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Abstract

Most cities in the Amazon have no data communication infrastructure,

and rivers are most of the time the only access mode to connect small cities to

urban centers. In this paper, we investigate the deployment of vehicular ad

hoc networks (VANETs) formed by boats along the rivers of the Amazon as

an alternative to interconnect the small cities to the capital Manaus. Given

that boats will opportunistically connect to each other, we have the scenario

of a delay and disruption tolerant network (DTN). In a nutshell, the idea

is to take advantage of the contacts between the boats that travel daily

transporting passengers and products to small cities, communities, villages,

as well as to other states. We evaluate the capacity of a DTN formed by

boats, using simulations with real boat traffic and mobility traces captured

in the Amazon Basin as input. Results show that potential of raw data

transfer in this large-scale DTN can achieve 1.38 TB over a week for some
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45 hours of contact time between boats.
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1. Introduction

The Brazilian Amazon has the largest river basin in the world, with 20%

of the planet’s freshwater, comprising over 20,000 km of navigable water-

ways. The Amazon represents over 40% of the Brazilian territory, which cor-

responds to more than five times the size of France. However, the Amazon

region faces several problems of scarce data communications infrastructure,

which affect the level of socio-economic development of the region. The Ama-

zon’s geographical characteristics favor the river transportation [1], which is

practically the only mode for passenger and cargo transport in the region.

Airplane travels between small cities are used, often with multiple stops,

increasing operational costs. One major disadvantage of boat transportation

is the travel time. Fluvial distances are frequently given in days. For exam-

ple, 3.5 days from Manaus to Belém and 5 days the other way around (the

difference being due to the boat going down or up river).

One alternative to cope with the lack of telecommunications infrastruc-

ture in the Amazonian cities is the use of boats in communications systems,

in a similar way as VANETs [2, 3, 4, 5, 6] use cars [7, 8], buses [9, 10], and

even drones [11] to build the communication system. A large number of

cities, communities, villages and states would benefit from VANETs formed

by boats that regularly travel in the Amazon basin. Considering that there

are over 45,000 of such boats, with a pre-existing infrastructure of ports and

terminals, boats can use opportunistic contacts to send messages from one
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city to another and to exchange data between each other along the river bed,

increasing the capillarity of this network. Nevertheless, there are challenges

that add to the day-long boat travel times, such as, wireless communication

behaves differently in indoor or urban environments, characterizing contacts

between boats as well as their trajectories in the river beds. Therefore, this

paper investigates a data communication network for the Amazon cities cur-

rently living with precarious or no data communication infrastructure. We

analyze a VANET implementation in a real scenario of boats navigating in

the rivers of the Amazon. Thus, our main goals are: (i) to characterize

data transmission of boats in the Amazon, (ii) to characterize the contact

times between boats, and (iii) to calculate, based on real data, an estimate

of the capacity of data transfer through simulation. In summary, the main

contributions of this work are:

• new mobility traces from boats in the Negro and Amazonas rivers.

• the estimation of DTN [12, 13, 14, 15] capacity along the Amazonas

and Negro rivers, through computer simulations. Results show that

the potential of data transfer between boats is in the order of terabytes

over one week.

This paper builds on our previous work [16], where we conduct experimen-

tal measurements and derive preliminary estimations of the DTN capacity,

based on the assumption of Uniform Rectilinear Motion of boats. In con-

trast, in this work we use real mobility traces obtained in Baixo Amazonas

river channel. Then, by simulating the movement of more than a hundred

boats in this channel, we measure the capacity of this DTN. The simula-
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tion parameters are tuned according to the values measured in the practical

experiments.

This paper is organized as follows. Section 2 presents related work, while

Section 3 describes the methodology used in this work, the practical experi-

ments between crossing boats in the Negro river, and the boat mobility trace

captured with GPS in a real scenario. The information obtained from the

experiments is then used in the simulations presented in Section 4. Finally,

Section 5 concludes this manuscript and discusses future work.

