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Distributed source localization of multi-agent systems with bearing
angle measurements

Che Lin', Zhiyun Lin"?*, Ronghao Zheng', Gangfeng Yan', Guogiang Mao?

Abstract—This note deals with the distributed source local-
ization problem by considering a group of unicycle-type agents.
Without the need of GPS and compass, we develop a distributed
source localization scheme based on bearing angle measurements
about neighbors. It is shown that if the sensing and communi-
cation graph is connected and the relative motion of every pair
of neighboring agents satisfies a persistent excitation condition,
then every agent is able to estimate the relative coordinate of the
source asymptotically.

Index Terms—Multi-agent system, source localization, bearing
information.

I. INTRODUCTION

This note is concerned with a network of mobile robots
that are sent out to perform source localization. This can
be found in many applications such as search and rescue,
surveillance, etc. That is, if the source is within the field-of-
view of a robot, then that robot will get relative measurements
and localize the source in its local frame. Otherwise, the robot
may need assistance from its neighboring robots to compute
the estimate of the source’s location. However, due to the
absence of a commonly agreed global coordinate system such
as applications underwater or inside buildings where GPS is
unavailable, a necessity for distributed collaborative source
localization is that each agent needs also to determine the
relative positions of its neighboring agents in its local frame of
reference. Moreover, it is often desired that no central fusion
center or leader agent exists to collect all relative measure-
ments and combine them together to compute the estimate
of the source. In this note, we are interested in developing
a distributed source localization algorithm for a network of
agents, which collaborate by exchanging appropriate messages
between neighboring agents, such that every agent is able to
determine the relative position of the source in its local frame.

Related problems have been considered in the past, includ-
ing acoustic source localization [1], [2], single landmark based
localization [3], collaborative target tracking [4], [5], coop-
erative localization and formation [6], [7], circumnavigation
[8], [9], etc. Depending on the type of relative measurements,
[1] and [2] consider TDOA measurements for a static sensor
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network to identify the acoustic source location, while [10]
and [11] consider distance measurements for a mobile robot
or a network of mobile robots to localize the target of interest.
As an alternative, bearing information, referring to the mea-
surement of the angle of arrival with respect to the local frame
on an agent, can also be used in source localization [8], [12]—
[14]. Bearing measurement techniques are passive methods,
which are particularly preferred in the scenarios where the
agents must maintain radio silence.

In this note, we aim to solve the distributed source local-
ization problem based on bearing measurements. We consider
the nonholonomic unicycle model, which has been employed
in many studies of distributed robotic systems to model a
differentially driven mobile robot [15] and aerial vehicle
[16]. Differing from the point-mass model assumed in the
aforementioned works, the local frame on each unicycle-type
agent rotates according to its kinematic motion, which causes
extra challenges in relative localization, in particular in the
scenarios where no GPS and no compass are available to
provide each agent its own absolute position and orienta-
tion. However, we do succeed in developing a simple and
provably convergent distributed source localization algorithm.
It is shown that if the graph describing the communication
and sensing relationship among the agents and the source is
connected and if the relative motion of any pair of neighboring
agents satisfies a persistent excitation condition, then the
estimate by every agent can asymptotically converge to the
true relative coordinate of the source in its local frame. The
novelty of our work is in the development of a distributed
estimation scheme that takes into consideration of the more
complicated nonholonomic-constraint motion and does not
require a commonly known coordinate system, which has not
been addressed in [8], [12], [13]. Compared to our earlier work
[14], this note develops a new estimator that does not require
to know the changing rate of the bearing angle, which is not
easy to be obtained precisely. Moreover, based on this new
estimator, the agents are able to localize the source in the case
when the agents perform uniform linear motions, for which the
localization scheme in [14] does not work.

II. PROBLEMS AND PRELIMINARIES

This section presents a graph model for a network of
agents and then formulates the distributed source localization
problem.

