sec-
tion 4 discusses the problem tackled in this work. In
Section 5 we propose a methodology for node vicinity
analysis. We present the analysis results in Section 6. In
Section 7 we apply our results to a network simulation
and discuss some other possible applications. Finally,
Section 8 concludes this work and discusses future di-
rections.

2 Definitions

The analysis proposed herein requires the formal-
ization of node vicinity. To this end, we generalize the
definitions in Pheneau et al. [18] to include node rela-
tive speeds.

We model a vehicular network as a graph G(V, £),
where V is the set of mobile vehicular nodes, and &£
is the set of wireless links connecting adjacent nodes
in V. Each node v; moves at speed s;, where {|s;| €
R | $min < |8i] < Smaz}s and Spmin and Spqq are the

minimum and the maximum absolute speeds allowed,
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respectively. The relative speed of nodes v; and v; is,
thus, given by rj; = s; — s;, where |rj;| = |s; — s;| and
Iri;| € [0,2 X Spmag[. For the sake of simplicity, we use
the notation s; and r;; to represent, respectively, |s;]
and |rjj|, whenever possible.

Dividing the set of all relative speeds into m consec-
utive subsets, we have that r;; € U:”;Ol R, Vv;,v; €V,
where R, = [k xs5, (k+1) x ss[ and s5 = 2XSmez_Ip this
case, we can group all pairs of nodes v;, v; with r;; € R,
in a subset of nodes V(R,;) C V. Consequently, we
can obtain the subgraph Gg,_ (V(R.),E(Rx)) C GV, E),
where E(R,;) is the set of existing links connecting ad-
jacent nodes in Gg, with r;; € R,. Thus, although two
adjacent nodes v;,v; may be included in V(R,) due to
their relative speed, a link connecting them will only
exist in £(R,) if r;; € R, and they are within mu-
tual radio range. Otherwise, v;,v; may still be mutu-
ally reachable if they are interconnected by a sequence
of adjacent links between pairs of nodes also in V(R,,).
Hence, according to our definition, if v;, v, vy, v; are in
V(R,), and if there is a link between v;, vy and another
between vy, v;, then {7, 7y;} € Rx. A path from v; to
v; will exist in Gg,, only if 7, € R..

As a corollary, if m = 1, all relative speeds are
within the same subset Ry = [0, ss[= [0, 2X Symaz[. Anal-
ogously to relative speeds, we divide the set of absolute
speeds into consecutive subsets, represented by Sy .

Definition 1 (k, p)-vicinity: The (k, p)-vicinity of a
node v; € Gg,. s the set of all nodes also in Ggr,_ for
which the shortest path from v; is p hops at most.

The vicinity of a node v; € Gg, can be characterized
only by parameters £ and p, where p defines the maxi-
mum number of hops from v;, while x defines the range
of relative speeds considered and, consequently, which
subgraph must be used. Hence, nodes in G, may not
belong to the same (k, p)-vicinity of v;, according to the
number of hops (p) of the shortest path interconnecting
them.

Figure la depicts a network of nodes moving at
speeds within [0,45 km/h[ (arrows starting at nodes
indicate their absolute speed). In this figure, nodes v;,
v;, and v, move, respectively, at absolute speeds s;, s;,
and sg, where s; € [0,15 km/h[, s; € [15,30 km/h],
and s € [30,45 km/h[. If m = 1, the relative speed
between all pairs of nodes in the network lies within
Ry = [0,90 km/h[. Thus, all nodes are within the (0, p)-
vicinity of v;. Figure 1b shows v;’s (0,1)- and (0,2)-
vicinities, and the subgraph Gr, obtained from the sub-
set V(Rp). Note that with m = 1, V(Rg) = V. Hence,
all the links connecting nodes in the network do ex-
ist and can be used for path computing. Consequently,
Gr, = G and the definition of node v;’s vicinity does
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(a) Vehicles v;, v;, and v moving at
speeds, s;, s;, and sy, respectively.

(b) Gr,, (0,1)- and (0, 2)-vicinity of
node v;.

Fig. 1 Definition of v;’s (k, p)-vicinity, disregarding vehicles
relative speeds (m = 1). Subgraph Ggr, coincides with G,
including all nodes in the network.

not change according to the different relative speeds,
similarly to [18].

If we consider m = 3, we have three different subsets
of relative speeds: Ry = [0,30 km/h[, R; = [30,60 km/h],
and Ry = [60,90 km/h[. In this case, we can separate
the pairs of nodes within V in subsets, according to
their relative speeds: V(Ry), V(R1), and V(Rz). From
these subsets we obtain the subgraphs illustrated in Fig-
ure 2, Gr,, GOr,, and Gg,. Note that, we can compute
the shortest paths to obtain the (k, p)-vicinity of node
v; only after finding Gr,. .

Figure 2a shows G, and the (0, 1)- and (0, 2)-vicinity
of node v;. We observe that although the (0, 2)-vicinity
includes all nodes in the (0, 1)-vicinity, it does not in-
clude all nodes in Gg,. Therefore, node v; requires more
than two hops to reach a node which is not in its (0, 2)-
vicinity. In the worst case, no paths connecting v; to
these nodes exist in Gr,, which means that p — oo
for the subset V(Rp). Figures 2b and 2c show, respec-
tively, the (1,1)- and (1, 2)-vicinity, and the (2,1)- and
(2, 2)-vicinity of node v;, as well as Gg, and Gg,.

Definition 2 State: The State p stores the distance,
in number of hops, between a pair of nodes in Gr,, .

We model the vicinity dynamics of a node pair as
a Markovian process. Hence, for a given pair of nodes
vi, v, there is a random variable X7, representing the
hop distance between them in a given epoch e. Thus,
if nodes v;,v; € Gr, are in direct contact, they are in
State p = 1. If v; can only reach v; through an addi-
tional node vy € Gg,, linked to both v; and v;, the pair
v;,v; is in State 2, and so on. If no path exists between
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(a) Gr,, and (0, 1)- and (0, 2)-vicinity.

(b) Gr,, and (1, 1)- and (1, 2)-vicinity.

(¢) Gr,, and (2, 1)- and (2, 2)-vicinity.

Fig. 2 Example of Gg, for nodes with relative speed in Ry, the links connecting them, and the (k, p)-vicinity of node v;.

v;,v; in Gp, , this pair of nodes is in State oo, which
only represents the absence of intermediate nodes in
the same Gp, to set up a path between v; and v;. This
does not necessarily mean that v; and v; are out of
reach. In addition, each pair v;, v; may change its state
only once per epoch e and the number of states is equal
to the maximum number of hops interconnecting a pair
of nodes plus the State co.

