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Abstract

Wireless Sensor Networks (WSN) are used in many applications like tracking, monitoring
etc. Many of these applications require a decentralized approach where all the nodes
are equally involved in a network and there is no central controlling unit or a sink
node. Moreover, a decentralized approach makes a WSN robust to network failures using
the property of self organizing. These requirements stem the need for the distributed
applications for the WSN. One such application is counting the number of nodes in
a network. This has numerous uses like monitoring the movement of a herd or for a
decision making process which requires the size of the network.

This need of distributed application and the properties of the underlying WSN platform
imposes certain challenges for developing applications. In this work we have used the
MinTopK and the Static Bucket algorithm for counting the number of nodes in Myri-
aNed. MyriaNed is a WSN which uses a gossiping approach for data dissemination. We
have evaluated the performance of these two algorithms on certain performance metrics
under different scenarios. Based on these evaluations, we have suggested the application
where each of these algorithms can be used.
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Chapter 1

Introduction

Advances in the peer-to-peer overlay networks [I] and Wireless Sensor Networks (WSN)
[21 B] has resulted in the use of distributed networks for achieving scalability and robust-
ness. Many a times it is required that each node should have a count on the number
of participating nodes in the network. This can be used for the applications like load
balancing [] and habitat monitoring [5]. The absence of a central controlling system
or a storage point in the distributed networks makes it a further challenging task [6].
This project focuses on the node counting techniques in such distributed and resource
constrained networks.

1.1 Context

The work presented in the thesis is carried out at DevLabEl It is an alliance of 13 small
and Medium Enterprises (SMEs) that was started in the year 2004 in close association
with Technical Universities and institutions. The goal of this co-operation is to facilitate
the exchange of knowledge between universities and the industry.

1.1.1 MyriaNed

MyriaNedEl is a WSN platform developed at DevLab. It uses the concept of gossiping
[, a type of an epidemic protocol achieved through the gMAC [7](gossiping Medium
Access Controller (MAC)[8]). The gMAC makes use of Time Division Multiple Access
(TDMA) [0 scheme for medium access and gossiping as a communication protocol [I0].

"http://www.devlab.nl/
http://wsn.chess.nl



2 Chapter 1. Introduction

The gMAC makes it robust to failures and efficient [T [I2]. Some salient features of the
MyriaNed areﬂ :

e The absence of an addressing scheme, makes MyriaNed very low cost protocol (in
terms of energy spent, message overhead and memory consumed) which is robust
to network failures.

e Self-configuration, the absence of a top-down structure[I3] and transparency in
data dissemination aids the nodes to easily join or leave the network any time.
Thus, achieving scalability.

e A heterogeneous network can be formed, allowing nodes to easily exchange data
from different applications without introducing any further complexity.

e [t uses a TDMA technique to resolve medium access thus helping reduce collisions.

e MyriaNed uses synchronization between nodes to increase the duty cycling [I4] in
which node remains active for some period and can go to sleep for most of the time
for limiting the energy consumption.

e A very tight synchronization mechanism that is also capable of coping with the
clock drift [I5], enabling all nodes in the network to communicate in the same time

frame[L6].

The above mentioned properties make MyriaNed a really distributed platform (no central
unit or sink node) making it apt for not just typical WSN applications [I7], but also for
social ad-hoc networks [16] and Body Area Networks (BAN)[LI].

1.1.2 TDMA Frame Structure

The TDMA protocol divides time in a series of frames. Figure illustrates a frame
structure in MyriaNed. Each frame is further divided into 2 parts the active part and
an inactive part.

Active (Awake/ ON) part: In this mode, all the components of the node are active,
including the transceiver.

Inactive (Sleep/ Off) part: In this mode, the transceiver is turned Off as it consumes
most of the power, thus increasing lifetime of a node.

The active part is further divided into slots. From the number of available slots in the
active part, every node can transmit only in its transmission(Txz) slot. The remaining

3MyriaNed is described in more detail in chapter 2
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Figure 1.1: TDMA Frame Structure
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slots in the active period are receiving (Rx) slot, during which, the node just listens
to the channel and receives the messages that arrive. The received messages are then
further processed.

1.1.3 Synchronization in MyriaNed

Guard Tx Time G_uard —— Node A
Time Time

|

| — Node B

| Rx Time

[EE—

|

Offset between nodes

Figure 1.2: Syncronization offset

In context of MyriaNed, when the active part of two nodes overlap, then the nodes are
said to be synchronized. Consider figure [[.2] in which two nodes A and B are in the
transmission range of each other and the transmission (Tx) slot of a node A overlaps
with the receiving (Rx) slot of another node B, implying that one node can hear other
node, then we say that two nodes are synchronized.
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The synchronization offset shown in figure [1.2] is the relative time difference by which
the transmission (Tx) of node A and receiving slot of node B are separated. It shares an
inverse relation with tightness of synchronization [I6]. This means that, the lesser the
offset, tighter the synchronization between two nodes. It also depicts that for the nodes
to be synchronized, the active period of the nodes should overlap at least a bit, in fact
lesser the offset, the better synchronized the network is. As the amount of the nodes
increase, it becomes really challenging to maintain synchronization between the nodes,
so that they can be aware of the existence of all the other nodes in the range.

This was achieved by Dobson et al [10] and they were able to maintain synchronization
in the network size of up to 4096 nodes, even accounting for the clock frequency offsets
and clock drift, that are inherent in a physical clock.

1.1.4 Clusters

Cluster A
Cluster B

. o Cluster C

Figure 1.3: Different clusters

When the nodes start up, there might be different groups of a few nodes, which are
synchronized together depicted by different color in figure Thus, resulting in a
separate cluster of nodes within a network.

As the active part of a node is very short, the node can receive messages from other
nodes only for a limited duration. In a network, if this duration of all the nodes does
not overlap then it results in the formation of numerous clusters. As shown in figure|1.3
Even though all the nodes are in the transmission range of each other, lack of complete
synchronization results in formation of the subnetwork of nodes.
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This issue was solved by merging all the clusters together to form a network. It has
been achieved in a network of up to 4096 nodes [I4] by sharing the active period even
in very low duty cycle networks. Thus, achieving complete synchronization between all
the nodes in the whole network. The solution to this problem lies in factoring it into 3
sub-problems and then addressing them separately [14]. The 3 phases are as follows:

Detection: In this phase the nodes detect the existence of different clusters.

Decision: When a node from cluster A detects existence of another cluster B,
then it has to decide, whether to merge with cluster B or remain in cluster A.

Notification: In this phase, after a node has decided to merge into a new cluster,
then its decision is propagated to all the nodes in its cluster.

1.2 Motivation

The process of merging of smaller clusters eventually resulting in a completely synchro-
nized single network leads to implicit questions.

1. How should merging of the clusters take place?
2. Which cluster should merge with which one?

Once a node from cluster A is aware of the existence of another cluster B, the decision
of whether to join the new cluster or remain in the same cluster has to be taken and
this decision should be based on a condition. If this is left to chance and done randomly,
then there is a certain possibility that the nodes might start jumping from one cluster to
another and sometimes back and forth, resulting in an unstable network, thus creating
further issues. Furthermore this rudimentary approach results in a significant waste of
time and energy, both of which are critical in WSN.

The authors in [I4] used the concept of cluster Ids. In this approach, each node would
have its own unique cluster Id. Whenever, a node hears from a node with a different
cluster Id, it can make the decision whether to join that cluster or not based on which
cluster Id is higher. If its own cluster Id is higher, it will not change its cluster but if its
cluster Id is lower then it will join the other cluster. Using this condition, to choose the
cluster Id solves the problem, albeit not efficiently. The merging of the clusters is rather
slow [I4] increasing the convergence time of the network. Also, in certain cases, a large
cluster of nodes, which has a lower cluster Id, has to merge with a much smaller cluster,
whose cluster Id is incidentally higher. Thus, reducing the optimality. In the trade-
off between convergence and optimality, convergence is of prime importance which was
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achieved by this method. What if we do not have to do a trade off between convergence
and optimality? This can be achieved as described below.

Boundary
Nodes

Figure 1.4: Boundary condition

Consider the figure It shows a scenario in which there are two clusters/networks
of nodes which are not synchronized. The nodes at the boundary of two networks can
identify the existence of both clusters thus facing the dilemma of which network to join.
The simple solution is, for a smaller network to join a bigger network, thus reducing
convergence time.

For the above solution to work, it is really necessary that all the nodes should have the
knowledge of the network/cluster size, prompting us to find a solution to count the size
of the network. Besides the knowledge of network size can be useful for numerous other
reasons like

1. Optimal decision making in the process of cluster merging or voting process.
2. Counting the number of participants in large scale social ad-hoc networks [16].
3. The vendors can build various services on it, suiting their requirements.

The inherent properties (described in section |1.1.1]) of the MyriaNed like gossiping and
the need for complete decentralized structure makes node counting in MyriaNed a very
challenging task.

1.3 Project Goals

1.3.1 Assignment

The benefit of knowing the size of each cluster aids the process of decision making when
choosing which cluster to merge to. The work described and carried out in this thesis
is based on two network size estimation algorithms, the MinTopK [I8] and the Static
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Bucket [19]. Both these algorithms are distributed algorithms which give an estimate
of the size of the whole network. The use of these algorithms is not limited by the
need of any extra hardware in the form of a peripheral device or need of any sink or
data collection node. Also, it perfectly suits the gossip based broadcasting scheme of
MyriaNed, thus making it an apt protocol for estimating the network size. The thesis
mainly focuses on the Performance analysis and comparison between MinTopK and
Static Bucket algorithm with different parameters under a range of diverse practical
scenarios in a simulator[20].

1.3.2 Requirements

The node counting algorithm should satisfy certain requirements. They are as follows:

1. It should be able to do so without making use of any specialized hardware device
or a sink node.

2. It should result in the message size of less than 26 bytes. As, this is the available
packet size for the applications in MyriaNed.

3. It should be distributed. Every node should be able to calculate the size of the
network.

4. Tt should be trigger independent. This means, an algorithm in which an external
event (like query, interrupt) results in the initiation of the algorithm, is not suitable.

5. It should be independent of the routing protocol. This means that the algorithm
should not alter the way in which routing happens.

6. All the nodes in the network should be able to calculate the size simultaneously.
7. It should not require the WSN platform to have a addressing scheme.

8. The algorithm, once started on a node, should continuously provide the network
size. Unless and until there is a change in the network due to nodes leaving or
joining the network.

1.3.3 Objectives

The starting point of this assignment was the work of Evers et al[I8], which presented
some solutions for performing node counting in a WSN. The main objectives of this
assignment are as follows:



8 Chapter 1. Introduction

1. A detailed study of all the algorithms proposed in [I8] and choose a suitable can-
didate that satisfies the requirements mentioned in section [I.3.2}

2. Study the state of the art distributed node counting algorithms and select a can-
didate that meet the requirements of MyriaNed (as mentioned in section [1.3.2)).

3. Implement the chosen algorithms (from step 1 and 2) on MyriaSim (a simulator
based on the framework of MiXim and OMNeT++ and simulates the behaviour
as MyriaNed), which lays the foundation for the evaluation of algorithms on a
simulator.

4. Investigate the performance of the algorithms of step 1 and 2 under different sce-
narios by analysis and comparison.

1.4 Approach

The problem of counting the number of nodes in the network combined with the re-
quirements mentioned in the section [L.3.2 results in the choice of estimation algorithms.
Here, the term estimation is used because, the network size cannot be calculated exactly.
Thus, using estimation algorithms provides an estimate of the network sizeﬁ Therefore,
a study is done to find suitable algorithms.