A. Graph Modeling

We consider a setup with a stationary source labeled as 0,
and N mobile agents labeled as 1,2,..., N.
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First, we use an undirected graph G = (V, &) to describe the
interconnection structure of the N agents. The node set V =
{1,2,..., N} is defined such that each node i corresponds to
an agent, and the edge set £ C V x V is defined such that
(i,7) € & if and only if agents ¢ and j are neighbors in the
sense that they can mutually measure the bearing angle of the
other and can communicate to each other. We denote by N
the neighbor set of node 7 in G. Moreover, we let A = [a;;] €
RY*N be the adjacency matrix associated with G, for which
a;j = a;; = 1if (i,7) is an edge in G and a;; = 0 otherwise.
A diagonal matrix D = diag{dy,ds,...,dy} € RV*N s
called the degree matrix of G, whose diagonal elements d; =
ZjeM a;; fori=1,..., N. The Laplacian of the graph G is
defined as L = D — A.

Second, we add the source as a new node to the graph G
and construct an augmented graph, denoted by G = (V,&).
The node set is V = {0} UV and the edge set is £ = &, UE
where an edge (¢,0) is in &, if and only if the source is a
neighbor of agent ¢ in the sense that agent 7 can measure
the bearing angle of the source. Though no bidirectional
information exchange exists between an agent and the source,
we still use an undirected edge connecting node ¢ and O for
simplicity. The graph G is connected if there exist at least
a path between each pair of nodes. We then denote by N
the set of agent i’s neighbors in G. Furthermore, we define a
diagonal matrix B € RY*¥ to be the source adjacency matrix
associated with G with diagonal elements b;, ¢ = 1,..., N,
where b; = 1 if node 0 € A; and b; = 0 otherwise. Next we
recall a preliminary result about the matrix H = L + B.

Lemma 2.1 ( [17]): The matrix H = L + B is positive
definite if and only if G is connected.

We give a simple example consisting of four agents and
one source. The graphs G and G associated with the system
are shown in Fig. 1.For this example, G is connected. It can
be checked that the matrix [ in Lemma 2.1 is

1 0 0 O

0o 3 -1 -1

H= 0 -1 1 0

0 -1 0 1

and is positive definite.

0 1 ol

2 2

3 3
4 5 4
g G

Fig. 1. An example of G and G.

B. Problem Statement

This note addresses the distributed source localization prob-
lem, for which the goal is to let each agent asymptotically
estimate the relative coordinate of the stationary source in its
own local frame.

In this note, we use p! = [z¢ y7]" to represent the

coordinate of agent 7 in the global frame X.,. Assume each
agent is governed by a unicycle model, where 6; is its
orientation within 3,. With these three states 7, ¥/ and 6;,
the motion equation of agent ¢ in the global frame >, is

&y = v; cos(6;)

y{ = v;sin(6;) (1
91' = W;

where v; and w; are the linear and angular speed, respectively.

We consider a local frame 3; attached to agent ¢, with
its positive x-axis coincident with the heading of agent 1.
We suppose that the bearing angle «;; can be measured by
agent ¢ if j is its neighbor. Note that c;; is defined within
the local frame X; as no global frame is known by the agents
(see Fig. 2 for an example). Moreover, we suppose that the
linear speed v; and the angular speed w; are available to agent
1 by its equipped speedometer. The combination of linear
speed v;, angular speed w; and bearing angle «; is called
the measurement data by agent . In addition, if j € N; (i.e.
neighbor j is a mobile agent rather than the source), then the
measurement data by agent j can be communicated to agent 1,
which is called the communication data available by agent <.

Source

Xy

Fig. 2. Local frame and bearing angle measurement.

Let p;o be the relative coordinate of the source in agent i’s
local frame X;, that is,p;0 = R(—6;)(p§ — pY), where p is
the absolute coordinate of the source in the global frame X
and R(-) = c9s(~) —sin(.)

sin(-)  cos(+)
distributed source localization problem is stated as follows.

