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CHAPTER 1

INTRODUCTION

Layered structures are commonly used in communication systems, but their roles in

decentralized control are not understood well. This thesis consists of two parts: a theatri-

cal study on consensus (a typical decentralized task) in layered networks and a test-bed

development on multi-domain communication with layered structures.

Consensus building refers to the process in which each sensor nodes in a network with

some assigned initial value converges to a common value through an iterative process. In

this first part of this thesis (Chapter 2) [30], we study the properties of distributed consensus

in layered sensor networks of the multi-layer multi-group (MLMG) structure. We show that

properly designed MLMG networks maintain decentralized communication, whereas show

the advantage of centralized structures. In particular, they require less number of transmis-

sions required to reach consensus. This feature is critical for efficient distributed computing

in large-scale sensor network applications. For typical classes of MLMG networks, we mathe-

matically characterize the reduced number of transmissions compared to equivalent egalitar-

ian decentralized structures of the same consensus dynamics. This explicit characterization

based on simple graphical characteristics of MLMG structures permits an efficient design

of large-scale network structures to meet desired performance requirements. In addition,

we characterize the asymptotic and transient properties of consensus in MLMG networks of

limited channel rates, using the probabilistic quantization schemes.

The second part of thesis (Chapter 3) [29] is concerned with the implementation of

multi-domain communication networks with layered structures by creating a test-bed using

LEGO robots. In the recent years, the research in the field of airborne networks (ANs)
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has gained large interests because of the advantages such as transportability, flexibility and

broad coverage. ANs can also connect with ground networks to form multi-domain commu-

nication networks, which find broader applications such as search-and-rescue, the generation

of on-demand disaster communication networks, etc. However, designing such multi-domain

communication network is very challenging, due to factors such as high speed of aerial ve-

hicles, highly changing network topologies, environmental conditions and communication

constraints like line of sight (LOS) effect. To understand this challenges and capture real

world complexity field tests are required. As field tests using real flights are very costly, a

preliminary LEGO robot-based test-bed is built to facilitate the study of ANs and multido-

main communication networks in layered structures. This ground test-bed can mimic ANs

and multi-domain communication networks as it captures their specific mobility patterns and

communication properties. We discuss the theory, implementation details, and the results of

using this test-bed for multi-domain search-and-rescue applications. The test-bed will also

broadly facilitate the testing of networking and decentralized control algorithms in layered

networks.
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CHAPTER 2

PROPERTIES OF QUANTIZED CONSENSUS IN LAYERED NETWORKS

2.1. Backgroud and Preliminaries of Multi-Layer Multi-Group Structures

2.1.1. Introduction

Distributed consensus is generally concerned with a group of agents with different

initial opinions converging to the same opinion through local communication among neigh-

bors. It is a typical distributed computing task in sensor networks, and has been widely

studied in the control theory literature (see, e.g., [28, 26, 5]). In most of these studies,

agents are considered to be of the same functionality and no organization or hierarchy exists

among these egalitarian agents. However, in practical sensor network (or general communi-

cation network) setups, layered structures have been widely used ([34, 39]). These structures

show the advantages of energy efficiency and network management simplicity. Sparse efforts

have been made on the performance analysis and systematic design of these non-egalitarian

networks (see, e.g., [22]).

In [35], distributed consensus in a type of layered networks, called the MLMG net-

works, was studied. These MLMG networks are composed of sensor nodes at the bottom

layer and virtual fusion centers (VFCs) at higher layers. Virtual fusion centers are different

from sensor nodes in their roles: they are in charge of communication and data process-

ing but not sensing. Main contributions of [35] are the explicit mathematical expressions

of consensus condition, consensus value and consensus rate using the simple characteristics

of MLMG structures. These analytical results permit the optimal design of MLMG struc-

tures (with a complexity of O(1)) that meet performance requirements without complicated

numerical optimization, thus making the network design procedures scalable to large-scale
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networks. However, [35] does not explore the advantages of the MLMG structures in saving

data transmissions. Neither does it consider their practical applications in digital channels.

The MLMG structures with forward and backward communication protocols are spe-

cial as they demonstrate features of both centralized and decentralized structures. In partic-

ular, centralized structures (with all sensor nodes communicating with a single leader using

forward and backward communications) are effective with the minimum number of data

transmissions (see Figure 2.1a), but are not practical in large-scale networks due to a variety

of issues such as the vulnerability to attacks, data traffic bottlenecks at base stations, the

lack of flexibility, and the incapability to scale. On the contrary, egalitarian decentralized

structures (see Figure 2.1b), widely studied in the controls community, achieve better per-

formance on security, throughput, flexibility and scalability, but at the cost of a significantly

larger number of transmissions to reach consensus. In a related vein, Su and Gamal in [32]

and [33] compared the number of rounds and the network rate distortion function between

the centralized and the decentralized structures for gossip consensus algorithms.

The MLMG structures reside between the centralized and the egalitarian decentral-

ized communication structures. They maintain the decentralized communication for the

global network, with VFCs serving as local group leaders. The MLMG structures thus serve

as a novel means to understand the trade-offs between these two extreme structures. In the

thesis, all these structures are compared in terms of the number of transmissions required to

reach consensus. In particular, it is shown that a properly designed MLMG structure reduces

the number of transmissions compared to egalitarian decentralized network structures of the

same consensus dynamics, and thus demonstrates both the advantages of the centralized

structures in terms of efficiency, and those of the decentralized communication structures.
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(a)

(b)

Figure 2.1. a) A centralized structure with forward and backward transmis-

sion; b) An egalitarian decentralized network with the consensus dynamics of

sensor node i captured by xi[k + 1] =
∑

j∈N i
(ajxj[k]), where N i is the set of

all neighbors of agent i and a′js are scaling factors that sum to 1.

Realistic implementation of consensus algorithms needs to consider communication

constraints such as the limited channel data rates. Coding and quantization are needed for

data to be transmitted in realistic channels. The quantized consensus in MLMG networks is

studied in this thesis. Quantization effects turn the distributed consensus into a nonlinear

problem, which is significantly more difficult to analyze.
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A burst of literature on quantized consensus in egalitarian networks has emerged in

the past few years. In [37] and [38], the quantization effect is coarsely modeled as an additive

noise. Using this quantization model, along with detailed communication and coding models,

the authors show that the variance of quantization noise varnishes with time, leading to the

convergence of consensus in the mean squared sense. In [25], both state and transmitted

values are quantized. Lyapunov-type analysis is carried out to prove convergence. As the

initial average is not preserved using this quantization scheme, drifting of the converged

consensus is expected. Carli and his coauthors study this problem from a different angle

([7, 15, 10, 9, 8]). They utilize the quantized information in a way to preserve the initial

average at each iteration [7]. However the final consensus values may have discrepancies

among themselves. The asymptotic discrepancy is either estimated using the additive noise

quantization model or bounded by using worse case scenarios ([15, 10, 7, 9]). Additional

coding schemes are studied in [8] and [21] to speed up the consensus. Similarly, in [14, 18]

and [19], deterministic quantization rules are applied to the gossip consensus algorithm to

preserve the initial average at each iteration and Layponov analysis is carried out to bound

the expected consensus time.

Different from the aforementioned works, probabilistic and dithered quantization

methods are studied in [4, 3, 12] and [17] to remove the asymptotic discrepancies among

agents as observed in [7, 10, 9, 8] and [15]. These methods either add noise before a de-

terministic quantization step or select a neighboring quantized value probabilistically. Both

asymptotic and transient convergence properties in egalitarian networks have been analyzed.