2. Related Work

Several papers evaluate the capacity [7, 16, 17, 18], contact times [19],

inter-contact [20, 21, 22] times and the mobility [23, 24, 25] of VANETs and

DTNs. Nevertheless, few papers analyze the data transfer capacity of mobile

devices in river scenarios.

Zhang et al. [26] investigate the bus-to-bus contact times and its impact

on DTN routing performance in the city of Massachusetts, United States.

Buses follow well-defined routes and find other buses that establish pair-wise

connections to allow data transfer between them. The authors compute the

cumulative distribution function of the inter-contact times and propose a

probabilistic model. This probabilistic model is then used in simulations to

evaluate DTN routing performance with respect to delivery delay, number of

copies made, and hop count metrics, often used in the literature [27, 28].

Tournoux et al. [29] analyze the contact time among thousands of par-

ticipants of a rollerblading tour in Paris. In [30] they further explore those

traces to derive an analytical model and evaluate the impact on DTN routing.
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The authors use graph metrics like the average node degree, connected com-

ponents, and diameter to characterize the DTN. The routing performance

metrics used were bundle delay and overhead. In the present work, we an-

alyze the raw data capacity, and DTN routing is not in the scope of this

paper.

Mitton and Rivano [31] propose a mathematical model of a network com-

posed of bikes and base stations, in Lyon, France. Using this model they

evaluate the amount of data sent by the bikes, the amount of data received

by the base stations, the transmission range of bikes and of base stations,

and the relationship between the number of bikes and base stations along the

city’s streets. Moreover, the time for a bike to upload data to a base station

is modeled as a stochastic process. If the upload time is too long or storage

capacity of sensors embedded in the bicycle is insufficient, data can be sent

to other bikes using opportunistic multi-hop routing.

Lu et al. [32] investigate the asymptotic capacity and delay performance

for social-proximity urban vehicular networks. The authors considered a

grid-like scenario, with bi-directional road segments. The mobility of the

N vehicles follows a discrete time Markovian process. They assume social

hotspots in the city. The social hotspot region shows higher vehicle density.

On the other hand, unicast communications are concentrated inside these

social hotspots. Considering this scenario, they make the interest finding

that the per-vehicle throughput and average delay tends to constants, despite

the performance degradation with higher vehicle density.

Wang et al. [33] studied the throughput capacity of VANETs considering

a content uploading application. The source vehicles generate data and send
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it to a remote Internet server using the Road Side Units (RSUs). The au-

thors show that with the number of RSUs scaling as Θ( n
logn

), the throughput

capacity scales as Θ( 1
logn

). Then, they propose a two-hop forwarding scheme

to pursue this throughput capacity.

Deng [34] presents a simulation-based evaluation of different DTN routing

protocols. The author also proposes to use an Erlang B queuing model to

evaluate the performance of DTN routing protocols. The DTN network

capacity is assessed based on the routing protocol performances. The author

uses a scenario with a map-based mobility, and studies message delivery ratio

under different traffic conditions to evaluate the DTN routing protocol.

We summarize in Table 1 the main characteristics of the present paper and

the most similar related work, according to the following aspects: scenarios,

mobility, methodology, and metrics.

The scenario of our work differs significantly from related work because

other factors affect the experiments, like the weather condition (temperature

and air relative humidity) and the boat navigation constraints. The proposed

VANET river scenario is rarely addressed in the literature. As a consequence,

our work combines practical experiments with simulation technique, in order

to obtain results closer to reality. Moreover, it is possible to estimate the

amount of data transferred in the DTN without the physical risks and large

costs involved.

3. Methodology

Initially, we collected data about contact time and amount of data trans-

ferred, in experiments in the Negro river with crossing boats. These experi-
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Table 1: Comparison with related work.