Problem 2.1: Design a distributed source localization al-
gorithm such that each agent only utilizes the measurement
data and communication data available to it, yet it is able to
asymptotically estimate the relative coordinate of the source
(i.e., the estimate converges to p;o as t — o0).

To make the distributed source localization problem solvable
and make the potential solutions practically meaningful, we
make the following assumptions.

Assumption 2.1: The linear speed v;(t) and the angular
speed w;(t) of each agent ¢ = 1,..., N are continuously
differentiable and bounded.

Assumption 2.2: The agents do not collide with each other,
i.e., the distance d;; between any pair of agents is greater than
the safe distance dguf. for any ¢ and j.

Assumption 2.3: All the agents do not communicate and
exchange measurement data with the source.

is the rotation matrix. The
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III. DISTRIBUTED SOURCE LOCALIZATION

This section is going to present a solution to the distributed
source localization problem.

A. Relative Motion Dynamics

As we assume in this note, there is no global coordinate
system available and all measurements and estimation are
made on local frames attached to the mobile agents. So in
this subsection, we will derive the relative motion dynamics
of each agent relative to its neighbor.

Consider an agent ¢ and a neighbor of agent i, say agent j.
Then pj; = pj — p{ is the relative coordinate of agent j and
agent 7 in the global frame ;. Within the local frame X;
attached to agent ¢, the relative coordinate of agent j and agent
i can then be written as p;; = R(—0;)p];, where R(-) is the
rotation matrix in the plane. An illustration is shown in Fig. 3.

A

Yj

Fig. 3. Relative motion.

Denote the relative orientation angle 6;; between the local
frames X; and ¥; as 6;; = 0; — 0;. In terms of the relative
coordinate p;; in the local frame X;, the relative motion
dynamics can be obtained from (1) as follows.

Dij = R(—ei)p% + R(—0:)p;
= Wi G R(0:)pi; + R(=0:)p,
o 0 wj - Uj COS(@Z'J') — V;
o |: —W; 0 :|p” + |: Uj sin(@ij)
Writing the relative motion dynamics in the polar coordi-

nate system in terms of the distance d;; between agent j and
¢ and the bearing angle «;;, we have

dij = —; COS(O[Z'J') — Uy COS(O[J'Z')
O.éij _ v sin(aij)d-i;)j sin(aj;) — wi. (2)

Define the unit vector along the line of sight as ¢;; =
[cos(ai;j) sin(a;;)]", and define the unit vector rotated
counterclockwise 7/2 from ¢;; (see Fig. 3.) as g;; =

[—sin(a;;)  cos(ai;)]". Then it is clear that 0 = of;p;;.
. 0 Wi
For neat expression, we denote A; = w Ol and
—Wwi

denote v;; = [vj cos(0;;)—v; v, sin(6;;)]", that is the relative
velocity of agent ¢ with res'pect to agent j. Treating 0 = gszij
as the measurement equation, then we have

Pij = Aipij + vij 3
{ 0= ngpij- )

In particular, when neighbor j is the source (v; = 0), then
the system (3) becomes

{ gz()_—TAz?zO + vio (4)
= 0O;oPi0
where v;0 = [—v; 0]".

Remark 3.1: For the relative orientation angle 0;;, it can
be calculated in terms of the bearing angle measurements, i.e.,
0;j = PV(m+a;; — i), where PV(z) £ [(z+7) mod 271 — 7
[18]. Therefore, the relative velocity v;; in (3) for j € N;
can be known by agent 7 based on its measurement data and
communication data from agent j. But v;o in (4) can be known
by agent ¢ based only on its measurement data and so agent ¢
does not need to communicate with the source. Moreover, it
is worth to point out that A; in (3) and (4) relies only on the
angular speed w;, while g;; relies only on the bearing angle
a;j. In brief, all the system parameters are available locally
by agent ¢ such that it is possible to make an estimation in a
distributed way.

