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ABSTRACT

ENERGY CONSERVATION IN HETEROGENEOUS SMARTPHONE AD HOC NETWORKS
By
James Mariani

In recent years mobile computing has been rapidly expanding to the point that there are now
more devices than there are people. While once it was common for every household to have
one PC, it is now common for every person to have a mobile device. With the increased use of
smartphone devices, there has also been an increase in the need for mobile ad hoc networks, in
which phones connect directly to each other without the need for an intermediate router. Most
modern smart phones are equipped with both Bluetooth and Wifi Direct, where Wifi Direct has
a better transmission range and rate and Bluetooth is more energy efficient. However only one
or the other is used in a smartphone ad hoc network. We propose a Heterogeneous Smartphone
Ad Hoc Network, HSNet, a framework to enable the automatic switching between Wifi Direct
and Bluetooth to emphasize minimizing energy consumption while still maintaining an efficient
network. We develop an application to evaluate the HSNet framework which shows significant
energy savings when utilizing our switching algorithm to send messages by a less energy intensive
technology in situations where energy conservation is desired. We discuss additional features
of HSNet such as load balancing to help increase the lifetime of the network by more evenly
distributing slave nodes among connected master nodes. Finally, we show that the throughput of
our system is not affected due to technology switching for most scenarios. Future work of this
project includes exploring energy efficient routing as well as simulation/scale testing for larger and

more diverse smartphone ad hoc networks.
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CHAPTER 1

INTRODUCTIONS

This chapter will introduce this thesis, including motivation for the project, research challenges,

and an overview of the HSNet system.

1.1 Motivation

Due to a recent push towards mobile devices and mobile computing, many new fields and
concepts have emerged in networking. One issue that arises, however, is that when we are so
reliant on mobile devices for communication, if the centralized network goes down it leaves many
people unable to communicate. We have seen examples of this occur during natural disasters, such
as Hurricane Sandy and the East Japan Earthquake [1]. Because of this, the need and interest in
decentralized networks has never been higher. One of the more promising and interesting fields
regarding mobile devices and decentralized networks is the idea of a proximity service (ProSe)
application [2]. A ProSe application is an app that tries to find instances of the same app running
on devices physically near to itself. Once a ProSe application finds someone close to itself, the end
result is the exchange of information [2].

This makes ProSe applications unique from traditional applications in that they are “location
centric” and can only communicate with others near the device instead of a typical “friends list” type
application [2]. There are two major use cases for ProSe applications: public safety communications
and discovery mode applications [3]. Public safety communication applications can be used in case
of a network outage due to any number of things including inclement weather or your device being
out of range. Discovery mode applications include things such as mobile social networking apps
[3].

There are two main categories of ProSe applications: Over-the-top (OTT) and device-to-device
(D2D) [4]. OTT applications rely on a server with periodic location updates from all users. This

introduces a large amount of overhead that is not energy efficient. The topic of this thesis will



focus specifically on D2D ProSe applications. D2D solutions are developed so that two devices can
communicate directly with each other without using an existing network. In this type of application
you are restricted in who you can communicate with by the signal strength of the technology being
used. The two major technologies used to implement D2D communications are Bluetooth and
WiFi Direct [2].

Within the realm of D2D applications, there are two different (but similar) types of applications.
There are single-hop and multi-hop ad hoc networks. A single-hop ad hoc application creates a
network in which it is only possible to communicate with a node within your device’s current
range. In a single-hop network each individual node does not act as a router and will not forward
on information to its neighbors [5]. This work, however, is focused on the second type of D2D
network, which is a multi-hop ad hoc network. A multi-hop ad hoc application creates a network in
which each individual node can act as a router and forward on information and messages it receives
to its neighbors [5]. This greatly expands the reach of the network and communications.

In almost all types of ad hoc networks, one major hurdle is the battery power of individual nodes.
When working with ProSe and mobile/smartphone ad hoc networks this concern is heightened due
to the fact that users will use their phone for things other than communication, which will drain
the battery even faster. In the case of a natural disaster where communication is of the utmost
importance, if the nodes that make up the ad hoc network run out of battery then you run the risk
of disconnecting large chunks of the population.

To address these issues, we propose a heterogeneous smartphone ad hoc network, HSNet, a
multi-hop ad hoc network in which devices can communicate with each other even if they are
not using the same technology (Bluetooth or WiFi Direct). In addition to connecting devices
running multiple technologies we employ a mode switching algorithm that will conserve energy on
individual nodes by adaptively switching between communication technologies to prolong battery

life and maintain high throughput.



1.2 Challenges

In this section we discuss some of the challenges that come with developing smartphone ad hoc
networks as well as challenges with conserving energy.

Traditionally, D2D applications use one of Bluetooth or WiFi Direct to facilitate communication
between devices. WiFi Direct is a more powerful ad hoc communication technology and boasts
greater range and throughput than Bluetooth, but this comes with the cost of greater energy
consumption. Bluetooth remains a popular communication technology for ad hoc networks due
to its ubiquity and its energy efficiency. Ad hoc networks utilizing only one communication
technology runs into a few problems regarding devices being left out if they are not compliant with
one of the technologies, as well as energy concerns if you are using WiFi Direct.

When working with smartphones we run into another problem with only being able to make
changes in the application layer. This compounds the problem of trying to make a heterogeneous
network that uses multiple technologies. Because we can only make changes to the application
layer we do not have as much control over the network stack and have to rely on publicly available
APIs that are not designed for constant technology switching.

Developing for smartphones in general places a large emphasis on energy consumption. Smart-
phones forming an ad hoc network compounds this concern as our framework has to be able to
allow the phone to function normally while still maintaining the connection to the network. We do
not have control over what else the user might do with their phone, and our framework has to be

able to handle this uncertainty by remaining as energy efficient as possible.

1.3 Overview of Heterogeneous Smartphone Ad Hoc Network

HSNet allows devices running different technologies to communicate seamlessly, while offer-
ing energy savings to each device, through a mode switching algorithm to automatically decide
what technology to use, as well as master node load balancing, all while maintaining maximum
throughout of the network. To evaluate these goals we design a chat application on the Android

OS that runs our HSNet platform. We show that we are able to connect devices running different



technologies, and are able to provide power savings on devices running low on battery by switching
from WiFi Direct to Bluetooth if available. We also analyze throughput concerns with switching

technologies and show how HSNet can maintain high throughput while saving energy.

