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Abstract. Provide low-cost Internet access in rural areas of developing coun-
tries is a real challenge. Conventional communications are expensive and an
alternative approach is to use vehicles to carry data to and from rural areas
and Internet gateways located in an urban center, using a delay tolerant net-
work architecture. The main challenge in these networks is therouting scheme,
because the routes need to be determined without establishing an end-to-end
path. This work considers a real scenario of the northeast of Brazil, employing
scholar buses to carry data. We propose a routing algorithm,capable of consid-
ering the uncertainty of the bus timetable. The simulation results show that the
predicted-contact routing scheme presents a high message delivery rate, a low
medium delivery delay, and a low buffer occupation.
Keywords: rural networks, developing regions, DTN, routing, and Internet.

1. Introduction

Underdeveloped countries concentrate communication infrastructure in the
crowed urban areas whereas rural areas remain underserved.Therefore, providing digital
inclusion to the inhabitants of poor communities in rural areas is a great challenge because
the conventional solutions to provide Internet access are economically prohibitive [1, 2].
The Brazilian government is making an effort to bring Internet access to underserved
communities in its program of digital inclusion. Many Brazilian rural districts already
have kiosks with computers, but without Internet access. Research projects are focusing
on asynchronous modes of communication using buses and carsequipped with a wire-
less access point and a storage device to carry data to and from rural Internet kiosks and
Internet gateways in urban centers [3, 4]. These data carrying routers are called dataMo-
bile Ubiquitous LAN Extensions(MULEs). Figure 1 shows a bus (MULE) that download
data from a rural kiosk source, buffer it, and deliver the data when it reaches destina-
tion. A variety of non-real-time services can be provided from rural kiosks to inhabitants
of rural areas such as: email with large attachments, file transfers, distance learning, e-
Government, etc. Therefore, networks using data mules are alow cost option to deploy
Internet access on sparsely populated rural areas in Brazil.

A rural data-MULE network differs significantly from conventional Internet sce-
nario. First, the topology of the rural network varies with time because links are estab-
lished and disconnected due to MULEs motion. Second, a connected path from the origin
to the destination is rare whereas disconnected links are common. Finally, the end-to-end
delay is long due to the absence, at any instant of time, of a path between the source and
the destination. The uniqueness of this environment led to anew set of networking chal-
lenges. Conventional Internet protocols [5] are not suitable mainly because an end-to-end



path does not exist or there is a large delay between sending the data and its corresponding
acknowledgement. This kind of networks are classified as Delay-Tolerant Networks and
an appropriate architecture was proposed in [6]. This architecture uses store-and-forward
message switching to overcome intermittent connectivity.Using store-and-forward mes-
sage switching, the message is completely received and stored before it is sent to another
node, which may or may not be the final destination. The nodes have to store the messages
during some time because the links are not always available,thus requiring a persistent
storage such as a hard disk or flash memory. The DTN architecture implements store-
and-forward message switching by overlaying a new protocollayer calledbundle layer
on top of heterogeneous region-specific lower layers and below the application layers.

Figure 1. An example of rural network.

Routing is one of the key components in the DTN architecture. DTN routing pro-
posals are classified as deterministic or stochastic [7]. The deterministic case assumes
that the future topology of the network is always known. Thus, the routes can be calcu-
lated in advance. In the stochastic case the network behavior is random and not known,
making difficult the routing calculation. Nodes have to communicate during opportunistic
contacts, in which a sender and a receiver make contact at an unscheduled time.

We propose a routing scheme for data-mule based delay tolerant networks. We
analyze the performance of the proposed routing scheme for aspecific real-case scenario
in northeast of Brazil. The MULEs are scholar buses that carrystudents to and from the
communities to the urban center. In our scheme we take into account the uncertainty
of the predicted contacts due to delays in the buses scheduling. The results show high
message delivery rate, low medium delivery delay, and low resource requirements.

This article is organized as follows. Section 2 presents therelated works. Section 3
introduces the proposed routing scheme. Section 4 describes the performance evaluation
scenario. The simulation results are shown in Section 5. Finally, Section 6 concludes this
work.

