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Abstract—Available smartphones and smart objects can use
short range connections like Wi-Fi and Bluetooth as a commu-
nication technique to exchange information with nearby devices.
Those techniques are used in cases of absent end-to-end connec-
tion such as in Delay Tolerant or Opportunistic Networks. The
study of message transmission processes and contact information
in such networks has gained more attention nowadays, where
contact information and message transfer have a great impact
on Store-Carry-Forward routing decisions. The performance of
routing mechanisms is measured based on bandwidth utilization
and energy consumption regarding the delivery ratio. Therefore,
in this paper we present a study framework to formulate the
message propagation process in addition to contact information
with a view on energy consumption. The study gives a detailed
expression of contact information such as contact probability
based on node density and transmission range in a bounded
area. Furthermore, the message exchange process as element of
channel utilization and energy consumption will be studied. Based
on our simulation experiment results we evaluate the influence
of various parameters on each other and finally on the system
performance.

Keywords: Opportunistic Communication, Neighbor Discov-
ery, Power Consumption, Contact Probability, Routing Perfor-
mance.

I. INTRODUCTION

Most Delay Tolerant Network (DTN) application scenarios
take place in areas with a mixture of nodes, such as vehicular
and pedestrian ones, in disaster regions, or other scenarios
where node density varies over time. The main factor of vary-
ing node density are different kinds of node mobility, which
create different groups of nodes, so called communication
islands, within the same scenario area. To solve the problem of
isolated islands with no continuous connection to each other
most DTN routing protocols broadcast the messages through
the network via Store-Carry-Forward. DTNs with varying node
densities lead to low contact probability which yields a long
delay of storage and propagation. This problem is expected to
occur more frequently in DTN scenarios where the network
graph with varying node density will impact the routing
performance, especially when nodes are forced to forward their
messages whenever there is no stable link connectivity or when
the destination can not be reached. The simplest DTN routing
protocol is the flooding-based Epidemic [1] which broadcasts
its deliverable messages to every encountered node that has
not got a buffered copy of the message yet. The number
of broadcasts and message copies is increasing through the
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message dissemination process and depends on the nodes’
contact probability and the number of neighbors. Our paper
analyzes the performance of Epidemic based on node density,
as opposed to previous research which depends on contact
event evaluation of fixed node density scenarios in areas
with a fixed size. The Epidemic dissemination speed will
be neighbor reliant and is expected to perform broadcasts
at a rate determined by the density of the network. It is
expected that Epidemic routing copies messages with an
interval based on both node density and Inter-Contact Rate
between nodes. Thus, Epidemic is expected to perform the
broadcasting of message copies rarely when there are only a
few number of neighbors around the node. Furthermore, the
low dissemination rate of Epidemic will be achieved when the
number of neighbors equals one. The objective of Epidemic
is to establish a high performance while keeping a low delay
by adapting the amount of broadcasting messages per number
of node connections or the network density. This fact may
be considered as a proposal to improve the efficiency of
Epidemic. It may limit the number of message copies based
on the density of the nodes in the network. The messages
generated by the basic Epidemic as greedy replication are
not adapted according to the network topology. The basic
Epidemic situation increases the possibility of consumption of
resources like storage, bandwidth and energy of the system.
The uncontrolled replication of the message as broadcast
would then contribute to the resource problem. Reducing the
number of the message copies according to the density of
the network will help dense networks to reduce the amount of
overhead measured in channel utilization and energy consump-
tion. On the other hand, sparse networks would continue to
perform their replication process similar to the basic Epidemic
rule with a copy for every encountered node. In reality, there
are mobile DTNs that have fixed sets of nodes in the bounded
area of the network. This number of nodes can vary between
different areas, but will be fixed for each one respectively. Both
situations can occur in urban and disaster areas. Therefore, to
evaluate the performance of DTN routing in an environment
without considering the node density does not provide a
clear picture on the scalability of the DTN routing protocols.
The node density for a network can be related to the node
degree which is a result of node connectivity. For this study,
node density is defined as an average of node connectivity.
However, when determining density for a particular network,



one important parameter that influences the connectivity of the
network is the transmission range of the nodes. In addition, the
node density in the bounded area is impacted by the number
of nodes in the network.

