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Abstract. The design of a Wireless Sensor Network depends significantly on the
application. For the traditional applications, such as environmental monitor-
ing, smart buildings or agriculture, the design prioritized reducing the cost, the
energy expenditure and memory usage at the expense of not having a higher
throughput. Modern applications, such as surveillance or traffic monitoring,
usually require using cameras and transmitting video data through the network.
For such applications, dual-radio platforms were developed where their design
prioritizes achieving higher throughput and conserve the energy efficiency of
the network. In this work, we propose a multipath routing algorithm to find
two disjoint paths with the same parity between a pair of nodes in the network.
The new routing algorithm, combined with a forwarding scheme that alternates
the radios throughout the paths, allows all nodes in the paths to use both ra-
dios in parallel all the time, doubling the throughput in comparison with a sin-
gle path routing scheme. We evaluated our algorithm and forwarding scheme
in a real world testbed with 100 nodes of the Opal dual-radio platform. Our
scheme were able to double the throughput when compared with FastForward,
the state-of-the-art protocol for dual-radio platforms, and achieve up to 96% of
the theoretical limit.

1. Introduction

The design of traditional wireless sensor networks (WSNs) has favored low power oper-
ation at the cost of communication throughput. Minimizing cost and power consumption
is achieved at the expense of the network’s performance. This made sense in the con-
text of the beginning of the development of WSNs, where most applications would be
to collect small pieces of data, such as temperature or lighting values. Applications are
now also being deployed to gather acoustic and visual data, which have a high demand
for communication throughput. Transmitting multimedia content through WSNs not only
enhances existing sensor network applications, such as tracking, home automation, and
environmental monitoring, but also enables several new applications.

Researchers have developed new platforms for WSNs aimed to deliver radio di-
versity, which can be achieved by having more than one radio in each WSN mote. Such
platforms can be used to improve throughput when they are able to operate two radios at
the same time. It is also desirable that these radios operate in different frequency band,
so they will not interfere with each other while communicating, reducing packet loss due
to interference and allowing simultaneous transmissions without interference in the same



sensor node. Radio diversity can significantly improve end-to-end delivery rates, net-
work stability and transmission costs at only a small increase in energy cost over a single
radio [Kusy et al. 2011].

The ability to simultaneously transmit and receive packets through different radios
was exploited in the design of FastForward, a high-throughput transport protocol for dual-
radio WSNs [Ekbatanifard et al. 2013]. In FastForward, each forwarder receives packets
through one radio and sends them though the other one, as it is shown in Figure 1(a).
This scheme allows all the intermediate nodes in the path to be receiving and transmitting
packets at the same time, achieving an end-to-end throughput equal to the channel capac-
ity. This result is twice the maximum throughput it is possible to achieve with single-radio
platforms, because the radio would have to spend half of its time receiving packets and
the other half forwarding them.
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Figure 1. Examples of a forwarding scheme using a single path, two paths with
the same parity and two paths with different parities.

The problem with FastForward’s scheme is that the source and the destination
nodes, despite having two radios available on them, they only use one radio each, since it
uses only one path. The idea bringing the main contribution of this dissertation is to fully
utilize all the available radios, even those in the source and destination nodes, to achieve
the maximum theoretical throughput using dual-radio platforms. In order to accomplish
this goal, we calculate and use two disjoint paths, where each intermediate node will
receive packets through one radio and retransmit them through the other one, just as the
previous scheme, but the source node will be using both radios for transmissions and the
destination node will be using both for receiving packets, as shown in Figure 1(b).

Using two disjoint paths to transmit packets potentially doubles the throughput
compared with the single path scheme, theoretically achieving twice the channel capacity.
However, it adds a new constraint to the routing problem. The two paths must have lengths
of the same parity. If this is not the case, there will be a bottleneck in the network, where
the destination node would be receiving packets coming from two different paths through
the same radio, and the result would be a maximum throughput equal to the one we would
achieve using a single path. This situation is illustrated in Figure 1(c).



The parity restriction defines a new graph problem of finding two vertex disjoint
simple paths between a source and a destination with lengths of the same parity. The
problem arises from the practical application in dual-radio WSNs described here, and did
not have a solution in the literature. In this dissertation, we discuss the nature of this
problem for directed and undirected graphs, present a practical solution and evaluate the
gains in throughput in the network in a physical testbed with dual-radio platforms.