1.4 Organization

This thesis is organized as follows. Chapter 2 introduces background information regarding
Bluetooth, WiFi Direct, as well as their performance differences. Chapter 3 discusses works related
this thesis. The design of our proposed solution is discussed in Chapter 4. In Chapter 5 we evaluate

the performance of our system, and Chapter 6 concludes this thesis and introduces future work.



CHAPTER 2

BACKGROUND INFORMATION

The proliferation of mobile devices (phones and tablets) has led to an increase in demand for
mobile/smartphone networks of connected devices. These networks are called smartphone ad hoc
networks, and they are a form of mobile ad hoc networks (MANETs). MANETs are networks
of connected mobile devices that communicate and share information device to device without
any communication with the internet or outside network. Two of the major technologies used to
implement smartphone ad hoc networks are Bluetooth and WiFi Direct. In this section we give
a brief overview of the basics of Bluetooth and Wifi Direct, specifically as it pertains to range,

throughput, and energy consumption.

2.1 Bluetooth

Bluetooth and WiFi Direct work in similar ways on mobile devices. Bluetooth employs what
it calls a master-slave paradigm in which one master node is connected to up to seven slave nodes.
Slave nodes can only communicate with the master, whereas the master node can send to all of its
slaves. Therefore a multi-hop system is needed for slaves to communicate with one another. If you
assume a network of connected bluetooth devices in which phones A and C are slaves to phone B,
in order for A to communicate with C, it has to send through the intermediary phone B which will
forward the message on to phone C. Normal Bluetooth devices utilize a sender, receiver, and an
antennae to send and receive messages. However, Bluetooth communication in smartphones works
by use of a combined sender/received, called a transceiver. Both sending and receiving messages

goes through the antennae, and therefore sending and received cannot happen simultaneously [6].

2.2 Wifi Direct

WiFi Direct uses something almost exactly the same, except the term "master" is replaced with

"group owner," and "slave" is replaced with "client" or "group member." The only other major
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Figure 2.1: Connected piconets

difference at a high level is that a Wifi Direct group consists of one group owner and up to four
clients versus seven slaves with Bluetooth. As with Bluetooth, however, in order for two group
members to communicate with each other they must first send through the group owner. The same
example as given above applies to Wifi Direct. In both Wifi Direct and Bluetooth these networks of
master-slave connections are called piconets, and within a network you can have many connected
piconets. An example of connected piconets can be seen in 2.1. For the remainder of this work and
for clarity, the terms master and group owner will be used interchangeably, as will slave and group
member/client.

When creating a Wifi Direct group, there is no way to specify who will be the group owner
and who will be the group member. This is based on many factors out of the control of the user,
including a negotiation between devices. However, once a group owner is chosen, they act as a

DHCEP server and then assigns IP addresses to the group members through the DHCP protocol [7].



Table 2.1: Comparison of Bluetooth and WiFi Direct performance

Range | Transfer Rate | Energy for Sending | Energy for Receiving
Bluetooth 10 m | 24 Mbps 520 mW 456 mW
WiFi Direct | 60 m | 250 Mbps 1560 mW 1448 mW

2.3 Performance Differences

In terms of performance, Bluetooth and Wifi Direct have both positives and negatives. In terms
of range, Bluetooth has a range of approximately 10 meters [8], whereas Wifi Direct has a range
of around 60 meters. Wifi Direct also boasts a transfer rate 250 Mbps, which is more than ten
times greater than Bluetooth that has a transfer rate of 24 Mbps [9]. It is clear that WiFi Direct
is superior to Bluetooth in terms of throughput and range, but the advantage of Bluetooth comes
from its energy efficiency. Sending a Bluetooth message uses about 520 mW, whereas sending a
WiFi Direct message uses around 1560mW. There are similar energy savings on the receiving end;
receiving a Bluetooth message takes 456 mW, while receiving a WiFi Direct message takes 1448
mW [10] this information can be seen in table 2.1. Something that both Bluetooth and Wifi Direct
share is that they are both half-duplex technologies [11], [12]. This means that they cannot send
and receive messages at the same time. This will play an important role in the throughput of our

system when hundreds of messages per second are flowing through the network.



CHAPTER 3

RELATED WORK

Much work has been done in the field of D2D communications and ad hoc networking. Wifi Direct
is a newer technology than Bluetooth, so much research is ongoing in this area, while Bluetooth
remains one of the most popular communication technologies for short-range communication
systems. In this section we summarize some related work in the field of D2D communications, as

well as some sources of battery consumption in smartphones.

3.1 Battery Consumption in Smartphones

In this section we will briefly cover some causes of battery consumption in smartphones. Battery
usage is a major concern in smartphone systems, and in [13] and [14] various causes of smartphone
battery loss are explored. Each paper introduces different causes of battery loss, including the
applications running on the device, the screen, graphics hardware, CPU, user activity etc. What
both papers agree on is that the networking interfaces of smartphones play a large role in battery

consumption.

3.2 Bluetooth or Wifi Direct Ad Hoc

There are many papers that explore ad hoc networks using only one technology. In most cases
this technology is Bluetooth, but with the rise of Wifi Direct it has become a hot research topic as
well. In this section we will discuss two examples of a homogenous ad hoc network of using only
Wifi Direct, or only Bluetooth. The two papers discussed here are specific to smartphone ad hoc
networks.

Authors in [15] explore the Wifi Direct protocols on Android to investigate the feasibility of
creating ad hoc networks with Wifi Direct in real scenarios. They analyze Wifi Direct with two
devices and with three devices and provide insight into ways that the D2D connections can be

formed.



One of the earliest smartphone ad hoc papers is called Mobiclique [16]. Mobiclique is a social
networking application built on top of a smartphone ad hoc network using Bluetooth. This paper
was one of the first that was able to show the feasibility of creating mobile ad hoc networks on the

fly using Bluetooth.

3.3 Heterogeneous Ad Hoc Networks

In this section we will look into a couple of examples of heterogeneous networks. Heterogeneous
networks can be either heterogeneous in device type or communciation technology, and an example
of each is given here.