II. RELATED WORK

There are a lot of research papers which analyze the impact
of node density and transmission range specially for MANETSs.
Regarding the DTN a lot of researchers have focused on the
study of message dissemination process, as in [2], without
considering the density of nodes, where most of them assume
that the number of messages is small concerning the number of
the nodes in the network as message delivery ratio. We believe
that the node density sharply impacts on the dissemination
speed and the number of message copies generated by the
routing protocol. The number of the generated messages will
also impact on the energy resources. Most of DTN modeling
such as Markov Chain and SIR model fix the number of the
nodes as a parameter N of population in a bounded area
A, but they do not consider the value of the density and
its impact on the resources. On the other hand studying the
node density as component of the network graph will help to
design the utility based DTN routing protocols. Those DTN
models consider the message replication based on Epidemic
flooding. In [1] the authors present the simple idea of the
Epidemic routing protocol where the messages replicated to
every encountered mobile nodes to archive a higher message
delivery ratio. In [3] a DTN model is proposed which studies
networks that lack stable paths. This model is considered as the
common model, in addition to the Markov Chain model which
also is used to evaluate the performance of Epidemic routing
protocol. In [4] the authors use sequences of random graphs
for modeling temporal graphs for analysis of the diameter of
mobile Opportunistic Networks. Also in [5] it is explored how
the paths between two nodes change with increasing number
of hops. Using the all hops optimal path (AHOP) problem,
they construct all the contact events in a time interval graph.
The authors of [6] propose a model based on the number
of nodes to estimate message delay; this paper provides a
comparison of analytic results with simulation results obtained
from three different mobility models. By using ordinary dif-
ferential equations (ODE), Zhang et al. [7] investigate how
resources such as the number of generated message copies
and the buffer size can be traded with the delay. In [8] the
authors use the optimal replication control of Epidemic. In this
paper all nodes nodes know about the number of nodes that
are currently carrying the message. The optimal closed-loop
control is a threshold policy which is derived by the number
of intermediate nodes carrying a message copy. Compared to
literature work, we offer explicit results for node density as a
function of the number of nodes and their transmission range
in particular areas, we analyze the density function impact
on average dissemination speed and contact probability, in
addition to energy analysis under the condition of numerous
nodes and transmission range. Furthermore, our model takes
various mobility models into consideration and can be used

to compute the situation when only some of nodes must be
infected, thus, used as a relay. We formulate the connectivity
graph based on a discrete time graph; unlike other work, we
present average contact probabilities based on network graphs
in a bounded area. Moreover, our model of contact formulation
is based on the simulation results. The starting point of our
work is to find a method to calculate the contact probability
with regard to node density and transmission range. In this
paper, we set up a model that can be used to quantify various
node density parameters’ effect on the message transmission
process. The density is also analyzed as an impact factor on
the network resource consumption.

III. SYSTEM MODEL
Due to the nodes’ location properties and different mobility
models in DTNs, the network should be divided into different
groups. Discussing such a complex situation is useful for
routing protocol design, as we have to pay attention to the
number of infected nodes in each group which is impacted
by the dissemination speed. The message transfer will occur
when two nodes are in each others’ coverage area, moreover
the Inter-Contact time will be impacted by the node density
in addition to the transmission range. The message replication
process will also impact on the network resources in terms
of storage, bandwidth, and energy. In this section, we will
describe our model and out assumptions. In Table I we specify
the notations and quantities which we use in this paper. From
the modeling of the mentioned DTN networks, we define out
network as a mobile DTN network that has the following
properties:
1) The network consists of N different devices as nodes
placed in an (L, W) rectangle bounded area A
2) The position of each node considered as a random
variable uniformly distributed over the given area A
3) Each node has a transmission range of r, where r is small
compared to length or width of particular area A
4) Any two nodes that are within the transmission coverage
of each other will have a Contact probability

We are investigating the impact of the number of nodes and
transmission range in fixed size areas, on the mobility model
and its contact probability. Furthermore, we consider the well-
known routing performance metrics of delivery, overhead ratio
and delay. Finally, we analyze the impact of the node density
as a function of transmission range and a number of nodes on
the resource limitation. We will measure the amount of relayed
messages as a metric for saving bandwidth and energy. It is
commonly believed that future contact occurrences in DTNs
depend on contact history only. However, we discovered that
it is possible to estimate future contacts with a function. The
expected node degree as contact probability and the expected
number of contacts in a DTN can also be obtained.