Parameter Zhang Tournoux Mitton Lu Wang Present

et al. [26] et al. [29] et al. [31] et al. [32] et al. [33] paper

Scenarios Buses Rollerbladers Bikes Vehicles Taxis Boats

Mobility Traces Traces Not analyzed Not analyzed Traces Traces

Methodo- Simulation Simulation

logy Simulation and Analytics Analytics Simulation and

analytics measurements

Delivery Node Amount Contact

delay, degree, of data Delay and time and

Metrics number of connected sent and throughput Throughput amount

copies components, received of data

made and overhead transferred

hops count and bundle

delay

mental values are used to define different simulation parameters. Then, we

captured real traces of boats navigating in the region, in order to represent

the mobility of boats in these networks, similarly to [19] or [35]. Due to

time and financial constraints, we limited the scope of our measurements

to the Baixo Amazonas channel, shown in Figure 2. We collected several

GPS traces between the cities of Manaus and Parintins to use as mobility

model in the simulations. With simulation parameters chosen in accordance

with practical experiments, boat trajectories based on real traces, and ac-

tual boat schedules for this river channel (shown in Table A.4) provided by

a government agency (AHIMOC - Western Amazon Waterway Administra-

tion in the Portuguese acronym), we performed network simulations. We

used the discrete-event network simulator NS-3, version 3.21 [36]. We evalu-
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ated boat contacts, considering the contact duration and the amount of data

transferred. Figure 1 illustrates the methodology of this work.

Figure 1: Methodology used in the evaluation of the capacity of a DTN in the Amazon

basin.

Figure 2: Western Amazon river channels.
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3.1. Experiments with crossing boats

In our previous work [16] we carried out practical experiments between

two crossing boats in the Negro river. In this experiment each boat was

equipped with an IEEE 802.11b/g access point (D-Link DIR-320) as a server

and a smartphone (Nokia N900) as a client. Boats moved in opposite di-

rections, using parallel trajectories, separated by a distance of 100 meters,

with constant speeds of 20, 30, 40, 50, and 58 mph. Therefore, every time

the boats crossed each other we measured two client server communications.

It is worth noticing that clients do not communicate or interfere with each

other, because each communication was using a different IEEE 802.11 chan-

nel, and that clients do not change the access point. We use iperf to send

packets of 150, 500, 1,460, and 2,340 bytes, and UDP in the transport layer.

Results show the relationship between boat speed, packet size and amount

of data transferred.

3.2. Mobility traces

Boat trajectories were captured from March 2012 to March 2015, in seve-

ral public transportation boats of the region, during dry and flood seasons,

which impact boat routes. The trips made by boats are shown in Figure 3.

The outward trip began in Manaus city and finished in Parintins. Return

trips differ from outward trips, because in addition to different speeds, the

return trip uses a different trajectory in the river bed. Boats may stop at

different cities in the way to Parintins: Itacoatiara, Urucurituba, Itapiranga,

São Sebastião do Uatumã and Urucará. Manaus was chosen because it is

the biggest economic and financial center in northern Brazil, while Parintins

city (located near the state of Pará) is the second most populous city in the
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state of Amazonas. Moreover, Parintins is located in one of the busiest river

channels in the region, called Baixo Amazonas. This river channel connects

Manaus to other regions of Brazil.

Figure 3: Mobility scenario in the Negro and in the Amazonas rivers.

Parintins is located on the right bank of the Amazonas river, about 369 km

from Manaus in a straight line, or 475 km by the river path. Figure 4 shows

the two types of boats with which we collect GPS traces. Travel time from

Manaus to Parintins (down river) in so called big boats (Figure 4(a)) is in

average 18 hours whereas from Parintins to Manaus (up river), is around 24

hours. For express boats (Figure 4(b)), the travel time is reduced to 9 hours

down river, and 10 hours up river. Big boats are used for cargo or passenger

transport, while express boats transport passengers to major cities.
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(a) Big boat on the Negro river. (b) Express boat on the Amazonas river.

Figure 4: Typical Amazon boats used in mobility trace collection. Express boats are

smaller and faster than big boats, but only used for passenger transport.