In [17] the authors explore the idea of a heterogeneous network of connected devices. They
study the internet of things (IOT) and the various networks of connected devices that contribute to
the IOT. The authors introduce the typical architecture of these large heterogeneous ad hoc networks
and explore ways to improve them. These heterogeneous networks discussed in this paper are built
on Bluetooth for communication.

Because there are multiple competing technologies in smart phone ad hoc networks, there
sometimes arises issues with devices communicating while running different technologies. For
instance, phone A is running Bluetooth, and phone B is running WiFi Direct. If phones A and
B want to communicate directly, we run into a problem. An application called BWMesh was
developed to attempt to addresses this problem [4].

The idea behind BWMesh is fairly simple: create a heterogeneous network in which users
can communicate even if they are using different technologies. A heterogeneous network is any
network that connects devices running different technologies. BWMesh was implemented in the
application layer in the form of a simple android chat application that was deployed on multiple
android compatible devices. The main idea is that phone A can send a message and it will be
sent/forwarded to all devices running BWMesh, regardless of what technology they are using. It
relies on at least one node running both Bluetooth and WiFi Direct to act as an intermediary node

between devices that cannot usually communicate directly. For example, phone A using a Bluetooth



connection is connected to a phone running both Bluetooth and WiFi Direct, and that phone is
connected to phone B running only WiFi Direct. When a message is sent from phone A, it will be
sent via Bluetooth to the intermediary phone, who will then forward on via WiFi Direct to phone B
[4]. Through use of intermediary nodes, devices that would otherwise be unable to communicate
can now send messages to one another. BWMesh was developed as a proof of concept to the
fact that different technologies could be combined to create heterogeneous network. There were,
however, some issues BWMesh did not address. One of the major issues in all ad hoc networks is

energy conservation, and BWMesh did not consider energy needs during development [4].

3.4 Switching without Infrastructure

This section delves into ad hoc networks that employ some sort of switching for energy saving,
and does not use any extra infrastructure to facilitate the switching.

In [18] both Bluetooth and Wifi Direct are used in an ad hoc network to conserve energy.
Because device discovery is more expensive in Wifi Direct, this paper proposes to do device
discovery in Bluetooth, then after connecting to exchange Wifi MAC addresses and create an ad
hoc Wifi connection using that information. After the exchange of Wifi MAC addresses all messages
are sent by Wifi Direct. They were able to show energy savings over the situation of only using
Wifi Direct, however because they are only sending by one technology they are not able to explore
full utilization of both technologies.

The authors in [1], do take into account battery concerns when deciding what routing technolo-
gies to use. They propose a similar idea to BWMesh in that they create a system that is capable
of using different wireless technologies. They implemented a prototype and tested on 30 mobile
phones. The motivation for this work was the aftermath of the Great Easy Japan Earthquake and
Tsunami when the authors realized the importance of D2D systems that can be used in the case of
network outages. When it came to energy concerns, they decide based on remaining battery level to
go into one of two routing "modes," which includes MANET mode and Delay/Disruption-tolerant

networks (DTN). This paper, however, does not give an in depth analysis of the energy savings and
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limit the mode switching to routing technologies.

3.5 Switching with Infrastructure

This section looks into systems that employ a technology switching scheme, however extra
infrastructure is needed to facilitate the switch.

Two examples of communication switching with additional infrastructure are systems called
CoolSpots and SwitchR [19] [20]. In both of these papers communication switching between
Bluetooth and Wifi are explored with the main goal of energy saving. CoolSpots and SwitchR are
both successful in saving energy through switching technologies, however both require additional
infrastructure to facilitate the switches, in the form of a communication device that would be kept
in your home. While this work is an important step in showing that switching is a viable strategy,
they also have a few problems. Mainly, these systems are designed for use in a home with only one
device, and are therefore not scalable or able to be used in disaster situations with many devices

trying to connect at the same time.

3.6 Cross Technology Communication (CTC)

The papers that follow are examples of systems that utilize two technologies simultaneously
through the use of Cross Technology Communication strategies and modification beneath the
application layer.

These two papers, BlueBee and WEBee [21], [22] attempt to facilitate communicate between
two separate technologies, specifically Bluetooth and ZigBee or Wifi and ZigBee. These papers
use Bluetooth and Wifi radios to manipulate the payload of the sending technology to be able be
received without error by ZigBee radios. They are able to achieve 99% reliable communication

between technologies. While this is reliable, it also requires changes beneath the application layer.
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CHAPTER 4

DESIGN OF HETEROGENEOUS SMARTPHONE AD HOC NETWORK

In this chapter we will discuss an overview of the HSNet platform. First we will look at an overview
of the design of HSNet, followed by an in depth look at the technical details of the project. Finally

we will look at the chat application on Android created to test HSNet.

4.1 Design Overview

In this section we discuss our proposed solution to the issue of energy consumption in smart-
phone ad hoc networks, HSNet. The idea behind HSNet is that mobile ad hoc networks can be
enhanced by the use of both Bluetooth and Wifi Direct. Utilizing both technologies improves
both the range and device support of the network. The main goal of HSNet is to provide energy
savings without sacrificing throughput. To achieve this goal nodes in the network will decide what
technology to send messages by based on current energy needs. In addition to this, a load balancing
strategy in master nodes is proposed to help create a balanced network topology and save energy on
overloaded master nodes. A chat application was built on Android to evaluate our HSNet platform.
In this section we discuss some of the design and technical details of HSNet, as well as an example
network topology.

While we know that there are benefits and drawbacks to both technologies, we first had to decide
what we are trying to prove by exploring the idea further. There is already work done on showing
the power and throughput tradeoffs of Bluetooth and Wifi Direct, but we wanted to provide a more
fully implemented, real world application to be able to prove our results. Since power consumption
is such a major factor, that is where we put our focus. We decided to design HSNet around the idea
that we can establish multiple connections, with the ideal technology being Wifi Direct. In times
which energy is of higher concern, specifically when the battery life on a smartphone is low, we
can sever the Wifi Direct connection and opt for Bluetooth to save energy.