The use of the probabilistic quantization in gossip consensus algorithms can also be

found in [11]. All these works are concerned with pure average consensus, which has a feature
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that plays an important role in the analysis: the system matrix is doubly stochastic. The

work on probabilistic/dithered quantization to MLMG structures, which do not show double

stochasticity is extended. Of relevance, some efforts have been devoted to weighted averaging

in the absence of double stochasticicy, for different quantization mechanisms ([6, 20]).

The main contributions of my thesis for the first part is summarized as follows.

(1) Characterization of the efficiency of MLMG structures, which lie in between the

centralized and the egalitarian decentralized structures: The MLMG structures re-

duce the number of transmissions compared to egalitarian decentralized networks of

the same dynamics. The reduced number of transmissions is explicitly calculated,

and is shown to grow quadratically with the size of the network, suggesting the high

efficiency of the MLMG structures in large-scale sensor networks.

(2) Quantized consensus in MLMG networks: Quantized consensus has been exten-

sively studied in symmetric egalitarian networks, characterized by doubly stochas-

tic system matrices. The characterizations of the condition and rate of quantized

consensus contribute to the quantized consensus research in that: i) the network’s

equivalent egalitarian structure is asymmetric and not doubly stochastic, and ii) link

simple topological characteristics of MLMG networks with the quantized consensus

performance.

(3) Characterization of the structural impact on the consensus performance: The MLMG

structures capture hidden topological information that is not observable in the egal-

itarian structures directly associated with the consensus dynamics. They provide

simple topological characteristics that lead to explicit graphical results on consensus

performance, such as the number of transmissions and the consensus condition and
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rate. These graphical results are very useful in large-scale sensor network applica-

tions as they permit scalable network designs.

Further, in Section 2.1.2, a review of preliminary results on consensus building in

MLMG networks is provided, which serves as the basis for the development in my thesis.

In Section 2.2, mathematical comparision on the number of transmissions between MLMG

networks and egalitarian decentralized networks is provided. Section 2.3 shows the proba-

bilistic quantization algorithm and study its asymptotic and transient consensus properties

in MLMG networks.

2.1.2. Preliminaries of Multi-Layer Multi-Group Structures

This section describes the typical topology of MLMG networks, the communication

protocol and probabilistic quantization framework. For further analysis, the preliminaries

necessary for the development of my thesis is provided.

2.1.2.1. Topology and Communication

In MLMG networks, two types of nodes are involved: 1) sensor nodes (indexed by

Si, i ∈ {1, 2, ..., n}) at the bottom layer with the functionality of sensing, simple local

computation and communication; and 2) virtual fusion centers (VFCs, indexed by VFCj,

j ∈ {1, 2, ...,m}) at higher layers, serving as group leaders with the full functionality of

computation and communication. Links between sensor nodes and VFCs represent commu-

nication channels. MLMG networks can have multiple layers, forming hierarchical networks

as discussed in [35]. In this thesis, the focus is on the 2-layer multi-group (2LMG) structures,

which can be represented by bipartite graphs, G. Many results can be readily generalized to

MLMG structures with a higher number of layers.
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A 2-layer 2-group (2L2G) structure with three sensor nodes (marked by circles) and

one VFC (marked by rectangulars) in each group is shown in Figure 2.2a. Group 1 includes

sensor nodes S1, S2 and S3 and VFC1; and group 2 includes sensor nodes S4, S5, and S6

and VFC2. VFC1 talks to every sensor node in its group and also S4 in the other group.

Similarly, VFC2 talks to every sensor node in its group and also S1 in the other group.

The connection topology between the two layers is captured by the routing matrix

H ∈ Rm×n. Each entry Hi,j is ‘1’ if a link exists between VFC node i and sensor node j,

and is ‘0’ otherwise. For instance, the 2L2G structure shown in Figure 2.2 can be captured

by the routing matrix H =

1 1 1 1 0 0

1 0 0 1 1 1

.

The communication in MLMG networks is featured by the forward and backward

operations typically observed in centralized networks. Specifically, the following steps are

involved in each iteration of the consensus algorithm: 1) in the forward step, each sensor

node sends its value to the VFC which it connects to, 2) each VFC then updates with the

average of the values that it receives from the sensor nodes, 3) each VFC then sends its value

to these sensor nodes, and 4) each sensor node updates with the average that it receives from

the VFCs.

Remarks on MLMG structures:

(1) The topology and communication of MLMG structures mimic those of the central-

ized structures. For instance, the 2L1G structures are centralized, with one VFC

communicating to all sensor nodes using the forward and backward operations.

(2) The 2LMG structures, originally used for low-density parity-check (LDPC) coding

([16]), do not necessarily have a one-to-one mapping to physical structures. In fact,

functionalities of VFC nodes can be physically implemented at any of the sensor

9



(a) The topology graph with VFCs at the top layer and sensor

nodes at the bottom layer

(b) The FC version, with nodes S1 and S4 merged to the VFCs

(c) The equivalent egalitarian network of the same consensus

dynamics

Figure 2.2. An example of the 2L2G structure.
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nodes, denoted as leader nodes (marked using orange circles in Figure 2.2). We may

combine the VFCs and leader nodes to form fusion centers (FCs). As the example

shows in Figure 2.2b, the functionality of VFC1 is implemented by the leader node

S1, and the functionality of VFC2 is implemented by the leader node S2, forming

two FCs.

(3) The MLMG structures provide a novel means to obtain tractable graph-theoretic

results on consensus properties. As will be seen more clearly in Section 2.1.2.2,

the consensus dynamics defined on a 2LMG structure can also be captured by an

equivalent egalitarian decentralized network structure. For instance, Figure 2.2c is

such a structure for Figure 2.2a. However, the equivalent egalitarian structure lacks

tractable graphical insights for consensus properties.

2.1.2.2. Preliminaries

The dynamics of sensor values x[k] ∈ Rn×1 at each iteration of the distributed con-

sensus can be tracked using the following difference equation:

x[k + 1] = Ax[k] = K1H
TK2Hx[k], (1)

where K1 = [diag(HT1m×1)]−1, K2 = [diag(H1n×1)]−1, and A ∈ Rn×n is the system matrix.

The operation diag() means placing the vector inside the parentheses to the diagonal of a

matrix.

Remark: It is observed that matrix A defines the graph structure, G̃, of an egalitarian

decentralized network, which has the same dynamics in each iteration as that of the 2LMG

structure defined on H. As the example shows in Figure 2.2c, each entry Ai,j 6= 0 if sensor

node i receives data from sensor node j through a VFC in each iteration.

11



Matrix A is asymmetric and is not doubly stochastic. The previous work [35] demon-

strated that the largest eigenvalue of A is 1, and all other eigenvalues are real, simple, and

residing in [0, 1). In addition, consensus properties are characterized directly using the rout-

ing matrix H, instead of the system matrix A on which traditional egalitarian network control

has been focused. In particular, the necessary and sufficient condition for consensus is that a

path between any pair of sensor nodes exists in the MLMG structures. The final value that

the network converges to is a weighted sum of the initials ĉ = 1
11×mH1n×1

11×mHx[0]. The

asymptotic consensus time is also directly expressed in terms of H. For classes of typical

MLMG structures, the explicit relationships between asymptotic consensus time and simple

graph characteristics (such as the degrees and numbers of sensors and VFCs) have been

further characterized.