B. Distributed Source Localization Algorithm

In this subsection, we are going to develop a distributed
source localization algorithm such that every agent ¢ asymp-
totically estimates the relative coordinate of the source in its
own local frame no matter whether it is able to detect the
source or not.

Fig. 4. The setup of distributed source localization.

As illustrated in Fig. 4, we denote by z;, « = 1,..., N,
the estimate of the relative coordinate of the source by agent
7 in its local frame ;. For notation consistency, we also let
zo = 0. Moreover, we denote by p;;,¢ =1,...,Nand j € N,
the pairwise estimate of the relative coordinate of neighbor
agent j by agent ¢ in its local frame ;. Here, we want to
clarify that if the source is a neighbor of agent ¢, the pairwise
estimate p;o is different from the estimate z; as the latter may
be updated using more pairwise estimate information from
other neighbors.

To solve the source localization problem, we propose the
following distributed source localization algorithm

]éij = A;pij + vij — Qijgl'—jﬁija VjeN; (5a)
Prediction Innovation
Zi = Ajzi + vi0 + Z [ﬁzg — (2 — R(eij)zj)] (5b)
Prediction JEN;
Innovation
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where ¢t =1,..., N.

Remark 3.2: Eq. (5a) gives a pairwise estimation scheme
to estimate the relative coordinate of a neighbor and Eq. (5b)
provides an estimation scheme to estimate the relative coor-
dinate of the source by using all the pairwise estimates of
its neighbors. Both of them use the prediction + innovation
structure. In Eq. (5a), the first part is the prediction term
according to the dynamical model of the relative motion
between each pair of agents. The second part o, Q;-rjﬁij is the
orthogonal projection of p;; onto the orthogonal compliment
of the bearing. This part is zero only if the estimated relative
bearing is consistent to the measured bearing. The similar idea
was also appeared in [8] for point mass agents. In Eq. (5b),
the first part A;z; 4+ v;o is the prediction term according to
the relative motion dynamics with respect to the source and
the second part is the innovation term that compares with the
pairwise estimates p;; of agent ¢’s neighbors obtained from
(5a) and the relative coordinates z; — R(0;;)z; of agent i’s
neighbors derived from the estimates about the source by agent
1 in agent ¢’s local frame as well as by agent ¢’s neighbors in
their own local frames. The presence of the rotation matrix
R(0;;) is to make the coordinates all in agent ’s local frame
3.

Note that in the distributed source localization algorithm (5),
the required information includes the measurement data (agent
1’s angular speed w; and linear speed v;, and the bearing angle
measurement cv;; measured by agent ¢) and the communication
data from agent 7’s neighbors (the linear speed v;, the bearing
angle measurement «;; measured by agent j, and agent j’s
estimate z; for j € A;). Note that the agents do not need to
communicate with the source.

Next, we present our main result on the convergence of the
distributed source localization algorithm.

Theorem 3.1: Suppose that G is connected. If there exist
e>0and T > 0 such that forall t > 0,7 €V and j € Nj,

V; sin(aij) + Uj SiH(Oéji)

t+T
/t dij

then the estimate z;(¢) in (5) converges to the true relative
coordinate p;o(t) of the source.

Proof: First, we show that if (6) holds, then the estimate
Di; in (5a) converges to the true relative coordinate p;; of its
neighbor. To this end, we define the estimation error p;; =
Dij — pij- Then the error dynamics is obtained from (3) and
(5a) as

dr > e, (6)

