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Abstract

In this thesis we study crucial problems within complex, large scale, networked control
systems and mobile sensor networks. The first one is the problem of decomposition of a
large-scale system into several interconnected subsystems, based on the imposed information
structure constraints. After associating an intelligent agent with each subsystem, we face
with a problem of formulating their local estimation and control laws and designing inter-
agent communication strategies which ensure stability, desired performance, scalability and
robustness of the overall system. Another problem addressed in this thesis, which is critical
in mobile sensor networks paradigm, is the problem of searching positions for mobile nodes
in order to achieve optimal overall sensing capabilities.

Novel, overlapping decentralized state and parameter estimation schemes based on the
consensus strategy have been proposed, in both continuous-time and discrete-time. The
algorithms are proposed in the form of a multi-agent network based on a combination of
local estimators and a dynamic consensus strategy, assuming possible intermittent observa-
tions and communication faults. Under general conditions concerning the agent resources
and the network topology, conditions are derived for the stability and convergence of the
algorithms. For the state estimation schemes, a strategy based on minimization of the
steady-state mean-square estimation error is proposed for selection of the consensus gains;
these gains can also be adjusted by local adaptation schemes. It is also demonstrated that
there exists a connection between the network complexity and efficiency of denoising, i.e.,
of suppression of the measurement noise influence. Several numerical examples serve to
illustrate characteristic properties of the proposed algorithm and to demonstrate its appli-

cability to real problems.
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Furthermore, several structures and algorithms for multi-agent control based on a dy-
namic consensus strategy have been proposed. Two novel classes of structured, overlapping
decentralized control algorithms are presented. For the first class, an agreement between
the agents is implemented at the level of control inputs, while the second class is based on
the agreement at the state estimation level. The proposed control algorithms have been
illustrated by several examples. Also, the second class of the proposed consensus based
control scheme has been applied to decentralized overlapping tracking control of planar
formations of UAVs. A comparison is given with the proposed novel design methodology
based on the expansion/contraction paradigm and the inclusion principle.

Motivated by the applications to the optimal mobile sensor positioning within mobile
sensor networks, the perturbation-based extremum seeking algorithm has been modified and
extended. It has been assumed that the integrator gain and the perturbation amplitude are
time varying (decreasing in time with a proper rate) and that the output is corrupted with
measurement noise. The proposed basic, one dimensional, algorithm has been extended to
two dimensional, hybrid schemes and directly applied to the planar optimal mobile sensor
positioning, where the vehicles can be modeled as velocity actuated point masses, force
actuated point masses, or nonholonomic unicycles. The convergence of all the proposed
algorithms, with probability one and in the mean square sense, has been proved. Also, the
problem of target assignment in multi-agent systems using multi-variable extremum seeking
algorithm has been addressed. An algorithm which effectively solves the problem has been
proposed, based on the local extremum seeking of the specially designed global utility
functions which capture the dependance among different, possibly conflicting objectives
of the agents. It has been demonstrated how the utility function parameters and agents’
initial conditions impact the trajectories and destinations of the agents. All the proposed

extremum seeking based algorithms have been illustrated with several simulations.
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Chapter 1

Introduction

Recent technological advances and integrated communications have critically influenced
standard control systems to evolve to, so called, networked control systems. These systems
are, in general, distributed, large scale, complex systems which comprise of sensors, actua-
tors, controllers and processes which may all operate in an asynchronous manner and are
all connected through some form of communication network. Applications are numerous,
such as space and terrestrial exploration, formations of robots, aircraft or automobiles, tele-
operation, remote diagnostics and troubleshooting, remote surgery, collaborations over the
Internet etc. (relevant survey is provided e.g., in [5]).

It is desirable to approach networked control systems related problems in a decentral-
ized way and treat them by decomposing a large scale complex system into many (possibly
overlapping) interconnected subsystems, where each subsystem has a decision maker (in-
telligent agent) associated with it. The decentralized approach is imposed naturally in the
networked control systems, having in mind that local agents, nowadays, can have great
processing power and can locally implement estimation, control and other calculations.
The agents usually coordinate and communicate only with a small subset of other agents.
This way, there is no need for sending large amount of data through the network, which
is usually prone to delays, losses, quantization effects, noise, etc. Other desirable proper-
ties of decentralized systems are their modularity, scalability, adaptability, flexibility and
robustness.

The case when the agents are mobile and their interconnections are time-varying can



be considered in the context of mobile sensor networks. These networks typically consist of
a large number of mobile nodes deployed in the environment being sensed and controlled.
Recent technological advances will allow fabrication and commercialization of inexpensive
very small scale autonomous, potentially mobile electromechanical devices containing a wide
range of sensors. When grouped together, these sensors can offer access to a great quantity
of information about our environment, which can bring a revolution in the amount of control

an individual has over his environment, with numerous applications (e.g. [26],[5],[85]).

1.1 Literature Review

Decentralized or distributed state or parameter estimation is of fundamental importance for
large scale, complex, networked systems, representing one of the key factors for their proper
functioning in numerous contexts. Depending on the available resources, agents have access
to different measurements, different a priori information, such as system models and sensor
characteristics, and different inter-agent communication channels. A class of decentralized
estimators has been directly obtained starting from parallelization of the globally optimal
Kalman filter; typically, such estimators possess a fusion center which generates the global
estimates (e.g., see [8, 29, 116]). An insight into the basic principles and structures of
decentralized estimation can be found in e.g. [74, 75, 80, 103, 84, 112]. Also, different
aspects of decentralized, multi-agent control systems are covered by a vast literature within
the frameworks of computer science, artificial intelligence, network and system theory; for
some aspects of multi-agent control systems see e.g. [26, 17, 112, 71].

One of the general design methodologies for overlapping decentralized estimation and
control has been derived from the inclusion principle, using the expansion/contraction
paradigm, where a complex system is expanded, decomposed into subsystems, and con-
tracted back into the original system space after designing local estimators or controllers
for the extracted subsystems, e.g., [33, 35, 36, 80, 90].

Many deterministic and stochastic iterative algorithms naturally admit a distributed
parallel implementation, where a number of agents perform computations and exchange of

messages with a certain common goal. As early as in the 1980s, important results were



obtained in the area of distributed asynchronous iterations in parallel computation and
distributed optimization (e.g. [105, 13, 107, 9, 15, 46]). The majority of the cited references
share a common general methodology: they all use some kind of agreement or dynamic
consensus strategy. The decentralized state estimation problem itself is deeply embedded in
this line of thought either implicitly, through the very definition of the consensus algorithms
(e.g., see [72]), or explicitly, where a dynamic consensus averaging strategy between multiple
agents is used to obtain the required estimates (e.g., see [56, 110, 111]).

One application of the mentioned methodologies that has received increasing interest
for conducting research is the analysis and control of formations of Unmanned Autonomous
Vehicles (UAVs). Recently, a number of important results in this area has been reported in
various publications (e.g., see [11, 23, 25, 39, 47, 101, 104, 68, 70, 82, 3, 112] and references
reported therein).

Within mobile sensor networks paradigm, the critical problem is the problem of searching
optimal sensing positions for mobile nodes, where the extremum seeking (ES) methodology
can be directly applied. Extremum seeking represents a nonmodel based method for adap-
tive control which deals with systems where the reference-to-output map is uncertain but is
known to have an extremum. In 1950s and 1960s this approach was popular as “extremum
control” or “self-organizing control” (see e.g. [41, 51, 52]). A significant contribution to this
field has been made in the last years by Krsti¢ and his co-workers, who succeeded both to
clarify the main conceptual aspects of this methodology and to present interesting and use-
ful applications (see [7, 20, 42, 109, 40, 115, 114]). They presented stability analysis for the
extremum seeking systems with sinusoidal perturbations in both continuous and discrete-
time case using averaging and singular perturbations providing sufficient conditions for the
plant output to converge to a neighborhood of the extremum value. In [50] some stability
results have been presented for the case when the sinusoidal perturbation is replaced with a
stationary stochastic process. The problem of multi-target assignment, addressed in Section
4.7, based on designing global utility functions ([2, 1, 102]) involves the multi-variable ES
algorithm proposed and analyzed in [6].

There is a vast literature related to the problems of performance and stability limitations

of control/estimation over unreliable communication links/networks. It has been treated



using several tools and models involving coding/decoding over band-limited channels, quan-

tization effects, delays, packet dropouts, etc. (for a relevant survey see e.g. [5])

1.2 Dissertation Outline and Contributions

The focus of this thesis is on two aspects of the mentioned problems: a) decomposing a
complex/large-scale system into (possibly overlapping) subsystems and formulating local
estimation and control laws, which, along with suitably defined inter-agent communication
schemes (possibly over wireless, sensor networks), ensure stability, acceptable performance
and robustness of the overall system; b) developing algorithms, suitable for mobile sen-
sor networks, for placement of mobile nodes to the positions which enable optimal sens-
ing/communication capabilities.

In Chapter 2 novel decentralized overlapping state and parameter estimation algorithms
are presented. In Section 2.1 a state estimation algorithm for complex systems, in both
continuous and discrete-time ([98], [97], [96]), is proposed on the basis of: 1) structured,
overlapping system decomposition; 2) implementation of local state estimators by intelli-
gent agents, according to their own sensing and computing resources; 3) application of a
consensus strategy providing the global state estimates to all the agents in the network. In
discrete-time case, lossy inter-agent communication network is assumed, i.e., intermittent
observations and communication faults are allowed. Stability of the proposed algorithms is
analyzed. A strategy aimed at obtaining the consensus gains on the basis of minimization of
the overall mean-square error is proposed. It is also shown, by using characteristic network
topologies, that asymptotic denoising, 7.e., measurement noise elimination when the num-
ber of nodes is large, can be achieved in the case of the network connectivity increasing at
a sufficient rate with the number of nodes. A number of characteristic examples are given
within all the sections in order to illustrate the theoretically derived conclusions.

Section 2.2 is devoted to decentralized parameter estimation by consensus based stochas-
tic approximation ([94], [95]). The proposed algorithm is based on: (a) local recursive es-
timation schemes of stochastic approximation type which utilize local measurements; (b)

a consensus strategy aimed at improving reliability and noise immunity of the estimates.



The asymptotic behavior of the algorithm is analyzed, including different choices of the
algorithm gains, different probabilities of getting local measurements and sending inter-
agent messages, network connectedness ensuring convergence, as well as important aspects
of consensus-based denoising.

Chapter 3 is devoted to the problem of overlapping decentralized control of complex
systems by using a multi-agent strategy, where the agents (subsystems) communicate in
order to achieve agreement upon a control action by using a dynamic consensus methodology
[86]. Several new control structures are proposed based on the agreement between the agents
upon the control variables. In the most general setting, it is assumed that each agent is
able to formulate its local feedback control law starting from the local information structure
constraints in the form of a general four-term dynamic output controller. The subsystem
inputs generated by the agents by means of the local controllers enter the consensus process
which generates the control signals to be applied to the system by some a priori specified
agents. In the general case, the consensus scheme, determining, in fact, the control law
for the whole system, is constructed on the basis of an aggregation of the local dynamic
controllers. It is shown how the proposed scheme can be adapted to either static local
output feedback controllers, or static local state feedback controllers. Also, an alternative
to this approach is proposed, based on the introduction of a dynamic consensus at the level
of state estimation introduced in Section 2.1. The control signal is obtained by applying the
known global LQ optimal state feedback gain to the locally available estimates. A number
of selected examples illustrate the applicability of all the proposed consensus based control
schemes. In Section 3.4 a novel design methodology for decentralized overlapping tracking
control of planar formations of UAVs based on the expansion/contraction paradigm [100] is
presented and compared with the proposed consensus based control scheme applied to the
formations control problem. The benefits of the consensus based scheme are verified having
in mind much better responses and tracking performance.

Motivated by the critical problem within mobile sensor networks paradigm of searching
optimal sensing positions, the extremum seeking algorithm with sinusoidal perturbation
is analyzed in Chapter 4. The standard discrete-time ES algorithm has been extended

and modified in the following way ([87], [89], [88]): a) the amplitudes of the sinusoidal



perturbation signals, as well as the gains of the integrator blocks, are time varying and tend
to zero at a pre-specified rate; b) the output of the system is corrupted with measurement
noise. In general, the first assumption opens up a possibility to obtain convergence of the
whole scheme to a unique extremum point and not to its neighborhood which depends on
the perturbation amplitude even in the deterministic context. The second assumption, i.e.,
the inclusion of the additive stochastic component in the extremum seeking loop, allows
important generalizations and applications of the extremum seeking methodology to a large
number of real adaptation problems in control and signal processing. Conditions for the local
convergence to the extremum point in the mean-square sense and with probability one are
derived. It is also shown how the extremum seeking scheme can be applied to noise source
localization problems and an adaptive state estimation problem where the observation noise
influence is minimized and, thus, can be used for the optimal positioning of mobile sensors.
Using a generalization of the methodology developed for the 1D case, the convergence to
the extremal points has been proved for the planar, hybrid ES algorithms, adopted for the
control of: a) velocity actuated vehicles; b) force actuated vehicles; ¢) nonholonomic vehicles
(unicycles). Section 4.7 is devoted to the problem of multi-target assignment in multi-agent
systems where the agents need to cover the minima of all the measured functions. An
algorithm based on designing a global utility function, which would capture the dependence
among different agents’ objectives, and finding it’s local extremum is proposed. It is shown
that the scheme can be considered as a multi-variable ES algorithm where the agents seek
the local extremum of the proposed global utility function (the closest one to the agents’
initial positions, taking into account parameters of the applied utility function). All the
proposed ES based schemes have been illustrated through several examples.

Finally, in Chapter 5 we review the results presented in this thesis and give some direc-

tions for the future research.



Chapter 2

Consensus Based State and

Parameter Estimation

In this chapter consensus based state and parameter estimation algorithms are presented.
Section 2.1 is devoted to decentralized overlapping state estimation schemes while in Section
2.2 decentralized overlapping parameter estimation scheme based on stochastic approxima-

tion is presented.

2.1 Consensus Based Decentralized Overlapping State Esti-

mator in Lossy Network

In this section both continuous-time and discrete-time consensus based decentralized over-
lapping state estimation schemes are proposed. First, the main definitions of the problems,
together with the description of the proposed estimation algorithm are given. Formally
speaking, the algorithm is composed of a set of overlapping decentralized Kalman filters
put together within a multi-agent network by using a first-order dynamic consensus strat-
egy. Stability of the proposed schemes is discussed. It is proved that it is possible to find,
under general conditions concerning the local estimators and the network topology, such a
consensus scheme which ensures asymptotic stability of the whole estimator. A strategy

aimed at obtaining the gains of the consensus scheme by minimizing the total mean-square



estimation error with respect to the unknown consensus gains is also described. The problem
of denoising of the obtained estimates with respect to the measurement noise is presented,
with an emphasis on the connection between the suppression of the measurement noise
influence and complexity of the multi-agent network.

2.1.1 Continuous-Time Case

Let us first consider the continuous-time case, where we assume that the inter-agent network
is perfect (without any losses) and that the local measurements are not interrupted.

2.1.1.1 Problem and Algorithm Definition

We represent a continuous-time large scale linear stochastic system in standard form

S: T = Ax + Te,
y=Cz+w, (2.1)
where z = (z1,...,2,)T, y = (y1,...,9)7, e = (e1,...,em)T and v = (vy,...,v,)T are

its state, output, input and measurement noise vectors, respectively, while A, I' and C' are
constant nxn, nxm and pxn matrices, respectively. It is assumed that e and v are mutually
independent white zero-mean stochastic processes with covariances E{e(t)e(7)T} = Q5(t —
7) and E{v(t)v(r)T} = R§(t — 7), respectively.

We will consider the problem of decentralized estimation in which N autonomous agents
have the goal to generate their estimates &' of the state  of S, i = 1,..., N, on the basis
of: (1) locally available measurements; (2) specific a priori knowledge they possess about
the system; and (3) real-time communication between the agents.

Formally, we assume that the i-th agent has a possibility to observe the p;-dimensional
)T

vector y(i) = (ylzi, W) composed of the components of y with indices specified by the

agent’s output index set I = {If,.... 10}, 1f,....1) e {1,...p}, I} < ... <l p <p.
According to (2.1), y = CWz® 4y where £(9) is an n;-dimensional vector composed of

the components of = selected by the agent’s state index set I¥ = {ji,... ,jf”}7 g ,jf% €

{1,...n}, j{ <. < jfw n; < n, C is a constant p; X n; matrix and v the measurement



noise vector with covariance R("§ (t—7), representing a part of v. Accordingly, we define the
ni x n; matrix A® which contains the elements of A selected by the pairs of indices specified

by I x IF

7, and the matrix '@, composed of n; rows of T' selected by I¥. Consequently,

the local system models available to the agents are defined by

S; : 2@ = A 20 4 TOe,
y = 0z 4 () (2.2)
i=1,...,N; systems S;i represent overlapping subsystems of S. Notice that decomposition

of S into overlapping subsystems does not have to rely necessarily on a decomposition of
the matrices from (2.1): the parameter matrices in (2.2) can also be obtained as a result
of approximate modelling and local identification, approximate aggregation, etc. (see e.g.
[80, 99, 19]).

We will assume that the agents are able to generate the overlapping local state estimates
@ of the vectors () using steady state Kalman filters [4]. Since the final goal of all the
agents is to get the estimates of the entire state vector x of S, additional strategies can be
added to the local estimators (e.g., see [75, 103, 80, 29, 8]). However, all such approaches
require a kind of centralized strategy or special, model dependent communications between
the agents.

We propose an estimation algorithm based on the introduction of a consensus scheme
specifying communications between the agents (see e.g. [107, 105, 23, 39, 49, 51, 58, 73, 72]).

Namely, the estimate £¢ of = generated by the i-th agent is given by

Ei: =48+ 5L K€ - &)+ Ly - Cie), (2.3)
J#
i=1,...,N, where: A; is an n X n matrix whose n; X n; elements are equal to those of

A® | but are placed at the indices specified by I¥ x I', while the remaining elements are
zeros; Cj is, similarly, a p; x n matrix with p; X n; elements equal to those of C9, placed at
row-indices specified by Iiy (notice that CW () = Ciz); L; is an n X p; matrix whose n; X n;

elements are equal those of the steady state gains L(¥) in the local Kalman filters for S;,



placed at row-indices specified by I)"; K;; are constant n x n gain matrices; §~” represents
the noisy estimate &/ communicated by the j-th node, i.e. £+ = &I + w;j, where w; is
the n-dimensional zero-mean white communication noise between the nodes j and i, with
covariance E{w;;(t)w;;(1)T} = Wi;6(t — 1), 4,5 =1,...,N.

It is possible to observe that the proposed algorithm represents a combination of decen-
tralized overlapping Kalman filters and a first order consensus scheme which tends to make
the local estimates &' as close as possible (e.g. [73, 72, 58]). Notice that the estimator E;
reminds structurally of the distributed optimization algorithm proposed in [107, 105, 13],

and the parallel estimator proposed in [82].

Furthermore, we will assume that K;; = diag {kij, e kﬁf}, where k7 >0,v=1,...,n,
i,5 = 1,...,N, and that kY = f,jgf,j, f,j,g,i,j > 0, where gf,j directly reflects structural

properties of S and S; and the uncertainty in the local estimates 2#0) | while R4 reflects
properties of communication links.

Therefore, the whole multi-agent network can be represented as a collection of n directed
graphs (digraphs) with N nodes corresponding to the agents and edges with gains kY ,
specifying transmission of particular components of the vectors ¢ between the nodes. Let G,
represent the digraph connected to the v-th component z, of x, v = 1,...,n; its Laplacian

LGv is defined as LG = [LZ-Gj”], LiGj” = k;i/j7 i # 7, LS“ = —Zj,j# kzi/ja i,j=1,...,N [27].

2.1.1.2 Stability

Let = = ((¢Y)7, ..., (¢M)T)T; then, from (2.3) we have

[1]

E: = ®=Z + AY + K=, (2.4)

where ® = [®;;],®;; = Kij, @ # j, i = A; — LiC; — Zj’j# K;j, A = diag{Ly,...,Ln},
K= = diag{K',..., KN}, K' = [Kq Kpp:-- - Kin |, K =0,V = ((y1)7,...,(y™)D7T,
Y= (wh,. . wly, wh, o wl o wk ek )T, wi =0, 4,5 = 1,...,N,. We will
investigate stability of E in the sense of stability of ®. The basic starting assumptions are:

(A.2.1.1) the local estimators E; are asymptotically stable, i.e., the matrices A®) —
LOC® are Hurwitz, i = 1,...,N.

10



(A.2.1.2) For each G,, v = 1,...,n, there is at least one center node p (from which
every node is reachable, e.g. [48]), satisfying v € I}].

In order to demonstrate stabilizability of E by a proper choice of the consensus gains,
we will introduce the following notation: hY = h;j >0 for v € I?, and nY = h;’] > 0 for
velr={1....n}\If, v=1,...,n. We will also introduce Gij = diag{gz,...,g%i}
and Gé‘j = diag{g;é, o ’g%—n-}’ where y{,...,z/fli € I¥ and 4, ... ,Dfl_ni € I, as well as
K’ =h,GY and K2 = h;;égj.

We will also adopt the following additional assumptions:

(A.2.1.3) UN, 1P ={1,2,...,n};

Assumptions (A.2.1.3) and (A.2.1.4) imply that all the components of the state vector
x of S are estimated, and that there is at least one component estimated by more than one
local estimator.

Theorem 2.1.1 Let the assumptions (A.2.1.1), (A.2.1.2), (A.2.1.3) and (A.2.1.4) hold.
Then, for any given A}; > 0 and g7 >0, it is possible to find such hi; > 0 that the estimator
E is asymptotically stable, i,5=1,...,N,v=1,...,n.

Proof: Matrix ® in (2.4) is cogredient to ® = [2;1 Z;z}, in which the blocks con-
taining AD —OCc@ § =1, ... N, are grouped together at the main block-diagonal in
such a way that ! = [@}}]7 q)iljl — Kilj’l, i#j, oL = AW _ Lol _ Z%#i Ki1j,0’ ©
that ®12 = [0}2], @12 = K i # j, @12 =0, &% = [02]], ®2! = K2, i # j, ®2! = 0 and

K2 i,j=1,...,N; by K, K, K};

22 _ (522 22 _ 122 . 522 1
P —[q’ij]»@ij—KijaZ7éJv‘bii——Zj,j;éi ij ij o g o By

K 12]2 we denote the submatrices of K;; obtained by deleting its elements with indices from
ff X 1:]’?, ff X I]‘?, I¥ x ff and [ x If, respectively.

Take such h;’J >0,4,j=1,...,N, that (A.2.1.2) is satisfied, and analyze the submatrix
®22 (which depends on h};, and not on hj;). Assumption (A.2.1.2) implies that each digraph
G, opposite to G,, v = 1,...,n (obtained by reversing the direction of the arcs of G, ), has
only one closed strong component (a maximal induced strongly connected subdigraph with
no arcs leaving its node set [27, 48]). Consequently, those submatrices of ®" which represent

Laplacians of G,, v = 1,...,n, are cogredient to lower-block-triangular matrices with two

diagonal blocks, where the first is an irreducible Metzler matrix which has one eigenvalue

11



at the origin and the remaining ones in the left-half plane, and the second is a diagonally
dominant Metzler matrix, which is, therefore stable [48, 49, 79]. The center nodes of G, (or
the globally reachable nodes of G,) have to belong to the set of nodes of the unique closed
strong component of G,. Therefore, one concludes that ®2? is composed of the submatrices
of ®' that are obtained from the irreducible Metzler matrices by deleting their rows and
columns with indices corresponding to the nodes of the strong components of G,. These

irreducible submatrices are, in general, cogredient to

— E alj Q19 e alN
7J#1
LD: a1 — E Oégj a2N
v 5J#2 ’
O‘z\h OéNQ cee = E aNj
| JJEN ]

where N < N, a;j > 0, ag; > 0 [24, 48, 27]. Deleting the first row and first column of Lo
we obtain a matrix in which the first row is strictly diagonally dominant, having in mind
that ag; > 0 as a consequence of irreducibility of LY. Consequently, this matrix is Metzler
and quasidominant diagonal, which implies that it is Hurwitz (see e.g. [79]). Therefore, the
whole matrix ®*? is Hurwitz, having in mind assumptions (A.2.1.3) and (A.2.1.4).

Assuming now that h;j =0,4,j =1,...,N, we obtain that ®'? = 0 and that ®!! is
asymptotically stable, having in mind that the matrices AW — LOc@ j=1,... N, are
Hurwitz by assumption; this implies that the whole matrix ® is Hurwitz. Retaining the
same h;; as above and choosing such h;; > 0 that (A.2.1.2) is satisfied, we directly conclude
that there exists such € > 0 that the system E is asymptotically stable as long as hgj <eg,
having in mind the continuous dependence between of eigenvalues of ® on the values of hgj
[30, 24]. Therefore, a stabilizing consensus scheme exists, and the theorem is proved. [

Remark 2.1.1 It is straightforward to prove that in the case of nonoverlapping subsys-
tems the proposed estimator is stable under the conditions (A.2.1.1), (A.2.1.2) and (A.2.1.4)
for all nonnegative h.

Example 2.1.1 Consider as an illustration the estimator E with the state matrix & =

12



Ay — hial hiod
hotl  As — hatl
this case ¢/ =1, 4,5 = 1,2,v = 1,...,n). According to Theorem 2.1.1, for hjo = 0, ® is

, where A1 and As are n x n Hurwitz matrices and his, hoy > 0 (in

Hurwitz for any hsp > 0; it remains Hurwitz for hio positive and small enough.

If Ay = Ay, it follows directly that det{® + jwI} # 0 for all real w and all hya, ho; > 0.
This implies stability, having in mind that ® is stable for his = ho; = 0 and that the
mapping of the parameters into the eigenvalues is continuous.

If Ay = 0, the same determinant condition requires det{(—ha1 + jw)A; —w?I — jw(hia +
ho1)I} # 0. If —o + j2 is any eigenvalue of Aj, this condition gives hojo — jho1Q — jwo —
wQ — w? — jw(hia + hay) # 0, which is true for any hya, hoy > 0 and all real w. Therefore,
® is again stable.

In general, when A; # As and A1, As # 0, such a direct analysis becomes more compli-
cated, but it is possible to conclude that only special structures of A7 and A can impose

important restrictions on the stabilizing values of his and ho.

2.1.1.3 Optimization

In this section we will demonstrate that the consensus parameters can be determined by
minimizing the steady-state mean-square estimation error.

Inserting Y = WX + V in (2.4), where X = (27,... 27)T, ¥ = diag{C1,...,Cn} and
V = (T, ..., (0™N)T)T is a white noise term with zero mean and covariance matrix

Ry (which can be derived from R), one obtains from (2.1) and (2.4)
: A0
SE: Z= P Z+ Bz0 =®;7Z+ Bz0 (2.5)

where Z = (2T, (2 — X)T)T, & = col{(4; — A),...,(Axy — A)} (col{.} denotes the block-
column matrix composed of the listed elements), By = diag{—f, A, K=}, [ = col{T’,...,T'}
and © = (e, VT 1T, Obviously, SE represents a stochastic system with the white noise
O as a stochastic input. We will distinguish two cases. If &, is Hurwitz, the steady-state

covariance Py of Z is defined by the positive semi-definite solution of the Lyapunov equation
®,Py + Py, + B,R;BL =0, (2.6)
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where Ry is the covariance matrix of ©, which can easily be derived. If & = 0, the system
itself can be unstable, but the steady-state covariance P of Z — X can be directly obtained
in the case of stable ® by an appropriate splitting of (2.6).