We consider that our model follows the Markov prop-
erty and, therefore, the next movement depends only on
the current state and not on historical behavior. Con-
sequently, if v; and v; are n-hops distant in e, there
is a non-negative probability that the hop distance be-
tween them will be m in e + 1. Hence, we have that
Dab = }P’(X?'l tp=0b| X5 p=a)>0.In addition,
we also consider that each movement is independent of
the epoch and that the duration on each state follows
an exponential distribution. These properties are con-
venient since we are most interested in capturing the
vicinity changes of nodes at different relative speeds.
Thus, we maintain our analysis agnostic to duration in
a given state to be independent of the time sampling
frequency of events.

Definition 3 k-vicinity timeline: The k-vicinity time-

line is the progression of the shortest hop distance be-
tween a given pair of nodes in Gr, over time.

The k-vicinity timeline of a pair of nodes in Gp,_ is
a sequence of shortest distances in number of hops (p)
between these two nodes over time. Each entry in the
timeline is an event represented by a tuple (¢;,tf,v;,v;,
p,Ti;), where t; and ty are the initial and final instants
of time of the event, v;,v; is the pair of nodes, p is the
shortest hop distance between them, and 7;; is their
relative speed. State oo is represented by p = 0 in the
k-vicinity timeline. Time intervals are atomic, i.e., there
is no other event in the whole timeline starting or fin-
ishing at an instant of time ¢, where ¢; < ¢ < t;. This
is important to better understand concurrent events.
Further, state transitions in the node (., p)-vicinity,
stored in timelines, allow determination of state transi-

tion probabilities, detailing how nodes move relative to
each other.

3 Datasets

We analyze three traces in this work, the Mobil-
ity Dataset [20] (“Taxi”), Ad Hoc City Dataset [21]
(“Bus”), and TAPASCologne Dataset [22] (“Synthetic”).

3.1 Taxi trace

In the Mobility Dataset [20] the movement over time
of 536 taxis in San Francisco, California — USA is recorded
through GPS each 10 seconds. We analyze one day
among the 30 provided.

The set of images in Figure 3 shows an approxi-
mation of the normalized density of vehicles per hour
for each trace. Most results lie within [0,0.1 vehicles
per square meter per hour|. For better visualization,
we considered as denser areas those where the result
is greater than 0.15. In this scenario, although vehicles
do not have predefined routes or time schedules, it is
common to observe higher density of vehicles over time
in the city center, as shown in Figure 3a.

The analysis of 1-day trace provides a distribution
of absolute speeds where we observe that approximately
27% of the absolute speeds are within Sp = [0, 2 km/h][.
Such percentage of very low absolute speeds can be a
consequence of waiting for passengers at taxi stands, in
addition to stops due to traffic lights and street inter-
sections. Traffic jam also contributes to this percent-
age and its presence in this scenario is highly plausible,
as approximately 90% of the taxis move at low abso-
lute speeds within [0,40 km/h[ and the flow of vehicles
through the city center is intense.

3.2 Bus trace

The Ad Hoc City Dataset [21] registers the mobil-
ity of 1,200 city buses in Seattle, Washington — USA,
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(a) Taxi trace. (b) Bus trace. (c) Synthetic trace.
Fig. 3 Density of vehicles per hour in each scenario.
using GPS. Movement is recorded 536 times per day : : :
during 30 days, among which we analyze 1 day. Com- g |~ Ro=(0,200[ mm
paring to the Taxi scenario, we expect to find less vehi- 2 6 ave. # of hops [0,200(
cles distributed throughout the city. We further expect fo Z
that buses have predefined routes and time schedules. . 3
Figure 3b confirms that buses are distributed sparsely % T A
throughout the city and only a small area of high con- 0
centration can be found, which is probably the city cen- 1000 1500 2000 2500 3000 3500
ter. The 1-day trace analyzed shows that approximately Time (s)
35% of the absolute speeds in this scenario lie within
So = [0,2 km/h[, indicating that buses stop more than (a) m=1.
taxis. Similarly to the Taxi scenario, most buses move
i _ \ \ \ \ \ \
at speeds W}thll’l [07 40 km/h[. Neverthelt?ss7 .bus' abso 8 | 'Ryciod0l W R,.R,=[40.200[
lute speed in the interval [2,40 km/h[ is distributed 7 ave. # of hops [40.200]
more uniformly. § g B avg. # of hops [0.40[
5 4
#+ 3
2
1
0
. 1000 1500 2000 2500 3000 3500
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(b) m =5.

The TAPASCologne Dataset [22] models the vehicu-
lar traffic in the city of Cologne, Germany. The dataset
is a synthetic model, built with a set of tools to simu-
late vehicular mobility. The complete dataset provides
the movement of 121,400 vehicles during 2 hours, sam-
pled each 1 second. Routes and time schedules in this
trace are not predefined, although they usually follow a
pattern for each person, and very high absolute speeds
are registered due to the presence of highways crossing
the city. We analyze a 10-minute subset of this dataset
with almost 9,000 vehicles. The flow of vehicles in the
scenario is intense and it is more distributed through-
out the city, as Figure 3¢ shows. Absolute speeds in the
10-minute subset trace are more distributed compared
to the other traces, and they are concentrated within a
few intervals that sum up almost half of absolute speeds
in the scenario. This is probably a consequence of the
coexistence in the same scenario of different roads and
streets, with different achievable speeds.

Fig. 4 Example of k-vicinity timelines, considering different
values for m to show the influence of absolute relative speeds
using the Bus trace.

4 Problem Statement

The investigation of mobility patterns provides in-
formation about suitable contact opportunities. This is
essential for VANETS, because nodes usually experi-
ment short contacts. Hence, the analysis of the vicin-
ity behavior, considering the influence of relative speed
and its effects on both state transitions and achievable
states, yields better knowledge of what a node can ex-
pect from its vicinity.

Figure 4 shows the k-vicinity timeline, as well as

the average number of hops, for all pairs of nodes in
the Bus scenario. We consider that buses move in a
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(c) m=5and U%_, V(Sk).