3.2.1. GPS data collection

We collect the boat mobility data using a high precision GPS receiver,

model u-blox 5 (Figure 5(a)), which produces position records four times per

second. We connect this GPS receiver to the USB port of an Intel Sony

Vaio laptop, with 4 GB of RAM and 500 GB hard disk in the pilot cabin,

as shown in Figure 5(b). The laptop runs a Python script responsible for

recording the GPS information on the hard disk. Besides the high-precision

GPS receiver, we also use GPS-equipped smartphones, which recorded the

position of boats once per second. In the smartphones, we used the Google

application “My tracks” for Android [37], which captures the following move-

ment components: latitude, longitude, altitude, speed, and direction angle

change. The smartphones were used as a backup of the standalone GPS,

because boats sometimes have problems of power outage during the trip,

bringing the laptop battery to complete depletion.

In total, we have successfully collected the trajectories of 36 trips on big
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(a) GPS model u-blox 5 [38]. (b) u-blox GPS connected to the laptop in

the piloting cabin.

Figure 5: Equipment used to collect boat trajectory data.

boats, 8 on express boats, in different months of the year. Boats have different

characteristics, such as engine power, type of hull, and passenger capacity.

Therefore, from the total of 44 trips, 22 trips are down river (from Manaus

to Parintins) and 22 trips are up river (from Parintins to Manaus). The

boats and travel times for each round-trip where we have captured the whole

trajectory are listed in Table A.4. Travel time of the big boats varies from

16 to 22 hours down river, and from 23 to 32 hours up river. Travel time of

express boats is shorter, from 7 to 9 hours down river and from 8 to 10 hours

up river. We have only considered complete and normal trip traces. Actually,

we collected data in 80 trips from which we kept 44 successful traces. Traces

with travel times that exceed the travel ranges defined by CFAOC navy

authority (Western Amazon Fluvial Captaincy, in the Portuguese acronym)

were ignored in our analysis. In those cases, boats had some accident1 or

1Shipwreck, stranding, collision, explosion, fire, boat breakdown, etc.
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navigation incident2.

Each entry in the data trace file has the format: time, node identification,

latitude, longitude and speed. Time is expressed in seconds, starting from

0 (start of the experiment), latitude and longitude in meters (according to

position records in GPS), and speed in meters/second. We plan to put the

traces in CRAWDAD3 format in order to make them publicly available.

4. Simulation of DTN in the Amazon Basin

Considering the boat navigation scenario in the Baixo Amazonas chan-

nel, the objective of this work is to characterize boat contact times and to

evaluate data transfer capacity of these contacts through simulation. The

simulated network has a set B of n boats, i.e., B = {b1, b2, b3, ..., bn}. Our

example scenario of the Baixo Amazonas has n = 109 boats. The contacts

are characterized by boat pairs, i.e. (bi, bj) where i 6= j, bi, bj ∈ B. Boat

pairs (bi, bj) = (bj, bi), are taken into account only once in the calculation

capacity.

Network Simulator 3 (NS-3) [36] was used in the evaluation of the DTN

capacity. NS-3 models several parameters of the wireless network, such as

propagation delay of the channel, transmission power, reception threshold,

and operating frequency. To get a realistic simulation, we set the simula-

2Deficiency in boat’s equipment, change of direction, bad load estivation, providing

assistance to another boat in danger, etc.
3CRAWDAD (A Community Resource for Archiving Wireless Data At Dartmouth)

is an open repository which stores wireless datasets and movement traces, available at

www.crawdad.org.
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tion environment with the parameters measured in the practical experiments

described in our previous work [16]. Table 2 shows the parameters configu-

red into NS-3 to represent the Amazonas/Negro river scenario. The most

important parameters are:

• simulation area of 475 x 50 km2: the area corresponds to the length of

the navigable stretch of Amazonas and Negro rivers together multiplied

by the maximum width of the Amazonas river during the flood season.