If we define the vector H containing all the unknown parameters of the consensus scheme

in E, we can formulate the following optimization problem:
min J = min Tr P; (2.7)
H H

solutions to this problem (which is, in general, not convex) can provide convenient consensus
parameters for the proposed estimation scheme. The problem can be simplified by compos-
ing H only from the weights h,i,j, assuming that the parameters gf,j for v € I7,j=1,...,N,
are proportional to some measure of the accuracy of the v-th component of the j-th agent’s
state vector estimate. It has been found to be convenient to adopt that g,i,j is proportional
to the v-th diagonal element of the inverse of the estimation error covariance matrix of the

corresponding local Kalman filter.

Example 2.1.2 Let S be represented by a fourth order model with A = [ﬁu ﬁu ],
21 22
where Ay = [:% _02} A = [_01 8], Ao = {O(.)l 0(')1} Agg = [_03 _15], with ' = T

and @ = I. Assume that Agent 1 gets the measurements using C' = C; = [1 0 0 0] with
R = Ry, and Agent 2 using C = Cy = [000 1] with R = Ry, and that both agents
possess the knowledge of the entire state model; the communication noise is characterized
by Wis = 0.01 and Ws; = 0.01. Assuming that the consensus gains are K192 = h12G12 and
Ko1 = ho1Ga1, where G152 and Go1 are diagonal matrices composed of the diagonal elements
of the steady state estimation error covariances P?) and P(M) of the local Kalman filters,
parameters hio > 0 and he; > 0 are to be determined by optimization. Table 2.1 shows the
results obtained for Ry = 1 and different values of R;. The criterion values J show high
robustness of the proposed estimator. Both gains are higher for lower measurement noise
levels; however, ho; decreases much more rapidly, and for high values of R; becomes close
to zero, having in mind that the mean-square error of the local estimator E1 becomes high.

Consider now three agents, the first two being the same as above (with R; = Ry = 1),
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H [ fe] ha] J]
Ri=1 1521.9 | 855.5 | 1.9819
Ri=10 898.4 | 49.56 | 2.0102
R,=100 | 170.2 | 1.927 | 2.0109
R,=1000 || 110.2 | 0.026 | 2.0110

Table 2.1: Optimization results for different measurement noise levels

while the third observes the system using Cs = [(1) 8 8 (1)] and Rs = [%1 }22 ] . Optimiza-
tion provides now six parameters, two per agent; the obtained results are: kj2 = 0.155,
k13 = 0.355, ko1 = 0.460, koz = 0.300, k31 =~ 0 and k32 =~ 0, taking, as above, diagonal
matrices G;; equal to the main diagonals of the corresponding local estimation error co-
variance inverses. Obviously, the scheme behaves as predicted: Agent 3, with the globally
optimal Kalman estimator, does not need any help, so that the weights of the edges leading
to it are approximately zero. On the other hand, Agents 1 and 2 take the more accurate
estimates obtained from Agent 3 with higher gains.

When the local estimators are built using the local second-order state models defined
only by the submatrices A11 and Ass, respectively, we obtain h1s = 0.6311 and ho; = 0.8088,
with J = 2.0271, assuming R; = Rs = 1, leading to the conclusion that the estimator is
robust also with respect to modelling errors (see Table 2.1). Figure 2.1 depicts the form of
the corresponding criterion function, which is in this case obviously convex.

Example 2.1.3 In this example we consider two agents in two situations: in the first, the
subsystem models are disjoint, while in the second the subsystem models are of third order,

and are, obviously, overlapping. We assume now that S is composed of A1 = [_11 012],

Ajg = [_01 8], A = {0‘1 (1)], Agy = {_0'1 1 ], and that in situation I Agent 1 utilizes

0 —-0.3 =5
Aj1, and Agent 2 utilizes Age. In situation II, we assume overlapping subsystems, with
1 1 0:0 0:0 .00
| —-102 —-1:0 1002 =1 0 . . .
A = 010 —0.1:0 and Ay = 000 —0.1 1| With the same noise levels as above,
0 0 0 0 0: 1 —-03 -5

we obtained for situation I k1 = 0.001 and ks = 0.1791, with J = 35.43, and for situation

IT £y = 2.5421 and ko = 8.1781, with J = 7.8621. This example shows possible advantages
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Figure 2.1: Criterion function

of overlapping decompositions with respect to the disjoint ones.
Example 2.1.4 In this case we consider the problem not explicitly addressed in this

thesis: we will assume that the system has two deterministic inputs u; and ue, so that we

10
have in S (model (4.12)) the additional term 8 8 [g; ] We take disjoint case as in the
01

Example 2.1.2, and assume that Agent 1 knows only u; (square wave), and that Agent 2
knows only uy (sine wave). The estimator E is applied, with the usual modification taking
care of the locally known deterministic inputs within the local Kalman filters (the consensus
scheme remains unaltered) [4].

The given Figures 2.2 and 2.3 represent the estimation errors of £ and &5 as functions
of time in the case when k1 = ko = 0 (Fig. 2.2), and in the case when the consensus scheme
exists with k1 = ko = 10 (Fig. 2.3). It is obvious that the consensus scheme efficiently

reduces the estimation error in spite of the lack of the a priori knowledge about the inputs.

2.1.1.4 Denoising by Consensus

The aim of this subsection is to give an insight into an interesting aspect of the proposed
algorithm: its capability to reduce the measurement noise influence as a function of both

the number of nodes and the network connectivity. Convergence rate of the schemes for
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Figure 2.2: Estimation error for k; = ko = 10
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Figure 2.3: Estimation error for k1 = ko =0
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consensus averaging has been studied in [110, 111]. Pursuing another line of thought, we
will analyze asymptotic denoising capabilities of the proposed estimator using simple, yet
representative examples of networks with different connectivities.

Case A) Consider first the case when the algorithm E in (2.4) consists of N identical
local estimators of the state z of S and a consensus scheme with K = (Kij], Kij = kI, 1 # j,
Kij=—(N—-1kI,i,j=1,...,N, k>0 (fully connected graphs). Assuming that w;; = 0,

the steady-state estimation error covariance matrix Py satisfies
®'Py + PydT + Qy =0, (2.8)

where &1 = A+ K, A = diag {A,...,A}, A = A — LC (L is the local steady-state

optimal Kalman gain), and Qn = [@Qn,j], Qnij = rQrt, i # j, Qnii = rQr’ +

I I . I

LRLT, i,j =1,...,N. If T}, = I_(N_M:jj I , we have Ty 'KT; =
I (N 1)1

diag{0, —NkI,...,—NkI}. Applying Tl_1 and T to (2.8), we obtain for N large enough

that the diagonal n x n blocks P]]\j,)’i of P]j\? = TflPNTl, 1=1,..., N become: Pﬁ’l ~ NP,

where P is the solution of the Lyapunov equation
AP+ PAT +TQr" =0, (2.9)

and Py’ ~ oo LRIT, i=2,... N.

If the average performance indez of an estimator is defined as Jy = %TrPN, we obtain

1

1
NTrP}\? ~ TrP + ——Tr(LRL"),

I = 2%kN

so that J = limy_o Jy = TrP. Obviously, the estimation scheme, averaging different
realizations of the measurement noise, is able to achieve complete asymptotic denoising,
since, according to (2.9), the term LRL” is eliminated from the standard local Lyapunov
equation

AP* + P*AT 4+ 1QTT + LRLT =0 (2.10)
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for the covariance matrix P* of one independent local estimator.

Case B) In the case of the consensus matrix with minimal connectivity which still
—kI kI - 0

satisfies (A.2.1.2), we have K = 0 —kI kl o 0 N (directed ring). Matrix T5

kI 0 --- 0 —kI
transforming K to its Jordan form retains from T} only the first block-column block, so

that P]? 1 is the same as in Case A). However, we have
(A+NDPY 4 PO (A + NI)* + LRLT =0, (2.11)

for ¢ = 2,..., N, where F* denotes the conjugate transpose of F' and \; are the nonzero
distinct eigenvalues of the consensus matrix (which all lie on a circle with center at (—k,0)

and radius k). According to [78], we have

Amin(LRLT)
20 max (A + NI)’

- 1 N
JN = NTrPN >TrP +n (2.12)

where \pin(.) denotes the minimal eigenvalue and 0y,4,(.) the maximal singular value of an
indicated matrix. Consequently, the estimator does not ensure complete asymptotic denois-
ing, in spite of the fact that the underlying graph is strongly connected. This conclusion
can be readily extended to double directed rings, as well as to all graphs with Laplacians
in the form of circulant matrices with a predefined fixed number M of edges entering each
node. Namely, in this case we have that max; |\;| < 2kM, so that the conclusions related
to (2.11) can still be applied (see [28] for properties of circulant matrices). However, the
criterion Jy still decreases with k. It is interesting that in the simple case of consensus
averaging treated in [110, 111], asymptotic denoising is achieved whenever the underlying
undirected graph is connected.

Case C) In general, it appears that the problem of defining the relationship between the
network connectivity and the asymptotic denoising achievable by the proposed estimator is
difficult. Consider here, however, a special case in which

Kq

TR S

(2.13)
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where 0 < k; <k <o00,7=2,...,N. Then,

N
_ A K 1
< i P . .
J <TrP + ]\}lm E (2.14)

Let 1/[Am,| = .. > 1/[Am;| = .. > 1/|Ampl, @ =1,..., N. Assuming that for any ¢ > 0
there exists a positive integer Ny such that 1/|Am,| < € for all i > Ny, we obtain J = TrP
as in Case A), since the second term in (2.14) tends to zero when N — oo.

In particular, in the case of Laplacians in the form of circulant matrices treated already

in Case B), we have that
M(N)
T
A= k(CM(N) + Y e d R0, (2.15)
=1

i=2,...,N, and that (2.11) holds, where M (N) represents the number of edges entering
each node, which is here supposed to depend on N [28]. It is possible to see that in
the case when limy_,ooc M(N) = oo we have that max; |\;|] = oo, and that the above
assumption about the nature of the sequence {1/|\,|} holds, so that, accordingly, (2.14)
implies complete asymptotic denoising.

The given examples show that complete asymptotic denoising results from sufficient
graph connectedness.

Communication noise. When the communication noise exists, the Lyapunov equation
for the estimation error covariance contains an additional term depending on the matrix
W;; = W. Then, for example, one can show that in the case of the fully connected graph
(Case A))

J = lim %T&"PN = TrP; + gTrW.

N—o0

where

AP + P AT +TQTT + K*W = 0.

The whole scheme works better than the set of N independent local Kalman filters in spite of
the communication noise if TrP; + %TrW < TrP*, where P* is the solution of the Lyapunov

equation (2.10).
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Example 2.1.5 The estimator in this example consists of a set of identical local Kalman
filters estimating the whole state of the fourth order system described in Example 2.1.2
(C = I), connected by a consensus scheme. The average criterion Jy = %TrPN has
been calculated as a function of the number of nodes N for the network topologies from
Case A) (solid lines) and Case B) (dotted lines); the consensus gain k has been taken as
a parameter. The horizontal line corresponds to TrP, the lower bound obtained by using

(2.9). The presented results (Fig. 2.4) fully confirm the given theoretical analysis.
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Figure 2.4: Average criterion as a function of N

2.1.2 Discrete-Time Case

Now, we will consider a discrete-time version of the proposed consensus based estimation
scheme, where we will assume that the inter-agent network is lossy, i.e. that communication
faults can happen, with some predefined probabilities, and that the local measurements are

intermittent.
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2.1.2.1 Problem Definition

Let a finite-dimensional discrete-time stochastic system be represented by

S: z(t+1) = Fx(t) + Ge(t),
y(t) = Hx(t) + v(t) (2.16)
where ¢ is the discrete-time instant, z = (z1,...,2,)7, y = (y1,.. ., yp) T, e = (e1,. .., em)T
and v = (vy,... ,vp)T are its state, output, input and measurement noise vectors, respec-

tively, while F', G and H are constant n X n, n X m and p X n matrices, respectively. It
is assumed that {e(t)} and {v(t)} are white zero-mean sequences of independent vector
random variables with covariance matrices () and R, respectively.

Similarly as in the continuous-time case, we will assume that the i-th agent has a
possibility to observe the p;-dimensional vector y(®* = (ylzi s Yl Z_)T, composed of the set
of components of y with indices contained in the agent’s output index set I} = {ie,... ,l;)i},

i,...,l;)i e{l,..p}, il <...< lziw p; < p. We will assume further that the i-th agent

possesses the local system model S; defined as

S : 2Ot +1) = FOz0 () + GWe(t),
y D) = HOzO () + 0@ (¢), (2.17)
i =1,...,N, where (¥ is an n;-dimensional vector composed of the components of

selected by the agent’s state index set I? = {ji,...,ji }, ji,. ... jh. € {1,...n}, ji <... <
jﬁli, n; < n, and v is a measurement noise vector containing the components of v selected
by I/, having the covariance matrix R® (which can be readily obtained from R); F @ q@
and H® are n; X ni, n; X m and p; X n; matrices, respectively.

Starting from the local model S; and the accessible measurements y(?), the i-th agent
is supposed to be able to generate autonomously the local estimate (®) of the vector z(®.

The following local estimator will be assumed to be implementable by the i-th agent:
BEi: 2O +1t) = FO2O@ — 1) + @) FOLO O @) — HO:O @)t — 1)), (2.18)
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where L9 is the steady state Kalman gain given by L) = P(i)H(i)T[H(i)P(i)H(i)T—FR(i)]_I,

P is a solution of the algebraic Riccati equation
PO — p@) [p(i) _ L(i)H(i)p(i)]F(i)T +GWQGWT, (2.19)

while v;(¢) is a scalar equal to 1 when the i-th agent receives measurements y@, and 0
otherwise ([81]). It is natural to assume that subsystems S; are defined in such a way
that the pairs (F(), G(i)Q%) are stabilizable and the pairs (F(), H(®) detectable, so that
the matrices F() — LW H() | the state matrices of the estimators (2.18), are asymptotically
stable and P®) > 0, i =1,...,N, ([4, 81]). The estimator based on the steady-state gain
L@ has been selected for the sake of clarity of presentation aimed dominantly at structural
aspects of the proposed estimator; even better performance can be expected in practice
from estimators with time varying gains (see e.g. [81]). In general, the local estimators can
be designed using any methodology, in such a way that the general requirements formulated
below are satisfied (robust estimators, fault detection filters, etc).

In a similar way as in the continuous-time case, we propose the following algorithm,

based on the introduction of a discrete-time consensus scheme:

E; : Ei(tlt) = &kt — 1) + 7 (t) Lily (8) — Hi&i(tlt — 1),
&t + 1)) = 000, Ciy (O Fj;(t]t) (2.20)
i =1,...,N, where £ is an estimate of x generated by the i-th agent, F; is an n X n

matrix with n; X n; nonzero elements that are equal to those of F(!), but are placed at the

indices defined by I" x I?

5, while H; and L; are p; x n and n X p; matrices, respectively,

obtained from H® and L) in the same way as Fj is obtained from F(?). We will assume
that Cj;(t), i,j =1,..., N, are n X n time-varying gain matrices defining communications
between the nodes, given in the form Cj;(t) = ki;(t)K;;(t), where k;;(t) = 1 when the
directed communication link from the node j to the node i exists, and k;;(t) = 0 otherwise;
K;;(t) are diagonal matrices with nonnegative elements, giving appropriate weights to the

estimates communicated between the agents. Furthermore, we will assume that {k;;()},
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i,7 = 1,...,N,i # j, are mutually independent scalar sequences of independent binary
random variables, satisfying P{k;;(t) = 1} = p;; and P{k;(t) = 0} = 1 — p;; for i # j,
as well as that k;(t) = 1,7 =1,...,N. Also, we will assume that {v;(¢)} is a sequence of
independent binary random variables independent of {k;;(t)}, 4,5 = 1,...,N,i # j, such
that P{v;(t) = 1} = p;; and P{~;(t) = 0} = 1—p;;. We will also introduce the random vector
Z¢ composed of N? binary components: N(N — 1) elements k;;j(t) (i,j = 1,...,N,i # j)
and N elements ;(t). This vector is, by assumption, generated on the basis of Bernoulli
trials, i.e., {Z;} represents a sequence of independent random vectors; let 7, be the time
invariant probabilities of all possible realizations El" of 2, r =1,...,v, v = 2N .

Define the nN xnN consensus matrix C(t) = [Cy;(t)],4,j = 1,..., N, and assume that it
is row-stochastic for all t, i.e. C (t) is a non-negative matrix in which the sum of the elements
in each row is equal to one ([30]). This assumption is in accordance with the definition
of discrete-time consensus schemes presented in e.g. [39, 72, 107, 57]. Having in mind
uncertainty of the communication links, this assumption practically implies recalculation
or re-scaling of the sub-matrices Kj;(t) composing the consensus matrix C(t) for each new
realization of k;;(t), ¢, = 1,..., N. This re-scaling does not impose any difficulty and can
be easily done locally by each agent in many different ways. One of the straightforward
possibilities is to adopt initial diagonal positive semidefinite matrices K;;(0) = K?j, 1,] =
1,..., N, according to some predefined criterion (e.g. accuracy of the local estimation), and
to obtain C(t) for each ¢ by dividing all the elements of each row of the matrix CO(t) =
[kij(t)K?j], i,j = 1,...,N, by the sum of all the elements of the same row, i.e. C(t) =
c(H)CO(E), where o(t) = diag{ Y, ki (D (KU1, o 3 k(O N, -y 3 ks () (K,
oy 2o kg (t)(KR,j)N}*1 and (Kioj)l represents the I-th element at the diagonal of the block
K% = diag{(KZQj)l, ce (KZO])N}

The proposed estimator is strictly scalable as far as the calculation of & (¢]t) in (2.20) is
concerned, since it does not depend on the number of agents; on the other hand, calculation
of &(t + 1|t) remains scalable as long as each agent communicates with a bounded number
of neighbors. Consequently, scalability of the algorithm can be violated only when the
structure of the consensus matrix C’(t) is such that the number of connections per node

tends to infinity when N tends to infinity.
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Let us introduce the following notation: Fp = diag{Fy, ..., Fn}, o= diag{®1,..., PN},
®; = F; — L;H;, and A(t) = C(t)®. Introducing X (t[t) = vec{&1(t|t), ..., En(E[t)} and

X(t+1t) = vec{&i(t + 1|t), ..., En(t+ 1]t))}, we can obtain a compact formulation of the

proposed algorithm

X(t|t) = X(t|t = 1) + L[Y (t) — HX (t|t —1)]

X(t+1)t) = C(t)FpX(t|t), (2.21)

where Y (t) = vec{y(D(t),...,yN(t)}, L = diag{L1, ..., Ly} and H = diag{H, ..., Hy}
(vec{.,.} represents a column vector obtained by concatenation of the column vectors in
the braces). Further, for the prediction error e(t + 1[t) = X (t + 1|t) — X (t + 1), where
X(t) = vec{x(t),...,z(t)}, we obtain e(t + 1]t) = A(t)e(t|t — 1) + C(t)(Fp — F)X(t) +
C(H)T(t)LHV (t) — E(t), where F = diag{F,...,F}, V(t) = vec{vW(t), ..., o™ ()} and
E(t) = vec{e(t),...,e(t)}. Consequently, we obtain the following state space system-

estimator model:

where Z(t) = vec{X (t),e(t|t — 1)} and N(t) = vec{E(t), V(t)}.
Furthermore, we obtain

Z(t+1)=B(t)Z(t), (2.23)

where Z(t) = E{Z(t)} and B(t) =

col{ P(t + 1)} = (B(t) ® B(t))col{P(t)} + (D} ® Dpyy)col{ W}] (2.24)

where P(t) = E{Z(t)Z(t)T} and D(t) = —Géé(t)(}j}ﬁ[_ and W = E{N(t) Nt)T} =
Q- Q

diag{Q*, R}, where Q* = : and R = diag{RM,...,R™M}. (col{.} denotes a
Q- Q

vector obtained by concatenating columns of an indicated matrix and the sign ® denotes

the Kronecker’s product).
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2.1.2.2 Stability

In the stability analysis of the proposed estimator, we will use the following results from
the matrix analysis.

Lemma 2.1.1 [60] Let f(.) be a matrix norm having the property f(A) < f(B) for
two n x n matrices A and B satisfying A < B (A > 0 means that all the elements of A are
nonnegative). Let ¢g(.) be any matrix norm and let A be partitioned into square blocks Aj;.

Then, h(A) is a matrix norm, where

g(A11) -+ g(Aug)

h(A) = f (2.25)

9( A1) -+ 9(Agr)
|
Lemma 2.1.2 ([30], Lemma 5.6.10) Let A be an n X n matrix and € > 0. Then,

there exists a matrix norm || A|| such that
p(A) < [|A]l < p(A) +e, (2.26)

where p(A) is the spectral radius of a matrix A (p(A) = max; |\;(A)|, where \;(A) are the
eigenvalues of A). [}

A mnorm satisfying the requirement (2.26) is the norm |Al, = ||D,UTAUD; !,
where U is an orthogonal matrix in the representation A = UAU”, where A is an up-
per triangular matrix (according to the Schur’s theorem), D, = diag{r,7%,73,..., 7"} and
[Alloo = max; D274 |a;| (for A = [ajj], 4,5 =1,...,n). Inequality (2.26) is satisfied for any
given € > 0 by choosing 7 > 0 large enough.

The following two theorems give sufficient conditions for stability of the proposed algo-
rithm in the sense of convergence to zero of the estimation error mean and boundedness
of the mean-square error. The analysis is based on the definition of a new, specially con-
structed norm according to Lemma 2.1.1, adapted to the partition of the consensus matrix
C(t) into the blocks Cj;(t), and the methodology from [81, 54, 55].

Theorem 2.1.2 Let flm be partitioned into blocks Agg = C][;] q)gr], where CJ[Z] and CDE-T]
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are realizations of Cj(t) and ®;(t) obtained by choosing Z; = ZI"l, and let p(®g}) < bz"] <
oo, k=1,..., N, together with
v N
Zm mapr(Cj[g)b,[:] < 1. (2.27)
r=1 J k=1

Then, lim;_. E{e(t|t — 1)} = 0 if the system (2.16) is asymptotically stable. If the system
(2.16) is not asymptotically stable, lim; .o, E{e(t|t — 1)} = 0 if, additionally, F = F.

Proof: Consider the matrix fl[r] and define its norm ||f~1[,n] ||l in the following way:

||c¥1]<1> I - (It el
1A Il = : : (2.28)
uc“ o, - |kl ol

having in mind properties of the norm ||.|s, and Lemma 2.1.1. For particular terms in
(2.28) we have that O} @[] < p(Cl))||@}";, having in mind that L), = p(C}}) for
[r]

diagonal matrices C. . Moreover, it is always possible to find such a 7 > 0 that for any
T > T we have H¢>[ |- < p(q)[T]) + ¢, for any given € > 0. Making ¢ small enough we always
have that p(@L}) +e < bl[c] (having in mind that the assumption p(q)g:]) < b,[:] is in the form

of a strict inequality). Therefore, H<I>E:] |- < bg], and consequently,
) N
1Al < max 37 p(Ch0
k=1

so that the matrix >/, TFrA[T] is Hurwitz if (2.27) holds, implying that the model for the
mean (2.23) is asymptotically stable if F' is Hurwitz. The second statement of the Theorem
follows trivially from the definition of the matrix B[T], since E{X(t)} and E{e(t|t — 1)}
become decoupled. Thus the result. [
Theorem 2.1.3 The proposed estimator provides ||S(t)|| < oo, where S(t) = E{e(t|t —
De(t|t —1)T}, Vt € Z, (T is the set of all integers), if p(@Eﬂ}) < bg] <oo,k=1,...,N,

Z | max Z p(C T] b[r] (2.29)
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and the system (2.16) is asymptotically stable. If the system (2.16) is not asymptotically

stable, ||S(t)|| < oo if, additionally, F = F.

Proof: If A[T] is partitioned into n x n blocks AEJ}, 1,7 =1,..., N, then it is possible to

show that the matrix A[T] ® AM is cogredient to
[ Al o all Al all Al g Al
Aol o allgall Al @ all

Al @ AP = :
EAIT g Al Al g AL Al @Al

| ANy ® ARy - AT @ ATy - Ay @ A

i.e. Af;] ® Aﬁ} = Tp(jl[r] ® A[T])Tg , where T}, is a permutation transformation. Therefore,

the norm ||Af;} ® flfi]H* is a norm Hfl[r] ® A[r}Ho of flm ® flm, i.e

1Al @ Al .. Al @ Al
14y ® Apgllo = 1Af) @ Al = : :
1A @ Al | Al o Al

Majorizing the last expression similarly as in Theorem 2.1.2, one obtains that

N
|4 ® Apillo Sn}a}xzp( ol Z (i,
T k=1

so that the matrix 0 m (A ®Ap) is Hurwitz if (2.29) holds. As (2.29) implies (2.27), we
also have that both matrices S°7_, 7,.(Fg ® fl[,,]) and Y7, WT(A[T} ® Fp) are Hurwitz if Fg
is Hurwitz, implying asymptotic stability of the model (2.24), and, therefore, boundedness
of P(t) (and, consequently, of S(t)). The second statement follows directly, since Fz = F
decouples the models of the system and the estimation error. Thus the result. [ |

Remark 2.1.2 A comparison of the above results with the results related to the
continuous-time estimator shows basic similarity of the main ideas and some technical

differences. The main point of the stability analysis presented therein has been to show

the existence of stabilizing consensus gains assuming that the local estimators are asymp-
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totically stable. The above results provide a more specific insight into the the influence
of the particular components of the system, supposing intermittent observations and com-
munication faults. It is important to notice that Theorems 2.1.2 and 2.1.3 do not assume
explicitly asymptotic stability of the local estimators: parameters of the consensus matrix
can be selected in such a way that the conditions (2.27) and (2.29) hold in spite of the fact
that bg} > 1 for some k and r, i.e. when some local estimators are unstable. This is a
clear consequence of the eventual instability of some local estimators for v;(¢) = 0, having
in mind that Theorems 2.1.2 and 2.1.3 deal with the average behavior of the whole estima-
tor. However, instability of some local estimators can be tolerated even in the case of no
measurement and communication errors (with probability 1). We can directly observe that
in this case the condition (2.27) can be satisfied for some consensus parameters provided
for each j there exists a term p(CJ[E)bE] # 0 in which b,[gl] < 1 (there is only one realization
=1 in the case of no errors). This condition, requiring, in fact, that each unstable node
receives information directly from at least one stable node, is too conservative. Note here
only that it is possible to show that there exist stabilizing consensus parameters in more
general cases when all the nodes with unstable local estimators are reachable from at least
one node with a stable local estimator. |

Example 2.1.6 Intercommunications between the agents introduced by the consensus
matrix increase, in principle, robustness to measurement faults. A clear insight can be
obtained by analyzing a simple example with two estimators. Assume that the system is
of first order and unstable, with F = 1.1; assume also that F) = 1.2, L) = 0.7 and
H®M = 1 for the first agent, and F® = 1.2, L®®) = 0.9 and H® = 1 for the second,
according to (2.17) and (2.18). Both estimators are stable when the measurements are

available (when ; = 1). Assume also that a multi-agent network is implemented with

11
11

Figure 2.5 contains stability boundaries in the 1 — p11, 1 — pao-plane in the sense of Theorem

the fixed consensus matrix C' = 0.5 [ ], according to the proposed algorithm (2.21).