This family of estimation algorithms uses different methods and parameters to estimate
the size of the network. It would be very naive to not look into, how these parameters
affect each algorithm. Hence, we experiment with different sets of parameters for each
algorithm thus presenting their results and discussing and the reasons behind them.

The comparison between the algorithms is done based on their functioning and by exper-
imenting them under various scenarios. So, we can evaluate their performance, observe
the result and discuss the reason behind it, to decide which is better under what set of
conditions.

1.5 Contributions

In this project, after studying the various estimation algorithms, we chose two algorithms
: MinTopK and Static Bucket that are suitable to MyriaNed and present the results of
the comparison between the two. The contributions are listed as follows:

4The accuracy of the estimate varies with the algorithm
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1. Selected the best suited algorithm, from the present algorithms that address the
issue of node counting in WSN.

2. Implemented the MinTopK algorithm in MyriaSim to obtain the results in a Myr-
iaNed set-up.

3. An empirical study on the change of parameter for both the algorithms is ad-
dressed.

4. An empirical study between two algorithms is presented based on the important
performance metrics under various scenarios.

1.6 Structure of the thesis

The rest of the report is organized as follows: chapter 2 describes the basic functioning
of the MyriaNed. It also describes the functioning of the MyriaSim concerned with
using the algorithm for estimating the network size. Chapter 3 provides an insight into
the approaches that can be used for node counting. Chapter 4 describes the selected
algorithms and the performance metrics used. The various scenarios, experiments and
the results are discussed in chapter 5. Chapter 6 concludes with an insight into future
work.
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Chapter 2

MyriaNed

2.1 Introduction

A wireless sensor network (WSN), is distinguished from other WSN primarily by the
device, that is being used as the node in that network and secondly, the way it functions.
Different types of WSN platforms are listed in [2I] and it is extensively surveyed in
[21 B]. The WSN that we are investigating for our research is MyriaNed. Therefore, it is
necessary to have a clear understanding of the functioning of MyriaNed.

In this chapter, we describe the MyriaNed architecture, its scheduling, the basics of
gMAC, its benefits and MyriaSim, the simulator used for performing the simulations.

The Technical Reports [I3] 22] explains MyriaCore and gMAC in detail and this chapter
is largely based on these reports.

2.2 MyriaNed

One of the challenges in a WSN, is to maintain the network configuration for efficient
routing of messages. This necessity leads to need of extra resources in the form of
memory, network resources and energy. Some WSN applications that require frequent
changes in the network topology, adds to this plight and most of the energy and time
is spent on updating the routing tables or maintaining the network structure. DevLab
created MyriaNed with a goal of providing a cheap solution and addresses these issues,
in the following way:

1. For propagating the data in the network, a gossiping scheme is used. The use of
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gossiping provides the following benefits

(a) No need of maintaining a topology, thus reducing overhead involved in main-
taining network topology and routing the data through the network.

(b) Network becomes tolerant to node failures, as there is no single path of com-
munication

(c) The data diffusion is done without any added complexity in terms of message

(d) If a transmitted packet is lost, that doesn’t mean that the data is lost. Since,
the data remains in the network through other nodes.

(e) A node joining or leaving the network does not affect the configuration and
data dissemination through the network.

2. The gMAC (Gossiping Medium access control) protocol used to broadcast the
messages in the network employs a Time Division Multiple Access (TDMA) tech-
nique for dividing a channel/medium among the nodes. Thus compared to unicast,
where each node communicates with other nodes one at a time, gossiping utilizes
broadcast for communicating with multiple nodes and this results in energy saving.

3. The operating system of the sensor nodes in the MyriaNed isMyriaCore. The
gMAC is tightly integrated into it. MyriaCore helps in reducing energy consump-
tion by using very low duty cycles.

Gossiping

Instead of using a conventional approach of point-to-point communication, in which a
node communicates with just a specified node, MyrialNed employs a gossiping scheme,
in which each node periodically broadcasts its messages over the WSN to all the other
nodes. This is a very quick and efficient way of flooding the data in a network and has
the advantages as mentioned in section [2.2

MyriaCore

MyriaCore is the software that is used in the MyriaNode for scheduling the communi-
cation applications tasks. The ability of the MyriaNed to attain very low duty cycles
for reducing the power consumption, is attained by keeping the network very tightly
synchronized. This tight synchronization is achieved by giving the MyriaCore complete
control over the interrupt system of the processor. It makes use of the local timer to
achieve synchronization with the other nodes in the network. Figure depicts the
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functioning of the MyriaCore. It shows that the gMAC makes use of the events from
the timer to synchronize the network. The Scheduler and dispatcher of the MyriaCore
is controlled by these synchronized events and they in turn call the application. It also
shows that the control of sensors and actuators is completely independent of MyriaCore
and lies with the application itself, which uses the API’SEl from the Myrialo library to
control them (sensors and actuators).

Sensors
neighbours
-
Syerite Scheduler o :
& Application Myrialo
dispatcher |

MyriaCore

Figure 2.1: MyriaCore functioning

Gossip MAC

The gMAC makes the use of gossiping as a routing mechanism and a TDMA protocol
for medium access. This approach helps to achieve low duty cycle by turning on the
radio for a small duration. Figure [2.2] shows the timing diagram of gMAC.

The TDMA protocol employed in gMAC works as follows: Time is divided into a number
of frames and a collection of one or more frames form a frame schedule. Each frame
is also referred to as one gossiping round. The frame is further divided into active and
inactive periods. The difference between these two being that a transceiver in on during
active period, whereas it is off during inactive period. The active period of a frame
consists of one or multiple slot schedule. Each slot schedule comprises of multiple slot
of equal length. The slots are assigned to perform the role of either receiving a message
(Rx), transmitting a message (Tx) or remaining idle (idle). Each frame has just one
active slot schedule, whereas, the number of slot schedule in a frame is variable and is

! Application programming interface
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directly dependent on the number of neighbours. Figure [2.3] shows the timing diagram
of receive and transmit slot.

Frame Schedule

Y

1 frame
-

i
HEEENEE |||||||,!_¥_~

Slot

Y
4

Slot Schedule

nx|nx|Tx|Fex||me||me||me||me

Guard T= uand
Tme Time Tm=

Figure 2.2: Timing Diagram of a frame

2.3 Distributed Architecture of MyrialNed

MyriaNed has a distributed architecture, which enables it to be robust to network fail-
ures, adds scalability to it and helps it to become self organized. To achieve these things
along with low duty cycles, add to the challenge of maintaining synchronization between
the nodes. This is achieved as follows: In MyriaNed, for forming a distributed network,
the procedure starts with at least 2 nodes with other nodes joining it later. The steps
involved are as follows:

1. Network Initialization: Figure depicts the network initialization procedure in
MyriaNed. When the node is powered on, or reset it enters the INITIAL_LISTEN
state, if it detects an already existing network, it enters the SYNCHRONIZED
state. Otherwise, it enters SAY_HELLQO state, where it broadcasts that it is still
not in the SYNCHRONIZED state. If it still does not receive any message from
the other nodes, then it enters KEEP_LISTENING state, where it continuously
monitors for messages from other nodes. It enters the SYNCHRONIZED state, as
soon as it receives a message.

2. Network Discovery: At times, if, due to some reasons the node looses its connec-
tivity with the other nodes and it cannot find any neighbours within a specified
number of frames, then it becomes disconnected from the network. In such a case,
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Time On Air

Rx Message E

Guard Time Guard Time

Rx Time
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AN

Clock period Transmit Time

)
]

Receive Slot = Transmit Slot

Figure 2.3: Timing Diagram of receive and transmit slot

instead of starting the node again, it enters SEARCH state, where it constantly
monitors all the frames for any existing network, to join.

3. Network Join: When two small networks cannot join, then the mechanism is as
follows: Every node transmits a join message in the idle period of each frame by
randomly selecting a slot. This information about the slot number is carried in
the gMAC header of its message. When this message is received by other nodes,
then based on this information the receiving nodes will synchronize to it in the
next frame. Thus, joining a network.

4. Network Fzxecution Model: MyriaNed follows a ”Locally Asynchronous Globally
Synchronous” (LAGS) architecture. This means, that even though the processes
that run on each node are not in sync with others, globally the whole network
is synchronized. Figure depicts the execution model of the network. At each
round all the nodes potentially receive a message from the neighbouring nodes (de-
noted by blue blocks). Upon receiving, these messages are then evaluated (denoted
by green blocks). The word potentially is used because due to the broadcasting
nature of the nodes, there is no guarantee that every transmitted message will be
received. The height of each block represents the power consumed by that activity.
As, it can be seen from the figure that, communication consumes more power than
computation.
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Figure 2.4: Network Initialization

2.4 Scheduling

As we explained in section that MyriaCore is the operating system of nodes in
MyriaNed and gMAC is the timing master of MyriaCore which determines the scheduling
of frames. MyriaCore deals with the scheduling of the necessary functions that facilitate
the execution of the applications. There are 3 such compulsory functions, which every
node is bound to execute and they should be part of the application code. They are as
follows:

1. appInit(): This function is called just once during the entire lifetime of a node,
when the node is first started. It is mainly used to initialize the application and
set the data structures, pointers, variables to their default values.

2. appFEvalRxMsg(): This function is embodied in the application and MyriaCore uses
this function, every time it receives a valid message. A message is called valid, if it
has been received from a node in the same frequency band with a specified header
and has a correct CR(E[ The data in the this message is lost after the completion
of the function, therefore the application should either consume this data or store
it in the memory.

2Cyclic redundancy check
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Power communicate evaluate Sensor / Actuator

Node 1 f ﬂ_!\

Node 2

Node 3
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Figure 2.5: Network Execution Model

3. appPrepareTrMsg(): During the active period MyriaCore calls appEvalRxMsg()
function and it calls appPrepare TxMsg() after the end of active period. It is during
this duration, that the application should process the received data and prepare a
message to be broadcast in the next round.

FRAME_TIME
i

SLOT_TIME

Radio activity

appEvalRxMsg | /—\’/‘

appPrepareTxMsg \

Figure 2.6: MyriaCore: Scheduling

Figure depicts the timing diagram for the application scheduling by MyriaCore. We
can see that the active period of each frame is divided into 5 slots each (numbered from
left to right). The transmission (4**) slot is shown in red whereas the receiving slot is
in blue. After a valid message is received in receiving slot (1,2,5), the appEvalRzMsg()
function is called by the MyriaCore. At the end of the active period of the frame, when all
the messages have been received, MyriaCore calls the appPrepare TxMsg() function. The
processing on received data is performed by this function and the resulting message is
then transmitted in the next active period. After finishing appPrepare TxMsg() function,
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MyriaNode will go to sleep mode and will wake up at the start of the next frame.

2.5 MyriaNed Components

The main components of MyriaNed are as follows:

1. MyriaNode: The wireless devices which are used as nodes in the MyriaNed consists
of the nRF241.01 as the radio device and the processor is Atmel ATXMegal28al.

2. Transceiwer: The transceiver used in MyriaNed is Nordic nRF24L01, which is a
packet based radio capable of message encoding, decoding and assembling/disas-
sembling. It operates in the 2.4 GHz ISM band and has a bit rate of 2 Mbps.

3. Message Structure: The actual packet size which the Nordic radio can carry is 32
bytes. Out of this, 6 bytes are needed by gMAC, for its own functioning. Therefore,
the effective size that is available for an application in each packet is 26 bytes.

2.6 MyriaSim

The simulator used is MyriaSim [23], which is based on OMNeT++ [24], an open-source
simulator and MiXiM [20], which provides extensions for mobility and wireless network
protocols.