In the dry season the maximum width of the Amazonas river is reduced

to 25 km. The width of Negro river is less 25 km;

• number of nodes: 109, the number of boats that travel on the Baixo

Amazonas river channel. There are 5,886 contact attempts, the number

of pair combinations of the 109 boats;

• MAC layer: IEEE 802.11g standard, the same used in practical expe-

riments [16], in order to compare the data transfer capacity estimated

in [16] with the simulation results;

• data traffic: all nodes generate CBR (Constant Bit Rate) traffic over

UDP with 54 Mbps data rate;

• packet size: set at 2340 bytes, the maximum packet size used in practi-

cal experiments [16], which produces the largest amount of data trans-

ferred for the speeds at which the boats navigate [7, 8];

• simulation time: we used the maximum time a boat takes from Parin-

tins to Manaus (up river): 117,907 seconds (approximately 33 hours);
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• Simulation execution: 30 simulation runs. The average results are

computed with a 95% confidence interval.

Table 2: Simulation parameters.

Description Value

Simulation area 475 x 50 km2

Number of nodes 109

MAC layer IEEE 802.11g

Traffic load Constant Bit Rate (CBR) at 54 Mbps

Packet size 2,340 Bytes

Rate control algorithm Adaptive Auto Rate Fallback

Transmission band 40 MHz

Transmission power 10 dBm

Receiver sensitivity -95 dBm

Radio propagation model Friis

Simulation time 117,907 seconds

Simulation runs 30

Big boats and express boats use pre-established routes and schedules on

specific times and days of the week between Manaus and Parintins, controlled

by AHIMOC authority. Travel times can be longer than 24 hours, as shown

in Table A.4. As a consequence, we simulate the DTN capacity over one

week. We consider in the evaluation of this capacity all the boats in the

river stretch between Manaus and Parintins. In other words, it includes the

boats that travel from Manaus to Parintins and the other way around, as

well as boats that depart from any city after Parintins and go in the direc-

tion of Manaus, for example from Juruti to Itacoatiara, or that depart before

Manaus in the direction of Parintins, etc. We take these boats in the calcu-

lation, only accounting for their fraction of the trip inside Manaus-Parintins
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stretch. The information about the schedule (boat identification, departure

time and arrival time) together with the collected mobility traces (Boat ID,

time, latitude, longitude and speed) are used as input to the discrete-event

network simulator. It is important to notice that we did not simulate the

contacts while the boats are anchored in the harbor, because the aim of

this study is to characterize contacts and data transferred between the boats

while navigating in the river channel.

4.1. Evaluation metrics

The goal of the evaluation of a DTN network in the Baixo Amazonas

channel is to assess the connectivity of the network in this scenario, as well

as the periods when data can be exchanged. Thus, to characterize the oppor-

tunistic contacts between boats in the Negro and Amazonas rivers we used

two metrics: contact time (Tc) [7, 20] and data transferred [7, 8, 39], detailed

next.

Contact time (Tc): given boats b1 and b2, with their respective positions

P (b1, t) and P (b2, t) and coverage areas C(b1, t) and C(b2, t) at time t. Boats

are in contact at time t if P (b2, t) ⊂ C(b1, t) and P (b1, t) ⊂ C(b2, t). Let ti

be the first instant where boats b1 and b2 get into contact and tf the time

when they lose contact, where tf > ti. In the simulations, in practice, the

contact time is defined as the difference between the instants that boats b1

and b2 correctly receive the first and last data packet, i.e., Tc = tf − ti.

Data transferred: the amount of bytes correctly received, at the appli-

cation level.
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4.2. Simulation results

Table 3 shows the total boat contact time and data transferred in the

Baixo Amazonas channel. During the one week simulation time, the total

contact time is 44.90 hours, with an amount of data transferred of 1.38 TB.

Thus, Figures 6(a) and 6(b) plot the Cumulative Distribution Function (CDF)

of contact time and amount of data transferred. We observe in Figure 6(a)

that 70% of the contacts are shorter than 4 minutes. In Figure 6(b), on the

other hand, for 70% of the contacts, the amount of data transferred is at

most 0.8 Mbytes. The maximum and minimum contact times are 4 hours

and 3 seconds, respectively. Since big boats navigate slower, longer contacts

occur between cargo boats, using close trajectories, in the same direction

in the river. In this situation a cargo boat takes a long time to take over

another cargo boat. Very short contacts on the other hand occur between

fast boats crossing each other, and separated by long distances, remembering

that the river width can reach tens of km, whereas the radio range is less

than 1 km. Nevertheless, there are some places where the communication

between crossing boats is facilitated, the regions where the river is narrow.