2.1.2 (label (1)) and Theorem 2.1.3 (label (2)) for different values of the communication
probability p = p12 = po1; solid lines are obtained by using the derived conditions (2.27)
or (2.29), while the dotted lines correspond to the experimentally obtained real stability

boundaries (for p = 0 explicit results can be obtained by using [81, 54]). The derived
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boundaries are based on sufficient conditions and are conservative, as expected; however,
the beneficial effects of the consensus scheme are obvious. [

Stability Boundaries

1-py,

Figure 2.5: Stability boundaries

Example 2.1.7 Basic effects of introducing the consensus scheme in the proposed es-

timator are further illustrated by the following example. The system S is assumed to be

12 1 0
represented by (2.16) with F = | =1 —1/5 —1 |, G = I and H = {8 (1) (1’] Q = I3 and
0 —2/31/2

R = diag{R(l),R(Q)}. It can be easily seen that this system can be decomposed into two

1/2 1]

overlapping subsystems S; and Sy according to (2.17), described by F() = [ S 15

~1/5 —1
W=, HO = @ —
GO =h O =01}, F ~2/31/2

covariances as in the case of S (notice that the second subsystem is unstable). According

,G? =1, H?) = [0 1], with the same noise

to the exposed methodology, we will design a consensus based estimator for S starting from
the local Kalman filters E; and Eg for S; and So, by introducing the consensus matrix C (t)
with C11(t) = a1 ()2, Ci2(t) = (1 — a1 (t)) 12, Ca1(t) = (1 — aa(t))Iz and Caa(t) = as(t)ls,
where 0 < o (t), ag(t) < 1 (for RY = R® = 0.1 we have L) = [0.8270 0.0681]" and
L® =[-0.9517 0.4248]" in (2.18)). This means that we have two agents, the first having
the local model S; and having access to the output y(*) (the noisy state component x3), and

the second having the local model Sy and having access to the output y(?) (the noisy state
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component z3). Fig. 2.6 shows the performance of the proposed estimator (curve (2)), of
the local Kalman filters E; and Eo (curves (3) and (4)) and of the globally optimal Kalman
filter (curve(1)); the curves represent the experimentally obtained mean-square error for
the estimate of x5 obtained by the first agent on the basis of 200 realizations, assuming
a1(t) = as(t) = 0.5. As it can be easily seen, performance of the proposed estimator is
close to the optimal, while the local estimators alone are obviously inferior. The estimates
obtained by the second agent are very close to those obtained by the first, as a consequence

of the main tendency of the consensus scheme.

25

20 @ 1

151 1

10+ (3)

Mean Square Error

10 15 20 25 30 35 40 45 50

Figure 2.6: Mean square error for different estimators

Example 2.1.8 In the case when two agents get their measurements with different
accuracies (R # R(?)), we have the design problem of determining the coefficients o ()
and ao(t) in the consensus matrix, having in mind that, logically, a larger weight should be
given to the agent with higher local estimation accuracy. A heuristic local adaptive strategy

implementable on line can easily be added to the basic estimation algorithm. Define

Gt +1) = 6;¢i(t) + (1 — ;) (y D (1) — Hi&i(t]t))%,

where 0 < §; < 1, i = 1,2, representing filtered squared residuals obtained by the agents.

Then, according to the general ideas exposed above, the consensus coefficients can be defined
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as

ar(t) =G /(GO + GO = GO)/(G) + G(1),
az(t) = G /(GO T+ GO = G)/(G) + G(1),

enforcing that the weights in the consensus matrix are inversely proportional to the local
estimation accuracy. Table 2.2, containing the average weight «;(t) obtained after t = 50

iterations, gives an illustration of the efficiency of the described adaptation procedure.

[ [RO=1]R® =10 ] RD =100 |

R@=1 0.4731 0.3577 0.1914
R®=10 0.5537 0.4927 0.2602
R® =100 0.7945 0.5789 0.5498

Table 2.2: Adaptive consensus coefficient «y for different values of the measurement noise
variances

2.1.2.3 Optimization

Optimization of the consensus gains can be done following the approach given in the
continuous-time case. Namely, if the optimization criterion is taken to be the steady-state
mean-square prediction error of the whole estimator defined as J = Tr S = Trlim; . S(t)
(where S(t) is defined in Theorem 2.1.3), then, if we collect all the unknown parameters in
a vector 6, the following problem can be posed: minimize J with respect to 6, where J is
calculated from the solution of the following Lyapunov-like algebraic equation derived from
(2.24)
v
P=> m[ByPBL + DyyWD[], (2.30)

r=1
having in mind that S is a block of P. This equation has a solution under the conditions
formulated within Theorem 2.1.3. It is to be noticed that intermittent measurements and
communication losses make this optimization problem much more difficult and numerically
more complex than the optimization problem formulated in continuous-time estimator.
Example 2.1.9 The following example illustrates the above optimization procedure

in the case of an unstable system. The system is supposed to be given by (2.16) with
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F = [_21 ”, G = [(1)}, @=1; the eigenvalues of F' are at 1.5 + j0.866. There are two
agents with two Kalman filters, the first using HY) = [1 0] with RM = 0.1, and the second
H® = [0 1] with R® =1, so that L(Y) = {—200778587} and L(?) = {:;?ggg} supposing
that both estimators possess the information about the system model. Optimization is done
with respect to the scalar parameters a; and g in C11(t) = a1l and Caa(t) = asl. The
results have been found to be sensitive to the initial conditions, having in mind system in-
stability. Fig. 2.7 depicts the dependence of the obtained parameters on the communication
probability p = p1a = p21. As it can be seen, the quality of the first estimator dominates
in the case of high communication reliability, since R® > R(M; when the communication

reliability deteriorates, the relative importance of the second local estimator increases, as

expected.

0.5 120

W J

RRE g

o, a,
Optimization criterion (J)

0 s s s s s s s — 0
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Communication probability (p,,=p,,=p)

Figure 2.7: Optimal consensus parameters

2.1.2.4 Denoising

We will do the similar analyzes of the denoising effects of the introduced consensus scheme
as in the case of the proposed continuous-time algorithm. Hence, we will use characteristic
network topologies and assume that all the estimators have the information about the

overall system model, and that they observe identical components of the state vector, but
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with different realizations of the measurement noise with covariance R (generalizations to
more complex structures are feasible, although technically more difficult). We will also
assume that the measurements are never interrupted, and that there are no communication
faults.

Case A) The consensus matrix C(t) is constant and is given in the form C(t) = C’{N) =

II---1
% I 1 , where [ stands for I,,.

IT---1
The steady-state estimation mean-square error S in the case when the agents possess

the exact system models satisfies the following Lyapunov-like algebraic equation:

_ A AT ” nil
S=> m[AySAL, + EyWEL], (2.31)
r=1
where E[r] = [—G C'[r]f[r]]iﬁ } . The adopted assumptions lead to the following simplified
relation

SN = ¢ sMST + LHRATETICMNT 4+ GQ*GT (2.32)

where the superscript (V) is added to emphasize that there are N agents; the block-diagonal
matrices ®, L, H and G are composed of identical block-diagonal elements.
We observe now that é%N) has n eigenvalues at 1, and (N — 1)n eigenvalues at 0. Its

diagonalization can be done by

I I I
o |1 -V =11 I |
I (N =11
with Tﬁl = % I-10 , so that
I 0 —TI
L0 .-
T C M Ty =M = | 0:0 0 - (2.33)
0:0--- 0
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Applying T&l and T to equation (2.32), we obtain

SN = ¢ GSMST + EARATLTICIT 4+ QW) (2.34)

o NGQG" --- 0
where SWV) = T&lS(N)TN and QW) = T]\_flGQ*GTTN = : . A solution

. 0 . 0

$ g
to this equation is SOV) = 0 0 0 ---|, where S®) is obtained from the Lyapunov
0 00
equation

SN — oSMeT  LHRHTLT + NGQG”. (2.35)

Obviously, the mean-square error for the whole estimator is J = Tr S®) = Ty SV, Having
in mind that N independent estimators have the mean-square error equal to N J , Where

J=TrS and S is a solution to the standard local Lyapunov equation
S =507 + LHRHTLT + GQGT, (2.36)

we take J = %J as the average criterion “per agent”, and obtain that for N large enough

J ~ Tr S*, where S* is a solution of the Lyapunov equation
5* = 05*0T + GQGT. (2.37)

Comparing (2.36) and (2.37), one concludes that for large N the consensus scheme asymp-
totically achieves complete denoising in the sense that it reduces the mean-square error
from the level defined by (2.36) to the level defined by (2.37) where the term depending on

R is eliminated.

Case B) C(t) = C’éN) =1

3 , i.e., the network graph forms a directed

ring.

Reasoning as in Case A), we obtain for the diagonal blocks (S'(N))i of SNV) =2 ... N,
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the following relations:

(SN = NV P@(SM),0T + LHRLTHT); (2.38)

(N)

)

,i=1,..., N, are N distinct eigenvalues of the consensus matrix C~’§N), uniformly

where A
distributed on a circle in the complex plane, with radius % and the center at (%, 0); the first
block (V)] is the same as in Case A). It is obvious that now limy; .o, + Zf\il Tr(SM),
= 0, so that denoising in the above sense is not achievable in spite of the fact that all the
nodes are reachable from any other node; a similar phenomenon has been observed in the
case of the continuous-time algorithm proposed in the previous subsection.

However, the relation (2.38) indicates how complete asymptotic denoising can be achieved

in the case of graphs with complexity lying between the above two extremes. Assuming

that (2.38) holds, we can easily conclude that

N
=X (SNl < 3T AV
=1

for some finite 8 > 0. Therefore, it comes out that the condition

DN = o) (2.39)

is sufficient for successful denoising in this case. In general, any rigorous analysis is here
faced with considerable technical difficulties; however, in some special cases the condition
(2.39) can be more directly related to structural properties of the corresponding graphs,
like in the following examples.

Example 2.1.10 We assume that the graph that describes the network is undirected
(i.e. all the links between the agents are bidirectional). Under this assumption, it is easy
to show that

N
S )2 =2, (2.40)

i=1
where )\Z(A), i =1,...,N, are the eigenvalues of the graph’s adjacency matrix A, defined as

A = [a;j], where a;; = kij, i # j and a5 = 0, 4,5 = 1,...,N; matrix A is constant in
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the case of no communication faults ([22]). Next, we assume that the number of links per
node in the graph is the same, and that all the weights K;; in the consensus matrix are the
same and equal to ﬁ[ , where ;1 = pu(N) is the number of links per node. Under these
assumptions, it is obvious that the consensus matrix C' is equal to ﬁ(A ® I + I). Since
we assumed an undirected graph structure, matrices C' and A are symmetric and all their
cigenvalues are real. Thus, it is easy to show (using (2.40) and the fact that SN /\gA) =0
and M = Nu(N)/2), that the condition (2.39) reduces to

N
S = o), (2.41)

Therefore, for the assumed network structure, the sufficient condition for complete denoising
is that the number of links per node (V) tends to infinity with the number of nodes N
(compare with analogous results for the continuous time case).

Example 2.1.11 This example illustrates the denoising capabilities of the proposed

estimator for different network topologies. We assume that all the agents have identical
models of a fourth order system, with F' = 8? 8; 0 0 , H=1,,0Q =05l R=

0.514, but with different realizations of the measurement noise. Average values of the
criterion (J) have been calculated for five network topologies: a) fully connected network;
b) directed ring; ¢) undirected ring; d) random graph with fixed probability 0.2 of connection
between every two nodes; e) random graph for which probability of connection decreases
as 1/ dgj, where d;; is the distance between the nodes i and j. The results are shown in
Fig. 2.8. The horizontal dashed line correspond to the criterion lower bound Tr(S*), where
S* is obtained by using (2.37). The presented results fully confirm the above analysis.
In the case of the fully connected graph, the curve converges exactly to the lower bound
of the criterion when NN tends to infinity. As expected, in the case of the directed and

undirected rings the limit values of the criterion are higher than Tr(S*), since the complete

denoising is not achievable. We have the same situation in the case e) of random graphs for

2

which the probability of connection decreases as 1/ d;;, since the average number of links

per node converges to a constant when N tends to infinity. However, when the probability
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of connection is constant for all the pairs of nodes (case d)), we can see that the complete
asymptotic denoising is achieved. The explanation lies in the fact that for case d) (fixed
probability) the average number of links per node grows linearly with N (it is equal to pN

where p is probability of connection between two nodes).

a) fully connected
1 — — — b) directed ring

38 7 c) undirected ring ]
\ ————d) random with p=0.2

— — e) random with p:1/d2

e

Average criterion

100 150
Number of nodes (N)

Figure 2.8: Average criterion as a function of N

Remark 2.1.3 According to the above results, complete asymptotic denoising is achiev-
able in the case of networks with the number of edges E = O(N?), but scalability of the
algorithm becomes violated. However, the algorithm is still capable of achieving complete
asymptotic denoising when the number of edges satisfies E = O(Npu(N)), where p(N) tends
to infinity at a much slower rate than the linear function (e.g. p(IN) = O(log N)), ensuring
a better scalability. In the case of a bounded number of branches entering each node, strict
scalability holds, but complete asymptotic denoising is not achievable; in practice, however,
the algorithm can still efficiently suppress the noise influence and provide reliable overall

results.
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2.2 Decentralized Parameter Estimation by Consensus Based

Stochastic Approximation

This section deals with the problem of distributed parameter estimation. In the first part
of this section the formulation of the algorithm and the main definitions are presented. The
second part is devoted to the convergence analysis of the proposed algorithm. It starts
with five main lemmas, providing tools for further derivations. Lemma 2.2.1 determines the
main structure of the network resulting from general requirements for measurement avail-
ability and inter-agent communications, while Lemma 2.2.2 deals more specifically with
characteristic properties of the matrix generating the network graph. Lemmas 2.2.3 and
2.2.4 treat the basic convergence problem of recursions involving matrix gain structures
typical for the proposed algorithm, while Lemma 2.2.5 proves the existence of solution of
a Lyapunov-type linear matrix equation which appears in the subsequent derivations. The
first convergence theorem deals with the case of asymptotically nonvanishing gains and pro-
vides the resulting estimation error covariance matrix. It represents a generalization of the
classical results of Polyak (e.g. [61, 62]) to the multi-agent environment based on consensus,
including intermittent observations and inter-agent communications treated on the basis of
the corresponding probabilities like in [77, 81, 54, 55]. The following theorem deals with
asymptotically vanishing gains, giving conditions for the mean-square convergence of the
parameter estimates. Theorem 2.2.3 provides an estimate of the rate of convergence of the
algorithm under specific conditions. Finally, a discussion of the required network topology,
a treatment of the problem of additive communication noise, as well as a brief presentation
of the important problem of denoising, analogously to the result presented in the context

of state estimation.

2.2.1 Problem Formulation and Algorithm Definition

Consider the situation in which N autonomous agents perform real-time estimation of pa-

rameters in the following local regression models:

yi(t) = 0T i (t) + &(t), (2.42)

39



i = 1,...,N, where t is the discrete-time instant, 6 represents the unknown parameter
vector (dim 6 = m), ¢;(t) are the vectors of regressors locally accessible to the agents, y;(t)
are the local scalar output measurements and &;(t) the local measurement noises.

We will assume that in the case of no connection between the agents local estimation of

the parameter vector # is done by the gradient-type stochastic approximation algorithm

OF (¢ +1) = 67 (1) + 7 (D[wi(t) — 6F (1) @i (0)]epi(2), (2.43)

i=1,...,N, where §%(t) is the local estimate of # and {7/ (t)} a positive number sequence
[53, 61, 62, 64, 65, 108].

We will assume that the agents are, in general, connected by directed communication
links aimed at transmitting the current parameter estimates. We will denote by C’ij (t) mxm
time-varying diagonal matrix gains with nonnegative entries, defining transmission gains of
the parameter estimates from the j-th to the i-th node (agent), i,7 = 1,..., N. Based on
the local estimation algorithms (2.43) and the introduced communication links between the
agents, we propose the following consensus based parameter estimation algorithm (compare
with the similar discrete-time consensus based state estimation algorithm presented in the

previous section):

0;(t) = 0i(t) + 7 (O)[yi(t) — ;1) 0s(1)]pi(2),

it +1) = X, G0 (1), (2.44)

where 0;(t) is the estimate of € generated by the i-th agent, i = 1,..., N. Obviously,
for Cy;(t) = I and Cjj(t) = 0, i # j, the algorithm (2.44) reduces to (2.43). Defining
i) = (oo onT] . YO = [m@-un®)] . 20) = diag{er(0).....on (D),
C(t) =[Ci;®)], 4,7 =1,...,N,and T'(t) = diag{31(¢), . . ., Y5 (t) } & L, where @ denotes the

S

Kronecker’s product, we obtain the following compact representation of the whole estimation

algorithm:

O(t+1) = C(1)0(t) + CHOT()D)[Y () — ()T (¢)]. (2.45)
The algorithm represents, in fact, a combination of the local estimation algorithms of
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stochastic gradient type (2.43) and a first order discrete-time consensus scheme, already
introduced in the previous section. It can be considered as a practical way of achieving
asymptotic agreement upon the parameter estimates, which overcomes the needs for both
prior and posterior distributions inherent to general treatments of the distributed decision
making problem (e.g. [16, 106]). More specifically, the consensus scheme is aimed at: (a)
reducing the number of nodes performing measurements and local estimation by distribut-
ing the estimates throughout the network; (b) increasing reliability of the estimates in the
case of missing observations; (c¢) contributing to the estimation accuracy and reduction of
measurement noise influence.

Remark 2.2.1 Notice that the algorithm (2.44) is formulated in accordance with the
usual split of state estimation algorithms into their ”filtering” and ”prediction” parts; in
our case the "filtering” part corresponds to the local stochastic gradient algorithms, and
the ”prediction” part to convex combinations of the available local estimates. Alternative
structures are possible, in accordance with [107, 105, 13, 44, 45, 113]. Starting, for example,

from [107, 105], one can obtain

N
Oi(t+1) = Z Ci(1)6; (1) + 7 ()i (1) — 0s(t) s (1)]pi (). (2.46)
j=1
Averaging can be applied only to the increment of the estimates ; () [y (£)— 0; ()T i (£)] i (t),
as in [44]. It could be expected that these algorithms have similar properties as the pro-
posed one. However, it will be seen later that (2.45) have some advantages, including a
more transparent formulation of the convergence conditions.

Remark 2.2.2 The consensus scheme introduces implicitly averaging of the estimates
generated by the agents, since the available measurements contain local outputs containing
different measurement noise realizations. Such an ensemble averaging is essentially different
from the time averaging done on one measurement realization, introduced in the Polyak’s
stochastic approximation with averaging [63]. The Polyak’s scheme can, obviously, be
introduced locally within the proposed algorithm, with the aim to improve the overall
convergence rate of the algorithm. |

In order to encompass the important case of intermittent measurements and unreliable
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communication links, we will adopt that the introduced matrices I'(t) and C(t) are random,
satisfying the following general assumptions:

- the constituent blocks of C(t) are in the form Cjj(t) = ki;(t)Cij(t), where {ki;(t)},
i,7 = 1,..., N, are mutually independent scalar sequences of independent binary random
variables, such that P{k;;(t) = 1} = p;; and P{k;;(t) = 0} = 1—p;; for i # j, while matrices
C;i(t) are m x m diagonal weighting matrices with positive entries which can reflect local
estimation uncertainty (for example, the elements of C;;(t) can be chosen to be higher in
the case of higher accuracy obtainable by the local estimator at the j-th node);

- the diagonal elements of T'(t) are in the form % (t) = r;(t)y(t), where {y;(t)} is a
predefined deterministic sequence and {k;(t)} a sequence of independent binary random
variables, such that x;(t) = 1 in the case when the local measurement is available to the i-
th agent at time ¢, and x;(t) = 0 in the opposite case; we will adopt that P{x;(t) = 1} = pj;
and P{k;(t) =0} =1 — pi;;

- X; is the random vector composed of N? binary components: N (NN —1) elements k;;(t),
i,j=1,...,N,i # j,and N elements k;(t),7 =1,..., N, so that { X, } represents a sequence
of independent random vectors; let 7; be the probabilities of all possible realizations X ()
of X;,i=1,...,2N ’ (superscript () will denote in the sequel the i-th realization of an
indicated variable);

- K(t) = [ki;(t)] is a matrix with binary elements, where the off-diagonal elements k;;(t),
j # i, are determined by the current realization of X3, while the diagonal elements are fixed
in such a way that k;;(t) = 1 for all indices for which p;; > 0, and for the remaining indices
kii(t) are fixed to either 1 or 0;

-K® CW and I (t),i=1,... N = 2N2, will denote all possible realizations of K (t),
C(t) and I'(t) resulting from different realizations X of X;; matrices C®) will be assumed
to be time invariant;

- K* and C* represent the ”full” realizations of the random matrices K (t) and C(t),
obtained by introducing k;;(t) = 1 if p;; > 0 and k;;(¢t) = 0if p;; =0, 4,5 =1,..., N, i # j;

- similarly, T*(t) is the ”full” realization of I'(t), obtained by introducing r;(t) = 1 if
pii > 0 and k;(t) = 0 if p; = 0;

- the consensus matrix C(t) is row-stochastic for all ¢, i.e. the sum of the elements of
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each of its rows is equal to 1.

Remark 2.2.3 The assumption about the diagonal elements of K (t) implies that the
estimate 0; (¢ + 1) explicitly depends on éz(t) when the i-th agent has the access to measure-
ments with positive probability. When this probability is equal to 0, the choice k;;(t) = 1
enables incorporation of a local a priori estimate of the parameter vector, and prevents
from forgetting previously received estimates.

Remark 2.2.4 As in the discrete-time state estimation scheme, the assumption that
C (t) is row stochastic requires its recalculation for each new realization of X;. This can be
done by re-normalization of its rows as in the Subsection 2.1.2. |

As above, we will represent the instantaneous inter-agent connections in the network
by a directed graph G(K(t)) = {N(K(t)},E(K(t)} associated with the matrix K (t), where
N (K (t)) is the node set (JNV(K(t))| = N) and E(K (t)) the arc set, where the arc from node
J to node i exists if k;;(t) > 0 (|.| denotes the cardinality of an indicated set). Obviously,
K (t) represents at the same time the adjacency matrix of the graph G(K (t)). Graphs G(P)
and G(K™) associated with matrices P and K* will have an important role in the sequel.
These matrices have the same off-diagonal positions of positive entries. At the diagonal,
matrix K* has positive entries for all indices for which p; > 0; in addition, it can have
positive entries for some indices for which p; = 0. The inverse graph of G(.) will be denoted

by G(.): it is obtained by reversing the direction of the arcs in G(.)

2.2.2 Convergence Analysis

We will study convergence properties of the proposed algorithm starting from the following
basic assumptions:

(A.2.2.1) {pi(t)}, i =1,..., N, are sequences of independent equally distributed ran-
dom vectors with the following properties:
(a) E{pi(t)p;(t)'} = B = [bg;] (||B|| < o0); B satisfies the strict diagonal dominance

condition
m

ekl > Y [bel, (2.47)

j=1,j#k

k,j=1,...,m (see [79]);
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(b) fourth order moments of {;(t)}, are finite, so that it is possible to find such an mN xmN
matrix B, || B|| < oo, that E{®(t)®(t)TU®(t)®(t)"} < BUBT for any symmetric mN xmN
matrix U > 0 (for symmetric positive semidefinite matrices A and B, A > B means that
A — B is positive semidefinite);

(A.2.2.2) {&(t)} are sequences of independent zero-mean random variables with var &;(t)
=gq,1=1,...,N;

(A.2.2.3) sequences {X;}, {¢i(t)} and {&(t)},i=1,..., N, are mutually independent;

(A.2.2.4) T'(t) = diag{v1(t),...,yn(t)} > 0, Vt > 0; limy_oc I'(t) = T'oc > 0;

(A.2.2.5) The set N* C N(P) containing all the nodes of the graph G(P) which have
the indices i corresponding to p; > 0 is nonempty, and each node in NV (P) is reachable
from at least one node from N*.

Remark 2.2.5 Assumption (A.2.2.1) is stronger than the analogous assumptions for
the stochastic approximation procedures in linear system identification, e.g. [62, 76]; this
is a direct consequence of the introduction of the consensus scheme. The assumption that
the covariance B does not depend on i logically follows from the structure of (2.42). As-
sumptions (A.2.2.2) - (A.2.2.4) are classical for the stochastic approximation algorithms.
Assumption (A.2.2.5) deals explicitly with the network structure: graphs G(P) and G(K™)
contain loops at the nodes characterized by positive probabilities of getting measurements,
while the outgoing branches from these nodes ensure adequate distribution of the parameter
estimates throughout the network [27, 48]. Obviously, the network evolves stochastically,
and concrete links depend on realizations of {X;}. [

Convergence analysis of the proposed algorithm requires some preliminary results, pre-
sented in the form of five lemmas.

Lemmas 2.2.1 and 2.2.2 deal with the main structural properties of the network graph.

Lemma 2.2.1 Let P = [p;j], 4,5 =1,..., N, according to the above definitions, and let

assumption (A.2.2.5) be satisfied. Then the matrix P is cogredient to

P - 0

_ o

L S (2.48)
Q1 - Qr B
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where Py is an g X rg matrix, 0 < ro < N, P; are irreducible r; X r; matrices satisfying
0<r; <N, Q; are ro X r; matrices, i =1,...,k, and 1 < k < N*|.

Proof: We will prove the lemma by construction. Take any node i; from the node
set N* defined in (A.2.2.5), together with all the nodes from G(P) reachable from this
node, and construct the corresponding subdigraph in which ¢; is a center node (a node
from which every node in the subdigraph is reachable [48]). Consequently, the inverse
digraph of this subdigraph contains one and only one closed strong component (a maximal

induced subdigraph which is closed and strongly connected), and, therefore, this subdigraph
R;,

Sil R?l
is irreducible. If N* — N(R;) = 0, we have the result, since R;, has the structure of

can be associated to a nonnegative matrix Ry cogredient to R;, = , where R;,

P in (2.48). If N* — G(R;) # 0, we take a node iy from N* — G(R}), and construct,
analogously as above, the subdigraph G(R;,), where R} is cogredient to R;,, which has
the same lower block triangular structure as R;;. Continuing until exhaustion of all the
nodes from N*, one obtains J < |[N*| subdigraphs G(R})),...,G(R;,) and matrices R},
..., R to which they are asssociated, together with the corresponding cogredient matrices
Ri,,..., R;,, respectively. By assumption (A.2.2.5), the whole node set N'(P) is decomposed
by the above procedure into J overlapping subsets. By construction, the node set that
represents the union of the non-overlapping parts of the node sets ./\/(R;"j), j=1,...,J,
contains k, 1 < k < J, closed strong components of the inverse subdigraph G(P), associated
to k of J irreducible submatrices R;; of Rij, 7 =1,...,J; denote these submatrices by F},
I =1,...,k. Therefore, according to [48] (Theorem 2.7), P is cogredient to P in (2.48).
Thus the result. [
Lemma 2.2.2 Let the assumption (A.2.2.5) be satisfied and let QU = | Q¥ . Q%]]
be defined by -

: (2.49)

where P is given by (2.48) (A! with no brackets around the superscript will denote in the
sequel the I-th power of a matrix A). Then:
(a) there exists an integer [; such that for I > [; each block matrix Qg-”, j=1,...,k,

contains at least one row whose all elements are positive;
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(b) there exists an integer I such that for [ > I" each row of Q! contains at least one
entire row belonging to Qy], j=1,...,k, whose all elements are positive.