Pij = Aibij — 0ij01;Dij- (7
Consider the positive definite function V(p;;) = %ﬁgjﬁij.
Taking the derivative of V' along the solution of system (7),
we have
V(i) = 303 [—20i5(1)el; (8) + Au(t) + AT(D)] iy
_ . L~ 42
= 503 [—20i(t)0};(1)] Bij = — [0};(1)Pis ]
which is negative semi-definite. So we know that V(p;;)
and p;; are upper bounded and V(p;;(t)) has a limit as
t — oo. Next we check the boundedness of V(j;;) =
—2[0};Diz][0};Pij + 0}, Pi;]- Since p;; is upper bounded, consid-
ering the formula of p;; in (7) and Assumption 2.1, we know

that 13” is upper bounded. Moreover, since 9;; = —d;;¥;j,
by considering Assumption 2.1 and 2.2, we conclude from (2)
that cv;; is upper bounded and so is . Hence, it follows from
the formula of V (f;;) that V(p;;) is upper bounded, which
implies that V([)”) is uniformly continuous. Thus, we apply
Barbalat’s lemma and obtain that V (5;;(t)) — 0 as t — oco.
This is equivalent to

Jim 0i;(t)pi; (t) = 0. (®)

Denote 7 = oj;pij and p = = Sin(a”);vj sin(@1) Taking the
derivative of 7 and utilizing (2) and (7) it is obtained after
several steps of mathematical manipulation that

i) = 03;Pij + 01;Pij = —pey;Pij — 1. C)
Similarly, we can know that 7) is upper bounded under As-
sumption 2.1 and 2.2. So 7) is uniformly continuous. Then,
applying Barbalat’s lemma again, we obtain that » — 0 as
t — oo, which implies from (9) that

Jim p(t)ej; (8)pi (t) = 0. (10)
Let P —sinfay;) - cos(ay) and let 0(t) =
peos(ay;)  psin(aij)

P(t)pi;(t). Then eq. (8) and (10) can be rewritten in a
compact form, ie., limy o 6(t) = limy_,o0 P(¢)psj(t) =
0. Notice that the determinant of P(t) is det(P(t)) =
—p(t). So if condition (6) holds, there must exist an
infinite sequence [t1,ta,...tg,...] satisfying t; — oo
as k — oo, for which [det(P(tx))] > 4. Hence,
P(ty), k = 1,2,..., is non-singular and the entries in
P~Y(t;) are uniformly bounded. So we can conclude that
limy o0 Dij (tg) = limg— oo P_l(tk)é(tk) = 0, implying that
limy 00 V(i (tr)) = 0. Furthermore, notice that V' (p;,(¢)) is
continuous and non-increasing. It follows that V' (p;;(t)) — 0
as t — oo, or equivalently to say that the estimate p;;
converges to the true relative coordinate p;;.

Second, we show that the estimate z;(¢) in (5b) converges
to the true relative coordinate p;o(t) of the source.

For¢t=0,1,..., N, we define the estimation error as z; =

— p40. For the source node, namely ¢ = 0, we have zy =0
as both 2y and pgp equal to 0. Then the error dynamics of Z;
can be obtained from (5), which is

L= [RO5)% — 5+ AiZi+ Y pij.

JEN; JEN;
Notice that z;, ¢« = 1,..., N, is the estimation error de-
fined in agent i’s local frame. For convenience of analysis,
we transform every estimation error Z; to the one in the
global frame Y,. That is, we let z/ = R(6;)z; and let
u! = R(0;) > jex, Dij- Expressing in terms of these global

K3
coordinates, (11) can be written as

2-R(6:)0:% + R(Gi)z
:ZJEN(Z!]_Z )—'—'LL

Denote 29 = [z,

(1)

29 _
z; =

Z)) + AiZ] + R(0:) 2 e i, Pig

v 2% T and w9 = [uf, ud, ..., u%]". Then we
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obtain the following aggregated system