Favorable situations also occur if one boat has to change riverbanks. Boat

overtaking is an operation that follows specific rules and can be performed

as long as it does not compromise boat safety. Down river, boat overtaking

is performed in the middle of the river, whereas up river, this maneuver is

performed close to the river banks. Figures 7(a) and 7(b) show the simulated

contacts that achieved the maximum and minimum amount of data trans-

ferred, 154 GB and 1.81 MB, respectively. It is important to notice that each

point in the curves corresponds to the amount of data transferred in a specific
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time interval, 10 seconds for Figure 7(a) and 0.1 seconds for Figure 7(b).

Table 3: Contact Time X Data transferred.

Direction Contact Time Data Transferred

(Hours) (GB)

Down river 18.54 392

Up river 26.36 1,021.12

Total 44.90 1,413.12

The largest contact in terms of data transferred corresponds to 11% of the

total data in the simulation. We can also observe that 75% of the contacts are

shorter than 10 minutes (Figure 6(a)). Considering data transferred, 80%

of the contacts are smaller than 900 kB (Figure 6(b)). Therefore, we can

conclude that designing a communication protocol which takes advantages

of short contacts is of utmost importance given this dynamic mobile scenario.

It is worth emphasizing that down river contact times and amount of

data transferred corresponds to 41% and 27% of the total values observed in

the simulation, respectively. Clearly, boats going down river develop higher

speeds than boats going up river. Thus, higher speeds imply shorter contact

times during overtaking. In addition, the overtaking distance is much longer

when the speed is higher to avoid boats to tip over. Therefore, boats going

up river experience a longer contact time with a shorter distance from the

other boat, which reflects a larger amount of data transferred.

Figure 8 illustrates the regions where the boat contacts concentrate.

These regions are close to the cities of Itacoatiara, Urucurituba, and Itapi-

ranga, and are known as Paraná da Trindade and Paraná do Serpa. Note

that, the amount of data transferred depends on situations such as, boats
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Figure 6: Cumulative Distribution Function of boat contact metrics in the simulation of

the Baixo Amazonas channel.

crossing or overtaking each other, going up river or down river, and that

larger number of contacts represent larger amount of data transferred. Thus,

when boats are in the up river direction (as shown in Table 3) the longest

19



 0

 0.5

 1

 1.5

 2

 2.5

 3

0.0 0.5 1.0 1.5 2.0 2.5 3.0

A
v
er

ag
e 

d
at

a 
ra

te
 (

M
B

/s
)

Time (hours)

(a) Contact with the Maximum Amount of Data Transferred.

 0.2

 0.4

 0.6

 0.8

 1

 1.2

 1.4

 1.6

 0.5  1  1.5  2  2.5  3  3.5  4

A
v
er

ag
e 

d
at

a 
ra

te
 (

M
B

/s
)

Time (seconds)

(b) Contact with the Minimum Amount of Data Transferred.

Figure 7: Maximum and Minimum Amount of Data Transferred.

contacts are concentrated in the regions of Paraná do Jacaré and the Paraná

das Onças and they represent 78% amount of data transferred in this direc-

tion. It occurs due to a heavy traffic of boats close to Manaus because it is

the point of arrival and departure of all boats of Western Amazon. When the
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boats are down river the longest contacts are concentrated in the regions of

Paraná da Trindade and Paraná do Serpa, and they represent 90% amount

of data transferred in this direction. This is because there are several boat

trips of other fluvial channels that meet in this regions.

Figure 8: Regions where boat contacts are more frequent.