Proof: The proof is based on the arguments exposed in [48]. Consider the inverse di-
graph G(P), and identify the overlapping subsets N'(Py)1, . .., N (Po) of N'(P,), containing
those nodes that are connected to the nodes from N(Py), ..., N (Py), respectively. Accord-
ing to [48] (Theorem 2.7), for each j, j =1, ..., k, there is a walk from N (Fp); to some node
from N(Pj) of length m; > N — k — |Uf:17#j N (Py);]. Moreover, having in mind strong
connectedness of G(P;), we conclude that there is a walk of length I; > m; 4+ r; from any
node in NV (P); to any node from N (P;). Therefore, matrix QE-Z], generated according to
(2.49) by QBTH] =Q;P + 1 Qg-r], r=1,...,k—1, contains the rows composed of positive
elements at the row indices corresponding to the elements of N (Fp);, and the remaining
elements are equal to zero. This fact proves assertion (a). Assertion (b) results from the
same way of reasoning applied to the whole matrix QU i.e. to all the nodes from N (P),
having in mind that each element of N(P) is connected to at least one subset N (FP}),
according to assumption (A.2.2.5). Then, we can simply take {* = max; [;. [

Lemmas 2.2.3 and 2.2.4 treat the basic matrix recursions appearing within the subse-
quent theorems. Lemma 2.2.3 is introductory, and assumes scalar parameters. Lemma 2.2.4
provides an important generalization to the case of vector parameters, involving positive
definite matrix gains, in accordance with the definition of the algorithm.

Lemma 2.2.3 Let R = [r;j], 4,7 = 1,..., N, and its cogredient matrix R be nonnegative
row-stochastic matrices having the same structure as P and P, respectively, i.e. R ~ P and
R ~ P (for nonnegative matrices A and B, A ~ B if both matrices have the same associated
digraphs). Let Rp = RD, where D = diag{D1, ..., Dy, Do}, D; = diag{d;1,...,di },
where either d;j; = lord;; =d <1,j=1,...,p5, Do = I, (po x po identity matrix),
and let Tr D; < p;, i = 1,...,k (the last assumption means that at least one element d; ;
is strictly less than 1 for each ). Let Z(¢) be an N x N symmetric positive semidefinite

matrix generated by the recursion

Z(t+1) = Rp Z(t) R}, (2.50)
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starting from some Z(0) > 0, where Rp is cogredient to Rp. Then, Z(t) — 0 when t — oo.
Proof: Matrices P;, i =1,...,k, in (2.48) are primitive matrices since each subdigraph
Gp, is strongly connected and aperiodic by construction, according to Lemma 2.2.1 (see
[27, 48, 30]). Define R using P by replacing P; by R;, i =0,...,k,and Q; by S;, i =1,... .,k
(obviously, P; ~ R; and Q; ~ S;). Therefore, matrices R;, i = 1,...,k, are primitive and,
in addition, row-stochastic by assumption. Therefore, there exists such an integer I; that
Réi = 0 [24, 12, 30] (A > O denotes that all the elements of a matrix A are positive).
Moreover, we have that (R;D;)% 'R; = 0 having in mind that R; ~ R;D;, according
to the properties of D;. Also, ||(RiD;)" 'Ri]lsc < 1, having in mind that R; is row-
stochastic and D; is diagonal with positive entries not greater than 1 ([|Af|cc = max; 3, [a;;|
for a matrix A = [a;;]). In the same way, (R;D;)" = 0, but, in addition, we have now
that ||(R;D;)"||«c < 1, having in mind that and that at least one column of the matrix
(RiDéi_l)Ri consisting entirely of positive elements becomes multiplied by a positive number
less than 1 (at least one element d; j, j = 1,..., p;, is strictly less than 1 by assumption).
Take [ > 1" = max;(N —k+1;),i=1,...,k, and write (RD)" as:

5 dlag{(RlDl)lva(Rka)l} 0

RD : 2.51
(RD) s R (2.51)

where Sj[:l,} is a matrix readily obtained from S ~ QU (in accordance with the definition of
R ~ P - see (2.49) and the proof of Lemma 2.2.2), by replacing R; with R;D; and S; with
S;Dj, j =1,...,k —1, i.e. after multiplying at least one nonzero element of each of its
rows by a positive number less than one (see assertion (b) from Lemma 2.2.2). Having in

mind that ||(R;D;)"| s < 1, one concludes that ||(RD)!|| < 1, implying that | R} |ls < 1.

Iterating (2.50) [ steps backwards, one obtains
Z(t+1)=RLZ(t -1+ 1)(REH).

Moreover, if vec(Z(t)) denotes the vector obtained from Z(t) by concatenating its column

47



vectors, we have the following equivalent representation
vec(Z(t+ 1)) = R ® Ry vec(Z(t — 1+ 1)). (2.52)

According to the above analysis, ||[R, ® R}l < 1, implying that |[vec(Z(t))| — 0, or
Z(t) — 0, when ¢t — oco. Thus, the result. [ |
Lemma 2.2.4 Let R®) and R®) be row-stochastic Nm x Nm matrices obtained from

R and R, respectively, by replacing their scalar elements r;; with matrix blocks 7;;M;;,
where M;; are m x m diagonal matrices with positive entries, 7,5 = 1,...,N. Let DB) =
{DgB), e D,E:B), D(()B)} be an Nmx Nm matrix obtained from D (Lemma 2.2.2) by replacing
in D; scalars d; j with m x m symmetric positive definite matrices A; ; in such a way that
A;j =1 when djj = 1 and A;; = A > 0, ||Alleo < 1, when d;; = d < 1, and let
P A lloe < piri=1,...,k (| Alloc = max; 3" |aj;| for a matrix A = [a;]). Then, the

matrix Z(B)(t41) generated by the recursion Z(B)(t41) = R(DB)Z(B)(L‘)R%B)T (starting from
some Z(B)(0) > 0) converges to zero, where Rgg) is a matrix cogredient to Rgg) = R(B)D(B),
Proof: If REB), i =1,...,k, is constructed using R; (see the proof of Lemma 2.2.3)

in the same way as R is constructed using R, we first conclude that there exists such

(B)

an integer [; that (R;”’)% is composed of N x N diagonal m x m blocks with positive

entries, as a consequence of primitiveness of R; (RiZ >~ 0) and the properties of the con-

(B).

stituent blocks of R; Reasoning as in the proof of Lemma 2.2.3, we analyze matrix

(B)

(R} (B)

D; )li_lR(B) . It is straightforward to conclude that all of its m x m blocks are in the

form Zq Fl(q)Al e F}E(]_)1Ali—1F}Eq)v where Fj(i) are diagonal m X m matrices with positive

entries and Aj are symmetric and positive definite m x m matrices, by assumption (equal
either to I or to A), j = 1,...,l;. These blocks are never zero matrices, having in mind
Lemma 2.2.3. Moreover, none of their rows can be equal to the zero row vector, having in
mind that FJ-(i)Aj has the same positions of positive entries, negative entries and zero en-

tries as A, and that, therefore, their diagonal elements always remain positive. Therefore,
(B)

matrix (RP Dl(B))li contains at least one block-column from (R, DZ(B))li_lRZ(B) (which en-

tirely consists of nonzero blocks having no zero rows), in which each element is multiplied
(B)

1

by A, which satisfies ||Al| < 1, according to the assumption. Having in mind that R

48



(B)

is row stochastic by assumption, this fact immediately implies that H(RZ(B)Di Villoo < 1.
Now, it is possible to extend directly the reasoning of the proof of Lemma 2.2.3, and to
conclude further that || (Rgg))lﬂoo < 1; the rest of the proof represents a direct extension of
the proof of Lemma 2.2.3. [

Lemma 2.2.5 establishes the existence of a solution of the Lyapunov-like matrix equation
used for describing asymptotic covariance of the estimates in Theorem 2.2.1.

Lemma 2.2.5 Let for some positive integers p and v

v p
W=> aAWAT +~> 8,B;WB] +Q, (2.53)
i=1 j=1
where W is a square matrix, a; > 0 and >, ; ; = 1. Assume that [[A;|lec <1,i=1,...,v,

and that there exists such a positive integer [ that min; ||A}||« < 1. Then for any constants
B;, matrices Bj, 7 = 1,...,u and a square matrix () there exists such a 4 > 0 that for
0 < < 7 the matrix equation (2.53) has a unique solution.

Proof: We will apply the methodology of successive approximations, see e.g. [61]. Let

Wy = 0; then, we define W, 1 by

v 1
Wit — Z O‘iAiWnJrlAzT =7 Z B]BJWHBJT + Q. (254)
i—1 =1
We also have
v I
AWn—I—l - Z aiAiAWn+1A? = ’)’Zﬁ]B]AWnB]T, (255)
i1 =1

where AW,, = W,, — W,,_1. The assumptions of the Lemma imply that ||[>°7 ; a;(4; ®
Ai)]Yoo < 1 for some positive integer [, and that, therefore, p(>"r_; a;(A; ®4;)) < 1 (p(.)
denotes the spectral radius of an indicated matrix). Having in mind that >, c; A; AW, 11 AT
= > 7o (A ® A;) vec(AW,11), we conclude that, consequently, the equation (2.55) has

a unique solution for AW, satisfying
1AW 11lloo < CYSE_y BB 113 AW oo (2.56)

for some finite ¢ > 0 ([10, 61]). Choosing v < 7 = ¢~ }( e 1Bill1Bjll%) "1, we have
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AW t1lloo < al|AW,]|oo with @ < 1, so that W, converges to some limit W, which
represents the solution to (2.53). Hence the result. [

The following theorem deals with the asymptotic behavior of (2.45) in the case of non-
vanishing gains I'(¢).

Theorem 2.2.1 Let assumptions (A.2.2.1) - (A.2.2.5) be satisfied and let I's, > 0. Then

it is possible to find a scalar 4 > 0 such that for I'oo < F1,N
U(t) <Usx + V(1) (2.57)

where U (t) = E{(0(t) — 0)(6(t) — 6)T} (by E{.} we denote the mathematical expectation)

6=1¢7... QT]T, limy_, o, V(t) = 0 and Uy, is the solution of the following matrix equation

Use = S [CO(1 = T B)Uw (T — T B)COT+
COEY BUL BT FWEOT — GOFY BU, BEOEOT + ePOQEYE0Tr,  (2.58)
where fSQ are constant matrices obtained from the generally time varying matrices I'(®) (t) by
inserting T(¢) = Lo = diag{Yoo 1, - - -, Joon }» €. T = [0 ()Ir(t)=r...Q = diag{q1, ..., qn},
B =diag{B,...,B} and Q = E{2(H)Q2(1)"} = Q ® B.

Proof: From (2.45) we have immediately

At +1) = C(t)[ Ly — D)D) ()T]AO(L) + C ()T (1) D(t)

[1]

(t) (2.59)

~ ~ _ T ~
where AQ(t) = 0(t) — 0 and Z(t) = | &1(¢) - - -£N(t)] , having in mind that I, — Cj;(t) =
Z;V:L#i Cij(t) (since C(t) is row-stochastic, by definition), and that, therefore, C(t)4(t) —
0 = C(t)AG(t). After multiplying (2.59) with A@(t+1)T from the right and taking the con-

ditional expectation given the communication and measurement links at time ¢ determined

by the realization X;, we obtain
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where U(t + 1|X;) = E{A0(t + 1)Af(t + 1)7| X;}, having in mind that {X;} is a sequence
of independent random vectors. After averaging (2.60) with respect to X; and applying

assumption (A.2.2.1 b)), we obtain

1=

Define the bounding sequence U (t) satisfying U (¢) < U(t) for all U(0) = U(0) by

Ult+1) = Zﬁl[é(@ﬁ(t)C(Z)T — COTO ) BU (H)COT — COT(t) BTW (1) COT+

+COTO @) BU ()BT TO(#)COT 4 COTO#)Qr® (1)C O |x;. (2.62)

Following methodologically [62], we will now replace I'(t) with I'ogc + AI'(t), where
|AT(#)|| = o(1) (o(1) denotes a sequence tending to zero when t — oc), and U(t) with
Us + V(t), where Uy is a constant matrix.

We will focus the analysis first on the terms depending on Uy, and I'o,. The following
set of conclusions is important for further derivations:

(1.a) according to assumption (A.2.2.1 a)), for sufficiently small values of a positive
scalar v, matrix I — yB is positive definite, strictly diagonally dominant and satisfies the
condition ||I —vBl|e < 1, having in mind that min;[1 4+ vy(|bj1| + -+ — bii + -+ - + |bin|)] < 1,
according to (2.47).

(1.b) matrix C*, the “full” realization of the consensus matrix, is structurally equivalent
to the matrix R®) in Lemma 2.2.4, in the same way as K* is structurally equivalent to
P (except for some loops corresponding to the nodes which do not have access to mea-
surements), in such a way that the blocks C;‘j in C* correspond to the blocks ri; M;j in
RB;

(1.c) both matrices C* and R(®) are row-stochastic by assumption;

(1.d) matrix C*(I —I'*_B), where I'*_ is defined as '*(t) |P(t)=Ts » TEDTESENES & Tealization
Cl(T — fﬁi})é) for some i1 € {1,... ,]\7}, having a positive probability m;,;

(1.e) C*(I =T B) is structurally equivalent to the matrix Rgg) in Lemma 2.2.4 for v
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small enough, i = 1,..., N (matrix I — 70 B corresponds to A in Lemma 2.2.4), having
in mind the assumed diagonal dominance of B, so that matrix I — ngB has the properties
of D) in Lemma 2.2.4 (notice that the algorithm gains #;(t) have nonzero values for the
indices 7 which correspond to the indices of all the nonzero probabilities p;;);

(1.f) according to Lemma 2.2.4, ||[(C*(I — T*_B))!| < 1 for some integer [ > 1, having
in mind (A.2.2.1 a)) and (A.2.2.5);

(1.g) according to Lemma 2.2.5 and under the assumptions of the theorem, the matrix
equation (2.58) has a unique solution for sufficiently small values of Y00, i = 1,..., N.

Conclusion (1.g) allows using (2.58) to eliminate all the terms containing Uy, and T's

from (2.61), so that we obtain

O BCOT + ¢OTO BV (£) BT TOCOT 7, + F(t), (2.63)

where F(t) contains the terms depending on AI'(t), such that their norms are in the form
of o(1)[[Uscll, o(1)[[V(£)]], ete.

Having in mind continuous dependence of the eigenvalues of a matrix upon its el-
ements, for any given fﬁfo) satisfying (A.2.2.4) and (2.63) it is possible to find such a
where '_yéé) > (0 is small enough, that

TR =T

COVHEOT _ GO Gy (1) GOT — GOV (1) BED GOT 4

+COTORY (H)BTTWCOT < cO(1 —TOBYWV(#)(I — TWB)COT, (2.64)

Therefore, we define, similarly as above, a bounding matrix sequence V (t) satisfying V (t) <

V (t), generated by

[e.9]

N
V(t+1) Z (1 -TUBYWV )T —TUB)COTr; + F(t), (2.65)
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for some V(0) = V(0). Iterating now (2.65) [ steps backwards, we obtain
B N N l B l
VE+1) =3 Y I VE— 1+ ) ) e+ B (2.66)
=1 q=1

where Hgl] iy = C~'(i1)([ — fc()?)é) . --é(il)(l — FSQ)B), i1,...,4p=1,..., N, while the term

17“‘ k)
F;(t) depends on F(t) and HET}W for m < 1. Define II"* = (C*(I —I'*_B)), according to
the above definitions and (1.d). We infer now, using Lemmas 2.2.3 and 2.2.4, together with
the conclusion (1.g), that ||[TTlo}*||, < 1 for some Iy > 1. Therefore, starting from (1.d) we

have immediately from (2.66) that for { > [y
IVt + Dlloe < (1= AVt =1+ 1)lloo + 0(1), (2.67)

where 0 < A\; < 1 (notice that the important condition A; > 0 is ensured by the properties
of the "full” realization defined by the structure of measuring nodes and communications
links having positive probabilities). According to e.g. [61] (Lemmas 1 and 4), we derive
directly that lim;_ V (¢) = 0, implying that lim; .o, V(t) = 0. Thus the result. u

Now we will analyze convergence of the parameter estimates in the mean-square sense
in the case when I'(t) asymptotically tends to zero.

(A.2.2.6) limy_.oo vi(t) = 0, D02, %i(t) = 00, i = 1,..., N, max; v2(t) = o(min; v (t)).

Theorem 2.2.2 Let assumptions (A.2.2.1)-(A.2.2.6) be satisfied. Then lim; o, U(t) =
0, i.e., B(t) converges to 6 in the mean square sense.

Proof: We immediately get (2.62) from (2.59) in the same way as in the case of Theorem
2.2.1. We rewrite (2.62) using (2.64) and directly construct a bounding matrix sequence

U(t) satisfying U(t) < U(t) defined by

N
Ut+1)=> [COI-TO@B)T ()T —TO(t)B)COT + G(t))m;, (2.68)
i=1
where G(t) = 2N | COTO (4)QPO (1) COT
Convergence properties of (2.68) depend primarily, as in the case of (2.65), on the

properties of the matrix C*(I — T'* (t)B). As matrix K* remains the same as in Theorem
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2.2.1, for sufficiently high values of ¢t we can extend the basic conclusions (1.a) - (1.h) to
the time varying case. Technically, we iterate (2.68) [ times backwards and analyze the
resulting time varying terms analogous to those in (2.66). Reasoning as in Theorem 2.2.1,
we can derive, using (A.2.2.1a), (A.2.2.5) and (A.2.2.6), the following basic conclusions:
(2.a) having in mind the general property that Al > 0 <= Hi:l A; > 0 if the places
of positive elements are the same for nonnegative primitive matrices A, Ai,..., A; (see
also the proofs of Lemmas 2.2.3 and 2.2.4), we conclude, similarly as in Lemma 2.2.4 and
Theorem 2.2.1, that for each ¢ > ¢y there exists such an integer [ > 1 that the matrix
I*(t,t —1+1) = C*[I = T*(t)B]C*[I = I*(t —1)B] - - - C*[I = T*(t — 1 + 1) B)] is composed of

[l* in Theorem

N x N nonzero m x m blocks (notice that II*(¢,t — + 1) is analogous to II
2.2.1);

(2.b) matrix II*(¢,t — [ + 1) can be expressed as II*(t,t — [ + 1) = C* — I'*(t)BC* —
C*T*(t —1)BC*=1) — | — CHT*(t — 1 + 1) B + higher order terms in T; therefore, we

have for ¢t > t; and some [ > 1] > 1
I (t,t — 14+ 1)||oo < 1 — Aomin~y;(t — 1+ 1), (2.69)
T

where Ao > 0, as a consequence of the diagonal dominance of B, and of the fact C* is
row stochastic, according to the assumptions (A.2.2.1 a)) and (A.2.2.6) and the results of
Lemmas 2.2.2 and 2.2.4 (notice that it is possible to find such a sufficiently small Ay > 0
that for ¢ large enough all the higher order terms in v;(¢) can be maximized by /\/2%(t) in
(2.69)).

Consequently, we readily obtain from (2.68) that asymptotically
10+ Dlloo < [1 = Aominy(t — 1+ DIIT(E — 1+ Do + pomax it — 1 +1)>  (2.70)
(2 (2

for some | > 1 and 0 < pg < oo, according to (A.2.2.2), (A.2.2.3) and (A.2.2.6). We
can now use the classical results from the field of stochastic approximation (see e.g. [61],
Lemma 1 and Corollary 2, or [83], Final Value Theorem) and conclude directly that

lim; o0 [|U(t)|lco = 0, implying lim;_, U(t) = 0. Hence the result. u
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Theorem 2.2.2 gives rise directly to an estimate of the convergence rate of the algorithm
for a specific form of the weighting sequence I'(t).

Corollary 2.2.1 Let the assumptions of Theorem 2.2.2 be satisfied, and let 7, (¢) = ~; /t,
vi >1/A9, A2 > 0,i=1,...,N. Then, we have from (2.70) that

[ pomax;y; 1
)l < L H2MmAXiYi o2 2.71
U@ _t)\2m1nl-%—1+o(t) (2.71)

Proof: The proof follows directly from (2.70) after applying Chung’s lemma (see e.g.
[66], Theorem 2, [21], Lemma 1).

|
An estimate of the convergence rate in the matrix form, analogous to the one from

Theorem 2.2.1, can be derived under a set of additional assumptions.

Theorem 2.2.3 Let assumptions (A.2.2.1) - (A.2.2.3) and (A.2.2.5) be satisfied. Let
C(t) = C be deterministic and time invariant, I'(t) = '(t) = 1T, where I > 0 is a constant
diagonal matrix, and matrix TB — %I be positive definite and diagonally dominant. Then,

asymptotically
1
Ut) < ;[VOO + V(t)], (2.72)
1
provided a positive semidefinite solution for V. exists simultaneously for (I — C)VZ = 0
and
CVooCT — CTBV,,CT — CVoo BTCT 4 CTQICT =0, (2.73)

and ||V (1) | = o(1).

Proof: The proof follows methodologically [62], taking into account specific properties
of the proposed algorithm. We start again from (2.61) and obtain

Ut+1) < CU¢)CT — LCTBU(#)CT — LCU(¢)Br CT+

+LCTBU)BTTCT + 5CTQrCT, (2.74)
taking into account the assumptions of the theorem. After replacing U(t) by %[Voo +V ()],
similarly as in Theorem 2.2.1, we first analyze the terms depending on V4, in the resulting

inequality. The first important conclusion is that V,, = CVioCT under the assumptions of
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the theorem, so that the corresponding terms can be eliminated from both sides of (2.74). In
the next step, we apply (2.73) to the terms containing %, provided a solution to both (2.73)
and (I — C’)Vé = 0 exists. The problem is not trivial, in general. However, if we assume
that Voo = XW X7 matrix X can be directly obtained from (I — C’)X = 0; this matrix is,
obviously, singular. Replacing Voo = XW X7 in (2.73), we obtain a singular equation for
W, which has either an infinite number of solutions or no solutions. In general, supposing
that a solution for W exists, we obtain further, after eliminating the terms depending on

Voo like in Theorem 2.2.1, that V(t) < V/(¢), where V (¢) satisfies

V(t+1)=ClI - %(ré _ %1)]17@)[1 _ %(ré _ %I)]TC’T LG1), (275
with |G(t)]l = 0(3) 4+ 0o(3)[|V(t)||sc. Following the methodology of Theorem 2.2.2, we

obtain for ¢ large enough that

A3 1

IV(t+ Dl < (1 NVt =1+ Voo + 05

s (= m )s (2.76)

where A3 > 0, having in mind the assumed properties of the matrix I'B— %I (these properties
are required from the matrix B itself in (A.2.2.1 a)). Consequently, lim;_oo |V (t)]loc = 0,
according to e.g. [61, 62]. Thus the result. [

Remark 2.2.6 Obviously, the above methodology of convergence analysis can be applied
to the similar algorithms mentioned in Remark 2.2.1 [107, 105, 44, 113]. We will only
remark here that matrix C*(I — I'*(t)B), playing the main role in the above analysis,
becomes C* —T*(t) B in the case of the algorithm based on “convexification” of the previous
estimates (see [105, 107, 44, 113]), and becomes I — C*T**(¢) B in the case of the algorithm
based on “convexification” of the increments, presented in [44], paragraph 7.6. It is evident
that in both cases a delineation between the influence of the terms resulting from the
local stochastic approximation schemes and from the network properties alone cannot be so
clearly achieved as in the case of the proposed algorithm. Moreover, it seems, according to
simulations, that the proposed algorithm possesses superior asymptotic properties. Without

drawing any resolute conclusion here, we will demonstrate a typical performance of all three
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algorithms through a simple example. Let C' = [Of 10;50}, I = [001 2}, = 1 and

Q = [é ﬂ, where ¢ and g are scalars. In this simple case, it is possible to calculate
exactly the asymptotic covariance of the estimates according to P = APAT + Q’, where
A=C(I-T)and Q = CQCT in the case of the proposed algorithm (AL1), A =C —T
and Q' = Q in the case of the algorithm in (2.46) (AL2), and A = I — CT and Q' = CQCT
in the case of the third mentioned algorithm ([44]) (AL3). Table 2.3 gives the eigenvalues

A1 and A9 of A and J = TrP for all three algorithms and several values of the parameters

c and g. It is evident that the proposed algorithm AL1 gives the best performance; AL3 is

¢=0.25,g=0.1 ¢=0.25,g=0.3 ¢=0.75,g=0.1 c¢=0.75, g=0.3
Ad | AL [T Ad | A |

AL1 || 0.9000 | 5.8514 | 0.2044 | 2.7343 | 0.9000 | 5.5588 | 0.8176 | 3.2371
0.2250 0.7706 -0.2250 -0.1926

AL2 | 0.9000 | 6.7277 | 0.0706 | 3.7316 | 0.9000 | 6.5980 | 0.8274 | 4.5570
0.1500 0.7794 -0.3500 -0.4774

AL3 || 0.9750 | 6.8009 | 0.9693 | 3.8721 | 0.9000 - 1.0443 -
0.9000 0.7557 1.0250 0.8397

Table 2.3: Performance of different algorithms

in two cases even unstable. [ |

2.2.3 Discussion
2.2.3.1 Network Topology

Formulation of the problem introduces random communication links and random access to
measurements; also, assumption (A.2.2.5) does not require from all the agents to receive
measurements with positive probabilities. The results of Lemmas 2.2.1 and 2.2.2 formalize
the whole setting in terms of the properties of the network graph related to the ”full”
realization. Lemma 2.2.1 shows that the graph Gp is composed of a certain number of
closed strong components. Consequently, p(P;) = 1 is a simple eigenvalue of P;, i =1,...,k
in (2.48), and we immediately realize connections with the first order discrete time consensus
scheme discussed in e.g. [23, 39, 49, 51, 57, 73]. However, this result is insufficient for direct

conclusions about the convergence of the proposed algorithm, having in mind the dynamics
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of the local parameter estimation algorithms themselves. Lemmas 2.2.3 and 2.2.4 provide
necessary prerequisites for the convergence analysis. Lemma 2.2.4 contains an important
generalization encompassing ” consensus matrices” with positive definite blocks. The proofs
of the Lemmas 2.2.1-4 are derived mainly using the results presented in [48].

A comparison of the above results with those related to the overlapping decentralized
state estimation algorithm presented in Section 2.1 shows that the stability results derived
there in the sense of keeping the mean-square estimation error bounded do not explicitly
rely on so strict assumptions concerning the network structure. This is a consequence of
the fact that all the local estimators in the state estimation problem are assumed to receive

measurements with positive probabilities, relaxing the corresponding requirements.