With that goal in mind, there are two main questions we must be able to answer: can we switch

12



between the two connections on the fly, without data loss, and does this switch actually provide
power savings? Most existing work done on comparing Wifi Direct and Bluetooth is done using
both separately. This led to our proposed idea of incorporating everything in a single platform. To
investigate and gain further insight into how these differences may be used for the benefit of users,
we develop a new Android chat application. Android is free to develop for, and runs on a variety
of devices. Nearly every new device has both Bluetooth and Wifi Direct capabilities, which makes
it an ideal platform to test our HSNet system. The application is written in Java using Android
Studio, targeted for devices running API level 23. By creating a full application, we can gather real
time data that we believe to be much more valuable than what we could do with a simulator or by

simply using estimates of average power consumption.

4.2 Technical Details

In this section we will discuss the three main technical contributions of this thesis. This includes
the modified flooding algorithm, the mode switching algorithm, and the mast node load balancing.
The modified flooding algorithm is used for message delivery in the HSNet system, the mode
switching algorithm is where the majority of the energy saving is obtained and it facilitates the
switching of technologies, and the load balancing system helps prolong the life of the network by

creating a more balanced network topology.

4.2.1 Modified Flooding

With HSNet, after the network of devices is connected appropriately, a message can be sent from
any connected device and it will be received on all other devices in the network. We propose a
modified flooding algorithm that adds bounding parameters to greatly limit the amount of messages
being sent across the network (while still reaching every node). We add a source, direct source (the
specific node who sent you the message), sequence number, previously visited nodes, and neighbor
fields to our message format, and no message is ever sent if any of these parameters are met. This

alone reduces the number of messages being sent across the network by over 1/3 as compared to a
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standard flooding algorithm.

4.2.2 Mode Switching

In most ad hoc networks, the connections between two devices are static in that you will always
send via the same technology to the same device. The main energy saving tactic that we employ is
a system that will send via Wifi Direct to improve speed and latency, but will choose to send via
Bluetooth if a particular node is in need of energy conservation. On each node at any given time it
can decide whether to go into a "power saving" mode in which it will send messages by Bluetooth
(if available) instead of by Wifi Direct. There are many factors that we had to take into account
with our proposed mode switching algorithm. On slave nodes in order to do a mode switch you
first have to verify that you have a backup Bluetooth connection. In addition to this you have to
confirm that you are still in range of this Bluetooth connection. If a slave node meets this criteria
then it can sever its Wifi Direct connection in an attempt to extend its life. This solution balances
network performance and battery concerns.

In Figure 4.1 we can see examples of how a mode switch might occur in a real system. Figure
4.1a shows an example network with two piconets connected and two slaves on each master
node. Figure 4.1b shows that the slave node in the top left tries to do a mode switch, but cannot
because its backup Bluetooth connection is out of range. This node will continue to try to mode
switch periodically and if the Bluetooth connection comes back into range then it will be able to
successfully mode switch. An example of a successful mode switch can be seen in Figure 4.1c:
the bottom slave node on the leftmost master node originally had both a Bluetooth and WiFi Direct
connection, but after going into power saving mode the WiFi connection is no longer used. Figure
4.1d shows an example where a slave node tries to do a mode switch, but it does not have a backup

Bluetooth connection. In this case it will no longer attempt the mode switch.