A. Inter-Contact Time Impact By Density

The connection between two nodes only takes place when
they are in each others coverage area. The Inter-Contact Rate
Ac 1s assumed to be exponentially distributed. The model



Table 1
USED NOTATIONS AND QUANTITIES

[ No [ Parameters | Description |

1 N Number of nodes in the network

2 A Rectangular Area of Length L and Width W

3 ICT Inter-Contact Time

4 r Transmission range (m)

5 R Transmission range (km)

6 Cp Contact Probability

7 Ch Contacts per hour

8 Cr Total Contacts per Scenario

9 G(V,E) Network Graph which models the contact events
10 |4 Vertex set of nodes

11 E Edges set of all pairwise contacts

12 Dy, Density of node

13 DSt Density/Sparse Threshold

14 A Average Inter-Contact Rate between two nodes
15 DSgr Density/Sparse Ratio

16 ErpnD Energy consumed by IPND traffic

17 | Cm Minimum Amount of Contacts

18 Crq Number of Contacts when 7 equal 50 meter
19 a, Constants

20 Chriro Number of Contacts when r is increased by 7o
21 BI Beacon Interval of IPND protocol

22 cT Contact Time

23 Pp Power consumed by single UDP message of IPND

assumes that the contact duration is short as opposed to the
Inter-Contact Time of the two nodes. Our model is defined
as a combination of two different mobility models which are
Shortest Path and Random Route.

Previous researches noticed that the Inter-Contact Time of
Random Direction and Random Waypoint mobility models
can be calculated based on the area size and transmission
range between the nodes. For each model, we assume that
the nodes move within a rectangular area. For the random
direction mobility model the expected Inter-Contact Rate A,
can be calculated as follows ([9]):

_ 2rE[u]
T A
where F[v] is the average relative speed between encountered

nodes. Regarding the Random Way Point mobility model, the
expected Inter-Contact Rate ). can be calculated as follows:
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where w is a constant specific to the Random Way Point model
([9D). In order to apply those functions to our model we need
to identify the parameters of the exponential Inter-Contact
Time distribution. The Eq. (3) of our model shows that the
Inter-contact Rate \. can be calculated as a linear function of

transmission range R in kilometers regardless of the number
of nodes in the scenario.

2)

Ae = aR 3)

The value of the constant o with 0 < o < 1 will adapt the
average Inter-Contact Rate \. to be accurate for the density
based on the transmission range 7, no matter the number of
nodes in the scenario, as shown in both Eq. (1) and Eq. (2).

B. Contact Probability Impact By Density

Node density for a network can be considered as density
per area, or the contact probability for an average number of
neighbors. Before defining the Dense/Sparse threshold DS
we specify how the Density/Sparse Ratio DSg is calculated
to classify the network of the scenario as a dense or sparse
network. This function considers the two parameters of the
density function which are number of the nodes N and the
transmission range r, in addition to the boundaries of the
particular area A as follows:

Nrr?
A
In this paper, according to the Dense/Sparse Threshold

DSy, the network density is defined as dense if it fulfills the
following condition:

DSk =

“4)

Nr?

A

The density is considered sparse for a value less than this
threshold.

However, when determining the surrounding density for a
particular node which has the bounded movement area A, the
node density is an important component which has impact on
the contact probability of the node. The node density D,, is
calculated as follows:

N
1 (6)

Thus from Eq. (4), Eq. (5) and Eq. (6) the network density
determined in this paper is based on the density of the nodes
which then again is based on the number of nodes found in
a particular area. Therefore, considering the number of nodes
found in a bounded area as well as the transmission range r
it can be determined that the network of that particular area
is dense or sparse. Given either a very large area or a low
transmission range will impact on the network density.