In our previous work [16] we performed a preliminary estimation of the

data transfer capacity of boats in the fluvial Baixo Amazonas channel. The

estimation was simpler, based on a prediction of boat contacts given the boat

time schedule and assuming straight line distances. The numbers obtained

were 45.02 GB for total contact capacity and 98.51 hours of contact time

during one week. The numbers differ significantly from those obtained in the

present work, interestingly enough, in different directions. The estimated

contact time is 45% smaller while the amount of data transferred, increased

almost 97%. When comparing a mathematical estimation of the capacity

with simulation results, the differences are mainly due to the real mobility

traces used in the simulation. Moreover, in the present work we use the boat
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schedule of Table A.4 to define when the boats start moving in the simulation,

while in the preliminary work of [16] we assumed that boats start moving

with the same t0. More precisely, the works differ in the following aspects:

• In the present work fluvial distances were used, while straight-line dis-

tances were assumed in [16]. The fluvial distance exceeds 106 km the

straight line distance in the Baixo Amazonas channel (From Manaus to

Parintins). That aspect can results in longer contacts, given the longer

circuit navigated by the boats.

• 46% of contact time in [16] happen between crossing boats, whereas in

the present work, that number is approximately 4%. That figure has

changed because of the real mobility traces used. When boats cross

or overtake another boat, they have to keep a minimum distance of

100 meters. That was the value used in [16]. In practice, nevertheless,

the distance between the two boats can be much longer, remembering

that the river bed width is in the order of tens of km. In real life, we

observe that boats tend to keep longer distances especially when they

cross each other. In the traces we have collected, the crossing distance

can be as long as 25 km while the overtaking distance is often close

to 100 meters. As a consequence, most of the time boats cross each

other out of radio range, producing no contact. Most of the data was

transferred in overtaking contacts in the simulations.

• In [16] we used constant boat speed to model the contact (the average

speed between origin and destination). In the present work, instead,

we used the instantaneous speed of the boat, as dictated by the real
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mobility trace. It means that differently from the uniform linear motion

previously assumed, in this work during a trip the boat speed can

increase, decrease, and the boat may eventually stop.

• Finally, in [16] we assume that the amount of data transferred is directly

proportional to the contact time. In the simulation results of the

present work, we observe that in some cases longer contact time does

not imply a greater amount of data transferred. It depends on the

distances at which the boats cross or overtake, which influence the

signal-to-noise ratio and, as a consequence, the modulation used in the

IEEE 802.11 physical layer.

We observed that 96% of contacts are from Monday to Saturday because

on Sundays, there are no boats in the itinerary Manaus-Parintins-Manaus.

Nonetheless, 4% of boat contacts that happen on Sundays are produced by

boats arriving in or departing from other cities in the state of Pará (Alenquer,

Belém, Juruti, Monte Alegre, Óbidos, Oriximiná, and Santarém) or in the

state of Amazonas (Barreirinha and Boa Vista dos Ramos) that use the Baixo

Amazonas channel.

As expected, the best opportunities for taking advantages of contacts

between boats are produced at low speeds because contacts last longer. Low

speeds usually happen in situations of heavy-traffic area, strong current of

the river, presence of sandbanks, etc. Boats that move at high speed tend

to have shorter contacts, contributing less to the contact opportunities in

the DTN. Thus, contact opportunities at higher velocities should be seized

quickly, or the time to connect and route information will be wasted. From

another viewpoint, it means that a routing protocol aware of the boat speeds
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can benefit from this information to choose better contact opportunities to

transmit data.

5. Conclusions and Future Work

The Amazon, in the north of Brazil, corresponds to almost 40% of the

Brazilian territory. In this area, water transport is predominant since most

cities and villages are accessible only by boat. Because of the difficulty of

access, the communication infrastructure is scarce in most of the region. In

such context, VANETs based on boats appear as an interesting alternative

for providing communication capabilities to the Amazon region. Therefore,

this work investigates the potential of this solution in terms of network trans-

mission capacity and connectivity with inter-boat communication. In order

to accomplish our goal, in this paper we evaluate, through simulations, the

data transfer capacity of boats navigating on the Negro and Amazonas rivers,

which are the most important rivers in the region. In our simulations we use

real mobility traces that we captured in the Baixo Amazonas channel, more

specifically in the region between Manaus and Parintins. Thus, based on

the departure time schedules of boats in this region, we analyze the con-

tact time and the amount of data transferred between crossing or overtaking

boats. Our results show that the most productive contacts occur in over-

taking situations, in the up river direction. We also show that due to the

significant river width, crossing boats in the opposite direction rarely pro-

duce contacts. Finally, in our analysis we estimate the total data transfer

capacity among boats in 1.38 TB/week.