The main contributions of this dissertation are:

e The introduction of a new graph problem of finding two vertex disjoint simple
paths with lengths of the same parity. We show that the decision version of the
problem in undirected graphs is polynomial, but we proof the same problem in
directed graphs to be NP-complete.

e An optimal centralized routing solution for the minimization version of the prob-
lem in directed graphs, modeled as integer linear programming.

e The design and implementation of a distributed heuristic solution for the mini-
mization problem in directed graphs.

e Experiments with simulations evaluating different models for real world dual-
radio wireless sensor networks.

e Experiments with the proposed multipath routing scheme in a real world testbed
with 100 dual-radio nodes, showing that it is possible to achieve a throughput of
up to 96% of the theoretical limit.

2. Related Work

Various multipath routing algorithms for WSNs in the literature aim to solve
different problems, but none of them find two paths with the same par-
ity. Some algorithms consider the problem of finding exactly two disjoint
paths in a network [Ishida et al. 1995, Ogier and Shacham 1989, Lee and Reddy 2010,
Griffin and Korkmaz 2011].  Others are designed to find k£ disjoint paths between
a source and a destination node, with a general k. Some of these are cen-
tralized algorithms [Khuller and Schieber 1991, Iwama et al. 1997, Chen et al. 2004,
Srinivas and Modiano 2003, Bhandari 1997, Suurballe 1974, Hashiguchi et al. 2011],
and others are distributed [Ganesan et al. 2001, Liand Wu 2005, Baek et al. 2007,
Sidhu et al. 1991, Fang et al. 2009, Omar et al. 2011, Kumar and Varma 2010]. These
last distributed algorithms are efficient, but do not try to minimize the length of the routing
paths.

The routing algorithm that comes closer to solve our problem is
OFDP [Zhang et al. 2016]. It is a distributed algorithm for finding & disjoint paths
with minimum length in WSNs. Unlike other decentralized algorithms, OFDP does not
fix the paths it finds. Instead, it marks the nodes as occupied and consider the edges to
be only backwards and with negative weights. Then, in each iteration it searches for
augmenting paths in the network. OFDP finds £ disjoint paths between a source and a
destination with minimum total length in the k" round, if they exist. However, none of
the algorithms cited consider the problem of finding disjoint paths with the same parity.
We developed the first algorithm to solve this problem.

Also, none of the above protocols were designed for dual-radio platforms. Fast-
Forward [Ekbatanifard et al. 2013], is the only protocol in the literature to explore the



advantages of using dual-radio platforms in order to maximize throughput in a WSN.
FastForward transmits packets from a source node to a destination through a single path.
The radio used to transmit the packets along the path are alternated in each hop. It assumes
that one radio does not interfere with the other, which already helps to solve the problem
of intra-path interference. Furthermore, it uses multiple fixed channels for each radio in
each hop, reducing even more the effect of interference and eliminating the overhead of
switching channels along the way.

To evaluate our protocol in the real world, we wused the Opal
mote [Jurdak et al. 2011]. Opal includes two onboard 802.15.4 radios operating in
the 900 MHz and 2.4 GHz bands to provide radio diversity. The authors present
experiments that evaluate Opal’s throughput, range and energy consumption, comparing
their results with single-radio platforms. They showed that Opal increases throughput by
a factor of 3.7 when compared with platforms with just one radio with the same data rate.
To compare the energy efficiency between the platforms, they introduced a new metric,
called spatial energy cost, which measures the energy to transfer one bit of information in
a unit area. One advantage of using the Opal mote is the existence of a large-scale sensor
network testbed for public access. Twonet [Li et al. 2013] is a testbed that has 100 Opal
nodes and located at the University of Houston, in the USA. Although testbeds generally
are limited to a few tens or hundreds of nodes and a fixed network topology, they provide
means to realistic, moderate-scale evaluation of sensor network algorithms.

3. Theoretical Contributions

In this dissertation we present the parity disjoint paths problem: finding two disjoint paths
with the same parity between given source and destination nodes. We studied this new
problem for four different network models: directed and undirected graphs, and directed
and undirected multigraphs. We also considered the decision version: determining just if
such paths exist, and the optimization version: finding the shortest pair of paths.

We prove that the decision version of the problem is NP-complete
for directed graphs, by reducing the even path in digraphs problem
[LaPaugh and Papadimitriou 1984] to it. ~ With this result, we also conclude that
the optimization version of the problem is also NP-complete for directed graphs. We
also prove that the decision version is polynomial for undirected graphs. However, the
optimization version remains an open problem in undirected graphs.

We present a centralized solution with a integer linear programming model to find
the solution for the optimization problem in the most general case. We also present a
distributed heuristic algorithm, which works by finding a shortest path of a certain parity,
and then trying to find an augmenting path of the same parity of the one that was found
before. We evaluate the performance of our algorithms with simulations and experiments
in the real world.