2.1.2.3. Quantization Framework

In the case of digital channels with limited data rates, quantization needs to be

considered in each of the two-way transmissions: forward and backward. The quantized

consensus dynamics in the 2LMG structure is rewritten as

v[k + 1] = q(K2Hs[k]),

s[k + 1] = q(K1H
Tv[k + 1])

= q(K1H
T q(K2Hs[k])), (2)

where s[k] are the quantized sensor values, v[k] are the quantized VFC values, and q(d) is

a quantization operator of the vector d. Assume the initial quantized sensor values to be

s[0]. Denote the quantization range as [L,U ], with a quantization resolution of ∆. Denote

b c and d e as the closest lower and upper quantized values of a number. Then, the ith entry
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of q(d) is defined as ([7, 17]):

qi(d) = bdi + r[0,∆]c , (3)

where r is a uniform random variable whose value lies between 0 and ∆, or equivalently as

qi(d) =


bdic , with probability ddie−di

∆
;

ddie , otherwise.

(4)

2.2. Further Properties of the MLMG Structures Compared to Egalitarian Decentralized

Structures

In this section, the advantages of the MLMG structures over the traditional egalitarian

structures is explored. In particular, it is seen that the MLMG structures significantly reduce

the number of transmissions, retaining the feature of centralized algorithms. This advantage

is more prominent when the network size is large. This study suggests the promise in using

of MLMG structures to improve the scalability in the number of transmissions for large-

scale network applications. To clarify the presentation here, the number of transmissions

required between several typical classes of MLMG structures and their equivalent egalitarian

structures is compared.

2.2.1. Complete Graph among Group Leaders

A class of MLMG structures with the communications among leaders forming a com-

plete graph is considered. In particular, the network is composed of m groups, each with

a group leader (FC, or VFC). In the FC version, each group has k sensor nodes, including

the leader node which merges into the FC. Each FC communicates with all other FCs in

the network. In the equivalent VFC version, each VFC talks to all sensor nodes within its

group and the leader nodes in the other groups. Non-leader nodes only communicate with

13



(a) FC version

(b) VFC version

the VFC within their groups. An example with m = 4 and k = 3 is shown in Figures 2.3a

and 2.3b. The number of transmissions that can be saved for this class of MLMG structures

is analyzed. A lemma from [35] which explicitly expresses the consensus time (for the differ-

ence between sensor values and the final consensus value to fall within δ of the initial, where

δ is small) in terms of the simple graph characteristics of H is used in the theorem.

14



0 5 10 15 20 25 30 35 40 45 50
0

1000

2000

3000

4000

5000

6000

7000

8000
R

ed
uc

ed
 tr

an
sm

is
si

on
s 

pe
r 

ite
ra

tio
n

Value of k or m

 

 

Vary k, fix m=3
Vary m, fix k=3

(c) The number of reduced transmissions per iteration grows quadratically with the network size

Figure 2.3. An MLMG structure with a complete graph among the leaders

Lemma 2.1. Consider the MLMG structure Gcomp (m > 1 and k > 1) with a complete

graph among the FCs described above. The asymptotic consensus time for this structure is

log k−1
k+m−1

δ.

Theorem 2.2. Consider the MLMG structure Gcomp described above and its equivalent

decentralized egalitarian structure G̃comp of the same dynamics, defined on the system matrix

A. The number of transmissions to reach consensus in the Gcomp structure is N(Gcomp) =

2(k+m− 1)m log k−1
k+m−1

δ, and that in the G̃comp structure is N(G̃comp) = [m(km− 1) + (k−

1)m(k + m− 2)] log k−1
k+m−1

δ. N(Gcomp) < N(G̃comp), when k > 2 or m > 2. In addition, the

reduced number of transmissions per iteration grows in an order of O(k2) with the increase

15



of k, and in an order of O(m2) with the increase of m.

Proof:

First, the number of transmissions per iteration is calculated in each topology. In the

Gcomp structure, as each VFC connects to k sensor nodes within its group and one leader

node in each of the other m − 1 groups, k + m − 1 connections per VFC are expected.

Considering the forward and backward transmissions and the consensus time according to

Lemma 2.1, N(Gcomp) = 2(k+m−1)m log k−1
k+m−1

δ is obtained. In the G̃comp structure, as each

of the m leader nodes through the VFCs connects to all other km−1 sensor nodes, a total of

m(km− 1) transmissions are needed for these leader nodes. In addition, as each of the k− 1

sensor nodes in each of the m groups communicates to k−1 nodes in its group and all leader

nodes in the other m − 1 groups, a total of (k − 1)m(k + m − 2) transmissions are needed

for these sensor nodes. As the consensus time for both structures are the same according to

Equation (1), Lemma 2.1 leads to N(G̃comp) = (m(km−1)+(k−1)m(k+m−2)) log k−1
k+m−1

δ.

Now N(Gcomp) and N(G̃comp) is compared per iteration. Simple algebra leads to

N(G̃comp)−N(Gcomp) = m(km− k −m− 1) + (k +m− 2)(k − 2)m per iteration. Clearly,

when k > 2 and m ≥ 2 or k ≥ 2 and m > 2, both terms in the above expression are

larger than 0. Furthermore, simple observation suggested that the difference in N(G̃comp)

and N(Gcomp) grows in the order of O(k2) and O(m2).

The above theorem suggests the advantage of the MLMG structures in reducing the

number of transmissions for large-scale networks. For the example shown in Figure 2.3c, a

graph is plotted for N(G̃comp) − N(Gcomp) per iteration versus k and m. As the consensus

time also increases with the network size, the transmission savings can be significant for

large-scale networks. It is seen in the calculation that the transmissions between leader

16



nodes and VFCs is included, which, if ignored in a realistic setting, further reduces the

number of transmissions.

2.2.2. Centralized Graph among the Leaders

Now consider a class of MLMG structures with a centralized communication graph

among the group leaders. In particular, the network is composed of m groups, each with

an FC. Each group has k sensor nodes, including the leader node. The leader node in one

and only one group communicates with all VFCs in the network. All other sensor nodes in

each group only communicate with the VFC within the group. An example with m = 4 and

k = 3 is shown in Figures 2.4a and 2.4b. FC1 of group 1 communicates with all other group

leaders.

Lemma 2.3. [35] Consider the MLMG structure Gcen (m > 2 and k > 1) with a centralized

graph among the FCs described above. The asymptotic consensus time for this structure is

log k
k+1

δ.

Theorem 2.4. Consider the MLMG structure Gcen described above and its equivalent de-

centralized egalitarian structure G̃cen. The number of transmissions to reach consensus in

the Gcen structure is N(Gcen) = 2(km + m − 1) log k
k+1

δ, and that in the G̃cen structure is

N(G̃cen) = (km − 1 + (k − 1)2 + k2(m − 1)) log k
k+1

δ. N(Gcen) < N(G̃cen), when k > 2 and

m > 2. In addition, the reduced number of transmissions per iteration grows in an order of

O(k2) with the increase of k, and in an order of O(m) with the increase of m.

Proof:

The proof is very similar to the proof of Theorem 2.2 and thus the details are omitted.

The only thing to note that in the G̃cen structure, the number of transmissions in each

17



(a) FC version

(b) VFC version

iteration is the summation of three terms: (km− 1) + (k − 1)2 + k2(m− 1). The first term

corresponds to the number of transmissions for the leader node in the first group which

connects to all other km − 1 nodes. The second term is for the k − 1 nodes in the first

group to each communicate to k−1 nodes within the group. The third term is for remaining

km− k nodes to each communicate to k sensor nodes in the network.
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(c) The number of reduced transmissions per iteration grows quadratically with the network size

Figure 2.4. An MLMG structure with a centralized graph among the leaders

2.3. Probabilistic Quantized Consensus

In this section, the asymptotic and the transient properties of the probabilistic quan-

tized consensus in MLMG networks with limited transmission rates is explored. The nonlin-

earity and stochasticity of the quantization process complicate the analysis. However, nice

asymptotic results on the final consensus value and transient results on the consensus time

and the total number of transmission bits remain.

