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Abstract. Provide low-cost Internet access in rural areas of develgmoun-
tries is a real challenge. Conventional communications aqgeasive and an
alternative approach is to use vehicles to carry data to amenfrural areas
and Internet gateways located in an urban center, using ayd&kerant net-
work architecture. The main challenge in these networks isahgng scheme,
because the routes need to be determined without estalgistmrend-to-end
path. This work considers a real scenario of the northeastrazi® employing
scholar buses to carry data. We propose a routing algoritbapable of consid-
ering the uncertainty of the bus timetable. The simulatesutts show that the
predicted-contact routing scheme presents a high messalgey rate, a low
medium delivery delay, and a low buffer occupation.
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1. Introduction

Underdeveloped countries concentrate communicationasircture in the
crowed urban areas whereas rural areas remain underséheaefore, providing digital
inclusion to the inhabitants of poor communities in rur@lee is a great challenge because
the conventional solutions to provide Internet access ema@nically prohibitive [1, 2].
The Brazilian government is making an effort to bring Intéraecess to underserved
communities in its program of digital inclusion. Many Braail rural districts already
have kiosks with computers, but without Internet accesse&eb projects are focusing
on asynchronous modes of communication using buses anegangped with a wire-
less access point and a storage device to carry data to anddiral Internet kiosks and
Internet gateways in urban centers [3, 4]. These data ogrrgiuters are called dakdo-
bile Ubiquitous LAN Extension®1ULES). Figure 1 shows a bus (MULE) that download
data from a rural kiosk source, buffer it, and deliver theadahen it reaches destina-
tion. A variety of non-real-time services can be provideahfrrural kiosks to inhabitants
of rural areas such as: email with large attachments, filesteais, distance learning, e-
Government, etc. Therefore, networks using data mules bow aost option to deploy
Internet access on sparsely populated rural areas in Brazil.

A rural data-MULE network differs significantly from convigonal Internet sce-
nario. First, the topology of the rural network varies wittmé because links are estab-
lished and disconnected due to MULEs motion. Second, a acbedi@ath from the origin
to the destination is rare whereas disconnected links anenam. Finally, the end-to-end
delay is long due to the absence, at any instant of time, offalpgtween the source and
the destination. The uniqueness of this environment lednevaset of networking chal-
lenges. Conventional Internet protocols [5] are not suitafhinly because an end-to-end



path does not exist or there is a large delay between serftérdpata and its corresponding
acknowledgement. This kind of networks are classified aayp&blerant Networks and
an appropriate architecture was proposed in [6]. This techire uses store-and-forward
message switching to overcome intermittent connectivitsing store-and-forward mes-
sage switching, the message is completely received anebisb@fore it is sent to another
node, which may or may not be the final destination. The nodes to store the messages
during some time because the links are not always avail#tls, requiring a persistent
storage such as a hard disk or flash memory. The DTN archieegthplements store-
and-forward message switching by overlaying a new prottayar calledbundle layer
on top of heterogeneous region-specific lower layers amabisle application layers.
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Figure 1. An example of rural network.

Routing is one of the key components in the DTN architectuf&N Bouting pro-
posals are classified as deterministic or stochastic [7f déterministic case assumes
that the future topology of the network is always known. THbe routes can be calcu-
lated in advance. In the stochastic case the network behawiandom and not known,
making difficult the routing calculation. Nodes have to coomcate during opportunistic
contacts, in which a sender and a receiver make contact atsmeduled time.

We propose a routing scheme for data-mule based delay noleesworks. We
analyze the performance of the proposed routing schemedpedific real-case scenario
in northeast of Brazil. The MULESs are scholar buses that cstugtents to and from the
communities to the urban center. In our scheme we take intownt the uncertainty
of the predicted contacts due to delays in the buses schegdulihe results show high
message delivery rate, low medium delivery delay, and I@@uece requirements.

This article is organized as follows. Section 2 presentsdlated works. Section 3
introduces the proposed routing scheme. Section 4 desdtibgperformance evaluation
scenario. The simulation results are shown in Section @llyjirSection 6 concludes this
work.