2.2.3.2 Additive Communication Noise

Assume that the uncertainty of inter-agent communications in the network is modelled as
additive zero-mean white communication noise, in such a way that the i-th agent receives
éj(t) + 1n;;(t) instead of éj(t) from the j-th agent, 4,5 = 1,..., N,i # j, where 7;;(t) is the
noise term. Assuming that the rest of the whole setting is the same as above, we obtain from
(2.44) an additional additive term at the right hand side of (2.45) in the form Cy(t)n(t),
where C’n(t) = diag{[é’lg(t)é. . C’lN(t)} y [éNl(t) . .;CN'N,N—l(t) } and

n(t) = [7712(t)T ()T an(t)T...nNyN_l(t)T}T. In general, it is not possible in
this case to achieve convergence of the parameter estimates generated by the proposed
algorithm only by adopting a gain sequence I'(t) tending to zero, like in Theorem 2.2.2.
An idea of how to overcome this problem is based on adopting vanishing communication
gains, according to the main ideas of stochastic approximation procedures. Notice first that
in the case when all the agents have permanent access to the measurements, the mean-

square convergence can be achieved by the local algorithms themselves after disconnecting

the network. In general, when the consensus scheme is introduced, convergence of the
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parameter estimates can be achieved in the general case by adopting C(t) = I + L(t), where

- > Cuyt)  Cralt) Cin(t) ]
J,3#1
i) = Co1(t) —j§2 Ca;(t) ’
Ci(t) Ca(t) - Z Cn;(t)
i J3i#EN i

with || L(t)]|ee < 8(t), where {3(t)} is a positive number sequence satisfying lim; o, 6(t) = 0
and 6(t)? = o(min; v;(t)). After some technicalities similar to those presented in Theorem

2.2.2, we obtain the following basic inequality analogous to (2.70):

[Tt +1) ]|l < [1—)\4n1iin’yi(t—l+1)]]\ﬁ(t—l+1)HOO+M2 miaxyi(t—lJr1)2+u35(t—l+1)2,

(2.77)
where 0 < Ay, u3 < 0o, wherefrom the conclusion lim;_,o ||U(t)||cc = 0 follows in the same
way as in Theorem 2.2.2.

Additive communication noise is certainly not the most adequate model for uncertainty
in modern communications, so that this case has dominantly a theoretical significance.
However, the idea to apply stochastic approximation type algorithms for consensus seeking
in a noisy environment has appeared recently in [31, 32]. Our case is, however, different,
having in mind that the consensus scheme obeying the above time varying law represents
only a part of the proposed decentralized estimation scheme, and that we are not looking
for the conditions ensuring asymptotic consensus, but for the conditions ensuring the mean-

square convergence of the parameter estimates.

2.2.3.3 Denoising

According to Remark 2.2.2, the proposed scheme, containing a specific ensemble averaging,
can directly contribute to the overall suppression of measurement noise influence, having
in mind that the local outputs are corrupted by different noise realizations. However, the

efficiency of noise suppression depends on the network complexity. Following similar line of
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thought as in the state estimation algorithms, it can be shown that the condition

N
> A2 = o(IV), (2.78)
i=1
where )\Z(»N), 1 = 1,...,N, are N distinct eigenvalues of the consensus matrix cw) (N

denotes the number of nodes) is sufficient for achieving asymptotic denoising in the sense
of reducing the asymptotic mean square error bound to zero (for the case of non-vanishing
gains). As in the state estimation case, it is possible to show that the condition (2.78) holds
in the case of undirected graphs when the number of connections per node tends to infinity
when N tends to infinity, but at a rate which can be much slower than the linear function.

In the case of the gains tending to zero, when ¢ tends to infinity, the denoising effect

contributes to the rate of convergence of the algorithm.

60



Chapter 3

Multi-Agent Consensus Based

Control Structures

In this chapter we will address the problem of structured, multi-agent control of complex
networked systems [86]. T'wo consensus based algorithms will be proposed; one is based on
the consensus at the control input level, and the second algorithm is based on the consensus

at the state estimation level (described in Chapter 2).

3.1 Problem Formulation

Let a complex system be represented by a linear model

S: & = Az + Bu

y = Cux, (3.1)

where x € R", u € R™ and y € R" are the state, input and output vectors, respectively,
while A, B and C are constant matrices of appropriate dimensions.

Assume that N agents have to control the system S according to their own resources.
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The agents have their local models of parts of S

S, - (6O =A@ 4 By

YO = o)) (3.2)

where () € R™ v() € R™i and y(Y) € R¥ are the corresponding state, input and output

vectors, and AW, B and C constant matrices, ¢ = 1,..., N. Components of the input

vectors v(¥) = (Ugi), cee U%Z)T

MO Ui j=1,...,my and pé- € V!, where Vi = {p’i,...,p%i} is the input index set

J
defining v Similarly, for the outputs (¥ we have yj(-i)

represent subsets of the global input vector v of S, so that

=Yg, =1,...,v, and q} eV,
J

where ) = {qi, . ,q}@i} is the output index set; according to these sets, it is possible to

find such constant p; x n matrices C; that v = C;z, i = 1,...,N. The state vectors

¢ do not necessarily represent parts of the global state vector z. They can be chosen,

together with the matrices A®, B(® and C®, according to the local criteria for modelling

the input-output relation v — ¢ In the particular case when ¢ = z(®), $§i) =z

Ty

j
j=1,...,n4 n; <n and 7“§ € X%, where X' = {r ... ,rf%} is the state index set defining
2. In the last case, models S;, in general, represent overlapping subsystems of S in a more
strict sense; matrices A®, B and C®) can represent in this case submatrices of A, B and
C.

The task of the i-th agent is to generate the control vector v and to implement
() _

= ugs Jo= 1,0, and 83'- € U, where
J

the control action u(® € RMi | satisfying u
Ut = {si,.. .,sf”} is the control index set defining u(¥. It is assumed that * C V' and
U'NU =), so that Zf\il w; = m, that is, the control vector u® of the i-th agent is a part
of its input vector v(¥), while one and only one agent is responsible for generation of each
component of u within the considered control task. Consequently, all agents include the
entire vectors v(¥ of S; in their control design considerations, but they have to implement
only those components of v(¥) for which they are responsible.

In the case when the inputs v do not overlap, the agents perform their task au-

tonomously, without interactions with each other; that is we have the case of decentralized

control of S, when the control design is based entirely on the local models S;. However,
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in the case when the model inputs v overlap, more than one model S; can be used for
calculation of a particular component of the input vector u. Obviously, it would be ben-
eficial for the agent responsible for implementation of that particular input component to
use different suggestions about the control action and to calculate the numerical values of
the control signal to be implemented on the basis of an agreement between the agents. The
agents that do not implement any control action (U4* = )) could, in this context, represent
“advisors” to the agents responsible for control implementation. Our aim is to propose
several overlapping decentralized feedback control structures for S based on a consensus
between multiple agents.

We will classify different control structures which can be used for solving the above

problem in two main groups: (1) the structures based on the consensus at the control input

level; (2) the structures based on the consensus at the state estimation level.

3.2 Structures Based on Consensus at the Control Input

Level

3.2.1 Algorithms Derived from the Local Dynamic Output Feedback Con-

trol Laws

We assume that all the agents are able to design their own local dynamic controllers which

generate the input vectors v(¥ in S; according to

Ci: = FOyl) 4 Gy

MO OO OMO) (3.3)

where w(®) € RPi represents the controller state, and matrices F®, G, K@) and H® are
constant, with appropriate dimensions. Local controllers are designed according to the local
models and local design criteria, i = 1,..., N. Assuming that the agents can communicate
between each other, the goal is to generate the control signal u for S based on mutual
agreement, starting from the inputs v(® generated by C,;. The idea about reaching an

agreement upon the components of u stems from the fact that the index sets V(¥ are, in
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general, overlapping, so that the agents responsible for control implementation according to
the index sets U(® can improve their local control laws by getting “suggestions” from the
other agents.

Algorithm 1 The second relation in (3.3) gives rise to (9 = KM@ 4+ HO 50 where-

from we get

o0 = KOFO0 4 Gy 4 FOCOAO O 4 By

KOF@O,0 4 kOGO, 0 1 gOoc® 4000 1 g o g6, (3.4)

Since y(® are the available signals, and v(Y vectors to be locally generated for participation

in the agreement process, we will use the following approximation

o0~ [KOFO RO+ L OO R0

b KOGH + HOCO AD O+ _ [0 pl) g+ pri,6), (3.5)

where £V = KOFOKO+ and AD = cOAOCO+ are approximate solutions of the
aggregation relations KO F0) = Ffi)K(i) and C(W A0 = Aff)C(i), respectively, where AT
denotes the pseudoinverse of a given matrix A [80, 38].

We will assume, for the sake of presentation clarity, that all the agents can have their
“suggestions” for all the components of u; that is, we assume that the vector U; € R™ is
a “local version” of u proposed by the i-th agent to the other agents. Furthermore, we
introduce m x p; and m X v; constant matrices K; and H;, obtained by taking the rows of
K@ and H® at the row indices defined by the index set V() and leaving zeros elsewhere,
and n; X m matrix B; obtained from B(® by taking its columns at the indices defined by
Vi, Let U = col{Uy,...,Un}, Y = col{y®,...,yM}, K = diag{K,,...,Kx} and H =
diag{H1,..., Hy}. Similarly, let A= diag{AM ... AN} B = diag{B4i,...,Bn}, C =
diag{C(l),...,C(N)}, F = diag{F(l),...,F(N)}, and G = diag{é(l),...,é(m}. Assume
that the agents communicate between each other in such a way that they send current

values of U; to each other. Accordingly, we define the consensus matrix as I' = [I';}],

where I'y;, i,7 = 1,...,N, i # j, are m x m diagonal matrices with positive entries and
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Iy =— Zﬁil’i# I'ij, @ =1,...,N. Then, the algorithm for generating U, i.e. the vector
containing all the agent input vectors U;, ¢ = 1,..., N, representing the result of the overall

consensus process, is given by

Us = 3001 2 Ui (Uy = Ui) + [KGFO K + HiCOBO|U+

+[KGY + H,COAODCO+ - K, FOK My, (3.6)

The vector U generated by (3.7) is used for control implementation in such a way that the
i-th agent picks up the components of U; selected by the index set #(9) and applies them to
the system S. If ) is an m x mN matrix with zeros everywhere except one place in each
row, where it contains 1; for the j-th row with j € U™, 1 is placed at the column index

(i — 1)m + j. Then, we have u = QU, and system (3.1) can be written as
& = Az + BQU. (3.8)

Also, according to the adopted notation, y® = Cjz, so that Y = Ca, where CT =

[C;f . 017\; ] Therefore, the whole closed-loop system is represented by

HE  kririe | Y] (39)
Obviously, the system is stabilized by the controller (3.7) if the state matrix in (3.9) is
asymptotically stable.

Algorithm 2 One alternative for the above algorithm is the algorithm depending ex-
plicitly on the regulator state w(?. It has the disadvantage of being of higher order than

Algorithm 1; however, it does not utilize any approximation of w® with v®. Recalling

65



(3.4), we obtain equation
8 ~ KOFO,0 4 gOCO B0 4 kOGO 4+ gi) o AOCc@+],0)

since w(® is generated by the first relation in (3.3). If W = col{w™,...,w™}, then we

have, similarly as in the case of (3.7), that
U = [+ ACEU + KEW + [RG + HCACHY, (3.10)
The whole closed-loop system can be represented as

(3.11)

................................................................

Both control algorithms 1 and 2 have the structure which reduces to the local controllers
when T' = 0. In the case of Algorithm 1, the local controllers are derived from C; after
aggregating (3.3) to one vector-matrix differential equation for v while in the case of
Algorithm 2 the differential equation for v(9 contains explicitly the term w(®, generated by
the local observer in C;. The form of these controllers is motivated by the idea to introduce
a first order dynamic consensus scheme. Namely, without the local controllers, relation
U = T'U provides asymptotically a weighted sum of the initial conditions U;(t¢), if the graphs
corresponding to the particular components of U; have a center node (see e.g. [71, 98]).
Combination of the two terms provides a possibility to improve the overall performance
by exploiting potential advantages of each local controller. However, the introduction of
additional dynamics required by the consensus scheme may deteriorate the performance,
and makes the choice of the local controller parameters dependable upon the overall control
scheme.

Example 3.2.1 An insight into the possibilities of the proposed algorithms can be

obtained from a simple example in which the system S is represented by (3.1), with

08 2 0 0 100
A=|-25-5-03|,B=|1]| and C = . Assume that we have two agents
0 10 -2 0 001
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characterized by S; with A1) = [_%85 _25], B = [(1]] and C) = [1 0], and Sy with

AQ2) — {I(? __023], B® = [H and C® = [0 1]. Obviously, there is only one con-

trol signal u. Assume that the second agent is responsible for control implementation, so
that v = u? = v, according to the adopted notation. Assume that both agents have

their own controllers C; and Cs, obtained by the LQG methodology, assuming a low mea-

16502 2.0000 |~y _ [ —0.8502 | ) _
—2.4717 —2.8223 | —0.26970 |’

—2.2361 —24.3071] @ [24.2068]

surement noise level, so that F() = [

0.1000  1.1200 —3.1200
K@ — [0.2361 0.0003] and H® = 0. The system S with the local controller Cy is un-

[0.7414 0.82231] and HYV = 0, and F@ — [

stable. Algorithm 1 has been applied according to (3.7), after introducing @ = [0 1]
and I';g = I'y; = 10015. Fig. 3.1 presents the impulse response for all three components
of the state vector = for S. Algorithm 2 has then been applied according to (3.11); the

corresponding responses are presented in Fig. 3.2.

0 5 10 15 20 25 30
Timel[s]

Figure 3.1: Impulse response for Algorithm 1

It is to be emphasized that the consensus scheme puts together two local controllers,
influencing in such a way both performance and robustness. Here, the role of the first
controller is only to help the second controller in defining the control signal. The importance
of the consensus effects can be seen from Fig. 3.3 in which the responses in the case when

I" = 0 is presented for the Algorithm 1. It is obvious that the response is worse than in Fig.
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Time[s]

Figure 3.2: Impulse response for Algorithm 2

3.1. In the case of Algorithm 2 the system without consensus is even unstable (Fig. 3.4). B

The control algorithms can be made more flexible by introducing some adjustable pa-
rameters, so that, for example, the terms KFK™ in (3.7) and KF in (3.10) are multiplied
by a parameter «, and the term KG in both algorithms by f; it has been found to be
beneficial to have a > 1 and 3 < 1. [ |

The problem of stabilizability of S by the proposed algorithms is, in general, very difficult
having in mind the supposed diversity of local models and dynamic controllers. Any analytic
insight from this point of view into the system matrices in (3.9) and (3.11) seems to be very
complicated. It is, however, logical to expect that the introduction of the consensus scheme
can, in general, contribute to the stabilization of S. Selection of the elements of I' can,
obviously, be done in accordance with the expected performance of the local controllers
and the confidence in their suggestions (see, for example, an analogous reasoning related to
the estimation problem addressed in Chapter 2). In this sense, connectedness of the agents

network contributes, in general, to the overall control performance.
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Figure 3.3: Algorithm 1: local controllers without consensus

3.2.2 Algorithms Derived from Local Static Feedback Control Laws

Algorithm 3 Assume now that we have static local output controllers, obtained from C;

in (3.3) by introducing F® = 0, G® = 0 and K = 0, so that we have v(9) = H®)y®),

Both algorithms 1 and 2 give in this case
U=TU+ HC[BU + AC"Y]. (3.12)
The closed-loop system is now given by

2-

A special case of the above controller deserves particular attention. Assume in the

T +HCB HCACTC.

[(gﬂ . (3.13)

Algorithm 3 that C(®) = I, and that that ¢ = 20 4 = 20 represents a part of the
vector . In the special case when all the agents possess the knowledge about the entire
model of S, y@ = z, and the agents can differ by their control laws and responsibilities for

control actions. Under these assumptions, algorithm 3 becomes
U =TU+ H[BU + Az, (3.14)
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Figure 3.4: Algorithm 2: local controllers without consensus

where & = col{z(M,... 2N} dim{#} = n; represents the expanded vector z, available
through measurements. Notice that it is always possible to find a full rank Zf\; 1M Xn
matrix V' that £ = Va (for a general discussion about state expansion, see [80]). The

closed-loop system is now

BQ A

2-

Remark 3.2.1 The proposed multi-agent control schemes can be compared to those

[g] . (3.15)

overlapping decentralized control schemes for complex systems that are derived by using
the expansion/contraction paradigm and the inclusion principle (especially in the case of
Algorithm 3) e.g. [80, 38, 35, 36, 99, 101], having in mind that both approaches follow anal-
ogous lines of thought, starting from similar information structure constraints (the above
presented approach is, however, much more general). From this point of view, formulation
of the local controllers connected to the agents corresponds to the controller design in the
expanded space in the case of inclusion based systems, and the application of a dynamic con-
sensus strategy to the contraction to the original space for control action implementation,
see e.g. [80, 35, 36]. The proposed methodology offers, evidently, much more flexibility (lo-

cal model structure, agreement strategy), at the expense of additional closed loop dynamics
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introduced by the consensus scheme itself. Moreover, it is interesting to notice that numer-
ous numerical simulations show a pronounced advantage of the proposed scheme (smoother
and even faster responses). The reason could be found in the advantage of the consen-
sus strategy over the contraction transformation, which seems to be overly simplified and
unsatisfactory for putting together locally designed overlapping decentralized controllers.
In Section 3.4 an application of the mentioned expansion/contraction methodology to the
control of formations of UAVs will be presented and compared with the proposed consensus

based methodology.

3.3 Structures Based on Consensus at the State Estimation

Level

The previous section was devoted to general structures with consensus at the input level
in systems where multiple agents with overlapping resources and different competences
participate in defining the global control law. The algorithms start from the local models
and the local controllers, and the consensus scheme tends to make equal the overlapping
components of the local input vectors. It is possible to approach the problem in a different
way, where the consensus strategy is introduced at the level of state estimation. This
estimation scheme itself has been proposed in Section 2.1.

Algorithm 4 Assume that the local models are such that ¢() = 2z, so that the
dynamic systems S; are overlapping subsystems of S. Therefore, we have the same system
decomposition as in Section 2.1, continuous-time case. We will assume that all the agents
have the a priori knowledge about the optimal state feedback for S, expressed as u =
K°z. Using this knowledge and the estimation scheme (2.3), the agents can calculate the
corresponding inputs U; = K°&;; implementation of the control signals is done according to
the index sets U’

The decentralized overlapping estimation scheme with consensus, providing state esti-
mates of the whole state vector x to all the agents, together with the globally optimal control
law, represents a control algorithm, denoted as Algorithm 4, which provides a solution to

the posed multi-agent control problem of S.
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Defining K° = diag{K?,..., K°}, we have, according to the above given notation, that

u = QK°Z, so that the whole closed-loop system becomes

E} (3.16)

where K = col{QK?,...,QK°} and L = col{L1C}, ...,LyCn}. A simplified version of
the above algorithm, from the point of view of communications, is obtained by replacing
the actual input u by the local estimates of the input vector U; = K°&;, having in mind the
local availability of &;.

Example 3.3.1 In this example the performance of the above algorithm is demonstrated
on the same system as in the Example 3.2.1. The local estimators are performing the local
state estimation using the gains L; = [—4 9]7 and Ly = [2 — 7]7. The consensus gains in
the matrix I are selected to be I'yo = T'9; = 100015. The global LQ optimal control matrix
K° is implemented by both agents. Since only the second agent implements the input wu,
we assume that the first one uses the estimate U; = K°&; in the local state estimation
algorithm. The impulse response of the proposed control algorithm, which is shown in

Figure 3.5, is comparable to the the impulse response of the globally LQ optimal controller

shown in the same figure. [ |
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Figure 3.5: Algorithm 4 and globally LQ optimal controller
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Stability analysis of Algorithm 4 represents in general a very complex task. It is possible
to apply the methodology of [82] under very simplifying assumptions, and to show that
the eigenvalues of (3.16) are composed of the eigenvalues of A* — L*C*, A* + B*K and
A* — [*C* + B*K modified by a term depending on the eigenvalues of the Laplacian of
the network and the consensus gain matrices. However, the underlying assumptions include
the one that all the agents have the exact system model, as well as that the control inputs
are transmitted throughout the network; in the overlapping decentralized case, which is in
the focus of this work, these assumptions are violated, making the stability problem much

more complex, dependent on the accuracy of the local models and the related estimators.

3.4 Decentralized Overlapping Tracking Control of a Forma-
tion of UAVs

3.4.1 Introduction

In this section we present a novel design methodology for decentralized overlapping track-
ing control law of planar formations based on the expansion/contraction paradigm and
the inclusion principle [100]. In Subsection 3.4.2, a specific formation state-space model
is formulated on the basis of the assumed information structure, using the initial results
presented in [99, 101]; this approach enables treating formation as an interconnection of
subsystems formally attached to each vehicle. Section 3.4.3 deals with a general control de-
sign methodology for a formation to track given references of velocity and relative distances
of the vehicles with respect to their neighbors, which allows local application of diverse con-
troller design methodologies, like LQ or LMI design. As the resulting overall feedback and
feedforward matrix gains do not allow proper contraction to the original system space for
implementation, a special attention is paid to the contractibility issue. It is shown that suit-
ably modified feedback and feedforward gains can be constructed. Section 3.4.4 is devoted
to the stability issue. It is proved, starting from a digraph representation of the information
flow, that asymptotic convergence of all the states to the desired constant references can be

achieved provided the underlying digraph has a spanning tree. This result, derived directly
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on the basis of the proposed formation state model and the expansion/contraction method-
ology, is in accordance with the recent results related to the second order consensus scheme
[68, 70, 69]. In Section 3.4.5 a dynamic output scheme with local observers is presented in
the case when the velocities of the neighboring vehicles are not known [80, 99, 35]. Section
3.4.6 contains simulation results and comparison of the proposed control scheme based on

the inclusion principle with the consensus based control scheme proposed in Section 3.3.

3.4.2 Formation Model

Consider a set of IV vehicles moving in a plane, in which the ¢-th vehicle is represented by

the linear double integrator model

I
%2 = Apzi + Byu; = |:02X2 2 ] Zi

022
+ . 3.17
O2x2 O2x2 [ I }ul (3:17)

(i =1,...,N), where z; € R* and u; € R? are the state and the control input vectors,
respectively (0,,x, denotes the m x n zero matrix, and I,, the n x n identity matrix). The
state z; and the input w; are related to the physical state and input through standard
transformations, e.g. [101]. We will assume that the i-th vehicle is provided with the
information about the set of neighboring vehicles, indices of which define the set of sensing
indices S; = {s},...,s,, }; this information includes velocities and relative distances of
the neighboring vehicles with respect to the i-th vehicle, the velocity of the vehicle itself,
as well as the relative distance references and the velocity reference (which is supposed

T

T
to be the same for all the vehicles). Decomposing z; as z; = { / zz’.’T] , where z, =

T T
T T . .
[Zz/‘,l 222} = [%1 Zi2]" and 2] = [2{/1 Zélz} = [%,3 %], we introduce the following
change of variables

o it / "o
T = E a2 — 2, x; =z, (3.18)
JES;

, 4 T
where af > 0 and > cq o) = 1; z = [9:;1 33;2] represents the distance between the i-th

vehicle and a ”centroid” of the set of vehicles selected by S;, with a priori selected weights
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ot

% (in the case of formation leaders when S; = ), zj = —z{). Therefore, one obtains

. i "__ i 1" N/
T = g G2 =z = g aGxy — @y, Ty = u4, (3.19)
JES; JES;
; : " -/ 1 " " T 1 " 1 T
it =1,...,N, using the fact that z; = Z;, so that =] = [wm a:m} =z = [zm ziz} =

./ ./ ./ T
%= [%’,1 Zi,2:| [101].

Defining the formation state and control input vectors z and u as concatenations of all

T
the vehicle state and control input vectors x; = [;1;;T m;’T} and u;, 7 = 1,..., N, we obtain
the following formation state model
S: t=Az+Bu=[G—-1)® Az + [I ® Bylu, (3.20)

where ® denotes the Kronecker’s product. We will assume that each vehicle has the infor-
mation about the reference state trajectories r; = {rgT r;’T } T, so that the control task to
be considered is the task of tracking the desired references.

The above described set of N vehicles with their sensing indices and the corresponding
weights can be considered as a directed weighted graph G in which each vertex represents a
vehicle, and an arc with the weight aé leads from vertex j to vertex i if j € S;. Consequently,

Z’<

the weighted adjacency matrix G = [Gy;] is an N x N square matrix defined by G;; = o

for j € S;, and G;; = 0 otherwise. We will define the weighted Laplacian of the graph as

L =[Lijl, Lij = Gij, i # j, Lis = = >_; a5 (e.g., see [23]).

3.4.3 Decentralized Tracking Design by Expansion/Contraction

The structure of the formulated model (3.20) indicates that it is possible to consider the
formation as an interconnection of N overlapping subsystems. Extending the reasoning suc-
cessfully applied within the platooning problem (e.g., [91, 99, 101]), we will assign to the
i-th vehicle in a formation a formally defined subsystem S, with the state vector containing
the vehicle state coordinates z} and zf, together with the second components '} (velocity
components) of the state vectors of all the vehicles sensed by the i-th vehicle, and the input

vector u; containing the vehicle control vector u;, together with the control vectors u; asso-
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T
[ x//_T. nT x{T nT

ciated with all the vehicles sensed by the i-the vehicle, i.e. z; = si T T T
_ T r 117
and u; = [usi T Ug U } . Consequently, the subsystem models are:

S, : i’z = /Li’l + Biﬁi, (3.21)
~ 02mi><2mi 02m1><4 . « ZIQ :Oz ) I2
where A; = TR L 51 s and
o S O2x2m;

We define the expansion Sof S as a system whose state and input vectors are defined
T
as concatenations of the subsystem state and input vectors, that is, T = [;ﬁlT . 557]\}] and

T
u= [zf{ aﬂ . Consequently,

S: i=AZ+ Ba, (3.22)

where A = diag{A1,..., Ay} and B = diag{B;,...,Bn}.
The expanded state and control vectors £ and @ can be represented as full rank linear

transformations of the original state and control vectors x and u, i.e. T = Vx and @ = Ru,
!

V.
] and R; =
v,

%

where VT = [vng...gvﬂTand RT = [R{R]TV}T with V; =

where V; is an m; x 2N (2 x 2)-block matrix containing I5 in j-th row at the column index
25?, j =1,...,m; and zeros elsewhere, V" a 2 x 2N (2 x 2)-block matrix containing I
at the (2i — 1)-st place in the first tow and at the 2i-th place in the second row, R} is an
m; X N block matrix containing I in j-th row at the column index sé-, j=1,...,m; and
zeros elsewhere and R a 1 x N block matrix containing I5 at the i-th place.

It is not difficult to verify on the basis of the structure of S, S, V and R, that S and S

satisfy, in general, the following conditions:
AV =VA, BR=VB. (3.23)

According to the inclusion principle, the original model S is a restriction of S (see e.qg.

[37, 38, 35, 34, 80] for basic results related to the inclusion principle). Consequently, stability
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of S implies stability of S.

Once S is defined and the subsystems S, extracted, the next task is to design the local
control laws for the subsystems. If 7;(¢) represents a given reference signal for the i-th
subsystem (the desired state trajectory of gl), then we have to determine pairs of constant

feedback and feedforward matrices (K, M*) in the local tracking control laws for (3.22)

F,: ;=K% + M7, (3.24)

i=1,...,N. Notice that the references for z}, denoted as rzd, 1 =1,...,N, are related to

the set of references for individual inter-vehicle distances with respect to the sensed vehicles,

d

denoted as 77 _

i simply by rd = >y a%riisé.