2.3.1. Asymptotic Properties

In the first theorem, the consensus can be reached asymptotically with probability 1

is shown. It is observed that the final consensus value may be different for different sample
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runs. In the next theorem, the expectation of the final consensus value is calculated.

Theorem 2.5. Consider the probabilistic quantized consensus dynamics shown in Equation

(2). If the consensus can be reached without quantization, consensus in the quantized case

can be reached with probability 1. Mathematically,

P
(

lim
k→∞

s[k] = c1n×1

)
= 1, (5)

where c is a constant.

Proof:

A Markov chain to track the quantized values of sensor states s[k] is constructed. The

states of the finite-state Markov chain belong to the combinations of all possible quantized

values between the minimum and maximum of the initials [L,U ]. The transition probability

P (s[k + 1]|s[k]) is determined by the dynamics shown in Equation (2).

The consensus c1n×1 can be reached with probability 1 is proved by showing that

c1n×1 are recurrent states and all other states are transient states which can reach the

recurrent states.

The first statement is straightforward. As K2H and K1H
T are both stochastic ma-

trices with row sums being 1, when s[k] reaches c1n×1, we will have s[k + 1] = s[k].

To show that all states not equal to c1n×1 are transient states which can reach some

recurrent states, it is suffice to show that the Markov chain starting from any s[0] 6= c1n×1

can reach a particular recurrent state bĉc1n×1, where ĉ = 1
11×mH1n×1

11×mHs[0]. To show

this, it is required to prove that there exists a probability that

||s[k + 1]− ĉ1n×1||∞ = ||q[K1H
T q(K2Hs[k])]− ĉ1n×1||∞
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< ||s[k]− ĉ1n×1||∞, (6)

for every k until all elements of s[k] reach the neighboring quantized values of ĉ, bĉc or

dĉe. Then, it is shown that at the next time instance, bĉc1n×1 can be reached with some

probability. The second step is straightforward due to the property of the probabilistic

quantization.

To prove Inequality (6), a specific path in the Markov chain to reach the neighboring

quantized values of ĉ is defined. In particular, in the two probabilistic quantization operations

‘q()’ in Equation (6), each entry with a quantized value is assigned nearest to ĉ if the entry

is above dĉe or below bĉc (which is possible as with a positive probability). If an entry si[k]

already reaches bĉc or dĉe and all possible choices of s[k+ 1] are in the range of [bĉc , dĉe], it

is not updated.

If an entry si[k] exists outside the range of [bĉc , dĉe], the operations K2H and K1H
T

(with row sums equaling to 1) and the operation of choosing the quantized value closest to

ĉ will shorten the maximum distance of all entries to ĉ, and thus reducing the infinity norm.

The final quantized consensus value c may be different from ĉ = 1
11×mH1n×1

11×mHs[0]

for each sample run. It is shown in the next theorem that the expectation of the final

quantized consensus value is a weighted sum of the initial values, and is equal to the final

consensus value without quantization ĉ = 1
11×mH1n×1

11×mHs[0].

Theorem 2.6. Consider the probabilistic quantized consensus that can reach consensus in

an MLMG structure. The expectation of the final quantized consensus value equals ĉ.

Proof: Rewriting the probabilistic quantized dynamics Equation (2) as:

v[k + 1] = q(K2Hs[k]) = K2Hs[k] + n1[k],
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s[k + 1] = q(K1H
Tv[k + 1]) = K1H

Tv[k + 1] + n2[k],

= K1H
TK2Hs[k] +K1H

Tn1[k] + n2[k], (7)

where the vectors n1[k] ∈ Rm and n2[k] ∈ Rn are additive noises. Taking expectation of the

above equation, follwing result is obtained:

E(s[k + 1]) = K1H
TK2HE(s[k])

+K1H
TE(n1[k]) + E(n2[k])). (8)

The theorem is proved if E(n1[k]) = 0 and E(n2[k]) = 0, as the recursion of E(x[k]) is

precisely the same as that of x[k+1] without quantization. In order to show E(n1[k]) = 0 and

E(n2[k]) = 0, it is only required to show that the expectation of each entry in the additive

noise vectors is 0. This is straightforward using the first entry of n1[k] as an example.

E(n11[k]) = (dx1e − x1)
x1 − bx1c

∆

+(bx1c − x1)
dx1e − x1

∆
= 0, (9)

where x1 is the first entry of K2Hs[k].

2.3.2. Transient Properties

In this section, the average convergence time of the quantized consensus algorithm in

MLMG networks is shown. In particular, the expectation of transient dynamics using the

second largest eigenvalue is bounded. The direct connection between this eigenvalue and

simple graphical characteristics of MLMG structures leads to explicit graphical results on

the transient performance. The value of δ is not limited to small value, as the result holds

for any quantization resolution.
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Theorem 2.7. Consider the probabilistic quantized consensus that can reach consensus in

an MLMG structure. The transient expectation of quantized sensor values satisfies

||K−
1
2

1 (E(s[k])− ĉ1)|| ≤ λk2||K
− 1

2
1 (E(s[0])− ĉ1)||, (10)

where λ2 is the second largest eigenvalue of A = K1H
TK2H.

Proof:

Equation (8) leads to

E(s[k]) = K1H
TK2HE(s[k − 1]) (11)

As the system matrix A = K1H
TK2H is asymmetric, we left multiply K

− 1
2

1 to both

sides of the above equation and obtain

K
− 1

2
1 E(s[k]) = K

− 1
2

1 K1H
TK2HK

1
2
1 K

− 1
2

1 E(s[k − 1])

= K
1
2
1 H

TK2HK
1
2
1 (K

− 1
2

1 E(s[k − 1])). (12)

Interestingly, the new system matrix Â = K
1
2
1 H

TK2HK
1
2
1 is symmetric, and shares a

common set of eigenvalues with K1H
TK2H [35]. Now ||(K−

1
2

1 (E(s[k]) − ĉ1)|| calculated as

follows.

||K−
1
2

1 (E(s[k])− ĉ1)||

= ||Â(K
− 1

2
1 E(s[k − 1]))−K−

1
2

1 ĉ1||

= ||Â(K
− 1

2
1 E(s[k − 1]))−K−

1
2

1 (K1H
TK2H)∞E(s[0])||
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= ||Â(K
− 1

2
1 E(s[k − 1]))− Â∞K−

1
2

1 E(s[0])||

= ||(Â− Â∞)(K
− 1

2
1 E(s[k − 1])−K−

1
2

1 ĉ1)||

≤ ||Â− Â∞||k||K−
1
2

1 (E(s[0])− ĉ1)||. (13)

The matrix Â−Â∞ is symmetric, and as such ||Â−Â∞|| equals the largest eigenvalue

of Â− Â∞. What remains to show is that the largest eigenvalue equals λ2 of K1H
TK2H. As

the eigenvalues of Â − Â∞ equal those of A − A∞, the problem is reduced to showing that

the largest eigenvalue of A− A∞ is λ2 of A.