2. Related Work

Jainet al [8] analyze the impact of the amount of knowledge availabl®TN
deterministic routing. The knowledge about the networkiassified in fourknowledge
oracles An oracle is an abstraction which means “the informatioailable for every
node about a subject”. The first oracle is tBentacts Summary Oraglevhich provides
the average waiting time until the next contact between amyrtodes. TheContacts
Oracle gives information about contacts between two nodes at amt potime. The
Queuing Oraclenforms instantaneous buffer occupancies at any node antima@. This
information can be used, for example, to route around cdadesdes. The last oracle
is theTraffic Demand OracleThis oracle contains information about the present and the



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

Epidemic routing [9] is the widely used approach for stoticd3TNSs. In this al-
gorithm, the messages are replicated to every node, whemact@ccurs, until all nodes
have a copy of every message. When a node contacts anotlyszxttitange messages to
synchronize their buffer contents. Epidemic routing carsthchieve high delivery rates
and minimum delay if there are no resource constraints, asactode storage and energy
capacity. Unfortunately, this proposal demands a high rermolb message replications
and a huge buffer space. Besides, epidemic routing is naildealhen the network load
is high. Improved flooding schemes proposed by Haetas can be used to reduce the
replication cost caused by epidemic routing [10]. Wan@l. proposed an algorithm in
which the source transmits the message to a node only if tkichog of the node is the
destination [11].

Message Ferrying is a different approach in which the maadedmessage fer-
ries, have a non-random proactive movement to collect and adel&®&. This mechanism
has two variations depending on who initiates the non-ranpgmactive movement of the
ferries. In the first variation, nodes know the ferry tragggtand move close periodically
to contact the ferry. In the second variation, ferries mona@aptively to contact nodes.
Therefore, when nodes want to send packets, they contaotutes using a long-range
radio. After the reception of the control packet, the mulgisis its trajectory to meet the
node [12]. Zhacet al. also suggested the use of multiple ferries to minimize trezaye
message delay [13]

Ferreira [14] proposed a routing algorithm based on thevawplgraphs model,
which considers links that are only active during a certaeniqul of time. Thus, the
evolving graph is represented by a set of nodes and links dikonventional graph, but
the links are labeled with indexes corresponding to the imervals where the link is
active. In the graph, a route from a source node to a desimatde is a set of links that
connects the source to the destination. As in the evolviaglyrlinks only exist during a
certain period of time, a similar concept to route, caj@arneys is defined. A journey
consists of a time-ordered set of links, connecting a sonotke to a destination node,
where the next link can never be a link that has only existatienpast. By considering
this restriction, a message will never be transmitted overkathat only existed during
the past.

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

3. The Proposed Routing Scheme

The proposed routing algorithm is based on the evolvingliggapodel. The deter-
ministic evolving graph assumes that the link is active miyithe entire interval specified
for each link. Furthermore, the contact can be accomplighedy time during this inter-
val. Therefore, the routing algorithm must only to take iatewount if the initial time of
the next link is greater than the initial time of the actuakli When considering scholar



buses as MULEs we introduce an uncertainty due to the busisthg. Thus, our rout-
ing algorithm has to take into account that exact arrivaktiof buses is unknown and,
as a consequence, deterministic routing protocols do iy apthis scenario. The next
forwarding links must be predicted with a certain prob&pilNodes, however, can use
the knowledge of the expected arrival time specified in theetable to increase routing
protocol performance. Therefore, our proposal is to usdtisecontact predictability to
select routes more efficiently. The proposed protocol hagladelivery rate and uses a
low number of message copies, which reduce the overall bodieupation.

Figure 2(a) shows a rural DTN scenario with predicted cdstadhe intervals
represent the expected departure/arrival time consiglecoasional delays. For example,
busB; leaves ared; between 07:00 and 07:20 and arrives at dtedetween 07:40 and
08:00. If a user from are&; sends a message to arRa the message can be delivered
using message switching and persistent storage even wiehand-to-end path, through
R{-B1-R, route. The message, however, must be generated beforedlig beaves. If
a user from ared; wants to send a message to another user of Age#he routeR; -
B1-Rs-Bsy-R3 must be applied. If the user sends the message béfpaeparture, the
message will always arrive at regidty. Nevertheless, if the message arrives after 07:50
at R,, it may not reach areRs, because the bus, may leave before the message arrives
at R,. Figure 2(c) shows that there are time intersections betwelink intervals, which
means that the message may not be successful delivered.
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Figure 2. Rural DTN scenario with predicted contacts.