In the case when S; = () (formation leaders), 4; = u;, and we have only the velocity
feedback, so that K* = [0 KLi] and M’ = [0 ML ], where K% and M are 2 x 2 matrices.

When S; = {s},...,s,, } # 0, we assume that the control signals are u; = K;x;’ +
Mjr” for all j € S;, where r? is the velocity reference; the design of Kj’ and sz can,
in principle, be done as in the case of the vehicles with S; = (. However, the control
vector u; is obtained using all the measurements available in Si, ie., u; = K'&; + M7,
where both K* and M* can be decomposed as K' = [I_(il?;%l?;%ﬂf?ﬁmw and
Mt = []\7[{ . ]\_ﬂnZ M&ZHM;%_FA , having in mind the structure of Z; (and 7).

Therefore, the tracking control law for S, given by (3.24) is characterized by matrices

o i . .
K KOQm“@ and M MOQm’X4 , where K* = diag{K’;,..., K }, and
K Jvk 1 m;
M = diag{Mzi,...,Mzi }; the structure of K% and M’ reflects the fact that the i-th
1 m;

vehicle senses the vehicles selected by S;.
The overall control law F for the whole expanded system S is characterized by the pair
(K, M), where K = diag{K",..., KN} and M = diag{M", ..., M"}, so that

F: a=Kzi+ Mr, (3.25)

where 7 is the desired trajectory of Z.

The final step in the formation control design is the contraction of the obtained tracking

77



controller for the expansion S to the controller for the original system S, given by
F: wu=Kz+ Mr, (3.26)
where 7 is the desired trajectory of x (7 = Vr). The contractibility conditions given by
RK =KV, RM = MYV, (3.27)

ensure that the closed-loop system (S, F) represents a restriction of the closed-loop system
(S,F) (for more details on contractibility, see [93]). However, relations (3.27) do not have
any solutions for K and M in the case when K and M are in the form of block diagonal
matrices [35, 37, 36, 80].

One way to overcome this problem is to suitably modify both K and M in such a way
as to achieve contractibility [35, 101]. We define K,, (or Mm) by K, = K1 + Ko, where
K ml = RRTK , while f(mg is constructed in such a way as to reduce the number of off-block-
diagonal terms in K,,1, and to satisfy, at the same time, the restriction condition K,V = 0.
More specifically, in order to construct the I-th block-row of Ko (l=1,...,N+ Zfil mi),
we first locate the part of the [-th block-row in K1 which belongs to some Kii=1,...,N
(diagonal blocks), and then identify the block-column index v; in the following way: a) when
S; = 0, v is the column index of K b) when S; # 0, this is the block-column index of
either f(; (j = 1,...,m;) within the first m; block-rows in Kt or of Kvimﬁ in the last
block-row of K;. Then, we identify the block-column of V having ”I” at its v;-th block-row;
the block-row indices of the remaining ”I”’s in the same block-column compose a set VZN Z,
Then, the nonzero terms in [-th block-row of f(mg are taken to be the blocks from the [-th
row of K,,; at the block-column indices defined by VZN Z with the reversed sign, while the
sum of these blocks is put at the column index v;. Therefore, the resulting contracted gains
are

K =RYK,V, M = R"M,,V. (3.28)

78



The vehicle control u; in the case when S; # () is generated by

= | Kl K KZHH m2 b D K5
I . hes:
M{';... M M;n a1 M}n ot > M . (3.20)
o ; i keSi
3.4.4 Stability
The resulting closed-loop system is represented by
Sa: = =Aqx+ Byr (330)

where Ay = [(G—1)® Ay +[(I® B,)RTK,,,V] and By = [(I ® B,) R M,,V]. Both matrices
K = R*K,,V and M = R*M,,V are composed of N x N (4 x 4)-blocks, such that for

0 0
S; # 0 we have the block K i+ Km Lot Z K 3 at the corresponding block diagonal
keS;
001 . o :
and the blocks 0K = 1,...,m;, at the block indices (z,sj) determined by .5;; for
i
S; = 0 we have in the i-th block row only the diagonal block [OOL], i=1,...,N.
0: K™
Thereforg, the state matrix A, contains in the i-th block row for S; # 0 the diagonal block
...... 0_1 0l I
Km + K 4o+ Z K’“ and the blocks |...i...7....0, 7 =1,...,m;, at the block indices
keS; 0 K

(1, s}), and [0 ------- ] at the diagonal for S; =0, ¢ = 1,..., N. The indices of the nonzero
0iKH

(4 x 4)-blocks in A, are the same as the indices of the nonzero elements in the adjacency

matrix G of the formation graph. Therefore, the matrix A is cogredient (amenable by

permutation transformations) to the following matrix

e 1, (3.31)

where Ky contains (2 x 2)-blocks Kf, o+ > kes, K¥ at the block diagonal and K’ Jj=
1,...,m;, at the block indices (i, s]) i=1,...,N. The eigenvalues of A, are the solutions

of the equation det(Ayy — Ag) = 0, or, equivalently, of det(Ayn — AL) = 0, which gives
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rise to

det(NIoy — MKy — diag{ K}, 11,.. ., KN 1 (G — 1)@ 1)) = 0. (3.32)

We will assume that all the constituent (2 x 2)-blocks of K are diagonal with nonnegative
entries, so that K (and, consequently, A.) can be decomposed into two components K I"and
KM (Al and All) which correspond to the components ), and @ (or a7 and @ ;)
of the two-dimensional distance and velocity vectors in S (in the sequel, it is understood
that the assumptions and conclusions about K and Agl hold analogously for K’/ and Agll ).
We will analyze solutions of (3.32) under simplifying assumptions emphasizing structural
properties of the formation:

(A.3.4.1) Matrices K, and (diag{K}, ,,, ..., KX 1})!(G —I) can be transformed
into the triangular form by the same unitary matrix W (Schur transformation [30]).

(A.3.4.2) If p, ..., pn and vy, ..., vy are the eigenvalues of K% and (diag{K,, 11,
. KN D! (G —I), respectively, then there are such real numbers v; > 0 and &; > 0
that pu; = v —e;,i=1,...,N.

Theorem 3.4.1 Let assumptions (A.3.4.1-2) be satisfied, and let the formation digraph
G have a directed spanning tree. Then, for ; large enough matrix Agl has one simple

eigenvalue at 0, and all the remaining eigenvalues have negative real parts.

Proof: Applying W’ and W to (3.32), one obtains
N
det(\oy — AL) = J[(A? = (vivi —e)A — i) =0, (3.33)

=1

wherefrom the eigenvalues of Agl are

_ Vi —Ei +/(vivi —&:)? + 4v;
2 b

it (3.34)
i=1,...,N.

When S; #0,i=1,...,N, we have G — I = L, where L is the weighted Laplacian of
the formation digraph G. If this digraph has a directed spanning tree, L has one simple
zero eigenvalue and the other eigenvalues have negative real parts, so that for 4 = 0, one

obtains A], = 0 and A\;_ = —v;. For the remaining v;, i = 2,..., N, a simple geometric
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reasoning based on [70, 68] shows that the corresponding A;+ have negative real parts for
v; large enough. Remark only that the condition v; > 4 /ﬁ which can be derived from
the results in [70, 68] is overly conservative: it is possible to check the case of real v;, when,
in fact, Re{\;+} < 0 for all positive ~;.

If there is one vehicle satisfying S; = (), G—1I is nonsingular if the digraph has a spanning
tree. However, in this case K}, ,; = 0, and, therefore, matrix (diag{K}, .1, ..., KN 1})!
((G—1))) has one simple eigenvalue at the origin, i.e. for v; = 0, one obtains again \j; =0
and \;_ = —v;, etc. Thus the result. [ |

We will adopt further simplifying assumptions implying assumptions (A.3.4.1-2) in order
to make clear the main structural properties of the analyzed formation control law.

(A.3.4.3) (a) (Ki ) = 1 > 0, (b) (K = p > 0, ()KL 15 + Yyes, K5 =
—mip—e,e>0,1=1,...,N .

Theorem 3.4.2 Let assumption (A.3.4.3) be satisfied and let the underlying graph G
have a directed spanning tree. Then Agl has a single eigenvalue at zero and all the remaining
eigenvalues have negative real parts for px~! large enough.

Proof: The proof is entirely based on Theorem 3.4.1, with px~! playing the role of ;.

|

The main result of this section, connecting the results of Theorems 3.4.1 and 3.4.2 with
the specific structure of the proposed formation model, is given in the following theorem.

Theorem 3.4.3 Let M = —K. Then, under the assumptions of Theorem 3.4.2, for
pr~! large enough:

(a) when S; # 0, i = 1,..., N, limy_oo[2}(t) — 78] = 0 and lim;_oo[27(t) — 7] = 0,
i =1,...,N, where 7 = [Ff cee ff{,} satisfies 7 = L#* and 7 and 7¥ are arbitrary
predefined constant 2/N-dimensional and 2-dimensional vectors, respectively;

(b) when S; = @ for some j € {1,..., N}, 3;(t) —tmoo 7t, limy_oo[z}(t) — 7¢] = 0,
i=1,...,N,i#j,and limy_ o[z (t) = 7] =0,i=1,..., N, where 7, i = 1,..., N, i # j,
and 7V are arbitrary predefined 2-dimensional vectors.

Proof: Assume first that S; # 0, i = 1,..., N. Then, according to Theorem 3.4.2,

e p[E0] b o)



si

where P = [ } and P! = | -~ |, 7; representing the right eigenvectors (or
T

ST
SN

generalized eigenvectors) and s; the left eigenvectors (or generalized eigenvectors) of (A%)!

and where the (2N — 1) x (2N — 1) matrix J is Hurwitz. Without loss of generality, we

choose Tf = [1T ,%—11T] and s{ = [prf 0}, where 17 =[1-.-1] and p; is a nonnegative

vector such that pI L = 0 and pf'1 = 0 as a consequence of the fact that L has a simple

zero eigenvalue; also, sr{m = 1. Consequently, we obtain, having in mind that M=-K ,

I , I
[?fﬁii] - [';;;}'i'i'] p 0] Kiﬁg;] : (3.36)

where X1 (8)'" = [(z] ;=7 )T -+ (@ ;=% ) T and Xo ()" = [(af ;—7))" -+ (2 ;=)

that when t — oo

(z ; denotes the first component of 27, x7  the first component of 27, etc., j = 1,... N).

Obviously, X{(t) — 1pT X{(0) and XI(t) — xe~'1p? X{(0). However, according to the
zy 1 (t) 21 1(t)

model definition in Section 2, we have the transformation ----/-,--: ----- -l = [} ----/;-5 ------
7 (1) 21 1(t)

so that, according to the assumption of the theorem that 7 = L#* for some 7*, we obtain

: (3.37)

where Z, (1) = (21 ;=7 )T -+ (e, —7h, )] and Zo()'" = [(2] ;=TT - (25, —7)7)-

. X; (0 . . . I . I
Introducing |- 0) back into (3.36), one obtains that lim; .. X (t) = lims—00 X5 (t) =0
for any 7 and 7, having in mind that p? L = 0.

Suppose now, without loss of generality, that S; = (). According to Theorem 3.4.2,
(AZ)I has a simple zero eigenvalue and G — I is nonsingular. It is straightforward to
deduce that now r{ =[10--- 0] and sT = [1 0--- Og(g—p)*l 0--- O}, so that x1(t) —
27 1(0) + (e — p)x ;(0) + 77t when t — oo, and that the remaining components of the vector
[X{ (t)

tend to zero for any 7¢, i = 2,..., N, and 7¥. Hence the result. [ |
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3.4.5 Output Feedback with Decentralized Observers

Assume that the measurements available to the vehicles do not contain the velocities

of the sensed vehicles, so that y;, the measurement vector of the i-th vehicle, is com-

posed of the distances with respect to the sensed vehicles and its own velocity, i.e. y; =
! NT ! NT INT T . .

[(zsfn1 — )t e (zsini —z)" (z) } . If our task is to construct local state estimators,

we will attach to the vehicles specific subsystem models E; having the form

Ei: & =A¢+ Bl (3.38)
T
with the state vectors & = |:(Z;/7i)T (Z;/;ni)T (Z;zl - Z;)T (Z‘;% - Z;)T (ZQI)T] , where
Uzm; oy
Ar = A? , in which A} is a m; x N (2 x 2)-block matrix in which all block rows
O2x2n
contain —I5 at the last column index and I at the column index st , j = 1,...,m;,
J
Tom; 02, x2 T
o TR S - T T T
and B} = .9.2.7.’.‘.1'.5.2.7777'.5.(.).2.????5.2._ (u; is defined as u; = [uszi U U ). Subsystem

"""'"E"""""':""": """"""" é'j_'2"
UA; = A;U. Notice that Z; cannot be used for control design purposes, having in mind
that it is uncontrollable from ;. However, it can used as a basis for defining the following

local observers of Luenberger type

A

Ef: &= AfG+ Bl + L[y — C*&l, (3.39)
where L* is the estimator gain (e.g. Kalman gain) and C* = |:02(mi+1)><2mi512(mi+1) .
Essentially, the main problem related to E; is how to define the control vector u;, since the
real control inputs of the neighboring vehicles are generally unknown at the i-th vehicle.
We will adopt here approximations, motivated by the idea to generate @; by using the

subsystem control law F; in (3.24) in which Z; is replaced by its estimate obtained by
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using E{ in such a way that Z; = UE;, where & is generated by (3.39), so that u; = u; =

T ~ . A ~ . ~
[U*T U:Z; ‘ UfT = K"%+ M'7;. According to the description of the structure of F;

sy i
given in Subsection 3.4.4, the control vector components u’; ,...,u;; are generated by the
1 m;
local feedback designed for the leading vehicles as u} = f(;z“;’ —H\Zﬂ’“, j=si,..., sk, where

2;-’ is a part of the state estimation vector él According to (3.29), the last component u} in

u; is defined by

= | B K K K+ DO KE | ey
S R =
[M{';. IR TS Mf] (3.40)
N : : keS;

where 7/ is easily obtained from &} according to the definition of the vector z; as a function
of the distances with respect to the sensed vehicles (this mapping is incorporated in the

transformation U).

3.4.6 Global LQ Optimal State Feedback with the Consensus Based Es-

timator

We can attach the following global quadratic criterion to (3.17)
J= / (T Qx + uT Ru)dt, (3.41)
0

where () > 0 and R > 0 are appropriately defined matrices. However, direct construction
of the LQ optimal state regulator is not directly possible, since (3.17) is in general not
completely controllable.

The main observation in this respect is that the part of the state vector of (3.17)
which corresponds, for example, to the relative positions with respect to the first axis
x) = l‘;,l e x’](,J }T satisfies the relation 2} = (I — G)p1, where p; is the vector of abso-
lute vehicle positions with respect to a reference frame. Now, assuming that the graph G
has a spanning tree, we recollect that the Laplacian L has one eigenvalue at the origin, and
the rest in the open left-half plane. This means that when I —G = L we have that 72 = 0,

where T is the left eigenvector of L corresponding to the zero eigenvalue. On the other hand,
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it is straightforward to realize that S is not controllable, since rank [ B:AB| = 2(N — 1)
(having in mind that A% = 0). However, it is possible to see that the system is in this case
controllable for the admissible initial conditions satisfying 7 2y = 0. The given observations
do not hold in the case when I — G # L, which corresponds to a formation having a leader;
namely, the matrix I — G is then nonsingular provided G has a spanning tree. Having
in mind that, physically, a real formation always satisfies the imposed initial conditions,
a way of solving the above problem of the controllability of S can be seen after applying
to x a nonsingular transformation T = [UT_} (U is a full rank matrix, and 7 is linearly
independent of the rows of U). Namely, it is possible to realize that S is controllable for all
the admissible initial conditions provided the system is controllable with respect to v = Ux:
a model for v represents an aggregation of S. Therefore, we will construct an aggregated
formation model

Sa: ©= Av+ Bu, (3.42)

where v = Uz, and the system matrices satisfy the aggregation conditions UA = AU and

B = UB. In order to take care of optimality, we will attach to (3.42) the following criterion

J= / " 0T Gu + T Ru)dt. (3.43)
0

Obviously, the criterion J includes the criterion J, i.e. J = J, if UTQU = Q. If one
starts from J, an approximate solution to the posed optimization problem can be found
by formulating J using the approximate relation Q = UTTQU™ (where Ut denotes the
pseudoinverse of U) and solving the optimization problem for S,. If K is the corresponding
optimal feedback gain matrix obtained by the standard design procedure, the feedback
gain matrix K for S can be found simply by applying the relation K = KU, since in
this case the closed-loop system (S, K) is an aggregation of the closed-loop system (S, K)

and J = J. Notice that U can be chosen in many different ways: a simple choice is, for

0.500.5
010 ‘e _
example, U= 0 0 0 1 ---|, which does not substantially change the structure of )

1
with respect to Q. Also, for a given U, different choices of A are possible; having in mind

85



the sparsity of A, A can be found for adequate choices of U by simple linear combinations
of the rows of A and deletions of its columns.

By using a consensus based estimation algorithm exposed in Section 3.3 each agent is
supplied with the global state estimates and, hence, each agent can implement globally

optimal feedback control law calculated using the above exposed methodology.

3.4.7 Controller Realizations and Experiments

In this subsection we illustrate the proposed methods for control of formations of UAVs.
First, we give example of the formation control of five vehicles with a leader, using the
proposed design method based on the inclusion principle. Then we give an example of the
formation control without the leader, using the proposed consensus based estimator and the
globally LQ optimal feedback. A comparison with the method based on the inclusion prin-
ciple demonstrates the advantage and much better performance of the proposed consensus

based scheme.

3.4.7.1 Example 1

The above exposed methodology for formation tracking control design based on the inclu-
sion principle has been implemented by using the suboptimal hierarchical LQ strategy for
local controller design and Kalman filters as local observers, based on the results presented
in [59, 92, 91, 99]. A formation of five vehicles has been simulated, assuming that one
vehicle plays the role of the formation leader. It has been assumed that the second vehicle
observes the first, the third vehicle observes the first, the fourth observes the second and
the third and the fifth vehicle observes the third. The proposed design methodology has
been applied for both, the case of perfect state measurements and the case of dynamic
output feedback controller design, assuming that the measurements of the local velocity
and the distances to the neighboring vehicles are available in the vehicles. The references
of the distances (with respect to the centroid of the neighboring vehicles) and velocities
have been composed in such a way as to obtain reconfiguration of the formation starting
from the ”V” form and ending with a line (platoon).  Figures 3.6 and 3.7 represent the

x-components of the distances and velocities of four vehicles in the formation, excluding
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Figure 3.6: Distance plots

the leader. Obviously, tracking is very successful, even in the regime of fast changes of the
references. It is important to emphasize that the presented curves correspond to a specific
choice of the weighting matrices in the quadratic criterion; different choices of these matri-
ces provide different tracking properties. This has been illustrated in Fig. 3.8 and Fig 3.9,
where the formation response is shown for the case when the suboptimal hierarchical LQ
controllers are obtained using larger weights for the velocity tracking. Hence, in this case,
the tracking of the velocity is better compared with the Fig 3.7, at the expense of worst

distance tracking, compared to Fig 3.6.

3.4.7.2 Example 2

In this example, a formation of four vehicles without a formation leader has been simulated.
It has been assumed that the second vehicle observes the first, the third vehicle observes
the first, the fourth observes the second and the third and the first vehicle observes the
fourth. We applied the methodology exposed in the Section 3.5 for finding the globally LQ
optimal feedback gains. The consensus based estimator, proposed in Chapter 2 and Section
3.3 has been implemented by each agent, assuming the same information flaw between the

agents defined by the formation structure. The consensus gains are all set to be the same,
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Figure 3.7: Velocity plots

equal to 100. In Fig. 3.10 and Fig. 3.11 x-components of the distances and velocities of
all four vehicles in the formation are depicted, assuming step distance reference change.
On the other hand, Figures 3.12 and 3.13 represent the responses of the same formation
with the controllers designed using the inclusion principle with local estimators, exposed in
Subsections 3.4.2-5. It is obvious that better performance is obtained using the consensus
based control structure, at the expense of additional communications between the vehicles

in the formation.
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Figure 3.9: Velocity plots
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Figure 3.10: Distance plots: consensus based controllers
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Figure 3.11: Velocity plots: consensus based controllers
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Chapter 4

Stochastic Extremum Seeking with
Applications to Mobile Sensor

Networks

As already mentioned, the proposed consensus based (state or parameters) estimation al-
gorithms are highly robust to local model uncertainties, noise influence, measurement and
communication faults, and, at the same time, provide highly accurate estimates. Hence,
they can be naturally applied by mobile (wireless) sensor networks in numerous scenarios.
In this chapter a stochastic extremum seeking algorithm will be proposed and rigorously an-
alyzed, motivated by its effective applications within mobile sensor networks, for searching
the points in the plane where the optimal sensing capabilities can be achieved.

Section 4.1 contains the problem definition. Section 4.2 is devoted to the convergence
analysis of the main, one dimensional stochastic ES algorithm. It is proved that the system
converges under the specified conditions to the extremum point in the mean square sense
and with probability one. In Section 4.3 applications of the proposed scheme to noise
source localization and adaptive state estimation, where the measurement noise influence is
minimized are presented. In Section 4.4 the proposed basic 1D scheme is extended to the
two dimensional case and a scheme for the planar autonomous vehicle target localization is

proposed, where the vehicle is modeled as a single integrator. In Section 4.5 the scheme is
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further generalized to the case when the vehicle is modeled as a double integrator. Finally,
in Section 4.6 a scheme involving unicycle vehicle model is proposed and the convergence

analysis is given. All the proposed schemes are illustrated with several simulations.

4.1 Discrete-Time Extremum Seeking Algorithm with Time-
Varying Gains

We will consider a discrete-time extremum seeking algorithm with sinusoidal perturbation,
as shown in Figure 4.1. The basic idea is as follows. Since we cannot measure the gradi-
ent of an unknown function f, whose unique extremum we are seeking, a slow sinusoidal
perturbation (compared to the dynamics of the stable systems F;(z) and F,(z)), with fre-
quency w = am, 0 < a < 1, a is a rational number, is added to the system input in order to
observe its effects to the output y(k). In the further analysis we will assume that f(6) has

a minimum at 8 = #* and that locally it can be approximated with the quadratic form:

F0)=f"+(0-0)° (4.1)

where f* is a constant. Possible cubic and higher order terms can be neglected in the local
convergence analysis; hence we are omitting them here. The sinusoidal perturbation, going

through the mapping f, will be modulated by its local slope. Therefore, we use a high

z—1

pass filter 2,

0 < h < 1, which filters out a DC component of the measurements y(k)
corrupted by noise ((k). Then, the resulting noisy sinusoidal signal is being demodulated
(by the multiplication with the same frequency sinusoid). Hence, the input to the integrator
—z_% is proportional to the slope of the function f(#) and it will drive € to the extremal
value (for which the slope of the function f(6) is zero).

In the next section we will prove convergence of 6(k) to the extremal point 0* (with
probability one and in the mean square sense) in the presence of the measurement noise
((k). What makes this possible is, similarly as in the stochastic approximation algorithms

(e.g. [61, 21, 62]), the introduction of the time varying, vanishing gains ¢(k) and (k) which

make the system capable of eliminating noise. Note that in the case of similar algorithm
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Figure 4.1: Discrete-time extremum seeking scheme

whose local stability has been analyzed in [20, 42] noisy measurements and time-varying
gains have not been assumed; hence (k) in their case was proved to converge only to some
O(«) neighborhood of the extremal point. Also, because of the time varying gains, the
averaging theory can not be applied directly, as in [20, 42], what makes the analysis much
more complicated. For the clarity of presentation, we will assume that dynamics of the
systems F;(z) and F,(z) are fast enough so that they can be neglected in the convergence
analysis.

In the derivation of the tracking error equation we will use the following lemmas, which
can be found in [20].

Lemma 4.1 ([20], Lemma 2) If the transfer functions G(z) and H(z) have all of their
poles inside the unit circle, the following statement is true for any real ¢ and any uniformly

bounded v(k):
G(2)[(H(2)[cos(wk — ¢)])v(k)] = Re{e? =) H ()G (7 2)[u(k)]} + . (4.2)

Lemma 4.2 ([20], Lemma 3) For any two rational functions A(-) and B(-,-), the

following is true:

Re{ej(wk—w)A(ejw)}Re{ej(Wk—@B(Z, ej“’)[v(k‘)]} =

= %Re{ejw_‘b)A(e_j‘”)B(z, ) v(k)]} + %Re{ej(%k_d’_‘i’)A(ej“’)B(z, &) [v(k)]}. (4.3)
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Lemma 4.3 ([20], Lemma 4) For any rational function B(-,-) the following is true:

Re{e/ @) B(z, e1*)[v(k)]} =

= cos(wk — ¢)Re{B(z, e/*)[v(k)]} — sin(wk — ¢)Im{B(z, /) [v(k)]}. (4.4)

The following equations model the behavior of the above described system:

y(k) = "+ (0(k) — 6%) + () (4.5)

0(k) = a(k) cos(wh) — ——[€(k)] (4.6)
z—1

E(k) = (k) cos(ek — 6) = [y(1)] (4.7)

where ((k) is the measurement noise, and, throughout the chapter, the expression H (z)[z(k)]
denotes a time domain signal obtained as the output of the transfer function H(z) when
the input is z(k).

We define the tracking error as:

0(k) = 0* — (k) + a(k) cos(wk). (4.8)

By substituting (4.6) into (4.8) we obtain

. . 1

O(k) = 0" + — [€(k)] (4.9)
which can be written as a difference equation:

Ok +1) = 0(k) + £(k) (4.10)
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Consequently, we substitute (4.5) in (4.7) and then in (4.10) and obtain

z—1
z+h[
= (Relwh)( ;2

[f* + a(k)? cos®(wk)] +

Ok+1)—0(k) = e(k)e(wk) 4+ (0(k) — 092 + C(k)]

z—1 ~
~ih [—2a(k) cos(wk)O(k)]

z—1
z+h

[0(k)?) +

1
z+h

[C(R)]3- (4.11)

where c(wk) = cos(wk — ¢). After applying Lemmas 4.1-3 to the linear term in (4.11),

containing 2a(k) cos(wk)@(k), we finally obtain the following equation which describes the

evolution of the tracking error:

Ok +1)—0(k) = ek){L(2)[a(k)d(k)]+ ®1(k)+ Do(k) + P3(k) +u(k)} (4.12)

where

L(z) = —3[e7® M (z,e*) + e 1P M (2, e7¥)], (4.13)
1 (k) = s(2wk)Im{M (2, /) [a(k)8(k)]}, (4.14)
Dy (k) = —c(2wk)Re{ M (z, &) [a(k)0(K)]}, (4.15)
3(k) = c(wk) 273 [0(K)?), (4.16)

u(k) = d(k) + c(wk) 23 [C (k)] (4.17)

d(k) = c(wk)ZE[f* + a(k)? cos?(wk)] + 7%, (4.18)

5(2wk) = sin(2wk — ¢), c(2wk) = cos(2wk — ¢), e ¥ denotes exponentially decaying terms
and M(z,e/*) = (e/*z — 1)/(e’“z + h). Hence, all the terms in equation (4.12) are time-

varying; the first four terms depend on 6 (®3(k) is nonlinear), while the input term u(k) is

composed of the deterministic part d(k) and the stochastic part n(k) = c(wk) j;}ll [C(k)] .