14



m——————
- ~

' ~,
7’ ~,
e AN
4 \
/ N\,
/ A
’ \
\
\
Bluetooth out of range Wifi-direct ‘|
1
1
1
]
Master 1
! /
! /
! /
ll /
] Bluetooth
l, Master
1
\
1 Bluetooth icati
\ Wifi-direct / Bluetooth communication range
\ /
\ 7
. ’
AN S
\ ’
~ ’
\\\ ”/
~~~~ ——’f
Bluetooth communication range
(a) Example network
e
~,
~,
\\
N\,
N\,
\
\
\
\
\
o 1
Bluetooth out of rangé Wifi-direct ‘l
1
g 1
4 1
/ 1
4 Master h
! /
! /

Bluetooth
Master

-
~ -
S

Bluetooth communication range

1
1
)
1
I
1
1
1
\‘ Bluetooth

Successfully

N mode switches

Bluetooth communication range

(¢) Successful switch

Figure 4.1: Example mode switching scenarios

Bluetooth out of rangé

/
/
I

1

I

1

1

1

\
\

\

\
AY

15

o —
- -

-
-

Successfully
mode switches

Bluetooth communication range

Master

Tries to mode switch, P

connection

- —
- -~

but cannot because it R S
has moved out of Vil N
range of the Bluetooth s AN

Wifi-direct

-
S

Master

~
~ -
S ="

Bluetooth communication range

-
-
~
~

Bluetooth

(b) Bluetooth out of range

e N‘\\
Tries to mode N
switch but cannot, %

does not have AN
Bluetooth backup Y
o connection \
Wifi-direct ‘I
1
1
1
]
Master 1
/
K
\
\ /
\
|
! ~, ’
] ~o -
! R L
Il Bluetooth communication range

(d) No backup connection



Master

Figure 4.2: Example of an unbalanced network topology

4.2.3 Master Node Load Balancing

On master nodes a similar set of criteria has to be met in order to complete a mode switch. A
master node must verify that all of its slaves have backup Bluetooth connections and will remain in
range. Master nodes, however, are often juggling many more connections than a slave node, which
makes it harder to make a switch to this "power saving" mode. We now run into the problem of
the master nodes in the HSNet system consuming much more energy than our slave nodes. This
presents a major issue because if a master node dies, then it will disconnect large portions of our
network.

Because of this, a load balancing system between master nodes is proposed to try and help

relieve some of the strain on an overloaded master node. An example of an unbalanced network
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topology can be seen in Figure 4.2. In this scenario the master node to the left is overloaded and
has three slaves, while the second master has only one slave. For the load balancing system to
work, master nodes must routinely send status messages to other master nodes in the system. These
status messages are sent as normal messages and discarded at any node that is not a master node.
These status messages include information about how many slaves are currently connected to the
master. If an imbalance is detected, then the overloaded master node will signal to its slave nodes
that, if possible, they should switch master nodes. Only one slave at a time can switch, and will
only switch once it has confirmation from its current master. The caveat with this feature is that the
slave node must have been previously connected to the other master node, otherwise this system
cannot work, which is a limitation of the Android APIs regarding Bluetooth and Wifi Direct. This
load balancing algorithm present within HSNet greatly improves the battery life of master nodes,
and alleviates some major concerns regarding network life.

Let’s take a look at an example of how the master node load balancing might happen. As we
can see in Figure 5.4a the master nodes routinely send status messages to each other to exchange
information on number of slaves. In Figure 5.4b you can see that an imbalance was detected and
the overloaded node sends a switch message to all of its slaves. The switch is agreed by one of the

slaves in Figure 5.4c, and in Figure 5.4d after the switch has occurred the network is now balanced.
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Figure 4.3: Load balancing of master nodes
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4.3 HSNet Chat Application

In this section we explore the chat application running the HSNet system and explore various
features and uses. When first entering the app, the user is greeted by an empty chat screen. There
is a menu that will bring up various features and options of the HSNet system, this is shown in
Figure 4.4.

The connect Bluetooth menu option presents a list of available devices to connect with via
Bluetooth, and similarly, the menu option for Wifi Direct presents a list of devices that are available
to connect with via Wifi Direct. Additionally, there is a menu option to disconnect Wifi manually.
This would be used if the user wants to manually switch to its Bluetooth connection instead of
waiting for a certain battery level to automatically shut off Wifi via the mode switching algorithm
present in HSNet.

There is also an option to switch the battery threshold for the automatic switch from Wifi Direct
to Bluetooth. The app is coded to switch from Wifi Direct to Bluetooth when a node reaches 30%
battery, but if for any reason the user wants to change that value, the menu option to change the
threshold will all the user to select a new switching threshold.

For the purposes of testing the limits of our system as well as introducing additional battery
strain, an option menu to automatically send 20 messages per second is given. In addition to the
autosend there is also a menu option to stop a currently running autosend. Another option menu
is given to update the autosend rate. As will be seen in the Performance Evaluation section of
this thesis, many different sending rates were tested. The autosend feature is what was used while
collecting data to test whether our system performed better for battery consumption than traditional
ad hoc solutions.

The screenshot shown in Figure 4.5 demonstrates multiple features of our system. First, you
will notice that the auto send feature is being utilized. The automatic switching from Wifi Direct to
Bluetooth has occurred and is shown. You can tell whether something was received by Wifi Direct
due to the presence of the value true immediately preceding the sequence number of the message.

If a message was received via Bluetooth the value will be false. The screenshot shows that after
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Figure 4.4: Menu showing the different options and settings of our system



message 71 was received, the Wifi Direct connection was severed, and every message afterwards

has the value "false," which indicates that it was received via a bluetooth connection.

4.4 Network Topology

The network graph in Figure 4.6 shows a standard network structure that was used for testing.
Unless noted, the rest of the work will assume a network topology as seen in Figure 4.6. In this
example, there are two sub piconets shown. Node D is a Wifi Direct group owner, connected via
Wifi Direct to nodes A, B, and C. Wifi Direct connections are shown as a red arrow, whereas
bluetooth connections are shown by a dashed blue arrow. Node E is another Wifi Direct group
owner and is also bluetooth master. Nodes F and G are connected to Node E via Wifi Direct, but
node H is in power saving mode and has severed the Wifi connection in favor of Bluetooth.

These two piconets can be connected in two different ways. They can be connected via a
connection with the master node of another piconet, or via a connection with a slave of a different
piconet. The connections between master nodes will try and use bluetooth if possible because the
battery strain on master nodes is significantly greater than the battery strain of slave nodes. If a
Bluetooth connection is not possible, then Wifi Direct will be used, but this should be avoided. For
this example, we can see that node D is connected to node E via a Bluetooth connection. It could,
of course be possible for node A to provide the link between the piconets, but for this example the
piconets are connected via master nodes.

Now let’s look at how a message will be passed through the network. When node A sends a
message, it sends it along its WiFi Direct connection to group owner D. Node D then forwards the
message to all of it’s children, except for node A, the source of the message. Node D is actually a
slave of node E, so it will also forward to node E. After D sends the message along its Bluetooth
connection to E, node E will then send via Wifi Direct connections to nodes F and G, and will send
via a Bluetooth connection to node H. This general flow through the network holds for sending

from any source to all destinations.
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Figure 4.5: Screenshot of our application that showcases our autosending feature, the switching of
technologies, and the options menu
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Figure 4.6: Example network topology
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CHAPTER 5

PERFORMANCE EVALUATION

This chapter is focused on a quantitative evaluation of the HSNet system. We will focus on energy