In MyriaSim, OMNeT++ is used to extend the MiXiM framework to provide support
for MyriaNed by adding the gMAC protocol. Also, the simulator makes use of the
modules, which uses the parameter of actual hardware. Example: In MyriaSim, the
module for the radio of the nodes is modelled according to the specifications of actual
radio nRF24L01, which is used in MyriaNode.

Since, we are interested in the implementation of the node counting algorithm and its
functioning in MyriaSim, we explain in brief the structure of the modules of MyriaSim
for achieving it.

Figure depicts the functioning of the modules in MyriaSim and how it can be used
for the implementation of the algorithms that estimates the size of the network.

The base one is the physical layer module that deals with the actual transmission/
reception of the data just like in the physical nodes. The gMAC module encapsulates
the functioning of the gMAC and it interacts with the physical module. The application
module, consists of the application that are to be used in MyriaNed. The application



2.6. MyriaSim 19

Size Estimator App.

pplication ...

Figure 2.7: MyriaSim: Structure

module is independent of the physical module and interacts with the it through the
gMAC module.

One of the application modules is the Size Estimator Application. The size estimator
application module does the work of calling the algorithm module. It is this algorithm
module, where algorithms for estimating the size of networks are placed. The size
estimator application module takes the simulation parameters from the .ini file and
calls the specified algorithm (Example: MinTopK, Static Bucket) from the algorithm
module with the set parameters. The parameters which are specific for running the
simulation are set in the ini [24] file of the simulator.



20

Chapter 2. MyriaNed




Chapter 3

State of the art

3.1 Introduction

Estimating the network size (or node counting in a network) is a topic of great interest,
evident from the active research in this field [25] 26]. Some of the applications of it are
listed in section The choice of the algorithm for counting the nodes is influenced by
many factors, few of them are enumerated as follows as follows

1. The application for which it is being used.

2. The underlying hardware approach. Example: The type of nodes being used, use
of a sink node etc.

3. The protocol being used for routing. Example: Gossiping [7], ZigBee [27]

4. The desired accuracy. Example: accurate or just a rough estimate of network size
is acceptable which has certain error.

For our work, we are investigating the performance of the node counting algorithm in
MyriaNed. Therefore, the requirements for the appropriate approach are enumerated as
follows:

1. The working of the approach should be independent of the knowledge of the struc-
ture of the network.

2. The approach should be capable of working in a distributed environment/network.

3. The approach should be able to work in a gossiping network.
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10.

11.

12.

13.

14.

. Each and every node in the network should be able to estimate the network size

at any given instant.

The message size is limited to 32 bytes by MyriaNeaﬂ bytes.

It should not make use of the extra hardware.

It should work independently of the knowledge of the degreeﬂ of the nodes.

The approach should work even in the networks, where collision detection of the
transmitted messages is not possible

the approach should be memory efficient and should work on the minimal amount
of memory.

A single node should not act as a trigger or query generator, for estimating the
network size.

It should be able to use the algorithm as a standalone application; use of ap-
proaches, which does not require altering the routing scheme are required.

The approach should provide a continuous estimate of the network size.

The approach should not work in phases. This means that for giving an estimate
of the network size, the approach should not execute multiple phases. Example:
capture-recapture.

Algorithms, which approximately estimate the network size and lead to the saving
of resources, in terms of memory and power, with a certain accuracy are preferred
over the ones which give accurate estimates, but with huge penalty in terms of
memory requirement and message overhead.

In this chapter we present few well known approaches which are used for estimating the
network size. We start with presenting some simple approaches, then we discuss some
node aggregation approaches, which are used for aggregating different function values
(like count, sum and average [25]) in a node and classify them according to certain criteria
like computation technique or network structure [25]. We then, present the algorithms
that we chose to evaluate and reason the motivation behind it.

!The effective space available is 26 bytes, since gMAC uses 6 bytes for its own purpose.
2A degree of a node specifies the number of direct physical connections to other nodes
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3.2 Naive approaches

In this section, we describe some of the very basic or simple approaches which can be
used for estimating the network size, but do not seem appropriate for our use due to
certain reasons.

3.2.1 Epidemic Protocol

With the issue of counting the number of nodes in a network, the simplest idea that
occurs, is to store the unique identifiers (Node Id) of all the nodes in the network at
each and every node, where the number of Node Id’s gives a count of network size, N.
Every time the node propagates, the style of propagation for every node would be to
select a random Node Id from its memory and broadcast it.

Though this idea is very simple, the main problem with this approach is that it requires
a huge memory size allocated for storing Node Ids. In a network of N nodes, each node
would need a space of (N * k) bytes, where k is the number of bytes required to denote
node-id of each node. This grows with the size of the network, thus demanding huge
memory requirements, which is a scarce resource in WSN. Also, the time required to
propagate all the node-id’s till each node has all the Node Id’s in the network, would be
very large. Therefore, this approach is not suitable for our use.

3.2.2 German Tank Problem

Another very simple approach used to find the estimates, was actually used by the allied
forces during world war II for counting the number of German tanks. This is famously
known as the German tank problem [28].

It works on the principle, that if the population is serially numbered, then based on k
samples, which are sampled from the population, it is possible to determine the total size
of the population using the formula mentioned in the equation m is the maximum
value observed for k samples.

Nw(m—1)+ (%) (3.1)

The detailed study of this approach is done in [29], wherein it is mentioned that this
procedure was used to estimate with great success many things like rockets, tires, tanks
to name a few.
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The problem with this approach is that, due to the applications of a WSN, it is going
to be a tough task for all the nodes in a network, to be numbered serially at any given
instant.

3.3 Distributed data aggregation

Distributed data aggregation is a referred to as the process to gather some aggregates
like count, sum, average of various functions or values in a distributed network. It can
also be used to calculate the size of the network in WSN [25]. The techniques used for
data aggregation are classified and surveyed in [30, 25]. We discuss some of the existing
techniques that are pertaining to MyriaNed.

The suitability of the data aggregation technique being used, depends mainly on how
the network structure is and what computation principle is used to compute aggregates.

[25].

3.3.1 Network structure
Structured

Some aggregation algorithms, as classified in [30], require the network to be structured
in some sort of structure like tree, ring or clusters. Although, this approach helps to
compute aggregate in as faster way, this is not a suitable approach for us. Because, this
requires an additional overhead (in terms of time) to create a network in the form of
a structure first. Also, in mobility scenarios, where the topology changes fast, creating
and maintaining these sort of structure requires unnecessary demand in terms of power
and memory. In certain cases, this approach requires the routing algorithm to work in
a desired way. Hence, we look for an unstructured approach, where the routing scheme
used is flooding or gossiping, since, this is what the MyriaNed uses.

Unstructured network

This type of approach does not require the network to be in a particular structure, thus
perfectly suiting to the principle of gossiping, that is embodied in MyriaNed. Here, we
study some popular approaches, which have been employed in unstructured networks.

Randomized Reports This is a simple approach mentioned in [31I] wherein, a node
generates a query (known as source node) for estimating the network size, with a sam-
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pling probability p and propagates it. The receiving node replies with its response
(whether present or not), based on this p. After generating a query within a pre-defined
time interval, the source node can calculate the network size IV, based on the number of
received replies r by using the formula

N = (3.2)

T3

This approach requires, the query to initiate at one node, thus making it unsuitable for
our requirement.

Random Tour With this approach, each node starts a query, and every other node
receiving that query propagates it further, after processing it in a certain way, thus,
creating a random walk. When the query is ultimately reached at the initiating node, it
is termed as a random tour.

A scheme proposed by Massoulie et al. [32] works in the following way for estimating the
size of the network. Let every node store a value 1. The source node z (node starting
the query) initiates a random variable X with value é, where d,, denotes the number
of nodes, node z is connected to (i.e. degree of node z). After receiving X from node z,
node y processes it based on equation

1

X « X + (dy> (3.3)

When the tour is completed, the network size IV can be found out by the source node x

using equation [3.4]
N = dy+ X (3.4)

Although, the algorithm is very simple, it is not resilient to a scenario, where the neigh-
bouring nodes change frequently, because the network size estimation for node z is
directly related to the degree of the node x. Such situation, where the degree changes,
can occur due to node failures or in a mobile scenario, where the neighbouring nodes
keep changing frequently.

Push-Pull Protocol This approach was presented by Evers et al [I§], which is the
adaptation of the work done by Jelasity et al [33] B4] and Kempe et al [35] wherein, they
have proved that, using an epidemic style of anti-entropy protocol [36], in the network
which is fully connected, with all the nodes having bidirectional links, it is possible to
estimate the size of the network.

In this approach, for estimating the size of the network, a node z at time instant ¢ = 0,
starts with a weight of 1, denoted by W% = 1. Whereas, all other nodes y # = start
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with value W; = 0. In each round, half of the actual weight, is transferred to the node
which is selected uniformly at random. Thereafter, at every round ¢, upon receiving a
value from node z, each node y updates its value according to the equation At any
time instant ¢, node x estimates, the network size, N, according to the equation |3.6
The accuracy increases as time increases, thus slowly converging to the accurate value
[B5]. The authors proved this based on the conservation property , which states that at
time instant ¢, the weight carried by all the N nodes in the network is 1. This property
is formalized in equation [3.7

W, =W, + W, (3.5)
1
N
Z wh =1 (3.7)
=1

As we can observe, the problem with this approach is that it is too idealistic, in the
sense, that it does not take into account the message loss encountered while transmitting
or receiving (very common factor in WSN). The authors in [35] assume a detection
mechanism, which alerts the node about the failure of the transmitted message, in that
case, the node restores its weight by again sending the message to itself. This mechanism
does not exist in MyriaNed. Also, contrary to our need that all the nodes should be able
to start the process at any given instant ¢, this approach requires a single node x to
initiate the process.

3.3.2 Computation Principle

In this section, we discuss some approaches, which use a particular type of computation
principle for the aggregation of data. Thus, the network size.

Hierarchical

This sort of approach requires the network to be arranged in a structured way as men-
tioned in the section [3.3.1] so that the computation is hierarchical in nature. The simple
example of its working is as follows: Upon receiving the query for the network size, the
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head of each cluster known as cluster heaaﬂ provides the information on the number
of nodes in that cluster to the source node, the source node (from which the query is
generated) then combines the information it receives from all the cluster heads and uses
it to count the network size. Algorithms, which employ this mechanism for aggregation
produces fairly accurate results, but they are not fault tolerant [25], and they seldom
have a single source of failure. An example would be, failure of the cluster head in a
cluster of nodes, or a root nodeﬁ in a tree structure. We avoid use of this approach for
reason mentioned in section B.3.11

Sketches

As the name suggests, the use of this approach involves creating a data structure of
fixed size, which is termed as the sketch. This sketch carries the information of all the
nodes in the network about the desired function. There are various ways of making,
updating and merging these sketches and different sketching techniques have different
computational complexities and accuracy [37]. The special properties of using these
sketches are that they are duplicate insensz’tz’veﬂ thus enabling it to be implemented
independent of routing topology and it is very fast [19].

A function f is said to be duplicate insensitive, if its functioning is unaffected by duplicate
values. Example: Let f.ount be a function which can count the number of unique elements
in a set

fcount(37 27 17 174747 57 47 5) = fcount(1747 27 57 3) =5

We can say that function fepun: is duplicate insensitive.

Sketches are used widely in the field of database [3§] and peer-to-peer computing for
counting the number of distinct elements in a a stream of data. The various methods
used for counting the distinct element using sketches are researched in great detail by
Metwally et al [37].