4. Experimental Results

In the dissertation, we present various experiments to evaluate the modeling of the net-
work as directed and undirected graphs and multigraphs, showing that a directed multi-
graph is a better representation for dual-radio networks. Here we will present the main



results regarding the routing algorithm itself in comparison with what exists is available
out there and the throughput achieved in the real world experiments.

There isn’t in the literature other work solving the minimum parity disjoint paths
problem, so there is no proper baseline to compare our heuristic with. We decided to
compare our heuristic to another simple heuristic using an existing distributed algorithm
to solve the minimum k£ disjoint paths problem, OFDP [Zhang et al. 2016]. To find two
paths with the same parity with OFDP, we run it setting £ = 3. The algorithm will
find three disjoint paths in the network with the minimum total weight, therefore, it is
guaranteed that at least two of them will have the same parity. Then we choose the pair
of paths with same parity and smallest total weight. We chose this algorithm to compare
our results because it is a way to use an existing distributed algorithm to find paths with
the same parity.

We generated five random instances of a network topology, each one with differ-
ent densities, increasing the number of edges in the graph from 10% to 90% at equal steps
of 20%. In Figure 2(a) we can see the comparison of our heuristic with OFDP(k = 3) in
number of optimal solutions found. Our solution found over 80% of optimal solutions for
every tested network density, slightly increasing as the density increases. In Figure 2(b)
we show the average additional cost from the non-optimal solutions. Our heuristic’s great-
est additional cost was about 7% of the optimal in less dense networks. The smallest av-
erage additional cost with OFDP(k = 3) was 11% in more dense networks, but reaching
up to 22% at 10% density.
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Figure 2. Comparing the results for our algorithm and OFDP(k¥ = 3) in random
network topologies with different densities

Now we present one of the practical experiments in the real-world testbed to evalu-
ate the throughput and data yield using two paths calculated with our algorithm and com-
pare it with with the state-of-the-art protocol for high-throughput in dual-radio WSNs,
FastForward, which uses only one path. We configured the two radios to transmit us-
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Figure 3. Comparing the performance of our protocol in the real world with Fast-
Forward’s

ing the O-QPSK modulation at 250 kbps and with transmission power of 3 dBm. In the
experiments shown here, we disabled, in the MAC layer, the Clear Channel Assessment
(CCA) and the random back-offs in order to compare with FastForward results, which did
the same.

In each experiment, the source node sends 1000 packets. Each packet has 127
bytes, where the payload has 100 data bytes. We define the throughput as the total number
of bytes received by the destination node per second, including those not related to the
payload in the packet. We define the data yield as the number of unique packets received
by the destination node divided by the total number of packets sent by the source node.
The experiments were repeated 10 times for each instance, and the values presented are
the mean and standard deviation of the results obtained. The results are shown in Figure 3.
The green dashed line represents the maximum transmission rate using only one radio:
250 kbps, or 31.25 kBps. The continuous green line represents the theoretical throughput
limit when using two radios, which is twice of the previous value: 62.5 kBps.

In this experiment we obtained the maximum throughput of 60 kBps, which is
close to the maximum theoretical throughput limit when using two radios. Therefore, the
value obtained is 96% of ideal theoretical maximum flow and it was obtained in a real en-
vironment. In addition, this value is twice the value achieved with FastForward, indicating
the maximum use of the two radios in intermediate nodes. This experiment is important
because it shows that our solution could reach 96% of ideal theoretical maximum flow in
practice.

About energy consumption, with a larger throughput, it is expected the total en-
ergy expenditure to increase. But the energy consumption per transmitted byte becomes
smaller. According to [Jurdak et al. 2011], the Opal consumes an average of 49 mA of
current if both radios are operating simultaneously. As our protocol reached a flow rate
of 60 kBps, we have an energy expenditure of 0.82 mA/kB. While with the maximum



flow reached by FastForward of 30 kBps, we would have an energy expenditure of 1.64
mA/kB. Thus, our protocol consumes less energy per byte transmitted on each node. Be-
cause the number of nodes using two paths does not double, since the source and destina-
tion nodes are always the same, our protocol will have a greater overall energy efficiency
than FastForward.

5. Publications

Partial results of this dissertation was already published in the The Brazilian Symposium
on Computer Networks and Distributed Systems in 2017 (SBRC 2017), in a paper ti-
tled "Maximizando a Vazdo Através de Multiplos Caminhos em Plataformas com Dois
Rddios”. Now we have submitted the full contributions of this dissertation to journals.
To IEEE Communications Magazine (Qualis A1) we submitted the new problem descrip-
tion, theoretical contributions and throughput experiments, and to the ACM Transactions
on Sensor Networks (Qualis B1) we submitted the distributed algorithm, simulations and
experiments, and we are waiting for the reviews from both journals.
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