savings for slave nodes, master nodes, as well as look at the overall throughput of the system.

5.1 Evaluation Methodology

In this section we will explore the experimental testbed used to run an collect data about the
performance of the HSNet system. We also discuss the different metrics used to evaluate the HSNet

system that will be shown throughout the rest of this chapter.

5.1.1 Testbed

Once the application was designed, implemented, and tested for functionality, we set to work
gathering data. In this section we outline and discuss tests we have run to evaluate HSNet in
regards to energy consumption of both slave and master nodes, as well as the throughput of our
system in different configurations and situations. All tests were run on brand new, fresh out of the
box Samsung Galaxy Tab A 8.0 inch tablets. All possible sources of energy consumption were
standardized across the devices, such as screen brightness, background apps etc. The reason for
using the same devices is to provide consistency. Using different types of devices might skew
results because of varying factors such as resting battery consumption as well as total battery life.
Outside of the tests outlined in this work, the application has been tested on a multitude of different
android devices and can support any devices that run either Bluetooth or Wifi Direct.

Since our main focus is power saving, we needed some way to accurately measure the energy
usage. To do this, we opted to use the free application Trepn Power Profiler, created by Qualcomm
[23]. The app runs over top of any application and collects data on a variety of components,
including cpu usage, network state, and most importantly, battery consumption.

The three main areas of the evaluation of the HSNet platform are the analysis of energy
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consumption of Slave nodes, the energy consumption of Master nodes, and throughput analysis
of the system. To run these tests our HSNet software was installed on all of the tablets and were
connected with different network topologies based on the different scenarios. The analysis in this

work is based on a network topology that was shown previously in Figure 4.6.

5.1.2 Evaluation Metrics

HSNet has many different facets that all need to be explored. We evaluate our system using the

following metrics.

 Slave Node Analysis

— Energy consumption of slave nodes is measured in W and is the total energy con-
sumption of the device. We show three scenarios of a connection by only Bluetooth,
a connection by only Wifi Direct, and a connection that switches half way through the

test as an example HSNet connection.

— Lifetime of the network is measured in minutes and is used to compare how long a
Bluetooth network, Wifi Direct network, and an HSNet network last under the same

conditions.

* Master Node Analysis

— Energy consumption of master nodes is measured in uW and we look at how much
energy the typical master node uses compared to a slave node, and we also analyze an

example of the master node switching.

* Throughput

— Throughput of our system is defined as the number of messages received in a given
time frame. We compare this number to a theoretically perfect system in which every

message is received with no loss in order to evaluate the viability of HSNet. We test
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throughput at multiple different message sending rates from 100 messages per second

up to 500 messages per second.

We look at a few different situations of throughput including messages sent within
one piconet, and also messages sent between piconets. In the case of multiple piconet
communications the message has to travel through more nodes to get to its destination.
Again, these tests are run at different sending rates from 100 messages per second to

500 messages per second increasing at intervals of 50 messages per second.

Lastly we look at how throughput of our system is affected by the battery percentage at
which we perform the mode switch. We compare the total throughput of the system when
the mode switch occurs at 0%, 20%, 40%, 60%, 80%, and 100%. We compare these
values against one another as well as measure them as a percentage of the throughput of
a perfect system. For example, if in a perfect system 100 messages are sent and received
and our system sends and received 65 messages, then the value for that combination of

sending rate and switching threshold is 65%.
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Figure 5.1: The results of our experiments regarding energy consumption of slave nodes. The top graph is a slave node sending by only
Bluetooth. The middle graph shows a slave node sending by only Wifi Direct. The Bottom graph shows a slave node that uses our
technology switching paradigm for battery savings
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5.2 Slave Node Analysis

In this section we look into energy consumption as it relates to slave nodes in our system. We
gathered information on how much power our application requires in three different scenarios. The
first scenario is a network connected entirely by Bluetooth, the second test is a network connected
entirely by Wifi Direct, and the third test utilizes our proposed HSNet system and shows our mode
switching algorithm being used. All three of these tests can be seen in Figure 5.1. The goal of
these tests was to calculate average power consumption, as well as how long the battery will last in
the different situations. For these tests we ran each device until it went from 100% battery down to
50% battery. Each test was run simultaneously as three slave devices to one master node.

First we ran a control test in which we used the autosend to send messages exclusively over
Bluetooth. The device used an average of 466,155.3 uW and lasted 3 hours and 23 minutes, these
values can be seen in Table 5.1. This can be seen in the top graph of Figure 5.1. Next we ran
another control test in which the device only sent messages via Wifi Direct. In this scenario the
device used an average of 1,002,054 uW and lasted 2 hours and 52 minutes. This can be seen in
the middle graph of Figure 5.1. It is notable that the device running only Wifi Direct was using, on
average, over twice as much energy as the device running only Bluetooth.

Then we ran a similar profile, except this time the application was using HSNet and switched
from sending via Wifi Direct to sending via Bluetooth. For this test we set the switching threshold
to 75% battery remaining, which is equivalent to half of the total battery life, as we were running
the devices from 100% battery to 50% battery. This is shown in the bottom graph of Figure 5.1. As
can be seen in the figure, there is a very distinct transition from where the Wifi Direct disconnects
and the messages begin sending over the Bluetooth connection. During this test the device used
an average of 761,068.2 uW and lasted 3 hours and 9 minutes. The average battery consumption
was almost exactly halfway between the baseline tests, and shows that switching from Wifi Direct
to Bluetooth is a viable option for energy saving. Also shown in the figure is the total lifetime of
the device within the scope of the tests. You can see when each device ran out of power as the

average battery consumption drops to zero. The third test where our HSNet switching mechanism
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Table 5.1: Energy consumption and lifetime analysis of slave nodes

Average Power Use | Total Lifetime
All Bluetooth 466, 155 uW 203 minutes
All WiFi Direct | 1,002,054 uW 172 minutes
HSNet 761,068 uW 189 minutes

was introduced shows significantly longer battery life than the Wifi Direct case.

There are a few very key points that need to be recognized with this third test. As shown in
Figure 5.1 when this third test was sending via Wifi Direct it was consuming almost exactly the same
amount of power as the test where messages were only being sent by Wifi Direct. After the switch
to Bluetooth, the device was using almost the exact same amount of power as the test where only
Bluetooth was used. This is significant because in the third test, both the Bluetooth and Wifi Direct
connections were active while sending by Wifi Direct. This shows that having these extra Bluetooth
connections as a backup do not actually consume relevant amounts of energy if no messages are
being sent. One of our concerns was the potential of doubling the actual amount connections
between devices, but this is a non-issue as inactive connections consume trivial amounts of energy.

An interesting observation is that you can see an almost identical spike in power consumption
at the beginning of each test case. This is due to the power overhead needed for device discovery
and to set up the initial connections. The third test where both Wifi Direct and Bluetooth were
connected does not show a larger or more prolonged spike during this connection period, which is