The seminal work by Flajolet and Martin [38] is the first method of creating sketches
using the hashing functionﬁ This is famously known as FM sketches, named after its
creator. It is explained in chapter 4. The authors in [38] also proposed a method called as
PCSAIZl algorithm, which employs a mechanism of using multiple sketches and averaging

3In a group of nodes(also know as cluster), the node which has all the information about all the nodes
in that group is known as cluster head.

4In a tree structure, the node which has no nodes on top of it, but has leaf nodes, is referred to as
root nodes

5In a gossiping network with no addressing mechanism, where nodes keep broadcasting its values
continuously, any node will receive, the same value more than once. Hence, the issue of duplicity arises.

SA function which maps the data of variable length to a data of fixed length

"Probabilistic counting for stochastic averaging
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the result of estimates of each sketch, to improve the result. The improved algorithm,
LogLog [39] achieves reduction in required memory resources over PCSA. The optimized
version of LogLog is Super-LogLog, which optimizes the memory usage to achieve even
more reduction in estimate error.

The problem with the PCSA, LogLog and Super-LogLog algorithms is that, even though
these approaches are able of counting distinct elements with really good accuracy, the
memory requirement for them, is in order of few hundred Klﬂﬂ [B7. This makes them
unsuitable for use in WSNY|

Extrema Propagation FEztrema propagation [26], is an algorithm based on sketches,
which has been employed in a sensor network for aggregating data and can be used for
estimating the network size, N. The approach works as follows: Each node x maintains
a vector vec, of kK random numbers. The random numbers are generated using a random
number generator having the exponential distribution with parameter 1. In every round,
each node x propagates its vector vec, to its neighbours. After receiving a message from
node y, which contains vec,, node z calculates the point wise minimum of both the
vectors, vec, and vecy. The estimate, Ny of the network of size IV, is calculated using
the equation (3.8

k—1
Ny = ——— (3.8)

Yo vecy|i]

The authors have achieved the results with 4 percent error, by maintaining the value of
k as 2400, thereby reducing the message size to 1500 bytes [26]. This is a great reduction
over Log-Log and Super-LogLog approaches which require message size in the order of a
few hundreds of KB [39].

Static Bucket This algorithm falls under the category of algorithms that make use
of the sketching technique. Thus Static Bucket inherits the properties of being dupli-
cate insensitive and capable of estimating the network size quickly, compared to other
approaches. Static Bucket has also a unique capability of estimating the network size
within the neighbourhood of k hops, thus, this property makes it very special. The
message overhead incurred and the memory requirements are both limited by a same
factor, which is number of buckets and are in the order of few bytes.

8Kilo Bytes
® MyriaNed
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Probabilistic Counting or Sampling

The algorithm under this section make use of some sampling technique [0, AI] for
estimating the size of the network or some probabilistic [I§] estimator based on certain
observations. Here, we discuss a few algorithms which can be used in estimating the
network size based on this approach.

Sample and Collide This algorithm by Massoulie et al.[40] works on the principle of
random walks (described in section for creating a collection of uniform samples.
The method for sampling is as follows: each node = (known as source node) sends
a message which contains a timer, set to some pre-defined value 7' (should be large).
Upon receiving the message, node y uniformly chooses a random number, X € [0, 1] and
the new value of T is set according to equation[3.9] After updating 7', if ' < 0, then the
process stops, else, it is sent to one of the neighbouring nodes, which is chosen uniformly.
When the process is stopped, the message is sent back to the source node. The network
size N can be estimated using equation |3.10

TeT - log (“2;”) (3.9)

dy is the degree of node y.

Ct
20
C; is the total number of samples taken for [ repetitions. Clearly, the accuracy of the
estimate depends largely on the parameter .

N = (3.10)

The performance of this algorithm is dependent, on the ability of the node to generate
samples with uniform distribution [40].

Capture-Recapture Mane et al[4], proposed an algorithm Capture- Recapture, which
works on the principle of random walks. Wherein, the source node that wishes to esti-
mate the size of the network, conducts two random walks (capture and recapture). The
working of each of this walks is as follows: the source x, sends a message to a randomly
selected neighbour node y, containing a timer set to 7', which is a pre-defined value.
Upon receiving, node y decrements the timer value 7" by 1 and transmits this message
to another neighbour which is randomly chosen. This process continues till the timer,
T = 0 or the message reaches the source node. From the start of the walk till its end,
the identifier of each and every node that message traverses through is stored in the
message. The network size, N, is estimated according to the equation |3.11
((n1+1) x (ng+1))

N = et D) (3.11)
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ny signifies number of nodes that were captured in first walk. no signifies number of
nodes that were captured in second walk. nio signifies the number of nodes that were
captured in first walk and recaptured again in second walk.

Apart from the issues inherited because of the random walks (mentioned in section
, this approach requires a closed network, that is a node should not leave or join
the network, while the process of conducting random walks is in progress. Another
serious issue, this algorithm fails to address, is the lack of the ability of the nodes to
detect the failure of successful transmission of messages (because of the collision) to
another node, which is a very common issue an WSN.

MinTopK MinTopK[I8] can be classified as probabilistic counting. The strength of
the algorithm lies in its simplicity of functioning. The message overhead incurred by
this algorithm is of order of few bytesEl and the memory requirements are also very less,
which is limited by the list size K and size of each identifier. Further, the encouraging
results presented by the authors in [I8] adds to its simplicity.

3.4 Choice of algorithms

Table presents the summary of, the approaches and the requirements they satisfy.
As we can see that MinTopK ans Static Bucket satisfy all the requirements. Therefore,
we chose MinTopK [18] and Static Bucket [19] for the analysis. They are described in
detail in chapter 4.

104 bytes in our case
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Chapter 4

Selected Algorithms and
Performance Metrics

4.1 Static Bucket

In this section we explain the working of Static Bucket [19] algorithm. We first start
with explaining how Flajolet-Martin (FM) sketches are used for counting the distinct
elements in a stream of data, gradually moving, to how it can be used to estimate the
number of nodes in a network. Finally, we explain, how the Static Bucket algorithm, as
proposed in [I9] makes use of the technique of FM sketches in calculating the network
size within k& hops by introducing a concept of timestamps.

4.1.1 Estimation from FM Sketch

Here, we consider that each node has a unique node id denoted by n;q. To count the
number of nodes, a simple idea would be to store all the distinct n;4’s. Suppose that each
node store all the received n;q in a set S. A simple count of the number elements in §
would tell us the number of the nodes in the network. But, this approach would require
a node to maintain a big list which will keep on increasing, as we increase the size of the
network. This results in a need of huge memory requirements, which is already a scarce
resource in WSN. An efficient and powerful algorithm which estimates the number of
the distinct elements in a set S was presented in [42]. This technique, known as Flajolet-
Martin (FM) sketch can aggregate long data streams, taking care of the duplicity of the
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values. Each data item is hashed by a hash function as shown in equation [4.1

hg(item) = value (4.1)

The hashing function used, is a geometric hashing function(hy) with the parameter p:%.
Equation [£.2]shows that using such hashing function, the probability of obtaining a value,
is equal to the inverse of 2 to the power of that value. The processed data set is denoted
with P; and p,, denotes the n'* data item in P;. The FM sketch of Py, that is, FM(P))
with " bit is calculated as shown in the equation where m,n > 1.

P (hg(pn) = m) =27" (4.2)

1 if 3p, € Pysuch that hy(pn) =1

4.3
0 else (43)

FM(Py); = {

L;(P;) denotes the lowest index of an FM sketch, FM(F,) that has the value 0. The
estimator in the equation [£.4] gives the approximate number of the elements, with the
error magnitude within one bit. The value of ¢ =~ 0.775351. The detailed proof for the
same is in [38].

Estimator = 12Li(Pd) (4.4)
¢

4.1.2 Network Size Estimation

The FM sketch technique described in section is further adapted to estimate the
number of the nodes in the network. The following adoption works as follows.

As we described in the section n;q denotes an id generated by a node. Let (nid)fc
€ N denote a node-id generated by the node x at time instant ¢t. These id’s are hashed
using the geometric hash function described in section Let X € N be the output
of the hash function.

h(na)l, = X! (4.5)

T
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If, A, is a set which stores a pair of (n;q,t), then the it" element of the FM sketch of
A, becomes,

1 if 3(x,t) € A, such that X% =4

0 else

FM(Arr)z = {

4.1.3 Static Bucket: The algorithm

The FM sketch method described in the section is further modified by the authors
in [19], to adapt, so that it can be used to measure the network size within k-hops. For
this very purpose, the authors of Static Bucket introduced the concept of timestamps,
Ts € N. As a result, the array is now capable of storing an integer value, instead of a
bit. This integer is referred to as buckets.

The concept of the time stamps works in the following fashion. Each bucket stores a
value i.e. time stamp in the interval [0, Ts-1]. After each round (passage of time), the
timestamps are reduced by 1. This means, the higher the value of the buckets the more
recent/fresh the data is. Each node carries an array of the timestamps, AT (each of
which is contained in a bucket). The array of the time stamps for a node z at time
instant ¢ is denoted by (ATs)!. Each element of the array of time stamps, (ATj), is a
positive integer representing the time stamps. This integer value is then mapped to a
bit value (either 0 or 1). After mapping all the integer values from the array (AT}) to
bits, a new array is created, let this be denoted by (AT})[a], where a € N. The ith bit
of (ATs)[a] is calculated as shown in equation

1 if AT, [i] > (T, — k)

0 else

(ATS['ICDZ = {

The algorithm is as follows.

o Initialization (time, t=0): Each node z sets all the buckets to value 0, except the
bucket in which X? falls. In which case that bucket is set to T — 1

e Vitime, t > 1

— Broadcast: At any given instant ¢, each node x maintains an array (ATs):™!
from previous roundsﬂ It reduces the present array of timestamps in the

Leach round is a unit of time ¢
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following way

T

ML = ( (AT = 1) v 0

The node z, then refreshes its corresponding bucket to the value Ty — 1. In
short, M!(X?) := Ty — 1. The node z then broadcasts the message M. and
the current array is updated to (ATy). = M.

— Receiving: At a given time instant ¢ when node x receives the message Mé
from node y. Node x then updates its array of buckets (AT5)!, in the following
manner

t t t
(ATS)J? - (ATS)J: v My

e Estimation: As in the case of equation [4.4] at any given instant ¢ , (L;)%[k] denotes
the lowest index having a value 0, in the bitvector (AT})% [k], then the estimate for
the k-hop network is given in the equation

1
K-hop Estimate = $2Li[k] (4.8)

This is how the Static Bucket algorithm works, the detailed proof of the estimates and
the various other formulae is presented in [I9]. By making use of the technique of time
stamping, it can work in the scenario where a network split or network merge happens.

4.2 MinTopK

In this section we explain the working of the MinTopK [I§] algorithm. First, we explain
the required basis for the algorithm, then we describe the proper functioning of the
algorithm.

4.2.1 Explanation

MinTopK works on the principle of probabilistic counting by means of maintaining a
list of the top K values at each node, a list which each node contains. Each node x in a
network of N nodes generates its own Node Id, (n;q),. The generated Node Ids should
be in the interval [0,1) as explained in equation and should follow the following
properties

0,1)={zcR|0<z <1} (4.9)
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1. Uniqueness: This property simply means that in a network of NV nodes, the n;q
generated by each node should be different from the n;; generated by the other
nodes. Equation formalizes this property.

V ((nig)r € N) 3 ((nig)y € N | (nig)w # (nia)y ) (4.10)

2. Uniformity: This property simply means that in a network of IV nodes, the ran-
domly generated Node Id’s should follow a uniform distribution amongst them-
selves. In a network of N nodes, let the Node Id’s generated by nodes nq,ns, ng,
vty Ny, be as (nig)1, (Nig)2, (Mid)3, -y (Nid)n, then the generated Node Id’s should
be uniformly distributed with respect to each other.