Now we will consider the contact event, more precisely the
minimum number of contacts C,,,, which is calculated for a
transmission range r that is equal to one (r = 1). The results
are collected in a network graph G(V, E), which models all
connections to one hop encountered nodes. We calculate the
amount of contacts per hour C), by the following equation,
with the set of nodes as vertices V and the relayed nodes as
edges E:

D, =

Cp = FElogV )

Now we look at the number of contacts of our first exper-
iment regarding all scenarios when transmission range of the
node 7 is equal to 9. We can calculate the number of contacts
when the transmission range r is equal to r¢ based on Eq. (7)
as follows:

Cr, = Cp,1og 30 8)



As the transmission range increases by rg, the number of
contacts per hour C}, for all scenarios is calculated as follows,
with 8 as a constant 0 < 5 < 1

Ch=0Cry +N(N —1) ©)]

We present the equation for calculating the average number

of contacts per hour for all experiments of all scenarios with
the following equation:

C’r+r0 =Cp+ BN(N - 1) (10)

Finally, from Eq. (10) we can calculate the contact proba-
bility percentage of the maximum amount of contacts in the
network which consist of N nodes and (N —1) outgoing edges
for the directed graph G(V, E):

Ch
N(N -1)
As Eq. (11) shows, the contact probability C'p is mostly
influenced by the transmission range r, regardless of the
number of the nodes N, where the value of N(N — 1) is
assumed to be constant during the same scenario experiment
of different transmission ranges 7.

Cp= an

C. Routing Metric Impact By Density

This section presents the routing metrics which are used to
evaluate the different network densities. This evaluation will
consider metrics related to resource consumption, beginning
with end-to-end delay for deep analysis. Furthermore, we
will focus on the main component of channel utilization
which is the amount of relayed messages. For the analysis
of the impact of network density on the performance we use
application-related metrics, which are delivery ratio and delay.
The performance metrics used for comparison are:

1) Delivery Ratio is the ratio of the number of delivered
messages to the total number of generated messages.

2) Relayed Messages is the total number of intermediate
nodes used for delivering messages.

3) Average Delay is the average delay of all successfully
delivered messages.

The Impact of node density as a function of both number
of nodes and transmission range is conducted with flooding-
based DTN routing protocols, which is termed as the greedy
uncontrolled Epidemic routing protocol. Epidemic is evaluated
with different numbers of nodes and different transmission
ranges. Where the Epidemic routing protocol dissemination
speed will impact by contact probability, the contact proba-
bility is a function of the number of nodes and transmission
range in the bounded area. For the performance evaluation of
Epidemic routing we select FIFO (First In First Out) as our
forward and drop policies for the nodes buffer management.
The routing performance is impacted by node density because
the node density has a higher impact on the buffer and routing
performance. Obviously, the buffer management and routing
performance is based on the overhead variables which are

the hop and replication counter of the message. The main
performance factor is the number of relayed messages when
the performance impact of node density evaluated using a dif-
ferent number of nodes and transmission range, as this factor is
related to the resources of both a single node and the network.
Due to Epidemic’s behavior of the unlimited replication of
messages, Epidemic is suffering from a very high consumption
of the before mentioned resources. Furthermore, we look at
the average end-to-end delay which we use as a performance
metric for different DTN applications and scenarios.

D. Energy Metric Impact By Density

This section will consider both Wi-Fi and Bluetooth in-
terfaces which use a discovery mechanism that allows the
node to detect the directly connected neighbors using the
same wireless technology. This feature is to be considered
as a more energy consuming process. On the other hand, Wi-
Fi infrastructure mode periodically broadcasts its Service Set
Identifier (SSID) which can be seen by any Wi-Fi-enabled
node as a control signaling beacon. Wi-Fi-enabled nodes
typically listen for these announcements in regular intervals
as a passive scan. In order to set up a connection, one node
must initiate it and the other node must accept it. Therefore
control traffic such as beacons will consume the bandwidth
of the radio channel. Furthermore, the beacon message will
consume some of the energy resources of the nodes. Also,
the beacon interval will impact the contact event as it delays
the detection of one hop connection partners. Furthermore, the
most important reason why two encountered nodes disconnect
is when the distance between the two nodes surpasses the
transmission range. The lower the node density, the lower the
chance of connection in the first place. The other important
reason for the disconnection of encountered nodes is the
energy limitation. DTN nodes, like smartphones and smart
objects, mostly suffer from resource limitations in terms of
storage, bandwidth, and energy. To improve the mechanism of
neighbor discovery in a DTN environment, the DTN IP Neigh-
bor Discovery (IPND) [10] was implemented and published
by the IETF in an Internet draft. IPND is a method for nodes
to discover the existence, availability, and network addresses
of encountered nodes which serve as one hop connections.
IPND periodically transmits (as a broadcast) and receives
beacons in ad hoc fashion. These beacons are considered
small UDP messages and contain information about the node
and its available services. We define a consumption model to
calculate the energy needed for sending IPND messages as
beaconing messages and for an enabled radio interface. We
will consider the transmission of UDP message beacons of
the IPND protocol with different intervals. Our energy model
will consider different interface states like Idle, Send, Receive
and Scan.