To prove this, the largest eigenvalue, left eigenvector and right eigenvector of A are

1, 11×m

11×mH1n×1
H, and 1n×1 respectively (see [35]) is noted. Clearly, the largest eigenvalue of

K1H
TK2H − 1n×111×m

11×mH1n×1
H is λ2(K1H

TK2H).

The above theorem readily leads to graphical results on the expected consensus time.

The expected total number of transmissions is obtained accordingly. Example results for the

two classes of MLMG structures are presented below.

Corollary 2.8. For the class of MLMG structures with a complete communication graph

among the leaders, the expected quantized consensus time is upper bounded by log k−1
k+m−1

δ,

and the total number of transmissions to reach consensus is upper bounded by 2m(k + m −

1) log k−1
k+m−1

δ.

Corollary 2.9. For the class of MLMG structures with a centralized communication graph

among the leaders, the expected quantized consensus time is upper bounded by log k
k+1

δ, and

the total number of transmissions to reach consensus is upper bounded by 2(km + m −

1) log k
k+1

δ.
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(a) One sample run of the quantized consensus for all 12 sensor nodes. Each curve repre-

sents the trajectory of a sensor node value

2.3.3. Simulation Studies

In this section, the results of the MLMG structures with a complete communication

graph among the leaders (as shown in Figure 2.3) are presented. The initial sensor values

are in the range of [−5.6, 13.32]. The 4-bit quantization for the channel transmissions was

considered. Figure 2.5a shows one sample run of all 12 sensor values. Clearly, consensus is

reached after some iterations. Each sample run may not have the same dynamics nor reach

the same final consensus values as shown in Figure 2.5b. Furthermore, the figure shows that

the averaged dynamics of 2000 sample runs is very close to the dynamics without quantiza-

tion. Figure 2.5c suggests that the upper bound of the expected dynamics in Theorem 2.7

holds.
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Figure 2.5. Quantized consensus dynamics in the MLMG structure with a

complete graph among the leaders (Figure 2.3)
26



CHAPTER 3

TEST-BED FOR MULTI-DOMAIN COMMUNICATION NETWORKS USING LEGO

MINDSTORMS

3.1. Background and Outline on Implementation of Multi-Domain Communication Newtorks

3.1.1. Introduction

Airborne Networks (ANs) has gained dramatically growing interest over the years

because of the advantages such as transportability, flexibility, and broad-coverage. Due to

the need for aerial vehicles to perform time-critical tasks, vehicle-to-vehicle communication

with low-delay and high throughput becomes necessary. Furthermore, there is growing need

to connect aerial and ground networks to form on-demand multi-domain communication

networks, for military and civilian applications when satellite communication is unavailable,

gets highly disrupted, or does not meet the capacity and time-delay constraints [13]. For

instance, at times of calamities like tsunami and earthquakes, aerial vehicles can help to es-

tablish communication among on-ground rescue teams to achieve broad coverage. However,

designing such multi-domain communication networks is quite challenging, due to factors

such as the fast speed of aerial vehicles, highly changing network topologies, varying envi-

ronmental conditions, and communication constraints such as the line of sight (LOS) effect

when directional antennas are used [13].

To understand these challenges, evaluate networking performance, and in turn design

effective networking strategies for ANs and multi-domain communication networks, field

tests and software simulations are typically used. As conducting flight field tests is usually

very expensive and time consuming, and simulation software may not capture real-world

complexity, a low-cost physical test-beds can be used for preliminary testing. The low-cost
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ground-vehicle-based test-bed can be configured to capture real-world scenarios, and can be

easily re-programmed according to different research needs. Based upon the previous efforts

on developing test-beds for distributed exploratory systems shown in [23], a preliminary

LEGO Mindstorms NXT robot-based test-bed for multi-domain communication networks is

built. The test-bed is aimed to mimic ANs and multi-domain communication networks. In

particular, some LEGOs follow realistic airborne mobility models that was recently developed

[36] to mimic the movement of aerial vehicles; and different communication strategies are

used to differentiate communication capabilities among ground vehicles, and between ground

and aerial vehicles.

To demonstrate the feasibility of this approach and the capability of the test-bed, a

search-and-rescue scenario is implemented. As shown in Figure 3.1, there are two groups

of ground vehicles where each group has two robots and all the robots are searching for

the targets on their own. The two groups are far away from each other devoid of direct

intra-group communication, but robots in their respective groups communicate. To enable

the intra-group communicate and permit broad search coverage, an unmanned aerial vehicle

(UAV) serves as the communication relay. Whichever robot finds the target will inform its

group members, inform other group robots via the UAV, and also send the coordinates of

the target that has been found. Then all the robots will swarm towards the target.

The preliminary test-bed is useful for evaluating the performance of AN networking

strategies. The test-bed is used to understand the impact of directional antennas to the

connectivity properties of the mobile network. The insights gained from this test-bench will

help with in future on designing mobility-aware routing protocols.
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Figure 3.1. System diagram for the simple search-and-rescue scenario

3.1.2. Outline

This chapter details i) the theory that enables the ground test-bed to mimic ANs and

multi-domain communication networks, ii) the implementation of the test-bench, and iii) the

results of using this test-bed for multi-domain search-and-rescue applications. The major

contribution of this work is the proof-of-concept implementation of the ground test-bed to

mimic ANs and multi-domain communication networks, as summarized in the following two

focus areas.

(1) Use LEGO robots to mimic the movement of ground- and aerial- vehicles

Some robots in the groups will mimic ground vehicles, and others mimic aerial ve-

hicles. All ground vehicles randomly search for the target. They follow traditional

MANET mobility models such as the Random Direction (RD) model. As aerial
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vehicles favor smooth turns instead of sharp turns caused by mechanical and aero-

dynamic constraints, they follow the Smooth Turn (ST) Mobility Model [36]. The

implementation of these mobility models, and the mathematics involved to track

the coordinates and boundary conditions of the RD and ST Models is discussed in

the later section. Using realistic ground- and aerial- vehicle mobility models equips

the test-bed the capability of faithfully evaluating the performance of multi-domain

networking.

To track the coordinates of the robots, normal trigonometric formulas are used,

instead of using compass sensors for the heading and its location or any other

location based sensors. In particular, the dead reckoning method that relies only on

the output of the encoders to track the number of revolutions of the wheel is used.

Classical proportional-integral-derivative (PID) controllers are used to minimize the

errors and track the headings.

(2) Heterogeneous communication schemes in multi-domain communication

The communication among the ground vehicles and between ground and aerial vehi-

cles are implemented using different protocols. In particular, the blue-tooth technol-

ogy (with limited communication range and limited number of connections within a

network) is used to mimic the low-end communication among ground vehicles. As

for the communication among ground and aerial vehicles, Xbee radio technology is

used, which has broader transmission range and more flexibility in setting up dis-

tributed networking. Since not all the ground vehicles are equipped with advanced

radio/communication technologies to communicate with the aerial vehicle, only one

robot in a group is identified as the lead robot to communicate with the aerial ve-
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hicle. The communication strategies, their performance, and the implementation

using the RobotC language is disussed in later section.

3.2. Mobility Models

In order for the test-bed to mimic multi-domain communication network and test

networking strategies, the first step is to ensure that the mobility patterns of the LEGO

robots follow those of the aerial vehicles and ground vehicles in the ANs and multi-domain

communication networks. This step is crucial as mobility has significant influence on the

performance of any communication network [31]. To capture realistic mobility patterns,

random mobility models is implemented in the test-bed, which abstract statistics of mobility

features and produce large trajectory ensembles. Two mobility models are used in the test-

bed, the Random Direction (RD) model for ground vehicles, and the Smooth-Turn (ST)

model for aerial vehicles. In this section, the basics of the two mobility models is first

decsribed, then the implementation in LEGOs, and finally the preliminary algorithms to

track LEGO locations using these two mobility models is shown.