The principle for estimating the network size, stems from the fact that, since the Node
Id’s are uniformly distributed and each node contains top K values, where s is the
smallest of the top K values, then if the interval [s,1) contains top K values, the network
size can be estimated by equation

Estimator = (4.11)

19

As soon as the node is turned on, it will create a list of size K with all the elements as
0, termed as an empty list. Then it generates its own Node Id and stores it in the list.
To store a list of top K values each node has to follow a procedure. At the time of the
initialization every node prepares a message, which consists of its own generated Node
Id and transmits this message in the first round. After that each node which receives
a message will store the receiving Node Id, in the message by replacing 0 from the list.
This process will continue till the list is filled with all non-zero values. After that, for
each value that is received in the message, the receiving value is compared with the
smallest element s, from the list and at any given instant, the top K values (in order of
magnitude) of the node-ids are stored at a node. After, some time all the nodes in the
network converge to the top K values of the generated node-ids. The algorithm precisely
works as mentioned in section [4£.2.2]

When the list is full, s denotes the smallest element, of the list of size K, in such case, at
any given instant ¢, the estimate of the network size can be done simply by the formulae
ﬁ. The case, when the list is not full, the total number of non zero elements gives

the network size.

4.2.2 MinTopK: The Algorithm

The MinTopK is as follows,
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e Initialization (time, t=0): Each node z creates a list of K elements (here K is
the size of the list) and puts the value of all the elements of the list as 0. It then
generates its own node id, (n;q), and stores it as the first element of the list.

e Vitime, t > 1

— Broadcast: At any given instant ¢, each node selects a non-zero element from
the list and transmits it.

— Receiving: Whenever a node receives a message from a node y, then if the
list of not full yet, then it stores (n;q), in the list. If the list if full, then
it compares the value of (n;q), with s, the smallest element of the list. If
(nid)y > s, then s is replaced with (n;q), else, the received value is discarded.

e Estimation: At any given instant ¢, if the smallest element s=0, then the network
size is the total number of the non-zero element in the list. If the list if full, the
estimate is given by the estimator,

19

It is apparent from the working of MinTopK that it does not support network partition-
ing because the nodes calculate the estimate based on the Node Id’s generated by the
nodes and once they are in the list, there is no mechanism to discard the Node id’s of
the nodes which have left the network.

4.3 Characteristics of the algorithms

In this section, we briefly mention the characteristics of both the algorithms. It is
summarized in table 1]

MinTopK Static Bucket
Type of the algorithm || Probabilistic Counting FM Sketches
Message Overhead O(sizeof(niq) ) O(N x sizeofeachbucket)
Memory Required O(K * sizeof(n;q) ) O(N x sizeofeachbucket)
Parameter List Size, K Number of Buckets N
Speciality Simplicity Can estimate the neighbourhood size in K hops

Table 4.1: Characteristics of the algorithms
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4.4 Performance metrics

In this section we describe the metrics that we have used to measure the performance
of the two algorithms.

We first define a term which is necessary to understand the following description. Sta-
ble Estimate: Stable estimate is the estimate that each algorithm provides for a given
network size. This estimate remains stable and does not change further, unless there is
a change in the network size.

4.4.1 Steady state error (F,,)

Steady state error (Es;), is defined as the difference between the network size that is
estimated by an algorithm once it has reached a steady state and that of the actual size
of the network. It is expressed in percentage.

An algorithm is said to be converged, when a stable network size is estimated by all the
nodes in the network. After an algorithm has converged, the estimates of the nodes in
the network do not change further and hence it is said to be in steady state. Let N4 be
the network size, as estimated by an algorithm and N be the actual size of the network.
Then the E,4 obtained as shown in the equation

Nest — N
Ess :‘ estN ’

%100 (4.12)

4.4.2 Standard Deviation (o)

While conducting experiments, for the same set of parameters and topology, we conduct
various runs, for each experiment, to get a more accurate estimate performance of an
algorithm. The simulation is run in such a way that configurations are changed for each
run, therefore, we obtain different stable estimates for each of these runs. For evaluating
the exact performance of the algorithms in terms of error, it is also necessary to consider
the standard deviation (o) between the stable estimates obtained for each run.

Let, r1,r9,73,...,7» € n, be the total number of runs and x1,z9,...,z, be the stable esti-
mates observed in each of these runs. Here, n is the number of times the runs for each
experiment were conducted. We obtain the mean value (u) according to the equation
14 and the standard deviation between the stable estimates obtained in each run is
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calculated as shown in the equation 4.13

o = [:L (z; — u)2] (4.13)

17’L
. Z- 4.14
1 nzw (4.14)

4.4.3 Total Delay (7;,)

To evaluate the performance of the algorithm, it is necessary to know, how long does
each algorithm takes to reach a stable estimate (also known as steady state), under a
particular scenario with a particular network size. This can be expressed in terms of the
time required for a network to converge to the stable estimate, known as the convergence
time for the stable estimate. This convergence time for the stable estimate is expressed
in terms of the total delay (7y)

Total Delay Ty is defined as the time duration, from the instant the algorithm is in-
stantiated till the time instant, when all the nodes in the network estimate the same
estimated value (also referred as stable estimate) is known as the total delay, Tj.

Let at time t=0, the algorithm is instantiated in a network of N nodes, then the first
time instance at which all the N nodes in the network give same estimate (which is
stable unless there is an actual change in the size of the network), is known as the total
delay Ty of the algorithm for the network (under a particular topology and scenario).

4.4.4 Rise Time (7))

During the course of the run of an algorithm, from the moment, the algorithm starts
until the time instant, at which a stable estimate is reached in a whole network, that is,
a network is converged, a variety of the estimates are observed in the network, for each
algorithm. The number of the different estimates observed vary because of the way each
algorithm works (explained in section and

The time instant when each of these estimates was first recorded in the network, is known
as the rise time, T, of that estimate. Rise time helps us to understand the stability of
the network during the course of its run.

During the course of the run of the algorithm, if a network estimate, N4 was observed
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first time at the time instant ¢, then, this time instant ¢ is known as the rise time, T} of
the estimate Ngg;.

4.4.5 Settling Time(7})

As mentioned in the previous section, that, during the course of run of an algorithm,
many values are observed till the network reaches a stable state. Settling time T for
each estimate is defined as the time difference between the instant when an estimate
value was first observed in a network and the instant when the maximum number nodes
have that estimate. In any case the maximum nodes estimating a same value cannot
more than the network size.

Settling time allows us to study the behaviour of the algorithm in detail, by letting
us know, how an algorithm works in the transient time of its run. By evaluating the
algorithms on this parameter, we can comment upon the stability of the algorithms
during its transient time.

Let an estimate value, E'st; be observed by the node ny at the time instant ¢;. Now, let
to be the time instant when the maximum number of nodes estimates the value E'sty.
The settling time, T for the estimate Est; is given by the formula [£.15]

ts =ty — b (4.15)

Therefore, we evaluate the performance of both the algorithms based on these parameters
and this is done in the chapter 5.



Chapter 5

Experiments

In this chapter, we present our evaluation of both the algorithms under different scenarios
and parameters. We first give a brief overview of our approach in terms of scenarios.
We then illustrate and reason the choice of our scenarios. Next, we present the results
of our experiments that we conducted in the form of the performance metrics defined
in chapter 4. We then analysed the results and reason their behaviour. Finally, we
conclude this chapter by summarizing our results.

5.1 Experimental setup

5.1.1 Simulator

We use MyriaSim[23] as a simulator for our experiments. It is a simulator which is based
on

a. OMNeT++[24],an open source modular, component based simulation library and
framework.

b. MiXim[20],which provides support as a simulation framework for wireless and mobile
networks using the simulation framework and engine of OMNeT++.

MyriaSim has been extended to operate and work like MyriaNed. Its performance mimics
that of MyriaNed, including the working of gMAC as explained in chapter 2. Even the
hardware components like radio which are used in the MyriaNed have been modelled
and incorporated in MyriaSim. Provisions are incorporated to take into considerations
even the physical behaviour like clock offsets. It has been made for and used in the
experiments conducted in [19].
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The data is logged per frame (unit of time) basis. The data is logged in the format of
Node Id, an estimate of the network size by that node and time duration elapsed. Data
processing, analysis and plotting is done using Matlab [43]. The scenarios III and IV are
generated using BonnMotion [44], a widely used tool for generating scenarios that can
be used with various simulators.

5.1.2 Simulation Parameters
Clocks

In [T9] the author defined a parameter of allowable clock drift, which denotes the maxi-
mum allowed differences in the clock frequency offset that may result in drifting of clocks
leading to de-synchronization.

Since, we are working on the application layer and not bothered by the synchronization
issue. We decide to keep this parameter as a default value of clock drift C; = 4+ 20 parts
per million(ppm).

Transmission Power

In the context of the simulator the transmission power of the nodes is in direct proportion
with the transmission range, that is, if the transmission power is increased then the
transmission range increases too. Increase in transmission power directly affects the
diameter of the network. Since, most of the static topologies that we use are in the
shape of the either a matrix or grid (where the nodes are placed 20m apart), therefore,
to investigate the differences in two, we chose to keep this to a default value of T, Power
=05 mW

Round Duration

The frequency of operation is set to make the duration of each round (described in
chapter 3.) to approximately 1 secs..

Random number generator

// write about the RNG that is being used here. The function used for generating the
random numbers for MinTopK is the dbirand() and for Static Bucket is intrand(). Both
these functions are the inbuilt functions of the simulator.
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5.1.3 Network Topology and scenario

For a proper analysis of the algorithms we decide to choose our scenarios with a com-
bination of different topology, activity and mobility scenarios. The scenarios used are
described as follows:

1.

Scenario I: Matrix Topology - Here all the nodes are arranged in the form of a
Matrix,which are separated by a distance of 20m. In this scenario, all the nodes
are active for the entire duration of the simulation. It is explained in detail in

section [B.2.1]

. Scenario II: Grid Topology - Here nodes are arranged in the form of the grid,

usually in a rectangular shape. Again, all the nodes are separated by a distance
of 20m. The activity of the nodes remains same as in the previous scenarios. It is
explained in detail in section [5.2.2

. Scenario I11: Mesh Topology - Here all the nodes are scattered in a predefined

area in a random way, forming a mesh like structure and network of all the nodes.
The nodes are active for the complete duration of the simulation. It is explained
in detail in section (2.3

Scenario IV: Mobility Scenario - Here all the nodes are moving in a predefined
way. The movement of the nodes is based on a specific mobility pattern that we
chose the nodes to have. It is explained in detail in section [5.2.4]

. Scenario V: Network split/merge - Here in this scenario a huge network of 256

nodes are split/merged into two/one network by deactivating/activating a small
portion of the network. The modes in this scenario are stationary.

For the experimental phase, we have categorized the network into various sizes. The
network sizes are broadly classified in 3 categories, they are:

1.

Small Network: A network of 64 nodes.

2. Big Network: A network of 256 nodes.

3. Very Large Network: A network of 1024 nodes.

5.1.4 Application variants

We investigate two applications namely MinTopK and Static Bucket. There are different
parameters also, which differ for each algorithm. They are as follows
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e MinTopK: The value of K, which signifies the size of the list of identifiers, that
each node store (as explained in chapter 4).

e StaticBucket: The number of Buckets that each node stores and sends in a packet
(as explained in chapter 4).