2. Related Work

Jainet al [8] analyze the impact of the amount of knowledge available in DTN
deterministic routing. The knowledge about the network is classified in fourknowledge
oracles. An oracle is an abstraction which means “the information available for every
node about a subject”. The first oracle is theContacts Summary Oracle, which provides
the average waiting time until the next contact between any two nodes. TheContacts
Oracle gives information about contacts between two nodes at any point in time. The
Queuing Oracleinforms instantaneous buffer occupancies at any node and any time. This
information can be used, for example, to route around congested nodes. The last oracle
is theTraffic Demand Oracle. This oracle contains information about the present and the



future traffic demand. The authors evaluated the proposal ina scenario of a rural village.
The knowledge about all the oracles improves routing algorithms performance. In spite
of being hard to obtain all information provided by the oracles at real time, the main
contributions of this proposal are the knowledge classification and the impact of each
oracle on the routing algorithms performance.

Epidemic routing [9] is the widely used approach for stochastic DTNs. In this al-
gorithm, the messages are replicated to every node, when a contact occurs, until all nodes
have a copy of every message. When a node contacts another, they exchange messages to
synchronize their buffer contents. Epidemic routing can thus achieve high delivery rates
and minimum delay if there are no resource constraints, suchas node storage and energy
capacity. Unfortunately, this proposal demands a high number of message replications
and a huge buffer space. Besides, epidemic routing is not scalable when the network load
is high. Improved flooding schemes proposed by Harraset al can be used to reduce the
replication cost caused by epidemic routing [10]. Wanget al. proposed an algorithm in
which the source transmits the message to a node only if the next hop of the node is the
destination [11].

Message Ferrying is a different approach in which the mules,calledmessage fer-
ries, have a non-random proactive movement to collect and deliver data. This mechanism
has two variations depending on who initiates the non-random proactive movement of the
ferries. In the first variation, nodes know the ferry trajectory and move close periodically
to contact the ferry. In the second variation, ferries move proactively to contact nodes.
Therefore, when nodes want to send packets, they contact themules using a long-range
radio. After the reception of the control packet, the mule adjusts its trajectory to meet the
node [12]. Zhaoet al. also suggested the use of multiple ferries to minimize the average
message delay [13]

Ferreira [14] proposed a routing algorithm based on the evolving graphs model,
which considers links that are only active during a certain period of time. Thus, the
evolving graph is represented by a set of nodes and links, like a conventional graph, but
the links are labeled with indexes corresponding to the timeintervals where the link is
active. In the graph, a route from a source node to a destination node is a set of links that
connects the source to the destination. As in the evolving graph, links only exist during a
certain period of time, a similar concept to route, calledjourneys, is defined. A journey
consists of a time-ordered set of links, connecting a sourcenode to a destination node,
where the next link can never be a link that has only existed inthe past. By considering
this restriction, a message will never be transmitted over alink that only existed during
the past.

The proposed routing algorithm is based on the evolving graphs model. We intro-
duce an uncertainty degree in the links due to the bus scheduling. We consider that the
exact arrival time of buses is unknown.

3. The Proposed Routing Scheme
The proposed routing algorithm is based on the evolving graphs model. The deter-

ministic evolving graph assumes that the link is active during the entire interval specified
for each link. Furthermore, the contact can be accomplishedat any time during this inter-
val. Therefore, the routing algorithm must only to take intoaccount if the initial time of
the next link is greater than the initial time of the actual link. When considering scholar



buses as MULEs we introduce an uncertainty due to the bus scheduling. Thus, our rout-
ing algorithm has to take into account that exact arrival time of buses is unknown and,
as a consequence, deterministic routing protocols do not apply in this scenario. The next
forwarding links must be predicted with a certain probability. Nodes, however, can use
the knowledge of the expected arrival time specified in the timetable to increase routing
protocol performance. Therefore, our proposal is to use thebus contact predictability to
select routes more efficiently. The proposed protocol has a high delivery rate and uses a
low number of message copies, which reduce the overall buffer occupation.