Fig. 5 State transition probabilities (pnm ) in percentage, considering m = 1 and m = 5.

lossless medium and, thus, all nodes within 100 m radio
range are able to communicate with each other. We
set m = 1 and m = 5 to demonstrate the influence
of relative speeds on the vicinity timeline. If m = 1,
ri; € Ro = [0,200 km/h[, Yv;,v;; whereas for m = 5,
we have five intervals of 40 km/h. Figure 4a shows that
Pmaz = 8 is the maximum number of hops between
pairs of nodes with 7;; € [0,200 km/h[. In addition,
the average number of hops is approximately equal to
1.5, meaning that most contacts happen at 1- or 2-hop
distance.

Figure 4b shows the results for pairs of nodes with
ri; € [0,40 km/h[ and r;; € [40,200 km/h[. For the
first range, we quickly note the significant similarity
with Figure 4a. It is clear that both p4, and the
average number of hops remain quite the same. For
ri; € [40,200 km/h[, graph bars become sparser and
Pmaz drops to 3, consequently reducing the average
number of hops. Hence, most contacts in the Bus sce-
nario happen for relative speeds lower than 40 km/h
and contacts at higher relative speeds happen mainly
at a few hops. As a consequence, we should not con-
sider longer hop distances for communications if nodes
are moving at higher relative speeds. All scenarios are
further investigated in Section 6.

Figure 5 shows the state transition probabilities con-
sidering all nodes in the Bus scenario. Note that values
are given in percentage (%). In this scenario, contacts
are rare and tend to happen for low relative speeds and
states. In Figure 5a we consider a single range of rela-

tive speeds, whereas in Figures 5b and 5c we use m =5
to split this range. Figure 5b represents the subset of
nodes with relative speeds within [0,40 km/h|, while
Figure 5c¢ shows the transition probabilities considering
all nodes at relative speeds within the other 4 subsets
([40,200 km/h[). We observe that Figures 5a and 5b
are very similar, maintaining the same p;,q, and the
great majority of state transitions. On the other hand,
Figure 5¢ shows that the maximum number of hops
found for nodes within [40,200 km/h[ is significantly
lower, confirming our observations from Figure 4, and
most state transitions disappeared, especially for p > 4.
This indicates that the highest contribution for multi-
hop contacts in this scenario is concentrated at speeds
lower than 40 km/h.

We observe in Figure 5 that, independently of the
relative speed interval, transitions from one state to it-
self are most likely to happen. This probability usually
decreases as p increases, indicating that longer hop con-
tacts are more difficult to maintain for a long time. The
highest probability is found for the transition starting
and finishing at infinity, in addition, the lowest prob-
abilities are found for the transitions starting at infin-
ity and finishing at any other state. Yet, the higher the
state, the higher the probability of going to infinity. We
also observe that any pair of nodes in State p presents
higher probability to go from its current state to State
p =+ 1 rather than to State p £ n, with n > 2. Moreover,
nodes are more inclined to return to State p—1 than to
go forward to State p + 1. Thus, we can suppose that
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State infinity is the most stable state and the lower the
state, the more stable it is. This means that, once dis-
connected, nodes will much likely remain disconnected,
but if such nodes fortunately come into the radio range
again, they will be at 1- or 2-hop distance from their
peers.

Comparing Figures 5b and 5c we further observe
that the probability of going to state infinity from any
other state is much higher for higher relative speeds, re-
inforcing the instability of multihop contacts and, more-
over, the harmful influence of high relative speeds on
these contacts. In fact, the instability increases even for
direct contacts (State 1). For instance, a pair of nodes
at relative speed within [0,40 km/h[ has 1.055% prob-
ability of disconnecting, against a 11.565% probability
if they were at higher relative speeds. These results can
be easily obtained for other datasets and we generalize
them for the other scenarios investigated in this work.

5 Analysis Methodology

As discussed in Section 4, nodes relative speeds can,
indeed, influence the behavior of contacts. Therefore,
we should consider this feature when developing pro-
tocols and applications for mobile wireless networks,
especially vehicular networks. To further evaluate the
impact of such speeds on multihop communications we
analyze the (k, p)-vicinity, which includes nodes relative
speeds. To perform such analysis, we apply the follow-
ing procedure:

1. Mobility trace parsing;

2. Discovery of (0, 1)-vicinity;

3. Computation of (k, p)-vicinity;

4. Generation of k-vicinity timeline.

5.1 Mobility trace parsing

We first parse an input mobility trace described in
any format to generate an output file as required by the
next step. The output file contains information such as
position of nodes (z,y) at each time ¢, the node identi-
fication (v;), and its absolute (s;) and vector (siz, Siy)
speeds. We calculate s;, when not provided, and in-
consistencies are removed. Duplicated data is ignored,
while incoherent absolute speeds are fixed through lin-
ear interpolation and use of a threshold, based on what
is intuitively expected for the scenario. If the interpo-
lated value remains above the threshold, it is ignored.
This results in less than 0.3% of data being ignored
due to inconsistencies, which does not affect our final
conclusions. Each trace samples events at a different

rate. Thus, after obtaining absolute speeds, we format
the results with a uniform granularity to facilitate the
computation of the (0, 1)-vicinity. Nodes position is up-
dated considering that they maintain a constant speed
between two adjacent points.

5.2 Discovery of (0, 1)-vicinity

In this step, we compute the (0, 1)-vicinity for every
pair of nodes in the network, considering that they are
all within Gg,. This means that nodes within a given
radio range are considered to be in contact no matter
the relative speed between them. Contacts in such sit-
uation are always at 1-hop distance. Hence, at a first
moment, we do not take relative speeds into account
and we use different fixed radio ranges to observe the
effect of the medium attenuation. This step generates
an output file containing the time ¢ at which the pair
of nodes identified by v;,v; exists in the trace simul-
taneously, the absolute speeds (s;,s;), the vector (sg;,
Syi, Szj, Sy;) of speeds of the same pair of nodes, the
absolute relative speed between them (r;;), and a flag
(n_flag) that indicates whether the pair of nodes is 1-
hop away.

5.3 Computation of (k, p)-vicinity

Next, we obtain all (k, p)-vicinities for every node in
the scenario, through the computation of the shortest
paths between all nodes in the (0, 1)-vicinity that are
within the same atomic interval. Each event is recorded
in an output file containing the identification of the
nodes (v;,v;), the number of hops between them (p),
the absolute relative speed between them (7;;) and the
time ¢ at which v;, v; are at p-hops distance moving at
r;; relative speed. Note that at this point it is possible
to obtain any specific (k, p)-vicinity of any node v;. To
this end, it is only necessary to define the interval of
relative speeds, i.e., R,, and the number of hops.