3.2.1. Random Direction Mobility Model

The RD mobility model is used to mimic the random movement of ground vehicles. In

the basic mobility model, a robot chooses a random direction (α) from a uniform distribution

between −π to π (with probability density function (f(α) = 1
2π

)) and moves till the boundary

is reached. Once the boundary is reached. It then chooses another random direction, α, till

the boundary condition is met again. In this test-bed, the modified RD mobility model is

implemented, where instead of only changing direction at boundaries, the robot moves for

an exponential period of time, T, with probability density function f(T ) = λe−λdT , where

1
λd

is the mean duration [24], before choosing a new random direction. The exponential
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distribution is used because of its memory-less property [27]. If the robot hits the boundary,

it reflects back into the region.

3.2.1.1. Implementation in the LEGO Test-bed

The NXT-motors has a built-in encoder with a resolution (encres) of 360 ticks/revolution.

The built-in encoder to control and track LEGO heading and traveling distance is used.

There are several other sensors available in the market like angle and compass sensors which

can be used for tracking algorithm. But encoder is used for tracking LEGO robots as it

showed better precision than other sensors.

When the robot moves forward, the time to travel, T , is randomly selected from the

exponential distribution f(T ). The distance to travel is calculated using Equation (14),

where v is the velocity of the robot:

d = v × t (14)

The encoder counts (enccounts) is tracked and the distance (d) travelled by the Lego

robot is calculated, as shown in Equation (15).

d = enccounts ×
2πr

encres
(15)

When the robot changes heading, the angle to change (β) is randomly selected from

uniform distribution. To realize β angle change, the robot’s two wheels is allowed to move

in opposite directions as opposed to having a single wheel to move. Therefore, the wheels

have less rotation compared to that of single wheel movement, as shown in Figure 3.2. The

rotation of each wheel (measured by encoder count enccount) can be calculated from β, the
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length of the robot (l, i.e. distance between two wheels) and radius of the wheel (rwheel) as

shown in Equation (16).

β

2
= enccounts

2πrwheel
2πl

(16)

It is observed that the above heading angle to change is hard to reach precisely due

to the low-precision of NXT-motor. As such, Proportional-Integral (PI) controller is used to

achieve better precision. In particular, β is used as the reference heading change in the PI

block as shown in Figure 3.3. The reference heading change β is compared with the current

reading (calculated from the encoder according to Equation 15), as shown in Equation (17),

and the power, as output from the PI block, actuates the motor as shown in Equation (18).

The above PI controller implementation permits better precision of heading direction change.

error = β − PresentReading (17)

Power = Kp× error +K
∑

error (18)

3.2.1.2. Tracking of LEGO Location

In this preliminary test-bed, a very simple tracking algorithm is used. k is denoted as

the index to change heading direction, βk as the angle to change at k, and dk as the distance

to travel for the kth directional movement. The heading of the robot, φk with respect to

the x-axis, is calculated from Equation (19). The value of φ is kept in between −180 to 180,

where mod is the modular operator. The location of the robot is then calculated using the

formula given in Equation (20), where (x, y) represents the coordinates of the robot.
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Figure 3.2. Robot changes heading by 90o

Figure 3.3. PI control block for heading

φk = mod(φk−1 + βk + 180, 180)− 180 (19)
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 xk

yk

 =

xk−1

yk−1

+ dk

 cosφk

sinφk

 (20)

If the robot hits the boundary during the kth directional movement, the location at

boundary (x′k′ , y
′
k′) can be found according to Equation (21), where the distance travelled till

the boundary condition is denoted as d′. The robot then travels with a new heading given

by Equation (22) until it finishes the remaining distance. The final coordinates at the end

of the kth directional movement is given by Equation (23).

 x′k′

y′k′

 =

xk−1

yk−1

+ dk′

 cosφk

sinφk

 (21)

φk = −φk (22)

 xk

yk

 =

x′k′
y′k′

+ (dk − dk′)

 cosφk

sinφk

 (23)

3.2.2. Smooth Turn Random Mobility Model

The ST mobility model is used [36] to mimic the random movement of aerial vehicles.

The model works in such a way that the robot randomly chooses a turn center perpendicular

to its heading direction, and moves around the turn center for an exponential elapsed time

with a constant velocity, before choosing another turn center. The inverse of the turn radius,

r, follows the normal distribution. The ST model resembles the RD model in the random

selection of movement direction; the difference resides in that the ST model can produce

smooth trajectories unique to aerial vehicles, which cannot be captured by the RD model.

A simulation of ST trajectory is shown in Figure 3.4.
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Figure 3.4. A simulation of the trajectory of UAV in a 2-D domain [36]

3.2.2.1. Implementation in the LEGO Test-bed

In order for a LEGO robot to move along a circle and follow smooth trajectory, the

wheels have different angular velocity. The angular velocity of the outer wheel,ωout, is given

by Equation (24) and that of the inner wheel,ωin, is given by Equation (25).

ωout =
v

r + l
2

(24)

ωin =
v

r − l
2

(25)

The power inputs to the motors are calculated based on the rpm (N) of the motors.

Assume that 100% power allows the robot to move at full speed. The percentage of power
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to the outer motor, Pout, is given by Equation (26), and the power to the inner motor, Pin,

is given by Equation (27).

Pout = ωout
100

N
(26)

Pout = ωin
100

N
(27)

3.2.2.2. Tracking of LEGO Location

This section is on the tracking of LEGO location following the ST mobility model.

For the ease of understanding, consider that the robot is originally placed at the origin with

the heading towards the positive x-axis. At the kth center change, the turn center is on the

positive y-axis with radius rk, and the randomly selected traveling time is Tk. The robot

moves anti-clockwise to a new location (xk, yk) as shown in Fig. 5. The new heading φk and

new location (xk, yk) is tracked through the following procedure.

The distance traveled along the arc is denoted as dk, which is calculated by Equation

(28). The turned angle θk is given by Equation (29).

dk = vk × Tk (28)

θk = dk ×
360

2πrk
(29)

The length of displacement, ak, from the origin to the current location is given by

Equation (30).

ak = abs(2× rk × sin
θk
2

) (30)
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Figure 3.5. A robot makes a clock-wise circular turn

The orientation of the robot, φk is tracked as shown in Equation (31), which is kept

between −180 to 180.

φk = mod(φk−1 + θk + 180, 180)− 180 (31)

The new location (xk, yk) is then obtained using the concept of Rotation Matrix (see

Ref. 12 for the details).

 x′k

y′k

 =

xk−1

yk−1


 cosφk−1 sinφk−1

− sinφk−1 cosφk−1

+ ak

 cos θk
2

sin θk
2

 (32)

 xk

yk

 =

x′k
y′k


cosφk−1 − sinφk−1

sinφk−1 cosφk−1

 (33)
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3.3. Multi-Domain Communication

Multi-domain communication networks typically involve a mix of heterogeneous radio

systems of IP/non-IP enabled radio technologies with different protocols and operating at

different frequencies. In the preliminary LEGO test-bed, both Bluetooth and Xbee wireless

technology is used. The UAV robot (which follows the ST mobility model) is equipped with

the directional antenna Yagi-Uda to communicate with ground robots (which follow the RD

mobility model). The ground robots communicate among each other using Bluetooth. In this

section,the two communication protocols and their implementations in the LEGO test-bed

is discussed.