Our proposal is based on evolving graphs, as shown in Figunenhich the time
interval corresponds to a period of time where a predictexem will happen. The con-
tact probability in the interval is modeled by a continuongarm distribution. Therefore,
the journey concept is different from evolving graph modecause the contact failure
probability in overlapping intervals must be taken into@aat. Thus, the journey is de-
fined byj = (7,w), where

o 7 = (ny,mn9,m3,--+ ,ny_1,ny) IS the sequence a¥ (N > 1) nodes that com-
poses the journey from the source nedeand the destination nodey;

o w = ((ti tg,)s iy ts,)s e (tizN,zvtsz,g)v (tilNil,tﬁNil)) is the sequence of
time intervals of theV — 1 links (/) used on the journey, Whe(e”p,tflw) repre-
sents the time interval«{itial time, final time) in which there will be a contact
between nodes, andn 1) that are part of the journey, considerifig < ¢,
andl < p < (N —1).
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Figure 3. Example of connectivity graph.

Our evolving graph model allows every node to determinehedlgossible jour-
neys that exist at anytime. Therefore, a routing algoritlam select the best appropriate
journey for a specified end-to-end performance parametgouey is only considered
to be valid if the final time of each interval is greater tharequal to the initial time of
every previous interval, for the intervals after the firgemal. If N is the number of
nodes that composes the journey, a journey is valid if

Vi, € j(T,w), Ué\gl (Uz:1tiz(p_p,) < tfzp> , forN > 2. (2)

Every node computes its journey table. In order to make $figrkatest information
is used on the routing decisions, the journeys are alwaysnmpated when an interval is
modified. The journey table of a node in the regiBpn represented in Figure 2, is on
Table 1. Every journey is represented by the destinatior nibé forwarding nodes that
participate in the routingr(), the number of hops, and the intervals for each hop (
The last field of the table is the success probability. Th@bpbility is independently
computed for every journey and represents the probabiligy journey to be successful
when there are overlapping intervals. Therefore, the mased by our routing algorithm
is the success probability. Based on this probability andhertime that the message is
generated, the source node is able to select the best joirsend the message.

The computation of the successful delivery probability,j), of a journey,j, rep-
resents the probability of journeyto be successfully accomplished, taking into account
all the failure possibilities generated by overlappingiwmals. In other wordsP;(j) gives
the probability of a messag¥ (o, d), generated by a origin nodeto be delivered to the
destination nodd, using the journey. For one hop journeys, the probability of success
is always equal to onéP;(j) = 1), because there is just one interval, and no compari-
son to previous intervals is needed. On the other hand, foe mi@n one hop journeys
it is necessary to compare eadh— 1 interval of the journey with the previous inter-
vals. For example, for a two-hop journéy = 3), whereE; is the contact moment
between the nodes, andn,1) of journeyj, the success probability is represented by
P,(j) = P(E,, < E;,). To compute this probability, the conditional functiontdisution
is used, resulting iy, g, (t|t) = P(E;, < t|E;, = t). Due to the independence of
eventsk;, andFE;,, the success probability is expressed by

() = / " F () fu(t)de. @)

Equation 2 can be generalized for journeys with more tharhwgs. Thusp(j) is given
by

RG)= [ L / ) ( / ) ( / ) w)fb(t)dt) fzg(w)dw> Sy fi(2)d= ()



for every journeyj, with N > 2 hops. Since the contact is modeled by a continuous
uniform distribution, the integrals intervals can be atidsandP;(7) is given by

tle—l tig ty
-/ - [ Rsd ) fi@de iy ()
max (t;, it ) max(til2 ti, ) max(till ti, )