5.4 Generation of k-vicinity timeline

We then proceed to the generation of the k-vicinity
timeline of a pair of nodes using as input the evolution
of the (k, p)-vicinities of all nodes in the scenario. Such
vicinities provide information about the initial, ¢;, and
final, ¢, instants of time of the contact at p-hops dis-
tance and 7;; relative speed. This information is needed
to compute the entries of the k-vicinity timeline. Hence,
the events stored in the (k, p)-vicinity include the com-
ponents of the k-vicinity timeline, which is generated by
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Fig. 6 Cumulative distribution function of relative speeds for contacts at 1-hop distance.
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Fig. 7 Contact duration for 1-hop contacts as a function of average relative speed for each scenario.

storing the state evolution over time of a chosen pair of
nodes in the (k, p)-vicinity.

6 Vicinity Analysis

We analyze node vicinities using the method in Sec-
tion 5, for the radio ranges in C = {50, 100, 150,200}
meters. We investigate the following features.

1. Behavior of node relative speeds;

2. Influence of relative speeds on 1-hop contacts dura-

tion;

Behavior of number and duration of contacts per

(K, p)-vicinity;

Average time spent by nodes in each State p;

5. Number of useful contacts according to the (x, p)-
vicinity.

6.1 Behavior of node relative speeds

We first characterize the scenarios through the in-
vestigation of node relative speeds distribution in each
one for all radio ranges ¢ € C. The goal is to find at
which relative speed contacts are more common, con-
sidering that all nodes within ¢ are in contact with each
other at 1-hop distance. Figure 6 shows the resultant
cumulative distribution function of relative speeds for
each trace.

The Bus and Taxi scenarios present a similar dis-
tribution of relative speeds, as depicted in Figure 6.
Most vehicles in contact moves at low relative speeds,
but this percentage decreases for longer radio ranges.
For instance, 90% of nodes in contact move at relative
speeds lower than 27 km/h for ¢ = 200 m in the Taxi
scenario, while for ¢ = 50 m this value increases to 99%.
In the Bus scenario, we also have the majority of nodes
in contact moving at speeds lower than 30 km/h for
¢ = 200 m, as shown in Figure 6b. For ¢ = 50 m the
percentage increases from 90% to 92%. The Synthetic
scenario shows a different behavior, with nodes in con-
tact being able to move at very high relative speeds.
For instance, in Figure 6¢, 90% of vehicles in contact
move at relative speeds up to 130 km/h for ¢ = 200 m.
The presence of such high speeds can be a consequence
of the highways crossing the city, in the Synthetic sce-
nario.

Another remarkable characteristic is shared by all
scenarios. In Figure 6, we observe that the distribu-
tions do not significantly change for 150 < ¢ < 200 m,
even though longer coverage ranges may enclose more
vehicles. Hence, we can conclude that, from a certain
radio range on, the additional nodes enclosed will not
necessarily have such different relative speeds able to
change the distribution.
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Fig. 8 Total number of contacts as a function of the (k, p)-vicinity for each scenario, using 100 < ¢ < 200 m.

6.2 Influence of relative speeds on 1-hop contacts
duration

We investigate the duration of contacts at 1-hop dis-
tance to evaluate if long or short contacts are more com-
mon when nodes meet directly. We also investigate the
relation with the physical distance between nodes. Note
that when referring to distance in hops we use “hop
distance”, whereas for physical distance we use only
“distance”. From our results, we observe that (i) even
though most vehicles in contact at 1-hop distance moves
at low relative speeds, we can also find some vehicles in
contact at higher relative speeds, and (ii) contacts at
1-hop distance are usually short, even considering all
scenarios. Obviously, the exact duration of 1-hop con-
tacts depends on the scenario. We noticed that 1-hop
contacts established at longer distances (> 120 m) last
for less than 200 s in all scenarios. A small percentage
can surpass 1,000 s. We aim to confirm these observa-
tions investigating the behavior of the contact duration
as a function of relative speeds. Figure 7 shows these

results for ¢ = 200 m, using log scale.
Each point in Figure 7 represents a contact between

a pair of nodes. The duration of the contact is repre-
sented by the Y-axis. Both the relative speed and the
distance between nodes during the contact can change,

but we expect the variation to be small. Therefore, the
X-axis represents the average relative speed and each
point is colored according to the average distance dur-
ing the contact. The distance is upper-limited by the
coverage range ¢ used. The Synthetic scenario shows
the greatest number of points, meaning that contacts
occur more often than in the other scenarios. Note that
the Y-axis in this scenario is upper-limited by the du-
ration of the 10-minute dataset sample (600 s).

We observe in Figure 7 a clear correlation between
the contact duration and the average distance during
the contact. Most contacts longer than 200 s tend to
happen at small distances (< 120 m) between nodes,
whereas nodes farther away usually establish shorter
contacts. Regarding the relation between the relative
speed and the average distance during the contact, we
observe that long distance contacts can happen at low
or high relative speeds, as shown by the reddish points
between ]0,240[. Short distance contacts, in turn, only
happen for low relative speeds. Focusing on the relation
between the contact duration and the relative speed,
it is clear that nodes are not able to establish long
contacts at high relative speeds. For instance, contacts
longer than 200 s happen only for relative speeds lower
than 6 km/h in the Bus and Taxi scenarios, and for
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Fig. 9 Total duration of contacts as a function of the (k, p)-vicinity for each scenario, using 100 < ¢ < 200 m.

relative speeds lower than 11 km/h in the Synthetic
scenario. Very short contacts, on the other hand, can
happen at any relative speed, in all scenarios. This can
be observed by the presence of several points under 20 s
within 0, 240] range.

Summarizing our observations: nodes at high rela-
tive speeds never participate in long contacts; nodes at
low relative speeds can participate in both long or short

contacts, depending on the distance between them; hence,

longer contacts can only happen at small distances and
low relative speeds; and shorter contacts can happen at
long distances and any relative speed.

The analyses carried out indicate that the best op-
portunities for exploiting the (k, p)-vicinity happen at
low relative speeds and short distances, for which con-
tacts last longer. Note that only the relative speed is
not enough to define the duration of the contact, be-
cause short contacts can happen at low or high relative
speeds. Therefore, on the one hand, if we know that
nodes are moving at high relative speeds, we can be
sure that contacts are very likely short. On the other
hand, if they are moving at low relative speeds, we can-
not infer anything about contact duration. We can only
infer whether the contact will be long (short distance)
or short (long distance), if we also know the distance
between them.