something that will be discussed later when analyzing power consumption on the master nodes.

It is important to note that these power consumption numbers are for the entire smartphone, not
only our application. That is why we took steps to ensure that outside forces would have minimal

impact on energy usage.

5.3 Master Node Analysis

In this section we discuss the energy consumption when it comes to the master nodes in our
system. The master nodes in our system differ greatly compared to the slave nodes. A slave node

can only send to its master node, and therefore will consume a somewhat fixed amount of energy.
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Figure 5.2: Power consumption of a Bluetooth master node with respect to the number of slaves

The master nodes, however, can have up to seven slaves in the Bluetooth system and four slaves
in the Wifi Direct system. The master node has to send to all of these slaves, which consumes
significantly more energy than a slave having to only send to its master. In order to combat this
issue, we look at how much energy the master node is actually consuming with the addition of
more slaves, and we also propose and implement a load balancing system in which slave nodes
will switch from one master to another if there is an imbalanced network topology.

First we look at how the energy consumption of the master node increases with the addition of
more slaves. We ran tests and took the averages of having one slave all the way up six slaves on a
Bluetooth master, and having one slave all the way up to four slaves on a Wifi Direct group owner.

Figure 5.2 shows how the energy consumption increases as the number of slave devices increases
on a Bluetooth master node. We see that while energy consumption does increase with the addition
of slave nodes, the increase, however, is not linear. We start to see the energy consumption leveling
off a bit with more slave nodes being added. This is important to our system because the potential
strain on the master node is increasing at a less severe rate when slave nodes are added. This

happens, and was discussed briefly in the previous section, because the power overhead needed to

30



Master Node Wifi Direct

1.4

1.2 4

1.0

Power Consumption (uW) 1076

%99 1 2 3 4 5
Number of Slaves

Figure 5.3: Power consumption of a Wifi Direct group owner with respect to the number of group
members

initially set up the connections does not increase significantly with more than one connection. We
see in the bottom graph of Figure 5.1 that two connections did not produce a noticeably larger spike
in energy consumption than one connection. We ran the exact same tests with Wifi Direct group
members being added to the group owner, and got similar results, showing that adding slaves to
a master node in either system behaves the same way. A similar graph is shown with Wifi Direct
group members being added to the group owner in Figure 5.3.

Even though the addition of more slave nodes does not produce a linearly increasing amount
of energy consumption, the master node does consume more energy than a standard slave node.
As we can see in Figure 5.2 with six slaves the master consumes around 1,600,000 W, which is a

little bit less than four times as much energy as a slave running Bluetooth will consume on average.
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Figure 5.4: Results of an experiment to showcase the load balancing system for master nodes
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Table 5.2: Energy consumption of master nodes before and after load balancing

Before Load Balancing | After Load Balancing | Average Consumption
Overloaded Master 1,613,624 uW 990,317 uW 1,274,904 uW
Underloaded Master | 713,419 uW 1,707,874 uW 1,251,682 uW

Figure 5.4 shows the results of a test showcasing the load balancing system of HSNet. The
top graph of the figure shows a node that originally had two slaves, and the bottom graph shows a
node that originally had one slave. As is shown, the master nodes realize that there is an imbalance
in the network topology as the "overloaded" node has twice as many slaves as the "underloaded"
node. After this has been realized by the master nodes and a switch has been agreed, you can
see a simultaneous drop in energy consumption on the overloaded node, and a jump in energy
consumption on the underloaded node. Before the load balancing occurred, the overloaded node
was using 1,613,624 uW, while the underloaded node was using 712419.5 uW, these values can
be seen in Table 5.2. After the switch occurs, the previously overloaded node is now running at
990,317.4 uW, and the previously underloaded node is running at 1,707874 uW. This is quite a
difference in terms of energy consumption on these two master nodes before and after the load
balancing. Overall, the two nodes had an average power consumption of 1,275,904 uW and
1,251682 uW, which is relatively balanced, considering the load balancing occurred roughly half
way through the test.

If this system were allowed to keep running, the load balancing would continue, because the
master nodes are again unbalanced after the switch. That same node that did the initial switch will
switch back to the original master after the next round of master status messages are sent. This
type of load balancing where the same node keeps switching between masters will occur in all
situations where one master node has only one slave more than the second master node until both
masters have at least four slaves. In situations where the overloaded master has only one more
node than the underloaded master but both have four or more slaves the energy overhead needed
to do the switching outweighs the energy savings received on the underloaded node. If, however,

the situation was three slaves on one master and one slave on the other. After the first switch
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there would be no more switching as the master nodes are now balanced. As a note, these energy
consumption numbers may seem higher than a standard master node because in this situation we

are sending 300 messages per second, which is a higher rate than in other tests.

5.4 Throughput Analysis

In this section we discuss the throughput of our HSNet system. In the case of our application,
throughput is in reference to how many messages we can successfully receive in a window compared
to some theoretically perfect system.

Throughout the first sections of this thesis we have been discussing ways in which to conserve
battery life of our network. If all we care about is battery consumption, then Bluetooth would be
the obvious choice. Wifi Direct, however, is a popular choice for ad hoc networks because of its
extended range, and its significantly better throughput compared to Bluetooth. There are situations
where we will need to decide what is the best switching threshold if high throughput is something
needed by the system. To test this, we look into how our system compares with the baselines of
only sending by Bluetooth, only sending by Wifi Direct, and how it compares to a perfect system
in which every message can be received with no latency issues.

We will again use the network topology shown in Figure 4.6. In this group of tests, node A is
sending messages at different rates, shown in the x-axis of Figure 5.5, and we measure how many
can be received at node C in 60 seconds. The messages will travel from the slave node A, to the
master node D, and arrive at the destination node C.

We ran this test three times for each different message sending rate. We ran the two baselines
of sending exclusively by Bluetooth or Wifi Direct, as well as having one of the two connections
be Bluetooth and the other connection being Wifi Direct. This third test is an example of a

heterogeneous network using HSNet.
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Figure 5.5: Throughput analysis of communication within a single piconet
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Figure 5.5 shows the results of this first test. The red line is the maximum possible number
of messages received given a perfect network. The interesting thing to note in this figure is
that the pink and green lines indicating all Wifi Direct and HSNet connections respectively show
almost identical throughput numbers. Both of those situations hold close to the max possible until
about 400 messages per second, at which point they level off. On the other hand, the all Bluetooth
connections can match the Wifi Direct and HSNet connections until about 300 messages per second
at which point it levels off. This means that at a rate of less than 300 messages per second, a network
connected entirely by Bluetooth shows the same throughput as a network connected only by Wifi
Direct and also the same throughput as the heterogeneous network.

In the second group of tests shown in Figure 5.6 a similar situation was explored. In this test we