3.3.1. Communication Technology

Bluetooth is a wireless technology which follows the IEEE802.15.1 standard. It op-

erates at 2.4 Ghz frequency and exchanges data over short distances. The NXT brick is

equipped with built-in Bluetooth capabilities. In the standard set-up, the NXT brick that

initiates communication is called Master and the one that accepts connection is called Slave.

Each NXT-brick can have a maximum of 3 slaves connected to it; however these robots

cannot communicate simultaneously. The Bluetooth communication among robots can be

established either through programming or manually on the NXT-bricks. In the test-bed,

the Bluetooth technology is used for inter-group communication between ground robots.

Xbee is the product of Digi International Company which follows IEEE802.15.4 stan-

dard and operates at 2.4 Ghz frequency. It is typically used for exchanging data over long

distances. The NXTbee adapter developed by Dexter Industries is used to interface Xbee

Series 1 module with the Legos [1]. The NXTbee adapter is attached to the high speed port

i.e. the Input Port 4 of a NXT brick. The Xbee Series 1 is configured to RS485 connection
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Figure 3.6. Yagi-Uda antenna

[2] to be compatible with the NXT brick. The Series 1 Xbee module at the ground station

has a trace antenna on it. The Xbee Series 1 RPSMA module at the UAV robot is connected

to the directional antenna discussed below.

3.3.1.1. Directional Antenna

The Yagi-Uda directional antenna is used for establishing communication with the

ground vehicles that is subject to the LOS effect. The Yagi-Uda directional antenna is shown

in Figure 3.6, which is compatible with the Xbee Series 1 RPSMA module [2].

3.4. System Integration and Implementation of the Search and Rescue Scenario

The previous section described the mobility and communication modules respectively.

In this section, the integration of the different components and the implementation of the

search and rescue scenario is discussed. First the capability of LEGO robots and the software

used to program them is discussed. Then, another feature that is developed for the UAV
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robot: the change of bank angle according to its mobility is explained. In the end, the

search-and-rescue implementation is discussed.

3.4.1. LEGO Robots

LEGO Minsdtroms NXT robots are used for our test-bed due to its low price and

compatibility with a wide range of development software such as LabVIEW, RobotC and

many more. The NXT brick is a 32 − bit ARM7 processor available at a cost of less than

$200. The NXT brick has 4 input ports and 3 output ports. With the use of multiplexer, we

can easily extend the number of ports. There are also many sensors developed by different

companies to extend the capability of LEGO robots.

3.4.2. Programming Environment

RobotC is used as the programming environment. RobotC is very similar to the

standard C language. This language is chosen over LABVIEW because of its following

features: i) it reduces unnecessary delays in communication, ii) its flexibility in multitasking.

3.4.3. Automatic Bank Angle Change

The prototype of the UAV robot is equipped with the directional antenna, the linear

actuator, and the wings (see Figure 3.7). The UAV robot can automatically change the bank

angle, according to its mobility.

The bank angle change is realized through controlling the linear actuator. In the

design only one linear actuator is used, which controls the movement of the wings as the

robot moves. The Firgelli L12 NXT 100mm linear actuator is used for controlling the

movement of wings. It permits up and down movements, which are controlled by the motor

attached to an axle. The expression of bank angle θ is shown in Equation (34), where r is
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tan θ =
v2

r × g
(34)

The bank angle using the displacement of the linear actuator, zdis, in vertical di-

rection, and the distance between the midpoint of the robot and the location of the linear

actuator, dis, in x-direction is calculated using Equation (35).

tan θ =
zdis

dis
(35)

zdis is then controlled to realize the bank angle.
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Figure 3.8. Actual ground vehicles setup

3.5. Implementation of the Search and Rescue Scenario

In this scenario, four ground robots randomly explored an area following the modified

RD mobility model (see initial locations of the four robots in Figure 3.8). Figure 3.9 shows

the initial partition of two groups. All robots in the same group communicated through

Bluetooth, and the Master in each group is equipped with the Xbee module to communicate

with the UAV robot. The UAV robot followed the ST mobility model to randomly wander

around. All the ground robots used Light Sensors to detect the target. If the Light Sensor

value of a particular robot drops below a certain value, the target is considered to be found

by this robot.

The Master robot within each group performs three major tasks. First, the Master

robot follows the modified RD model, and tracks its location as discussed in Section 3.2.
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Figure 3.9. Detailed view of ground vehicles setup

Along with the code block of mobility, the robot also checks whether the target is found or

not. It notifies via Bluetooth the Slave robot in its group to stop searching if the target

is found, and then sends the coordinates of the target. The robot also notifies the UAV

robot via Xbee. To identify the group that has found the target, the group number is added

to the data package before the coordinate information. Second, the Master robot checks

whether any message is received via Bluetooth from the Slave robot about the target. If

yes, the Master robot stops further searching, and receives the coordinate information of the

target from the Slave robot. The Master robot then again notifies the UAV robot the target

coordinates. After sending the coordinates, the Master robot moves towards the target.

Thirdly, the Master robot checks whether the UAV robot sends the notification that the

target has been found by other group. If yes, the Master robot receives the coordinates,

sends the coordinates to the Slave robot and moves toward the target. The pseudo code is
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function RD

RD Model and check for target

if target then

Send Notification to Slave

Send Coordinates to Slave

Send Notification to UAV

Send Coordinates to Slave

end if

end function

function Bluetooth

if Notification then

Receive Coorinates

Send Notification to UAV

Send Coordinates to Slave

Swarm towards target

end if

end function

function XBee

RD Model and check for target

if Notification then

Receive Coordinates

Send Coordinates to Slave

Send Notification to UAV

Send Coordinates to Slave

Swarm towards target

end if

end function

function Main

Enable Interrupt

Start RD

Start Bluetooth

Start XBee

Disable Interrupt

end function

Figure 3.10. Pseudo code for masters of both groups

shown in Figure 3.10.

The tasks on the Slave side are similar and hence are skipped here, except the Xbee

block. The pseudo code is shown in Figure 3.11.

The UAV robot performs two tasks. First, the UAV robot follows the ST mobility

model as explained in Section II. Second, the UAV robot also checks if any message is received

from one of the two Masters. If yes, the UAV robot receives the coordinates of the target,
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function RD

RD Model and check for target

if target then

Send Notification to Master

Send Coordinates to Master

end if

end function

function Bluetooth

if Notification then

Receive Coordinates

Swarm towards target

end if

end function

function Main

Enable Interrupt

Start RD

Start Bluetooth

Disable Interrupt

end function

Figure 3.11. Pseudo code for slaves of both groups

informs the Master robot in the other group that the target location has been found, and

then sends the coordinates of the target location. The pseudo code is shown in Figure 3.12.