N—z2 N1 iy iy

4. Performance Evaluation Scenario

Our proposition is designed to provide some services, llketenic mail and
the World Wide Web to rural areas in Brazil. Therefore, in onalgsis, we used a real
scenario based on a rural city, called Itapipoca, situatgtie northeast of Brazil. The
map of city is shown on Figure 4. The area denoted by the urban center of the city
which has communications infrastructure to offer Inteamtess. It is thus the area which
receives data collected with the mules in the rural regidme dther areas denoted By
3, and4 are districts, and the other circles represented tiy27 are small communities.
These places compose the rural area, which are kilometessviay from Itapipoca and
have no network infrastructure. Scholar buses transpddreh from the nearest school.
These buses, in our proposition, also work as the data nmstiesng and delivering all
data collected in the rural area. The bus timetable degaistlshown on Table 2 and the
bus arrival is shown on Table 3, whesaepresents the source area dnthe destination
area. Every bus just departs from one source area, arrikie destination and later return
to the source area.

The daily journeys connect the small communities to theestatistrict and the
districts to the urban center. As the classes are offerdgeimirning, afternoon and night,
buses repeat their journeys three times per day. To run atran$, we used the following
data provided by the Itapipoca city government: the distaaraong the 27 places in the
map, the descriptions of each journey, and the expectedtdepand arrival time in each
place. The maximum number of contacts over time is showngnriei 6(c) and 6(d).

5. Simulation Results

The simulator was implemented in Matlab 7.0. The simulaémeives as pa-
rameters all the periods in which the network connectioeseapected to happen. The
scenario models the city of Itapipoca, described in SectiokVe considered that there
IS no connection among buses or among different areas. fbinere¢he simulator input
is the interval in which the contact of a bus with a region ipeoted to happen. This
data is used by each network node to calculate the probabilguccess of each possible
journey, according to Equation 4. As the journeys are reyobaxery day, there is no need
to frequently recalculate the journey table of each areadeNaipdate their tables only
when a bus journey is inserted, altered or canceled. In curlation, nodes calculate the
table only once.

We implemented four routing algorithms:

e Direct Contact - the source area only sends the message toulleeifrthe next
contact of the mule is the destination [11];
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Figure 4. Rural area of Itapipoca, neighboring communities , and scholar bus
itineraries.

e First Contact - the source area sends the message to the fiesttimati makes
contact. Next, the mule sends this message to the first régoomtacts, and so
on [8];

e Epidemic, which the message is replicated to all mules dratess [9];

e The proposed routing algorithm called Predicted-contacitiRg.

The simulation time is five days. In each simulation roundruvethe four routing
algorithms, and the message rate is 100 messages per houag the first day. The
message sending time in each hour is chosen randomly. Twausgs are evaluated. In
the first scenario, the source of the message is randomlyenhersd the destination is
always the urban center, which is Itapipoca. In the secoadas, the source is always
the urban center and the destination is randomly chosen guthenother regions. The
results are observed five days after the day chosen to semdetbgages. We considered
all messages that were not received up to the fifth day asivadsd. The results show a
confidence interval of 95%.

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



district in a later time, thus increasing the delay and alBsorelsing the successful mes-
sage probability up to five days. If the urban center gengridiie message, the delivery
rate is even worse, when compared with the reverse dirediiecause the first bus that
leaves the urban center may not go to the right district. Bssidlthe bus goes to the ap-
propriate district, the first bus that leaves this distrietynmot go to the destination of the
message. Epidemic and predicted-contact routing algosithave the best delivery rates.
In epidemic algorithm, nodes forward many copies of the sarassage in the network,
increasing message delivery probability. In the predicedtact routing mechanism, the
performance is achieved by the calculation of the routeh Wést success probability.
The major advantage of our proposal is the storage requmesndhe delivery rate of
predicted-contact routing with only one copy of each messaghe 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 matimg protocol.

We considered in this analysis only the messages that axed up to five days. Fig-
ures 6(c) and 6(d) shows that the buses are concentratetgchome moments at the
morning, afternoon and night. If the message is generaggd Ibefore the beginning of
the moment the buses leave, it will have the minimum delathdfmessage is generated
during the moments the bus are concentrated, it may or mayend¢livered, because the
bus that could deliver the message might have already heff increasing the average
delay. If the message is generated right after the momenashéus leaves, it will have
the maximum delay, because it will have to wait for the next. [As the moment the mes-
sage is generated approaches the moment of the next buskddafeeduces, because the
message will have to wait less time for the next bus.