6.3 Behavior of number and duration of contacts per
(K, p)-vicinity

We characterize the (k, p)-vicinity for each scenario
regarding the total number and duration of contacts.
We analyze the vicinity for p up to 8, because the con-
tribution of longer hop distances to the number of con-
tacts is insignificant, even for ¢ = 200 m. The goal is
to find out how far relative speeds influence multihop
vicinity. This information can be used by routing pro-
tocols from VANETS to better adjust the maximum ex-
pected number of hops a message should be forwarded
and prioritize sending messages to neighbors that most
likely would provide longer contacts.

We divide the set of relative speeds using ss
10 km/h. For radio ranges ¢ shorter than 50 m we obtain
few contacts and p,q; is often smaller than 8. In the
Bus scenario, e.g., for ¢ = 50 m we obtain pe. = 4.
These graphs are omitted herein due to space limita-
tions. Figure 8 shows the results for the number of con-
tacts, for 100 < ¢ < 200 m. We observe that, in spite of
the increasing number of contacts from one scenario to
the other, all of them have similar behaviors. Indeed, we
note that more contacts are established at lower rela-
tive speeds and, in all scenarios, the number of contacts
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increase for each R, when we increase the radio range.
We further observe that the growth rate of the number
of contacts for R, with x > 1 tends to be greater than
for kK = 0 when c increases. This is especially true for
Ry in both Bus and Taxi scenarios. In the Syntethic
scenario, the most affected relative speed range by the
radio range is R4. We believe this is due to the pres-
ence of the unlimited speed highways present in the
scenario, which gives room to the presence of higher
relative speeds in the scenario. In the Bus and Taxi
scenarios, the contribution on the number of contacts
for p < 3 is more significant than for p > 4, regardless
of which Ggr, we analyze. Concerning the Synthetic sce-
nario, we can find significant number of contacts up to
6 hops. We attribute this to the higher density of the
scenario compared to the others.

Figure 9 presents the results for the total dura-
tion of contacts for 100 < ¢ < 200 m. We quickly
observe longer total duration of contacts in the Syn-
thetic scenario, compared to the other scenarios. Again,
we observe a very similar behavior for the Taxi and
Bus scenarios, where contacts last longer for R, = 0,
whereas the Synthetic scenario behaves differently. In
this scenario, the total duration of contacts is higher for
R, < 4.1In any case, we can conclude that lower relative
speeds contribute more to longer contacts. These results
corroborate Figure 7. We also observe that the most
significant contribution to the total contact duration is
obtained for p < 3 in the Bus and Taxi scenarios, reach-
ing up to 6 hops in the Synthetic scenario. Comparing
Figures 8 and 9, we observe that although the high-
est number of contacts are found for R,, = 1 (Bus and
Taxi) or R,, =4 (Synthetic), the total duration of con-
tacts is longer for R, = 0, except for ¢ = 200 m in the
Synthetic scenario, where the range of relative speeds
with longest total duration corresponds to the one that
has the highest number of contacts. This indicates that
contacts at extremely low speeds (0 < r;; < 10 km/h)
have the longest duration. Note that these nodes do not
need necessarily to be moving at low absolute speeds.

6.4 Average time spent by nodes in each State p

We further investigate the average time spent by
nodes in each State p, regarding all relative speed in-
tervals. This is important to evaluate how we can adjust
protocols to exploit contact opportunities in VANETSs
more efficiently.

Table 1 shows the average time spent in each state,
in seconds for each scenario, using different radio ranges
(¢). We observe that the average time in contact is
always longer for State 1 in all scenarios. In the Bus
and Taxi scenarios, the contribution of 8-hop contacts

Table 1 Average time spent in each state, in seconds.

State p
00 1 2 3 4 5 6 7 8

50 58.17 73.97 63.36 66.99 36.28 16.91 7.17

100 58.00 79.41 3853 33.25 2424 2732 36.60

150  57.88 7248 29.22 30.65 30.83 30.44 17.53 8.00 -
200  57.77 65.77 27.06 31.87 27.80 24.96 11.92 6.33 5.00
50 29.62 23.31 10.56 4.60  7.00

100 29.59 26.05 13.88 15.73 13.44 11.44 16 - -
150  29.56 27.80 18.68 14.28 820 455 236 1.00 -
200 2954 29.18 17.38 9.25 6.73 558 4.07 279 25
50 2.07 1.61 1.41 1.21 1.25 124 1.27 130 1.28
100 208 217 173 139 133 132 134 136 1.36
150 211 220 1.84 140 131 126 1.26 1.28 1.32
200 208 206 182 137 126 119 117 113 1.13

Traces ¢ (m)

Taxi

Synthetic

is barely significant. In the Synthetic scenario, the av-
erage time in contact is quite similar for all states with
multihop connectivity (p > 1).

We observe in Table 1 that, contrarily to expected,
sometimes the average time in State oo increases. For
instance, in the Synthetic scenario, when we increase
the radio range from 50 m to 100 m and from 100 m
to 150 m, the average time out of contact increases by
a small amount. Even though increasing ¢ one would
expect higher network connectivity, depending on the
scenario, we can also have more transitions from vehi-
cles that were never connected. In the Synthetic sce-
nario, this phenomenon has as a consequence a small
increase on the average time spent in State oo. This oc-
curs because the number of vehicles transitioning, but
still only connected for a short-time period, is higher
than in the Taxi and Bus scenarios. The level of connec-
tivity of these last scenarios does not change as much as
the Synthetic one. Note that every time we change the
radio range, a new graph appears with new transitions
lasting for different amounts of time. As a consequence,
non-linearities can happen on the average time spent
on all states and not only on the State oco. It is worth
mentioning that no matter the radio range, the pro-
cedure proposed can be reproduced to calculate state
transitions, even including the idea of different Gg,, .