Our future work includes the evaluation of the connectivity and the to-
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pology to determine how far this network composed of boats goes in terms of

extending the communications infrastructure to more locations in the Ama-

zon. We also consider two aspects related to routing. First, the routing

algorithm should consider the network topology as a temporal graph. Sec-

ond, we intend to evaluate its structure using complex network metrics, for

example by identifying the most important boats in terms of centrality met-

rics, the boats with the largest number of contacts, and the longest contact

duration. The idea is to use such information to improve routing decisions.

Another interesting issue is to evaluate the impact of interference between

boats transmitting in the same region.
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Appendix A. Boat Travels

Real traces were captured in regional boats as listed below. Fields filled

with “EB” and “BB” indicate express boats or big boats, respectively. Fields

filled with “*”’ indicate that was a cargo boat from which the schedule was

not defined.
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Table A.4: List of boat travels between the cities of Manaus and Parintins where real

traces were captured in the Negro and Amazonas rivers, together with boat schedule.

Down Up

Boat Name Source Destination Departure Return river river

A Noiva (EB) Manaus Parintins Tue Fri 7h 8h

Moreira da Silva (EB) Manaus Juruti Tue Thu 8h 9.5h

Oriximiná (EB) Manaus Oriximiná Mon Thu 8h 10h

Pérola (EB) Manaus Parintins Tue Sat 9h 10h

Aliança III (EB) Manaus Parintins Sat Sat 18.1h 24h

Almte. Moreira VII (EB) Rondônia Parintins Fri Fri 18h 23.3h

Antônio Alecrim (EB) Manaus Santarém * * 17h 23h

Cid. de Juruti (EB) Manaus Juruti * * 17h 23h

Coronel Tavares 12 (EB) Manaus Parintins Tue Sat 18.3h 25h

14 de Outubro VI (EB) Manaus Parintins * * 16h 24.5h

Pai João (EB) Manaus Parintins * * 18.2h 24.6h

Pai da Fé (EB) Tefé Parintins * * 18.2h 24.8h

P.R. do Amazonas (EB) Manaus Parintins Fri Wed 18h 24h

Margleisson V (EB) Rondônia Parintins Fri Wed 18h 24h

Cid. de Barreirinha (EB) Manaus Juruti Fri Mon 18h 24.5h

Cid. de Oriximiná II (EB) Manaus Oriximiná Thu Mon 19h 25h

Cid. de Santarém II (EB) Manaus Santarém * * 22h 26h

Expresso Rossy (EB) Coari Parintins Mon Fri 17.5h 23.3h

Globo do Mar (EB) Manaus Juruti Thu Mon 17h 23.2h

Golfinho do Mar (EB) Manaus Belém Mon Fri 16h 23h

Luiz Afonso (EB) Manaus Mte. Alegre Tue Fri 19h 24.5h

Amazon Star (EB) Manaus Belém * * 17h 24h

Anna Karoline I (EB) Itacoatiara Santarém Mon Mon 19h 25h

Anna Karoline II (EB) Itacoatiara Santarém * * 19h 25h

Ana Vitória (EB) Parintins Santarém * * 18.5h 24.5h

Ana Beatriz I (EB) Manaus Santarém * * 18h 24.1h

Ana Beatriz II (EB) Manaus Santarém * * 18h 24.4h

Comte. Paiva IV (EB) Manaus Alenquer Mon Sat 22h 32h

Novo Aliança (EB) Manaus Parintins Wed Mon 17.6h 23.4h

Nélio Correa (EB) Tefé Belém * * 18.6h 24.1h

Onze de Maio (EB) Coari Parintins Thu Tue 16.4h 23.9h

NM Parintins (EB) Manaus Parintins Thu Tue 16.4h 23.6h
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