5.1.5 Performance metrics and terms used

The different performance metrics that we use for the evaluation purpose are as follows
(explained in detail in chapter 4 ):

e Rise Time (7})
e Settling Time(Ty)
e Standard Deviation(o) of the final estimate of each run.
e Steady state error(Ejss) in percent
e Total Delay (7,)
Throughout this chapter, few terms have been used, they are as follows:

Stabilized Network: After the start of the algorithm when all the nodes in the
network give a same estimate and that estimate does not change further (unless
there is a change in a network), then the network is called as stabilized network.
This is sometimes referred to as the converged network

Transient time/phase: The time duration from the start of the algorithm in a
network till the time all the nodes in the network reach a stable estimate, that is
when all the nodes in a network give same estimate. This time duration is known
as transient time or transient phase.

5.2 Experiments, results comparison and analysis

In this section we first describe the scenarios, then we present the results for each scenario
with different parameters and finally we conclude it with the analysis of the obtained
results in terms of the performance metrics.

The results presented are the averaged results of many runsﬂ, as done in [I9]. In each

110 runs for scenario 1 and 5 runs all other scenarios
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run we get a different estimate value, therefore we present our results by averaging the
results from different runs. This helps us in understanding the average case performance
of the algorithms.

5.2.1 Scenario I: Matrix Topology

The main objective of this experiment is aimed at evaluating the performance of both
the algorithms, MinTopK and Static Bucket in a matrix Topology. The reason behind
conducting this experiment is to evaluate the performance of the two algorithms under
a simple topology based on the performance metrics defined in the chapter 4.

M Columns

] 20 Metres

N Rows

0=--00 0 0 O
0--00 0 0 0
0--00 0 0 0O
0--00 0 0 O

O

I

I
O--00 0 O 0
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Figure 5.1: A Typical Matrix Topology

Testbed

A typical Matrix topology is as shown in the figure Nodes are arranged in equal
number of rows and columns and each node is at a distance of 20m from another node. In
this scenario each node can see just one neighbour in each direction. Here, for conducting
the experiments in this topology, we are using the network which is arranged in the form
of a square matrix (as used in [I9]) of size 8, 16 and 32 with a network size of 64, 256
and 1024 nodes respectively.
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Parameters of application and Initial Results

The parameters used and the results obtained in terms of two important metrics, Esti-
mation Error (Ess) and Total Delay(T}), in a network size of 64, 256 and 1024 nodes for
different parameters of each algorithm is presented. The result for MinTopK is tabulated
in table .1l and Static Bucket is tabulated in table (5.2

Table 5.1: Performance of MinTopK in various network sizes in Matrix Topology

Parameters Matrix 8 * 8
List Size(K) K=4 K =28 K=16 | K=24 | K =32
Estimate Error (Fys) in Percent 42.2 9.4 9.4 9.4 1.5
Total Delay Time (7};) in Secs. 28 63 108 149 176
Standard Deviation (o) 52.0580 | 18.3328 11.08 13.7919 | 7.6217
Parameters Matrix 16 * 16
List Size(K) K=28 K=16 | K=24 | K=32 | K=64
Estimate Error (Ess) in Percent 7.42 5.47 7.42 7.03 9.38
Total Delay Time (Ty) in Secs. 86 317 238 293 574
Standard Deviation(o) 103.6774 | 45.6438 | 39.3065 | 30.7376 | 17.37
Parameters Matrix 32 = 32
List Size(K) K=8 | K=16 | K =32
Estimate Error (Ess) in Percent 5.76 17.38 15.03 N.A
Total Delay Time (7}) in Secs. 159 243 550
Standard Deviation (o) 274.4264 | 303.7876 | 236.2947

MinTopK The results obtained for the MinTopK algorithm are tabulated in the table
51

e Increase in the value of 'K, results in an increase of the total Delay (7). (Here,’K’
denotes the size of the list used in MinTopK and Ty is Total Delay time that the
whole network takes to converge to the same estimates). This is because the bigger
the size of the list(K), the more time it will take for all the nodes in the network
to converge to the top K values because a big list takes more numbers to be stored
in each list and this takes more time.

e We have to make a trade-off between the desired accuracy which increases as the
size of the list increases (in terms of standard deviation(o)) and the Total Delay
(Ty) by choosing the proper value of 'K’. For example in a topology of Matrix
8*8, when K = 4 the network converges really fast signified by Ty but the error in
estimating the network size is also high signified by Fs;. Where as, when K=32
the error rate is low but the Ty is very high.

e Also, the value of K and estimate error E;; don’t have a direct relation with
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different network size. This means, that the variable K and the network size are
not relational.

e One more interesting point is that the results achieved in our case are different
from that of the original paper [I8]. This is because of the following factors:

— Random Number Generator (RNG): The RNG that we have used is the cen-
tralized one, whereas the authors have not specified the one that they have
used. This factor has an impact on the outcome as MinTopK requires the
generated number to be uniformly distributed, failing which the error will
increase.

— WSN platform: Some metrics like the total delay, rise time etc. completely
depends on the property of the underlying WSN platform used. We have use
MyriaNed, the authors have not specified the one that they used.

e Another important thing to note is that theoretically even though with increasing
size of the K’ the F,, is expected to drop, in our case, although it is decreasing
usually, but it increases in certain cases (still within a certain limit) like when K is
changed from 32 to 64 for the network size of 256 nodes. This is compensated by
the drop in standard deviation between the runs. That means when the list size
(K) is increasing the standard deviation between the stable estimates of the run
is reduced compared to the small size of the list.

e Even though in some cases by varying the size of K we get same(or higher) error
rate, the standard deviation(o) reduces, thus reflecting the benefit of using higher
values of K.

e For the network size of 1024 nodes, we did experiments with the values of K= 8,16
and 32 only. It is mainly done due to the fact that higher values of K would take
even more time to settle, which is not suitable for practical applications and due
to heavy computational requirements.

Static Bucket The authors in [I9] chose to keep 24 buckets, because the authors
were experimenting with network size of 4096 nodes. For the network of bigger size, the
number of buckets has a direct impact on the performance of the algorithm, which is
evident from the working of the algorithm [I9](as explained in chapter 4). Since, we are
investigating the performance in network sizes of 64 and 256 nodes which is way smaller,
the reduction in number of buckets does not affect the performance in our case. This is
shown in the table We can see that, as we vary the number of the buckets denoted
by N, it does not have much impact on the metrics, Fgs, T; and standard deviation(o)
for the network sizes of 64 and 256 nodes. Therefore, for the course of our experiments,
we decided to use the number of buckets as 12, denoted by the parameter 'IN’.
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Table 5.2: Performance of Static Bucket in various network sizes in Matrix Topology

Parameters Matrix 8 * 8
Number OF Buckets (V) N=12 | N=18 | N=24
Estimate Error (Ess) in Percent 15.63 15.63 15.63
Total Delay Time (Ty) in sec. 9 10 10
Standard Deviation (o) 30.8279 | 30.8279 | 30.8279
Parameters Matrix 16 * 16
Number OF Buckets (V) N=12 | N=18 | N=24
Estimate Error (Es;) in Percent 25.78 25.78 25.78
Total Delay Time(Ty) in sec. 18 18 19
Standard Deviation (o) 121.2228 | 121.2228 | 121.2228
Parameters Matrix 32 * 32
Number OF Buckets (V) N =12
Estimate Error (Ess) in Percent 29.03 N.A
Total Delay Time(Ty) in sec.s 33
Standard Deviation (o) 723.7241

Results Analysis

In this section we will compare and contrast both the algorithms in terms of the perfor-
mance metrics described in chapter 4. The results are tabulated in [5.3

Table 5.3: Scenario I: Results

Parameters MinTopK K =8 Static Bucket
Network Size 64 nodes | 256 nodes | 64 nodes | 256 nodes
Estimate Error (Ess) in percent 9.375 7.42 15.63 25.78
Rise Time (7}) in sec. 35 45 6 9
Settling Time (7%) in sec. 28 41 4 9
Standard Deviation 18.3328 103.6774 | 30.8279 121.2228
Total Delay (Ty) in sec. 63 86 9 18

The Figure shows the plot of Rise Time (7)) (Y-axis) Vs. Estimate (X-axis) for
both the algorithms, henceforth denoted as Rise-Time plot. Every point on this graph
represents a unique estimate that is observed for each algorithm during the course of its
run and the corresponding time at which the estimate is observed. For example: suppose
there is a point in the plot having co-ordinates as (X, Y) then it signifies that there is
a node in a network which estimates X at time instant Y. (Rise Time(7}) is described
in detail in chapter 4). In this plot we are mainly interested in the rise time (7)) of the
final estimate that the network observes after it is stabilized. The graph also represents
the estimation error of each algorithm and the difference from the actual network size
on the x-axis. On the Y-axis it represents the rise time(7}.) of the final stable estimate
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for both algorithms. Again, the rise time is the time instant at which the corresponding
estimate was first observed in the network. An important point to note here is that the
final point observed in the figure represents the estimate which was ultimately observed
by all the nodes in the network after the network stabilizes. Henceforth referred to as the
stable estimate. The figure shows the plot for the network of 64 nodes and figure
shows the one for the network of a 256 nodes. There are a few points to observe.

1. The T, for MinTopK is 35 sec. for 64 nodes network and 45 sec. for 256 node
network which is higher than that for Static Bucket which has a T, of 6 and 9 sec.
for respective network sizes.

2. The estimate error is less in case of MinTopK than StaticBucket.

3. Even though the error (Ejs,) is higher in Static Bucket, the number of different
estimates observed from the moment the algorithm starts to the moment the algo-
rithm reaches a stable estimate (This time is referred as transient time), are more
in case of MinTopK algorithm than Static Bucket. This signifies that the degree
or the number of different estimates observed is higher in case of MinTopK than
Static Bucket algorithm. It implies that the Static Bucket has a smooth transition
to stable value than MinTopK.

Figure[5.3shows the plot of Settling Time(7})(Y-axis) Vs Estimate (X-axis) for both the
algorithms. Every point on this plot represents the time required for the corresponding
estimate to settle. In short, it represents the difference between the time instants from
when the corresponding estimate value was first observed and when it was last seen
in the network. It is noteworthy that the estimate represented by the final point was
ultimately observed by all the nodes in the network whereas this is not the case with
other estimate values in the plot. Settling time is described in detail in chapter 4. On
X-axis it represents the estimate values and on Y-axis it represents the settling time.
The T, for the last estimate also known as stable estimate is marked on the y-axis for
both the algorithms. This is of prime importance since, the Figure shows the plot
for the network of 64 nodes and the figure [5.3b] shows the one for the network of 256
nodes. These are the observations from the plot.

1. The settling time (7s) for MinTopK is 28 sec. for 64 nodes network and 41 sec.
for 256 nodes network which is higher than that for Static Bucket which has a T
of 4 and 9 sec. for respective network sizes.

2. During the transient time of the algorithms, the degree of variability is very high
in case of MinTopK than Static Bucket. Because, as the number of nodes increase
in a network, then the total number of nodes having different top K values also
increase. As a result, many nodes have different value in the list as the smallest
element, therefore resulting in varied estimate. The reason we see huge spikes
towards the end is because, as time progresses nodes in the network start getting
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closer to the top K values, therefore the number of nodes estimating same value
start increasing. As a result, a particular estimate is observed in a network for
longer time, thus resulting in huge values of Ty towards the end and hence the
spikes towards the end of the graph.