4.2 Convergence Analysis

In the convergence analysis we will assume that the following basic assumptions are satisfied:

(A.4.1) The sequence {((k)} is a martingale difference sequence defined on a probability
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space (2, F, P) with a specified sequence of o-algebras Fj, C Fj11, such that the variables

((k) are measurable with respect to Fj and they satisfy
E{¢(k)?*}=0(k)? <M < o0, k=1,2,... (4.19)

(A.4.2) The sequence €(k) is decreasing, (k) > 0, k = 1,2, ... and limg_,o (k) =0
(A.4.3) The sequence «(k) is decreasing, a(k) > 0, k =1,2,... and limy_,o a(k) =0
(A.4.4) 3777 e(k)a(k) = oo

(A.4.5) Y22, e(k)? <

(A.4.6) > 72 e(k)a(k)? < oo

(A4T) -5 <o+ Arg{So5) <5

The following theorem deals with the asymptotic behavior of the algorithm.

Theorem 4.1 Let the assumptions (A.4.1-7) be satisfied. Then 6(k) converges to 6*
almost surely (a.s.) and in the mean square sense under the condition that supy(|6(k)|) < K
(as.), 0 < K < o0.

Proof. We will analyze the right hand side of equation (4.12) term by term.

Thus, we start with the first term, by writing
e(k)L(2)a(k)8(k)] = p(k) L(2)[0(k)] + e(k)3l(k), (4.20)

where 8l(k) = L(2)[a(k)0(k)] — (k) L(2)[0(k)] and p(k) = e(k)a(k). If i(k),k = 0,1,... is

the impulse response of the system S with transfer function L(z), we have

ol(k) = 10)]a(k) — a(k)O(k) + 1()]a(k — 1) — a(k)]O(k — 1) + - -

+ Uk —1D)[a(1) — a(k)]O(1) (4.21)

so that

(k) = [a(k — 1) — a(k)ly (k) (4.22)

where y; (k) can be considered as the output of a time varying system S; with the impulse

response hi(k,j) = l(j)% and input 0(k), i.e., y1(k) = Z?;é hi(k, )0(k — 7).
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System S; is bounded-input, bounded-output (b.i.b.o.) stable, having in mind that h;(k, j)
is absolutely summable under the formulated assumptions (S is exponentially stable and

a(k) satisfies (A.4.3-4)).

In the further analysis we define k = 1Re{e/? ej: —11. Notice that we also have x =
eIv+-h

=272 1(j), according to the above notation. Also notice that £ > 0 having in mind
assumption (A.4.7). It will turn out that the linear term —x@(k) will be dominant in the
right hand side of the tracking error difference equation and, thus, crucial for proving the
almost sure convergence of the algorithm.

Hence, we write L(z)[0(k)] = —x0(k) + 6l,.(k) and obtain
8l(k) = L(2)[0(k)] + w0(k) = Y725 1(7)0(k — ) — 0(k)] + [X7=g 1(i) + w16(k) (4.23)

where the last term is equal to A(k)0(k), with A(k) = — o2, U(i). After iterating (4.12)

back to the initial condition and plugging into the first term in (4.23), we obtain

Sle(k) = — (D) {e(k — DL(2)]alk — Dk — 1)] + &k — 1) + u(k — 1)]}
— 1@){elk — 2)[L()[alk — 2)8(k — 2)] + Dk — 2) + u(k — 2)] (4.24)

(k= DLE)alk — D)8k — 1)] + &k — 1) + uk — D]} + ... + A(k)A(k)

where ®(k) = ®;(k) + Pa(k) + P3(k). After regrouping the terms in (4.24), we obtain

k—1 k—1 _
Sle(k) = D [=> @)k — H{L(2)[a(k — )0k — j)]
j=1  i=j
+ Ok —j)+ulk—5)} 4+ AE)O(k) (4.25)

Defining a time-varying system Sy with the impulse response ha(k, ) = I(k, 5) EEZ:{;, where

I(k,j) = — Zf:_jl I(1), we can write
0l (k) = e(k — V)ya(k) + A(k)O(k) (4.26)

where yo(k) = Z?;& ho(k, ){L(2)[a(k — §)0(k — §)] + ®(k — j) + u(k — )} is the output of
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So. One can easily verify that Sy is b.i.b.o. stable under the adopted assumptions, while
A(k) is exponentially decaying.
Now, we focus on ®;(k), i = 1,2, 3, terms in equation (4.12).

Considering first ®;(k) defined by (4.14), we form, similarly as before, the difference
6Ly (k) = ak)s(2wk)Im{M (z, &?)[0(k)]} — s(2wk)Im{M (2, e’)[a(k)0(k)]} (4.27)

and obtain that
0l (k) = a(k)s(2wk)[a(k — 1) — a(k)]ys (k) (4.28)

where y3(k) is the output of a b.i.b.o. stable system S3 with the input é(k}) and with

the impulse response sequence hg(k,j) = m (j)%, where {m(j)} is the impulse

response of Im{M (z, e/*)} which is exponentially stable.
Further, we write Im{M (z, e/*)[0(k)]} = k10(k) + 61(k), where r; = Im{:;:fijri}, and,

following the methodology of deriving (4.24) and (4.25), we obtain

k=1 k-1
Sp(k) = Y = > mi(i)]e(k — H{L(2)[alk — )8k — j)]
=1 =y
+ Bk — j)ulk — 5)} + pa (k)O(k) (4.29)
where pi(k) = —> 2, mi(i) is decaying exponentially. Following further an analogous

reasoning as above, we obtain
G(k) = e(k — V)ya(k) + p (K)O(k) (4.30)

where y4(k) is the output of a b.i.b.o. stable system S; with impulse response hy(k,j) =

ml(k,j)%, where mq(k,j) = — Zf:_jl mi (i), and with the input L(z)[c(k)0 (k)] + D (k) +

u(k). Consequently, we have

Dy (k) = a(k)s(2wk)[k10(k) + 6% (k)] + oy (k) (4.31)
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Again, using analogous arguments we obtain that

®y(k) = —{a(k)c(2wk)[r2f(k) + 67(k)] + dla(k)} (4.32)

where k2 = Re{ jj:jjr}ll}, while

Ola(k) = a(k)c(2wk)[a(k — 1) — a(k)]ys(k) (4.33)

and

62(k) = e(k — 1)ya(k) + 2 (k)(k) (4.34)

where y5(k) is the output of a b.ib.o. stable system S5 with the input (k) and with the
impulse response sequence hs(k,j) = mg(])% {ma(j)} is the impulse response
of Re{M(z,e’*)} which is exponentially stable, ua(k) = — .22, mo(i) is exponentially
decaying. Furthermore, yg(k) is the output of a b.i.b.o. stable system Sg with the impulse

response hg(k,j) = mg(k,j)zgz:{%, where ma(k,j) = — Zf:_jl ma(i), and with the input

L(z)[a(k)0(k)] + (k) + u(k).
Therefore, after replacing the obtained expressions for L(z)[a(k)8(k)] + ®1 (k) + o (k) +
®3(k) in (4.12), we obtain

O(k +1) = [1 — rp(k) + n(k)]0(k) + 7(k) + e(k)u(k) (4.35)

where

n(k) = [k15(2wk) — kac(2wk)]p(k) (4.36)

and

(k)= e(k) Ol(k)+ p(k)dl.(k) + e(k)c(2wk)s}: (k)
+  €(k)oly (k) + e(k)s(2wk)d2 (k)

+  e(k)dla(k) + e(k)Ds(k) (4.37)
Considering first the term n(k) in (4.36), we can easily derive that n(k) = p(k) sin(2wk +
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1), where ¢ depends on ¢ and ¢y = Arg Ej:;}lz} If N is the integer period of sin(2wk),

we have further that

oo ¥
N
1> k) <) Y e+ kN) = p(j + [ 5 )+ kN)] < o0 (4.38)
k=1 j=1 k=0
where b; >0, j=1,..., L%J, having in mind that w = aw, where a is a rational number.

Therefore, having in mind that )2, p(k) = oo (A.4.4), from (4.35) we obtain for k large

enough that

k k k
Ok +1) H 1= #p(i)01) + Y _[7() + e(u@)] [ (1 —#'p() (4.39)
j=1 j=1 i=j+1

x

where 0 < k¥’ < k. Now, using the inequality 1 — z < e™* it is easy to see that H?zl(l -
k'p(7)) — 0 when k — oo, having in mind the condition (A.4.4). Furthermore, after
applying the Kronecker’s lemma to the second term at the right hand side of (4.39), we
conclude that 0(k) converges to zero almost surely if > 21 [m(j) +e(f)u(f)] converges (a.s.).
In order to show that the last condition holds, we will decompose 7(j) as 7(j) =
Zg’:l mi(7), where ma(j) and m3(j) contain only those components of y2(j), y4(j) and yg(7)
(outputs of b.i.b.o. stable linear systems S, S4 and Sg) that are responses to the inputs
€(7)d(y) and €(j)n(j), respectively; 71 () contains all the remaining terms of 7 (j).
According to the Assumptions (A.4.2-5), boundedness of A(k) guarantees the prop-
erty that » .-, mi(k) converges. This is evident for all the terms in m(k) except the

last one, where we need to verify that Y .-, e(k)®3(k) converges. To this end, we fol-

low a similar approach as in deriving (4.38). By defining s(k) = e(k)c(wk) i-s-ilz [0(k)?] =

e(k)e(wk) SF L1 (0)0(k — )2 and r(k) = S 1#(i)0(k — i), where 1*(i) is the impulse

zZ—

+h7 we have that

response of

IN

00 N 00
> s(k) D b [e(f + 2kN)r(j + 2kN) — €(j + N + 2kN)r(j + N + 2kN))]
k=1 j=1 k=0

N 00
= > 0 ) {le(G +2kN) — e(j + N + 2kN)Jr(j + 2kN)
j=1 k=0

€(j+ N + 2kN)[r(j + N 4+ 2kN) — r(j + 2kN)]} (4.40)
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for some b; > 0, j = 1,..., N, where 2N is the integer period of cos(wk). The first term in
equation (4.40) converges, having in mind boundedness of (k). For the second one, we can

write:

r(j + N+ 2kN) — r(j + 2kN) =

j+N+2kN—1 jH2kN—-1
= S @O+ N+2kN -0~ Y IF(D)0(j + 2kN — i)
=0 =0
j+2kN—1
= > @O+ N +2kN —i)> = 0(j + 2kN — i)’
=0
J+N+2kN—-1
+ > ()00 + 26N —i)? (4.41)
i=j

The second term in the above equation exponentially goes to zero when k — oco. The first

term can be written as

j4+2kN—1
> @O+ N+ 2kN —i)® = 6(j + 2kN — i)?]
;‘T-(Q)kN—l
= Y )0 + N +2kN — i) — 0(j + 2kN — i)]
=0
10+ N +2kN — i) +0(j + 2kN —i)] (4.42)

By treating the difference 6(j + N +2kN — i) — 0(j + 2kN — i) the same way as in deriving
(4.23), (4.24) and (4.25), that is, by substituting and iterating equation (4.12), having in
mind the condition that 6(j + N + 2kN — i) +0(j + 2kN — i) is bounded, one can conclude
that the absolute value of the whole sum in (4.42) can be bounded by kie(j + 2kN — 1),
for some k1 > 0. Therefore, using condition (A.4.5) we can conclude that the sum (4.40)
converges.

The analysis proceeds with the terms in (4.35) depending on d(k). Using the identity
cos?(wk) = (1 4 cos(2wk)), we obtain that d(k) = di(k) + do(k) +&~*, where

z—1 1

7 + ek (4.43)
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1 z—1

_ 2 2

da(k) = QC(wk:)z n h[a(k) cos(2wk)] (4.44)
Considering the term d; (k) we first conclude that j;}l [f*] = 0 (high pass filter). Further-
more,

k—1 .
z—1 alk —5)?
k)] = a(k)®) () ———5— 4.4
el = e ) s (4.45)

z—1

- The summation in

where sequence {l*(j)} is the impulse response of the system

(4.45) can be considered as the output of a b.i.b.o. stable time varying system with the

impulse response hy(k,j) = 5(53))2 and with the input a(k)?. Therefore, we conclude that

|d1 (k)| < kaa(k)?, where kg > 0 is a constant. Similarly, for do(k) we have

d (k) = %c(wk)a(k)Q () cos(2w(k — 7)) 2 —I)°

kol
—_

(4.46)

<.
Il
o

which leads, as above, to the conclusion that |da(k)| < kza(k)?, where k3 > 0 is a constant.
Therefore, we have

|d(E)| < kga(k)? (4.47)

for some constant ks > 0.

Consequently, it follows clearly that »-°2, [e(j)d(j)+m2(j)] converges, under the adopted
assumption (A.4.6).

The last part of (4.35) to be analyzed is the stochastic component, obtained as a con-

sequence of e(k)n(k). We will first demonstrate that

Z e(k)n(k) converges a.s. (4.48)

0o
k=1

To do so, we will use the results from [67] (Theorem 1) which state that the sufficient

conditions for (4.48) to be satisfied, both with probability 1 and in the mean square sense,
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are

(@) rk)= Y €(i)Tr—0, k— oo (4.49)
j=k+1
(b) ie(k)%(k;)? < 00 (4.50)
k=1
(©) Y ek)o(k)r(k) < oo (4.51)
k=1

where Uy, ., = [|[E{n(k)|Fn}ll2 with & > m, | - |2 = (E{|- \2})% and Fj is a sequence of
o-algebras such that the variables n(k) are measurable with respect to Fj. These conditions
specify a class of noise with a sufficiently slowly increasing second moment and a sufficiently
fast decreasing correlation.
For condition (a) we have
J

E{n()|F} = E{D_I"(j — i)C(i)| Fa}e(ws)

i=1

= Zl* D) E{C(0)| Frte(ws)

PG = DCE) + > 16— )E{C(s)|Fe}]

s=k+1

= c(wi)l

-

s
I
N

M=

= c(wj) Q"G —)C(@) (4.52)

1

<.
Il

where we used the fact that E{((s)|F,} = 0 for s > k and E{{(s)|Fr} = ((s) for s < k

(since ((7) is a martingale difference sequence), {I*(7)} is the impulse response sequence of

+h Furthermore, from (4.49) and (4.52), we have

e}

k
r(k) = Y eDlewn BLO (G - 1)¢(0)%)
j=k+1 i=1
oo k
< K'Y i) G —i)? (4.53)

j=k+1 i=1

for some positive constant K’, where we used the fact that E{{(i)((j)} = 0 for i # j
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and E{((i)¢(j)} = o(i)? for i = j. The last term in (4.53) goes to zero when k — oo
having in mind that ¢(k) — 0 and [*(k) — 0 exponentially, when k& — oco. Therefore, the
condition (4.49) is satisfied. Condition (4.50) follows directly from the Assumptions (A.4.1)

and (A.4.5). To prove condition (4.51) we have

9] o0 o0 k
S ekoltyr(e) < K> ekoth) S () S 17 —i)?
k=1 k=1 j=k+1 i=1
o0 9] Nk
= K'Y e(k)’o(k) :‘7; I*(j — i) (4.54)
k=1 j=k+1 =1

The last term converges having in mind conditions (A.4.2) and (A.4.5). Therefore, the
property (4.48) holds.

Using the above arguments, it follows directly that Z 1 7m3(j) converges a.s., and in
the mean square sense.

Therefore, 372 [7(4) +€(j)u(j)] converges almost surely, and in the mean square sense,
and we have the result. |

Remark 4.1 The results of Theorem 4.1 hold under the general condition that |0(k)|
is bounded a.s.. Such an assumption is realistic for practical applications; it represents
a frequent assumption for convergence analysis of diverse stochastic approximation based
schemes (see, e.g., [43]). It could be eliminated by introducing fixed or expanding trunca-
tions as in, e.g., [18]. Also, if we are interested in the probability P(|0(k)| < K for all k >
ko), where K is a preselected constant, it is possible to follow the line of thought in [61]
based on the Kolmogorov’s inequality for semi-martingales.

Remark 4.2 The main assumption for proving the almost sure convergence to the
extremal point and, hence, for complete measurement noise elimination, was that gains
a(k) and €(k) tend to zero at a pre-specified rate. However, it might be the case that the
extremal point has some constant drift and is slowly changing in time. In this situation,
in order to achieve tracking of the extremal point, we can define positive lower bounds for
the time varying coefficients «(k) and e(k), at the expense of not being able to completely
eliminate the noise influence any more. The values of the lower bounds would reflect the

compromise between the tracking capabilities of the algorithm and the noise immunity. It
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is also possible to apply adaptive procedures similar to those used in the neural network

training algorithms, based on the observations of the noisy criterion function, e.g. [14].

4.3 An Application to Mobile Sensors

In this section some direct applications of the stochastic extremum seeking scheme to the

optimal positioning of mobile sensors will be presented.

4.3.1 Noise Source Localization

Assume that we have a noise source which generates an independent zero-mean sequence
{&(k)} with variance which depends on a parameter 6, i. e., E{{(k)?} = R(6), where R(0)
is assumed to be a convex function of #. Our goal can be to find the optimal 6* which
minimizes (or maximizes) R(f) by measuring {{(k)} generated for different values of 0,
having in mind that 6 can define the physical position of the noise source. According to the
above results, we can apply the extremum seeking (ES) scheme for this purpose. Assume
that the measurements fed to the ES scheme in Fig. 4.1 are defined as y(k) = £(k)?, and
write y(k) = R() + ((k), where ((k) = £(k)? — R(). The sequence {((k)} is white and
zero-mean with finite variance, assuming that the fourth-order moment of (k) is finite.
Therefore, according to Fig. 4.1, y(k) represents the noisy output, R(6(k)) the noiseless
output and ((k) the measurement noise, according to the above notation. Using Theorem
4.1, it is straightforward to prove the following Corollary.

Corollary 4.1 Assume that y(k) = £(k)?, where {£(k)} is an independent zero-mean
sequence with variance R(6) which depends on a parameter 6 and satisfies (4.1), and
E{¢(k)*} < co. Then, under the Assumptions (A.4.1-7) the ES scheme depicted in Fig. 4.1
generates 6(k) which converges to 8* a.s. and in the mean square sense under the condition
that sup,(|0(k)|) < K (a.s.), 0 < K < oc.

The Corollary has a great practical importance, since it represents a basis for either
noise source localization or finding a position with the lowest noise influence. In the next
section, the scheme in Fig. 4.1 is generalized to the two dimensional case, using orthogonal

sinusoidal perturbations. Then, utilizing the above approach, the ES scheme becomes able
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to find the position in the plane corresponding to the extremum of the noise variance.

4.3.2 Optimal Observer Positioning for State Estimation

Assume now that we are faced with a more complex problem of state estimation in which
the Kalman filter is applied, and that it is necessary to find the best place in the plane
for an observer, assuming that the measurement noise variance is coordinate dependent.
This problem is fundamental in applications related to mobile sensor networks. Recall
that in the optimal steady state regime of the estimator the innovation sequence {v(k)} =
{z(k)—Cz(k|k)} is white (under appropriate assumptions), where z(k) is the system output,
Z(k|k) is the state estimate and C' is the output matrix of the system (assuming that
we have a scalar output). Assume that {v(k)} is the filter measurement noise, which is
white, with variance depending on the position of the observer in a plane, i.e., E{v(k)?} =

R(01(k),02(k)) (01(k) and O2(k) are the observer’s coordinates). Then, we have

E{v(k)*} = Ry(61(k), 02(k)) = CP(01(k), 02(k))CT + R(6:1(k), 02(K)) (4.55)

where P(0;(k),02(k)) is the steady state estimation error covariance matrix which satisfies

the algebraic Riccati equation

P =opPd" —opcT[cPCT + R7'CPYT +Q (4.56)

where ® is the state matrix of the system model and @ is the input driving noise covariance.
We can calculate p = CPCT by assuming that C®P®TCT =~ ap and CO®¥PCT =~ bp, for
some constants a and b. From (4.56) we obtain that p, which is scalar, is a solution of the
quadratic equation

Vp? +(1—a)p(p+R)—qlp+R) =0 (4.57)

where ¢ = CQOCT. 1t is easy to verify that for R small enough p ~ p* + a*R, where p* and
a* > 0 are constants depending on the parameters a, b and ¢q. Therefore, from (4.55) we
derive

Ry (01(k),02(k)) ~ R}, + a; (01 (k) — 07)? + a3(62(k) — 03)* (4.58)
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for some constants R}, aj and a3, assuming that R(0;(k),02(k)) can be approximated by
a quadratic function, where (67, 63) is the optimal position. From this result we conclude
that the observer position can be asymptotically optimized by applying the ES scheme as
in Corollary 1. Namely, we take the realizations v%(k) as measurements (instead of ¢2(k))
and apply the ES scheme from Fig. 1, for one dimensional case; the scheme asymptotically
provides the optimal observer position. Two dimensional case will be analyzed in detail in
the next three sections.

One practical modification of this scheme is to take 7 Z?:k;—TH v(4)? instead of v2(k)

in order to reduce the equivalent noise variance (by the factor 7).

4.4 Velocity Actuated Vehicles

In this section, the proposed one dimensional ES scheme will be generalized to the two
dimensional, hybrid case. We will model an autonomous vehicle, moving in the plane, as a

velocity actuated point mass such that
T =10y, Y=y (4.59)

where (z,y) is the position of the point mass and v, and v, are the velocity inputs. We
will consider a stochastic, two dimensional, discrete-time extremum seeking algorithm with
sinusoidal perturbation connected to (4.59), as shown in Figure 4.2. The nonlinear map
represents the signal being tracked. As in the 1D case, we will assume that the nonlinear
map J = f(x,y) has a local minimum and our goal is to position the vehicle at this minimal
point. For simplicity, we will assume that this nonlinear map is quadratic and its Hessian
is diagonal

J=f@,y) ="+ @@ -2 +qy—y) (4.60)

where (z*,y*) is the unknown maximizer, f* is the unknown minimum and ¢, and g,
unknown positive constants. The discrete integrator from the 1D scheme shown in Fig.
4.1 is now contained in the vehicle model (4.59). Notice that this is a hybrid system:

the continuous part contains zero order hold circuits (ZOH) and integrators for the two
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channels, and the discrete part contains the whole ES algorithm.

c(k)

ZOH V l K > T
s oy

W[y

z+h

Figure 4.2: Extremum seeking scheme for the velocity driven vehicle

The following equations model the behavior of the described system:
v(k) = f* + qu(w(k) — 2)° + gy (y(k) — y*)*

oK) = (1 = =) 2L g Hempr HEQR) + 5a(k)]
y(k) = (L= =) ZLL™ g i Hn(h) + 5, (R)
sz(k) = a(k+ 1) cos(k + 1)w — a(k) cos kw

sy(k) = a(k+1)sin(k + 1)w — a(k) sin kw

(4.61)

(4.62)
(4.63)
(4.64)
(4.65)
(4.66)
(4.67)
(4.68)
(4.69)

(4.70)



where (k) is the measurement noise, M(z) = x(k) and y(k) are coordinates of the
vehicle in discrete time.
The additive sinusoidal signals s;(k) and s, (k) can easily be mapped to the vehicle

output, when we simply obtain

k—1

sy(k) = TZ $:(j) = Ta(k) coswk, (4.71)
Jj=1
k—1

su(k) =T s,(j) = Ta(k)sinwk. (4.72)
j=1

Similarly as in the 1D case we define the tracking error as:

(k) = o* — x(k) + si(k) (4.73)

y(k) = y* —y(k) + s} (k) (4.74)
and obtain the following compact vector-matrix representation:
Z(k+1) = Z(k) + e(k)C(k)w(k) (4.75)

where Z(k) = [Z(k), §(k)]T, e(k) = Ty(k)B(k) and C(k) = [cos(wk — ¢), sin(wk — ¢)]T.
In the sequel, we will assume that the assumptions (A.4.1-6) are satisfied. We will
analyze the scheme from Fig. 4.2 under the above assumptions term by term, following the
decomposition introduced in the proof of the Theorem 4.1. First, we focus on the essential
terms allowing an adequate approximation of the gradient of the function f(x,y), and,
consequently, convergence to its minimum. We substitute (4.73) and (4.74) in (4.61) and
extract the linear part of v(k) given by —2[g.s;(k)Z(k) + gys;,(k)7(k)], and concentrate on

the corresponding part of the right hand side of (4.75), which is given by

L(k) = e(k)C(k)S(z, k)[Z (k)] (4.76)

where S(z,k)[Z(k)] = quM(2)[s%(k)Z(k)] +q,M(2)[s%(k)§(k)]. The vector L(k) can be

T Y

analyzed element by element. For the first element, one can obtain, using Lemmas 4.1-3,
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that

2c(wk)M (2)[sinwka(k)j(k)] = s(2wk)Re{M(’“2)a(k)j(k)]}
+  c(2wk)Im{M (' 2)[a (k)7 (k)]}

— Im{e??M(e/“2)[a(k)5(k)]}, (4.77)

where s(2wk) = sin(2wk — ¢) and c¢(2wk) = cos(2wk — ¢). Other elements of the matrix

L(k) can be treated similarly. Therefore, for the final form for L(k) we get

L(k) = e(k)[-A(k) + Bi(k) + Ba(k)]12, (4.78)

where 15 = [1, 1]7,

A(k) _ 1 Re{eﬁpma(k)} Im{€j¢na(k)}

2 —Im{eij’ma(k)} Re{ej“"na(k:)}

_ 1 Re{mq(k)} Im{n.(k)}
Bi(k) = 50(260/43) Im{mq(k)} —Re{na(k;)}]

Bo(k) = %S(Zu)k‘)

—Im{ma(k)} Re{na(k)}
Re{mq(k)} Im{na(k)} |’

ma (k) = M (7 2)[a(k)Z(k)] and ny(k) = M (7 2)[a(k)g(k)].
Following methodologically the proof of the Theorem 4.1, we decompose the terms with

a(k)Z(k) and a(k)y(k) as inputs in the following way:
e(k)Re{e?? M (7 2) (k)7 (k)]} = p(k)Re{e?? M (7% 2)[#(k)]} + e(k)dl(k) (4.79)

where p(k) = e(k)a(k). Using the fact that M(z) is asymptotically stable, we can derive
that

1(k) = [a(k — 1) — a(k)ly (k). (4.80)

where y; (k) is the output of a stable linear time varying system with Z(k) as input. Analo-

gous conclusions can be derived for e(k)Im{e/? M (e/*2)[a(k)z(k)]}, and for the case when
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Z(k) is replaced by y(k).

The crucial point is defining the matrix

cos(¢ + 1) sin(p + )

K=1_ sin(p + 1) cos(p + 1)

|M (7). (4.81)
where ¢ = Arg{M(e’“)}. Notice that we also have that x; = > icolr(d) and Ky =
Z?io I7(j), where Iz(5) and I7(j) are the impulse responses of Re{e/? M (e/“z)} and Im{e/®
M (e7“2)}, respectively.