The computation of the energy consumed by the radio
interface during the beaconing as UDP message of IPND
protocol is described in the following equation:

T
FEipnp = NPB%, where BI >0 (12)



Table II
SIMULATION SETTINGS

[ Settings | Value |
Map Downtown of Helsinki, Finland
Simulation time 12h
Number of Nodes 66, 126, 246

Pedestrians (0.5-1.5 km/h)

Cars (10-80km/h)

Trains (10-80 km/h)

Helsinki, Finland Map (4500, 3400 m)
Epidemic

Bluetooth, High Speed

50, 100, 150, 200, 250 m

250 kBps, 10 MBps

Group Type with Speed

Simulation area
Routing protocols
Interface type
Transmission range
Bandwidth

Buffer Management FIFO
Message size 0.5-1MB
Message creation interval | 25-35s
Time-to-live (TTL) 300 min

Pedestrians: 5 MB

Cars, Trains: 50 MB

Pedestrians: Shortest Path Map Based
Cars, Trains: Map Route

Default buffer size

Mobility Model

with C'T being the Contact Time, BI the Beacon Interval of
the IPND protocol, and Pp the power consumed by a beacon.
The computation of the beacon power consumption is based
on the power consumption values of the interface states.

IV. EXPERIMENT SCENARIO AND RESULTS

To reflect different network density situations, we consider
three different scenarios for our experiments. Scenario 1
considers 66 nodes with a message creation interval between
25s and 35s, and a message size ranging from 500kB to
1MB. The 66 nodes consist of 60 pedestrians and 6 cars
and trains. In Scenario 2, in addition to those 66 nodes from
Scenario 1, 60 more nodes join in to double the amount of
pedestrians. This reflects a node density that is approximately
doubled in respect to Scenario 1. Finally, in Scenario 3 we
investigate the effects of larger scale networks with a high node
density in the same fixed area size. 120 nodes are added to the
nodes of Scenario 2 which means that Scenario 3 has twice the
density of Scenario 2 and four times the density of Scenario
1. The different number of nodes and transmission ranges
which are applied to the three scenarios are all in relation
to the same world size which is bounded to the length of
4500 m and width of 3400 m. The nodes in Scenarios 2 and 3
keep the same message creation interval and size. In our three
different scenarios for the simulation, we change the node
radio transmission 7 from 50 to 250m by steps of 50m for
each experiment of each scenario. With five different values for
the transmission range r, we are able to completely catch the
quality of our model in comparison to the simulation results.
For evaluation of the routing performance of Epidemic with
different node densities, we choose the buffer management of
FIFO selecting messages with minimum arrival time for both
the index and drop rules.

We change the transmission range r by steps of 50 meters
for the three different scenarios and the parameters listed in
Table IT and compare their impact on node density with regards

to the different before mentioned metrics under different
radio ranges and number of nodes in a particular area. The
scenarios were simulated with the default settings of the ONE
Simulator [11], [12]. We use the Epidemic routing protocol
and the FIFO buffer management strategy as seen as in
Table II. The scenario settings listed in Table II can be used
to calculate the values of constants « and 3. Additionally we
simulate the scenarios to measure the Inter-Contact Time (ICT)
between nodes that encounter each other in each scenario,
this value, in all scenarios, was averaged in seconds. From
the ICT we can now calculate the Inter-Contact Rate A, in the
system which equals the inverse of the averaged ICT, this rate,
which is called A, is not impacted by the number of nodes.
Furthermore, A, can be determined from Eq. (3). From Eq. (7)
we can calculate the minimum contact probability of different
scenarios, therefore using Eq. (8), Eq. (9) and Eq. (10) we can
calculate the average contacts per hour of each experiment of
each three scenarios. Using the Eq. (11) we can determine the
contact probability of each experiment.