Figure 2(a) shows a rural DTN scenario with predicted contacts. The intervals
represent the expected departure/arrival time considering occasional delays. For example,
busB1 leaves areaR1 between 07:00 and 07:20 and arrives at areaR2 between 07:40 and
08:00. If a user from areaR1 sends a message to areaR2, the message can be delivered
using message switching and persistent storage even without an end-to-end path, through
R1-B1-R2 route. The message, however, must be generated before the bus B1 leaves. If
a user from areaR1 wants to send a message to another user of areaR3, the routeR1-
B1-R2-B2-R3 must be applied. If the user sends the message beforeB1 departure, the
message will always arrive at regionR2. Nevertheless, if the message arrives after 07:50
atR2, it may not reach areaR3, because the busB2 may leave before the message arrives
atR2. Figure 2(c) shows that there are time intersections between the link intervals, which
means that the message may not be successful delivered.

Figure 2. Rural DTN scenario with predicted contacts.

Our proposal is based on evolving graphs, as shown in Figure 3, in which the time
interval corresponds to a period of time where a predicted contact will happen. The con-
tact probability in the interval is modeled by a continuous uniform distribution. Therefore,
the journey concept is different from evolving graph model,because the contact failure
probability in overlapping intervals must be taken into account. Thus, the journey is de-
fined byj = (τ, ω), where

• τ = (n1, n2, n3, · · · , nN−1, nN) is the sequence ofN (N > 1) nodes that com-
poses the journey from the source noden1 and the destination node,nN ;

• ω = ((til1 , tfl1
), (til2 , tfl2

), ..., (tilN−2
, tflN−2

), (tilN−1
, tflN−1

)) is the sequence of
time intervals of theN − 1 links (l) used on the journey, where(tilp , tflp+1

) repre-
sents the time interval (initial time, final time) in which there will be a contact
between nodesnp andn(p+1) that are part of the journey, consideringtilp < tflp

and1 ≤ p ≤ (N − 1).



Figure 3. Example of connectivity graph.

Our evolving graph model allows every node to determine all the possible jour-
neys that exist at anytime. Therefore, a routing algorithm can select the best appropriate
journey for a specified end-to-end performance parameter. Ajourney is only considered
to be valid if the final time of each interval is greater than orequal to the initial time of
every previous interval, for the intervals after the first interval. If N is the number of
nodes that composes the journey, a journey is valid if

∀lp ∈ j(τ, ω),∪N−1
p=2

(

∪p−1
p′=1til(p−p′)

≤ tflp

)

, forN > 2. (1)

Every node computes its journey table. In order to make sure the latest information
is used on the routing decisions, the journeys are always recomputed when an interval is
modified. The journey table of a node in the regionR1, represented in Figure 2, is on
Table 1. Every journey is represented by the destination node, the forwarding nodes that
participate in the routing (τ ), the number of hops, and the intervals for each hop (ω).
The last field of the table is the success probability. This probability is independently
computed for every journey and represents the probability of a journey to be successful
when there are overlapping intervals. Therefore, the metric used by our routing algorithm
is the success probability. Based on this probability and on the time that the message is
generated, the source node is able to select the best journeyto send the message.

The computation of the successful delivery probability,Ps(j), of a journey,j, rep-
resents the probability of journeyj to be successfully accomplished, taking into account
all the failure possibilities generated by overlapping intervals. In other words,Ps(j) gives
the probability of a messageM(o, d), generated by a origin nodeo, to be delivered to the
destination noded, using the journeyj. For one hop journeys, the probability of success
is always equal to one(Ps(j) = 1), because there is just one interval, and no compari-
son to previous intervals is needed. On the other hand, for more than one hop journeys
it is necessary to compare eachN − 1 interval of the journeyj with the previous inter-
vals. For example, for a two-hop journey(N = 3), whereElp is the contact moment
between the nodesnp andn(p+1) of journeyj, the success probability is represented by
Ps(j) = P (El1 ≤ El2). To compute this probability, the conditional function distribution
is used, resulting inFEl1

|El2
(t|t) = P (El1 ≤ t|El2 = t). Due to the independence of

eventsEl1 andEl2, the success probability is expressed by

Ps(j) =

∫ ∞

0

Fl1(t)fl2(t)dt. (2)

Equation 2 can be generalized for journeys with more than twohops. Thus,Ps(j) is given
by

Ps(j) =

∫ ∞

0

...