It is possible to demonstrate that the first term in (4.79) can be written as

Re{e’? M (e/*2)[E(k)]} = —r1d(k) + 6% (k) (4.82)
and
Im{e’? M (e?*2)[Z(k)]} = —rod (k) + 0%, (K), (4.83)
where
O, (k) = p(k — D)ya(k) +e(k — 1)ys(k) (4.84)
and
Oy (k) = p(k — D)ya(k) + e(k — 1)ys (k). (4.85)

y2(k),y3(k),ya(k) and y5(k) represent outputs of asymptotically stable linear time varying
systems with Z(k) and g(k) as inputs. The same reasoning is applicable to the similar terms
in (4.78) depending on (k).

Matrices B;(k) and By (k) can be treated term by term. For example, we can show that

Re{M (e’ 2)[a(k)z(k)]} = a(k)k1Z(k) 4+ op(k) (4.86)

or

Im{M (e’ 2)[a(k)Z(k)]} = a(k)roZ(k) + o1(k) (4.87)

where Y 72, or(k) < co and ) 2, 07(k) < oo. Then, one can demonstrate that or(k) =

p(k=1)ys(k)+e(k=1)yr(k) and o7 (k) = p(k—1)ys(k)+e(k—1)yo (k) where ys(k), y7(k), ys(k)
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and yo(k) are outputs of asymptotically stable LTV systems with Z(k) as input.

Finally, after substituting the obtained expressions back into (4.75), we obtain
Z(k+1)=[I - Kp(k) + T (k)] Z(k) + (k) + ®(k) + U(k) (4.88)

where I'(k) is a matrix sequence having the form [C}s(2wk) + Coc(2wk)|e(k), where Cy and

Cs are constant matrices. II(k) is a matrix sequence containing the terms 61(k), 65, (k), 6%, (k),

etc., described earlier and analyzed in detail in Section 4.2, while
® (k) = e(k)C (k)M (2)[2(k)* + 5(k)?] (4.89)
and U (k) is the “external” input term
U(k) = e(k)C (k)M (2)[f* + s3.(k)* + s,(k)* + ¢ (k)] (4.90)
We first realize the crucial fact that K > 0 if and only if cos(¢ + 1) > 0, that is
—g<¢+w<g (4.91)

(notice also that 1 is close to § for small values of w). Furthermore, it is possible to show

(using the arguments exposed in the proof of the Theorem 4.1) that

|ZF(k)]:ZBjZ]e(j+kN)—s(j+g+k‘N)]<oo (4.92)
k=1 j=1 k=0

N
» 2

of [C15(2wk) + Cac(2wk)]. Therefore, for the recursion Z(k + 1) = [I — Kp(k) +T'(k)]Z(k)

where B;, j =1,... are constant matrices with positive elements, IV is the integer period

(which represents a part of (4.88)) we have

1Z0)] < coexpl—c1 3 koli)} (4.93)

where cg,c; > 0, implying limy,_.o || Z(k)|| = 0, having in mind (A.4.4). Also, similarly as
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in the proof of the Theorem 4.1, we can conclude that 3 72, ®(j) < co. Since 3 72, p(k) =
0o, by applying Kronecker’s lemma, we conclude that Z(k) — 0 almost surely (a.s) if
Yo U(k) < oo (a.s.) which has been already proved in Theorem 4.1. Therefore, we
proved the following theorem:

Theorem 4.2 Let the assumptions (A.4.1-6) and (4.91) be satisfied. Then, for the
scheme from Fig. 4.2, z(k) converges to z* and y(k) converges to y* almost surely and in

the mean square sense under the condition that sup,(||Z(k)||) < B (a.s.), 0 < B < .

0 200 400 600 800 1000
x(®)

2

1t J

0
_l <
- ‘ ‘ ‘ ‘

0 200 400 600 800 1000

y(t)

Figure 4.3: Velocity driven vehicle coordinates

Example 4.1 In this example we will apply the described ES algorithm to the adaptive
state estimation problem described in the Subsection 4.3.2. We assume the following model

. . : . 105 =01 _ 102 0 _
for the discrete-time Kalman state estimator: ' = [0.2 0.9 }, G = [ 0 0'2}, H =[01],

where F' is the system matrix, G is the input matrix, H is the output matrix, input noise
10
01
of the vehicle 2 and ¥ as the quadratic function R(z,y) = 0.5 + 522 + 5y2. The goal is to

covariance matrix is [ ] and the measurement noise variance depends on the coordinates
position the vehicle (modeled as the single integrator) at the minimum variance point (0, 0),
without the knowledge of the function R(z,y). According to the above discussion, we can
apply the scheme in Fig. 4.2, using estimator’s squared residuals as the criterion function

which is to be minimized. We set the parameters in the scheme to be h = 0.07, w = 0.6,
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Figure 4.4: Velocity driven vehicle trajectory
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Figure 4.5: Noisy criterion function measurements (Kalman filter squared residuals)
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a(k) = ko%, €(k) = 1o, Yz = ¢y = 0, which satisfy the convergence conditions. The
coordinates x(t) and y(t) are shown in Fig. 4.3, for the initial conditions x(0) = 1.5 and
y(0) = 1. The trajectory of the vehicle is shown in Fig. 4.4. The exact convergence to the
optimal point is achieved in spite of the fact that the variance of the noise is time-varying
and very large when the vehicle is far from the optimal point (since it depends quadratically
on the vehicle coordinates). This is illustrated in Fig. 4.5, where the noisy measurements

(squared residuals), as a function of time, are shown.

4.5 Force Actuated Vehicles

In this section we are going to present a modified ES scheme with discrete-time control
for force actuated point mass models based on double integration in the analog part of the
system. Both the analog vehicle model and the digital ES scheme are presented in Fig.

4.6. One can observe that the control scheme in Fig. 4.6 differs from the one in Fig. 4.2

ZOH?Y‘ — > Lo
N Faon |ty

w(k)

Figure 4.6: Extremum seeking scheme for the force actuated vehicle

by the introduction of the ideal discrete time differentiators 1 — z~ 1.

Compare this with
[115], where a purely analog scheme is considered, and where phase-lead compensators are
introduced in order to recover some of the phase in the feedback loop lost due to the addition

of the second integrator. The equations modelling the behavior of the scheme are similar
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to the ones for the scheme in Fig. 4.2. The only difference is that we have now
_ 4.1
z(k) = (1-271)22{L 1{§}|t:kT}[§(k) + s2(k)] (4.94)

y(k) = (1= 2L g o In() + 5, (8) (1.95)

The sinusoidal signals s, (k), sy(k), t.(k) and t,(k) are taken to have the same form as in

the case of single integrators. First notice that we have

z+1
(z —1)?

= z*l)QZ{cfl{Sig}h:kT} _ %T2(1 _ _ %TQ(l + zfl)%. (4.96)

Consequently, the sinusoidal signals s, (k) and s,(k) become

st (k) = %TQ[a(k) coswh + alk — 1) cosw(k — 1)]

sy (k) = %T2 [a(k) sinwk + a(k — 1) sinw(k — 1)] (4.97)

when mapped to the discrete-time outputs of the vehicle, i.e., to the inputs of the nonlin-
earity. Consequently, we again have the relations (4.73) and (4.74), and the following new
system model:

Z(k+1)=Z(k) + N(2)[e(k)C(k)w(k)], (4.98)

where N(z) = 1T(1+271).
Stability of this hybrid scheme can be studied using the same methodology as in Section
4.3 and Section 4.4. The main point is again the influence of the linear term L(k) (see

(4.78)), which becomes now
L(k) = N(2)[e(k)C(k)S(z, k) [Z (k)] (4.99)

where S(z, k) has the same form as in (4.78). Now, we have a more complicated case than

in Section 4.4. We have, for example,

N (2)[e(wk)B(k)M (2)[s3 (k)Z(k)] = Re{e! " PN () [h(k)]} (4.100)
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where h(k) = Re{e/“F )M (e72)[a(k)E(k)]}, T is either 0 or w (according to (4.97)).
However, our focus is on the term analogous to N(z)[e(k)A(k)], where A(k) is defined in
(4.78). Noticing that, simply, cos(wk — ¢)[cos wk + cosw(k —1)] = cos & [cos(2wk —p — %) +
cos(p—%)], we select the terms not depending on wk and obtain the matrix A’(k) analogous

to A(k) (the difference is in the expressions for s} (k) and s;(k)) and K’ analogous to K:

w w
K w COS(<P+?P+§) Sin(@‘“ﬂ‘*‘g)
W = COS 5 w w (4101)
M (e7)] —sinfp+ v+ 2) cos(p+ 9§+ 3)
According to the arguments used in Section 4.4, we conclude that the system is asymptot-
ically stable under the conditions (A.4.1-6) and if

™

w ™
— —. 4.102
2<g0+2+¢<2 (4.102)

The rest of the stability analysis can be conducted following the proof of Theorem 4.2.
Example 4.2 In this example, we present the simulation results for the force actuated
vehicle seeking the minimum of the (unknown) function J = f(z,y) = 1+ 3(z+ 1)+ 1(y+
0.5)2. The measured output of this nonlinear map is corrupted with the white noise with
variance 02 = 0.4. The other parameters of the scheme in Fig. 4.6 are set to be h = 0.07,
w = 0.6m, a(k) = ko%, e(k) = ﬁ? g = T, py = —, satisfying the conditions (A.4.2-6)
and (4.102). The coordinates of the vehicle z(¢) and y(t) are shown in Fig. 4.7 and the
trajectory of the vehicle is shown in Fig. 4.8, for the initial position z(0) = 1, y(0) = 0.6.
Both coordinates converge exactly to the minimal point (—1, —0.5), in spite of the presence
of the strong noise which can be seen in Fig. 4.9, where the noisy measurements of the

criterion function J are depicted.

4.6 Nonholonomic Vehicles

In this section, we consider the unicycle model of a mobile robot with a sensor which is
collocated at the center of the vehicle (the case when the sensor is located at some distance

r from the center of the vehicle can be treated as in [114]). The equations of motion of the
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Figure 4.7: Force actuated vehicle coordinates
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Figure 4.8: Force actuated vehicle trajectory
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Figure 4.9: Noisy measurements of the criterion function

vehicle/sensor are

i=wvcosf, gy=uwvsinf, 6=y, (4.103)

where (z,y) are the coordinates of the center of the vehicle,  its orientation and v, {2 are
the forward and angular velocity inputs. Our ES algorithm will be tuning only the forward
velocity input v, keeping the angular velocity g constant. The whole scheme containing

both the vehicle and the discrete-time control algorithm is represented in Fig. 4.10. Our

I VEHICLE : c(k)
| Yo o T
Q, : Unicycle Model E f(x’ y) _/ v(k)

z—1
z+h

s(k) 1(k)

Figure 4.10: Extremum seeking scheme for the unicycle vehicle model

immediate concern is the mapping of the system variables induced by the unicycle in discrete
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time. It is straightforward to show that we have

sin <2 k-l , 1
r(k) =2 q v(j) coswo(j + 5)
0
7=0
sin% k-l N |
y(k) =2 % v(j)sinwo(j + 3) (4.104)
j=0

where wy = 7. Assuming that the additive signal is given by s(k) = a(k) sinw(k + 1),

we obtain that its maps to the nonlinearity inputs are

1

€

c
El

|

520 = SR S aleosw + )G+ 5) +cosw —wn)i + 3) (4.105)
5=0
sin <o 571 1 1
sy (k) = Qo2 a(j)[sin(w 4+ wo)(j + 5) + sin(w — wo)(j + 5)] (4.106)
7=0

Assuming that k is large enough we obtain, after convenient trigonometric transformations,

that

sa(k) = kya(k) cos wk cos wok (4.107)
s,(k) ~ kya(k) coswk sinwok (4.108)

(k) = a* — (k) + si(k) (4.109)
g(k) = y* —y(k) + s;,(k) (4.110)

and obtain
Z(k+1) = Z(k) + 22 020 coswo(k + %)e(k)c(wk)w(k) (4.111)

where c(wk) = cos(wk — ).
Using the same methodology as in Section 4.4 we can analyze the scheme represented

by the equations (4.107)-(4.111). First, we extract the linear part of the second term on
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the right hand side of (4.111). We obtain, similarly as in Section 4.4, that
1 -
L(k) = ks coswp(k + 5) cos(wk — p)S(z,k)[Z (k)] (4.112)

where S(z, k)[Z(k)] = quM (2)[s%(k)E(k)] +qy M (2)[s;(k)j(k)] and k3 is an appropriate con-
stant. In order to apply the methodology used in Section 4.3 and Section 4.4, we transform
the products in (4.112) and (4.107) into sums using standard trigonometric transformations,
and we apply Lemma 4.1 or (4.77) in the following way
2cos((wtwo)k — @+ %)M(z)[sin((w +wo)k)a(k)y(k)] =
= sin(2(w £ wo)k — ¢ + T )Re{M(e2)[a(k)j(k)]}
+ cos(2(w £ wo)k — @+ S m{M (=) [a(k)(k)]}

— Im{ed @M (e 2)[a(k)j(k)]}, (4.113)

Notice that the above relation shows the influence of the y-channel to the z-channel, i.e.
it defines the weight of ¢ in the linear part of the relation for Z, similarly as in the single
integrator case. After a similar treatment of all the terms appearing in L(k) defined by
(4.112), we obtain an expression analogous to (4.78), consisting of four terms containing
sine and cosine functions with the frequencies 2(w=+wy) as multipliers, four additional terms
containing sine and cosine functions with the frequencies 2wk and 2wpk as multipliers,
together with the main term analogous to A(k) in (4.78) not containing any sinusoidal
component. The last term is again crucial for stability of the scheme. Following (4.113),

one can derive that in the unicycle case we have

A/,<k) —

Re{e’¥ ma(k)} Im{e’? na(k)}
—Im{e’” mqa(k)} Re{e’ ng(k)}

where ¢’ = ¢ — 2. For the matrix K" analogous to K we get

K" — [ COS(‘PI+¢) Sin(go’—l—ib) ’M(ejw}‘ (4.114)

—sin(¢’ + 1) cos(¢’ + 1)

122



having in mind that the scheme in Fig. 4.10 contains the same processing blocks as the
scheme in Fig. 4.1. The above matrix is positive definite for

_g <@ 1< g (4.115)

which does not impose any additional problem in a priori selection of ¢ in the multiplying
signal. Therefore, the scheme in Fig. 4.10 is stable under the conditions (A.4.1-6) plus

condition (4.115).
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Figure 4.11: Nonholonomic vehicle coordinates

Example 4.3 In this example we illustrate the simulation results for optimal positioning
of the Kalman estimator, as described in the Example 4.1, with the single integrators
replaced by the unicycle. The Kalman estimator parameters are assumed to be the same
as in the Example 4.1. We apply the scheme in Fig. 4.10 the same way as in the case
of velocity actuated vehicle (by taking the estimator’s squared residuals as the criterion
function to be minimized). The parameters of the scheme are set to be h = 0.07, w = 0.6,
a(k) = ko%s, e(k) = ﬁ, © =0, Qo = w/5, which satisfy the conditions (A.4.2-6), as well
as the condition (4.115). The convergence of the coordinates z(t) and y(t) to the optimal

point is illustrated in Fig. 4.11. The trajectory of the unicycle is shown in Fig. 4.12.
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Figure 4.12: Nonholonomic vehicle trajectory

4.7 Multi-Target Extremum Seeking Using Global Utility

Functions

This section is devoted to the problem of target assignment in multi-agent systems using
multi-variable extremum seeking algorithm with specially designed global utility functions
which capture the dependance among different, possibly conflicting, agents’ objectives.
Assume we are faced with the problem of assigning N targets, defined by N minima
of N unknown functions (assuming each function has exactly one minimum), to N agents,
so that each agent is assigned with a different target. In particular, assume that each, out
of N agents can measure N different (unknown) functions f;(x;,v;), ¢ = 1,..., N, x; and y;
are agents coordinates, and the goal is to design an algorithm that will automatically lead
the agents to a configuration in which they will cover the minima of all the functions f;,
i=1,...,N. Towards this goal, we can define global utility functions that depend on all the
measured functions by all the agents, that would have exactly N! minima corresponding
to all the configurations in which each target is covered by exactly one agent. If by f;; we

denote the function f; measured by the j-th agent, the simplest utility function satisfying
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the formulated condition is:

F(fi1, fiz, - Inn) = mafinfioe fin + mafor foo.. fon + ... + my fyifve. fun - (4.116)

where m; > 0,4 =1, ..., N are weighting parameters which determine the target significance
(the larger m; is, the more important the target i is). Assuming that the values of the
function f; at minimum points are zero, the function (4.116) will have exactly N! minima
corresponding to all the configurations in which the agents has covered all the targets
(minima of all the functions f;). Hence, we can apply the multi-variable extremum seeking
algorithm ([6]) in order to find the local extremum of the function (4.116). This extremum
will correspond to the best configuration of the agents in which they cover all the targets.
This final configuration is the closest one to the initial positions of all the agents, taking into
account the weights of the targets m;. The proposed algorithm, involving multi-variable

extremum seeking, is shown in Fig. 4.13. Obviously, this scheme is centralized, since we

(k)
U ithacent T v
§ th agent § f; (xi, yl) _/_’63
| ; y : : i (k)
ZOH — — : - T v
ST rwe b o
: : e . : Sni
' i : T |
| L] - v
LN e X, i
3 i fN( ! y) -fll+§ll '\—/-fNN"—gNN
F(fil’fiZ"“’fNN)
2=l T
z+h

Figure 4.13: Multi-target extremum seeking using utility function F’

assume that all the agents have access to all the measurements of the other agents. The
signals szi(k), syi(k), tzi(k) and (k) are in the same form as in the Section 4.4. Each
agent applies a 2D ES scheme (such as the one shown in Fig. 4.2, assuming velocity

driven vehicles), but with different frequency sinusoidal perturbation, which has to satisfy
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wi + wj # wy, for all 4,5,k = 1,...,N ([6]). Therefore, the resulting scheme is a 2N
dimensional ES scheme, which solves the problem of seeking the closest local extremum of
the given utility function F', having in mind the assumption that all the agents have the
access to this function. Similar schemes as in Sections 4.5 and 4.6 can be applied in the
cases of force actuated vehicles or unicycles, respectively.

Another utility function that can be applied is in the following form ([2]):

F(f11, figs oo fun) = my(1 — e 90) (1 — e 7NNy 4 fmpy (1 — e 0N (1 — e70/nw)
(4.117)
where § #£ 0 is a parameter which determines the level of utility dependence. This function
involves the normalized deviations from the targets and, hence, is less sensitive to very
large deviations (1 —e~%fii — 1 when fij — 00,) at the expense of slower convergence. This
is desirable property in the proposed ES based algorithm, having in mind that for large
deviations from the minima the algorithm easily blows up.

Remark 4.3 The important assumption in the proposed multi-agent scheme is that
the values of the functions f; at the minimum points are zero. If this is not the case and
the minimal values are unknown, an adaptive strategy can be applied, in which the agents
would, in each step, subtract a percentage of the final values of the functions f; (which
should be zero) and then initialize the proposed algorithm again until these values are close
enough to zero.

Example 4.4 In this example we illustrate the proposed multi target extremum seeking
algorithm from Fig. 4.13 for the case of two agents. Functions measured by agents, whose
minima we are seeking are fi; = 27 +y2, i = 1,2 and fo; = (z; — 1)% + (y; — 1)%, i = 1,2.
The utility function (4.116) is applied, with m; = 1 and mg = 1. In Fig. 4.14, the
trajectories of the two vehicles (modeled as single integrators) are shown, for the initial
condition z1(0) = 0.6, y1(0) = 0.6, x2(0) = 0.4 and y;(0) = 0.4. It can be seen that both
minima are covered by the agents, each one going to the closer one. In Fig 4.15, trajectories
are shown for the initial conditions z1(0) = 1.2, y1(0) = 1.1, 22(0) = 0.7 and y;(0) = 0.7.
In this case, minimum of f; is closer to both agents; hence both, agents aim at this target

at beginning. The second one changes its target to the minimum of f» when the first one

126



1.2

0.6

041

0.2 i i i i i i
-0.2 0 0.2 0.4 0.6 0.8 1 12

Figure 4.14: Two targets ES: trajectories of the vehicles
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Figure 4.15: Two targets ES: trajectories of the vehicles
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is much closer to the minimum of f.

Example 4.5 In this example the proposed multi-target algorithm is applied for the case
of three agents. The measured functions are fi; = z7+y?,i = 1,2,3, fo; = (v;—1)*+(y;—1)?,
i=1,2,3and f3 = (v; + 1) + (y; + 1)%, i = 1,2,3. Hence, the targets are (0,0), (1,1)
and (—1,—1). The utility function (4.116) is applied, with my = 1, me =1 and m3 = 1. In
this example, the additive measurement noise of small variance (0.1) is added to the agents’
measurements. The trajectories of the agents are shown in Fig 4.16, for the initial conditions

21(0) = 1.4, y1(0) = 0.8, x2(0) = 0.25, y2(0) = 0.2, x3(0) = —0.5 and y3(0) = —0.5. Note

15

0.5 1

=15

2 i i i i i i
-15 -1 -0.5 0 0.5 1 15 2

Figure 4.16: Three targets ES: trajectories of the vehicles

here that depending on the noise realization different agents can end up in different targets.
In Fig 4.17, the trajectories are shown for the case of constant, non-vanishing integrator
gains and amplitudes of the sinusoidal perturbations in the ES scheme. The benefit of the
proposed time-varying scheme, capable of eliminating the measurement noise is obvious.
Example 4.6 Finally, this example illustrates the application of the utility function
(4.117) for two agents and for the two cases of the weighting coefficients m; and mo.
Measured functions are the same as in the Example 4.4. In Fig 4.18 trajectories are shown
for the initial conditions x1(0) = 0.5, y1(0) = 0.5, 2(0) = 1.2 and y;(0) = 0.7, and for the

weighting coefficients m; = 1, mo = 1. In Fig 4.19 the trajectories are shown for the same
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Figure 4.17: Three targets ES: trajectories of the vehicles
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Figure 4.18: Two targets ES: trajectories of the vehicles
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Figure 4.19: Two targets ES: trajectories of the vehicles

initial conditions but for different weights: m1 = 6 and mo = 1. In this case, the first target
has greater priority, so that the second agent (starting at the point (1.2,0.7))) also aims at
the first target at the beginning, changing the trajectory towards the second target when

the first one is close enough to the more important one.
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Chapter 5

Conclusions and Future Directions

5.1 Thesis Summary

The primary focus of this thesis is on two crucial problems in multiple agent, networked
control systems and mobile sensor networks. The first one is the problem of decomposition
of complex/large-scale, networked systems into smaller, overlapping subsystems, formulat-
ing their local estimation and/or control laws and defining communication schemes (over
unreliable communication channels) which would ensure stability, acceptable performance,
robustness and scalability of the overall system. The second problem addressed in this the-
sis, which is the critical problem within mobile sensor networks, is the problem of searching
positions for mobile nodes on which optimal sensing capabilities can be achieved.

Novel, consensus based state and parameter estimation schemes have been proposed,
in both continuous-time and discrete-time. The algorithms are based on: a) overlapping
system decomposition, b) implementation of local state or parameter estimators according
to local resources, c¢) formulation of the inter-agent communication scheme based on the
consensus algorithm, which provides the global state or parameter estimates to all the
agents in the network. Stability and the asymptotic properties of the proposed algorithms
have been analyzed. Also, conditions concerning network complexity have been derived for
achieving asymptotic elimination of the measurement noise (when the number of agents go
to infinity). For the state estimation scheme, a strategy for obtaining consensus gains based

on the minimization of the total mean-square error is proposed. Properties and performance
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of the proposed schemes have been illustrated in several examples.

Several structures for multi-agent control based on a dynamic consensus strategy have
been proposed. After formally defining the problem of multi-agent control with informa-
tion structure constraints, two novel classes of overlapping decentralized control algorithms
based on consensus are presented. In the first class, an agreement between the agents is
required at the level of control inputs, while for the second class of algorithms, the agree-
ment is required at the state estimation level. In this case, a control scheme based on state
estimation with consensus, coupled with a globally optimal state feedback, is presented and
analyzed. The proposed control algorithms have been illustrated by several examples which
demonstrate their effectiveness. Also, the proposed consensus based control scheme has
been applied to decentralized overlapping tracking control of a planar formation of UAVs.
A comparison with the design methodology based on the expansion/contraction paradigm
and the inclusion principle is given.

In order to address the problem of searching the optimal sensing positions for mobile
sensors, new assumptions have been introduced into the extremum seeking algorithm with
sinusoidal perturbation. It has been assumed that the integrator gain and the perturbation
amplitude are time varying (decreasing in time with a proper rate) and that the output is
corrupted with measurement noise. The convergence of the algorithm, with probability one
and in the mean square sense, has been proved. The proposed one dimensional algorithm
has been extended to two dimensional, hybrid schemes and directly applied to the optimal
mobile sensor positioning, where the vehicles are modeled as single integrators, double
integrators or unicycles. Also, a multi-target assignment problem, where multiple objectives
need to be fulfilled by a number of agents has been addressed. An algorithm based on multi-
variable local extremum seeking of a suitably constructed global utility function has been
proposed and analyzed. It has been shown how the utility function parameters and agents’
initial conditions impact the trajectories and destinations of the agents. Several simulation

studies illustrate the proposed algorithms.
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5.2 Future Directions

One natural direction for future work is to extend the proposed extremum seeking based al-
gorithms for the optimal sensor placement to the multi-objective, decentralized optimization
scenarios, which are more desirable having in mind local constraints and communication un-
reliability of the mobile sensor networks. In particular, local utility functions can be designed
for each agent whose local optimization can lead to an overall goal. A natural approach
to these problems is the game theoretic approach where we treat each agent as a player
in a dynamic game, so that we can use game theoretic (cooperative or non-cooperative)
concepts to find particular strategies which correspond to global equilibriums.

In order to apply the proposed consensus based stochastic approximation algorithm to
the problem of system identification and adaptive control (e.g. for the identifications of
ARMA processes) the assumptions regarding local regression models need to be relaxed.
An analyzes of the asymptotic behavior of the proposed scheme with this relaxation, which
will lead to colored noise models, can be considered as future work. Also, in order to
achieve faster convergence, matrix gains in local recursive algorithms (e.g. local least square
algorithms) can be considered. Furthermore, a promising direction is to apply the proposed
consensus based scheme to a case when the local agents are using errors-in-variables models
([18]) for the local identification. In this case, the agents would calculate input-output
correlations according to their local models, and the consensus scheme can be applied in
order to achieve agreement upon the correlation functions.

Another future direction is to analyze more rigorously connective stability of the pro-
posed multi-agent control structures. In particular, a methodology based on vector Lya-
punov functions can be used in order to find subsystem interconnection gains (gains in the
consensus scheme) which would guarantee stability of the overall system.

Furthermore, the interaction between control and communication factors for the pro-
posed networked large scale systems can be explored in more details. In particular, one
can analyze other communication scenarios and architectures and introduce the parameters
such as delays, channel capacity, quantization errors or particular communication protocols

in the analysis of the proposed networked estimation or control algorithms.
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Applications of the proposed decentralized control and estimation algorithms are nu-
merous. Besides the proposed application to formations of UAVs, a promising one would
be to extend it to the control of formations of aircraft in deep space. This deserves a par-
ticular attention since the absolute positions of the aircraft can not be measured; hence the
agreement on the local estimates of the positions and the velocities among the surround-
ing aircraft (through the proposed consensus-based algorithms) is of crucial importance for

accurate positioning.
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