5.2.2 Scenario II: Grid Topology

The main objective of this experiment is aimed at evaluating the performance of both
algorithms in a rectangular grid like topology. The motivation behind this is to evaluate
the performance in a network with a large diameter. The diameter of a network in a
broad concept is referred as the total width of the network in terms of the hops. For
example if the network is arranged in rectangular form with nodes that are equidistant
from each other, then the number of nodes on the long side is known as diameter of the
network.
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Figure 5.4: A Typical Grid Topology

Testbed

A typical Grid topology is shown in figure Nodes are arranged in a rectangular
form of N*M with N as the number of rows and M as the number of columns [19].
Here also the nodes are separated by a distance of 20m. In this experiment we are using
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two network sizes. One is a small network of 64 nodes arranged in form 2%32 having a
diameter of 32 and another with 256 nodes arranged in form 4x64 with a diameter of 64.

Table 5.4: Performance of MinTopK in various network sizes in Grid network

Parameters Grid 2 * 32
List Size (K) K=8 |K=16 | K =32
Estimate Error (Ess) in Percent 94 94 1.56
Total Delay Time (T}) in sec. 173 382 797
Standard Deviation (o) 18.3328 | 11.08 | 7.6217
Parameters Grid 4 * 64
List Size (K) K=8 |K=16] K =32
Estimate Error (Fys) in Percent 4.3 3.51 8.2
Total Delay Time (Ty) in sec. 255 498 895
Standard Deviation(o) 103.6774 | 45.6438 | 30.7376

Parameter of application and results

The parameter variable for MinTopK is K as 8, 16 and 32 and for Static Bucket is N=12.
The result of the experiment with different list and network sizes for the MinTopK is
tabulated in the table in terms of the performance metrics of error, delay time and
standard deviation.

Table 5.5: Scenario II: Results

Parameters MinTopK K =8 Static Bucket
Network Size 2%32 4x64 2%32 464
Estimate Error (Ess) in percent || 9.375 4.3 15.63 25.78
Rise Time (7)) in sec. 101 139 19 24
Settling Time (75) in sec. 72 116 18 31
Standard Deviation 18.3328 | 103.6774 | 30.8279 | 121.2228
Total Delay (Ty) in sec. 173 255 37 55

Result Analysis

The results are tabulated in the table The value of the list is kept as K=8. We
compare the performance in terms of performance metrics described in chapter 4.

The figure shows the rise time plot for both network sizes. Figure for small
network and [5.50] for the big network. The plot is described in detail in the previous
section. The observations are as follows.
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1. The rise time (7.)for a 64 node network is 101 seconds for MinTopK and 19 seconds
Static Bucket and for a 256 node network it is 139 and 24 seconds for respective
algorithms.

2. As expected, the rise time (7.) is higher than that of matrix topology, this is due
to the larger diameter of the network.

3. We observe for MinTopK in figure that the rise time of the final estimate
(stable estimate) is lesser than the rise time for some other incorrect estimate (the
spikes). This is because a certain node in a network can converge to the top K
values and get the stable estimate faster than the other nodes. Thus resulting in
lesser rise time (compared to other estimates).

4. For MinTopK we observe spikes in the rise time for some estimates values. These
spikes indicate that there are certain nodes in the network, which estimate the
lower values (than the stable estimate value) even after the stable estimate has
been observed by some node in the network. Therefore, the nodes which converge
later have a smallest id in its list smaller than the actual s of the top K values of
the whole network. Thus resulting in a lesser estimate with high rise time (7}.).

The figure [5.6| shows the settling time plot for both network sizes in this scenario. Figure
for small network and for the big network. The observations are as follows.

1. The settling time of MinTopK for a network of 64 nodes is 72 sec. and a network
of 256 nodes is 116 sec. For Static Bucket it is 18 and 31 respectively.

2. For MinTopk we observe a lot of variation in Settling plot shown in figure [5.6b
compared to the one in the matrix topology for the same network size, shown in
the figure The reason behind this is that due to the increased diameter of
the network, at any given instant there are many nodes and they all have different
numbers and hence different top K values. As a result there are different estimates
and therefore varied settling times (7).

5.2.3 Scenario III: Mesh Network

The main objective of this experiment is aimed at evaluating the performance of both
the algorithms in terms of defined metrics in a mesh like structure, where all the nodes
connect through other nodes and form a complete network and the nodes are placed at
random in a predefined area. Also, the density of the nodes is increased compared to
the other scenarios. Density is defined as the total number of nodes in a square metre
of area. This is done because in the actual set-up of the nodes in the physical world all
the nodes are more likely to be used in this set-up.
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Testbed

A typical mesh topology is shown in the figure The scenario is generated using
Bonnmotion [44], a tool used for scenario generation. For the purpose of our experiments
we are using the network sizes of 64 nodes for which the layout is shown in the figure
and 256 nodes for which the generated layout is shown in the figure [5.7bIn this layout
the nodes connect through each other to form a network. This network is also a dense
network compared to the previous scenarios for the same number of nodes. Compared to
the Matrix topology, in this scenario for a 64 node network, the node density is increased
from 1 node/(306m?) to 1 node/(156.25m?) and for a 256 node network it it changes
from 1 node/(351m?) to 1 node/(156.25m?).

Table 5.6: Performance of MinTopK in various networks sizes in Mesh network

Parameters Mesh 64 nodes
List Size (K) K=8 |[K=16 | K =32
Estimate Error(Fss) in Percent 4.68 3.12 3.12
Total Delay Time (T}) in sec. 43 114 155
Standard Deviation (o) 20.02 | 8.8634 | 6.8293
Parameters Mesh 256 nodes
List Size(K) K=8 [K=16 | K =32
Estimate Error (Ess) in Percent 4.3 3.51 8.2
Total Delay Time (T}) in sec. 106 193 298
Standard Deviation(o) 91.9034 | 52.0438 | 26.5586

Parameter of application and results

The parameter variable for MinTopK is the list size, K as 8,16 and 32. For Static Bucket
the number of buckets denoted by N is kept at 12. The results of the experiment for
different parameters for MinTopK in this scenario are tabulated in table in terms of
the performance metrics of error, delay time and standard deviation.

Table 5.7: Scenario III: Results

Parameters MinTopK K =8 Static Bucket
Network Size 64 Nodes | 256 Nodes | 64 Nodes | 64 Nodes
Estimate Error (Ess) in percent 4.6875 4.3 15.63 25.78
Rise Time (7}) in sec. 25 51 5 6
Settling Time (7%) in sec. 18 55 5 7
Standard Deviation 20.02 91.9034 30.8279 121.2228
Total Delay (7y) in sec. 43 106 10 13




5.2. Experiments, results comparison and analysis

99

3 T ! l
——MinTopk P t
—&— Static Buckst f I
H f |
f |
30 = [ L . l ......... —
t t
t t
I |
f i
TrMTK) - 28 e —
5
I
i
= 20— i _
=) j E
£
i £ |
w ! {
o f
i 15— f { 7
t Erarof |
E MinTopk :
t t
0= ! et —
: b Error of Static !
: t Bucket !
: i i
: - |
Tr{SE) -6 —— ————— ————; —_— # ____.____.__._____=_____
f i
b i
: [
£ t
0 i i | i i 1
0 10 20 a0 40 Est. (SB)=54 M Size Est. (MTHK) =70
Estimate
(a) Small Network
I
| |
t |
! |
! i
TrMTK) - 51— e e Jl ———————————————— — ]
l I
! |
! i
! I
! I
a0 - [. . | -
! i
! i
I f |
= ! |
=) t |
@ t 1 |
£ 30~ N A i —
s ! ‘ |
@ i |
(v ] |
i
i
20 8 : . : -
I Error of |
! MidTopkK]
! [
: Error of Static Bucket |
10_ ..... {{ - I_
! I
Tr (SE) - B —— ——— 1 e pp—— '._______________.__Jl_._____.__
! I
,lf [ !
i) I | | { l
i A0 100 150 Est. (SB) = 190 NAW Size  Est. (MTK) = 267
Estimate
(b) Big Network
Figure 5.8: Rise-Time(7,) Vs Estimate plot for Mesh Topology



60 Chapter 5. Experiments

Result Analysis

The results are tabulated in the table The value of the list is kept at K=8. We
compare the performance in terms of the performance metrics described in chapter 4.

The figure [5.8 shows the rise time plot for both the algorithm and network sizes. Figure
for the small network and for the big network. The technique for plotting
remains the same as in case of scenario I. The observations are as follows.

1. The rise time (7;.) for a 64 node network for MinTopK is 25 seconds and for Static
Bucket is 5 seconds and for a 256 node network it is 51 and 6 seconds for the
respective algorithms.

2. The important point to note here is that the rise time varies for both the algorithms
and network sizes. Compared to scenario I, for a small network, the rise time
is reduced for both the algorithms where as for a big network the rise time for
MinTopK is increased while for Static Bucket it decreases. This reduction in rise
time is due to the increase in the density of nodes. This simply means that denser
the network, the faster the convergence to stable estimate.

3. All the other properties of the graph are explained in the above section.

The figure p.9| shows the settling time plot for both the network sizes in this scenario.
for a small network and for the big network. The observations are as follows.

1. The settling time of MinTopK for a network of 64 nodes is 18 seconds and for a
network of 256 nodes is 55 seconds. For Static Bucket it is 5 and 7 seconds for the
respective network sizes.

2. When we compare the settling time plot for mesh topology shown in figure [5.9
with that of matrix topology shown in the figure We can see the difference
in the pattern of the plots. In case of Matrix Topology, the plot is more smooth
where as in mesh topology it is fluctuating a lot. This is because, the variety of
estimates are observed faster in the mesh topology due to the high density of the
nodes in this topology.

3. Another thing to observe is that for a big network the plot for MinTopK spikes all
of a sudden. This means that the settling time of the high estimates rises abruptly.
This is because of the mesh structure some nodes had a degree of high order and
they were able to transfer the id’s faster thus many nodes were estimating almost
in the same range. But overall it took a long time for all the nodes in the network
to have same top K values, thus resulting in the increased settling time (7) for
network.
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5.2.4 Scenario I'V: Mobility

The main objective of this experiment is aimed at evaluating the performance of both the
algorithms in mobile nodes, using the performance metrics used above. Here nodes travel
using a mobility technique, it also takes into effect the scenario where the number of
neighbours of nodes keeps on changing continuously. Also, this scenario actually mimics
the use of the MyriaNed in social ad-hoc scenarios where, nodes gather and perform an
activity in a predefined area.

Testbed

A typical Mobility scenario is motivated from the mesh scenario mentioned in the pre-
vious section. For a network of 64 and 256 nodes we have kept the area as 100%100
and 200%200 metres respectively. The mobility imparted to the nodes is modelled from
the Random waypoint mobility model using the Bonnmotion [44] tool. The nodes keep
moving within the predefined area with the speeds in the interval (0.5, 1.5) m/s%. The
speed is chosen because the average walking speed for humans is around 1.25 m/s? [45].
Therefore we decide to choose the speed in this range. Furthermore it is more likely that
the these speeds are used in social ad-hoc scenario.