∫ ∞

0

(
∫ ∞

0

(
∫ ∞

0

Fl1(t)fl2(t)dt

)

fl3(x)dx

)

fl4(y)dy · · · flk(z)dz (3)



for every journeyj, with N > 2 hops. Since the contact is modeled by a continuous
uniform distribution, the integrals intervals can be adjusted, andPs(j) is given by

Ps(j) =

=

∫ tflN−1

max (tilN−2
,tilN−1

)

· · ·

∫ tfl3

max(til2
,til3

)

(

∫ tfl2

max(til1
,til2

)

Fl1(t)fl2(t)dt

)

fl3(x)dx · · · flN−1
(z)dz.

(4)

4. Performance Evaluation Scenario

Our proposition is designed to provide some services, like electronic mail and
the World Wide Web to rural areas in Brazil. Therefore, in our analysis, we used a real
scenario based on a rural city, called Itapipoca, situated in the northeast of Brazil. The
map of city is shown on Figure 4. The area denoted by1 is the urban center of the city
which has communications infrastructure to offer Internetaccess. It is thus the area which
receives data collected with the mules in the rural region. The other areas denoted by2,
3, and4 are districts, and the other circles represented by4 to27 are small communities.
These places compose the rural area, which are kilometers far away from Itapipoca and
have no network infrastructure. Scholar buses transport children from the nearest school.
These buses, in our proposition, also work as the data mules,storing and delivering all
data collected in the rural area. The bus timetable departure is shown on Table 2 and the
bus arrival is shown on Table 3, whereS represents the source area andD the destination
area. Every bus just departs from one source area, arrive at the destination and later return
to the source area.

The daily journeys connect the small communities to the nearest district and the
districts to the urban center. As the classes are offered in the morning, afternoon and night,
buses repeat their journeys three times per day. To run simulations, we used the following
data provided by the Itapipoca city government: the distance among the 27 places in the
map, the descriptions of each journey, and the expected departure and arrival time in each
place. The maximum number of contacts over time is shown in Figure 6(c) and 6(d).

5. Simulation Results

The simulator was implemented in Matlab 7.0. The simulator receives as pa-
rameters all the periods in which the network connections are expected to happen. The
scenario models the city of Itapipoca, described in Section4. We considered that there
is no connection among buses or among different areas. Therefore, the simulator input
is the interval in which the contact of a bus with a region is expected to happen. This
data is used by each network node to calculate the probability of success of each possible
journey, according to Equation 4. As the journeys are repeated every day, there is no need
to frequently recalculate the journey table of each area. Nodes update their tables only
when a bus journey is inserted, altered or canceled. In our simulation, nodes calculate the
table only once.

We implemented four routing algorithms:

• Direct Contact - the source area only sends the message to the mule if the next
contact of the mule is the destination [11];
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• First Contact - the source area sends the message to the first mule that makes
contact. Next, the mule sends this message to the first regionit contacts, and so
on [8];

• Epidemic, which the message is replicated to all mules and all areas [9];
• The proposed routing algorithm called Predicted-contact Routing.

The simulation time is five days. In each simulation round, werun the four routing
algorithms, and the message rate is 100 messages per hour, during the first day. The
message sending time in each hour is chosen randomly. Two scenarios are evaluated. In
the first scenario, the source of the message is randomly chosen and the destination is
always the urban center, which is Itapipoca. In the second scenario, the source is always
the urban center and the destination is randomly chosen among the other regions. The
results are observed five days after the day chosen to send themessages. We considered
all messages that were not received up to the fifth day as undelivered. The results show a
confidence interval of 95%.

Figure 5(a) and 5(b) show the delivery rate related to the message sending time
for both scenarios. The algorithm direct contact has the worst delivery rate because routes
with more than one hop are usual in this real rural DTN scenario. The delivery rate for the
first contact algorithm improves when the urban center is thedestination of the messages,
as shown in Figure 5(b). When a node in a small community sends amessage towards the
urban center, the message is always delivered to the nearestdistrict, because small com-
munities’ buses always go to the districts. Thus, for the first contact algorithm to deliver
the message, the first bus that leaves the district must go to the urban center. Otherwise,
the message will be delivered to other small community and has to be sent back to the