Direct contact presents the lowest medium delay, becaesméssages are only
delivered by mules that directly contact the destinaticaand thus have a low delay.
Even though the direct contact algorithm presents the lowmeslium delay for the de-
livered messages, it successfully delivers only 10% of tlessages. The first contact
algorithm can be considered the worst algorithm, becayses#ents the highest medium
delay and less than 30% of the messages are successfullgrddli Both the epidemic
algorithm and the proposed algorithms successfully deli@@ of the messages. The epi-
demic algorithm has the lowest delay because it uses alldhksilgle routes to send the
messages. The proposed algorithm presents similar medilay when compared to the
epidemic.
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Figure 6. Delivered message delay.

The preceding results show that both the proposed and emiddgorithms de-
livers 100% of messages and have similar delivery delayseitleeless, we also have to
consider, for overall performance of the network, the tatahber of messages sent and
stored by the intermediated nodes. Thus, an area is clasagieontaminated if it is an
intermediate hop of any message that is routing to the agggim Figures 7(a) and 7(b)
show the percentage of contaminated areas by undeliveredages. We can observe
that the first contact algorithm, if the first contact is notthve correct direction to the
destination, the message will travel and be replicated tes@n wrong areas.

The percentage of areas contaminated by each delivereégeissshown in Fig-
ures 8(a) and 8(b). Obviously, there are no contaminategsavehen the direct contact
algorithm is used. For the first contact algorithm, a messauye has a high successful
delivery probability if the first mule destination is in thercect direction to the destina-
tion node, otherwise useless messages contaminate nodespidemic algorithm has
the worst result, because the messages are replicatedrgtcergact. Besides, more
messages are replicate when the source is the urban ceoserskehe star topology that
splits messages in all directions to all districts and alhicommunities. When a district
sends a message to the urban center, this message doestaotinate other districts. On
the other hand, the proposed routing algorithm only refdEanessages to the necessary
forwarding nodes in order to attain the destination noder&tore, our proposal presents
the best performance results with 100% of successful dagliege, low medium delivery
delay, and a minimum number of replicate messages thatsempiethe lowest capacity



requirement for the MULES.
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6. Conclusions

Rural networks are important to promote affordable techyplm underserved
communication areas. The delay tolerant network architeckeems to be a low cost
solution to provide Internet access and, as a consequeigit@) chclusion to poor rural
communities. In this paper we present a MULE-based ruralort where the MULES
are scholar buses. A real scenario of the northeast of Bsazbmsidered in the perfor-
mance evaluations. We proposed a new routing scheme tres lalo account the real
timetable of the buses and its possible delays. A predictedact based algorithm is
developed to select the best successful-delivery-rate rou

Four routing algorithms were implemented and comparedectiicontact, first
contact, epidemic, and our proposal, called predictedamdn The simulation results
show that the direct contact and the first contact algoritdmsot fit well for the con-
sidered scenario. The direct contact algorithm does nok wall because more than
one hop is required to attain the destinations, due to the ERJitineraries. The first
contact is inefficient because the first MULE can take the grdimection to attain the
destination. On the other hand, both the proposed and epiddgorithms successfully



deliver all messages and present similar delivery delaye great drawback of the epi-
demic algorithm is the required storage capacity and westhinessage replications, due
to the flooding approach. The proposed algorithm has a hfghesgfcy, because only one
copy of the message is used to deliver the message and, agjoense, low cost equip-
ments can be used. Our proposal seems to be an efficient amdsd\lternative of rural
network to provide digital inclusion in Brazil.
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Table 1. The journeys table.
Destination T Hops w Prob. Success
R2 R1-B1-R2 2 (07:00-07:20),(07:40-08:00) 1
R3 R1-BI-R2-B2-R3| 4 (07:00-07:20),(07:40-08:00),(07:50-08:00),(08: 30508 0.75




Table 2. Bus departure time table.

Period of a day SD 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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