are measuring how many messages can be sent from node A and received at node F in 60 seconds.
The main difference in this scenario is that node F is in a different piconet than node A and the
message will have to travel along more nodes to reach the destination. We again ran this test for
different message sending rates, but this time we ran the test four times, for each scenario of: all
Wifi Direct connections, all Bluetooth connections, the first connection of A—D being Wifi Direct
and E—F being bluetooth, and finally the first connection of A—D being bluetooth and E—-F being
Wifi Direct. These last two scenarios are two different examples of connections possible in the
heterogeneous network using HSNet. It is important to note that in this scenario the connection
between nodes D and E is always bluetooth as the connections between master nodes do not usually
switch.

The results in Figure 5.6 show that, once again, the situation of all Wifi Direct connections
performs as well as the maximum possible until around 400 messages per second, at which time
it levels off. We can also see that a mix of Bluetooth and Wifi Direct connections can boast near
perfect throughput until about 250-275 messages per second, at which point both situations of
HSNet connections level off. However, the situation of all connections as Bluetooth hits its max

throughput after about 100 messages per second.
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Figure 5.6: Throughput analysis of communication between two piconets
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The difference in throughput between Wifi Direct connections and Bluetooth connections is
much more evident in the situation of sending messages over more nodes and between two piconets.
Anything less than 300 messages per second will show minimal differences if half of the connections
are Wifi Direct and Bluetooth, in which case any switching threshold would yield similar throughput
results. However, if switching to Bluetooth results in a network where all of the connections are
Bluetooth, then it can only maintain throughput close to maximum at 100 messages per second and
lower.

The last group of tests is shown in Figure 5.7. In this scenario we are sending messages
from node A to node F. This test assumes that all connections are originally Wifi Direct, and the
connection between D and F is going to switch from Wifi Direct to Bluetooth at some threshold.
In this test we analyze the effect on throughput at different switching thresholds.

As can be seen in the bar graph of Figure 5.7 we have the switching threshold on the x-axis.
This is 0% all the way up to 100% by intervals of 20%. A switching threshold of 0% means that
once the phone reached 0% it would switch to Bluetooth. In that case it would never switch, and in
the case of switching at 100% you would switch immediately. For the ones in between, however,
such as a switching threshold of 40% means that when there is 40% battery left the switch from
Wifi Direct to Bluetooth occurs.

We measure the throughput as a percentage of the maximum possible for 100 messages per sec-
ond up to 500 messages per second, at increasing intervals of 100 messages per second. The closer
to 100% means the average throughput for the different sending rate and switching combination
was closer to the maximum possible.

As can be seen in the figure, for sending rates of 100 and 200 messages per second no matter
what the switching threshold is, the average throughput of the system remains close to the maximum
possible. This indicates that if less than 200 messages per second are flowing through the network
then the switch from Wifi Direct to Bluetooth can occur with no degradation of throughput. At
300 messages per second we start to see a significant drop in overall throughput once you reach

a switching threshold of 80%. This means, however, that a switching threshold of 60% or lower
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will not result in significantly less throughput at 300 messages per second. At a sending rate of
400 messages per second we see almost the exact same trend as with 300 messages per second.
Which says that at 400 messages per second you can have a switching threshold of 60% or lower
with minimal throughput losses. The case of 500 messages per second, however, shows significant
drops in throughput once you hit a switching threshold of 20%. This indicates that if messages
are flowing through the network at 500 messages per second, then switching from Wifi Direct to

Bluetooth will always result in a loss of overall throughput.
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CHAPTER 6

CONCLUSIONS AND FUTURE WORK

This chapter will conclude this thesis as well as look at potential future work to advance the HSNet

platform.

6.1 Conclusion

In this work we introduce a multi-hop heterogeneous smartphone ad hoc network, HSNet,
to utilize both Bluetooth and Wifi Direct that can send messages over each of the technologies
individually, as well as automatically switch from Wifi Direct to Bluetooth on the fly.

We analyze the power consumption of networks that communicate exclusively via Wifi Direct
or Bluetooth, and compare it to HSNet that communicates seamlessly over both Wifi Direct and
Bluetooth. We show that our system of switching technologies in real time can significantly increase
the lifetime of the network. We look individually at the power consumption issues with slave nodes,
in which the solution of switching technologies shows significant power reduction.

Master nodes are under significantly more battery strain because they have so many more
connections. We show that having more connections consumes more energy, but this does not
mean a linear growth in power consumption. We introduce a load balancing strategy for master
nodes to help alleviate the issues with having so many connections.

Lastly, we discuss in depth the tradeoffs between throughput of our network and battery con-
sumption. In many cases where messages are sending at less than 300 messages per second we see
almost no degradation in throughput with respects to what technology is being run on a given node.

Mobile ad hoc networks are becoming increasingly common as the number of mobile devices
grows rapidly. Since saving energy is crucial when working with mobile devices, our system is a
step towards efficiently managing a network by taking into concern that the battery of some devices

may be low and energy is more critical.

41



6.2 Future Work

Future work for this project will be focused on two main areas: routing and simulation/scale.
Currently in our system message delivery is done through a modified version of a standard flooding
algorithm. One way that we can improve energy consumption is through the implementation of a
routing strategy that will greatly reduce the number of messages flowing throughout the system.
Another main area to focus on in the future is the scalability of our system. Current tests were
run on a small network of two piconets, but in a real world situation this number could be in the

hundreds or even thousands.

6.2.1 Routing

Routing within the HSNet platform can be implemented in the same way as many types of ad
hoc routing. There is a lot of research done into ad hoc routing, and techniques such as AODV,
Dynamic Source Routing, and even Delay Tolerant Network (DTN) routing are all areas that could
be fruitful to explore.

On top of all of this, HSNet provides other possibilities for routing due to the heterogeneity
of the connections in the network. As we’ve seen in the previous sections of this thesis, different
combinations of Wifi Direct and Bluetooth connections yield different throughput values. We have
collected a lot of data about throughput in different HSNet scenarios. It would be very interesting
to approach routing as a learning problem and weight paths differently based on which links are

Bluetooth vs which links are Wifi Direct.

6.2.2 Simulation/Scale

The scale of the experiments run in this work was limited to the actual number of physical devices
that we possess. In a more realistic scenario there could be thousands of connected devices. A
good area for future work would be to test the scalability of the HSNet platform. It is not feasible

to try and get thousands of devices to test on hardware, so looking into simulating HSNet is a good
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option to test the scalability. There are a few simulation softwares that might be suitable for this
task, including NS3, NetSim, OMNET, OPNET.

I am very interested to see how the throughput scales with a larger network, and I am optimistic
that some of the issues regarding the half-duplex nature of Bluetooth and Wifi Direct might be
alleviated if there are more nodes in the network to share the load of the messages flowing throughout

the system.
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