79 = —(H® )39 4+ u?, (12)

where H is the matrix defined in Subsection II-A, ® represents
the Kronecker product, and I, is the 2-by-2 identity matrix.
Note that 5;;(t) — 0 as we just showed, so u9(¢) converges
to 0 as well. On the other hand, by Lemma 2.1, H is positive
definite, so the matrix —(H ® I3) is Hurwitz. For a linear
system ¢ = Fx + Gu with F' Hurwitz, if x is a solution
on [0,00) corresponding to an input v € L™ with u(t) —
0 as t — oo, then x(t) — 0 as ¢ — oo [19]. Hence, we
conclude that for the system (12), lim;_, ||29(¢)|| = 0. This
implies that ;(t) = R(—6;)z (t) converges to zero for all i =
1,..., N. In other words, the estimate z;(t) in (5b) converges
to the true relative coordinate p;o(t). [ |

Remark 3.3: Now we come to understand the condition
(6) in Theorem 3.1. First, the condition (6) implies that in
order to correctly estimate the relative position of a neighbor,
an agent cannot be too far away from its neighbor (i.e.,
d;; in the denominator of (6) cannot be too large all the
time). This is consistent to our intuition. Second, the condition
(6) implies that in order to correctly estimate the relative
position of a neighbor, an agent cannot remain relatively
stationary with respect to its neighbor or move relatively
straight towards its neighbor. This can be observed by looking
at the numerator term v;sin(a;;) + v;sin(a;;) in (6). By
several steps of mathematical manipulation, it can be shown
that v; sin(ai;) + v;sin(aj;) = of;vi; where v;;(t) is the
relative velocity of agent i relative to agent j, defined in
Subsection III-A. As shown in Fig. 5, the unit vector g;; is
orthogonal to the line of sight. So if the two agents remain
relatively stationary (i.e. v;; = 0) or the two agents move
relatively straight towards each other (i.e. v;; is coincident with
the line of sight), then by intuition it is known that one agent is
not able to estimate the relative position of the other by using
only the bearing measurement. The condition (6) excludes
such a case as well. From the above discussion, we can also
see that the relative motion ggj v;; and the relative distance d;;
are the two main factors, which affect the convergence rate of
the estimator.

iy

Fig. 5. Intuitions behind the condition (6).

Remark 3.4: If a neighbor j of agent ¢ is just the source
(labeled 0), which is stationary, then the condition (6) degen-

erates to T
/ T v, sin agg
t

n dr > e.

13)

The condition (13) is indeed easier to understand as it requires
the distance d;p to the source cannot be too large, the agent
cannot remain stationary (i.e. v; = 0), and the agent cannot
move straight towards the source (i.e. oo = 0) all the time.

Remark 3.5: The condition (6) is mainly for each pair of
neighbors. A similar integral condition was also developed
in [20] for a double-integrator motion. It will be interesting
if we can find a necessary and sufficient condition about the
collective motion of the agents such that the source localization
problem is solvable. This, however, may be possible by
adopting the idea of cooperative persistent excitation from
[21].

IV. SIMULATION

In this section, we present a simulation of four mobile
agents (labeled 1,2,...,4) for the distributed source local-
ization problem.

Without loss of generality, we set the stationary source
(labeled 0) at the origin of a global coordinate system and
let each agent take different types of motion in the plane. The
linear speed, angular speed, and the initial position of the four
agents are described in Table I. The trajectories resulting from
these parameters are depicted in Fig. 6. It can be verified that
the condition (6) in Theorem 3.1 holds.

TABLE I
PARAMETERS OF THE FOUR MOBILE AGENTS.
v;[m/s] wilrad/s] p?(0)
1 cos(t) 0.4 4 0.1 cos(t) (1,0)
2 2 0.5+ 0.1 cos(t) (—2,0)
3 3 0.65 (177, 1.77)
4| 34+0.2sin(t) | 0.6+ 0.1cos(t) | (—2.83,—2.83)
6
4
2
> 0 |
pi() |
B — (1)
p5(t)
-4 pi(t)]]
= Start
6 = 0
5 0 5 10

T

Fig. 6. The trajectories of the four agents in the plane.

The graph G describing the interconnection relationship
among the four agents and the source is shown in Fig. 1.
That is, agent 1 and 2 can directly measure the bearing angles
of the source in their own local frames, while agent 3 and 4
can not. But G is connected as we can see.