Table 5.8: Performance of MinTopK in various network sizes in Mobility Scenario

Parameters Mobility 64 nodes
List Size (K) K=8 | K=16 | K =32
Estimate Error(Fss) in Percent 4.68 3.12 3.12
Total Delay Time (T}) in sec. 75 87 155
Standard Deviation (o) 20.02 | 8.8634 | 6.8293
Parameters Mobility 256 nodes
List Size(K) K=8 |K=16| K =32
Estimate Error (Fys) in Percent 4.3 3.51 8.2
Total Delay Time (7,) in sec. 7 136 269
Standard Deviation(o) 91.9034 | 52.0438 | 26.5586

Parameter of application and results

The parameter varied for MinTopK is list size K, which is kept as 8, 16 and 32. For
Static Bucket the bucket the number of buckets is kept at N=12. The result of the
experiment for a chosen list size of MinTopK is tabulated in table[5.8in terms of error,
delay time and standard deviation.
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Table 5.9: Scenario IV: Results

Parameters MinTopK K =8 Static Bucket
Network Size 64 Nodes | 256 Nodes | 64 Nodes | 64 Nodes
Estimate Error (Ess) in percent 4.6875 4.3 15.63 25.78
Rise Time (7}) in sec. 27 35 6 8
Settling Time (7%) in sec. 48 42 2 6
Standard Deviation 20.02 91.9034 30.8279 121.2228
Total Delay (Ty) in sec. 75 T 8 14

Result Analysis

The results are tabulated in the table The value of the list is kept at K=8. We
compare the performance in terms of the various performance metrics described previ-
ously.

The figure shows the rise time plot for both the algorithms. Figure shows the
one for the small network and for the big network. The plot is explained in the
scenario I. The observations are as follows.

1. The rise time (7;) for a 64 node network for MinTopK is 25 seconds and for
Static Bucket is 6 seconds and for 256 node network it is 35 and 8 seconds for the
respective algorithms.

2. A point to note here is that for MinTopK, for small network, the rise time remains
almost the same, where as for a big network the rise time is reduced drastically.
This is due to the mobility of the nodes and hence constantly changing neighbours
of the nodes, few nodes in the network will have the top K values faster than other
nodes, thus resulting in lower rise time (7). Whereas for Static Bucket, the rise
time remains almost the same. This results in the conclusion that mobility impacts
the rise time of the algorithms, more so for big network size in case of MinTopK.

The figure shows the settling time plot for both the network sizes in this scenario.
Figure for the small network and for the big network. The observations are
as follows.

1. The settling time of MinTopK for a network of 64 nodes is 48 seconds and for a
network of 256 nodes is 42 seconds. For Static Bucket it is 2 and 6 seconds for the
respective network sizes.

2. As compared to the mesh scenario the Static Bucket performs well in this
scenario for the small network size because the number of messages required to
converge is very less for it and this is further aided by the mobility. From the
figure it can be observed that the settling time is very small for all the estimates
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in this scenario. As compared to the mesh topology, for MinTopK we observe that
for small network size, settling time for the final estimate is very high. This is
due to the fact that because of constant mobility of the nodes the time for all the
nodes to have top K value increases.

3. For big network, the settling time of the Static Bucket remains almost the same
as mesh topology, showing that the mobility does not affect the settling time in
this case for bigger network sizes. For MinTopK we observe that the settling time
is reduced marginally than mesh topology, thus indicating that mobility helps this
algorithm for bigger network sizes.

4. For MinTopK we can observe a lot of spikes in the big network sizes. This indicates
that some lesser (inaccurate) value of estimates has a settling time more than the
stable estimate. This is again because of the constant motion of the nodes, some
node takes more time to have top K values, thus giving inaccurate results. This
is evident by the decrease in settling time compared to mesh topology.

5.2.5 Scenario V: Network split and merge

The main objective of this experiment is aimed at observing the behaviour of the algo-
rithms in scenario where network split or merge happens. As explained in chapter 4,
MinTopK does not support change in a network size whereas Static Bucket is able to
do so because of the use of timestamps. Therefore, in this section we will focus just on
the performance of Static Bucket.

Testbed

As there is no inbuilt scenario in a simulator that can be used to demonstrate network
splitting or merging, therefore we are creating a scenario that mimics network partition-
ing/merging by deactivating/activating some nodes in the network. Figure depicts
the nodes in the same layout as used in the figure [5.4] in section Here, 256 nodes
are arranged in a grid of 4 x* 64. For network splitting we split the network of 256 nodes
into a big network of 176 nodes and a small network of 64 nodes by deactivating 16
nodes (represented by hollow circles in the figure in the middle of the network
after some time . Whereas for network merging, we start the middle nodes after time t.
As explained in the chapter 4, we are setting the parameter k, the maximum allowable
hop count(network diameter) as 75, which is almost the diameter of the network.
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Result Analysis

Figure[5.13| shows the Estimate Vs Time plot for the network split and merge scenarios.
X-axis represents the time in seconds and the Y-axis represents the network estimate.
These are the observations of a node, each from a big network and a small network.
The blue line represents the behaviour of a single node from big network and the red
line represents the behaviour of a single node from small network. After a change in the
network size, the time duration that a node takes to completely estimate the change in
the network size, is termed as the recovery time.

Figure [5.13a] shows the case for network split. In this scenario all the nodes start at time
instant t=0 and then, at time t=120 seconds the middle portion of the network which
consists of the 16 nodes is deactivated, thus creating two separate networks. We can see
that the recovery time of the node from the big network is 66 seconds, whereas for the
node from the small network it is 74 seconds. The reason behind this is that the node
in the big network has to detect the change from 190 nodes to 165 nodes, whereas the
node in the small network has to detect the change from 190 nodes to 83 nodes.

Figure [5.13] shows the case for network merge. In this scenario, the nodes of the big
network and small network both start at time ¢=0 while the middle portion of 16 nodes
is kept deactivated. At time t=120 seconds, the middle portion of 16 nodes is activated
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thus effectively merging both the networks to form one big network. The recovery time
for the node from big network is 14 seconds whereas for the node from small network is
57 seconds.

The recovery time in the network split scenario is more than that of the network merge
scenario because, in network split scenario, when the nodes are deactivated, their mes-
sages still remain in the network for some time till it eventually dies. This is because of
the use of timestamps (as explained in chapter 4).

The recovery time in the case of network merge is lesser than in the case of a network
split because, in case of network merge, then messages from the nodes that have been
deactivated, still remain in the network because of the timestamps, thus increasing the
recovery time.

5.3 Summary
In this section, we summarize the results of the previous section. From the results and
the analysis, we conclude the following points.

1. The parameter changes result in the following way

e For MinTopK, as we kept increasing the size of the list, the error kept de-
creasing in terms of standard deviation between the number of runs. Also,
the Total Delay time (7};) kept increasing with increase in K further resulting
in an increase in the rise time(7}) and settling time(7%).

e For Static Bucket the decrease in number of buckets from 24 to 12 did not
result in any form of performance penalty in terms of performance metrics.
This was because of our use of algorithm for smaller network size.

2. The benefits of MinTopK are as follows:
(a) The Error rate is lesser as compared to Static Bucket in all the scenarios.

(b) The standard deviation between the stable estimates of different runs is also
lesser in MinTopK Algorithms.

(c) We can adjust parameter K to different values in MinTopK according to the
requirement of the application that it is used for.

3. The benefits of Static Bucket are as follows:

(a) The Total Delay (T,) time of the Static Bucket is very less and it is a fraction
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of MinTopK. This ultimately results in smaller rise time (¢,) and settling time
(T)).

(b) Static Bucket has very less fluctuation during the course of its run. That
means that from the start of its time to the time of its convergence the
estimates recorded increases smoothly, unlike MinTopK where the recorded
estimates fluctuates a lot until it reaches a stable estimate value.

. When the diameter of the network is increased as in the case of scenario II, the
total delay (7y) time of both the algorithms increases. This implies that the larger
network (the network with big diameter) takes more time to converge and become
stable.

. When the nodes were placed in a mesh like structure with high node density, as
in scenario ITI compared to the scenario I, then for MinTopK the total delay (Ty)
decreases for both the network sizes. In case of Static Bucket also the total delay
(Ty) decreases. It can be seen more clearly in a network size of 256 nodes where
it reduces from 18 seconds to 13 seconds. This shows that for a network in mesh
structure and higher densities of nodes, the total delay decreases, resulting in faster
convergence.

. The introduction of mobility in the network as shown in scenario IV, plays an
important role. It affects the convergence time i.e. the total delay(7,;) of the
network, compared to the scenario I (Matrix Topology As observed from
the experimental results for mobility scenario, for MinTopK the total delay
(Ty) is reduced in most of the cases. With a network of 256 nodes the improvement
is even bigger. Same follows for Static Bucket

. The number of different estimates in the course of a transient time (the time
from when the algorithm starts to the time it converges to stable estimate) of an
algorithm, the variation in the rise time (7}.) and settling time (7s) of different
recorded estimate values increases with the increase in density of the nodes and
also with the introduction of the mobility. This happens for both the algorithms.
This is very apparent in case of MinTopK, because it has a higher time delay(Ty).
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Conclusion and Recommendation
for future work

The primary goal of this assignment was to do node counting in a WSN. In the state of
the art study, we discussed various methods that can be used to estimate the network
size in a completely distributed WSN. Clearly, MinTopK and Static Bucket stood out,
as they satisfied the requirements (sectio and were able to generate continuous
estimate of the current network size. Therefore, we chose to evaluate the performance
and do an analysis of these two algorithms in MyriaNed, each having a distinct speciality.
We have implemented the MinT 0pKE| algorithm on MyriaSim.

We carefully selected the performance metrics (section as the basis for the evaluation
of these two algorithms. In addition, we investigated the performance under the range
of diverse scenarios (sectio. As a follow up work of the authors of Static Bucket, we
evaluated performance with node mobility also.

The uniqueness of our work lies in the fact that the authors of MinTopK and Static
Bucket presented the result just in terms of error. Whereas, we presented the result
in terms of steady state error, standard deviation of the runs, total delay and rise and
settling times.

The message overhead incurred by MinTopK algorithm is 4 bytes while that of the Static
Bucket is 12 bytes. So, in terms of message overhead MinTopK is very good compared
to Static Bucket. Our simulations demonstrate that MinTopK has an lesser error rate
than Static Bucket. Also, the error in terms of standard deviation of the final estimate,
is lesser in case of MinTopK than Static Bucket. Therefore, in terms of accuracy,
MinTopK performs better than Static Bucket. Nevertheless both MinTopK and Static

!The implementation of Static Bucket was provided from the authors
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Bucket have an steady state error of + 30 %.

In terms of total delay, the Static Bucket outperforms MinTopK by huge margin, as
MinTopK takes a long time to converge compared to Static Bucket, thus providing a
huge window for giving inaccurate estimates. Same follows in the case of rise time and
delay time.

In addition to this, the results show that the node mobility, in general, adds to the
performance of MinTopK, thus reducing total delay time.

Thus, MinTopK should be used, where higher accuracy is required and Static Bucket
should be used, where total delay is of prime importance. Also, MinTopK is more
suitable to the smaller network sizes. Because, it has a lesser steady state error rate and
even though the total delay is more, it will not have a great impact on its performance.
Whereas, Static Bucket is more suitable for the larger network sizes. Because, even
though the error rate is bit higher comparatively, the total delay is very less in Static
Bucket and that plays a greater role in bigger networks. Also, Static Bucket is suitable
for applications in dynamic networks, where the network size changes frequently.

Recommendation for future work

The performance of MinTopK is hugely dependent, on the quality of generated numbers
having uniform distribution. As, there is no mechanism to achieve this, the design of
such random number generator(RNG) should be the next step.

Similar to the approach of [I9], we can further reduce the steady state error of MinTopK
by maintaining more than one list at a time and using the average of the estimates from
all the list. Thus, even though it will add to the message overhead but this method can
overcome the imperfections of the random number generator having uniform distribution.

As per [I9], the network size estimates can be used by the nodes to adapt to the network
density. For example: A node can decide to broadcast less often in case of high network
density and since, MyriaNed uses TDMA protocols this would help reduce collision in
the network.

Also, it is important to test these algorithms on the physical devices. Since, simulations,
although essential part for the study of experiments in WSN, they often fail to address
factors which can be seen in physical environments.
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