3.6. Results

3.6.1. Search and Rescue Scenario

In search and rescue scenario, four robots partitioned into two groups searched for

the target. The two robots in the first group were initially placed at locations (0,0) and

(60,0), and the other two robots in the second group were placed at (60,0) and (60,60). The

coordinates of the four robots were tracked and saved in a database. Figure 3.13 shows the

moment when all robots met at the target location. Figure 3.13 shows that traces for the
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function ST

Smooth Turn

Check for notification

if Notification = H then

Store its location

Receive Coordinates

Note bank angle

Notify other group(F)

Swarm towards target

else if Notification = F then

Store its location

Receive Coordinates

Note bank angle

Notify other group(H)

Swarm towards target

else

Wrong Notification

end if

end function

function LinearActuator

if Movement=Right then

T/2 duration down

T/2 duration up

else

T/2 duration up

T/2 duration down

end if

Check for Notification from Mas-

ter Robots

Calculate Bank Angle

end function

function Main

Enable Interrupt

Start ST

Start LinearActuator

Disable Interrupt

end function

Figure 3.12. Pseudo code for UAV

Master robot in Group 1 to find the target first, and then all robots move towards the target

through wireless communication.
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Figure 3.13. Robots swarm towards the target

3.6.2. Range Testing

In this section, the range of the Yagi-Uda antenna with that of the Omni-directional

antenna is compared. As shown in Figure 3.15, in the first test, I have attached the Omni-

directional Xbee module to the LEGO, and the other Omni-directional Xbee module to the

laptop with the X-CTU software turned on. The coordinates of the LEGO were sent till it

was observed in the X-CTU software. Then, the directional antenna was attached to the

Xbee module RPSMA and connected it to the laptop. The results on main lobe axis and

off main lobe axis are shown in Table 3.1. Clearly, the transmission range is larger for the

directional antenna on axis than that for the directional antenna off axis. Moreover, least

range is observed for the Omni-directional antenna.
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Figure 3.14. Traces of the robot trajectories

Figure 3.15. Experimental setup for range testing
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Omni-Directional Antenna 280 feet

Directional Antenna(On main lobe axis) 400+ feet

Directional Antenna(Off main lobe axis) 300 feet

Table 3.1. Range Testing Results
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CHAPTER 4

CONCLUSIONS

In the first part of my thesis, I have used quantized consensus, a typical distributed

computing task, as an example to study the properties of MLMG structures. Data trans-

mission significantly consumes energy in sensor networks. I have demonstrated that the

MLMG structures reduce the number of transmissions compared to equivalent egalitarian

decentralized network structures, especially for large-scale networks. I have also proved the

asymptotic and transient properties of the quantized consensus, and linked these proper-

ties to simple graphical characteristics of the MLMG structures. The tractability of the

structures permits network design without the need of complicated numerical optimization

procedures. I envision that the efficiency, scalability and tractability of the MLMG struc-

tures and the study of their practical use in digital channels will make the structures suitable

to large-scale sensor network applications. In the furture work, the total number of trans-

mission bits can be reduced, through adding local memories to sensor nodes. The reduction

is motivated by the increasing correlations among sensor values along the consensus pro-

cess. As shown in Figure 2.5a, the range of sensor values (i.e., the difference between the

maximum and minimum sensor values) decreases significantly, and thus transmitting the

whole set of quantization bits becomes unnecessary. In particular, Theorem 2.7 and a simple

modification of the result in [3] suggest that the range of E(K
− 1

2
1 s[k]) is upper bounded by

2λk2(A)||K−
1
2

1 (s[0]− ĉ1))||+ 4∆, permitting us to reduce transmission bits.

In the second part of my thesis, I have used a ground test-bed of LEGO Mindstorms

to mimic the ANs and multi-domain communication networks. I have discussed the imple-

mentation of ground and aerial mobility schemes on LEGO Mindstorms. In the real world
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scenario, the communication protocols to communicate between ground vehicles and between

ground and aerial vehicles is different. I have demonstrated the use of bluetooth communica-

tion protocol for communiating between ground vehicles and XBee communication protocol

for communicating between ground and aerial vehicles. I have shown the implementation of

multi-domain communication network using search and rescue example. In the future work,

the additional feature developed for UAV robot: the change in bank angle according to its

mobility can be used to test the LOS effect.

52



BIBLIOGRAPHY

[1] Nxtbee manual, http://dexterindustries.com/manual/nxtbee/.

[2] Yagi-uda antenna, http://www.l-com.com/tabbeditem_mobi.aspx?id=22561.

[3] Tuncer C. Aysal, Mark Coates, and Michael Rabbat, Distributed average consensus

with dithered quantization, IEEE Transactions on Signal Processing 56 (2008), no. 10-1,

4905–4918.

[4] Tuncer C. Aysal, Mark J. Coates, and Michael G. Rabbat, Rates of convergence of

distributed average consensus using probabilistic quantization, in Proc. of the Allerton

Conference on Communication, Control, and Computing, 2007.

[5] Stephen Boyd, Arpita Ghosh, Balaji Prabhakar, and Devavrat Shah, Randomized gossip

algorithms, IEEE/ACM Trans. Netw. 14 (2006), no. SI, 2508–2530.

[6] K. Cai and H. Ishii, Quantized consensus and averaging on gossip digraphs, IEEE Trans.

Automat. Contr. 56 (2011), no. 9, 2087–2100.

[7] R. Carli, F. Fagnani, P. Frasca, T. Taylor, and R. Zampieri, Average consensus on

networks with transmission noise or quantization, European Control Conference, 2007.

[8] R. Carli, F. Fagnani, P. Frasca, and S. Zampieri, Efficient quantized techniques for

consensus algorithms, NeCST Workshop, 2007.

[9] , A probabilistic analysis of the average consensus algorithm with quantized com-

munication, IFAC World Conference, 2008, p. 8062.

[10] , The quantization error in the average consensus problem, 16th Mediterranean

Conference on Control and Automation, 2008, p. 1592.

[11] R. Carli, P. Frasca, F. Fagnani, and S. Zampieri, Gossip consensus algorithms via quan-

tized communication, Automatica (2010), 70.

53

http://dexterindustries.com/manual/nxtbee/
http://www.l-com.com/tabbeditem_mobi.aspx?id=22561


[12] A. Censi and R.M. Murray, Real-valued consensus over noisy quantized channels, Pro-

ceedings of the American Control Conference (ACC), June 2009.

[13] Bow-Nan Cheng, Randy Charland, Paul Christensen, Leonid Veytser, and James

Wheeler, Evaluation of a multi-hop airborne ip backbone with heterogeneous radio tech-

nologies, Proceedings of the First ACM MobiHoc Workshop on Airborne Networks and

Communications (New York, NY, USA), Airborne ’12, ACM, 2012, pp. 37–42.

[14] P. Frasca, R. Carli, F. Fagnani, and S. Zampieri, Average consensus on networks with

quantized communication, International Journal of Robust and Nonlinear Control 19

(2009), no. 16, 1787–1816.

[15] P. Frasca, F. Fagnani R. Carli, and S. Zampieri, Average consensus by gossip algorithms

with quantized communication, IEEE, 2008, pp. 4831–4836.

[16] R. G. Gallager, Low-density parity-check codes, 1963.

[17] S. Kar and J. M. F Moura, Distributed consensus algorithms in sensor networks: quan-

tized data and random link failures., IEEE Transactions on Signal Processing 58 (2010),

no. 3, 1383–1400.

[18] A. Kashyap, T. Basar, and R. Srikant, Quantized consensus, Automatica 43 (2007),

no. 7, 1192–1203.

[19] J. Lavaei and R. M. Murray, Quantized consensus by means of gossip algorithm., IEEE

Trans. Automat. Contr. 57 (2012), no. 1, 19–32.

[20] D. Li, Q. Liu, X. Wang, and Z. Lin, Consensus seeking over directed networks with

limited information communication, Automatica 49 (2013), no. 2, 610–618.

[21] T. Li, M. Fu, L. Xie, and J. Zhang, Distributed consensus with limited communication

data rate., IEEE Trans. Automat. Contr. 56 (2011), no. 2, 279–292.

54



[22] Yang-Yu Liu, Jean-Jacques Slotine, and Albert-László Barabási, Control centrality and
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