A. Inter-Contact Time Impact By Density

In this section we will look at the Inter-Contact Time
(ICT) and the Inter-Contact Rate A\. among different node
transmission ranges. Figure 1(a) shows the graph of Inter-
Contact Times under different node densities for the three
scenarios. To find the relationship between Inter-Contact Rate
Ac and node transmission range R in kilometers in a particular
area A, we perform linear incrementations of both the number
of nodes N and transmission range r to plot graphs of three
data sets. Recorded Inter-Contact Times are used to generate
fitting functions with the same average as the one of the exper-
imental results. For linear fitting, we consider the coefficient
in Eq. (3) as constant of A\.. With a constant o = 0.000215,
Figure 1(b) shows the Inter-Contact Rate A, is not impacted
by the node density, especially if the Dense/Sparse Ratio D.Sg
exceeds the value of the threshold as shown in Figure 1(c).
Figures 1(a) and 1(b) shows the average Inter-Contact Rates
A between different encountered nodes. Figure 1(c) shows the
experimental results for Dense/Sparse ratio for varying node
densities in a rectangular area of the same world size (4500 m,
3400m). Eq. (3) accurately explains the shown differences
with different values. Although, it has been shown that the
Inter-Contact Rate A. can be approximated closely as linear
function of transmission range R in kilometers for our ex-
perimental settings. This approximation should be considered
for simulations that assume that the Inter-Contact Times are
strictly exponential, especially for small Inter-Contact Times.

B. Contact Probability Impact By Density

The node density is a very important factor of the contact
event, therefore, we return to the three different density
situations and quantify the performance of contact event oc-
currences derived from the three scenarios to evaluate various
parameters’ influence such as contact probability C'p and
contact per hour C},. The different scenario settings are shown
in Table II. Figures 1(d) and 1(e) describe the relationship



7000 - - - 0.0005 4 . . .
N=66 —+— N=66 —+—
6000 - N=126 —X%— i 35 - N=126 —X%— .
= 3 0.0004 N=246 —%—
(]
—~ 3+
£
£ 5000 S =
el 1 T @ 25}
£ 4000 & 00003 3
8 g s 2}
@ 3000 g &
g g 00002 8 1s|
& 2000 2 8 L
[ 0.0001 - .
< 1000 e 05
0 ! ! ! 0 I I I 0} I I
50 100 150 200 250 50 100 150 200 250 50 100 150 200 250
Range (m) Range (m) Range (m)
(a) Density Impact on Inter-Contact Time (b) Density Impact on Inter-Contact Rate (c) Dense/Sparse Ratio
40000 - - - - - 500000 T T T T T 1 ;
N=66 m— — N=66 — N=66 —+—
35000 - N=126 === e N=126 == M N=126 —x%—
* N=246 _ 400000 N=246 . 08 | N=246 —%— -
5 30000 g M g
o S
g € S
g 25000 |- 7 & 300000 |- 4 £
2 5] <
S 20000 [ 4 £ 8
- o =
5 © &
S 15000 4 & 200000 - 1 3
(] (=] -
& = 5
£ 10000 - e o
2 100000 [ .
5000 [ -
0 — 0 L 0 ! ! !
50 100 150 200 250 50 100 150 200 250 50 100 150 200 250
Range (m) Range (m) Range (m)
(d) Average Contacts per hour (e) Total Contacts (f) Contact Probability
0.6 - - - 1.6e+06 : : . . — 4000 . . .
N=66 —+— N=66 m— N=66 —+—
N=126 —x— 1.4e+06 [~ N=126 === - 3500 |- N=126 —>— e
05 N=246 —%— 7 N=246 C—— N=246 —X¥—
& 1.2e+06 [ . 3000 - .
g oaf 4 9 D 3
b S le+06 [ 1 3 2500
2 M ﬁ ©
té 03F r £ 800000 - 4 £ 2000
g -] g
2 o2 —\*\*\x’/”‘ 2 600000 [ 4 g 1500
g o 1 8 Z
© 400000 [ . 1000 [ .
01 g
200000 | . 500 - .
0 ! ! ! 0 I I I
50 100 150 200 250 50 100 150 200 250 50 100 150 200 250
Range (m) Range (m) Range (m)
(g) Delivery Ratio (h) Relayed Messages (i) Delay

Figure 1.