6.5 Number of useful contacts according to the
(k, p)-vicinity

Finally, we investigate the number of useful con-
tacts according to the (k, p)-vicinity, regarding all hop
distances. We consider that a contact is useful if it can
transmit a bundle using the lowest rate allowed by the
IEEE 802.11p standard (USA). In this work we use bun-
dles of 1 MB and 5 MB to exemplify, which need ap-
proximately 2.67 and 13.33 seconds, respectively, to be
transmitted. We do not use single packets because the
shortest contact in our datasets is equal to 1 second,



12 Dianne S. V. Medeiros et al.
1 T f'f 1 Fl
08 1 o 7 1
= 06 7 = 061 10= )
vi 1 v ool 1w i
< VRg, lhop —— <3 VRg, 1hop —— g VRg, lhop ——
VRg, 4 hops - = o 02 o VR, 5 hops  -=- o VRg, 5hops -= o
VR4, lhop —— s VRy3, 1hop —— VR4, Lhop ——
LB 5MB VR4, 2lhops 0 <‘1 MB > 5MB ‘ VR;3, Z‘hops L& 5MB VR4, 2|hops
10° 10! 10% 10° 10* 10° 10! 102 10° 10* 100 10! 10% 10° 10*
Contact duration (s) Contact duration (s) Contact duration (s)
(a) Taxi scenario.
T 1 T 1 T
1 1o T
oy 5 = 06 5 = 0.6 —
vi Vi vi
g 04 - e 0.4 g
o VR, 1 hop —— < VRy, 1 hop —— g VR, 1 hop ——
VR, 4 hops - = 0.2 VR, 5 hops - = 02 VR, 5 hops -+
VRg, 1 hop —— . VRg, 1 hop —— o VR7, 1 hop ——
>5MB VR, 2‘h0ps 7<‘1 MB | >SMB VRg, 2lh0ps ] 0 1‘1 MB | >5MB VR7, 2‘h0ps
10° 10! 10 10° 10* 10° 10! 10? 10° 10* 10° 10! 10 10° 104
Contact duration (s) Contact duration (s) Contact duration (s)
(b) Bus scenario.
T T T T
= B = n = 7
vi 1o 1w i
g VRg, lhop —— o VRg, Lhop —— g VRg, lhop  ——
VR, 8 hops -= o VR(. 8 hops - = o 02 VR, 8 hops -= o
VRjg, l hop —— VRjg, 1hop —— VRjg, l hop ——
0 7<‘1 MB | >5MB Wi 8 s 7 0 7<‘1 MB | >SMB  VRj5 8 hops i 0 7<‘1 MB | >5MB Wi )
10° 10! 10% 10° 10 10° 10! 10 103 10 10° 10! 102 10° 10

Contact duration (s)

Contact duration (s)

Contact duration (s)

(c) Synthetic scenario.

Fig. 10 Cumulative distribution function of the duration of contacts for the first vicinity and the last vicinity able to

successfully communicate.

which is enough to transmit up to 384 KB at the low-
est rate of 3 Mbps, 6 times more than IPs usual 64 KB
packets and at least 1966 times more than packets used
in VANET safety applications [23].

We investigate all (k, p)-vicinities separately and we
exclude from our analysis all those that do not have
enough number of contacts. Due to the lack of space,
we only show the most significant results: the first vicin-
ity, V(Ryp), where relative speeds are within the range
[0,10 kmn/h[, and the vicinity with the highest possible
relative speeds and number of hops where communica-
tions are still observed. Figure 10 plots the Cumulative
Distribution Function (CDF') of contact duration. This
figure is subdivided in 3 regions, marked by the differ-
ent background colors. All contacts in the third area are
able to transmit bundles greater than 5 MB. In the sec-
ond area, they can transmit bundles greater than 1 MB,
and in the first area, it is possible to transmit only small
bundles with less than 1 MB. In all scenarios, we found
that the greater the radio range, the more useful con-
tacts happen for the transmission of both 1 and 5 MB
bundle sizes, as expected. We clearly observe that the
number of contacts that can transmit these bundles is

a function of both number of hops and relative speed:
it is more numerous for shorter hop distances at lower
relative speeds and become less often for higher relative
speeds or number of hops. An interesting finding, how-
ever, is that relative speeds reduce more severely the
number of useful contacts when compared to the hop
distance. Further, we observe that this influence is more
harsh to the 5 MB bundle, for which the number of use-
ful contacts decreases much more quickly, than to the
1 MB bundle. This behavior is repeated in all scenarios
evaluated, although the specific number of useful con-
tacts changes from one scenario to the other. Despite
only confirming the notion that lower relative speeds
provide better contact opportunities, we also observe
that a significant number of useful contacts between
nodes at very high relative speeds communicating at
multihop distances also exist, even though less often.
For instance, 4% of the nodes can successfully com-
municate at 8-hop distance within [190,200 km/h[ at
200 m radio range, in the synthetic scenario. Consider-
ing the same radio range, we observe that, much more
frequently, nodes can communicate at 2-hop distance
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within [60,70 km/h[ in the Taxi scenario, and within
[140, 150 km/h[, in the Bus scenario.

7 Discussion

The main goal of this work is to demonstrate the
impact of nodes’ relative speed on multihop communi-
cations. Moreover, we aim at deriving recommendations
taking into account the correlation between hop dis-
tance and relative speed so as to improve mobile com-
munications. Although absolute speeds are more easily
obtained in vehicular networks, we consider that rel-
ative speeds are more important since it determines
the contact duration. The relative speed between nodes
within a predetermined radio range can be estimated
even in real time, as shown by Wang et al. [24]. In this
paper, our results show that:

1. nodes tend to remain in the same state at low rel-
ative speeds and, at high relative speeds, they are
usually out of contact or in contact at few-hop dis-
tances;

2. direct contacts between nodes within mutual radio
range last longer when their relative speed is low
and their distance is less than 120 m. If the dis-
tance is greater than 120 m, the contact gets shorter,
independent of the relative speed. If, however, the
relative speed is high, the contact does not last for
long;

3. contacts are more frequent at low relative speeds
in less dense scenarios (Bus and Taxi), and they
tend to happen at most at 3-hop distance. In high
density scenarios (Synthetic), in turn, contacts at
high relative speeds are found and they can happen
even at longer hop distances. A significant number
of such contacts, however, cannot be used to transfer
data due to its short duration.

4. For last, the number of useful contacts decreases
when the relative speed or the number of hops in-
creases.

We observed in each evaluation that the Synthetic
scenario shows a different behavior compared to the
other two GPS-based scenarios. Surprisingly, despite
being the most dense scenario, with the highest num-
ber of contacts, even achieving longer hop distances (6
hops), we found that it has the least number of useful
contacts. We attribute this to the singularities of the
scenario, such as the presence of very different types of
roads, including unlimited-speed highways, and we do
not generalize these findings to all dense scenarios. Fol-
lowing, we describe some possible applications of our
findings and a proof of concept to highlight the impor-
tance of our observations.