district in a later time, thus increasing the delay and also decreasing the successful mes-
sage probability up to five days. If the urban center generates the message, the delivery
rate is even worse, when compared with the reverse direction, because the first bus that
leaves the urban center may not go to the right district. Besides, if the bus goes to the ap-
propriate district, the first bus that leaves this district may not go to the destination of the
message. Epidemic and predicted-contact routing algorithms have the best delivery rates.
In epidemic algorithm, nodes forward many copies of the samemessage in the network,
increasing message delivery probability. In the predicted-contact routing mechanism, the
performance is achieved by the calculation of the routes with best success probability.
The major advantage of our proposal is the storage requirements. The delivery rate of
predicted-contact routing with only one copy of each message is the same of epidemic
algorithm, which repeat each message to all contacted nodes.
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Figure 5. Percentage of delivered messages up to the fifth day .

Figures 6(a) and 6(b) show the message delivery delay of eachrouting protocol.
We considered in this analysis only the messages that are delivered up to five days. Fig-
ures 6(c) and 6(d) shows that the buses are concentrated during some moments at the
morning, afternoon and night. If the message is generated right before the beginning of
the moment the buses leave, it will have the minimum delay. Ifthe message is generated
during the moments the bus are concentrated, it may or may notbe delivered, because the
bus that could deliver the message might have already left, thus increasing the average
delay. If the message is generated right after the moment thelast bus leaves, it will have
the maximum delay, because it will have to wait for the next bus. As the moment the mes-
sage is generated approaches the moment of the next buses thedelay reduces, because the
message will have to wait less time for the next bus.

Direct contact presents the lowest medium delay, because the messages are only
delivered by mules that directly contact the destination area and thus have a low delay.
Even though the direct contact algorithm presents the lowest medium delay for the de-
livered messages, it successfully delivers only 10% of the messages. The first contact
algorithm can be considered the worst algorithm, because itpresents the highest medium
delay and less than 30% of the messages are successfully delivered. Both the epidemic
algorithm and the proposed algorithms successfully deliver 100 of the messages. The epi-
demic algorithm has the lowest delay because it uses all the possible routes to send the
messages. The proposed algorithm presents similar medium delay when compared to the
epidemic.
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Figure 6. Delivered message delay.

The preceding results show that both the proposed and epidemic algorithms de-
livers 100% of messages and have similar delivery delays. Nevertheless, we also have to
consider, for overall performance of the network, the totalnumber of messages sent and
stored by the intermediated nodes. Thus, an area is classified as contaminated if it is an
intermediate hop of any message that is routing to the destination. Figures 7(a) and 7(b)
show the percentage of contaminated areas by undelivered messages. We can observe
that the first contact algorithm, if the first contact is not inthe correct direction to the
destination, the message will travel and be replicated to nodes in wrong areas.

The percentage of areas contaminated by each delivered message is shown in Fig-
ures 8(a) and 8(b). Obviously, there are no contaminated areas, when the direct contact
algorithm is used. For the first contact algorithm, a messageonly has a high successful
delivery probability if the first mule destination is in the correct direction to the destina-
tion node, otherwise useless messages contaminate nodes. The epidemic algorithm has
the worst result, because the messages are replicated at every contact. Besides, more
messages are replicate when the source is the urban center because the star topology that
splits messages in all directions to all districts and all small communities. When a district
sends a message to the urban center, this message does not contaminate other districts. On
the other hand, the proposed routing algorithm only replicates messages to the necessary
forwarding nodes in order to attain the destination node. Therefore, our proposal presents
the best performance results with 100% of successful delivery rate, low medium delivery
delay, and a minimum number of replicate messages that represents the lowest capacity



requirement for the MULEs.
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Figure 7. Percentage of contaminated areas by undelivered m essages.
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6. Conclusions

Rural networks are important to promote affordable technology to underserved
communication areas. The delay tolerant network architecture seems to be a low cost
solution to provide Internet access and, as a consequence, digital inclusion to poor rural
communities. In this paper we present a MULE-based rural network where the MULES
are scholar buses. A real scenario of the northeast of Brazil is considered in the perfor-
mance evaluations. We proposed a new routing scheme that takes into account the real
timetable of the buses and its possible delays. A predicted-contact based algorithm is
developed to select the best successful-delivery-rate route.