between the average contacts per hour and the number of
nodes for different node transmission range r and a fixed area
A. Figure 1(d) shows for each scenario regarding different
number of nodes that the average contacts per hour increase
with higher node transmission range r. Such a phenomenon
might be attributed to the fact that, as the density and the trans-
mission range r increase, the number of intermediate nodes in
the network graph potentially gets higher. We compute the
minimum number of contacts C,, of the three scenarios by
Eq. (7), where the edges for Scenarios 1, 2 and 3 are 425,
1225 and 3900 respectively while the transmission range r
of the nodes is equal to one. The value of the constant 3
is 0.1 for all three scenarios, where the contacts per hour
C}, of scenarios 1, 2 and 3 are approximately 500, 1500 and
6000 respectively while the transmission range r increases by
steps of ro = 50 meters. This is made clear by Figure 1(d).

Measurement Results with regard to the three scenarios of different node densities

Furthermore from Figure 1(e) we can see that with the same
number of nodes in each scenario, the increase of transmission
range r gives chances of more message copies because of
the growth of the number of neighbors. Figure 1(e) plots the
total number of contacts per experiment C1 as a function of
a number of nodes and transmission range r. The number
of total contacts C'r is proportional to the number of nodes
or the transmission range. For the contact probability Cp,
shown in Figure 1(f), the value is higher as either number
of nodes or transmission range increase. Furthermore, from
Figure 1(f) we can see the minimum contact probability for
different scenarios is achieved when the transmission range is
equal to ro which is approximately 0.25. This value is similar
for all three scenarios, regardless the number of the nodes,
which means that the link availability is similar regardless of
the node density value D,,.



C. Routing Metric Impact By Density

For the comparison of the impact of node density to the
Epidemic routing protocol we apply three different scenarios
which all consider FIFO as the buffer management strategy
for Epidemic. As shown in Figure 1(g), for all three scenarios,
the delivery ratio of Epidemic is decreasing the larger the
number of nodes. The figure also shows that the delivery ratio
of Epidemic with FIFO buffer management strategy is staying
stable regarding the increase of the node transmission range r,
especially when the Dense/Sparse ratio DSp greater than 1.
The delivery ratio of Epidemic decreases by ~ 10% when the
node density increases by a2 100%. The delivery ratio of Epi-
demic has better performance when the transmission range 7 is
less than 100 meters. This is because, when the transmission
range r decreases, the dissemination speed is also reduced,
which decreases the message drop rate and increases the
delivery probability. To evaluate the performance of Epidemic
with a variety of different node densities, it is also important to
measure the number of relayed messages. Figure 1(h) shows
that the number of the message copies increases proportionally
to the transmission range r and number of the nodes N.
This is because of the increasing dissemination speed when
increasing the transmission range r. With the same available
buffer space of all nodes, when increasing the number of the
nodes in the scenarios, that means we increase the buffer
space of the whole network. Also, Figure 1(h) shows that,
as the transmission range r increases, the number of relayed
messages increases while keeping the delivery ratio stable, as
shown in Figure 1(g). This means that the resources of the
network (bandwidth and energy) are consumed without any
efficient delivery ratio improvement. As a metric for routing,
we consider the end-to-end average delay. This metric is used
as a performance metric for multiple scenarios in different
Delay Tolerant Network applications. Figure 1(i) shows that
Epidemic has a lower delay when the transmission range r
is increased by r(. This is because the criteria of the buffer
management is based on the FIFO strategy. This means that
the messages with a high buffer delay will be removed faster
as the rate of dissemination speed increases when the buffer
is highly occupied with messages or even full. Moreover, the
message Time-To-Live (TTL) is calculated by summing up
all transmission times and all buffer times. The buffer time
of each message has the highest impact on the TTL of the
message. This means that long buffered messages are either
dropped because of full buffer space or expired TTL of the
message. By increasing the transmission range r the delay
inside the network will be less. But, because of more relayed
messages in the network, the performance of Epidemic might
be reduced.

D. Energy Metric Impact By Density

As described in the system model section III, participation
in Opportunistic Network environments consumes energy and
may make devices run out of battery easily when using
uncontrolled Epidemic routing. We observe that the Epidemic

Table III
ENERGY MODEL SETTINGS

[ Parameter | Idle Scan [ Send [ Receive | Network Energy |
[ Value [ 979 mW | 1125 mW | 1629 mW | 1375 mW | 10 KWh |

routing dissemination speed can be affected by the node den-
sity which is a function of number of nodes and transmission
range.