7.1 Applications

Let us consider the purest and simplest idea of rout-
ing in challenging networks, such as VANETs. We do
not have information, a priori, about contacts and there
is no infrastructure to provide connectivity. In such en-
vironments, it is important to know when contact op-
portunities happen, how long they last, how large is the
available bandwidth during contact, and how message
priority could be defined. Based on the knowledge of
nodes, during an encounter, they have to decide if the
message will be forwarded or if it will be carried farther.
In order to make better decisions, several works use in-
formation about node mobility [25-27]. This increases
the probability of successfully forwarding a message to
the destination. Nodes for which this probability is high
are said to have high utility [28]. The relative speed
could be used to compute this metric. For instance, if
the relative speed between v; and v; is too high, node v;
should not try to forward a message through v;. Alter-
natively, node v; could forward the message but with
a modified maximum expected number of hops, that
would be set according to the relative speed, reduc-
ing the overhead on the network due to forward useless
packets.

Shelly et al. [27] use the relative speed of nodes to
predict the residual lifetime of a link, using the node
attached to the longest-lasting link to forward the mes-
sage. This reduces the probability of link breakage dur-
ing the communication. In the best case, 90% of the
predictions have an inaccuracy of less than 30% for a
small Hello interval. Several packets can be dropped
because of the failed prediction. The accuracy could be
improved, for instance, if authors include in their model
the relation between the hop distance to the destination
and the relative speed (Figure 8). As such, if the desti-
nation is too far, the current node could give up sending
the message.

If we take into account some kind of infrastructure,
we can use a communication model based on clusters,
where a special node, the cluster head, is responsible
for disseminating messages to nodes in the cluster [29].
The cluster head must be carefully chosen in order to in-
crease message delivery while minimizing the overhead.
To this end, the relative speed could be a suitable pa-
rameter to determine the nodes in the cluster, includ-
ing the cluster head. For instance, the cluster should
be created considering only nodes for which relative
speeds are very low, so that the cluster remains un-
changeable for longer time intervals. He et al. [26] pro-
pose a minimum delay routing algorithm considering
that messages are disseminated using clusters. In their
scenario, the destination point is fixed and vehicles in



14

Dianne S. V. Medeiros et al.

the same road travel with the same speed, with zero
relative speed as a consequence. The cluster formation
could benefit from our findings if authors considered
that relative speeds can assume values different from
zero. According to our results, protocols based on clus-
ters or communities could use up to 3-hop communica-
tions at low relative speeds in sparser scenarios, i.e., a
cluster could be composed by the (k, p)-vicinities of the
cluster head, with 0 < k < 3 and 1 < p < 3. The algo-
rithm proposed by He et al. neither takes into account
the relative speed nor the contact time between clus-
ters crossing each other paths. These quantities could
be used to determine if the message can be fully for-
warded to the next cluster. For instance, considering a
sparse scenario and a source node that needs to send a
5 MB file to the destination, if the relative speed be-
tween the cluster and the next cluster is higher than
70 km/h, there is a high probability that the link be-
tween two clusters would break even before the transfer
completes (results from Figure 10b). One must question
if nodes at high relative speeds are always considered
useless contacts. We know that if two vehicles are mov-
ing at high relative speed, at least one of them must
be moving at high absolute speed, which means that
it will likely encounter a significant number of nodes.
This fast node could be used as a data mule that could
disseminate small messages among clusters encountered
along its trip.

The outcome of this work could be used to im-
prove prediction models, and consequently, reduce the
amount of resources wasted to forward packets that will
not likely arrive at the destination. It could be useful
also to improve packet delivery. Bazzi et al. [25] propose
two routing algorithms focusing on cellular networks of-
floading in the VANET context. The hop-count-based
algorithm considers that if a path to the nearest Road-
side Unit (RSU) does not exist, the vehicle must send
the packet using the cellular network. Bazzi et al. do
not focus on packet delivery ratio improvement, nor
on saving vehicular network resources. They would be
able to improve their metric by considering that pack-
ets sent to a given RSU will never surely arrive, even
when a path exists, due to vehicle mobility. Considering
a dense scenario, like the Synthetic one, if the RSU is
8-hops away from the current node carrying the mes-
sage and the relative speed with the next hop is higher
than 10 km/h, a 1 MB message will not probably ar-
rive at the RSU (Figure 10c). Therefore, the routing
algorithm could determine that this packet should be
sent to the cellular network, consequently increasing the
packet delivery ratio (at the cost of increasing the cel-
lular network usage). Hence, the information gathered
in this work can be used by VANET routing protocols

to better adjust the expected lifetime of a message in
the network, or to choose the next hop, improving pre-
diction algorithms. As a consequence, we can reduce
the waste of resources due to useless packets, or even
increase the packet delivery ratio if we rely on cellular
networks.

We also studied the behavior of state transitions
and we found singular patterns for both low and high
relative speeds. The model can be used, for instance,
to artificially extend a dataset to include information
of node mobility beyond the duration of the provided
dataset. The resultant mobility pattern can be used in
simulations without being limited by the dataset dura-
tion.

7.2 Relative-speed-aware packet forwarding:

Our discussions in Subsection 7.1 raised the possi-
bility of taking better decisions concerning packet for-
warding, if relative speeds between nodes were consid-
ered. In this section, we evaluate this notion by show-
ing that a local forwarding decision made by the source
node can have already significant impact on the net-
work performance. More precisely, we can save net-
work resources by avoiding useless transmissions. Us-
ing the Network Simulator 3 (NS-3), we then simulate
three different forwarding strategies that take into ac-
count information regarding relative speed. These three
strategies are proposed herein and individually applied
to OLSR. We evaluate their efficiency, and furthermore
our analysis, using packet forwarding decisions based
on relative speed awareness as a use case.

We used a subset of the 10-minute TAPASCologne
dataset as the mobility model. This subset consists of an
area with approximately 4.8 km? containing 688 nodes.
OLSR was used as the baseline routing protocol and we
randomly installed 100 UDP client-server applications
on the available nodes. A single node can host several
applications simultaneously. The only restriction is that
a client node cannot be its own server, and vice-versa.
Each application sends packets of 1,500 bytes at a rate
of 1 packet per second. The effect of the propagation
medium is addressed by the combination of two propa-
gation models included on NS-3: 3-Log-Distance, which
allows different attenuation factors for each distance
range between the transmitter and the receiver; and
Nakagami-m, which models fast fading.