Four routing algorithms were implemented and compared: direct contact, first
contact, epidemic, and our proposal, called predicted-contact. The simulation results
show that the direct contact and the first contact algorithmsdo not fit well for the con-
sidered scenario. The direct contact algorithm does not work well because more than
one hop is required to attain the destinations, due to the MULEs itineraries. The first
contact is inefficient because the first MULE can take the wrong direction to attain the
destination. On the other hand, both the proposed and epidemic algorithms successfully



deliver all messages and present similar delivery delays. The great drawback of the epi-
demic algorithm is the required storage capacity and worthless message replications, due
to the flooding approach. The proposed algorithm has a high efficiency, because only one
copy of the message is used to deliver the message and, as consequence, low cost equip-
ments can be used. Our proposal seems to be an efficient and lowcost alternative of rural
network to provide digital inclusion in Brazil.
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Table 1. The journeys table.
Destination τ Hops ω Prob. Success

R2 R1-B1-R2 2 (07:00-07:20),(07:40-08:00) 1
R3 R1-B1-R2-B2-R3 4 (07:00-07:20),(07:40-08:00),(07:50-08:00),(08:30-08:50) 0.75



Table 2. Bus departure time table.
Period of a day S-D D-S

Morning 06:20-06:40 10:40-11:10
Afternoon 12:20-12:40 16:40-17:10

Night 17:20-17:40 21:50-22:10

Table 3. Bus arrival time table.
Src Dst Morning(S-D) Morning(D-S) Afternoon(S-D) Afternoon(D-S) Night(S-D) Night(D-S)
1 2 06:32 - 06:52 11:02 - 11:22 12:32 - 12:52 17:02 - 17:22 - -
7 4 06:54 - 07:14 11:24 - 11:44 12:54 - 13:14 17:24-17:44 - -
8 4 - - 12:58 - 13:18 17:28 - 17:48 - -
26 3 06:25 - 06:45 10:55 - 11:15 12:25 - 12:35 16:55 - 17:15 - -
27 3 06:25 - 06:45 10:55 - 11:15 12:25 - 12:35 16:55 - 17:15 - -
15 4 06:53 - 07:13 11:23 - 11:43 - - - -
2 18 06:41 - 07:01 11:11 - 11:31 12:41 - 13:01 17:11 - 17:31 - -
23 3 06:27 - 06:47 10:57 - 11:17 12:27 - 12:47 16:57 - 17:17 - -
19 2 06:39 - 06:59 11:09 - 11:29 12:39 - 12:59 17:09 - 17:29 - -
3 27 06:25 - 06:45 10:55 - 11:15 12:25 - 12:35 16:55 - 17:15 - -
1 4 06:37 - 06:57 11:07 - 11:27 12:37 - 12:57 17:07 - 17:27 - -
24 3 - - - - 17:39 - 17:59 22:09 - 22:29
21 2 - - 12:37 - 12:57 17:07 - 17:27 17:37 - 17:57 22:07 - 22:27
22 2 - - - - 17:37 - 17:57 22:07 - 22:27
20 2 - - - - 17:45 - 18:05 22:15 - 22:35
16 4 - - - - 17:43 - 18:03 22:13 - 22:33
9 11 - - - - 17:47 - 18:07 22:17 - 22:37
17 4 - - - - 17:45 - 18:05 22:15 - 22:35
5 4 - - - - 17:46 - 18:06 22:16 - 22:36
10 4 - - - - 17:46 - 18:06 22:16 - 22:36
23 3 - - - - 17:34 - 17:54 22:04 - 22:24
26 3 - - - - 17:25 - 17:45 21:55 - 22:15
3 1 - - 12:28 - 12:48 16:58 - 17:18 - -
12 4 - - - - 17:53 - 18:13 22:23 - 22:43
13 9 - - - - 17:37 - 17:57 22:07 - 22:27
9 4 - - - - 17:32 - 17:52 22:02 - 22:22
25 3 - - - - 17:31 - 17:51 22:01 - 22:21
14 4 - - - - 17:48 - 18:08 22:18 - 22:38
6 4 - - - - 17:49 - 18:09 22:19 - 22:39
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