We carry out two simulation studies by applying the
distributed source localization algorithm (5) to estimate the
relative coordinate of the source by each agent.

0018-9286 (c) 2015 |EEE. Personal useis permitted, but republication/redistribution requires |EEE permission. See
http://www.ieee.org/publications_standards/publicationg/rights/index.html for more information.



This article has been accepted for publication in afuture issue of thisjournal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI

10.1109/TAC.2015.2457112, |EEE Transactions on Automatic Control

First, we assume that the measurements of the bearing
angle «y;, the linear speed v; and the angular speed w; are
noiseless. In such a setup, the estimation errors ||z;(¢) — piol|
(i =1,...,4) in the simulation are shown in Fig. 7 by taking
t = 100s. From this simulation, we can see that the estimation
errors converge to 0 as we expect.

0 20 40 60 80

Fig. 7.

case.

The estimation errors ||z;(t) — piol[, ¢ = 1, ..., 4, for the noiseless

Second, we assume that the measurements of the bearing
angle o, the linear speed v; and the angular speed w; contain
measurement noises. In this simulation, we add 0.05 * randn
(the normally distributed random numbers in Matlab) to the
bearing angle measurement c;;, the linear speed measurement
v; as well as the angular speed measurement w;. In such
a scenario with measurement noises, we run the distributed
source localization algorithm (5) and the estimation errors are
shown in Fig. 8. From this simulation, we can still see that with
white measurement noises, the estimation errors still converge
and approach close to 0.

0 20 40 60 80
t(s)

100

Fig. 8. The estimation errors ||z;(t) — pioll, ¢ = 1,...,4, for the noisy
measurement case.

V. CONCLUSION

This note studies the relative localization problem for a
stationary source by considering a group of unicycle-type
agents based on bearing information. A distributed source
localization scheme is developed for the purpose by exchang-
ing appropriate messages between neighboring agents. Many
interesting problems arising from this research deserve further
investigation. Examples include distributed localization for
a mobile source or multiple sources, and distributed source
localization under time-varying or position-dependent sensing
graphs.

[1]

[2]

[3]

[4

finar

[5]

[6]

[7

—

[8]

[9

—

[10]

(11]

[12]

[13]

[14]

[15]

[16]

(171

[18]

[19]

[20]

[21]

REFERENCES

A. Canclini, F. Antonacci, A. Sarti, and S. Tubaro, “Acoustic source
localization with distributed asynchronous microphone networks,” IEEE
Transactions on Audio, Speech, and Language Processing, vol. 21, no. 2,
pp. 439443, 2013.

L. O. Nunes, W. A. Martins, M. Lima, L. W. P. Biscainho, M. V. M.
Costa, F. M. Goncalves, A. Said, and B. Lee, “A steered-response power
algorithm employing hierarchical search for acoustic source localization
using microphone arrays,” IEEE Transactions on Signal Processing,
vol. 62, no. 19, pp. 5171-5183, 2014.

A. Bais, R. Sablatnig, J. Gu, and S. Mahlknecht, “Active single landmark
based global localization of autonomous mobile robots,” in Advances in
Visual Computing, ser. Lecture Notes in Computer Science. ~Springer
Berlin Heidelberg, 2006, vol. 4291, pp. 202-211.

N. Kantas, S. S. Singh, and A. Doucet, “Distributed maximum likelihood
for simultaneous self-localization and tracking in sensor networks,”
IEEE Transactions on Signal Processing, vol. 60, no. 10, pp. 5038—
5047, 2012.

M. Bocca, O. Kaltiokallio, N. Patwari, and S. Venkatasubramanian,
“Multiple target tracking with RF sensor networks,” IEEE Transactions
on Mobile Computing, vol. 13, no. 8, pp. 1787-1800, 2014.