In our simulations, the OLSR is used without any
modification to play the role of baseline routing proto-
col. In our first forwarding strategy, we impose a rel-
ative speed restriction according to the hop distance
to the destination (RelSpeedR — Relative Speed Re-
stricted). Hence, when the source node has a packet
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to a destination node, it must first check the hop dis-
tance to the destination, i.e., path length to the des-
tination, and the next hop. The source node then will
only forward the packet to the next hop, if the neighbor
is within a relative speed range that still allow reach-
ing the destination at that hop distance. In the second
strategy, we use the (k, p)-vicinity to modify how the
OLSR chooses its vicinity (VicR — Vicinity Restricted).
Two nodes are neighbors only if they are within a rel-
ative speed that allows 1-hop communications. In the
third strategy, besides the new computation of the im-
mediate vicinity, we also use the relative speed restric-
tion to multihop communications, employed in the first
strategy (RelSpeedVicR — Relative Speed and Vicin-
ity Restricted). The relative speed thresholds are set
as follows: nodes at 140 km/h can communicate up to
1-hop distance; at 120 km/h, up to 2-hop distance; at
100 km/h, up to 5-hop distance; at 80 km/h, up to 7-
hop distance; and at 70 km/h, up to 8-hop distance.
If nodes are moving at a relative speed higher than
140 km/h or if they are more than 8-hops away, the
source node automatically discards the message. These
values were obtained from Figure 10c, where we consid-
ered the relative speed that would reduce the number
of contacts by only 20%.

We analyze the packet delivery ratio at the applica-
tion level and the forwarding ratio of dropped packets
provided by each forwarding strategy. The delivery ra-
tio is defined as the total number of packets correctly
delivered at the destination divided by the total number

Jo

04 - *

.

Packet delivery ratio

03[~ 7

OLSR RelSpeedR

(a)

VicR RelSpeedVicR

Fwd. ratio of dropped packets

OLSR RelSpeedR

(b)

Fig. 11 (a) Packet delivery ratio and (b) forwarding ratio of
dropped packets for the OLSR and each relative-speed-aware
forwarding strategy based on the OLSR.
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of packets sent. The second metric, the forwarding ratio
of dropped packets, is used to investigate the number
of times packets not delivered are forwarded before be-
ing dropped. With this metric, we aim to have an idea
of the amount of resources wasted with useless trans-
missions. The forwarding ratio of dropped packets is
then defined as the number of used hops before being
dropped divided by the number of necessary hops to
reach the destination. Hence, the highest the forward-
ing ratio of dropped packets, the greater the amount
of resources wasted with useless transmissions. We em-
phasize that we do not include delivered packets in this

metric. Hence, we have that #used hops/#necessary_hops<

1, and the unitary upper bound happens when the last
hop before the destination transmits the packet but the
destination does not receive it.

Figure 11a shows the packet delivery ratio for each
scenario, using a 95% confidence interval. In average,

the delivery ratio is higher for Re1SpeedR and RelSpeedVicR,

which are the two strategies using information regard-
ing the number of hops reachable at specific relative
speeds. This figure also shows that vicinity restrictions
alone (VicR) are not enough to improve the packet de-
livery ratio. VicR uses with higher probability neighbors
or even paths not able to deliver the packet to the final
destination. If we compare, however, RelSpeedR with
RelSpeedVicR, we note that RelSpeedVicR presents
the best delivery ratio, achieving 50.5%, against 49.4%
for the former. This happens because the RelSpeedVicR
combines both restrictions, i.e., relative speed and vicin-
ity.

Figure 11b shows the results for the forwarding ratio
of dropped packets, also using a 95% confidence inter-
val. Comparing the forwarding strategies, VicR wastes
less network resources with useless transmissions than
the others, reaching a forwarding ratio of dropped pack-
ets equal to 39.4%. The RelSpeedVicR is the second
best forwarding strategy in terms of wasting less re-
sources with packets. This strategy uses, in average,
50.2% of the necessary number of hops before drop-
ping the packet, whereas RelSpeedR and OLSR achieve
53.3% and 54.6%, respectively. Therefore, we can con-
clude that, in the TAPASCologne scenario, submitted
to the simulation parameters we described earlier, there
is a clear tradeoff between delivery ratio and resource
utilization. Considering both average packet delivery
ratio and average forwarding ratio of dropped packets,
the best strategy is Re1SpeedVicR, as it combines num-
ber of hops and relative speed knowledge. This strat-
egy is able to improve the average delivery ratio and
simultaneously reduce the amount of useless transmis-
sions compared with OLSR. Nevertheless, VicR is the
most resource-efficient, at the cost of also reducing the
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packet delivery ratio by a small amount, even compared
with OLSR. Depending on the application, e.g., if saving
network resource is a major concern, one can decide to
use VicR instead of RelSpeedVicR.

8 Conclusions

This work analyzed how relative speeds can impact
node vicinity. To this end, we quantitatively confirmed
the intuition behind “contacts happen more often at
few hops and low relative speeds” and, moreover, we
demonstrate that useful contacts can also happen be-
tween nodes at higher relative speeds, separated by
longer hop distances, even though less often. The re-
lationship between number of hops and relative speeds
of vehicles has never been quantified, as far as we know.
To accomplish that, we used a methodology based on
the idea of extended node vicinity, which can be repro-
duced for different scenarios. In a broader sense, results
from three typical vehicular scenarios revealed similar
characteristics that can be used to enhance data dis-
semination.

More specific results were also obtained. In this pa-
per, we observed that whenever in contact, nodes at
relative speeds higher than 40 km/h can often com-
municate using at most 3-hop paths; whereas at lower
relative speeds, they use at most 6-hop paths. Conse-
quently, we can infer that networks in which nodes move
at higher relative speeds do not benefit much from long
multihop paths, even though we can still find some
useful contacts. Nevertheless, nodes at lower relative
speeds can only double the number of hops from 3 to
6. We conclude then that the number of useful contacts
is highly influenced by both hop distance and relative
speed. These results show the importance of also consid-
ering the relative speed for path establishment when de-
veloping an application for vehicular networks to avoid
unnecessary transmissions, especially when transmit-
ting bigger messages. The same idea could also be ap-
plied to adjust the number of hops a message could
be forwarded. This would be a function of the relative
speed in comparison to encountered nodes. To demon-
strate the impact of our results on mobile communica-
tions, we proposed three forwarding strategies based on
the outcomes of this work and we ran simulations us-
ing each one. We showed that we can indeed reduce the
waste of network resources with useless transmissions,
while maintaining a satisfactory level of successful de-
livered packets. Hence, the outcomes of this work can
also be used to improve existing forwarding schemes.
As future work we plan to extend this analysis to other
real datasets using data mining tools. In addition, we

intend to propose a routing protocol that could benefit
from the knowledge obtained with node relative speeds.
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