We provide a simple energy efficiency model in which
node density alters between network node size and node
transmission range of the node in a particular area. This allows
nodes to still send and receive messages but minimizes their
energy consumption. All nodes use an energy model that
has the same network constant energy resources as shown
in Table III with equal values of different states considered
in all scenarios. The device chosen for the simulation is
a Nokia N95 [13] and the whole network energy that is
considered for all three scenarios is 10 KWh. With this
value for network energy all nodes are always on charge
and their interfaces can be enabled permanently. We use a
simple energy model using the ONE simulator which reflects
energy consumption for the following modes: idle, scanning,
sending, and receiving, all for ad hoc mode. As proposed
by [14] we choose one IPND interval to be 2 seconds, in
addition, we choose the IPND beacon default value of IBR-
DTN [15] which is 5 seconds, and also the default value of
the implemented IPND beacon of DTN2 [16] which is 10
seconds. Figure 2 shows the energy resources for all nodes
and for every experiment over our simulation time. We plot
the results for the nodes’ energy after the simulation time
ran out. All nodes run Epidemic router with fully cooperative
mode. We calculate the remaining energy of all nodes with
respect of those that run out of energy. Figure 2(a) shows the
energy levels in the three different scenarios of the 2 second
IPND beacon. As we can see from the graph, at a transmission
range of 50 meters the energy consumption increases by 5%
when node density is duplicated. At a transmission range
of 250 meters the energy consumption increases by ~ 10%
because the dissemination speed of Epidemic increases as the
transmission range increases. This means that a higher number
of copies is generated by Epidemic. Regarding the scenario of
246 nodes (N = 246) we can see that the incrementation of
energy consumption is duplicated compared to the scenario
of 126 nodes (N = 126) This is because the Dense/Sparse
Ratio DS is also duplicated compared to other scenarios at
a transmission range of 100 meters, as seen as in Figure 1(c).
Furthermore, we can take a look at Figure 2(a) and the scenario
with 66 nodes (N = 66), which shows a minimum variety with
respect to the x-axis, meaning that the scenario of N = 66
has a minimal slope compared with other scenarios. This
comes from the low density, low range and low number of
nodes, which gives priority to achieving the desired delivery
(Figure 1(g)) with low energy consumption Figure 2(a). From
Figures 2(a) and 2(b) which have an IPND beacon interval
of 2 and 5 seconds respectively, we can see that the final
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energy level of the network is improved by ~ 10% when
the beacon interval is changed from 2 to 5 seconds. When
the beacon interval is 10 seconds, as shown in Figure 2(c),
the improvement on the energy resource increases by ~ 5%
compared to the 5 seconds IPND beacon interval shown in
Figure 2(b).

V. CONCLUSION AND FUTURE WORK

In this paper, we use our performance model to analyze
the contact times and energy consumption of a DTN network
with different node densities. We evaluate the performance of
Epidemic routing with energy consumption on the aspects of
routing metrics in terms of message delivery delay and energy
cost in form of relayed messages. The important parameters in
our evaluation include the contact rate \., an energy constraint
of the neighbor discovery protocol IPND, the number of nodes
in the network, and the node transmission range inside a
particular area. We analyze the impact of network density on
routing and energy of Epidemic routing protocol. Furthermore,
we analyze the relationship between density and the Inter-
Contact Time and contact probability of the network graph of
different Dense/Sparse DTN networks. We propose a function
which calculates those parameters based on our model, our
simulation result graphs show the accuracy of our model.
Our extensive results state that in the Epidemic routing, as
the node density increases, the delivery delay will decrease
with the result of increasing delivery costs and bandwidth.
We conclude that a higher node density can increase message
dissemination speed of Epidemic routing which is harmful
to the system resources in terms of delivery costs as energy
metric and transmission contention as bandwidth metric. Next,
we use a real devices test bed [17] instead of simulations to
verify all conclusions. In the future we try to improve the
mechanism of Epidemic spreading speed through a monitoring
and reconfiguration loop [18]. In addition, we plan to analyze
the scalability issues in the environment of Delay Tolerant
Networks.
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