Y. Diao, Z. Lin, and M. Fu, “A barycentric coordinate based distributed
localization algorithm for sensor networks,” IEEE Transactions on
Signal Processing, vol. 62, no. 18, pp. 47604771, 2014.

Z. Lin, L. Wang, Z. Han, and M. Fu, “Distributed formation control
of multi-agent systems using complex laplacian,” IEEE Transactions on
Automatic Control, vol. 59, no. 7, pp. 1765-1777, 2014.

M. Deghat, I. Shames, B. D. O. Anderson, and C. Yu, “Localization
and circumnavigation of a slowly moving target using bearing measure-
ments,” IEEE Transactions on Automatic Control, vol. 59, no. 8, pp.
2182-2188, 2014.

R. Zheng, Z. Lin, M. Fu, and D. Sun, “Distributed control for uniform
circumnavigation of ring-coupled unicycles,” Automatica, vol. 53, pp.
23-29, 2015.

I. Shames, S. Dasgupta, B. Fidan, and B. D. O. Anderson, “Cir-
cumnavigation using distance measurements under slow drift,” IEEE
Transactions on Automatic Control, vol. 57, no. 4, pp. 889-903, 2012.
G. Chai, C. Lin, Z. Lin, and W. Zhang, “Consensus-based cooperative
source localization of multi-agent systems with sampled range measure-
ments,” Unmanned Systems, vol. 2, no. 3, pp. 231-241, 2014.

D. Moreno-Salinas, A. Pascoal, and J. Aranda, “Sensor networks for op-
timal target localization with bearings-only measurements in constrained
three-dimensional scenarios,” Sensors, vol. 13, no. 8, pp. 10386-10417,
2013.

M. Ye, B. D. O. Anderson, and C. Yu, “Multiagent self-localization
using bearing only measurements,” in Proceedings of the 52nd IEEE
Conference on Decision and Control, Firenze, Italy, 2013, pp. 2157-
2162.

C. Lin, G. Chai, Z. Lin, G. Yan, and G. Mao, “Bearing angle based
cooperative source localization,” in 53rd IEEE Conference on Decision
and Control, CDC 2014, Los Angeles, CA, USA, December 15-17, 2014,
pp- 5387-5392.

R. Zheng, Z. Lin, and G. Yan, “Ring-coupled unicycles: boundedness,
convergence, and control,” Automatica, vol. 45, no. 11, pp. 2699 — 2706,
2009.

R. P. Anderson and D. Milutinovic, “A stochastic approach to dubins
vehicle tracking problems,” IEEE Transaction on Automatic Control,
vol. 59, no. 10, pp. 2801-2806, 2014.

J. Hu and Y. Hong, “Leader-following coordination of multi-agent
systems with coupling time delays,” Physica A: Statistical Mechanics
and its Applications, vol. 374, no. 2, pp. 853 — 863, 2007.

K. K. Oh and H. S. Ahn, “Formation control and network localization
via orientation alignment,” IEEE Transactions on Automatic Control,
vol. 59, no. 2, pp. 540-545, 2014.

E. P. Ryan, “Remarks on the LP-input converging-state property,” [EEE
Transactions on Automatic Control, vol. 50, no. 7, pp. 1051-1054, 2005.
S. C. Nardone and V. J. Aidala, “Observability criteria for bearings-only
target motion analysis,” IEEE Transactions on Aerospace and Electronic
Systems, vol. 17, no. 2, pp. 162-166, 1981.

W. Chen, C. Wen, S. Hua, and C. Sun, “Distributed cooperative adap-
tive identification and control for a group of continuous-time systems
with a cooperative PE condition via consensus,” I[EEE Transaction on
Automatic Control, vol. 59, no. 1, pp. 91-106, 2014.

0018-9286 (c) 2015 |EEE. Personal useis permitted, but republication/redistribution requires |EEE permission. See
http://www.ieee.org/publications_standards/publicationg/rights/index.html for more information.



